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Abstract. Plywood is a more affordable material for the residential construction industry due to
its lower cost and easy availability. However, earthquakes are the biggest barrier for wood
structures to stand for a long time, as the materials can easily deform or collapse when subjected
to seismic forces. This paper aims to explore the performance of plywood structures during an
active earthquake by conducting a series of tests and simulations. In this study, plywood property
was explored in the four-point bending experiment to determine its stress-strain relationship, and
the results were used to identify the material’s young modulus, a key parameter for designing
more resilient structures. In addition, a finite element model of a plywood house structure was
developed in the ABAQUS application, and the seismic movements with five different velocity
values were applied to determine the stress distribution and deflections of the structure. The
results provide insights into the dynamic behavior of plywood structures under different seismic
movements.
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1. Introduction

Timber structures have cultural and architectural significance in many regions, and preserving their
integrity during seismic events is imperative. The seismic vulnerability of timber structures is a
multifaceted issue that includes factors such as material properties, connection details, and dynamic
response characteristics. Understanding how these factors affect the failure modes of timber structures
is critical to enhancing their seismic performance and ensuring occupant safety. Takanori and Yasutoshi
investigated the fatigue behavior of structural plywood under cyclic panel shear loads at different
frequencies in 2006. It found that higher loading frequencies resulted in slower damage accumulation
and improved fatigue life at stress levels above 0.5, leading to the development of a new qualitative
fatigue failure model for plywood specimens based on these findings [1]. Research at the University of
Canterbury presents a seismic-resistant system for multi-story timber buildings using post-tensioned
Laminated veneer lumber wall panels coupled with plywood sheets. The study found that primary energy
dissipation occurred through nail yielding in plywood connections, resulting in minimal structural
damage and deformation, making the system a promising alternative for seismic-resistant construction
with easy post-earthquake repair [2]. A couple of years ago, Zhaogiang, Yong, and Shengqiang analyzed
oscillating twisted plywood. By modeling crack titling of the material, they found that at a certain pitch
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angle, the oscillated/ twisted plywood exhibits maximum high stiffness, high fracture toughness, and
low density [3]. The Korean Society of Ocean Engineers evaluated the shear behavior of plywood with
two different thicknesses from room temperature to cryogenic temperature. The result suggested that
plywood temperature decreases, yield strain decreases, and shear strength and elastic modulus increase
[4]. Using ABAQUS, this study aims to comprehensively model timber structures subjected to seismic
loads, allowing a detailed examination of deflection, and maximum stress distributions.

2. Four-Point Bending Experient of Plywood and Conducting Its Material Property

The most common construction wood material is plywood. To recognize the material properties of
plywood, a plywood beam was used to conduct a stress-strain experiment at a material lab course at the
University of Dayton. According to Standard Test Methods for Small Clear Specimens of Timber
(ASTM D143-52), the size of the specimen shall not be less than 0.025 meters by 0.025 meters by 0.41
meters to study the behavior of wood in bending [5]. The experiment used an Electro-Mechanical
Tension and Compression Testing Machine using a four-point loading, controller, and data acquisition
system. The test machine can apply a load of 300kN and a loading speed of 0.00846666m/s. The beam
has a length of 0.4572 meters, a width of 0.0883666 meters, a height of 0.0376682 meters, and a mass

density of 500 %. The method of this experiment is a four-point flex device with a spacing of 0.1524
meters to record the strength and deflection of the wood until fracture mode, as shown in Figure 1.

Figure 1. Plywood Beam Four-Point Bending Experiment Apparatus

The beam is inserted into the device and ensures that the device has contacted the beam surface, then
zeros the load setting. The apparatus began to apply loads at a constant increasing rate to compress the
specimen until fracture mode occurred. The load distribution of the beam can be carried in a four-point
bending all the way to rupture was recorded and a shear failure mode appeared at the middle bottom
part of the beam. The experiment recorded the extension and applied load data. Applying Common

States of Stress:
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Where o is tensile stress, F; is the load applied on the specimen, and A4, is the original area before
loading.
Using Engineering Tensile Strain:
é
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=1 (2)
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where ¢ is strain, § is the extension after loading, and L is the original height of the specimen before
loading.

Utilizing empirical evidence, the spatial patterns of stress and strain within the sample are delineated.
Employing the obtained stress configuration and deformation profile, the stress-strain relationship for
the specimen is illustrated as demonstrated in Figure 2.
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Figure 2. Stress-Strain Relationship of Plywood

The initial elastic is defined as the linear portion in the stress-strain relationship. According to

Hooke’s Law:
o =Es 3)

where o is stress, £ is Modulus of Elasticity also known as Young’s Modulus, and ¢ is strain.

Young’s modulus of plywood is determined. Extracting the data from the linear portion of the
relationship and applying the linear fitting function, the slope would be calculated which is Young’s
modulus of this material as shown in Figure 2. As a result, the initial elasticity of this plywood has
Young’s modulus of 1.70004 X 107Pa. According to the Study of Bending Strength and Numerical
Modeling of Wooden and Plywood Frame Elements, the Poisson ratio of plywood is 0.3 [6]. The peak
elastic pressure of this material ascends to a colossal value of 3137364Pa. Should the calculated stress
during the simulation surpass this maximum elastic stress, fracture or damage of the plywood material
becomes inevitable.

3. Finite Element Model of Plywood House

The present study harnesses the capabilities of nonlinear finite element methodologies to construct a
comprehensive finite element model of two-and-a-half-story plywood structures. This two-and-a-half-
story residential model encompasses a base area of 19 square meters and an overall height of 10 meters,
as illustrated in Figure 3.
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(@) Front and Left View (b) Right and Rear View
Figure 3. Finite Model of Plywood House Structure

Also, arigid flat shell is created, and it is a 380-meter square shell, representing the ground base. The
house is placed in the center of the foundation as the initial position shown in Figure 4.

Figure 4. Plywood Structure Analysis Model

All shell elements are defined at a thickness of 0.05 meters. An earthquake bionics motion is assigned
to the ground base. The bionics motion requires the ground base to move five steps. In the first step, the
ground base moves vertically downward for half a unit of time. Second, the ground base moves vertically
upward one unit from the first step. Third, the ground base moves vertically downward one unit of time
from the previous one. Fourth, the ground base moves vertically upward one unit of time from the
previous one. Finally, the ground base moves vertically downward half a unit of time back to the initial
position. Assigning this simulated motion to different velocities, the maximum stress is recorded for
fracture analysis.

4. Result and Discussion
This paper tests the deflection of the house structure with five seismic velocities. The elements, which
are marked red, state where the maximum stress of the structure exists in this scenario. They are the
most dangerous elements in the entire structure, which means that fracture or rupture would occur first
in the entire structure. Compared to the maximum stress the material can carry around, the maximum
stress in these tests can determine fractures that occur in these dangerous places of the structure.

The first test performed the deflected house structure on simulated seismic motion with a velocity of
0.5m/s. The deflection of the house is shown in Figure 5.

(a) Left and Front View
Figure 5. Deflection of Plywood Structure after Seismic Movement of 0.5m/s
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In Figure 5, the structure suffers a small degree of deflection. The shape of the structure remains
almost the same as the original. The deflection is performed only on the roof part of the house. The
center of the roof begins to sink. The bottom part of the structure is in shape. The yield is now only
acting on the roof and the upper part of the structure.

In this test, the red element, which is the most dangerous element in the structure, is in the floor-to-
ceiling window on the first floor of the structure shown in Figure 5(b). Since the upper levels of the
structure began to deflect due to seismic movement, this element is contained in a large amount of stress
because there is no support for this element. Extract the results from the ABAQUS calculation as shown
in Figure 6, the maximum stress is 988708Pa and the maximum strain is 0.078545. Compared to the
maximum stress of plywood of 3137364Pa, the maximum stress in this trial does not exceed the stress
value of plywood. In other words, the structure would stand well during this seismic movement, because
the maximum stress created by this movement is much smaller than the maximum stress of plywood
property. Fracture does not occur in this test, and the house can survive this seismic movement.
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Figure 6. Stress-Strain Relationship in Seismic Movement with Velocity of 0.5m/s

The second test performed the deflected structure of the house on simulated seismic movement with
a velocity of 1m/s. The deflection of the house is shown in Figure 7.

(a) Left and Front View (b) Right and Rear View

Figure 7. Deflection of Plywood Structure after Seismic Movement of 1m/s
The structure suffers a moderate degree of deflection. The roof of the house has been depressed a lot.
The roof is hollow. All elements of the structure have some deflection. The elements around the second-

floor window have been extended and deflected a lot. And the second-floor base is caving in and
hollowing out. It is easy to say that all the elements around the window caused a lot of deflection. The
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elements just above the floor-to-ceiling window on the first floor have been extended a lot. Some
elements of the ground base of the house have yielded and buckled.

In this test, the red element is located on the exterior wall and just below the medium-sized window
on the second floor in Figure 7(b). In the ABAQUS program, the stress and strain correspond with the
time unit as shown in Figure 8. The maximum stress and strain values that occur during this seismic
movement are extracted. The maximum stress of the structure is 1145018Pa and the maximum strain of
the structure is 0.091363. Compared to the maximum stress of the plywood property, the maximum
stress created to the structure during this seismic velocity does not exceed the plywood property. Even
if the element is marked red, it is only defined that this place is the most dangerous place of structure,
and it is possible to create rupture if the stress exceeds the maximum value of the material. Since the
stress in this scenario is under control, the element should be fine, and no fracture occurs during this
movement. The structure has deflection, but the structure can survive this seismic movement.
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Figure 8. Stress-Strain Relationship in Seismic Movement with Velocity of 1m/s

The third test performed the deflected house structure on simulated seismic motion with a velocity
of 1.5m/s. The deflection of the house is shown in Figure 9.

(b) Right and Rear View
Figure 9. Deflection of Plywood Structure after Seismic Movement of 1.5m/s

The structure suffers a great deal of deflection. The upper level of the structure begins to sink and
buckle. The shape of the structure cannot retain the original shape of the house. The left corner in Figure
9(a) almost collapsed. The bottom level of the structure begins to deflect seismic movement.

In this test, the most dangerous element is located on the left corner of the second floor in Figure
9(a). From the results presented on the ABAQUS application, the maximum stress and maximum strain
correlated to the unit of time extracts as shown in Figure 10. The maximum stress output in this case is
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2472672Pa and the maximum strain is 0.135221. Compared to the maximum stress of plywood, this
structure does not exceed the maximum stress value of plywood property. However, it is closer to the
maximum value the material can contain. The structure has some collapse modes. The structure may
almost reach the edge of fracture mode.
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Figure 10. Stress-Strain Relationship in Seismic Movement with Velocity of 1.5m/s

The fourth test performed the deflected structure of the house on simulated seismic movement with
a velocity of 2m/s. The deflection of the house is shown in Figure 11.

(a) Rear and Left Sides External (b) Front and Right Sides External (c) Cross Section Internal
Figure 11. Deflection of Plywood Structure After Seismic Movement of 2m/s

Half side of the structure has collapsed in this scenario. In Figure 11(b), the right side of the structure
has badly collapsed because it is located above the main door on the first floor. Since there is no large
support to the higher level, the higher would be deflected and hollow during the seismic movement.
Additionally, a red color element is in the vertical supportive wall where the maximum stress exists, it
is very possible that rupture occurred in that element. In this scenario, more than one element is colored
red, which means these are all the most dangerous elements where the maximum stress occurs among
the entire structure. Two red-marked elements are located at the connection between the roof and the
appearance wall. Two of them are located at the vertical supportive wall at the center of the first floor.
Another one is located at the second-floor base.

In the ABAQUS program, the maximum values of stress and strain during this seismic movement
have been extracted from the entire analysis as shown in Figure 12. The maximum stress the structure
acquired is 3165384Pa, and the maximum strain is 0.259451. The seismic simulation model with a
velocity of 2m/s has five red elements. The maximum stress is 3165384Pa. From maximum stress, the
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material property may contain 3137364Pa. The maximum stress obtained in this scenario exceeds the
maximum stress of the material property. Failure mode occurred in this scenario, which is why half of
the structure collapsed. The red elements have cracks in them. As a result, the structure does not survive
this seismic movement.
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Figure 12. Stress-Strain Relationship in Seismic Movement with Velocity of 2m/s

The fifth test performed the deflected house structure on simulated seismic motion with a velocity of
2.5m/s. The deflection of the house is shown in Figure 13.

(@) Leftand Front View

Figure 13. Deflection of Plywood Structure after Seismic Movement of 2.5m/s

The structure of this trial has already collapsed. The right corner as shown in Figure 13(b) collapsed
to the first floor. The structure cannot stand during this seismic movement. Even the rest of the corner
of the structure remains standing as shown in Figure 13, the structure is shaky. If the seismic movement
acts for a little longer, the entire structure will fracture and be damaged. The most dangerous element in
this case is located near the window at the roof level as shown in Figure 13(a). Since the corner
connecting the front exterior wall and the right exterior wall collapses, all the stress would shift to the
upper level next to where it collapsed. Extract the maximum stress and strain during this seismic
movement from the ABAQUS application as shown in Figure 14, the maximum stress is 6353517Pa
and the maximum strain is 0.324717. Compared to the maximum stress of plywood, the maximum stress
developed in this case is much higher than the maximum stress the material can contain. The structure
is fractured and damaged. The house collapsed during the earthquake. The material is not able to conduct
well in this seismic movement.
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Figure 14. Stress-Strain Relationship in Seismic Movement with Velocity of 2.5m/s

Observing deflection for different seismic movements, the weakest points of this structure are the
center of the roof and the corner between the front exterior wall and the right exterior wall. The
deflection appeared on the roof at the first test, when the seismic movement had a velocity of 0.5m/s.
Later, the stress shifts from the center of the roof to the front right corner of the house with increased
velocities of seismic movements. The major deflection shifted to this corner after seismic movements
reached a velocity of 1.5m/s. When the seismic movement has a velocity of 2m/s, the developed stress
is higher than the material can contain, and the house begins to fracture and be damaged.

5. Conclusion

Plywood offers an economical option, readily available within the construction sector. Nevertheless,
during an incidence of certain seismic actions, it may fracture and undergo destruction. Within this study,
a meticulous analysis was undertaken to examine the structural deflection and seismic response at five
distinct velocities. Applying ABAQUS finite element simulation, the ultimate deflection and peak stress,
endured by the tested structure, are illustrated in the present data. Increased velocities in seismic motions
result in the roof initially deflecting, subsequently shifting strain and stress to the building’s front right
corner. Notably, the onset of structural fracture and damage emerges once seismic action reaches a
velocity of 2m/s because the maximum developed stress exceeds that of the plywood itself.
Consequently, it becomes imperative that the maximum seismic movement velocity does not exceed
2m/s for the plywood construction to endure potential earthquakes performed in this scenario.
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