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Abstract: In this paper, the short-term behaviour of innovative aluminium–timber composite beams
was investigated. Laminated veneer lumber panels were attached to aluminium beams with
screws. Recently conducted theoretical, experimental, and numerical investigations have focused on
aluminium–timber composite beams with almost full shear connections. However, no experiments
on aluminium–timber composite beams with partial shear connections have yet been conducted.
For this reason, composite action in composite beams with different screw spacing was studied
in this paper. Four-point bending tests were performed on aluminium–timber composite beams
with different screw spacing to study their structural behaviour (ultimate load, mode of failure,
load versus deflection response, load versus slip response, and short-term stiffness). The method
used for steel–concrete composite beams with partial shear connection was adopted to estimate the
load bearing capacity of the investigated aluminium–timber composite beams. The resistance to
sagging bending of the aluminium–timber composite beams with partial shear connections from the
theoretical analyses differed by 6–16% from the resistance in the laboratory tests. In addition, four 2D
numerical models of the composite beams were developed. One model reflected the behaviour of
the composite beam with full shear connection. The remaining models represented the composite
beams with partial shear connections and were verified against the laboratory test results. Laminated
veneer lumber was modelled as an orthotropic material and its failure was captured using the Hashin
damage model. The resistance to sagging bending of the aluminium–timber composite beams with
partial shear connections from the numerical analyses were only 3–6% lower than the one from
the experiments.

Keywords: aluminium–timber composite beams; partial shear connection; aluminium; engineering
wood products; screws; laminated veneer lumber (LVL); flexible connection; bending test; Hashin
damage model; finite element method (FEM)

1. Introduction

Aluminium and timber have a lower number of applications in civil engineering than
in steel and concrete. Due to a new trend—sustainability in construction—new applications
of these materials may gain in popularity. Both aluminium and timber have high strength-
to-weight ratios. Aluminium is corrosion resistant and recyclable whereas timber is fully
renewable and largely recyclable [1,2]. Aluminium elements are often extruded, which
makes it possible to obtain any cross-section [3]. Recently, it has been demonstrated that
aluminium can be combined with magnesium in one composite material to enhance the
desired properties of both metals such as the strength-to-weight ratio [4,5]. Timber is
produced in a wide range of shapes [6]. Furthermore, new engineered products made of
wood such as laminated veneer lumber (LVL) [7], glued-laminated timber (glulam) [8] and
cross-laminated timber (CLT) [9–11] have made it possible to overcome the size limitations
of sawn timber. The use of engineered wood products also reduces the impact of naturally
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occurring wood defects (e.g., knots) [12]. Timber structural elements are easy to reinforce
(e.g., by using glued wood-steel joints, glued wood-wood joints or carbon fibre reinforced
polymer tapes) [13–17].

Aluminium and timber can be used together in one structure. Aluminium–timber
composite mullion was developed by Jiao et al. for building façades [18]. In this solution,
timber was used to improve the thermal performance of façade systems. Aluminium
girders and timber slabs can be joined to obtain light composite floors. The lightness of
this type of floor may speed up the construction process. The cooperation of timber slabs
and aluminium girders eliminates stability problems (i.e., the local buckling in aluminium
girder cross-sections and the lateral buckling of aluminium girders, in the case of simply
supported beams). Slabs of aluminium–timber composite beams can be made of plywood,
laminated veneer lumber or cross-laminated timber. Slabs and girders can be joined with
self-drilling screws and adhesive epoxy materials [19], hexagon head wood screws, or
bolts [20–22]. Adhesive epoxy materials should be used together with screws to avoid
slab separation from girders at the high load value. This failure mode was observed at
the ultimate load in the tests of steel–concrete composite beams with an adhesive material
used as shear connection, as conducted by Kuczma [23]. The load-bearing capacity of
aluminium girders increases significantly when they are joined with timber slabs (e.g., the
load-bearing capacity of the unrestrained aluminium girders increased 6.3 times when
they were attached to LVL slabs using screws) [24]. Chybiński and Polus demonstrated
that it was possible to use screws or bolts as shear connectors to obtain composite beams
with full shear connections [25,26]. An important advantage of these connectors is that
they are demountable. The authors conducted four-point bending tests and investigated
the failure load, mode of failure, load versus deflection, and load versus slip responses
of the aluminium and timber composite beams. The shear resistance and stiffness of the
bolted and screwed connections were studied in the accompanying push-out tests. The
analysed connections were ductile and flexible. A theoretical method to calculate the
load-carrying capacity of aluminium–timber composite beams with full shear connections
was suggested and verified against the experimental results. The stress block method
for steel–concrete composite beams from the EN 1994-1-1 standard [27] was improved to
take into account the timber subjected to tension. However, some problems connected
to aluminium–timber composite beams remain to be solved. The suggested connections
are flexible. In the case of flexible connections, the slip between the girder and the panel
is not negligible and its influence on the ultimate load and the stiffness of a composite
beam should be evaluated [28–30]. Furthermore, the behaviour of aluminium and timber
composite beams with partial shear connections calls for further investigation. Due to
the fact that the thermal expansion coefficients of aluminium and timber are different, the
impact of the thermal effects should be evaluated [31]. Furthermore, composite structural
elements may require strengthening [32]. For this reason, guidelines for strengthening
of aluminium–timber composite structures should be developed. Furthermore, the fire
resistance of aluminium–timber composite elements should be investigated. Last but
not the least, aluminium–timber composite structures should meet the requirements of
sustainable construction.

Sustainability in construction is a very important trend in modern design [33]. De-
mountability is essential for sustainable construction. For this reason, new types of com-
posite systems should be easily demountable at the end of their service life. Thanks to
demounting, construction materials can be reused or recycled [34]. Steel and concrete
composite beams have been widely used in civil engineering. Headed shear studs welded
to the top flanges of steel girders are economical and easy to install, and, as a consequence,
they are the most commonly used shear connectors [35]. However, the use of such headed
studs makes the dismantling of composite beams nearly impossible, and beam components
cannot be reused in the future. For this reason, demountable shear connectors for steel
and concrete composite structures have been developed and investigated in recent years to
facilitate the deconstructability of composite beams.
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Lam, Dai, Saveri, Rehman, and Ashour [36–40] modified headed studs to develop
demountable shear connectors. Similarly, Polus and Szumigała modified headed studs
to create a new demountable shear connector for aluminium and concrete composite
beams [41]. Due to the fact that no design guidance for composite beams with demount-
able shear connectors is currently available, Lam et al. [38] suggested applying the rules
specified for headed shear studs and bolts in the EN 1994-1-1 [27] and EN 1993-1-8 [42]
standards, respectively, to evaluate the load capacity of demountable shear connectors.
Rehman et al. [40] compared the structural behaviour of a demountable composite floor
system and a non-demountable composite floor system. The load-bearing capacity of
both compared systems was similar, but the initial stiffness of the composite floor system
with demountable shear connectors was lower than the one of the composite floor system
with conventional headed studs. Based on their tests, Rehman et al. [40] demonstrated
that the plastic resistance of the demountable composite floor system with partial shear
connection can be obtained using the rectangular stress blocks method as well as the
interpolation method.

Lee, Bradford, Liu, Ataei, Chen, and Ban [35,43,44] tested demountable shear connec-
tors made of high-strength friction-grip bolts. Lee and Bradford [35] described the load–slip
curve for a connection with pre-tensioned bolted shear connectors. The load–slip curve
had three distinct sections. In the first section, the authors observed “full interaction” held
by friction. In the second section, they noticed a region of “zero interaction” with slip
corresponding to the clearance between the surrounding concrete and the bolts. In the
last section, they discovered “partial interaction” because the bolts started to bear onto the
concrete. Pavlović et al. [45,46] analysed the steel and concrete composite elements with
high strength bolts. They conducted push-out tests and compared the bolts with headed
studs. The load-carrying capacity of the shear connection with the bolts was 5% lower than
the shear resistance of the connection with the headed studs. The stiffness of the connection
with the bolts was 50% lower than the stiffness of the connection with headed studs [47].
The bolted shear connections were classified as brittle because the value of the characteristic
ultimate slip was below 6 mm. Suwaed [48] investigated two types of demountable shear
connectors that can be applied in precast steel–concrete composite bridges. Locking nut
shear connectors and friction-based shear connectors had an important advantage—they
facilitate replacing concrete slabs in the steel–concrete composite bridge. Kozma et al. [49]
pointed out that demountable connectors should be replaceable due to the fact that dam-
age of the connector tread could occur during transportation. If the connectors are not
replaceable and they are damaged during transportation, not only the connectors but also
the concrete slab is lost. For this reason, the authors demonstrated two shear connection
types (the coupler system and the cylinder system). The initial stiffness of the systems was
high (i.e., 70–100 kN/mm in the case of the coupler system and 250–500 kN/mm in the
case of the cylinder system).

Demountable connectors were not only suggested for steel–concrete composite struc-
tures, but they were also applied in steel–timber composite structures and aluminium–
timber composite structures. In the case of steel–timber composite structures, several types
of demountable connectors were analysed (i.e., screws [50,51], bolts [52,53], and bolted
shear connectors embedded in the grout [54]). Bolted shear connectors embedded in the
grout had high ductility and energy-dissipating capacity when an adequate edge distance
between the bolted shear connectors and the edge of the grout pocket in the timber slab
were provided. In the case of aluminium–timber composite structures, similar demount-
able connectors were investigated (i.e., screws [25,55–57], bolts [26], screws with toothed
plates [58], and bolts with toothed plates [59]). A comparison of the bolted and screwed
connections was presented in [59]. In the case of both types of connections, the increase
in the fastener diameter provided for the increase in the connection strength and its slip
moduli. The bolted connection had a lower slip modulus k0.6 than the screwed connection
due to the hole clearance. The bolted connections had an 80% higher shear strength than
the screwed connections.
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The structural performance of the composite floors significantly depends on the shear
connection as it provides composite action. Recently conducted theoretical, experimental,
and numerical investigations have focused on aluminium–timber composite beams with
almost full shear connections. However, experiments on aluminium–timber composite
beams with partial shear connections have not yet been conducted. In this paper, the
composite action in composite beams with different screw spacing was studied. The anal-
ysed elements comprised aluminium beams and timber slabs to form T-shaped composite
beams. Ten mm hexagon head wood screws were used to combine the composite beam
components. Four-point bending tests were conducted on composite beams with different
screw spacing. The degree of composite action was calculated taking into account the
shear resistance of connectors investigated in the previous push-out tests. The method
used for the steel–concrete composite beams with partial shear connection was adopted to
estimate the load bearing capacity of the investigated aluminium–timber composite beams.
The accuracy of this method was evaluated by comparing the results from the theoretical
analysis with the results of three experiments. In addition, four numerical models of the
composite beams were developed.

2. Materials and Methods
2.1. Aluminium Girders

Aluminium extruded I-girders were made of AW-6060 T6 aluminium alloy. In accor-
dance with the EN 1999-1-1 standard [60], the characteristic value of 0.2% proof strength
f 0.2 of this alloy was 140 MPa, the characteristic value of the tensile strength fu was
170 MPa, and the modulus of elasticity E was 70 GPa. The strength parameters of this alloy
were also determined in tensile tests presented in [61] (Table 1).

2.2. Laminated Veneer Lumber Slabs

LVL is made of 3–4 mm wood veneers and adhesives [62]. In this paper, the authors
used STEICO LVL manufactured in Poland from Scots pine and Norway spruce [63]. The
tensile strength (parallel to grain), the compressive strength (parallel to grain), the bending
strength (flatwise, parallel to grain), the modulus of elasticity, and the mean density of the
LVL were 36.0 MPa, 40.0 MPa, 50.0 MPa, 14 GPa, and 550 kg/m3, respectively, based on the
manufacturer’s declaration [63]. The mechanical parameters of LVL were also determined
in tensile, compressive, and bending tests presented in [64] (Table 1).

Table 1. The parameters of the materials used in the composite beams, determined in the previous
laboratory tests [58,61,64].

Parameter Value

0.2% proof strength of AW-6060 T6 186.7 ± 7.05 MPa
Tensile strength of AW-6060 T6 210.2 ± 2.90 MPa

Tensile strength (parallel to grain) of LVL 41.9 ± 4.8 MPa
Compressive strength (parallel to grain) of LVL 50.3 ± 1.6 MPa

Bending strength of LVL 66.1 ± 6.9 MPa
Tensile strength of the steel used in the screws 553.9 ± 23.6 MPa

2.3. Screws

Hexagon head wood screws (often called coach or lag screws) were used in this study.
The characteristic values of their tensile strength and yield strength were 500 MPa and
400 MPa, respectively, based on the screw grade (5.8). The tensile strength of the steel used
in the screws was also determined in the tensile tests presented in [58] (Table 1).

2.4. Shear Connection Tests

The push-out tests of the shear connections were investigated in the previous tests
presented in [58]. The connections had a characteristic slip capacity exceeding 6 mm,
therefore they were ductile. The ultimate load per one connector was 16.7 ± 0.9 kN and the
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slip corresponding to this load was 16.7 ± 7.3 mm. The values of the slip moduli per one
connector k0.4 and k0.6 were 6.6 ± 4.1 kN/mm and 6.2 ± 3.1 kN/mm, respectively [58].

2.5. The Experimental Programme of the Study

Four-point bending tests were conducted on three aluminium–timber composite beam
specimens with different screw spacing (Figure 1).
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Figure 1. Four-point bending test set-up.

The beams were tested using an Instron 8505 Plus machine (Instron, High Wycombe,
Buckinghamshire, UK). Each composite beam consisted of an LVL slab and an extruded
beam made of an AW-6060 T6 aluminium alloy. The dimensions of the analysed beams
were identical. However, the number of shear connectors and their spacing were different
(Figure 2). Nine linear variable differential transformers (LVDTs) were used to measure
the deflection and the slip between the LVL panel and the aluminium beam. A spreader
beam was used to obtain pure bending of the composite beams between the loading points
(when the shear from the dead load was not taken into account). The composite beams
were located on roller supports. Steel plates were used in each support to prevent the
local yielding of the girder flange. The 10 mm clearance holes were drilled through the top
flanges of the aluminium beams. The diameter of the pre-drilled holes in the LVL slabs
was 7 mm. The pre-drilled holes made it easier to install the screws. The transverse screw
spacing was 50 mm. The longitudinal spacing was different for each beam (i.e., 120 mm,
160 mm, and 200 mm). Based on the connector spacing, the tested beams were designated
as B120, B160, and B200. The authors of this paper used a torque wrench (Sandvik Belzer,
IZO-I-100, 10–100 N·m, Sandvik, Portlaoise, Ireland) and a torque moment of 40.0 N·m
to install the screws. Due to the fact that the torque wrench was used, all screws were
tightened with the same torque moment and LVL was not crushed during screw installation.
The loading procedure consisted of two steps. In step one, the composite beams were
loaded to ca. 20 kN and then unloaded to ca. 5 kN. In step two, the beams were loaded up
to the failure point. In step one, the clearances in the beam connections were reduced. In
each step, a displacement control regime and a piston velocity of 1.0 mm/min were used to
evaluate the behaviour of the analysed beams after the failure load had been achieved.



Appl. Sci. 2023, 13, 1603 6 of 21Appl. Sci. 2023, 13, 1603  6  of  22 
 

 

 

Figure  2. The analysed beams  subjected  to  four‐point bending  (1–9—linear variable differential 

transformers). 

Figure 2. The analysed beams subjected to four-point bending (1–9—linear variable
differential transformers).



Appl. Sci. 2023, 13, 1603 7 of 21

2.6. The Numerical Models

Four 2D numerical models of aluminium–timber composite beams were developed
in Abaqus software (Figure 3). The first model represented the composite beam with full
shear connection. In this model, a slab was connected with a girder using a tie function. A
continuous tie type of interaction is often adopted in the case of full composite action in
composite beams [65]. The numerical models 2–4 represent composite beams with partial
shear connections tested in the present study.
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Figure 3. The numerical models: The composite beam with full shear connection (a), the B120 beam
(b), the B160 beam (c), the B200 beam (d).

Discrete connections were used to model shear connections and to take slip into
account. Discrete connections are often used in numerical models because they provide
reasonable accuracy in reflecting the behaviour of the real structure [66,67]. At each point
corresponding to the locations of the screws, the LVL slabs and the aluminium girders were
connected using zero-length translator-type connectors. This type of connector makes it
possible for the connected elements to move only in one direction (i.e., in the longitudinal
direction). For each discrete connection, the forces and displacements from Figure 4 were
used. The slip modulus ku was calculated from Eurocode 5 [68]:

ku = n
2

69
ρ1.5

m d (1)

where n is the number of connectors in one connection (2 in the analysed beams); ρm is the
mean density of LVL; d is the diameter of the screw.

The value of the slip modulus k0 was assumed to be 30 kN/mm for the slip ranging
from 0 to 0.2 mm to take into account the low initial slip values observed in the beams in
the laboratory tests.

Additionally, steel elements representing the screws were embedded in the LVL slabs
to consider the presence of the screws in the slabs. The loading and supporting steel plates,
the aluminium girders, and the LVL slabs were modelled using 4-node bilinear plane stress
quadrilateral elements with reduced integration and hourglass control (CPS4R). The screws
were modelled using T2D2 linear line elements. The mesh size did not exceed 5 mm. The
interaction between beam parts was captured by surface-to-surface “hard” contacts and
friction contacts. In the case of the LVL–aluminium interface, the friction coefficient equal
to 0.3 was adopted, just like for the LVL–steel frictional interaction [52,69]. In the case of
the steel–aluminium interface, a friction coefficient equal to 0.3 was used. Figure 5 presents
the boundary conditions used in the numerical analyses.
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The aluminium yielding was modelled by an elastic-isotropic hardening plastic con-
stitutive law (E = 70 GPa, fy = 186.7 MPa, fu = 210.2 MPa). The steel was modelled as a
bi-linear elastic-perfectly plastic material (E = 210 GPa, fy = 235 MPa). The LVL was treated
as an orthotropic material. The Hashin damage model was used to capture the failure of
the LVL. The material properties of the LVL adopted in the numerical models are provided
in Table 2.

Table 2. The properties of the LVL adopted in the numerical models (direction 1 is parallel to the LVL grain).

Properties of an Elastic Orthotropic Material (Type: Lamina)

E1
[MPa]

E2
[MPa]

ν12
[–]

G12
[MPa]

G13
[MPa]

G23
[MPa]

24 000 430 0.48 650 650 96

Hashin damage parameters

σt1
[MPa]

σc1
[MPa]

σt2
[MPa]

σc2
[MPa]

σv12
[MPa]

σv23
[MPa]

73 73 10 15 10 5

Longitudinal
tensile

fracture
energy
[kJ/m2]

Longitudinal
compressive

fracture
energy
[kJ/m2]

Transverse
tensile

fracture
energy
[kJ/m2]

Transverse
compressive

fracture
energy
[kJ/m2]

Viscosity
coefficient

45 45 0.1 0.1 1.0 × 10−6
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3. Results and Discussion
3.1. The Results of the Four-Point Bending Test

The results of the experimental study are presented in Figures 6 and 7, and in Table 3.
Figure 6 shows the load versus deflection response from the bending tests.
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Figure 7. The load versus slip response for the B120, B160, and B200 beams.

Table 3. The ultimate load (Fult), the ultimate load-carrying capacity (Mult), the deflection corre-
sponding to the ultimate load (νult), and the slip corresponding to the ultimate load (uult) from the
bending tests.

Parameter B120 B160 B200

Fult [kN] 151.9 148.7 145.9
Mult [kN·m] 68.4 66.9 65.7

νult [mm] 83.2 80.7 87.9
uult [mm] 3.5 4.0 5.6

Figure 7 shows the load versus slip response from the bending tests.
Figures 8–10, present the slip distribution in the interface of the analysed beams.

The slip distribution was not constant because the highest value of the slip was near
the support. The obtained slip distribution curve is typical of composite beams with
flexible connections [70].
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Figure 11 presents the comparison of the mean slip values in the interface of the
analysed beams. The mean values of the slip were calculated considering the slip values
from the left and right sides of the beams. The degree of shear connection had an impact
on the slip value. Beam B200 had the highest slip value, which resulted from the lowest
value of the degree of shear connection.
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The authors observed one distinctive mode of failure in all of the tested beams
(Figure 12). When the collapse load was applied, the veneers separated from each other in
the LVL panel sections subjected to tension. Then, the veneers cambered near the loading
plates in the LVL panel sections subjected to compression. At the serviceability deflection
limit (L/250 = 10.8 mm), the load reached ca. 30% of the failure load. The deflections of the
specimens were large because of the low values of the modulus of elasticity for aluminium
and LVL. The Young’s modulus of aluminium (70 GPa) is three times lower than that of
steel (210 GPa). For this reason, the deflection of the tested beams was large. However, in
the presented tests, the LVL slab width was limited by the dimensions of the laboratory
stand. The LVL slabs were located between the columns of the testing machines. The
dimensions of the LVL panel and the cross-section of the aluminium beam were selected to
obtain the neutral axis located in the LVL. In the case of the floor, the effective LVL slab will
be wider, and the girder will be higher. As a result, the deflections will be lower. Therefore,
the combination of aluminium and timber is beneficial. The transformed slab area for the
cross-section of an aluminium–timber composite beam is approximately three times larger
(n = 70.0/14.0 = 5.0) than the transformed slab area for the cross-section of a steel–timber
composite beam (n = 210.0/14.0 = 15.0). This means that the second moment of area of an
ideal cross-section of a composite beam is larger for an aluminium and timber composite
beam than for a steel and timber composite beam. Due to this fact, the impact of the low
modulus of elasticity of aluminium on large deflection may be decreased.
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3.2. The Theoretical Load-Carrying Capacity of the Aluminium–Timber Composite Beams with
Partial Shear Connection

The plastic resistance to bending of the aluminium–timber composite beam with
partial shear connection Mpl,η was calculated based on the method for the steel and concrete
composite beams presented in [27]:

Mpl,η = Mpl,a + (Mpl − Mpl,a)η (2)
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where Mpl,a is the plastic resistance to sagging bending of the structural aluminium section
alone; Mpl is the plastic resistance to sagging bending of the composite section with full
shear connection; η is the degree of the shear connection.

The calculations of the plastic resistance of the aluminium–timber composite beam
were conducted using the stress block method for the steel–concrete composite beams
(Figure 13) and are presented in Table 4. The timber subjected to tension was additionally
taken into account. Due to fact that the LVL slabs were subjected to both tension and
compression in the composite beams with partial shear connections, the bending strength
of the LVL was used as the LVL strength. This assumption was made based on the fact
that timber structural elements are stronger in bending than in compression or tension [71].
This is because when a timber structural element is subjected to bending, only about
10% of its volume is subjected to high stresses, whereas when a timber structural element is
subjected to pure tension or compression, all of its volume is subjected to the same value
of stress [72].
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Figure 13. The model used to calculate the plastic resistance of the aluminium–timber
composite beam.

Table 4. The calculations of the plastic resistance of the aluminium–timber composite beam with full
shear connection.

Parameter Value

Aluminium I-section area Aa [cm2] 18.8
Aluminium alloy yield strength of f 0.2 [kN/cm2] 18.7

LVL bending strength fm [kN/cm2] 7.3
LVL slab effective width beff [cm] 37.0

LVL slab height hts [cm] 7.5
Aluminium I-section height h [cm] 16.0
Position of the plastic axis xpl [cm] 4.4

Plastic resistance Mpl [kN·m] 78.2

The position of the plastic axis xpl was obtained based on the following formula [25]:

xpl =
Aa f0.2 + ftbe f f hts

be f f ( fc + ft)
(3)

The plastic resistance to sagging bending of the aluminium–timber composite beam
was calculated from [25]:

Mpl = Aa f0.2

(
h
2
+ hts −

xpl

2

)
+ ftbe f f

hts

2

(
hts − xpl

)
(4)

The calculations of the plastic resistance of the aluminium–timber composite beam
with partial shear connection are presented in Table 5. The normal force in the alu-
minium beam section was 18.79 · 18.7 = 351.0 kN. The degree of the shear connection was
η = 18 · 17.6 = 316.8 kN/351.0 = 0.90, η = 14 · 17.6 = 246.4 kN/351.0 = 0.70,
η = 12 · 17.6 = 211.2 kN/351.0 = 0.60, and because it was lower than 1.0, the analysed
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elements were composite beams with partial shear connections. Two connectors located
in the overhang portion of the beam were also taken into account as they reduced the
slip between the girder and the slab. The calculated plastic resistance of the aluminium
section Mpl,a was 21.5 kN·m (Wpl · f 0.2 = 114.8 · 18.7 = 21.5 kN·m). The resistance to sagging
bending of the aluminium–timber composite beams with partial shear connections from the
theoretical analyses differed by 6–16% from the resistance in the laboratory tests (Figure 14).

Table 5. The plastic resistance to sagging bending of the aluminium–timber composite beams with
partial shear connections.

Beam η
[–]

Mpl,η from
Equation (2) [kN·m]

Mpl,η,test from
the Tests [kN·m] Mpl,η/Mpl,η,test

B120 0.90 72.5 68.4 1.06
B160 0.70 61.2 66.9 0.91
B200 0.60 55.5 65.7 0.84
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3.3. The Results of the Numerical Analyses

The comparison of the plastic resistance of the aluminium–timber composite beams to
sagging bending obtained in the theoretical, experimental, and numerical simulations is
presented in Table 6.

Table 6. The plastic resistance to sagging bending of the aluminium–timber composite beams.

Analysis η
[–]

Mpl,simulation
[kN·m]

Mpl,theory
[kN·m]

Mpl,test
[kN·m] Mpl,simulation/Mpl,test

1 1.00 68.7 78.2 – –
2 (B120) 0.90 64.4 72.5 68.4 0.94
3 (B160) 0.70 63.3 61.2 66.9 0.95
4 (B200) 0.60 63.9 55.5 65.7 0.97

Figure 15 shows the load versus deflection responses, while Figure 16 shows the load
versus slip responses from the bending tests and the numerical simulations. The damage
of the LVL was taken into account in the numerical simulations thanks to the use of the
Hashin damage model. Figure 17 presents the damage initiation variables (HSNFTCRT is
the maximum value of the fibre tensile initiation criterion, HSNFCCRT is the maximum
value of the fibre compressive initiation criterion [73]). The failure mode of the composite
beams obtained in the numerical analyses was the same as the one from the laboratory
tests. One can observe the damage of veneers in the sections of the LVL slab subjected to
the highest tensile stress and the highest compressive stress near the loading plates. In the
composite beam with full shear connection (analysis 1), the section of the LVL slab subjected
to tension was smaller than in the composite beams with partial shear connections.
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Figure 15. The load versus deflection responses from the test and the numerical analyses: All curves
(a), B120 (b), B160 (c), B200 (d).
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Figure 16. The load versus slip responses from the test and numerical analyses: All curves (a), B120
(b), B160 (c), B200 (d).
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Figure 17. The areas of damage initiation. Due to the compression of the fibres and due to the tension of
the fibres for the ultimate load (Mpl = 68.7 kN·m) and the composite beam with full shear connection (a),
for the ultimate load (Mpl = 64.4 kN·m) and the B120 beam (b), for the ultimate load (Mpl = 63.3 kN·m)
and the B160 beam (c), for the ultimate load (Mpl = 63.9 kN·m) and the B200 beam (d).

4. Conclusions

The authors of this article studied the structural behaviour of aluminium–timber
composite beams with partial shear connections. They observed the failure modes of the
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tested beams, resulting from the veneer separation in the tensile zones and the veneer
cambering in the compressed zones of the LVL slabs both in the laboratory tests and in
the numerical analyses. The analysed beams differed in the degree of shear connection,
which had a strong impact on the end-slip. However, the values of the ultimate load of the
composite beams were similar because flexible connections were used and the degree of
the sheer connection of each beam was higher than 0.4.

The method for the steel–concrete composite beams with partial shear connection was
used for the aluminium–timber composite beams with partial shear connection, and the
difference between the calculated and the test results was 6–16%.

The numerical models of the composite beams were verified against the laboratory test
results. The resistance to sagging bending of the analysed composite beams with partial
shear connections from the numerical analyses was only 3–6% lower than the one from
the experiments. The load–deflection and the load–slip responses of the composite beams
in the numerical analyses were similar to the ones from the tests due to the fact that the
failure of the LVL was captured using the Hashin damage model and the connections were
modelled discreetly.

The study presented in this paper has certain limitations as only three aluminium–
timber composite beams were tested, and they all showed a high degree of shear connection.
Future tests should focus on composite beams with lower degrees of shear connection.
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3. Dokšanović, T.; Džeba, I.; Markulak, D. Applications of aluminium alloys in civil engineering. Tech. Gaz. 2017, 24, 1609–1618.

[CrossRef]
4. Rahmatabadi, D.; Tayyebi, M.; Najafizadeh, N.; Hashemi, R.; Rajabi, M. The influence of post-annealing and ultrasonic vibration

on the formability of multilayered Al5052/MgAZ31B composite. Mater. Sci. Technol. 2021, 37, 78–85. [CrossRef]
5. Rahmatabadi, D.; Ahmadi, M.; Pahlavani, M.; Hashemi, R. DIC-based experimental study of fracture toughness through R-curve

tests in a multi-layered Al-Mg (LZ91) composite fabricated by ARB. J. Alloys Compd. 2021, 883, 160843. [CrossRef]
6. Harte, A.M. Timber engineering: An introduction. In ICE Manual of Construction Materials: Volume I/II: Fundamentals and Theory;

Concrete; Asphalts in Road Construction; Masonry; Forde, M., Ed.; ICE Publishing: London, UK, 2009.
7. Wang, X.; Zhang, J.; Wu, P.; Li, Y. Experimental investigation on the flexural and shear behaviour of LVL I-beam strengthened

with steel channels. Constr. Build. Mater. 2022, 341, 127719. [CrossRef]
8. Fonseca, E.M.M.; Leite, P.A.S.; Silva, L.D.S.; Silva, V.S.B.; Lopes, H.M. Parametric Study of Three Types of Timber Connections

with Metal Fasteners Using Eurocode 5. Appl. Sci. 2022, 12, 1701. [CrossRef]
9. Bao, Y.; Lu, W.; Yue, K.; Zhou, H.; Lu, B.; Chen, Z. Structural performance of cross-laminated timber-concrete composite floors

with inclined self-tapping screws bearing unidirectional tension-shear loads. J. Build. Eng. 2022, 55, 104653. [CrossRef]
10. Abdoli, F.; Rashidi, M.; Rostampour-Haftkhani, A.; Layeghi, M.; Ebrahimi, G. Withdrawal Performance of Nails and Screws in

Cross-Laminated Timber (CLT) Made of Poplar (Populus alba) and Fir (Abies alba). Polymers 2022, 14, 3129. [CrossRef]
11. Aspila, A.; Heinisuo, M.; Mela, K.; Malaska, M.; Pajunen, S. Elastic design of steel-timber composite beams. Wood Mater. Sci. Eng.

2022, 17, 243–252. [CrossRef]

http://doi.org/10.1016/j.tws.2012.07.017
http://doi.org/10.17559/TV-20151213105944
http://doi.org/10.1080/02670836.2020.1867784
http://doi.org/10.1016/j.jallcom.2021.160843
http://doi.org/10.1016/j.conbuildmat.2022.127719
http://doi.org/10.3390/app12031701
http://doi.org/10.1016/j.jobe.2022.104653
http://doi.org/10.3390/polym14153129
http://doi.org/10.1080/17480272.2022.2093128


Appl. Sci. 2023, 13, 1603 19 of 21
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