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Abstract: The glulam-cross laminated timber (CLT) compo-
site floor is a type of prefabricated composite floor that
integrates glulam beams and CLT slab into a unified struc-
ture using shear connectors. To investigate the bending
performance of the glulam-CLT composite floor, the
bending test was conducted on a full-scale composite floor
under static load. The study comprehensively analyzed the
failure mechanism, load—deflection behavior, interface slip
and strain distribution of the glulam-CLT composite floor.
The test results of the composite floor indicated that the
failure mode was tensile fracture of the wood beam at the
bottom. As the load increased, the deflection deformation
of the mid-span beam exceeded that of the edge beam.
When the load reached its ultimate limit, the deflection
deformation of the mid-span beam increased by 14.4%
compared to the edge beam. In the early loading phase,
the strain distribution of the composite section satisfied the
assumption of a plane section. However, the strain distri-
bution deviated from this assumption with the increased
load due to the relative slips between the glulam beam and
CLT flange. To calculate the bending performance of the
composite floor, the M-shaped section of the glulam-CLT
composite floor was simplified as T-section composite
beams. The linear-elastic method for determining the flex-
ural rigidity and ultimate bearing capacity of the glulam-
CLT composite floors was proved to be accurate and
reliable. The findings provided valuable insights into the
bending behavior of the CLT flange under load and empha-
sized the non-uniform stress distribution caused by shear
lag effects.

* Corresponding author: Xiamin Hu, College of Civil Engineering,
Sanjiang University, Nanjing, 210012, China,

e-mail: huxm_njtech@163.com

Hao Du: College of Civil Engineering, Nanjing Forestry University,
Nanjing, 210037, China

Gang Chen: China Construction Eighth Bureau Third Construction Co.
Ltd, Nanjing, 210012, China

Weijie Fu: College of Civil Engineering, Sanjiang University, Nanjing,
210012, China

Keywords: glulam-cross laminated timber composite, pre-
fabricated timber floor, bending performance

1 Introduction

Wood is a typical environmentally friendly and sustainable
building material. Wood products have made significant
progress with the development of processing techniques,
demonstrating further advantages in seismic resistance,
preservation, and structural performance [1-3]. Wood
structures have been widely applied in commercial build-
ings, residential constructions, and high-rise buildings
[4-6]. For the large-span and high-strength components,
the traditional wood lumbers were difficult to meet design
requirements. Glulam is achieved by recombining wood
boards to disperse defects that affect strength, thereby
improving the overall strength of components. In addition,
each layer of wood boards can be finger-jointed and
extended, which can be manufactured into different
shapes and sizes according to the design requirements
[7-9]. Cross-laminated timber (CLT) comprises several
layers of wood panels, with each layer consisting of solid
sawn timber or structural wood composite arranged par-
allel to each other and bonded perpendicularly to adjacent
layers [10,11]. The advantage of CLT is that by rearranging
the grain direction of each layer of wood panels, the expan-
sion and contraction effects of the wood board are greatly
reduced, and the stress is dispersed and transmitted
to multiple directions. Meanwhile, the extensive use of
wood provides excellent insulation and sound insulation
performance. CLT is widely used in wood buildings due to
its excellent fire resistance, seismic performance, and
sound insulation properties [12-14].

In wood structure buildings, the floor plays a crucial
role as it supports vertical loads and provides resistance
against lateral forces [15]. There have been numerous stu-
dies on the structural performance of pure timber floor
systems. Filiatrault et al. [16] performed quasi-static tests
on light-wood floors, examining parameters such as nail
schedule, panel-edge blocking, and sub-floor adhesive. The
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study analyzed the failure mode and structural behavior of
the wood floors under seismic loads. The test results
revealed that panel-edge blocking exhibited significant
shear lag effects and performed well even at low deforma-
tion levels. James [17] conducted experimental research on
six full-scale light wood floors, varying parameters such as
aspect ratio, loading direction, dimensions, lateral bracing,
and openings. Baldessari [18] investigated the influence of
different reinforcement methods on the structural perfor-
mance of timber floors. The results demonstrated that the
seismic performance of floors significantly improved with
changes in reinforcement techniques. Single-form plates
exhibited notable deficiencies in withstanding seismic
loads, thus requiring necessary reinforcement measures.
Aicher and Stritzke [19] studied the mechanical perfor-
mance of a novel lightweight timber composite component,
conducting experimental research and theoretical analysis
on its bending capacity. The research findings indicated
that with increasing loads, the out-of-plane displacement
of the web was constrained by adjacent webs. In finite
element simulations, the stress state of the three-dimen-
sional shell model matched well with the contact simula-
tion of the web and experimental loads.

Due to its orthogonal composition, CLT exhibits excel-
lent dimensional stability, high in-plane and out-of-plane
strength, making it widely applicable in fields such as floor
panels and wall systems [20,21]. Blass and Fellmoser [22]
employed the shear analogy theory to analyze the stress
state and deformation performance of CLT panels under
different loading conditions. It was found that the CLT
panels under out-of-plane bending may experience rolling
shear failure in the transverse layers due to the cross-lami-
nated characteristics. Bejtka and Lam [23] conducted
bending tests on CLT slab manufactured with Canadian
Lodgepole Pine, and observed rolling shear failure in the
transverse layers. They suggested that the rolling shear
strength of CLT components could be influenced by factors
such as CLT layer composition, layer thickness, gap width
between layers, and adhesive bonding properties. Wang
et al. [24] conducted experimental research on bending
behavior and shear property of hybrid CLT members
made with lumber/laminated strand lumber. Due to the
orthogonal cross-lamination of CLT and the relatively low
shear performance of transverse layer wood, rolling shear
failure was the predominant mode of failure in CLT short
beams under bending. He et al. [25] conducted bending and
compression tests on CLT panels and investigated the flex-
ural performance in both the strong and weak axes. Vessby
et al. [26] studied the structural performance of a five-layer
CLT panel and recommended specific connection methods
to ensure the strength and stiffness of connections. Based
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on research on wood and CLT, self-tapping screws have
been found to effectively enhance the overall structural
performance of wood-based composite components [27-29].
The glulam-CLT composite floor is a type of prefabri-
cated composite floor. It integrates glulam beams and CLT
slabs into a unified structure using shear connectors,
which allow for the combined utilization of the compres-
sive strength and tensile strength of wood. To investigate
the bending behavior of the glulam-CLT composite floor,
this study conducted bending test on a full-scale composite
floor under static loads. The study comprehensively ana-
lyzed the failure mechanism, load—deflection behavior,
interface slip, and strain distribution of the glulam-CLT
composite floor. In addition, the theoretical methods for
the flexural rigidity and ultimate bearing capacity of the
glulam-CLT composite floor was verified and analyzed.

2 Bending test

2.1 Glulam-CLT composite floor specimen

The bending test included a full-scale composite floor spe-
cimen with a 4,000 mm x 3,000 mm plan dimension. The
flange of the prefabricated composite floor was made of
the CLT member. The CLT member used in this experiment
was processed and manufactured by Zhongyi Scientech
Timber Structure Co., Ltd. The type of timber used in CLT
member was Pinus sylvestris, which was formed by ortho-
gonal bonding of small-sized timber boards. The CLT
member has three layers, with thicknesses of 20, 40, and
20mm from the bottom to top. The dimensions of the
flange were 4,000 mm x 3,000 mm x 80 mm (length x width
x height). Four glulam beams arranged longitudinally sup-
ported the lower part of the prefabricated composite floor.
The glulam beams had a length of 4,000 mm, width of
100 mm, and height of 200 mm, as shown in Figure 1. The
connection between the CLT flange and glulam beams was
achieved using the screws with a diameter of 12 mm. The
screws were embedded into the CLT beams with a depth of
120 mm and into the CLT flanges with a depth of 80 mm.
The arrangement of the screw connections is illustrated
in Figure 2. The screws were installed in a double-row
orthogonal pattern. The spacing between the screws in
the longitudinal direction was 150 mm, and in the trans-
verse direction was 40 mm.

The glulam beams were made of larch lumber pieces
with an average density of 562 kg'm > and a moisture con-
tent of 14.4%. To measure the mechanical properties of
the timber components, axial compression tests were
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Figure 1: Cross-section of the prefabricated glulam-CLT composite floor.
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Figure 2: Arrangement of screw connections in the prefabricated composite floor.

conducted based on the guidelines of GB/T 15777 [30]. The
compressive strength parallel to the grain of the glulam
was 53.9 MPa, and the elastic modulus was 12.5 GPa. The
CLT member was made of Pinus sylvestris with an average
density of 420 kg'm™ and a moisture content of 9.4%. The
compressive strength parallel to the grain of the Pinus
sylvestris was 48.1 MPa, and the elastic modulus was
13.2 GPa. The yield strength of the screw connectors used in
this test was 370 MPa, and the tensile strength was 463 MPa.

2.2 Test setup and loading process

The composite floor specimen was simply supported at
both ends, and an equivalent concentrated load was

Hydraulic jack
Load cell

Load distribution/L ‘

Beam system: I

applied to simulate the uniformly distributed loads on
the composite floor, as shown in Figure 3. The loads were
applied to the composite floor by using 1,000 kN hydraulic
jacks. The specification of pressure load sensor was
1,000kN, and the output sensitivity was 1.0-1.5mV-V ™,
The loading system followed the multi-stage loading based
on the predicted maximum load. First, a preloading stage
was conducted to check the working condition of bending
test setup and measurement device, which consisted of
three levels with each level being 5% of the predicted max-
imum load. During the formal loading stage, each level of
loading was set to 5% of the predicted maximum load with
a speed of 0.5kN-s™". When the loading reached 90% of the
predicted maximum load, the load was further increased
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Figure 3: Bending test setup of composite floor.
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Figure 4: Arrangement of measuring points. (a) Arrangement of displacement meters. (b) Arrangement of strain gauges.

using the displacement control method until the composite
floor was damaged. The applied load, strain, and deflection
data of the composite floor were recorded continuously
during the bending test.

Figure 4 shows the arrangement of the displacement
meters and strain gauges on the glulam-CLT composite
floor. The displacement meter range is 0-100 mm, and
the output sensitivity is 200 uenm ™. To accurately mea-
sure the deflection of the composite floor and the settle-
ment displacement of the supports, the displacement
meters were installed at the mid-span of the floor beams
and at the support locations. Displacement meters were

also placed along the composite interface to measure the
relative slip between the CLT flanges and the glulam
beams. Strain gauges were installed along the longitudinal
direction of the composite floor at the top of the flanges to
measure the longitudinal strains of the CLT flange under
the bending loadings. Additionally, strain gauges were
placed along the transverse direction at the top of the
CLT flange to determine the effective width of the CLT
flange. Strain gauges were evenly distributed along the
height direction at the mid-span of the glulam beams and
the CLT flange to measure the strain variations and vali-
date the plane section assumption.
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3 Bending test results

3.1 Test phenomenon and failure
mechanism

During the initial stages of loading, the glulam beams and
CLT flange exhibited minimal relative slip and uplift dis-
placement, indicating overall structural performance of the
composite floor. This initial phase demonstrated the integ-
rity and synergy between the glulam and CLT components
under lighter loads. However, as the load increased, several
types of cracks and damage began to manifest. At a load of
179 kN, significant transverse cracks were observed at the
edge beams, which continued to propagate as loading per-
sisted (Figure 5(a)). These transverse cracks indicated stress
concentrations and weaknesses in the edge regions of the
beams. When the load reached 223 kN, a noticeable bending
deformation was observed in the composite floor, sug-
gesting that the structure was beginning to experience
more substantial stress and strain. At this point, slight ver-
tical and horizontal cracks appeared on the side of the CLT
flange (Figure 5(b)), signaling the initiation of damage within
the flange material. As the load continued to increase, the
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cracks in the CLT flange became more pronounced and
spread further, showing the progressive nature of the damage
under increasing stress. At a load of 399 kN, a distinct tearing
sound was heard, indicative of significant internal damage to
the glulam beam. Finally, at a load of 469 kN, the glulam-CLT
composite floor experienced brittle failure, a sudden and com-
plete loss of structural integrity. After unloading, a detailed
examination of the entire floor revealed that the glulam
beams exhibited tensile failure, characterized by significant
splitting at the bottom of the glulam members (Figure 5(c)).
Additionally, cracks were observed along the longitudinal
direction on the CLT flange near the loading points, as well
as cracks along the width direction of the CLT flange in the
middle portion (Figure 5(d)). These observations underscore
the areas of the composite floor that were most vulnerable
under the applied loads, providing valuable insights into the
structural behavior and failure mechanisms of the glulam-CLT
composite floor system.

3.2 Load-deflection behavior

Figure 6 illustrates the relationship between applied loads
and mid-span deflections of the glulam-CLT composite

Figure 5: Test phenomenon and failure mode of composite floor. (a) Cracks at the edge of glulam beam. (b) Cracks at the side of CLT flange. (c) Tensile

fracture of glulam beam. (d) Longitudinal crack at the top of CLT flange.
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Figure 6: Load-deflection curves of composite floor.

floor. During the initial loading phase, the composite floor
exhibited a linear deflection response, proportional to the
applied load. This linear behavior indicated that the struc-
ture maintained the flexural rigidity and stiffness under
lower loads, demonstrating the initial integrity of the compo-
site system. However, as the load approached approximately
85% of the maximum load capacity, the deflection curves
began to exhibit a nonlinear increase. This nonlinear
response indicated a significant reduction in the flexural
rigidity of the glulam-CLT composite floor. The observed
reduction in bending stiffness was primarily attributed to
the substantial bending deformations experienced by the
screw connections under increasing shear forces. These
bending deformations compromised the shear stiffness of
the screw connections, resulting in a decrease in the overall
composite action between the glulam beams and the CLT
flange. During the early stages of loading, the deflection
deformations of both the middle beams and edge beams
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in the composite floor were similar. However, as the load
increased, the deflection deformation of the mid-span heam
began to exceed that of the edge beams. At the ultimate load
limit, the mid-span beam deflection reached 63.6 mm, while
the edge beams exhibited a deflection of 55.6 mm. This
represented a 14.4% increase in deflection deformation for
the mid-span beam compared to the edge beams. This could
be attributed to the fact that the middle beams bore a greater
load compared to the edge beams. These observations high-
light the critical behavior of the glulam-CLT composite floor
under loading conditions, emphasizing the importance of
understanding the distribution of loads and the corre-
sponding deflection responses to ensure structural integrity
and performance.

3.3 Interface slip

The composite floor system consisted of the CLT flange and
glulam beams, which were connected by flexible screw con-
nections. These screws, designed as flexible shear connec-
tors, experienced significant deformations when subjected
to horizontal shear forces. The bending deformations of the
screw connections led to the relative slip at the interface of
the composite beam. Additionally, the wood materials were
prone to deformation under compression, further contri-
buting to increased relative slip at the interface. The slip
curves at the interface between the CLT flange and glulam
beams are shown in Figure 7, where s is the relative slip and
x is the distance from the section to the mid-span. In the
initial loading stage, the relationship between the applied
load and relative slips was linear, indicating uniform initial
stress distribution and good composite action. As the load
increased, the relative slips extended toward the mid-span,
and the rate of increase in relative slip gradually
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Figure 7: Load-slip curves of composite floor. (a) Middle beam and (b) edge beam.
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accelerated. This behavior could be attributed to the
decreasing shear rigidity of the screw fasteners and the
overall reduction in composite action. The interface slips
of the middle beam were observed to be greater than those
of the side beams, which was indicative of the larger pro-
portion of the applied load borne by the middle beam com-
pared to the side beams. As the applied loads increased, the
relative slips increased. The observed behavior emphasized
the importance of considering the flexibility and shear
rigidity of the screw connections in the design and analysis
of composite floor systems to ensure adequate load transfer
and structural integrity. Overall, the increase in applied loads
led to greater relative slips, which in turn signaled a decrease
in the efficiency of the composite action.

350

—=— PIP=0.1
—e— PIP=02
—&— PIP=04
—v— PIP=0.6
—<— PIP=0.8
—>— PIP=1.0

P S s N S B\
\é/
=

T T T T T T T T T T G 1 T T N T T T T 1
-5000 -4000 -3000 -2000-1000 0 1000 2000 3000 4000
& (ue)

Figure 8: Strain distribution at the mid-span section of composite floor.
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3.4 Strain distribution of composite floor

Figure 8 presents the strain distributions at the mid-span
section of the glulam-CLT composite floor, where ¢ is the
strain and h is the section height. The strain distribution
along the height direction of the mid-span section of the
floor beam was essentially linear, indicating a linear strain
profile. The strain distribution of the composite section
satisfied the plane section assumption. However, as the
load increased, the relative slips occurred between the
glulam beams and the CLT flange, which caused the strain
distribution of the composite section to deviate from the
assumption of a plane section. Nevertheless, the strain dis-
tribution of the CLT flange and the glulam beam individu-
ally still satisfied the assumption of a plane section. With
the increase in load, the neutral axis of the glulam beam
showed a downward shift toward the center of the beam,
whereas the neutral axis of the CLT flange displayed an
upward movement toward the center of the flange. Conse-
quently, these changes in neutral axis positions resulted in
a discontinuous and less uniform strain distribution within
the composite section. As the load further increased, the
discontinuity in the strain distribution became more pro-
nounced. Overall, the plane section assumption of the com-
posite section was initially satisfied but became invalid as
the load increased, resulting in notable changes in the
strain distribution and the positions of the neutral axis of
the glulam members and CLT flange.

The longitudinal strain distribution of the CLT flange
along the width direction of the composite floor is shown
in Figure 9, where ¢ is the strain and x. is the distance from
the section to the flange center. In the early loading stage,
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Figure 9: Longitudinal strain distribution of the CLT flange. (a) Mid-span and (b) quarter-span.
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the longitudinal strain of the CLT flange showed a uniform
distribution along the width direction, indicating relatively
uniform stress in the flange. However, as the load increased,
the longitudinal strain of the CLT flange increased dramati-
cally due to the development of wood cracks. The growth of
compressive stress in the entire compression flange of the
composite floor was not synchronous, and the compressive
stresses in the flange sides were smaller than the compressive
stress in the upper compression zone of the glulam beam. The
longitudinal strain distribution of the CLT flange exhibited a
curved pattern along the width direction. This behavior was
attributed to the shear deformations and the shear lag effects
within the CLT flange. These effects resulted in higher strain
values at the mid-span of the CLT flange compared to the
quarter-span of the flange. Overall, the strain distribution
was initially uniform, but it became curved along the width
direction with the increase in the load. These findings pro-
vided valuable insights into the behavior of the CLT flange
under load and emphasized the non-uniform stress distribu-
tion caused by shear lag effects.

4 Theoretical methods for flexural
performance of composite floor

4.1 Bending stiffness of composite floor

The test results showed that the growth of compressive
stress in the entire compression flange of the composite
floor was not synchronous, and the compressive stresses
in the flange section on both sides were smaller than the
compressive stress in the upper compression zone of
the glulam beam. The longitudinal strain distribution of
the CLT flange exhibited a curved pattern along the width
direction due to the shear deformations and the shear lag
effects within the CLT flange. To account for the impact of
uneven distribution of the compressive stresses on the CLT
flange, the effective width of the CLT flange b was adopted.
It was assumed that the compressive stresses were uniformly
distributed within the effective width range, while the com-
pressive stress outside this range was not considered. The
effective flange width in T-section bending members can be
determined by the simplified calculation method [31].

l
begr = min [bz + Z, b, + Sn’, ()]

where b, = beam width; [ = beam span; and s, = clear
distance between the rib beams.
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In order to consider the impact of joint work between
the glulam beams and CLT flange on the mechanical per-
formance of the floor beams, the floor beams in the glulam-
CLT composite floor can be calculated and analyzed according
to a T-shaped section beam. The complex M-shaped section of
the composite floor was simplified as a T-section composite
beam. The glulam-CLT composite floor with flexible connec-
tors was treated as a partially connected composite structural
system. The interface slips between the glulam beam and CLT
flange significantly affected the flexural rigidity of the compo-
site floor. Currently, the linear-elastic calculation method is
widely used in designing the composite beams with flexible
connectors. It was assumed that the mechanical properties of the
CLT flange, glulam members, and shear connectors remained
within the linear-elastic range until the glulam beam was
damaged. Eurocode 5 [32] presented a simplified calculation
method to predict the flexural rigidity of the composite
beam with a partial shear connection. This method consid-
ered the effects of interface slip and the linear-elastic beha-
vior of the materials to estimate the flexural rigidity of the
glulam-CLT composite floor (Figure 10).

ElLg = Eily + Exb + Y EvA10® + y,EsAr 0%, 2
-1
N 1+ % ’ ®3)
= ViE1A1(h/2 + hy/f2) @
NEidr + y,EAy
M = % - a, (5)

where El.g is the flexural rigidity of composite beam; E; is
the elastic modulus of the CLT flange; E, is the elastic mod-
ulus of the glulam beam; I; is the inertia moment of the CLT
flange; I, is the inertia moment of the glulam beam; 4, is
the cross-sectional area of the CLT flange; A, is the cross-
sectional area of the glulam beam; K; is the shear stiffness
of shear connections; s is the spacing of shear connections;
l is the beam length; y; is the connection efficiency factor

CLT slab(E,, 1} A))

b, oM
Glulam beam (£, I, 4,)

Oy, N Oy mt Oy N

Figure 10: Sectional stress analysis of the glulam-CLT composite floor.



DE GRUYTER

Table 1: Comparison between the experimental results and calculated
results of the mid-span deflection

Ref. Specimens Test Theoretical A/A,
4, (mm) 4. (mm)
This study  GCF-1 15.0 12.6 1.19
[29] (@ 25.6 27.0 0.95
Q 25.6 24.8 1.03
D1 25.6 25.4 1.01
D2 25.6 22.8 112
E1 25.6 25.2 1.02
E2 25.6 24.5 1.05
F1 25.6 27.3 0.94
F2 25.6 23.7 1.08
[33] B#1 15.0 14.6 0.89
B#2 15.0 14.8 1.00
B#3 15.0 14.6 0.82
B#4 15.0 15.1 1.07
Mean value 1.01
Coefficient of variation (%) 9.4

for the CLT flange; and y, is the connection efficiency factor
for the timber beam, y, = 1.

Table 1 illustrates the comparison between the experi-
mental results and theoretical results of the mid-span
deflection of the composite floors, where 4 is the experi-
mental result of mid-span deflection under the service-
ability limit state, A, = 1/250; A, is the theoretical result of
mid-span deflection. The average value of A/A. for the
calculation method is 1.01, with a coefficient of variation
of 9.4%. It was observed that the analytical approach used
for determining the flexural rigidity of the glulam-CLT
composite floors was valid and provided accurate estima-
tions. Additionally, the calculation model for the bending
stiffness of glulam-CLT composite floor took into account
various factors such as material properties, cross-sectional
dimensions of components and shear performance of shear
connections. This method could provide a certain theoretical
foundation for the design of glulam-CLT composite floor.

4.2 Flexural bearing capacity of
composite floor

The linear-elastic calculation method has been extensively
employed for determining the ultimate bearing capacity of
the wood beams. It was assumed that mechanical proper-
ties of the CLT flange, wood members, and shear connec-
tors remained within the linear-elastic range until the
glulam beam was damaged. Accordingly, the flexural capa-
city of the composite beam is predicted based on the
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ultimate limit state of wood beam, CLT flange, and shear
connection. Once the bending stiffness of the glulam-CLT
composite floor is determined, the normal stress of the
wood beam and CLT flange can be calculated as follows:

hE
Bending stress: gy p(x) = £M;(x) Lt ;
2ET s
(6
020 = ML
Z,M =V ZEIeff’
Ey,a
Axial stress: oy y(x) = ~Mi(x) i 1;
Elerr ™
o) = M) 22
Z,N 14 EIeff )

where oy 5(x) is the flexural stress of the CLT flange; 6 3/(x)
is the flexural stress of the glulam beam; o; p(X) is the axial
stress of the CLT flange; o, p(X) is the axial stress of the
glulam beam; h, is the height of the CLT flange; and h; is
the height of the glulam beam.

The ultimate limit state of the CLT flange under
combined bending and compressive stress can be deter-
mined by

oy u(x) + oyn(x) < f. ®

The ultimate limit state of wood beam under combined
bending and tensile stress can be determined by

Oy, m(X) . gy n(X) < 10. ©

A fi

The ultimate limit state of shear connection is deter-
mined as follows:

ViE1A1ais(X)

T(x) =
) Eleg

V(x) < Ty, 10)
where f; is the compressive strength of CLT; f;, is the
bending strength of glulam; f; is the tensile strength of
glulam; and Ty is the load carrying capacity of shear
connection.

Table 2 illustrates the comparisons between the experi-
mental results and theoretical results of the ultimate bearing
capacity of the glulam-CLT composite floors, where F,; is the
experimental result of ultimate bearing capacity; F, is the
theoretical result of ultimate bearing capacity. The comparison
results showed that the mean ratio between the experimental
results and theoretical results was 1.02, and the coefficient of
variation was 12.8%. It indicated that the analytical approach
used for determining the ultimate bearing capacity of the
glulam-CLT composite floors was proved to be accurate and
reliable. In addition, the calculation method for the bending
bearing capacity of glulam-CLT composite floor took into
account various factors such as material properties,
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Table 2: Comparison between the experimental and theoretical results
of flexural bearing capacity

Ref. Specimens Test Theoretical My ./
My (KN-m) M, c (kN-m) My,
This study  GCF-1 26.8 31.0 0.86
[29] (@ 28.80 25.9 11
(@) 23.68 20.4 1.16
D1 40.00 36.4 1.10
D2 33.92 354 0.96
E1 18.53 20.6 0.90
E2 17.06 20.2 0.85
F1 21.60 20.9 1.04
F2 17.60 20.6 0.86
[33] B#1 26.3 20.1 1.30
B#2 25.6 23.3 1.10
B#3 243 24.0 1.01
B#4 26.6 27.4 0.97
Mean value 1.02
Coefficient of variation (%) 12.8

cross-sectional dimensions of components and shear
performance of shear connections. This method could
provide a certain theoretical foundation for the design
of glulam-CLT composite floor.

5 Conclusion

Based on the bending test of the glulam-CLT composite
floor with screw connections, the study comprehensively
analyzed the failure mechanism, load-deflection behavior,
interface slip and strain distribution of the glulam-CLT
composite floor. The test results of the composite floor
indicated that the failure mode was tensile fracture of
the glulam beams at the bottom. The cracks along the long-
itudinal direction occurred on the CLT flange near the
loading points, as well as the cracks along the width direc-
tion of the CLT flange in the middle portion. At the early
loading stage, the relative slips first appeared at the end
interface of the composite beams. As the load increased,
the relative slips extended toward the mid-span, and the
rate of increase in relative slip gradually increased.
During the early stage of loading, the glulam-CLT com-
posite floor exhibited linear deflection deformation with
the increase in the applied loads. When the load reached
about 85% of the maximum load, the deflection curve
exhibited a nonlinear increase with further applied load.
It indicated a reduction in the flexural rigidity of the
glulam-CLT composite floor. This behavior could be attrib-
uted to a decrease in the shear stiffness of screw connec-
tions and an overall decline in composite action between

DE GRUYTER

the glulam members and the CLT flange. In addition, as the
load increased, the deflection deformation of the mid-span
beam exceeded that of the edge beam. When the load
reached its ultimate limit, the deflection deformation of
the mid-span beam increased by 14.4% compared to the
edge beam.

The plane section assumption of the composite section
was initially satisfied but became invalid as the load
increased, resulting in notable changes in the strain distri-
bution and the positions of the neutral axis of the glulam
members and CLT flange. As the load increased, the long-
itudinal strain of the CLT flange increased dramatically
due to the development of wood cracks. The longitudinal
strain distribution of the CLT flange exhibited a curved
pattern along the width direction. This behavior was attrib-
uted to the shear deformations and the shear lag effects
within the CLT flange.

Furthermore, the M-shaped section of the glulam-CLT
composite floor was simplified as T-section composite beams
to calculate the bending performance of the composite floor.
The linear-elastic method for determining the flexural rigidity
and ultimate bearing capacity of the glulam-CLT composite
floors was proved to be accurate and reliable.

The finite element analysis on the glulam-CLT compo-
site floor will be conducted to study the influences of the
shear connection ratio, shear connection type, width, and
thickness of CLT flange. Push-out tests will be performed to
investigate the mechanical performance of shear connec-
tors in the glulam-CLT composite floor. The effects of dowel
diameter, embedding length of dowel and shear connec-
tion type on the shear behavior will be studied.

Acknowledgments: The authors appreciate the support
from the Laboratory of Structural and Bridge Engineering,
Nanjing Tech University.

Funding information: The research was supported by
National Natural Science Foundation of China (No. 52208257),
Natural Science Foundation of Colleges and Universities of
Jiangsu Province (22KJB560023), and China Postdoctoral
Science Foundation (2023M731711).

Author contributions: Hao Du: writing — original draft,
project administration, methodology, investigation, funding
acquisition, and validation. Gang Chen: validation, investiga-
tion, and data curation. Weijie Fu: data curation and valida-
tion. Xiamin Hu: Writing — review and editing and supervi-
sion. All authors have accepted responsibility for the entire
content of this manuscript and approved its submission.

Conflict of interest: The authors state no conflict of interest.



DE GRUYTER

Data availability statement: The datasets generated during
and/or analyzed during the current study are available from
the corresponding author upon reasonable request.

References

[

[2]

E)

[4]

[3]

[6]

71

[8]

[9

[10]

[l

2]

3]

[14]

Himes, A. and G. Busby. Wood buildings as a climate solution.
Developments in the Built Environment, Vol. 4, 2020, id. 100030.

Li, H., Y. Wei, L. Yan, E. S. Katherine, and C. Dai. In-plane com-
pressive behavior of short cross-laminated bamboo and timber.
Industrial Crops & Products, Vol. 200, 2023, id. 116807.

Pastori, S., E. Sergio Mazzucchelli, and M. Wallhagen. Hybrid
timber-based structures: A state of the art review. Construction and
Building Materials, Vol. 359, 2022, id. 129505.

Ayanleye, S., K. Udele, V. Nasir, X. Zhang, and H. Militz. Durability
and protection of mass timber structures: A review. journal of
Building Engineering, Vol. 46, 2022, id. 103731.

Zhao, K., Y. Wei, S. Chen, Y. Lin, and L. Huang. Bending properties
and design strength of reconstituted bamboo at different tem-
peratures. Polymer Composites, Vol. 44, No. 3, 2023, pp. 1822-1835.
Chen, F., M. Li, and Z. Li. Self-centering mass timber structures: A
review on recent research progress. Engineering Structures,

Vol. 303, 2024, id. 117474.

Uwizeyimana, P., M. Perrin, and F. Eyma. Moisture monitoring in
glulam timber structures with embedded resistive sensors: study
of influence parameters. Wood Science and Technology, Vol. 54,
No. 6, 2020, pp. 1463-1478.

Sun, X., M. He, and Z. Li. Novel engineered wood and bamboo
composites for structural applications: State-of-art of manufac-
turing technology and mechanical performance evaluation.
Construction and Building Materials, Vol. 249, 2020, id. 118751.

Du, H., X. Hu, Z. Xie, and Y. Meng. Experimental and analytical
investigation on fire resistance of glulam-concrete composite
beams. Journal of Building Engineering, Vol. 44, 2021, id. 103244.
Brandner, R., G. Flatscher, A. Ringhofer, G. Schickhofer, and A.
Thiel. Cross laminated timber (CLT): overview and development.
European Journal of Wood and Wood Products, Vol. 74, No. 3, 2016,
pp. 331-351.

Brown, J. R., M. Li, T. Tannert, and D. Moroder. Experimental study
on orthogonal joints in cross-laminated timber with self-tapping
screws installed with mixed angles. Engineering Structures, Vol. 228,
2021, id. 111560.

Flatscher, G. and G. Schickhofer. Shaking-table test of a cross-
laminated timber structure. Structures and Buildings, Vol. 168,

No. 11, 2015, pp. 878-888.

Li, H., Y. Wei, L. Yan, E. S. Katherine, and C. Dai. Structural behavior
of steel dowel strengthened cross-laminated bamboo and timber
beams. Composite Structures, Vol. 318, 2023, id. 117111.
Stiirzenbecher, R., K. Hofstetter, and J. Eberhardsteiner. Structural
design of cross laminated timber (CLT) by advanced plate theories.
Composites Science and Technology, Vol. 70, No. 9, 2010, pp. 1368-1379.

Study on bending performance of prefabricated glulam-CLT composite floor

(3]

[16]

07

(18]

9l

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

31

[32]

[33]

-—_ 1"

Du, H., J. Mei, W. Fu, and X. Hu. Experimental research on bending
performance of wood-concrete composite slab with screw con-
nections. Bioresources, Vol. 19, No. 1, 2024, pp. 1558-1570.
Filiatrault, A., D. Fischer, B. Folz, and C. M. Uang. Experimental para-
metric study on the in-plane stiffness of wood diaphragms. Canadian
Journal of Civil Engineering, Vol. 29, No. 4, 2002, pp. 554-566.

James, W. B. Horizontal stiffness of wood diaphragms, Virginia
Polytechnic Institute and State University, Blacksburg, 2005.
Baldessari, C. In-plane behaviour of differently refurbished timber
floors, University of Trento, Trento, 2010.

Aicher, S. and C. Stritzke. Novel lightweight timber composite ele-
ment: web design in shear and compression. Materials and Joints in
Timber Structures, Vol. 9, 2014, pp. 135-148.

Gavric, 1., M. Fragiacomo, and A. Ceccotti. Cyclic behavior of CLT
wall systems: experimental tests and analytical prediction models.
Journal of Structural Engineering, Vol. 141, No. 11, 2015, id. 04015034.
Izzi, M., D. Casagrande, S. Bezzi, D. Pasca, M. Follesa, and R. Tomasi.
Seismic behaviour of cross-laminated timber structures: A state-of-
the-art review. Engineering Structures, Vol. 170, 2018, pp. 42-52.
Blass, H. J. and P. Fellmoser. Design of solid wood panels with cross
layers. WCTE 2004-World Conference on Timber Engineering, Lahti,
Finland, 2004.

Bejtka, I. and F. Lam. Cross laminated timber as innovative building
material. Proceedings of the Canadian Society for Civil Engineering
(CSCE) annual conference, Quebec City, Canada, 2008.

Wang, Z., M. Gong, and Y. Chui. Mechanical properties of laminated
strand lumber and hybrid cross-laminated timber. Construction and
Building Materials, Vol. 101, 2015, pp. 622-627.

He, M., X. Sun, and Z. Li. Bending and compressive properties of
cross-laminated timber (CLT) panels made from Canadian hemlock.
Construction and Building Materials, Vol. 185, 2018, pp. 175-183.
Vessby, J., B. Enquist, H. Petersson, and T. Alsmarker. Experimental
study of cross-laminated timber wall panels. European journal of
Wood and Wood Products, Vol. 67, No. 2, 2009, pp. 211-218.
Ringhofer, A., R. Brandner, and H. J. BlaR. Cross laminated timber
(CLT): Design approaches for dowel-type fasteners and connec-
tions. Engineering Structures, Vol. 171, 2018, pp. 849-861.

Zhang, C., R. Harris, and W. Chang. Strain distribution of dowel-
type connections reinforced with self-tapping screws. journal of
Materials in Civil Engineering, Vol. 32, No. 1, 2020, id. 04019319.
Giongo, L., G. Schiro, K. Walsh, and D. Riccadonna. Experimental
testing of pre-stressed timber-to-timber composite (TTC) floors.
Engineering Structures, Vol. 201, 2019, id. 109808.

GB/T 15777. Method for determination of the modulus of elasticity in
compression parallel to grain of wood, Standards Press of China,
China, 2017.

EN 1994-1-1: 2004. Eurocode 4: design of composite steel and concrete
structures Part 1-1: General rules and rules for buildings, European
Committee for Standardization, Brussels, Belgium, 2004.

EN 1995-1-1. Eurocode 5: Design of timber structures-Part 1-1: General
rules and rules for buildings, European Committee for
Standardization, Brussels, Belgium, 2004.

Bedon, C. and M. Fragiacomo. Numerical analysis of timber-to-
timber joints and composite beams with inclined self-tapping
screws. Composite Structures, Vol. 207, 2019, pp. 13-28.



	1 Introduction
	2 Bending test
	2.1 Glulam-CLT composite floor specimen
	2.2 Test setup and loading process

	3 Bending test results
	3.1 Test phenomenon and failure mechanism
	3.2 Load-deflection behavior
	3.3 Interface slip
	3.4 Strain distribution of composite floor

	4 Theoretical methods for flexural performance of composite floor
	4.1 Bending stiffness of composite floor
	4.2 Flexural bearing capacity of composite floor

	5 Conclusion
	Acknowledgments
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /ENU (Versita Adobe Distiller Settings for Adobe Acrobat v6)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


