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Abstract. Low-rise buildings are highly susceptible to wind action due to the development of high suction
pressures on their roofs, which result from vortices generated near the roof’s corners and edges. To mitigate
wind loads on the roof structure, acrodynamic appendages may be incorporated into the building design.
Previous work (Bianchin and Braun [1]) has shown that rigid spoilers can effectively reduce aerodynamic
loading on the roofs of low-rise buildings. However, the feasibility of this load mitigation method depends on
the spoiler dynamic stability and the strain/stress levels developed in the spoiler material. In this context, a fluid-
structure interaction (FSI) model is proposed to numerically investigate the aeroelastic behavior and stress states
induced by wind on aerodynamic appendages that are intended for future use in low-rise buildings to attenuate
aerodynamic loading on roofs. In the present model, spoilers are considered elastic structures constituted of
linear elastic material with geometrically nonlinear effects. Results obtained here are compared with previous
predictions using rigid spoilers. This study demonstrates the feasibility of using aerodynamic appendages for
wind load attenuation in buildings, provided that they are not subject to excessive loading or aeroelastic
phenomena.

Keywords: computational wind engineering (CWE), fluid-structure interaction (FSI), spoilers, aeroelasticity,
nonlinear structures.

1 Introduction

Low-rise building roofs are known to be susceptible to the wind action due to strong pressure loads
developed over the roof surfaces, which are induced by flow separation occurring at roof sharp edges, such as
eaves and ridges, especially under extreme climate events. It is also well known that the failure mechanism of
structural and covering elements localized in the roof are intimately related to load resultants obtained from the
combination of inner and outer pressure conditions, where wall openings play a major role. Among several
pressure mitigation devices available, spoilers can be utilized along the roof lateral edges to suppress the
formation of large vortices in that region (Li et al. [2]). The aerodynamic appendices can also be designed to
reduce the wind loading on low-rise building roofs, which may be automatically adjusted according to
instantaneous flow conditions. However, the feasibility of this load mitigation method depends on the spoiler
dynamic stability and the strain/stress levels developed in the spoiler material.

In this sense, a fluid-structure interaction (FSI) model is proposed to numerically investigate the aeroelastic
behavior and stress states induced by wind on aerodynamic appendages that are intended for future use in low-
rise buildings to attenuate aerodynamic loading on roofs. In the present model, spoilers are considered elastic
structures constituted of linear elastic material with geometrically nonlinear effects. The Finite Element Method
(FEM) is adopted for spatial discretization using triangular shell elements (GPL_T9). The dynamic equilibrium
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equation is integrated over time using the implicit Newmark algorithm and the a-generalized method. The
system of flow equations consists of the Navier-Stokes equations and the mass conservation equation for
incompressible and isothermal flows, while Large Eddy Simulation (LES) is employed for turbulence modeling
using a dynamic sub-grid approach. The numerical formulation for flow analysis is based on a semi-implicit
Characteristic-Based Split (CBS) model within the Finite Element Method framework, where linear tetrahedra
are used for spatial discretization. Fluid-structure coupling is achieved using a partitioned model, incorporating
an arbitrary lagrangean-eulerian (ALE) formulation for flow kinematics and a numerical scheme for mesh
motion. Subcycling and techniques for transferring data across the fluid-structure interfaces are employed. The
numerical formulation proposed here is validated using three-dimensional simulations based on wind tunnel tests
referring to a typical low-rise building model.

2 Formulation

2.1 Flow equations

Some physical assumptions concerning the fluid flow modeling adopted here are initially presented (see,
for instance, Braun and Awruch [3]): natural wind streams are considered to be within the incompressible and
turbulent flow range; wind is constantly flowing with a constant temperature (isothermal process); gravity forces
are neglected in the flow field; air is considered mechanically as a Newtonian fluid.

Consequently, the flow fundamental equations are reduced to the well-known Navier-Stokes and continuity
equations, which are written here using an ALE kinematical description to consider the presence of moving
bodies immersed in the flow field, while the flow turbulence is resolved using LES and Smagorinsky subgrid-
scale modeling (Smagorinsky [4]; Germano et al. [5]; Lilly [6]) as follows:
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In order to solve the flow problem, initial conditions on the flow variables v; and p must be specified. In
addition, appropriate boundary conditions must also be defined on F;“ , which may be expressed as:
v, = w, (i =1,2,3) on '™, v, =7, (i =1,2,3) onI",

_ - - ” 2
p=7p on P, on; = [—p@j + Tij}nj =t =1 (4,7 = 1,2,3) on 7.

where 1"{51 (boundary representing the fluid-structure interface), I'V (boundary with prescribed velocity v;), I'P
(boundary with prescribed pressure p) and I' (boundary with prescribed traction t_i) are complementary
subsets of I‘tTf , such that Fgf = F{Si UV U Ul In Eq. (2), n; are components of the unit normal vector
n evaluated at a point on boundary I'? . Notice that w;= 0 is considered for points outside the ALE domain.

2.2 Flow numerical model

The Characteristic-based Split (CBS) scheme is formulated considering a coordinate shift along the flow
characteristic directions to remove the advective term from the flow fundamental equations, which permits the
use of standard Galerkin procedures in finite element spatial discretizations without the emergence of numerical
instabilities. Mesh updating is avoided by using Taylor series approximations in the spatial domain and a split
operation is utilized following a numerical procedure. The split operation enables the use of arbitrary
interpolation functions for both the pressure and velocity fields and enhances pressure stability. Additional
information on the CBS scheme may be found in Zienkiewicz et al. [7] and Nithiarasu et al. [8]. The standard
Galerkin procedure is adopted here for spatial discretization of the flow equations after a temporal discretization
operation is accomplished using the CBS scheme, where linear tetrahedral elements are utilized for both the
velocity and pressure fields. Viscous and stabilizing terms are integrated by parts in steps 1 and 3, while the
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pressure Laplacian is integrated by parts in step 2, leading to boundary terms. A system of linear algebraic
equations is then obtained for the discretized flow equations, which are expressed in matrix form as:
Step 1: intermediate velocity

A
V. =v' —M;'At|{(A+ D)y, —Ttsv —f, (i = 1,2,3). 3)
Step 2: pressure calculation
n P T .
Hp' ™ = A—th v, (i =1,2,3). )
Step 3: velocity correction
A A
Vit =y, M;l—t Gp't + —t(sp ) p" (i =1,2,3). (5)
P 2 '

where v; and w; are the flow and mesh velocity vectors evaluated at nodal level, p is the pressure nodal vector
and My is the discrete mass matrix, which is obtained from the consistent mass matrix M. A global time
increment At is defined considering instantaneous flow conditions observed at element level (see Nithiarasu et
al. [8]).

2.3 Algorithm for mesh movement

In FSI (Fluid-Structure Interaction) problems, the displacements or deformations of the structure can be
considered in the fluid formulation through an Arbitrary Lagrangian-Eulerian (ALE) description. In this
approach, the mesh in the ALE region must move according to a law that defines the mesh velocity field w; in
such a way that all elements maintain their integrity. Thus, a mesh movement scheme proposed by Teixeira [9]
and adopted by Braun [10] is employed, in which the components of the mesh velocity vector are obtained as
follows:

Ns
J
PRI
j=1
Ns
Z @y
j=1

wy, = (k = 11 27 3) (6)

where Ns is the number of mesh points located on the boundaries of the ALE domain, and a; are the

influence coefficients defined between mesh points i and j, where i refers to internal mesh points that are allowed
to move, and j refers to mesh points on the boundary of the ALE domain, where w;=0. The influence

coefficients a,;are obtained by a; = (dl.j )%, with dl.j defining the Euclidean distance between mesh points i

and j, and » is a user-defined parameter chosen according to the amplitude of the displacements of the immersed
body, in order to avoid excessive mesh distortion. Typical values lie in range 1<n<4.

2.4 Structure equations

The GPL-T9 finite element is used in this work to discretize the structure domain. First introduced by
Zhang et al. [11] and later adopted by Teixeira [9], this element has proven to be both fast and accurate. The

version employed here includes the in-plane drilling rotation ©,, of the midsurface, which prevents singularities

in the stiffness matrix for coplanar elements and improves the numerical accuracy of the membrane variables.
Each element has three nodes with six degrees of freedom per node (three displacement components and three
rotational components). The total stiffness matrix is obtained by superimposing the membrane and bending

stiffness matrices (Teixeira [9]). Further details of the formulation can be found in Zhang et al. [11].
The governing system of equations must account for geometric non-linearity and include inertia and
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damping effects. Linearizing the dynamic equilibrium equation with the Newton—Raphson method yields the
following global expression:

Mﬁt+At T Cl'lt+At + KH—At,iAu _ RH—At _ FH—AM (7)

where M is the consistent mass matrix, built with linear shape functions equal for all translational degrees of
freedom, C is the Rayleigh damping matrix, K% is the tangent stiffness matrix at time 7 + A¢ and iteration i,
comprising the linear and non-linear stiffness contributions, R is the external force vector at time ¢ + Az, F**%
is the internal force vector at time ¢ + At and iteration #, while i, 1 and Au are the nodal acceleration, velocity
and displacement increment, respectively.

For the nonlinear dynamic analysis, the generalized-o method is adopted (see Braun [9] for additional
information).

2.5 Algorithm for fluid—structure interaction analysis

In this work, a partitioned coupling scheme is adopted, in which the fluid flow and structural equations are
solved independently and sequentially. Time integration is performed using a subcycling technique. For each
time step taken by the structure, from ¢ to ¢, ., the fluid is analyzed multiple times according to the subcycling

factor:
At
e = %tF ®)

that is, the number of subcycles. As a result, the number of structural analyses is reduced, which in turn
decreases the amount of data transfer across the fluid—structure interface. Once the specified number of
subcycles is completed, the fluid solver provides the loads acting on the structure at the interface. The structure
is then analyzed, supplying the fluid solver with the velocity field on the interface as boundary conditions for the
next set of fluid subcycles.

+1°

3 Numerical examples

The numerical examples developed in this section are based on codes implemented in Fortran90, which
were previously verified and validated in earlier studies for the fluid domain (Bianchin and Braun [1]) and for
fluid-structure interaction (Bianchin and Braun [12]). Building on this foundation, the present study revisits the
simulations presented by Bianchin and Braun [1], in which the action of spoilers—modeled as rigid bodies—was
simulated to mitigate roof pressures on low-rise buildings. In that work, 28 tests were conducted considering a
fixed spoiler to investigate the device’s and to determine the optimal angle for maximum load mitigation under a
specific wind incidence. Subsequently, a control law was implemented, allowing the device to rotate around its
axis of rotation to the most effective aerodynamic position based on data collected by sensors located on the
building's roof. Two- and three-dimensional simulations were performed to demonstrate that the mere
attachment of the appendage already offers protection against strong wind gusts; however, when combined with
control strategies and embedded technology, the system can provide even more favorable conditions for
structural safety.

Thus, the development of this study begins with a two-dimensional fluid-structure interaction analysis (one
element through the thickness), considering the same flow conditions, geometries, and meshes employed in
previous works, incorporating spoilers modeled both as rigid bodies (non-deformable) and as deformable bodies
with linear elastic material behavior. The finite element mesh used for the flow analysis consisted of 109,755
linear tetrahedral elements and 37,802 nodes, arranged in an unstructured manner. The physical properties of the
flow are: density p = 1.2249 kg/m?, dynamic viscosity u = 3.28 x 10~ Ns/m?, characteristic velocity ¥ = 30.0
m/s, characteristic length H = 1.25 m, Reynolds number Re = 1.4 x 10°, Smagorinsky constant Cs = 0.1, and time
step At =1 x 10 s. Figure 1 presents the computational domain, geometry, and boundary conditions adopted
here. The structure mesh was generated using triangular shell elements (50 elements and 52 nodes), positioned
along the mid-thickness of the device and fully compatible with the fluid mesh. The structural properties, as
defined in Gan et al. [13], are: density p. = 192 kg/m?, Young’s modulus £ =9.76 x 10° N/m?, Poisson’s ratio v =
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0.38, and the number of subcycles set to 10.
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Figure 1. Geometric characteristics and boundary conditions

According to the descriptions above, two simulations under a 0° wind direction are analyzed in this section.
In order to obtain consistent results, the flow field is first allowed to fully develop, with the spoilers considered
as rigid and stationary. After 40 seconds, the structure is released to vibrate. To highlight the influence of spoiler
vibration on the pressure field, the time histories of the vertical displacements at the spoiler’s free end (Fig. 2a),
the uplift force coefficient on the spoiler (Fig. 2b), and the uplift force coefficient on the windward roof of the
building (Fig. 3) are presented.
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Figure 2. Time histories of structural response and upflit force on the spoiler

It is observed that the flexible spoiler (black line), which incorporates aeroelastic effects and exhibits lower
structural stiffness, presents a higher vibration frequency and a lower displacement amplitude when compared to
the non-deformable spoiler (Fig. 2a). On the other hand, the uplift coefficient is higher in the case of the flexible
spoiler (Fig. 2b). This condition may indicate an underestimation of the forces acting on the device itself when it
is considered non-deformable and highly rigid. Such a simplification can led to the neglect of relevant aeroelastic
effects, which directly influence both the dynamic performance of the spoiler and the pressure distribution on the
building roof. The uplift force coefficients obtained on the windward edge of the roof (Fig. 3), however,
maintain similar amplitudes in both simulations, demonstrating the consistency of the numerical models and the
effectiveness of both configurations in mitigating aerodynamic pressure effects.

Figures 4a, 4b, and 4c show the pressure fields obtained at 60 seconds of simulation, considering,
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respectively, the building without a spoiler, with a non-deformable spoiler, and with a flexible spoiler. The
qualitative results confirm the expected behavior: the effectiveness of the spoilers in deflecting vortices away
from the building roof, indicating the feasibility of their use as an aerodynamically efficient and safe system.
Additionally, Figure 4c highlights the presence of high pressure acting on the flexible spoiler, with the resulting
deformation effects shown in Figure 4d. From these visualizations, it can be observed that the aeroelastic effects
lead to a reduced oscillatory motion of the device, which tends to adopt a parabolic shape as a result of its lower
structural stiffness. In both scenarios, the spoilers effectively deflect the roof-edge vortices, altering the flow
pattern in the region of the roof most susceptible to high suction pressures.
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Figure 3. Uplift force coefficient on the windward roof
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Figure 4. Pressure field in 60s for: (a) spoiler-free building; (b) building with non-deformable spoiler; (c)
building with flexible spoiler, and (d) deformations of the flexible spoiler

4 Conclusions

Two-dimensional fluid-structure interaction (FSI) simulations were conducted to analyze how the
aeroelastic and rigid behaviors of spoilers influence wind pressure on buildings. The results indicate that the
force acting on the spoiler is significantly increased when the aeroelastic effects are considered. In addition, it is
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observed that the vertical displacements obtained at the spoiler’s free with the aerolastic model presents a higher
averaged displacement, although presenting smaller amplitudes, when compared with the predictions obtained
with the non-deformable model. On the other hand, the load on the roof remains practically the same when the
spoiler is modeled using the aeroelastic and rigid body approaches.

Wind tunnel testing methods and CFD approaches recommended by most current design codes are
generally based on rigid structural models. However, as demonstrated by the numerical results of Gan et al. [13],
these methods may underestimate the actual negative wind pressure in buildings equipped with spoilers. For a
more accurate assessment of wind loads, especially in the presence of spoilers, it is essential to consider
aeroelastic effects through FSI simulations and dedicated aeroelastic experiments. During the spoiler design
process, it is recommended to increase its structural stiffness whenever possible to allow for more appropriate
rotation and to minimize displacements at the center of the device.

Finally, three-dimensional simulations are recommended to better understand the aeroelastic effects along
the width of the spoiler and their consequences for the roof.
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