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Abstract

Because of concentrated connection damage, the impact of sequential hazards on CLT shear
wall systems is much more severe than that on traditional concrete and steel structures
considering ductile component behaviors. The present paper evaluated the dynamic
response of CLT wall structures in wind-only and sequential seismic-wind scenarios and
compared the structural dynamic responses and damage levels of different CLT wall
systems. The structural models were established separately based on an SOM benchmark
structure, a SOFIE project three-story CLT shear wall structure, and a PT CLT wall platform
structure from the NHERI Tall Wood project. The equivalent fluctuating wind load was
calculated with the ASCE 7 average wind speed, the reference ESDU wind profile, calibrated
wind pressure distribution, and simulated fluctuation from the NatHaz Online Wind
Simulator. The sequential load was applied to the structural models in the order of seismic
excitation, resting time, and then dynamic wind load. The dynamic responses of different
CLT wall structures were compared among loading scenarios with increasing seismic
and wind intensities. The wind-excited peak story displacement and acceleration for
both CLT structures were significantly magnified in the sequential seismic-wind scenarios
compared with the wind-only scenarios. The simulation results indicated that the sequential
seismic-wind scenarios caused significant acceleration in damaged connections for the
conventional CLT shear wall structure. The PT CLT wall structure had minor displacement
and acceleration, which were linear to the wind loading factors. For the conventional
CLT shear wall structure, the magnification of the acceleration was found to have a strong
correlation with the natural frequencies of the damaged structure. This study demonstrated
that the wind responses of the PT wall structures were in a safe range after the seismic
event, and conventional CLT wall structures need to be re-evaluated under sequential
scenarios for structural resilience assessment.

Keywords: cross-laminated timber (CLT); conventional CLT shear wall; post-tensioned CLT
wall; sequential seismic-wind loading; structural dynamic response; wind serviceability;
multi-hazard assessment; nonlinear time-history analysis

1. Introduction

Mass timber structures attract attention from academia and industry due to their
outstanding sustainability. Though not generally approved due to the uncertainty of their
seismic performance, it is believed that mass timber structures with CLT walls can be
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used for tall buildings [1]. In ASCE 7-22 [2,3], a CLT shear wall structure system has
been officially included. The provided response modification coefficient in the equivalent
lateral force method seismic design, based on the FEMA P-695 methodology [4], enabled
a CLT-bearing wall structure system to be applied to a tall timber building. It was found
that conventional CLT shear walls tend to have premature connection damage [5,6]. Based
on that finding, post-tensioned (PT) CLT rocking wall systems were developed to provide
better structural resilience than the conventional CLT shear wall [7-9].

Unlike in reinforced concrete or steel frame structures, which have high residual
strength before destruction, connection damage in a conventional CLT shear wall caused
by a seismic event can significantly damage the temporary structural performance of
the building [10]. Under these circumstances, once conventional CLT shear walls in a
structure sustain damage during an earthquake, the originally designed wind load may
be sufficient to drive the structure to its serviceability limit state, which is a plausible
post-earthquake scenario; this may lead to severe problems such as unacceptably large
displacement or acceleration [10]. However, the multi-hazard scenario of sequential seismic
and wind events has not been considered in existing studies [11,12]. In multi-hazard
scenarios, material degradation plays a critical role in the post-event performance of
structural systems. Although this study focuses on CLT walls, numerous investigations
on reinforced concrete structures have shown that deterioration mechanisms, such as
stiffness loss, bond degradation, micro-cracking, and nonlinear damage accumulation,
significantly affect the seismic response (e.g., [13,14]) and subsequent behavior under wind
or aftershock loading. Similar to concrete deterioration, accumulated damage in CLT walls,
including toe crushing, connection degradation, and loss of contact stiffness, can alter the
natural frequency and amplify wind-induced responses after an earthquake. Incorporating
deterioration models, inspired by established concrete damage frameworks, would provide
a more realistic representation of post-seismic behavior and strengthen future sequential
hazard simulations. Though a developed self-centering PT wall system should provide
better performance due to its high total displacement capacity, it is not evident whether that
can resolve the potential drawback of CLT wall structure systems. Therefore, though limited
to CLT wall system structures, structural performance in sequential loading scenarios is
worth considering to assess multi-hazard structural reliability and resilience thoroughly.

The serviceability of a structure under wind load is one of the critical considerations
for the performance-based design of CLT wall structures [15]. With growing structure
scales, the influence of wind load can be expected to increase. Meanwhile, the structure’s
design requirement limits the structure to be only affected when it is considered serviceable
under high wind load scenarios. However, research on the wind response of tall timber
structures is limited. Skidmore, Owinds & Merrill LLP (SOM) conducted a pilot study on
mass timber structural designs that proposed a series of mass timber towers as benchmark
structures [16]. The benchmark structures contain a CLT wall and core, a glulam column,
and a concrete link beam, with various story numbers (10-40) [16]. Based on this, some
of these benchmark structural models were further investigated in a wind tunnel for
a detailed wind response under a serviceability-state wind load with different Angles
of Attack (AOAs) and exposure conditions [17,18]. The evaluation was conducted by
determining the wind load from a wind tunnel test by using an aeroelastic model combined
with a structural simulation using the finite element software SAP2000. The study shows
that as long as the damping ratio exceeds 5%, the buildings can satisfy the performance
requirement for Peak Floor Accelerations (PFA) of the National Building Code of Canada
(NBCC) for office and residential usage. In wind response assessments, the wind profile
for the exposure condition, the average wind speed, the AOA, and the wind pressure
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distribution (from an aeroelastic wind tunnel test) are the key factors in determining the
wind load on the structure.

Numerical simulation is a cost-effective approach to assess the behavior of CLT wall
structures under wind load or the sequential load of seismic and wind events [19]. There
are several successful cases of seismic analysis for mass timber structures with different
commercial FE programs. The rocking of walls cannot be captured in most of these models,
such as in [20]. The wall model was developed to include a vertical bar element and a
horizontal hysteresis spring. Though it can predict hysteresis horizontal shear/sliding with
an equivalent spring, rocking cannot be captured. In another study, walls were simulated
with 2D shell elements by sharing their nodes with other components as the connection on
the wall [17,21]. This modeling method can roughly capture a structure’s overall behavior
while compromising the local and detailed hysteresis responses. Another modeling attempt
modeled the wall panel in meshed shell elements and connections in 1D springs [22].
A similar method was also used to investigate the impact of connection stiffness on a
complete building structure [23]. This modeling strategy can capture the impact of openings
and the connection, but it can only be applied to a smaller structure, such as a two-story
platform. Besides the above ideas for reproducing detailed wall systems or defining a
numerical model as an assembly of a complete system, a numerical Axial-Shear (N-V)
interaction domain model was established to simplify the design of CLT shear walls [13].
However, the simplification considers the connection in elastic—perfectly plastic behavior.
Therefore, though the model can directly reference the wall design, the behavior of the
connections cannot be captured. Most importantly, neglecting rocking behavior in these
example models fails to capture the influence of vertical load on the lateral stiffness and
strength of walls observed in experimental tests [24]. As a result, an improved, efficient
wall model developed in a previous study was used to capture the behavior of CLT wall
systems under lateral load, considering deformation modes.

In this study, the dynamic response of CLT wall structures in scenarios of sequential
seismic and wind hazards will be assessed with structural models that capture the hysteresis
behavior of CLT walls. The model was developed with the open-source software OpenSees
as an integrated wall model to capture the behavior of walls, including sliding, rocking
(overturning), and vertical compression. A SOM building structural model was developed
to verify the equivalent fluctuating wind load. Then, two other models were separately
developed and verified for conventional and PT CLT wall systems. Based on these models,
to achieve the main objective, the specific goals are (1) to establish a simplified equivalent
dynamic wind load on the structure and verify with cases, (2) to examine the performance
of the CLT wall systems in a wind-only scenario, and then (3) to evaluate the performance of
CLT wall systems in parametric scenarios of sequential seismic and high-wind hazards. This
study addresses a multi-hazard serviceability gap for CLT wall systems by demonstrating
a computationally efficient sequential earthquake-wind evaluation framework. Using
nonlinear CLT wall models for benchmark, conventional, and PT rocking systems, this
paper provides a comparative case-study assessment of post-earthquake wind-response
amplification and clarifies the applicability and limitations of the proposed approach.

2. Wind Load Modeling

In order to simulate the fluctuating wind load, the following procedure is proposed to
obtain a realistic fluctuating wind load in an efficient way. The equivalent fluctuating wind
load needs to have realistic fluctuating behavior and to capture the wind profile for the
exposure condition, average wind speed, Angle of Attack, and wind pressure distribution,
as they are the key factors in determining the wind load structure.
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As shown in [17], when the attack angle of wind was perpendicular to the broad side
of the structure, the structural performance was in the worst scenario. As a result, the
Angle of Attack (AOA) was fixed at 90 degrees to simplify the analysis, which means that
the wind blows on the wide-side surface perpendicularly. With the finite element structural
model, the wind loads were applied to the front surface with the wind profile and the
tested factor of wind pressure. The nodal loads were calculated as

F=A-qCp=A-(1/2:p:V2) Gy (1)

where A is the allocated area of each node; p is the density of air, which was considered
1.25 kg/m3; V is the wind speed at the height, obtained from the wind profile combined
with the fluctuating behavior; and Cs is the coefficient of wind pressure at each node,
obtained from Computational Fluid Dynamic (CFD) analysis or approximation from load
standard ASCE 7 [2].

2.1. Wind Profile

Two significant parameters need to be fully captured: the wind speed and the turbu-
lence intensity. The wind profile is the suburban exposure’s Engineering Sciences Data
Unit (ESDU) profile. The normalized mean velocity and turbulence intensity were obtained
referring to a study by Bezabeh [17]. The mean wind speed was determined with a design
average wind speed of 24 m/s at a building top of 102 m. As shown in Figure 1, an
exponential approximation was made to capture the wind speed and turbulence intensity
based on the height for input in the models. The wind speed was adjusted based on the
50-year wind loads from design wind speed maps in ASCE 7 [2].
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Figure 1. Example wind profile for SOM building (H = 102 m, mean wind speed at building
top = 24 m/s) with suburban exposure conditions.
2.2. Wind Pressure Coefficient

The wind pressure coefficient, C £, can be obtained from a wind tunnel test, CFD
analysis, or simplified approximation from current design standards. The wind pressure
coefficient was calculated using the CFD software ANSYS Fluent 2020 R1 [25] for the SOM
building. The wind profile, including the wind speed and turbulence intensity, was input

https://doi.org/10.3390/buildings16061213


https://doi.org/10.3390/buildings16061213

Buildings 2026, 16, 1213

5o0f 27

into the height function within the k-¢ turbulence model. For the 3d CFD model, wind
speed was directly input with the approximated function and the height, using the wind
speed equation in Table 1. Due to the limitations of the software, the turbulent parameter
of the complete inlet can only be input as a constant. Based on the LES model input, the
turbulence intensity is defined as 15% of the average value. The turbulent viscosity ratio and
Subgrid Kinetic Energy were set as 10 and 1 m/s?, respectively, which are typical reference
values [26]. The geometry and boundary conditions of the wind field are defined to provide
sufficient room to minimize the boundary influence on each side, as recommended by [26].
The side and top of the wind field boundary were in slip boundary conditions, while the
ground and the body surface were in non-slip conditions. The distances from the building
to the inlet and outlet were, respectively, six times and 22 times the width of the structure,
while the distance from the body surface to both sides was eight times the width.

Table 1. Simulated and referenced [17] CFy, along with the height of the SOM building at
representative levels.

Story CFy Mean (Ref)  CFy Mean (Simu) Modified CFy Mean (Simu)

1 0.781 1.076 0.855

6 0.877 1.197 0.951
11 0.88 1.247 0.989
16 1.037 1.367 1.087
21 1.081 1.364 1.084
26 1.143 1.436 1.135
31 0.684 0.451 0.412

Solving the NS equations of the continuous wind field can provide pressure distri-
bution at the boundaries, which was transferred to represent the wind pressure on the
structure perimeter. The calculated CFy yeqn at 15 s along the height is shown in Table 1.
The pressure data of the calculated wind field at the front surface of the building were
extracted with the location of the surface nodes. Then, the nodal results were calculated
for the averaged area based on the location on the surface. For example, the contributing
area of an edge node is calculated as the product of half of the horizontal distance to the
allocated node and half of the distance between the two allocated vertical nodes. Then,
the results were averaged and assigned to each level. As shown in Table 1, the original
calculated result provides a similar trend to the reference value from Bezabeh [17]. When
applied with a factor of 0.79, the modified result can fit the reference result, which provides
a reference for the supplementary source of wind pressure distribution data.

To maintain consistency with the reference benchmark for verification, the reference
wind pressure distribution factor reported in [17] was adopted as the wind pressure
coefficient in the subsequent computation and structural modeling. In the structural
model, the coefficients were applied as a story-dependent constant on the nodes of each
floor, with the adopted distribution summarized in Table 1. For load application, the
pressure distribution was mapped to the model discretization by computing area-averaged
coefficients on the building surface and assigning the corresponding nodal values. The
wind load at each node was then computed from the adopted wind pressure coefficients
and the wind speed in the reference wind profile. CFD-derived coefficients were used only
as a supplementary check of trends and were not used as the final coefficient source for the
benchmark verification.

Other than the SOM benchmark structure, the pressure distribution on the other two
example structures was not obtained from a wind tunnel or CFD calculation due to the
lack of related references. Considering the computation efficiency, instead of determining
detailed wind pressure distribution, the wind force coefficients referred to ASCE 7 [2] for
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simple structures. Per equations 26.10-1.5I and 27.3-1 from ASCE 7, the wind load was
calculated as the external and internal pressure difference. The wind pressure coefficient
can be, therefore, calculated as in Equation (2),

Cy = 0613K-KoKeKyG(Cp — C) ®

where the wind direction factor involved is K, the topographic factor is K5, the ground
elevation factor is K., the gust effect factor is G, the internal wind coefficient is Cpi,
and the external pressure coefficient is Cp. The coefficients were determined based on
ASCE 7 equations and clauses for each specific case.

2.3. Fluctuating Wind Speed

Due to the lack of wind tunnel time series data, the fluctuating wind pressure on the
structure was simulated with an equivalent fluctuating wind load. Though the turbulence
caused by the fluctuating wind speed and structure deformation cannot be considered
in this approach, it is cost-effective and can provide an equivalent wind pressure on the
structure surface. Based on the monotonic wind pressure calculated in Section 2.2, in order
to generate the fluctuating wind load, a time series of load factors was applied. The load
factor was derived based on the fluctuating wind speed generated by the NatHaz Online
Wind Simulator (NOWS) [27]. The corresponding wind load factor, F,;, was computed from
the wind speed record based on the quadratic wind-pressure relationship, normalized by
Vmax (Equation (3)). The time history, F,;, was then applied in OpenSees as a multiplicative
factor to the nodal wind load derived from the adopted pressure coefficient distribution to
obtain the fluctuating wind load time history. The wind speed time series was simulated
considering 1024 frequencies and a cut-off frequency of 1 Hz with a discrete frequency
function with Cholesky decomposition and FFT. An example of the generated wind speed
time history record is shown in Figure 2a. The 3 s gust wind speed was 46 m/s, which is
the design wind speed for the Upper Michigan region per ASCE 7-22 [2]. The load factor
time history records were then calculated based on the generated wind speed record. Since
the wind pressure is proportional to the square of the wind speed value, the wind load

factor was calculated as
Pvi = (Vi/Vmux)z (3)

in which F,; and V; were, respectively, the wind load factor and wind speed at the ith time
step, and Vj,y is the maximum wind speed in the time history record. The calculated wind
load factor time history record is shown in Figure 2b.
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Figure 2. Cont.
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Figure 2. (a) Example wind speed time history and (b) the generated wind load factor time history
for the fluctuating wind speed.

The generated load factor time series was applied in OpenSees to the structural models
with the derived wind load distribution for nonlinear dynamic time history analysis. In
OpenSees, only one time series can be input in one analysis. Due to the limitation of the
software, the fluctuating wind load factor cannot be separately input with different levels.
The fluctuating wind load factor was generated separately considering the mid-height of
the target structure. Meanwhile, to represent the wind response with the fluctuating wind
speed while reducing computational requirements, a shorter wind load factor time history
record was randomly picked from the original one with the required time length.

A 5 s segment was selected from the simulated wind speed record to reduce computa-
tional cost for nonlinear time history analyses while ensuring that the same wind-excitation
segment is used for both wind-only and post-earthquake wind cases. Therefore, the re-
ported wind responses are intended for relative comparison (damage-induced amplification
under identical excitation) and demonstration of the framework, rather than for repro-
ducing long-duration storm statistics (e.g., RMS, exceedance probability), which would
require substantially longer simulations. Due to platform implementation constraints, the
fluctuating component is introduced through a single-load-factor time series applied uni-
formly along height; therefore, synchronized multi-point pressure fields and their spatial
correlations are not explicitly represented in this study.

3. Structural Models and Loading Scenarios

Three archetypes are analyzed: an SOM benchmark building (for wind-response ver-
ification), a conventional CLT shear-wall building, and a PT rocking CLT wall platform.
All models are implemented in OpenSees; wall panels are represented with elastic shell
elements, and floors are idealized as rigid diaphragms for global compatibility, while
nonlinear behavior is concentrated in connection/rocking components. The sequential
protocol applies earthquakes, rest, and wind to compare post-event wind-response sensi-
tivity under identical wind excitation within the stated assumptions. The key nonlinear
components are represented by zero-length hysteretic springs governed by a pinching-
type rule. Each spring follows a piecewise backbone (force-deformation envelope) with
cyclic unloading/reloading, pinching, and degradation intended to reproduce the ob-
served connection-dominated behavior under cyclic loading. These springs are used to
capture stiffness reduction and energy dissipation effects that influence post-event dynamic
properties and subsequent wind response.
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3.1. SOM Benchmark Structural Model Setup

In order to verify the simulation structure response under wind loading, a benchmark
building model was established based on references. The structural model was established
and analyzed in the open-source FEM software OpenSees. The horizontal geometry and
allocation are based on the plan provided in the SOM timber tower project report [5], as
shown in Figure 3. The CLT shear wall and core were marked in thickened lines. The height

of the story is defined as 2745 mm.

6 7
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| |
| |
|
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14— - —— -5
| |
19 i
23 l
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28 \:29
| |
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| |
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137 38

Figure 3. Plan and wall allocation of SOM benchmark structural model (red line: wall locations,
shaded rectangular box: column location).

The node number allocation is conducted to avoid conflicts between node numbers
and contains location information. The number of nodes is established for each layer based
on the location. For example, the node of the bottom left corner on the seventh floor was
assigned as node 732. Meanwhile, the base nodes were duplicated for the wall elements,
with the number adding up to 50. The number of stories in the node was recorded by
adding 100 per level.

The model was built with the developed decomposed model with equivalent springs.
The wall shaft element (Type 1) is modeled with a shell element. One-dimensional
zero-length spring elements (Type 2) were used to simulate the equivalent connections.
There are two horizontal ones and two vertical ones calibrated in the previous sections for
each wall shaft. The primary and link beams (Type 3) and column (Type 4) were assigned as
1D timber beam elements. The slabs (Type 5) were simplified to five major plates. The slab
is considered stiff for the investigation of the horizontal drift of the structure. The secondary
beam was considered and included in the equivalent stiff slab plates. The number was
assigned as the story number, followed by the element type and the element identification
number. For example, the left bottom wall shaft on the seventh story is numbered as
70,116, which means level 7, Type 1, element number 16.
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(b) AN

As shown in Figure 4a,b, the wall, beam, column, and slab elements were assigned
following the SOM benchmark structure design plan. Structural openings, such as windows
and doors, are not considered in this study. The columns were directly connected to the
adjacent stories. The wall panels simulated with shell elements were connected to the base
or lower slab with the decomposed equivalent springs and fully fixed with the top slabs.
The beams and slabs were assigned, connecting the elements in the story.

Columns

“

(a)

Walls

{ — N —A— —N—
SS SS
111 N pa N 2125 AN
1 1@ E /
P 3?1111 111 S = /11120 1112 ‘Q"Q:
Shell f Bt 13116 13120 zsh
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LT Panel :
C ane s\ <4 e Zero-length Equivalent
w g“’ decomposed springs

i 6 2\

220 1N

23011

> 11011 11016 11020 11025
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Figure 4. (a) Scheme of the model element allocation in the standard story and (b) example of wall
and connection node allocation.

The CLT panels are considered relatively stiff compared with the connections. As
a result, the deformations are mostly related to the connections rather than the elastic
deformation of the panel. The material of the wall shaft was assigned with an isotropic
elastic modulus of 10,000 MPa and a Poisson’s ratio of 0.35, which is the major direction
average value according to [20]. The connections were assigned with the calibrated pinching
model in the previous section. The column was assigned as glued laminated timber with
an axial stiffness of 1173 kN/mm [5]; accordingly, the axial elastic modulus was 8655 MPa
for both beam and column elements. The slab was assigned to be stiff and has an elastic
modulus of 100 GPa. Static gravity was applied to all the nodes after the structural model
was assembled with the nodes and the elements according to the design loads [16].
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The modal analysis result of the first five modes of the buildings from the refer-
ence [14] and the model predictions are listed in Table 2. The third mode contains the
most considerable difference, which is 34.22%. Other than that, the differences between
the model result and the correlated reference values were up to 9.26%. In addition to the
modal-frequency check, the SOM benchmark model is further verified at the response
level by comparing peak story displacement and peak story acceleration under the same
wind-excitation setting with the published reference results (Table 2). Because detailed ref-
erence outputs such as story shear time histories and energy-component decomposition are
not reported in the benchmark dataset, the present verification focuses on response quanti-
ties that are available and directly comparable (peak displacement/acceleration). The result
illustrates that the structural model is fully functional and provides a reasonable structural
dynamic response.

Table 2. The primary modes and frequencies of SOM benchmark structural model comparison with
the reference value.

Mode Number  Reference Values (Hz) [14] Model Result (Hz) Differences

1 0.33 0.33 0.22%

2 0.37 0.35 —6.63%
3 0.41 0.55 34.22%
4 1.12 1.02 —9.06%
5 1.16 1.05 —9.26%

3.2. Three-Story Conventional Wall Structure Setup

Similar to the SOM benchmark structure, a structural model with a conventional shear
wall system was built based on a three-story building from the SOFIE project [28,29] in the
first stage. The structural model was established based on the previous wall model with
decomposed equivalent springs and stiff shell elements as slabs. The conventional CLT
shear wall is modeled in OpenSees with near-rigid CLT panels and nonlinear connection
behavior concentrated in zero-length springs using a pinching-type hysteresis model.
Compression contact at the wall base is represented by non-tension elements in parallel
to the connection springs. Model parameters follow previously published calibration
for comparable CLT wall assemblies. Considering the excessive stiffness provided by
the CLT panels in the wall, the openings on the slab and wall panels were neglected for
simplification. The equivalent decomposed springs” parameters and the shell element
for the wall model were calibrated based on the correlated connection and CLT wall
test [30]. The equivalent springs separately represented the horizontal and vertical behavior
at the bottom nodes. The vertical decomposed spring was calibrated for the parallel
combination of compression and tension behavior in the two directions. The compression
behavior simulated the contact between the CLT wall panel and slab. The tension behavior
was equivalent to the brackets and hold-downs in the rocking hysteresis behavior. The
equivalent horizontal spring represents the combination of the brackets and hold-downs
in the shear direction. The details of the model development, parameter calibration, and
earthquake simulation validation can be referred to in the authors’ previous study [31].

3.3. PT Wall Platform Structure Setup

Similarly, an example platform structure with PT CLT walls was built based on the
reference to examine the performance of PT CLT walls. The example structural model
was established based on a two-story platform structure, the first stage of the ongoing
Natural Hazards Engineering Research Infrastructure (NHERI) Tall Wood project [32,33].
The PT rocking wall is modeled to capture uplift/rocking through distributed compres-
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sive toe-contact springs at the wall base and a post-tensioning tendon represented by a
corotational truss element with a steel constitutive model including prestress. The CLT
panel is modeled with elastic shell elements to retain global stiffness and deformation
compatibility with low computational cost. Energy dissipation components (when present)
are represented by equivalent springs consistent with the adopted archetype. The struc-
ture was a two-story platform supported by two parallel PT rocking CLT walls and eight
columns. The eight columns were designed for vertical gravity load resistance. For PT
CLT walls, the wall model was slightly different. In the vertical direction, the equivalent
decomposed spring served as the compression of the CLT panel to base contact and the
tension resistance of the PT tendon. The horizontal direction spring was defined to be
stiff to prevent sliding, as in the experiment setting. The CLT wall panels were connected
to the slabs with stiff shear keys, which were simulated as a constraint that shares only
displacement in horizontal directions. The slabs were simulated as stiff shell elements. The
structural model was evaluated with a series of uniaxial seismic excitation following the
experiment project [32,33].

3.4. Loading Scenarios

The structure was first examined for dynamic response under wind-only scenarios
with the modeled equivalent fluctuating wind load. Then, the structure was simulated with
the sequential seismic—-wind hazard scenarios. The structural performance of the sequential
scenario was examined by comparing the structural behavior during the wind load period
in the sequential scenarios and the response in the wind-only scenarios with the same wind
load. The example structural models were separately applied with sequential events with
increasing Peak Ground Accelerations (PGAs) for the same seismic record to examine the
impact of the seismic event intensity on the structure’s performance.

In sequential scenarios, the loads were applied by following the main event’s order
after the event sequence. After the main event of seismic excitation, the structure’s per-
formance will be influenced by the damage to the connections during energy dissipation.
Between the main seismic event and after the event, the structure rested at least 20 times
during the period (assuming a 5% damping ratio) to maintain the damage condition while
eliminating the interference [34]. The rest period is introduced to allow earthquake-induced
transient vibrations to decay before applying the wind excitation so that the post-event
wind response reflects the updated (damaged) structural state rather than residual os-
cillations from the earthquake analysis. A duration of 20 T (T = fundamental period) is
used as a conservative decay window under typical damping assumptions; this value is
a modeling choice for numerical separation of hazards rather than a representation of an
actual inter-event interval. The structures were directly applied with the fluctuating wind
load for the nonlinear dynamic analysis in the wind-only scenarios.

There were three models examined in the following study to investigate the wind
pressure and response simulation and the performance of the CLT wall system in
seismic-wind sequential scenarios. The analysis was limited to a wind-only scenario
to verify the wind pressure and response simulation method for the SOM benchmark struc-
tural model. The seismic-wind sequential scenario was not applied to the SOM building
structure due to the high computational cost for the complex building in nonlinear dynamic
analysis with an entire seismic event. The other two models, which were separately a
three-story building with a conventional CLT shear wall system and a two-story platform
with a PT CLT rocking system, were examined in wind-only and sequential scenarios.
In order to confirm the calculated result with reference data, the initial seismic event for
both models was the El Centro 1940 N-S ground motion record with a peak ground ac-
celeration of 0.5 g. A series of seismic events involving Northridge cases with different
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PGAs was then conducted to investigate the impact of seismic intensity on the structure.
The seismic record was obtained from the design and experiment on the PT rocking wall
platform structure in the ongoing Natural Hazards Engineering Research Infrastructure
(NHERI) Tall Wood project [32,33]. The PGAs include the Serviceability Limit Earthquake
(SLE) level (0.19 g), the Design-Based Earthquake (DBE) level (0.54 g), the original record
(0.55 g), the MCE level (0.76 g), and an extreme case of 1.2 times the Maximum Considered
Earthquake (12MCE) level (0.89 g). Wind loads with different load factors (1, 1.1, 1.2, 1.5,
and 2) were simulated in scenarios with the same earthquake event (DBE) to investigate the
influence of wind load intensity on the structural responses. The sequential scenarios were
named in the following sections based on the earthquake event code and the general wind
load factor, as shown in Table 1. The selected records are adopted to remain consistent
with the calibration/validation datasets used in the referenced experimental programs and
the previously calibrated wall models. We acknowledge that record-to-record variability
(e.g., near-fault pulse-like motions, different spectral shapes, and bidirectional / vertical
components) may lead to different damage patterns and post-event dynamic properties,
which can in turn alter the subsequent wind response; extending the framework to a
larger suite of ground motions is an important next step and is listed as a limitation of the
present study.

Also, Figure 5 provides a schematic overview of the numerical workflow adopted in
this study, highlighting the ordering of wind load generation, earthquake input definition,
dynamic analysis sequence, and response evaluation.

Structural Model Setup (OpenSees)
Develop CLT wall models with decomposed springs (sliding,
rocking, vertical compression)
Apply gravity loads
Verify modal properties (SOM benchmark / prior seismic
calibration)

/_’/\.

Equivalent Wind Load Generation Earthquake Input Definition )
Define mean wind speed & turbulence (ESDU suburban profile) Select ground motions (El Centro, Northridge)
Determine wind pressure coefficients Scale records to target PGAs (SLE, DBE, ORI, MCE, 1.2MCE)
o SOM: reference/CFD-based distribution )
o Other models: ASCE 7 coefficients /
Compute nodal wind forces
Generate fluctuating wind factor from NOWS wind speed record . . )
Response Processing & Comparison
\/ Extract peak story displacement and acceleration
Compute magnification (sequential / wind-only)
Dynamic Analysis Sequence Relate response to post-earthquake modal frequencies
Wind-only nonlinear time history analysis J

Sequential analysis:
Earthquake — Resting (=20 natural periods) — Wind

Figure 5. Numerical analysis workflow for wind and sequential seismic—wind loading.

4. Model Response Results Subjected to Wind
4.1. SOM Benchmark Structural Model

The displacement and acceleration of the nodes in each story were separately recorded
during the analysis. The story displacement and acceleration were calculated as the average
value of the nodes in each story.

The result has an average 13.57% difference compared to the reference value. The
model underestimated 21.73% of the maximum displacement at 30 stories. The average
13.57% difference in peak story displacement is mainly attributed to (i) the use of an
equivalent fluctuating wind-load representation rather than synchronized multi-point
pressure fields, (ii) the adoption of a single-load-factor time series uniformly applied along
height due to software limitations, and (iii) the omission of aeroelastic/structure-wind
interaction effects. Given these intended simplifications, the benchmark comparison is used
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here to demonstrate that the proposed wind-load synthesis reproduces the overall response
trend and order of magnitude for comparative serviceability assessment, rather than to
claim wind-tunnel-level replication. The peak story acceleration of the SOM structural
model under fluctuating wind was calculated as 7.81 milli-g, which is close to the reference
value (10 milli-g) [17,21]. Combined with the modal analysis results in Section 3.1, the
results show that the SOM building model, along with the equivalent fluctuating wind
load, can provide a dynamic reference response of the structure with reasonable accuracy.

4.2. Three-Story Conventional Wall Structure

For the wind-only scenario, the wind load was applied in the same way as in the SOM
building. The wind profile was kept consistent with the one used in the previous model
of the SOM benchmark structure. The wind pressure coefficient was determined based
on ASCE 7 regulations, as described in Section 2.2. The equivalent static wind load was
then calculated for each node based on the wind speed and wind pressure coefficient at the
location. The fluctuating wind speed was then applied with the simulated fluctuating wind
load factor, as shown in Section 2.3. The structural model was then analyzed in a nonlinear
dynamic simulation for 5 s of wind excitation with a time step of 0.001 s, which computed
the nodal reaction, displacement, and acceleration. The story displacement and acceleration
were then calculated as each node’s average number on the same story. The final story
displacement was calculated as the value of vector addition considering both directions.
As shown in Figure 6, the structure vibrated with the wind load, especially during the first
1.5 s, when the wind forced the structure to vibrate. To be noticed, the vibration was mostly
in a pattern of a sine curve, while the vector addition of the two directions reversed the
negative values.
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Figure 6. Story displacement during the wind loading of the three-story building model at (a) the
roof, (b) second floor, and (c) first floor.

The peak story acceleration and peak story displacement were separately calculated
from the result time history. The peak story displacements of the three stories were
1.49 x 1073, 1.90 x 1073, and 3.40 x 10~% mm. For all three stories, the displacement is
less than 2 x 10~3 mm, which is minor. The results may indicate that the structural model
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has a high stiffness compared to the generated fluctuating wind load. At the same time, the
structure’s natural frequencies contain many differences from the loading frequencies. The
peak story accelerations were 0.97, 0.61, and 1.72 milli-g for each story, which were also
small. The result for the wind-only scenario will be compared with the wind response in
the sequential scenarios to show the impact of the seismic event on the structure.

4.3. PT Wall Platform Structure

The wind load was applied to the building in the same way as in previous models.
With the same wind profile, the wind speed was identical to that of the previous model
at each height. Since it is a platform structure with a fully opened room, some minor
adjustments were made to allow the structure to be applied with wind pressure. For
simplification, the structure was considered to have a fully enclosed curtain wall along the
margin of the platform. Therefore, the overall structure can be considered a rectangular box.
Accordingly, the wind pressure coefficient was determined following ASCE 7 regulations,
as described in Section 2.2. The pressure coefficients were then applied to the external
nodes as area-averaged values based on nodal associate areas. The simulated fluctuating
wind load factor was then applied as the load factor time series in the model, as shown
in Section 2.3. The structural model was computed for the wind response for 5 s of wind
excitation with a time step of 0.001 s. Since the wind excitation was applied uniaxially
parallel to the PT walls, the displacement and acceleration in the other direction were not
analyzed in the following content. The peak story displacement and acceleration were
determined as the maximum absolute value that appeared in the time history results.

As shown in Figure 7a, the wind load pushed the structure to the positive direction
to a maximum of 0.22 mm. The maximum accelerations were calculated separately as
0.16 and 0.26 milli-g for the floor and roof. The displacement appears to experience a peak
at 1 to 1.5 s compared with that of the conventional wall structure, which indicates that the
identical wind load pattern was successfully applied to the structures. Meanwhile, though
the total height is less, the displacements of the PT platform structure were much larger
than the conventional CLT shear wall structure, while the peak acceleration was slightly
smaller. The result indicated that the lower overall stiffness of the PT platform structure
might cause higher displacement and lower acceleration, though the wind loads did not
significantly influence both structures.
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0.25 o B

Displacement (mm)
o
o o
— 6]
T T
\
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Figure 7. Cont.
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Figure 7. Calculated time history result for the PT wall platform structural model: (a) story displace-
ment; (b) story acceleration.

5. Model and Results for CLT Structure in Sequential Scenario

Based on the developed models of the conventional CLT wall structure and PT rocking
wall structure, further simulations of structures in sequential seismic-wind scenarios were
conducted. The scenarios were applied as a sequence of seismic excitations, the resting
of the structure, and then the equivalent fluctuating wind load. The scenario and loading
protocols are discussed in Section 3.

5.1. Three-Story Benchmark Structural Model
5.1.1. Wind-Only and Sequential Scenario Comparison

As a first step, in order to demonstrate the difference in the wind-only and sequential
seismic-wind scenarios regarding structural behavior, a three-story benchmark structure
with a conventional CLT shear wall structure was initially applied with the El Centro
seismic record of 0.5 g PGA, which was examined in the previous study [31]. After the
seismic event, the status of the structure was left in a resting phase with no external load
or acceleration to rest the vibrations. When the structure was fully rested, as discussed
in Section 3, 5 s of equivalent fluctuating wind load was applied, which was identical
to the wind-only scenario. During the analysis, the nodal displacement and acceleration
were recorded for the story displacement and acceleration, as in Section 4. The story
displacement of the structure during the wind load period is plotted in Figure 8.

Compared with Figure 6, the vibrating periods were significantly changed. The
amplitudes were also magnified. The change indicated that the structure’s stiffness had
been damaged in the seismic event. The peak story displacement and acceleration were
calculated based on the result history, as shown in Table 3. The peak story acceleration
and displacement were separately calculated for the magnification factor between the
scenarios with and without the main seismic event, with the same wind load. As shown in
Table 4. The peak story acceleration was separately magnified from 11.77 to 70.63 times.
The significant peak story acceleration may indicate that the structure was damaged such
that its natural frequencies changed in the seismic event. Despite this, the magnification
of peak story acceleration and peak story displacement illustrates that the seismic event
significantly impacts the structural performance under a wind load.
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Figure 8. Story displacement of the three-story building in the wind under a sequential hazard

scenario at the (a) roof, (b) second floor, and (c) first floor.

Table 3. Earthquake and wind intensity of the considered sequential scenarios.

Scenario Code Name

Earthquake Event

Wind-Load Factor

SLE
DBE
ORI
MCE
12MCE
EIC
DBE1.0
DBE1.1
DBE1.2
DBE1.5
DBE2.0

Northridge PGA=0.19 g
Northridge PGA = 0.54 g
Northridge PGA =0.55g
Northridge PGA =0.76 g
Northridge PGA =0.89 g
El Centro PGA=05¢g
Northridge PGA = 0.54 g
Northridge PGA =0.54 g
Northridge PGA =0.54 g
Northridge PGA =054 g
Northridge PGA = 0.54 g

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.1
1.2
1.5
2.0

Table 4. Comparison of structural responses in sequential and wind-only scenarios.

Performance 1st Floor 2nd Floor 3rd Floor
Category
Peak Story Sequential scenario (EIC) 11.42 16.07 121.50
Acceleration Wind-only scenario 0.97 0.61 1.72
(milli-g) Magnification times 11.77 2634 70.64
Peak Story Sequential scenario (EIC) ~ 2.25 x 107! 1.55 x 101 5.64 x 1071
Displacement Wind-only scenario 1.49 x 1073 1.90 x 1073 3.40 x 1074
(mm) Magnification times 150.80 81.73 1660.26
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5.1.2. Seismic Events with Different Intensity for the Three-Story Benchmark Model

In order to investigate the impact of seismic event intensity, the three-story structural
model was simulated for the wind response with a variety of main seismic intensities
(PGA =0.19 g to 0.89 g) with the same earthquake record. The scenario case name and
peak ground acceleration can be referred to in Section 3. The peak story acceleration and
displacement were calculated and listed in Table 5 for each scenario. The magnification did
not increase with the increase in peak ground acceleration. Firstly, since the magnification
factor was at least 52.55, the structure was deeply damaged by the intensity of the SLE
event and all other more intense events. Notably, the SLE referred to the serviceability
limit earthquake level of the PT platform, which might be more intense than the designed
earthquake level for a three-story conventional CLT wall structure. The damaged structure
has a series of changed natural periods, along with the complicated fluctuating wind,
which contains multiple frequencies. The structure response was, therefore, impacted as
a nonlinear pattern to the PGA. The results demonstrated that the chosen seismic events
would damage the target structure’s wind resistance.

Table 5. Wind-excited peak story acceleration and displacement of the 3-story conventional CLT
shear wall structure after different seismic events.

Peak Story Acceleration (milli-g) Peak Story Displacement (mm)

Scenarios
1st Floor 2nd Floor 3rd Floor 1stFloor 2nd Floor 3rd Floor
SLE 53.57 41.28 519.27 0.70 0.80 1.27
DBE 15.75 47.14 54.25 0.08 0.10 0.14
ORI 2411.08 121.50 366.92 0.65 0.64 1.24
MCE 422.74 86.75 404.11 0.97 0.72 0.94
12MCE 39.46 75.13 154.30 0.35 0.99 2.31

Modal analysis was conducted with the structural models after seismic events to
perform a more specific check of the damaged structure. The frequencies of the first
six primary vibration modes of each damaged structure are listed in Table 6. The nat-
ural frequencies were directly influenced by the overall stiffness and stiffness distribu-
tion after the damage in the seismic event, considering the structure’s mass was con-
sistent. Though not entirely linear, the magnified acceleration and displacement listed
in Table 5 can be positively correlated to the natural frequencies for each case. Pearson’s
correlation coefficient, #, between the peak story displacement and average frequency of
the first six modes was calculated as 0.32, while for the peak story acceleration, it was
calculated as 0.77. The coefficients indicated that the peak story displacement has a medium
correlation with the natural frequencies of the damaged structure, while the correlation
between the peak story acceleration and the natural frequencies was strong.

Table 6. Natural frequencies (Hz) of the primary modes of the damaged structure after each

seismic event.

Case
Model Number
SLE DBE ORI MCE 1.2MCE
Mode 1 3.294 3.329 5.180 3.349 3.884
Mode 2 4.017 4.014 6.429 4.330 5.000
Mode 3 5.127 4.869 6.895 4.859 6.193
Mode 4 5.591 5.395 9.636 5.782 6.625
Mode 5 6.720 6.248 10.141 6.058 7.224
Mode 6 6.893 7.396 11.692 6.903 8.467

https:/ /doi.org/10.3390/buildings16061213


https://doi.org/10.3390/buildings16061213

Buildings 2026, 16, 1213

18 of 27

The stronger correlation (e.g., r = 0.77) suggests that the cases with larger post-
earthquake stiffness reduction (reflected by a larger frequency drop) also tend to
exhibit larger wind-response amplification under the same wind excitation, consis-
tent with a damage-induced shift in dynamic characteristics. The weaker correlation
(e.g., r = 0.32) likely reflects the combined effects of nonlinear hysteresis and very small
wind-only baselines, so the correlation should be viewed as a descriptive indicator rather
than evidence of causality.

5.1.3. Wind Event with Different Wind Load Factor for the Three-Story Benchmark Model

When keeping the seismic event consistent with the DBE level, the impact of wind in-
tensity was investigated by applying an additional wind load factor to the fluctuating wind
load. The magnification was calculated by comparing the structural response under each
sequential scenario to that of the original wind-only scenario. The calculated magnification
of the peak story acceleration and the peak story displacement are listed in Table 7. Similar
to Section 5.1.2, the magnification appears to be nonlinear with the wind load factor. The
peak story acceleration and displacement magnification at the top story, respectively, have
Pearson’s coefficients of 0.018 and 0.32, indicating that the structure was nonlinear after the
seismic event. The peak story acceleration and displacement were not increased with the
increase in wind load. Considering that the damaged structure conditions were the same
in the different wind load intensities, the results illustrated that the structure experienced
nonlinear elasticity during the wind event. The damage caused by the seismic event had
reduced the elastic range of the structure such that it was unable to maintain linear elastic
behavior during the wind load.

Table 7. Wind-excited peak story acceleration and displacement of the 3-story conventional CLT
shear wall structure after DBE seismic event with different wind load intensities.

Peak Story Acceleration Peak Story Displacement
Wind Load Magnification Magnification
Factor
1st Floor 2nd Floor 3rd Floor 1st Floor 2nd Floor  3rd Floor
1.0 16.23 77.28 31.54 52.55 53.60 419.05
1.1 6.99 19.69 27.48 108.34 106.52 943.97
1.2 12.69 27.95 17.28 30.20 33.59 260.97
1.5 91.85 35.62 89.83 50.48 109.16 923.35
2.0 254.38 13.71 14.94 51.81 82.29 726.69

5.2. PT Platform Model
5.2.1. Result Comparison Between Wind-Only and Sequential Scenarios

Like the three-story conventional shear wall structural model, the PT wall platform
structure was first applied with the El Centro seismic record of 0.5 g PGA to show the
overall difference in the wind-only and sequential seismic-wind scenario in the structural
behavior. Noticeably, the natural period of the PT platform structure was three times
that of the three-story conventional structure. Therefore, the resting time was three times
that of the three-story structural model to ensure that the vibration did not continue in
the wind event. After resting, 5 s of the equivalent fluctuating wind load was identical
to the wind-only scenario and the conventional shear wall structural model. The story
displacement and acceleration time history in the wind event are plotted separately in
Figure 9a,b. The story displacement and acceleration were calculated based on the time
history nodal displacement and acceleration, as in Section 4.
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Figure 9. Time history results during the wind event: (a) story displacement and (b) story acceleration.

As shown in Figure 9, compared with the wind-only scenario result, the peak of
displacement and the sudden acceleration change were delayed for about 1 s. The delay
might be the reason for the structural damage caused during the seismic event. The peak
displacement and acceleration of the structure were calculated and are listed in Table 7.
After the El Centro seismic event, the peak story acceleration was magnified by 3.37 and
3.32 times. The peak story displacement was magnified by 4.67 and 4.51 times. The damage
to the PT platform structure during the seismic event caused an increase in the peak story
acceleration and peak story displacement.
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5.2.2. Seismic Events with Different Intensities for the PT Platform Model

When applied with the increasing peak ground acceleration of the same earthquake
record (Northridge), the peak acceleration and displacement magnification were calculated
and compared with the wind-only scenario, as listed in Table 8. Both the acceleration and
displacement were magnified, while the factor was relatively stable, which was not directly
related to the intensity of the seismic event. The phenomenon illustrates that the structure
was still linear even after the 1.2MCE seismic event. In the meantime, the different seismic
events left similar damage, while the structure damaged after the SLE seismic event might
have caused damage to the structure such that it changed to a natural frequency closer to
the equivalent fluctuating wind load.

Table 8. Peak story acceleration and displacement comparison between the sequential scenario and
the wind-only scenario.

Performance Category Scenario Floor Roof
Peak Story Acceleration \S/\?E:iggi; 85152 822
(milli-g) Magnification times 3.37 3.32
Peak Story Displacement ‘S/\?iude_zgla; 8Z§ (1);2
(mm) Magnification times 4.67 451
&

After each seismic event, modal analyses were conducted on the structural model to
check on the potential connection to the behavior of the structure. The resulting natural
frequencies of the six primary modes of the structural model with each seismic event are
listed in Figure 10. The natural periods of the first two modes of the structure in the SLE
scenario were different from those of other cases. Combined with Table 9, the differences
found in the natural period of support showed that the impact of the seismic event on the
performance of the damaged structure was not directly proportional to the event intensity.
The resulting natural period of the damaged structure also reflected the overall structural
performance in the following event. The difference in the resulting accelerations indicated
that some other differences exist that did not influence the primary vibration modes. The
seismic event that was not SLE might have caused the PT wall structural model to be
linearly elastic or perfectly plastic, resulting in the same stiffness distribution after the
different seismic events and the same natural periods for the primary vibration modes.

Table 9. Magnification of peak story acceleration and displacement of sequential scenarios with
different seismic intensities.

Peak Story Acceleration Peak Story Displacement
Magnification Magnification

Scenarios Floor Roof Floor Roof
SLE 4.1993 41227 3.7242 3.5771
DBE 3.4263 3.3802 4.6508 4.5036
ORI 3.3751 3.3207 4.6755 4.5191
MCE 3.3763 3.3218 4.4466 4.3839
1.2MCE 3.3757 3.3218 4.4503 4.3862
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Figure 10. Natural periods (s) of the example structure’s primary modes after the seismic event in

each scenario.

5.2.3. Wind Event with Different Wind Load Factor for the PT Platform Model

Like the three-story conventional CLT wall building structure, the PT wall platform
structural model was applied with the DBE seismic event and then separately applied

with 1.1 to 2.0 times the equivalent fluctuating wind load. The magnification of the peak

story acceleration and displacement was calculated compared with the results of the

original wind-only scenarios. The magnification of both the peak story acceleration and

peak story displacement was linear to the wind load factor, indicating that the structure

remained linear during the wind load after the seismic event. The calculated results are

listed in Figure 11.
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Figure 11. Peak story acceleration and displacement magnification of PT platform structural model
in sequential scenarios with different wind load factors.

5.3. Comparison Between the Conventional CLT Wall and PT CLT Wall

After the seismic event, the peak story displacement and acceleration were significantly
magnified for both structures. With the same seismic event, El Centro at PGA = 0.5 g, the
same wind profile, and an identical fluctuating wind load factor, the conventional CLT
structure model had 70.66 times the magnification in acceleration and 1440 times the
displacement, while the PT CLT wall structure performed better, with 3.37- and 4.61-times
magnification in peak story acceleration and displacement, respectively. The magnification
values of the peak story acceleration and displacement of the conventional CLT wall
structure were, respectively, 20.96- and 312.36-times that of the PT CLT wall structural
model. Though the height and different wind pressure distributions may cause different
wind loads, the conventional CLT structure’s performance was impacted by the earthquake
at a more severe level under the same scenario.

Although the displacement magnification appears extremely large, it should be in-
terpreted together with the absolute response level: the wind-only peak top-story dis-
placement is extremely small (3.40 x 10~* mm), whereas the post-earthquake sequential
peak reaches 5.64 x 107! mm, so the ratio is dominated by a very small denominator.
More importantly, the top-story peak acceleration increases markedly from 1.72 milli-g
(wind-only) to 121.50 milli-g (sequential), which is directly relevant to serviceabil-
ity /occupant comfort considerations. Mechanistically, seismic cycling degrades connection
stiffness and increases hysteretic nonlinearity (pinching), leading to reduced post-event
stiffness and shifted modal properties; this can increase susceptibility to dynamic amplifica-
tion under the applied fluctuating wind excitation. No PSD-based resonance or numerical
sensitivity study is performed here; thus, any resonance-like interpretation is qualitative
within the stated wind-load idealizations.

Though the structure was designed based on a different level of earthquake, the
difference in the performance indicated that the chosen conventional CLT shear wall
structure was damaged in the applied seismic excitations (from PGA = 0.18 g), which
reduced the linear elastic range of the structure. As shown in Table 9, for the PT wall
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structural model, the increase in peak ground acceleration generated similar peak story
acceleration and displacement during the sequential wind load. The results indicate
that the PT example structure maintained a comparatively near-linear condition after the
seismic event. In contrast, as shown in Table 5, the significant acceleration showed that the
conventional CLT wall structure might not be sufficient in the following wind event. For
both structures, the peak story acceleration was found to have a strong correlation with the
natural frequencies of the damaged structures rather than the seismic event intensity.

When applied with the same seismic event (DBE) and followed by increasing wind
load, the wind responses of the conventional CLT wall structure model once again il-
lustrated that the structure was demonstrating nonlinear responses. The PT CLT wall
structure provided a magnification of peak story acceleration and displacement linear to
the wind load factor, which indicated that the structure was limited to nonlinearity during
the wind event after the earthquake. The sequential seismic and wind event was illustrated
as hazardous for CLT wall structures, especially for the conventional CLT wall structure.
Compared with the conventional CLT wall structure, the PT CLT wall structure showed
much more reliable performance in the sequential seismic-wind multi-hazard scenario.

In engineering practice, conventional CLT shear wall systems are typically designed
following established building code provisions (e.g., ASCE 7 seismic demands with wood
shear wall detailing per SDPWS/AWC guidance), whereas PT rocking mass-timber wall
systems are still not largely implemented, and only through project-specific performance-
based procedures and emerging design guidance. Therefore, the comparatively stable post-
event wind response observed for the PT rocking wall in this study should be interpreted
as an indicative case-study outcome under the adopted modeling assumptions, rather than
as a generalized code-level claim.

From a resilience perspective, self-centering rocking systems are intended to limit
residual drift and concentrate damage in replaceable energy-dissipation components rather
than in primary wall panels/connections, which can potentially reduce post-event repair
scope and downtime. A quantitative maintenance/repair-cost model is beyond the scope
of this study; therefore, we provide this implication as a qualitative discussion and list
detailed repair-cost quantification as future work.

The analyses reported herein are deterministic case studies; statistical confidence
intervals are not provided because record-to-record variability and parameter uncertainty
are not sampled in the current scope. Accordingly, magnification factors and correlation
coefficients are reported as descriptive indicators to support mechanism discussion and
comparative assessment between systems, rather than as statistically converged metrics.

5.4. Limitations and Applicability

This study is presented as a deterministic demonstration framework to compare wind-
only and post-earthquake wind responses of CLT wall systems using previously calibrated
nonlinear wall models. The results should be interpreted within the following limitations.

The fluctuating wind action is represented by an equivalent load derived from simu-
lated wind-speed time histories and pressure coefficients. This approach does not explic-
itly model aeroelastic/structure-wind interaction or synchronized multi-point pressure
fields and their spatial correlations. In addition, due to software implementation con-
straints, a single-wind-load-factor time series is applied uniformly along height. A short
wind-duration segment is used to reduce computational cost; therefore, the reported
responses are intended for relative comparison under identical excitation rather than
long-duration storm statistics or exceedance-probability assessment.

The sequential scenarios consider a limited set of ground motions and primarily
uniaxial excitation; record-to-record variability (including near-fault pulse-like motions),
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bidirectional /vertical components, and a broader suite of archetypes are not covered.
Record-to-record variability is not addressed in this study; therefore, the findings should be
interpreted as case-study observations under the selected ground motions and modeling
assumptions. Extending the framework to larger suites of records/archetypes (with uncer-
tainty quantification) is a key direction for future work. The resting time between hazards
is selected to allow transient vibrations to decay (based on typical damping assumptions),
but this remains a modeling choice rather than an observed inter-event interval.

The structural models adopt idealizations such as rigid diaphragm behavior and sim-
plified representations of building envelopes for wind pressure application in the platform
example. Connection behavior is represented through calibrated hysteretic spring models;
however, detailed local failure modes and parameter uncertainty are not explicitly quan-
tified. No probabilistic fragility /reliability assessment or formal confidence intervals are
provided; the reported magnification factors and correlation trends are, therefore, descrip-
tive indicators for the examined cases. The present study does not compute explicit damage
indices, residual drift, or energy-based damage measures; therefore, “damage” is inferred
indirectly through changes in response demand and amplification under the sequential pro-
tocol. Accordingly, descriptions such as “linear elastic” should be interpreted as indicating
comparatively modest nonlinear demand in the examined cases, rather than as a definitive
performance-based damage-state classification. Nonstructural infill/partition participation
is not explicitly modeled. Such components may contribute to stiffness/damping under
service winds and may degrade after seismic excitation, potentially altering baseline wind
response and post-event amplification trends. The results should, therefore, be interpreted
for the modeled lateral wall systems within the stated assumptions.

Within these assumptions, the framework is most suitable for screening-level and
comparative evaluations of how seismic damage may amplify subsequent wind-induced
demands and for contrasting the post-event wind response of conventional and PT rocking
CLT wall systems. Future work will extend the framework to longer wind records, spatially
correlated wind loading, larger suites of ground motions and archetypes, and uncertainty
quantification to enable probabilistic multi-hazard performance evaluation.

6. Conclusions

This paper numerically examined the dynamic response of both a conventional CLT
shear wall structure and a PT CLT wall structure subjected to wind-only and sequential
seismic-wind scenarios with nonlinear finite element time history analysis. An equivalent
fluctuating wind load was first generated by considering the ASCE wind average speed,
ESDU wind profile, wind pressure coefficient, and fluctuation from the NatHaz Online
Wind Simulator. The fluctuating wind load was first examined with the SOM benchmark
structural model by comparing its peak responses with reference test results. The sequential
seismic-wind load was applied to the structures in the order of seismic event, resting, and
the equivalent fluctuating wind load. Both the conventional and the PT CLT wall structure
models developed from the authors’ previous work were applied with sequential scenarios.
The structural responses during the wind load, primarily the story displacement and
acceleration, were compared between the wind-only and sequential scenarios to assess
the damage and changes in the structures. A series of seismic events with increasing peak
ground acceleration and a series of increasing wind load factors were separately applied to
both models to assess the impact of seismic intensity and wind intensity on the structure’s
behavior in sequential seismic-wind hazard scenarios. The main results and conclusions
were discussed as follows.
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With the generated fluctuating wind load, the SOM benchmark structure model had
an average 13.57% difference in peak story displacement compared to the down-
scale wind tunnel test reference value. The maximum displacement at 30 stories was
21.73% underestimated by the model. The peak story acceleration was calculated as
7.81 milli-g, which was also close to the reference value (10 milli-g). The result indi-
cated that the method of generating fluctuating wind load could provide a reasonable
equivalent to the detailed wind analysis for dynamic structure response and can,
therefore, be used as a practical tool for preliminary wind response assessment of CLT
structures when detailed wind tunnel data are unavailable.

In comparing the sequential and wind-only scenarios, the conventional CLT structure
model had 70.66-times magnification in peak story acceleration and 1440 times in peak
story displacement. The simulation results indicated that the linear elastic range of
the conventional CLT structure after seismic events was reduced, providing nonlinear
wind responses with increasing PGAs and wind load factors. The magnification
factors should be interpreted together with the absolute response levels. Because the
wind-only baseline displacements are extremely small in the examined case, relatively
modest absolute increases after the earthquake can yield very large ratios; thus,
the ratios are used here as comparative indicators of damage-induced amplification
under identical wind excitation. For the damaged structure after earthquake events,
the magnification of the displacement and acceleration was found to have medium
(r = 0.32) and strong (r = 0.77) positive correlations with the natural frequencies.
These results indicate that post-earthquake wind serviceability should be explicitly
evaluated for conventional CLT shear wall structures, as seismic damage can increase
wind-induced response even under serviceability-level wind loading.

The magnifications in peak story acceleration and displacement of the PT CLT wall
structure were calculated as 3.37 and 4.61 times, respectively, by comparing the wind-
only scenario and the initial sequential scenario with the seismic event of the El
Centro record. Since the magnification of acceleration and displacement was similar
among the cases with different PGAs, the PT CLT wall structure remained limited
to nonlinearity or a perfect plastic state after the seismic event during the wind load
for scenarios with PGAs larger than the SLE case. This behavior suggests that the
self-centering rocking behavior of PT CLT wall systems is effective in maintaining post-
earthquake wind performance and is recommended for structures where post-event
functionality and serviceability are critical.

As the wind responses magnified after the earthquake, the conventional CLT wall
structure and the PT CLT wall structure were both damaged during the seismic event.
For the EIC case, the magnifications of peak story acceleration and displacement
of the conventional CLT wall structure were separately 20.96 and 312.36 times that
of the PT CLT wall structure model. With the increasing seismic event intensity
and wind load factor, the PT CLT wall structure provided responses linear to the
intensity, while the conventional CLT wall structure demonstrated nonlinear behavior
(r = 0.018 for acceleration and 0.318 for displacement to wind load factor). These
differences demonstrate that PT CLT wall structures provide superior resilience in
sequential seismic-wind scenarios due to their higher ductility and displacement
capacity and should be considered a preferred design strategy for CLT buildings in
regions subjected to combined seismic and wind hazards.

This paper demonstrated that the structural responses of conventional CLT wall

structures under sequential scenarios need to be assessed for structure resilience assessment,
particularly with respect to post-earthquake wind serviceability. Meanwhile, the PT wall
structure was more ductile, as the wind responses were in a safe range after the seismic
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event, indicating its suitability for resilience-based design of CLT buildings. Based on the
developed model and system, detailed fragility and reliability analysis of CLT structures in
sequential seismic-wind multi-hazard scenarios can be conducted with more archetypes as
the next stage.
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