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This paper presents an innovative hollow concrete floor system comprising hollow precast panels and self-thermal-insulation
infills. The precast panels are connected by welded reinforcement bars and cast-in-situ concrete joints. To study the vertical load-
carrying capacity and the working mechanism of this innovative floor system, a static loading test was carried out on a 1/2 scale
model. The specimen consists of six precast slab members, four precast reinforced concrete beams and columns, respectively.
Experimental and simulation results related to the crack development and vertical load-carrying capacity were analyzed. It is
found that the innovative floor system could meet the capacity requirements of the Chinese code. Furthermore, the crack
development of the innovative system shows similar characteristics with the solid floor. To explore the feasibility of the existed
analysis methods, the specimen was simulated and compared by nonlinear analysis in ABAQUS. The comparison illustrates that
the analogue cross beam method is more accurate and suitable for the simulation of the innovative hollow concrete floor system.

1. Introduction

As a reliable construction building material, concrete could
meet the requirements of demanding construction condi-
tions, different shaped structural components, and harsh
environment for its mature construction technologies and
superior properties [1-3]. With the increasing industriali-
zation and commercialization of civil engineering, the re-
quirements of buildings have converted to large-span
structures, which present new challenges to the concrete
floor system [4-6].

To eliminate the inherent limits of the traditional con-
crete floor system and extend its use in modern structures,
researchers all over the world have conceived different kinds
of effective solutions. The innovations mainly focused on
new patterns of floor systems [7].

In the 1960s, Mueller invented the B-Z reinforced
concrete cellular plate [8], which is a kind of cast-in-situ
concrete hollow slab. Experimental research on this new

type of floor was carried out by Franz [9] and the results
showed that the stiffness of the hollow floor was equivalent
to the solid flat slab. Hendler [10] improved the floor system
by inserting a block of foamed plastic in the cavity of the
hollow slab. Influential factors, such as the height of the slab,
compressive strength of the concrete, and the patterns of the
joint, were all carefully investigated. The corresponding
calculation methods to estimate the load-carrying capacity
and initial stiffness were proposed [11].

In recent decades, the precast concrete structures have
become a preferable choice for their prominent advantages,
i.e, high efficiency, standardization, and environmental
friendliness [12]. In China, several innovative floor systems
were also developed to exploit the highest efliciency of
precast panels and to meet the requirements of large-span
structures [13]. Ma proposed a Vierendeel-sandwich-plate
floor system [14], which is comprised of two layers of ribbed
reinforced concrete slab connected by reinforced concrete
shear keys at the intersection. Through the design and
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construction of a real-life project, the feasibility of this new
floor system was verified. Other kinds of novel floor systems,
i.e., PK prestressed composite slab floor system [15], the
assembled monolithic hollow-ribbed floor [16], pre-
fabricated PC floor system [17], and other new systems
[18-22], were all investigated, and the results were
satisfactory.

This paper presents a new type of floor system, which
consists of hollow precast panels, self-thermal-insulation
infills, joints with welded reinforcement, and cast-in-situ
concrete beams. The hollow panels were prefabricated in the
manufacturing factory with two different patterns (Figure 1),
which can meet various requirements in actual construction.
The self-thermal-insulation infill, i.e., the foam concrete, was
inserted in the cavity of the hollow concrete panels to en-
hance the thermal insulation properties and vertical stiffness
at the same time. The precast concrete panels were con-
nected with the cast-in-place joint and welded reinforce-
ments for larger span buildings, as shown in Figure 2. This
type of floor system is of the advantages in both mechanical
performance and manufacturing efficiency, such as (1) re-
duced self-weight: the light-weighted foam concrete ac-
counts for 48% of the total volume of the floor, thus it is
44.7% lighter than the same sized solid floor; (2) enhanced
floor height: there will be spare room since the bottom plate
is flat, and the pipeline can be arranged in the middle of the
plate as the equipment layer; (3) superior sound and thermal
insulation: the filled lightweight foamed concrete improves
the sound and thermal insulation of the floor; (4)
high construction efficiency: the prefabrication degree rea-
ches 87.5%, which accelerates the construction speed
enormously.

To study the working mechanism of the innovative floor
system and verify its effectiveness, a 1/2 scale single-span
simply supported floor was tested through a static load
experiment. The results related to the crack development,
initial stiffness, and vertical load-carrying capacity were
analyzed.

2. Experimental Investigation

2.1. Material Properties. The steel rods used in the precast
and cast-in-place components are HRB 400, according to GB
50010-2010 [23]. The diameter of the steel bars encompasses
four different sizes, i.e., 16 mm, 10 mm, 8 mm, and 3.5 mm.
Mechanical properties of the steel bars were tested by the test
method of GB/T 228.1-2010 [24]. Results are collected in
Table 1.

The concrete is C30 in the columns and beams and C40
in the cast-in-situ joint and the slab, according to GB 50010-
2010. Compressive and tensile tests were all performed on
the standard cubic specimens sized 150 mm. The material
properties are presented in Table 2.

2.2. The Similarity Ratio. Due to the limitation of the test
platform, the test specimen was designed in a 1/2 scale. The
component’s size, load, and additional mass are designed in
strict accordance with the similarity theory to ensure the
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model and the prototype share similar working conditions.
For scale models, the relationship between the elastic
modulus, density, geometry sizes, and gravitational accel-
eration is presented as follows:

_Se
(S455)

where Sg is the similarity constant of elastic modulus, S 4 is
the similarity constant of gravity acceleration, S, is the
similarity constant of material density, and S is the similarity
ratio of geometric size.

The material used in the scaled model is identical to those
of the prototype; thus, the similarity constant related to
material properties is equal to 1. Based on the similarity
constant of geometry and material, S, can be calculated as 2.
It is impossible to adjust the density without changing its
volume for a specific material. To meet the material simi-
larities of both density and mechanics, additional weights
were added to the model. Other similarity relationships are
all calculated and presented in Table 3.

=S (1)

2.3. Specimen Preparation. A one-storey frame was designed
to explore the vertical load-carrying capacity and working
mechanism of the innovative hollow concrete floor system.
The specimen is presented in Figure 3, comprised of three
different components, i.e., the beams, columns, and the
innovated hollow slab. The cross section of the four columns
is 300 mm x 300 mm, which is designed according to the
axial compression ratio in the GB 50011-2010 [25]. The ratio
of reinforcement and selection of steel bars (Figure 3) was
identical to both the prototype and the requirements in GB
50011-2010. Four beams of 200 mm x 350 mm X 4800 mm
were employed to support the floor. Similar to the columns,
the reinforcement and size conform to meet a criterion up to
the standards.

The location of the cast-in-situ joints was designed
according to the original building. There were three post-cast
concrete joints in the floor system, including two transverse
joints and one longitudinal joint. The longitudinal joint was
located in the middle of the span, and the transverse joint
was located at 1/3 and 2/3 of the span. The width of the joint
was determined to be 200 mm according to the length of the
reinforcement connection. Every two adjacent precast
panels were connected through welded reinforcement and
cast-in-situ concrete joint, as presented in Figure 4. The
reinforcement bars were evenly distributed in the concrete
joint with a diameter of 8 mm and an average distance of
75 mm, respectively.

The floor system in Figure 5 needs to bear the required
area load with limited deflection and crack according to GB
50010-2010, on which static load experiment was conducted.

Before the test, white paint and grids were painted on the
bottom surface of the floor to determine the cracking po-
sition, and the grid spacing shall be 200 mm. The protective
scaffolds were located 100 mm below the bottom of the slab
for protection without restricting the free deformation of the
floor.



Advances in Civil Engineering 3

125 875 125 838

" kL k.
11 1 1
)
3
l |
2300
(®)
838 125 875 125 377
il i 1
fi [ 3 N
g g
ST
8 —r
| |
2300
© (d)

FIGURE 1: Precast hollow concrete panels: (a) type I; (b) details of type-I panel; (c) type II; (d) details of type-II panel (unit: mm).

Cast-in-situ joint

Cast-in-situ joint

Inserted with foam concrete

FIGURE 2: Innovated hollow composite concrete floor system assembled with precast panels and self-thermal-insulation infills.

TaBLE 1: Material properties of steel bars.

Tensile strength Diameter (mm) Yield strength (MPa) Young’s modulus (GPa) Passion ratio
Longitudinal bar in beams and columns 16 386.7 211.19 0.28
Stirrup in beams and columns 10 394.1 209.53 0.28
Longitudinal bar in ribbed beams 8 390.1 209.31 0.28
Stirrup in ribbed beams 8 390.1 210.03 0.28
Longitudinal bar in slab 3.5 306.2 210.57 0.28

TaBLE 2: Material properties of concrete.

Position of the concrete Compressive strength, f., (MPa) Elastic modulus, E. (MPa)
Concrete in beams and columns 28.5 30500
Concrete in ribbed beams 40.9 32200
Concrete in slab 40.9 32200

Foam concrete 0.5 2550




TaBLE 3: Similarity constant of the specimen.
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Parameter Dimension Similarity relationship
Strain, ¢ FL™2 Sp=8,=1
. . Stress, ¢ — 1
Material properties Elastic modulus, E FL2 Sp=1
Passion’s ratio, v — 1
Length, [ L Si=1/2
Displacement, y L Sy=8=1/2
Geometry Angular displacement, 6 — 1
Area, A L? Sa= S,z =1/4
Moment of inertia, [ L Si= S? =1/16
Concentrated load, P F Sp= SES,2 =1/4
Load Line load, FL™! So=Sr S,=1/2
Area load, g FL2 Sq=Sp=1
Moment, M FL Sm=S5S =1/8
4800 e
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FIGURE 3: Detailed sizes of the innovated floor specimen: (a) schematic picture of the floor system; (b) beam; (c) column.

2.4. Load Protocol. Table 3 shows that the similarity ratio of
stress and strain is equal to 1, indicating that the stain and
stress got from the 1/2 scale are identical to those of the
prototype. The area load could be directly calculated since
Sg=1.

Mass bags were used to exert a uniformly distributed
area load on the floor (see Figure 6). The transverse and
longitudinal gap between each stack of sandbags was 10 cm,
larger than the requirements of GB/T50152-2012 [26] to
avoid the arch effect after the deformation of the specimen.
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FIGURE 6: Area load exerted of the slab.

Three loading steps are included in the experiment, i.e.,
preloading, static loading, and unloading. Before the start of
the static loading, preloading was conducted to check the
stability of the structural support and eliminate the mal-
functions of instruments and equipment. The static loading
is designed according to the test methods of GB/T50152-
2012 with ten main steps. After each stage of loading, the
load was maintained for 15-20 minutes. The data collection
and crack description were carried out after the structural
deformation became stable. After the test, the mass bags on
the floor were removed in batch, and the cracking of the
concrete on the bottom surface of the floor could be ob-
served after complete unloading.

The loading protocol is presented in Table 4.

2.5. Sensor Distribution. Three types of sensors, i.e., the
displacement transducer, the strain gauges, and the crack
width observation instruments, were used during the test.
The deformation of the slab was monitored with displace-
ment transducers arranged as Figure 7. Due to the symmetry
of the structure, the displacement meters were distributed on
the 1/4 side of the floor area.

The strain of steel bars was recorded with 2 mm x 1 mm
strain gauges. The layout of strain gauges mainly focused on
the comparison of strain along the ribbed beam at different
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TaBLE 4: Load protocol of the experiment.

Load grade no. Area load (kN/m?)

Accumulated area load (kN/m?) (MPa)

Last time (min)

0 2.66 2.66 —
1 0.94 3.6 15-20
2 0.94 4.54 15-20
3 0.78 5.32 960
4 0.94 6.26 15-20
5 0.94 7.20 120
6 0.94 8.14 15-20
7 0.94 9.08 15-20
8 0.94 10.02 15-20
9 0.94 10.96 15-20
10 0.94 11.9 15-20
11 0.94 12.84 15-20
Longitudinal joint 1# Longitudinal joint 2# Longitudinal joint 1# Longitudinal joint 2#
\ \
I [N
- 52 3 D3
Ribbed beam -] = S Ribbed beam
- s%g
-2
- 524 I —
D5 =93 |12 %3
-2 I o I q
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F1GURE 7: Arrangement of displacement transducers on the bottom
surface.

positions and their differences with the others, as presented
in Figure 8. The gauges were fixed on the steel bar before the
cast of concrete. Glue and bandage were applied to the gauge
and the outer layer of the conductor to avoid damage during
concrete pouring.

To explore the stress development of the floor under
different loads for later theoretical and numerical analysis,
concrete strain gauges (8 mm x 2 mm) were arranged on the
top and bottom surface of the floor. Figure 9 illustrates the
layout of strain gauges on the concrete slab.

3. Experimental Results

3.1. Experimental Observation. The deflection and crack
development were monitored and logged while loading,
which can be concluded as follows.

At the initial loading stages, the deflection in the middle
of the slab increased with the load. No cracks were found at
other parts of the slab bottom except for some shrink
fractures. When the load reached 6.26 kN/m? (the 4" load), a
small number of tiny cracks parallel to the direction of the
joint appeared on the interface between the new and old
concrete. The cracks mainly appeared in the middle of the
joint.

FIGURE 8: Layout of the strain gauges on steel bars.

With the accumulated load increasing from 6.26 kN/m”
to 8.14kN/m’ the cracks parallel to the longitudinal in-
terface of the joint furtherly developed and extended to the
transverse direction. The interfaces between the new and old
concrete of the longitudinal joint cracked, and the maximum
width was about 0.2 mm.

When the 7, area load reached 9.08 kN/m?, almost all
the surfaces of the joints cracked and slight cracks appeared
at the bottom of the grid plate near the middle of the span.
There were no cracks on the floor at the non-joint position.
And the area load is slightly greater than the normal use
load, which is 8.5 kN/m? according to GB 50009-2012. Thus,
the maximum crack met the requirements of normal use.

After the area load of the slab reached 10.02 kN/m? (8,
load), the cracks on the precast slab occurred. Most of the
cracks were located near the diagonal line and no cracks were
found at the bottom of the rib beam. When the load increased
t0 10.96 kN/m? (94, load), several diagonal cracks developed in
the middle of the floor and passed through the bottom of the
rib beam. When the load reached 11.9-12.84 kN/m?, a large
number of cracks appeared in the middle of the span. The
width of one crack increased to approximately 1.5 mm, which
forced the loading process to stop due to security reasons.

The load in the experiment was greater than the re-
quirements of both normal use and ultimate loading ca-
pacity according to GB 50009-2012, which verified the
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FIGUre 9: Layout of the strain gauges on concrete slab: (a) top surface; (b) bottom surface.

effectiveness and practicability of this innovative floor
system. It can be observed that the main crack of the
concrete is X-shaped (Figure 10), which is similar to that
of the solid floor [27, 28]. The initial cracks occurred
mainly in the joints, indicating the interfaces of cast-in-
situ joint and precast panels are still the weaker section.
Besides that, it is suggested to improve the bond per-
formance of concrete at the joint and increase the
roughness of concrete at the joint.

3.2. Load-Deflection Relationship. The load-deflection curve
of the innovative floor system is presented in Figure 11(a),
where the deflection is obtained from the D1 displacement
transducer, and the area load is from the accumulated mass
bags. Other displacement transducers present a similar
increase trend. Figure 11(b) shows the deflection of dis-
placement transducers along the ribbed beam, which
contains the logged data along the cast-in-situ concrete
joint.

It can be found that the innovative floor system basically
meets the requirements of engineering application. Under
the area load of 12.84 kN/m?, the maximum deflection of the
floor is 15.75 mm, which meets the deflection limit L/300
according to GB 50010-2010.

3.3. Stress Distribution. The stress distribution of the bottom
surface of the concrete slab is illustrated in Figure 12(a). It is
found that the compressive strains on the top surface of the
concrete slab are all less than 800 pe, within elastic range.
Part of the tensile strains exceeded the elastic limit of 300 pe,
resulting in the crack in the bottom surface of the concrete
slab. The strain increased with the area load. The strain
gauges were mainly arranged in the steel rods of the bottom
layer, of which the maximum strain is shown in Figure 12(b).
The steel rods in the middle position approximately reached
the softening stage, which verifies the rational reinforcement
ratio of the design.
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FiGure 10: The cracks on the bottom surface of the slab.

4. Comparison of the Load-Deflection
Relationship with Existing Methods

Two different calculation methods according to JGJ/T 268-
2012 [29], i.e., analogue cross beam method and analogue
slab method, were used for both cast-in-situ slab and as-
sembled slab. By simplifying the hollow slab into beams or
thinner slab through specific principles, the maximum de-
flection under the design load could be calculated. The
innovative floor system has no related research. Even though
the corresponding limit conditions should be met when
using these formulas to calculate the bearing capacity, there
are still many reasonable hypotheses and empirical rela-
tionships regarding the load-carrying capacity that is worth
consulting. In this section, the feasibility of the existing
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bottom layer.

designed methods was compared based on the experimental
results.

4.1. Introduction of Existing Design Methods. Equations (2)
and (3) present the calculation method for the analogue cross
beam method (Figure 13) and analogue slab method (Fig-
ure 14), respectively. For the analogue cross beam method, the
continuous slab is simulated by some scattered beams (the
number should be larger than 5) with the same span. The sizes

of the analogue cross beam are calculated with the principles
that (1) the transformed beams share the same bending stiffness
with the hollow slab and (2) the heights of the slab and beam
remain identical; thus, the width can be calculated as follows:
1
b, = —b,,
b= 0 (2)
where by, is the width of the analogue cross beam, the hollow

slab is divided into serval average slab strips, b, represents
the width of the hollow slab strips, I is the moment inertia of
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Innovated hollow concrete floor
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Analogue beam method

FIGURE 13: Schematic picture of analogue beam method.
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B modified modulus

Solid slab

Analogue slab method

FIGURE 14: Schematic picture of analogue slab method.

the analogue cross beam, and I, stands for the moment
inertia of the hollow slab.

For the analogue slab method, the hollow concrete slab is
simulated with a solid slab of the same thickness and
rectified modulus of concrete. When using the analogue
slab method, the requirements are that (1) the distance
between ribbed beams should be larger than 2 b, and (2) if
the difference of the two-way stiffness of concrete hollow
floor can be ignored, it should be calculated as isotropic
slab; otherwise, it needs to be calculated as an anisotropic
slab. The modulus of the concrete and infills when cal-
culated as the isotropic slab is calculated through the
formulas below:

E I E
- I() c’ (3)
where E is the modified modulus of the analogue slab and E,
is the modulus of the concrete and infills.

4.2. Discussion of Feasibility of Existing Design Methods.
To simulate the nonlinear behavior of the innovated floor
system, analogue beam and slab methods are all calculated in

ABAQUS, where the mechanical parameters of concrete and
steel rods in Tables 1 and 2 are used. And the sizes of the
calculated models are strictly identical to the calculation
results presented in Table 5.

Detailed sizes of the innovative floor system in ABAQUS
are the same as those in Figure 3. As aforementioned, the
foam concrete works as infills to improve the heat insu-
lation of the floor. Thus, only the elastic modulus of the
foam concrete in Table 2 is adopted to define their or-
thogonal characteristics in the linear elastic stage. While
the behavior of concrete and steel bars in other parts turns
out to be in the range of elastic-plastic, the whole life stage,
i.e. elastic stage, softening stage, and strengthening stage,
should be included in the strain-stress relation.
Figures 15-17 illustrate the stress and strain relations of
foam concrete, steel bars, and C30 concrete, respectively.
The finite element model and its corresponding mesh are
shown in Figure 18.

The element type of C3D8R (three-dimensional eight-
node linear brick elements with reduced integration) in
ABAQUS was chosen to simulate the large deformation of
slab. The four corners are all hinged to simulate the
boundary of the experiment.
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TaBLE 5: Detailed information and simulation results of the analogue slab and beam methods.

Calculation methods Modified width (mm)

Modified modulus (MPa) Number of beams

Analogue cross beam method 700
Analogue slab method —

— 5
20700 —

v

—&

FIGURE 15: Strain-stress relationship of foam concrete.

—— Nominal
—— Real

FIGURE 16: The strain-stress relationship of steel bars.

.......... ji

\

......... 0.5];

FIGURE 17: Strain-stress relationship of concrete.

The simulation results are collected in Figure 18; it is
observed that the analogue cross beam method and analogue
slab method present similar deformation patterns, where the
maximum deflection is of little difference. The initial stiff-
nesses of the two analogue methods are all greater than the
experimental results, which reveals that the calculation
methods in JT/G 268-201 are conservative enough.

The load-deflection curves of the experimental results were
compared with those of analogue cross beam and slab
method, which is presented in Figure 19.

Compared with the analogue slab method, the maximum
deflection in the analogue cross beam method is 11.03 mm,
which is +3.6% greater than the experimental results. The
initial stiffness of the innovative floor system is recognized as
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the tangent of the load-deflection curve. And the absolute
error of the initial stiffness between the experiment and the
analogue cross section method is less than 12%, which is
more accurate than that of the analogue slab method. From

the analysis above, the conclusion is that the analogue cross
beam method according to the JT/G 268-201 is more suitable
for the prediction of deflection and initial stiffness in both
elastic and elastoplastic stages.

5. Conclusions

To test the load-carrying capacity and working mechanism
of an innovative floor system, a vertical static loading test
and finite element analysis of a 1/2 scale floor model were
conducted. Based on experimental and analytical results, the
following conclusions can be drawn:

(1) The innovative floor system meets the requirements
of the engineering application. Under the area load
of 12.67 kN/m?, the maximum deflection of the floor
is 15.75 mm, which meets the deflection limit L/300
under the normal service limit. Besides that, the
maximum strains of steel rods and compressive
concrete are both within elastic range. The experi-
mental results all indicate that the innovative floor is
safety enough in both load-carrying capacity and
deflection.

(2) The development of cracks firstly occurred in the
bottom of the joints, while the final distribution of
cracks in the bottom of the test floor is identical to
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that of the solid floor. Thus, the following can be
concluded:

(a) The stress distribution of the new floor system is
similar to that of the solid two-way slab floor

(b) The joint is still the weaker section, where the
bond performance and roughness of the inter-
face between the cast-in-situ concrete and pre-
cast panels should be improved

(3) Two different kinds of simulation methods, i.e., the
analogue cross beam method and the analogue slab
method, were conducted to explore their efficiency in
evaluating nonlinear behaviors. The analogue cross
beam method is more accurate and more suitable,
where the absolute error of maximum deflection is
less than 5%.
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Cross-laminated timber (CLT) is a type of engineered wood product that offers both high in-plane and out-of-plane load-bearing
capacity. It is slowly becoming an alternative material for building high-rise structures. However, there is no current standard or
regulation for determining the shear modulus of CLT under in-plane loading condition, which is a very important property for its
use as structural members. Few methods have been proposed over the last decade to determine the in-plane shear modulus of CLT.
Almost all of the methods proposed until now have their strengths and weaknesses. In this paper, some of the prominent methods
for determining the in-plane shear modulus of CLT are described and analysed. The descriptions along with the critical discussions
will facilitate a better understanding and might pave the way to further enhancements of the method(s) to determine the in-plane

shear modulus of CLT.

1. Introduction

Most of the traditional timber structures have been built
based on the light-wood framework system, which is an
assembly of regularly spaced dimension lumber members
that are fastened together to create structural components.
Due to the re-emergence of global interest in timber
structures and the introduction of a relatively new category
of engineered wood products called mass timber panel
(MTP), it has now become possible to construct more
complex and long-span timber structures. This type of
construction utilizing MTPs is termed mass timber con-
struction. Mass timber construction is making headway in
the construction industry in North America and some
European countries. Use of mass timber panel can revolu-
tionize the timber construction industry as it opens the door
to “building tall with structural wood.”

Cross-laminated timber (CLT) is a relatively new engi-
neered wood product that began to be commercially pro-
duced in the mid-1990s and is categorized as a type of MTP.
For a long time, the utilisation of CLT was limited to some

German-speaking countries, where the product is known as
Brettsperrholz (BSP) [1]. The use of CLT is increasing because
of its benefits compared to concrete and steel [2]. CLT usually
consists of an odd number of layers (3, 5, 7, or 9 are the most
common) of orthogonally glued timber boards/laminates.
Each layer consists of adjacent boards which may or may not
be edge-glued on the narrow face, depending on the man-
ufacturer and the product type. CLT offers high load-carrying
capacity under both in-plane and out-of-plane loading
conditions due to the orthogonal arrangement of the lami-
nates. For this reason, it can be used as both wall or edge-wise
bending beam elements under in-plane loading condition and
floor diaphragm panels under out-of-plane loading condition.
Research has also proved that CLT is highly energy-efficient,
and it has a high capacity for storing moisture and thermal
energy. A 100mm thick CLT has a very small thermal
transmittance value of around 1.0 W/m?-K, which is a
measure of resistance to the movement of heat, and an
equivalent air layer thickness of SD 2-5 m, which is a measure
of resistance to moisture diffusion compared to a meter of
air’s resistance to moisture diffusion [3, 4].
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When CLT is used under in-plane loading condition as
beam, lintel, or wall panel, one major benefit of CLT is its high
tensile strength perpendicular to the beam axis, which makes
it less susceptible to crack formation in the perpendicular to
the grain direction of the laminates of each layer [5]. CLT has
been reported to have higher in-plane shear strength than
other similar engineered wood products like glulam [1]. In
order to get the full benefit of CLT panels under in-plane
loading condition, detailed knowledge and investigation of all
the relevant mechanical properties are indispensable. In-plane
elastic properties (shear modulus (G) and bending modulus
(E), as well as shear stiffness (GA) and bending stiffness (EI),
are some of the vital parameters of CLT for its use in structural
members [6]. Aside from their use in ultimate limit state
(ULS) design, to meet the requirements of serviceability limit
states (SLSs), the design checks require elastic properties as
input parameters [7]. Therefore, it is necessary to accurately
characterize the elastic properties and stiffness of CLT under
in-plane loading condition for their structural application as
beams, lintels, or wall elements.

Several recent studies have attempted to predict the in-
plane shear modulus (G) of CLT panels by different methods.
Among these, the methods developed by Brandner et al. [6],
Flaig and Blaf3 [5], and Bogensperger et al. [1] have gained
prominence. Brandner et al. [6] used the constitutive equa-
tions of the laminates and developed a semiempirical method
to predict the in-plane shear modulus of CLT. Flaig and Blaf3
[5] treated CLT under in-plane loading condition as a
transversely loaded beam. Following the beam analogy, they
formulated an analytical model to predict the in-plane shear
modulus of CLT. Bogensperger et al. [1] employed finite
element analysis to develop a model for predicting the in-
plane shear modulus of CLT. Among other studies, the
studies conducted by Turesson et al. [8] and Andreolli et al.
[9] are noteworthy. Turesson et al. [8] proposed some re-
duction factors from finite element analysis for a range of
configurations of CLT which, when multiplied by the in-plane
shear modulus of the laminates of the CLT, give the value of
the effective in-plane shear modulus of the whole CLT.
Andreolli et al. [9] subjected square-shaped CLT specimens to
diagonal compression tests with an ad-hoc test setup and
experimentally measured the shear modulus of CLT.

Though there have been a few investigations on the in-
plane shear modulus of CLT, a comprehensive analysis and
comparison of the available methods to determine the shear
modulus is not available to date. Recognizing this gap in the
body of knowledge, this paper will focus on a detailed com-
parative analysis of the available methods for the determination
of the shear modulus value, along with some recommenda-
tions. Thus, this paper can act as an exhaustive summary of
almost all the contemporary methods for determining the in-
plane shear modulus of CLT and will facilitate further research
on the in-plane shear modulus of CLT.

2. Discussion

As discussed in the previous section, several methods for the
determination of the in-plane shear modulus of CLT as
proposed by different researchers are prevalent. The
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methods were only briefly introduced in the previous sec-
tion. In this section, the methods proposed by Brandner et al.
[6], Flaig and Blaf3 [5], Bogensperger et al. [1], Turesson et al.
[8] and Andreolli et al. [9] will be discussed in detail. All of
these methods emphasize on determining the shear modulus
of a non-edge-glued CLT. In edge-glued CLT, since the
adjacent laminates of each layer are bonded, the CLT de-
forms as a whole continuous unit under shear stress and
behaves similar to a piece of lumber. Thus, the shear
modulus of edge-glued CLT is commonly taken to be
equivalent to the shear modulus of the lumber forming the
CLT [8].

2.1. Brandner Method. Brandner et al. [6] adopted the test
configuration of Kreuzinger and Sieder [10] and proposed a
method to determine the shear modulus of CLT from a
simple compression test conducted on a differential CLT
section. Instead of testing full scale CLT panels, Brandner
et al. [6] opted for smaller CLT specimens to realize a
continuous load path in the test samples, to achieve pure
shear failure mode, and to minimize the test implementation
cost.

In the test configuration proposed by Kreuzinger and
Sieder [10], a rectangular section is cut out at 45° angle to the
direction of the outer longitudinal layers of the CLT. The
rectangular section has a length of 1500 mm and a width of
500 mm. This section is then subjected to a compressive load
(F) as exhibited in Figure 1.

In Figure 1, x and y directions are the global horizontal
and vertical directions of the system, respectively (the global
coordinate system), and x,, and y,, are the directions of the
fibres of the outer longitudinal layers and the transverse
(cross) layers of the CLT, respectively (the local/material
coordinate system). The local coordinate system is rotated
counter-clockwise by an angle of 45° with respect to the
global coordinate system. Under the action of the com-
pressive load (F), the stress state of the CLT section cut out at
45" constitutes pure shear (7)) combined with pure
compression (0,,) in the local coordinate system. In the
global coordinate system, only the vertical stress component
(ay) is created on the CLT section. Using stress-strain re-
lationships from the plate theory (in-plane stresses), the
constitutive equations for the material of the CLT in the local
coordinate system are given as

1

— 0 0
E xM
ExM Oxm
1
€ = 0 — 0 o , (1
yM E M (1)
Yxm yM TxM yM
1
0 0
GxM yM

where €., €)1, and y,,, are the strain components and
Om> Oyp> and Ty are the stress components. E,y is the
weighted modulus of elasticity in the x, direction, and E,,
is the weighted modulus of elasticity in the y,, direction.



Advances in Civil Engineering

«— Fiber direction of outer longitudinal layers

/!
y TxMyM
Ym Xy /(\ O
X
45°
I

F1GURE 1: Internal stresses and external loading of the rectangular CLT cut out at 45" angle from larger CLT panels according to Brandner

et al. [6].

Gypym is simply the shear modulus of the CLT section.
E, ) and E,, can be determined as follows by the method of
weighted average:
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where t, is the thickness of each longitudinal layer, £, is
the thickness of each transverse layer, E, is the modulus of
elasticity of each layer parallel to the grain, E,, is the
modulus of elasticity of each layer perpendicular to the
grain, and tp is the total thickness of CLT.

(1/Eyy) 0 0
SeMym = 0 (1/E,pp) 0 in (2) is
0 0 (UG

the flexibility matrix in the local coordinate system which

0.25 0.25 0.25
—+ +

0.25 0.25 0.25

ExM EyM GxMyM ExM EyM

can be transformed to the global coordinate system (S
using the following transformation:

xy)

T
Sxy = TSxMyMT > (3)
where
2 .2 .
cos” « sin” « —sin « cos «
.2 2 .
T = sin” « cos” a sin « cos « ,

. . 2 .2
2sin o cos & —2sin &« cos & cos” a— sin” «
(4)

where « is the angle between the local and the global co-
ordinate systems, which in this case is 45°. For a =45, the
flexibility matrix in the global coordinate system is given by

Sy =| 7 tm - o e | (5)
4 ExM EyM GxMyM ExM EyM GxMyM ExM EyM

0.5 0.5 0.5 0.5 1 N 1

ExM EyM ExM EyM ExM EyM

Thus, the flexibility matrix given in (5) is the flexibility
of the CLT section in the global directions with the
properties transformed from the local material directions

to the global directions. Now, in the global coordinate
system, the constitutive equations for the material of the
CLT are given as
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where, similar to (1), ¢, €y and Vxy are the strain com-
ponents and 0, 0, and 7, are the stress components in the
global directions. E, is the modulus of elasticity in the x
direction, and E, is the modulus of elasticity in the y di-
rection. G,,,, is the shear modulus of the CLT section (G,
and G, are synonymous). The flexibility matrix S, , given in
(6) is equivalent to that given by (5). The only difference
between them is as follows: one is derived from the local
material directions and transformed into the global direc-
tions, while the other is given directly in the global axes.

From the direction of load application on the rectangular
section, it can be observed that o, = 0 and 7, = 0 since only
vertical compressive load is acting on the section. Thus,
under the vertical compressive load, a discrete stress state &
with an associated strain ¢, is formed which follows the
simple constitutive relation 0, = E ¢,. 0,, is the stress acting
in the vertical direction on the CLT section, and ¢, is the
associated strain. From the vertical load-deflection behav-
iour of the CLT section, the modulus of elasticity in the
vertical direction, E,, can be determined. Now, considering
the (2,2) element of the flexibility matrix given in equations
(5) and (6), and their equivalency, the following relationship
holds:

1 025 025 0.25

Ey ExM EyM GxMyM .

(7)

Rearranging (7), the shear modulus can be determined
using
1
(4/E,) = (VE ) = (VE,y))

where E is determined from vertical load-deflection be-
haviour of the CLT section and E, ), and E,, are estimated
from the material properties of the laminates that form the
CLT. Equation (8) represents the final form of Brandner
et al.’s [6] model to predict the shear modulus of CLT. The
test setup used by Brandner et al. [6] is shown in Figure 2.
The CLT section is placed in between the machine actuator
head at the top and the support (machine base) at the
bottom. Measurement crosses are placed concentrically on
the specimen to measure both the vertical and the horizontal
deflection.

(8)

GxM yM =

Advances in Civil Engineering

F
Machine actuator
................ ‘
£
=
[T
.
N y y
.......... M X
g g y M
E = ST x
2 g 45°
£
=
S
® Machine base
] I /
500 mm

FIGURE 2: Test setup used by Brandner et al. [6]. The specimen is
placed between the machine base and the machine actuator.

The test configuration adopted by Brandner et al. [6] was
motivated by noting the difficulties faced in determining shear
properties on a full-scale CLT diaphragm, as had been per-
formed by Andreolli et al. [9] and Bogensperger et al. [1]. The
simple compression test can be conducted in almost any
laboratory that has a compression test machine without the
need for any complicated instrumentation. The intended and
assumed failure mode in this configuration is the gross-shear
failure mode, which is initiated by the longitudinal shearing
failure (shear failure parallel to the grain) in all the layers of the
CLT considering the gross cross-section of CLT. The in-plane
deformation (both vertical and horizontal) of the CLT speci-
men under compressive load was determined on both side
faces using centrically placed measurement crosses with a
gauge length of 400mm. The height-to-width ratio of the
specimen used in Brandner et al. [6] tests was 1500 mm/
500 mm = 3/1. Through finite element analysis, it was verified
that this height-to-width ratio of the specimen did not lead to
any stress concentrations at the middle of the specimen. Also,
the middle of the specimen was under a state of constant shear
stress. Thus, deformation measurements were taken in this
middle region of the specimen as exhibited in Figure 2.

Shear modulus values were experimentally determined
by Brandner et al. [6] using two approaches, (a) by using (8),
with the value of E, measured from the load-deformation
data in the vertical direction of the test configuration of
Figure 2, and standardized moduli of elasticity, E, and Eq,
according to the stress class of the lumbers of each layer of
the CLT; (b) with the approach standardized in EN 408 [11].
The second approach involved measuring the local shear
deformations of a specimen in a bending test. Details of this
approach can be found in the standard EN 408 [11]. The
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shear modulus values using these two approaches differed by
about 10%, the latter approach yielding higher values.
Brandner et al. [6] noted the higher deflection in the vertical
direction compared to the horizontal direction in the
compression test setup as a possible reason for the lower
value given by the first approach. Among the two ap-
proaches, the first approach led to higher variability in the
shear modulus values.

From (1), it can be observed that the off-diagonal ele-
ments, which are related to Poisson’s ratio, have been ig-
nored. Furthermore, in estimating E, ), and E,,, E, might
be considered as the modulus of elasticity of each layer
parallel to the grain direction of the laminates of the layer
and E,, is the modulus of elasticity of each layer perpen-
dicular to the grain direction of the laminates of that layer.
While assuming E,, of each layer to be equal to the E, of the
laminates of the layer might be appropriate, assuming Eq, of
each layer to be equal to the Eq of the laminates might be an
overestimation. The rationale behind this is, for each layer,
the continuity of the laminates which is maintained when
stresses parallel to the grain (fibre) direction are considered
and the laminates can be considered to be fully effective in
resisting the stresses. On the other hand, when stresses
perpendicular to the grain (fibre) direction are considered,
the continuity of laminate is disrupted at the boundary
between two adjacent laminates due to the presence of edge-
gaps and inadequate bonding (for CLT without edge-gluing
or narrow face bonding), and the full capacity of the lam-
inates might not be effective in resisting the stresses. Thus,
assuming the modulus of elasticity of the layer perpendicular
to the grain direction of the laminates equal to the modulus
of elasticity of the laminate material perpendicular to the
grain may lead to an overestimation of the stiffness property.
Also, the specimen size adopted in the test configuration is
still fairly sizeable, which led to heavy specimens and the
need to use lifting equipment in the test laboratory.

2.2. Flaig and Blaf§ Method. According to Flaig and Blaf3 5],
when CLT is subjected to in-plane transversal forces, the
overall shear deformation in the CLT can be considered to be
the superposition of two components: (1) shear deformation
within the laminates of the CLT and (2) rotational and
translational deformation of the crossing areas between the
laminates of the longitudinal and the transversal layers. The
first component arises from the shear strain within the
laminates of the CLT, and it is equivalent to the shear de-
formation in wood material. This is the only component of
shear deformation in an edge-glued CLT (CLT with narrow
face bonding). The second component arises from the
mutual displacement and rotation that occur in the crossing
area between the laminates of the longitudinal and the
transversal layers in a CLT without narrow face bonding
[12]. The glued connection between the longitudinal and
transverse layers (crossing area) of the CLT can be con-
sidered as rigid; however, the wood fibres at the vicinity of
the adhesive layer in the crossing areas can undergo sig-
nificant deformation under transverse loads. This leads to
the mutual displacement and rotation that occur in the

crossing area, or more precisely, at the vicinity of the
crossing area. Since shear deformation within the laminate is
the only component of shear deformation in an edge-glued
CLT, the shear modulus of an edge-glued CLT can be
considered to be comparable to that of a solid lumber and it
was not considered in the Flaig and Blaf3 [5] study.

The two components of shear deformation in a differential
CLT section that arise due to the action of the shear force Ton
all faces are illustrated in Figure 3. The strain yg in the left
picture is the first component of the shear deformation, and
Yca in the right picture is the second component of the shear
deformation. Some implicit assumptions of the Flaig and Blaf3
[5] model are as follows: (1) the CLT is loaded on edge as a
beam; (2) the transverse loads acting on the CLT beam are
perpendicular to the direction of the grain of the outer lon-
gitudinal layers, and (3) the direction of the grain of the outer
longitudinal layers is aligned with the beam axis.

Along the length or width of the CLT, in sections which
coincide with gaps between adjacent laminates of the same
layer, the shear forces have to be transferred to the subse-
quent layer in the CLT thickness direction through the
crossing areas. This leads to the development of shear stress
in the crossing areas. The second component of the overall
shear deformation arises from the stress acting in the
crossing areas. This second component of the overall shear
deformation can again be broken down into two mecha-
nisms, translational and the rotational. The translational
deformation (y,,) originates from unidirectional shear
stresses acting parallel to the beam axis (Figure 4(a)), while
the rotational deformation (y,,) is caused by torsion as
shown in Figure 4(b).

The strain components are given by the following
relationships:

_ 2Tyx
Vyx Kw(m-1)

(9)

eV ( 11 ) (10)
Kw3nc A\ m )

In the above equations, 7, is the shear stress acting
parallel to the beam axis of the CLT and it is caused by the
variation of the bending moment along the beam axis. If the
CLT does not have narrow face bonding, the differential
normal forces that arise from the change of the bending
moment along the beam axis have to be transferred through
the crossing areas between the longitudinal and the trans-
verse layers. This is the source of the shear stress 7. 7,,, is
the torsional shear stress which arises from the eccentricity
between the centre lines of the laminates of the longitudinal
layers with respect to the central plane of the CLT beam (the
horizontal plane through the midheight of the CLT beam).
The torsional shear stress is assumed to be constant within
the beam thickness and uniformly distributed within the
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FIGURE 3: The two components of the overall shear deformation: (a) shear deformation within the laminates; (b) rotational and translational

deformation in the crossing areas [12].
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FIGURE 4: Shear strain components in the crossing areas due to (a) the translational deformation mechanism and (b) the rotational

number of glue lines between the longitudinal and trans-

deformation mechanism [5]
verse layers in the beam width direction.

From (9) and (10), it can be observed that the number of
laminates in the longitudinal layers have a pronounced effect
on the shear deformations. However, in CLT beams having a
large number of laminates in the longitudinal layers, the last

term in (10) becomes very small and can be ignored.
For CLT with a rectangular cross-section, the consti-
tutive equation for the crossing area is

T :(ny + Ytor)Geff,CA’ (11)

where G g 4 is the shear modulus of the crossing area and 7
is the shear stress acting in the crossing area. To estimate this
shear stress from the shear force acting in the gross cross-
section (considering the whole thickness and width of the

CLT), a shear correction factor has to be used:

beam height. The latter assumption is only possible if the
laminates of the transverse layers remain straight (do not
undergo any rotation) in the deformed beam. This torsional
shear stress leads to rolling shear stresses in the laminates. K
is the slip modulus, a measure of the stiffness of the crossing
areas with the unit of force/(length)3. In (9) and (10), no
distinction has been made between the stiffness of the
crossing areas under the two separate mechanisms (e.g., slip
modulus and torsional modulus). The same K value is used
as the measure of stiffness under both mechanisms. w is the
width of all the laminates, which is taken as constant for all
the layers. Information on CLT with laminates of different
widths in the longitudinal and transverse layers can be found
in Blaf3 and Flaig [13]. m is the number of longitudinal

laminates within the beam height direction. V' is the shear
force acting on a section of the CLT beam, and n, is the



Advances in Civil Engineering

v
shearA > ( 12)

gross

T=k

where A, is the gross cross-sectional area and ki, is the
shear correction factor, assumed to be 5/6 by Flaig and Blaf3
[5] which is a value commonly used for rectangular cross-
sections [14], and V is the shear force acting in the whole
CLT gross cross-section. Thus, the shear modulus of the

crossing area is given by

%
SAgross(ny + Ytor)

Geff,CA =

2 2 (13)
Kw™m™ng,

" Stepi(m 1)

where ¢ 1 is the total thickness of the CLT beam and the
terms on the right side of (12) have been derived by
substituting the values of y . and y,, from equations (9) and
(10). Finally, the shear deformations in the laminates and the
deformation of the crossing areas are superimposed by the
following formalism:

Yett,cLt = Yeff,cA T Viam>
Yeft,ca = ny * Ytor>
T= Yeff,CAGeff,CA = YIamGlam

= Yett,cLtGefr.cLT
(14)
= (Ylam + Yeff,CA)Geff,CLT>

T T
7= <_G + G- )Geff,CLT’
lam eff CA

G <—1 + ! ) B
ff,CLT — >
¢ Glam Geff CA

where y.g crr is the overall shear deformation in the CLT
beam, y 4 is the total shear deformation of the crossing
areas due to the two mechanisms, and y,,, is the shear
deformation within the laminates. 7 is the shear stress acting
on the crossing area as before, and also in the laminates and
the whole CLT. Thus, 7 is the effective shear stress acting on
the CLT. Gy, is the mean shear modulus of the laminates
(Flaig and Blaf3 [5] assumed all the laminates of the CLT to
have the same shear modulus) of the CLT, and G g ¢,y is the
effective shear modulus of the whole CLT. Equation (14)
represents the final closed form solution of the Flaig and
Blaf3 [5] model to predict the shear modulus of CLT.

The determination of the stiffness of the crossing areas
(slip modulus, K in (9) and (10)) is a challenge as discussed
by Blaf3 and Flaig [13], and the results of the studies carried
out by Blafl and Gorlacher [15] and by Jobstl et al. [16] have a
significant discrepancy. Blafl and Flaig [13] carried out four-
point bending tests on CLT beams. From the measured
shear-free and apparent moduli of elasticity of the CLT

beams, the effective shear modulus values of the CLT beams
were evaluated. Using the effective shear modulus value, the
slip modulus of a crossing area was determined using (13)
and (14) and a laminate shear modulus of 690 N/mm?, which
is the characteristic value of the shear modulus of lumber of
nominal strength class C24 according to EN 338 [17].

The shear modulus values tabulated in Flaig and Blaf3 [6]
are determined the measured shear-free and apparent
moduli of elasticity of the CLT beams under four-point
bending tests. No ad hoc test setup for measurement of shear
modulus was made. The problem with the four-point
bending test is that the shear deformations under bending
test might be very small depending on the span-to-depth
ratio (L/h) of the CLT beam. Nevertheless, Flaig and Blaf3 [6]
found that the shear modulus of CLT beam increases with
the number of layers of CLT.

Though Flaig and Blaf} [6] pointed out that the shear stress
component 7, varies in the beam width direction for CLT in
which the ratio of £ k/Mc gk (flong i the thickness of the k-
th longitudinal layer and r, ; is the number of glue lines the
k-th longitudinal layer shares with adjacent transverse layers)
is not constant for all the longitudinal layers, it was assumed
that this shear stress variation in the beam width direction can
be ignored. Danielsson and Serrano [18] pointed out that, this
assumption is inaccurate, and this shear stress component is
significantly  influenced by the lay-up parameters
tongk/Frettong (Fretlong 18 the sum of the thicknesses of the
longitudinal layers), n.,, and nc, . For the calculation of
shear stress component 7,,,, Danielsson and Serrano [18] also
noted that the assumption of equal torsional moments for all
crossing areas in the beam height direction is inaccurate in the
Flaig and Blaf3 [5] model. Danielsson and Serrano [18] found
the torsional moments and shear forces to be significantly
greater close to the centre line of the beam compared to the
upper and lower parts of the beam. The findings of Danielsson
and Serrano [18] might have implications on the method of
effective shear modulus determination proposed by Flaig and
Blaf3 [5].

2.3. Bogensperger Method. Bogensperger et al. [1] took ad-
vantage of the regular periodic geometric structure of CLT
elements and modelled the smallest unit cell for mechanical
treatment, called the “representative volume subelement
(RVSE).” The unit cell which is repeated over the whole
volume of the CLT is called the “representative volume
element (RVE).” The RVE can be decomposed to even
smaller building blocks called the “representative volume
subelement (RVSE).” The representative volume subelement
comprises of a cut out of two orthogonal laminates in two
adjacent layers of CLT, usually each of them extending over
half of the thickness of each layer. This further decompo-
sition of RVE into RVSE is justified if an infinite number of
layers of CLT are assumed. The RVSE is surrounded by two
planes of symmetry on the two sides. The RVE and RVSE are
shown in Figure 5.

From Figure 5, it can be observed that, if there are n
number of layers in CLT, the number of glue planes and thus
the number of RVSE are (n—1). Also, each RVSE is
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FI1GURE 5: A full-sized CLT panel decomposed to an RVE and then
subsequently to an RVSE.

composed of one glue plane and two orthogonal laminates
on either side of the glue plane. Bogensperger et al. [1]
assumed the thickness of the thinner of the two glued
laminates to be the controlling thickness of the RVSE, as a
conservative approach to calculation of the resulting shear
stresses. However, the thickness of the outermost RVSEs in a
CLT is equal to either twice the thickness of the outer
laminate or the ordinary thickness of the inner laminate,
whichever is less. To illustrate the thickness of the RVSE in
detail, the RVSEs that constitute a 5-layer CLT are shown in
Figure 6.

As the CLT in Figure 6 is a 5-layer CLT, it has 4 RVSEs.
For the 4 RVSEs in Figure 6, the thickness of each RVSE is
given in Table 1.

The overall thickness of all the RVSEs is equal to the sum
of the thickness of all the RVSEs, which is always smaller
than or equal to the overall geometric thickness of the CLT.

Under in-plane shear forces, shear stresses are generated
in such a way that the narrow faces of the laminates of each
layer remain stress-free. These narrow faces usually have
glue lines in an edge-glued CLT while they lack glue lines in a
non-edge-glued CLT. Shear stresses are transferred to the
adjacent RVSEs at the vertical and horizontal pairs of planes
of periodicity only. This means that shear stresses are not
transferred to adjacent laminates of the same layer in a non-
edge-glued CLT. The complete in-plane shear mechanism in
an RVSE can be decomposed into two parts: (a) pure shear
mechanism with full shear force transmission at the narrow
faces of all boards (mechanism 1, Figure 7); (b) local stress
redistribution caused by torsional moments acting on both
sides of the gluing interface on the wide faces of the lam-
inates (mechanism 2, Figure 8). These two mechanisms
superimpose to create a stress-free condition at the narrow
faces (Figure 9(a)). This fulfils the condition of no shear
stress transmission to adjacent laminates of the same layer
through the narrow faces.

The mechanism 1 corresponds to the state of uniform
shear across the total thickness of the RVSE (Figure 9(b)).
This state occurs in homogeneous CLTs with narrow face
bonding (edge-gluing). Under this mechanism, full shear
force is transmitted at the narrow faces of the laminates.
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FiGure 6: Idealized RVSE for a 5-layer CLT according to
Bogensperger et al. [1].

TaBLE 1: Idealized thicknesses of all the RVSEs for the CLT in
Figure 6

RVSE designation Thickness
RVSE-1 min(2ty, t,)
RVSE-2 min(t, t3)
RVSE-3 min(t:),, t4)
RVSE-4 min(ty, 2ts5)
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FIGURE 7: Pure shear mechanism, mechanism 1 [1].

Therefore, the relevant shear stiffness under mechanism 1
is equivalent to the mean shear modulus of the laminates
parallel to the grain (Gy,,). Mechanism 2 corresponds to a
complicated state of torsion-like behaviour in the
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FiGure 8: Local stress redistribution due to torsional moments,
mechanism 2 [1].

thickness direction of the RVSE extending between the
two planes of symmetry of the RVSE (Figure 9(c)).
Bogensperger et al. [1] adopted a simple classical torsional
beam model which extends in plate thickness direction
and is loaded by oppositely directed torsional moments
with uniform distribution, acting antisymmetrically to the
midplane of the RVSE. The assumed torsional model
corresponds to the condition of restrained warping. The
relevant effective shear stiffness (G.g) under mechanism 2
is still unknown and is assumed to be equal to
Gefr,2 = Glam/2 (Moosbrugger et al. [19] and Bogensperger
et al. [1]).

The shear deformation of mechanism 1 (y;) and
mechanism 2 (y,) are given by (15) and (16), respectively:

__ %
V1= G (15)
67, (1>
- 2y, 16
12 Glam<w> (16)

where 7, is the nominal shear stress associated with the
RVSE. Gy, is the mean shear modulus of the laminates of
the CLT parallel to grain. t is the mean thickness of the
laminates, and w is the mean laminate width or the mean
distance between stress relief cuts of CLT. As discussed
previously, only a simple torsional behaviour was assumed
to derive (16). The torsional shear deformation of this simple
torsional beam model is given by

TL

V2= 5 (17)
? Geff,2]

where T is the torsional moment acting on the two sides of
the RVSE at the two planes of symmetry (two outer sides). L
is the length from the midplane of the RVSE to the plane of
symmetry. G, is the effective shear modulus under
mechanism 2, and ] is the polar moment of inertia. These
terms are given by the following expressions according to
Bogensperger et al. [1]:

9
T = Totaz,
t
L=-
2
18
G _ Glam ( )
eff,2 — P >
w4
J="

The torsional moment results from the nominal shear
force, 7, -t - w, and w is the torsional moment arm of the
nominal shear force. The length from the midplane of the
RVSE to the plane of symmetry is ¢/2. Gy,,,/2 is the assumed
value of G ¢ ,. Finally, considering the simple torsional beam
model, the torsional constant is assumed to be equal to the
polar moment of inertia, ] which for a square cross-section is
given by w*/6. Inputting these expressions into (17) will lead
to 16.

Now, adding the shear deformation of the two mecha-
nisms will give the total shear deformation of the CLT, which
is

Y=Y +72 (19)

If G is the effective shear modulus of the whole CLT with
the superposition of both the mechanisms,

ﬁ _ (TO/Glam)
Y (70/G)

(TO/Glam)

or 3
(TO/Glam) + (6T0/Glam) (t/w)

G

= (20)
Glam

1
1+ 6(t/w)2

_ Glam
1+ 6(t/w)*

Equation (20) provides a simple relation between the
effective shear modulus of the CLT under in-plane loading
condition and the mean shear modulus of the laminates that
make up the CLT. However, as some assumptions were
made regarding the shear deformation under mechanism 2
and as it can only be approximated with equation (20),
Bogensperger et al. [1] carried out a finite element study for
achieving better mechanical results. Also, equation (20) does
not recognize the effect of the finite number of layers of CLT
in predicting the shear modulus from the shear mechanism
of RVSE. Instead, equation (20) assumes an infinite number
of layers of the CLT. According to Turesson et al. [8], this
results in an overestimate of the actual shear modulus of the
CLT. The effect of the finite number of layers on equation
(20) was investigated by Silly [20], and in order to account
for the finite number of layers in a CLT, a correction factor
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FIGURE 9: Superposition of shear mechanisms (a) original situation, (b) partial state of pure shear mechanism (mechanism 1), and (c) partial

state of torsion-like behaviour (mechanism 2) [19].

was proposed. The proposed correction factor (a;) to predict
the effective shear modulus is

el

_ total thickness of CLT
~ number of layers in CLT’

(21)

where t is the mean thickness of all the layers of CLT and w is
the laminate width of the CLT (usually a constant value for
each type of CLT). The values of p and g in estimating the
correction factor are given in Table 2 according to Silly [20]
and Bogensperger et al. [1].

With the correction factor, the shear modulus is ap-
proximated by

Glam

"1+ 6ar ((Hw)* (22)

Equation (22) represents the final form of the Bogens-
perger et al. [1] model to predict the shear modulus of CLT.
Bogensperger et al. [1] assumed a mean value of the width
and the thickness of the laminates in developing the model
to predict the shear modulus of CLT. Though CLT with
unequal width of the laminates of each layer is not common,
the assumption of an equal mean thickness of all the layers
means that the method cannot be applied to CLT with
unequal layer thicknesses. Also, the simple torsional beam
model for the shear mechanism 2 in (17) does not represent
the correct state of the torsion in the RVSE when the width-
to-thickness ratio of each layer is low [8]. A more accurate
representation of the shear state in the RVSE can be made
using the theory of elasticity.

2.4. Andreolli Method. Andreolli et al. [9] noted some of the
shortcomings of the different methods mentioned in the
European standard EN 16351 [21] to determine the in-plane

TaBLE 2: p and g values of the correction factor for determining
shear modulus.

No. of layers 3 5 7
P 0.53 0.43 0.39
q -0.79 -0.79 -0.79

characteristics of CLT. Among these methods, the four-
point bending test is not always useful in determining shear
properties as bending stresses are predominant compared to
the shear stresses in the bending test. Other test methods
conducted on small-sized specimens focus on testing of
single nodes of CLT (with only one glued crossing area
between the longitudinal and the transverse layers). Tests on
single nodes are usually done to determine the shear strength
values under different failure modes. However, they cannot
provide any information on the stiffness of CLT and it is
uncertain whether they are representative of the global
behaviour of the whole CLT panel.

Considering the shortcomings of the previously pro-
posed test methods, Andreolli et al. [9] proposed a diagonal
compression test setup to determine some of the in-plane
properties of CLT. The test setup is illustrated in Figure 10.
For this test, square-shaped CLT specimen of 1 m side length
was used. The load was applied under displacement control
at a constant rate of 0.04 mm/s. The load was transferred to
the specimen using reinforced steel angles (seen in the upper
and lower corner of the specimen in Figure 10). The de-
formation of the specimen was measured on both the side
faces. A total of eight instruments were positioned on the
panel as shown in Figure 10. Four LVDTs measured the
horizontal (w,.) and vertical (w y) deformations of the central
core of the specimen (the central core is the square zone
located in the centre of the specimen with a diagonal length
equal to 40% of the specimen diagonal, shown in Figure 10
with dashed lines), two wire potentiometers measured the
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FIGUure 10: Diagonal compression test setup [8].

total deformation along the horizontal diagonals (w,;) and
two inductive displacement transducers measured the ab-
solute vertical displacements (wpgr) of the machine head. A
load cell was used to measure the applied force. The main
goal of the diagonal compression test is to introduce a state
of pure shear stress inside the CLT. For simplified treatment
of the stress condition inside the CLT under diagonal
compression, uniform stress distribution can be assumed.
However, the actual stress distribution inside is more
complex. The state of uniformity of stress is grossly violated,
and in the central core zone, the shear stress is higher than
other parts of the CLT.

Andreolli et al. [9] used Frocht’s [22] solution to estimate
the average value of the shear stress acting in the core zone
from the assumed uniform stress distribution, which is given

by
7. =1.4297

core

_ 1.429F (23)

V2A°

where F is the applied vertical force from the machine ac-
tuator and A is the cross-sectional area of the specimen in the
direction parallel to the four sides of the specimen. Thus,
A =1 xtqp, where [ is the length of the specimen as seen in
Figure 10 and t; 1 is the thickness of the specimen. The factor
1.429 in (23) accounts for the fact that the shear stress inside
the central core zone is higher than the shear stress occurring
outside the central core zone. The stress calculated using
F/~+/2A in (23) gives the value of the stress if uniform stress
distribution is considered throughout the CLT. Andreolli
et al. [9] suggested this factor by averaging the ratios of the
actual the shear stress in the core zone to the shear stress
calculated using F/~/2A along the horizontal (along w,.) and
vertical (along w,) diagonal of the central core zone.
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The average shear strain of the core zone is given by
2Av (24)
Y=——
d,

The derivation of (24) can be explained with the help of
the deformed shape of the core zone (Figure 11).

Av in (24) is the average change in the core diagonal of
length d; as measured by the four LVDT transducers, thus
Av = (wx>sidel T Wyside2 T wy,sidel + wy,sidez)/4' In Figure 11,
the deformed shape is shown with dotted lines. a is the
length of the core zone. From small-displacement
approximations,

cos(90 —y) =sin y = y,
: (25)
Av" = 0.

Using cosine law of triangle,

d —Av= \/a2+a2—2-a-a- cos (90 —y),
or (d,—Av)’ =a>+a*-2-a-a- cos(90 -y)
ord: + AV’ —2dAv=a’+a’ -2-a-a- cos(90 - y)
or —2d,Av=-dy
[Av* = 0 and from the undeformed shape,
d:=a’+a’]

2Av
ory = d—
1

(26)

Finally using (23) and (24), the shear stress versus shear
strain curve of the core zone is produced for each specimen.
Regression analysis is carried out on the data points to get a
best-fit line. Then, the slope of the best-fit line within the
10%-40% range (this range is actuated following the pro-
visions of EN 408 [11]) of the maximum applied load F,.,
gives the value of the in-plane shear modulus of CLT, G.

Andreolli et al. [9] conducted diagonal compression test
on four types of CLTs: (1) CLT with narrow face bonding; (2)
CLT with narrow face bonding but with shrinkage cracks; (3)
CLT without narrow face bonding and with stress relief cuts;
(4) CLT without narrow face bonding. The first type of CLT
gave the highest value of shear modulus, which was com-
parable to that of solid lumber material.

Turesson et al. [23] discussed some of the drawbacks of
the diagonal compression test. The contact area between the
CLT panel and the steel angles (which act as supports)
provides some additional restraint to the deformation of the
CLT in the horizontal direction. As a result, the CLT panels
are not deformed in the vertical and horizontal direction by
the same amount. The factor 1.429 used to calculate the shear
stress in the core zone does not consider this unequal de-
formation issue. Furthermore, the simplified deformed
shape exhibited in Figure 11, in which both the vertical and
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FIGURE 11: The central core zone in the undeformed (represented by solid lines) and deformed (represented by dashed lines) shape.

horizontal deformation is assumed to be equal (Av/2), is not
representative of the actual deformed shape of the core zone
due to the unequal deformation in the vertical and hori-
zontal direction. This might lead to inaccurate value of the
shear modulus determined using Andreolli et al’s [9]
method based on the geometry of the deformed shape.
Considering this shortcoming, Turesson et al. [23] developed
a picture frame test setup, which is essentially an im-
provement over that used by Andreolli et al. [9]. According
to Turesson et al. [23], CLT panels can be deformed along the
horizontal and vertical diagonals proportionately by the
same amount using the picture frame setup, which was not
the case for specimen in the diagonal compression test of
Andreolli et al. [9]. However, the picture frame test setup by
Turesson et al. [23] will not be described here as the principle
is the same as that of Andreolli et al. [9].

2.5. Turesson Method. Turesson et al. [8] carried out finite
element analysis to derive some reduction factors, which
when multiplied by the shear modulus value of the lumber
forming the CLT (assuming each layer of CLT is formed with
the same grade of lumber), will give the effective shear
modulus value of the whole CLT. The reduction factor (kgg)
ranges from a value of 0 to 1. According to Turesson et al. [8],
its value is 1 for an edge-glued CLT and for a non-edge-glued
CLT, it is always less than 1. While Bogensperger et al. [1]
only analysed idealised representative volume subelements
of CLT as discussed previously, Turesson et al. [8] analysed
whole sized (1.28 m x 1.28 m) 3-layered and 5-layered CLT
panels using finite element methods.

In their study, Turesson et al. [8] modelled the whole CLT
panels and analysed them using proper boundary conditions
by finite element analysis. Shear force was applied on the sides
of the panels as surface traction forces. A simplified model of
the CLT panel is shown in Figure 12. Two corner nodes were
restrained against translation in the vertical and horizontal
direction to prevent any rigid body motion of the panel. The

trac

/
—

trac

FIGURE 12: Finite element model of the CLT panel. The reduction
factor was calculated using equation (27).

two corners on the left edge of the panel were restrained from
any movement. The right edge of the panel was shifted by an
amount of d, under the action of shear force:

F

terr d y Glam

trac

kgg = (27)

where F,,,. is the applied traction force in the finite
element analysis software, to;r is the total thickness
of the CLT, d, is the displacement of the CLT due to the
shear force, and Gj,,,, is the mean shear modulus value
of the laminates of the CLT.

As reflected in (27), the reduction factors were calcu-
lated relative to the shear modulus of the laminates of the
CLT, Gy, From the finite element analysis, Turesson et al.
[8] generated charts for determining the value of the factor
based on width of the laminates and thickness of each layer.
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From the large range of values of the width of the laminates
and thickness of the layers, practical values used in real-life
CLTs can easily be determined from the charts. Turesson
et al. [8] also suggested an equation to predict the correction
factors based on curve fitting methods. Nevertheless, Tur-
esson et al. [8] only studied 3- and 5-layer CLT panels, and
the results cannot be extended to CLT panels with a greater
number of layers.

2.6. Comparison of the Methods and Analysis of the Results.
Unlike the Flaig and Blaf3 [5] method, Brandner et al.’s [6]
method requires test results for each specific type of CLT as
the E, value will vary depending on the type of CLT. In other
words, the Brandner et al. [6] model to predict the shear
modulus of CLT might be considered a semiempirical ap-
proach while the Flaig and Blafl [5] model is more of a
mechanics-based approach. Large-scale tests on CLT panels
were carried out by Zimmerman and McDonnell [24] to
determine the effective in-plane shear modulus of full-size
CLT panels. The effective shear modulus values were
compared against the values predicted by Flaig and Blaf3 [5]
and Brandner et al. [6] models. From the comparison, it was
observed that both methods gave underestimated values of
the effective shear modulus compared to the test results.
However, the values predicted by the Flaig and Blaf} [5]
method were further off from the test results compared to
the values predicted by Brandner et al’s [6] method. It
should be noted that CLTs in the large-scale panel tests were
under constant axial compression during testing which
might have contributed to relatively higher effective shear
modulus values. Zimmerman and McDonnell [24] also
reported that the predicted effective shear moduli using
these Flaig and Blafl [5] and Brandner et al. [6] methods
differed by approximately a factor of two.

Flaig and Blaf3 [5] provided a plot of the effective shear
modulus of CLT calculated using (14) with a shear modulus
value of 690 MPa for the laminates and a slip modulus (K)
value of 5N/mm?>. The width of the laminates (w) has a big
influence on the shear modulus value. As discussed previ-
ously, the shear modulus predicted by the Flaig and Blaf3 [5]
method is dependent on the number of adjacent laminates in
the longitudinal layers (m). However, for CLTs with the
same width of the laminates, with an increasing number of
laminates in the longitudinal layers (), the difference in the
predicted shear modulus values gradually decreases. The
shear modulus value can be taken as constant if the number
of laminates in the longitudinal layers is equal to or exceeds
10. In Figure 13, the shear modulus values of CLT predicted
by the Flaig and Blaf3 [5] method with G),,, = 690 MPa,
K =5N/mm?, and m = 10 have been compared with the
shear modulus determined by Andreolli et al. [9] and
Brandner et al. [6] methods for CLT with comparable
physical properties. It can be observed that the Flaig and
Blaf$ [5] method underestimates the shear modulus value
compared to the other two methods which corroborate the
findings of Zimmerman and McDonnell [24]. A possible
reason for the underestimated values of shear modulus by
the Flaig and Blaf3 [5] method is the use of an inappropriate
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Figure 13: Effective shear modulus vs. tcr/nca for CLT. The
laminate width (b) is in mm.

value of K. As discussed by Blafl and Flaig [13], the de-
termination of an appropriate value of K poses a challenge in
reality.

Turesson et al. [8] suggested some shear modulus values
of CLT using finite element analysis and compared these
values to the experimental values of Brander at al. [6]. The
difference in the values was between 0.4% and 6.9%.
Brandner et al. [5] compared the shear modulus values
determined from their compression tests to those predicted
using the mechanical model given by Bogensperger et al. [1].
Brandner et al. [5] reported that the shear modulus values
determined from the two methods were overall coherent,
except for some CLTs with stress reliefs. For reducing the
effects of shrinkage-swelling stresses and subsequent for-
mation of cracks with the change of surrounding moisture
content in CLT panels, stress relief was introduced by
making cuts in the longitudinal laminates of the CLT panels
[25]. A detailed description of CLT stress relief cut can be
found in the CLT Handbook [26]. In a practical scenario, in
CLTs with stress reliefs, some additional stiffness is devel-
oped due to (i) the residual bridge at the groove of the relief
(the bridge occurs as the grooves are not always such that the
cuts extend the full thickness of each layer) and (ii) unin-
tentional penetration of the adhesive into the reliefs. In
Figure 14, the effective shear modulus value of CLT as a
fraction of the shear modulus of the laminates of the CLT
determined by the methods proposed by Bogensperger et al.
[1], Brandner et al. [6], Turesson et al. [8] and Andreolli et al.
[9] has been plotted against the mean layer thickness-to-
width of laminates ratio for CLTs with a different number of
layers. Here, t,,c., is the total thickness of the CLT divided by
the number of layers and w is the width of the laminates of
the CLT. For the shear modulus values from Andreolli et al.
[9], the qualifier “equal” represents an equal thickness of all
layers, “unequal” represents an unequal thickness of all
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FiGure 14: Effective shear modulus of CLT vs. geometric ratio
Emean/W.

layers, and “edgebonded” represents an edge-glued CLT. The
shear modulus of an edge-glued CLT with the presence of
shrinkage cracks from the study of Andreolli et al. [9] has
been presented along with the shear modulus of all other
non-edge-glued CLTs in Figure 14. The shear modulus value
of the edge-glued CLT is similar to those of the non-edge-
glued CLTs. The reason for this is the edge-glued CLT in
Andreolli et al’s [9] study had developed considerable
shrinkage cracks, which eventually happens in all edge-glued
CLTs in real life due to the effect of moisture-induced
stresses caused by the change in surrounding moisture
content. After the formation of shrinkage cracks, the be-
haviour of an edge-glued CLT becomes closer to that of a
non-edge-glued CLT and it no longer exhibits high shear
modulus values concordant with that of solid lumber.

From Figure 14, it can be observed that the shear
modulus values from all the four methods are closely
clustered and Brandner et al. [6] and Andreolli et al. [9]
methods give slightly overestimated shear modulus values
compared to Bogensperger et al’s [1] method. Turesson
et al.’s [8] method gives shear modulus values very close to
those from Bogensperger et al.’s [1] method.

Turesson et al. [23] reported that Brandner et al.’s [6]
method is increasingly becoming accepted as the most
appropriate test setup for determining the gross shear
properties of CLT. However, ensuring a pure shear stress
condition remains a problem in this method. The Flaig and
Blaf} [5] method is very convenient as it does not require any
physical testing and only the material properties of the CLT
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are required as input parameters. The Flaig and Blafl [5]
method has the potential to become widely accepted if the
relevant shear stiffness of the crossing areas under the two
separate mechanisms can be properly quantified. Bogens-
perger et al. [1] and Turesson et al. [8] methods are mainly
dependent on numerical modelling and simulation of CLT
using finite element methods. As it is the case for all finite
element methods, some simplified approximations are al-
ways present. For example, modelling the glue layer alone
poses a challenge and the results can be drastically different
depending on the method used to model the glue layer in the
finite element analysis software. Andreolli et al.’s [9] method
is also a very good experimental method for determining the
shear modulus, but the test setup implementation remains a
problem due to the large sample sizes and the requirement of
fabricating special fixtures. Thus, all the methods described
in this paper have some pros and cons. Each of these
methods has room for improvement through further
research.

3. Conclusions

Five methods for the determination of the in-plane shear
modulus of CLT have been discussed in this paper. Each
method has some advantages and disadvantages. Some of
them require physical testing, while others are just predic-
tion models that require the material properties of CLT as
input parameters. The highlights of the five methods are as
follows:

(1) The Brandner method is a semiempirical approach
which gives shear modulus values close to the values
from large-scale CLT panel tests. The size of the
specimens used in this method is fairly large, which is
cumbersome.

(2) The Flaig and Blafl method is a mechanics-based
analytical approach. However, determination of one
of the input properties of the analytical model and
the stiffness of the crossing areas remains a challenge.

(3) The Bogensperger method is a combination of an-
alytical and numerical approach. The analytical part
of this method relies on some simplified assump-
tions, which might not be very accurate.

(4) The Andreolli method involves experimental de-
termination of the shear modulus from a diagonal
compression test. The geometric assumptions made
in this method might not be appropriate due to the
nonuniform deformation in the vertical and hori-
zontal direction.

(5) In the Turesson method, shear modulus was found
from numerical modelling. A prediction model was
proposed from numerical analysis; however, the
model is valid for only 3- and 5-layered CLT panels.

Further research is needed to develop a method that can
accurately predict the shear modulus of CLT and that takes
into account the shortcomings of all the current methods.
Thus, the full potential of CLT can be utilised.
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Parallel strand bamboo (PSB) is an engineered bamboo product fabricated using crushed bamboo fiber bundles. Recently, this
product finds applications in the civil engineering field. It is expected that the use of this composite will continue to grow because
of its excellent mechanical performance, relatively low variability in material properties, and shape standardization. Modern
bamboo structures made from PSB composites may be subjected to temperature variations during service. So far, however, there
has been little discussion about the temperature-dependent creep. In this study, an investigation was carried out on the short-term
behavior of the compressive property of PSB. A stress range of 8 to 64 MPa over a temperature range of 25°C to 75°C was
considered in the 24-hour creep tests. In addition, Burgers model was adopted to describe the short-term creep behavior of PSB.

Temperature and stress effects on the creep compliance of the Burgers model were also discussed.

1. Introduction

Parallel strand bamboo (PSB), a kind of engineered bamboo
product, is made from raw bamboo strands which are
compressed along the grain direction under high pressure. It
has been proved that PSB has excellent mechanical prop-
erties and is an important alternative to traditional con-
structional materials [1-4]. This engineered bamboo product
is considered to have great potential to be used as structural
columns, beams, and flooring materials in the construction
industry [5-8]. Biomaterials, such as wood and bamboo, are
classified as viscoelastic materials at normal operating load,
temperature, and moisture content. The viscoelastic be-
havior-induced microvoids and microcracking may lead to
stiffness degradation and consequently develop macrocracks
resulting in the premature failure of structures, of which the
stress is significantly lower than expected. To avoid the creep
rupture of a structural member, design codes require re-
ductions in static strength to account for long-term per-
formance. Therefore, it is necessary to evaluate the creep and

relaxation of biomaterials since this property may affect their
long-term performance.

More recently, a considerable amount of literature has
been published, including mechanical properties of PSB,
fracture toughness, fire resistance, and performance of PSB
columns/beams [7-14]. However, few writers have been able
to draw on any systematic research into the viscoelastic
properties of PSB. To the authors’ knowledge, no single
study exists which discusses the variation of tensile/com-
pressive properties of PSB during a wider temperature range
and a time duration. Modern bamboo structures made from
PSB may be subjected to temperature variations during
service. For instance, on winter nights, the temperature on
the surface of some structural members can reach below 0°C.
In a hot climate under direct sun, however, the temperature
can even rise to over 50°C [15]. Hence, characterization of
PSB creep behavior under a wide temperature range is
important to ensure confidence in structure design and to
assess potential failure due to excessive deformation or
rupture.
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Over the past few decades, there have been several in-
vestigations into the creep behavior of wood and wood-based
composites. 10-hour creep tests of SPF under constant
temperature and humidity were performed by Kuwamura
[16]. He states that when the stress level exceeds 80% of the
static strength, the creep strain transitions from the secondary
stage to the tertiary stage and terminates in fracture. Kobbe
et al. [17-21] conducted short- and long-term creep tests on
wood-based composites to evaluate the creep behavior and
concluded that they are very sensitive to the magnitude of the
applied load, temperature, and relative humidity changes. The
overall effect of temperature was an acceleration of creep with
increasing temperature. In recent times, several investigations
were devoted to creep behavior of raw bamboo material
[22-24]. The effects of the environmental condition and the
specimen part (outer or inner culm of the bamboo stem) have
been clarified. Wu [25] conducted tensile and compressive
creep tests of PSB at a stress range between 10% and 40% of
tensile/compressive strength under constant temperature and
relative humidity. The material exhibited linear viscoelastic
behavior within the applied stress levels.

The time-dependent behavior of PSB, however, is not
well understood at elevated temperatures, and very little
information is available. The present study sets out to assess
the temperature effect on the creep behavior of PSB com-
posites. The creep tests over a stress range of 8 MPa to
32 MPa and a temperature range of 25° to 75°C were con-
ducted in a temperature-controlled environmental chamber.
The relative humidity was set at 50%. The results and analysis
from creep tests were reported in detail. Moreover, the
Burgers model was adopted to evaluate the creep behavior,
and the creep compliance of the Burgers model was
discussed.

2. Experimental

2.1. Material and Manufacturing. The experimental material
used in this study was manufactured using 5-year-old Moso
bamboo from the Jiangxi province of China. Firstly, bamboo
culms were split into strips which are 2 m long with a section
of 15 mm in width and 3 mm in thickness. The bamboo strips
were carbonized for 140 min. The temperature and pressure
were 130°C and 0.3 MPa, respectively. Carbonation treatment
can improve the weatherability and dimensional stability of
the PSB product and reduce shrinkage and swelling defor-
mation. The bamboo strips were then dried at 80°C tem-
perature until they reached a moisture content of
approximately 11%. After carbonizing and drying treatment,
the strips were crushed into rough bamboo strands. The
strands were then impregnated with water-soluble phenolic
resin. The solid content of resin and the impregnation time
were 25% and 14 min, respectively. Then, the strands were
compressed under a pressure of 4 MPa at 160°C to make PSB
panels. The curing time is related to the thickness of the PSB
panel, generally 1 min/mm.

2.2. Creep Test Procedure. All the specimens used in this
study were designed per ASTM D2990-17 [26]. As shown in
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Figure 1, the manufactured PSB panels were cut into
specimens of 100mm length with a section of
25mm x 25 mm.

Creep tests are very sensitive. Thus, applying constant
load and no shock during the creep test are expected. The
creep tests were conducted in a temperature-controlled
environmental chamber controlled to 50% relative humidity.
Three temperature levels of 25°C, 50°C, and 75°C and three
stress levels of 8 MPa, 16 MPa, and 32 MPa were selected.
Initially, the stress level of 64MPa was also selected.
However, the specimens at the stress level of 64 MPa and the
temperature of 50°C and 75°C failed prematurely. Only at
25°C, strain data under the stress of 64 MPa were recorded
during the whole creep test. Thus, we also reported the
results of 64 MPa in Section 3.1. Specimen temperatures
during the creep tests were maintained within a tolerance of
+1°C to the target temperature. The average value of the
ultimate static strength of PSB is 106.7 MPa at 25°C and
drops to 42.7 MPa at 75°C. Hence, the lowest stress level
8 MPa was about 7.5% of the compressive strength at 25°C
and 18.7% of that at 75°C. The highest stress level 32 MPa
was about 30% of the compressive strength at 25°C and
74.9% of that at 75°C. All the specimens were preconditioned
for the target temperature. Each creep test lasted 24 hours.
The load, deformation, and time were recorded immediately
following loading and at an interval of 15s in the first hour
and then at an interval of 75 s for the next 23 hours. The test
setup and environmental chamber arrangement are shown
in Figure 2(a), whereas the schematic representation is
shown in Figure 2(Db).

Since scatter in the properties is unavoidable in PSB,
creep tests set at each test condition were repeated three
times to improve the confidence of the test results. These
specimens were named “Temperature-stress-No.” For ex-
ample, the specimens tested at 25°C and 8 MPa were named
“25°C-8 MPa-1/2/3.” The average results using three separate
specimens were adopted for discussion.

3. Results and Discussion

3.1. Creep Behavior at Room Temperature. The time-dependent
behavior of PSB specimens at 25°C and different stress levels
is displayed in Figure 3. All the specimens showed similar
behavior, and no creep rupture was observed.

The specimens first suffered an instantaneous strain
upon loading. The instantaneous strain was expected to be
more pronounced for greater loading. Such behavior can be
seen in Figure 3. The strain then increased over time. This
time-dependent response is creep strain. Creep behavior of
wood composites is generally considered to have three stages
[27, 28]. As shown in Figure 4, they are primary, secondary,
and tertiary stages. Generally, primary creep occurs in a
relatively short period of time. During the primary stage, the
strain usually increases with a continuously decreasing strain
rate. Then, the secondary creep stage with a constant strain
rate is usually reached. The duration of the secondary stage is
related to material properties, the level of sustained loading,
and the loading condition. The tertiary stage usually indi-
cates progressive failure of the material. It is clear that, at the
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FIGURE 1: PSB specimen for the compressive creep test (unit: mm).
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FIGURE 3: Creep behavior of PSB at 25°C and different stress levels.
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end of the tests, all specimens stay in the secondary creep
stage.

The creep responses in the range of 8-64 MPa at 25°C are
similar such that creep strains increase over time. As shown
in Figure 3, the stress levels had an influence on the amount
of creep strain of PSB material. The higher the level of
sustained loading, the larger the creep strain. From the
figure, we can see that, at the end of the tests, the creep strain
was 0.79 x 10~ under the stress level of 8 MPa. The creep
strain increased to 3.30 x 107 at the stress level of 32 MPa
and further increased to 6.64x 107> at the stress level of
64 MPa. These results suggest that, at the temperature of
25°C, the increase in creep strain was proportional to the
increase in stress within the range of this study.

When observing the creep curves plotted in Figure 3,
note that the strain rate at 64 MPa is higher than the lower
stress level. The observed difference may indicate the exis-
tence of a change in the creep mechanism at the high stress
level. At lower stress levels, the creep is mainly induced by
the molecular motions, while at higher stress levels, the creep
may be dominated by the damage that occurred in the
material.

3.2. Creep Behavior at Elevated Temperature. Considering
the variation of seasonal temperatures in the south area of
China, temperature variations at the surface of structural
members are estimated to range from 25°C to 75°C.

Figure 5 may help us understand the temperature effect
on creep behavior. At a constant stress level, the creep strain
increased with the temperature. A possible explanation for
this might be that exposure to high temperatures reduces the
stiffness of PSB material [11]. At the stress levels of 8 MPa
and 16 MPa, the creep strain at the end of the test was
increased 2 times when the temperature was increased from
25 to 75°C. In the creep test under 75°C with the sustained
load of 32 MPa, two specimens (75°C-32 MPa-1 and 75°C-
32 MPa-3) failed within 24 hours. Therefore, the creep curve
of 75°C in Figure 5(c) is not the average result, but the result
of specimen 75°C-32 MPa-2.

It can be seen from Figures 3 and 5 that the temperature
and stress level have a great influence on the amount of creep
strain of PSB material. However, the strain rate appeared to
be unaffected by the temperature and stress levels, except for
the case with the stress of 32 MPa and temperature of 75°C.

Although this study was not intended to investigate the
creep rupture of PSB material, specimen failure was
recorded at the stress level of 32 MPa. As shown in Figure 6,
the specimens enter the tertiary stage when the load is
maintained for 17-18 hours. The creep deformation in-
creases sharply, leading to creep rupture, indicating the
likelihood of some material damage resulting from the in-
creased temperature and sustained loading in this case. Such
results suggest that although the bamboo-based structure is
designed at low stress levels, high temperature and long time
may still cause large creep deformation and even material
failure.

4. Modeling of Creep

4.1. Burgers Model. To evaluate the time-dependent be-
havior of PSB material, a reliable and widely accepted model
is needed. The generalized Kelvin model has been proven to
apply to a variety of viscoelastic materials [29, 30]. Since this
study focuses on the short-term creep behavior, the Burgers
model which can be seen as a simple generalized Kelvin
model consisting of one Kelvin unit is adopted here.

The Burgers model consisting of a Maxwell unit and a
Kelvin unit in series is reasonably simple, as shown in
Figure 7(a). Considering a creep test of a PSB specimen
under compression, the behavior of the Burgers model can
be understood as the combination of the element behavior
connected in series in Figure 7(a). Thus, the total strain of the
Burgers model at time ¢ is decomposed into three parts:

e(t) =g (t) + & (t) + & (1), (1)

where ¢, ¢€,, and &; are the strain of the spring, Newton’s
dashpot, and the Kelvin unit, respectively. Given the stiffness
and viscosity of the elements in the Burgers model, ¢, ¢,, and
&, can be expressed as
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FIGURE 5: Creep behavior of PSB at temperatures between 25 and 75°C. (a) Creep test results at constant loading of 8 MPa. (b) Creep test
results at constant loading of 16 MPa. (c) Creep test results at constant loading of 32 MPa.
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FIGURE 7: Burgers model. (a) Schematic illustration. (b) Creep response under a constant load.
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E o
Byt ey = —, (4)
K Mk

where E,; and #,, are the stiffness and viscosity of the
Maxwell unit, respectively, and Ey and 7 are the stiffness
and viscosity of the Kelvin unit, respectively.

The creep response of the Maxwell model is the sum of
the spring and Newton’s dashpot:

o 0
g )+&(t)=—+—1.
1 (8) +&,(8) Ey ' ar (5)

On the right-hand side of (5), the first term represents
the instantaneous elastic strain since the spring will act
immediately upon loading. The second term represents
viscous flow because it takes time for the dashpot to build up
the strain.

The creep behavior of the Kelvin model is expressed by
solving first-order nonhomogeneous ordinary differential
equation (4) with the initial condition &5 (0) = 0. Thus,

£ (1) = - (1= e (), ©)

K

The right-hand term of (6) represents delayed elasticity
of the Kelvin model. Then, the creep strain of the Burgers
model can be expressed as follows:

S(t)ZEL+it+i<1—e_(EKMK)[>. (7)

M MM K

Differentiating (7) yields the creep rate &

a(t) =L 4 Lo (Ene) (8)
i Mk

Based on the knowledge of the physical response of
simple elements in the Burgers model, the material constants
Ep 1y Ex> and 77 can be determined as follows:

— 0
OA=—
Ey, (9a)
o
tana = —, (9b)
Mm
v o
- EK) (9C)
o 0
tanff = —+—, 9d
v Yk (5d)

where the four values OA, AB, «, and f illustrated in
Figure 7(b) are obtained from the creep curve.

Figure 8 compares the Burgers model with the creep test
results. Both primary and secondary creep stages can be well
represented by the Burgers model. The comparison dem-
onstrates the effectiveness of this model to evaluate the
short-term creep behavior of this material.

4.2. Creep Compliance. The creep response of Burgers model
(7) may also be written in the form

e =] () = o(Jo+T,t +T(1-e77)), (10)

and J (t) is defined as the creep strain resulting from unit
stress, known as the compliance function. It is the visco-
elastic material property used to describe behavior during
creep loading. ], is the initial compliance. It is time inde-
pendent and only related to the elastic modulus of the spring
in the Maxwell unit. J, is the delayed compliance due to the
viscosity of the dashpot in the Maxwell unit. Jx and 7 are the
delayed compliance and retardation time due to the Kelvin
unit in the Burgers model.
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TaBLE 1: Creep compliance and retardation time.

Condition Jo Ty Tk i

25°C-8 MPa 823.3 0.6 134.3 0.5
50°C-8 MPa 1055 3.4 297.8 1.0
75°C-8 MPa 1495 6.4 224.9 1.2
25°C-16 MPa 881.4 0.3 571 1.3
50°C-16 MPa 1175 0.5 61.5 1.5
75°C-16 MPa 1566 4.8 181.2 1.6
25°C-32 MPa 902.3 1.3 91.6 1.0
50°C-32 MPa 1686 24.3 543.3 2.6
75°C-32 MPa 2307 198.2 3110 3.4

The compliance ]y, J,;, i and the time quantity 7 are key
characteristic properties of the model. Indeed, no knowledge
of each element in the Burgers model is necessary. The creep
response of a material can be completely characterized
provided the creep compliance is known. The compliance
can be derived from the data collected in the creep tests, as
summarized in Table 1.

Figure 9 compares creep compliance values determined
using different stress levels at elevated temperatures. Eval-
uating the compliance shows that compliance is temperature
dependent. There is an increasing trend with temperature,
especially at higher stress level. At a temperature of 25°C, the
compliance values are basically identical when the loads are
no more than 32MPa, 30% of the static strength. This
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indicates the linear viscoelastic behavior of PSB at relatively
low temperature and under relatively low stress. High
temperature and stress level may increase the creep com-
pliance, leading to larger creep deformation.

5. Conclusions

The present study was designed to investigate the temper-
ature and stress effect on the compressive creep behavior of
PSB. The creep tests over a stress range of 8 MPa-32 MPa
and a temperature range of 25°C-75°C were conducted in a
temperature-controlled environmental chamber. At a con-
stant load, the creep strain showed an increasing trend with
the temperature. Elevated stress and temperature levels
resulted in a noticeable higher creep rate, possibly indicating
the existence of a different creep mechanism compared with
relatively low stress and temperature conditions. Creep

rupture observed in the creep test under 32 MPa and 75°C
demonstrates that although the bamboo-based structure is
designed at low stress levels, high temperature and a long
time may still cause large creep deformation and even
material failure.

Burgers model has proven to be an effective model for
short-term creep behavior of PSB material. Using the
Burgers model, the primary and secondary creep stage was
predicted with accuracies at all stress and temperature levels.
The creep compliance of the Burgers model is basically
identical at 25°C when the load is no more than 32 MPa,
indicating the linear viscoelastic creep behavior of PSB at
relatively low temperature and stress. High temperature and
stress levels may increase the creep compliance, leading to
larger creep deformation. While the Burgers model can be
helpful in interpreting observed creep behavior, the model is
only valid for conditions within the range of this study. In
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the future study, it is necessary to demonstrate the effec-
tiveness of the model when used outside the conditions
studied.
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Infill wall-frame interaction-induced damage and failure have been found in many previous earthquakes due to the inappropriate
estimation of the stiffness of infill walls. It is a common knowledge of design philosophy that properly lowering the lateral stiffness
of infill wall may significantly improve the seismic performances of concrete frames. Fabricated straw wall, a sandwich-type
structure with tenon and groove, is proposed as a new type of lightweight and environment-friendly infill wall. The lateral stiffness
is much lower than that of masonry infill wall. Shaking table tests were carried out for a concrete frame structure with fabricated
straw wall, as well as for a frame with masonry infill wall for comparison. Results show that failure modes of them are different.
Plastic hinges took place at the ends of beams in the frame with fabricated straw infill wall, different from the frame with masonry
infill wall where the plastic hinges emerged at the ends of columns. Numerical analysis was conducted to verify and illustrate the
failure mechanism. It indicates that the straw panel-infilled concrete frame well matches the design philosophy and presents better

seismic performance.

1. Introduction

Masonry infill wall used as partial wall of reinforced concrete
frame structures is usually treated as the nonstructural com-
ponent in design philosophy. However, masonry infill wall
exerts a significant effect on the stiffness of frame structures
[1-4] and the structural dynamic performances [5]. Design
codes [6, 7] take a natural vibration period reduction factor to
account for the stiffness contribution of the masonry infill walls;
e.g., the factor is specified as 0.6-0.9 by the Chinese code [7].

The current design philosophy poses serious problems,
as it did in the case of Wenchuan earthquake. On May 12,
2008, an Ms8.0 earthquake struck Wenchuan area where
masonry infill wall is extensively adopted. A 3-story building
of frame structure in Beichuan is shown in Figure 1 [8]. To
set street shops for the building, few infill walls were set on
the ground floor, while many infill walls were arranged on
other floors, making the ground floor much weaker than
other layers. Finally, all the bottom columns broke at ends,

and the whole building inclined dramatically. The same type
of failure is presented in Figure 2 [9]. It is a damaged column
of a 6-story building in Dujiangyan city. Its ground floor
acted as a garage with no walls. Infill walls on the upper
floors made the stiffness vary greatly between the first and
second story, so the damage of bottom columns occurred.

Witnessing all these damages and failure induced by the
interaction between the masonry infill wall and concrete
frame [2, 4, 9], the significant role of masonry infill walls in
frame structures is gradually realized. Related experiments
[10-12] and numerical analyses [13-15] are conducted by
different scholars. Some codes [16, 17] recommend struts to
represent masonry infill walls in calculations. However, due to
the scattered data offered by different experiments, along with
the difficulty in modeling brittle materials [18], a widely
accepted method to precisely consider the masonry stiffness is
still absent.

To eliminate the great disparity in lateral stiffness be-
tween stories generated by masonry infill walls, arranging
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FIGURE 2: Damage of the bottom columns of a 6-story building [9].

masonry infill walls equivalently on each story is a simple
way. However, this method is generally not practical, since
the main entrances, garage, or stores are often set on the first
floor. Due to the need for rational use of space, the layout of
masonry infill walls on first floor is quite limited. An effective
approach is to lower the stiffness of the masonry infill wall
directly. Either decreasing their total number or replacing
the masonry with other proper materials would work. By
proposing a sandwich-type of fabricated straw panel, the
latter method is chosen and studied.

2. Fabricated Straw Brick

To properly replace the masonry bricks, a sandwich-type of
fabricated straw panel is advanced. With a low elastic
modulus [19], straw panels own much lower stiffness
compared with masonry bricks [20]. Due to the flexible
tenon connection between straw panel and frame, a certain
deformation is allowed under horizontal loads and actions.
Thus, the interaction between the straw panel infill wall and
concrete frame is weak. It also shares the characteristics of
sound insulation and self-heat insulation [21-24]. Mean-
while, the straw panels are remarkably fire-resistant con-
sidering the compactness [25].

The proposed straw panel is a sandwich structure with
tenon and groove, consisting of a low-density straw board
(p<400kg/m?) and 2 high-density straw boards (p>700 kg/
m?). The low-density board with good thermal insulation
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and sound insulation performance is used as the lining, of
which 2 high-density boards are placed on both sides. The
lower end of the low-density lining board is a groove. The
high-density outer panel and the low-density lining board
are staggered to form a tenon and groove. Considering the
requirements of the building modulus and the conditions in
the transportation and construction process, the size of the
straw panel is decided as shown in Figure 3.

Shaking table tests were carried out for a straw panel-
infilled frame, as well as for a masonry infilled frame for
comparison, to study their seismic performance.

3. Experimental Investigation
3.1. Experimental Design

3.1.1. Similitude of the Model. Scale models are used in the
shaking table tests, which are representative of the prototype
structure according to a certain similar relationship. The
designed similitude of model is presented in Table 1.

3.1.2. Experimental Model Design. The test models of the
frame structures are 1/3 scale models of the prototype
structure. Two identical reinforced concrete frames are
designed for comparison. Each frame is a 1-bay, 3-story
structure, filled with masonry bricks or straw panels, re-
spectively. All frame beams, columns, and floor (roof) panels
are cast-in-place.

In order to ensure the consistency of these 2 concrete
frames, synchronous construction and simultaneous pour-
ing are adopted, and each layer of steel and concrete is
obtained from the same batch of materials. (For the con-
venience of description in this article, the frame with ma-
sonry bricks is called brick frame, and the frame with straw
panels is called straw frame.) The geometrical sizes of models
are presented in Tables 2 and 3 .

According to the Chinese Code for Design of Concrete
Structures [26], the component layout and the reinforce-
ment diagrams of components in the test structures are
designed and shown in Figures 4-6 . The straw brick is
presented in Figures 3 and 7, and the photo of test structures
is shown in Figure 8.

3.1.3. Construction and Installation of Infill Walls. As the
brick frame is filled with masonry bricks, its infill wall was
constructed in accordance with the requirements of the
Chinese current code [27].

There are currently no relevant regulations or specifi-
cations as references for straw frame, so the installation plan
was determined based on the principle of structural stability,
the geometrical sizes of straw brick, and the suggestions of
the manufacturer’s technicians. Figure 9 illustrates the
connections between straw components and frame; specific
installation steps are as follows:

(1) While the straw bricks with tenon and groove are
easy to connect with each other vertically, vertical
long straw strips were needed to link the boards
horizontally with air nails to enhance the integrity of
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FiGure 3: Geometrical sizes of a straw brick (unit: mm).
TasLE 1: Designed similitude of the model.
Type Physical properties Dimension Similitude Similarity constant
Stress FL™? Se =Sk 1
Material features Modulus of elasticity FL™? Sk 1
Mass density FT’L™* S, = Sel$; 3
Geometrical features Length L S 1/3
Mass FL T S =S, 1/9
Dynamic features Stiffness FL™! Sk = SgS, 1/3
Acceleration LT S, =S/S? 1
TaBLE 2: Geometrical sizes of models (unit: m). 1550 1550
100 100
Structure Length Width Height 100}y 1330100 1390y
Prototype structure 4.5 4.5 9 ""8 : : : :
Test structures 1.5 1.5 3 S = i i i i
2 i i i i
i i i i
1
TABLE 3: Geometrical sizes of components (unit: mm). Tz ! i i !
g ol I ! ! I
Column Beam S| & ! ! ! !
Structure Slab ! ! ! !
H. B, Hy, B, ! ! ! !
Prototype structure 300 300 300 150 120 ol o § i . | :
Test structures 100 100 100 50 100 § S ! ! ! !
I I I I
i i i i
= i S ]
the straw wall. The straw strips, with the basic ° : : : :
geometric size of 120 mm x 18 mm x 900 mm, could 1[ 400 ; 1500 ; 1000 ;1000 ; 400 1[
1 1 1 1

be perfectly stuck between two horizontally adjacent
straw boards, as shown in Figure 9.

(2) Straw strips and frame beams are fixed by embedded
parts to avoid slipping and falling off during the
vibration. The 10-centimeter-long steel bars in Fig-
ure 9 acted as the embedded parts whose diameter is
12 mm. Proper holes were reserved at the ends of the
straw strips for the embedded parts.

(3) To prevent the straw wall from falling off or tilting
out of the frame, steel plates were used to fix the
straw wall to the frame. The steel plates were coated
with glue to ensure the connection between the straw
wall and frame.

o o o o

FiGURE 4: Front elevation view of test structures (unit: mm).

(4) In order to guarantee the connections, all straw
components were checked before installation, those
of which with large deviation in geometrical sizes
were screened out.

(5) The installation order from bottom to top and from
right to left was followed to ensure that the first straw
board at the floor level fits the floor correctly, and
that straw boards fits well with the neighboring straw
strips.
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FIGURE 5: Reinforcement diagram of floor slab (unit: mm).
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FIGURE 6: Reinforcement diagrams of columns and beams (unit: mm). (a) Column. (b) Beam.

Figure 7: The straw brick.

FIGURE 8: Test structures on shaking table.
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FIGUure 9: Connections between straw components and frame.

Il Steel plate
I Steel bar

(6) By conducting the above steps, construction deviation
accumulated on the last row of straw boards. Standard
straw boards were cut on-site to ensure that the size of
the last row and column meets the requirements.

(7) After all installations were complete, the straw strips
and straw boards were connected with air nails. 20 mm
air nails with an interval of 10 cm were adopted.

3.1.4. Experimental Materials. The parameters of experi-
mental materials are shown in Table 4.

3.2. Shaking Table Test

3.2.1. Apparatus. This test was carried out on the earthquake
simulation shaking table of the Civil Engineering Test Center
in Southeast University. The vibration table is an assembled
single-degree-of-freedom seismic simulation vibration table,
which is mainly composed of a foundation, a table, a dy-
namic actuator, a controller, an oil source system, and a data
acquisition and analysis system.

3.2.2. Spectrum Waves and Load Cases. According to the
Chinese current code [7], 3 seismic waves were selected as
the input waves in the experiment, namely, the EL Centro
wave, the Taft wave, and an artificial wave. In the experi-
ment, the seismic waves are firstly scaled with the acceler-
ation peak value according to the working conditions. And
the duration is compressed according to the similar coef-
ficient, which is 23.2 s at last. All of them then work as the
excitation input for the test.

During the test, the EL Centro wave, Taft wave, and the
artificial wave were successively input in one way hori-
zontally. White noise with a peak acceleration of 35 cm/s
was employed before and after each stage to test the dynamic
characteristics of the structures. Ground motions were se-
lected based on the Chinese current code [7] for research.
The testing cases are presented in Table 5.

3.2.3. Measuring Point Layout and Data Collection. After
the models had been installed, the measuring points were
arranged. 7 magnetic accelerometers (numbered al-a7) and

7 pull-wire displacement meters (numbered D1-D7) were
employed during the tests. An acceleration sensor and a
displacement meter were arranged on the @ axis and @ axis
of each floor elevation, roof, and vibration table base of the
models, as shown in Figure 10.

The AACRAS dynamic data collection system developed
by Nanjing Anzheng Software Company was adopted in the
test. The system is able to collect the acceleration and dis-
placement response of the model under various working
conditions. The sensitivity of acceleration sensor and dis-
placement meter is shown in Table 6.

3.3. Test Results and Discussion

3.3.1. Experimental Observations. In the case of gradually
increasing the peak acceleration of seismic waves, the oc-
currence and specific development of cracks are explained as
follows:

(1) Under the Peak Ground Acceleration (PGA) of
35cm/s’, the horizontal shaking of the models was
inconspicuous. No visible cracks appeared on the
models.

(2) Under the PGA of 70 cm/s®, cracks appeared at the
bottom of the brick frame beams, and tiny cracks
took place at the top of the bottom columns.

(3) Under the PGA of 140 cm/s%, previous cracks ex-
panded with low amplitude, and a few horizontal
cracks appeared at the top of the bottom column in
the brick frame.

(4) Under the PGA of 220 cm/s?, micro cracks on the top
of the bottom column in the brick frame began to
expand, and cracks appeared in all four columns with
a maximum length of 6cm. Meanwhile, diagonal
cracks took place in both ends of the 1st floor beams
in the straw frame, as shown in Figure 11.

(5) Under the PGA of 400 cm/s?, top cracks of bottom
column in brick frame continued expanding, some of
which expanded to the full section. Meanwhile,
micro cracks appeared on top of the column in the
second story. Cracks in the 1st floor beam of the
straw frame expanded, especially in the beams along
the shaking direction. During vibration, the gap
between straw panels and beams caused by the de-
formation of the straw frame was observed.

(6) Under the PGA of 620 cm/s?, cracks on the bottom
column in the brick frame all extended to the full
cross section; the maximum width of which is 2 mm.
Cracks in the beams of the 1st and 2nd floor of the
straw frame grew, and those of the 1st floor even
extended to the full cross section.

(7) Under the PGA of 800 cm/s?, the width of the cracks
on the bottom column in the brick frame increased
to 3 mm, and cracks appeared at the bottom of some
columns. The maximum width of the crack at the
beam ends in the straw frame is about 2 mm. The gap
between the straw panels and the columns at the top
story was between 3 cm and 5cm.



6 Advances in Civil Engineering

TaBLE 4: Parameters of experimental materials.

Masonry brick i i
Material Concrete Steel . ¥ Mortar Straw b'rICk Straw s.trlp
Elastic modulus (MPa) Grade Density Density
Parameter C25 HPB235 2400 MU10 M5 559 kg/m’ 700 kg/m”>
TaBLE 5: Testing cases.
Peak acceleration (cm/s?) Peak acceleration (cm/s?)
Stage Case no.  Input wave Stage Case no.  Input wave
Target value Measured value Target value Measured value

1 White noise 35 48 17 White noise 35 42
] 2 EL Centro 35 28 5 18 EL Centro 400 493

3 Taft 35 49 19 Taft 400 405

4 Artificial wave 35 64 20 Artificial wave 400 278

5 White noise 35 40 21 White noise 35 47
) 6 EL Centro 70 92 6 22 EL Centro 620 531

7 Taft 70 107 23 Taft 620 539

8 Artificial wave 70 144 24 Artificial wave 620 531

9 White noise 35 45 25 White noise 35 39
3 10 EL Centro 140 214 26 EL Centro 800 530

11 Taft 140 216 27 Taft 800 562

12 Artificial wave 140 206 ” 28 White noise 35 59

13 White noise 35 43 29 EL Centro 1100 576
4 14 EL Centro 220 280 30 Taft 1100 715

15 Taft 220 417

16 Artificial wave 220 348

FiGure 10: Layout of measuring point.
TABLE 6: Sensitivity and measuring range of sensors.
Accelerometer Displacement meter

Measuring point Sensitivity (mV/m-s”) Measuring point Sensitivity (V/m) Measuring range (mm)
al 10.02 D1 6.21 750
a2 9.92 D2 6.15 750
a3 9.90 D3 6.13 750
a4 10.16 D4 6.08 750
a5 9.92 D5 4.58 1000
a6 10.38 D6 4.57 1000

a7 10.22 D7 4.57 1000




Advances in Civil Engineering

Fi1Gure 11: Diagonal cracks in a beam of straw frame.

(8) Under 1100 cm/s>, the bottom columns in the brick
frame were twisted, the top of which showed ob-
vious plastic hinge characteristics. The bottom
columns in the straw frame twisted in a low am-
plitude. The local cracks of the brick wall were
slightly developed, and the overall performance was
good. The straw wall of the top layer of the A axis
showed an outward inclining trend. At 1400 cm/s>,
the maximum width of cracks in the bottom column
in the brick frame is around 5mm, as shown in
Figure 12. The cracks in the brick walls still de-
veloped locally and the walls still presented good
integrity. The cracks at the beam ends on the Ist
floor of the straw frame are about 3 mm, which all
extended to the full sections. The straw wall at the
top of axis A was about to crumble. At 1800 cm/s>,
displacement of the top layer in brick frame became
too big. As the bottom column broke, the brick
frame overturned as a whole, as shown in Figure 13.
Straw frame remained intact.

3.3.2. Dynamic Characteristics of Structure. White noise was
input on the table before and after the earthquakes at dif-
ferent cases. By performing frequency spectrum analysis on
the horizontal acceleration data collected by the acceleration
sensor under the action of white noise, the amplitude-fre-
quency curve of the transfer function was acquired. So, the
frequencies and damping ratios of the structures were ob-
tained, which are shown in Figures 14 and 15 .

Results show that the attenuation law of the first-order
frequency of the two models is basically the same, but the
main reasons for the stiffness loss of the testing structures
are different. It is also deduced from the damping ratios
curve that the straw frame consumes more energy than the
brick frame. Apparently, the straw frame with flexible
connection has strong energy consumption capacity and is
safer than brick frame structure under the action of big
earthquakes.

3.3.3. Structural Displacement Response. The maximum
interstory displacements and story drifts are shown in
Table 7.

FiGure 12: Crack in the bottom column of brick frame.

Figure 13: Crumble of the brick frame.

Natural frequency (Hz)

0 T T T T T T T T
1 5 9 13 17 21 25 29 33

Case number

—@— Brick frame
—A— Straw frame

FiGURre 14: The frequencies of models in different cases.

Results show that the max inter story displacements in
the brick frame are generally smaller than those of the straw
frame under the same lateral actions, due to the extra
stiffness the masonry wall brings. It is not difficult to explain
why the max story displacements occurred in the first story
of the brick wall, while max story displacements appeared in
the first and third story of the straw frame. Because masonry
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Case number

—@— Brick frame
—A— Straw frame

FIGURE 15: Damping ratios of models in different cases.

TaBLE 7: Maximum interstory displacements and story drifts.

Brick frame

Straw frame

Peak acceleration . ) Floor i i Floor
(cm/s?) Max interstory displacement Max story number  Max interstory displacement  Max SEOrY 1 umber
(mm) drift (mm) drift

35 0.49 1/2041 1 0.48 1/2083 1

70 0.55 1/1818 1 0.76 1/1316 1
220 0.72 1/1389 1 0.83 1/1205 3
400 0.83 1/1205 1 1.03 1/971 3
620 1.07 1/935 1 1.85 1/541 1
800 2.39 1/418 1 2.77 1/361 1

walls offered extra stiffness, and restricted the deformation
of brick frame, this makes the 1st layer much weaker, as no
bricks are arranged there. Straw walls, however, brought
little extra stiffness to the original structure, hardly affecting
the deformation of straw frame.

4. Numerical Analysis

The objective of this section is to verify and illustrate the
failure mechanism of test structures.

4.1. FEM Models. By using SAP2000 (version 22.1.0), nu-
merical analysis models of frameworks were built based on
experimental structures. The only difference of FEM models
was the way that those infill walls were considered. Com-
pression struts, with no mass, were adopted to represent the
stiffness contribution of masonry walls, as code ASCE/SEI
41-06 [17] proposed. The width of strut was the same with
the thickness of masonry infill walls, namely, 40 mm. And
the depth of strut was calculated based on (equation (7))
[17], which was 148 mm. With low elastic modulus and

flexible connection, however, straw wall was treated as
nonstructure component, whose stiffness was ignored. Both
the self-weight of masonry bricks and straw panels were
considered as vertical linear loads on beams.

To study the failure mechanism, plastic hinges were
defined at both ends of all columns and beams. Pushover
analysis was conducted, with gradient horizontal loads being
imposed on each floor. The FEM models of brick framework
and straw framework are shown in Figures 16 and 17 . “H” in
the figures represents plastic hinge; dimensionless values of
the horizontal loads merely illustrate the ratio of acting
pushover loads.

4.2. Numerical Results and Discussion. As pushover analysis
proceeded, plastic hinges took place. Figures 18 and 19
show records of the pushover steps, where first hinges that
reached C stage [16] appeared. In the straw framework, the
first failure hinge emerged at the beam end of the 1st floor,
while 7 other hinges appeared in other beams and columns.
In the brick framework, first failure hinges took place only



Advances in Civil Engineering

3, 9H1 9H2
> L —
l3H2 i 6H2
0.23kN/m
3H1 6H1
o ®
2.\ 8H1 8H2
Vd
2H2 5H2
[ ] ®
0.23kN/m
2H1 ‘ 5H1
1.\ 7H1 7H2
7
1H2 4H?2
o [ ]
VA
1H1 4H1
1] N

F1GURE 16: FEM model of straw framework.

at the column ends of the 1st floor. Table 8 lists the dis-
placements, story displacements, and story drifts at the
time.

Results show that before the failure of structure, the
straw frame withstands greater lateral deformation than
brick frame does under the same lateral action mode.
From bottom to top, the story drifts of brick frame de-
crease dramatically than those of straw frame, which
indicates that the masonry infill walls stupendously en-
hance the lateral stiffness of upper floors. However, when
it comes to the story drifts of first stories, the brick frame
apparently owns a bigger value. Above all, masonry infill
walls on upper floors result in the localized increase of
stiffness, leading to the redistribution of stress generated
by lateral actions. This was presented in the form of a
weaker first story, eventually a weaker frame than a straw
frame or a bare one.

9
9H1 9H2
> e ®
3H2 l 6H2
3H1 ‘ 6H1
AR 8H1 8H
Z 0.65kN/m
2H2 ‘ 5H2
2H1 ‘ 5H1
1.\ 7H1 7H
7z
0.65kN/m
1H2 ‘ 4H2
VA
1H1 4H1
1] I

F1GUrE 17: FEM model of brick framework.

With the difference of these structures produced by
unequal stiffness, the failure modes differ. Numerical an-
alyses show that the first failure hinge took place at the end
of the 1st floor beam in the straw frame, while the first
failure hinges appeared at the ends of the bottom columns
in the brick frame, which accords with the experimental
observations above. Failure of beams undoubtedly brings
about local damage, while it sometimes in turn protects the
structures by absorbing and dissipating part of the seismic
energy. However, as vertical load bearing members, the
failure of columns would lead to the collapse of the whole
structure. This is the reason why the Chinese code [7]
recommends the notion of strong column and weak beam,
making sure columns fail after beams to protect the living
at its best in seldomly occurred earthquakes. In a word,
straw frame presents better seismic performance than brick
frame.
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FIGURE 19: Hinges distribution of brick framework.

TaBLE 8: Displacements and story drifts of numerical models when the first failure hinges appeared.

. K Displacement (mm) Interstory displacement (mm) Story drift
ramewor

1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor
Straw frame 20.40 40.64 45.74 20.40 20.24 5.10 1/49 1/50 1/196

Brick frame 26.03 27.06 27.49 26.03 1.03 0.43 1/39 1/971 1/2326
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5. Conclusion

After the shaking table tests are conducted to study the
seismic performance of a 1/3-scale straw panel-infilled frame
in comparison with masonry infilled frame, along with the
numerical analysis, the following conclusions are drawn:

(1) As the story drifts of brick frame are generally smaller
than those of straw frame under the same load cases,
the masonry walls greatly affect the stiffness of original
frame. Consequently, ignoring the stiffness contri-
bution of masonry infill walls in seismic design
process is inappropriate and dangerous.

(2) According to the outcome of test results and nu-
merical analysis, inconsistent layout of masonry infill
walls along the vertical direction results in the dis-
parity of lateral stiffness for successive stories,
leading to the redistribution of stress generated by
lateral actions. Eventually, the failure mode shifts to a
brittle type, as the stress concentration firstly harms
the columns in weak stories.

(3) The proposed straw panels, with lightweight and
flexible connections, bring less mass and little extra
stiffness to bare frames. Thus, great disparity of lateral
stiffness along vertical direction will not be achieved.
Consequently, the failure mode is consistent with that
of the bare frame, in which the beams damage firstly
and consume part of the seismic energy to ensure the
whole structure resisting the seismic actions better.
The damping ratios’ curve also showed that the straw
frame consumes more energy than the brick frame.
With proper design, the straw panel-infilled frame is a
good system combined with safety and flexibility in
building space layout.
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Engineered bamboo composite (EBC) is a new high-strength anisotropic structural material, which has standardized sections and
less inherent variability than the natural material. For safety reasons in structural applications, the characteristic values of
mechanical behaviors are needed to build the design values utilized in practical application. Recent research studies on EBC
focused on the mechanical properties from a single source, with little research on the sampling of the manufacturers. The present
work investigates mechanical properties of two types of commercially available EBC—parallel strand bamboo (PSB) and
laminated veneer bamboo (LVB). The main aim of this work is to evaluate the best probability distribution model (normal,
lognormal, and Weibull) and mechanical properties for EBC in China and determine the characteristic values indicated by ASTM
D2915. The mechanical properties in tensile, compression, and shear were evaluated using about 4300 small clear specimens from
seven manufacturers in five raw bamboo origins of China. Based on the confidence band method, the strength grading of EBC
subjected to compressive strength was developed with two predictors (density and MOE). By using intervals of each predictor,
several strength grades were built. Each grade has the mean compressive strength, 5th percentile lower value (Rgs), and
characteristic value (Ry), which could be used in structural design. This research contributes to the establishment of EBC standards
and is essential for further accepting these materials in structural engineering.

Hunan, Jiangxi, Hubei, Zhejiang, Fujian, and Anhui
Provinces (see Figure 2). The EBCs are bamboo-based
composites designed for structural applications with spe-
cific mechanical properties, including parallel strand

1. Introduction

Bamboo is a sustainable and natural material. It is a crucial
forest resource other than timber. Therefore, bamboo has

been used as a building material for thousands of years. Due
to bamboo’s circular hollow section and range of available
sizes, the scope of possible structural applications for natural
round culms is limited. Instead, EBCs have become more
popular in academic and engineering application fields. In
recent years, several forms of engineered bamboo composite
have been rapidly developed and applied [1]. Figure 1 shows
some examples of EBC structure.

China presents an enormous potential for EBC appli-
cations since Moso bamboo (the primary raw material of
EBC) resources are widespread in natural forests and are
cultivated over large areas in Mainland China, including

bamboo (PSB) and laminated veneer bamboo (LVB). The
PSB is a composite of bamboo strand elements with
bamboo fibers primarily orientated along the member’s
longitudinal axis (see Figure 3). LVB is also a composite of
bamboo strand elements, edge-bonded to form veneer sheets
of uniform sectional dimensions, which are then face-bonded
to develop finished products, with bamboo fibers primarily
oriented along the longitudinal axis of the member (see
Figure 3).

The EBC shows the anisotropic behavior typical of
natural bamboo, comparable to that of fiber reinforced
composites [3, 4]. A significant number of experiments
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F1GURE 1: Examples of EBC structure.
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FIGURE 2: The information on the distribution of Moso bamboo in Mainland China by Shi [2].

have been conducted to investigate the mechanical prop-
erties of bamboo composites. Huang [5, 6] studied the
mechanical properties of PSB by experiments and inves-
tigated stress-strain relationships and failure mechanisms
in each stress state. Wei [7] provided a comprehensive
research on the mechanical behavior and failure modes of
bamboo scrimber (PSB) and laminated bamboo (LVB) and

proposed the stress-strain models for EBC. Xiao [1, 8]
studied the mechanical properties of glubam boards and
found that the Weibull distribution and normal distribu-
tion are best fit for shear strength and the in-plane shear
strength, respectively, and suggested the characteristic
values and the design values. Sharma et al. [9] provided a
comprehensive study that compares bamboo scrimber,
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(b)

FiGure 3: Engineered bamboo composites: parallel strand bamboo (a); laminated veneer bamboo (b).

laminated bamboo, timber, and engineered timber prod-
ucts for mechanical properties. Kumar et al. [10] studied
the influence of bamboo scrimber densities on the me-
chanical properties and concluded that the density has
significant influence on the mechanical properties of
bamboo scrimber. There is no sampling and statistical
research on the physical and mechanical properties of EBC
products from different manufacturers, which makes the
formulation of standards lack data reference.

The characteristic value is the representative value of a
material property used for design. The standards [11, 12]
define the 5th percentile value at the 75% confidence level for
structural materials as characteristic value of strength, and
the determination method includes nonparametric and
parametric. The parametric approach calculates the char-
acteristic value of strengths according to the estimated
statistical average and standard deviation of the sample. The
nonparametric approach is to sort the sample data from
small to large to determine the strength corresponding to the
data point as the characteristic value of strength. Therefore,
it is vital to determine the characteristic values of mechanical
property of EBC for engineering applications, and it is also
the basis for determining its strength design value in the
future.

EBC for structural applications has to be strength graded
before its use. For economic reasons, the most important
physical and mechanical properties (e.g., density, modulus,
and strength) are the basic grading principles. For bamboo
culm, Trujillo et al. [13] indicated that grading could be
utilized based on physical properties and flexural stiffness.
Nurmadina et al. [14] and Bahtiar [15, 16] studied several
potentials, including Mc, density, and linear mass, for
bamboo culm both in flexural and compressive strength
grading. The grading of timber and bamboo are constantly
studied, but the strength grading of EBC subject to com-
pressive properties is still missed.

In order to build the EBC standards and contribute to the
use of EBC for structural purposes, this research aimed to
determine the probability distribution and the characteristic
value of the mechanical properties for EBC by tests. Af-
terward, the Indicating Properties (IPs) which were the best
for predicting compressive strength of EBC were deter-
mined. The strength grading was developed by the

confidence band method for EBC based on compressive
properties. It will provide more design-relevant data for
engineering applications.

2. Materials and Methods

2.1. Materials. In order to objectively reflect the mechanical
properties of EBC in China, this study randomly took EBC
products from seven manufacturers with raw materials from
five primary bamboo origins. Different types of EBC from
manufacturers were divided into nine groups. All of the EBC
products were manufactured of Moso bamboo (Phyllos-
tachys pubescens), and the material information is shown in
Table 1. Each group of materials required the same batch of
products from the same manufacturer. Test specimens were
processed to the specified dimensions (Table 2) and trans-
ported to the laboratory.

2.2. Sample Size. The population is characterized by the
sample, therefore enough sample size must be adopted. In
this study, the sample size is obtained based on ASTM D2915
[13]. On the 95% confidence level, the required minimum
sample size n of specimens is

2
n:(i):(fcv), (1)
aX a
where s is the standard deviation of specimen values; X is the
specimen mean value; CV is the coefficient of variation (it
was assumed first as 0.1 for physical properties and 0.2 for
mechanical properties); « is the estimate of precision, taken
as 0.05; and ¢ is the value of the ¢ statistic, taken as 2.093
(physical properties) and 2 (mechanical properties) for 0.95
confidence level. The minimum number of specimens is 18
(physical properties) and 64 (mechanical properties) for
each test based on the testing standard. To ensure an ade-
quate test sample size, the number of specimens for physical
properties and mechanical properties is 80.

2.3. Testing Methods. The mechanical properties of testing
included tensile, compressive, and shear tests in both di-
rections to the grain. The same method of testing was used
for both PSB and LVB. The dimensions were measured
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TaBLE 1: The raw material information of engineered bamboo composites.
. Origin of raw Age of raw .

Group  Material bamboo bamboo Resin types Manufacturer

EBC1 PSB Jiangxi Province 4 years Urea formaldehyde resin Jiangxi Feiyu Bamboo Co., LTD

EBC2 PSB Hunan Province 5 years Phenol forrpaldehyde Hunan Taohuajiang Bamboo Technology Co.,
resin LTD

EBC3 PSB Fujian Province 5 years Phenol f:erinIIl]aldehyde Fujiang Jinzhu Bamboo Co., LTD

EBC4 PSB Zhejiang Province 3-5 years Phenol f:er:irilaldehyde Guangyu Bamboo Industry Co., LTD

EBC5 PSB Anhui Province 3-6 years Phenol f;)ersrir;aldehyde Anhui Hongyu Bamboo Technology Co., LTD

EBC6 LVB Jiangxi Province 5 years Urea formaldehyde resin Jiangxi Feiyu Bamboo Co., LTD

EBC7 LVB Hunan Province 5 years Phenol forrpaldehyde Hunan Taohuajiang Bamboo Technology Co.,
resin LTD

EBC8 LVB Fujian Province 3-5 years Phenol f;)ersririlaldehyde Shaowu Xingda Bamboo Co., LTD

EBC9 LVB Zhejiang Province 5 years Phenol formaldehyde Zhejiang Shanglin Bamboo Co., LTD

resin

thrice for each specimen. All parameters of dimension were
measured using a vernier caliper with an accuracy of
0.00l mm. The EBC specimens were conditioned in a
chamber at 65% (+5%) relative humidity and 20°C (+2°C)
temperature prior to testing for one month.

Since the EBC is a new composite and no test standard
has been established, the standards for timber structure and
composite materials are referenced in studying the me-
chanical properties of EBC. For each group, density and
moisture content were determined based on the specimens
of compression in parallel to grain according to GB/T 1933
[17]: Method for determination of the density of wood and
GB/T 1931 (air-dry method) [18], respectively. The tests of
tensile and compressive were conducted following ASTM
D143 [19]: Standard test methods for small clear specimens
of timber. The tests of shear were in accordance with
principles of ASTM D7078 [20]: Standard test method for
shear properties of composite materials by V-notched rail
shear method. The mechanical properties were measured
with a universal testing machine using load cell of 100 kN
capacity. Two strain gauges were affixed to the surface in the
middle of the specimen to measure the strains along with
two directions, namely, parallel and perpendicular to grain
directions, respectively. The data logger (TML TDS-640)
automatically recorded the load and the strains during the
tests. The standards, test methods, number of specimens,
and test parameters used are summarized in Table 2.

2.4. Data Analysis. Statistical distributions were fitted to the
experimental data obtained by the maximum likelihood
estimates method. The Kolmogorov-Smirnov [21] test was
used to verify the goodness of fit analysis. Both methods
were using the software MATLAB® version R2018b. In this
study, the probability distributions were fitted with normal,
lognormal, and Weibull models. The general equations for
probability density functions and cumulative distribution
functions are calculated using equations (2)—(7):

X~ N (o) f(x) = TR @
F(x) = q)(%), (3)
x = Lt 03, ): f () = vz_%mxe‘““’“‘ )R, ()
F(x) = @(w), (5)

Oln
X =Wk A): f(x) = ;(%)k_le*<x/">k, (6)
F(x)=1-¢ (7)

where x is the strength; y is the mean value of the distri-
bution; ¢ is the standard deviation; g, is the mean value of
logarithmic; oy, is the standard deviation value of loga-
rithmic; k is the shape parameter; and A is the scale
parameter.

In this study, the mean value of the best-fit distribution is
used for the characteristic value of moduli. The 5th per-
centile value with 75% confidence level from test results shall
be the characteristic value for strengths. According to the
ASTM D2915, the characteristic value of strength corre-
sponding to the 5th percentile value with 75% confidence
level for the normal, lognormal, and Weibull distribution of
the strengths can be calculated as follows:

Sro0s =4 —Kyo,
fk,0.0S = U Klnaln’ (8)
fk,o.05 =X- Ky,

where y is the mean of the normal distribution; ¢ is the
standard deviation of the normal distribution; Ky is the
confidence level factor of the normal distribution; g, is the
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TaBLE 2: Experimental methods for EBC.
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mean of the lognormal distribution; o, is the standard
deviation of the lognormal distribution; Ky, is the confi-
dence level factor of the lognormal distribution;X is the
mean of the Weibull distribution; S is the standard deviation
of the Weibull distribution; and Ky, is the confidence level
factor of the Weibull distribution.

The EBC strength grading was conducted using a con-
fidence band approach as described by Bahtiar et al. [16].
Statistical analysis was developed using correlation and
linear regression. The parameters that had a strong corre-
lation with strength will be considered potential predictors
for EBC strength grading. Based on the confidence band in
regression analysis, class intervals are created in similar
ranges. According to the confidence band method, the 5th
percentile lower value (R os5) was calculated using equation
(9). Then, the adaptation is applied by substituting the
standard deviation (Sp) value with standard error for esti-
mation in regression (Sg) (equation (10)). Finally, the
characteristic value for each class (Ry) was obtained with

equation (11).
0.5
1 (x-%)?
Ryps=y—-t l1+-—+———=| S, 9)
0.05 = Y (v,0.95)( nS(x- §)2> r

1 =2 0.5
S = 1+_+(x7x_)2 S, (10)
n X(x-x)
K S \05
Ry :Ro.os(l——o‘zj’(\)'/; E) , (11)

where m is the average of strength from the test data; # is the
sample size; X is the mean of predictor value; ¥ is the es-
timated strength when the predictor has x value; S, is the
standard error of regression; Sy is the standard error of
prediction at a given value of x; £, s is the one-tailed
Student’s t-distribution value with v degree of freedom for
95% probability; and k55 is the confidence level factor
for 75% confidence and 5% probability, which is interpolated
from confidence level factor table in ASTM 2915 [12].

3. Results and Discussion

3.1. Mechanical Properties. A summary of the mechanical
property test results according to the procedure defined in
standards is presented in Table 3. The test results are as-
sembled in Figure 4 which shows column plots for me-
chanical properties. The average value is indicated with a
vertical column, and a vertical black whisker denotes the
width of the standard deviation.

It is shown that the moisture content of EBC ranges from
5.3% to 9.18%. There is a slight difference between PSB and
LVB. However, the air-dry density of PSB is 0.98-1.31 g/cm”,
and LVB is 0.65-0.70 g/cm’, respectively. Because of dif-
ferences in manufacturing processes, adhesive content, and
elements, PSB density is greater than LVB, which is closer to
the density of raw bamboo.

In general, the mechanical behaviors of PSB and LVB are
corresponding both parallel and perpendicular to the grain.
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However, the PSB groups are superior to that of LVB in
mechanical properties except for EBC4, which has the lowest
density (9.8 g/cm’) of PSB. This is a rare and unexpected
result. It is considered that this tendency is given by the
fibers within the phenol formaldehyde resin which are not
dense enough, leading to more imperfections. Because the
tensile strength of EBC is mainly determined by the bamboo
fiber, the tensile strength in parallel to the grain of PSB and
LVB is extremely close to the tensile strength of bamboo.
With the exception of EBC4, the compressive strength of
PSB is in the range of 99.29-119.04 MPa, which is signifi-
cantly higher than that of LVB in the range of
55.93-69.22 MPa.

To compare the variability in mechanical properties, the
coeflicient of variations (CV) are examined to the test re-
sults. Lower CV values suggest a smaller expected scattering
in the corresponding variable. The compressive behavior in
perpendicular to the grain shows the highest variability for
all mechanical properties. It can be attributed to the inho-
mogeneity of the formaldehyde resin layer geometry, which
leads to a nonhomogeneous fiber volume fraction over the
sample volume. The group of EBC4 shows great variability in
most tests for mechanical properties. It can be inferred that
the density of PSB has a certain correlation with the strength
parallel to the grain. Once the PSB density is less than the
critical value, the mechanical properties will be significantly
reduced, even lower than that of the LVB, whose density is
smaller than that of PSB. Therefore, in the PSB
manufacturing process, it is necessary to find and exceed the
critical density, which makes the material manufacturing
more homogeneous to reduce the nonhomogeneous fiber
volume fraction.

3.2. Probability Distribution. In order to characterize the
statistical distributions of mechanical properties for EBC,
the test data are fitted to normal, lognormal, and Weibull
models, and the goodness of fit analysis is conducted.
Figure 5 shows the details of the best-fit distribution for
the tension strength parallel to the grain of EBC5 as an
example of the choice of distribution model. H indicates
null hypothesis, and P is the probability of observing a test
statistic as extreme as, or more extreme than, the observed
value under the null hypothesis. D is computed from the
largest difference (in absolute value) between the observed
and theoretical cumulative distribution functions in the
figure. The details of the best-fit probability distribution
functions of mechanical properties are shown in Table 4
and Table 5. For most groups of EBC, the normal dis-
tribution best-fitted the tensile strength parallel to the
grain and shear strength perpendicular to the grain and
compressive properties, the Weibull model presented the
best fit for both shear strength parallel to the grain and
tensile strength perpendicular to the grain, and the log-
normal distribution best-fitted the tensile and shear
modulus, which is inconsistent with research studies on
other composite materials [22]. Table 6 shows the rec-
ommended best-fit distribution functions of the me-
chanical properties for EBC.
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TABLE 3: Summary of experimental results and characteristic values for EBC.
EBC1 EBC2 EBC3 EBC4 EBC5 EBC6 EBC7 EBC8 EBC9
p (g/cm?) 1.31 (0.04) 1.31 (0.06) 1.23 (0.06) 0.98 (0.06) 1.14 (0.05) 0.68 (0.04) 0.65 (0.04) 0.67 (0.02) 0.70 (0.05)
Mcmean (%) 5.30 (0.04) 5.75(0.07) 7.56 (0.06) 7.26 (0.05) 9.18 (0.06) 8.38 (0.04) 7.52 (0.03) 7.59 (0.04) 7.07 (0.06)
Compression
112.89 119.04 66.72 101.95
fe0.mean (MPa) (0.08) (0.08) 99.29 (0.04) (0.11) (0.06) 59.44 (0.07) 55.93 (0.09) 59.36 (0.08) 69.22 (0.06)
J(Cl\j’["Pma)“ 46.15 (0.11) 51.19 (0.18) 47.64 (0.12) (207 '1099) 35.54 (0.20) 15.1 (0.21) 16.08 (0.12) 15.24 (0.13) 16.37 (0.08)
feox (MPa) 97.66 102.73 91.49 53.44 90.24 51.79 46.94 50.94 61.50
feo0k (MPa) 46.15 51.19 47.64 18.13 35.54 15.10 16.08 15.24 16.37
E.omean (GPa) 19.48 (0.08) 17.43 (0.10) 15.37 (0.05) (1021502) 16.82 (0.10) 13.03 (0.07) 10.45 (0.09) 11.61 (0.08) 12.87 (0.06)
(Eég’;;‘ea" 4.04 (0.16) 453 (0.20) 3.88 (0.10) 2.77 (0.16) 3.44 (0.12) 1.87 (0.23) 1.87 (0.13) 219 (0.22) 2.01 (0.10)
Tension
f (MPa) 141.73 130.60 133.19 99.91 125.86 127.71 124.25 103.71 117.05
10;mean (0.24) (0.20) (0.13) (0.33) (0.20) (0.10) (0.24) (0.18) (0.19)
J([ti\Q/[Oi)H:)m 52 (022) 729 (0.15) 9.38 (0.21) 252 (0.31) 3.4 (0.34) 4.30 (0.18) 5.03 (0.11) 5.45 (0.31) 6.79 (0.18)
frox (MPa) 81.15 83.86 103.55 39.89 81.06 89.89 71.38 70.05 80.38
Fro0x (MPa) 3.15 5.59 5.85 117 111 2.84 3.92 2.37 4.46
Eiomean (GPa) 19.11 (0.10) 16.58 (0.12) 14.48 (0.09) (104'2022) 16.96 (0.15) 13.19 (0.13) 12.82 (0.22) 9.82 (0.17) 11.56 (0.16)
f&‘,’:;ea“ 322 (0.26) 898 (0.26) 7.09 (0.25) 1.06 (0.22) 1.44 (0.25) 3.7 (0.24) 8.43 (0.26) 3.74 (0.25) 6.51 (0.26)
Shear
fsomean (MPa) 19.9 (0.19) 16.15(0.24) 18.79 (0.16) 9.01 (0.29) 10.69 (0.26) 15.44 (0.17) 10.36 (0.28) 14.6 (0.17) 11.89 (0.20)
(‘1'\31013";3“ 26.11 (0.23) 40.35 (0.15) 34.45 (0.12) (2(?'1767) 32.63 (0.15) 18.49 (0.12) 21.68 (0.17) 17.87 (0.13) 12.83 (0.20)
fsox (MPa) 12.77 8.88 12.54 4.05 5.19 10.75 4.89 9.69 8.16
fs90k (MPa) 15.44 29.48 27.28 14.44 23.92 14.63 15.17 13.68 8.24
Giomean (GP2) 513 (0.13)  4.22 (0.12) 4.45 (0.10) 217 (0.15) 3.80 (0.10) 2.62 (0.14) 2.35 (0.15) 2.95 (0.11) 2.8 (0.10)
(G(i;;";)“ea“ 58 (0.12)  5.03 (0.15) 4.62 (0.16) 2.77 (0.17) 4.45 (0.12) 2.99 (0.13) 2.86 (0.17) 3.06 (0.15) 2.54 (0.09)
Note. The coefficient of variation is shown in parentheses.
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FIGURE 4: Strengths and moduli distributions of experimental data: strengths in parallel to the grain (a); strengths in perpendicular to the
grain (b); moduli in parallel to the grain (c); moduli in perpendicular to the grain (d).
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FiGure 5: Example of the Kolmogorov-Smirnov tests for the goodness of fit analysis.

3.3. Strength Grading of EBC. The objective of this section
was to develop the strength grading of EBC, which is ex-
pected that the results can be applied in structural design.
The first step is to determine the potential predictors with a
stronger correlation with compressive strength through
correlation analysis, which was chosen as IPs. Density and
MOE frequently show a strong correlation with strength
properties of European hardwoods [23-25]. For this work,
density and compressive modulus were chosen as potential
predictors for compressive strength. To verify potential

predictors, a simple linear regression was conducted be-
tween predictors (p and E, o) and response (f, o). According
to the linear regression, the correlation coefficient between p
and f, ( was in the range of 0.58-0.79, and between E_ ; and
fo o it was 0.58-0.79 (Table 7). Hence the density and
compressive MOE were selected as IPs for strength grading.

In this research, EBC grading based on compressive
strength was established by the confidence band. The outlier
and extreme values were justified and removed from further
analysis by utilizing a 99% ellipse band and 95% predicted
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TaBLE 4: The details of the best-fit distribution functions of modulus for EBC.

Group

Compression

Ec,O

Ec,90

Tension

Ero

Et,90

Shear

Gs,O

Gs,90

EBC1
EBC2
EBC3
EBC4
EBC5
EBC6
EBC7
EBC8
EBC9

x—L (2.97, 0.08%)
x—N (17.39, 1.80%)
x—L (2.73, 0.05%)
x—N (9.43, 0.10%)
x—N (16.82, 1.69%)
x—N (13.03, 0.94%)
x—N (10.45, 0.89%)
x—L (2.45, 0.08%)
x—L (2.55, 0.06%)

x—N (4.04, 0.64%)
x—L (1.49, 0.19%)
x—L (1.35, 0.10%)
x—N (2.77, 0.43%)
x—N (3.44, 0.40%)
x— W (2.05, 4.82)
x—N (1.88, 0.24%)
x— W (2.38, 5.10)
x—N (2.01, 0.20%)

x—L (2.94, 0.10%)
x—L (2.80, 0.12%)
x—L (2.67, 0.09%)
x—L (2.62, 0.22%)
x—N (16.96, 2.53%)
x—N (13.19, 1.77%)
x—L (2.53, 0.22%)
x—L (2.27, 0.17%)
x—N (11.56, 1.82%)

x—N (3.22, 0.84%)
x—L (2.16, 0.26%)
x—L (1.93, 0.25%)
x—W (1.25, 3.36)
x— W (1.58, 4.56)
x—L (1.28, 0.25%)
x— W (9.26, 4.39)
x—L (1.84, 0.26%)
x—L (1.29, 0.25%)

x—L (1.63, 0.13%)
x—L (1.43, 0.12%)
x—W (4.64, 9.86)
x—L (0.77, 0.17%)
x—L (1.43, 0.12%)
x—N (2.62, 0.35%)
x—L (0.85, 0.14%)
x—N (2.95, 0.32%)
x—L (0.94, 0.10%)

x—L 1.49, 0.12%)
x—L (1.60, 0.15%)
x— W (4.92, 7.53)
x—L (1.01, 0.16%)
x—L 1.49, 0.12%)
x—N (2.54, 0.23%)
x—N (2.99, 0.38%)
x—W (3.07, 5.95)
x—L (1.11, 0.15%)

TaBLE 5: The details of the best-fit distribution functions of strengths for EBC.

Group

Compression

Je o

fc, 90

Tension

Jr o

ﬁ‘, 90

Shear

fs o

fs, 90

EBC1
EBC2
EBC3
EBC4
EBC5
EBC6
EBC7
EBC8
EBC9

x—N (112.89, 8.57°)
x—N (119.04, 9.20%)
x—N (99.29, 4.40%)
x—N (66.72, 7.49%)
x—N (101.95, 6.59%)
x—N (59.44, 4.30%)
x—N (55.93, 5.07%)
x—N (59.36, 4.75%)
x—N (69.22, 4.36%)

x—N (46.15, 5.02%)
x—N (51.19, 9.13%)
x—N (47.64, 5.68°)
x—N (27.09, 5.05%)
x—N (35.54, 7.04%)
x—N (15.10, 3.18%)
x—N (16.08, 1.98%)
x—N (15.24, 1.97%)
x—N (16.37, 1.33%)

x—N (141.73, 34.09°)
x—N (130.60, 26.35%)
x—N (133.19, 16.72%)
x—N (99.90, 33.85%)
x—N (125.86, 25.27%)
x—N (127.71, 21.33%)
x—N (124.25, 29.80%)
x—N (103.71, 18.97°)
x—L (4.75, 0.19%)

x— W (5.63, 5.62)
x—L (1.98, 0.15%)
x— W (10.13, 5.88)
x—N (2.66, 0.84%)
x— W (3.51, 3.23)
x— W (4.6, 6.60)
x—N (5.03, 0.54%)
x— W (6.04, 3.77)
x— W (7.30, 6.53)

x— W (24.41, 6.23)
x— W (17.64, 4.85)
x— W (20.09, 6.77)
x—L (2.16, 0.30%)
x— W (11.75, 4.20)
x— W (16.51, 7.38)
x— W (11.45, 4.06)
x— W (15.60, 6.71)
x—L (2.46, 0.20%)

x—N (26.11, 6.02%)
x— N (40.35, 6.13%)
x—N (34.45, 4.04°)
x—N (3.02, 0.17%)
x— W (34.65, 8.10)
x—N (18.49, 2.18%)
x— W (23.19, 7.20)
x—N (17.87, 2.36%)
x—N (12.83, 2.57%)

Note.:x~N (, 0%): f(x) = (1/VZm0)exp (= (x - ?*120%); x~L (g 03): f(x) = (1VZmox)e <02 = W (k, A): f (x) = (kD) (/) e G,

TaBLE 6: The recommended best-fit distribution functions of the mechanical properties for EBC.

Property Best-fit distribution
foo Normal
fe, 90 Normal
E. o Normal
E. 9 Normal
fi o Normal
Je 90 2-P Weibull
E o Lognormal
E; o0 Lognormal
fso 2-P Weibull
fs 90 Normal
G o Lognormal
G, 90 Lognormal
TaBLE 7: Correlation coefficients (R*) between predictors and response for EBC.
Compressive strength parallel to the grain (f.,)
EBC1 EBC2 EBC3 EBC4 EBC5 EBC6 EBC7 EBC8 EBC9
Density (p) 0.60 0.73 0.72 0.62 0.75 0.58 0.64 0.63 0.79
Compressive modulus (E, ) 0.62 0.68 0.58 0.62 0.70 0.73 0.72 0.73 0.79

Note. The correlations significant at p <0.05 are displayed in bold.

band. The examples of ellipse confidence band analysis are

shown in Figure 6.

Density and MOE were IPs for strength grading for EBC
since they were strong correlation with compressive
strength. Using the confidence band approach to perform

regression analysis on the EBC for strength grading, R” is

sufficiently high in the range of 0.44 to 0.87. Figure 7 shows

the confidence bands used to develop the EBC strength
grading. The confidence band method generates a contin-
uous function, and the stair function can be used to
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FiGure 7: Compressive strength grading of EBC: based on compressive modulus for PSB (a); based on compressive modulus for LVB (b);
based on density for PSB (c); based on density for LVB (d).

TaBLE 8: Compressive strength grade classification of EBC based on compressive modulus.

Grade (E,, o)

Compressive strength (f. o, MPa)

Interval (MPa) Mean RO.OS Rk
PSB
10000-11999 63.10 51.12 50.70
12000-13999 72.58 63.16 62.64
14000-15999 98.13 75.20 74.58
16000-17999 108.71 87.24 86.52
18000-19999 115.16 99.28 98.46
>20000 116.07 111.32 110.40
LVB
9000-9999 54.00 45.21 44.80
10000-10999 55.41 48.55 48.11
11000-11999 58.74 51.89 51.42
12000-12999 63.08 55.23 54.73
13000-13999 66.45 58.57 58.04
>14000 67.22 61.91 61.35
TaBLE 9: Compressive strength grade classification of EBC based on density.
Grade (p) Compressive strength (f, o, MPa)
Interval (g/cm’) Mean Roos Ry
PSB
0.85-0.949 61.17 49.47 49.12
0.95-1.049 71.24 62.58 62.14
1.05-1.149 87.58 75.69 75.16
1.15-1.249 101.93 88.80 88.18
1.25-1.349 111.45 101.92 101.20
>1.35 121.94 115.03 114.22
LVB
0.60-0.629 51.57 44.14 43.89
0.63-0.659 55.43 49.58 49.31
0.66-0.689 60.48 55.03 54.72
0.69-0.719 65.45 60.48 60.14
0.72-0.749 72.23 65.92 65.56
>0.750 74.95 71.37 70.97
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subdivide the function into several grades at the specified
interval of IP. Each grade had Ros and Ry of f. o, which
could be utilized in EBC structural design following a
strength-based approach. Table 8 and Table 9 show the
grading of PSB and LVB into strength grades based on
density and MOE. The higher quality grades have higher
strength. The designer can estimate the characteristic value
of compressive strength based on the IPs according to Ta-
ble 8 and Table 9 for modern engineered bamboo structural
design.

4. Conclusions

This study statistically investigates the mechanical properties
of two types of EBC for seven manufacturers with raw
materials from five regions in China. To study the me-
chanical behaviors of groups for EBC, tensile, compressive,
and shear tests were carried out on small clear specimens.
The study utilized wood standards for characterization,
determining the probability distributions and characteristic
values for mechanical properties. Except for the PSB with
lower density, the mechanical properties of PSB are generally
higher than those of LVB.

In addition, the statistical parameters of the best-fit
probability distribution models for mechanical properties
can be utilized to determine the characteristic values and
build the probabilistic design approach. The results are
conducive to developing design standards and reliability
evaluation practices for EBC structures and extending the
particular applications in engineering.

Due to their more significant correlation coefficients,
density and compressive modulus were considered the most
suitable IPs for strength grading of EBC subject to com-
pressive strength. According to the confidence band method,
grade intervals are built in similar ranges, and the charac-
teristic value in each grade can be calculated.

After comparing the results from different sources, it is
found that although the results obtained from the test are
similar, there is significant variation in the differences be-
tween different sources of the same material. The research
shows that future work needs to determine the source of
variation in testing and establish a complete reliability
analysis and strength grading.

Nomenclature

E. o Compressive modulus parallel to the grain
Mean compressive parallel to the grain

Ec, O,mean:

£ o Shear strength parallel to the grain

fi ook Characteristic shear strength parallel to the
grain

E., o0 Compressive modulus parallel perpendicular
to the grain

E. 90, mean: Mean compressive modulus parallel
perpendicular to the grain

fs, 90: Shear strength perpendicular to the grain

fi, 90 g: Characteristic shear strength perpendicular to
the grain

E; o Tensile modulus parallel to the grain

Advances in Civil Engineering

E; 0, mean:  Mean tensile modulus parallel to the grain

G, o Shear modulus parallel to the grain

G,, o, mean: Mean shear modulus parallel to the grain

E; o0 Tensile modulus perpendicular to the grain

E, 9o, mean: Mean tensile modulus perpendicular to the
grain

Gs, 90 Shear modulus perpendicular to the grain

Gs, 90, mean: Mean shear modulus perpendicular to the
grain

fo o Compressive strength parallel to the grain

fe o,k Characteristic compressive strength parallel to
the grain

Mec: Moisture content

MCpean: Mean moisture content

fe o0 Compressive strength perpendicular to the
grain

fe 90, K Characteristic compressive strength
perpendicular to the grain

p: Mean air-dry density

MOE: Modulus of elastic

fi o Tensile strength parallel to the grain

fio K Characteristic tensile strength parallel to the
grain

1t o0t Tensile strength perpendicular to the grain

£ 90k Characteristic tensile strength perpendicular
to the grain.
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Over the last few decades, there has been growing interest in the use of low-carbon materials to reduce the environmental impacts
of the construction industry. The advent of mass timber panels (MTP), such as cross laminated timber (CLT), has allowed
structural engineers to specify a low-carbon material for a variety of floor design considerations. However, serviceability issues
such as vibration and deflection are limiting the construction of longer span timber-only floor systems and have encouraged the
development of timber-concrete composite (TCC) systems. The use of concrete would negatively impact on the carbon footprint
of the TCC floor system and should be minimized. The purpose of this study was to study the impact on embodied carbon in the
TCC system, when the ratio of timber and concrete was varied for specific floor spans. Two MTP products were considered, CLT
and glued laminated timber (GLT). The floors were designed to satisfy structural, acoustic, and vibration criteria, and the results
were presented in the form of span tables. It was found that using thicker MTP instead of adding concrete thickness to meet a
specific span requirement can lead to lower embodied carbon values. Increasing concrete thickness for long-span floor systems led
to a reduction in allowable floor span due to the vibration criterion being the controlling design parameter. Increasing timber
thickness also resulted in higher strength and stiffness to weight ratios, which would contribute toward reducing the size of lateral
load resisting systems and foundations, resulting in further reductions in the embodied carbon of the entire structure.

1. Introduction

In recent years, the use of timber in multistorey residential and
commercial buildings has increased worldwide, primarily in-
spired by consciousness surrounding the sustainability of timber
as the primary structural material [1, 2]. Timber structures are
generally associated with lower levels of embodied carbon due to
lower emissions during the manufacturing of the timber
products and the construction process. In addition, some life
cycle accounting practices permit the inclusion of carbon se-
questered from the atmosphere during tree growth that is
captured within timber products for the duration of their life
[3, 4]. Therefore, timber in construction can reduce greenhouse
gas (GHG) emission in the atmosphere which is a major
contributor to global warming. A new generation of engineered
mass timber products known as mass timber panel (MTP), for

example, glued laminated timber (GLT) and cross laminated
timber (CLT), has the structural capacities to be used as a low-
carbon alternative to steel and concrete for gravity and lateral
load resisting systems in structures.

Construction with mass timber is approximately 25%
faster than similar on-site concrete construction. It also
requires 90% less construction traffic and 75% fewer workers
which yields a much quieter job site [5]. The lighter weight
and lower stiffness of timber-only floors can make them
more susceptible to serviceability limit states such as vi-
brations and excessive deflections while satistying the
strength requirements. Therefore, in timber-concrete
composite (TCC) floor systems, a structural concrete top-
ping layer is provided over the timber beam or mass timber
panel (MTP). The two components are connected by me-
chanical connectors, as shown in Figure 1, such as dowels
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FIGURE 1: (a) Longitudinal section of a TCC system with dowel, notched, or proprietary connectors; cross section of a TCC floor (b) with

timber beam and (c) with MTP.

(e.g., self-tapping screw (STS)), notches, or proprietary
connectors (e.g., glued in plate/HBV plate). The added
concrete increases the floor mass and stiffness which sub-
sequently mitigates the vibrations and excessive deflection
issues [6-8].

In TCC construction, the concrete slab resists com-
pressive stress while timber primarily resists tensile stress
generated by an out-of-plane bending action. In reinforced
concrete design, the tensile strength of concrete is often
neglected, and steel reinforcement is installed to resist the
tensile stresses caused by bending. In the ultimate limit state
design, the concrete is assumed to crack to about 2/3 of its
depth under bending [9]. In TCC, this cracked area is
replaced by the timber cross section. In TCC, minimum steel
reinforcements are provided only to control and limit the
cracking. The mechanical connector transfers the shear force
between timber and concrete to provide a desired partial
composite action. Using a timber panel instead of a timber
beam in the TCC construction generates longer spans which
also can reduce the floor height if they are used as a flat slab
and is preferable in the mid-to-high rise construction [10].
Besides structural and serviceability performance, TCC
provides enhanced performance over timber-only floors,
including air-borne sound insulation, fire resistance, and
thermal mass [9, 11, 12]. Since concrete is more carbon-
intensive than timber but provides a larger contribution to
stiffness and strength on a per unit volume basis, there
should be an optimum ratio of concrete and timber in terms
of embodied carbon for a specific design. Investigating the
various floor parameters that affect this optimum concrete-
timber ratio is the main goal of this study.

Embodied carbon (EC) is defined as the carbon footprint
of a material. It considers the amount of greenhouse gas
emissions that is released throughout the supply chain of a
material or product, including all extraction, transport,
processing, and fabrication activities of a material or product
via cradle-to-gate, or cradle-to-site. Cradle-to-gate refers to a
partial product life cycle associated with embodied carbon
which considers all activities from resource extraction

(cradle) to the factory gate (i.e., before it is transported to the
consumer). Cradle-to-site extends the cradle-to-gate results
to include transportation of the material or product to its site
of use [13-15]. Embodied carbon differs from carbon
footprint in that embodied carbon can only be associated
with materials or products, whereas a carbon footprint could
also measure the GHG emissions during the service life of a
material, for example, in the operation of a building. Em-
bodied carbon emissions from the building construction
sector produce almost 11% of annual global GHG emissions
[16]. Life cycle assessment (LCA) is a method for calculating
the environmental impact, be it embodied carbon or total
carbon footprint, of a product [17].

Despite the ongoing research in the field of timber
structures, most of the timber standards around the globe
including North America do not have a standardized
method for designing TCC floor systems. Among several
proposed methods, the Gamma method based on Annex B
of Eurocode 5 [18] is generally used to account for the partial
composite action [9, 19]. The closed-form solution of the
Gamma method, commonly used by design engineers, was
obtained based on the assumption of sinusoidal distributed
load and smeared connection between concrete and timber.
Recently, a more general analytical model [20] was devel-
oped to predict the load-carrying capacity for ultimate limit
state based on potential failure modes [21] and effective
bending stiffness for serviceability limit state with load-
deflection response [22] of TCC floor systems with me-
chanical connectors. This new model does not have the same
limiting assumptions on loading and connection as the
Gamma method. The Gamma method is most appropriate
for systems with stiff mechanical and glued connection but is
considered less accurate in the case of flexible connectors [9].
With the assumption of linear-elastic behavior, the Gamma
method is not capable of predicting system failure if the
system exhibits nonlinear behavior at failure [23].

As the structural integrity of the TCC system primarily
depends on interlayer mechanical connectors, analytical
models have also been developed for directly calculating the
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strength [24] and stiffness [25] of concrete-to-timber
connection based on the component properties. These
connection models allow the timber-concrete connection
properties, which are required for TCC system design, to be
calculated without the need to perform connection tests.

It is common practice in TCC floor design to choose the
thickness of the concrete layer based on several requirements
of concrete design standard such as anchorage of the fas-
tener, limits for concrete crushing, minimum cover to re-
inforcement, sound transmission, and a minimum thickness
for diaphragm action. Generally, concrete thicknesses of
75mm to 100 mm are used in practice, though past studies
have considered thicknesses as low as 30 mm (plus 20 mm
timber interlayer) with self-tapping screws [26], 50 mm
lightweight concrete with self-tapping screws [26], 57 mm
with inclined self-tapping screws [27], and 48 mm with
notches and dowels using steel fibre reinforcement to
remove the cover requirements [28]. Ultrathin toppings of
only 12.5 mm tested by [29] showed significant reductions in
both stiffness and strength relative to comparable connec-
tions with inclined self-tapping screws in thicker concrete
layers. Despite this, the topping was found to be effective in
reducing the perception of human-induced vibrations by
increasing the natural frequency [29]. Besides, high-strength
concrete gives the option to reduce the thickness of the
concrete slab in TCC by providing higher load-carrying
capacity [30]. However, the stiffness of connectors in high-
strength concrete is usually lower compared to normal
weight concrete [31].

Research has shown that suitable indicators of human
response to floor vibration are the fundamental natural
frequency of the floor and the deflection of the floor
under a concentrated load at the center of the floor
[9,19]. Hamm et al. [32] proposed a method for checking
the vibration performance of TCC floors based on the
natural frequency and static deflection under 2 kN load at
the floor center. Hu et al. [33] proposed a vibration
criterion for TCC floors based on the natural frequency
and static deflection under 1kN load at the floor center.
From their study, vibration control span can also be
calculated directly from the effective bending stiffness
and mass per unit length of a 1 m wide strip TCC beam.
Besides, CSA O86 [34] provides a vibration-based lim-
itation on the allowable span for CLT floors, without
accounting for potential composite behavior adequately.
A previous study [35] investigated the embodied carbon
of the TCC system with CLT up to 7 ply using the Gamma
method [18] and satisfying the vibration criterion pro-
posed by Hamm et al. [32] for floor spans. The study
concluded that lower embodied carbon values can be
found by using thicker CLT panels rather than adding the
concrete topping. Also, the influence of the connector
properties on the TCC design requirement was found to
be limited beyond a moderate degree of composite ac-
tion. In this study, the sustainability aspects of the TCC
system are investigated by using a more detailed TCC
design method with all possible thicknesses of CLT (up to
9 ply) and glued laminated timber (GLT). The vibration
criterion proposed by Hu et al. [33] is used in the

development of floor spans along with satisfying other
structural, serviceability, and acoustic performance
requirements.

2. Methodology

As stated above, the goal of this study is to investigate the
impacts on design selection with respect to the main TCC
floor components, namely, concrete and timber, for
specific span requirements on the embodied carbon of the
system. The allowable span for a TCC floor system can be
developed by considering all ultimate limit states related
to timber, concrete, and shear connectors, and service-
ability limit states related to deflection and vibration. The
ultimate and serviceability limit state requirements for
TCC floors with different combinations of materials, di-
mensions, and connection characteristics were evaluated
based on [20]. Although long-term behavior of TCC
systems such as creep deflection may be critical, this was
not considered since it will be shown later that short-term
serviceability criteria, such as vibration, tend to govern the
design [19, 33].

2.1. Ultimate Limit State. In ultimate limit states, a floor
system might fail due to concrete crushing, timber crushing,
or screw yielding, when the stress demand exceeds the ca-
pacity at concrete layer, timber layer, and shear connectors,
respectively. The lowest capacity associated with these failure
modes would govern the allowable floor span. In the de-
veloped analytical model [21, 22], the MTPC composite
beam is divided into two subsystems under uniformly
distributed load. In the first subsystem (subsystem 1), the
connection is released and the deflection of the unconnected
beam under an applied load is calculated. In the second
subsystem (subsystem 2), the connectors are replaced by
redundant shear force. According to [21], the slip at the
interlayer of subsystem 1 and subsystem 2 can be calculated
as follows:

w, (h. +h; + ht)(SLGr - nf)

Y10 = 96(E I +EI)
) _ (EcAc + EtAt) + (hc + ht + 2h1) (hc + ht) 1’1,,
M E A EA, 4(EI. +E,I,) 2
(1)

Here, L is the span, w is the uniformly distributed load,
and #; refers to the distance of each symmetrical screw row
from midspan. The primary material and geometric pa-
rameters are specified as follows; h: depth, A: cross-sectional
area, I: moment of inertia, E: modulus of elasticity, and b:
width of the cross section of concrete slab, insulation, and
MTP with the subscripts ¢, i, and ¢ respectively.

By applying the displacement compatibility condition at
the interface, the redundant shear force in the connectors
with r number of connector rows along the span can be
obtained based on the following matrix expression [21] as
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Here, f=1/k is the flexibility of the connection and k is
the stiffness of the shear connector.

Then, the superposition method can be implemented to
determine the vertical deflection [22] as follows:

_5w,L* —19.2X, (h. + b, +2h;) (2L —n,)n,

A
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(3)

Here, r is the number of connector rows along the span
and X, is the sum of shear forces in all the connectors
between the midspan and the panel edge, which is equal to
the resultant normal force at a given cross section.

The linear-elastic effective bending stiffness [22] of the
MTPC composite system can then be written as

5w1L4

- _ 4
7 3840, @

After yielding of each connector, the stresses in concrete
and timber are checked to determine if either of them fails
(e.g., concrete compression, timber tension, and/or shear)
before yielding of the next connector.

According to [21], the axial stress in the members can be
written as

n
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And the bending stress in the members of each sub-
system can be written as
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Here, M; and M, are the bending moment and S, and S,
are the section modulus of timber and concrete, respectively.
Therefore, the resultant axial stress in the members due to
bending at the position of cross section is as follows:

Ot =014t 0p4>
’ ’ ’ (7)

GC,B = Gl,c + GZ,C'

The stress distributions of the subsystems and the actual
system are shown in Figure 2.

The extreme fibre stress of timber must not be greater
than its factored bending strength as follows:

Oppir t Oy N < fo (8)

Here, f, is the specified bending strength of the timber.
The shear stress in timber member can be calculated as
follows:

2
_ Y EV

. <f ht(gt,N + Gt,B)
max zEIeff v *

20,

9)

with, y, =

Here, V is the applied shear force at the connector lo-
cation due to the external load, y, is the distance of the
neutral axis of timber to the tension edge, and f, is the
specified shear strength of timber (rolling shear for CLT).

The top extreme fibre stress of concrete in compression
must not be greater than its factored compressive strength and
the bottom extreme fibre stress of concrete in tension must not
be greater than its factored modulus of rupture as follows:

O < fos

Oy < <0.6/\\/ﬁ ) (10)

Here, f! is the concrete specified compressive strength
and A is the modification factor for concrete density.

2.2. Serviceability Limit State

2.2.1. Vibration. Hu et al. [36] presented the following
equation for the vibration-controlled span of TCC floors:

. ( (El)igl)().278

0.166 >

< (11)
4.835m)

where m is mass per unit length of 1 m wide strip of TCC
beam (kg/m), L is the span (m), and El is the effective
bending stiffness of the floor (Nm?).

2.2.2. Deflection. The deflection can be calculated based on
the load combination associated with serviceability limit
state in CSA 086 [34]. The deflection under the specified
load is required to be within the limit of L/180 and can be
calculated as follows:

5wl

A=——"—,
384EI

(12)

where w is the uniformly distributed load (N/m).
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FIGURE 2: Stress distributions in the TCC system.

2.2.3. Acoustic Requirements. As required by the NBCC
[37], the levels of noise or sound control should be adequate
in a building. Sound transmission class (STC) is the main
parameter to evaluate the acoustic performance of floor
assemblies. Nonetheless, the determination of the exact STC
of a floor is still of great difficulty using the modelling
techniques, while a laboratory test is considered the most
accurate way. Schmid [38] proposes a mathematical model
for the estimation of the air-borne sound level which is
consistent with STC. According to [38], within the area mass
density range of 30kg/m” to 800kg/m’ the mass law is
practically applicable to the influence of the subfloor and
concrete as follows:

STC =20 log(m) + 7 dB, (13)
where m is the total mass per unit area (kg/m?).

Based on the described methodology, the allowable
spans were developed for a variety of TCC floor systems
built with MTP (as in Figure 3), satisfying all the re-
quirements stated earlier. The geometric and mechanical
properties used in the design to develop the span table of
TCC with MTP are presented in Table 1. Normal weight
concrete of 35 MPa compressive strength at 28 days was
assumed with a modulus of elasticity of 26600 MPa and
density of 2300 kg/m’. GLT made of No. 2 grade Spruce-
Pine-Fir (S-P-F) lumber and E1 grade CLT made of
1950Fb-1.7E grade S-P-F lumber in longitudinal and No. 3/
Stud S-P-F lumber in transverse layer were considered in
the calculation for a width of 1 m, according to CSA O86
[34]. The density of lumber was 420 kg/m’. The connector
was fully threaded self-tapping screw of 11 mm diameter
with a 45° insertion angle to timber grain and 100 mm
penetration length. The connection stiffness and strength
were calculated based on [24, 25], respectively, and are
presented in Table 2. As required by the National Building
Code of Canada (NBCC) [37], the appropriate load com-
binations were considered. The dead loads were obtained
from the self-weight of the members and an additional
superimposed load of 1 kPa while a live load of 2.4 kPa was
considered for commercial occupancy.

The MATLAB software was used to perform repetitive
calculations, based on the analytical equations presented in
[21, 22]. The allowable span for a particular combination of
floor parameters was obtained based on the shortest span
that meets all structural and serviceability limit states.

Table 3 presents the allowable spans of TCC floors when all
appropriate design criteria are considered. It was found that
all floor spans were governed by vibration for the stated
applied load combinations, which generally agrees with the
common practice [35]. In Table 3, the spacing of the con-
nector was 250 mm along the span. The analysis was re-
peated for different MTP thicknesses as shown in Table 3.
TCC systems with concrete thicknesses of 50, 75, and
100 mm for each MTP are included in Table 3. Here, 50 mm
represents a practical lower bound and 100 mm is a typical
upper bound found in practice. STC values for the floor
configurations are also presented in Table 3. Based on this,
the influence of the thickness of concrete on TCC effective
bending stiffness, allowable floor span, and design decision
for TCC through optimizing vibration and STC require-
ments are discussed below.

Table 3 also reports the embodied carbon content of each
case study per square meter (kgCO,eq/m?) obtained from
the LCA analysis using Athena Impact Estimator for
Buildings [40] by considering concrete and timber elements
only. Here, the cost or other environmental impacts from the
material selection, for example, eutrophication or acidifi-
cation potential and on-site construction are not accounted.
For the purposes of this study, the commercial buildings
were assumed to be located in Vancouver, Canada, as there
are benchmarks for energy and emissions within various
locations. To focus exclusively on near term embodied
emissions, carbon storage in the timber material was ex-
cluded [41, 42]. The carbon intensity of the CLT from Athena
was compared with available environmental product dec-
laration values from major CLT producers in Canada
[43, 44] and was found to overestimate the intensity by
15-30%. This implies that the results are shifted upwards
slightly; however, that difference does not change the general
conclusions. Based on this life-cycle analysis, the design
decision for TCC through optimizing embodied carbon is
discussed below.

3. Results and Discussion

3.1. Influence of MTP Thickness on TCC Bending Stiffness.
In the TCC system, generally, effective bending stiffness and
mass per unit area dictate the performance of the composite
floor system. From Table 3, it can be seen that the effective
bending stiffness of the TCC system increases marginally
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FIGURE 3: Type of TCC system with MTP and inclined self-tapping screws [39].
TaBLE 1: Design properties of the concrete and MTP.
Thickness (mm) Modulus of elasticity (MPa) Bending strength (MPa) Shear strength (MPa) Compressive strength (MPa)
Concrete 50, 75, 100 26600 — — 35
GLT 89, 140, 186 9500 11.8 1.3 —
CLT 105, 175, 245, 315 11281 28.2 0.5 —

TaBLE 2: Properties of the self-tapping screw.

MTP Acoustic layer Stiffness Yield strength
(mm) (kN/mm/screw) (kN/screw)
GLT 0 15.24 15.34
CLT 0 14.00 16.19
GLT 5 7.34 14.66
CLT 5 7.03 15.51

with the increase of concrete thickness but increases ex-
ponentially with the increase of timber thickness. From
Figure 4, the timber thickness has a dominant effect on the
effective bending stiffness of the TCC system compared to
the thickness of concrete. Doubling the depth of concrete
seems to make little difference to the stiffness but doubling
the timber depth has a significant impact.

3.2. Influence of Concrete Thickness on TCC Floor Span. It is
also noted that mass per unit area is influenced largely by
concrete thickness because of the higher density of concrete
(2300 kg/m3) compared to timber (420 kg/m3) and the
system deflection decreases with the increase of concrete
thickness. Therefore, the effective bending stiffness increases
with a thicker MTP, but the total mass per unit area only
increases marginally which yields a larger floor span. From
Figure 5, it can also be seen that after a certain MTP
thickness (approximately 150 mm), the added concrete
thickness has minor and, in some case, a negative impact on
the span length while, for MTP with thicknesses less than
150 mm, the span length increases with the increase of
concrete thickness. Therefore, it can be concluded that, for
TCC span longer than 7m, the MTP thickness should be
larger than 150 mm while keeping the concrete thickness
within the range of 50-75 mm. Besides, for allowable TCC

spans smaller than 7m, a concrete thickness range of
75-100 mm is required if thinner MTP is selected.

3.3. Design Decision Based on Vibration Performance. The
design of all the TCC floors was governed by the vibration
criteria, which generally agrees with the common practice.
In addition to changing the properties of the floor, the
addition of concrete to the TCC floor increases the weight
significantly because of the higher density of concrete
compared to timber, which can subsequently create a de-
mand for larger framing members and foundations due to an
increase in dead and consequently seismic loads. The in-
fluence of the weight of TCC is similar to the influence of
concrete thickness on the allowable span. Therefore, an
increase in concrete thickness tends to reduce the allowable
floor span due to a reduction in natural frequency which is
detrimental to vibration performance.

3.4. Design Decision Based on Connector Properties. In the
developed span Table 3, all possible MTP and concrete
thicknesses were investigated with constant connection
properties at 250 mm spacings and without an acoustic layer.
A parallel span table was also developed for different con-
nector properties as presented in Table 4, by adding 500 mm
screw spacings, 5 mm of acoustic layer, and associated STC
values for each span. It was found that there is a minimal
benefit in increasing the stiffness of connection beyond a
moderate threshold by adjusting the connection parameters
such as connector spacings because the impact in effective
bending stiffness is small. It was also found that, by doubling
the number of connectors, the TCC floor span only increases
by approximately 250 mm. Further, as the TCC designs were
governed by stiffness-related design parameters, the yield
strength of the connection was similarly not influential in the
design outcome. Together these results indicate that the
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TaBLE 3: TCC allowable floor spans with associated embodied carbon for 250 mm spaced connectors.

Embodied carbon (kgC02/1nZ eq)

MTP MTP thickness  Concrete thickness Effective stiffness ((10°) Span STC

(mm) (mm) Nm?) (m) dB)  Total Timber Reinforced concrete
share share
0 0.08 2.62 39 15.4 0.0
50 1.87 498 49 39.0 23.6
89 75 3.03 5.39 52 51.3 15.4 35.9
100 4.9 5.92 55 62.6 47.2
0 0.61 4.26 42 23.0 0.0
50 4.61 6.26 49 46.6 23.6
GLT 140 75 6.07 6.44 52 58.9 230 35.9
100 8.22 6.75 55 70.2 47.2
0 2.09 5.73 45 29.7 0.0
50 8.91 7.39 49 53.3 23.6
186 75 10.65 7.43 52 65.6 297 35.9
100 13.06 7.60 55 76.9 47.2
0 0.34 3.80 40 11.9 0.0
50 2.7 5.47 49 35.5 23.6
105 (3 ply) 75 3.94 5.78 52 47.8 1.9 35.9
100 5.88 6.21 55 59.1 47.2
0 1.73 5.50 44 18.2 0.0
50 8.41 7.29 49 41.8 23.6
175 (5 ply) 75 10.04 7.33 52 541 18.2 35.9
CLT 100 12.35 7.50 55 65.5 47.2
0 4.75 6.88 47 24.6 0.0
50 19.65 9.01 49 48.2 23.6
245 (7 ply) 75 21.73 8.92 52 605 246 35.9
100 24.43 8.93 55 71.8 47.2
0 10.2 8.16 49 31.0 0.0
50 38.35 10.63 49 54.6 23.6
315 O ply) 75 40.94 10.46 52 669 310 35.9
100 44.07 10.37 55 78.2 47.2
100 11
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FIGURE 4: Effective bending stiffness increase compared to bare —e— CLT-105

MTP versus thickness of MTP in TCC system. F1GURE 5: Allowable span versus thickness of concrete in TCC system.

choice of connection between the timber and concrete el-

ements has only a minor impact on the design beyond a  performance for a given span and timber element is more
threshold level (moderately partial composite) [35] and the  strongly determined by the anchorage requirements of the
thickness of concrete required for acceptable vibration  connectors.
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TaBLE 4: Influence of connection properties on TCC floor allowable spans.
Concrete thickness (mm)
. Timber thickness Insulation thickness 50 50 75 75 100 100
Timber .
(mm) (mm) Connector spacing (mm)
250 500 250 500 250 500
89 0 4.98 (+) 4.75 (+) 539 (++) 516 (++) 5.92 (+++) 5.71 (+++)
89 5 4.76 (+++) 4.54 (+++) 5.14 (+++) 4.93 (+++) 5.67 (+++) 5.48 (+++)
GLT 140 0 6.26 (+) 6.00 (+) 6.44 (++) 615 (++) 6.75 (+++) 6.46 (+++)
140 5 597 (+++) 5.75 (+++) 6.10 (+++) 5.87 (+++) 6.40 (+++) 6.17 (+++)
186 0 7.39 (+) 713 (+) 743 (++) 713 (++) 7.60 (+++) 7.28 (+++)
186 5 7.07 (+++) 6.86 (+++) 7.06 (+++) 6.83 (+++) 7.20 (+++) 6.96 (+++)
105 0 5.47 (+) 5.23 (+) 578 (++) 552 (++) 621 (+++) 5.95 (+++)
105 5 523 (+4++) 5.02 (+++) 5.50 (+++) 528 (+++) 593 (+++) 5.72 (+++)
175 0 7.29 (+) 7.05 (+) 7.33 (+4) 7.05 (++) 7.50 (+++) 7.20 (+++)
CLT 175 5 7.02 (+++) 6.82 (+++) 7.01 (+++) 6.79 (+++) 7.15 (+++) 6.92 (+++)
245 0 9.01 (+) 8.78 (+) 8.92 (++) 8.64 (++) 8.93 (+++) 8.62 (+++)
245 5 8.74 (+++) 856 (+++) 8.59 (+++) 8.39 (+++) 8.56 (+++) 8.35 (+++)
315 0 10.63 (+) 1041 (+) 10.46 (++) 10.20 (++) 10.37 (+++) 10.08 (+++)
315 5 10.36 (+++) 10.20 (+++) 10.14 (+++) 9.96 (+++) 10.02 (+++) 9.82 (+++)

«, »

Remarks: “+” represents the STC is the first level of the acoustic performance or at least 45 dB. “++” represents the STC is the second level of the acoustic
performance or at least 50 dB. “+++” represents the STC is the third level of the acoustic performance or at least 55 dB.
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FiGure 6: Embodied carbon versus thickness of concrete and MTP in TCC system.

3.5. Design Decision Based on Acoustic Performance. The
sound transmission class value for each span is also pre-
sented in Table 4 along with the span for an additional 5 mm
acoustic layer. Although an increase in concrete thickness
can improve the acoustic performance of the composite
floor, as stated above, the addition of concrete may cause a
reduction in allowable span due to vibration requirements.
To mitigate this issue, an acoustic layer can be placed be-
tween MTP and concrete, which will enhance sound insu-
lation without a potential negative impact on vibration-
controlled floor span. It was found that, by providing a 5 mm
acoustic layer, the TCC floor span only reduces by only
approximately 300mm. Therefore, acoustic layers can
provide designers with a chance to achieve higher STC
values and nearly similar spans (compromising around
300 mm) without increasing the concrete thickness and
therefore embodied carbon for sustainable design.

3.6. Design Decision Based on Embodied Carbon. The em-
bodied carbon will obviously increase once concrete topping
is added to MTP to form TCC. Figure 6 shows how the
increase in timber and concrete thickness can lead to an
increase in embodied carbon based on the share of timber
and reinforced concrete. For each MTP type, the largest
increase in embodied carbon happens when a 50 mm thick
concrete topping is added to bare MTP. Thereafter, the rate
of increase in embodied carbon decreases as the concrete
thickness increases by 25mm increment to a total of
100 mm. Figure 7 was plotted to assist designers in the
selection of TCC system by taking into consideration the
amount of embodied carbon for specific span requirements.
For instance, for a span length of 6 m, a design engineer has
options of CLT-105_Concrete-100 (105 mm thick CLT with
100 mm thick concrete) and GLT-140_Concrete-50. Com-
paring their embodied carbon content per square meter, the
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GLT-140_Concrete-50 is more environmentally friendly,
comparing to the other option. Similarly, one can observe
that two systems, GLT-186_Concrete-75 and CLT-
175_Concrete-100, provide almost identical spans and
embodied carbon and the same applies to GLT-186_Con-
crete-50 and CLT-175_Concrete-75. Based on these ob-
servations, it is generally beneficial from a sustainability
perspective to increase the thickness of MTP in an attempt to
reach a longer span than to increase concrete thickness.

4. Conclusions

By using a new analysis approach [20] to investigate the
influence of concrete topping on the structural and sus-
tainability performance of the TCC system, the following
conclusions can be drawn:

(1) The increase in concrete thickness to achieve a longer
span is only effective for TCC floor systems with
spans shorter than about 7m, due to vibration
performance being the controlling design parameter.
This is because the addition of concrete beyond this
span has the counteracting effect of increasing
bending stiftness but reducing the natural frequency.

(2) Following from 1 above, it is generally true that it is
beneficial to increase MTP thickness instead of
concrete thickness to achieve a longer span, espe-
cially for a floor span shorter than 7m, from a
sustainability perspective. This is due to the sub-
stantially larger carbon footprint of concrete than
timber on a per-volume basis.

(3) If self-tapping screws are used, there is evidence to
suggest that the connection parameters, such as
spacing, have a minor influence on the allowable
floor span when these parameters are above certain

threshold levels. Other connector systems may
provide more sensitivity, but further studies are
required.

This research focused on embodied carbon as a single
metric and did not account for cost or other environmental
impacts from the material selection, for example, eutro-
phication or acidification potential and on-site construction.
Further analysis including these effects and accounting for
the relationship between embodied carbon and life cycle cost
is recommended.
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Under varying humidity and temperature conditions, with the constraint of metal fasteners to wood shrinkage, cracks along the
bolt lines are generally observed in bolted glulam joints. A three-dimensional (3D) numerical model was established in software
package ANSYS to investigate the cyclic behavior of bolted glulam joints with local cracks. A reversed cyclic loading was applied in
the parallel-to-grain direction. The accuracy of numerical simulation was proved by comparison with full-scale experimental
results. Typical failure modes were reproduced in the numerical analysis with the application of wood foundation zone material
model and cohesive zone material model. The effect of crack number and length on the hysteretic behavior of bolted glulam joints
was quantified by a parametric study. It was found that initial cracks impair the peak capacity and elastic stiffness of bolted glulam
joints significantly. More decrease in capacity was observed in joints with more cracks, and longer cracks affect elastic stiffness
more dramatically. Moreover, with the existence of initial cracks, the energy dissipated and equivalent viscous damping ratio of
bolted joints are reduced by 24% and 13.3%, respectively.

1. Introduction

Connections are always recognized as the weakest part of
timber structures. It was reported that nearly 80% of
structural collapses arise from connections [1]. The me-
chanical behavior of joints significantly affects resistance,
durability, and energy dissipation of timber structures.
Dowel-type joints, an effective fastening technique exten-
sively applied in actual engineering, have attracted tre-
mendous research interest. Extensive experimental and
numerical studies on the static [2-5] and cyclic behavior
[6-8] of dowel-type joints have been conducted and avail-
able in the literature. The load-carrying capacity and failure
modes of bolted joints are related to material behavior,
geometry, and loading type. Relatively large energy dissi-
pation and ductile behavior could be achieved with small
diameter bolts, and slender bolts are preferred in the bolted
glulam joints in order to avoid brittle failure modes [9].
In terms of modeling the mechanical behavior of bolted
glulam joints, several methods have been proposed by

previous researchers. An analytical method named Beam-on-
Foundation model was first applied [10] and modified [11] to
predict the monotonic strength and hysteretic behavior of
nailed and bolted wood connections. To represent the dy-
namic response of timber connections, hysteresis models such
as Bouc-Wen-Baber-Noori model [12], Florence model [13],
and Pinching4 [14] were employed in structural analysis. A
three-dimensional (3D) finite-element-based model is a re-
cent and efficient approach to estimate the behavior of bolted
glulam joint. Complete strain and stress distributions can be
obtained and observed from numerical analysis. In the nu-
merical modeling, a reasonable definition of material be-
havior is particularly important to achieve relatively accurate
numerical results. To take into account the localized crushing
behavior of wood underneath the fasteners, a foundation zone
around the fasteners with weakened material properties was
defined in a two-dimensional numerical model [15], and it
was extended to 3D FE models by Hong [16]. To consider the
progressive failure of wood in bolted glulam joints, several
failure criteria were proposed by previous researchers. In the
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3D numerical model of a single-bolt connection developed by
Moses and Prion [17], anisotropic plasticity material model
was defined for wood in compression and Weibull Weakest
Link Theory was applied to consider brittle failure. It was
indicated that the force-displacement relationship was pre-
dicted well, while the ultimate loads were underestimated.
Hill yield criterion and maximum stress failure criterion were
selected by Kharouf [18] when establishing a numerical model
of timber joints, and it was found that failure modes and
deformation predicted by numerical analysis fit well with
experimental results. Hoffman failure criterion was applied by
Xu et al. [19] to take into account the damage evolution of
wood. Tsai-Wu failure criterion is able to consider the dif-
ference between tension and compression strengths of wood
[20], while stress interaction coefficients defined in the cri-
terion are difficult to determine [21]. The application of
cohesive zone material model into bolted glulam joints has
been attempted by several researchers [22-24]. With the
definition of mixed mode damage onset and propagation
criteria, it was proved to be a powerful tool to simulate
splitting and row shear commonly observed in bolted joints.

Extensive researches have been conducted on me-
chanical behavior and strength enhancement of bolted
glulam joints as above. However, little attention was paid
to the mechanical behavior of bolted glulam joints with
local cracks. Shrinkage cracks are generally observed in
bolted glulam joints due to their sensitivity to varying
relative humidity of the environment. Shrinkage and
swelling strains of wood are restrained with the existence
of steel fasteners in the joint area, and cracking of wood is
easily caused by perpendicular-to-grain restrained stress
[25]. Previous researches have proved that the capacity,
stiffness, and ductility of bolted glulam joints are de-
creased by initial cracks under monotonic loading, and
failure modes of bolted glulam joints switched from
ductile failure with bolt yielding to brittle failure of wood
[26, 27]. 1t is essential to further investigate the influence
of initial cracks on the cyclic behavior of bolted glulam
joints. In respect of numerical modeling, the complexity of
contact problems and material behavior provides chal-
lenges of convergence. Even though some 3D numerical
analysis has been conducted on the monotonic behavior of
bolted glulam joints, few attempts have been conducted to
model the cyclic behavior of timber joints by 3D nu-
merical analysis.

To reveal the influence law of cracks on the cyclic be-
havior of bolted glulam joints intuitively, a 3D numerical
model was established in this paper. Hill yield criterion and
wood foundation model were applied to simulate the be-
havior of wood in compression and wood around fasteners,
respectively. Brittle failure of wood and propagation of
initial cracks were modeled with the application of cohesive
zone material model. Several contact pairs were defined to
model the interaction between different parts in the joint,
and reversed cyclic loading was applied in the parallel-to-
grain direction. The experimentally observed failure modes
and hysteretic curves were used to verify the numerical
results, and the influence of different crack patterns was
explored by a parametric study.

Advances in Civil Engineering

2. Development of Finite-Flement-Based Model

2.1. Material Modeling. To model the mechanical behavior
of wood in compression, the transversely isotropic plastic
material model was defined with the application of the Hill
yield criterion, which had been incorporated in business
software ANSYS. To take into account the embedment
behavior of wood underneath bolts, a foundation zone was
set around bolts with a radius of 1.8-time bolt diameter. The
generalized Hill plasticity model with anisotropic hardening
rule was applied to represent the mechanical behavior of
wood foundation. 1% of initial modulus was taken as tangent
modulus of hardening segment. With embedment tests
loaded in perpendicular- and parallel-to-grain directions, a
bilinear relationship between load per unit length and de-
formation was obtained, as shown in Figure 1, and nominal
yield stress and strain of foundation zone were calculated by

w
€hom. = 7}/’
P
Tnom. = > (1)
P
W}’

where ¢, and o, are the nominal yield strain and
stress (MPa) of wood foundation, respectively; w, and P,
are the deformation (mm) and yield load (N/mm) in Fig-
ure 1. Further calibration was conducted to derive effective
foundation parameters. Shear modulus and yield strain were
calculated according to a theoretical formula given in [28], as
presented in

E;-E;
O = Cn = 2 <1 + Vi Vi )
(2)
(Oine); E

(Vy)ij _(y}’)ji T 1.98-E, G,/
where G is the initial shear modulus; E is the effective
modulus of wood foundation; ¥ is Poisson’s ratio; y,, is the
shear yield strain; and oy, is the intercept of the second
linear portion in the bilinear stress-strain relationship. For
bolts and steel plate existing in bolted glulam joints, elastic
modulus and Poisson’s ratio were taken as 210,000 MPa and
0.3, respectively. The isotropic plastic material model with a
bilinear constitutive relationship was defined, as shown in
Figure 2.

To simulate the propagation of initial cracks and brittle
failure (i.e., splitting and row shear) of wood in bolted
glulam joints, surface-to-surface contact pairs with elements
CONTA174 and TARGE170 were defined on the predicted
cracking path. To characterize the constitutive relationship
of the interface, the cohesive zone material model with
damage initiation and growth criteria was implemented in
the numerical model. As shown in Figure 3, a bilinear
traction separation law was defined, and mode I and II
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FIGURE 1: Load-embedment curves obtained from embedment tests and corresponding bilinear relationships. (a) Parallel to grain.

(b) Perpendicular to grain.

fy ......
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FIGURE 2: Bilinear stress-strain relationship for steel material.

fractures caused by perpendicular-to-grain tensile stress and
longitudinal shear stress were taken into account. In Fig-
ure 3, K,, and K, represent normal and tangential contact
stiffness, respectively. A linear softening segment was ob-
served after peak point corresponding to material strengths
fi90and f,and complete debonding occurs when reaching
critical values of relative displacement u¢, or 4. Mixed mode
fracture was considered in the analysis with a combined
energy criterion, expressed as follows:
Gy, Gn _ 1
I LA T ] 3
G GI (3)
where G; and Gj; indicate fracture energies in modes I
and II and G! and G represent respective critical values,
which are obtained from Double Cantilever Beam (DCB)
test and End Notched Flexure (ENF) test, respectively, with
the application of compliance combination method. In this
numerical model, a small fictitious viscosity is introduced to
avoid convergence difficulties.

2.2. Finite-Element Model. A 3D finite-element model of
bolted glulam joints was established in FE-software ANSYS.
Eight-node solid element SOLID185 was applied to embody
the joints. To model the interaction between bolts and steel

plate, timber and bolts, timber and steel plate, and timber
and steel gasket, surface-to-surface contact pairs were de-
fined with CONTA174 and TARGE170 elements. For bolt-
to-steel plate and wood-to-steel contacts, coeflicients of
friction were taken as 0.001 and 0.3, respectively [29]. An
example of the distribution zone of different material models
was presented in Figure 4. The transversely isotropic plastic
material model with the Hill yield criterion was induced to
represent the compressive behavior of wood in the joint.
Wood foundation zone material model was applied to
simulate the embedment behavior of wooden parts sur-
rounding the bolts, and the radius of the cylinder was set to
be 1.8 d, where d indicates the bolt diameter. The me-
chanical behavior of bolts and steel plate was modeled with a
bilinear isotropic plastic constitutive relationship. To sim-
ulate the splitting and plug shear failure of wood in the joint
area, crack growth paths along the bolt lines were predicted
based on experimental observations [23], as shown in
Figure 5. The width of wooden parts plugged out by bolt load
was assumed to be dsing, and ¢ = 30° was determined based
on the friction between bolt and wood as given in [30]. For
bolted glulam joints with initial cracks, hard contact con-
ditions were defined to simulate the opening and closure of
initial cracks. All the material constants applied in the
analysis were listed in Table 1.

To study the cyclic behavior of bolted glulam joints, a gap
of 30 mm was set between the top surface of steel plates and
the slot, as presented in the side view of Figure 4. The bottom
surface of the slotted-in steel plate was fixed, and a reversed
cyclic loading was applied on the top end of glulam spec-
imens. The loading protocol recommended in EN 12512
standard [31] was applied, as presented in Figure 6. The
parameter V', required for cyclic loading protocol was de-
termined as yield displacement under monotonic loading.
The amplitudes of loading cycles ranged from 0.25V, to
6.0V, the single cycle was considered for the amplitudes
0.25V, and 6.0V, and three cycles were repeated for other
amplitude levels.
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Figure 3: Cohesive zone material behavior. (a) Fracture mode 1. (b) Fracture mode II.
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FIGURE 4: An example of the distribution zones of different material models. (a) Front view. (b) Side view.

3. Model Verification

To validate the feasibility of the numerical model, a bolted
glulam joint with five replicates was manufactured and tested.
The configuration of tested joints is presented in Figure 7. The

width and thickness of glulam members are 200 mm and
100 mm, respectively. The slotted-in steel plates are 8 mm in
thickness with a nominal yield stress of 235 MPa. Two bolts
with a strength grade of 8.8 and a diameter of 12 mm are
included in the joint, which has a nominal yield strength of
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FiGure 5: Fictitious fracture layers set in joints with four bolts. (a) Without initial cracks. (b) With initial cracks.

TaBLE 1: Material constants applied in this model.

Component Bolt Steel plate Wood Wood foundation
Modulus of elasticity (N/mm?) E =2.1e5 E =2.1e5 %R; 1:05216(;1 %R; 1:'01%)633
Modulus of rigidity (N/mm?) — - Glé:: :: 88: ’ Gg;LTR:: 72673
Poisson ratio v=0.3 v=0.3 Vﬁ;f_i:ogif V;Z;Rzzoif
Yield stress (N/mm?) fy =640 f y =235 g}i: :2 ?;56% g:.: =2 2?)2
Strengths (N/mm?) — - f;590::5.27'7 fjté?O::S.Z;
Fracture energies (N/mm) — — (C;;gcl z(())f;; (C;;EI Z (())?é

640 MPa according to Chinese code [32]. As can be seen The numerical model of the tested joint was established

from Figure 8, under the cyclic loading, obvious bending  and the results obtained from numerical analysis were
deformation of bolts was observed in the bolted glulam  compared to experimental findings for verification purposes.
joints. The failure modes of bolted joints predicted by numerical
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FIGURE 6: Loading protocol recommended in EN 12512 (2001).
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FIGURE 7: Detailed configurations of test bolted joint.

analysis are shown in Figure 8. Bolt bending deformation
and embedment deformation of wood observed in the joint
are quite similar to the experimental phenomenon. The
comparison between the test obtained and the numerical
predicted hysteretic curves was conducted and presented in
Figure 9. As can be seen from the figure, the shape of the
force-displacement hysteretic loops predicted by numerical
analysis fit well with the test results. The deviation in dis-
placement levels is caused by the difference between ex-
perimental obtained and numerical predicted yield
displacement V', under monotonic loading, which was re-
lated to the variability in wood properties and bolt clearance
existing in test specimens. The mechanical parameters such
as elastic stiffness and peak loading capacity are calculated
and listed in Table 2. It can be seen that elastic stiffness
obtained from the test is lower than the numerical results
due to wood properties variation in the tested specimens.
The experimentally obtained peak load-bearing capacity is
slightly larger than the numerically predicted values, which
is believed to relate to the discrepancy between the nominal
and actual yield strength of bolts. The enclosed area of
hysteretic loops was calculated to obtain the accumulative

energy dissipation of the joints under reversed cyclic
loading. As listed in Table 2, the numerical predicted energy
dissipation is 1766.4 ], which is only 7% larger than the test
value. It validates the reasonability of applying the numerical
model to simulate the cyclic behavior of bolted glulam joints.

4. Parametric Study

To investigate the effects of crack patterns on the cyclic
behavior of bolted glulam joints, a parametric study was
conducted with the consideration of different bolt config-
urations. A single-bolt line with two bolts was included in
Joint 1, as shown in Figure 10(a). The cross-sectional size of
the glulam member is 120 x 90 mm, and the bolts are 12 mm
in diameter with a nominal yield strength of 480 MPa. The
geometric size of the glulam member in Joint 2 is identical to
the tested joint, and the bolts are 16 mm in diameter with a
nominal yield strength of 640 MPa, as presented in
Figure 10(b). Different crack numbers and locations were
considered in the analysis. The detailed information of crack
patterns is shown in Figure 11. For crack patterns SB and ST
in Joint 1, different crack lengths are considered and initial
crack is cut through the bottom and top bolt, respectively.
Initial cracks set on both sides of the steel plate are included
in Joint 1 with crack patterns DB and DT. For crack patterns
LS and LD in Joint 2, initial cracks along the left bolt line are
set on single and both sides of the slotted-in steel plate,
respectively. Initial cracks along both right and left bolt lines
are included in the joints with crack patterns RLS and RLD.

4.1. Failure Modes and Hysteretic Curves. For initially perfect
Joint 1, splitting failure of wood is observed under positive
loading (i.e., tension load), as shown in Figure 12(a). Bolt
yielding occurred under negative loading, as can be seen
from the von Mises stress distribution of the middle cross
section in Figure 12(b). In terms of the hysteretic curve, an
obvious pinch phenomenon is observed from Figure 13(a),
which is caused by the brittle failure of wood and plastic
deformation of bolts. Under positive loading, a sudden drop
of load-carrying capacity occurred at a loading amplitude
level of 2.0mm due to the splitting failure of wood.
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FIGURE 8: Failure modes of bolted glulam joint obtained from numerical analysis and experiment.
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FiGure 9: Comparison between experimentally obtained and
numerical predicted hysteretic curves.

Compared to the mechanical behavior of the joint under
positive loading, a more ductile performance is observed
under negative loading. The joint with crack pattern DT
exhibited a more pitched hysteretic behavior when com-
pared with the initially perfect joint, as shown in
Figure 13(b). The peak loading capacity and elastic stiffness
are reduced by initial cracks. Under positive loading, a small
decrease in capacity occurred when the displacement rea-
ches 2mm, which is caused by the propagation of initial
cracks.

To investigate the effect of different numbers of cracks on
the hysteretic behavior of bolted glulam joints, a comparison
is conducted between Joint 1 with crack patterns SB and DB
as presented in Figure 13(c). As can be seen from the figure,
for Joint 1-SB with a single crack on one side of the steel
plate, the brittle failure of wooden parts on the other side
leads to the decrease of the load-carrying capacity from

30.7kN to 19.2kN. Compared to Joint 1-SB, a relatively
lower peak capacity on the positive side is observed in Joint
1-DB with two initial cracks. Different crack lengths are
considered in Figure 13(d), and the hysteretic curve of Joint
1-DB is compared to that of 1-DT. As can be seen from the
figure, crack lengths only affect the elastic stiffness of bolted
joints under positive loading. The initial crack in Joint 1-DB
propagates from bottom bolt to top bolt at the displacement
of 1 mm, and a slight decrease of capacity is observed in the
figure. After this crack propagation, the same cracking
conditions are obtained in these two joints, and thus the
hysteretic curve of Joint 1-DB coincides with Joint 1-DT
under further application of displacement load.

The main failure modes of initially perfect Joint 2 include
the embedment failure of wooden parts around bolt holes
and brittle failure of wood in the joint area, as shown in
Figure 14. Obvious embedment deformation is observed
before the occurrence of splitting failure of wood, as pre-
sented in Figure 14(a), while the bolts remain stiff and
straight, and no significant bolt bending deformation is
observed. The von Mises stress distribution of the middle
section is given in Figure 14(c). It is indicated that only a
slight portion of the bolts reaches the yield strength and the
rest performs an elastic behavior.

Compared to Joint 1, a more significant pinch phe-
nomenon is observed in the hysteretic curve of Joint 2, as
shown in Figure 15(a), which is caused by the unrecoverable
embedment deformation and splitting failure of wood.
When the relative displacement of the initially perfect joint
reaches 3.1 mm, splitting failure occurred along the bolt
lines, and the capacity of the joint under positive loading
decreases from 71 kN to 46 kN. In the loading cycle with an
amplitude level of 6.0mm, the peak capacity of the joint
under positive loading is close to 60 kN. The capacity drops
quickly in the unloading process, and the residual plastic
deformation is around 4.3 mm. Nearly zero capacity is
observed when the displacement declines from 4.3 mm to
—2.5mm under reversed loading due to the significant
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TaBLE 2: Mechanical parameters obtained from experimental and numerical results.

Elastic stiffness (kN/mm) Peak load (kN) Accumulated energy dissipation (J)
Test result 38.0 52.9 1650.8
Numerical result 49.5 50.7 1766.4
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FiGure 10: Two bolted glulam joints considered in the parametric study. (a) Joint 1. (b) Joint 2.
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Ficure 11: Different crack patterns considered in Joint 1 and Joint 2. (a) Joint 1-SB. (b) Joint 1-DB. (c) Joint 1-ST. (d) Joint 1-DT.
(e) Joint 2-LS. (f) Joint 2-LD. (g) Joint 2-RLS. (h) Joint 2-RLD.

embedment deformation. By comparison with the initially =~ cracks, as can be observed from the positive side of
perfect joint, the peak loading capacity and elastic stiffnessof =~ Figure 15(a). The propagation of cracks occurred at the
the joint with crack pattern RLD are impaired by initial ~ displacement of 2.9 mm. In Figure 15(b), a comparison is
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FI1GURE 12: Failure mode of initially perfect Joint 1: (a) splitting failure of wooden parts; (b) von Mises stress distribution of bolts.

conducted between Joint 2 with crack patterns LD and RLD
to explore the influence of different numbers of cracks. It can
be seen that when compared with Joint 2-RLD including
four cracks, a larger peak capacity is observed in Joint 2-LD
with two cracks along the left bolt line. A drop of capacity in
Joint 2-LD is observed at the displacement of 4.2 mm due to
the splitting failure of wood along the right bolt line.

4.2. Skeleton Curves. The skeleton curves of Joint 1 are
presented in Figure 16, which are obtained by connecting
peak points of each primary loading cycle in the force-
displacement hysteretic loops. Different numbers and
lengths of initial cracks are considered in the comparison. As
can be seen from Figure 16, the positive and negative sides of
skeleton curves can be divided into three segments, re-
spectively. A linear load-displacement relationship is ob-
served in the first segment. Under positive loading, the
stiffness of the linear segment is reduced by initial cracks
when compared with the initially perfect joint, which is
caused by the influence of crack opening on the interaction
between bolts and wooden parts. The second segment is
nonlinear, and stiffness attenuation is observed due to the
occurrence of bolt yielding. After the peak point, a signif-
icant decrease in load-bearing capacity is observed from
skeleton curves, which is caused by a brittle failure of wood
in the joint area.

Mechanical parameters of Joint 1 under positive and
negative loading were calculated and listed in Table 3, in-
cluding elastic stiffness, yield force, yield displacement, peak
capacity, ultimate displacement, and ductility ratio. The yield

point was estimated based on ASTM D5764 [33], as shown
in Figure 17. A straight line is drawn parallel to the linear
segment and the offset is set as 5% of bolt diameter. The
intersection point between the line and the skeleton curve is
determined as the yield point. For envelope curves with the
declining branch, the ultimate displacement is defined as the
deformation corresponding to 80% of peak strength and the
ductility ratio is calculated as ultimate displacement divided
by yield displacement.

As can be seen from Figure 16 and Table 3, the peak
loading capacity and initial stiffness of Joint 1 under positive
loading are impaired by initial cracks, while negligible in-
fluence is observed on the mechanical performance under
negative loading. Under positive loading, the peak capacity
of Joint 1-SB and Joint 1-DB is 31.4kN and 29.4kN, re-
spectively. Compared to the initially perfect joint, the de-
creasing ratio of capacity can be up to 21.8%, which is
calculated by dividing the decrease by the corresponding
value of the initially perfect joint. Further, it is indicated that
more cracks lead to a more significant reduction in peak
loading capacity. In terms of elastic stiffness, when com-
pared to Joint 1-SB, lower stiffness is observed in Joint 1-DB
with two initial cracks.

Different crack lengths are considered in Joint 1-DB and
Joint 1-DT. As can be seen from Table 3, a similar peak
capacity is found for these two joints, which indicated that
crack lengths have little influence on the peak capacity of
bolted joints. The elastic stiffness of Joint 1-DB and Joint 1-
DT is 24.5kN/mm and 17.2kN/mm, respectively. Under
positive loading, a longer crack reduces the elastic stiffness of
bolted joint more significantly. When compared with an
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(c) comparison between Joint 1-SB and Joint 1-DB; (d) comparison between Joint 1-DB and Joint 1-DT.

initially perfect joint, the decreasing ratio of elastic stiffness
can be up to 47.4% with the existence of two cracks through
the top bolt. In terms of ductility ratio, it can be found from
Table 3 that the ductility ratio of the initially perfect joint is
lower than the joints with initial cracks. Brittle failure of
wood under external load leads to a sudden drop of capacity
in the initially perfect joint, while a smoothing skeleton
curve is realized in Joint 1-DB and Joint 1-DT with the
occurrence of crack propagation instead of brittle failure of
wood. The ductility ratio of Joint 1-DB and Joint 1-DT'is 2.85
and 2.32, respectively.

The skeleton curves and mechanical parameters of Joint
2 are presented in Figure 18 and Table 4, respectively. Similar
to Joint 1, the reduction in the peak loading capacity and
elastic stiffness is observed with the existence of initial
cracks. As can be seen from the table, the peak capacity of
Joint 1-LS and Joint 1-RLD under positive loading is 68.4 kN

and 60.1 kN, respectively. Compared to an initially perfect
joint with a capacity of 71.4kN, the decreasing ratio of
capacity can be up to 15.8%. With initial cracks on both bolt
lines, the elastic stiffness of bolted joints declines from
49.6kN/mm to 40.2kN/mm with a decreasing ratio of
19.0%. Compared to Joint 1, the influence of initial cracks is
less significant on the peak capacity and elastic stiffness of
Joint 2, while initial cracks impair the ductility behavior of
Joint 2, contrary to the observed trend in Joint 1. Similar
ultimate displacement is observed in the joints with or
without initial cracks, as shown in Table 4.

4.3. Stiffness Degradation. Under reversed cyclic loading, the
stiffness of bolted glulam joints declined gradually with
increased loading amplitudes with wood crushing or bolting
yielding. The secant stiffness of primary loading cycles was
calculated as follows:
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FIGURE 14: Failure mode of initially perfect Joint 2: (a) embedment deformation of wood; (b) splitting failure in the joint area; (c) von Mises

stress distribution of bolts.
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where F;, and A;, represent the maximum positive load
and corresponding displacement of loading cycle i; F;, and
A, indicate the maximum negative force and corresponding
displacement of cycle i. The change of secant stiffness with
the increase of displacement is presented in Figure 19. It can
be seen that the secant stiffness of the initially perfect joint is
the largest in the same loading cycle compared to joints with
initial cracks. Also, more numbers of cracks and longer
cracks lead to more decrease in the secant stiffness of joints.

At the early loading stage, the gradual growth of secant
stiffness is observed with full contact interaction. For initially
perfect Joint 1, the largest secant stiffness of 36.5 kN/mm is
obtained at the displacement of 0.5mm, as shown in
Figure 19(a). It decreases to 32 kN/mm when the amplitude
of the loading cycle rises to 1.0 mm, which is caused by the
development of bolt yielding. A deep decrease of secant
stiffness is observed with the amplitude level growing to
2mm due to the occurrence of brittle failure of wood. For
Joint 1 with crack pattern DT, the peak secant stiffness is
around 26 kN/mm, which is 28.8% lower than the initially
perfect joint. A relatively flat segment was observed after the
peak point, and a little decrease of secant stiffness occurs
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TaBLE 3: Summary of the mechanical parameters of Joint 1.

Joint 1-NO Joint 1-SB Joint 1-DB Joint 1-ST Joint 1-DT
Elastic stiffness (kN/mm) 32.7/33.6 28.9/33.5 24.5/33.6 24.6/33.5 17.2/33.0
Yield force (kN) 35.8/-36.0 30.5/-35.8 22.4/-35.7 30.3/-35.9 24.1/-35.6
Yield displacement (mm) 1.7/-1.68 1.65/-1.62 1.52/-1.64 1.85/-1.63 1.87/-1.68
Peak load (kN) 37.6/-38.8 31.4/-37.7 29.4/-37.3 31.6/-37.7 29.4/-37.3
Ultimate displacement (mm) 2.55/-3.97 3.27/-3.82 4.33/-3.80 3.02/-3.82 4.33/-3.80
Ductility ratio 1.50/2.36 1.98/2.36 2.85/2.32 1.63/2.34 2.32/2.26

Note. Mechanical parameters are calculated from the positive and negative sides of skeleton curves, respectively.
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FIGURE 17: The method of 5% diameter used to determine the yield
point.

when the amplitude increases from 0.5 mm to 1.0 mm. It is
indicated that the damage accumulation such as bolt
yielding and wood locally compression is not significant at
the loading stage.

Similar to Joint 1, a first growing tendency of secant
stiffness is observed in Joint 2, as shown in Figure 19(b). The
largest secant stiffness of the initially perfect joint is 50.9 kN/
mm obtained at the displacement of around 1 mm. The peak

value of Joint 2-RLD is 45.9 kN/mm, which is decreased by
9.8% with the existence of initial cracks. A rapid drop of
secant stiffness is observed after the peak point due to the
occurrence of embedment failure of wood. Compared to
Figure 19(a), it can be found that the decrease of peak secant
stiffness in Joint 2 is much lower than that observed in Joint
1, which indicates that initial cracks have a less dramatic
effect on the secant stiffness of bolted joints with embedment
failure mode.

4.4. Energy Dissipation. To estimate the accumulative energy
dissipation of the joint under reversed cyclic loading, the
enclosed area of the hysteretic loop was calculated for each
loading cycle based on numerical integration, and the ac-
cumulative energy dissipation was presented in Figure 20. As
can be seen from Figure 20(a), the energy dissipated in Joint
1 is negligible during the loading cycles with a magnitude
lower than 0.5 mm, which indicated that the materials be-
have elastically at this deformation level. With the dis-
placement increasing from 1.0 mm to 4.0 mm, bolt yielding
and obvious bolt bending deformation are observed in the
joint, and the energy dissipated grows rapidly. The total
energy dissipated in initially perfect Joint 1 is around 677].
Compared to joints with crack pattern DB and DT, the joints
with single crack dissipated more energy at the displacement
lower than 4 mm, while similar total energy dissipated of
around 5147 is obtained at the end of the loading process.



Advances in Civil Engineering

13
80
60 —
40 -
20
I T T —0 f T T T T 1
-8 -6 2 4 6 8
«= 80 4
—s— Joint 2-NO -—= - Joint 2-RLS
- e- Joint 2-LS --e-- Joint 2-RLD
- Joint 2-LD
FiGgure 18: Comparisons of skeleton curves for Joint 2.
TaBLE 4: Summary of the mechanical parameters of Joint 2.
Joint 2-NO Joint 2-LS Joint 2-LD Joint 2-LRS Joint 2-LRD
Elastic stiffness (kKN/mm) 49.6/52.2 46.2/52.2 42.9/52.2 44.8/50.7 40.2/52.1
Yield force (kN) 61.7/-63.3 60.3/-63.2 57.6/-62.6 59.6/-60.9 56.0/-63.0
Yield displacement (mm) 1.85/-1.79 1.92/-1.79 1.96/-1.81 1.92/-1.79 2.0/-1.82
Peak load (kN) 71.4/-78.6 68.4/-75.8 64.8/-75.5 65.3/-75.1 60.1/-71.8
Ultimate displacement (mm) 5.91/-5.21 5.90/-5.28 5.91/-5.27 5.91/-5.27 5.94/-5.17
Ductility ratio 3.19/2.91 3.08/2.95 3.02/2.91 3.08/2.94 2.94/2.84
Note. Mechanical parameters are calculated from the positive and negative sides of skeleton curves, respectively.
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FIGURE 19: Stiffness degradation observed in bolted glulam joints: (a) Joint 1; (b) Joint 2.
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The energy dissipated of bolted glulam joints with initial
cracks is only 76% of the initially perfect joint.

For initially perfect Joint 2, a similar increasing tendency
is observed and the total energy dissipated is 932 J. As can be
found from Figure 20(b), lower energy dissipated is observed
in the joints with more cracks. The total energy dissipated of
Joint 2-RLD is 764], and the decreasing ratio is 18%
compared to the initially perfect joint.

Equivalent viscous damping ratios have been calculated
at different amplitude levels as follows:

=—— 5
o E (5)

where E | represents the enclosed area of the hysteretic loop
for each primary loading cycle and E,; equals the area of two
triangles (Syoap + Saocp)> as shown in Figure 21. The re-
lationships between equivalent viscous damping ratios and
the displacement are presented in Figure 22.

It can be seen from Figure 22(a) that the equivalent
viscous damping ratios of Joint 1 are quite low at dis-
placement of 0.5 mm. With the displacement rising from
0.5mm to 2.0 mm, the damping ratio of the initially perfect
joint increases to 0.18 linearly with damage accumulation,
and a damping ratio of 0.196 is achieved at the displacement
of 3.0 mm. For Joint 1 with initial cracks, the damping ratios
increase as the displacement grows from 0.5 mm to 2.0 mm,
and a damping ratio of around 0.17 is obtained. The
damping ratio is reduced by 13.3% with the existence of
initial cracks. After the peak point, a drop of equivalent
viscous damping ratio is observed with further application of
displacement loading.

Force A

Displacement

F1GURE 21: Determination of energy dissipation.

As can be seen from Figure 22(b), a similar changing
tendency of equivalent viscous damping ratio is observed in
Joint 2 before the displacement reaches 2.0 mm. The
equivalent viscous damping ratio of initially perfect Joint 2 is
lower than that of Joint 1. A peak damping ratio of 0.114 is
obtained at the displacement of 2.0 mm and the damping
ratio decreases with further increase in loading amplitude.
The damping ratio of Joint 2-LS and Joint 2-RLD is 0.112 and
0.109, respectively. Less significant influence of initial cracks
on equivalent viscous damping ratio is observed in Joint 2
when compared to Joint 1.
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5. Conclusion

In the paper, a 3D numerical model was developed to in-
vestigate the influence of initial cracks on the cyclic behavior
of bolted glulam joints under parallel-to-grain loading.
Cohesive zone material law was applied to simulate the
propagation of initial cracks and brittle failure of wood.
With the application of the Hill yield criterion and wood
foundation zone model, the local crushing behavior of wood
was reproduced by numerical results. The feasibility of the
numerical model was verified by comparison with full-scale
experimental results, and different crack patterns and bolt
configurations were further considered in a parametric
study.

It was found that peak capacity and elastic stiffness of
bolted glulam joints were reduced with the existence of
initial cracks. More decrease in capacity was observed in
joints with more cracks, and longer cracks affect elastic
stiffness more dramatically. For Joint 1 with splitting
failure occurring under positive loading, the decreasing
ratios can be up to 21.8% and 47.4%, respectively. The
ductility behavior of Joint 2 with controlled failure mode
of wood embedment is impaired by initial cracks.
Moreover, under reversed cyclic loading, less energy
dissipated is observed in bolted glulam joints with initial
cracks, which is only 76% of energy dissipated in the
initially perfect joint. Further, the equivalent viscous
damping ratio of bolted glulam joint is reduced by 13.3%
with the existence of initial cracks.
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Parallel strand lumber (PSL) is an attractive structural wood composite which may have prospective use in building constructions.
Conducting nonlinear analysis for the bending of PSL beams is a critical step in the determination of ultimate strength and
deflection of them, which is an essential requirement of the building design philosophy based on probability of ultimate state. For
the purposes of this article, an inelastic theoretical model regarding the load-carrying capacity of the PSL bending component has
been developed. Based on the uniaxial loading tests, the stress-strain behaviors of PSL composite in the grain direction were
measured. 4-point bending experiments were also performed in this study to investigate the failure mechanism of the PSL
components. The results show that the tensile stress-strain relationship of PSL materials in the grain direction remains linear until
breaking, while the compressive stress-strain relationship exhibits nonlinear characteristics once the compressive stress exceeds
the proportional limit, which can be expressed by a quadratic polynomial. The failure mode of the PSL beam can be summarized
that the fibres in the top of the broken section were buckling and those in the bottom of the section were broken when failure
occurred. Significant nonlinear behavior was exhibited based on the load-deflection curves of the PSL beams. To predict the
nonlinear bending performance of the PSL beams, a theoretical model that could consider the nonlinear stress-strain relations of
PSL and predict the damage modes of the PSL beams was developed. Well agreements can be observed between the results of
calculations and experiments.

1. Introduction

PSL is a wood-based composite material with outstanding
mechanical properties for construction. It is fabricated by
gluing raw wood strands together along the grain direction
under high pressure and microwave heat, which are often a
by-product during the plywood manufacturing process [1].
After this industrial production process, the defects of raw
wood will be eliminated. The consistent properties and fire
resistance of PSL are superior to those of raw wood [2]. Thus,
PSL has sufficient strength and rigidity [3] that makes PSL
material very well suitable as beams and columns for cross-
and large-span building structure and for high-rise buildings
[2]. In addition, due to the development of the energy-

efficient building and green building initiatives, PSL has
been becoming an extensively potential prospective struc-
tural material for building constructions.

It is a vital work for safeguard design to precisely evaluate
the strength and deflection of the structural members in the
condition of strength limit state. However, the structure and
mechanical properties of PSL have a strong orientation. As a
matter of fact, PSL is a natural oriented fiber-reinforced
composite. The approach of strength theory and mechanical
model proposed by classical theories to analyze the be-
haviors of the component made of homogeneous or iso-
tropic materials cannot be suitable to conduct the inelastic
analysis for PSL structural members. Additionally, linear
principles are currently employed in design code for wood
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buildings to predict the load-carrying capacity and deflec-
tion in the strength limit state as the nonlinear behaviors of
wood or wood composites have not been well modelled [2].
Unfortunately, considerable researchers have found that
almost all engineered wood composites or raw wood ma-
terials, including PSL, have strong nonlinear characteristics
in the stress-strain relationship under compression parallel
to grain [4-6]. Wood-based structure members are actually
displaying strong nonlinear performances when approach-
ing the strength limit state. Accordingly, there are certain
errors in the results inevitably in the calculation of the ul-
timate bearing capacity and the ultimate deformations of
structure members by the use of the linear elastic principle.
Therefore, to well understand the engineering behaviors of
PSL composite, such as inelastic analysis and failure
mechanisms, is the cornerstone of the development of
wooden construction.

Some analytical or numerical models have been proposed
to evaluate the nonlinear performances of wood or wood
composite structure members. Naghipour et al. [7] developed a
theoretical model to investigate the nonlinear behaviors of
reinforced wood-plastic composite (WPC) beams wrapped
with glass and carbon fiber-reinforced polymers. Nonlinear
characteristics of WPC composite in the direction of tension
and compression were considered by using an exponential
function. Borri et al. [8] proposed a numerical procedure to
study the performances of wood beams reinforced by using
CFERP sheets. The bilinear model was adopted to simulate the
elastic-plastic behavior in compression of wood material and
linear elastic one in tension. Another model to investigate the
flexural performances of CFRP retrofit wood beams was re-
ported by Li et al. [9]. A quadratic curve was adopted to model
the compressive nonlinearity of wood materials, and the
function of the curve was obtained by data fitting for exper-
iments. Actually, it is commonly accepted that the stress-strain
relationship of raw wood materials in the grain direction is
linear for tensile stress and nonlinear for compressive stress.
Some mathematical models have been proposed for simulating
this nonlinearity [6, 10-12]. Huang et al. [13] proposed an
inelastic model of engineered bamboo bending components by
considering the difference between tensile moduli and com-
pressive moduli. The theoretical model, of which the nonlin-
earity of stress-strain relationships was considered, to predict
the deflection, stress and strain, and ultimate bearing capacity
of wood-based composite structural components in the
strength limit state, however, is not available up to now.

In this paper, considering nonlinear behaviors of ma-
terial, a theoretical model to predict the bending bearing
capacity of PSL beams was developed and the ultimate
deformation of the beam in midspan was also given by
assuming a fictitious plastic hinge at the critical cross section.
Firstly, mathematical formulas for describing the stress-
strain relationships of PSL composite along the grain were
proposed based on tests. Secondly, to investigate the failure
mode and the failure mechanism of PSL beams, four-point
bending tests were performed. A novel model, which takes
the nonlinear stress-strain relationship of PSL composite
into account, to predict the responses during all service
periods from loading to failure for PSL bending members
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was developed at last. Well agreements can be observed
between the results of calculations and experiments.

2. Stress-Strain Relationship along Parallel to
Grain Direction

The stress-strain curve was obtained by experiments. Test
materials were offered by FPInnovations, Vancouver,
Canada. Tests were carried out in the laboratory of FPIn-
novations, Vancouver, Canada. Compressive test along the
grain direction was referred to ASTM D143-09 [14]. Prisms
with dimensions of 50 mm x 50 mm x 200 mm were adopted
as specimens for tests. 22 specimens were tested. The loading
direction should be perpendicular to both ends of the
compressive specimen and parallel to fiber orientation. An
axial compression test can use spherical hinge bearing to
reallocate load traverse distribution so that the load could be
evenly acted on the whole cross section passing through the
roller. The loading procedure is controlled by the dis-
placement method at a rate of motion of a movable
crosshead of 0.6 mm/min. Longitudinal strain at the middle
of the specimen was measured by strainometer. Specimens
for the tensile test were also designed referring to ASTM
143-09 [13], and the dimensions of them (30 samples) are
shown in Figure 1. Two ends of the tensile specimen are,
respectively, clamped in the upper clamping head and the
lower clamping head. The axis of the two clamping heads
tends towards the same direction of the grain. The loading
procedure is controlled by the displacement method at a rate
of motion of a movable crosshead of 1 mm/min. A strain-
ometer was fastened in the middle of the specimen to
measure the strain over 50 mm length there. It was found
that the curve of stress-strain relationships remains linear
from loading to breaking when it was tensile failure. For the
compressive properties, however, the stress varies linearly
with the strain before the proportional point while becomes
nonlinear when the stress exceeds the point.

The curve of uniaxial stress-strain relationships of PSL
composites along the grain can be divided into three stages, i.e.,
first, the linear elasticity in tension, the linear elasticity in
compression, and the nonlinear in compression, as shown in
Figure 2. The nonlinear segment can be simulated via a sec-
ond-order polynomial. Hence, the uniaxial longitudinal stress-
strain relationships of the PSB composites can be represented
as a piecewise function as shown in the following equation:

o(e) = 1 I (e+ 12)2 +1;, e,.<e<e,,

Ee, —&,S€L¢€

(1)

ce>

where E is the elastic modulus of PSL material along parallel
to grain direction (MPa). o,,, 0., and o0,, are the stress at
maximum compressive loading, proportional compressive
limit, and ultimate tensile limit, respectively. ¢,, and ¢, are
the maximum strain in the tensile and compressive loading,
respectively (ue), and ¢, is the compressive strain at the
point of proportional limit (ue). I, [,, and [;are coeflicients.

Considering the continuum and compatible conditions
of the stress-strain curves, the coeflicients can be expressed
as follows:
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FIGURE 1: Dimension of tensile specimens (unit: mm).

o(es,) = zl(eﬁe +2Le,, + lg) +1, =0, (2a)
o(ey) = ll(sfu +2Le,, + lg) +L =0, (2b)
do (e,

((18 ) = 2ll (ecu + 12) =0. (ZC)

According to equations (2a)-(2c), the coefficients can be
obtained as follows:

I = — Ocy ~ Oce

1 (Scu - 652)2’ (3
L, =—¢ (3b)
=0, (3¢)

Figure 2 illustrates the stress-strain relationships ob-
tained by analyzing the test results. Table 1 gives the test
results.
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FiGURE 2: Uniaxial stress-strain relationships.

3. Analytical Model

3.1. Load-Carrying Capacity. The methodology for analyzing
the nonlinear bending of the PSL beam in this research is
based on Euler's beam theory and Huang’s method
[13, 15-17]. Fibres above and under the neutral axis were
longitudinally compressed and tensioned, respectively, in
case the beam was bent. The following assumptions were
adopted: (1) cross section of the PSL beam above and under
the neutral axis remains linear plane before and after
loading; (2) the fibres in the top of the section reached
maximum compressive stress and those in the bottom of the
section reached ultimate tensile stress when the beam failed.
Based on the above assumptions, the strain and stress di-
agram over the damage section shows a linear relationship;
however, the distribution of compressive stress possessed
nonlinear characteristics when stresses are beyond the
compressive proportional limit, as shown in Figure 3. Thus,
the stress distribution of the critical cross section of beam in
moment span may be divided into three zones along the
height of the PSL beam, i.e., plastic compressive zone (PCZ),
elastic compressive zone (ECZ), and tensile zone (TZ). The
upper part of the beam cross section is the PCZ, in which the
stresses of the fibres in the upper outmost surface are equal
to the ultimate compressive strength, o, when the beam
fails. The area between the PCZ and the neutral axis is ECZ,
in which the stresses and the strains of the fibres are equal to
the compressive proportional limit, o, and ¢, respectively,
in the interface surface between PCZ and TCZ. The area
under the neutral axis is the TZ, in which the stresses and
strains of the fibres in the lower outmost surface are equal to
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TaBLE 1: Mechanical parameters of the PSL specimen.
Proportional limit Ultimate limit
Parameters . . Modulus (MPa)
Strain (pe) Stress (MPa) Strain (ue) Stress (MPa)
Tension — — 1200 80.0 1650
Compression 2800 55.0 5700 62.5
M
0 g =
Y

(a)

®)

FIGURE 3: Diagrams of the stress and strain over the moment section. (a) stress diagram and (b) strain diagram.

the ultimate tensile strength, o,, and ¢,,, respectively, when
the beam broken. Thus, the force equilibrium in the lon-
gitudinal direction of the beam over the section yields

h
b j_(hﬁhw) o (y)dy = 0. (4)

where b is the width of the section. Because the compressive
damage mechanism is very complex, it is impossible to
functionally describe the actual stress distribution over the
depth of the plastic zone.

Therefore, to exactly calculate the actual nonlinear stress
distribution by using equation (4) is not practical. However,
the actual nonlinear stress distribution may be approxi-
mately evaluated via equation (4) since the stress distribu-
tion over the depth of the plastic zone may be prescribed in
accordance with the first term of equation (1) and the stress
of outside fiber of the plastic zone is ¢,. Thus, the stress with
respect to the coordinate, y, over the depth of the plastic zone
may be expressed as

ce

€., — €
s(y) —_u  ce
hP

in which —(h, +h,)<y< -h, should be satisfied.
Substituting for (y) trom equation (5) and for coefficients
I,, I,, and I from equations (3a)-(3c) into the first term of
equation (1), the stress with respect to coordinate, y, over the
depth of plastic zone, the actual nonlinear stress distribution
can be obtained.

Therefore, the stress distribution with respect to the
coordinate y over the damaged cross section can be
expressed as

) Li(sy+hL) +1, he+h)<ys< —hg,,
[0} =
7 Eslyl, ~-h.,<y<h,

e (5)

(6)

<

ce —

in which s is the curvature of the beam at moment section.
hy, hee, and h, are the depths of plastic, compressive, and
tensile zones, respectively. Referring to Figure 3(b) and
taking the geometrical relationships into account lead to

he., = €h,,,
tCce t'"ce (7)

o, = E¢,and 0, = Ee_,,

where g, is the tensile stress of the fibres in the outside of the
tensile zone. Substituting for ¢ (y) from equation (6) gives

n
[ (sy + 1) + L ]dy + J_h Eslyldy =0, (8)

ce

7hce
J ~(hythy,)

Where
& - & ( )
P

Also, taking the geometric relations of the zones over the
section into account and referring to Figure 3(b) lead to

h,+he +h, =h, (10)

cu ce

s=-

where 4 is the depth of the section. From equations (7), (8),
and (10), each depth of plastic, elastic compressive, and
tensile zones can be obtained as follows:

hp = (0(2:6 - of)hﬂ, (11a)

1
+ sge) +52 (scu + Sce) + 13:|ﬁ’

(11b)

ll 2
hce = zaceh [3 (‘scu T &uéce

CHSCG

Lo L)
h, = Zath[3 (sm te + sce) t (e +€0) + 15 |Bs

(11c¢)



Advances in Civil Engineering

where

{Gtzre + (Z/GCE) [(11/3)(8314 T Euee T gie) + (12/2) (scu + sce) + 13](0(228 + Gceat) - O-f}

The moment at the section can be calculated by

h
M=b j_(hp%) o (y)ydy. (13)

According to the plane assumption over the bending
section cut, the strain at any point with respect to the co-
ordinate, y, can be expressed as € (y) = sy. Substituting e (y)
into the first term of equation (6), the strain variation with
respect to the coordinate, y, can be analytically obtained.
Consequently, substituting for ¢ (y) from equation (6) yields

~hg, hy
M= b{J—(hpmw) [ll (sy+L)" + 13]ydy + J_h

o

ESIyIZdy}-
(14)

Finally, the function of the moment yielded by com-
pressive force in the plastic zone can be expressed as

1 1
M = b1, (y +hee)' = L]+ Sblos] (y ) = B

bEs

1
# b (y e =]+ 25 (),

(15)

where s represents the curvature of the beam working in the
nonlinear state. Considering the geometric relations be-
tween the strain, ¢, and the curvature over the moment
section, it can be obtained that o, = Esh,,. Deriving k., from
this equation and substituting s, into equation (11b) yield

1

{2BR[(1/3) (e + autee + €2) + (112) (e + £c0) + 1B}

(16)

In the case of critical condition, on which the stress on
the top surface of the beam is just reached the proportional
limit, o,,, and the whole section remains in the elastic state,
the depth of the plastic zone of the section, h, = 0, and the
plastic moment are zero. Therefore, it can be obtained from
equation (11a) that

o, —a2,=0. (17)
Deriving o, from this equation and substituting o, into
equations (11b) and (11c) yield the depths of compressive

and tension zones on the critical condition, respectively,
which are expressed as follows:

hy=h == (18)

(12)

Let s. denote the curvature of the critical state, and the
geometric relation between the strains and the curvature of
the section leads to o, = Es.h,,. Substituting h. from
equation (18) into this equation gives the curvature s, on the
critical condition:

5 = 20 (19)

<~ Eh’
Let the plastic moment be zero, and substituting for h,,

and h, from equation (18) into (13) and then replacing s in

equation (13) by s, from equation (19), the moment of the

elastic limit of the beam, M, can be obtained:

o,,bh’

M, =% (20)
6

3.2. Deformation. Referring to Figure 4, the deflection
analysis of the beam can be implemented by using the
symmetrical half structure. Assume that the moment span is
in nonlinear state and the curvature of it is s, while the shear
span remains in the elastic state and the curvature of it is s,.
Hence, the differential equation governing the deformation
of the beam can be expressed as

Fx
—) 0<x<m,
dzy 2EI
F = (21)
x !
-5, m<x<—.
2

The boundary and continuum conditions can be
expressed as

y(0) =0,
er (m) = )f (m)> (22)
dy"(m) dy (m)  dy(l/2)
dx dx and dx 0.

From equations (21) and (22), the deformation equations
of the beam with respect to the coordinate x can be obtained,
which were expressed as follows:

F 1
—_— [—x3 +(m—l)mx], 0<x<m,
4EI L3
y= (23)
1 1 )
——s<x2—lx+—m2), m<x<—.
2 3 2
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FIGURE 4: Deflection analysis model.
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FIGURE 5: 4-point bending test.

where I = (bh*/12). If the moment span works in the elastic
state, considering the continuum condition at the section
x=m yields the curvature of this segment

Fm

= 24
Sm = g (24)

Replacing s in equation (23) with s, in equation (24)
gives the curvature equation of the beam

Fri1
——[—x +(m—l)mx] 0<x<m,
4EI L3

y= (25)

Fm 1 [
(x —Ix+ m), m<x<—.
4EI 3 2

According to Huang’s method [18], the deformation at
midspan of the PSL beam can be expressed as

_ Fm 2_12> 11 2
" 4EI<m i) €‘h<h h)

where vis the deformation at midspan of the PSL beam.

(26)

4. Test Validation

In order to validate the analytical model developed
above, load-carrying capacities and deformations of
three PSL beams were analyzed by the model above and
by experiments. 4-point bending test was adopted to
investigate the bending performances of the PSL beam.
Test method was referred to ASTM D198-09 [19]. The
section dimensions of the samples are 60 mm in width
and 90 mm in depth. The test span is 1660 mm. Beams
were supported by a pair of metal roller which has
sufficient stiffness and provides unrestricted longitudinal
deformation and rotation of beam at reactions due to

Bulking on the outside of compressive zone

Initial breakage: broken in the outside of tensile zone

FIGURE 6: Damage mode of the PSL beam.

loading. The total load on the beam was symmetrically
and monotonously applied at two points equidistant
from the reactions through a pair of blocks, which are
extending entirely across the beam width and may rotate
the axis perpendicular to the span without restraint. The
test setup is shown in Figure 5. A deformation sensor was
installed under the middle span of the beam to measure
the vertical displacement there. The total load of the
beam and the vertical displacement in the middle span
were simultaneously recorded. The failure mode is shown
in Figure 6. Local buckling at the top and tensile broken
at the bottom of the beam can be observed. This is in
agreement with the assumption in Section 3. Figure 7
compares the load-deflection curves between experi-
mental results and calculations using the theoretical
model, of which the mechanical parameters of PSL were
taken from Table 1. Well agreement can be observed. This
implies that the model developed in this paper for an-
alyzing the bending of PSL beams is feasible.
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Figure 7: Comparison of the load-deflection curves of PSL beams
obtained by test and analysis.

5. Conclusions

Based on the theories of mechanics of composite, PSL was
treated as a transversely isotropic composite, and this paper
aimed at studying the stress-strain relationships, the failure
mechanism, and the nonlinear flexural of PSL beams
through the experiments and theoretical analysis. The main
contents and results can be concluded as follows:

(1) The uniaxial tensile and compressive properties in
parallel to grain direction were studied by experi-
ments. Failure mechanisms and the stress-strain
relationship of each stress state were investigated. It
was found that the tensile failure of PSL in parallel to
grain direction presents the progressive process and
higher strength, and the tensile stress-strain rela-
tionship exhibits linear behavior. The compressive
strength of the material shows lower strength and
brittle behavior, and then the compressive stress-
strain relationship exhibits nonlinear characteristics.

(2) 4-point bending tests for PSL beams were carried out
to investigate the flexural behaviors and the damage
mechanism of them. 3 stages of bending failure of
PSL beams under pure bending loading can be
observed. The first is the perfect elastic bending stage,
and the beams were in the elastic state when the
loading is less than the proportional limit. The
second is the nonlinear hardening stage, i.e., when
the loading exceeded the proportional limit, part of
fibres in the compressive zone in the critical section
came into a nonlinear state, the inelastic compressive
zone was gradually expanding towards the neutral
axis, and the stiffness of PSL beams was continuously
degraded with the augment of loading. The last one is
the failure stage, i.e., when the depth of the inelastic
compressive zone reached the ultimate value, the
fibres in the outer surface of the compressive zone
were bulking and those in the outer surface of the

tensile zone were broken. Hence, the PSL beam was
failed.

(3) A theoretical model to evaluate the loading capacity
and the deflection of PSL beams was proposed based
on experimental studies and theoretical analysis.
Well agreements were achieved between the results
obtained by using the proposed model and those
obtained by experiments.
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The dowel-type connection is widely applied in timber and bamboo structures. It is ambiguous regarding the calculation method
of engineered bamboo connections completely referred to the timber design codes. The steel-to-laminated bamboo dowel
connections with slotted-in steel plate tests were conducted to investigate the mechanical performance under tension based on the
ASTM-D5652-15. The effects of the thickness, dowel diameter, and end distance on the yield load, ultimate load, initial stiffness,
and ductility of the connections were studied. The difference in the yield load for different end distance is negligible. With the same
thickness of the connections, the lower the thickness to dowel diameter, the larger the load-carrying capacity. The three typical
yield modes and corresponding load-displacement curves of the connections are observed. By considering the rigid-plastic model,
the theoretical equation for the connections is proposed and proven to fit well with the experimental results. It presents a better
prediction for the load-carrying capacity of steel-to-laminated bamboo dowel connections with slotted-in steel plate.

1. Introduction

Due to the advantages of a simple manufacturing process,
low adhesive content, and beautiful surface, laminated
bamboo has a broad prospect as an engineered material in
the construction industry [1, 2]. Compared with other bi-
ological structural materials, the laminated bamboo has
higher tensile strength and stiffness with less variability [1],
meaning that, for construction purposes, it would be a better
choice than the others.

For the engineered structures, the reliability of the
connections is the key to the structural design. The con-
nection performance of laminated bamboo could directly
affect the strength, life expectations, and robustness of the
structure, making the relevant research extremely impor-
tant. The dowel connection of the timber and bamboo
structure can be divided into single-shear connection and

double-shear connection from the number of shears faces of
each dowel. The multishear connections can be divided into
a wood-to-wood connection and a steel-to-wood connection
from the different materials of the connected main and side
materials, and the steel-to-wood connection includes a steel
splint connection and a steel filler connection. The simple
form and reliable transmission of force make the steel-to-
wood connection the most important form of connections in
the modern timber structures, especially those dowel-type
connections with slotted-in steel plates for having no steel
plate coverage and good aesthetics; and the occurrence of
cracks can be easily observed to avoid potential safety
hazards [3].

Researchers have explored the calculation theories and
methods of wood bolt connection for years. The European
yield theory was originated from Johansen [4] theory of
timber connection, which set the foundation for Eurocode 5
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[5]. In the United States, the design method has been
changed from empirical design to method based on the yield
theory since 1991. Several factors, such as the dowel di-
ameter, the thickness to diameter ratio, and the end distance
have been investigated to study the possible effect on the
load-carrying capacity of the connection. Daudeville et al.
[6] carried out the dowel-bearing test on the wood, indi-
cating that the dowel diameter has an influence on the
bearing strength. In a certain range, it has a positive cor-
relation with the dowel-bearing strength, and the result is
consistent with the European wood structure design spec-
ification. Solitis et al. [7] proposed the concept of thickness-
to-diameter ratio in 1987 and believed that, with the same
dowel diameter, the greater the thickness of the bolted joint
of wood, the better the ductility. Cesar [8] pointed out in the
study that when the dowel end distance to diameter ratio is
less than 4, the brittle fracture is easy to occur. Doyle [9]
found that an increase in the spacing of the bolts within a
certain range helps to enhance the bearing capacity of the
joints. The requirements on these bolted constructions di-
rectly affect the form of damage to the joints. The loading
direction has also been found to have a significant effect on
the performance of the connection. The failure modes of the
timber loaded parallel and perpendicular to the grain are
significantly different. Patel and Hindman [10] studied the
bearing properties of the bolted joints in the transverse
direction and found that the failure mode is related to the
fracture toughness of the wood. In addition, moisture
content [11] and temperature can affect the load-carrying
capacity.

At present, the existing equations of the steel-to-wood
connection in the national design codes and standards focus
on different failure modes: Eurocode 5: design of timber
structures evaluates the bearing capacity of the connection
with the thickness of the side members, the dowel-bearing
capacity of the material, and the diameter of the dowel. The
minimum value of predictions under each failure mode is
taken as the calculation result to predict the bearing capacity
of the connection. Similar methods have been applied in the
National Design Specification for Wood Construction in the
US [12] and the Canadian Standard [13].

Although the bamboo material shares great similarities
with wood at the aspect of physical and mechanical prop-
erties, the difference between the two materials is not
negligible. There are relatively few studies on the engineered
bamboo material. Cui et al. [14] tested the bearing capacity
of bolted steel-bamboo scrimber-steel connections and
found that Eurocode 5 had better prediction accuracy. Hover
[15] conducted an experimental study on the bolt connec-
tion of the laminated bamboo loaded parallel to the grain
and analyzed its failure mechanism and bearing capacity. In
general, the research on the bearing performance of lami-
nated bamboo connections is still scarce at home and
abroad, and further exploration is urgently needed.

The purpose of the study is to analyze the load-carrying
capacity of the steel-to-laminated bamboo connection
loaded parallel to the grain. The dowel diameter, the
thickness, and the end distance of the connections have been
taken into consideration. The experimental results have been
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compared with the existing equations, and a more accurate
equation for laminated bamboo has been developed based
on the analysis in the paper.

2. Materials and Test Methods

2.1. Materials. The fabrication process of the raw laminated
bamboo material has been described specifically in previous
research [16]. Based on the Chinese standard [17], ASTM
D143-14 [18], and ASTM D5764-97a [19], the physical and
mechanical properties of the laminated bamboo have been
tested. The mean values of its air-dry and oven-dry density
are 609 kg/m’ and 592kg/m’ with a moisture content of
5.9%. The compressive strength is 59.63 MPa parallel to the
grain with the MOE of 12087 MPa. The corresponding
tensile strength is 104.16 MPa with the MOE of 10820, and
the shear strength is 17.26 MPa. The tensile strength of
laminated bamboo perpendicular to grain is 3.35 MPa. The
yield strength of the dowel is 480 MPa and the tensile
strength is 600 MPa. The length of the unthreaded area in the
middle of the screw was not less than 120 mm. The steel plate
is Q345 grade steel with a thickness of 10 mm; and the
thickness of the groove is 12 mm.

2.2. The Test Specimens and Method. As mentioned before,
many factors may influence the bearing capacity of the
connections. In this study, the dowel diameter, the thickness,
and end distance are selected as reference factors. The test
set-up and front and lateral views of the connections are
shown in Figure 1. The length of laminated bamboo spec-
imen is 900 mm, and the width is 120 mm. It is noted that the
end distances of the connections are 5D, 6D, 7D, and 8D
except that the control group is 7D. The detailed parameters
of different groups are shown in Table 1. Each test was
repeated 3 times. The test method was based on ASTM-
D5652-15 [20] and was appropriately adjusted in combi-
nation with the test conditions. The test was carried out with
a 100-ton MTS Fatigue testing machine. As shown in
Figures 1(b) and 1(c), 1 denotes the MTS actuator, 2 the fixed
device for the steel plate, 3 the steel plate, 4 the displacement
transducer support, 5 the dowel, 6 the displacement
transducer roof, 7 the fixed device for the specimens, and 8
the MTS ground anchor. After preloading to eliminate the
effect of the initial gap and deformation, the specimens were
subjected to monotonic uniform loading in the tension
direction with displacement control. The loading rate was
1 mm/min. The loading process stopped when significant
damage appeared or the bearing capacity dropped below
80% of the maximum load. The load of the connections was
measured by the test set-up. The displacement was measured
by two displacement transducers on both sides.

The average value measured by the two displacement
meters was chosen as the relative displacement between the
dowel and the laminated bamboo, and the load data are
combined to generate the load-displacement curves. A
straight line was fit to the initial linear portion of the load-
deformation curve. The line was offset by a deformation
equal to 5% of the fastener diameter. The load at which the
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offset line intersects the load-deformation curve was selected
as the yield load, F,. The elastic stiffness, K, is calculated by
the slope of the initial linear portion of the load-deformation
curve. The postyield stiffness, K, is calculated by the tangent
of the load-displacement curve through the intersection of
the initial linear portion of the load-deformation curve and
the horizontal line through the yield load.

3. Results and Analysis

3.1. The Failure Modes and Load-Displacement Curves of the
Connections. According to the Eurocode yield theory, there
are three yield modes for double-shear connections in
Figure 2. Mode I represents the case where fasteners do not
bend, and wood fibers crushing occurres beneath the dowel
without through cracks. Mode II represents the case where
fasteners yield in bending at one plastic hinge point per shear
plane, with bearing-dominated yield of wood fibers in
contact with the fasteners in side member(s), respectively.
Mode III represents the case where fasteners yield in bending
at two plastic hinge points per shear plane, with the limited
localized crushing of wood fibers near the shear plane(s).

As shown in Figure 3, all of the three yield modes of the
dowels occur in the connections. When the thickness of side
members is small and the thickness to diameter ratio is also
small, Mode I is prone to occur, for example, T2-D1-L1. It is
mainly because the bending strength of the dowel is larger
and the shear strength of the laminated bamboo parallel to
grain is lower. But when the thickness to diameter ratio is
large enough, Mode III occurs, specimen T1-D2-L1. It is
because the bearing zones become larger and dowel bending
is restrained. For the other connections, the failure modes
belong to Mode II.

The failure modes of side members under the yield mode
of one plastic hinge (Mode II) are mainly shear failure and
splitting failure and they are accompanied by embedding
failure. When the thickness of side members is small, the
ductility is lower and the specimen exhibits splitting failure.
As the thickness increases, the plastic displacement in-
creases, and the dowel hole is elongated. The specimens
exhibit splitting failure and embedding failure. But when the
dowel diameter is larger, for example, M14 and M16, the
specimens exhibit shear failure and embedding failure.
When the end distance of the connections is in the range of
6D-8D, the connections exhibit better ductility and em-
bedding failure. Therefore, the sufficient end distance of the
connections is essential in the design of the laminated
bamboo connections.

The typical load-displacement curves of the connections
are shown in Figure 4. The curves can be divided into a linear
branch, a nonlinear branch within and beyond the pro-
portional limit, and falling branch rapidly. The influences of
the dowel diameter, thickness, and end distance on the
mechanical properties of the connections parallel to grain
were analyzed in the paper. As shown in Figure 4(a), with the
dowel diameter increasing from 10 mm to 16 mm, the ul-
timate load, yield load, and initial stiffness increase grad-
ually. When the dowel diameter is 10 mm, the ultimate
displacement is about 20 mm and it exhibits better ductility.

As the thickness increases, the ultimate load and displace-
ment increase in Figure 4(b). When the thickness is 30 mm,
the ultimate load and displacement are too small, just
27.15kN and 2.49 mm. The ultimate displacement is close in
the range of 90-120 mm. The connections have good duc-
tility and the curve change is similar to the same diameter
and thickness when the end distance is above 6D as shown in
Figure 4(c). Therefore, an end distance of 6 to 8 dowel
diameters and a thickness equal to or greater than 7 dowel
diameters will provide reasonable results for laminated
bamboo connections.

3.2. The Effect of Different Factors. The test results are shown
in Table 2. The mean values of a series of measurements of
different groups have been collected. The initial stiffness of
the connections, K, yield displacement, A,, and yield load,
F,, were obtained by the 5% diameter offset method. y is the
ductility ratio, u=A./A,. and COV is the coefficient of
variation of F,. If the displacement at the point of inter-
section is larger than the ultimate displacement, the ultimate
load is defined as the yield load. The ultimate load, F,, was
obtained as the load-carrying capacity of the connections.

The influences of the dowel diameter, thickness, and end
distance on the yield and ultimate load, initial stiffness, and
ductility ratio are compared and analyzed in Figure 5. For
T1-D1-L1 as the control group, the corresponding yield and
ultimate load are 32.33kN and 50.56kN; and the initial
stiffness and ductility ratio are 43.56 kN/mm and 10.26. For
the dowel diameter, with the diameter increasing from
10 mm to 16 mm, the yield and ultimate load and the initial
stiffness increase gradually in Figure 5(a). But the ductility
ratio slightly reduces. It is because the dowel diameter de-
termines the bearing area between the dowel and the
bamboo material but the increase of the diameter of the
connections could cause the failure mode to change from
combined embedding failure and splitting failure to shear
failure.

As for the thickness factor, it has the most significant
effect on the initial stiffness, ductility ratio, and ultimate load
of the connections in Figure 5(b). As the specimen increases
from 30 mm to 120 mm, the ultimate load increases rapidly
from 27.15kN to 50.56 kN and the ductility ratio increases
from 1.98 to 10.26. But when the thickness of side members
is in the range of 90-120 mm, the thickness variation has no
significant effect on yield load. It is mainly because the
failure modes are similar, and the yield mode is determined
by the compressing buckling of the bamboo fiber, which
belongs to the local material property and is independent of
the overall size of the specimens.

When the end distance of the connections increases from
5D to 8D, the shear area of side members enlarges as well,
leading to the ultimate load increasing slightly. There is no
obvious correlation between end distance with the yield load
and initial stiffness because the yield mode depends on the
material properties of the laminated bamboo. The initial
stiffness is around 38-45 kN/mm. It is noted that when the
end distance is 60 mm, the ductility ratio is very small, just
3.7. It should be avoided in the design of engineered bamboo
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F1GURE 1: Test method of the connections. (a) Test set-up. (b) Front view. (c) Lateral view.

TaBLE 1: Detailed parameters of different groups parallel to grain.

No. t (mm) t, (mm) D (mm) I, (mm) y

T1-D1-L1 120 54 12 84 4.50
T2-D1-L1 30 14 12 84 1.17
T3-D1-L1 60 29 12 84 2.42
T4-D1-L1 90 44 12 84 3.67
T1-D2-L1 120 54 10 70 5.40
T1-D3-L1 120 54 14 98 3.86
T1-D4-L1 120 54 16 112 3.38
T1-D1-1.2 120 54 12 60 4.50
T1-D1-L3 120 54 12 72 4.50
T1-D1-14 120 54 12 96 4.50

D denotes the dowel diameter, ¢ denotes the thickness of the specimens, £, denotes the thickness of the side members, [, denotes the end distance, and y denotes
the thickness to diameter ratio.
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FIGURE 2: The yield modes of dowel-type fasteners in timber connections. (a) Mode I. (b) Mode II. (¢) Mode III
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FIGURE 4: The load-displacement curves of the connections. (a) Dowel diameter. (b) The thickness. (c) End distance.

TaBLE 2: The test results of the connections in different groups.

16

No. y F, (kN) Ay (mm) K;(kN/mm) F, (kN) A, (mm) K, (kN/mm) U

T1-D1-L1 4.50 32.33 1.17 43.56 50.56 12.05 4.77 10.30
T2-D1-L1 1.17 23.40 1.26 28.78 27.15 2.49 2.65 1.98
T3-D1-L1 2.42 25.66 1.40 34.45 38.33 6.96 3.42 4.97
T4-D1-L1 3.67 30.15 1.44 38.76 45.48 12.46 5.16 8.65
T1-D2-L1 5.40 28.89 1.98 29.56 45.08 19.00 3.95 9.60
T1-D3-L1 3.86 39.56 1.86 44.42 62.49 16.90 2.80 9.09
T1-D4-L1 3.38 48.56 2.54 53.28 72.98 18.98 3.09 7.47
T1-D1-L2 4.50 30.26 1.36 38.14 44.45 5.03 3.21 3.70
T1-D1-L3 4.50 32.16 1.26 45.56 50.83 13.32 4.81 10.57
T1-D1-L4 4.50 33.88 1.39 44.28 52.82 16.53 5.23 11.89




structures. This phenomenon proved that connections with
sufficient end distance could guarantee the ductility of the
connections.

4. Calculation

4.1. The Existing Calculation Methods. Regarding the load-
carrying capacity and yield resistance of the connections, different
national standards of timber structure have different calculation
methods. In Eurocode 5 [5], the three different equations were
used to calculate the corresponding failure modes based on the
Eurocode yield theory; and the characteristic load-carrying ca-
pacity of the connections can be obtained as the minimum value
of the three equations. It can be expressed as follows:
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where F, is the characteristic load-carrying capacity per
shear plane per fastener, kN, f;, ; | is the embedding strength
of timber members, MPa, ¢, is the thickness of side member,
mm, d is the dowel diameter, mm, and M,, g is the yield
moment of the dowel, N-mm.

In Canadian engineering design in the wood [13], the yield
resistance of the connections rather than bearing capacity was
calculated according to different failure modes. Like Eurocode
5, the minimum value of the connections was obtained to
calculate the yield resistance. It can be expressed as follows:
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where F,, is yield resistance per shear plane per fastener, kN,
f1 is the embedding strength of the side member, MPa, f, is
the embedding strength of the main member, MPa, t; is the
thickness of side member, mm, d is the dowel diameter, mm,
1, is the yield strength of the dowel, MPa, and ¢, is resistance
factor for yielding failure, 0.8. For the connection with
slotted-in steel plate, f, can be calculated as

fa= Ksp((p(;t;el)fw (3)

where K, is the parameter, and the value of 3.0 is taken for
mild steel; @geer is the resistance factor for steel plates in
connections with dowels, 0.8 for mild steel, and f, is the
specific tensile strength of steel, MPa.

Fyzmin<
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4.2. The Equation for the Laminated Bamboo. The Eurocode
yield theory is originated from Johansen theory of timber
connection, which set the foundation for national standards of
timber structure above. The basic assumptions of the theory are
as follows: the failure mode of the connections is ductile and the
embedding stress-strain relationship is the ideal rigid-plastic
model. Then, based on the equilibrium condition of forces and
three yield modes of fasteners, the equations to express the load-
carrying capacity of the connections can be determined. The
stress distributions under three different yield modes in the
rigid-plastic model are shown in Figure 6. The red circle denotes
plastic hinge, R is the load-carrying capacity per shear plane per
fastener, kN, f, is the embedding strength of timber members,
MPa, t is the thickness of side member, mm, and M, is the yield
moment of the dowel, N-mm.

The following equations of the connections under three yield
modes can be developed to calculate the load-carrying capacity:

R, = f,dt, (4)

4M
anfedt< 2+fd:2_1>’ (5)

Ry =2,/M  f d. (6)

Regarding the yield moment of the dowel, the calculation
method is different in national standards of the timber
structure. In Chinese timber structure design code [21], the
yield moment of the dowel is related to the yield strength and
the equation can be expressed as

M, =k,Wf,, ?)

where k,, is the ratio of the plastic section modulus to the elastic
section modulus, when the plastic behavior of the dowel is fully
developed, 1.7, if not, 1.4. W is the moment of section resistance
in mm’. F, is the yield strength of the dowel in MPa.

In American design specification for wood construction,
the yield moment is related to bending strength of the dowel.
It can be determined based on the yield load of 5% diameter
deviation method or the average of the tensile strength and
yield strength. Generally, it is taken as 1.3 times of yield
strength. The equation can be expressed as

3
M, =0.22f d’. (8)

In Eurocode 5, the yield moment is related to tensile
strength, and the equation can be expressed as

M, =0.22f,d*, )

where f; is the tensile strength of the bolt in MPa.

As mentioned before, M10, M12, M14, and M16 are tested
and the yield moments are 72.30kN mm, 167.70kN mm,
271.80kN mm, and 394.80 kN mm, respectively. By compar-
ison with different national standards, the results calculated in
American code are the closest with experimental results; and
the relative difference is less than 15%. Next, equation (8) can
be substituted into equations (5) and (6) to calculate the single-
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FIGURE 6: The stress distributions under three different yield modes. (a) Mode I. (b) Mode II. (¢) Mode IIL

shear bearing capacity of the connections. So, the equation can
be expressed as

[ f.dt,

R = min- fcdt

‘ 0.94d° \/f_y?

According to three yield modes of boundary conditions,
equation (10) can be further solved, which includes the
thickness to diameter ratio interval. It can be shown in
Figure 7. So, the upper and lower limits of Mode II are
determined, and the equation can be expressed as

' t [fv
fedt, ds0.66 7
fr _t fr
, 0.664—/— <—<1.884|—,
fe d fe

0.94d°\/ fy f.» éz 1.88\/;
(11)

The dowel-bearing capacity of laminated bamboo is an
essential parameter to evaluate the load-carrying capacity of

’ (10)

this kind of connection. Previous tests and researches
[22, 23] suggest that the dowel-bearing capacity of the
laminated bamboo parallel to grain can be expressed as

fepar = (=0.0236 D + 1.471)f ., (12)

where f, par and f, o stand for embedding strength and
compressive strength of the laminated bamboo parallel to
grain in MPa, respectively.

Based on the above equations, the theoretical and ex-
perimental results of load-carrying capacity and failure
modes are shown in Table 3. Compared with the ultimate
load, the theoretical results are conservative but the pre-
dicted failure modes are accurate. In order to obtain an
accurate solution of the load-carrying capacity of steel-to-
laminated bamboo dowel connections with slotted-in steel
plate, the formulas would need further discussion and op-
timized analysis. The modified coeflicient C_, can be in-
troduced and combined with equation (11) to predict the
load-carrying capacity of the connections. For further
analysis, the modified coefficient C, is obtained to evaluate
three yield modes. The corresponding values are 1.14 in
Mode I, 1.08 in Mode II, and 1.50 in Mode III. When the
connection occurs, Mode III, the modified coeflicient is the
largest. Through the previous analysis, when the end dis-
tance of the connections is 6 to 8 dowel diameters, they
exhibit better ductility and bearing capacity. Plus, the effect
of end distance on the bearing capacity of the connections is
not considered in the calculation method. The sufficient end
distance could guarantee the accuracy of the results and
structural safety. It is noted that, considering the limited
number of the connections, the modified coeflicient
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F1GURe 7: The boundary conditions of the load-carrying capacity of
the connections.

TaBLE 3: The comparison of the load-carrying capacity of the
connections.

Experimental results Theoretical results

o F, (kN) Yield mode R (kN) Yield mode
T1-D1-L1 58.59 II 46.95 II 1.08
T2-D1-L1 21.15 I 23.80 I 1.14
T3-D1-L1  30.33 II 35.90 II 1.07
T4-D1-L1  40.45 1I 41.77 1I 1.09
T1-D2-L1  48.08 III 29.97 III 1.50
T1-D3-L1 62.49 II 56.54 II 1.11
T1-D4-L1 72.98 1I 67.32 1I 1.08

suggested in the paper needs to be further verified. To sum
up, the modified equation has better prediction and safety
for the steel-to-laminated bamboo dowel connection with
slotted-in steel plate.

5. Conclusion

The study investigated the load-carrying performance of one
dowel-type steel-to-bamboo connection with a slotted-in
steel plate. The effects of dowel diameter, thickness, and end
distance on the yield load, the elastic stiffness, the ultimate
load, the plastic stiffness, and the ductility rate of the
connections have been studied. The following conclusions
can be drawn:

(1) The typical load-displacement curves and vyield
modes of the connections parallel to the grain have
been studied. The failure modes of side members are
mainly shear failure and splitting failure, and they
are accompanied by embedding failure. As for the
dowel, the one-hinge yield mode has been witnessed
the most.

(2) The influence of different factors on the load-car-
rying capacity of the connections has been analyzed
as well. The dowel diameter significantly influences

the yield and ultimate load and the initial stiffness.
When the thickness of side members is in the range
of 90-120 mm, the thickness variation has no sig-
nificant effect on yield load. As for the end distance,
when it is in the range of 6D-8D, the connections
exhibit better ductility and embedding failure.

(3) Compared with experimental results, the theoretical
results are conservative but the predicted failure
modes are accurate. Further, the modified coefficient
is introduced and combined with the theoretical
equation to predict the load-carrying capacity of the
connections, which has better prediction and safety
for the steel-to-laminated bamboo dowel connection
with slotted-in steel plate.
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Innovative mass timber panels, known as composite laminated panels (CLP), have been developed using lumber and laminated
strand lumber (LSL) laminates. In this study, strain distributions of various 5-layer CLP and cross-laminated timber (CLT) were
investigated by experimental and two modelling methods. Seven (7) different panel types were tested in third-point bending and
short-span shear tests. During the tests, the digital imaging correlation (DIC) technique was used to measure the normal and shear
strain in areas of interest. Evaluated component properties were used to determine strain distributions based on the shear analogy
method and finite element (FE) modelling. The calculated theoretical strain distributions were compared with the DIC test results
to evaluate the validity of strain distributions predicted by the analytical model (shear analogy) and numerical model (FE analysis).
In addition, the influence of the test setup on the shear strain distribution was investigated. Results showed that the DIC strain
distributions agreed well with the ones calculated by the shear analogy method and FE analysis. Both theoretical methods agree
well with the test results in terms of strain distribution shape and magnitude. While the shear analogy method shows limitations
when it comes to local strain close to the supports or gaps, the FE analysis reflects these strain shifts well. The findings support that
the shear analogy is generally applicable for the stress and strain determination of CLP and CLT for structural design, while an FE
analysis can be beneficial when it comes to the evaluation of localized stresses and strains. Due to the influence of compression at a
support, the shear strain distribution near the support location is not symmetric. This is confirmed by the FE method.

1. Introduction

Cross laminated timber (CLT) and other mass timber panels
like glue-, nail-, or dowel-laminated timber have become
increasingly popular in the last decades. The increase in
popularity can be a tribute to their large dimensions and
cross sections, which allow for high levels of prefabrication
and fast construction. Glue-, nail-, and dowel-laminated
timber panels are manufactured from parallel lumber pieces
connected to each other by either glue or nails of wooden
dowels. Due to the parallel members, these panel types
behave like beam elements in out-of-plane loading situations
and can be considered as one-way elements. On the other

hand, CLT panels are made from the commonly orthogo-
nally arrangement of layers consisting of graded sawn
lumber pieces that are glued to each other. The orthogonal
arrangement of the layers lets CLT panels behave more like
plates under out-of-plane loading, where loads can be
transferred in both panel directions. Based on this, CLT
panels can be considered two-way elements. However, the
orthogonal arrangement of the layers leads to layers with
radial-tangential cross section, which provide low shear
modulus and strength. Due to this, CLT under out-of-plane
loading is prone to high shear deformations and the so-
called rolling shear failures when exposed to shear stresses
perpendicular to the grain. Besides the low shear properties
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of these cross-layers, gaps between the lumber pieces within
these layers further promote shear deformation and rolling
shear failures. Edge-gluing between adjacent laminates
within a layer is beneficial but is not mandatory in the
production of CLT [1].

Hybrid CLT with 3 layers made from European spruce
and a European beech centre layer was tested in out-of-plane
loading by [2]. Four-point bending tests and planar shear
tests were used to determine the rolling shear properties of
the beech core layer. Deflection measurements and strain
gauges were used to determine the shear modulus of the
beech. It was found that beech cross-layers improve the
global shear behaviour of CLT significantly; both, shear
modulus and strength improved; and the failure was shifted
towards a longitudinal shear failure within the outer layers.
In addition, the improved shear performance potentially
allows for a simplified approach in design, treating the
section as a rigid composite.

The bending and shear behaviour of 3-layer CLP and
CLT formed from spruce-pine-fir (SPF) and laminated
strand lumber (LSL) materials were investigated by [3]. Four
(4) different lay-ups were evaluated in the program through
bending and shear tests. The results showed that specimens
with a LSL core layer and SPF outer layers had a 23% higher
bending strength while reaching similar bending stiffness
and a significant increase in shear stiffness compared to
regular CLT. In addition, the bending failure was shifted
from a rolling shear failure towards a flexural tensile failure.
The short-span shear tests showed that the shear strength of
specimens with a LSL core layer and SPF outer layers in-
creased by 46% compared to regular CLT.

The use of oriented strand board (OSB) and spruce-pine-
fir lumber in 3- and 5-layer CLP and CLT panels was
evaluated by [4]. Ten different lay-ups were tested in the
major and minor strength direction. The shear resistance
and stress of the lay-ups were determined by experiments,
shear analogy method, and finite element (FE) analysis. The
results showed that the OSB provided higher mechanical
properties compared to the lumber in the minor strength
direction of the panels. Various failure modes were observed
during bending tests. All hybrid CLT panels showed higher
shear resistance compared to regular CLT. Furthermore, it
was observed that the difference in shear resistance between
the major and minor strength directions of hybrid CLT
panels decreased with an increasing number of layers.

Three-layer CLP was investigated in [5]. The outer layers
were made from Acacia lumber, while the core layer was
formed from bamboo boards. Bending and shear tests were
performed based on [6]. The tested CLP panels showed 176%
higher bending stiffness and 37% higher bending strength
compared to regular spruce-pine-fir CLT. The shear strength
of the tested CLP was found to be 20% lower than the shear
strength of spruce-pine-fir CLT. It was stated that the shear
performance can potentially be improved if bamboo boards
with higher strength are used.

Different analytical models were used by [7] to inves-
tigate the influence of shear deformation and the so-called
rolling shear phenomenon in CLT in out-of-plane loading.
The research compared results from the shear analogy
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method, the so-called Gamma method, and FE analysis with
theoretical results assuming infinitely rigid transverse layers.
The results showed that the influence of shear deformation
can usually be neglected for most construction relevant cases
(span-to-thickness ratio >30). For shorter panels, the in-
fluence of shear deformation should be considered. All of the
utilized methods were capable of addressing the shear de-
formation and showed good agreement if appropriate input
properties are used.

The influence of regular gaps between laminates within
CLT layers was investigated by [8]. Laboratory test results
were compared with results from FE analysis. The results
from FE analysis showed good agreement with the labo-
ratory tests. The work shows that the influence of small gaps
can generally be neglected when determining the bending
stiffness and that the influence of larger gaps can be
addressed using a volume fraction approach. It was found
that the influence of gaps between laminates on the in- and
out-of-plane shear and torsional stiffness does not follow a
volume fraction approach and that even narrow gaps lead to
a significant reduction in stiffness.

The bending and shear properties of seven (7) different
5-layer CLP and CLT panel lay-ups were investigated in [9].
The bending properties were evaluated in third-point
bending tests as well as modal tests while the shear properties
were determined in short-span three-point bending tests.
Compared to regular CLT, the CLP tests showed an increase
of up to 43% of the bending stiffness, 87% of the bending
strength, and up to 143% of the shear strength. The results
were compared with the results calculated based on the shear
analogy method. Similar to the findings in [3], the observed
failure modes suggest that the use of structural composite
lumber materials could avoid potential rolling shear failures.
The digital imaging correlation (DIC) technique was
employed to measure the strain developments in the
thickness direction during bending and shear tests. The DIC
results were briefly presented in [10].

All the research presented above addresses different
structural CLP or CLT elements, but only some of it mea-
sures the strain behaviour of these elements during loading.
While the work by [2, 4] evaluated local strain behaviour
using strain gauges, only [10] utilized the DIC technique to
evaluate strain distributions over the full height of the
sections. Strain gauges are commonly used to evaluate the
strain in the cross-layers of CLT and CLP elements. Due to
the local nature of strain gauges, strain gauges located on
these cross-layers cannot usually detect the influence of
support conditions on the strain distribution, which is
addressed in this research. The research [4, 7, 8] shows that
FE analysis is well suited for determining strain, stress, and
deflection of CLT and CLP panels. Nevertheless, the works
do not address the effects of rapid local changes in loading.

Both the shear analogy method and FE modelling are
currently adopted for the structural design of CLT building.
The shear analogy method is a user-friendly analytical
method, which is applicable for both CLT and CLP panels
with the advantages in computational efficiency. FE mod-
elling is well known to handle complicated geometry and
load cases. The tests conducted in [9, 10] provided the



Advances in Civil Engineering

experimental data for the work presented herein, which aims
to compare the shear and normal strains between DIC
measurements and predictions by shear analogy method and
FE modelling. The results will provide insights into the
structural design of CLT members under out-of-plane loads.

2. Materials and Methods

As mentioned above, some of the materials, specimen
preparation, test procedures, and test results were previously
presented in [10]. Therefore, the used materials, the speci-
men preparation, and test procedures are only described
here briefly as more detailed information can be found in
[10]. In addition to the brief descriptions related to the
laboratory tests and the analysis based on the shear analogy
method, this section contains detailed information about the
determination of the stress distributions and the modelling
details in FE analysis.

2.1. Component Properties and Specimen Fabrication.
Spruce-pine-fir (SPF) lumber of No. 2 grade and laminated
strand lumber (LSL) were used to form the seven (7)
symmetrically lay-up CLP and CLT panels. Before the CLP
and CLT panels were formed, the moduli of elasticity (MOE)
of the materials parallel to the grain were evaluated based on
[6]. For the MOE values perpendicular to the grain and the
shear moduli of the lumber, assumptions were made. The
MOE perpendicular to the grain and the shear modulus
parallel to the grain were estimated based on ratios of 1/16
and 1/30 of the MOE parallel to the grain of the lumber as
suggested by [11]. The shear modulus perpendicular to the
grain was assumed based on test results published in [12].
The MOE perpendicular to the grain of the LSL was assumed
based on a ratio of 1/8 of the MOE parallel to the grain of the
LSL [13]. The planar shear properties of the LSL were
evaluated based on [14]. Table 1 presents the material
properties of the lumber and LSL.

Seven (7) different CLP and CLT lay-ups were formed
from the lumber and LSL. The panels were manufactured
using a one-component polyurethane adhesive applied to
one face only at a spread rate of 220 g/m*. Due to the low
moisture content of the LSL, the LSL surfaces were misted
with water (32 g/m?) before the gluing process to facilitate
the curing of the adhesive. A bonding pressure of 1.38 N/
mm? was applied to the assemblies. The panels were stored
after gluing for at least 24 h before cutting the panels into test
specimens. Two lay-ups were formed with but joints within
LSL layers. Like the edges of the lumber pieces within a layer,
these butt joints were formed without the application of
adhesive. Figure 1 shows a butt joint within LSL layers. From
the panels, which were about 2750 mm long, 1219 mm wide,
and 184 mm thick, shear and bending specimens were cut.
Shear specimens were cut to dimensions of 200 mm width
and 1200 mm length. Test specimens for lay-ups with butt
joints were cut in a way that the butt joints were located at
the centre of the specimen. The bending specimens were cut
to a width of 200 mm. Table 2 presents the different lay-ups,

TaBLE 1: Component properties of lumber and LSL materials.

. MC  Density MOEz mSO}zleualruS
Material Index %) (kg/m’) (N/mm”?) (N/mm?)
/1 s /1 1

Count 18 36 36 — — —

Lumber Mean 7.4 470 10494 350" 656* 120*
SE 0.05 5.0 243 — — —

Count 22 44 44 — 6 6

LSL Mean 34 644 9520 1190* 463 200
SE 0.03 3.0 130 — 26.7 7.6

*Values based on assumptions.

FIGURE 1: Butt joints in the 2™ and 4™ layer of a 5-layer Ala
specimen.

TaBLE 2: Five-layer CLP and CLT lay-ups (“T” =timber, “L” = LSL).

1D Lay-up Layer orientation Shear tests Bending tests
Al T-L-L-L-T 11-11-11-11-11 8 13
Ala T-L*-L-L*-T 11-11-11-11*-11 8 16
Alb  T-L-L*-L-T [1-11-11*-11-11 8 14
B1 L-T-L-T-L //-L-/]-1-]] 6 12
B2 L-T-L-T-L 11-11-11-11-11 6 14
Cl1 T-T-T-T-T /1-L-11-1-]1 2 4
C2 T-T-T-T-T L-//-1-/]-1 2 4

*Layer contained a centred butt joint in LSL layer.

indicates the layer orientations, and provides the number of
test specimens tested.

Before the shear and bending tests were performed, high
contrast speckle patterns were applied onto the specimens.
These speckle patterns allowed the digital imaging corre-
lation (DIC) software to track the displacement of recog-
nizable shapes and patterns based on photos taken during
the loading process. By comparing the location of the rec-
ognizable patterns and shapes within the consecutively taken
pictures with a reference picture taken before loading, the
DIC software is capable of measuring displacement and
strain of the laminate materials. Further information about
DIC technique can be found in [15]. The shear test speci-
mens were prepared with one speckle area, located over a
support to measure the shear strain with minimum inter-
ference from bending strain. Two speckle areas were applied
to the bending test specimens: one to evaluate maximum
normal strain in the shear-free zone at the centre of the span
and the other on one side halfway between a support and the



nearest loading point to evaluate the shear strain unaffected
by the supports. Figure 2 shows a picture of the shear test
setup and the speckle pattern as well as a shear force dia-
gram. The shear speckle area is indicated by a red rectangle.
Figure 3 shows a picture of the third-point bending tests and
the applied speckle areas as well as a shear force and bending
moment diagram. The shear speckle area is indicated by a
red square while the bending speckle area is indicated by a
green square.

2.2. Test Procedures. The shear and bending tests were
performed based on [6] in test setups recommended in [16].
The shear tests were performed as short-span centre-point
load shear tests at a span of 1000 mm (span-to-depth
ratio =5.5) and at a displacement rate of 2 mm/min. A total
of 40 shear tests were performed. For the bending tests, a
third-point bending test setup was employed at a test span of
2500 mm (span-to-depth ratio=13.6), and tests were per-
formed at a displacement rate of 4 mm/min. A total of 77
bending tests were undertaken. During the shear and
bending tests, the applied load was recorded. In addition,
two DIC cameras were focused on each speckle area and
pictures were taken every two seconds and the recorded load
was automatically correlated to the taken pictures.

2.3. Digital Imaging Correlation Analysis. The commercial
DIC software VIC-3D [17] was used to analyse the DIC data. In
the analysis, the relative displacements of the speckles within
the DIC pictures are used to determine the strain across the
speckled area. The software allows the user to define a specific
path for which the strain values can be extracted, which are
then plotted with respect to the location along the defined path.
Here, the strain data extracted from the DIC data is directly
used, only minor recalibrations were undertaken to centre the
strain data over the cross section height. In addition, it should
be noted that since VIC-3D uses the Lagrange strain tensors to
calculate the shear strain, which is half of the engineering shear
strain, the shear strain values were converted into engineering
shear strain values. Shear and bending stress distributions can
be determined based on the measured strain distributions using
equations (1) and (2), respectively:

T = GV (1)

where 7(,) is the shear stress at location z in N/mm?, G, is
shear modulus at location zin N/mm?, y(, is the shear strain
at location z, and z is the distance of the location of interest
to the neutral axis in mm:

02 = E€e)y (2)

where 0. is the bending stress at location z in N/mm?, E, is
the MOE at location zin N/mm®, and ¢, is the normal strain
at location z.

To ensure that the strain data was taken from within the
elastic range of the lay-ups, the strain data was determined at
aload of approximately 40% of the average failure load of the
corresponding test group. The approximate 40% loading of
the average failure loads are presented in Table 3, where F,, is
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the failure load. For the bending tests, F, represents the total
load, not the individual loads.

While the DIC technique provides useful information on
the shear and normal strain distributions, a direct conversion to
stress distributions was not attempted in this research. In order
to determine stress distributions, not only are the material
properties required, but the layer boundaries need to be
established precisely. Due to the measurement process with the
speckle pattern on a white painted surface, the layer boundaries
are hard to determine in some cases. While the boundaries
could be estimated based on the known layer thicknesses, the
location component of the strain distributions of the DIC
measurements has to be considered less precise. The DIC strain
is determined based on local averaging processes, which leads
to uncertainty and missing values close to the specimen
boundaries. This makes it difficult to precisely reference the
strain to the layer boundaries. For specimens with lumber
cross-layers, the large differences in the moduli of elasticity of
the adjacent layers can lead to significant and unrealistic stress
spikes in the associated stress distribution.

2.4. Shear Analogy Analysis. The shear analogy method is
based on [18] and has been adopted in the CLT product
standard [16] as well as in the Canadian timber design code
CSA 086 [11] to determine the effective bending stiffness
and shear stiffness of CLT. In order to determine the stress
and strain distributions, the effective bending stiffness Elg
of the cross section needs to be known. Here, the effective
bending stiffness was determined for a shear-rigid equivalent
system as described in [19]. The effective bending stiffness
El¢of a rectangular cross section is determined based on fd3
n h3 n

b
El g = Z E; 12’ +Y EAzZ, (3)
i i

where Elg is the effective bending stiffness in Nmm?, E; is
the MOE of layer i in N/mm?, b; and h; are the width and
thickness, respectively, of layer i in mm, A; is the cross
section area of layer i in mm?, and z.; is the distance of the
centre of layer i to the neutral axis in mm.

While the strain distributions in the DIC tests can be
directly extracted from the DIC software and then could be
used to determine the stress distributions, the approach
based on the shear analogy goes the opposite way. Here, the
stress distributions are determined first and the strain dis-
tributions are then determined by transforming equations
(1) and (2) towards y(,) and ¢,), respectively. The shear stress
distribution for an inhomogeneous cross section can be
determined based on equation (4). Equation (5) presents an
equation for the determination of the bending stress dis-
tribution of an inhomogeneous cross section:

T _ VZE(Z)S(Z) (4)
@ Elgb
effY(z)

where V' is the shear force in N, } E S, is the MOE
weighted static moment at location zin Nmm, and b, is the
width of the element at location z in mm:
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FIGure 2: DIC area in shear test and related shear diagram.
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FIGURE 3: DIC areas in bending test and related shear and bending diagrams.
TaBLE 3: Failure loads and loads for strain evaluation of lay-ups.
. . Shear tests Bending tests
ID Lay-up Layer orientation
F, (kN) 0.4F, (kN) F, (kN) 0.4F, (kN)
Al T-L-L-L-T 11-11-11-11-11 138.7 55.5 86.0 34.4
Ala T-L*-L-L*-T 11-11-11-11*-11 136.5 54.6 75.6 30.2
Alb T-L-L*-L-T H-11-11*-11-11 148.9 59.5 79.8 31.9
Bl L-T-L-T-L /1-L-11-1L-1] 77.7 31.1 55.9 22.3
B2 L-T-L-T-L 11-11-11-11-11 178.1 71.2 108.1 43.2
C1 T-T-T-T-T /1-L-11-L-1] 73.4 29.4 57.7 231
C2 T-T-T-T-T L-//-1-/]-L 37.4 15.0 28.5 11.4

F, is the total failure load measured by a load cell attached to the cross-head.

(5)

M E
7@ T Er, @

where M is the bending moment in Nmm.

It should be noted that effective bending stiffness (EI.g) was
used for the determination of the strain values, while the
relatively small span-to-thickness ratio of the bending tests
suggests that the use of the apparent bending stiffness (EL,y,),
which includes the effects of shear deformation, might be more
appropriate. Here, the effective bending stiffness (ELg) was
used since it is a common published design parameter for mass
timber panels and the general shape of the strain distributions
would not be altered significantly, although there would be a
slight difference in numerical values if EI,,, was used instead.

The shear and bending stresses were determined based
on a load of approximately 40% of the average failure load of
the corresponding test group (see Table 3).

2.5. Finite Element Analysis. The FE analysis allows the
direct extraction of strain and stress distributions. For the FE

analysis, the commercial software Abaqus was employed
[20]. The software allows creating three-dimensional models
which can present the desired structure. Here, the CLP and
CLT specimens were modelled by 3D deformable elements.
It was assumed that the influence of gaps between adjacent
pieces of lumber within layers running parallel to the test
span can be neglected; each parallel layer was modelled by a
single element. Layers that included gaps between pieces
running perpendicular to the test span (Ala, Alb, B1, Cl1,
and C2) were modelled with physical gaps (1 mm). The
material properties used in the FE model were generally
based on the properties evaluated in the component tests.
Assumptions were made for the missing property charac-
teristics. The properties were assigned direction based on the
property orientations within the lay-ups. It should be noted
that the lumber cross-layer elements were assigned the
property “Lumber L.” Here, the properties of the lumber
were converted to the global directions of the FE model in
order to be able to present FE colour contour plots, which
are based on global local systems. Therefore, the property
directions of the lumber cross-layers needed to be changed



to match the other materials. Table 4 presents the material
properties used in the FE models.

The bond between layers was assumed to be rigid;
therefore, the layers were tied together in the FE models. In
order to allow the extraction of the strain and stress data at
similar locations as used in the laboratory tests, partitions
were created in the model at the locations of interest. The
general mesh size was chosen to be about half the layer
thickness. Only in the areas of interest, the mesh size was
redefined to 1/9 of the layer thickness to increase the data
resolution. It should be noted that the redefined mesh was
chosen for the purpose of resolution and that no conver-
gence tests were conducted for the peak strain values. The
boundary conditions were applied to reflect the boundary
conditions of the laboratory tests. In order to simulate the
influence of the support and loading plates, steel plates were
added to the model, to which the boundary conditions and
loads were applied. Similar to the laboratory shear tests, the
supports in the FE shear model were not free to rotate, while
the supports in the bending tests FE model were not re-
strained and were allowed to rotate freely. The contacts
between all elements were defined as hard contacts in the
normal direction of the surfaces other than the tied surfaces
between layers and a friction coefficient of 0.3 was assigned
of the tangential behaviour. The applied load level used in
the analysis was 40% of the average failure load of the
corresponding test group (see Table 3). Figure 4 shows the
FE models for the CLT shear and bending test specimen C1.
The locations of the shear related results are shown by red
lines and the location of the bending strain results is in-
dicated by a yellow line.

3. Results and Discussion

In the following, the results from the digital imaging cor-
relation (DIC) strain measurements, the shear analogy (SA),
and the FE analysis are presented. All results were obtained
at a load of about 40% of the failure loads of the respective
specimens in the related test setups as indicated in Table 3.
The following graphs show colour contour plots from the
DIC and FE evaluations, as well as strain diagrams pre-
senting data evaluated based on DIC, shear analogy (SA)
method, and finite element (FE) analysis. The locations of
the strain evaluations in the DIC and FE contour plots tests
are indicated by black dashed lines. The associated strain
distributions were evaluated based on a chosen reference line
within the software. It should be noted that the legends
associated with the DIC colour contour plots are based in the
full contour plot areas. The FE strain distributions were
measured at the outer surface of the models. The colours
within the DIC and FE contour plots might not match, and
the plots are presented in order to show the strain distri-
butions over the sections.

3.1. Shear Strain in Shear Tests. As shown in Figures 2 and 4,
the shear strain measurements from the shear tests were
evaluated close to the support areas. Figure 5 presents the
data for the lay-ups Al, Ala, and Alb. Here, contour plots
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are shown from Al only since all three lay-ups are almost
identical, which reflects in the contour plots as well as the
diagrams. Figures 6-9 show the information for lay-ups B1,
B2, CI, and C2, respectively.

In general, it can be said that the DIC and FE colour
contour plots match each other fairly well for all specimens.
It should be noted that the shear strain in the DIC contour
plot is presented as Lagrange strain tensors and therefore the
strain values in the DIC contour plot legends are about half
of the FE strain at the corresponding locations. High strain
zones are located in similar areas of the contour plots. It can
be seen that gaps between laminates (B1, C1, and C2) show
high strain areas within the DIC contour plots, while the
gaps show less significantly in the FE contour plots. The
reason for this is likely the DIC evaluation method. As
mentioned earlier, DIC determines the strain based on
averaged relative movements. In the DIC analysis, the two
boundaries and the related speckles are optically connected
as they are used as reference points for each other. When
gaps widen during loading, the speckles on the two
boundaries of the gaps lead to high measured strain in the
DIC. In the FE analysis, the boundaries of the gaps are not
used as reference points for the determination of the strain
values and thereby the strain values show less pronounce in
the contour plots. In all diagrams, it can be observed that
both DIC and FE data show asymmetrical strain distribu-
tions with respect to the centre of the cross sections
(z=0mm) with higher strain towards the bottom lumber-
to-LVL glueline followed by a step in strain. The asymmetric
shape of the shear strain distributions from the shear tests
was due to nearby reaction force. A locally induced load has
a similar effect, leading to an asymmetrical shaped strain
distribution with higher shear strain values on the side
(z=positive or negative) of the induced load. Here, this was
amplified since the boundary conditions were not free to
rotate. The specimen rotates on the inner edges of the
support, leading to a rapid decrease in internal forces within
the cross section. While the FE distributions generally show
similar characteristics as the DIC distributions, the SA
distributions show a symmetrical shape, while still showing
similar characteristics such as stepwise and parabolic
characteristics. For Al, Ala, and Alb (Figure 5), it can be
seen that the three specimens show similar strain distri-
butions. It can be seen that the measured strain based on
DIC exceeds both SA and FE calculated strains, but similar
characteristics between DIC and FE strain distributions can
be observed. For specimens Bl, B2, Cl, and C2
(Figures 6-9), the main characteristic of the shear strain
distributions can be described as stepwise. Specimens with
lumber cross-layers (B1, C1, and C2), especially, show strong
steps, while the distribution specimen B2 shows both strong
stepwise and parabolic characteristics.

3.2. Shear Strain in Bending Tests. As shown in Figures 3 and
4, the shear strain measurements from the bending tests
were evaluated halfway between a support and the closest
loading point. Figure 10 presents the data for the lay-ups A1,
Ala, and Alb. Here, contour plots are shown from Al only
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TaBLE 4: Material properties in finite element models.

) MOE (N/mm?) Shear modulus (N/mm?) Poisson ratio (—)
Material
Ey, E; Es3 Gy, Gis Gy V12 Vi3 Va3
Lumber 10494 350* 350* 656" 656* 120* 0.32* 0.35* 0.43*
Lumber L 350" 10494 350" 656" 120* 656" 0.11* 0.43* 0.12*
LSL 9520 1904* 1904* 463 463 200 0.21* 0.13* 0.38*

*Values based on assumptions.

(a) (b)

FIGURE 4: Finite element models for shear and bending of CLT C1 (shear strain location = red lines, bending strain location = yellow line).
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FiGgure 5: Continued.
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FiGure 5: Colour contour plots of Al and shear strain distribution from shear tests for A1, Ala, and Alb.
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FiGure 6: Colour contour plots and shear strain distribution from shear tests for BI.
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Figure 7: Colour contour plots and shear strain distribution from shear tests for B2.
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F1GUure 9: Colour contour plots and shear strain distribution from shear tests for C2.
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Figure 10: Continued.
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Figure 10: Colour contour plots of Al and shear strain distribution from bending tests for Al, Ala, and Alb.
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FiGure 11: Colour contour plots and shear strain distribution from bending tests for B1.
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FIGURE 12: Colour contour plots and shear strain distribution from bending tests for B2.
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FiGure 13: Colour contour plots and shear strain distribution from bending tests for C1.
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FIGURE 14: Colour contour plots and shear strain distribution from bending tests for C2.
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FIGURE 15: Colour contour plots and normal strain distribution from bending tests for Al.
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FiGure 16: Colour contour plots and normal strain distribution from bending tests for Ala.
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F1GURE 17: Colour contour plots and normal strain distribution from bending tests for Alb.
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FIGURE 18: Colour contour plots and normal strain distribution from bending tests for B1.
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FiGure 19: Colour contour plots and normal strain distribution from bending tests for B2.

(um/m)
2280
LE, LE11
1863 (avg: 75%)
+1.058¢ - 03
1445 +8.822¢ - 04
+7.060¢ - 04
1028 +5.298¢ - 04
+3.536¢ - 04
610 +1.775¢ - 04
+1.279% - 06
193 ~1.749¢ - 04
-3511e-04
-5273¢- 04
225 7.035¢ - 04
-8.796¢ - 04
-643 ~1.056¢ - 03
1060
DIC-C1 FE-C1
(a)

z (mm)

FIGURE 20: Colour contour plots and normal strain distribution from bending tests for C1.
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since all three lay-ups are almost identical, which reflects in
the contour plots as well as the diagrams. Figures 11-14
show the information for lay-ups B1, B2, Cl, and C2,
respectively.

As before, for the shear test related strain evaluations, it
can be seen that the colour contour plots of DIC and FE
match well. As previously described, the shear strain in the
DIC contour plot is presented as Lagrange strain tensors and
is therefore about half of the corresponding FE values.
Similar to the shear strain DIC contour plots from the shear
tests, gaps between laminates (B1, C1, and C2) show high
strain areas. As before, this is likely due to the strain
evaluation process of the DIC method. Compared to the
shear test related shear strain distributions, the shear strain
from the bending tests shows a higher level of symmetry with
respect to the centre of the cross section (z=0 mm). This has
to do with the location of the strain determination. Here, the
absence of a nearby induced load or a reaction force leads to
a symmetrical strain distribution shape. Besides the missing
higher strain towards the bottom lumber-to-LVL glueline,
all specimens show the same characteristics that were ob-
served in the shear test related strain distributions.

3.3. Normal Strain in Bending Tests. As shown in Figures 3
and 4, the normal strain measurements from the bending
tests were evaluated about halfway between loading points.
Figures 15-21 present the data for the lay-ups A1, Ala, Alb,
Bl1, B2, C1, and C2, respectively. It should be noted that all
FE results were taken slightly off centre in order to obtain
strain values from the edge of the gaps between lamina, while
the SA related data was determined within the gaps. This was
done since the SA approach only distinguishes between two
cases, a solid cross section or a cross section with gaps, but
cannot address the strain at the boundaries. This is the case
for lay-ups Ala, Alb, B1, CI, and C2.

Similar to the shear strain evaluations, the colour con-
tour plots of DIC and FE show good agreement for the
normal strain. Due to the DIC strain evaluation process,
gaps between laminates (Ala, Alb, B1, C1, and C2) show as
high strain areas. Here, specimens Al, Ala, and Alb are
presented separately since the gaps in Ala and Alb are
located close to the areas of interest. Based on the distri-
bution of the modulus of elasticity (MOE), specimens Al
and B2 (Figures 15 and 19, respectively) are almost ho-
mogeneous. This reflects in the normal strain distributions,
where these two specimens show linear behaviour in all three
methods. The DIC data of Al, especially, shows good
agreement, while the DIC data of B2 shows some deviation
from the calculated strain distributions. These variations
could have occurred due to the rough surface of the LVL and
associated inaccuracies in the DIC measurement. Another
reason could be the local variations in MOE. Similar to Al,
Alb (Figure 17) shows almost linear behaviour since the
installed gap is located close to the neutral axis and therefore
the influence of the gap is rather small. For all other
specimens with gaps, namely, Ala, B1, Cl, and C2 (Fig-
ures 16, 18, 20, and 21, respectively), the influence of the gaps
is more obvious. It can be seen that both SA and FE show
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good agreement with the measured DIC data, with the FE
distributions generally reflecting the DIC data better in the
area of the gaps where the DIC distributions follow a more
rounded trend compared to the defined steps of the SA
method. It can be seen that the rounded steps of the DIC
distributions in the areas of the gaps are larger within the
tension zone (bottom half of the cross sections). A reason
could be that the gaps in the compression zone (top half of
the cross sections) close, thereby transferring forces in
contact. Another reason could be different MOE values in
compression and tension within the materials [21].

4. Conclusions

Seven (7) different 5-layer composite laminated panels
(CLP) and cross-laminated timber (CLT) panels were
manufactured and tested as beams in short-span shear tests
and third-point bending tests. Shear and normal strain
measurements were taken during the tests using the digital
imaging correlation (DIC) technique. The strain distribu-
tions were compared with distributions calculated based on
the shear analogy (SA) method and finite element (FE)
analysis.

The results show that the shear analogy method is ca-
pable of estimating shear and normal strain distributions in
CLP and CLT and therefore the shear and normal stress
distributions. In situations where loads are introduced lo-
cally or supports induce a rapid change in internal forces due
to geometrical constraints, the shear analogy method un-
derestimates local shear strain, which could lead to potential
premature failure of the structural element. This is not
surprising since the shear analogy method was not devel-
oped to determine internal stresses and strains close to local
loadings or supports. Here, a determination of the shear
strain and stress based on FE analysis might be advisable as
the FE results show better agreement with the measured DIC
strain in the areas of the supports. In addition, the FE
analysis generally shows a closer agreement with the mea-
sured strain around gaps within layers as the shear analogy
can only distinguish between the gap and no-gap cases, but
not the gap boundary case. Furthermore, FE analysis has the
potential to include the effects of local reinforcement
measures on strain distributions. It should be noted that the
accuracy of both shear analogy and FE analysis is highly
dependent on the assumed material properties.
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According to the facts of localized crushing failure of bolt groove in wood connection with enough end distance and the three-
phase composites of wood with solid (wood substance), water, and gas, a confined compression test for the wood cylinder was
conducted for achieving constitutive relation under the complex stress state in wood groove. A porous constitutive model was
developed according to the confined compression experiments. Then, the constitutive model was implemented in a finite element
modeling of mental dowel-type fasters in wood-to-wood connections to analyse the load-carrying capacity parallel to the grain.
Through changing the thicknesses of centre members and side members of wood connections made of a similar wood species,
Pinus Sylvestris var. Mongolica, the effects of thickness combinations of centre members and side members on the failure modes
and load-carrying capacity of bolted wood connection including numerical simulations and experiments were compared. The
failure modes, including the yielding of centre member, the yielding of side member, and the yielding of the bolt, as well as the
rigid rotation of the bolt, all reappeared by the finite element modeling with the porous constitutive model. The predicted
deformation shapes and load-displacement relations of bolted wood connections were compared with experimental ones, and
good correlations were observed. This paper presents a new approach to simulate the local embedment crushing of bolt groove in

wood connections.

1. Introduction

Finite element (FE) numerical simulation of the localized
problem in wood structure is always a difficult issue due to
the inevitable differences between FE results and experiment
results. The reasons causing the differences involve the high
variable mechanical properties of wood, differences between
clear wood and structural wood, size effect, defects of wood,
effect of moisture content, duration of load, and even the test
method for material parameters for the localized com-
pression wood. Hence, to reduce the differences between FE
simulation and experiment, some hypotheses were adopted
in FE modeling to calibrate the mechanical parameters. For
example, Moses reduced the initial modulus to cover the
work-hardening behaviour of wood, and a multiplier 0.01

was used in the modeling [1]. Guan adopted a modification
factor of the empirical modulus to simulate the stiffness of
the flat nail embedment test, where a multiplier 0.25 was
used [2]. Barrett developed a FE modeling using a foun-
dation material model and limit foundation zone around
bolt hole of 4.5 times of diameter of the bolt to simulate the
localized problem of nailed connections in wood [3].
Sandhaas developed a continuum damage mechanics model
including eight types of failure modes to simulate the
performance of timber joints with the slotted-in steel plate,
where the size effect for fracture energy was taken into
consideration by means of the characteristic element length
[4]. By utilizing the modification factors, the simulation
results were consistent with those of corresponding exper-
iments. However, the modification factors are always
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empirical coefficients which are dependent on the experi-
ences of sophisticated engineers.

Difference induced by the test method for mechanical
parameter is also one source for the differences between
simulation results and experiment results. The mechanical
parameters for the constitutive model in FE modeling were
usually determined through uniaxial compression or tension
tests. However, in bolted wood connection, the stress state in
wood groove is not uniaxial one. Localized wood groove is
restrained by lateral wood, which usually deforms along the
direction parallel to the grain including shear deformation
and crushing deformation components. However, a stress-
strain relation from the uniaxial test cannot descript ac-
curately the stress state in wood groove. On the other hand,
the dowel-bearing strength test specified in ASTM D5764-
97a only specifies the average embedment strength of groove
[5]. The embedment strength is also different with the
strength from the uniaxial test due to different stress states.
Hence, a confined compression test of the wood cylinder was
conducted to obtain the real deformation-compression re-
lation in wood groove. A new approach to simulate the
localized issue of wood groove in bolted connection by
applying the porous constitutive model for wood groove was
established to mitigate the dependency on the experiences.

A three-dimensional (3D) FE modeling developed in this
paper is based on the phenomena of failure process and
failure model of wood groove in bolted connection. During
the contacting between bolt and wood groove, localized
wood groove is compressed and wood void becomes less and
less. If without enough end distance (7d) for the connection,
wood groove will crack along the direction of load and shear
failure will happen. However, for the connection with
enough end distance, only localized wood will be crushed
and then plastic hinge may appear in the bolt. In the process
of groove crushing, the embedment stiffness of connection
changes with the changing of the contact state. At the be-
ginning of contact, embedment stiffness is small. Then, it
becomes bigger and nearly keeps a constant. When groove
crush is happening, embedment stiffness increases steeply
which means that groove becomes compact and the wood
void becomes small. In the numerical modeling, the effect of
embedment stiffness and strength will be reflected in the
porous constitutive by the corresponding relationship be-
tween void ratio of wood and pressure on the porous
medium.

2. Porous Constitutive Model for Wood

Wood can be seemed as a three-phase medium which is
composed of wood solid, liquid, and gas. The wood sub-
stance components of wood are the product of wood pa-
renchyma. The liquid component is usually water, and the
gas component is usually air. The gaps between the wood
substance are called voids. The voids may contain air, water,
or both. The void ratio e is the proportion of the volume of
voids with respect to the volume of wood substance [6].
Volume of wood changes due to the water expelled from the
voids. Mechanical behaviour of wood is also largely de-
pendent on the proportion of wood solids versus voids.
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When wood is localized compressed, crushing failure is one
of typical failure modes and its void ratio becomes less and
less. In the elastic stage, the relationship between void ratio
and compression stress can be described by a differential
equation, the change of the void ratio and the change of
logarithm of the equivalent pressure stress [7], shown in the
following equation:

de =~k d[In(p+ p)]. (1)
p= —% (o +0r +0p), (2)

where e is the void ratio of wood; p is the equivalent pressure
stress; 0y, 0, and o} are stress components in the directions
of radius, tangent, and longitude, respectively; k is the value
of the logarithmic bulk modulus, a dimensionless material
parameter, which is the slope of the curve between void ratio
and the logarithm of the equivalent pressure stress when
wood is confined compressed, and it describes the detailed
shape of void ratio vs. stress; and p¢ is the tensile strength of
wood.

After using the equivalent pressure stress, the total stress
and deviator stress have the following relationships [7]:

o=S-pl

(3)
S = 2Ge,
where o is the total stress; S is the deviator stress; I is a unit
matrix; G is the shear modulus; and e is the deviator strain
[7], which can be expressed as
1
e=e— &0l (4)
where ¢ is the total strain and ¢, is the logarithmic volu-
metric strain; and &,; = In(dV/dV), where V is the volume
of wood and V) is the initial volume of wood. Then, the stress
and strain can be solved by the above equations.

3. Confined Compression Test of Wood

A setup for the confined compression test was devised to
conduct the experiments for obtaining the relationship
between void ratio of wood and equivalent pressure in the
direction of parallel to grain, shown as in Figure 1(a). A
wood cylinder made of the species of Pinus Sylvestris var.
mongolica was inserted into the steel block through a round
hole bored in the block. Then, the wood cylinder was
compressed by a steel cylinder which was fit to the hole. The
diameters of the wood cylinder and the hole are both 20 mm.
After sanded by the sand paper, the wood cylinder was
inserted in the hole. During the test, the compression ve-
locity of the cylinder was controlled at a rate of 0.5 mm/min
[5, 8] and the compression load and displacement were
recorded. The information for wood cylinders is shown in
Table 1.

Seven wood cylinders with different initial density and
different initial void ratio were compressed parallel to grain.
Figure 1(b) shows the typical crushing failure mode of the
cylinder. The wood cylinders were shortened, and diagonal
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FiGure 1: Confined compression test of the wood cylinder parallel to grain: (a) test setup for confined compression experiment; (b) typical

crushing failure mode of wood cylinders.

TaBLE 1: The information of wood cylinder specimens for confined
compression tests.

Specimen no. Mass (g) Initial length (mm) Initial void ratio

S1 4.317 33.10 3.03
S2 3.863 29.92 2.98
S3 4.638 32.94 2.74
S4 5272 38.82 2.87
S5 5.768 41.90 2.82
S6 5.459 43.44 3.19
S7 4.188 31.74 2.99

cracks appeared. Figure 2 shows the curves of stress versus
elongation parallel to grain from the confined compression
tests of wood cylinders.

Based on the relationship among three components
including wood substance, water, and void [9], the initial
void ratio of wood can be expressed by

~ (Q+w)p,, (T +w)p,Sl

ey = 1 1 (5)
Po My

where ej, w, and p, are initial void ratio, moisture content,
and density of wood, respectively; p,, is the density of the
wood solids, for different wood species, p,,, = 1.50 — 1.56 g/
cm?, and here an average value [6] was applied; and S, [y, and
mq are the cross-section area, initial length, and mass of
wood cylinder specimens, respectively. The initial void for
wood cylinder specimens is shown in Table 1.

For the confined compression test, the longitudinal
strain is not zero, while the tangent strain and radial strain
are both zero, which can be derived by the following
equation:

R V)
E;, Ey Er
oL 59
yip 1 VIR
- _— IR =lo| 6
E, Ey Ey R (6)
or 0
i Yrr 1
| E, E; Ep |

Then, the radial stress and tangent stress can be
expressed by the longitudinal stress, shown in the following
equations:

_ VR +Vrvrr Er
R= o F v (7)
VRrVIR £L
Vir + VirVr7 E
op = Lt ¥ ViRVrr P (8)

L-
1 —vprvpr Ep

For the tested wood species, the elastic ratio and Pois-
son’s ratio [10] are shown in Table 2. After applying the
elastic ratio and Poisson’s ratio, the equivalent stress of the
confined compression wood cylinder can be solved,
og = 0.0410;, o = 0.0310y, and p = —0.3570;, respectively.
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FiGure 2: Compression curves of confined compression tests of
wood cylinders parallel to the grain.

TaBLE 2: Elastic ratio and Poisson’s ratio of wood.

VLR VLT Yrr  Er/EL
0.347 0.315 0.408 0.044

Ep/E;
0.088

Gr/E;
0.096

Gir/Ey,
0.081

Gpr/EL
0.011

The change of void ratio of the wood cylinder during
compressing can be solved by the compression deformation,
and its initial void ratio and height can be expressed as
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Ne=ey—e=N(1+e,) 9)
o

where Ae is the change of void ratio of wood, A is the initial
length of the wood cylinder, and Ah is the compressive
deformation of the wood cylinder. After calculating the
equivalent stress p and Ae, curves of the equivalent stress
versus the change of void ratio can be obtained, shown as in
Figure 3.

Comparing the curves from the experiments of seven
wood cylinders in Figure 3(a), the curves of different cyl-
inders with different initial void ratios are close to each other
except the specimen S5. However, an average curve of
equivalent stress versus change of void ratio can reflect the
compression behaviour of wood with the boundary con-
dition of confined restrain. Based on equation (1), the
logarithmic bulk modulus of wood was calculated by the
average curve. From the average curve shown in Figure 3(b),
it can be found that the logarithmic bulk modulus k is not a
constant, which reflects three stages of the contact between
wood groove and bolt. At the beginning of compression, the
logarithmic bulk modulus decreases rapidly until bolt and
wood groove contact closely. Then, it nearly keeps a con-
stant. Finally, it climbs rapidly at the same time plasticity is
yielded in wood groove. Here, a regressed relationship be-
tween the logarithmic bulk modulus k and the change of
void ratio Ae was expressed by equation (10) using a
polynomial based on the average curve:

k=17.910 - 1.279 x 10°Ae + 4.116 x 10*Ae® — 6.850 x 10°Ae’ + 6.343 x 10°Ae*

(10)

—3.298 x 10" Ae® +9.000 x 10’ Ae® — 9.980 x 107 Ae’.

4. FE Modeling and Validation of Embedment
Crushing of Wood Groove

4.1. 3D FE Modeling for Bolted Wood Connection. A 3D FE
modeling for bolted connection in wood was created using
C3D8 solid elements in ABAQUS [7]. Surface contact be-
tween wood groove and steel bolt was taken into consid-
eration with the coeflicient of friction of 0.15 [11]. The
material property of perfect porous elasto-plasticity was
assigned to the wood groove zone around the three times of
bolt diameter according to crushing deformation in ex-
periment results and FE calculation. A Drucker-Prager
plasticity was assigned to wood in the groove zone. The
material angle of friction of wood was set as 11°, and dilation
angle was zero [4]. An orthotropic elasticity property was
assigned to other zones of wood. A perfect elasto-plasticity
property was assigned to the steel bolt. The requisite material
properties used in FE modeling are listed in Table 3. Here,
the properties of clear wood were assigned to the pin groove
due to the fact that the wood without defects was usually
chosen to make joints and only localized crushing occurred

at the joint zone with enough end distance (7d). The de-
pendent relationship of the logarithmic bulk modulus on
change of void ratio was implemented in a user defined
subroutine UFIELD in which a user defined field variable
was defined as the void ratio of each integrate point in the FE
software ABAQUS [7].

4.2. Test of Single Bolted Wood Connection. To validate the FE
modeling with the perfect elasto-plastic porous constitutive
model, 12 lateral resistance tests of single bolt connection of
wood made of the species of Pinus sylvestris var. mongolica
were conducted in the direction of parallel to grain
according to ASTM D5652 [8]. The dimensions of centre
member and side member of connections are all 150 mm in
the direction of parallel to grain and 80 mm in the direction
of perpendicular to grain, shown as in Figure 4. The di-
ameters of the bolt and groove are 10.5mm and 13 mm,
respectively. The side distance is 40 mm and end distance is
100 mm for every connections. Four groups of thickness
combinations for connection specimens, three samples per
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F1GURE 3: Compression curves of confined compressed wood cylinders parallel to the grain: (a) equivalent stress versus change of void ratio;
(b) the logarithmic bulk modulus versus change of void ratio.

TaBLE 3: The material properties for FE modeling.

Requisite constants Value
Elastic modulus of wood parallel to grain 9000 N/mm®
Yield stress of wood crushing parallel to grain of wood 40.0 N/mm?
Tension strength parallel to grain of clear wood 112.9 N/mm?*
Average initial void ratio of wood cylinders 2.944
Elastic modulus of steel bolt 2.06 x 10° N/mm?
Poisson’s ratio of steel bolt 0.3

Yield stress of steel bolt 235 N/mm®

*The data are from experiments.
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FiGure 4: Bolted wood connection.
TaBLE 4: Thickness combinations for bolted wood connections.
Combination 1 Combination 2 Combination 3 Combination 4
Thickness of centre member, f., (mm) 40 40 60 60

Thickness of side member, t,,, (mm) 30 10 30 60
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v
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(d)

FiGure 5: Typical failure models of bolt connection with different thickness combinations both in tests and FE simulations: (a) combination 1:
tem =40mm and fg, =30 mm; (b) combination 2: t.,, =40 mm and fy, =10 mm; (c) combination 3: ¢, =60mm and f,, =30 mm; (d) com-

bination 4: t.,, =60 mm and t;, = 60 mm.
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FIGURE 6: Stress contours for wood grooves in (a) centre member and (b) side member (combination 1).
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FIGURE 7: The load-displacement curves of single bolt connections: (a) combination 1: t.,, =40 mm and t,, =30 mm; (b) combination 2:
tem =40 mm and f,,, = 10 mm; (c) combination 3: t.,, =60 mm and t,,, =30 mm; (d) combination 4: f.,, =60 mm and ¢, =60 mm.

combination, were prepared, whose detail thicknesses are
shown in Table 4.

4.3. Validation of FE Modeling. The deformations of all tested
connections from different thickness combinations are shown
in Figure 5. For each combination, one typical deformed
connection and all three deformed bolts are exhibited in the
same figure, including these from the tested connection and
numerical modeling. The deformation of FE modeling shows
good agreement with the experiment observation. Localized
crushing failure of pin groove and plastic hinges in the steel
bolts appears in different connections. It is obvious that
crushing failure did appear at the compressive pin groove, and
stress contours for combination 1 are shown in Figure 6. The
stress concentration phenomenon and local crushing defor-
mation occur under the contact surface between bolt and

groove. The number of plastic hinges in bolts depends on the
thickness ratio between the centre member and side member.
For the combination 2, the thickness of side member is the
thinnest among the four combinations, crushing failure
appeared in side member, and the rigid body deformation
happened in the bolt. Hence, there was no plastic hinge in the
bolt in combination 2. Meanwhile, in combination 4, there
were three plastic hinges in the bolt and two hinges in each
shear plane. The FE modeling with perfect elasto-plastic
porous constitutive exhibits the practicability to simulate the
deformation of wood connection including localized defor-
mation of groove and bolt’s deformation.

The load-displacement curves for all tested connections
and FE simulations are shown in Figure 7. All curves showed
the changes of stiffness of bolted connection. The stiffness
becomes less and less with the increase in deformation when
the localized wood and steel bolt come into plasticity. The



ultimate load from FE results was very close to the maximum
loads among three experiment results. While the diameter of
the bolt is large and wood members are thin, the yield of
groove also can be simulated. The six yield modes for single
shear and four yield modes for double shear can all be
modeled by the FE modeling. Comparing the deformations
of experiments and FE simulations, although the initial
stiffness by FE modeling is a little bigger than those of
experiments, the overall simulated curves are general ac-
cordant with those of experiment curves. The possible reason
is that the contact gap between bolt and wood groove brings
additional deformation. Hence, the initial stiffness in sim-
ulation is more than that of experiment.

5. Conclusions

A method to simulate the localized crushing failure of wood
groove in bolted wood connection applying a perfect elasto-
plasticity porous constitutive model was developed.
According to the three-phase composites of wood with solid,
water, and gas, wood void ratio expression was derived. A
confined compression of the wood cylinder was conducted
for void ratio versus stress relationship. The tests can sim-
ulate the real stress state in wood groove and provide the FE
parameter of wood species for numerical simulation. A
relationship between wood void ratio and compression
stress was established. The empirical constitutive model for
localized crushing wood was validated by the good agree-
ment between experiments and numerical simulations for
bolted wood connection with enough end distance (7d). The
FE modeling also can predict the load bearing capacity of the
all yield modes for single shear and double shear. Its ap-
plication may be expanded to simulate complex bolted
connection in wood structures, such as multiple fastener
connections.
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This paper presents a study aimed to estimate the flexural performance of profiled steel sheet-bamboo plywood composite slabs as
a first step to evaluate its potential application as structural components. Nine specimens were tested to investigate the stability of
steel-bamboo composite structure. According to different connection methods, three types of composite slabs were discussed,
including pure bonding slabs (PBSs), composite bonding slabs (CBSs), and reinforced composite bonding slabs (RCBS). The result
showed that specimens employed multiple composite methods (RCBS) exhibited excellent flexural bearing capacity and stiffness
compared with PBS. The increase of bamboo plywood thickness could improve bearing capacity and flexural stiffness of composite
slabs, while the reduction of screw spacing could enhance the bearing capacity and ductility of composite slabs. The RCBS, which
can provide higher bearing capacity and stiffness and possess excellent deformation capability, are well worth of research and

practical application.

1. Introduction

Today, environmental issues are receiving increasing at-
tention because human activities have caused abnormal
weather in many parts of the world. Construction industry,
which is a huge source of carbon emissions and energy
consumption, is facing the challenge of environmental
protection. In order to maintain sustainable development of
human society, it is essential to employ environment-
friendly materials as construction materials [1, 2]. Bamboo
has long been known for its fast growth, lightweight, high
strength, and biodegradable properties. It is a kind of natural
building material with the advantages of a large strength
ratio and convenience of processing. However, the rigidity of
bamboo plywood is insufficient and large deformation will
occur when the load is applied [3, 4].

To have a better application of bamboo plywood in
building structures, a new structural system named bam-
boo-steel composite structure was developed. This kind of
structure consists of various composite members such as
composite slab, composite wall, composite beam and

composite column, with semirigid connection or other
reliable connection methods [5-7]. Those structures
combine the high strength of steel with the environmental
amity of bamboo. Two materials are complementary to
each other and bamboo plywood can avoid the weakness of
easy buckling for profiled steel sheets. Buildings with those
components are environmental friendly, light weight, and
earthquake-resistant [8-11].

However, as a new structure system, researches on the
steel-bamboo composite structure are rarely involved. Do-
mestic and foreign researches focus on the composite
structures like steel-concrete composite floor [12], steel-
wood structure [13], bamboo-concrete composite beams
[14], CFRP, and wood structure [15]. Therefore, it is essential
to investigate the properties of the steel-bamboo composite
slabs.

In this study, a new type of bamboo-steel composite slab
which consisted of four pieces of bamboo plywood and one
piece of profiled steel sheet (Figure 1) was proposed. Ad-
hesive bonding and adhesive-screw hybrid connection were
utilized to form a whole component [16, 17]. According to
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FIGURE 1: (a) Section form of composite slabs. (b) Photograph.

different connection methods, nine slab specimens were
tested to investigate the mechanical properties of composite
slabs and to discuss their application prospects.

2. Specimens and Loading

2.1. Specimens. Nine large-scale specimens were tested to
investigate the mechanical properties of composite slabs. The
dimension of these slab specimens is 0.65m x 3.3 m and the
span is 3.0m. Three connection methods were adopted
(Figure 2). One connection method named PBS was connected
by simple adhesive bonding (Figure 2 (PBS)), and CBS was
strengthened with the self-tapping screw on the basis of PBS
(Figure 2 (CBS)). The last method is RCBS which improved
capacity with bamboo laths nailed on both sides of the
composite slab (Figure 2 (RCBS)). The first group, namely
PBS, is designed as the control group. The difference between
specimens in PBS is the thickness of bamboo plywood. The
second group, CBS, is designed to investigate the function of
screw and thickness of bamboo plywood as well. In the last
group, RCBS, bamboo laths were utilized to compare with PBS
and CBS. All parameters of these specimens are shown in
Table 1. In addition, the section of a composite slab is hollow
where it can be filled with various insulating piping, and the
quality of this kind of composite floor is relatively light. In
order to meet the requirements of practical applications, fine
aggregate concrete of corresponding thickness can be laid on
the floor to meet the seismic conditions. Thus, the vibration
problem of composite slabs is not considered here.

2.2. Material Properties

2.2.1. Bamboo Plywood. As a new type of bamboo-based
material, bamboo-based panel possess the advantages of
high strength, low cost, and large dimensions with natural
texture. The type of bamboo-based panel which is chosen
for the composite slab is bamboo plywood. Raw bamboos
are processed into a bamboo mat or bamboo curtain, and
these crisscross group bamboo mats and curtains will be as
the core material; after several processes including drying,

dipping, lay-up and hot-press gluing, and the bamboo
plywood was finally made. Typical thickness of bamboo
plywood varies from 10 mm to 25 mm, and this kind of
bamboo plywood is massively produced and mainly used
as concrete formwork in China and other Southeast Asian
countries. In this experiment, the bamboo plywood is used
as a component to prevent the profiled steel sheet from
buckling. And in order to be used in practical engineering,
the thickness of slabs should be thinner. Therefore, the
thickness of bamboo plywood for composite specimens
can be appropriately reduced and was chosen as 5mm,
6 mm, and 7 mm, respectively.

The average Young’s modulus of bamboo plywood (E,)
is shown in Table 2, which were obtained by conducting
amounts of typical tests according to conventional testing
methods for timber material. The detailed dimensions of the
specimen are calculated by the following formula:
L =20xt+5(mm). Lis the length of bamboo plywood; ¢ is
the thickness of bamboo plywood. The width of specimens is
50 mm. And these tests were following the standard used in
the U.S. (ASTM Standards: D4761). Figure 3(a) shows the
typical tests to measure the modulus of elasticity (MOE) and
modulus of rupture (MOR) of bamboo plywood. The load-
deflection curve of a typical specimen is shown in
Figure 3(b). This curve showed a linear relationship to
0.8 kN, approximately 50% of the ultimate load. The result
indicated that bamboo plywood has a strong deformation

capacity.

2.2.2. Profiled Steel Sheet. The profiled steel sheet used cold-
rolled carbon constructional steel strip with a Young
modulus (E) of 206 GPa, a yield strength (f,) of 235 MPa,
a tensile strength (f,) of 375 MPa, and the thickness of the
steel sheet adopted here is 0.75 mm. It is a common cold-
formed thin-walled steel application to construction, such
as concrete-steel composite structures (composite deck
slabs) or light-weight steel construction (light-weight
walls). The dimension details of profiled steel sheets are
shown in Figure 4.
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FiGUre 2: Methods of connection. (a) PBS. (b) CBS. (c) RCBS.

TaBLE 1: Detail of test specimens.

Specimens t, (mm) t, (mm) h, (mm) Screws spacing (mm) Span (m)
PBS-5 5.0 0.75 85.4 — 3.0
PBS-6 6.0 0.75 87.4 — 3.0
PBS-7 7.0 0.75 89.4 — 3.0
CBS-5 5.0 0.75 86.0 200, 200 3.0
CBS-6 6.0 0.75 87.8 200, 200 3.0
CBS-7 7.0 0.75 89.2 200, 200 3.0
RCBS-7-1 7.0 0.75 89.4 200, 400 3.0
RCBS-7-2 7.0 0.75 89.4 200, 200 3.0
RCBS-7-3 7.0 0.75 89.4 200/100, 200 3.0

Note. The height of profiled steel sheet is 75 mm. t;, is the thickness of bamboo plywood; ¢, is the thickness of profiled steel sheet; /1, is the height of composite
slab; selftapping screws spacing, A, B, and C: A is the uniform spacing on top bamboo plywood, B is the close-set spacing on top bamboo plywood in dense
zone, and C is the uniform spacing on bottom bamboo plywood. The screw spacing of a lateral plate is the same as the bamboo plywood.

TABLE 2: Material properties.

Parameter Value (MPa)
E, 5885
E, 206
1y 235
f. 375

Note. E, is the Young’s modulus of bamboo plywood; E; is the Young’
modulus of profiled steel sheet; f, is the yield strength of profiled steel
sheet; f, is the tensile strength profiled steel sheet.

2.2.3. Adhesive Bonding and Selftapping Screw. In the ex-
periment, two connection methods were adopted: adhesive
bonding and selftapping screw. Among them, adhesive
bonding is used to connect the surface between the bamboo
plywood and the profiled steel sheet while selftapping screw
is used for local reinforcement. The adhesive bonding used is

called National Adhesives, which are produced and supplied
by Henkel [18]. This adhesive is a common structural epoxy
used for bonding metal, wood, glass, concrete, and others,
with the advantage of rapid curing and high strength. And
the selftapping screw used is common and efficient for cold-
formed steel structures with a nominal diameter of 4.5 mm.
The mechanical properties of this kind of adhesive and
selftapping screw had been tested in previous experiments,
and the shear strength and shear modulus of this structural
adhesive were 5.1 MPa and 0.25 GPa. [19].

2.3. Specimens Preparation. The specimens processing can
be divided into four steps in total: (1) wiring and gluing. (2)
Assembling. (3) Screwing. (4) Heavy object compaction
(Figure 5). Before processing and preparing these composite
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FIGURE 5: Specimens processing. (a) Wiring and gluing. (b) Assembling. (c) Screwing. (d) Compaction.

slabs, it is necessary to do surface treatments for the bamboo
plywood and profiled steel sheet, which could remove im-
purities on the surface of the material and guarantee their
connection effect. These specimens which used structure
adhesive need pressure and curing, and the pressure period
is two days, and the curing period is a week.

2.4. Test Specimens and Set-Up. All the tests were carried out
in the Civil Engineering laboratories at Ningbo University
and Northeast Forestry University. A Jack was used to
control load and simulate the uniformly distributed load by
means of eight points with four concentrated force. The
width of the load application engaged the entire width of
bamboo plywood. And strain gauges with a sampling fre-
quency of 2Hz were used to detect the stress-strain distri-
bution of profiled steel sheet and bamboo plywood in the

middle and a quarter of the slabs, respectively. Several
displacement sensors were arranged to record the defor-
mation of these specimens. Figure 6 shows the positions of
strain gauges. Figure 7 shows the schematic representation
of eight-point bending test.

3. Experimental Result

3.1. Failure Modes and Test Observations. Typical failure
processes of composite slabs are shown in Figure 8,
respectively.

Those bamboo-steel composite slabs have similar failure
processes during the experiment, and all of the failure
processes can be divided into three stages. Among them, the
failure process of PBS is typical. During the first stage, the
sound of crack can be heard and the initial crack can be
observed on the connection surface of the slab. In the second
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FIGURE 8: Failure mode of composite slabs. (a) Failure mode of PBS. (b) Failure mode of CBS. (c) Failure mode of RCBS.

stage, new cracks continued to exist and original cracks
gradually widened. Most of the cracks were located at the
upper surface of the slabs where they are close to the loading
point. When the structural adhesive was fully damaged, the
last stage had reached. Two materials were obviously sep-
arated, and the profiled steel sheet was locally buckled in the
compression zones of the midspan section.

CBS and RCBS had the same failure processes as PBS
during the first stage and second stage. In the last stage, in
addition to the failure characteristics of PBS, a different
phenomenon was visible as well. Screws of CBS were loosed,
and the profiled steel sheet was locally buckled after the
bamboo plywood between the screws gradually bulged. As
for RCBS, the lateral slab was significantly deformed and the



bamboo plywood at the screw connection was turn off before
the profiled steel sheet was locally buckled. At the end of the
test, local buckling as well as bending failure of longitudinal
slab were observed.

3.2. Load-Deflection Curves and Bearing Capacity. The load
vs. midspan deflection curves of specimens are shown in
Figure 8, which are divided into three types according to
different connection methods.

The curves of CBS were mainly linear up to the peakload,
and then, the curves dropped suddenly. By looking at the
curve shape of PBS and RCBS, it can be found that both have
gone through the elastic stage, the plastic stage, and the
descending stage. This suggests that they have similar
ductility. However, it is evident that RCBS had a significant
increase in bearing capacity. For example, the ultimate
capacity of RCBS-7-2 was about four times higher than PBS-
7. All of the RCBS was linear up to 21 kN, which were
approximately 88%, 70%, and 74% of their peak load, re-
spectively. Meanwhile, the deformation of this type speci-
men was considerably large. The maximum midspan
deflection of RCBS-7-2 reached 59 mm measured by dis-
placement sensor (Figure 9(c)). However, for those com-
posite slabs, the maximum loads on serviceability limit states
(g,) were much less than the ultimate ones (g,). For ex-
ample, g, of RCBS-7-3 (10 kN) was much smaller than g,
(28.35kN). By comparing the theoretical bearing capacity
with the experimental results, it can be concluded that the
bearing capacity (q,) mainly depends on the original ma-
terial properties of the bamboo plywood or profiled steel
plate, not the reinforcement method. Of course, it is no
doubt that these reinforced ways can improve the whole
stability of composite slabs.

A summary of the experimental results is presented in
Table 3.

4. Experimental Analysis

4.1. Result Analysis. From the above, PBS, which used
adhesive bonding only, is easy to cause adhesive failures.
Once the profiled steel sheet and the bamboo plywood are
separated, the bamboo plywood will produce a larger de-
flection which breaks the connection of steel and bamboo,
resulting in the local buckling of the profiled steel sheet
finally. Therefore, PBS is not suitable to exert the bearing
capacity of the composite structure. CBS can avoid large-
scale adhesive failure, but the stiffness of them (S,) are
significantly larger than PBS and RCBS. Destruction of
these specimens began with the debonding of the bamboo
plywood between the screws, then the screw connection
failed quickly, and finally led to the buckle of the profiled
steel sheet. As for RCBS, their ultimate bearing capacity and
overall stability are significantly enhanced. In the failure
experiment, the bamboo plywood cracked before the nails
was pulled out, then the bamboo board came unglued, and
eventually the whole board failed. Therefore, we can draw
the conclusion that the property of bamboo plywood has
been brought into full play. Comparing with the former two
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methods, RCBS can effectively improve the ductility of the
composite slabs and is more conducive to the application of
engineering.

4.2. Parametric Study. We adopted three connection modes
to analyze the reliability and practicability of the bamboo-
steel composite slabs. The results indicated that the me-
chanical properties of RCBS were better than PBS and CBS.
Meanwhile, parameters such as the thickness of bamboo
plywood and the spacing of self-tapping screws may also
cause differences in the ultimate bearing capacity.

4.2.1. Effect of Bamboo Plywood Thickness. A variety of
different thickness of bamboo plywood were used in this
experiment. In general, as the thickness of bamboo plywood
increased, the ultimate bearing capacity of the composite
slab improved. In the first group, with the increasing of the
bamboo plywood thickness, the maximum load of the
composite slab has been increased (Figure 9(a)). However, in
the second group, under the effect of the screws, the vari-
ation in the thickness of the bamboo slab has little effect on
mechanical performance.

4.2.2. Effect of Selftapping Screw Spacing. The specimens
with selftapping screws can enhance the integrity of com-
posite plates. For RCBS-7-1, its screw spacing is 200/400 mm
and ultimate bearing capacity is 23.81 kN. The screw spacing
of RCBS-7-2 is 200 mm, and its ultimate bearing capacity is
29.82kN. By changing the screw spacing of the bottom
bamboo plywood, the ultimate bearing capacity is increased
by 25%. On the other hand, the connections between the
steel sheet and bamboo plywood have also been improved.
Taking RCBS-7-2 as an example, two strain gauges G1 and
Bl were arranged at the bottom of its midspan slab (Fig-
ure 6) to draw its load-strain curve. By observing the curve
(Figure 10), it can be found that the strain changes of the two
strain gauges have high consistency, indicating that the
combination effect between the steel sheet and bamboo
plywood is obvious. Therefore, after adding screws, the
connection between the bamboo plywood and the profiled
steel sheet is much more stable, and the toughness and
overall bearing capacity of the specimens are improved.
Moreover, in the steel-bamboo structure, bamboo plywood
was often more easily broken than screw joint when they are
strengthened with screws, so it can be known that adding
screws can thoroughly play the performance of bamboo
plywood. In the experiment, screws arranged with a spacing
of 200 mm can satisfy the strengthening of steel-bamboo
structure. If the more denser spacing is adopted, local
stiffness will be too large, thus reducing the overall strength
and ductility.

4.2.3. Bamboo Lateral Slab. It is very effective to use lateral
slabs to improve the ultimate bearing capacity and overall
stability of bamboo-steel composite slabs. RCBS-7-2 attained
ultimate bearing capacities of 29.82kN, which are much
higher than that of other specimens (Figure 11). Meanwhile,
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TaBLE 3: Test results of large-scale specimens.

Specimens Screws spacing (mm) q, (kN) femax (mm) S, (KN/mm)
PBS-5 — 4.74 10.65 0.44
PBS-6 — 6.55 13.83 0.47
PBS-7 — 7.16 14.12 0.51
CBS-5 200, 200 12.21 17.48 0.70
CBS-6 200, 200 14.76 19.54 0.76
CBS-7 200, 200 14.86 18.86 0.79
RCBS-7-1 200, 400 23.81 36.41 0.65
RCBS-7-2 200, 200 29.82 58.74 0.51
RCBS-7-3 200/100, 200 28.35 56.65 0.50

Note. g, is the ultimate load on bamboo-steel composite slab; f.,.,. is the maximum midspan deflection of bamboo-steel composite slab; S, is stiffness per
unit.

the maximum deformation capacity of these specimens has larger than the other specimens (Figure 12(a)). Therefore,
been greatly improved. Taking RCBS-7-2 as an example, it ~ the bamboo lath used can help these composite slabs to play
has a maximum deformation of 58.74 mm, which is much  better ductility and have good seismic performance as well.
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What’s more, by comparing the picture before and after
deformation (Figure 12(b)), we can draw the conclusion that
RCBS have a better ability to recover deformation. This is
because the deformation of those specimens is mainly elastic
deformation, which can be recovered quickly after
unloading. Meanwhile, the residual deformation was very
small which ensures that the composite floor can withstand
repeated loads without any damage in actual work.

5. Conclusion

The present study is an attempt to investigate the possibility of
combination between bamboo-based panels and profiled steel
sheets with adhesives or adhesive-screw mixing connections
to be slab floor. Based on the experimental results of nine
composite slab specimens, the following can be concluded:

(1) The failure of composite floor is caused due to the
invalidation of steel and bamboo connection. PBS
and CBS are prone to connection failure because
once they enter the plastic stage, their connections
will quickly fail. Pure adhesive bonding is hard to
provide good connection ability to the interface of
bamboo plywood and profiled steel sheet. Even
though CBS is enhanced with selftapping screws, the
connection is not stable enough to prevent the
separation of the whole component.

(2) The bearing capacity of RCBS is much better and
they are ductile in the plastic deformation stage
which is essential in practical application. This kind
of composite slabs, with the advantage of simplicity,
effectiveness, and economy, can make it the most
industrially viable. The bamboo plywood side plate
can effectively enhance the integrity of the composite
floor and make the composite floor show ductility.
Therefore, it is suggested that the composite floor
should adopt the section form which is strengthened
with a bamboo lateral slab.

(3) With the thickness of bamboo plywood increasing,
the ultimate bearing capacity of composite slab
improves obviously. In order to improve the per-
formance of composite slab, it is important to choose
a suitable thickness of bamboo plywood. Although
adopting thicker bamboo plywood or steel sheets is
beneficial for composite structure, its contribution to
the whole bearing capacity is limited comparing with
the connection method. Therefore, the thickness
requirements can be met by using bamboo plywood
and steel plates produced by ordinary processing.

(4) The screw spacing had an obvious influence on the
bearing capacity and ductility of the composite
structure. In the case of RCBS, the ultimate bearing
capacities improve significantly when the screw
spacing ranges between 200mm and 400 mm.
However, as for CBS, the ultimate bearing capacities
do not enhance markedly when the screw spacing
ranges between 100 mm and 200 mm. But the duc-
tility of the specimen can be improved to some extent.
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In the shaking table test of large cassette structure, story drift is an essential set of experimental data. The traditional method of displacement
measurement is limited to problems such as necessary full contact with the structure model for installation of sensors, large work of
installation, and easily interfered by environment. The noncontact displacement measurement method, such as optical measuring
technology, can solve the above problems and serve as an effective supplementary method for traditional displacement measuring in the
shaking table test. This paper proposed a vison-based displacement measuring method. Predesigned artificial targets which act as sensors are
installed on each floor of the cassette structure model. A high-speed industrial camera is used to acquire the series of the images of the
artificial targets on the structure model during the shaking table test. A Python-OpenCV-based structural calculation program combining
computer vision and machine vision is developed to extract and calculate the displacement of the artificial targets from the series of the
images acquired. The proposed method is applied in a shaking table test of a reduced-scale fifteen-floor reinforced concrete cassette
structure model, in which the laser displacement meter and the seismic geophone are also applied as a comparison. The experimental results
acquired by the proposed method are compared with the results acquired by the laser displacement meter and the seismic geophone. The
average error of the story drift obtained by the proposed vision-based measurement method is within 5% and is in good agreement with the

laser displacement meter and the seismic geophone, which confirms the effectiveness of the proposed method.

1. Introduction

Cassette structure is a new type of the space structure system,
which is independently developed in China. There is a
growing study interest in the composition, characteristic,
and performance of reinforced concrete cassette structure in
high-rise structures under earthquake action. The shaking
table test is a good method to analyse the seismic behaviour
and the performance of the cassette structure in the high-rise
structure. In the shaking table test, the displacement mea-
surement technology is one of the most important research
fields of engineering detection. The displacement mea-
surement methods can be roughly divided into two types,
contact and noncontact [1]. The contact measurement
method is mainly realized by using classic traditional sensors

which mainly include the LVDT (linear variable differential
transformer), inertial sensor, and wire-type displacement
gauge. The noncontact measurement method includes using
various traditional noncontact displacement sensors or
optical principle-based displacement measuring methods
which mainly includes holographic interferometry [2],
speckle interferometry [3], laser distance measurement, and
vision-based measurement methods [4, 5]. The measure-
ment results of these contact methods are easily affected by
the structure model, especially cracks and other damages of
the structure under large earthquake action, which means
that the displacement measurement requirements are more
stringent and the reliability of the contact point connection
is particularly important. In addition, the installation
workload of the displacement gauge, seismic geophone, or
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other instrument with contacts becomes huge when the
measuring points are too many. On the contrary, the vision-
based method, as a kind of the noncontact measurement
method, has no contact to the structure model and not in-
terferes with the movement of the specimen, which is more
reliable [6]. Compared to other optical-based methods such as
holographic and speckle interference, version-based mea-
surement method has the advantages of simpler equipment
needed, lower requirements for the measurement environ-
ment, and a wider measurement range [7], which can replace
traditional measurement methods in some situations or be an
effective supplement to traditional measurement methods.
Many researchers have tried to apply the vision-based
measurement method in the shaking table test. Ji [8], based on
the principle of computer vision, using camera parameter cal-
ibration, image tracking, and three-dimensional point recon-
struction technology, established a structural dynamic
displacement test method using a consumer camera. Wang
Xijaoguang et al. [9] gave a robust landmark matching algorithm
and developed a three-dimensional full-field displacement
measurement system for shaking table experiments based on the
V2010 development environment. Hyungchul Yoon et al. [10],
using a consumer-grade camera, proposed a visual measure-
ment method, in which the measurement mark points are se-
lected manually. Zhou Ying et al. [11] used a consumer-grade
camera as the acquisition device and adopted the characteristic
optical flow technology based on point matching to realize the
motion tracking of the target and obtain the displacement time
course of the target. Han Jianping [12] compiled noncontact
displacement measurement programs by MATLAB based on
computer vision and performed displacement measurement in
the shaking table test of a four-story reinforced concrete frame-
filled wall structure model. Even though, the vision-based
method has seldom been applied in the shaking table test of the
huge structure model, especially in the large cassette structure.
In the shaking table test of the large cassette structure, due to
the complicated background of the artificial target, the recog-
nition and location of the artificial target become exceedingly
difficult. Therefore, for the shaking table test of the fifteen-floor
reduced-scale structure model, this paper proposed a non-
contact measurement method. A designed artificial target is
installed on the structure as a “sensor,” and a single high-speed
industrial camera is applied to acquiring the series of the target’s
image during the shaking table test. A calculation program is
developed to extract the target from the complicated back-
ground and calculate the displacement of the artificial target.
The measurement program is compiled by Python, and the
OpenCV module is applied. The proposed method is applied in
the measurement of story drift in the shaking table test, while
the traditional displacement sensor is also applied as a com-
parison. The experimental results acquired by the proposed
method and the traditional displacement sensor are compared
to verify the effectiveness and precision of the proposed method.

2. Vision-Based Displacement
Measurement Method

The technical route of the proposed vision-based displace-
ment measurement method is shown in Figure 1.
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2.1. Image Acquisition. In this paper, the high-speed in-
dustrial camera hk-a4000-tc500 is applied, and fixed focus
lens (80 mm) are used for image collection. The camera is
connected to a calculation server equipped with a large-
capacity solid-state hard disk through the optical fiber and
control box, as shown in Figure 2. To ensure the quality and
speed of the acquired images, the camera directly outputs
grayscale pictures, which is convenient for later image
processing and avoid the errors due to grayscale conversion.

2.2. Camera Calibration. To locate the artificial target in real
world coordinate, the corresponding relationship between
the real world coordinate system and the two-dimensional
image coordinate system has to be determined. Therefore, a
geometric model of the camera imaging must be established,
the model parameters of which are camera parameters.
Camera calibration is the procedure of determining camera
parameters through experiments and calculations. In this
test, considering that the high-resolution industry camera is
applied and only the middle area of the artificial target image
is used for calculation, the effect of optical distortion can be
ignored [13]. Only the scaling factor is needed to be de-
termined in the camera calibration.

SF (scaling factor) is the relationship between the image
space and physical space, and the scaling factor calculation
formula is given as follows [14].

D

F: mm
SF = (1)

pixel

The edge length D,,;,, of the artificial target in the image
is acquired by performing subpixel corner point recognition
on the images of the high-precision artificial target. The real
size of the artificial target is known as D, ., as shown in
Figure 3. In this paper, the value of D, and D, is
separately Dy = 61.82118944pixel ~and D, =
220V2 mm. Therefore, the conversion coefficient can be
obtained by wusing Formula (1), which is SF=

2201/2/61.82118944 = 5.032691648 mm/pixel.

2.3. Computer Version-Based Artificial Target Recognition.
In this paper, the computer vision-based artificial target
identification method is applied to extracting the image area
of the artificial targets, which is fundamental to the sub-
sequent machine vision-based positioning of the artificial
target point. The extraction procedure is shown in Figure 1,
mainly including image filtering, edge detection, contour
detection, and mask generation. The whole procedure is
shown in Figure 4.

2.3.1. Image Filtering. 'The image filter will only be used in
the computer vision-based artificial target extracting
procedure. Some key information of the edge will be lost
in the filtering procedure, such as Gaussian filtering [15]
and median filtering, which will cause errors to the
measurement results. To preserve the edge information,
the edge preservation filtering (EPF) method is adopted in
this paper.
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2.3.2. Morphological Operations. After binarization, there
are some burrs and interference information on the edge
of the image, and some interference information can be
removed by multiple morphological dilation and corro-
sion calculation, as shown in Figure 4.

2.3.3. Edge Detection. The improved canny edge detection
method is used to detect the edge of the image after the
morphological operation, which is the foundation of the
contour extraction in the next step. The improved canny
edge detection method is to calculate the gradient and
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FIGURE 3: Schematic diagram of scaling factor solution.
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direction of each pixel in the image, as shown in equations
(2) and (3), and performs threshold filtering on the results to
obtain the image edge. Then, through the nonmaximum
suppression of the double threshold method, as shown in
Figure 5, the unnecessary edges are filtered; thereby, a more
realistic image edge is obtained.

G=1G.+G), (2)
G,
0 = arctan c ) (3)

where G, and G, are the gradients of one pixel in x and y
directions; 0 is the direction of the gradient.

2.3.4. Contour Detection-Based Target Extraction.
Contour is a set of contour points of a connected region, as
shown in Figure 6. The procedure of the contour-based
target extraction is to first obtain the contour of the picture

Gradient value

maxVal
C
B
\—/ minVal
p —m Position

A Gradient value > maxVal: boundary

C minVal < Gradient value < maxVal: with boundaries reserved

B minVal < Gradient value < maxVal: without boundaries removed
D Gradient value < minVal: removed

F1GUre 5: Nonmaximum suppression.
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1,2,3,4 —m» Contour

FIGURE 6: Contour schematic diagram.

by performing contour detection on the edge-detected
image, and the detected contour is then approximated
according to the principle of the minimum distance, through
which some redundant contour is filtered out. Finally, the
circumscribed rectangle of the obtained contour is
calculated.

The edge of the artificial target is a connected region, by
performing contour detection on the edge-detected artificial
target image, the contour of the artificial target, and other
redundant information can all be detected. Because the
contour of the artificial target is already an approximate
square, its bounding rectangle is also an square and satisfies
certain conditions, while other irregular bounding rectan-
gles cannot meet these features. Filter conditions can be set
according to this difference to remove the unwanted
bounding rectangle and obtain the bounding rectangle that
only contains the artificial target.

Finally, the bounding rectangle of the artificial targets are
separated from the original image. According to the vertex
coordinates and the width of the bounding rectangle, a mask
can be made. The size of mask is the same as the original
image, but the inside of the rectangular area is set to 1, while
the outside is set to 0. The images that only contain the
artificial targets can be extracted by performing the inter-
section operation of the mask and the original image, as
shown in Figure 4.

2.4. Machine Version-Based Artificial Target Locating.
Two methods of artificial target locating are applied in this
paper, which are the corner detection method and template-
based grayscale centroid method, respectively.

2.4.1. Pixel Level Corner Detection. After the above-
mentioned computer vision-based processing, the image of
the artificial target is successfully separated from the
background. The subpixel corner detection is then used to
calculate the center coordinates of the marked points. The
main procedure is as follows: first, pixel level corner de-
tection [16] and then corner detection on the subpixel level
near the desired corner.

The pixel level corner detection uses the Harris corner
detection method, that is, a local window W (x, y) centered
by (x, y) on the image slides (Ax,Ay) on the image. The

eigenvalues of the matrix M corresponding to each pixel is
solved, where the matrix M is

Z I (x,9)

ZIx (6, ), (x, y)
ZIx(x, NI, (x,y) ZI},(X);V)Z

M(x,y) =

(4)

where I (x, y) is the grayscale value of point (x, y), I, I, is
the partial derivative of x, y to I(x, y).

When the eigenvalues A,, A, satisfy the condition: (1) A,,
A, arelarge; (2) A, = A,, the corresponding pixel is the corner
point.

2.4.2. Subpixel Level Corner Detection. The subpixel level
corner detection is to search the real corner point around the
pixel level corner detection point, as shown in Figure 7.

The subpixel corner detection is to solve the equation set
under the conditions of the situation shown in Figure 6,
which is as follows:

(a) The image area near point p is uniform, the gradient
of which is 0

(b) The gradient of the edge is orthogonal to the g — p
vector along the edge direction

Assuming that the starting point g is near the actual
subpixel corner, all g — p vectors which satisty the above
conditions are detected, and equation (5) is satisfied. Many
sets of gradients and related vectors g — p can be found
around the p point, and the inner product of the g — p vector
and the gradient of p is 0; the system of equations can be
solved. The solution of the equation set is the subpixel ac-
curacy coordinates of the actual corner point g.

VI(phg-p>=0, (5)

where VI (p) is the gradient of p; q — p is the vector of points
q and p.

2.4.3. Grayscale Centroid Method Based on Template
Matching. If the extracted images of the circle-shaped ar-
tificial targets are directly calculated by the grayscale cen-
troid method, the centroid position of the same artificial
target will be different due to the selected boundary of the
artificial target, which will cause errors to the displacement
measurement results as shown in Figure 8.

Moreover, because the percentage of the artificial target
in the whole picture is exceedingly small, it is impossible to
directly perform the positioning calculation. To solve this
problem, in this paper, the images of the artificial target area
obtained by the computer vision method are further sub-
jected to template matching to achieve more accurate seg-
mentation. Then, the following equation is used to calculate
the centroid coordinate of each artificial target.
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Template matching based on the centroid center method

FiGure 8: The position of the centroid of the artificial target is affected by the selection of the area.
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2.5. Displacement Calculation. The displacement of the ar-
tificial target in the image coordinate system can be cal-
culated according to the front and rear images. Then, the
actual displacement of the artificial target can be obtained by
multiplying the displacement in the image coordinate and
the scaling factor, as shown in the following equation, which
is the displacement of the point where the maker is installed
on the structure.

D
AX =X, - X, = SF-AX —mm

pixel = D (xl,pixel - x2,pixel)'

(7)

pixel

3. Validation Test

3.1. Experiment Setup. The proposed method is applied in
the shaking table test of a reduced-scale fifteen-floor rein-
forced concrete cassette structure model. The experiment

was conducted on the shaking table of the Structural Lab-
oratory in Jiulonghu Campus, Southeast University. The
parameters of the shaking table are shown in Table 1. The
structural model in this paper is shown in Figure 9.

The height of the structure model is 6.9375m, and the
plane size of the structure model is 2.7 x 2.7 m, and the ratio
of height to width is 2.5. To avoid the structure torsion of the
model and the need to rotate the model because of
the different rigidity of the chief axis, the plan layout of the
model is set to square, and the orthogonal diagonal sandwich
plate is used as the floor slab. The material of the structure
model is microconcrete, which is to simulate real concrete
material. The design elastic modulus of the microconcrete is
1/5 of the concrete C50. The reinforcement is simulated by a
galvanized iron wire, and the design yield strength is
300 Mpa. The weight of the whole structure model is about
21t, which meets the requirements of the seismic station. In
order to get the seismic response of the structure under
different ground motions, EI Centro #6 wave is selected in
this experiment for analysis, and the working conditions are
divided by the zoom factor into 8 and 10.

3.2. Installation of the Displacement Sensor. The arrangement
of the artificial target, laser displacement meter, and seismic
geophone is shown in Figure 2. The laser displacement meter
applied is Keyence IL-600, and the seismic geophone applied is
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TaBLE 1: The parameters of the shaking table.

. . . . . . Maximum
Location Size Weight capacity (t) Maximum displacement acceleration (g) Frequency range
Southeast University Jiulonghu Campus 6m x4m 30 +250 mm 1.0 0.1~50 (Hz)

FIGURE 9: Structure model applied in the experiment.
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941B. The measuring range of the Keyence IL-600 is
200 ~ 1000 mm, the sampling frequency of the Keyence IL-600
is 128 Hz, and the repetitive accuracy of the Keyence IL-600 is
50 um**. The sensitivity of the 941B seismic geophone is
0.3m/s%, and the maximum range of the 941B seismic geo-
phone is 20 m/s?.

3.3. Displacement Results. In this paper, an industrial camera
is used to acquire images of the artificial targets, and a
measurement program is compiled in Python language to
measure the x-axis model displacement of a reduced-scale
fifteen-floor cartridge structure model in the shaking table
test. Finally, the measurement results are compared with the
traditional measurement sensor, laser displacement meter,
and seismic geophone.

3.3.1. Displacement Time-History Curves of Each Floor.
Due to space limitations, this article only gives the results of
the two working conditions of 21 (EI Centro #6 wave, scaling
factor of 10) and 20 (EI Centro #6 wave, scaling factor of 8),
as shown in Figures 10 and 11.

4, Discussion

4.1. Error Analysis. It can be seen from Figures 10 and 11
that the X direction horizontal displacement curve of the
measuring point obtained by the geophone, the laser dis-
placement meter, and the visual image measurement
method basically coincides. In the early period, when the
structure began to vibrate, the agreement was generally
good, but in the middle and later periods, the curve of the
geophone gradually deviated from the curve of the vision-
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FiGure 11: Working condition 20. (a) Fifteenth floor. (b) Fourteenth floor. (c) Twelfth floor. (d) Tenth floor. (e) Eighth floor. (f) Sixth floor.
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TaBLE 2: Horizontal maximum displacement error and correlation coefficient of each floor under the working condition 21.

21-15 21-14 21-12
Vision Laser displacement . Vision Laser displacement . Vision Laser displacement .
Deviation Deviation Deviation

method meter method meter method meter
194.18 195.68 -0.77% 185.56 182.32 1.78% 168.13 164.24 2.37%
—-103.62 -96.24 7.67% —101.68 -93.92 8.26% -96.81 -90.24 7.28%
93.11 94.96 -1.95% 88.00 88 0.00% 77.57 77.28 0.37%
-91.52 —85.44 7.11% —89.68 -81.6 9.90% -82.60 -75.52 9.37%
57.07 59.52 -4.12% 55.01 58.72 -6.32% 52.64 55.12 —-4.51%
-62.84 —58.32 7.75% 88.28 89.28 -1.12% 81.55 81.84 -0.35%
90.92 92.8 -2.03% 119.82 120.8 -0.81% 114.08 114.64 —-0.49%
122.95 124 —0.84% -102.62 -93.92 9.26% -95.40 -87.92 8.51%
—105.60 -98.08 7.67% 156.71 155.44 0.82% 145.15 143.04 1.47%
162.78 162.88 —-0.06% 51.29 54.48 —5.85% 47.14 48.64 —3.08%
54.32 57.2 -5.04% 44,10 46.24 —4.63% 39.45 41.2 —4.26%
45.97 49.12 -6.41% 32.68 34.96 —6.53% 27.74 29.76 —6.80%
-53.12 —48.56 9.40% 114.69 115.36 -0.58% 106.97 107.04 -0.06%
118.99 120.72 -1.43% 85.94 87.92 -2.25% 80.04 80.48 -0.55%
—65.27 -60 8.79% 69.05 72.32 —4.52% 65.13 66.88 -2.62%
89.56 91.6 -2.23% 88.72 90.32 -1.77% 85.93 87.52 -1.82%
70.16 72.4 -3.09% 72.89 75.92 -3.99% 72.20 74.64 -3.27%
89.42 91.12 -1.87% 97.48 99.6 -2.13% 95.48 97.28 -1.85%
74.25 74.8 -0.73% 90.31 92.88 -2.77% 89.48 91.44 -2.14%
99.00 100.16 -1.16% 94.29 95.92 -1.70% 92.54 94.48 -2.05%

Average deviation 4.01% Average deviation 3.75% Average deviation 3.16%

Correlation coeflicient 0.99 Correlation coeflicient 0.99 Correlation coefficient 0.99

TaBLE 3: Horizontal maximum displacement error and correlation coefficient of each floor under the working condition 20.

21-15 21-14 21-12
Vision Laser displacement _ Vision  Laser displacement L Vision  Laser displacement L
Deviation Deviation Deviation

method meter method meter method meter
150.88 149.28 1.07% 145.69 140.56 3.65% 131.67 126.72 3.91%
—-84.13 -82.08 2.50% -80.72 -76.4 5.65% -74.69 -71.36 4.67%
-35.85 -33.2 7.99% —-25.52 -24.4 4.60% -27.62 -27.76 -0.49%
90.14 89.92 0.25% -34.40 -32.56 5.67% -34.13 -33.04 3.28%
-72.02 -70.24 2.53% 85.24 82 3.95% 73.17 69.84 4.76%
21.81 21.84 -0.15% -69.09 —65.84 4.93% -64.53 —61.52 4.89%
—45.47 —43.68 4.11% 21.21 19.84 6.90% 17.90 16.88 6.05%
54.79 54.72 0.13% -43.42 -41.76 3.98% —-41.50 —40.32 2.93%
—37.32 -34.96 6.76% 53.82 52.4 2.71% 49.57 48.08 3.10%
76.75 75.12 2.17% 76.03 74.72 1.75% -30.98 -29.76 4.10%
-70.27 -68.64 2.37% -67.32 -64.8 3.89% 71.43 70.48 1.34%
107.30 106.08 1.15% 104.56 100.96 3.56% —64.35 —61.6 4.47%
—40.99 -39.68 3.31% -39.01 -36.16 7.87% 95.70 92.48 3.48%
33.09 33.68 -1.76% 32.90 30.56 7.65% -36.09 —34.96 3.24%
21.59 21.76 -0.79% -25.70 -24.16 6.38% 28.52 26.96 5.79%
-28.12 -27.84 1.02% 21.28 20.24 5.13% -24.32 -23.36 4.12%
34.62 35.04 -1.20% -27.70 —26.48 4.60% 17.90 17.2 4.07%
-62.57 -60.32 3.73% 34.17 31.6 8.12% -27.50 -26.48 3.84%
64.33 63.6 1.15% -60.57 -58.32 3.86% 30.18 28.96 4.22%
-29.75 —28.88 3.02% 63.97 62.48 2.39% -58.00 -55.92 3.72%
27.61 27.44 0.60% -28.45 -26.8 6.16% 59.74 58 3.00%
72.66 71.12 2.17% 27.90 26.72 4.40% -26.65 -25.68 3.77%

Average deviation 2.27% Average deviation 4.90% Average deviation 3.78%

Correlation coefficient 0.99 Correlation coeflicient 0.99 Correlation coefficient 0.99
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based method and laser displacement meter, in which the
curve of the vision-based method coincides well with
the curve of the laser displacement meter. By analyzing the
results, there are three main reasons:

(1) Because the structural model is too large, the vi-
bration of the shaking table causes the installation
support of the laser displacement meter to vibrate,
but the installation support is assumed to be a zero-
displacement point, which introduces errors

(2) Due to the high structural model and whiplash effect,
large errors are introduced into the seismic
geophone

(3) The displacement of a seismometer is obtained by
integrating the velocity or acceleration, during which
the error is amplified, and the deviation is caused

4.2. Quantitative Analysis of Error. In order to quantitatively
analyze the measurement results of the visual method and the
traditional displacement sensor, the correlation coeflicient p is
used to evaluate the correlation between the image mea-
surement and the traditional measurement method. The
calculation formula is given as the following equation:

o= 'Zi(dT (i) - Vdr) X(dv(i) - vdv)'
\/Z,-(dT(i) vy, ) X \Z(d, () - vy )

where d (i) and d, (i) are the dynamic displacement values
of traditional displacement sensors and visual methods,
respectively; v; and v, are the average of the above two sets
of data, respectively. The value range of p is 0~1, 0 means
nothing, 1 means perfect match.

Under the working condition 21 and the working
condition 20, the horizontal maximum displacement and the
error and correlation coeflicient of the displacement data
obtained by the proposed and the laser displacement meter
on each floor are shown in Tables 2 and 3.

It can be seen from Table 1 and Table 2, under the
working conditions 21 and 20, the error of each floor is kept
within 5%, which can meet the needs of displacement
measurement in the field of civil engineering. The correla-
tion coeflicients are very close to 1, which proves that the
results obtained by the laser displacement meter are highly
consistent with the results of the image measurement.

(8)

5. Conclusion

In order to measure the story drift of the reduced-scale fifteen-
floor reinforced concrete in the shake table test, this paper
proposed a vision-based displacement measurement method,
which combined Python programming, computer vision, and
machine vision algorithms. The noncontact vision-based
measurement method consists of four parts, artificial target
image acquired by an industrial camera, the extraction of the
artificial targets by computer vision, the positioning of the
artificial targets by machine vision, and the corresponding
measurement and calculation programs complied in Python,
and the effectiveness and accuracy of the method was proved
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by a series of structural model shaking table tests, and the
following conclusions were obtained:

(1) Using the Python programming language, combined
with related computer vision algorithms, under
complex backgrounds, the marked points installed
on the structural model can also be well extracted,
which is the foundation for the positioning of the
marked points and noncontact measurement

(2) The average error of the horizontal displacement of
each floor obtained by the proposed vision-based
measurement method is within 5%, which is in good
agreement with the laser displacement meter, and
the correlation coefficient is much greater than 0.99

(3) The effectiveness and accuracy of the proposed
method is verified and applied in the later shaking
table test in the shaking table of the Southeast
University Jiulonghu Campus
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To take full advantages of the bamboo and cold-formed thin-walled steel, a new type of box section beam combined with bamboo
and steel channel was proposed in this paper. Five composite beams with different parameters were tested to evaluate the effects of
bamboo plywood thickness of composite beams and thickness and sectional dimension of steel channel. The results of experiment
showed that the proposed composite beams exhibited excellent flexural bearing capacities and stiffness. The increase of bamboo
plywood thickness and sectional dimension of steel channel could improve bearing capacity and flexural stiffness of composite
beams, while the increase of steel thickness could enhance the bearing capacity and safety margin of composite beams. Fur-
thermore, a new method to predict the deformation and bearing capacities of composite beams was proposed and matched well

with the experimental results.

1. Introduction

With the development of the society, green, sustainable, and
ecologically materials are required to be employed for the
construction. Wood and bamboo are one of environment-
friendly building materials. Furthermore, wood and bamboo
have the advantages of light weight, high strength, and good
seismic resistant performance as construction materials.

However, the resources of wood are relatively rare all
over the world due to the long growth cycle; thus, the usage
of wood is limited. A more environment-friendly building
material such as bamboo need to be developed to replace
wood.

Bamboo, which has good mechanical performance, has
been used by humans for thousands of years. In addition,
China has a very rich resource of bamboo [1]. However, the
applications of raw bamboo material are limited in civil
engineering due to its dimensional instability, irregular
shape, and difficult connection [2]. With the development of
processing technic, bamboo plywood can be made with good
mechanical properties by modified processing of raw

bamboo [3-5]. However, the structure members made by
modified bamboo had lower bearing capacity compared with
the steel members under the same dimensions [6, 7], which
meant bamboo members needed more materials to attain
the same bearing capacity. Therefore, the bamboo structure
members strengthened by other materials such as steel bars
[8, 9], fiber polymer [10], and FRP sheets or grid [11-14]
were designed and investigated in the recent years.
Thin-walled cold-formed steel is one of the common
construction materials with ultrahigh strength, while the
steel members generally cannot reach its ultimate strength
due to the buckling. Based on these considerations, a new
bamboo-steel composite structure is proposed. The bamboo-
steel composite structure is made up of bamboo plywood
and cold-formed thin-walled steel through epoxy resin. The
bamboo-steel composite structure can take the advantages of
light weight and high strength of the two materials, while
avoiding the disadvantages of easy buckling of cold-formed
thin-walled steel. The research studies had showed the co-
operation of the two materials could effectively improve the
mechanical performance of the composite members [15-19].
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In this study, a new type of box section bamboo-steel
composite beam, which consisted of four pieces of bamboo
plywood and two pieces of cold-formed thin-walled steel
channel, is proposed. Then, five composite beams proposed
above were tested. The flexural behaviours of the composite
beams were analysed and compared. The influence of the
bamboo plywood thickness and the thickness and sectional
dimension of steel channel were also studied in this paper.

2. Experiment Programs and Results

2.1. Material Properties. Cold-formed thin-walled steel
employed in this paper was made of steel sheets, which were
processed by a professional steel structure factory. The
thickness (t;), yield stress (f,), ultimate stress (f,), and
Young’s modulus (E;) of steel sheets were measured
according to [20], as shown in Figure 1(a). The mechanical
properties of the steel are listed in Table 1.

There is no material test standard to be made for bamboo
plywood in China; hence, the modulus of elasticity (E;,) and
the modulus of rupture (o) of bamboo plywood were
measured according to the standard of wood-based panels
[21], which is shown in Figure 1(b). The mechanical
properties of bamboo plywood are listed in Table 2.

2.2. Test Specimens. The main design parameters of box
section bamboo-steel composite beams were thickness of
bamboo plywood and thickness and sectional dimension of
thin-walled steel channel. B-1 and B-2 were designed to
investigate the influence of bamboo plywood thickness. B-3
and B-4 were designed to study the effect of steel channel
thickness of composite beams. To investigate the effect of
steel channel dimension, B-5 was designed as a comparison
with B-3. The thickness of bamboo plywood (t,) was
151 mm, 17.6 mm, and 25.0 mm, and the thickness of thin-
walled steel channel, namely, ¢, (both web and flange), was
1.35mm and 1.75mm, and dimensions of steel channel
cross-section (flange width x web height, b,xh,) were
30 mm x 135 mm, 40 mm X 135 mm, and
40 mm X 175 mm, respectively. The length of five specimens
(B-1 to B-5) was designed as 2.44 m, while the calculated
span (I) of specimens was 2.2 m. The section of the composite
beam is exhibited in Figure 2, and the parameters of
specimens are listed in Table 3.

2.3. Specimen Preparation. The box section bamboo-steel
composite beams consist of two cold-formed thin-walled
steel channel and four bamboo plywood, which is bonded
with epoxy resin. The section form of composite beams is
shown in Figure 2 and the specific manufacturing processes
are as follows. First, polish the interface between thin-walled
steel and bamboo plywood to remove zinc coating layer of
steel and glaze layer of bamboo plywood. Then, wipe the
polished steel and bamboo plywood with alcohol pads to
ensure the bonding surface clean. After that, apply the epoxy
resin evenly on the surface of bamboo plywood and fix the
bamboo plywood and the steel channel with fixtures to make
sure that two materials are bonded effectively. Besides,
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symmetrically place heavy objects on the bond surface to
improve the quality of bond. The pressurization process
lasted for two days and the curing time lasted for 7 days. The
finished specimens are shown in Figure 3.

2.4. Test Setup and Instrumentation. A four-axis universal
testing machine was adopted in this study, as shown in
Figure 4(a). The mechanical jack was applied for monoto-
nous gradation loading with the step of 5kN. The force
sensor was employed to measure the compressive load.
Specimens can still bear load after local failure because of
good entirety, and the test was terminated when the beam
cannot bear higher level load. The four-point flexure loading
scheme was adopted. Clear distance between two supports
was 2.2 m, two equivalent loading points were 800 mm from
the end of beam, and length of pure bending sections was
600 mm.

Five strain gauges were evenly arranged at the web of
midspan of beam. Displacement sensors were installed at
support point, loading point, midspan, and midpoint be-
tween the support and the loading point to measure vertical
deflection under the load. Figure 4(b) shows the scheme of
loading device of the test.

Data of strain gauges and displacement sensors was
collected by the static strain test system. The load was
supposed to be stable in the reading and observation process,
and data collection should be carried out after the instru-
ment readings were stable.

3. Test Results and Discussion

3.1. Failure Characteristics and Test Observations. All the five
specimens showed the similar failure modes. The failure
processes for specimen could be divided into two stages. The
first stage began with the application of load. As the load
increased to about 50% of the ultimate load, the sporadic
sound could be heard due to the extrusion and tension of
bamboo plywood. However, no crack could be found on the
surface during the first stage. During the second stage, initial
debonding cracks could be observed with slight degumming
sound in the interface between thin-walled steel and bamboo
plywood. With the increase of applied load, the cracks
continued to appear and propagated along the interface. As
the load was about to reach the ultimate load, the specimens
failed due to the local damage and debonding between
bamboo plywood and steel channel. However, no overall
debonding could be found during the experiment.

Figure 5 shows the failure characteristics of specimens.
The difference between B-1 and B-2 is the thickness of
bamboo plywood. B-1 failed due to the extrusion of upper
bamboo flange (Figure 5(a)), while the upper bamboo flange
of B-2 could bear more pressure with thicker bamboo
plywood. Debonding at upper flange near the support could
be observed when B-2 failed (Figure 5(b)). The difference
between B-3 and B-4 is the thickness of steel channel, while
they exhibited the similar failure characteristics, both of
them failed due to the extrusion of bamboo plywood and
local buckling of steel channel in the compression zone of
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FIGURE 1: Test of material properties. (a) Test for steel sheet. (b) Test for bamboo plywood.
TaBLE 1: Material properties of cold-formed thin-walled steel.
t, (mm) E; (GPa) fy (MPa) f. (MPa)
1.35 206 255 395
1.75 206 275 405
TaBLE 2: Material properties of bamboo plywood.
t, (mm) E, (MPa) o (MPa)
15.1 4858 38
17.6 6784 46
25.0 6905 56

Note: f;, is the thickness of bamboo plywood.
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FIGURE 2: Section form of composite beam: (i) bamboo plywood and (ii) cold-formed thin-walled steel channel.

the midspan section (Figures 5(c) and 5(d)). The steel
channel dimension of B-5 is larger than that of B-3. Unlike
the B-3, the failure of B-5 attributed to the debonding be-
tween bamboo plywood and steel channel (Figure 5(e)), and
local buckling of steel channel could be found near the
support point (Figure 5(f)); thus, the specimen could not
resist more load.

3.2. Load-Deflection Curves and Bearing Capacity. The load-
deflection curves for specimens B-1 to B-5 are shown in
Figure 6. The deflection here is the deflection of midspan,

which is recorded by displacement sensor. As can be seen
from Figure 6, the curves of each specimen could be divided
into two stages, i.e., the elastic stage and elastic-plastic
stage. During the elastic stage, the deflection of the spec-
imen increased linearly with the increase of the load. At this
stage, bamboo plywood and thin-walled steel worked to-
gether, and the overall performance of composite beam was
good. Once the applied load reached approximately 50% of
the ultimate load, the flexural stiffness of specimens
gradually decreased due to the partial debonding of in-
terface. The curves went into elastic-plastic stages, and the
deflection of composite beam increased more, the load-
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TaBLE 3: Parameters of specimens.

Specimens t, (mm) t, (mm) byx hy (mm) bxh (mm) I (m)
B-1 15.1 1.35 30.0x135.0 90.2 x165.2 2.2
B-2 25.0 1.35 30.0x135.0 110.0 x 185.0 2.2
B-3 17.6 1.35 40.0 x135.0 115.2x170.2 2.2
B-4 17.6 1.75 40.0 x135.0 115.2 x170.2 2.2
B-5 17.6 1.35 40.0x175.0 115.2 x210.2 2.2

Note: b and h represent the width and height of box section, respectively.

Load sensor lf’
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FIGURE 4: Test setup. (a) Photograph. (b) Diagrammatic view (all dimensions in mm).

(®)

FiGgure 5: Continued.
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(d)

FIGURE 5: Failure characteristics of composite beams. (a) Extrusion of upper bamboo flange of B-1. (b) Debonding near support of B-2. (c)
Extrusion of upper bamboo flange of B-3. (d) Extrusion of upper bamboo flange of B-4. (e) Debonding of B-5. (f) Local buckling near

support of B-5.
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FIGURE 6: Load-deflection curves for specimens B-1 to B-5.

deflection curves showed nonlinear behaviour. There was
no obvious descending section in each curve, and the load
could keep near the ultimate load before the specimen
failed. Thus, the composite beam had enough safety
margin.

The limit state of members can be divided into two states,
i.e., the ultimate limit state and the serviceability limit state.
The members cannot meet the safety requirements when
exceeding the ultimate bearing capacity. And the members
cannot meet the suitability and durability requirements
when exceeding the serviceability limit state. For flexural
members, the flexural capacity calculation is controlled by
the ultimate limit state, while the deflection calculation is
controlled by the serviceability limit state. The bearing ca-
pacity of bamboo-steel composite flexural members (such as
composite floors and composite beams) is high, and the
deflection is also large. Thus, the bearing capacity under
serviceability limit state is controlled by the rigidity con-
dition. The deflection of box section bamboo-steel com-
posite beam under serviceability limit state should be
calculated by 1/250 of span length according to the standard

in China [22]. The main test results are shown in Table 4. The
bearing capacity of composite beam under serviceability
limit state is close to or exceeds half of that, under the ul-
timate limit state.

3.3. Strains Distribution at Midspan Section. Five strain
gauges were arranged evenly at midspan of composite beams
to measure the changes of strain along the height of beams
under different loads. It was found that the cross-sectional
strain curves of each beam were similar. Taking specimen
B-3 as example, the average strain distribution along the
height at midspan, which is shown in Figure 7, changed
almost linearly, and the position of neutral axis of section
was at the centre of beam height, which indicated that the
midspan sectional deformation of the composite beam
accorded with the plane-section assumption.

4. Parametric Analysis

4.1. Effect of Bamboo Plywood Thickness. The bamboo ply-
wood thickness of B-2 was increased from 15.1 mm
(thickness of B-1) to 25 mm, as comparing B-1 and B-2, both
of which had the same geometrical dimensions of the steel
channel. Load-deflection curves (Figure 8) show that the
ultimate load of B-2 was increased from 35kN of B-1 to
65kN. And the deflection of B-2 was also significantly
smaller than that of B-1 under the same load. This may
attribute to the fact that the ticker bamboo plywood has great
contribution to the sectional moment of inertia, which could
improve the flexural stiffness and bearing capacity. Thus,
with the increase of bamboo flange and web thickness of the
composite beam, the ultimate load and flexural stiffness of
composite beams can be greatly improved.

4.2. Effect of Thickness and Sectional Dimension of Steel
Channel. The load-deflection curves of B-3 and B-4 are
compared in Figure 9, and it can be found that the increased
thickness of thin-walled steel can improve ultimate load and
safety margin of composite beams, while having little effect
on flexural stiffness. Because the sectional area of steel is far
less than that of bamboo plywood in composite beams, the
thicker steel channel has little contribution to the sectional
moment of inertia. Thus, the thickness of steel channel has
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TaBLE 4: Calculation results of specimens.
Specimens P, (kN) M,, (kN-m) Omax (Mm) M, (kN-m) 6 (mm) M)/M,
B-1 35.0 14.0 35.80 5.68 8.80 0.41
B-2 65.0 26.0 25.47 11.40 8.80 0.44
B-3 60.0 24.0 21.16 10.76 8.80 0.45
B-4 70.0 28.0 31.76 11.72 8.80 0.42
B-5 70.0 28.0 17.10 17.64 8.80 0.63

Note: P,, is the ultimate applied load; M,, is the ultimate flexural bearing capacity; &, is the deflection of midspan corresponding to P,; M, is the flexural
bearing capacity in serviceability limit state; § is the deflection of midspan in the serviceability limit state.
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FIGURE 7: Strain distribution at midspan section of B-3.

little influence on the flexural stiffness of beams. However,
the ultimate stress of steel (f,) is larger than the rupture
modulus of bamboo plywood (o) according to Table 1 and
Table 2. Therefore, the bearing capacity of the composite
beam can be improved effectively by increasing the thickness
of steel channel.

Similarly, the load-deflection curves of B-3 and B-5 are
compared in Figure 10, and it can be found that the increase
of the height of steel channel could improve the ultimate
bearing capacity and flexural stiffness. That is because the
increase of height of steel channel can increase both the
inertia moment and area of cross-section effectively.

5. Theoretical Calculation and Analysis

5.1. Midspan Deflection. The test showed that the steel and
bamboo plywood of the bamboo-steel composite beam are
both in the elastic stage under the serviceability limit state.
Therefore, superposition principle can be employed to
calculate the flexural stiffness (EI) of the composite beam [2],
which is given by

EI :Efblfb+Ewwah+EsIs’ (1)
where Eg, E,; and E; are the elasticity modulus of flange

bamboo plywood, web bamboo plywood, and steel channel,
respectively; Iy, I,,4, and I are the inertia moment of flange
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FiGure 8: Effect of bamboo plywood thickness on load-deflection
curves.

bamboo plywood, web bamboo plywood, and steel channel,
respectively.

Considering the different deflection calculation of
composite components between test and theory, a coefficient
Py is introduced in the formula for calculating the midspan
deflection of the simply supported beam [23]. Thus, the
midspan deflection (8) of the composite beam under the
serviceability limit state can be expressed as follows:

B pal’ a\?
6 -ﬁb@<3‘4<7> ) @

where the P is the applied load on the composite beam, a is
the distance between the point of applied load and near
support, [ is the calculated span of composite beam, and EI is
the flexural stiffness of composite beam.

Figure 11 showed the comparison of midspan deflections
between experimental values and theoretical values calcu-
lated by equation (1) and equation (2). It can be observed
that the calculated values matched well with the experi-
mental values with less than 10% relative errors.

5.2. Flexural Bearing Capacities. The test results showed that
when the beam damaged, the upper flange of the cross-
section was deboned, so the strength reduction factor y,
(y4=0.95) [2] of bamboo plywood was introduced to
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TaBLE 5: Comparison of flexural bearing capacities between calculated and experimental values.

Specimens M, (kN-m) M, (kN-m) M (kN-m) Mexp (kN-m) M, /M Mp/M
B-2 5.10 7.65 12.75 14.00 0.40 1.10
B-3 12.78 7.65 20.43 26.00 0.63 1.27
B-4 10.04 8.69 18.73 24.00 0.54 1.28
B-5 12.01 13.53 25.54 28.00 0.47 1.10
B-6 10.29 13.17 23.46 28.00 0.44 1.19

consider the debonding of upper flange. It also could be
found that the strain of steel channel in the tension zone
exceeded the yield strain (e,>0.002) when the beam
damaged, which indicated that the tension zone of the steel
channel had reached the plastic stage while the other
components were still in the elastic stage. Thus, the plastic
ratio of steel channel y; (y;=1.05) [24] was introduced to
consider the plastic behaviour. Strain distribution at
midspan section of specimens indicates that the midspan
sectional deformation of specimens agrees with the plane-
section assumption. The flexural bearing capacities (M) of
box section composite beams are proposed based on the
superposition principle, which is shown as follows:

M=M,+M,

My, = ya0,Wo» 3)
0p = &E g,

M=y, f W,

where M, and M, are the flexural bearing capacities of
bamboo section and steel channel section, respectively; o,
and ¢, are the failure normal stress and strain of bamboo
plywood, respectively; W, and Wy are the elastic section
modulus of bamboo plywood section and steel channel
section, respectively; and f, is the ultimate stress of steel
channel.

The comparison of flexural bearing capacities between
calculated values (M) and experimental values (Mc,) are

shown in Table 5. It can be found that the calculated ca-
pacities matched well with the experimental values. Fur-
thermore, the bamboo section contributes 40-63% of the
total flexural bearing capacity of composite beams.

6. Conclusions

In this paper, the flexural behaviour of box section bamboo-
steel composite beams was experimentally investigated and
theoretically analysed. Five box section bamboo-steel
composite beams were tested, and the conclusion based on
the results is summarized as follows:

(1) The box section bamboo-steel composite beams have
an excellent structural integrity, and no overall
failures can be observed in the interface between
bamboo plywood and thin-walled steel channel. The
composite beams could combine the advantages of
light weight and high strength of bamboo plywood
and steel, while the disadvantage of easy buckling of
thin-walled steel are overcome.

(2) The midspan cross-section strain curve of composite
beams showed that strains changed linearly along the
height of cross-section; therefore, the plane-section
assumption can be used to study the composite
beams.

(3) The thickness of bamboo plywood, thickness, and
sectional dimension of steel channel have varying
degrees influence on bearing capacities, flexural
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stiffness, and safety margin of the box section
bamboo-steel composite beams. The bearing ca-
pacity and flexural stiffness increased with the in-
crease of the thickness of bamboo plywood and
sectional dimension of steel channel, while the
thickness of steel channel has little influence on the
flexural stiffness. However, the thickness of steel
channel can improve bearing capacity and safety
margin of composite beams.

(4) The bearing capacity of composite beams under
serviceability limit state is close to or exceeds half of
that, under ultimate limit state, which indicated that
the strength of both bamboo plywood and thin-
walled steel channel was fully utilized. The proposed
equations for predicting the deformation and
bearing capacities of composite beams matched well
with the experimental results.
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In this paper, a bamboo steel composite testing building was designed and built to study the thermal performance of a new
proposed bamboo steel composite wall. The heat flux meter method was adopted in the field test to measure the heat transfer
coeflicient of the composite wall. The energy consumption of testing building was measured to verify the validity of the simulation
model. Then, the simulation analysis was conducted to study the energy performance of the composite walls compared with
reinforced concrete wall in different climate regions. The result showed that the measurement value of heat transfer coefficient
matched well with the theoretical calculation value, and both values meet the requirement of the standard. The simulation result
showed that the composite walls had better energy performance and had great potential utilization in residential buildings in

different climate regions.

1. Introduction

With the development of the society, excessive resource
consumption has become an important problem in devel-
oping economy and improving people’s living standards.
The resource consumption of building and building-related
activities has a huge share in total resource consumption
[1, 2]. It is essential to promote renewable materials to re-
place non-renewable and heavily polluted building materials
such as steel, concrete, and brick masonry.

Bamboo is one of the fastest growing renewable re-
sources and the yearly output yield is higher compared with
wood. Besides, bamboo has the advantages of high strength-
to-weight ratio and good seismic resistant performance. It is
a sustainable building material and can be competitive with
traditional materials [3, 4].

To reduce the resource consumption, low-energy
buildings have received widespread concerns. The main
design of low-energy buildings is to improve a building’s
thermal performance [1]. Some studies showed that the
bamboo exhibited good thermal performance: Shah et al. [5]
reported that the engineered bamboo with high density had

lower thermal conductivities than equivalent timber prod-
ucts. Takagi et al. [6] investigated the insulating properties of
the PLA-bamboo fiber and found that the thermal con-
ductivity of PLA-bamboo fiber is smaller than that of
conventional composites.

Some researchers carried out the study on the thermal
performance of bamboo composite walls: Xiang et al. [7]
tested the thermal properties of compound bamboo wall in
different moisture content. The study indicated that the
thermal insulation performance of bamboo plywood was
better than traditional building materials. Risnandar and
Wonorahardjo [8] proposed a plastered-bamboo wall
composed of bamboo as a frame and mortar as a frame
cover. The proposed wall had better thermal properties than
brick wall while the density of proposed wall was lower than
brick wall. Wang et al. [9] studied the insulating properties
of bamboo-based shear wall, which indicated the possible
application of bamboo-based shear wall in light-frame
building.

However, the bamboo structure members have lower
bearing capacity than the steel members under the same
dimensions [10, 11]. Thus, the bamboo structure members
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strengthened by other materials such as steel bars [12, 13],
fiber polymer [14], and FRP sheets or grid [15-18] were
designed and investigated in recent years.

Bamboo steel composite members are a new kind of
composite structure, which are made of bamboo plywood
and cold-formed thin-walled steel. The bamboo steel
composite members combine the advantages of light weight
and high strength of bamboo plywood and steel, while the
disadvantage of easy buckling of thin-walled steel is over-
come. Recently, some researchers have proposed some
bamboo steel composite components, such as bamboo steel
composite columns [19], beams [20], and slabs [21, 22]. The
researches had shown the cooperation of the two materials
could effectively improve the mechanical performance of the
composite members.

The authors proposed a new type of bamboo steel
composite walls; these new walls can be fabricated in factory
and quickly installed on-site. Relative research had shown
that the composite walls had better bearing capacity and
ductility compared with reinforced concrete wall [23].
However, the thermal performance of the proposed walls has
not been studied. This paper is aimed at investigating the
thermal performance of bamboo steel composite wall and its
potential application in different climate regions. In this
study, a testing building made of bamboo steel composite
walls was built to test the thermal performance of the
proposed wall. Then, the simulation was conducted to assess
the energy performance of the composite walls compared
with reinforced concrete wall in different climate regions.

2. Project Overview

As is shown in Figure 1, a bamboo steel composite building
for field measurement was built in Ningbo, where is a typical
city with hot summer and cold winter in China. All the
members for the testing building including beams, plates,
and columns were precast in the laboratory. The pre-
fabricated members were transported to the destination for
on-site installation. Thermal insulation and waterproof
measures were taken for the testing building as common
houses. This was the first truly new type of bamboo steel
composite building which consisted of steel bamboo com-
posite members and reinforced concrete floor. The single-
storey building covered an area of 24 m* and the height of
the building was 3 m. The ratio of window area to wall area
was 0.24 for the north wall and 0.31 for the south wall,
respectively, while there were no windows in east and west
walls. The windows adopted here were ordinary windows
with 6 mm single glazing. The floor of the testing building
was made of concrete with a thickness of 120 mm.

2.1. Design of Wall. The bamboo steel composite walls
structure is shown in Figure 2. The composite wall is
composed of two bamboo plywoods with a thickness of
10 mm as cover panels and strengthened by several bamboo
steel composite skeletons. The composite skeletons shown in
Figure 3(a) are made of C-type steel which was sandwiched
by two bamboo plywoods with a thickness of 20 mm. The
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dimension (h x b x ¢ x t) of C-type steel shown in Figure 3(b)
is 100mm x50 mm x 20 mm x I mm. As is illustrated in
Figure 1(b), the testing building belongs to frame structure.
The walls of testing building are employed as building en-
velopes. Thus, the design of walls is mainly to satisty the
requirement of thermal performance. The cavity of wall is
filled with mineral wool as insulation material. Several layers
are covered on the outer surface of the wall including cement
mortar and polystyrene board; the total thickness of the
composite wall is 170 mm. The construction of the com-
posite wall is shown in Figure 4.

The east wall dimension of the testing building was
3.27mx2.68m. Due to the difficulty in production and
installation of the entire wall, the composite wall was divided
into three pieces with the same size of 1.09 m x 2.68 m. The
mechanical experiments of composite walls suggest that the
suitable distance between composite skeletons varies from
250 mm to 400 mm. Two composite skeletons should be
employed in the edge of wall. The width of every wall is
1090 mm; thus, two extra composite skeletons need to be
added to strengthen the composite walls. The walls were
evenly divided into three cavities by four skeletons and the
center-to-center distance between skeletons is 333 mm.
Then, the three pieces of walls were spliced by thin steel sheet
and bolts during the on-site installation. The composite walls
were employed as building envelopes; thus, the connection
between walls was designed to maintain their integrity.
While the insulation performance of splice between walls
was taken seriously, polystyrene board was entirely covered
over the splice, steel sheet, and bolts to ensure thermal
performance of composite walls (Figure 1(c)).

2.2. Manufacture of Wall. As described above, the manu-
facture of composite wall mainly includes 3 processes, i.e.,
the production of composite skeletons, the combination of
two bamboo plywood cover panels with skeletons, and filling
with insulation material in the cavity of walls. The pro-
duction processes of the walls are illustrated in Figure 5 and
the specific manufacture processes are as follows:

(1) Polish the interface between the C-type steel and
bamboo plywood, and then wipe the polished steel
and bamboo plywood with alcohol wipes to ensure
that the bonding surface is clean (Figure 5(a)).

(2) Apply the pre-mixed structural adhesive evenly on
the surface of the C-type steel. Fix the bamboo
plywood and steel with fixtures to make sure that the
two materials were bonded effectively. Besides,
symmetrically place heavy objects on the bond
surface to improve the quality of bond (Figure 5(b)).

(3) Fill three layers of mineral wool into the cavity of the
C-type steel (Figure 5(c)), and then bond them with
another bamboo plywood followed by the above
steps (Figure 5(d)). Finally, the composite skeleton
with insulation material is completed (Figure 5(e)).

(4) The skeletons are bonded on the bamboo plywood

cover panels as designed and the adhesive procedure
follows the steps above (Figure 5(f)).
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FIGURE 3: Bamboo steel composite skeleton. (a) Structure of the
skeleton. (b) Dimension of C-type steel.

(5) The cavities between steel-bamboo composite skel-
etons and bamboo plywood cover panels are also
filled with three layers of mineral wool (Figure 5(g)).
Thus, the bamboo steel composite wall is finished
(Figure 5(h)).

3. Field Test and Simulation Analysis

Both field test and numerical simulation were conducted to
measure the thermal performance of the bamboo steel
composite walls. The thermal and energy performance of the
testing building were field-tested during winter.

3.1. Heat Transfer Coefficient. Heat transfer coefficient (K
value for short) is an important index to assess the thermal
performance of external walls. K value is the amount of heat
that is transferred per unit area, per time period, and per unit
degree temperature difference between the internal and
external of walls, which reflected how easily heat energy
passes through the wall. The lower the K value, the higher the
heat insulation performance. Therefore, the K value of
bamboo steel composite walls should be experimentally
measured and theoretically calculated to determine whether
it satisfied the requirement of the standard [24].

3.1.1. Experimental Method. In this paper, the heat flux
meter method is employed to measure the K value. Heat flux
meter method is one of the most commonly used methods
for measuring heat transfer coefficient [25, 26]. The test
method is shown in Figure 6. A heat flux meter is arranged
on the inner surface of the wall to measure the heat flux of
the wall. Two temperature sensors are glued on the internal
and the external surfaces of the wall to measure the tem-
perature of the wall. Both the data of heat flux meter and
temperature sensors were collected and recorded by patrol-
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check device. The interval time of record data is set as 15
minutes in the test.
The K value can be calculated as follows:
1

K=—7—
Ri+R+R, M

where R; and R, are the thermal resistance of internal and
external wall, respectively. R; and R, here can be given as

0.11 m*K/w and 0.04 m°K/w, respectively, according to the
Chinese standard [27]. R is the thermal resistance of the
composite wall which can be calculated through the field
test. The calculation equation can be expressed as follows:

L),
Yi-14;

The subscript j is the time of measurement. The su-
perscript n is the total measurement time. 6,; and 6,; are the
inner and outer surface temperature tested by temperature
sensors. g; is the heat flux passed through the wall measured
by heat flux meter.

3.1.2. Test Apparatus. The apparatuses including tempera-
ture sensors, heat flux meter, and patrol-check device were
employed in the field test. The specification and precision of
the apparatuses are introduced as follows:

Temperature sensor: the temperature sensor used in
this test was a self-made T-type thermocouple, which is
shown in Figure 7. This kind of T-type thermocouple
was made of copper and welded with constantan wire.
The temperature of the sensor ranged from -5°C to
100°C after calibration, while the precision of the sensor
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FIGURE 7: T-type thermocouple. (i) Copper; (ii) constantan wire.

was 0.1°C and the uncertainty of the sensor was
-0.3~0.3°C.

Heat flux meter: the heat flux meter ranged from 0 to
2 kw/m” with a precision of 5%, while the size of the heat
flow meter was 110 mm X 55 mm x 4 mm. The heat flow
meter was glued on the inner surface of the wall sealed
with grease and adhesive tape. Direct sunlight should be
avoided which may have effect on the test result.

Patrol-check device: a JTRG-II thermal temperature
and heat flux monitor device was adopted in this paper,
which could display and record both temperature and
heat flux at the same time. The monitor device could
record 60 routes of temperature data and 30 routes of
heat flow data at the same time.

3.1.3. Arrangement of Monitoring Point. According to the
Chinese standard [25, 26], to measure heat transfer coeffi-
cient, the arrangement of monitoring point is essential in the
field test. The monitoring point should be arranged near the
center of the wall where it is far away from the columns,
windows, corners, beams, and cracks. Considering the
particularity of the composite wall structure, the center of
the east wall of the test building is chosen to arrange the
monitoring point, where neither the composite skeletons
nor the location of the connection is located. The locations of
the monitoring points are shown in Figure 8.

3.1.4. Requirement of Field Test. The field test complied with
Chinese standards [25]. The bamboo steel composite walls
belong to lightweight building envelope, and the field test of
K value should be carried out during the night. Thus, the
data used to calculate the K value in this paper were collected
from 20:00 to 6:00. During the measurement, the tem-
perature difference between inside and outside should be
more than 10°C to make sure that heat energy passed
through the wall steadily. The steady state of heat transfer
cannot be reached until the deviation of calculated daily
average K value between 2 continuous measurements is less
than 5%. The field test of K value can be finished after 4
continuous measurements during the steady state of heat
transfer. The measured K value of the composite walls can be
determined by the average value of calculated daily average
K value.
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FIGURE 8: Arrangement of monitoring points on the east wall. (i)
Heat flux meter; (ii) T-type thermocouple. Note: the dotted line is
the location of the composite skeletons.

3.2. Energy Performance. An air condition for heating was
installed in the testing building. The COP (coeflicient of
performance) of the air condition was 2.89. During the field
test of K value, the air condition was kept on and the
temperature was set at 18°C to ensure the temperature
difference between indoor and outdoor was more than 10°C.
An electric meter was installed to observe and record the
heating energy consumption of the testing building. The
measured energy consumption would be used to verify the
validity of the simulation model for further investigation.

3.3. Computer Simulation. The testing building was simu-
lated by the software EnergyPlus. It is an open-source, whole
building energy modelling engine that can simulate both
energy consumption (such as heating and cooling) and water
usage in buildings.

The energy performance of the composite wall was
simulated and compared with reinforced concrete wall, a
typical wall structure commonly used in China. The con-
struction of these two types of walls is listed in Table 1
(denoted as walll and wall2, respectively). The design of
wall2 was required to meet the thermal performance of the
standard (no more than 1.5 W/m?K) [24]. The simulation
between walll and wall2 was based on the same building
model except the materials of wall and roof. The building
model with walll adopted bamboo steel composite roof with
an insulation layer (as shown in Table 1), while the other
building model with wall2 employed reinforced concrete
roof. Both building models have the same reinforced con-
crete floor.

Four typical cities in different climate regions in China
were selected to analyse the energy performance of these two
wall structures including hot summer/warm winter region
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TaBLE 1: Thermal properties of building materials.

Building members Materials 8 (m) A (W/mK) ¢ (J/kgK) p (kg/m?)
Cement mortar 0.015 0.93 1050 1800
Polystyrene board 0.02 0.042 1500 20
Bamboo plywood 0.01 0.17 2510 600
. C-type steel 0.001 58.2 480 7800
Bamboo steel composite wall (walll) Mineral wool 0.098 0.05 340 3
C-type steel 0.001 58.2 480 7800
Bamboo plywood 0.01 0.17 2510 600
Cement mortar 0.015 0.93 1050 1800
Cement mortar 0.015 0.93 1050 1800
. Polystyrene board 0.02 0.042 1500 20
Reinforced concrete wall (wall2) Reinforced concrete 0.24 1.74 1094 1700
Cement mortar 0.015 0.93 1050 1800
Fine aggregate concrete 0.03 1.51 920 2400
Polystyrene board 0.02 0.042 1500 20
Bamboo plywood 0.01 0.17 2510 600
1 . C-type steel 0.001 58.2 480 7800
Roofl for building with walll Mineral wool 0.098 0.05 840 32
C-type steel 0.001 58.2 480 7800
Bamboo plywood 0.01 0.17 2510 600
Cement mortar 0.03 0.93 1050 1800
Fine aggregate concrete 0.03 1.51 920 2400
g . Polystyrene board 0.02 0.042 1500 20
Roof2 for buildings with wall2 Reinforced concrete 0.12 1.74 920 2500
Cement mortar 0.03 0.93 1050 1800
Floor Cement mortar 0.03 0.93 1050 1800
Reinforced concrete 0.12 1.74 920 2500

Note. § is the thickness; A is the thermal conductivity; ¢ is the thermal capacity; p is the density.

(Guangzhou), hot summer/cold winter region (Shanghai),
cold region (Beijing), and severe cold region (Harbin).
The simulation setting followed the testing building and
the setting items are listed in Table 2. The operation schedule
of air condition was assumed to run throughout the year to
meet the indoor temperature setting. The total power density
of miscellaneous loads (including lighting systems and oc-
cupants) was set to 4.3 W/m”. All these thermal settings
complied with the design standard in China [24].

4. Results and Discussion
4.1. Heat Transfer Coefficient

4.1.1. Test Results. The test of K value of the composite wall
was carried out during 5 typical winter days from 2016/1/26
to 2016/1/30. The average internal and external surface
temperature of the composite wall are shown in Figure 9(a).
The temperature curves showed that the internal surface
temperature of the wall increased obviously with the increase
of time. After about 8 hours, it reached the setting tem-
perature of the air condition, and the temperature was kept
at about 18°C with a little fluctuation, which indicated that
the air conditioner could meet the demand for the indoor
continuous heating. The external surface of the wall changed
slightly due to the cloudy weather during the measurement
period.

Figure 9(b) exhibits the heat flux rate of the test wall
during the measurement. The heat flux rate is high at the

beginning of the test due to unstable transfer of heat flux.
Then, the heat flux rate dropped to about 5W/m?* after 9
hours and fluctuated with the temperature difference be-
tween the internal and external wall.

The calculated results of K value during the field test
period are exhibited in Figure 9(c); the K value constantly
decreased with the increase of indoor temperature in the
beginning and tended to be stable after about 9 hours, which
indicated that the heat transfer of the wall reached the steady
state. The K value kept approximately constant with a small
fluctuation during the night at a steady state. Thus, the data
measured during the night from 20:00 to 6:00 was used to
calculate the daily average K value. The differences between
daily average K values are listed in Table 3. From Table 3, we
can find that the difference of the daily average K value
compared to it of the previous day was less than 5% in the
last 3 measurements, so the measured K value is the average
of the last 4 daily average K values and the test result is
0.447 W/m’K.

4.1.2. Theoretical Calculation Value. As is described in
Section 2.1, the bamboo steel composite walls are made of
multi-layer materials, which is shown in Figure 4.
According to the design code [27], the thermal resistance
of a single material can be defined as R;=§;/A;. Thermal
resistance of multi-layer enclosure structure is calculated as
R=R,+R,+Rs3+---+R,. The thickness and thermal con-
ductivity of each material are shown in Table 4. The mineral
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TABLE 2: Setting items of building models.

Value

Setting items

Purpose Verification
Location Ningbo
Area of building 24 m?

Building envelope
Window-to-wall ratio

Air condition

Walll + Roofl + Floor

Energy performance
Harbin, Beijing, Shanghai, Guangzhou

Walll + Roof1 + Floor,
Wall2 + Roof2 + Floor

North wall: 0.24, south wall: 0.31, west and east wall: 0

Temperature: 18°C
Run time: 2016/1/26-2016/1/30

Temperature: 16°C (winter),
26°C (summer)
Run time: whole year

Weather condition Measured Typical meteorological year
. 2
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FI1GURE 9: Field test results of K value during winter. (a) Average temperature of inner and outer surface wall. (b) Test result of heat flux rate.

(c) Calculated K value during the measurements.

wool and polystyrene board employed as heat insulating
material of wall will sink during the service stage, so the
thermal conductivity should be modified. The correction
factor of mineral wool and polystyrene board is 1.2 and 1.1,
respectively, which is shown in Table 4.

The calculative processes of the thermal resistance of
bamboo steel composite wall are listed in Table 4. The total
thermal resistance of composite wall is 2.216 m°K/W

according to the table. Thus, the K value of the composite
wall can be calculated by equation (2) and the theoretical
result is 0.423 W/m’K.

4.1.3. Comparison of K Value. The theoretical calculation
and measured K values of the bamboo steel composite wall
are listed, respectively, in Table 5. It can be found that the
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TaBLE 3: Comparison of the daily average K values.
Date 1/26 1/27 1/28 1/29 1/30
Daily average (W/m*K) 0.485 0.443 0.460 0.443 0.440
Difference (%) — 8.82 3.99 3.74 0.66
Measurement K value (W/m?K) 0.447
TaBLE 4: Calculative processes of thermal resistance.
Building member Materials é (m) A (W/mK) Correction factor R (m*K/W)
Cement mortar 0.015 0.93 — 0.016
Polystyrene board 0.02 0.042 1.1 0.433
Bamboo plywood 0.01 0.17 — 0.059
. C-type steel 0.001 58.2 — 0.000
Bamboo steel composite wall (walll) Mineral wool 0.098 0.05 1.2 1.633
C-type steel 0.001 58.2 — 0.000
Bamboo plywood 0.01 0.17 — 0.059
Cement mortar 0.015 0.93 — 0.016
Total 2.216

Note. The thermal resistance of C-type steel can be neglected due to the thin thickness and high thermal conductivity.

TaBLE 5: Comparison among theoretical value and measured value
and standard limit value.

Items K value (W/m?K)

Measurement value 0.447
Theoretical calculation value 0.423
The standard limit value [24] 1.5

calculation value matched well with the measurement value
and the relative error is about 5%.

The comparison results show that the heat flux meter
method is suitable for the field test of K value. Both the
measurement value and theoretical calculation value are less
than the limit value which indicates that the composite walls
have an excellent thermal performance and can satisfy the
requirement of the standard.

4.2. Energy Performance

4.2.1. Verification of the Simulation Model. As is described
in Section 3.2, the air condition in testing building was
adopted to keep the indoor temperature. The energy con-
sumption of building was recorded by the electric meter. The
reads of the electric meter are listed in Table 6, and the energy
consumption based on measurement is 11.8 kWh according to
Table 6. Then, the simulation model based on the testing
building was conducted to verify the validity of the model. The
simulated result was 10.52 kWh, which is a little lower than the
test result by 10.8%. Because the heating performance (COP) of
the air condition changes with outdoor conditions, there is an
acceptable difference between simulated and measured heating
energy consumption. Therefore, the proposed simulation
model to analyse energy performance of the composite wall in
different climate regions is verified.

4.2.2. Parametric Analysis. The annual energy consumption
of the two walls in different climate regions are illustrated in
Figure 10.

TABLE 6: Reads of the electric meter.

Items Value (kWh)
Initial reading of electric meter 354
Final reading of electric meter 47.2
Energy consumption 11.8

According to the simulation result in Figure 10, the
energy consumption in different climate regions was dif-
ferent. Guangzhou had the lowest energy consumption
among the four typical cities. That is because the average
annual temperature is close to the setting temperature of air
condition. Buildings in Shanghai consumed both heating
and cooling energy due to the hot summer and cold winter
climate feature, but the total consumption is lower than
Beijing and Harbin. Both Beijing and Harbin consumed
heating energy while demanding little cooling energy.

Due to the lower K value, Walll had the better heating
energy performance than wall2. The heating energy con-
sumption of walll was lower than that of wall2 by 30.18%,
37.48%, 33.3%, and 32.03% in the four cities (namely,
Guangzhou, Shanghai, Beijing, and Harbin), respectively.

For the cooling energy demand in Guangzhou, Shanghai,
and Beijing, walll had the better performance than wall2
with the improvement of 36.22%, 37.57%, and 28.36%, re-
spectively. This is due to the fact that walll with lower K
value can prevent heat energy from passing through the wall
more effectively. However, the cooling energy consumption
of walll is larger than that of wall2 in Harbin. That is because
the typical summer temperature of Harbin used in the
simulation merely exceeded 26°C; the heat energy was
generated by the equipment in the room. The heat energy
cannot be dissipated easily due to the lower K value of Walll.
Thus, the cooling energy was demanded more in walll.

For the total energy demand, the consumption of walll
was lower than that of wall2 by 35.93%, 37.51%, 32.75%, and
31.71%, respectively, which showed that the bamboo steel
composite walls had the potential to be employed as building
envelope in China.
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Figure 10: Comparison of annual energy consumption of the two walls in four cities.

5. Conclusion

In this paper, the thermal performance of a novel bamboo
steel composite wall was experimentally investigated and
numerically simulated. The key conclusions based on the
analysis are summarized as follows:

(1) In the field test, the heat transfer method was
employed to measure the heat transfer coeflicient (K
value) of the wall. The measurement value was less
than the limit value, which indicated that the
composite walls had an excellent thermal perfor-
mance and could satisfy the requirement of the
standard.

(2) A theoretical formula for K value of the bamboo steel
composite wall was presented and the calculation
value matched well with the measurement value.

(3) The validity of the simulation model was verified
through the field test; then, the proposed model was
adopted to analyse the energy performance of the
composite wall. The simulation result indicated that
the composite walls had better energy performance
compared with reinforced concrete wall and could be
employed as building envelope in China.
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