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ABSTRACT

The timber column seismic response has been analyzed when it has been subjected to near-
fault ground motion. The cyclic displacement and cyclic strain have been investigated. It needs to
indicate in most of the literature acceleration history of earthquake used in the numerical analysis
is not well clear for the reader. The results showed that the damping ratio, strain energy, and
nonlinear deformation were changed in respect to the frame geometry. The innovation of this
paper is to develop cycling graphs by means ABAQUS for study timber column seismic response
and improve the concept of strain energy in understanding displacement mechanism.
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INTRODUCTION

The earthquake is one of the natural hazards needs to investigate appropriately to enhance
the infrastructural seismic design. On the other hand, each near-fault ground motion has
specific characteristics. The timber beam seismic design has numerically been simulated when
subjected to near-fault ground motion, with reference to small displacement theory. The inertial
interaction, energy dissipation, and nonlinear deformation are analyzed. The ABAQUS has been
used to simulate a number of engineering problems including timber beams and timber structure
(Namdar et al. 2019, Namdar et al. 2016a, Namdar et al. 2016b, Namdar 2016a, Namdar 2016b).
The numerical, experimental, analytical and theoretical methodologies have been used to explain
concepts of seismic timber design, seismic resistance evaluation of traditional timber-frame
damping mechanism, construction quality of composite timber-steel frame, traditional timber
construction, use timber as an eco-friendly strengthening system and mechanical properties of
the timber (Namdar et al. 2019, Namdar et al. 2016a, Jayne 1959, Sandoz 1989, Yeh et al. 1971,
Rajci¢ and Bjelanovi¢ 2005, Ayala and Wang 2006, Pizzo et al. 2004, Arun 2009, Galassi et al.
2018, Androi¢ et al. 2008, Danianas and Gecys 2015, Stepinac et al. 2017, Aktas et al. 2014).
Among construction materials, the wood is used in the structure, and it has shown satisfactory
seismic resistance (Soltis 1984, Liu et al. 2018). But the seismic design of timber column

subjected to near-fault ground motions and developing cycling graph using ABAQUS and also
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the explanation of seismic behavior of timber column never has been reported in the literature.
In the present study, the column is located in a single span and single floor of a timber frame
with 3-meter height. The columns of two frames with 1.5 m and 3 m span have been compared.
The seismic load response-cyclic displacement, seismic load response-cyclic strain, and cyclic
strain-cyclic displacement have been investigated to evaluate the damping ratio, strain energy,
and nonlinear deformation.

METHOD AND MATERIALS

The timber frame is subjected to near-fault ground motion. The ABAQUS is used to
executing the numerical analysis. Fig. 1 shows the near-fault ground motion is used in the
numerical simulation. To explain results, a critical time of the near-fault ground motion has been
zoomed and these critical times of acceleration history of the earthquake were used in numerical
analysis. In the many kinds of literature acceleration history of earthquake used in the numerical
analysis is not well clear for the reader. In the present study, the near-fault ground motion is
zoomed. This technique simplifies the interpretation of timber column seismic behavior. Fig. 1b
shows the near-fault ground motion has maximum loading in 24.05 sec and maximum reloading
occurs in 24.14 sec. In the peak acceleration, there is 0.09 sec for change direction of seismic
loading. When the near-fault ground motion reached the peak level, the highest vibration is
applied to the model. The seismic excitation widespread released by small-magnitude earthquakes
is insignificant in seismic design of structure compared to a major earthquake. Therefore, the
near-fault ground motion from 22 sec till 26 sec is used in the numerical analysis. The seismic
load response-cyclic displacement, seismic load response-cyclic strain, and cyclic strain-cyclic
displacement of the column shown in Fig. 2 have been investigated to evaluate the damping ratio,
strain energy, and nonlinear deformation. The details of the timber frame have been depicted in
Fig. 2. The geometry of the timber frame has been used at the numerical analysis is shown in
Fig. 2. The mechanical properties of timber have been used in the numerical shows in Tab. 1.

Tab. 1: Timber material properties (Dackermann et al. 2016).

Young’s modulus (N-m2) Poisson’s ratio Density (kgm™)
14,750 *106 0.3 620
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Fig. 1: Acceleration history of the earthquake has been reported in the literature (Center for Engineering
Strong Motion data. https://strongmotioncenter.org).
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Fig. 2: The structural elements of the timber frame (dimension in meters).

RESULTS AND DISCUSSION

The cyclic nonlinear displacements have numerically been estimated using finite element
method. The deformation mechanism is explained based on cyclic nonlinear displacements
observed along the timber column when simulated seismic excitation was applied to the
models. The seismic wave travels along the timber beams causes lateral, vertical and residual
displacements, it occurs with respect to the seismic wave velocity, construction material
characteristics, and frame geometry. The displacement morphology of timber column effect
to timber frame seismic resistance. It has been observed that the main reason for timber frame
failure was timber geometry. Fig. 3 shows the higher seismic load response and displacement
were developed to timber column at model 2. The load-displacement curves show the higher
nonlinear deformation in the column at model 2. The seismic wave traveling path is changed
at each model. The seismic excitation widespread and cyclic nonlinear displacements cause
to the reduction of timber span seismic stability and subsequently significant damage or fully
collapse occurs. The deformed shape of timber column at any instant of motion represents in
terms of dynamic displacement and changing with time. When the timber frame is subjected to
seismic excitation the initial displacement is created. The seismic resistance of timber column is
opposite an initial displacement. The geometry of frame supports in time and type of an initial
displacement occurrence. It can be observed that the response cyclic load to displacement governs
the timber frame vibration mechanism and modify damping ratio at each model. In comparison
two models two different shapes of nonlinear displacement shown in Fig. 3. The higher nonlinear
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displacement appears at model 2, it is due to resonance and subsequently, significantly timber
column seismic resistance reduces, displacement mechanism of timber frame is changed and
results in faster timber frame collapse. The peak displacement response in model 2 is higher than
in model 1. When the yield displacement capacity of the lateral load resisting system is exceeded,
the strain energy internal elastic force and base shear force at each model causes modification
nonlinear deformation mechanism and the cyclic load-displacement path for each model formed
differently. When the timber column is subjected to seismic excitation the cyclic softening area
occurs on the column and it causes specific nonlinear deformation for each column at models
1 and 2. This type of nonlinear behavior leads to the deterioration of seismic resistance of timber
frame and developing large displacements. The timber column stiffness degrading hysteretic
with respect to larger displacements is minimized seismic resistance of timber. Accordingly, the
nonlinear deformation has been formed at softening area.
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Fig. 3: Seismic response versus displacement found in timber column models 1 and 2, when the model has
been subjected to near-fault ground motion.

The interpretation strain-displacement cyclic graph simplified understanding the variation
of elastic displacement ratio in numerical analysis. The strain hardening is shown in Fig. 4. The
strain-displacement cyclic paths show how strain energy creates displacement. The displacement
deforms corresponding to change releasing strain energy. It can be observed that the high
difference in peak displacement, and on another hand from the strain-displacement cyclic paths
has been understood that the types of seismic excitation at each model has specific characteristics,
and its effects on seismic load transferring and deterioration seismic resistance of the model. The
seismic excitation type has a meaningful relationship with elastic strain and displacement. The
unequal cyclic nonlinear displacements are applicable for seismic assessment and design of timber
column and timber frame as well. The near-fault ground motion response in corporative with
timber frame geometry induces elastic and inelastic displacement, and the yield point for each
timber column is changed. The damping modified with related to the displacement mechanism.
The seismic excitation releasing the strain energy and accumulating strain energy in each timber
frame column causes nonlinear deformation at different parts of timber column. However, in
the present study, the measurement of dissipation strain energy has been made for an evaluation
damping ratio of timber column. The strain energy in model 2 is raised compared to model 1,
from this phenomenon can understand that the damping ratio in model 1 is considerably higher
than model 2. The results of numerical analysis shown dissipation strain energy at a timber
column with the same material and shape significantly were affected by the geometry of the
timber frame. The concept of sharing loading has governed strain energy and damping ratio of
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a structural element consequently, and strain energy dramatically increases. In the design point
of view arrangement, a single structural element significantly affects the safety of the structure.
On the other hand in model 2 having the same mechanical properties as model 1, the cyclic
nonlinear strain was found to dramatically increases in model 2 with increasing frame span and
constant height of timber column. The condition of strain-displacement cyclic paths was observed
in model 1 has the lower inclination at peak level. However, sudden release strain energy increases
seismic excitation of timber frame model 2. Consequently, the seismic excitation mechanism
in timber frame supports to predict frame nonlinear cyclic mobility. Furthermore, the cyclic
nonlinear strain versus cyclic nonlinear displacement graph shows in a timber frame subjected to
a complex seismic excitation mechanism, and the permanent loss in shear strength is expected.

001 E2E0] — o [Fie 2-0)]
M =1 ’
o] c Model - 2
024
0.02

_Z,Z?\ggw AR @6\

-0.03 4 =02+

Strain
Strain

-0.04 4
-0.3 4

-0.05 T T T T T T T T
2 3 -10 -8 -6

8 10

1000 1 4.2 0 2 4
Displacement (cm) Displacement (cm)

Fig. 4: Strain versus displacement found in timber column models 1 and 2, when the model has been
subjected to near-fault ground motion.

The seismic load response versus cyclic nonlinear strain on timber column models 1 and 2 are
plotted in Fig. 5. The near-fault ground motion induced cyclic nonlinear displacement and cyclic
nonlinear strain, the level of strain and displacement depend on a number of seismic excitation
loading. The sensitivity geometry of timber frame allows an earthquake to induce more shaking
and it leads to reduction frame strength. A seismic excitation loading applied to the timber frame
with the same magnitude produces different strain and settlement mechanism with specific peak
level. However, it may cause a dramatic drop-off in the strength of the timber frame at each
model differently. When the seismic simulated loading is applied to the model, the most critical
condition develops when timber frame is subjected to the mechanical resonance and the strain
energy dissipation occurs with a delay due to high oscillate produced by storage strain energy at
the model and vibrating model at a specific frequency. The increase in strain energy is intended
to provide accelerations in the timber frame. The amplitude at resonance controls the damping
ratio. The resonance creates a large displacement and inertia force, however, it leads to failure of
timber frame due to the reduction of inertial resistance and developing the mechanical damping
and forming the elastic deformation after the meaningfully reducing strength of the timber. The
plastic area at timber column leading to decrease storage strain energy in remaining time the near-
fault ground motion is applied to the model. The strain energy behavior is important in timber
structure seismic response analysis and it significantly depending on frame geometry to be used
in a construct timber structure. According to the energy sharing mechanism, when sudden release
strain energy it built up deformation and shake model with noticeable magnitude.
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Fig. 5: Seismic response versus strain found in timber column models 1 and 2, when the model has been
subjected to near-fault ground motion.

Fig. 6 shows that the larger lateral nonlinear displacement is induced in column characterized
by longer frame span. The larger nonlinear deformation has been observed in model 2. The
nonlinear cyclic deformation with higher concentration is observed in model 2.

Models 1 Models 2
Fig. 6: The cyclic lateral displacement of timber frame (dimension in meters).

The morphology of nonlinear cyclic deformation has been produced based on strain energy
characteristics. Significant nonlinear cyclic deformation has occurred within the timber frame
and both beam and column experience damage. The noteworthy enlargement wave propagation
develops resonance in the majority of the shared load in the form of shearing force mechanism at
model 2. The shearing force mechanism is important at design criterion in relation to the timber
frame seismic stability. The inappropriate shearing force mechanism leads to the noteworthy
enlargement seismic wave propagation effect to the model. The strain energy built up the
multidirectional cyclic inertia forces and acts to the mass of timber frame if timber frame exhibit
with insufficient inelastic deformation capacity and the unsustainable damage expected. In
the present study has been observed that the same near-fault ground motion causes differences
multidirectional cyclic inertia forces are subjected to each model, and it leads to developing
differences seismic response of these timber frames and different type of failure mechanism at
each model. The elastic force and elastic displacement have been occurred with sharing seismic
excitation. The damage states in multidirectional cyclic inertia forces refer to strain energy
characteristics, and this phenomenon induces cracking, crushing and collapse with minimizing
strength and stiffness of timber. The strain energy characteristics are responsible for developing
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softening area at timber beam and column, and it is characterized by failure hardening response
and occurrences cyclic nonlinear deformation.

Related work

In the timber beam, seismic resistance has been reported that the greater displacements occur
with the increasing length of the timber beam, and subsequently, the strain energy dissipation,
inertial interaction and deformation geometry have been modified (Namdar et al. 2019). With
attention to the result of the present study, it can be concluded that with select a timber frame
with appropriate span significantly support seismic resistance of timber frame and results in
suitable cyclic load sharing in frame elements.

The different types of displacements of the concrete footing have been mitigated with
increasing soil-concrete footing interface area (Namdar and Dong, 2019). In the present study,
the footing is placed on a rigid surface, the displacements of timber frame alter with change soil-
footing interface.

The hysteresis loading influences to the load-bearing capacity of the frame (Stepinac et al.
2019), in the present study, at model 2, the results of the numerical simulation have coincided
with those is presented in the literature.

The combination of a nonlinear finite element analysis and a complex constitutive model will
lead to convergence stability problems (Zucchini 2007). Fig. 7 shows in the most wood system at
an initial loading no pinching occurs and in second loading cycle pinching starts (Foliente 1995,

Baber and Noori 1986).
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Fig. 7: The pinching under hysteresis mechanism: (a) pinching—function result (Baber and Noori 1986),
and (b) pinching for timber (Folientel995).

The behavior of proposed pinching function for wood systems shows the loading and
unloading process leads to initiate fatigue in timber material. It is expected that the model
2 is more vulnerable to fatigue compared to the model one. The reduction of timber structural
element fatigue is possible with appropriate timber frame seismic design. Fig. 8 shows, during
excitation of the timber frame due to applying cyclic loading, the loading, unloading, and
reloading process, the different types of the pinching occur. The following the nature of cyclic
loading, three stages of the pinching mechanism included the pinching in the negative direction,
positive direction and pinching reach to zero levels have been observed when the timber is
subjected to the cyclic loading. During changing the direction of cyclic loading the pinching
shape has been changing, while the magnitude of the pinching is related to the nature of the
applied load and strength of the timber. Fig. 6 shows, the results of the present numerical analysis
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is in good agreement with Fig. 8. It observed that the results of the present numerical analysis
show the seismic timber behavior during the timber frame subjects to pinching. According to
Fig. 8, the three stages of pinching mechanism leads to the developing fatigues in the timber
frame structural elements if the released strain energy is higher than shear strength and ductility
cyclic resistance of the timber structural element and timber frame as well.
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Fig. 8: The pinching mechanism for timber structure (Foliente1995).

After the retrofit a timber structure needs to numerically simulate and design that, it is due
to change of timbre structure seismic load response-cyclic displacement, seismic load response-
cyclic strain, and cyclic strain-cyclic displacement after the retrofit process. The new resonance
appears with new characteristic and develops displacement and inertia force which is different
from before retrofit, however, the failure mechanism of timber frame meaningfully modifies, in
considering inertial resistance, the mechanical damping ratio, forming the elastic deformation in
respect to changing strength and stiffness of the timber.

Timber has high flexibility and seismic resistance compared to other building materials.
Where damping ratio, strain energy, and nonlinear deformation are not satisfied, the geometry
of timber frame must be modified and it leads to change damping ration and effects to the
flexibility and leads to modifying seismic resistance of timber frame. The flexibility of timber
frame changes related to the modification of timber frame geometry. The seismic resisting of the
timber frame is desirable with architectural space designing through providing sufficient timber
frame flexibility. This process is responsible for avoiding frame instabilities due to unallowable
P-A produce at all structural elements. The architecture designer has to consider maximum safe
lateral, vertical and rotational flexibility of each frame members with attention to shapes and sizes
of the member in order to control damping ratio, strain energy, and nonlinear deformation of the
timber frame. The timber structures seismic resistance mechanism is referred to near-fault ground
motion, site geomorphology and building architectural design. The multidirectional flexibility of
structural elements has a direct relationship with strain energy concentration. The advantageous
flexibility of a structural element affects to completed timber frame seismic resistance. The high
flexibility of timber frame causes a long period of vibration, in order to have a timber frame with
suitable seismic and wind resistance, it needs to design a timber frame with the right flexibility.
Although some structural elements have much higher flexibility than others.

The several timber frame structures have been reported in the literature (Namdar et al.
2019, Namdar et al. 2016a, Halicioglu et al. 2014, Palini¢ and Bjelanovi¢ 2016), they have
included modern and heritage building and showed to resist well to seismic loading. The
results existing in the present study support to design a flexible structure with high seismic
resistance characteristic. Using recycled aggregates to make concrete with acceptable durability
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performance, high-performance and self-compacting can be investigated to make the composite
timber-concrete structure in the future. It supports to minimize the carbon footprint producing
due to construction activities. The timber is eco-friendly and easily recyclable materials as well.
However, making a composite timber-concrete cross-section, while the concrete has been made
by recycling materials has never been reported in the literature, and can be investigated in the
future.

CONCLUSIONS

The timber elastic frame has been subjected to the near-fault ground motion, and
corresponding cyclic nonlinear displacement and cyclic nonlinear strain model have been
analyzed. The seismic load response-cyclic displacement, seismic load response-cyclic strain, and
cyclic strain-cyclic displacement have been investigated. The critical time of the near-fault ground
motion has been zoomed and used in numerical analysis. In the present study the follows goals
have been achieved:

*  The seismic excitation widespread and cyclic nonlinear displacements cause to the reduction
of timber span seismic stability and subsequently significant damage or fully collapse occurs.

* Itcanbe observed that the high difference in peak displacement, and on the other hand from
the strain-displacement cyclic paths has been understood that the types of seismic excitation
at each model has specific characteristics, and its effects to seismic load transferring and
deterioration seismic resistance of the model.

*  The results of numerical analysis shown dissipation strain energy at a timber column with
the same material and shape significantly were affected by the geometry of the timber
frame.

*  The sensitivity geometry of timber frame allows an earthquake to induce more shaking and
it leads to reduction frame strength.

*  The resonance creates a large displacement and inertia force, however, it leads to failure
of timber frame due to the reduction of inertial resistance and developing the mechanical
damping and forming the elastic deformation after the meaningfully reducing strength of
the timber.

*  The same near-fault ground motion differences multidirectional cyclic inertia forces are
applied to the models, and it leads to developing differences seismic response of timber
frames and occurrences different failure mechanism for each model.
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