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Abstract

Performing precise aeroelastic analysis of tall buildings using computational fluid dynamics (CFD) and fluid-structure
interaction (FSI) simulations requires structural models that accurately capture the prototype's dynamic characteristics.
Traditional lattice-frame (SM) models are not ideal for direct CFD coupling because they do not provide a continuous
representation of stiffness and mass. This study introduces a systematic framework for converting skeletal models into
Equivalent Solid Models (ESMs) to facilitate Large-Eddy-Simulation (LES)-based CFD-FSI analyses. Orthotropic
elastic parameters are calculated using Timoshenko beam theory. The benchmark CAARC building (45 m x 30 m %
180 m) is used to demonstrate the developed SM—ESM conversion framework. The ESM produced similar natural
frequencies and achieved MAC > 0.9 for all modes, confirming the preservation of stiffness anisotropy and torsional
coupling. This validated framework establishes a foundation for future LES-based aeroelastic and flexible-structure
research.
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1. INTRODUCTION

Understanding ~ wind-structure  interaction is fundamental in wind engineering.
Wind-tunnel studies have historically offered significant insights into aerodynamics and structural
vibration, establishing the fundamental principles of design practice (Hou et al., 2023). Recent
advances in Computational Wind Engineering (CWE) now enable comprehensive Large-Eddy
Simulation (LES)-based aeroelastic analyses that complement, rather than replace, physical testing
(Melaku & Bitsuamlak, 2024). Reliable FSI simulations require precise modeling of a structure's
mass, stiffness, and damping. Frame-based structural models (LMs) generated by structural
analysis software are not directly compatible with CFD solvers, which require a continuous,
continuum representation. Improper conversion processes can lead to distortions in dynamic
characteristics, including directional stiffness, torsional coupling, and mode shape hierarchies
(Firouzbakhsh et al., 2024). Recent research has scrutinized simplified isotropic stiffness models;
however, these frequently neglect the anisotropic properties inherent in tall buildings (Hussin,
2024; YAN et al., 2025). Building upon advances in structural dynamics and computational fluid
dynamics (CFD) aeroelasticity, this study introduces a systematic methodology for transforming
skeletal models into Equivalent Solid Models (ESMs). The proposed approach integrates structural
and aerodynamic modeling to enable high-accuracy Large Eddy Simulation (LES)-based Fluid-
Structure Interaction (FSI) studies, using the CAARC benchmark to demonstrate that calibrated
orthotropic materials can accurately replicate modal behavior. This effort aims to unify
experimental, analytical, and computational techniques to advance wind engineering research.
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2. METHODOLOGY

The dynamics of tall buildings involve bending, shear, and torsion, which are crucial for converting
lattice models into solid ones. Dynamic equivalence ensures the ESM matches natural frequencies,
directional stiffness, and modal interactions. The equivalent stiffness for LM-ESM calibration,
based on Timoshenko beam theory, accounts for bending and shear in a uniform beam of height

H, with transverse displacement w(X, t)and rotation ¢p(x,t). The coupled governing equation is
given below in Eq.(1) (Rao, 2006) .

pA W = %[KAG (@-w")]; and pl ¢ = (El @") ' + KAG (W' - @) 1)

Assume harmonic motion (Rao, 2006)(Sharpe & Bentley, 1977), w(x,t) = W(x)e(®t and ¢(x,t)
= ®(x)elo and the harmonic motions follow the sinusoidal shapes(Rao, 2006; Timoshenko,
1985), W=W, sin(kx) and ®=®, cos(kx) we get,

pAplw*- [pAEIK? + kAGpIk*+pAKAG] w? +kAGEIK* =0 ()

For a Slender/tall building/beam, the Fundamental frequency (mode-1, mode-2) is very low, so the
contribution of pl (rotary inertia) is very low. So, we can ignore the pl-term from Eq. (2) (Rao,
2006). Furthermore, finally, we get Eq.(3).

2 _ELy K

T pA [(1 + (EI/(KAG)) kz)]
Buva
= :)a_; " a+ (EI/((L)\G)) Ery2) ] )
where, k,=B./L for a cantilever beam as B,: coshp cosp + 1 = 0 (Rao, 2006; Timoshenko, 1985).
The bending stiffness factor, k = pii < (units?); And, E= w (4)
and the shear parameter, q :ﬁ (dimensionless); And, G _KAE:]IHZ (5)
So, the final equation for the circular frequency is, wn® = T f‘%g_q (6)

For two-mode swaying in the same direction, we can evaluate the q formula. Suppose for modes
1 and 2 in the same direction, we will get,

4,2 04, .2
Biwj_iji

R R )
_ ola+plg) _ofa+6fa) (8
K= B4 - B4
1 ]
The first torsion frequency for a fixed-free bar is defined as (Rao, 2006), ooe:% % )
2
Rearranging Eq.(9) for shear modulus, G=%*w92*p'TIp (10)
1 h h* . .
where, ]zbh3(§—0.2 1;(1—12 > -)) is the torsion constant.

MAC quantifies the correlation between two mode shapes, helping us determine whether they
exhibit the same vibration pattern (Gentile & Saisi, 2007; Pastor et al., 2012), which is defined by
the Eq.(11).
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Where, ¢;and ;, are the mode shape vectors from the lattice model (LM) and the equivalent solid
model (ESM), with MAC values ranging from 0 to 1 (Gentile & Saisi, 2007).

MAC (&, %)) =

Extracting modal data from the ETABS lattice model enables the determination of natural
frequencies, mode shapes, and effective mass. We then calibrate the equivalent orthotropic material
using Eq. (4)-(10) to match these modal frequencies. Next, a solid model is generated in CFD
using this calibrated material. Finally, we verify modal results via frequency and MAC
comparisons with Eq. (11), ensuring model accuracy. It is noted that no external damping is added
to the structures, as damping does not affect modal frequencies.

3. RESULTS

The CAARC tall building (45 % 30 x 180 m) is modeled as a 40-story reinforced concrete frame
with an interstory height of 4.5 m, beams of 0.8 x 0.4 m, and columns of 0.8 x 0.8 m. The solid
model replicates the envelope and uses a tetrahedral mesh. Calibrated orthotropic material
properties are shown in Table [ and the natural frequency comparison in
Table 2.

Table 1: Calibrated orthotropic material properties for CAARC ESM
Parameters E, E, E; G2 G Gis
MPa 174 332 332 3.61 2.47 2.44

Table 2: Comparison of SM and ESM modal parameters

Mode Number fom fesm MAC
1 0.131 0.123 0.9995
2 0.135 0.136 0.9998
3 0.164 0.164 0.9984

MAC

SM mode

1 2 3
ESM mode

Figure 1: MAC plot for the CAARC building showing high correlation

4. DISCUSSION

The workflow links structural dynamics modeling to CFD without manual tuning. The first three
modes of the Equivalent Solid Model closely match those of the skeletal model, with MAC values
over 0.9 (Figure 1), indicating excellent modal correlation and accuracy. This confirms the
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framework’s precision, efficiency, and robustness in maintaining modal identity and stiffness
anisotropy. Removing trial-and-error tuning shortens setup time for LES-based FSI simulations

and ensures consistent structural modeling across platforms. While only the CAARC case is
shown, future studies on aspect ratio and damping calibration will be detailed in an upcoming
journal article. It is also notable that the study only focuses on structural conversion, with no LES-
based simulation.

5. CONCLUSIONS

A systematic and dynamically consistent SM-ESM conversion framework has been developed for
the aeroelastic analysis of flexible tall buildings. By calibrating orthotropic materials, the
Equivalent Solid Model accurately reproduces the modal characteristics of the skeletal model, with
frequencies and MAC values that closely align. This validated framework seamlessly integrates
with LES-based CFD solvers, forming a unified platform for high-fidelity FSI simulations and
advancing future morphing structures. Ongoing research is extending this methodology to include
aspect-ratio parametric studies and wind-induced morphing systems, with the goal of enhancing
aerodynamic performance prediction.
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