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Abstract: A cold-formed, thin-walled steel/fast-growing timber composite system has recently been
presented for low-rise buildings. It aims to increase the use of fast-growing wood as a green building
material in structures, thus contributing to the transformation of traditional buildings. This study
proposed a composite I-beam combined with fast-growing radiata pine and cold-formed thin-walled
U-shaped steel. A four-point bending test was used to measure the bending properties of steel-timber
composite I-beams under various connection methods. Based on experimental results, this study
examined the specimen’s failure mechanism, mechanical properties, and strain development. In
addition, a method for calculating flexural bearing capacity based on the superposition principle
and transformed section method was suggested. It is evident from the results that fast-growing
timber and cold-formed thin-walled steel can have significant composite effects. Different connecting
methods significantly impact beams’ failure mode, stiffness, and bearing capacity. Furthermore, the
theoretical method for calculating the flexural bearing capacity of composite beams differs from the
test value by less than 10%. This paper’s research encourages the applications of fast-growing wood
as light residential components, and it serves as a reference for the development, production, and
engineering of steel-timber composite structural systems.

Keywords: bending performance; cold-formed thin-walled steel; composite beam; fast-growing
timber; glue connection; mechanical connection

1. Introduction

Steel, timber, and concrete are currently common structural materials. Steel has high
strength and ductility. Cold-formed thin-walled steel is widely used because of its high
strength-to-weight ratio and flexible cross-section. Unfortunately, it is limited due to the
issue of stability, which can easily lead to buckling failure. Similarly, steel and timber
both exhibit good seismic performance [1]. On the other hand, timber features light, high
toughness, low energy consumption, and aesthetics [2]. Timber is wood that is processed
into lumber with a regular shape. In China, Pinus sylvestris, spruce, larch, and Douglas
fir are common wood species on the engineering market that produce highly graded
and relatively high-quality lumber. Many studies have explored their use as sawn or
engineered timber (CLT, OSB, LVL) in the main areas of building structures [3-6]. Fast-
growing woods (such as radial pine, fir, and poplar) offer a potential application prospect in
other raw woods. These fast-growing species have low to high densities (0.18~0.86 kg/m?)
and fiber lengths similar to softwoods [7]. They have a short growth cycle (about 1 to
10 years), a short harvest time, a life expectancy of 20-25 years, and lower market prices
than commercial tree species [8,9], and they have served as the main species planted in
plantation forests [10]. Notably, many of these species can adapt to low-nutrient, dry, and
erodible soils, providing additional financial and environmental benefits from harsher
environments [11]. However, fast-growing species have more negative properties on wood
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quality than non-fast-growing species, such as shorter fiber length, more significant growth
stress [12], reduced strength and durability, more defects, loose and uneven texture, and
deformation of logs or stock wood [13-15]. These characteristics limit their engineering
applications in building structures.

To fully utilize the advantages of fast-growing woods and cold-formed thin-walled
steel, one can combine the two materials to create a steel-timber composite system. In
this structure, the steel may compensate for timber’s local defects and improve the overall
mechanical properties and stability, while the timber serves as the steel’s lateral support
and prevents the steel from buckling [16]. Furthermore, the timber also enhances the
aesthetics of the building and the comfort of the dwelling [17]. Thus, the cold-formed thin-
walled steel/fast-growing timber composite structure is a good choice for future village
building growth. Among building elements, steel-timber composite beams have shown
high potential in future engineering [18]. Compared to a steel beam, less material cost
is needed to obtain the same bearing capacity [19]. Previously, steel-timber composite
beams were created by applying steel elements to pre-existing timber constructions” tension
and compression zones. These composite beams successfully lower deflection and raised
load capacity [20,21]. This reinforcement can be rod [22-24] and wire [25] and may be
bonded or screwed steel plates [6,26-28]. Making steel and timber as a unified component
is another design idea. Steel has significant bearing capacities, and wood laterally supports
steel. The steel sandwich beam, sometimes called the Flitch beam, is the ancestor of this
type of component [29]. This composite beam can also be built with steel sections [30,31].
Research and technical applications continually advance the innovations of the composite
beam consisting of section steel and timber [32]. The steel types used in steel-timber
composite beams are divided into cold-formed steel [33,34] and hot-rolled steel [35,36].
Hassanieh [35] tested the bending performance of H-shaped steel—LVL board composite
beams (STC) fastened with adhesive, screws, or bolts. It was discovered that applying glue
in conjunction with mechanical connectors can provide a near-full composite action in STC
beams and significantly increase the initial stiffness of STC connections and STC beams.
Kyvelou [37-39] proposed a composite beam consisting of oriented strand board (OSB)
and cold-formed steel. Several studies were conducted on the beam’s overall structural
performance to demonstrate the significant composite effect of the two materials. The
results indicate satisfactory mechanical properties of the combined beam and the feasibility
of potential engineering extension. Based on the current research, it can be found that
the possibility of adapting fast-growing wood to these steels has been little presented
and studied.

In addition to the material property, the connection performance between steel and
timber also affects the mechanical property of the steel-timber composite beam [40]. Steel-
timber composite beams are frequently connected using fasteners (bolts, screws), adhesives,
etc. [41]. They can be separated into non-connection, partial composite, and complete
composite styles according to the degree of inter-layer slippage [42]. While the mechanical
connection is considered partially composite, the adhesive-bonded connection is thought
to transmit force more continuously and thus is considered as a nearly complete com-
posite [18]. The shear test results were commonly used in numerous studies [43—46] to
characterize the stiffness, load-slippage, and bearing capacity of the connection interface
in steel-timber composite beams. According to research by Hassanieh et al. [43], bolted
connections demonstrated a ductile reaction when it came to the load slippage response
of steel CLT connections. Compared to screw and bolt connections, adhesive connections
were more rigid and had a greater peak load, but they also experienced brittle failure. In
order to assess the stiffness, failure mode, and load slippage of shear connections between
plywood (particle board) and steel using self-drilling self-tapping screws, Vella et al. [47]
performed a push-out test. In an experimental study on the bolt and self-tapping screw
connections of H-shaped steel larch-bonded wood composite beams, Yang et al. [48] found
that self-drilling self-tapping screw connectors offer higher stiffness and more ductility
compared to bolted connections. Chen et al. [49-51] showed that it is feasible to apply



Forests 2024, 15, 857

30f22

self-tapping screw connections to cold-formed thin-walled steel fast-growing timber com-
posite structural systems. They performed experimental and numerical studies on the
performance of hexagonal self-drilling self-tapping screw connections and proposed a
method for calculating screw bearing capacity and a simplified load-slippage model.

In the current study, steel-timber composite beams are examined, emphasizing their
use in high-rise structures. Engineering timber and thick steel are the primary materials,
whereas fast-growing wood is utilized less frequently. A single connection method, such
as adhesive or bolt, is most common, with hybrid methods being rare. As rural houses
undergo ecological and assembly transformations, combining cold-formed thin-walled
steel and fast-growing timbers is an ideal option for low-rise dwellings [3]. This paper
designed a cold-formed thin-walled steel/fast growing timber composite beam. Fifteen
specimens were tested using the four-point bending method, exploring failure modes,
mechanical properties, and strain distribution under various connections. The experiment
results compared the performance of beams joined by self-tapping screws, bolts, adhesives,
and hybrid connections. Additionally, the study considered interface slippage’s impact on
beam mechanics, proposing a simplified model to estimate elastic and ultimate flexural
bearing capacity. This work aims to guide composite beam design and construction,
advance steel-timber composite structures, and promote the use of fast-growing woods in
lightweight residences.

2. Materials and Methods
2.1. Specimen Details

The 2700 mm X 138 mm x 214 mm (Length x Width x Height) cold-formed thin-
walled steel/fast-growing timber composite beams are made up of two thin-walled U-beams
(138 mm x 50 mm x 1.5 mm) and three timber boards (2700 mm x 138 mm x 38 mm),
which are fastened together with glues, self-tapping screws, bolts, and timber screws. New
Zealand radiata pine was chosen as the wood material, and the timber was cut into sawn
boards and dried to reduce the moisture content to the required level. To investigate the
impact of distinct connecting methods on the combined qualities of steel and wood in
composite beams, five specimen groups—three parallel specimens for each group—were
created as follows: S for self-tapping screw connection, B for bolt connection, A for adhe-
sive connection, SA for screwed—adhesive hybrid connection, and BA for bolted—-adhesive
hybrid connection. Table 1 presents the connection parameters and description of each
specimen group.

The U-section steel and timber boards were spliced and temporarily fastened with
carpenter clamps during the processing and manufacturing of the steel-timber composite
beams, following the bolt hole’s marking and the strain gauge’s installation. After that,
H-section steel and wood were machined to have pre-drilled holes with a 6 mm diameter
for the flange and a 7 mm diameter for the web. Bolts were then inserted from the timber’s
pre-drilled holes into the steel’s pre-drilled holes, and a consistent pre-tightening force was
applied. For the S group, after splicing and fixing, the self-tapping screws were driven
from the designated location and secured with an electric drill to make the connection.
For the A, SA, and BA groups with adhesive, the angle grinder with abrasive paper was
used to polish the surface of the steel plate and wood for the specimen that was glued
together to guarantee a tight fit between the two materials. After removing the steel’s
galvanized layer, 100% ethyl alcohol and gauze were used to clean the steel’s surface.
Steel and timber splicing surfaces were uniformly coated with two-component epoxy
resin structural adhesive and then secured with carpenter clamps. Bolts or self-tapping
screws were installed before the adhesive hardened. Then, the clamping degree of the
woodworking was adjusted to maintain uniform clamping, the adhesive layer was left to
solidify for 48 hours, and specimens were kept in conservation for at least seven days. The
production and processing of beams of the BA group are depicted in Figure 1.
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Table 1. Design description of steel-timber composite beams used in the experimental setup.

Connection Method
No. Steel-Timber Steel-Timber Timber-Timber Normal Section Number
Connection at Web Connection at Flanges ~ Connection at Flanges
Self-tapping screws
Screws, 8T4.6x60 mm
M3.0x70 mm
Fast-growing Radiata pine, \
138%38 mm P —
S Screwed Screwed Screwed s 3
Thin-walled U-shaped steel
138 =50 =15 mm
olts, Mb.0x60 mm
Self-tapping screws,
Screws, ST4.6x60 mm
Fast-growing Radiata p@é‘? 070 mm
138%38 mm
B Bolted Bolted Screwed 3
- Thin-walled U-shaped steel
Adhesive 138 x50 x1.5 mm
Bolts, M6.0x60 mm
Screws, Bolts, M5.0x50 mm
M3 0=70 mm
Fast-growing Radiata pine, \
138%38 mm NPT Sy~
A Adhesive Adhesive Adhesive TS 3

Thin-walled U-shaped steel
138 =50 =1.5 mm
Bolts, M5.0x60 mm




Forests 2024, 15, 857 5o0f22

Table 1. Cont.

Connection Method
No. Steel-Timber Steel-Timber Timber-Timber Normal Section Number
Connection at Web Connection at Flanges ~ Connection at Flanges
Screws
! Bolts, M5.0x50 mm
Fast-growing Radiata pine M3.0x70 mm
138=38 mm
SA Screwed-adhesive Screwed-adhesive Screwed-adhesive 3
Adhesive Thin-walled U-shaped steel
138 =350 =1.5 mm
Bolts, M6.0x60 mm
Fast-growing Radiata pine
138%38 mm
BA Bolted-adhesive Bolted-adhesive Screwed-adhesive 3

Adhesve Thin-walled U-shaped steel

138 =30 »1.5 mm
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2. Fixed components, positioning holes and . and imber

pre drilling at web and flanges gluing at web

7. Clamping, curing and conservation 6. Bolt installation at 5. Steel and timber gluing at 4. Bolts installation
flanges flanges at web

Figure 1. Manufacturing process.

2.2. Material Tests
2.2.1. Steel

Based on GB/T228.1-2021 [52], the steel properties were acquired as listed in Table 2
by taking samples from the same batch of 1.5 mm thick Q235B steel plates (Shelter, Wuging
District, Tianjin, China) used for composite beams. Three standard specimens were created
to calculate the average value of the specimen groups. The steel material test is shown in
Table 2.

Table 2. Steel material properties.

t (mm) Es (MPa) U f; (MPa) f; (MPa)
15 198.3 0.29 324.0 399.0

Note: t denotes the thickness of the steel, Es denotes the elastic modulus, vs denotes Poisson’s ratio, f;,‘ denotes
the yield strength, and f;, denotes the tensile strength.

2.2.2. Fast-Growing Timber Board

New Zealand radiata pine logs, aged approximately 8-10 years, were sourced to craft
the timber boards for all beam specimens, which were prepared by grinding and polishing
for this study. Based on GB 50005-2017 [53], GB/T 1943-2009 [54], GB/T 1939-2009 [55],
GB/T 15777-2017 [56], and GB 1928-2009 [57], the elastic constant and compression strength
of this fast-growing wood were obtained; see Figure 2. The samples for the wood material
properties test were cut from sawn timber boards used to make composite beams (avoiding
parts near the wood core). The compressive modulus of the wood was determined by
calculating the ratio of stress to strain over a range of proportional ultimate stresses. The
Poisson’s ratio yrr, pirr and prr was obtained by calculating the ratio of axial strain to trans-
verse strain. Twelve samples of radiata pine, each measuring 60 mm x 20 mm X 20 mm,
were prepared and weighed. The density of the wood was measured and calculated by
means of an electronic scale (410 kg/m3, accuracy of 0.1 g). An induction wood moisture
tester (accuracy + 1.5%) measured the moisture content, and the average value of small
pieces of wood sampled at different locations of the timber boards after drying was 11.8%,
which complies with the requirements of GB/T 50329 [58]. The sapwood of radiata pine
has a pH of 4.8, according to the information provided by the producer. All results are
summarized in Table 3.
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Figure 2. Material test. (a) Wood Moisture content and density test. (b) Wood elastic constant test.
(c) Wood strength test. (d) Steel Material test.

Table 3. Timber properties test results.

Elastic Modulus (MPa) Poisson’s Ratio Shear Modulus (MPa) Compressive Strength (MPa)
Er ER Er MLR HLT HRT GLR Grr GRrr oL
6211 353 241 0.37 0.29 0.43 266 176 365 28.1

Note: 07 denotes the longitudinal compressive strength. E;, Eg, and ET denote elastic modulus in three directions.
ULR, MrT, prT and Grr, Grr, Grr denote the Poisson’s ratio and shear modulus in three directions. L indicates
longitudinal direction, R indicates radial direction, and T indicates tangential direction.

2.2.3. Adhesive

The glues used for steel-timber bonding consists of an epoxy resin (E44, 6101) and a
hardener (WRS650) procured by Ailike Co., Ltd. (Ganzhou, Jiangxi Province, China) [59].
The adhesive is suitable for bonding wood and steel. The mixing ratio of the glues is 1:1.
According to the information provided by the manufacturer, the initial curing time at a
room temperature of 23 °C is 6 h, the total curing time is 24 h, and the steel-steel shear
strength is 12 MPa. Given the lack of other relevant adhesive test results, we refer to the
test information of the same component colloids. In refs. [60,61], tensile tests on standard
dumbbell samples of the same component were used to measure the elastic modulus E;,
shear modulus G,, and Poisson’s ratio u,. Table 4 displays the mechanical properties of the
two-component epoxy resin AB adhesive. Previously, the adhesive connection between
cold-formed thin-walled steel and radiata pine timber was analyzed by tensile lap-joint
tests, and their shear strength was measured [62].

Table 4. Adhesive properties.

Adhesive E, (MPa) G, (MPa) u, (GPa)
Ailike 2330 890 0.37

2.2.4. Fasteners

The ST4.8 hexagon head self-tapping screw, which has a length of 60 mm and is
composed of SWCH22A (carbon steel for cold pressing), was used for the steel-timber
connection. The M3.0 cross countersunk head wood screws measuring 60 mm in length
were used to join the flange timber and web timber. The shear and bending tests of self-
tapping screws were carried out by GJB 715.24 A-2002 [63] and GB/T 232-2010 [64]. Three
parallel experiments were conducted, and the average value was taken; specific details
can be found in previous work [3,50]. The experimental results show that the average
shear force of self-tapping screws is 7.6 kN, and the average ultimate bending moment
is 11.34 kN-mm. The web adopted M6 (6 mm, grade 4.8) bolts, and the flange adopted
M5 (5 mm, grade 4.8) bolts. The yield strength of the bolts is 320 MPa, and the ultimate
strength is 400 MPa [3,65].
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2.3. Test Setup and Instrumentation

A 500t electro-hydraulic servo control testing machine was used for the test. The
test employed a distribution beam for vertical loading and a four-point bending loading
method. The loading device is displayed in Figure 3a,c. The testing machine’s pressure
sensor detected the load. Five displacement gauges were positioned at the loading point,
the middle of the beam, and the beam ends. The loading point deflection was measured
with LVDT 1 and LVDT 2, the mid-span deflection was measured with LVDT 3, and the
relative slippage between the steel and timber of the specimens was measured with LVDT
4 and LVDT 5. Additionally, as seen in Figure 3b, several strain gauges were placed on the
timber boards of the upper and lower flanges, the upper and lower flanges of the steel, and
the web of the steel to measure the strain change of the mid-span section. The specimen was
preloaded to 15% of the predicted ultimate bearing capacity and then unloaded to ensure
the test instrument operated correctly before loading. Formal loading involved applying
the displacement at a constant axial compression rate of 1 mm/min. The application of a
constant low displacement rate in the bending test is in consideration of the fact that the
performance of the steel-timber composite beam is mainly affected by the connection and
also for better observation of the interface morphology and characterization of the failure
behavior of the composite beams [66]. The inclusion of an unloading phase in the loading
process reduced the gap in the connection. Every second, the HP-AP data acquisition
system observed and recorded the strain, displacement, and load. The test was terminated
when the specimen’s bearing capacity fell below 80% of the maximum load.

Applied load F IT1

Press machine T2

Distribution beam -—
S1
_ )
Pressure plate Displacement meter
LVDT 4 1S3
Specimen LVDT 5
Support - ' . IS4
S5
LVDT1 LVDT2 LVDT 3 | mm
' 1713
Cushion block
1 T4

(b)

Figure 3. Experimental setup. (a) Layout of loading device and displacement meter. (b) Arrangement
of strain gauge. (c) Field loading device.

2.4. Calculation Method for Flexural Bearing Capacity

The following three fundamental presumptions are put forward in order to calculate
the bearing capacity of steel-timber composite beams under the limit state in this section:

(1) The strain distribution across the mid-span section shows that the deformation of the
mid-span section conforms to the plane section assumption;

(2) The sliding behavior of the interface is neglected when the cold-formed thin-walled
steel and timber boards are bonded;

(3) The sliding behavior of the interface between cold-formed thin-walled steel and timber
boards of composite beams is considered when they are mechanically connected. The
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strain curvature of the flange and web is the same, and the additional stress of the
section caused by sliding is distributed linearly.

The steel of the upper flanges of the mechanical connection beams will locally buckle
as the beam approaches its maximum bearing capacity, causing the upper flange of steel
plate to enter a state of yield and compression failure. In the case of the adhesive composite
beams, the timber of the lower flanges is a failure in tension, and the steel stress in the
upper flanges is still within the elastic range. There is no apparent buckling, the steel strain
in the tensile zone exceeds the yield point. It can be regarded as the section’s maximum
capacity in the absence of any lateral torsional buckling or local buckling. The steel and
timber are nearly complete composite. In other words, it can be considered that the timber
retains its elasticity until the steel section reaches its elastic limit, at which point the bottom
edge of timber boards meets the wood’s strain or stress limit on the maximum load fiber.
The steel goes into the yield state when the member starts to yield. Thus, in this study,
the superposition approach is used to compute the ultimate bearing capacity of composite
beams. In contrast, the conversion section method calculates composite beams’ flexural
elastic bearing capacity. Simultaneously, the bearing capacity is examined in relation to
the steel-timber slippage between the upper and lower flanges. The centroid of the steel
and wood members is situated in the exact location, and the beam in this study has two
symmetrical sections.

The test results showed that when the composite beam was loaded to failure, the strain
of the steel flange in the tension zone exceeded the yield point. To consider the plastic
development of steel, the plastic ratio of the beams is proposed (ys = 1.05). In addition,
slight debonding or cracking of the steel-timber interface at the upper flange occurred.
Thus, timber’s strength reduction coefficient ¢ = 0.95 is proposed [67]. Then, according
to the superposition principle [68,69], the ultimate flexural bearing capacity of the normal
section of the composite beam is obtained as Formula (1):

MY = M} + M <1>
M} = Y10y Wy (2)
M = 7504 Ws (3)

where M} represents the ultimate flexural bearing capacity of the composite section, M}’
represents the bearing capacity of the timber section, MY represents the bearing capacity of
the steel section, o}’ represents the tensile failure stress of the timber, and ¢ represents the
failure stress of the steel of the flanges. W, represents the section modulus of timber. W;
represents the section modulus of steel. In the mechanical connection specimens, when
approaching the peak load, the section of the timber of the upper flanges is yield, and
the steel of the flanges is fully buckled. Therefore, o} refers to the compressive yield
stress of the timber of the upper flanges and ¢ refers to the yield stress of the steel of the
upper flanges.

Mechanical connection composite beams slide at the interface, and the stress on the
surface of the timber of the flanges is not equal to the stress on the surface of the steel flanges,
resulting in strain difference on the upper and lower surfaces of the interface. Therefore, the
bearing capacity MJ? of a mechanical connection can be divided into the difference between
the bearing capacity M} of a complete shear connection and the additional bending moment
AMy generated by sliding. The calculation function (4) is as follows:

M = MY — AM (4)

The elastic flexural bearing capacity of fully shear-connected composite beams can be
calculated through the conversion section method [5] as Formula (5):

M = ! WE + oYW, = o! W¥ + o/ W + oW, )
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where Wf denotes the section modulus of timber transformed section, Ws denotes the

section modulus of inertia of steel section, WJ denotes the section modulus of timber trans-
formed section of the flanges and WY denotes the section modulus of timber transformed
section of the web.

In the elastic case, the yield capacity can be written as Formula (6):

M¢ = MS — AM; 6)

The relationship between the elastic bending moment M and the load value P of the
composite beams is calculated according to the following Formula (7):

M = Pa/2 ()

where a refers to the distance between the loading point and the proximal support. In
addition, AMy can be obtained in Formula (8) by referring to the relevant literature [70]:

h Ay | hhy(Ar — Aw)

AMy = Esde| = 0

(8)

where E; denotes the elastic modulus of steel, Ae refers to the interface strain difference, h
refers to the total height of composite beams, iy refers to the flange height of composite
beams, h; represents the web height of composite beams, Ar represents the cross-section
area of flange of composite beams, and Ay denotes the cross-section area of flange of
composite beams.

3. Test Results and Discussion
3.1. Phenomena and Failure Modes

During the test procedure, there were two common failure types for the specimens
from Groups S and B (see Figure 4a). Failure mode I involved an extreme deflection of the
beams that broke the wood fiber at the bottom of the timber in the lower flanges of the pure
bending section. Early failure of some samples was due to defects such as knots in the wood
on the web. It led to brittle or tensile fracture on the lower side, significantly diminishing the
specimen’s strength. Failure mode II involved deformation and buckling of the section steel
upper flanges (between fasteners) in the pure bending section (Figure 4b). Simultaneously,
most of the specimens’ upper timber boards were crushed in the pure bending portion.
Compression at the flaw caused cracking and damage to certain specimens, resulting in
longitudinal cracks. The fasteners in this area underwent shear deformation due to the
apparent slide of the end connection.

As shown in Figure 4c, the adhesive layer cracking caused the specimens in Group
A to fail, and as the load increased, the debonding area progressively grew. A tiny region
of steel buckling was frequently seen, and the upper flange was partially debonding. The
abrupt release of stress was brought on by the localized cracking of the lower flange wood
boards, which was accompanied by a violent debonding of the steel-timber interface.
Usually, the lower flange’s adhesive failure could expand to the bending—shear section.
Specimen A-2 had a significant debonding area extending to the beam end. Thus, the end
of the degumming specimen experienced some little slippage. The transverse fracture
at mid-span failure and oblique fracture of the timber of the lower flanges constituted
the ultimate failure. The specimens from Group SA and BA that failed are similar to
those from Group A. There was a small-sized debonding at the upper flange, and the
steel yielding accompanied the debonding zone (Figure 4d). The timber in the tensile
region cracked, leading to adhesive failure. However, compared to the specimens of Group
A, the debonding expansion range was substantially narrower because of the fasteners’
limitations; see Figure 4e.
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A-1

—
Oy » 3 1 o i
Large area debonding The steel of thiguppe#
1

flanges yielded locally

Figure 4. Failure phenomena of specimens. (a) The obvious buckling of steel in the upper flanges
of specimens in Group S and Group B. (b) The split or fracture of timber at the lower flanges of
specimens in Groups S and B. (c) Failure characteristics of Group A. (d) The steel buckling and local
debonding of the upper flanges of specimens in Group SA and Group BA. (e) The fracture of the
timber and local debonding at the lower flanges in Group SA and Group BA.

3.2. Bend Performance Analysis
3.2.1. Load-Displacement Curves

Four stages can be distinguished in the loading process for most specimens. Consider
specimen 5-1 as an example: at the early loading time, the beam entered the elastic working
stage after a short initial slip stage. There was minimal specimen deformation, and a linear
relationship existed between the load and the mid-span deflection. As the load increased,
the specimen’s deformation accelerated and reached the elastoplastic stage. The shear
connection was deformed, the interface between the steel and the timber slid visibly, the
upper flange of the cold-formed thin-walled U-shaped steel buckled and separated, and the
upper flange of the composite beam extruded in the mid-span of the beam. The specimens
underwent the plastic deformation stage at the late loading stage, mainly affecting Groups
S and B. The steel started to buckle visibly, and the wood would occasionally crackle with
the sound of broken fibers. In contrast to the preceding stage, the rate of load rise declined,
the beams” mid-span deflection increased, and the curve tended to flatten. The timber
on the upper flange of the composite beams exhibited complete compression yield in the
pure bending section when the load was close to the peak value. The steel plate of the
upper flanges also clearly showed signs of buckling, the shear connectors” deformation
and the slippage of the steel-timber interface were more noticeable, and there was a more
noticeable brittle sound from the fracture of the timber fiber. When the specimens finally
reached the failure stage, the timber boards of the lower flange were entirely fractured, the
curve abruptly dropped, and the timber boards of the upper flange were crushed at the
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time of peak load. The beams were primarily in ductile failure mode. The load-midspan-
displacement curve obtained from the test is shown in Figure 5.

120 T T T 120

Load (kN)
Load (kN)

L L L
0 20 40 60 80 0 20 40 60 80

Midspan displacement (mm) Midspan displacement (mm)

(a) (b)

80

Load (kN)
Load (kN)

0 20 40 60 80

Midspan displacement (mm)

(d)

Load (kN)

Midspan displacement (mm)

(e)

Figure 5. Load-midspan deflection curves for each group of specimens. (a) S group. (b) B group.
(c) A group. (d) SA group. (e) BA group.

The load-midspan displacement curves for the mechanical connection groups (Group
S and Group B) showed relatively consistent bearing capacity, stiffness, and development
trends. However, the specimens (Group SA, BA, and A) using adhesives showed some
differences in strength and displacement, and the curves have no significant inflection
points. It was caused by the artificially treated adhesive interface’s variations in adhesive
strength and bonding quality. Failure of the adhesive in specimen A-2 was abrupt and
global, resulting in loss of combined action and significantly lower peak bearing capacity.
SA-1 and SA-3 show that the self-tapping screw driving process is more likely to degrade
the quality of the adhesive layer before the adhesive cures than placing the bolt. It is a
challenge to manage the interface’s initial interference. The screws could not be adjusted
to ensure uniform curing by adjusting the preload. Conversely, bolts make it easier to
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provide and maintain (and later adjust) this tightening force during the fabrication of the
adhesive layer.

Specifically, the load—midspan displacement curve of the A-2 specimen entered the
yield stage prematurely. Due to the premature overall debonding of the adhesive layer
from the web and lower flange, the load of the specimen rapidly peaked and declined.
In contrast to the ideal curve development of the SA-2, BA-2, and BA-3 specimens when
adequately prepared, the load-carrying performance of the SA-1 and SA-3 specimens is
lower than expected. The brittleness crack at the edge of the tensile flange timber caused
the expectant failure of SA-2 and BA-3. However, the curves of the less desirable specimens
experienced more plastic development, illustrating their incomplete composite interfaces
(similar to Groups B and S); i.e., the adhesive layer failed quickly upon the onset of loading,
which determines a low degree of composite effect in the late period of loading process.
The curve of SA-3 shows similarities with those of Group S, suggesting that the beam
experiencing bond failure quickly transformed into screws as the dominant connection
transferring the forces, exhibiting ductile damage characteristics. The late growth of the
SA-1 curve, which quickly peaked and declined, was due to the premature destruction of
timber boards of lower flange, which underwent a relatively rare defect-induced long axial
through-cracking accompanied by delamination of the timber.

Despite rigorous pre-treatment to ensure bonding quality, two possible reasons can
lead to premature bond failure. Firstly, some fast-growing timber boards have initial
bending or torsional deformation. Although G-shaped fixtures straighten the boards to
ensure the steel is tightly adhered to the timber, it is impossible to avoid initial internal
stresses at the adhesive layers, particularly peeling stresses. The uneven texture of fast-
growing wood results in inconsistent deformation at the various locations under humidity
changes during storage, as shown in Figure 6 below. The second reason is that wood knots
and other significant initial defects of timber are present at the bonding surface. It causes
stress concentration in the timber under load. It may also lead to the concentrated shear
stress or peeling stress of the adhesive layer, resulting in premature failure of the adhesive
layer and rapid expansion of the range of debonding area.

(b)

Figure 6. Timber defects that may affect bonding quality. (a) Initial bending deformation of timber
boards. (b) Small torsional deformation of timber boards. (c¢) Wood knots on bonded surfaces.
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3.2.2. Bearing Capacity

Table 5 displays the mechanical properties of all specimens of the five groups. For
Group S and Group B with small discreteness, the average value of the parallel specimens
was taken for each evaluation indices during the comparative analysis of mechanical
properties. For other groups of specimens that have some discreteness owing to the
influence of adhesive quality and natural defects of timber, the test results of specimen A-1
were taken for group A, the test results of specimen S-2 were taken for group SA, and the
test results of specimen BA-3 were taken for group BA. A comparison of the results of all
the groups is shown in Table 6.

Table 5. Test results of each group.

No. Py Ay Prax Ay P K,
(kN) (mm) (kN) (mm) (kN/mm)
S-1 31.76 2.20 77.46 58.23 26.47 14.44
S-2 31.25 2.11 72.70 52.82 25.03 14.81
S-3 31.40 2.10 70.55 60.88 24.49 14.95
B-1 32.75 1.98 79.52 49.01 24.75 16.54
B-2 31.45 2.30 75.99 60.86 26.46 13.67
B-3 23.52 2.01 66.65 53.93 26.83 11.70
A-1 35.53 1.23 100.10 32.65 23.39 28.89
A-2 38.02 2.10 58.12 24.67 11.75 18.10
A-3 25.95 2.13 81.46 25.96 12.19 12.18
SA-1 20.54 2.22 50.49 46.86 21.11 9.25
SA-2 26.20 1.35 117.99 28.75 21.30 19.41
SA-3 31.12 5.85 67.46 55.01 9.40 5.32
BA-1 28.89 1.83 85.82 41.69 22.78 15.79
BA-2 32.89 1.72 112.96 23.12 13.44 19.12
BA-3 35.73 1.52 117.79 25.94 17.07 23.51

Note: Py denotes the yield load. Ay denotes the yield displacement. Pnax denotes the peak load. A, denotes the
displacement corresponding to the peak load. B denotes the ductility coefficient. Ke denotes the initial stiffness.

Table 6. Comparison of results between each group.

No. Py Ay Pax Ay 8 K,
(kN) (mm) (kN) (mm) (kN/mm)
S-ave 31.47 2.14 73.57 57.31 25.33 14.73
B-ave 28.65 2.10 74.05 54.60 26.01 13.97
A-1 35.53 1.23 100.10 32.65 23.39 28.89
SA-2 26.93 1.35 117.99 28.75 21.30 19.95
BA-3 35.73 1.52 117.79 25.94 17.07 23.51

The findings demonstrate that, compared to Group S and Group B specimens, the
ultimate bearing capacity of Group A specimens increased by 36.06% and 35.18%, respec-
tively. It suggests that the adhesive connection was superior to the mechanical connection
in the composite effect. A single fastener connection could have stabilizing combination
effects of beams, as demonstrated by the generally consistent bearing capacity, rigidity,
and development process of the bolt connection specimen (Group B) and screw connection
specimen (Group S).

The strength of steel and timber can be fully utilized through the hybrid connection
of adhesives and fasteners, significantly increasing the ultimate bearing capacity of com-
posite beams. The specimens A-1, SA-2, and BA-3 showed similar curve development
trends during the elastic and early plastic stages. However, the debonding of A-1 is more
significant than the BA-3, and the stiffness and bearing capacity of the specimens started
to decline slightly. The bearing capacity of the BA-3 specimen was 59.07% higher than
in Group B. Though the elastic bearing capacity at the initial stage of the SA specimen
was not high, the SA-2 specimen had a bearing capacity 60.38% greater than that of the S



Forests 2024, 15, 857

15 of 22

specimens. It is evident from comparing the best adhesive specimens, A-1, SA-2, and BA-3,
that the hybrid connection improved the ultimate bearing capacity by 18% compared with
the adhesive connection. SA-2 and BA-3 exhibit a similar bearing capacity of 117 kN at
optimal connection quality.

3.2.3. Stiffness

The yield displacement Ay is defined as the initial inflection point of the load-displacement
curve. For the curve where the inflection point was negligible, the yield point is found using
the farthest point method [71,72]. The initial stiffness K. of the beam was obtained by taking
the slope of the line between the yield point and the original point. Table 5 presents the results
of K.. In the A, BA, and SA groups, the adhesive connection offered a complete cross-section
composite effect, which could fully play the role of steel and timber’s resistance to deformation,
resulting in a high degree of rigidity during the elastic stage. However, the stiffness at the elastic
stage was lower in the S and B groups because the fastener connection was localized and had
a low combination efficiency. SA-2 and BA-3 had stiffness values that were 35.4% and 68.3%
greater, respectively, compared to screw and bolt specimens in Group B and S. The hole in
the hybrid connection decreased the area of the initial adhesive interface and weakened the
adhesive’s full-section composite initially. Therefore, compared with the specimens of A-1, the
stiffness values of BA-3 and SA-2 were slightly reduced.

3.2.4. Ductility Analysis

The ductility coefficient j is defined as the displacement ratio corresponding to the
point after the peak load of 80% of the peak load and yield point. This factor is calculated
as Formula (9):

p= 5 ©)
where Au refers to the displacement of the point after the peak load of 80% and Ay refers to
the displacement of the yield point.

Table 5 presents the results, indicating that Group S and Group B had high ductility
(25.33 and 26.01), and the results had a limited dispersion among the parallel groups.
The evident compressive plastic deformation of the timber of the upper flanges of these
specimens illustrated the ductile failure characteristics. The ductility of the adhesive
specimen was less than that of the fastener-connected beams, suggesting that the upper
timber’s plastic characteristics are only limitedly utilized in the adhesive connection. The
failure manifests a sharp decline in bearing capacity after the timber of the lower flanges
initially broke. Compared to the fastener, the adhesive has a more substantial composite
effect. The overall strength and ductility were reduced with a more complete connection
due to the excessively high local stiffness. Additionally, the beams’ strength might be
lost early before wood damage if the shear connections could not withstand slippage.
Simultaneously, the ductility of the A, BA, and SA groups was high discreteness due to
differences in bonding quality.

3.2.5. Load-Strain Response

Figure 7 depicts typical load—strain curves for the beams” midspan section. The
location and name of each strain gauge are shown in Figure 3b. During the test process, it
was observed that the upper part of the composite beam was in compression, while the
lower part was in tension. The point of zero strain was located in the center of the section.
The upper side of the web timber was under compression, whereas the lower side was
under tension. For most beams, strain was directly proportional to load in the linear elastic
range when the load was less than 30 kIN. Once the load exceeded approximately 30 kN, the
specimen entered the elastoplastic range, and the strain varied nonlinearly with the load.
When the bearing capacity surpassed 80% of the peak load, the bearing capacity curves of
S-2, B-1, and A-1 exhibited significant growth or regression features. The maximum strain
of the steel in the elastic stage was typically observed at the steel flanges, while a maximum
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strain of 3.7 x 1073 might be attained at the web in the plastic stage. The top surface of the
timber board in the upper flanges experienced the highest strain, which was 6.5 x 1073.
The curve regression and nonlinear expansion in the late loading stage in Groups B and S
indicate the buckling of steel. The flanges’ timber was mainly stressed during this phase
until it either failed in tension or compressed to yield. In groups SA and BA, the linear
growth at each position approached the peak load, explaining the tensile failure of the
timber in the lower flanges and nearly elastic behavior at other positions.

RS
B-1 A TR

< TI é TI
< —— | 404 — L
9 <
g —T2 ] ——T2
| st | = 30 st |
4 52 - 82
v-- 83 S3
—e-84 [ 207 -84 |
-85 —-e- 85
I, 10 =
T4 T4
0 T T T t T T T 0 T T T t T T T
-4000 -3000 -2000 -1000 0 1000 2000 3000 4000 -4000 -3000 -2000 -1000 0 1000 2000 3000 4000
Strain (pe) Strain (pe)
@8 (b) B
120 L L L s L L L 120 L L
A-1
100 r 100 - r
804 r 80+ o
= 60 —Tl = 60 +
° <
g —T2 3
= S1 =
404 ~-82 | 40 s
=313
+- 84 1
20 -85 b 20 4 H
T4
0 T T T + T T T 0 T T T T T
-4000 -3000 -2000 -1000 0 1000 2000 3000 4000 -7200 -4800 -2400 0 2400 4800 7200
Strain (pe) Strain (pe)
(© A (d) SA
120 L L . L L
BA-3 i v
iy
100 i F
R4
iy
iy
1
80 - e d i; -
= iy
Z i
< 1 .
= 604 Wiy T |
& i g —T2
- |
40 -8 L
v 83
oS4
20 e S5 |
——T3
4 T4
0 T T T T T
-7200 -4800 -2400 0 2400 4800 7200
Strain (pe)
(e) BA

Figure 7. Load-Strain Curve.

The strain distribution along the heights of the midspan sections of the composite
beams under various loads is depicted in Figure 8. Before loading, the load—strain curves for
steel and timber are linear along the heights, consistent with the plane section assumption
that the point of zero strain is close to the section’s center. The strain on the flange’s outer
surface could represent the strain on the flange connection surface due to the relatively thin
steel flange. The strain along the axial direction was measured for steel and wood near the
joint interface of the flange. Relative slippage was minimal at the beginning, so it could be
ignored. During the entire stage of Group B and Group S, the strain curve reached a rapid
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growth stage, presenting at the later stage of the other groups (when the adhesive layer
was damaged). At this interface, the strain difference increased as the load increased, and
the amplitude of the increase also increased. It suggests a considerable amount of relative
slippage between the steel and timber of the flanges with different elastic modulus because
of the locally coupled connection between the steel and the timber.
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Figure 8. Strain distribution in the mid-span section of the beams.

Using specimen A-1 as an example, the excellent bonding integrity between the two
was indicated by the fact that the strain of the timbers in the upper and lower flanges was
roughly equivalent to the strain of the steel flanges when the load was less than 50 kN. The
deformation of the steel flanges caused by compression initially damaged the adhesive layer
when the load exceeded 50 kN. The strain difference became evident when the A-1 beam
was loaded to 70 kN, indicating the debonding at the upper flange of the beam. However,
the fact that the SA-2 beam and BA-3 beam showed a strain differential in the lower flange
near the peak load suggests that the bolts and screws successfully prevented adhesive layer
damage from developing. It is evident that, as the shear connection degree increased, the
neutral axis in the steel deviated to the top of the section, increasing the tensile stress at the
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timber edge of the lower flanges and, consequently, the timber’s contribution [34]. Lastly,
the beam’s peak bearing capacity was raised. In groups B and S, the compression zone of
the beam gradually widened as the load increased (particularly during the latter loading
stage of these groups), signifying the compression yield and collapse of the timber of the
upper flanges.

3.2.6. Theoretical Analysis and Verification

Table 7 compares the test and calculation values of the flexural bearing capacity. The
results demonstrate that the predicted elastic and ultimate load capacities align closely
with the test results. The relative error of the elastic flexural bearing capacity is less than
10%, while the relative error of the ultimate flexural bearing capacity is less than 13%.
The design method is straightforward, and it can serve as a reliable reference for practical
engineering design.

Table 7. Load capacity results by calculation methods.

e e
Specimens kﬁ?’m {(‘%& MYML, N Mew My,
S 31.61 29.43 107 11.60 1259 0.92
B 33.19 29.62 107 11.60 1146 101
Al 44.32 40.04 111 12.16 13.26 0.92
SA-2 46.13 47.20 0.98 12.16 10.77 113
BA-3 4613 47.12 0.98 12.16 13.15 0.92

Note: M} denotes the calculated ultimate bearing capacity. M, , denotes the experimental ultimate bearing ca-

pacity. M denotes the calculated elastic bearing capacity. Mg,,, denotes the experimental elastic bearing capacity.

4. Conclusions

This study evaluated the bend performance of cold-formed thin-walled steel/timber
composite beams to expand the use of fast-growing woods in building structures. Various
connection techniques in composite beams were investigated, and the following conclusions
are drawn:

1.  When composite beams in Group B and Group S were tested, the timber in the
upper flanges was locally squeezed or crushed, and some instances of buckling were
observed on the upper flanges of the steel. Subsequently, the timber in the lower
flanges broke at the midspan position. In Groups A, BA, and SA, the timber in
the lower flanges fractured laterally or diagonally, accompanied by bonding failure
occurring at the interface between the upper and lower flanges. The steel in the upper
flanges showed no obvious yield before final failure. In Group A, the debonding of
the lower flange gradually extended to the entire midspan interface. The fasteners
delayed and controlled this failure in Groups BA and SA.

2. Connection methods significantly impacted the beam’s flexural stiffness and load
capacity. Beams connected by screws and bolts demonstrated ductile failure and an
adequate ultimate bearing capacity of 74 kN. The quality of bonding significantly
influenced the performance of adhesive composite beams. Specimens A-1, SA-2, and
BA-3 achieved ultimate load capacities of 100 kN, 117 kN, and 117 kN, respectively,
when the adhesive layer remained intact. Compared to the B and S group beams,
the A group beams showed a 35% increased ultimate bearing capacity. By playing
a delaying and safeguarding role, fasteners further increased the ultimate bearing
capacity of SA-2 and BA-3 by approximately 18% compared to A-1. Moreover, SA-2
and BA-3 exhibited stiffness values that were 35.4% and 68.3% higher than those of
Group B and S. Mechanically connected beams exhibited higher ductility than beams
with glued connections.

3. During the elastic stage, the mid-span section of the composite beam exhibited a linear
strain distribution at the steel-timber interface in beams connected with fasteners. As
the load increased, strain differentials and slippage occurred. When adhesive was
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used, the steel’s strength was fully utilized, and beam slippage occurred upon damage
to the adhesive layer. The proposed formula provided theoretical values for both
elastic and ultimate bearing capacities that aligned well with experimental results.
Compared with the experimental results, the formula demonstrated an error rate
of less than 13%, mostly within 10%, indicating its applicability for the engineering
design of composite beams.

4.  Using hybrid connection methods like SA-2 and BA-3, composite beams exhibited sig-
nificant flexural bearing capacity and stiffness. However, limitations of adhesive and
hybrid connections were noted, including reduced construction efficiency and the ne-
cessity for precise operation. Environmental concerns regarding structural adhesives
also present obstacles to their use. Beams with fastener connections showed improved
ductility and adequate bearing capacity. It is worth emphasizing that screwed connec-
tions, which do not require pre-drilled holes, offer a more straightforward assembly
process compared to bolted connections. Future research on optimizing screwed
connection configurations (specifications, arrangement) is crucial for enhancing the
engineering value of cold-formed thin-walled steel /timber composite beams.
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