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Summary. - This study investigates the behaviour of screw connections in timber-concrete composite (TCC) structures
using two-dimensional finite element modelling with LUSAS software. The research focuses on the shear force
capacity and stiffness of screws arranged in a parallel 90-degree formation within a double shear test configuration. A
comprehensive review of the literature provided the necessary data on embedment strengths of screws in timber and
concrete. Finite element simulations of TCC structures were conducted and validated against previous experimental
findings. The analysis examined how variations in screw diameter, depth, and timber density impact connection
performance. Results indicate that a 10 mm diameter screw with a 100 mm embedment depth and timber density of
476 kg/m3 achieves a shear force capacity of 11.80 kN, a maximum displacement of 16.48 mm, and a stiffness of 701
N/mm. Reducing the screw diameter to 8 mm and 6 mm results in lower shear capacities of 9.45 kN and 7.07 kN, with
corresponding stiffness of 574 N/mm and 438 N/mm. Similarly, decreasing the screw depth to 80 mm and 60 mm
reduces shear capacities to 9.34 kN and 7.01 kN, with stiffness of 572 N/mm and 437 N/mm, respectively. Increasing
the timber density to 600 kg/m3 improves the shear force capacity to 14.70 KN and the stiffness to 980 N/mm. The
findings demonstrate that larger screw diameters, greater embedment depths, and higher timber densities significantly
enhance the shear force capacity and stiffness of screw connections in TCC structures. The main finding of this research
is the identification of the failure mode of screw connections, which is influenced by the properties of the timber,
concrete, and screw. When the concrete strength surpasses the timber strength, failure occurs due to timber crushing,
while screw deformation and timber crushing are expected when interaction stresses exceed the yield stress in the
timber-screw interface. This study provides critical insights for optimizing screw connections in TCC designs and
contributes to the development of more effective design codes for timber-concrete composites.
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Resumen. - Este estudio investiga el comportamiento de las conexiones por tornillos en estructuras compuestas de
madera y concreto (TCC) utilizando modelado de elementos finitos bidimensionales con el software LUSAS. La
investigacion se centra en la capacidad de fuerza de corte y rigidez de los tornillos dispuestos en una formacion
paralela de 90 grados dentro de una configuracion de prueba de corte doble. Una revisién exhaustiva de la literatura
proporciond los datos necesarios sobre las resistencias de incrustacion de los tornillos en madera y concreto. Se
realizaron simulaciones de elementos finitos de estructuras TCC, las cuales fueron validadas con base en hallazgos
experimentales previos. El anélisis examind cémo las variaciones en el diametro del tornillo, la profundidad y la
densidad de la madera afectan el rendimiento de la conexién. Los resultados indican que un tornillo de 10 mm de
diametro con una profundidad de incrustacion de 100 mm y densidad de madera de 476 kg/m3 alcanza una capacidad
de fuerza de corte de 11,80 kN, un desplazamiento maximo de 16,48 mm y una rigidez de 701 N/mm. La reduccion del
diametro del tornillo a 8 mmy 6 mm da lugar a capacidades de corte mas bajas de 9,45 kN y 7,07 kN, con una rigidez
correspondiente de 574 N/mm y 438 N/mm. De manera similar, la reduccion de la profundidad del tornillo a 80 mmy
60 mm reduce las capacidades de corte a 9,34 kN y 7,01 kN, con rigidez de 572 N/mm y 437 N/mm, respectivamente.
El aumento de la densidad de la madera a 600 kg/m3 mejora la capacidad de fuerza de corte a 14,70 kN y la rigidez a
980 N/mm. Los hallazgos demuestran que diametros de tornillos mas grandes, mayores profundidades de incrustacion
y mayores densidades de madera mejoran significativamente la capacidad de fuerza de corte y la rigidez de las
conexiones por tornillos en estructuras TCC. El principal hallazgo de esta investigacion es la identificacion del modo
de fallo de las conexiones por tornillos, que esta influenciado por las propiedades de la madera, el concreto y el
tornillo. Cuando la resistencia del concreto supera la resistencia de la madera, la falla ocurre debido al aplastamiento
de la madera, mientras que se espera la deformacion del tornillo y el aplastamiento de la madera cuando las tensiones
de interaccion superan la tension de fluencia en la interfaz madera-tornillo. Este estudio proporciona informacion
crucial para optimizar las conexiones por tornillos en el disefio de TCC y contribuye al desarrollo de cddigos de
disefio méas efectivos para compuestos de madera y concreto.

Palabras clave: Estructuras de Madera, Compuestos de Madera y Concreto, Conexiones

Resumo. - Este estudo investiga o0 comportamento das conexdes por parafusos em estruturas compostas de madeira e
concreto (TCC) utilizando modelagem de elementos finitos bidimensionais com o software LUSAS. A pesquisa foca
na capacidade de forca de cisalhamento e rigidez dos parafusos dispostos em uma formacéo paralela de 90 graus
dentro de uma configuracéo de teste de cisalhamento duplo. Uma revisdo abrangente da literatura forneceu os dados
necessarios sobre as resisténcias de incrustacdo de parafusos em madeira e concreto. Simulacdes de elementos finitos
de estruturas TCC foram conduzidas e validadas com base em resultados experimentais anteriores. A anélise
examinou como variagdes no didmetro do parafuso, profundidade e densidade da madeira impactam o desempenho
das conexdes. Os resultados indicam que um parafuso de 10 mm de didmetro com 100 mm de profundidade de
incrustacdo e densidade de madeira de 476 kg/m? atinge uma capacidade de for¢a de cisalhamento de 11,80 kN, um
deslocamento méximo de 16,48 mm e uma rigidez de 701 N/mm. A redu¢do do didmetro do parafuso para 8 mm e 6
mm resulta em capacidades de cisalhamento mais baixas de 9,45 kN e 7,07 kN, com rigidez correspondente de 574
N/mm e 438 N/mm. Da mesma forma, a diminuico da profundidade do parafuso para 80 mm e 60 mm reduz as
capacidades de cisalhamento para 9,34 kN e 7,01 kN, com rigidez de 572 N/mm e 437 N/mm, respectivamente.
Aumento da densidade da madeira para 600 kg/m3 melhora a capacidade de forca de cisalhamento para 14,70 kN e a
rigidez para 980 N/mm. Os resultados demonstram que diametros maiores de parafusos, maiores profundidades de
incrustacdo e maiores densidades de madeira aumentam significativamente a capacidade de forca de cisalhamento e
a rigidez das conexdes por parafusos em estruturas TCC. A principal conclusdo desta pesquisa € a identificacdo do
modo de falha das conexdes por parafusos, que é influenciado pelas propriedades da madeira, do concreto e do
parafuso. Quando a resisténcia do concreto supera a resisténcia da madeira, ocorre falha devido ao esmagamento da
madeira, enquanto a deformacéo do parafuso e o esmagamento da madeira séo esperados quando as tensGes de
interacdo excedem a tensdo de escoamento na interface madeira-parafuso. Este estudo fornece informagdes criticas
para otimizar as conexdes por parafusos no design de TCC e contribui para o desenvolvimento de cddigos de projeto
mais eficazes para compostos de madeira e concreto.

Palavras-chave: Estruturas de madeira; Composto de madeira e concreto; Conexdes por parafuso; Forca de
embutimento
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1. Introduction. - Timber-Concrete Composite (TCC) structural system integrates timber and concrete elements to
enhance efficiency and durability, aiming to optimize the structural integrity and performance of composite beams.
TCC systems are versatile and adaptable, capable of supporting substantial loads and stresses. The primary goal of
TCC technology is to improve the overall strength and efficiency of structures through a robust structural connection
between timber and concrete components [3, 8, 12, 14]. Various shear connectors, such as screws, bolts, nails, mesh
plates, and steel plates, can be used to connect timber and concrete elements [4, 7, 18]. Screws are particularly prevalent
as shear connectors in these systems. Design standards for timber-to-timber structures are available in many countries,
offering guidelines for the effective use of these connectors, such as those provided by Eurocode 5 - Design of timber
structures [6]. However, while Eurocode 5 provides design standards for timber-to-timber connections, it has certain
limitations when applied to timber-concrete composite structures. Shear connections are essential for providing
ductility in TCC systems, with design parameters such as strength, stiffness, deflection, and configuration being critical
to their overall performance [1, 5, 15, 16]. Research has demonstrated that the shear force capacity Fyvrand stiffness
Ks of these systems are significantly affected by the material properties of timber, concrete, and fasteners [9, 17].
According to Eurocode 5, the strength of screw connections is influenced by both embedment strength and withdrawal
strength [6, 13]. While Eurocode 5 provides guidelines for the embedment strength of vertical screw connections in
TCC, it has limitations regarding the stiffness formula, as it depends on the types of timber, screw properties, and
concrete properties used in TCC structures. In this context, the stiffness of screw connections in TCC structures is
assumed to be twice that of screw connections in TTC structures. According to Eurocode 5, the failure of these
connections is also influenced by the properties of the timber, concrete, and screw. Therefore, the failure modes of
screw connections in TCC structures must be explored to determine whether the screw connection will fail due to
screw shapping, withdrawal from the timber, or withdrawal from the concrete. To better understand how the failure of
screw connections and embedment strength affect the strength and stiffness of these connections, this study conducted
a numerical analysis of screw connections in TCC structures, utilizing a database of previous TCC structures that
employed screw connections.

2. Aims of research. -This study aims to determine how the screw, timber, and concrete properties of TCC structures
influence the shear force capacity and stiffness of the connection. It is expected that an increase in the diameter and
length of the screw will enhance the shear force capacity and stiffness of the connection in TCC structures.
Additionally, it is anticipated that higher timber density will improve the shear force capacity of the connections.
Furthermore, the failure mode of the screw connections is dependent on the properties of the screw, timber, and
concrete. Therefore, this study aims to achieve two main objectives:

e Validation of Double Shear Test Models: To validate finite element models used for double shear testing by
comparing the results with established experimental data from previous studies.

e Analysis of Local Shear Connection Behaviour: To investigate the local behaviour of shear connections within
TCC structures. This involves assessing the influence of varying timber densities and screw dimensions on
connection performance and identifying associated failure mechanisms.

To fulfil these objectives, the study employs the finite element method using LUSAS software to construct a two-
dimensional model grounded in prior experimental work as discussed in section of methodology. The model examines
different timber densities and screw sizes to evaluate their effects on connection behaviour and to elucidate potential
failure modes.

3. Methodology. - This research utilized the finite element method (FEM) with LUSAS software version 21 to model
a double shear test involving screw connections [10]. The model was developed based on existing literature and
previous research. To validate the model, the shear force capacity and stiffness obtained from the simulations were
compared with data from earlier studies to assess the adequacy of the results. Subsequently, the study explored
variations in material properties, including timber density, and screw dimensions, to examine their effects on the shear
connections. This involved modifying these parameters and investigating their impact on the local behaviour of timber-
concrete connections. Finally, the results were analysed and discussed to provide insights into the performance and
behaviour of the connections under different conditions. Figure | shows the flowchart of this research.
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Figure I.- Flow chart of the research

3.1. Double shear test specimens physical and mechanical properties for finite element modelling. - This research
utilized the data sample from the double shear test of screw connections in timber-concrete structures as reported by
Manojlovi¢ et al. [11]. Figure II illustrates the dimensions of the screw and double shear specimen (2a) and the
specimen prior to testing (2b). All material properties used in this research are detailed in Table 1. These physical and
mechanical properties serve as the baseline for modelling of double shear specimen. Material properties for timber,
concrete, and screws were defined using isotropic material models. For concrete, the material properties included a
Young's modulus E. of 30,000 N/mm?, Poisson’s ratio V¢ of 0.2, mass density p. of 2.4x1078 t/mm?2and compressive
strength f. of 55 MPa. Timber properties were set with a Young's modulus E; of 13,000 N/mm?, Poisson’s ratio V; of
0.2, mass density of 0.447x107 t/mm2, and compressive strength f; of 24 MPa. For the screws, the material was also
defined isotopically with a Young's modulus Es of 210,000 N/mm?, Poisson’s ratio Vs of 0.3, mass density ps of
0.89x107® t/mm2, and tensile strength of 695 MPa. The load was applied at the top of the timber member in the double
shear test, simulating typical loading conditions for these connections.
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Figure I1.- Sample used for FE Modelling (a) Details dimensions of screw connections in double shear specimen and (b) double
shear specimen before tested [11]
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Materials Properties Mean
Value
Glulam GL24 Compressive strength, f; 24 MPa
Concrete Cubic compressive strength f. 55 MPa
Screw Tensile strength f, 695 MPa

Table I.- Material properties of the specimens [11]

3.2 Tools and platform. - This study utilized the LUSAS Modeller software, available in the Computer Lab at the
Universiti Sains Malaysia (USM), Engineering Campus. The modelling process involved several critical steps.
Specifically, the double shear specimens were modelled on only one side due to symmetry considerations. For meshing,
the timber surface was represented using plane strain elements with a quadrilateral shape and quadratic interpolation,
employing a regular mesh approach to ensure accuracy. Concrete surfaces were similarly meshed with plane stress
elements and quadratic interpolation, also utilizing a regular mesh. Screws were modelled as bar elements with
quadratic interpolation and divided into four segments. Interface and delamination properties were defined by
specifying line elements with plane strain characteristics for the interface and manually assigning the interaction
between timber and concrete.

For the geometric properties, the model encompassed screw, timber, and concrete components. Screws were
represented as geometric lines with bar properties, where the cross-sectional area was calculated using A =2r72. For
two screws, this resulted in a total cross-sectional area of 157.08 mm?. The geometric surfaces for timber and concrete
were defined with a thickness of approximately 160 mm (see Figure 11a). This setup ensured that the model accurately
represented the spatial dimensions and properties of the materials involved in the timber-concrete composite structure.

3.3 Embedment strength model as interface material. - The initial phase of this research involved a comprehensive
literature review to gather the necessary properties of timber and concrete for use in numerical analysis. Key parameters
required for modelling include embedment strength and maximum displacement. These parameters are essential for
defining the interface material between the screw and timber/concrete. According to the LUSAS software guidelines,
the interface material between two different materials can be characterized by a linear decrease in strength with
increasing applied stress in the opening or tearing directions, reflecting a weakening connection, as illustrated in Figure
I11. The maximum value of the stress in Figure 111 also known as initiation stress,t. Ben et al. [2] and Manojlovi¢ et al.
[11] report that the embedment strength of the screw fy in glulam GL24 is 36.1 MPa, with a maximum displacement
Smax Of approximately 15 mm. The value of initiation stress in the modelling were used to determine the fracture energy
by calculating the area under the curve of embedment strength versus displacement, as shown in the graph provided
by Manojlovi¢ et al. [11] in Figure IV. For the screw embedded in the concrete component, the embedment strength
fnc was calculated using the formula suggested by Mohd Snin and Kassem [13], as presented in Equation 1. The fracture
energy was then determined from the area under this curve, with the initiation stress set at 46.75 MPa. In the modelling
process, the interface material was assigned to line elements.

Consequently, the initiation stresses for both the timber and concrete interfaces with the screw needed to be multiplied
by a correction factor, as well as by the circumference C=2x r of the screw's circular cross-section, to accurately
represent the stress along the line as presented in Equation 2. Analysis revealed that applying a correction factor of 5
was necessary to align the results with experimental findings. This adjustment accounts for the use of line elements to
represent the screw in the two-dimensional analysis. Table 2 shows the details of the data to calculate initiation stress
and fracture energy for baseline model. Next, assign the master element for the timber and concrete where the screw
will be located as presented in Figure Va. Set the slave element assignment for the screw by configuring the selection
memory. After establishing the master and slave assignments, drag the interface element by selecting the slave
assignment. Combine the timber and concrete components by first making them unmergeable (see Figure Vb). Position
the screw within the timber and concrete. Finally, assign the material properties for the timber, concrete, and screw.

fuc = 0.85£, (N/mm?) 1)

T = fpcor fp,.(2nr).5 (N/mm) 2
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Figure I11.- Material properties of interface element
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Figure IV.- Embedment strength against displacement used as the data for FE modelling from Manojlovié¢ et al. [11]

Part Embedment Initiation  Fracture energy
strength stress [EQ.2] [Area under the
(N/mm?) (N/mm) graph]
(J/mm?)
Screw to timber 36.1 5667 84975
Screw to concrete 46.75 17150 17150

Table I1.- Initiation stress and fracture energy for interface material

——
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(a) (b)
Figure V.- Process to assign the interface element between screw to timber/concrete. (a) Master (on timber/concrete) and slave
(on screw) assignment and (b) Completed assignment of interface element
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After modelling the double shear test for timber-concrete composite structures, the resulting graph of shear force
capacity versus displacement can be generated. Compare this graph with those from Manojlovi¢ et al. [11]. If the
results from the modelling significantly differ from those in the reviewed articles, recheck the properties and materials
entered into the LUSAS software to ensure they match those reported by Manojlovi¢ et al. [11]. Additionally, examine
the local behaviour of the screw within the timber and concrete surfaces. Displacement and deformation should be
clearly observable from the results. Next, modify the characteristics of the timber, concrete, or screw, such as timber
density or screw diameter, and observe any changes in the behaviour of deformation within the TCC structures. Finally,
analyse all the results from the modelling, and provide a discussion and recommendations based on these results.

4. Result and Discussion. -

4.1 Validation of the results. - After completing the modeling process, a graph comparing shear force capacity versus
displacement was simulated, as shown in Figure V1. This figure illustrates a comparison between the results of this
study and the previous findings of Manojlovi¢ et al. [11]. The details of the comparison between the experiment are
provided in Table 11, and these results are also compared with the theoretical values from Eurocode 5. Specifically,
the shear force capacity of the TCC structure (per screw) in this study is 11.80 kN, and the stiffness is approximately
701 N/mm (calculated based on the slope of the graph). In comparison, Manojlovi¢ et al. [11] reported a shear force
capacity of 10.65 kN and a stiffness of approximately 2889 N/mm. The percentage difference in shear force capacity
is approximately 10.79%, while the percentage difference in stiffness is about -74%. The significant deviation in
stiffness between the numerical value from this study and the experimental value from Manojlovi¢ et al. [11] is
attributed to the bond strength model used in this study, which assumes linear properties, as shown in Figure I11. This
model results in a linear behavior of the bond between the screw and timber/concrete in the numerical analysis.
However, validation of the failure mode of the screw connection has been conducted to support the results of this
numerical study.

Shear force capacity against displacement

Shear force capacity, F, g(kN)

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Displacement, 5 (mm)

@

Numerical and experimental load-slip curves
14
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10 |—F—————— e e

F,q [kN]
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Figure VI.- Graph of shear force capacity against displacement (a) Numerical analysis in this study and (b)
Experimental and Numerical works from Manojlovi¢ et al. [11]
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Parameter Method Mean Deviations [%]
Shear force Experiment 10,650 -
capacity (N) Theoretical 10,491 -2.44
(Eurocode 5)
Numerical from this study 11,800 10.79
Stiffness Experiment 2889 -
(N/mm) Theoretical 6975 141.43
(Eurocode 5)
Numerical from this study 750 -74

Table I11.- Comparison of shear force capacity and stiffness between these numerical results to experimental work
and theoretical formula from Eurocode 5.

Moreover, the results can be further validated by comparing the screw failure observed in the modelling with failure
images from previous studies. Specifically, Figure VII illustrates screws being pushed out from the timber, which is
consistent with the failure patterns shown in Figure VIII a) from prior research. This comparison reveals similar
crushing deformation of the timber and bending deformation of the lag screw. Additionally, the push-out failure
mechanism observed in this study aligns with the mechanisms described in previous works. Hammad et al. (2024)
stated that the failure mode of the screw inside the timber involves two plastic hinges, as shown in Figure VI1II b),
which appear before the screw breaks. In the current study, the model also showed the formation of double hinges on
the screw, as shown in Figure VII.

NTEIE RN

Figure VII.- The failure mode of the screw for TCC-structure from modelling

(b)
Figure VIII.- The failure mode of pushing out specimen and crushing deformation of timber
a) Minoljovic et al. [11] b)Hammad et al. [20]

4.2 Local behaviour of the screws. - Since the strength of the connection in TCC structures depends on the interaction
between the timber and the screw, as well as the concrete and the screw, the discussion focuses on these types of
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interactions. After modelling with LUSAS software, the local behaviour of the screw can be assessed from the contour
patterns of stresses on the screw and the interaction between the screw to timber and concrete. Prior to failure, a screw
progresses through several stages: elastic deformation, yielding, strain hardening, reaching ultimate strength, and
eventual failure. Initially, the screw deforms elastically under applied load, returning to its original shape once the load
is removed, as described by Hooke's Law. When the load increases and the screw reaches its yield point, plastic
deformation begins, resulting in permanent changes. Subsequently, strain hardening may occur, enhancing the
material's strength and resistance to further deformation, thus allowing it to support greater loads. The ultimate strength
represents the maximum load the structure can withstand before failure mechanisms take over and this stage often
includes necking, a localized reduction in cross-sectional area. Failure may occur in the interaction due to either a
snapped screw or the withdrawal of the screw, which can happen in the timber or the concrete. The withdrawal of the
screw is related to the stress at the interface between the screw and the timber, as well as between the screw and the
concrete. As shown in Figure IX, the interfaces between the screw and timber, and the screw and concrete, are modeled
to fail in a debonding manner. Failure occurs when the structure can no longer support the load, leading to breakage
or collapse. Ductile materials undergo significant plastic deformation before failure, while brittle materials fail abruptly
with minimal plastic deformation. This discussion refers to the initiation stress at the interfaces between the screw and
timber/concrete, which are 5667 N/mm2 and 11328 N/mm?, respectively, with the screw strength being 250 N/mm2, as
presented in Figure 1X.

At a load factor of 10 kN (per side), the stresses on the interface between screw and timber are approximately
2400 N/mmz, and between screw and the concrete, they are about 4800 N/mm2. No deformation or failure is observed
in the screw, concrete, or timber at this load. When the load factor increases to 18 kN (per side), stresses rise to about
8640 N/mm?2 between screw and timber interface, while in the concrete, they reach approximately 4320 N/mm2. These
interface stresses remain below the yield stresses, indicating that the structure can still withstand additional force. At
a load factor of 23.6 kN (per side), as presented in Figure VII, which corresponds to the shear force capacity of the
model, the stresses at the screw-timber interface are approximately 5664 N/mmz2, while at the screw-concrete interface,
they are about 11328 N/mmz2.The initial embedment strength of the screw in timber, considered its yield stress, is
around 5665 N/mmz2. Thus, as the stresses exceed this yield stress, deformation of the screw and timber crushing are
expected. However, the initial embedment strength of the screw in concrete is about 17175 N/mm2. The stresses
between screw and concrete the interface remain below this yield stress, so no deformation occurs in the concrete. This
mechanism is similar to that observed by Mohd Snin et al. [13], where the failure of the screw involved it being
withdrawn from the timber but remaining in the concrete. Very little deformation occurred in the part of the screw
embedded in the concrete. From the model in this study, it was found that the initiation stress applied to the interface
between the concrete and screw was 2 times higher compared to the timber-to-screw interface. This makes the bond
between the concrete and the screw very strong.

236 Increment 236 Load Factor = 23600 0
nalysis 1. mys

S T
Component: Feature extreme of Sy (Units: N/mm?)

. g satoe
2 3
6

Maximum 5 664E3 at line 28
Minimum -11.328E3 at line 11

-
-
.
U

Figure IX.-Interface stresses of the screw at maximum load factor of 23.6 kN (per side)

4.3 Effects of diameter of screws on shear force capacity. - This section examines the impact of screw diameter on
the shear force capacity and stiffness of connections. A plot of shear force capacity versus displacement, categorized
by screw diameters of 6 mm, 8 mm, and 10 mm, is presented in Figure X. The data indicate that the 10 mm screw
exhibited the highest shear force capacity at 11.8 kN, followed by the 8 mm and 6 mm screws with capacities of 9.47
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kN and 7.07 kN, respectively. Table IV details the shear force capacity and stiffness for each screw diameter and their
correlation with initiation stress and fracture energy. This is supported by the research conducted by Long et al. (2022),
which found that a larger diameter size increased the embedment strength of the screw connection by 30%. The
increased shear force capacity with larger screw diameters is attributed to the greater cross-sectional area, which
enhances the screw's ability to withstand shear stresses. This improvement facilitates more effective shear load transfer
across concrete and timber layers. Larger diameter screws generally support heavier loads and exhibit increased stress
endurance, thereby enhancing the composite structure’s shear capacity. Additionally, the stiffness of the joint between
concrete and timber is improved with larger screws, resulting in reduced relative displacements and better composite
action. This improved mechanical coupling between concrete and timber leads to enhanced frictional resistance at the
interface and more even distribution of shear forces, reducing the likelihood of local failures. In summary, larger screw
diameters correlate with higher initiation stress, increased fracture energy, and improved shear force capacity. This, in
turn, results in a higher stiffness and greater rigidity of the TCC structure, strengthening the overall connection.

Shear force capacity against displacement
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Figure X.- Shear force capacity against displacement with different screw diameter (per screw)

Diameter of screw Initiation stress Fracture energy Shear force Stiffness (slope of
(mm) (N/mm) (3/mm?) capacity (kN) the graph)
(N/mm)
6 3402 51035 7.07 438
8 4536 68040 9.45 574
10 5665 84975 11.80 701

Table IV.- Summary of comparison of the results based on different screw diameter (per screw)

4.4 Effects of depth of screws in timber on shear force capacity. - This section investigates the effect of screw
length on the shear force capacity and stiffness of connections using an 8 mm diameter screw. Shear force capacity
versus displacement for screw embedded in timber lengths of 60 mm, 80 mm, and 100 mm is illustrated in Figure XI.
The data reveal that the 100 mm screw embedded in timber length achieved the highest shear force capacity at 11.8
kN, followed by the 80 mm and 60 mm screws, with capacities of 9.43 kN and 7.01 kN, respectively. Table 4 presents
the shear force capacity and stiffness associated with each screw embedded in timber length. This matches the study
performed by Ribeiro et al. (2018), which found that increasing the screw depth can enhance the withdrawal strength
of the screw due to the larger contact area between the timber and the screw. Similar to this study, increased embedment
depth improves the screw’s resistance to shear forces by providing a larger surface area in contact with the timber.
This deeper engagement reduces the likelihood of localized failures by distributing the load over a broader area.
Consequently, a deeper screw results in a stronger connection between concrete and timber, facilitating more efficient
shear force transfer and enhancing the composite structure’s overall shear capacity. The rigidity of the joint, measured
by the stiffness, improves with greater screw length. A longer screw, being more deeply embedded, creates a stiffer
bond, reducing relative movement (displacement) between the concrete and timber layers under load. This increased
resistance to deformation results in a lower slip and a higher stiffness, indicating a more robust connection. In summary,
increased screw length enhances shear force capacity and stiffness, leading to greater rigidity and a stronger connection
in the TCC structure. The deeper the screw is embedded in the timber, the more effective the load distribution and
connection strength, resulting in improved structural performance.
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Shear force capacity against displacement
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Figure XI.- Shear force capacity against displacement with different screw depth in timber (per screw)

Depth of screw Shear force Stiffness
in timber capacity (Slope of the graph)
(mm) (kN) (N/mm)
60 7.01 437
80 9.43 572
100 11.80 701

Table IV.- Summary of comparison of the results based on different screw depth in timber (per screw)

4.5 Effects of timber density on the shear force capacity. -This section examines the influence of timber density on
the shear force capacity and stiffness of connections using an 8 mm diameter and 150 mm length screw. Figure XII
presents the relationship between shear force capacity and displacement for timber densities of 476 kg/m? (typically
softwood) and 600 kg/ms3 (typically hardwood). The data indicate that the timber with a density of 600 kg/m3 achieved
the highest shear force capacity of 14.7 kN, compared to 11.8 kN for the 476 kg/m3 density. This was also found by
Ribeiro et al. (2018), who reported that a higher density of timber increased the bond strength between the screw and
the timber. Cabrera et al. (2022) also found that the higher density of Beech species increased the embedment strength
of the screw when compared to Poplar species, which has a lower density. Higher-density timber, being more rigid and
strong, enhances the shear force capacity of the TCC structure as it better withstands the forces imparted by screws or
connectors (see Table V for details of strength and stiffhess). In contrast, lower-density timber is less rigid and weaker,
reducing its capacity to resist shear stresses. Connectors such as screws or dowels perform more effectively in higher-
density timber due to the material's increased resistance to pull-out and embedment forces, thereby improving overall
shear capacity. Lower-density timber, with its tendency for easier embedment and pull-out, may not support
connections as effectively, diminishing shear force capability. Higher-density timber also leads to stronger connections
that deform less under load. This reduced deformation results in less relative movement or displacement between the
concrete and timber layers, thereby increasing the stiffness. The improved performance of connectors in higher-density
timber further enhances load transmission and composite action, resulting in an increased stiffness. In summary, higher
timber density correlates with greater shear force capacity and stiffness, leading to increased rigidity and stronger
connections in TCC structures.

Shear force capacity against displacement
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Figure XII.- Shear force capacity against displacement for two different timber density (per screw)
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Timber density Shear force Stiffness
(kg/m?) capacity (Slope of the graph)
(kN) (N/mm)
476 11.80 701
600 14.70 980

Table V.- Summary of the comparison of the results based on different timber density (per screw)

5. Limitations and Future Work. - This research is limited to a two-dimensional analysis, with a focus on the failure
mode of the screw connection influenced by the material and geometric properties of the screw, timber, and concrete.
The discussion also emphasizes global behavior, such as shear force capacity and stiffness, which are affected by the
material properties of the screw, timber, and concrete. Future work should address local characteristics, such as the
plastic hinges that may form due to shear forces, influencing the embedment and withdrawal strength of the screw.
However, this would require experimental work to observe the actual shape of the screw after failure. By examining
the details of the plastic hinge formation on the screw, it would be possible to measure and correlate this with the shear
strength of the screw connection.

6. Conclusions.- This study successfully met its objectives of validating double shear test models and analyzing local
shear connection behaviour in timber-concrete composite (TCC) structure. The finite element models used for
simulating double shear tests demonstrated quite similar results when compared to experimental data. The simulation
results for shear force capacity was within 10% of the experimental values reported by Manojlovi¢ et al. [11]. The
study also found that increasing the screw diameter to 10 mm significantly improved shear force capacity and stiffness,
thereby enhancing the structural performance of the connections. Greater embedment depths (100 mm) resulted in
higher shear force capacity and improved stiffness, indicating better load distribution and reduced localized failures.
A higher timber density (600 kg/m3) increased both shear force capacity and stiffness compared to lower-density timber
(476 kg/m3), highlighting the benefit of using denser timber for stronger connections. The most significant finding of
this research is the identification of the failure mode of the screw connections. The study revealed that the failure of
screw connections depends on the properties of the timber, concrete, and screw. When the concrete strength exceeds
the timber strength, failure occurs due to timber crushing. In the interaction between timber and screw, when the
interaction stresses exceed the yield stress, screw deformation and timber crushing are expected. These results
underscore the critical role of screw dimensions and timber density in optimizing the performance of shear connections
in TCC structures. The insights gained offer valuable guidance for both practical engineering applications and future
research in the field. Lastly, Table VI shows the summary of the findings for this research

Parameter Key Finding
Details Shear force Stiffness
capacity

Screw diameter 6 mm low low
8 mm medium medium

10 mm high high

Screw length 60 mm low low
80 mm medium medium

100 mm high high

Timber density 476 kg/m® low low

600 kg/m?® high high

Table VI.- Summary of findings according to different variable in screw and timber properties

Acknowledgements.- The authors acknowledge the funding received from the Universiti Sains Malaysia under the
short-term grant (304/PAWAM/6315691) which helped in supporting this research.

Memoria Investigaciones en Ingenieria, nim. 28 (2025). pp. 168-182
https://doi.org/10.36561/ING.28.12
ISSN 2301-1092 « ISSN (en linea) 2301-1106 — Universidad de Montevideo, Uruguay
179


https://doi.org/10.36561/ING.28.12

L. Jun En, M. A. Mohd Snin, S. N. Fatimah Ghazali, N. A. Fatihah Mokhtar, M. Ikmal Zainal, R. Suryavarman

References

[1] Bajzecerova, V., Kovac, M., & Kanocz, J. (2018). Structural analysis of cross-laminated timber slabs subjected to
bending — state of the art. Selected Scientific Papers - Journal of Civil Engineering, 13(1), 133-140.
https://doi.org/10.1515/sspjce-2018-0027

[2] Ben, Q., Dai, Y., Chen, S., Shi, B., & Yang, H. (2022). Shear performances of shallow notch-screw connections
for timber-concrete composite (TCC) floors. BioResources, 17(2), 3278-3290.
https://doi.org/10.15376/biores.17.2.3278-3290

[3] Buka-Vaivade, K. (2022). Development of Innovative Rational Timber-Concrete Composite Structures.
https://doi.org/10.7250/9789934228452

[4] Dankova, J. (2014). Timber - Concrete Structural Element with Glued Steel Mesh. Advanced Materials Research,
1000, 91-96. https://doi.org/10.4028/www.scientific.net/amr.1000.91

[5] Du, H., Hu, X., Sun, Z., & Fu, W. (2020). Shear stiffness of inclined screws in timber—concrete composite beam
with  timber  board interlayer.  Advances in  Structural  Engineering,  23(16), 3555-3565.
https://doi.org/10.1177/1369433220940814

[6] CEN, European Committee for Standardization, (2020). Eurocode 5. Design of Timber Structures.
https://doi.org/10.3403/ddenv1995-1

[7] Fuchslin, M., Gronquist, P., Stucki, S., Mamie, T., Kelch, S., Burgert, 1., & Frangi, A. (2023). PUSH-OUT TESTS
OF WET-PROCESS ADHESIVE-BONDED BEECH TIMBER-CONCRETE AND TIMBER-POLYMER-
CONCRETE COMPOSITE CONNECTIONS. World Conference on Timber Engineering (WCTE 2023).
https://doi.org/10.52202/069179-0422

[8] Johari, 1.B., Mohd Snin, M.A.B., Senin, S.F.B. & Mohamad Rashid, M.R.B. (2023). Screw Connection Systems in
Timber-Concrete Composite  Structures: A  Literature Review. Tehnicki vjesnik, 30 (4), 1336-1346.
https://doi.org/10.17559/TV-20220820075553

[9] Hammad, M. W., Valipour, H. R., & Foster, S. J. (2024). Timber-concrete composites (TCC) floors subjected to
hogging moment. Engineering Structures, 303, 117488. https://doi.org/10.1016/j.engstruct.2024.117488
LUSAS. (2024). LUSAS Modeller manual (Version 21). LUSAS.

[10] Manojlovié, D., Raseta, A., Vukobratovi¢, V., Ceh, A., Kozari¢, L., Jovanovi¢, B., & Staréev-Curéin, A. (2023).
Simulation of Load-Slip Capacity of Timber—Concrete Connections with Dowel-Type Fasteners. Buildings, 13(5),
1171. https://doi.org/10.3390/buildings13051171

[11] Miotto, J. L., & Dias, A. A. (2015). Structural efficiency of full-scale timber—concrete composite beams
strengthened with fiberglass reinforced polymer. Composite Structures, 128, 145-154.
https://doi.org/10.1016/j.compstruct.2015.03.054

[12] Mohd Snin, M. A, & Kassem, M. M. (2023). Novel Use of Scanning Methods to Investigate the Performance of
Screw Connections in Timber-Concrete Composite Structures. Advances in Civil Engineering, 2023, 1-17.
https://doi.org/10.1155/2023/4176805

[13] Mdiller, K., & Frangi, A. (2021). Micro-notches as a novel connection system for timber-concrete composite slabs.
Engineering Structures, 245, 112688. https://doi.org/10.1016/j.engstruct.2021.112688

Memoria Investigaciones en Ingenieria, nim. 28 (2025). pp. 168-182
https://doi.org/10.36561/ING.28.12
ISSN 2301-1092 « ISSN (en linea) 2301-1106 — Universidad de Montevideo, Uruguay
180


https://doi.org/10.36561/ING.28.12
https://doi.org/10.1515/sspjce-2018-0027
https://doi.org/10.15376/biores.17.2.3278-3290
https://doi.org/10.7250/9789934228452
https://doi.org/10.4028/www.scientific.net/amr.1000.91
https://doi.org/10.1177/1369433220940814
https://doi.org/10.3403/ddenv1995-1
https://doi.org/10.52202/069179-0422
https://doi.org/10.17559/TV-20220820075553
https://doi.org/10.1016/j.engstruct.2024.117488
https://doi.org/10.3390/buildings13051171
https://doi.org/10.1016/j.compstruct.2015.03.054
https://doi.org/10.1155/2023/4176805
https://doi.org/10.1016/j.engstruct.2021.112688

L. Jun En, M. A. Mohd Snin, S. N. Fatimah Ghazali, N. A. Fatihah Mokhtar, M. Ikmal Zainal, R. Suryavarman

[14] Moshiri, F., Shrestha, R., & Crews, K. (2014). The Predictive Model for Stiffness of Inclined Screws as Shear
Connection in Timber-Concrete Composite Floor. Materials and Joints in Timber Structures, 443-453.
https:/doi.org/10.1007/978-94-007-7811-5_40

[15] PHAM, V. S. (2022). Shear Behavior of Different Connections for Cross-Laminated Timber-Concrete Composite
Floor. SSRN Electronic Journal. https://doi.org/10.2139/ssrn.4229164

[16] Pyykkd, J., & Svensson, S. (2024). Load-bearing capacity of slender dowel-type fasteners in Timber-Concrete
Composite connections. Engineering Structures, 316, 118556. https://doi.org.10.1016/j.engstruct.2024.118556
Winder, S., Chapman, D., Papastavrou, P., Smith, S., & McRobie, A. (2023). Prefabricated Timber Concrete
Composites. World Conference on Timber Engineering (WCTE 2023), 3091-3100. https://doi.org/10.52202/069179-
0403

[17] Cabrera, G., Moltini, G., & Bafio, V. (2022). Embedment Strength of Low- and Medium-Density Hardwood
Species from Spain. Forests, 13(8), 1154. https://doi.org/10.3390/f13081154

[18] Hammad, M. W., Valipour, H. R., & Foster, S. J. (2024). Timber-concrete composites (TCC) floors subjected to
hogging moment. Engineering Structures, 303, 117488. https://doi.org/10.1016/j.engstruct.2024.117488

[19] Long, W., Ou, J., Sun, X., Huang, X., He, M., & Li, Z. (2022). Experimental study on the embedment strength of
smooth dowels inserted in cross-laminated timber narrow side. Journal of Wood Science, 68(1).
https://doi.org/10.1186/s10086-022-02055-0

[20] Ribeiro, M. L., Del Menezzi, C., Siqueira, M. L., & Melo, R. R. (2018). Effect of Wood Density And Screw
Length on  The  Withdrawal Resistance  of  Tropical ~ Wood. Nativa, 6(4), 402-406.
https://doi.org/10.31413/nativa.v6i4.5638

Memoria Investigaciones en Ingenieria, nim. 28 (2025). pp. 168-182
https://doi.org/10.36561/ING.28.12
ISSN 2301-1092 « ISSN (en linea) 2301-1106 — Universidad de Montevideo, Uruguay
181


https://doi.org/10.36561/ING.28.12
https://doi.org/10.1007/978-94-007-7811-5_40
https://doi.org/10.2139/ssrn.4229164
https://doi.org.10.1016/j.engstruct.2024.118556
https://doi.org/10.52202/069179-0403
https://doi.org/10.52202/069179-0403
https://doi.org/10.3390/f13081154
https://doi.org/10.1016/j.engstruct.2024.117488
https://doi.org/10.1186/s10086-022-02055-0
https://doi.org/10.31413/nativa.v6i4.5638

L. Jun En, M. A. Mohd Snin, S. N. Fatimah Ghazali, N. A. Fatihah Mokhtar, M. Ikmal Zainal, R. Suryavarman

Author contribution:

1. Conception and design of the study

2. Data acquisition

3. Data analysis

4. Discussion of the results

5. Writing of the manuscript

6. Approval of the last version of the manuscript

LJE has contributed to: 1, 2, 3, 4, 5 and 6.
MAMS has contributed to: 1, 2, 3, 4, 5 and 6.
SNFG has contributed to: 1, 2, 3, 4, 5 and 6.
NAFM has contributed to: 1, 2, 3, 4, 5 and 6.
MIZ has contributed to: 1, 2, 3, 4, 5 and 6.
RS has contributed to: 1, 2, 3, 4, 5 and 6.

Acceptance Note: This article was approved by the journal editors Dr. Rafael Sotelo and Mag. Ing. Fernando A.

Hernandez Gobertti.

Memoria Investigaciones en Ingenieria, nim. 28 (2025). pp. 168-182
https://doi.org/10.36561/ING.28.12
ISSN 2301-1092 « ISSN (en linea) 2301-1106 — Universidad de Montevideo, Uruguay

182


https://doi.org/10.36561/ING.28.12

