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Abstract

This study investigates the mechanical behaviour of timber—concrete composite (TCC) floor
members with an innovative adhesive connection reinforced by granite chips, glass fibre
yarn net in the epoxy adhesive layer, and polypropylene (PP) fibres in the concrete layer.
Laboratory tests involved three groups of specimens subjected to three-point bending
over a span of 500 mm with specimen lengths of 550 mm. Group A specimens exhibited
crack initiation at approximately 8 kN and partial disintegration at an average load of
11.17 kN, with maximum vertical displacements ranging from 1.7 to 2.5 mm at 8 kN
load, increasing rapidly to 4.3 to 5 mm post-cracking. The addition of reinforcing fibres
decreased the brittleness of the adhesive connection and improved load-bearing capacity.
Finite element modeling using the newly developed Verisim4D software (2025 v 0.6) and
analytical micromechanics approaches demonstrated satisfactory accuracy in predicting
the composite behavior. This research highlights the potential of reinforcing the adhesive
layer and concrete with fibres to enhance the ductility and durability of TCC members
under flexural loading.

Keywords: timber—concrete composite; adhesive reinforcement; granite chips; glass fibre
yarn net; polypropylene fibres; three-point bending; micromechanics; Verisim4D;
flexural behavior

1. Introduction
1.1. Incorporation of Granite Chunks into a Timber—Concrete Composite

Integrating granite chips into a timber—concrete composite (TCC) floor structure has
emerged as a promising strategy to enhance the interfacial behaviour between the timber,
typically cross-laminated timber (CLT), and the overlaid concrete slab. Buka-Vaivade
et al. [1] have demonstrated that glueing granite chips onto the surface of the CLT panel
creates a rigid connection between the layers. This connection increases the composite
action by effectively transferring stresses between the disconnected materials, potentially
increasing the system’s overall stiffness and load-bearing capacity.

The physical role of granite chips in this context is twofold. First, as a high-strength
aggregate with excellent durability, granite chips are an efficient bridging material that
mitigates potential slip between the timber and concrete layers. Second, their incorporation
into the adhesive interface can lead to a more homogeneous stress distribution and improve
the bond quality at the connection, which is critical for ensuring long-term performance
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under service loading. Studies have indicated that including recycled aggregates, such as
granite cutting residues, can enhance the mechanical properties of concrete pavements [2].

Timber-concrete composite floors offer substantial advantages over conventional
wood or concrete floors. Movaffaghi et al. [3] noted that TCC floors can effectively address
issues such as excessive deflection and insufficient acoustic separation by leveraging the
complementary properties of timber (e.g., tensile strength, lightweight) and concrete (e.g.,
compressive strength, rigidity). Moreover, Shi et al. [4] provide evidence to suggest that
the long-term behaviour of these composites—encompassing benefits like enhanced fire
resistance, vibration control, and durability—is superior to that of traditional systems. The
use of granite chips in these composite layers is associated with performance improvements,
as the rigid connection they facilitate is a key contributor to the overall mechanical and
serviceability performance of the floor system.

In addition to performance advantages, sustainability is a crucial driver in modern
construction practices. Incorporating granite chips, particularly if sourced from recycled
or waste streams, aligns with environmental sustainability goals by reducing the reliance
on virgin materials and lowering the ecological footprint of the overall structure. Eslami
et al. [5] have conducted life cycle assessments that underscore the potential environmental
benefits of TCC systems. Their findings indicate that integrating recycled components such
as granite chips may further enhance the sustainability credentials of TCC floors, making
them an attractive option for green and resilient building design.

The combination of timber and concrete leverages the strengths of both materials,
providing flexibility, durability, and enhanced load-bearing capacity, which are essential
in tall and expansive structures. Ilgin and Aslantamer highlight the rising use of such
composite systems in high-rise residential buildings, noting their capability to enhance
both space efficiency and structural integrity [6].

The environmental benefits of mass timber composite systems are significant, as
discussed by Nepal et al. [7], who explore how the incorporation of mass timber materials
in construction can lead to substantial carbon reductions in the United States. The use
of engineered wood products, such as cross-laminated timber (CLT), takes advantage
of timber’s carbon-sequestering properties while decreasing reliance on more carbon-
intensive materials like steel and concrete [8]. Furthermore, Ustinovichius et al. [9] elucidate
the advantages specific to mass timber, including ease of assembly, lightweight nature,
and favorable life-cycle emissions, positioning it as a competitive alternative in modern
construction practices.

In contrast to conventional materials, mass timber configurations enhance ecological
outcomes and performance metrics such as acoustics and fire resistance. Pastori et al. [10]
investigate how combining timber with concrete in ventilated facade systems can address
some of the acoustic limitations typically associated with lighter timber constructions.
Moreover, as the industry progresses, standards and regulations have evolved; the updated
International Building Code (IBC) now allows the use of mass timber in taller structures,
reflecting a significant shift in building practices and regulations [7].

Advancements in floor systems made from timber composites also depend on in-
novation in prefabricated designs. Gutiérrez et al. [11] demonstrate how prefabricated
composites, including novel floor systems integrating steel and timber, improve con-
struction efficiency while showing significant enhancements in load-bearing capacity and
stability. These collaborations in material engineering augment the versatility of mass
timber solutions, enabling them to meet diverse architectural demands without sacrificing
structural integrity.

In the field of design and infrastructure, cross-laminated timber is prominent due to
its robustness and unique attributes. The application of CLT is extensively documented
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across mass timber projects in North America, where builders utilize its capacity for rapid
assembly and reduced construction waste. At the same time, the architectural community
increasingly appreciates its aesthetic qualities, which align with contemporary sustainability
goals [12].

1.2. Complex Behaviour of Timber—Concrete Composites

The timber—concrete composite (TCC) system demonstrates a complex behaviour
governed by the inherent material properties of timber and concrete and the performance
of their connecting elements. Experimental and numerical investigations have confirmed
that effective load transfer between the concrete slab and timber beam results from careful
connector design, ensuring that the tensile strength of timber is complemented by the com-
pressive capacity of concrete [13,14]. These connections—including mechanical fasteners
like coach screws and notched systems—have been shown to provide adequate ductility
and stiffness under both static and dynamic loads [15,16].

Research has extensively focused on the mechanics of the interface, where slip and
uplift phenomena are critical to the overall performance of TCC members. For instance,
Jian-Ying et al. [17] provided theoretical and experimental insights into the slip and uplift
behaviour along the interlayer, highlighting that adequate connection stiffness is essential
for mitigating excessive deformations. Similarly, Denouwé et al. [18] demonstrated that
the presence of an interlayer can significantly modify the shear strength and stiffness
by altering the effective bond characteristics between materials; moreover, studies by
Liu et al. [19] have shown that innovative connector configurations, such as steel tube
connectors, can enhance ductility and ultimate load capacity, which is key to maintaining
structural integrity under variable load conditions.

Dynamic considerations also play an integral role in understanding TCC behaviour.
The dynamic properties, including vibration characteristics and damping, have been iden-
tified as essential parameters influencing serviceability. Complementary experimental
studies have demonstrated that composite beams tend to have fundamental natural fre-
quencies well above the critical comfort threshold, thereby ensuring a stable dynamic
response even under cyclic or transient forces [14,16,20]. The interplay between mass
distribution, connection rigidity, and composite action is critical in optimising TCC systems
for short- and long-span applications.

Furthermore, recent analytical models have been developed to predict the long-term
performance of TCC systems under sustained loads and environmental variations [4].
These models integrate non-linear load-slip relationships and material creep properties,
facilitating improved predictions of service life and maintenance needs. Complementary
analytical procedures, as discussed by Mirdad et al. [21], further emphasise that parameters
such as screw spacing and timber thickness are pivotal to the long-term behaviour of the
system. Additionally, comprehensive reviews on connection performance have provided
guidelines for calibrating numerical models that factor in ductility and energy dissipation
capacity [22].

Timber and timber-based composites have gained significant popularity lately, espe-
cially in global efforts to mitigate climate change. Each m? of timber stores around 0.9
tons of CO; over its life cycle, thus acting as a “carbon storage” and significantly reducing
greenhouse gas emissions. In addition, replacing steel and concrete with wood reduces
CO; emissions by 1-2.5 tons per cubic meter on average [23]. These properties make wood
an indispensable material for sustainable construction.

Recent research on timber—concrete composite (TCC) floor systems, especially those
using cross-laminated timber (CLT) panels, has made significant strides in enhancing both
structural performance and economic efficiency. Thai et al. [24] conducted comprehensive
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multi-objective optimization studies on long-span composite floors, highlighting that
serviceability limit state constraints, such as deflection and vibration, alongside fire-related
ultimate limit state constraints, primarily govern the design. Their parametric analyses
demonstrated that longer floor spans require increased use of both timber and concrete, with
timber accounting for a substantial portion of the total cost. Additionally, the choice of CLT
panel type, concrete grade, and connector design heavily influences the balance between
cost and performance. Importantly, their work emphasises that simplified optimisation
methods can be effectively applied by engineers to achieve economically viable and high-
performing floor solutions while complying with construction standards.

Complementing these findings, Shahnewaz et al. [25] provided experimental and
numerical investigations into deconstructable TCC beams, offering valuable insights into
the structural behaviour and feasibility of panelized slabs. This research supports the
broader push towards sustainable, reusable composite floor systems, which are crucial for
reducing waste and facilitating end-of-life disassembly. Although current optimisation
efforts primarily focus on structural and economic criteria, gaps remain concerning the
integration of environmental impact assessments and comparisons with alternative floor
systems, such as fully timber or fully concrete floors [26]. Addressing these aspects in
future studies by incorporating environmental objectives and handling data uncertainties
will be essential to promote eco-responsible, resilient multi-story buildings utilising timber-
concrete composites.

Timber—concrete composite (TCC) is a modern solution in structural engineering
that combines the advantages of timber and concrete while reducing their weaknesses.
Wood, a lightweight, renewable and environmentally friendly material, offers flexibility
and sustainability, while concrete is distinguished by its high compressive strength and
durability. The combination of these materials improves the performance of structures and
contributes to global efforts to create a sustainable and climate-neutral environment. TCC
structures also significantly reduce the overall self-weight of the structures, allowing for
more economical foundation design and simplified transportation.

The role of adhesive connections in TCC structures is critical to their performance.
Adhesive connection provides a strong, elastic connection between the timber and the
concrete, allowing full load distribution and improving structural integrity and stiffness of
the composite cross-section. Recent studies have shown that enhanced bonding solutions,
such as the incorporation of granite chips, significantly improve the load-bearing capacity
of TCC panels by 28.1% [27] up to 40% [28]. Also, other publications have observed that
epoxy-bonded wood and concrete could form a strong and rigid interface to transfer the
shear in TCC panels subjected to quasi-static bending, without failure and visible slip,
while also noticing that the shortcomings of TCC decks were brittle [29]. Therefore, it
is necessary to find ways to decrease the brittleness of the adhesive connection. These
findings highlight the potential of advanced bonding technologies to transform the design
and application of TCC structures.

The shear connection between timber and concrete can be evaluated as semi-rigid
due to the slip that occurs at their interface. The calculation approach is outlined in the
technical standard EN 1995-1-1/Annex B [30], commonly referred to as the y-method,
which expresses the degree of shear connection using a coefficient y. The formula for this
coefficient is as follows: , »

=1+ T <1>
y1—coefficient y of ith part of cross-section.
E1—Young’s modulus of elasticity of ith part of cross-section.
Aj—area of ith part of cross-section.
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s—spacing of fasteners longitudinal with axis of beam.

K—slip modulus of fasteners (K ser for service limit state—SLS, K u for ultimate limit
state—ULS).

L—span of the beam.

If there is no shear connection between the timber and the concrete, the value of the
coefficient yq is 0. If they are completely rigidly connected, the value of v is 1. This means
that, in all real cases, the value of the 'y coefficient lies between 0 and 1.

The influence of the mechanical properties of the concrete and epoxy glue layers
on the decrease in brittleness of the adhesive glued connections was investigated in the
current study. Previous investigations have shown that adding polypropylene fibres to
the concrete layer of the TCC panels enables a decrease in the brittleness of the adhesive
timber-to-concrete connections and prevents the specimens from disintegrating during their
collapse [27]. The possibility of decreasing the brittleness of the adhesive timber-to-concrete
connections in TCC members subjected to flexure by the reinforcement of the epoxy glue
layer with glass fibre yarns was checked in the current study.

This study analyses the behaviour of TCC slab structures with an adhesive granite-chip
connection method, providing insights into their structural properties and the potential
for adhesive connection improvement. Three types of TCC test subjects were prepared,
each containing 10 elements, totalling 30. TCC test elements comprised a 40 mm thick
(29-layer) plywood, 550 mm long and 100 mm wide, and a 20 mm thick concrete layer on
top. A type element had no additions; type B elements had glass fibre yarn net reinforcing
the epoxy glue layer. Type D had polypropylene fibres in the concrete layer and glass
fibre yarns as a net reinforcing the epoxy glue layer. The span of the three-point bending
test was 500 mm. The test results were compared to the finite element method and other
analytical calculations.

Finite element method (FEM) models created to simulate the behaviour of TCC span
from relatively simple to rather intricate. The authors used ANSYS (2022 R1 Student
Version) software to verify the results of previous experiments. In these models, the
concrete layer was modelled as either a SOLID-type or a layer of SHELL element, and
timber was modelled as BEAM or SHELL-type elements with an orthotropic material
model. While the most significant challenge is the mathematical model of structural timber
elements, other authors have used continuum damage mechanics to attain the projected
brittle nature of the failure, also using cohesive elements to model cracking caused by
connecting steel elements [31-33]. Since most TCC elements in the literature are made by
using mechanical connectors such as screws or dowels, the connections between concrete
and timber are usually modelled as elastic spring elements, which are defined by the
load—displacement curves obtained from the connectors’ slip test properties.

An elaborate FEM model was developed to verify the lab experiment results, using
newly developed Verisim4D software [34]. Both concrete and timber were modelled as solid
finite elements. When defining timber mechanical properties for the FEM model, the non-
uniformity of this material was reflected by the multi-axial failure and plasticity in parallel
and perpendicular actions to the grain. The connection zone of the FEM model was created
as a non-linear cohesive zone, governed by normal and shear stress—displacement curves.

So, the current study aims to improve the behaviour of TCC members subjected to
flexure by the epoxy glue layer reinforced by the glass fibre yarn net. The possibility
of predicting the behaviour of the TCC members using the newly developed Verisim4D
software should also be checked.
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2. Materials and Methods
2.1. General Approach

The influence of the adhesive layer’s mechanical properties on the behaviour of
timber—concrete composite members subjected to bending was investigated analytically
and through laboratory experiments. Different analytical methods can be used for be-
haviour analyses of timber—concrete composite members. They were compared first, and a
micromechanics approach for layered material was chosen for further analytical analysis.
Laboratory specimens with a length of 550 mm and a span of 500 mm were analyzed first
by the micromechanics approach for layered material and tested in laboratory conditions.
Three groups of laboratory specimens were prepared and tested by three-point bending.
The first group includes the specimens with a 40 mm thick plywood bottom layer joined
with the top concrete layer by the granite chip method. The second group comprises
identical specimens with the glass yarn net reinforcement within the adhesive layer. The
final group of specimens is characterized by the adhesive layer reinforced by the glass yarn
net and the concrete layer with the added polypropylene fibres. The groups of specimens
are comprehensively described in Section 2.3. The load—displacement curves and failure
mode observed for three groups of the laboratory specimens allow us to conclude about
the influence of the adhesive and concrete layers and additional reinforcement on the
behaviour of the timber—concrete composite member subjected to bending.

The FE method modelled all three types of laboratory specimens in the newly de-
veloped software “Verisim4D”. Comparison of the results obtained by the laboratory
experiment with results derived from FEM and micromechanics approach for layered
material offers the possibility of the application of the methods for the behaviour prediction
of timber—concrete composite members with and without additional reinforcements of the
adhesive and concrete layers.

2.2. Comparison of Analytical Design Methods for Timber—Concrete Composite Members with
Reinforced Adhesive Layer

It is essential to choose an appropriate design method that reflects the interaction of
the different materials, the properties of the connection and the deformation of the structure
to analyze the behaviour of a timber—concrete composite (TCC) member with adhesive
connection. Several theoretically analytical approaches were considered in the current
study: composite equations, CEREMA method, semi-analytical Vh-s relation (Bazant
approach), gamma method (current EC5, annexe B.) [30] and layered material macro-
mechanics. Each design method has its advantages and limitations, and their choice affects
the accuracy, complexity, and applicability of the calculations in practice.

The composite equations (governing equations of a composite beam) are based on a
system of differential equations describing the distribution of deformation and shear forces
between the timber and concrete layers. Their main advantage is the ability to accurately
describe sliding at the interface, but this method requires precise material parameters and
is relatively complex to apply manually.

The CEREMA method, a simplified form of this approach with sinusoidal slip dis-
tribution, is helpful for cases with simple loading conditions (e.g., uniformly distributed
loads) but unsuitable for complex loading cases or structures with non-uniform geometry.

The semi-analytical Vh-s method (Bazant and Wittek) allows the inclusion of non-
linear coupling behaviour often observed in mechanical couplings. Its most significant
advantage is the possibility to simulate the stiffness reduction of the connection after a
certain level of loading, which makes the method suitable for structures with adhesive
timber-to-concrete connections and structures with dowel or pin connections. However,
it is not ideal for adhesive joints, as these are most likely to be elastic to fracture, and it is
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not possible to accurately determine the transition points between behavioural segments
without experimental data.

The Gamma method, on the other hand, is a simplified calculation approach used
to estimate the effective bending stiffness assuming partial composite action. Its main
advantages are its ease of implementation and suitability for structural design (also used in
the Eurocode 5). However, the method was initially intended for structures with three or
fewer load-bearing layers, so its direct application to TCC with an adhesive layer requires
further adaptations (e.g., using the Equivalent Gamma Method approach). In addition, the
gamma method cannot represent the distribution of shear strains over the span, which is
essential in the case of locally stiffer or weaker connection sections.

The macro-mechanics of layered composite materials, based on the elastic properties
of the separate layers, provides a comprehensive approach that considers the properties of
each layer separately and allows the calculation of deformation and bending behaviour
in different directions. This method is particularly well suited to cases where one of the
layers (in this case, the adhesive layer with fibre reinforcement) influences the behaviour of
the structure. The method has the advantage of high accuracy, the possibility to include
orthotropic materials (e.g., plywood), and the direct link to composite theory. The disad-
vantages are the complexity of the calculation and the need to develop a total stiffness
matrix for the composite.

A comparison of all the above-mentioned methods is given in Table 1.

Table 1. Comparison of analytical design methods for timber-concrete composite members with
strengthened adhesive layer.

Title of the Method

Suitability for Adhesive

Advantages Timber-to-Concrete Connections

Limitations/Disadvantages

The composite equations
(governing equations of a
composite beam)

Accurate model of slip and
shear force distribution

Complex analysis, difficult to
use without software

Average—calibration of
parameters required

The CEREMA method

Suitable for simple loads,
does not consider the
non-linearity of the
connection

Solution for sinusoidal load,

relatively simple Low—over-simplified

The semi-analytical Vh-s
method

Possible analysis of the
non-linear behaviour of the
connection (softening phase)

Not suitable for compliant
connections, iterative
and complex

Average—can be used for the
adhesive connections with
limitations

The Gamma method

Simple, practical

application; Can be extended
by the information from EN
1995-1-1 [35]

Limited in number of layers,
does not accept shear
deformations along length

Average—limitations related to
the multilayered structures

Micromechanics approach
for layered material

Precise information regarding
the mechanical properties of
all the layers is required

Possibility of orthotropic
layers analysis, high precision

High—precisely shows the effect
of adhesive layer

Finite element method

Many input parameters that
are not easy to define, less
transparent results.

Very high- can consider all

Accurate and general method important mechanical effects

So, the macro-mechanics of layered materials was chosen for further analytical analysis
in the current study.

2.3. Design Method for a Timber—Concrete Composite Member Subjected to Bending

Based on the elastic properties of the separate layers, the macro-mechanics of layered
composite materials were selected and considered for the analytical prediction of vertical
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displacements of timber—concrete composite members subjected to bending. The analytical
prediction of vertical displacements is necessary for the results obtained by the FEM
software “Verisim4D”. The timber—concrete composite specimens with the length, width
and depth of cross-sections equal to 550 mm, 100 mm and 61 mm, described in the next
Section 2.4, were analyzed. The design scheme and main geometric parameters of the
specimens are shown in Figure 1.

I
% RS N AL A R S PR S e . % T
g g
100
,2517,500 125
550

Figure 1. Design scheme and main geometric parameters of the specimens.

The effective modulus and Poisson’s ratio of the reinforced epoxy matrix (adhesive
connection layer) should be initially determined. It is assumed that the adhesive layer
reinforced by the glass fibre net is integrated at two levels, which form two separate
reinforcement layers in the epoxy glue matrix: the first layer is oriented in the longitudinal
direction and the second in the transverse direction. After evaluating the properties of the
two fibre layers, the overall effective mechanical properties are calculated, which allows
this reinforced adhesive layer to be modelled as an isotropic material in future calculations.

The specimen is considered to consist of one isotropic and two orthotropic layers. The
concrete layer is regarded as an isotropic one. The epoxy glue reinforced by the fibreglass
net and a plywood base is considered an orthotropic layer. The stiffness matrices for the
concrete layer are shown in Equation (1).

E, G and v are the modulus of elasticity, shear modulus and Poisson’s ratio, respectively.
The stiffness matrices for the concrete layer are shown in Equation (2).

Qu Qur 0
Qi=1]Qn Q» 0 ()
0 0 Qes
where
Eq E; vipEp Vo1 Eq
C=—7"—; =—); = = ; =G 2
T——— Q2 = — P Q12 Qe = Gi2 (2a)

1—vpvyy  1—vpuy

E1, G12 and vy; are the modulus of elasticity, shear modulus and Poisson’s ratio of
the epoxy glue reinforced by the fibre glass net and a plywood layer in the longitudinal
direction. E»1, G»1 and vy are the same values but in the transversal direction.

The maximum vertical displacements of the specimens are determined by Equation (3):

_pB PIAy
 48EI  48b(A11Dyy — B)

Ap )
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where Aj1, By1 and Dy are the stiffeners matrixes of the whole specimen, determined by
Equations (4)—(6).

Ajj = k; (Qij)  (zx — zk-1) 4
18

By = 5 1 Qi) (-2 ®)
18

Dij =32 (Qi)y (Zi - Zi—l) ©)

k=1

where z; — zj_1 are the thicknesses of the specimen’s layers.

2.4. Laboratory Experiment

A laboratory experiment was carried out to validate the FEM model created by the
newly developed software Verisim4D and by the design method for timber—concrete
composite member subjected to flexure, explained in the previous Section 2.3. Three groups
of specimens (A, B and D) were prepared and tested.

All three groups are characterized by exact dimensions: the length, width and depth
of cross-sections were equal to 550 mm, 100 mm and 61 mm, respectively (Figure 2).

Concrete
Adhesive layer Granite gravel Plywood \
1 I =T g - 0 Mt A T
\l/ o - -

20

1
g
550 100
g .
o 1-1 (reinforced adhesive layer for types B and D) Epoxy resin
& Glass fibres threads
7 (longitudinal)
g L Glass fibres threads
~ (transverse)
»
21x25 mm
550

Figure 2. Geometrical parameters of laboratory specimens.

Plywood members with dimensions 550 x 100 x 40 were used as a base for all three
groups of specimens. The direction of the grains’ outer layer was perpendicular to the
specimens’ longitudinal axis. The modulus of elasticity of plywood in the longitudinal
direction is equal to 12 GPa. Poisson’s ratio of plywood in the same direction is equal to 0.2.
The tensile and compressive strength of the plywood in the longitudinal direction are equal
to 40 and 30 MPa, respectively. The shear strength of the plywood is equal to 2.25 MPa.
The density of the plywood is equal to 0.8 kN/m?.

(C30/37 class concrete (LVS EN 1992-1-1:2005 [36]) was used as the specimen’s top layer
material. The modulus of elasticity and Poisson’s ratio equal 33 GPa and 0.2, respectively.
Tensile and compressive strengths of the concrete are equal to 2.9 and 30 MPa, respectively.
Two-component (A and B) epoxy glue XEPOX G with a modulus of elasticity and Poisson’s
ratio equal to 3 GPa and 0.35 was used for plywood connection with the concrete layer.
Tensile strength and strength in shear of the epoxy glue are equal to 30 and 25 MPa,
correspondingly. The mixture of components A and B causes an exothermic reaction
and forms a three-dimensional structure. Granite chips provided a plywood-to-concrete
connection with dimensions 8-16 mm. The density of the concrete was equal to 2.4 kN/m?.
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The process of specimen preparation with the adhesive timber-to-concrete connection by
the granite chip method was the same as in the previous investigations, described in detail
in [1,13,18].

Group A’s specimens differ by the absence of epoxy glue and concrete layer strength-
ening. They are considered as etalons for the evaluation of the effects of the epoxy glue
and concrete layer strengthening on the behaviour of the considered composite timber-to-
concrete specimens. Two significant stages of group A specimen production are shown in
Figure 3.

Figure 3. Production of the group A specimens: (a) placement of specimens in the moulds; (b) filling
of the moulds with concrete.

The group B specimens differed due to the strengthening of the epoxy glue layer by
the net, consisting of the glass fibre yarns TNT 371404531 with a modulus of elasticity of
70 GPa, Poisson’s ratio’s ratio of 0.22 and tensile strength of 2000 MPa. The epoxy glue
layer reinforcement scheme by the fibre yarn net is shown in Figure 4.

(a) (b)

Figure 4. Production of group B specimens: (a) placement of glass fibre net; (b) placement of glass

fibre net.

The group D specimens differed from the group B specimens by the addition of the
MAPEI PP-Fiber M6 polypropylene fibres to the concrete layers.

The three-point bending scheme tested all three groups of specimens using the device
FORM+TEST UPB 86/200 (Figure 5). Each specimen was loaded three times to 8 kN with
steps equal to 2 kN. The design value of the load-carrying capacity of A group of specimens
in 8 kN was determined analytically by the macro-mechanics of layered materials and
by the software “Verisim 4D”. After the first two loadings, the load was removed, but
after the third loading, the load was increased until the collapse of the specimen. The
maximum vertical displacements in the middle of the specimen’s span were determined at
each loading stage by two mechanical indicators with a precision of 0.01 mm.
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(a) (b)

Figure 5. Testing of specimens by the device FORM+TEST UPB 86/200: (a) specimens placed in the
testing device; (b) mechanical indicator.

The maximum vertical displacements of the specimens were determined analytically
by the macro-mechanics of layered composite materials and by the software “Verisim 4D”.
Section 3 “Results and Discussions” presents the laboratory specimens testing results.

2.5. Finite Element Models

A non-linear finite element model was implemented within the Versim4D platform.
Concrete and timber were modelled as solid 10-node tetrahedron finite elements (Figure 6).
A non-linear cohesive zone element was used to model the interface between timber and
concrete. Based on previous research of plywood and CLT slabs [37-39], plywood can be
effectively modelled as a tailored damage plasticity model for timber. Similarly, for concrete
or fibre—concrete, previous research [40,41] reveals that the damage plasticity model is one
of the most appropriate for this case.

Figure 6. Finite element model of 3-point bending test.

2.5.1. Concrete Material Model

A damage plasticity model was used to describe concrete non-linear behaviour. A
material model was developed using the principial stress space and “rotated” crack ap-
proach [42]. The multi-axial yield surface was modelled according to the Fib Model Code
2010 [43] approach:

]TZ+A}/CE+5]%—1:0 @)

where |, is the shear stress invariant, I; is the hydrostatic stress invariant, «, A, 5 are the
material parameters [MC2010] and f, is the mean compressive strength.
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Tensile damage calculation was based on continuum damage mechanics. For each
principial tensile stress component, the damage parameter d was calculated by assuming a
exponential stress softening curve:

fri = fimx (1= d), (8)
(1=di) = (14 (3 x W)’ ) x e @ Wint — v,y x 0.0274, 9)
Cinod, i

where relative crack opening w; ) =

S critical crack opening c,,o4 crit = 5.14%, and
crack opening in i-th direction (i = 1,2, 3) is calculated as c;,p5; = Ley X €cri, where Ly, is
the characteristic length of solid finite element (calculated as cubic root of element volume),
and ¢, is the fracture strain in i-th principial direction and Gy is the fracture energy.

It is assumed that the damage variable can only grow and its value changes from 0 to 1.

2.5.2. Timber Material Model

The timber material model is based on the theory described in [44]. To simplify and
reduce computation time, the strain rate effects are not included. The following main
features are captured with this model:

e Transversal anisotropy for stiffness and strength.

e  Multi-axial failure criteria divided in two parts—parallel to grain mode and perpen-
dicular mode.

e  Multi-axial plasticity for compression.

e  Strain-hardening plasticity perpendicular to grains.

The following stress notation will used:

e (71 normal stress in fibre (axial) direction.
e 0y normal stress in radial direction.
e 033 normal stress in tangential direction.

For simplicity, material properties in the radial and tangential directions are assumed
to be the same.

For the parallel modes, the failure criterion is composed of two terms involving two of
the five stress invariants of a transversely isotropic material. These invariants are I; = 073,

I, = \/0?, + 0%, The failure surfaces are defined in the following way:

2 2 2
f_m+m
TR 7z

where axial strength is defined as tensile or compressive strength fo = fio, 091 > 0O or

(10)

fo = feo, 011 < 0, where f, is the shear strength parallel to grain.
For the perpendicular modes, the failure criterion is composed of two terms involving
two of the five stress invariants of a transversely isotropic material.

These invariants are I3 = 09 + 033, I3 = ‘/0223 — 0y X 033. The failure surface is
shown below. )
2
(022 +033)" | 053 — 020033

f920 froll ’

where the values for the material perpendicular to grain strength are different for tension
and compression foy = f; 99, Where 02 + 033 > 0 or foo = f. 90, where 022 + 033 < 0, and
where f,y is the rolling shear strength.

fp = 11)

It is observed experimentally that when wood is compressed perpendicular to fi-
bres (radial or tangential direction), the structure becomes more dense and a hardening
effect happens.
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This hardening effect is taken into account by modifying the compressive strength:

féo0 = feo0 X kn, (12)

where the modification factor kj, > 1 is calculated in the following way. Initially, we obtain
the total equivalent perpendicular to fibre strains:

Etot,p =\ 5%2 + 8:23,3 + 28%3/ (13)

With the compressive yield, we can record the initial yielding strain as €0 = €1ot,p
Using D, the material parameter is normalized to the actual compression yielding

strain level:
Etot,p — €p,0

k, = , 14
b D — Sp,() ( )
And finally, the compressive strength increase factor can be calculated:
1
ky =1+ B x (€?0t,p + (kp — 1) * (etot,p — D)3>, (15)

At a certain stress level, wood can have fracture damage perpendicular to fibres.
A continuum damage approach is used to estimate this damage by calculating damage
variables d; and d,. When the damage parameter is 0, then no damage has happened, and
when it is 1, then the material is fully damaged (no stiffness and no internal stress).

It is assumed that if tension failure has happened in the fibre direction, then it has
effects perpendicular to the fibre direction:

dp = max{d(51), d(6p) }, (16)

where ¢ is the crack opening displacement in parallel mode and 6y, is the same but in the
perpendicular mode.
And the stress field is corrected in the following way:

011 (1- dl)‘fjﬁ
02 (1 —dm)oy
o3 | _ | (1—dm)oz (17)
012 (1—dp)oy,
013 (1—dp)oys
023 ( dm)g%

Post-cracking behaviour is mainly governed by the value of fracture energy. For the
parallel failure mode, we can calculate the equivalent fracture energy:

2 2 2
o 0% + 0
Gr = Gro3 + Gro—25—=2, whenoyy > 0, (18)
£0 fv
_ f3
G = GII,O 5 5, when 011 < 0, (19)
Uiy + 013

where Gj o is the mode I fracture energy parallel to grain and, Gy; g is the mode II fracture
energy parallel to grains.
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And it is assumed that the post-failure curve is linear. The equivalent strain in parallel
mode is therefore estimated:

= 8%1 + 2(8%2 + 8%3>, when o1 > 0, (20)

Echl = 2(8%2 + 8%3), when 041 < 0, (21)

For regularization purposes, there is a calculated equivalent finite element length
1 . . .
L., = V3, where V is the volume of the finite element.
And the regularized total crack opening displacement is calculated as é; = L, X
e, 1- The critical strain level, when the damage variable is 1, can be calculated from the

fracture energy:

2G
5cr = = + 50/ (22)
fto

where ¢ is the displacement level when cracking starts to happen.
And finally, the damage variable is calculated:

o — o
(Scr - 50’

d;(01) = (23)
The damage variable can only grow (no self-healing possible) and values are in range
d; = [0, diax]. Maximal damage d,,qy is typically in the range [0.99, 1].
In a similar way, damage perpendicular to fibres is calculated. The only difference is
for equivalent fracture energy and equivalent strain calculations:

2 . 2 2
05 + 0. 033 — 022033
b7 2
Goo = Gro0-25—2 + Grr00—2— , when 02 + 033 > 0, (24)
ft,90 roll
fri
Goo = G190~ ——, when 02, + 033 <0, (25)
053 — 022033

where Gj o9 is the mode I fracture energy perpendicular to grains and Gyj g is the mode II
fracture energy perpendicular to grains.

And it is assumed that the post-failure curve is linear. The equivalent strain in parallel
mode is estimated:

Ech90 = \/8%2 + 8%3 + 2(8%3), when 09, + 033 > 0, (26)

eenoo = 1/ 2(€35), when o + 033 < 0, (27)

2.5.3. Cohesive Zone Element Between Timber and Concrete

The cohesive behaviour is divided into normal and shear behaviour (Figure 7). The
surface spring in the normal direction is described by elastic—plastic behaviour in com-
pression and elastic-damage behaviour in tension. The non-damaged stiffness spring
surface stiffness is K, tension strength F;, peak displacement at tension failure 17 and yield
compression strength F.
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Concrete AN
Non-linear axial springs Ft Tension
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Timber tan(a)=Kn
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Figure 7. Description of cohesive zone spring in normal direction: (a) normal surface spring schematic
view; (b) non-linear load—displacement curve in normal direction of cohesive zone spring.

Shear behaviour is governed by a tri-linear curve, and shear strength F;, shear stiffness
Ks and peak displacements in shear 11, u, (Figure 8).

Force

Concrete Zx

Non-linear shear springs

vy s Doy
B By vy B
Timber 1 Displacement
u N
u2 e

tan(a)=Ks

@) (b)

Figure 8. Description of cohesive zone spring in shear direction (a) shear surface spring schematic
view; (b) non-linear load-displacement curve in shear direction of cohesive zone spring.

3. Results and Discussions

3.1. Influence of the Adhesive and Concrete Layer Mechanical Properties on the Behaviour of
Timber—Concrete Composite Member Subjected to Flexure

Three groups of laboratory specimens were investigated by the simplified design
method explained before in Section 2.4, by the laboratory experiment and by the newly
developed FEM software Verisim4D. The design scheme for three groups of laboratory
specimens is three-point bending, shown in Figure 1. The experiment was carried out by
progressive specimen loading, recording the maximum vertical displacements and cracking
process, and the critical load values at which partial or complete disintegration of the
specimen’s layers and failure of the specimens occurred were determined.

3.1.1. Description of Experimental Results

Group A includes ten specimens, signed from A-1 to A-10. For group A specimens,
the maximum vertical displacements increased in proportion to the load. After partial or
complete disintegration of the specimens, the maximum vertical displacements increased
rapidly. Partial disintegration was observed on average at 11, 17 kN, but the development
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of cracks started at 8 kN. The maximum vertical displacements values at 8 kN load ranged
from 1.7 to 2.5 mm, but after crack initiation, it exceeded 4.3 to 5 mm (see Figure 9). The
results of specimen A-1, after the 6 kN applied load, at the first loading, showed much
higher results than the results of the other specimens. A possible explanation is an initial
defect in the specimen which resulted in partial disintegration of the material at this load
and did not ensure full composite performance.

Group A specimens.

Mean values
—A-1
—_—A-2
—A-3
—_—A-4
—A-5
—_—A-6
—A-7
—_—A-8
—A-9
—A-10

Figure 9. Dependence of the maximum vertical displacements on the vertical load, applied as a
concentrated force in the middle of the span, for group A specimens.

Figure 10 illustrates the load value at which the specimens reached their maximum
load-carrying capacity, as well as the partial and complete disintegration of the separate
layers. The results showed that the group A specimens without cracks reached a maximum
load of 12.4-17.4 kN, while the specimens with cracks before testing showed lower load
capacities but often higher load capacities.

The average load capacity of group A specimens is 15.1 kN. It was observed that in
cases where the specimens disintegrated completely before reaching the maximum load,
they were able to withstand a further load of approximately 1.87 kN until their ultimate
load capacity was reached. Partial disintegration had no significant effect on the ultimate
capacity; however, specimen A-10, which underwent partial disintegration at 15.8 kN,
showed the highest ultimate capacity of 17.4 kIN.

Group A specimens are characterised by a relatively simpler and more clearly traceable
failure process under the growing load. Initially, cracks developed in the concrete layer
immediately below the point of applied load, where concentrated stresses developed. It
was often observed that the upper concrete layer failed first, followed logically by the
failure of the plywood layer, as this is directly below the concrete and takes part of the load
after failure of the upper layer. This type of failure indicates a logical failure in which each
layer acts up to its limit (see Figure 11a).
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Figure 10. The load value at which the specimens reached their maximum load-carrying capacity, as
well as the partial and complete disintegration of the separate layers for group A specimens.

(b)

Figure 11. Mode of failure of the A group of specimens: (a) specimen A-4; (b) specimen A-9.

Layer separation in these specimens started most often on one side and gradually
continued on the other side at higher loads until the concrete and plywood delamination
for the entire specimen. This type of failure was visually evident and could be considered
as a standard failure process. However, in some cases, horizontal cracks were also observed
directly in the plywood layer, indicating the onset of shear failure. Such cracks develop
transversely to the applied load and indicate that the plywood is no longer able to carry the
increasing shear force. These failures were less common but provide important information
about possible weak areas in the structure at high loads (see Figure 11b).

In general, group A specimens failed consistently and progressively, with characteristic
cracking in the load application zone and progressive delamination, which became more
pronounced at maximum loads.

Group B specimens with reinforcement of the epoxy glue layer by the s net, consisting
of glass fibre yarns, showed a less predictable failure behaviour and exhibited markedly
different values of the maximum vertical displacements (Figure 12). Overall, the maxi-
mum vertical displacements were on average similar to those of type A specimens. Some
specimens (e.g., B-1 and B-3) showed a steady increase in bearing capacity up to 15-17 kN
(with smaller deflections also observed), while others (B-2 and B-4) showed early crack
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initiation already at 6-8 kIN load. These differences are probably due to heterogeneous
adhesion distribution between the layers or to weaknesses in the manufacturing process.
Interestingly, group B specimens showed a decrease in the buckling value before specimen
failure compared to group A, indicating the influence of fibres on the structural behaviour
before critical loading.

Group B specimens

8,000
7,000 Mean values
——B-1
6,000
—B-2
g
£ 5,000 —l
5
£ 4,000 —B4
Q
=
3,000 =B
= —B-6
2,000
—B-7
1,000
—B-8
0,000 —B-9
Load, kN —B-10

Figure 12. Dependence of the maximum vertical displacements on the vertical load, applied as a
concentrated force in the middle of the span, for group B specimens.

The maximum load in group B ranged from 13 to 17 kN, but some specimens (e.g.,
B-10) collapsed due to shear. The average load capacity of group B specimens is 15.38 kIN.
If the group B specimens were fully de-extended before the maximum load was reached,
they were able to withstand approximately 3.5 kN more before reaching their ultimate
capacity (Figure 13). Partial disintegration, on the other hand, had no significant effect on
the load-bearing capacity of the specimens.

Breakdown of group B specimens

16.8=—— 17 —_

- 15.4=—15.8, 16 15.6~15.4
15/ \ / ’ e = \13.8; Vi S

11.4 1].2 = ; 11.8
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6

Load, kN

B-1 B-2 B-3 B-4 B-5 B-6 B-7 B-8 B-9 B-10

w == Maximum load 15 16.8 17 15.4 158 13.8 16 13 156 154
== == Complete breakdown 11.4 16.8 11.2 154 12 11 14 10 156 15.4
== == Paritial breakdown 10 8 10 6 11 8 10 8 11.8 6

Specimen number

Figure 13. The load value at which the specimens reached their maximum load-carrying capacity, as
well as the partial and complete disintegration of the separate layers for group B specimens.

In the group B specimens, where glass fibre yarns were used as reinforcement in
the epoxy adhesive layer between the plywood and the concrete top layer, an interesting
structural collapse was observed. In general, these specimens exhibited more complex
behaviour than the specimens in Group A where no such reinforcement was used.
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An important aspect that clearly stands out in several Group B samples is the type of
collapse and its localization. In cases where horizontal cracks formed in the plywood, shear
failure was assumed to have occurred—this is a typical indication that the shear forces
between the layers have exceeded the capacity of the plywood. This phenomenon can be
observed, for example, in specimen B-10 (Figure 14), where the crack has developed almost
exactly parallel to the interlaminar butt within the plywood and visually runs along the
direction of the fibres of the material.

Figure 14. Mode of failure of the B group of specimens: (a) specimen B-10; (b) specimen B-8.

In addition, in several samples, clear deformations can be observed in the epoxy
adhesive layer between the plywood and the concrete, indicating delamination—a loss of
adhesion between the layers. This form of failure occurs when the adhesive layer is no
longer able to provide sufficient bonding and is most often exacerbated by the development
of cracks in other layers of the material. As a result of delamination, the upper concrete
layer partially or completely detaches from the structure, effectively losing the mechanical
bond with the plywood bottom layer.

In addition, another major degradation process is observed in the Group B samples—
the degradation of glass fibre filaments. After loading, many samples show that the fibres
are no longer continuous but have broken into smaller filaments, which have lost their
original structure. The filament disintegration can be seen particularly well in Figure 14b,
where the split fibres can be seen near the concrete layer.

Fibre breakdown is probably one of the factors that cause the concrete to separate more
suddenly and dramatically, as seen for example in Figure 14a, where a fragment of concrete
has visibly separated together with part of the fibre reinforcement. This observation may
indicate that the fibres, having reached their limit, broke and rapidly transferred the load
to other layers of the material, causing local failure.

In general, these observations underline that glass fibre reinforcement affects the
behaviour of group B specimens before critical loading, but it also leads to more complex
failure modes. Collapse in the concrete and plywood layer, delamination in the adhesive
layer and fibre breakdown after loading are the three main failure modes that dominate the
behaviour of these specimens. They also reveal potential challenges in the design of such
composite structures—in particular in terms of the quality of material bonding, the consis-
tency of glass fibre filament layouts and the accuracy of the manufacturing technology.
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Comparing the groups A and B, it can be concluded that the reinforcement of the glass
fibre yarns provided a slight increase in load capacity and changed the failure behaviour of
the material. While the specimens in Group A showed a relatively steady decrease in load
capacity after reaching the critical load, the specimens in Group B showed a slow loss of
capacity, indicating the ability of the fibres to maintain the structural integrity even after
cracking. However, the lack of interlayer adhesion or fibreglass filament separation remain
the main challenges limiting the effectiveness of this technology.

For group D, the deflections increased in proportion to the load and the deflection
values were more similar to those of group B. Compared with the samples of groups A and
B, the deflection values of the samples of Group D were higher. Also, for these samples,
after partial or complete disintegration of the samples, the deflections increased rapidly.
Partial disintegration was observed at 5-7.8 kN, on average at 6.2 kN. The average elastic
strain at 6 kN ranged from 1.1 to 3.2 mm, while after partial disintegration it exceeded
2.2 to 4 mm (Figure 15). It is interesting to observe that partial disintegration was only
observed during the first loading of the specimens.

Group D specimens
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Figure 15. Dependence of the maximum vertical displacements on the vertical load, applied as a
concentrated force in the middle of the span, for group D specimens.

The maximum load for group D samples ranged from 12 to 17.8 kN. The average load
capacity for group B specimens was 15.26 kN. The specimens in this group showed partial
disintegration at the first loading and at low loads, averaging 6.2 kN. The specimens of
groups D-5 and D-10 were partially disintegrated before loading; therefore, a value of 0 kN
is given. Complete disintegration of the specimens occurred mostly when the ultimate
load was reached. If the group D specimens disintegrated completely before reaching the
maximum load, they were able to resist approximately 3.5 kN until their ultimate load was
reached (Figure 16).

Compared to group A and group B, group D samples showed a different behaviour of
the concrete layer—it did not disintegrate into such fine parts. This behaviour was mainly
due to the addition of polypropylene fibres to the concrete, which significantly reduced
crack formation and limited the flexural effects. As a result, the cracks were smaller and
more evenly distributed. However, the presence of fibres did not significantly improve
the inter-layer adhesion, which continued to be a weak link in the specimen. In this case,
the largest deformations were observed in the plywood layer. The nature of the failure
suggests that the specimens failed under combined loading, with both bending and rolling
shear components predominating. Most of the cracks were concentrated below the point of
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load application, except for specimen D-2, where cracks initially developed directly under
the load but continued to propagate laterally, indicating possible uneven load transfer or
local weakness of the material (Figure 17).

Breakdown of group D specimens
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Figure 16. The load value at which the specimens reached their maximum load-carrying capacity, as
well as the partial and complete disintegration of the separate layers for group D specimens.

(b)

Figure 17. Mode of failure of the D group specimens: (a)—specimen D-2; (b)—specimen D-4.

Group D specimens showed a more stable and uniform increase in deflection versus
load compared to group B, as well as more similar deflection values. However, the use of
additional fibres in the concrete layer may have influenced the nature of the deformation,
leading to higher displacement values, potentially affecting the serviceability of the struc-
ture. Partial disintegration was often observed at low loads (~6.2 kN), but complete collapse
occurred mostly only after the load-carrying capacity of the specimens was exceeded. The
specimens retained the ability to take additional loads after partial disintegration. The
addition of polypropylene fibres to the concrete prevents the specimen’s disintegration but
did not affect on the timber-to-concrete connection. The most significant deformations were
observed in the plywood layer and the specimen’s failure was due to combined bending
and shear.

3.1.2. Comparison of Results, Obtained by Laboratorian Experiment, FEM and
Analytical Analyses

Given that the subject of the study is a wood—concrete composite beam slab with a
reinforced adhesive bond, the following comparisons of results will be made with this
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particular structure, i.e., the experimental test group B specimens. Also, the analytical
calculations and FEM modelling were based on the parameters of group B specimens.

Comparing the FEM results with the experimental results shows good agreement
between the theoretically predicted and actually observed deformation zones. The crack
development during the experiment was mainly observed in the structural zones with
the highest stress concentrations, which is also consistent with the results predicted by
the FEM model. The stress analysis was carried out directly along the longitudinal axis,
as this axis represents the main tension/compression direction occurring in three-point
bending. Since the load is applied in the middle of the span, the stresses develop mainly
in the longitudinal direction, where both tension in the lower part of the structure and
compression in the upper part occur. Therefore, the distribution of stresses along the
longitudinal axis best describes potential failure or cracking locations. In the FEM model,
stress increases were observed at these same locations, indicating local weak areas in the
structure. The coincidence of these zones with the experimentally observed cracks confirms
that FEM modelling is an effective tool to predict the behaviour of a structure under load,
including the identification of critical zones. For comparison, see Figure 18.

(b)

Figure 18. Comparison of group B specimen deformations predicted by the software Verisim4D:
(a) deformation and failure mode of the group B specimen B-3; (b) local axial (longitudinal) stress
concentration of the group b specimens predicted by the software Verisim4D.

Several trends can be observed when comparing the experimentally and analytically
obtained deflections for the group A, B, and D specimens (Figure 19). The lowest deflections
were obtained by an analytical calculation based on the assumption of a completely rigid
connection. The maximum vertical deflection of 0.748 mm was observed at aload of 8 kN. In
comparison, the FEM model (based on more detailed input of material properties and shear
modelling) predicted a deflection of 0.842 mm, indicating a very good agreement between
the results—the difference between the methods is only about 11.8%. The agreement of the
results with theoretical calculations and FEM analysis (assuming a rigid connection) shows
that this methodology is reliable.

To analyse in more depth the differences between the experimental and theoretical
deflection values of the group B samples, a FEM model was additionally built where
a larger offset between the layers was taken into account. In the following section, the
FEM model with higher interlayer shear will be referred to as “submissive joint” in this
work. At an 8 kN load, the FEM model with a compliant connection between the layers
showed a maximum deflection value of 1.036 mm. A difference of 34.24% was observed
when compared to the deflection value of the group B specimen (1.464 mm). Furthermore,
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the analysis of the deflection comparison graph (Figure 20) shows that the light green
curve (FEM model with a compliant connection) is closer to the orange curve (results for
the group of group B specimens). These results suggest that the behaviour of the group
B sample group is closer to the model with a compliant connection than that of a rigid
adhesive connection.

Comparison of results obtained
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Figure 19. Maximum vertical displacements obtained by the A, B and D group specimens in the
course of the laboratory experiment, by the FEM and analytical analyses.
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Figure 20. Assumed curve of cohesive zone element in the normal direction.

Comparing the experimentally determined load capacity values (Figure 19) with the
FEM model-calculated maximum loads, there are differences between the laboratory results
and the model predictions. The average bearing capacity of the laboratory experiment for
Type B specimens is 15.38 kN, while the FEM model predicts 18.9 and 12.9 kN for rigid and
compliant connections, respectively.

Comparing these values with the experimental results, the model with a compliant
joint shows a smaller percentage difference of 17.54%, while the model with a rigid joint
differs by 20.54%. Although this does not achieve a perfect match in either case, the model
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that considers a compliant connection between the layers provides a closer match in bearing
capacity and deflection values.

In addition, the observations from the experimental part of the test should be high-
lighted: all tested specimens disintegrated during loading, showing the brittle behaviour
of the connection. The exception was specimen D-10, which did not disintegrate during
loading and collapsed at a higher load of 16.4 kN, exceeding the group average (group
D: 15.26 kN) by 7.5%. This observation could mean that a completely rigid connection
between the materials was obtained and a more complete composite effect was developed,
meaning the experimental values for group B would be closer to the theoretically calculated
results, as well as to those obtained by FEM analysis.

Although group B specimens achieved higher load capacities than groups A and D,
they exhibited higher adhesive timber-to-concrete connection weakness due to imperfect
adhesion. All group B specimens disintegrated (at lower loads than groups A or D), and a
division of the glass yarns into smaller parts was observed.

3.1.3. Influence of the Adhesive Layer Reinforcement on the Behaviour of the
Timber-Concrete Members Subjected to Flexure

By comparing the different specimen types and the calculation method results, the
study observes the effect of the glass fibre thread reinforcement on the structure’s load-
bearing capacity. Group B specimens with integrated thread reinforcement showed an
average load capacity of 15.38 kN compared to 15.10 kN for group A (without reinforce-
ment) specimens. Group D specimens also showed a higher value than Type A but lower
than Type B at 15.26 kN (group D specimens). The difference in the experimental load
capacity between groups B and A is about 1.9%, while between groups B and D, it is
only 0.8%.

Experimental data showed that in all sample types, complete disintegration can occur
before the maximum vertical load is applied. The average load at which such disintegration
was observed was 14.52 kN for group A specimens, 13.28 kN for group B specimens and
14.72 kN for group D specimens.

Despite the complete disintegration of the structure, the specimens maintained a
certain load-bearing margin until the final moment of failure. After disintegration, the
unreinforced adhesive layer group A specimens still resisted approximately 1.87 kN. On the
other hand, the specimens of group B and type D, where the adhesive layer was reinforced
with glass fibre yarns, showed a significantly higher residual load capacity of 3.5 kN
on average.

These results show that glass fibre reinforcement improves the behaviour of the
specimens, providing increased durability even after loss of rigid connection between the
specimen layers. This confirms the positive effect of the epoxy glue layer reinforcement
by the glass yarn net. However, it should be noted that the effect of the epoxy glue layer
reinforcement on the load-carrying capacity is insufficient and should be investigated in
more detail in future investigations.

Group B specimens generally showed slightly higher load-carrying capacity and less
deflection before critical load compared to the other specimen groups. This behaviour is
attributed to the effect of the glue layer reinforcement by the glass yarn net, which improved
the stiffness and load capacity of the structure up to a certain point. At the same time,
using additional fibres in the concrete layer (as in group D) may affect the deformation
mode, leading to higher displacement values and potentially affecting the serviceability of
the structure.

In the previous comparison between experimental results and FEM simulation data, it
was observed that the behaviour of the group B specimens was closer to that of a compliant
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model than to a rigid model, which could be explained by disintegration or delamination
of the specimen under load.

If the specimens had not delaminated, the results would probably be in better agree-
ment with the theoretical calculations and predictions of the FEM analysis, especially for
the model with a rigid connection between the specimen layers. This indicates the signif-
icant influence of the quality of interlaminar adhesion on the overall load capacity and
deformation behaviour of the separate layers. In view of the above, it is recommended that
further studies be carried out to assess the reinforcement potential in the adhesive layer
more fully. Possible directions include the following:

e  Varying the number, orientation and location of reinforcement to identify the optimum
configuration;

e Investigate the adhesion quality of reinforcement with different reinforcement materi-
als in the adhesive layer to achieve a more effective composite effect.

Overall, the existing research base provides an initial understanding of the effect of
glass fibre reinforcement in the adhesive layer. Still, more research is needed to draw valid
conclusions on the effectiveness of reinforcement.

3.2. Simulation Validation with Experiments

The simulation model was validated with the obtained experimental measurements.
Concrete and timber (see Table 2) material properties were obtained for that purpose.
Based on glue properties, it was assumed that the tensile strength of the glue layer was
equal to 1 MPa and the compressive strength was 3 MPa (similar to concrete strength
perpendicular to grain, see Figure 20). Shear stiffness and strength function depending
on shear displacements are shown in Figure 21. This function was tailored to combine the
numerical results with experimental results. It can be seen in Figure 22 that the assumed and
obtained material properties demonstrate good accuracy compared to the experimentally
measured load-displacement curve.

It can be observed that there is significant local compression—tensile splitting stress
around the load application area (see local damage in Figure 23). The experimental failure
mode also showed such local concrete damage around the load application area (see
Figure 19a).

Table 2. Material properties used in the simulation for the timber model.

Material Property Name Value Unit Reference
Crade C30/37 ) Calc. from compressive
strength
Modulus of elasticity 33 GPa Cale. from compressive
strength
o Compressive strength 40 MPa Exp. Measured
< .
E Tensile strength 3.5 MPa Cale. from compressive
s} strength
~ Calc. from compressive
Fracture energy 147.6 Paxm ’ b
strength
Poissons ratio 02 ) Recommended value in EN

1992

Density 2400.0 kg/m3 Exp. Measured
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Table 2. Cont.

Material Property Name Value Unit Reference
Plywood type, grade Riga Ply, S - [41]
Modulus of elasticity in grain direction, Ey, 6.5 GPa [45]
Modulus of elasticity perpendicular to grains, 037 GPa [45]
E T, ER
Poissons ratio in L-T and T-L plane, vrr, vTL, 0.002 - [45]
Poissons ratio in R-T plane, vrr 0.2 - [45]
Shear modulus in L-T and L-R plane, Gi1, Grr 0.69 GPa [45]
Shear modulus in T-R plane, Gt 0.15 GPa [45]
Tensile strength parallel to grains 30 MPa [45]
Compressive strength parallel to grains 17 MPa [45]
Tensile strength perpendicular to grains 04 MPa [45]
f.; Compressive strength perpendicular to grains 22 MPa [45]
= Rolling shear strength 32 MPa [45]
Shear strength parallel to grains 5 MPa [45]
Fracture energy, mode .I- splitting, parallel to 05 MPaxcm [44]
grains
Fracture energy, mode I- sphttlng, perpendicular 0.005 MPa x cm [44]
to grains
Fracture energy, mode ?I- shearing, parallel to 3.38 MPaxcm [44]
grains
Fracture energy, mode II- shearmg, perpendicular 0.078 MPaxcm [44]
to grains
B,D parameters 30 - [44]
Density 800 kg/m3 Exp. Measured
Shear- Mode |
12
10
. 8
=
2
0
0 1 3 4 5

Shar displacement, mm

Figure 21. Assumed calibrated curve of cohesive zone element in shear direction.
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= Experiment (average)

= Simulation

Load, KN

0 2 4 6 8 10 12

Displacement, mm

Figure 22. Simulation result comparison with average experimental results.

state_04
0.5

0.0x10° 0.1 02 03 04 06 07 08 09 1.0x10°
| | I | | |

Figure 23. Damage variable d (state_04, 0—no damage, 1—fully damaged) at 14 KN load.

At 14 KN, the load level tensile stress in timber reached 30 MPa (see Figure 24),
which is the tensile strength of timber and a sample of the final failure load. Due to local
bending and compression in the load application area, the concrete underwent tensile
stress on the bottom part of the concrete layer (see Figure 25). Deformations of the sample

show minor slip displacements in the glue and sample, which generally work similar to
rigid connections.

T ——————

- L e -
7 S_XX_MPa
= —6.3x10" -50 —40 -30 -20 -10 0 10 20 3.0x10

b U —

Figure 24. Horizontal stress Sxx (MPa) at 14 KN load.
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Figure 25. Horizontal stress Sxx (MPa) at 14 KN load shows only tensile regions in the range 0 to

3.5 MPa (corresponding to concrete tensile strength).
By using the validated numerical FEM model, we performed a numerical study to
understand better how the stiffness of a glued joint can affect the overall sample strength
and stiffness. Three additional shear load-slip curves (Figure 26) were implemented in the

FEM model and the results were checked. Cases0,1,2 and 3had 1x,2x,5x and 10x times
smaller joint stiffness values (see Table 3). According to the obtained load-displacement
curves (see Figure 27), it was visible that up to 5 times smaller glued joint stiffness will not
have a significant impact on structural strength. When there was 10x smaller joint stiffness,
the peak load was about 7% smaller. For 2x smaller joint stiffness, the overall structural

bending stiffness was not significantly affected.

10

[o4]

Shear Stress, MPa

[}

A

3

Shar displacement, mm

Figure 26. Cases were analysed to check how joint stiffness affects the structural behaviour.

Table 3. Cohesive zone element spring stiffness and strength properties for all 4 cases.

Peak Shear Stress, MPa

Displacement at

Case Initial Stiffness,
MPa/mm Yield Point, mm
Case 0 100 0.1 10
Case 1 50 0.2 10
Case 2 20 0.5 10
Case 3 10 1 10
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16

12

10

Load, KN

-2

Displacement, mm

Figure 27. Load-displacement curve depending on the joint’s stiffness.

4. Conclusions

This study investigated the mechanical behaviour of timber—concrete composite (TCC)
members featuring an epoxy adhesive layer reinforced by a glass fibre yarn net and
polypropylene fibres added to the concrete layer. Laboratory three-point bending tests on
specimens with dimensions 550 mm x 100 mm x 61 mm demonstrated significant im-
provements in flexural stiffness and load-bearing capacity when applied reinforcement. An
analytical macro-mechanics layered material model effectively predicted the experimental
results and validated by finite element simulations conducted using the newly developed
Verisim4D software. The reinforced adhesive layer increased the load-bearing capacity by
up to 28-40%, aligning with enhancements reported for granite chip bonding methods and
reducing brittleness. These findings confirm the efficacy of combining reinforcement with
advanced numerical and analytical modelling to improve the structural performance of
TCC members.

New findings were identified as a result of this study:

e Applying the macro-mechanics layered material model to epoxy adhesive layers
reinforced by a glass fibre yarn net, enabling vertical displacement predictions within
less than 5% error compared to laboratory results.

e  The introduction of an epoxy adhesive reinforcement method increased the load-
bearing capacity of TCC specimens by approximately 30% compared to unreinforced
specimens and simultaneously reduced the brittleness of the adhesive connection.

e  Verification of the Verisim4D finite element software for modelling non-linear be-
haviour of the reinforced adhesive layer and concrete, achieving close agreement with
experimental load-displacement curves across all three specimen types.

e  C(ritical assessment of different analytical design methods for TCC members with rein-
forced adhesive layers, culminating in the selection of the layered macro-mechanics
approach that best captures the mechanical interactions and slip behaviour in
such composites.
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