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ABSTRACT
The Indian standard provides the formulations for the along-wind equivalent static wind load (ESWL) in detail
and briefly deals with across-wind load. The present study looks into the relative variation of along and acrosswind ESWL for varying plan aspect ratios (0.5 to 2) and height aspect ratios (4 to 9), keeping the height fixed
at 300m for all the cases. The plot of design forces versus the height of the building shows that the across-wind
forces exceed the along-wind forces at heights above 175 m for buildings with plan aspect ratios of 1 to 2. The
magnitude of the across-wind forces is higher than corresponding along-wind forces by about 18 % to 9% at
the tip of the buildings for plan aspect ratios of 1 and 2, respectively. However, for increasing height aspect
ratio, the across-wind load increases exponentially. Here, across-wind forces at the tip of the buildings have
increased by about 18% to 277% over the corresponding value of maximum along-wind force for the height
aspect ratios of 6 to 9. Therefore, it is recommended that designers should refrain from planning super highrise buildings square in plan and keep the height aspect ratio below eight.
KEYWORDS: High-rise building, Across-wind equivalent static wind load, Effect of height and plan
aspect ratio.

INTRODUCTION

2005). The transverse or across-wind response is more
likely to arise from vortex shedding in the wake zone or
galloping, the incident turbulence mechanism and
probably due to excitation by turbulence buffeting
(Liang et al., 2002). These authors investigated several
parameters affecting across-wind loads on tall buildings.
Zhang et al. (2017) performed wind tunnel tests on a
series of cross-sections of aeroelastic models to study
the across-wind dynamic responses. Kwok (1982)
applied the wind pressure integration technique to obtain
the across-wind aerodynamic forces on tall buildings
more accurately. Cheng et al. (2001) and Marukawa et
al. (1992) conducted experimental studies on acrosswind aerodynamic forces for tall buildings and derived
empirical relationships for the corresponding power
spectral density (PSD). A semi-analytical procedure was
developed by Venanzi and Materazzi (2012) to predict
the across-wind aeroelastic response of square tall
buildings.
Several studies have mentioned that the across-wind

Tall buildings are prone to severe wind loads
especially in coastal areas subjected to frequent
cyclones. Slender buildings being flexible, subjected to
randomly varying wind loading, experience wind forces
in the direction of wind known as along wind. In
addition to this, in a direction nearly perpendicular to the
flow, across-wind components result from buffeting
effects caused by turbulence. The across-wind forces are
also termed as lift or transverse forces which arise
mainly due to wake excitation; i.e., flow separation from
the cross section of the structure causing vortices to shed
at varying frequencies.
Several international codes and standards provide
detailed formulations for across-wind loading on tall
buildings (IS: 875 (Part 3)-2015, AIJ 2004 and NBC
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dynamic responses of super-tall buildings are usually
larger than the along-wind ones. For example, Gu and
Quan (2011) cited that across-wind loading is 1.2 times
that of along-wind loading for the tall building at its
design wind speed (Fig. 1). Zhou et al. (2003) also
concluded the same. Boggs and Dragovich (2006)

mentioned that the across-wind load maybe 40% higher
than along-wind loading in certain situations (Fig. 2). Li
et al. (2007) observed from measurements that the
acceleration response was larger in the across-wind
direction than in the along-wind direction for the Jin
Mao building (height 420.5 m).

Figure (1): Equivalent static wind load distribution of the building (Gu and Quan, 2011)

Figure (2): Aerodynamic load spectra measured on wind-tunnel model (Boggs and Dragovich, 2006)
Zhang and To (2016) concluded that across-wind
loads are more than twice along-wind loads for basic
wind pressures larger than 0.8 kPa for tall buildings.
Certain high-rise buildings show severer coupled
response than that currently estimated, under the
influence of variable wind pressure fluctuation in alongwind, across-wind and torsional directions (Chen and
Kareem 2005). Kheyari and Dalui (2015) estimated the

wind load on a tall building under the interference effect.
According to Liang et al. (2014), the equivalent static
wind load of the symmetrical super high-rise building is
of the same order of magnitude either along or across the
wind direction.
Therefore, correct estimation of equivalent static
wind load (ESWL), especially across-wind loading, on
super-tall buildings is of prominent significance and an
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pressure 𝑝̅ corresponding to the design hourly mean
wind speed (𝑉 , ) at height z and obtained as 0.6𝑉 , , Cf,z
is the drag force coefficient of the building
corresponding to the area Az. G is the gust factor and is
calculated from Equation (3).

active area of research nowadays. A MATLAB program
has been developed to perform the parametric study
using the formulation of Quan and Gu (2012). Appendix
A gives an example of a MATLAB code for calculating
across-wind ESWL for building A. Across-wind ESWL
is assessed for buildings of 300-m height with plan
aspect ratios ranging from 0.5 to 2 (since the formulation
of Quan and Gu (2012) is valid up to a plan aspect ratio
of 2) and for height aspect ratios varying from 4 to 9.

G=1+r

Along-wind ESWL
For assessing the dynamic along-wind and acrosswind loads on tall structures, most of the international
standards utilize the gust factor method initially
formulated by Davenport (1967). Along-wind load in
the present study is calculated using the Indian code [IS:
875 (Part 3)-2015]. It uses hourly mean wind speed
which incorporates the terrain category factor,
probability factor, topography factor and importance
factor for the cyclonic region. Design hourly mean wind
pressure conforming to hourly wind speed is obtained by
the square of hourly wind speed multiplied by a constant
of 0.6. Indian standard embraced the gust factor
approach for the calculation of along-wind loads and
responses. Gust factor incorporates the mean
component, background component and resonant
component of wind load.
The design peak along-wind base bending moment
(Ma) has been calculated by integrating the moments
resulting from design peak values acting at different
heights, z along the height of building expressed in
Equation (1). Fz is the design peak ESWL on the
building at any height z considering along-wind load.
∑𝐹 𝑍

𝐶 , 𝐴 𝑝̅ 𝐺

Hs g2R SE
β

3

Across-wind ESWL
Across-wind load in this study is estimated using the
formulation given by Quan and Gu (2012). The results
from the formulation of Quan and Gu (2012) compare
well with AIJ recommendations. The study proposed a
mathematical model to evaluate across-wind ESWL on
super high-rise buildings based on the studies conducted
by Liang et al. (2002) and Cheng et al. (2001). It is
important to note that as the mean component of acrosswind load is considered as zero, the across-wind
equivalent static wind load is calculated individually as
resonant and background component. The inertial force
principle is used for the computation of the resonant
component in which the effect of aerodynamic damping
is considered. Based on the background moment
responses at various heights, the background component
is stated as a cubic equation depending on height and
calculated using base moment coefficients.
To quantify ESWL and responses on the structure,
the estimation procedure is organized in steps for the
ease of understanding as follows:
(1) To find the geometrical parameters of buildings,
height(H), width(B) as horizontal dimension of the
building measured normal to the direction of wind
loading, depth(D) as horizontal dimension of the
building measured in the direction of the wind
loading, fundamental frequency(f1) of the structure,
mode shape index(β), structural damping ratio(ζs),

1

Considering along-wind loading, the design peak
ESWL on the building is obtained from Equation (2).
𝐹

ϕ

where, r = roughness factor, gv = peak factor for
upwind velocity fluctuations, Bs = background factor,
ϕ = factor to account for second-order turbulence
intensity, gR = peak factor for resonant response, S = size
reduction factor, E = spectrum of turbulence in the
approaching wind stream, β = damping coefficient of
building, Hs = height factor for resonance response.
All the parameters used in Eq. (3) are taken
appropriately as per the IS: 875(Part 3)-2015.

Estimation of Equivalent Static Wind Loads
This section briefly describes the formulation used
in the present study.

𝑀

g2v 𝐵 1

2

where, Az is the effective frontal area (m2) of the
building at any height z, the design hourly mean wind
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first-mode shape ϕi = (z/H)β. These values are
mentioned in the input data section. The generalized
mass Mi* is expressed in Equation 4, where m(z) is
the mass per unit height at height z.
M*i =

Values of wind field parameters are provided in the
input data section.
(3) To determine the background base moment
coefficient CM-B0 using Equation 5.

H
0

m(z)×φ2i (z)dz

0.019αdb2.54 +0.54αw0.91

CM-B0 = 0.182

4

5

where, αdb is the plan aspect ratio which is equal to
the ratio of depth (D) and width (B) taken in the range
as in Table 1 and αw is a parameter based upon
turbulence intensity.

(2) To acquire the wind field parameters such as mean
wind velocity profile exponent(α), turbulence
intensity of approaching wind(IH) at the top of the
considered building, approaching wind pressure at
the top of the building(wH) and mean velocity of
approaching wind at the top of the building(UH).

αw =4.2-4e3.7-60IH

6

Table 1. Details of plan aspect ratio
Plan Aspect
ratio (D/B)
0.5
0.75
1
1.25
1.5
1.75
2

Width (B)
(meter)
100
66.667
50
50
50
50
50

(4) To determine the peak factor for the resonant
response, gR using Equation (7) given by Davenport
(1967), where f1 is the fundamental frequency of the
structure.
gR = 2ln(600f1 )+

0.5772

Sp η( n⁄fp )
1- n⁄fp

2 2

fp =10-5 191-9.48αw +1.28αhr +αhr αw ×
68-21αdb +3α2db

2

10

η= 1+0.00473e1.7αw × 0.065+e1.26-0.63αhr e1.7-3.44⁄αdb 11
αhr
λ= -0.8+0.06αw +0.0007eαw × -α0.34
×
hr +0.00006e
-1.23
0.414αdb +1.67αdb
12

λ

+η( n⁄fp )

G
F
A
B
C
D
E

αw
Sp = 0.1α-0.4
× 0.84αhr -2.12-0.05α2hr ×
w -0.0004e
-1
-2
0.422+αdb -0.08αdb
9

(5) The mode shape index (β) has been taken as unity,
so the mode shape correction coefficients of
generalized aerodynamic force would also become
unity.
(6) To estimate the reduced base moment power spectral
density at first mode frequency, S*M(n) as:
S*M (n)=

Label

the deflection parameter and αhr is the height ratio, n=f
B/UH is the reduced frequency and f is the frequency of
the structure. These factors are calculated using
Equations (9) through (13).

7

2ln(600f1 )

Depth(D)
(meter)
50
50
50
62.5
75
87.5
100

8

αhr = H⁄√BD

13

(7) To determine the aerodynamic damping ratio ζa
given by Davenport (1967) as follows:

where, Sp is the amplitude parameter, fp is the
location parameter, η is the band width parameter, λ is
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ζa =

0.0025 1- U* ⁄9.8

2

1- U* ⁄9.8

U* ⁄9.8 +0.000125 U* ⁄9.8
2 2

+0.0291 U* ⁄9.8

2

2

IS: 875 (Part 3)-2015, it varies from 7% to 17% for the
adopted building height depending upon the terrain
category, the lowest being in open-terrain category to
the highest in city centers with numerous high-rise
structures. The exponent of the mean wind velocity is
taken 0.30. A higher value (70 m/s) of basic wind speed
has been adopted to see the response of the structure in
this range. Design wind pressure at building height is
taken as 2996 (kN/m). Mode shape index (β) is taken as
1. Reduced wind velocity U* (Eq.12) is adopted as
seven, as Quan and Gu (2012) formulation yields the
base bending moment near to AIJ (2004) at this value.

14

where, U* is reduced wind velocity calculated by
Equation 15.
U* = UH ⁄f1 B

(15)

(8) To determine the peak across-wind equivalent static
wind load (ESWL), 𝑝̂ (z) with Equations (16), (17)
and (18), where GB and GR are background load
coefficient and resonant load coefficient calculated
using Equations (17) and (18), respectively.
p(z)=wH B G2B (z)+G2R (z)

16

GB (h)= 0.65+1.3h+7h2 -7.5h3 gB CM-B0

17

GR (z)=

Hm z
M*i

z
H

β

gR

πΦS*M (f1 )

Geometrical Parameters
For all the cases, the height of the building has been
taken as 300 meters (Quan and Gu, 2012). Plan aspect
ratio and height aspect ratio have been varied as follows.
Plan Aspect Ratio
Plan aspect ratio is the ratio of depth and width of the
building. The plan aspect ratio has been varied from 0.5
to 2 keeping the height constant as 300 meters. Table 1
shows the dimensions considered. The wind flow is
perpendicular to the width B. In Figure 3, all the
buildings are shown together and buildings are analyzed
one by one. Plan aspect ratios are taken in the range of
0.5 to 2 based on Gu and Quan (2004).

18

4 ζs1 +ζa1

where, H= height of the building, m(z) is the mass
per unit height at height z, Φ is the correction factor,
Φ=1 for first mode (Xu and Kwok, 1993), ζs1 and ζa1 are
structural and aerodynamic damping ratios, respectively
for the first mode and β= mode shape index used as 1.
(9) To calculate the internal force or other responses
along with the induced ESWL.

Height Aspect Ratio
The height aspect ratio is the ratio of the height of
the building and the side of the building. As square
buildings are subjected to the maximum along-wind and
across-wind forces, the effect of changing height aspect
ratios has been studied for six square in-plan buildings.
The height aspect ratio is varying from 4 to 9 keeping
the plan aspect ratios constant as 1. Table 2 shows the
dimensions considered for height aspect ratios from 4 to
9. Height aspect ratios are considered in the range from
4 to 9, because IS: 875 (Part 3)-2015 recommends using
its formulation for buildings with height aspect ratios
exceeding 4.

Input Data
Structural Parameters
The fundamental frequency of all the structures is
estimated using IS: 875 (Part 3)-2015 and the damping
ratio is considered as 0.01 (Quan and Gu, 2012).
Wind Characteristics Parameter
Turbulence intensity of approaching wind at the
height of target building is taken as 11%. According to

Table 2. Details of height aspect ratio
Height aspect ratio

4

5

6

7

8

9

Side dimension (meter)

75

60

50

42.85

37.5

33.33
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Figure (3): Plan of buildings considered for the study (dimensions are in meters)

depicted in Figures 4(a), 4(c) and 4(e), respectively.
Building A (square in plan) is exposed to maximum
ESWL, shear force and base bending moment compared
to the other buildings. For a plan aspect ratio of 1.25, the
results are close to the square plan. As the plan aspect
ratio increase from 1 to 2, the ESWLs, shear force and
base bending moment values decrease. The results of the
present study conform to those of Simiu and Scanlan
(1996), stating that as the depth of the building
increases, the vortex shedding effect on the building
decreases, resulting in lesser across-wind forces.

RESULTS AND DISCUSSION
Effect of Varying Depth on Across-wind Load and
Responses
The effect of varying the depth on the ESWL has
been studied keeping the width dimension as fixed.
Sides parallel to the wind stream are considered as depth
of the building (refer to plans labeled as A, B, C & D of
Figure 3). This part of the study also provides an insight
into the effect of varying plan aspect ratios from 1 to 2
on across-wind load.
ESWL, shear force and base bending moment are

Figure (4)(a)
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Figure (4): Across-wind equivalent static loads and responses for plan aspect ratios from 0.5 to 2
ESWL, shear force and base bending moment compared
to buildings having plan aspect ratios of 0.75 and 0.5. It
can be observed from the figures that as the width of the
building is increased, the across-wind effects are
reduced progressively. This is because larger width
leads to higher moment of inertia of the building in
across-wind direction. Thus, the probability of inducing
across-wind vibrations becomes substantially lower.
The computed values of ESWL, base shear and base
bending moment for across-wind cases are listed in
Table 3 for different plan aspect ratios.

Effect of Varying Width on Across-wind Load and
Responses
The effect of varying the width is studied keeping the
depth fixed as 50 meters. Sides perpendicular to the
wind flow are mentioned as width. The width has been
varied as 100 m (case G), 66.67 m (case F) and 50 m
(case A). This part of study is carried out to see the effect
of the plan aspect ratio on across-wind load.
ESWL, shear force and base bending moment are
shown in Figures 4(b), 4(d) and 4(f), correspondingly.
Building A (Square in plan) is exposed to maximum

Table 3. Across-wind ESWL, base shear and base bending moment with different plan aspect ratios
Plan aspect ratio

ESWL at the top of
the building (kN/m)

Maximum base shear
due to across-wind
loading (103kN)

Maximum base bending
moment due to acrosswind loading (106 kN-m)

0.5

446.6

75.9

14.3

0.75

707.2

116.8

22.3

1

975.7

155.47

30.2

1.25

949.9

152

29.5

1.5

873.5

140.8

27.2

1.75

784.8

127.6

24.5

2

698.7

114.7

21.9

- 343 -

Effect of Plan and…

Ashish Singh and Sasankasekhar Mandal

chamfered, recessed corners, …etc.).

In the range of plan aspect ratios from 0.5 to 2, Table
3 clearly shows that the building with plan aspect ratio
one (square) has the highest ESWL at the top of the
building, followed by the base shear and base bending
moment. For a building with a square plan, Hui et al.
(2017) stated that the mean and fluctuating torsion
coefficients are significantly higher (1.5 times) than for
rectangular buildings. The square plan is more
vulnerable to across-wind force, so it must be designed
carefully in conjunction with the state-of-the-art
mitigation techniques, like major modification (e.g.
tapering, setback, twisting, opening, …etc.) or minor
modification (e.g. corner modifications like rounded,

Comparison of Along- & Across-wind ESWL for
Various Plan Aspect Ratios
Comparison of estimated along- and across-wind
ESWL is done for plan aspect ratios varying from 0.5 to
2. In Figure 5(a) to Figure 5(e), it is interesting to note
that at the top of the building, across-wind ESWL is
more than along-wind ESWL for plan aspect ratios
varying from 1 to 2. However, from Figure 5(f) and
Figure 5(g), it is evident that for plan aspect ratios 0.5
and 0.75, along-wind ESWL is more than across-wind
ESWL.

Figure 5 (a) Plan aspect ratio-1

Figure 5 (b) Plan aspect ratio-1.25
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Figure 5 (c) Plan aspect ratio-1.5

Figure 5 (d) Plan aspect ratio-1.75

Figure 5 (e) Plan aspect ratio-2
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Figure 5 (f) Plan aspect ratio-0.75

Figure 5 (g) Plan aspect ratio-0.5

Figure 5 (h) Along max. versus across max. ESWL (at the tip of the building)
Figure (5): Acoss-wind and along-wind equivalent static loads for plan aspect ratios from 0.5 to 2
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wind ESWLs are theoretically identical.

Table 3 shows that a building with a square plan is
subjected to the maximum across-wind load. As the
depth of the building increases, the magnitudes of the
ESWL, shear force and base bending moment decrease.
This is due to an increase in the moment of inertia of the
structure about the axis perpendicular to the flow,
resulting in the reduction of the resonant component
both in the along-wind and across-wind directions.
Figure 5(h) shows the variation of maximum
along-wind and across-wind ESWL for plan aspect
ratios varying from 0.5 to 2. Similar to the results of
Table 3, Figure 5(h) reveals that buildings having a
square plan are likely to be subjected to higher acrosswind loading. Initially, for plan aspect ratios up to
0.75, the along-wind loads are comparatively higher
than the across-wind loads. However, buildings with
a plan aspect ratio more than one are subjected to
higher across-wind ESWL compared to along-wind
ESWL. Ideally, the crossing point in Figure 5(h)
signifies the aspect ratio at which along- and across-

Effect of Height Aspect Ratio on Across-wind Load
and Responses
As observed in the previous section, buildings with
a square plan are subjected to maximum across-wind
load. To investigate further, square buildings with
different height aspect ratios are analyzed in this section.
All buildings have the same height of 300 m, while their
sides are progressively reduced from 75 m to 33.33 m,
as shown in Table 2.
ESWL, shear force and base bending moment are
shown in Figures 6(a), 6(b) and 6(c). ESWL, shear force
and base bending moment increase monotonically as the
height aspect ratio increases. ESWL is least for height
aspect ratio four and maximum for height aspect ratio
nine. The increment in the loads is due to an increment
in reduced wind velocity with height aspect ratio.
ESWL, shear force and base bending moment are given
in Table 4 for different height aspect ratios.

Table 4. Across-wind ESWL, base shear and base bending moment with different height ratios
Height aspect
ratio

ESWL at the top of the
building (kN/m)

Maximum base shear
due to across-wind
loading(103 kN)

Maximum base bending
moment
(106 kN-m)

4

656.2

112.1

21.1

5

839.2

136.8

26.3

6

975.7

155.5

30.2

7

1157.2

181.4

35.5

8

1543.9

236.1

46.5

9

2874.3

437.2

86.8

keeping plan aspect ratio as 1. This has been done as
buildings with square plans experience maximum
across-wind loading compared to along-wind loading.
At the top of the building, across-wind ESWL is more
for height aspect ratios 6 to 9 and for height aspect ratios
4 and 5, along-wind load is more than across-wind load.
As the height aspect ratios are increased; i.e., as the
buildings become more slender, both along- and acrosswind responses of the structure also increase which is
observed from Figure 7(a) to Figure 7(f). However, at
height aspect ratios 8 to 9, there is an immoderate
increase in across-wind loading.

Table 4 clearly shows that as the building becomes
more slender, all the design forces increase drastically.
It is to be noted that buildings with a height aspect ratio
beyond 8 should be avoided strictly, as the magnitude of
across-wind ESWL increases drastically beyond height
aspect ratio 8. If unavoidable, the buildings should be
adequately designed and equipped with additional
structural elements.
Comparison of Along- & Across-wind ESWL on
Various Height Aspect Ratios
Comparison of along-wind ESWL and across-wind
ESWL is carried out for height aspect ratios from 4 to 9
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Figure (6): Across-wind equivalent static loads and responses for height aspect ratios (HR) from 4 to 9
The variation of maximum along-wind and acrosswind ESWL affecting the structure for height aspect
ratios four to nine is shown in Figure 7(g).
For height aspect ratios 4 and 5, along-wind ESWL
magnitude is higher compared to that of across-wind
350

ESWL. However, for height aspect ratios 6, 7, 8 & 9, the
across-wind ESWL magnitude exceeded the along-wind
ESWL magnitude at heights of 185m,130m,75m &
20m, respectively.
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Figure 7 (a) Height aspect ratio-4
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Figure 7 (d) Height aspect ratio-7
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Figure 7 (f) Height aspect ratio-9

3500

ESWL Fz (kN/m)

3000
2500
2000

Along-Max

1500

Across-Max
1000
500
0
0

2

4

6

8

10

Height Aspect Ratio
Figure 7(g) Along-max. versus across max. ESWL (at the tip of the building)
Figure (7): Across-wind and along-wind ESWL for height aspect ratios from 4 to 9
varying the depth of the building and secondly by
varying the width of the building. Also, the effect of
height aspect ratio on the across-wind load is studied by
changing the plan dimensions keeping the height as
constant. As the depth; i.e., the plan dimension of the

CONCLUSIONS
In this study, the effect of geometrical parameters on
across-wind load has been studied. The effect of the plan
aspect ratios has been studied in two ways; firstly by
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wind load also increases. Beyond height aspect ratio
eight, the magnitude of across-wind load increases
drastically.
Therefore, based on the present study, to build a
stronger and safer building against wind loads, it is
recommended that designers should avoid buildings
square in plan and keep the height aspect ratio below
eight.

building along the direction of the flow increases, the
across-wind load decreases. As the width of the
building; i.e., the side perpendicular to the flow
increases, the across-wind load decreases. Initially, for
plan aspect ratios up to 0.75, the along-wind load is
comparatively higher than the across-wind load.
However, buildings with a plan aspect ratio more than
one are subjected to higher across-wind ESWL
compared to along-wind ESWL. In the range of plan
aspect ratios from 0.5 to 2, maximum across-wind loads
are obtained for a building with a plan aspect ratio of
one. As the height aspect ratio increases, the across-
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