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ABSTRACT
This paper presents a numerical fluid-structure interaction (FSI) study of windinduced vibration of the CAARC standard tall building model. The FSI methodology is a
two-way loosely coupled one, consisting of three key modules: Computational Fluid
Dynamics (CFD), Computational Structural Dynamics (CSD), and a communication and
data-handling module. The turbulent flow is simulated by delayed detached-eddy
simulation (DDES), a hybrid RANS/LES method suitable for massively separated flows
but with less computational cost than large eddy simulation (LES). The DDES
formulation is stabilized using a variational multi-scale (VMS) finite element method.
The displacements of the building obtained from the CSD module are handled by the
CFD module using an Arbitrary Lagrangian-Eulerian (ALE) formulation. The CSD
module determines the nonlinear dynamic response of the building to the unsteady fluid
flow loading predicted by the CFD analysis. Finally, due to the non-matching finite
element grids used for fluid and structure modeling, an efficient communication module
is designed for load and displacement transfer between the CFD and CSD modules.
1. INTRODUCTION
High-rise buildings are typically considered as beam-like slender structures, whose
dynamic motions are sensitive to wind loads due to their intrinsic structural
characteristics such as being lightweight and having small damping. The wind-induced
vibrations are of great importance to both structural safety and occupant comfort.
According to several full-scale measurements and personal experience reports
reviewed by Kwok et al. (2009), over the threshold of acceleration of motion, the
occupants are even able to feel the wind-induced dynamic motions of tall buildings. In
general, the wind effects can be decomposed into two aspects: one is the static wind
effect that interprets the time-averaged wind loads over a long time period, and the
other is the dynamic wind effect representing instantaneous wind loads. The latter is
more significant as the unsteady wind-structure interaction mechanisms could cause
large amplified motions as a consequence of vortex-induced vibration, buffeting or
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other mechanisms.
However, due to the complexity of these forcing mechanisms, wind-induced
vibration of tall buildings cannot simply be predicted by the building codes. Thus this
problem is usually studied through boundary layer wind tunnel tests and/or highresolution numerical simulations. Melbourne (1980) compared the measurements of
wind pressure and response of the CAARC standard tall building model from several
wind tunnel tests. These aeroelastic wind tunnel tests adopted linear mode models that
could pivot around the base axes. The base overturning moment was measured and
then converted to the tip response of building through static calibration. It showed that
the difference of tip displacement as a function of reduced velocity between these tests
was within ±15%. Another aeroelastic study of the CAARC building was presented by
Tanaka and Lawen (1986). In their study, a small elastic model with length scale of
1:1000 was employed. The model was a rigid box made of light balsa wood with a leaf
spring installed at the base, therefore only the linear mode shape was considered.
Their results of tip displacement proved that the model with very small scale did not
have a significant difference with the ones with larger scales. Ishizaki and Nishimura
(1992) conducted a wind tunnel experiment of a flexible building model made of soft
silicone. According to the results, they concluded that the main cause of wind-induced
vibration is vortex shedding. In 1997, Yoshie et al. built three multi-degrees-of-freedom
(MDOF) super high-rise building models with varying rectangular sections. They firmly
believed that the single-degree-of-freedom (SDOF) model couldn’t simulate torsional
and high-order mode vibrations, both of which are needed in estimating the dynamic
behavior. The dynamic deformations were calculated from the measured data of
column strains and it was found that MDOF and SDOF tall building models responded
differently when the wind direction was normal to the longer side of the lateral section.
Thepmongkorn et al. (1999) proposed an alternative aeroelastic modeling technique
named two-degree-of-freedom base hinged aeroelastic (BHA) model, which possessed
all the advantages of the conventional "stick" model, but in addition had the ability to
model coupled translational-torsional motions.
In numerical simulations, the wind-induced vibration can be analyzed though fluidstructure interaction (FSI) coupling computational fluid dynamics (CFD) and
computational structural dynamics (CSD) codes. The building structure is modeled by
three-dimensional frame elements or solid brick elements, and is fully elastic without
the limitation of considering only linear modes. Higher-order mode shapes and coupled
translational-rotational motions can be automatically considered in the computation. In
addition, it provides richer details of fluid and structure than experiments. Tamura and
Ono (2003) studied the aeroelastic instability of prismatic structures in smooth and
turbulent flows by large eddy simulation (LES). It was recognized that oncoming
turbulence had little effect on the aeroelastic behavior of a prismatic cylinder. Moreover,
they suggested that LES could be utilized to simulate wind characteristics in the
atmospheric boundary layer. Another LES study of crosswind vibration of a square
cylinder was conducted by Kataoka (2008). Two different approaches, wind-force
computation and aeroelastic computation, were employed and compared. In the windforce computation, the unsteady aerodynamic forces obtained from LES on the static
model were transformed into a power spectrum density, through which the r.m.s. of
displacement was predicted in the way of spectral modal response methods. The

results are, however, only valid when the motion is too small to influence the
aerodynamic forces. By contrast, an aeroelastic computation would not suffer from this
limitation because the motion-induced aerodynamic forces are always considered. A
more recent fluid-structure interaction simulation of the CAARC building was presented
by Braun and Awruch (2009). Higher-order mode shapes and complex translationalalong motions were all considered. A partitioned coupling scheme was adopted for
fluid-structure interaction analysis, with the building modeled by eight-node hexahedral
element and the flow simulated by LES. The lock-in phenomenon and damping effects
were discussed in their study. The results showed that the along-wind structural
responses were in better agreement with the experiment than the crosswind direction.
One drawback of LES is its high computational cost in the boundary layers over
walls, which are predominant in wind engineering applications. Hybrid RANS and LES
methods are alternative tools for simulating massively separated flows at high Reynolds
numbers. The main principle is to maintain RANS inside the boundary layers and LES
outside, so that the grids near the walls can be dramatically coarsened. Detached-eddy
simulation (DES) is a popular hybrid RANS/LES method, first proposed by Spalart and
co-workers in 1997. The formulation of DES was initially derived from the SpalartAllmaras turbulence model equation, and also found applicable to Menter’s shear
stress transport (SST) turbulence model (Travin et al. 2000). One main issue
confronting DES is termed modeled-stress depletion (MSD), in which LES could be
triggered inside the boundary layer but on grids insufficient to resolve the Reynolds
stresses. As a result, the depleted Reynolds stress will reduce the skin friction and lead
to premature separation. Menter and Kuntz (2002) showed a clear illustration that DES
suffered from early separation with partially over-refined grid when simulating flow over
an airfoil. To address this problem they used an F2 function in the SST model as a
shield that disable the DES limiter as long as the flow is recognized to be in the
boundary layer. Similarly, Spalart et al. (2006) proposed a new version of DES, termed
delayed detached-eddy simulation (DDES), where the length scale depends not only
on grid size but also on the flow solution. Several test cases were presented to prove
that DDES was able to maintain RANS in thick boundary layers and avoid grid-induced
separation.
The objective of this paper is to numerically investigate the wind-induced vibration of
the CAARC standard tall building at a dimensionless reduced velocity (Ur=UH/f1B) of 6.
The turbulent flow is simulated by DDES and the interaction mechanism between wind
and structure is modeled through FSI, which loosely couples the CFD and CSD codes.
Three-dimensional frame elements with six degree-of-freedoms at each node are
employed to model the tall building, and their use in FSI simulation investigated.
2. THE COMPUTATIONAL APPROACH
2.1. Turbulence modeling of flow
The Navier-Stokes equations are solved using our code FENSAP, a 3D finite
element compressible solver (Habashi 2009, Zhang et al. 2013). An Arbitrary
Lagrangian-Eulerian (ALE) formulation is introduced to the Navier-Stokes equations in
order to take into account the effects of deformation of structure and moving nodes on

the fluid-structure boundaries. For turbulence modeling, delayed detached-eddy
simulation (DDES) is utilized in the present study. The formulation of DDES is based on
Spalart-Allmaras turbulence model, which is shown below in non-dimensional form:
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The terms appearing in equation (1) are: time derivative of ν , convective term,
production term, destruction term, and diffusion term, respectively. ν is a working
variable and turbulent eddy viscosity is determined by ν T = ν f v1 . The definitions of
functions and coefficients of Spalart-Allmaras turbulence model are referred to the
original article (Spalart et al. 1997). DDES formulation is then obtained by replacing the
wall distance variable d with a new definition d = d − f d max 0,d − CDES ∆ , where
f d = 1 − tanh ([8rd ]2 ) , rd = (ν t + ν )

(

(
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)

U i , jU j ,i κ 2 d 2 . The coefficient CDES is suggested to be

0.65 and ∆ is the largest dimension of the local grid. A variational multiscale (VMS)
finite element method is employed for stabilization of DDES formulation. The VMS
method proposes a multiscale decomposition of the scalar field into coarse and fine
scales. The stabilization terms arise naturally and the method is free of user-defined
stability parameters. The VMS method provides stabilization for the convection as well
as production/destruction dominated flows and demonstrates superior stability
compared to artificial diffusion based methods. The details of the derivation and
procedure of this method are referred to the work of Khurram et al. (2012) and Zhang et
al. (2013).
2.2. Equations of motion of structural dynamics
According to the intrinsic structural characteristics of a tall building, it can be
considered as a cantilevered beam to simplify the problem. Therefore, in the present
study, the building is discretized using three-dimensional two-node frame elements with
6 degree-of-freedoms at each node including three linear displacements and three
bending angles. The governing equation of dynamic vibrations of structure can be
described as below:
(2)
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where [M] is the mass matrix, [C] the structural damping matrix, [K] the stiffness matrix,
{F} the loading vector from flow, and {q} the general displacement vector including
translational displacement as well as bending angles of each node. By following the
standard finite element procedure, the mass and stiffness matrices are computed. In
order to avoid numerical integration, the exact analytical integrations are carried out to
calculate element matrices. The structural damping is approximated by Rayleigh
damping formulation: [C] = α[M] + β[K], where α and β are the damping coefficients
related to the natural frequencies of the structure. The coupled equations of motion are
solved by implicit time-step integration using the unconditionally stable Newmark-Beta
method.

A three-dimensional coupling algorithm is implemented that includes three main
modules: the fluid solver, the solid solver, and the load/motion transfer operator that
relays relevant analysis parameters between the two solution domains. The
conservative load transfer operator imposes the following compatibility conditions:

σ S ⋅ n = − pn + σ F on Γ,
uS = uF

on Γ,

(3)

where σS is the structure stress tensor, σF the fluid viscous stress tensor, Γ the
fluid/structure interface boundary, n the normal vector at a point to Γ, uF the ALE
displacement field of the fluid, and uS the displacement field of the structure.
The coupling starts with an initial flow field solution that provides the surface fluid
tractions along the fluid/structure mesh interface. Then, using the conservative load
transfer operator, surface tractions are integrated to yield the resultant nodal forces
applied on the solid mesh. The solution of Eq. (2) provides the nodal displacement of
the building, velocity and acceleration at each time step. The solid displacement is then
imposed by the compatibility condition at the nodes of the fluid mesh along the
fluid/structure interface, using the load/motion transfer operator. The fluid solver uses
this interface motion in the ALE formulation to compute the fluid mesh motion in the
entire domain, and then solves the flow field. This loop marches in time until the total
analysis duration is achieved.
3. NUMERICAL SIMULATION CONFIGURATIONS
3.1. Geometry, grid and boundary conditions for flow
The CAARC standard tall building model has a rectangular section with width B =
45.72 m and depth D = 30.48 m. The height of the building is H = 182.88 m and all the
surfaces are smooth and flat. In this study, the dimensions of the model are scaled by
1/400 in order to compare the results against wind tunnel tests. The dimensions of the
virtual wind tunnel and the location of the building model are shown in Fig. 1 (a). The
block ratio of the wind tunnel is 2.5%, which is small enough to eliminate the influence
from the boundary conditions. The velocity profile at the inlet boundary condition is U(z)
= UH(z/H)α with mean velocity at the height of the building UH = 8.3 m/s and exponent α
= 0.19. The Reynolds number is Re = 6.5×104 based on B and UH. Turbulent inflow
(Zhang et al. 2013) is not considered in the present FSI simulation. Constant
atmospheric pressure is set on the outlet boundary condition. And symmetric boundary
conditions are prescribed on the side and top of the wind tunnel.
Hybrid unstructured grids, i.e. 4-node tetrahedron elements and 6-node prism
elements extruded normal to the walls, are carefully designed to reduce computational
cost. In the anticipated region of vortex shedding, the grid is refined to capture the
details of eddies. According to the Kolmogorov's second similarity hypothesis, the
Taylor microscale in the inertial subrange can be predicted by λ ≈ 10 Re−L1 2 l0 , where
ReL is the Reynolds number and l0 is the integral length scale. Therefore the grid size in
the wake is generated in the same order of the Taylor microscale to ensure that the cutoff frequency lies in the region of inertial subrange. Moreover, the grid is preferred to be

isotropic in consideration of Kolmogorov's hypothesis of local isotropy. The first prism
element height near the walls is fixed at 1/2200 B to ensure a y+ less than 1. In total 15
layers with stretching ratio of 1.15 are extruded. To capture the details of vortex
shedding, the mesh in the region behind the building is refined. Finally, the total node
and element numbers for the simulation are 582,145 and 2,209,964, respectively. A
general view of the computational grid is illustrated in Fig. 1 (b).

(a) Computational domain

(b) Unstructured grid

Fig. 1. Computational domain and grid
3.2. Structure parameters
As suggested by Melbourne (1980), the full-scale CAARC building has a density of
160 kg/m3. The natural fundamental frequency is 0.2 Hz about both principal axes at
ground level. In the current scaled model, the structural properties of building are
modified according to the similarity criteria. With dimensionless reduced velocity Ur of 6,
the 1st natural frequency of the scaled model is 12.3 Hz, which corresponds to 0.2 Hz in
full scale. The Young’s modulus E, Poisson ratio ν and shear modulus G are
determined accordingly by matching the natural frequency. The details of the structural
properties of the scaled CAARC building are listed in Table. 1.
Table. 1. Structural properties of CAARC building
Structural properties
Values
Density ρ
160 kg/m3
Critical damping ratio
1.3 %
Young’s modulus E
7.0×107 Pa
Poisson ratio ν
0.25
st
1 natural frequency (in along-wind direction)
12.3 Hz
nd
2 natural frequency (in crosswind direction)
18.5 Hz
Area moment of inertia in along-wind direction Ixx 4.2×10-6 m4
Area moment of inertia in crosswind direction Iyy
6.7×10-6 m4
Polar moment of inertia Jzz
1.1×10-5 m4
Shear modulus G
2.8×107 Pa

4. NUMERICAL RESULTS
The DDES formulation with variational multiscale stabilization terms is implemented
into the FENSAP-ICE code. First, the flow solutions by DDES are investigated before
triggering the FSI simulation. The physical time step for DDES simulation is ∆t = 0.0005
(0.0363 B/UH) seconds, and the total physical simulation time is 17.3 (1256 B/UH)
seconds. Fig. 2 shows the time-averaged flow streamlines and normalized velocity
magnitude (U/UH) contour. The time-averaged flow solutions are computed over the
last 5 (363 B/UH) seconds of the total simulation. Fig. 2 (a) is the X-Y plane at the
middle height of the building. Two large vortices that are almost symmetrically located
behind the building are clearly seen. Fig. 2 (b) shows the vertical vortices structures in
the X-Z central plane at Y= 0. These time-averaged structures of vortices in the wake
are similar to the numerical study of LES by Huang et al. (2007) and Braun et al. (2009).
But in our results the centers of the two vortices in Fig. 2 (a) are farther away from the
building than their results.

(a) X-Y plane at Z/H=1/2

(b) X-Z plane at Y=0

Fig. 2. Time-averaged normalized velocity magnitude and streamlines
The major consequence of vortex shedding in the wake is the alternating suction
force on the building, which leads to crosswind vibration. However, the instantaneous
turbulent structure of vortex shedding in DDES is apparently not observed as compared
to the unsteady Reynolds-Averaged Navier-Stokes (URANS) simulation, where clear
periodic pairs of vortex shedding are dominant. Fig. 3 presents the normalized Qcriterion colored by normalized velocity magnitude contour. The Q-criterion is defined
by Q = 0.5 × ( Ωij Ωij - SijSij ), where vorticity tensor Ωij = 0.5 × ( ui,j - uj,i ) and rate-ofstrain tensor Sij = 0.5 × ( ui,j + uj,i ). It physically interprets the envelope of vortices.
Normalized Q-criterion is defined as Q/(UH/B)2. In Fig. 3 (a) and (b), the values of
normalized Q are 0.1 and 0.01, respectively. Therefore different levels of turbulent
structures are presented. Fig. 3 (a) shows the larger structure of vortices around the
building and Fig. 3 (b) illustrates the smaller details of turbulent structure in the wake.

(a) Qnormalized = 0.1

(b) Qnormalized = 0.01

Fig. 3. Normalized Q-criterion colored with normalized velocity magnitude contour
The fluid forces acting on the building include pressure and shear stress. Fig. 4
shows the time-averaged pressure coefficient Cp on the front and back surfaces of the
building. The positive Cp on the front surface is due to the impingement of inflow, and
the negative Cp on the back is caused by the suction of vortex shedding in the wake. A
similar Cp contour is also provided by Huang et al. (2007).

(a) Front surface

(b) Back surface

Fig. 4. Pressure coefficient on the front and back wall
In FSI simulation, the forces, i.e. pressure and shear stress, exerted on the building
are integrated over the element surface on the wall, and then transformed to the
nearest nodes of the frame elements of the structure. The structure deforms under
these forces and solutions of three translational displacements and three rotational
angles at each node of the frame elements are calculated. These nodal solutions are
then applied back to the surface element of the building to determine the deformation.

The effects of moving node to the flow solution are accounted by the ALE scheme,
embedded in the flow governing equations. In order to prevent possible divergence of
the FSI scheme and to capture the vibration frequencies of the building, the physical
time step is chosen to be ∆t = 0.0002 (0.0145 B/UH) second, i.e. two and half times
smaller than the previous flow simulation with rigid body. The FSI simulation starts from
the solution of the previous flow simulation and the total time is t = 5.9 (430 B/UH)
seconds. The time-history of non-dimensional aerodynamic force coefficients in the
along-wind and crosswind directions are shown in Fig. 5 (a) and (b), respectively. They
are defined as follows:
Fy
Fx
,
=
(4)
CFx =
C
Fy
1 2 ρU H2 BH
1 2 ρU H2 BH
where Fx and Fy are the total forces on the building in along-wind and crosswind
directions, and ρ is the density of the air.

(a) Along-wind force coefficient CFX

(b) Crosswind force coefficient CFy
Fig. 5. The time-history of aerodynamic force coefficient
Since the top of the building is expected to experience the largest displacement
under wind force, we primarily focus on the top node solutions. Fig. 6 presents the timehistory of the top node’s response in the along-wind and crosswind directions. It is
found that the motion of the building reaches a certain limit cycle. The maximum alongwind response Xmax is around 0.8% of the width B, and the absolute value of crosswind
response is bounded within 0.2% of the width B. Therefore, the dominant vibration
mode under the current dynamic wind force is in the wind direction. A more clear
illustration of the top node motion is shown in Fig. 7, which plots the trajectory of the top
node. This dominant along-wind motion could be changed when the reduced velocity

increases to the lock-in region, where the vortex shedding frequency will be controlled
by the natural frequency of the building and the resulting consequence is an amplified
motion in the crosswind direction. Moreover, it should be noted that in the present
results the mean displacement of the top is smaller than the experimental results of
Melbourne (1980). This is probably caused by the different choice of structural
properties. In the wind tunnel test, the model itself is rigid but has an elastic base. In an
FSI simulation, however, the base is fixed in all DOFs but the model is fully elastic.
Therefore, this difference increases the difficulty of choice of structural property in FSI
simulation and could possibly lead to this discrepancy in solutions.

Fig. 6. Along-wind and crosswind displacement of the top node

Fig. 7. The trajectory of the top node of building
5. CONCLUSIONS
In order to study the wind-induced vibration of tall building, a fluid-structure
interaction simulation of CAARC standard tall building is conducted in this paper. First,
the flow solution is solved by DDES, a hybrid RANS/LES method. The time-averaged
streamlines and velocity magnitude contour show the mean flow patterns around the
building. The instantaneous values of Q-criterion present the turbulent structures in the
vicinity of the building. It is shown that DDES could perform similar functionality of LES
in the wake but also enjoys the advantage of low computational cost inside the
boundary layers. This approach is suitable for the applications in computational wind
engineering where a large area of walls exists. Furthermore, three-dimensional frame
elements are utilized in the present study. The frame element simplifies the modeling of

tall building structure. It is widely used in the static and dynamic structural analysis but
seldom employed in FSI simulation. According to the responses of wind-induced
vibration of CAARC tall building, it is found that the FSI simulation gives reasonable
solutions. The top node motion is mainly in the along-wind direction at reduced velocity
of 6. Dominant crosswind direction is expected in higher reduced velocity during lock-in
phase. The mean displacement of current study is smaller than that in wind tunnel tests.
This might be caused by the choice of different structural properties.
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