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1. Introduction

Nowadays, rising demand for tall buildings is
due to population growth, scarcity, and
extravagant land expenses. Wind load is
customarily considered as the dominant
lateral load in tall building design. Thus,
examining the effect of wind load on tall
buildings and exploring the effective
solutions to minimize its influence have been
the subject of much research. Wind load can
be controlled by the exterior shape
modification that can alter the pattern of
wind flow surrounding the buildings, and
provide the designers with the possibility to
reduce the aerodynamic response of the
building in along-wind and across-wind
directions with exterior shape modifications
in such a way to lessen construction costs.

The along-wind load results from pressure
fluctuations in windward and leeward faces.
The along-wind responses can be reduced
significantly by the corner modifications
such as slotted corners, corner recession,
chamfered corners, curved side and
roundness, which are normally classified as
minor aerodynamic modifications. A wide
range of research has been performed on
minor aerodynamic modifications at different
cross-sections and the effect of the
modifications on reducing along-wind
responses [1]-[7]. Twisting, tapering,
opening, setback, varying cross-section size,
and shape can reduce significantly across-
wind response as major modifications [8]—
[17]. Tamura et al. [18], [19] conducted
comprehensive research on the aerodynamic
modifications for different building shapes in
the form of square, circle, triangular,
rectangular, and ellipsoidal cross sections.
Additionally, the effects of minor and major
modifications including corner cut, corner
chamfered, setback, twist, and tapered on the
aerodynamic responses were investigated.
The results provide designers with

comprehensive and applicable data on the
initial design of the building. In these studies,
different types of modifications based on a
single set of sizes for each modification have
been compared and the effect of each is

examined to reduce the aerodynamic
responses, separately.
The effectiveness of  aerodynamic

modifications can be enhanced using an
aerodynamic optimization procedure (AOP)
which determines the optimal combination of
modifications based on an investigation of
various types and sizes of modification in a
wide search space [20]. It means that in AOP,
a wide range of different modifications can
be explored by selecting the appropriate
design variables. Kareem et al. [20]
presented an optimization framework for
corner modification of rectangular cross-
section buildings. In this framework, corner
shape modification was investigated based on
seven control points as design variables.
Bernardini et al. [21] used positions of two
control points (design variables) to determine
the shape of a spline curve as the corner
shape of a square cross-section. The
objective function can be estimated at each
iteration  process of AOP  through
computational fluid dynamic (CFD) analysis.
Since this analysis entails a high
computational expense, it is essential to use
the surrogate model. In the research
performed by Bernardini et al [21] the
Kriging model was used as a surrogate model
to evaluate the drag and lift coefficients
(objective functions). Elshaer et al. [22]
obtained the optimal corner shape of a square
cross-section based on two design variables,
and investigated the various types of corner
modifications. Elshaer and Bitsuamlak [23]
applied the artificial neural network (ANN)
model as the surrogate model to evaluate the
objective function at each iteration process
and corroborated that the surrogate model
can contribute to acceptable saving in
calculation time. The findings revealed that
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the ANN model properly fitted the training
database, and obtained a correlation
coefficient of 0.979, resulting in an effective
ANN model to estimate the aerodynamic
responses of the building.

The present article aimed to investigate the
effects of the exterior shape of the trilateral
cross section tall buildings on the
aerodynamic response in the AOP. For
validation, the velocity and turbulence
intensity profiles from the basic triangular
model in the present research were compared
to the experimental findings presented in [3],
which have similar boundary conditions [24].
The exterior shape of the building was
generated by seven geometric parameters, are
as the design variables that described in
Section 3, which can produce a wide search
space with various types and size of
modifications. The mean moment
coefficients in drag and lift directions as
objective functions were used to compare the
aerodynamic  performance of different
models. These functions were optimized in a
two-objective optimization process using the
non-dominated sorting genetic algorithm II
(NSGAIl). To evaluate the objective
functions, the ANN model was used as a
surrogate model instead of CFD analysis.
Ultimately, an optimal combination of
modifications was obtained in the present
research.

2. Aerodynamic
procedure (AOP)

optimization

The first step in AOP is defining design
variables and objective functions.
Appropriate design variables can create a
wide range of shape modifications. It should
be noted that to satisfy the structural and

architectural requirements for acceptable
shapes, a set of constraints on design
variables should be considered. Then, mean
moment coefficients in drag and lift
directions as the objective functions were
evaluated to a set of random combinations of
geometry parameters in various wind angles
of attack (AOAs) using the CFD method. The
generated database was used to train the
ANN model, and the model evaluates
objective functions. Fig. 1 shows the
framework used for the aerodynamic
optimization procedure (AOP).

3. Geometric modeling of exterior
shape of building

Horizontal and vertical profiles of the
building can be described by building shape
parameters. These parameters are design
variables of the optimization process that
generate aerodynamic modifications on the
building. The horizontal and vertical profiles
are defined by quadratic and cubic functions,
respectively.

3.1.  Geometry description of vertical
profile

The vertical profile of the building is defined
by a cubic function according to Eq. 1. Here,
a0, al, a2, and a3 are coefficients of the cubic
function. This function can apply the
modification of the cross-section variations
along the building height. Where bzi (Eq. 2)
represents the y at corresponding height, zi.
An example of the vertical profile of a
building is demonstrated in Fig. 2.

y(z) = ay + a;z + a,z? + azz3 (1)

b, =ag+a,z; + azzl-2 + ang 2)
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Fig. 2. Vertical profile geometry.

3.2. Geometry description of the
horizontal profile

The curved sides of the trilateral models are
determined by a quadratic function using Eq.
3, where b0 and bl are coefficients of a
quadratic function. Fig. 3 shows a basic
triangular cross-section with vertices A, B,
and C. The circle with radius of R passes
through the three vertices of the basic
equilateral triangle (A, B and C) to define the
range of geometric variations. On the other
hand, the triangle with curved sides shown in
Fig.3 displays the cross-section of the
modified building. The cross-section
modeling consists of two stages:

1. Find the curve passes through points A
and B based on Eq. 3. The coordinates of the
points were obtained from Eqs. 4 and 5.

2. The AC and BC are obtained through
mirroring AB relative to OB and OC lines,
respectively, and the closed form of the cross
section is achieved.

y(x) = by + b1x% + b, (3)
x4 = Rcos(30°), vy, = Rsin(30°) @)
xg = —Rcos(30°), yp = Rsin(30°) ®)]

Coefficient bl represents the degree of
curvature of the cross-section. The triangle
cross-section is obtained when bl = 0. Here,
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b, that is calculated from Eq. 2 indicates the
cross-section size variations along the z-axis.
v

¥(x) = by + byx?

» X

b
Fig. 3. Horizontal profile geometry.

Another geometry parameter that plays an
important part in reducing wind-induced
loads is the twist, T, which is taken as the
seventh design variable in modeling.
Therefore, geometric parameters (ao, a;, a,
a3z, by, by and T) are design variables in the
optimization problem. The effects of the
three types of modifications including
varying cross-section sizes along the height,
twisting, and curved-side on the exterior
shape of the building are evaluated based on
the geometric parameters, and represented in
Fig. 4.

VARV

Varying

. Curved . . Cross-
Basic ] Basic Twisting .
side section
size

Fig. 4. Types of modifications applied to the
exterior forming process.

4. CFD analysis

To produce a database for training the ANN
model, a set of design variables, angle of

attack (AOA), and corresponding objective
function are required and can be provided
with CFD analysis. Four AOAs (0°, 30°, 60°,
& 90°) for each model are considered, and
presented in Fig. 5. Therefore, given the
symmetry of the cross-section, 12 states of
AOAs with 30° interval were investigated.

v

60°

90°

Fig. 5. The wind direction on the building.

Using Solidworks 2015 software [25], an
initial graphics specification (IGES) file was
created for each of the samples, which was
readable by the CFD solver. Fluent 17.1 [26]
was utilized to solve the CFD analysis, and
mean moment coefficients in drag and lift
directions  were considered as the
aerodynamic responses based on Egs. 6 and
7.

M

Cuo = q BDH2 (6)
H
M

Cy = a BIL-|2 (7)
H

Here, Mp and M; are the base moments in
the along-wind and across-wind directions,
respectively, and qy is the velocity pressure
at the height of model (H), and B is the width
of the model.

For each sample by considering four AOAs,
Cwmp and Cyy values are calculated using the
CFD method, and the critical wind direction
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response is chosen as the ultimate response
of the model.

Since the main objective is to provide an
approximate framework to estimate the effect
of exterior shape modification on the
aerodynamic responses, it is assumed that the
building is a rigid body which acts as an
obstacle to the airflow. Furthermore, the
mean value of the responses was calculated
by the steady-state method.

4.1. Boundary conditions

The wvertical velocity profile U (z) is
measured by Eq. 8, that proposed by the
Working Group of the Architectural Institute
of Japan (ALJ) [27].

U(z)=U, [Zi] 8)
h

Where Uy, is the speed of wind at the top of
the building, z is the building height, and « is
an exponent of the velocity profile based on
the building location which is assumed to be
about 0.27 [18] for the building in the urban
area. The wind velocity profile under the
condition in which wind speed at the top of
the building is 7 m/s is shown in Fig. 6(a).

The standard k-€ model as a model built upon
Reynolds-Averaged Navier—Stokes (RANS)
is widely applied in wind engineering due to
its high efficiency and facile application, and
its primary application is to predict the
overall wind condition surrounding the
building. However, modeling the flow
separation zones adjacent to the side walls of
the building and above roof surfaces [28]
using the standard k- € model leads to an
extremely high estimation of turbulence
energy in the windward corner zone. Thus, a
modified k-¢ model known as LK model was
introduced by Launder and Kato [29] to

improve the prediction of wind flow
surrounding the buildings. In this study, the
LK model that can yield rapid calculations
and encouraging results is applied [30]. It is
possible to estimate the vertical distribution
of turbulent energy k(z) through a wind
tunnel test or an observation of the
surroundings. If it would not be feasible, k(z)
can be also obtained by Eq. (9) on the basis
of the estimation equation for the vertical
profile of turbulent intensity I(z) proposed by
Architectural Institute of Japan (AL))
Recommendations (Eq. 10) and also by
assuming k(z) = o2(z) = (U(2)U(2))?
[27].

k(z) = . 9)

Where o represents the root mean square
(RMS) velocity fluctuation.

(10)

o,(z
(2)=y ((Z)) = 0.1(&
H is the building height, and oy is the RMS
velocity fluctuation along the stream-wise
direction in the atmospheric boundary layer
(ABL). The profile of the turbulent intensity
is shown in Fig. 6 (b).

)(—0(—0.05)

The vertical distribution of the kinetic energy
k (z) is used to determine the dissipation rate,
g, at the inlet section by Eq. 11.

05 Uh YA N
S(Z)ZC“ k(Z)Za[Z] (11)
Where Cu is the constant of the model and
equals to 0.09.

Fig. 7 illustrates other boundary conditions
and computational domains when the
computing domain is 1.8, 1.1, and 0.8 meters.
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Fig. 6. Inflow profiles: (a) Mean wind velocity
profile and (b) Turbulence intensity profil.
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Fig. 6. Computational domain and boundary conditions: (a) vertical plane, (b) horizontal plane in width,
along the x, y, and z-axes respectively[31].

4.2. Mesh generation

To achieve a proper grid configuration, a
comparison of the responses of the produced
grids were made, and the largest mesh which
was independent from the grids system was
selected as the fine mesh. The turbulent
flows on the surface were estimated using the
dimensionless parameter of the wall, y

The parameter is calculated based on

yt = (%) in the fluent software and

enables to select the appropriate grid
configuration. Here, p is the density of air, u
is the friction velocity of the

air, p is the kinematic viscosity of air, and y
is the wvertical distance normal to wall
direction. In all grids, it is assumed that the
velocity profile is laminar and viscous stress
is governed by the wall shear, y* <5. Thus,
enhanced wall treatment can be used, and it
is not required to define wall functions [26].

5. Optimization process

The commonly used methodology for multi-
objective optimization problems is Non-
dominated Sorting Genetic Algorithm II
(NSGA-II) [32]-[34]. The multi-objective
optimization problem involves two or more
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objective functions which have to be
optimized concurrently, and there is not any
unique solution that can optimize all
objective functions. However, there is a set of
Pareto optimal solutions called PF. All
optimal solutions laying on the PF are
considered equally appropriate. In NSGA-II,
firstly, a parent population is randomly
generated and the offspring population with
size N is produced by using two operators
namely crossover and mutation. Then, the
sorting of the combined parent and offspring
populations is conducted based on two
criteria including non-domination rank and
crowding distance. Indeed, the solutions with
the lower ranks (lower non domination level)
are preferred. In the case of the same ranks,
the less crowded region is selected (higher
crowding distance) [34]. N optimal solutions
in this combined population is selected as the
next parent population. This process is
repeated until the solutions achieve
convergence in successive generations.
Finally, a PF is obtained that provides a set of
optimal shapes with the appropriate
aerodynamic performance among the entire
search space. Therefore, the PF curve gives
designers the opportunity to have further
options to design the exterior shape of the
building.

In addition, use of CFD method in each
iteration process to evaluate objective
functions is highly costly. To overcome this
problem, researchers usually use some
surrogate models, which ANN model is the
surrogate model used in present study. The
ANN model has widely been used in wind
engineering [35]-[37]. The objective
functions (Cyp and Cyp) for each iteration
are estimated by the ANN model, which

significantly reduces computational time
compared to CFD Analysis. The popular type
of the artificial neural network (ANN) is the
multilayer perceptron (MLP) that includes
the input, hidden and output layers. Located
between inputs and outputs, the hidden layers
are applied to learn more complex features.
Such layers sometimes are more than one
layer [36], and carry out computations on the
weighted inputs and then generate the output
using the nonlinear activation function.
Different activation functions can be studied
in [38], [39].

MLP uses backpropagation for training the
neural network as a supervised learning
technique. Backpropagation is a repetitive
process that adjusts weights in such a way to
minimize the difference between target
output and network prediction.

6. Numerical investigation

In this part, an example is presented to
examine the proposed framework capability
in upgrading the trilateral cross section
aerodynamic performance. The example is
provided with the following assumptions:

To generate the exterior shape of tall
buildings, some constraints can be imposed
in accordance with architectural and
structural requirements. Therefore, Egs. 12 to
14 were applied as constraints in the
construction of building models. These
constraints are taken into account differently
based on the conditions of each project.

05R<d<15R, d=by+b, (12)
b, <0, 0°<T<270 (13)
900,000m® <V < 1,100,000m3 (14)
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Fig. 7. Thirty different tall building geometries for an aerodynamic database generation.

Where d and R are the distance from curve to
x-axis and radius of the circle, as shown in
Fig 3. V denotes the volume of the building.
Constraint b;<0 means that in the
optimization process, only the trilateral
shapes whose sides have convex curvature
are considered.

Based on the strategy applied to generate the
exterior shape of the building provided in section
3, thirty models of building shapes were
constructed using random combinations of the
design variables (ao, a;, a,, a3, by and b,) (see Fig.
8). All models have a height of 400 meters with a
scale of 1/1000. Four different twist angles based

on Eq. 13, were applied for the models, and 120
samples produced for the purpose of ANN model
training,.

Different number of neurons was tested in
MLP, and the hidden layer with 25 neurons
brought about the optimal result.
Furthermore, hyperbolic tangent sigmoid was
used as activation function that gives a more
accurate approximation of objective function
than other activation functions. The
schematic of MLP network shows in Fig. 9.
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Error Histogram with 20 Bins

Instances

Errors = Targets - Outputs

(a)

Input data for training, validation, and testing
were assumed to be 70% (84 samples), 15%
(18 samples), and 15% of total data,
respectively. Fig. 10 shows the regression
plot for the training, validation and testing
samples.  Furthermore, the correlation
coefficients (R) relevant to the all data for
Cwmr and Cwip, are 0.96 and 0.95, respectively.

Error Histogram with 20 Bins

40 I Training
[ Validation
I Test

351 Zero Error

Errors = Targets - Outputs
(b)
Fig. 10. ANN model error distribution for: (a) Cyy and (b) Cyp.

Fig. 11 presents the network error
distributions, which explain the error of the
ANN model in approximating the objective
functions. In addition, according to the
figure, the error in estimating for Cyy is less
than 6% in 80% of the all samples, and for
Cwmp 18 5% in 90% of the all samples. The
results indicate adequate accuracy in
approximating the objective functions.

Pareto Front

0.6
0.55 ]'
0.5
a)
OE 0.45

0.35

0.3
0.04 0.06

2
"Snase o %
0.08 0.1 0.12
CML

Fig. 11. Pareto-Front curve.

The efficiency of the proposed framework
was investigated by optimizing the Cyvp and
Cwmr in an optimization process based on the
design variables ay, a;, a;, a3, by, by, and T. In
the optimization process, the population size
was considered to be 100, and crossover and

mutation probabilities to be 0.6 and 0.1,
respectively. After running the optimization
for 500 generations, the optimization
problem achieved convergence, and the PF
curve was determined following the
convergence (see Fig. 12). In the figure, the
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three optimal shapes were marked on PF,
which are examined in the following parts of
the present research.

The design variables and the objective
functions of the three optimal shapes are
presented in Table 1. As can be seen, the
value of geometry parameter b; for the three
optimal shapes is the same. Accordingly, the
parameter b; significantly affects the amount
of objective functions. The geometric
parameter b; displays the curvature at the
sides of the triangle. Therefore, all optimal
shapes have the same curvature. This means
that to minimize objective functions (Cyp
and Cyp) simultaneously, the design variable
must be b;=-28.443. The parameter TR as
the cross-section size variations along the
building height is the ratio of cross sectional
area at the height H to the base of the
building. TR for all optimal shapes varies
from 0.4 to 0.5. The other design variables
are close to zero indicating their low impact
on objective functions. According to moment
coefficient values (CML and CMD), samplel

Sample 1

Sample2

and sample3 have the best performance in
terms of lift and drag moment coefficients,
respectively. The building shapes (plan and
elevation) of the three samples are shown in
Fig. 13.

Table 1. Design variables and the objective
functions of three points on the Pareto Front

curve.

Design

Samplel Sample2 Sample3
Variable
a 0.018 0.015 0.014
a -0.016 -0.014 -0.021
a 0.175 0.172 0.224
a3 -0.518 -0.529 -0.607
bo 0.012 0.015 0.016
b, -28.443 -28.443 -28.443
T(degree) 168 149 121
Cue 0.044 0.091 0.116
Cwvp 0.539 0.348 0.322
TR 0.41 0.44 0.5

Sample3

Fig. 12. The geometric shapes of buildings fitted on the Pareto Front curve (1, 2 and 3).
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(@)

(b)

Fig. 13. Flow field around building at z=H/2: (a) optimal shape(Samplel) and (b) basic triangle shape.

Fig. 14 shows the mean velocity contour
(m/s) of the wind flow for the sample 1 and
the basic shape obtained from the CFD
simulations. The flow pattern around the tall
buildings was changed by means of the shape
modifications, and the wake zone in the
optimal shape was significantly smaller than
the basic triangular shape. This shows that

0.12 °
0.11 ° ® )
01 ® o0 @ %
009 ‘
S0.08 L/
0.07 ®
0.06
0.05
0.04

%

110 130 150 170 190
Twist

(2)

AOP plays an effective part in improving
aerodynamic performance.

As can be seen in Fig. 15, the value of the
twist angle, T, of the optimal shapes is in the
range of 110° to 170°. Also, Cyp increases
with increasing the twist angle and Cyp
decreases, which is due to changes in the
flow pattern around the building.

0.6
0.55
05
S 0.45
o
0.4 o°n
°
0.35
0o © 0Q® ‘l
0.3
110 130 150 170 190
Twist
(b)

Fig. 14. Diagram of the effect of twist angle variations on (a) Cy and (b) Cyp.

The mean moment coefficients Cyp and Cyr,
for the basic triangular building are 0.842
and 0.651, respectively. Cyp and Cyp of
three optimal shapes, and ratios of these

coefficients to the basic triangle shape are
given in Table 2. The results show that for all
optimal shapes, Cyp is decreased by 36% to
62%, and Cyy is reduced by 82% to 93%.
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This indicates the significance of applying
the aerodynamic modifications to mitigate
aerodynamic responses.

Table 2. Comparison of Momentum Coefficients.
Response Samplel Sample2 Sample3

Car 0.044 0.091 0.116
Cap 0.539 0.348 0.322
CML 0.068 0.14 0.178
ratio
CMD 0.64 0.413 0.382
ratio

7. Conclusions

The present research minimized the
aerodynamic responses (mean moment
coefficients) of tall buildings with trilateral
cross-sections in an optimization process
based on seven geometric variables. The
geometrical parameters considered in the
proposed strategy are capable of generating a
wide range of external shapes of tall
buildings with trilateral cross sections, and
help to find the optimal aerodynamic shapes
in an extensive search space.

An examination of the geometric parameters
of the optimal shapes showed that the
coefficient bl for all the shapes laid on the
PF has the same value bl1=-28.443. This
indicated the high impact of b1l parameter on
the aerodynamic responses of the building.
bl Parameter defines the amount of the sides
curvature hence, all optimal shapes obtained
have fixed sides curvature.

Results showed that twist angle is another
effective geometric parameter that directly
related to the moment coefficient CMD,
while inversely associated with the moment

coefficient CML. The variations range of
twist angle for optimal shapes obtained is
110° to 170°. Also, other parameters due to
their small effects are ignored.

In the proposed AOP process, Cyp and Cyr
decreased by 62% and 93%, respectively.
These results demonstrate that the AOP
process can improve the aerodynamic
performance of the trilateral tall buildings.
Therefore, applying the AOP process before
designing the building will significantly
reduce construction costs.
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