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Abstract: This study addresses the enhancement of material efficiency and reduction in brittleness in
timber-to-concrete adhesive connections for beam-type timber and timber-concrete composite panels.
The research explores the potential benefits of adding longitudinal timber ribs to cross-laminated
timber (CLT) beam-type panels. Three groups of flexure-tested specimens were analysed as follows:
(1) timber panels (1400 mm × 400 mm) with two 100 mm thick CLT panels and two 60 mm thick CLT
panels reinforced with 150 × 80 mm timber ribs; (2) eight specimens (600 mm × 100 mm × 150 mm)
with CLT members (600 mm × 100 mm × 100 mm) connected to a 50 mm concrete layer using granite
chips and Sikadur-31 (AB) epoxy adhesive; (3) six CLT panels (1400 mm × 400 mm × 50 mm) bonded
to a 50 mm concrete layer, with two panels containing polypropylene microfibres and two panels
incorporating polyethene dowels for mechanical connection. Specimens were subjected to three-point
bending tests and analysed using the transformed section method, γ-method, and finite element
method with ANSYS 2023R2 software. Results indicated a 53% increase in load-carrying capacity
for ribbed CLT panels with no additional material consumption, a 24.8–41.1% increase for CLT
panels strengthened with a concrete layer, and improved ductility and prevention of disintegration in
timber-concrete composites with polypropylene microfibres.

Keywords: load-carrying capacity; timber-concrete adhesive connection; ductility enhancement;
transformed section method; γ-method; three-point bending; finite element analysis; maximum
vertical displacements; stone chip method; timber-concrete composite

1. Introduction

The construction industry significantly contributes to carbon dioxide emissions, rely-
ing predominantly on non-renewable energy sources. It accounts for 40% of global energy
consumption and 33% of greenhouse gas emissions. Addressing this issue necessitates
thorough carbon emissions analysis and increased use of renewable, sustainable structural
materials [1–4]. Life cycle analyses of buildings reveal that 20–50% of carbon emissions
occur during the erection phase [5–7]. As an environmentally friendly building material,
timber aligns with government strategies for sustainable development and climate change
mitigation. It is a practical alternative to traditional materials due to its high specific
strength, low carbon emissions, renewability, and aesthetic appeal [8–11]. Enhancing
the efficiency and load-bearing capacity of timber structures is a current and pressing
concern [12].

Historically, timber was the predominant construction material until it was largely
replaced by concrete and steel over the last two centuries. However, the past century has
seen timber’s resurgence as a structural material with the advent of new wood products like
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glued laminated timber (GLT), cross-laminated timber (CLT), and laminated veneer lumber
(LVL) [1,13,14]. European and North American markets have seen a rapidly growing
popularity and demand for CLT (cross-laminated timber) boards [15,16]. This is also
evidenced by companies traditionally producing components and solutions for reinforced
concrete structures, such as Peikko Group Corporation and Hilti Corporation, which are
increasingly focusing on CLT and the development of innovative connection components
and solutions for CLT. A CLT solution for buildings for load-bearing structures is convenient
as the material is easy to handle, easy and quick to assemble, with relatively low self-
weight (compared to traditional precast concrete), and gives a more aesthetic architectural
appearance to the interior. In Northern European countries such as Sweden and Norway,
CLT is already quite widely used for both multi-storey residential and public buildings,
whereas in Latvia, it is not yet as widely used. As the popularity and demand for CLT
material increase, so does the ambition for its application. To increase the load-bearing
capacity of CLT panels, ribbed CLT panels are appearing in practice, and the calculation
and production are offered by the Finnish company Stora Enso Oyj, Helsinki, Finland. CLT
panels supplied by the longitudinal glued laminated timber (GLT) ribs are characterised by
increased stiffness and load-carrying capacity in comparison with the plain CLT panels.
So, adding the longitudinal timber ribs (Figure 1) can be considered as a possible way to
increase the load-carrying capacity of the CLT panels.
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Figure 1. CLT beam-type panel with glued laminated timber longitudinal ribs.

As the use of CLT and other timber structural systems in roofs and floors increases, so
does the need to enhance their load-carrying capacity. Combining timber with materials
that have superior mechanical properties, such as concrete, can improve the load-carrying
capacity of timber structures [17–20]. Timber-concrete composites (TCCs) represent one
such solution. When the concrete layer’s thickness exceeds one-third of the composite
member’s depth, the principal steel reinforcement is added if the concrete’s bottom part is
tensioned. However, TCC members with fully compressed concrete layers are of particular
interest as they rationally utilise concrete’s compressive strength without needing principal
reinforcement. Traditional steel reinforcement increases concrete layer thickness and CO2
emissions, presenting additional costs and environmental impacts. Dispersed synthetic
reinforcement fibres can enhance concrete ductility and maintain structural integrity upon
collapse without significantly affecting concrete strength [21].

This study evaluates the potential to increase the load-carrying capacity of beam-type
timber and TCC panels by adding GLT ribs. It assesses the effectiveness of structural
materials, the behaviour of timber and TCC panels, the influence of synthetic reinforcement
on TCC panels, and methods to reduce the brittleness of adhesive timber-to-concrete
connections, particularly using the stone chip bonding method [22,23] and mechanical
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fasteners [24]. The difference in the connection, as suggested in the current study, is the
application of the polyethylene dowels, which enables the use of steel in the connection.
The principal aim is to identify ways to enhance the load-bearing capacity and ductility of
these composite structures.

2. Materials and Methods
2.1. General Approach

Investigations in this study are oriented in two main directions. The first direction
involves evaluating the potential to increase the load-carrying capacity of beam-type timber
and timber-concrete composite panels by adding GLT ribs. The effectiveness of structural
material usage is a key metric, enabling comparisons between CLT beam-type panels and
analogous panels with glued laminated timber longitudinal ribs. The effectiveness (K1) is
determined as the ratio of load-carrying capacity to the volume of timber in beam-type
panels with a span of 1300 mm under three-point bending, measured in kN/dm3.

Three groups of laboratory specimens, detailed in Section 2.3, were prepared to verify
the accuracy of calculations using the simplified design method described in Section 2.2.
This method was used to determine load-carrying capacities and evaluate the behaviour
of beam-type panels. The first group includes CLT panels and CLT panels with glued
laminated timber ribs, which are necessary for investigating the improved effectiveness of
structural materials in ribbed beam-type panels.

The second direction of this investigation focuses on reducing the brittleness of adhe-
sive timber-to-concrete connections by adding polypropylene microfibres. The second and
third groups of specimens were designed to evaluate this possibility.

Finite element models (FEM) were developed for all three groups of laboratory speci-
mens using ANSYS 2023R2 software, as described in Section 2.4.

2.2. Design Method for Timber-Concrete Composite Structural Members

A simplified design method based on the transformed section method and the γ-method
outlined in Annex B of EN1995-1-1 [25] for mechanically jointed beams was considered for
behaviour analysis of the beam-type timber-concrete composite panels [25–28]. Timber panels
were analysed by the γ-method.

The determination of the geometric parameters of the section transformed into the
timber of CLT layers with the grains oriented parallel to the longitudinal axis of the member
was carried out at the first stage of the design process. The widths of all the layers, excluding
the mentioned ones, should be multiplied by the reduction factor equal to the relation of the
moduli of elasticity of the considered layer to the modulus of elasticity of the timber of the
CLT layers parallel to the grain direction. An example of the transformed section obtained
for the TCC beam-type panel, considered in the current study, is shown in Figure 2.

Appl. Sci. 2024, 14, x FOR PEER REVIEW 4 of 18 
 

 

Figure 2. Transformed to the timber of CLT layers with the grains oriented parallel to the longitudi-

nal axis of the member section of the TCC beam-type panel. 

The effective bending stiffness of the transformed section should be determined by 

Equation (1) as follows: 

(𝐸𝐼)𝑒𝑓 =∑(𝐸𝑖 × 𝐼𝑖 + 𝛾𝑖 × 𝐸𝑖 × 𝐴𝑖 × 𝑎𝑖
2)

𝑛

𝑖=1

 (1) 

where 𝐸𝑖—mean value of modulus of elasticity of separate material layer, MPa; 𝐼𝑖—mo-

ment of inertia of the separate layer relative to its own main axis, mm4; 𝛾𝑖—reduction 

factor, which takes into account compliance of the bonds; 𝐴𝑖—area of cross-section of the 

separate layer, mm2; 𝑎𝑖—distance from the neutral axis of the whole cross-section to the 

neutral axis of the separate layer, mm. 

The reduction factor 𝛾𝑖 is equal to 1 in the case of an adhesive timber-to-concrete 

connection. An approach described in Annex B of EN1995-1-1 should be used for the de-

termination of the values of reduction factor 𝛾𝑖 in the case of mechanical fasteners being 

used for timber-to-concrete connections. 

The maximum normal stresses acting at the edge fibre of the transformed section, 

should be determined by Equation (2) as follows: 

(𝜎)𝑚𝑎𝑥 =
𝑀𝑑 × 𝐸𝑖
(𝐸𝐼)𝑒𝑓

× (𝛾𝑖 × 𝑎𝑖 + 0.5 × ℎ𝑖) (2) 

where 𝑀𝑑—design value of bending moment, kNm, and ℎ𝑖—the height of the separate 

layer, mm. 

Maximum shear stresses should be obtained by Equation (3) as follows: 

𝜏𝑚𝑎𝑥 =
𝑉𝑑 × (𝐸𝑆)𝑒𝑓

(𝐸𝐼)𝑒𝑓 × 𝑏
 (3) 

where 𝑉𝑑 —design value of shear force, kN; 𝑏 —the width of the separate layer, where 

shear stresses are calculated, mm; (𝐸𝑆)𝑒𝑓—effective statical moment of the transformed 

section, which can be determined by Equation (4) as follows: 

(𝐸𝑆)𝑒𝑓 =∑𝛾𝑖 × 𝐸𝑖 × 𝐴𝑖 × 𝑎𝑖
𝑖=1

 (4) 

The instantaneous value of the maximum vertical displacements should be deter-

mined by Equation (5) for the case of three-point bending. 

𝑢𝑖𝑛𝑠𝑡 =
𝐹 × 𝐿3

48 × (𝐸𝑆)𝑒𝑓
+

𝐹 × 𝐿 × 𝑘

4 × (𝐺𝐴)𝑒𝑓
 (5) 

The effective shear stiffness of the transformed section (GA)ef should be calculated by 

Equation (6) as follows: 

(𝐺𝐴)𝑒𝑓 = 𝑘 ×∑(𝐺𝑖 × 𝑏𝑖 × 𝑡𝑖) (6) 
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The effective bending stiffness of the transformed section should be determined by
Equation (1) as follows:

(EI)e f =
n

∑
i=1

(
Ei × Ii + γi × Ei × Ai × a2

i

)
(1)

where Ei—mean value of modulus of elasticity of separate material layer, MPa; Ii—moment
of inertia of the separate layer relative to its own main axis, mm4; γi—reduction factor,
which takes into account compliance of the bonds; Ai—area of cross-section of the separate
layer, mm2; ai—distance from the neutral axis of the whole cross-section to the neutral axis
of the separate layer, mm.

The reduction factor γi is equal to 1 in the case of an adhesive timber-to-concrete
connection. An approach described in Annex B of EN1995-1-1 should be used for the
determination of the values of reduction factor γi in the case of mechanical fasteners being
used for timber-to-concrete connections.

The maximum normal stresses acting at the edge fibre of the transformed section,
should be determined by Equation (2) as follows:

(σ)max =
Md × Ei
(EI)e f

× (γi × ai + 0.5 × hi) (2)

where Md—design value of bending moment, kNm, and hi—the height of the separate
layer, mm.

Maximum shear stresses should be obtained by Equation (3) as follows:

τmax =
Vd × (ES)e f

(EI)e f × b
(3)

where Vd—design value of shear force, kN; b—the width of the separate layer, where shear
stresses are calculated, mm; (ES)e f —effective statical moment of the transformed section,
which can be determined by Equation (4) as follows:

(ES)e f = ∑
i=1

γi × Ei × Ai × ai (4)

The instantaneous value of the maximum vertical displacements should be determined
by Equation (5) for the case of three-point bending.

uinst =
F × L3

48 × (ES)e f
+

F × L × k
4 × (GA)e f

(5)

The effective shear stiffness of the transformed section (GA)ef should be calculated by
Equation (6) as follows:

(GA)e f = k × ∑(Gi × bi × ti) (6)

where Gi, bi, and ti—shear modulus and geometric parameters of the considered layer and
k—factor taking into account the influence of the layers’ shear, which should be determined
by Equation (7) as follows:

k =
1

∑ GA × 1
K2

CLT
×
∫

h
S2(z,E(z))
G(z)×b(z)dz

(7)

where z—the distance from the neutral layer to the considered layer, and E—the modulus
of elasticity of the considered layer.
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2.3. Laboratory Experiment

A laboratorian experiment was carried out to validate the results obtained by the sim-
plified design method and by finite element modelling (FEM). Three groups of laboratorian
specimens were prepared.

The first group of laboratorian specimens includes four specimens divided into
two sub-groups with two specimens in each. This group was prepared to consider the
possibility of increasing the load-carrying capacity of the CLT panels by adding the glued
laminated longitudinal timber ribs. The first sub-group is presented by the two CLT panels
with dimensions of 1400 mm × 400 mm × 100 mm. The panels consist of five timber board
layers with thicknesses of 20 mm each (Figure 3).
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Figure 3. The first sub-group of the laboratory specimens—CLT panels with dimensions
1400 mm × 400 mm × 100 mm: A—longitudinal section; B—cross-section.

The second sub-group is presented by the two CLT panels with dimensions of
1400 mm × 400 mm × 60 mm, strengthened by the two glued laminated timber ribs with
dimensions of 150 mm × 80 mm. The longitudinal ribs were joined with the CLT panel by
two steel teeth tapes SHARP501200 with dimensions of 1200 mm × 50 mm × 0.75 mm
and eight steel screws TBS8140, which were provided by the company “Rotho Blaas
Baltic” Ulbroka, Latvia (Figure 4).
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The second group consists of the eight laboratory specimens, which are divided into
three sub-groups: A, B, and C (Figure 5). All the sub-groups presented by the TCC specimens
consist of the five-layer CLT specimens with dimensions of 600 mm × 100 mm × 100 mm,
joined by the adhesive connection or mechanical fasteners with the concrete layer. All the
boards in CLT members for all three groups of specimens are made of softwood with the
C24 strength class. The strength class of the softwood was taken based on the certificate,
provided by the producing company, Cross Timber Systems (Jelgava, Latvia). The moisture
content of the timber was assumed to be 12%. Its mean value of the modulus of elasticity
parallel to the grain was taken as 11,000 N/mm2 [29]. The concrete layer with a thickness
of 50 mm was presented by the SacretBAM self-levelling mass, with strength class C20. Its
modulus of elasticity was taken as 30,000 N/mm2. The self-levelling mass was provided by
the producing company SACRET (Rumbula, Latvia), and the mechanical properties of the
self-levelling mass were taken based on the certificate provided by the material’s producer.
The SacretBAM was used for the concrete layers in all the TCC specimens considered in
the current study. The first sub-group includes three specimens, namely, A1, A2, and A3,
and is characterised by the compliant timber-to-concrete joint realised by the steel screws
TBS8140, placed in three couples (Figure 5a). Two specimens of the second sub-group are
signed as B1 and B2. These specimens are characterised by the adhesive timber-to-concrete
connections realised by the stone chip method with granite chips with sizes within the limits
of 8 to 16 mm (Figure 5b). The granite chips were joined with the surface of CLT by the
Sikadur-31 (AB) epoxy glue with strength at a shear of 16 N/mm2 for the second and third
groups of the laboratory specimens [28]. Three specimens of the last sub-group differed
from the specimens of the second ones by the presence of the three polyethene dowels in
specimens C1, C2, and C3 (Figure 5c).
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Figure 5. The second group of laboratory specimens: (a) specimens of sub-group A, (b) specimens of
sub-group B, and (c) specimens of sub-group C.

Specimens A2, A3, B2, C2, and C3 differ by adding the polypropylene microfibres
MAPEI PP-FIBER M6 to the concrete component to decrease the brittleness of the timber-to-
concrete connections. Adding the polypropylene microfibres together with the polyethene
dowels should also avoid the disintegration of the TCC specimens during their failure,
which was observed in the course of the previous laboratory experiments.

The designations of the second group of specimens placed in the moulds in the process
of concrete hardening are shown in Figure 6a,b, respectively.

The third group of laboratory specimens includes six specimens and is divided into
three sub-groups, with two specimens in each group. All six specimens are TCC beam-type
panels, including the CLT component with dimensions of 1400 mm × 400 mm × 100 mm
and the concrete layer with a thickness of 50 mm. All six specimens are characterised by
the epoxy timber-to-concrete connections provided by the stone chips method with the
just-mentioned Sikadur-31 (AB) epoxy glue and granite chips with sizes within the limits
of 8 to 16 mm.

The designation of the specimens in the sub-groups is shown in Figure 7. The first
sub-group signed as ASD is characterised by adding the polypropylene microfibres MAPEI
PP-FIBER M6 to the concrete component and by the presence of the polyethylene dowels
(Figure 7a). The second sub-group, signed AS, is characterized by adding polypropylene
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microfibres, but no dowels were added (Figure 7b). The third sub-group, signed BS, is
characterized by the absence of polypropylene microfibres and polyethene dowels (Figure 7c).
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Figure 7. The third group of laboratory specimens: (a) the first sub-group signed as ASD, (b) the
second sub-group, signed as AS, and (c) the third sub-group, signed as BS.

The first and third groups of specimens have a total length of 1400 mm and a width of
400 mm. The parameters are joined with the possibilities of the testing device (CONTROL
model 50-C1400/*), which enables testing by the scheme of three-point bending specimens
with a maximum span of 1300 mm. The second group of specimens has a length and
width equal to 600 and 100 mm, respectively. The parameters are also joined with a testing
device (FORM+TEST UPB 86/200), which enables testing by the scheme of three-point
bending specimens with a maximum length of 600 mm and span of 500 mm (Figure 8). The
specimens were supported by steel pipes with square cross-sections and dimensions of
100 mm × 100 mm. It enables us to avoid local deformations on the support zone of the
specimens during their loading.

All the groups of laboratory specimens were loaded three times until the design value
of their load-carrying capacities and then loaded until collapse by the scheme of three-point
bending. The loading of the first and third groups of laboratory specimens is shown in
Figure 8a, but the second group is shown in Figure 8b. The load-carrying capacities of
all the specimen groups were evaluated by the simplified design method based on the
transformed section method and the γ-method. The results of the laboratory specimen
testing are presented in Section 3, “Results and Discussions”.
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Figure 8. Testing devices: (a) for the first and third groups of laboratory specimens and (b) for the
second group of laboratory specimens.

2.4. FE Method

The finite element models were developed to verify the results obtained by the sim-
plified design method. The sub-groups of specimens with adhesive timber-to-concrete
connections were modelled only for this reason. The FEM models can also be useful, if a
numerical experiment should be carried out to expand on the obtained results.

The software ANSYS 2023R2 was used for the development of the FEM models
for all three groups of laboratory specimens. The BEAM 188 element type was used to
model timber panels and ribs, while the SHELL element type was utilized for modelling
the concrete layer in TCC members of the second and third groups of the laboratorian
specimens. Timber members and concrete layers were in the strength classes C24 and
C20/25, respectively. Connections between all the layers of the FEM models were modelled
as rigid ones. The FEM models with the diagram of the vertical displacements of the first
group of laboratory specimens are shown in Figure 9 under the different loads, applied in
the middle of the span as a concentrated force.
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Figure 9. FEM models of the first group of laboratory specimens: (a) FEM of the first sub-group
specimens under the action of concentrated force at 30 kN and (b) FEM of the first sub-group
specimens under the action of concentrated force at 50 kN.

The FEM models with the diagram of the vertical displacements of the second (sub-
group B) and third (sub-group BS) specimens’ groups are shown in Figure 10 under the
action of the concentrated force applied in the middle of the span as well.
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Figure 10. FEM models of the second and third groups of laboratory specimens: (a) FEM of the second
(sub-group B) group of specimens under the action of concentrated force at 10 kN and (b) FEM of the
third (sub-group BS) group of laboratory specimens under the action of concentrated force at 60 kN.

3. Results and Discussions

All three groups of laboratory specimens were investigated by the simplified design
method, explained before in Section 2.2, by the laboratorian experiment, and by FEM mod-
elling. Design schemes for three groups of laboratorian specimens are shown in Figure 11.
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Figure 11. Design schemes of laboratory specimens: (a) the first and third groups, and (b) the
second group.

The first group of laboratorian specimens was loaded until the design load-carrying
capacity was reached three times to provide the involvement of the specimens in the
study, and then it was loaded till the collapse to determine its real load-carrying capacity.
The loading was provided with the steps at 5 kN. The load-carrying capacity of the first
group specimens was equal to 36.4 kN and 63.9 kN for the first and second sub-groups,
respectively. The dependence of the maximum vertical displacements on the vertical load,
applied as a concentrated force in the middle of the span, for the first sub-group of the
first group of the specimens is shown in Figure 12. The dependences were obtained by the
laboratory experiment, by the FEM method, and by the simplified design method, with and
without considering the shear force influence on the vertical displacements of the panels.

The dependences shown in Figure 12 enable us to evaluate the influence of the shear
force on the values of the maximum vertical displacements obtained by the analytical
calculation. The actual values of load-carrying capacities of specimens 1 and 2 of the 1st
sub-group of the 1st group of the specimens were equal to 66 kN and 54 kN, respectively.
It is 57.8% and 38.9% higher than the design value determined by the simplified design
method. The dependence of the maximum vertical displacements on the vertical load,
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applied as a concentrated force in the middle of the span, for the 2nd sub-group of the 1st
group of the specimens, supplied by the glued laminated timber ribs, is shown in Figure 13.
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Figure 12. Dependence of the maximum vertical displacements on the vertical load, applied as a
concentrated force in the middle of the span, for the first sub-group of the first group specimens,
where 1st and 2nd specimen_exp—obtained by the laboratory experiment, FEM—by the FEM method,
and SMD and SMD_shear—by the simplified design method without and with considering the shear
force influence on the vertical displacements of the panels.
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Figure 13. Dependence of the maximum vertical displacements on the vertical load, applied as a
concentrated force in the middle of the span, for the 2nd sub-group of the 1st group of the specimens,
where 3rd and 4th specimen_exp—obtained by the laboratory experiment, FEM—by the FEM method,
and SMD and SMD_shear—by the simplified design method without and with considering the shear
force influence on the vertical displacements of the panels.
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The actual values of load-carrying capacities of specimens 3 and 4 of the second sub-
group of the first group of the specimens were equal to 100 kN and 107 kN, respectively. It is
44.1% and 50.4% higher than the design value determined by the simplified design method.
All the specimens of the first group are characterized by equal material consumption. It can
be stated that due to the glued laminated timber ribs adding design value, the load-carrying
capacity increased by 75.5%. The actual increase in load-carrying capacity reached 72.5%.

The effectiveness of structural materials using K1 kN/dm3, evaluated as a relation of
the load-carrying capacity of the specimens to its material volume, was equal to 0.650 for
the first sub-group (specimens 1 and 2; CLT with a thickness of 100 mm) and 0.951 for the
second sub-group (specimens 3 and 4; CLT with a thickness of 60 mm and two longitudinal
ribs with dimensions 150 mm × 80 mm). The growth of the effectiveness of structural
materials used by the increase in the cross-section depths for the CLT components and
glued laminated timber ribs for the second sub-group specimens was evaluated by the
simplified design method.

It was stated that the growth of the depth of the glued laminated timber ribs from
150 mm to 282 mm enables an increase in the effectiveness of structural materials using K1
from 0.951 to 2.879. Increasing the depth of the CLT component enables an increase in the
efficiency of structural materials using K1 from 0.951 to 1.379 (Figure 14).
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Figure 14. Dependence of the effectiveness of structural materials use K1 on the geometric parame-
ters of the specimens: (a) on the depth of the glued laminated timber ribs and (b) on the depth of
the CLT component.

An evaluation of the possibility of increasing the load-carrying capacity of beam-type
timber panels by adding glued laminated timber ribs was carried out. It was stated that
adding the glued laminated timber ribs with dimensions 150 mm × 80 mm to the CLT panel
with a thickness of 60 mm enables an increase in its load-carrying capacity, in comparison
with the equivalent material consumption of the CLT panel with a thickness of 100 mm,
by 72.5%. Effectiveness of the structural materials use K1 growing from 0.650 to 0.951 in
the case.

The second group of the specimens was necessary to check the failure mode of the
timber-to-concrete connections in TCC specimens in the case of mechanical fastener use and
in the case of adhesive timber-to-concrete connections realised by the stone chips method
with and without adding the polypropylene microfibres to the concrete component. All
three sub-groups of the second group of the specimens were loaded three times till their
design load-carrying capacities were determined by the simplified design method. The
load-carrying capacity of the specimens B1, B2, C1, C2, and C3 was equal to 18.2 kN.

The failure modes of the specimens of all three sub-groups of the second group are
shown in Figure 15.
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sub-group (specimen A3), (b) second sub-group (specimen B1), and (c) third sub-group (specimen C2).

It can be concluded that adding the polypropylene microfibres to the concrete compo-
nent enables to avoid the disintegrations of the specimens observed during the previous
investigations [21,30,31]. The load-carrying capacities of all eight specimens of the second
group of specimens changed within the limits from 26.8 kN (specimen B2) to 43 kN, ob-
served for specimen C1. So, based on the results of the second group specimen testing, it can
be concluded that adding the polypropylene microfibres has a positive influence on the be-
haviour of the TCC structural members. The polypropylene microfibres MAPEI PP-FIBER
M6 (Tenabrix Fiber, China) have a modulus of elasticity of 3700 N/mm2, which is less than
the modulus of elasticity of the self-levelling mass SacretBAM, equal to 30,000 N/mm2. It
enables a decrease in the modulus of elasticity of the cement composite and brittleness of
the adhesive timber-to-concrete connection.

The third group of laboratorian specimens was prepared and tested to decrease the
brittleness of the adhesive timber-to-concrete connection by adding polypropylene microfi-
bres and polyethene dowels. The polyethene dowels and polypropylene microfibres were
not considered in the determination of the load-carrying capacity of specimens. The load-
carrying capacity of the third group of laboratorian specimens was evaluated as 60.9 kN,
and during the laboratorian tests, the specimens were three times loaded to 60 kN before
being loaded till the collapse. The dependence of the maximum vertical displacements
on the vertical load applied as a concentrated force in the middle of the span for the third
group of laboratory specimens is shown in Figure 16.
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The collapse of the third group specimens shows that adding microfibres to the
concrete surface layer changes its behaviour under the failure load; the beam-type panels
do not collapse brittle, and in some specimens, the concrete layer did not disintegrate at all
but rather delaminate from the CLT section. Specimen BS1 appears to have been damaged
during the shrinkage of the concrete layer, locally separated from the CLT section, and
cracks have already developed at very low loads. For this reason, it was decided that BS1
should be removed from the overall results graph in Figure 16.

The actual load-carrying capacities observed during the experiment for all sub-groups
of the third group specimens were higher than that evaluated by the simplified design
method. The mean actual load-carrying capacities of sub-groups ASD, As, and BS were
equal to 77 kN, 91 kN, and 86 kN, which is 26.43%, 49.43%, and 41.22% bigger than that
evaluated by the simplified design method. It was stated that adding the concrete layer to
the CLT panel increases the load-carrying capacity by 41% compared to the plain CLT panel.

A significant difference between the modes of failure of the specimens of sub-groups
AS and BS was observed (Figure 17). The mode of failure for the sub-group BS is char-
acterised by the collapse of the CLT and concrete components. The disintegration of the
specimens caused by the delamination of the concrete layer due to the collapse of the
adhesive timber-to-concrete connection was also observed.
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Figure 17. The failure mode of the third group specimens: (a) sub-group BS and (b) sub-group AS.

For sub-group AS collapse of the concrete component, so the collapse of the adhesive
timber-to-concrete connection was not observed. The collapse of the specimens occurs by
its CLT component. The failure mode of the sub-group ASD did not differ from the same
of the sub-group AS. So, the influence of the polyethene dowels on the behaviour of the
timber-concrete adhesive connection should be investigated separately.

The behaviour of the third group of laboratory specimens is generalised in Figure 18,
as the maximum vertical displacements obtained at the concentrated force of 60 kN applied
in the middle of the span for three loadings. Results obtained by the FEM models are also
indicated in the figure.

So, the difference in the load-carrying capacities of the specimens can be based on the
variability of properties of the structural timber used in the specimens and the presence of
the synthetic reinforcement and polyethylene dowels. Variability of the properties of the
structural timber is joined with the presence of the local defects. The presence of synthetic
reinforcement (polypropylene microfibres) enables to prevent the brittle collapse of the
concrete component and cause an increase in the load-carrying capacity of the specimens
to 97 and 85 kN for the specimens AS1 and AS2, respectively. The load-carrying capacity
increase in the specimens with synthetic reinforcement (AS1 and AS2) and polyethylene
dowels (ASD1 and ASD2) can be based on the absence of the concrete and timber layer
delamination and the specimen’s disintegration. The specimen’s disintegration was ob-
served for the specimens without synthetic reinforcement and polyethylene dowels (BS1
and BS2), and it was caused by the brittle collapse of the concrete layer at decreased in
comparison with the specimens AS1, AS2, ASD1, and ASD2, values of the maximum
vertical displacements.
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Figure 18. Maximum vertical displacements obtained for the third group of laboratory specimens at
the concentrated force of 60 kN applied in the middle of the span.

It can be concluded that adding the polypropylene microfibres increases the maximum
vertical displacements of the specimens, causing a decrease in the modulus of elasticity of
the concrete layer. The developed FEM model enables us to predict with precision 2.57% of
the maximum vertical displacements of the specimens without adding the polypropylene
microfibres. The brittleness of the adhesive timber-to-concrete connection decreases. But
at the present moment, only a tendency can be stated, and a more detailed investigation
with the increased amount of laboratory specimens should be carried out to provide
more detailed information regarding behaviour prediction of the structural members and
probable limitations.

So, two main objectives of the current study were obtained. The possibility to increase
the load-carrying capacity of beam-type timber and timber-concrete composite panels by
adding GLT ribs was stated. The effectiveness of the structural materials used is growing
in this case. The possibility of decreasing the brittleness of the adhesive timber-to-concrete
connection by adding polypropylene microfibres is also stated. However, the determination
of the optimum volume fraction and mechanical properties of the fibres can be considered
a task for future investigations.

4. Conclusions

The possibility to increase the load-carrying capacity of beam-type timber and timber-
concrete composite panels by adding GLT ribs was stated. It was stated that the CLT
panel with a span of 1300 mm and thickness of 60 mm, supplied by the two GLT ribs
with the dimensions 150 mm × 80 mm, possesses a higher 72.5% load-carrying capacity
in comparison with the equivalent material consumption CLT panel with a thickness of
100 mm. The effectiveness of structural materials used was evaluated as a relation of the
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load-carrying capacity of the specimens to its material volume, increasing from 0.650 to
0.951 kN/dm3 with adding the GLT ribs, respectively.

It was stated that the addition of a concrete layer with a thickness of 50 mm and
mechanical properties close to C25/30 strength class concrete results in a significant
increase in the load-carrying capacity of the CLT beam-type panels with dimensions
1400 mm × 400 mm × 100 mm by 40.1%.

The possibility of decreasing the brittleness of the adhesive timber-to-concrete connec-
tion by adding the polypropylene microfibres was stated. It was shown that the addition
of microfibres MAPEI PP-FIBER M6 to the concrete surface layer changes its behaviour
under the failure load; the beam-type panels did not collapse brittle, and in some spec-
imens, the concrete layer did not disintegrate at all but rather delaminate from the CLT
section. It can be concluded that the addition of the polypropylene microfibres increases
the maximum vertical displacements of the specimens, causing a decrease in the modulus
of elasticity of the concrete layer. The developed FEM model enables us to predict with the
precision of 2.57% the maximum vertical displacements of the specimens without adding
the polypropylene microfibres.
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