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Abstract

The present study consists of shape optimization of a rectangular plan shaped tall building with horizontal limbs under wind attack,
which would minimize the wind pressure on all the faces of the building model simultaneously. For the purpose, the external pressure
coefficients on different faces of the building (C,.) are selected as the objective functions. The position of the limbs and the wind incidence
angle are taken as design variables. The design of experiment (DOE) is done using random sampling. The values of the objective
functions are obtained by using Computational Fluid Dynamics method of simulated wind flow at each design point. The building
model has a constant plan area 22500 mm?®. The length and velocity scales are taken as 1:300 and 1:5, respectively. The results are used
to construct the surrogate models of the objective functions using Response Surface Approximation method. The optimization study

is done using the Multi-Objective Genetic Algorithm. The building shapes corresponding to the Pareto optimal decision variables are

shown. The function values corresponding to the decision variables are verified by further introducing a CFD study.
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1 Introduction
Due to the associated intricacy during wind-structure inter-
action in case of tall flexible buildings, simple quasi-static
method of analysis is insufficient. Physical modelling
using a wind tunnel or numerical simulation technique is
the recommended means of obtaining precise information
on wind effects on tall buildings [1, 2]. Numerical simula-
tion can be carried out using computational fluid dynamics
(CFD) under simulated atmospheric boundary layer (ABL).
For super tall buildings, the wind is the predominant lat-
eral load. There arises many flow situations and dynamic
responses when wind interacts with tall buildings.
Moreover, if the tall building is built with unconven-
tional shapes or in unusual locations, then wind becomes
a phenomenon of high complexity concerning the design
of tall buildings against the wind. The dynamic character-
istics of wind depend on many factors, including the outer
shape of a building. Hence wind loads on structural frames
are calculated based on the elastic response of the whole
building against fluctuating wind forces. Globally the
building codes do not incorporate the expected maximum

wind speed for the life of the building. Neither the wind
standards consider the high local suction, which causes the
first damage. So, model analysis of buildings is required to
get a more in-depth insight into the wind-structure phe-
nomenon. At present, wind tunnel experiment and numer-
ical simulation using computational fluid dynamics (CFD)
are the available research tools to carry out model analysis
of tall buildings.

Researchers in the area of wind engineering have car-
ried out studies on wind characteristics on tall structures
using both experimental and numerical methods over the
years. Kareem [3] illustrated the facts of the interference
and proximity effects on the dynamic response of prismatic
bluff bodies. Liang et al. [4] suggested empirical formu-
lae for different wind tempted dynamic torsional responses
through an analytical model. Lin et al. [5] conferred the
results of an extensive wind-tunnel study on local wind
forces on isolated tall buildings based on the experimen-
tal outcome of nine square and rectangular models [1:500].
Gomes et al. [6] enumerated experimental outcomes of
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L & U shaped models with 1:100 length scale. Lam and
Zhao [7] investigated in detail the effects of wind flow
around a row of three square-plan tall buildings closely
arranged in a row at wind angle # = 30°. The computational
domain was discretized into finite volumes. Irwin [8] stud-
ied several bluff body aerodynamic phenomena and their
effect on structural safety and occupant comfort. Zhang
and Gu [9] connected the numerical simulation, and exper-
imental research of wind encouraged interference effects.
Fuetal. [10] computed field measurements of the character-
istics of the boundary layer and storm reaction of two super
tall buildings. Tse et al. [11] deliberated the general concept
to find out the wind loadings and wind-induced responses
of square tall buildings with different sizes of chamfered
and recessed corners. Irwin [12] focused on the subject of
determining and controlling the structural response under
wind action for super-tall buildings which require much
more pragmatically modelled wind engineering. Tominaga
and Stathopoulos [13] modelled turbulent scalar flux in
Computational Fluid Dynamics for near-field dispersion
around buildings. Muehleisen and Patrizi [14] established
parametric equations to get the values of pressure coeffi-
cients [C,,] on the surfaces of rectangular low-rise build-
ing models from experimental wind tunnel data. Amin and
Ahuja [15] examined through wind tunnel studies on rect-
angular building models of different side ratios ranging
from 0.25 to 4. Kushal et al. [16] documented that the plan
shape of a building has a great impact on the wind pressure.
Verma et al. [17] discussed the effects of wind occurrence
angle on wind pressure distribution on square plan tall
buildings. Chakraborty et al. [18, 19] presented results of a
combined wind tunnel and numerical study on the '+' plan
shaped tall building for 0° and 45° wind incidence angles.
Kheyari and Dalui [20] discussed the results of a case study
to assess the wind load on a tall building under interfer-
ence effects. Paul and Dalui [21] conferred the numerical
results of a case study to understand the wind effects on the
Z plan shaped tall building. Kumar and Dalui [22] com-
pared the variation of mean pressure coefficients and force
coefficients of regular cross plan shaped building with an
angular cross plan shaped building for various wind inci-
dence angles. Sanyal and Dalui [23] illustrated the varia-
tion of pressure due to the presence of the courtyard and
the opening of a rectangular plan shaped building using a
numerical technique. Bhattacharyya and Dalui [24] pre-
sented the mean pressure distribution on various walls of
E plan shaped tall building through experimental and ana-
lytical studies for a widespread wind occurrence angle.

Paul and Dalui | 1 35
Period. Polytech. Civ. Eng., 65(1), pp. 134-149, 2021

In modern days, rectangular buildings with horizontal
limbs (Z-shape, E-shape, + shape) are becoming popular
[21, 24, 18, 19]. For limbed buildings, numerous phenom-
ena are contributing to dynamic responses under wind
like buffeting, vortex shedding, galloping and flutter.
Elshaer et al. [25] conferred that wind-induced loads and
motions usually govern the properties and dimensions of
the elements of the lateral load resisting systems in tall
buildings. Therefore, a suitable configuration is essen-
tial to minimize the external surface pressure on differ-
ent faces of a limbed building. The minimization may
suitably be carried out by aerodynamic shape optimiza-
tion studies using corner as well as architectural modi-
fications. Over the years, researchers presented various
optimization techniques in the field of civil engineering.
Kaveh and Abdietehrani [26] adopted a genetic algo-
rithm optimization technique for the discrete-sizing opti-
mal design of frame structures employing force method
for the analysis. Okasha and Frangopol [27] used genetic
algorithms for multi-objective optimization of structural
maintenance considering system reliability, redundancy
and life-cycle cost. Kaveh and Shahrouzi [28] presented
an expanding genetic population using minimal initial
population for more efficient genetic search in structural
problems. Kaveh et al. [29] used a non-dominated sort-
ing genetic algorithm (NSGA-II) to develop a multi-ob-
jective approach for the optimal design of reinforced con-
crete cantilever retaining walls. The authors considered
the economic cost and reinforcing bar congestion as the
objective functions for minimization [29]. Jalili et al. [30]
developed a Chaotic Biogeography-Based Optimization
(CBBO) algorithm combining the chaos theory and the
biogeography-based optimization (BBO) to achieve an
efficient optimization method. This algorithm is suitable
to avoid local optima and reduce premature convergence
in the size and shape optimization of truss structures
with natural frequency constraints [30]. Ezhilsabareesh
et al. [31] adopted a CFD technique to simulate a bidi-
rectional impulse turbine used in a wave energy device.
Consequently, they performed a shape optimization using
multiple surrogate models multi-objective evolutionary
algorithm [31]. Jeong and Kim [32] optimized a fluidic
oscillator using a multi-objective genetic algorithm with
surrogate modelling. The study implemented the three-di-
mensional unsteady RANS analysis to enhance peak jet
velocity at the outlet and simultaneously reduce pres-
sure drop [32]. Xie [33] provided a guideline for build-
ing aerodynamic optimizations by assessing the effects of
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tapering, twisting and set-back in the reduction of wind
response. Elshaer et al. [25] introduced an optimization
framework coupled with the optimization algorithm, the
computational fluid dynamics (CFD) solver, and the neural
network model in an automated procedure to reduce the
drag force acting on a tall building by changing the shape
of its corners [25]. Elshaer et al. [34] applied the same
aerodynamic optimization procedure (AOP) later to reli-
ably predict the optimal building shape and improving the
aerodynamic performance of tall buildings. The authors
reduced the along-wind base moment by helical twisting
and corner modifications of the building [34]. Daemei and
Eghbali [35] investigated to reduce the length of the wake
region of tall buildings through aerodynamic changes like
rounded, chamfered and recessed corners.

The present study concentrates on optimizing the shape
of a tall rectangular building with limbs by minimizing the
wind pressure distribution on the various building facets.
The building shape is chosen because it is a trendy shape
in buildings like airports, hospitals, hostels, and academic
blocks. The study adopts an aerodynamic optimization
procedure (AOP) combining computational fluid dynamics
(CFD), response surface approximation (RSA) and genetic
algorithm (GA). After defining the design variables, a ran-
dom sampling method is used to select 150 design points.
Then CFD is adopted to conduct a numerical study using
RANS k-¢ turbulence model. Mean pressure coefficient
(C,,) on the different building faces of the parametric mod-
els are determined and utilized for the preparation of surro-
gate models using Response Surface Approximation (RSA)
method. Finally, RSA models are used as surrogates to find
the optimal building shapes using the genetic algorithm
technique. The AOP is adopted to present Pareto-optimal
solutions using the multi-objective genetic algorithm
(MOGA). The main advantage of defining the Pareto-
optimal solutions is the flexibility to choose from a set
of optimal building shapes satisfying multiple objectives
rather than obtaining only one optimal shape in single-ob-
jective optimization. A separate CFD study is employed
to check the function values as obtained from the MOGA
study corresponding to the decision variables.

2 Optimization procedure

Fig. 1 illustrates the optimization procedure employed in the
study. Design variables, design space, and objective func-
tions are determined to define the optimization problem in
the first step. In this study, mean pressure coefficients (C,,)
on different building facets are considered as the objective

Problem Formulation

Selection of objective functions and design variables and Min F (x) subject to LB< x <

UB, x € R; where, F(x) = [(F;(x), F5(%), ..., B (x)]

Design of Experiments

Selection of design points using random sampling

Numerical simulation using A

Determination of the value of the objective functions at each design point
Approximation Functions

Generation of the surrogate models using Response Surface Approximation

Model validation

Validation of the surrogate models with wind tunnel test results

A 4

Optimization using MATLAB toolbox

Introduction of MATLAB function gamultiobj to generate Pareto-Optimal solutions

Pareto-Optimal front

Presentation of Pareto-front function values and decision variables

Fig. 1 Multi-objective optimization procedure

functions. A design-of-experiment (DOE) technique is used
to select the design points in the design space. The values
of the objective function are calculated based on unsteady
CFD analysis at the design points. The results are used to
construct response surface approximation (RSA) models
of objective functions. The Pareto-optimal solutions are
determined using the Multi-Objective Genetic Algorithm
(MOGA). A set of Pareto-optimal solutions is assimilated
by MOGA optimization algorithm. In the case of optimi-
zation problems having a single objective function, there
is a global-optimal solution [36]. Whereas, for a multi-ob-
jective problem, the objectives being conflicting a single
solution is barely the best for all the objective functions
simultaneously. Hence instead of an optimal solution, there
is a set of trade-off solutions, known as Pareto-optimal
solutions or non-dominated solutions. These Pareto solu-
tions are optimal in the sense that other solutions in the
design space are not superior to them. In other words, all
other solutions are dominated solutions that are inferior to
the Pareto-optimal solutions [36]. The main advantage of
defining the Pareto-optimal solutions is to achieve the flex-
ibility to choose from a set of optimal building shapes sat-
isfying multiple objectives rather than obtaining only one
optimal shape in single-objective optimization [37].

2.1 Response surface approximation methodology

Response surface methodology (RSM) consists of an
assembly of mathematical and statistical methods used for
the development of a satisfactory functional relationship



between a response of interest and the number of related
control (or input) variables denoted by x,, x,, ...,x, [38].
Generally, such a correlation is unknown but can be esti-
mated by a low-degree polynomial model of the form

(Eq. (1))
y=r"(x)B+e, M

where x = (x,, x,, ....x,), f(x) is a vector function of p ele-
ments comprising powers and cross- products of powers of
X,, X5, ..., X, Up to a certain degree represented by d(= 1),
is a vector of p unidentified constant coefficients called
parameters. ¢ is a random experimental error assumed to
have a zero mean. It is believed that model Eq. (1) can
offer ample illustration of the response. In this case, the
quantity f'(x)f represents the mean response, that is, the
expected value of y, and is denoted by u(x).

Two critical models are commonly used in RSM. These
are exceptional cases of the model Eq. (1) and include the
first-degree model (d = 1),

k
y:ﬁ0+§ﬁixi+6~ 2
i=1

And the second-degree model (d = 2),

k k
y=_P +Zﬁixi +ZZﬂijxixj +Z‘ﬁiixi2 +e. 3)
i=1 i<j i=l

There is a threefold objective of considering a model

such as Eq. (1).

1. To establish a relationship, although approximate,
between y and x,, x,, ...,x, that can be used to pre-
dict response values for given settings of the control
variables.

2. To determine, through hypothesis testing, the signif-
icance of the factors whose levels are represented by
Xpp Xgy v Xy

3. To determine the optimum settings of x,, x,, ...,x;
that results in the maximum (or minimum) response
over a specific region of interest.

2.2 Multi-objective genetic algorithm optimization

The method of multi-objective optimization involves
multiple objective functions. In mathematical relations, a
multi-objective optimization problem can be expressed in
Eq. 4) [39]:

min (£ (x). £ (). £ (x)) @)

s.t. xe X.
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The number of objectives is always more than one, i.e.,
the integer £ > 2 and set X is the possible set of decision
variables. Some constraint functions usually define the
feasible set. Besides, the vector-valued objective function
is generally defined as

FX SR £(x)=(A(x) o (x)seees (DT ©)

If objective functions are to be maximized, it is equiv-
alent to minimize their negatives. The image of X is
denoted by Y € R*. An element x € X is a feasible solu-
tion or a decision variable. A vector z = f(x') € R" for a fea-
sible solution x is termed as an objective vector or an out-
come. In multi-objective optimization, there does not exist
a well-defined solution that minimizes all objective func-
tions together. Mathematically, a feasible Pareto solution
x' € Xis said to govern another solution x* € X, if

1. f(x") <f,(x") for all indices i € {1,2,...,k} and

2. fi(x") <f(x%) for at least one index j € {1,2,....k}.

A solution x” € X and the corresponding outcome f(x)
is termed as Pareto optimal if there is no another solu-
tion that governs it. The Pareto optimal solutions are also
called the Pareto front, Pareto frontier, or Pareto boundary.

A Nadir objective vector bounds the Pareto front of

nad

a multi-objective optimization problem z"““ and an ideal

ideal

objective vector 7, if these are finite. The Nadir objec-

tive vector is defined as

zi”“d = sup f; (x)for all i=1,...,k 6)

xeX is Pareto optimal

and the ideal objective vector as
7% =inf f(x)forall i=1,...k. @)
xeX

This means the components of a Nadir and an ideal objec-
tive vector explain upper and lower bounds, respectively,
for the values of the objective function of Pareto optimal
solutions [39]. In practice, the Nadir objective vector can
typically be approximated, as the whole Pareto optimal set
with

utopian

is unknown. Besides, a utopian objective vector g

gltopian — gideal _ ¢ for all i =1,....k, ®)

where ¢ > 0 is a small constant, is often defined because of
numerical reasons.

3 The parametric model and design points of the study
As stated before, the present study is conducted to opti-
mize the building shape of a tall rectangular building with
horizontal limbs on both sides to reduce wind pressure
among the building faces. The detailed specifications of
the study building are presented in Table 1.
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Table 1 Building Specifications

Parameter Specifications

The rigid Model length scale 1:300

The shape of the building Rectangular with limbs
Length of each limb 100 mm

Width of each limb 50 mm

The angle between each limb 90°

Height of the building 500 mm

Plan area 22500 mm’
Basic wind speed 50 m/s
Velocity scale 1:5

The building model defining building surfaces, dimen-
sions and design variables X1, X2, X3 for the optimization
study, are shown in Fig. 2. It is worth mentioning that many
simplified optimization techniques can achieve the solution
to a three-variable optimization problem. However, due to
two reasons, the current study uses GA, which is a popu-
lation-based metaheuristic algorithm. Firstly, the objective
functions can adopt complex shapes, needing an evolution-
ary optimization technique [40] without being stuck in local
extreme values. Secondly, the current study needs an optimi-
zation technique capable of generating the Pareto-optimal
solutions for the multi-objective optimization problem, where
the GA is considered appropriate for that application [37].

As shown, X1 and X2 are the distance of the center of
the left and right limb, respectively from the center of the
rectangular body of the building. The variable X3 is the
wind angle of attack (AOA). The unit of X1 and X2are mm
and X3 is in radian. Concerning the dimensions and con-
figuration of the building, the lower and upper bound of
both, X1 and X2 are 0 mm and 100 mm, respectively, for
the optimization study. AOA (X3) varies from 0° to 360°,
1.e., 0 to 6.28 radian. When both X1 and X2are 0, the build-
ing becomes '+' plan shaped and when both X1 and X2 are
100 mm, the building becomes Z plan shaped.

Simple random sampling technique is used to select
the design points in the design space. Unlike other forms
of design of experiment techniques, simple random sam-
pling is an unbiased approach to gather the responses from
a large group. As sample points making up the subset of
the larger group are randomly chosen, each point in the
population set has an equal probability of being selected.
Besides, the random sampling method is much simpler
than other methods of sampling. In this study, random sam-
pling is carried out, generating random numbers based on
the upper bound and lower bound of the design variables,
and 150 design points are selected (Fig. 3). The sample

points made through this approach ensured that the entire
portion of the design space is epitomized. The values of the
objective function are calculated at the design points using
RANS k-¢ turbulence model by CFD. These values are
used to generate surrogate models of objective functions.
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Fig. 3 The design points selected for the study



4 Mean wind speed profiles

Wind velocity is considered to be zero at ground level
and continuously increasing from mean wind speed with
height. This phenomenon can be expressed by two mod-
els, namely logarithmic law as shown in Eq. (1) and pow-
er-law, as shown in Eq. (2). Even though there is an effect
of earth's frictional resistance on the air movement near
the ground surface but at a certain height, the effect is not
there. This height varies for different terrain category.
The deviation in temperature gives rise of the gradients of
pressure which set air in motion.

V. 1 z
Z* = —]O -, 9
T o8 - ©)]
where,

k= Von Karman's constant = 0.40.

z = height above the ground.

z, = surface roughness parameter.

V' = friction viscosity = %’

7, = skin frictional force on wall and p is the density of air.

a

v [_J , (10)
) 20
where

V' = velocity at height z above ground.

¥, = wind speed at reference height.

z, = reference height above ground, generally 10 m.

a = exponent power law, varying for different terrain.

Among these two, power-law is more prevalent among
researchers, as it is relatively easy to adjust match with
mean wind speed profile.

5 Details of the computational fluid dynamics (CFD)

Turbulent flow is categorized by muddled deviations of
property and a high Reynold's number. The turbulent flow
of wind on structures is unbalanced as well as chaotic
and kinetic energy is converted to internal energy by vis-
cous shear stress during wind attack. Computational Fluid
Dynamics (CFD) is a computer simulation technique in
which a 'virtual' wind tunnel is created to envision aero-
dynamic effects to a specific shape or body. CFD is a con-
venient and potent methodology that can be adopted to
figure out problems connected to complex phenomena of
wind-structure interaction when it demands more precise
information from the structural safety point of view and
occupant comfort criteria. Among many methods in CFD,
here ANSYS-CFX is used with k-¢ turbulence modelling
keeping sufficient similarity between the model and the
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prototype. In the turbulence model, & is the kinetic energy
of the turbulence defined as the variance of velocity vari-
ations and ¢ is the dissipated eddies during turbulent flow.
Turbulent flows are defined by the very familiar continuity
and momentum equations, named after Navier and Stokes,
improved to Eq. (3) and Eq. (4) as given below;

op 0

o 3 PUY ()

opU, 0

Py 2 (pUU,
o ar, (pUU;)

P 0 ou,

[ ’ Uf)] S
=—+— —+—>)]+ Sy,
ox;  Ox; Hey ox;  ox M

(12)

where S, is the sum of the body forces, x,; is the effective
viscosity accounting for turbulence, and p is the modified
pressure. This k-¢ model is like the zero equation model,
based on the eddy viscosity idea. So,

Hopr = M+ 1y (13)

where ut is the turbulence viscosity. The k-¢ model
assumes that turbulence viscosity is connected to the tur-
bulence kinetic energy and dissipation by the relation,

k2
He = C,up_ > (14)
&

where C# is a constant with a value of 0.09, the values of
k and ¢ come straight from the differential transport equa-

tions for the turbulence kinetic energy and turbulence dis-
sipation rate.

a(pk) o (15)
SR 2 (pUk

o ax, PUM
=§Ku+ijﬁ}+1’k—pg+%

X oy ) Ox;
d(pe) 0 (16)
2L (pU,

o " ax, PU)

J

= [ B 22 2, -G+ CuRy)
ox; ox; | k

Oe J

P, is the turbulence production due to viscous forces,
which is modelled by:
ou, dU; U, 20U ou,
g “’(ax 6x~)6x~ 36xk('ut Oxy, PK) {17

J ! J



140 | Paul and Dalui
Period. Polytech. Civ. Eng., 65(1), pp. 134-149, 2021

C,, and C,, are also k-¢ turbulence model constants in
ANSYS CFX with values of 1.44 and 1.92, respectively.
o, is the turbulence model constant having a value of 1.0,
and ¢, is also a turbulence model constant with a value
of 1.30. p is the density of air considered as 1.224 kg/m’.
The turbulence viscosity is denoted with x,. The buildings
are taken as bluff body and streamlines near the build-
ing is studied. Turbulence intensity is taken as 1 %. Wind
velocity at the inlet is considered as 10 m/s considering
1:5 velocity scale.

5.1 Domain used for the CFD study

A reasonably substantial computational domain invariably
leads to a large cell count after meshing the entire domain
with many of the cells in the grid being used up in regions
far from the building surfaces or wake region. Hence the
domain size for CFD, especially for a tall building shall
be chosen rationally so that the analysis time does not
increase needlessly. Revuz et al. [41] prescribed the suit-
able domain size for tall buildings considering the effects
of varying the domain size around a tall building. They
took into account the generation of vortices and fluctu-
ations in velocity in the region of disturbed flow down-
stream of the building caused by the wind flow are derived
with sufficient accuracy. They recommended the domain
size having an inlet, top and two side clearance of 15H and
outlet clearance of SH from the building edges, where H
is the building height. The domain used for the study is
shown in Fig. 4(a) and Fig. 4(b).

SIDEWALL

5H

15H

5H

OUTLET
INLET

5H

SIDEWALL
@

TOP SURFACE

OUTLET
INLET

BOTTOM SURFACE

(b)
Fig. 4 (a) Plan of the domain used for the study, (b) Elevation of the
domain used for the study

5.2 Grid independence test and meshing for CFD

Grid independence is an essential criterion in any CFD
method to derive the conclusion that further reduction in
grid size does not lead to any more precision in the results.
The grid independence test is carried out by trial and error
method decreasing the grid size in each trial resulting sub-
sequent increase in the number of elements in the domain.
An amalgamation of tetrahedral meshing and hexahedral
meshing is used to mesh the entire domain as well as the
building walls. Very fine hexahedral meshes are generated
close to the building surfaces to help in simulating even
flow. Uniform coarser tetrahedral meshing in rest of the
domain is taken up to lessen the time of analysis. The first
grid points adjoining the wall are located at y* > 30 to
implement empirical wall functions. Initially, a Z shaped
building model is designed in the pre-processing soft-
ware ANSYS CFX - CFD. Three different mesh patterns,
namely coarse grid, medium grid and fine grid, are gen-
erated. The grid patters with an enlarged view of a corner
are shown in Figs. 5(a)—(c). The number of elements in the
coarse, medium and fine grids are 4.96 x 10°,8.13 x 10°and
1.18 x 107, respectively.

(®)

©

Fig. 5 Different mesh patterns used for the grid independence test;

a) Coarse grid, b) Medium grid, c) Fine grid
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s CFD (Fine Grid) + Paul and Dalui [21]
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Fig. 6 Variation of pressure coefficients through the perimeter for different mesh patterns for 0° wind angle

The pressure coefficients through the perimeter of all
the faces at the height of 270 mm corresponding to 0°
wind incidence angle are computed for all mesh patterns.
The results are compared with the results of Paul and
Dalui [21]. The pressure variation in each case is shown
in Fig. 6. As expected, most accurate results with mini-
mal percentages of error are obtained for fine mesh, but
in the case of medium meshing, the results are also good.
Medium meshing is considered for any simulation in the
rest of the study to speed up the analysis without signifi-
cant loss of accuracy in the results.

5.3 Boundary conditions

A high degree of similitude between the boundary con-
ditions of both the numerical and the experimental meth-
ods should be achieved mainly for inlet or inflow bound-
ary. The boundary layer flow is generated using power-law
with o = 0.133 to attain the desired terrain category as per
IS 875-3 (Part 3) [42]. The velocity profile in the vicin-
ity of the windward side as obtained from the numerical
method and wind tunnel measurement are nearly alike
as observed from Fig. 7 [43]. The turbulence intensity
along the building height is also compared for numerical
method and wind tunnel measurement and is presented in
Fig. 8 [43]. The turbulence intensity is also matching with
good agreement for both methods.
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Fig. 7 The velocity profile

6 Calibration of CFD

Calibration of the CFD package has been done by carry-
ing out a numerical study of a RANS k-¢ turbulence model
of a square building. For a square building of particular
aspect ratio (h/w = 5), pressure coefficients are given in
IS 875-3 (Part 3) [42]. Numerical analysis has been con-
ducted in ANSYS CFX software for similar building model
under comparable wind environment to obtain the external
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pressure coefficients on different faces of the building. The
results are compared with some other international stan-
dards of wind load evaluation too.

Table 2 shows the comparison of the external pressure
coefficient C,, between different international standards
of wind load and C,, calculated by ANSYS CFX for a
square building. The results of numerical analysis and the
provisions of the code ASCE 7-10 [44] and AS-NZS 1170-
2:2002 [45] are closely matched. For the windward face
(Face A), there is 0 % deviation in the result. Again for
the sidewalls, the variation is 7.7 % and 14.3 % concerning
AS-NZS 1170-2:2002 and ASCE 7-10 respectively. But for
leeward face, the result from ANSYS is deviating 20 %
concerning both the codes. This deviation in result possi-
bly due to the generation of unstable vortices in the wake
region near the leeward face.

7 Results and discussions

As discussed earlier, the mean pressure coefficients,
C,, on building surfaces are obtained from the numerical
simulation at the design points. RSA models of the objec-
tive functions are constructed using the function values
generated from CFD. For the construction of RSA models,
Eq. (3) given in Section 2.1 is used. The RSA models of
C,, for different faces of the building with the correspond-
ing R’ values are presented in Table 3. All R® values are
more than 0.90, which is acceptable with good agreement
to construct an analytical model.

7.1 Validation of the RSA models

The surrogate models as obtained for different faces of
the building are validated for the '+' shaped tall building.
Chakraborty et al. [18, 19] presented the external pres-
sure coefficients (C,,) on different faces of a ' shaped tall
building obtained from Wind Tunnel and k-¢ Numerical
Simulation. The height-ratio and the plan-ratio of the
building are similar to the parametric models adopted for
the present study. The '+ shaped model defining build-
ing surfaces, dimensions and wind incidence angles are
shown in Fig. 9 (The wind angles and the building surfaces
are designated comparing the present study). The exper-
iment was carried out in the boundary layer wind tunnel
(BLWT) at Wind Engineering Centre, Department of Civil
Engineering, Indian Institute of Technology Roorkee,
India [18, 19]. The BLWT was an open circuit suction
type tunnel in which the suction flow was generated with
a blower fan of 125 HP capacity [18, 19]. The test section
was 2 m (height) x 2 m (width) x 38 m (length) [18, 19].
An elliptical effuse profile having a contraction ratio of
9.5:1 along with a 6 m X 6 m squared-holed Honeycomb
was located at the entrance of the tunnel [18, 19].

Table 2 Surface pressure coefficients for a square building

; Cpe for surfaces
Plan of the Building As Per h/w Wind Angle P
©) A B C D
i 0° +0.80 -0.40 -0.60 -0.60
ANSYS CFX /=5
90° -0.60 -0.60 +0.80 -0.40
C AS-NZS Any 0° +0.80 -0.50 -0.65 -0.65
w‘:a B 1170-2:2002 h/w 90° -0.65 -0.65 +0.80 -0.50
A Any 0° +0.80 -0.50 -0.70 -0.70
D ASCE 7-10 n
Iy 90° -0.70 -0.70 +0.80 -0.50
IS: 875 (Part 3, o g 0° +0.80 -0.25 -0.80 -0.80
3) - 2015 25w 90° -0.80 -0.80 +0.80 -0.25
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Table 3 RSA Models of Cpe for different faces of the building

Objective function C,, for

RSA model R

0.4705+0.00027.X1+0.01498X2—0.82201.X3 +0.00005X1>—0.00011.X2%+0.14277 X 3*

Face A 0.9481
—0.00002.X1X2 —0.00225X1X3— 0.00068 X 2.X3

- ~0.3461—0.01457X1+0.00072X2—0.179.X3 + 0.00015X12 + 0.0002 1X 22 + 0.09047 X 32 09960
~0.00014.X1X2 +0.00284X1X3 —0.00536 X 2.X3

Face ~0.24581-0.01341X1+0.00349.X2 — 0.27421X3+0.00016 X12 + 0.00016 X 22 + 0.09612.X 32 09077
~0.00014.X1X2 +0.00123X1X3 —0.0035X2.X3

- ~0.30202—0.0187.X1—0.01802.X2 — 0.03886.X3 + 0.0002 1X 12 + 0.00022.X 2% — 0.00116 X 3° 0,905
—0.00009.X1.X2 +0.00083X 13 +0.00299 X 2.X3

- 0.0755—0.03272X1—0.02573.X 2 — 0.22093.X3 + 0.00036.X 12 + 0.00041 X 22 + 0.03373 X 32 0.9083
0.0002X1X2+0.00289X1X3 +0.001 LX2.X3

Face 0.19502—0.01763X1—0.0158X2 — 0.04477 X3+ 0.00012.X 12+ 0.0002.X 22 — 0.00443 X 32 09757
~0.00003X1X2 +0.00297 X1.X3+0.00073X2.X3

Faee G ~0.32672—0.02056 X1+ 0.00969X 2 — 0.01908 X3 + 0.00008 X 12 — 0.00006.X 22 — 0.01606 X 3* 0013
+0.00004 X1X2 +0.00568 X1X3 +0.00151X2.X3

Face It 1.57938+0.00475.X1+ 0.00949.X 2 + 1.60478 X3 — 0.00012.X12 — 0.00002.X 22 — 0.22898 X 3° 0,903
+0.00004.X1.X2 +0.00286 X 1X3 — 0.00641X 2.X3

. 1.69497 +0.00353.X1+0.0248 X2 +1.669.X3 — 0.00033.X12 + ~0.00027 X 22 — 0.23795 X 32 00073
+0.00039.X1X2 +0.00362 X 1.X3 — 0.00819.X2.X3

. 0.49914+0.01879.X1—0.07951X2 + 0.8401X3 —0.00019.X 12 + 0.00074 X 22 — 0.0614 X 32 .
£0.0001X1X2 +0.00209X1X3 —0.00797 X 2.X3
0.98314 +0.00253.X1~0.03056.X2 — 0.41111X3—0.00001.X12 + 0.0001X 22 + 0.03895 X 32

Face K +0.00014.X1X2—0.00175X1X3+0.00214X2.X3 09623
0.92371+0.00617.X1—0.02748 X2 —0.332.X3— 0.00005.X12 + 0.00006.X 22 + 0.01799 X 32

Face L 0.9369

+0.00011X1X2—-0.00189X1X3+0.0034.X2X3
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Fig. 9 Plan and Isometric view of the '+' shaped building model, (a) Plan, (b) Isometric view

RSA models are compared for wind incidence angle
45°, 60° and 90° and are presented in Table 4. For 45°
wind incidence angle, the discrepancy in the result is on
the higher side for Face J. For all other faces, the results
obtained are having a good agreement with experimental
results. Again for 60° wind incidence, some deviations in
results are observed for Face A and Face I of the build-
ing. While for the other faces, good results are achieved.
As the surrogate models are constructed by the approx-
imation method, some results had some percentage of
discrepancy compared with the actual data. At 90° wind

angle of occurrence, the values of the pressure coefficients
obtained from surrogate models for all the faces are rea-
sonably good as compared with the wind tunnel data.

7.2 Surface plots of objective functions

Fig. 10(a)—(1) shows the surface plots of external pressure
coefficient for Face A to Face L respectively, correspond-
ing to the range of upper and lower bound of the design
variables X1 and X2 at 0° wind incidence angle. Similarly,
response surfaces corresponding to any wind occurrence
angle can be achieved from the proposed RSA models.
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Table 4 Comparison of the values of the objective functions C,, for '+' (X1 = 0and X2 = 0) shaped tall building for various wind angle of attack

C,
Location Wind angle 45° Wind angle 60° Wind angle 90°
Wind Tunnel Surrogate Model Wind Tunnel Surrogate Model Wind Tunnel Surrogate Model
[18, 19] (Present study) [18, 19] (Present study) [18, 19] (Present study)
Face A -0.10 -0.09 -0.27 -0.23 -0.41 -0.47
Face B -0.46 -0.43 -0.42 -0.43 -0.35 -0.40
Face C -0.41 -0.40 -0.44 -0.43 -0.38 -0.44
Face D -0.33 -0.33 -0.33 -0.34 -0.34 -0.37
Face E -0.25 -0.23 -0.26 -0.27 -0.38 -0.34
Face F -0.25 -0.23 -0.24 -0.25 -0.35 -0.28
Face G -0.33 -0.35 -0.35 -0.36 -0.41 -0.40
Face H -0.41 -0.46 -0.19 -0.15 0.43 0.38
Face 1 -0.46 -0.53 -0.38 -0.21 0.38 0.34
FaceJ -0.10 0.12 0.38 0.31 0.65 0.67
Face K 0.66 0.68 0.64 0.60 0.38 0.43
Face L 0.66 0.67 0.66 0.60 0.43 0.46

w0
20 »n o«

(a) Face A (b) Face B (c) Face C

40
2 45 « 0
o 20 N 20 W «®

(HFace F (h) Face H

(i) Face I (j) Face J (j) Face K (j) Face L

Fig. 10 Response Surface of C,, for different faces for 0° wind angle of attack



7.3 Results of optimization

A multi-objective optimization study is carried out based
on the surrogate models to optimize the mean pressure
coefficients C,, of all the building facetstogether. As dis-
cussed, for multi-objective optimization problems, one
objective cannot be improved without sacrificing others
and hence the concept of Pareto optimal design solutions
is used. The optimization commences with the forma-
tion of an initial population comprising of 200 different
combinations of the design variables. The RSA models
are used as the surrogates of the multi-objective Genetic
Algorithm (MOGA). The maximum number of genera-
tions is limited to 1200. The details of the MOGA setup
are given in Table 5. The global Pareto-optimal solutions
with design results are obtained using MOGA and pre-
sented in Figs. 11(a)—(j). The Pareto solutions composed of

o

sy
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100

(d) Pareto-optimal solution-4

100

(g) Pareto-optimal solution-7

90°
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10 candidates are optimal in the sense that other solutions
in the design space are not superior to them. Depending on
the architectural requirement, one of the proposed optimal
shapes may be chosen to decrease the cost-benefit ratio
of the project.

Table 5 Details of the MOGA setup

Parameter Specification
population size 200
number of generations 1200
Number of objectives in the fitness function 12
Number of variables in the fitness function 3
Lower Bound [0,0,0]
Upper Bound [100,100,6.28]
Cross-over rate 0.8

Mutation function Constraint dependent

100

(j) Pareto-optimal solution-10

(i) Pareto-optimal solution-9

Fig. 11 Pareto-optimal solutions of the study depicting decision variables (unit: mm)
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Further validation is essential to adjudge the accuracy
of the optimization study. The function values, as obtained
from the MOGA optimization study at the decision vari-
able, are verified by carrying out a CFD study. A numeri-
cal study is performed using RANS k-¢ turbulence model
for the proposed Pareto-optimal shapes of the building.
Mean pressure coefficient (C,,) on the different building

facets of the models are determined. The results of CFD
are compared with the results of MOGA for the defined
building surfaces and presented in Fig. 12(a) to Eq. (I).
It is observed that the function values achieved from the
MOGA study and the results of the numerical study are
nearly overlying each other, ensuring a satisfactory level
of precision of the optimization study.
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Fig. 12 The comparison of pressure coefficients obtained using the MOGA and CFD methods



8 Conclusions

In this article, shape optimization under wind excitation
is carried out for a rectangular plan shaped building with
horizontal limbs on both sides for minimization of exter-
nal pressure on different surfaces of the building together.
The novelty of the study lies in the selection of the building
shape. This particular shape is critical due to its increasing
popularity among commercial buildings. Multi-objective
optimization is performed using surrogate modelling
and a MOGA algorithm with 3D unsteady CFD analy-
sis. RANS k-¢ turbulence models are considered for CFD,
and the RSA method is used to construct the surrogate
models of the pressure coefficients. The results of RSA
models are compared with the wind tunnel results of a '+
shaped building, and there is almost no or insignificant
discrepancy found in the results obtained. For an unusual
plan shaped tall buildings, international standards recom-
mend either experimental or numerical model analysis.
The experimental method of carrying out the wind pres-
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