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ABSTRACT  

====================================================== 

With the advances in construction methods, materials, and technologies, more high-

rise buildings with unconventional shapes have been continuously built. A large number 

of tall buildings with irregular shapes have been built in past years in urban areas due to a 

shortage of land and demand for good architectural design. As the wind velocity increase 

with height, the top of the building may experience a higher wind. Tall buildings are the 

structures that are more sensitive to wind loads, and thus the response to the wind load is 

the main concern of designers while designing tall buildings. Most of the tall buildings are 

bluff bodies. As flow separates and reattaches around bluff bodies, the external shape of 

tall buildings plays an influential role in the generation of wind load on high-rise buildings. 

High-rise residential buildings are commonly built as twin towers. Twin tall buildings 

are subjected to the proximity effects due to small gaps between them. Under the influence 

of proximity, the wind load on tall buildings may differ from that on the isolated buildings. 

The codes and standards related to the wind loads are generally do not consider these 

proximity effects. Further, no analytical formula is available to evaluate the wind effect on 

irregular shape tall buildings and proximity effects between twin towers, which 

necessitates more experimental or analytical study for irregular shape tall buildings. 

In the present study, four different plan shapes, namely square, plus-1, plus-2, and H-

plan, are considered. The floor area and height of all four models are kept the same. The 

plus-1 and plus-2 plan shapes are prepared by providing the large-sized recessed corners 

in the rectangular plans of different sizes, whereas the H-plan shape is prepared by 

providing recessed cavities on the two opposite faces of a rectangular plan shape. The study 

has been conducted in three phases, namely (i) pressure measurements through wind tunnel 

study in isolated and interference conditions, (ii) force evaluation through pressure 

integration technique, and (iii) study of the response of prototype buildings to wind loads 

calculated on scaled models.  

In the first phase, to investigate the wind-induced pressure at the surfaces of the building, 

four rigid models scaled at 1:300 as described earlier are tested in an open circuit layer 
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wind tunnel having a working section of 2 m x 2 m cross-section and 15m length. The wind 

flow characteristics inside the tunnel are simulated similar to the Indian sub-urban terrain 

with well-scattered objects with a height between 1.5 to 10 m according to the Indian 

standard IS 875 (part 3): 2015. The mean wind speed and turbulence intensity profile with 

a power-law index of 0.22 is simulated in the tunnel. The turbulence intensity near the floor 

of the wind tunnel and wind velocity at building height is 12% and  9.87 m/sec, 

respectively. The pressure models are prepared with a 4 mm thick transparent Perspex sheet 

with stiff faces to ensure sufficient rigidity and strength of the model. The pressure 

measurement study is conducted in two parts. In the first part, the pressure models are 

tested in isolated conditions for wind directions of 0, 300, 600, and 900 angles at an interval 

of 300 to assess the effects of wind direction on the surface wind pressure. In the second 

part, the pressure models are tested with an interfering building model present upstream of 

the pressure model at different locations. The interfering building models are made of 

wooden material with dimensions similar to the pressure models. Interference effects are 

assessed for three different positions of interfering building, such as full blockage, half 

blockage, and no blockage. From the time history of fluctuating pressure data, the mean, 

maximum, minimum and r.m.s pressure coefficients are evaluated at each pressure point 

on the surface of the model in isolated and interference conditions.  

In the second phase of the study, local wind force coefficients at various levels of the 

models and the overall base forces have been evaluated through the pressure integration 

technique. The local forces at each level of the model are calculated by integrating the local 

forces of each pressure tap at that particular level. The overall base forces and moments 

are calculated by integrating the force and moment of all levels. The forces in along-wind 

and across wind directions are presented as mean and r.m.s coefficients.  

In the third phase of the study, the responses of prototype buildings of the four models 

to the wind load calculated through wind tunnel study on the scaled models are studied 

through analytical study. The effects of various wind directions and various interference 

conditions have been assessed on the response of four buildings through stress parameters, 

including axial forces, the moment in X and Y directions, and twisting moments. At last, 
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the effects of the various plan shapes on the response of tall buildings under wind loads 

have been investigated. 

The results show that wind flow direction has significant effects on the pressure 

distribution on the surfaces of the models. For the square model, the wind directions normal 

to the surfaces are critical direction. The wind direction of 600 generates the most critical 

positive and negative mean pressure on the plus-1 model. The effects of wind direction on 

the pressure on the plus-2 model are not as much severe as the plus-1 model. Pressure 

distribution on the front faces of all models is completely different in interference 

conditions from those in isolated conditions. The influence of interference on the square 

and H-plan model are beneficial, while it has negative effects on some face of the plus-1 

model. The along-wind mean local wind forces at normal wind incidence are higher than 

those at oblique wind incidence. The along-wind forces in all interference conditions 

decreased significantly from those in isolated condition. The values of along-wind forces: 

drag and moment at normal wind incidence of 00 and 900 angles are larger than those at 

oblique wind incidence in isolated condition. The CFD and CMD values are likely to be 

reduced significantly in interference conditions. The effects of change in cross-sectional 

shape are significant on the across-wind forces. The effects of cross-sectional shape are 

dominant for wind flow at oblique angles in isolated condition while more at half blockage 

condition of interference. The axial force is independent of the building cross-section. All 

the buildings have the same axial force in central columns. The maximum twisting moment 

is observed in PL-2 Building in isolated as well as in interference conditions. The H-

building show the best performance in isolated condition. 
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1. CHAPTER-1 

INTRODUCTION 

====================================================== 

1.1.  GENERAL 

The biggest wave that the world is undergoing in development is the construction of 

taller buildings (photo 1.1). As the buildings become higher, wind loads become more 

dominant than the earthquake load regarding safety and serviceability. Wind actions are 

crucial regarding construction and safety as wind is the most devastating natural 

phenomenon [1].  Tall buildings are more flexible and hence very sensitive to dynamic 

wind loads.  

Most of the tall buildings are bluff bodies. These bluff bodies create separated flow 

regions that become the source of vortex shedding, which can create problems in wind 

engineering contexts [2]. As flow separates and reattaches around bluff bodies, the external 

shape of tall buildings plays an influential role in the generation of wind load on high-rise 

buildings. The square or rectangular buildings are susceptible to aeroelastic instabilities 

because of flow separation at the windward corners of the building. Hence, there is the 

formation of strong vortices by rolling up the separated shear layer.  An attentive study of 

wind flow around the tall buildings is of great importance in the design process of tall 

buildings, which may be performed experimentally in the wind tunnel or numerically using 

computational fluid 

 dynamics (CFD) or using an uncoupled fluid-structure interaction (FSI) approach [3], 

[4]. Shape optimization of the cross-section is put forward to improve its wind resistance 

[5]. Changing the characteristics of the separated shear layer through modification of the 

corner helps in the reduction of drag and fluctuating lift. Focusing more on the shape during 

the design stage will minimize the wind-induced vibrations of tall buildings [6]. Using 

various types of passive and active control devices and by adopting different kinds of 

aerodynamics modifications to the geometry of buildings could help in reduced wind 

effects. 
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   (a) Burj Khalifa                    (b) Taipei 101,           (c) Abenobashi Terminal         (d) Incheon Tower 

         

  (e) Huntington Center          (f) Sky City Tower         (g) Willis Tower Chicago         (h) Nakheel Tower 

               

 (i) Doha Convention Center   (j) Shanghai Tower          (k) Pentominium Tower      (l) Petronas Tower 

Photo 1.1 Typical tall buildings in the world 
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The crosswind excitation is caused by wake excitation associated with vortex shedding 

and inflow turbulence [7]. The crosswind load and effects for super high-rise buildings 

have been a problem of great concern as the crosswind dynamic response is usually higher 

than the along-wind response in super-tall buildings and an important factor in the 

structural design of tall buildings [8], [9]. Appropriate horizontal (chamfer, recession, 

roundness etc.) and vertical (tapering, setback, twisting and opening etc.) aerodynamic 

treatments for external shapes of tall buildings can reduce the wind loads on tall buildings 

significantly. Corner modification in the form of a small corner cut and recession is very 

effective in reducing drag and lift [10]. The Irregular and unconventional shapes of recent 

tall buildings effectively suppress crosswind response, which helps while designing tall 

buildings regarding safety and habitability [11]. However, modification of building corners 

is not always effective and may have an adverse effect. Vertical aerodynamic modification 

through tapering could reduce the crosswind response of tall buildings [12].  

With the rapid urbanization and shortage of land in urban areas, modern high-rise 

buildings are often constructed in groups. When two or more tall buildings are situated in 

the near vicinity, flow patterns surrounding the building are quite intricate than isolated 

buildings due to interaction effects. This may have an adverse effect upon wind conditions 

in such areas depending on the shape of the building, as the external shape of tall buildings 

plays an influential role in the generation of wind load on high-rise buildings. This problem 

is likely to increase significantly in the future due to the increasingly dense arrangement of 

buildings in cities caused by the shortage of land. Guidelines for estimating the wind loads 

on tall buildings in current design codes and standards [13]–[17] are only available for 

regular and symmetric shapes. Also, codes and standards offer little guidance regarding the 

proximity effect for unconventional plan-shaped buildings. Since a large number of 

variables that include the shape and size of buildings, their relative positions, wind 

direction, etc., are involved [18], it is challenging to provide the compendious and 

generalized set of guidelines for modification in wind load due to the presence of adjacent 

buildings. Further, no analytical formula is available to evaluate the wind effect on irregular 

shape tall buildings, which necessitates more experimental or analytical study for irregular 

shape tall buildings. 
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1.2.  TYPES OF BUILDINGS 

1.2.1. Based on Height 

Buildings may be classified as low-rise or high-rise (tall) buildings according to the 

number of stories or height of the building. Indian standard IS 875 (part 3)- 2015 [16] 

describes the low-rise building with less than 20 m. A building with a height more than or 

equal to 50 m or a building with a height to smaller dimension ratio less than 6 is described 

as a high-rise building according to the code.  

From the structural design point of view, it is simpler to define a building as tall when 

its structural analyses and design are in some way affected by the lateral loads, particularly 

by sway caused by such loads [19]. According to the CTBUH Height Criteria, a tall 

building is further classified in two categories as “supertall” building and “megatall” 

building. A tall building is considered as “supertall” building with a height more than 300 

meter (984 feet) or taller and a tall building with height more than 600 meter (1968 feet) 

or more is considered a megatall building.  

1.2.2. Based on their primary use  

On the basis of their primary use, tall buildings may be further classified as office 

building, hotel building, residential and apartment building, or mixed-use building. One 

more category of building may also be defined as an industrial building, but this category 

buildings are essentially low-rise buildings.   

1.3. LOADS ON TALL BUILDINGS 

Design loads for tall buildings are not similar to that of low-rise buildings. Because of 

gravity load accumulate on floors from top to bottom and the increased significance of 

lateral loads like wind and earthquake. As wind and earthquake loads are random in nature, 

prediction of these loads is difficult. Wind load becomes more dominant than earthquake 

load for tall buildings. Hence wind loads should be appropriately evaluated for the realistic 

wind load design of buildings. 

1.3.1. Wind Load 

The wind is a complex phenomenon in respect of wind-load on the structures because 

of the wind-structure interaction. Wind loads are generated on the exterior of the building, 
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which is affected by a large number of parameters. These parameters can be divided into 

(i) Flow parameters and (ii) Structural parameters. Flow parameters include velocity, the 

direction of wind flow, local ground roughness, or turbulence intensity. Structural 

parameters include the shape, side ratio, aspect ratio, or height of the building, opening, 

position of other structures, etc.  

1.4. DETERMINATION OF WIND LOADS 

Wind loads on the buildings can be determined either theoretically according to the 

procedure given in codes and standards or numerically or experimentally using a wind 

tunnel. However, the majority of codes provide data for the calculation of wind load for 

regular shapes only. Wind loads on a structure need to be calculated for the design of the 

building, the design of the main wind-force-resisting system, and for the design of 

components and cladding. There are two methods of wind load evaluation given by the 

Indian Standard on wind load [ IS: 875 (part- 3)- 2015 ] as (i) pressure coefficients method 

and (ii) force coefficients method.  

The design wind load or force on a structure is determined according to IS code using 

the formula given below. 

F = A x P………………………………………………………………......… (1.1) 

Where, 

F = wind force 

P = wind pressure acting uniformly on area A, given by  

P = Cp x Pd .………………………………………………………….…..…... (1.2) 

Where,  

Cp = pressure coefficient, given in code 

 Pd = design wind pressure given by 

 Pd = Kd Ka Kc pz ……………………………………………………………..… (1.3) 

pz = wind pressure at height z given by 

pz = 0.5 x ρ x Vz
2 …………………………………………………………..…. (1.4) 
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Vz = design wind speed at height z 

ρ = density of air = 1.2 N-Sec2/ m4 

Cp for the building with opening is given by- 

 Cp = Cpe - Cpi …………………………………………………………….….... (1.5) 

Where,  

 Cpe = external pressure coefficient, 

 Cpi = internal pressure coefficient. 

Therefore, P = ( Cpe - Cpi ). Pd 
2 

 ………………………...…………………………. (1.6) 

As per IS: 875 (part-3) -2015 design wind speed, Vz  is the function of basic wind speed 

Vb and It can be mathematically expressed as follows:  

Vz = Vb x k1 x k2 x k3 x k4 ……………………………………………………... (1.7) 

Where,  

Vb = basic wind speed  

k1 = probability factor (risk coefficient)  

k2 = terrain roughness and height factor  

k3 = topography factor and,  

k4 = importance factor for the cyclonic region 

If the force coefficient method is used, the total wind load (F) on that particular building 

or structure is given by- 

 F = Cf Ae Pd …………………………………………………………………... (1.8) 

Where,  

 Cf =  The value of force coefficients apply to a building or structure as a whole 

Ae = effective frontal area of the building or structure, and  

Pd = design wind pressure 
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1.4.1. Experimental Technique (Wind Tunnel Method) 

As the guidelines for estimating the wind loads on tall buildings in current design codes 

and standards are generally available for regular and symmetric shapes only. It is important 

to have the information of correct values of wind forces on structures for its safe and 

economical design. Most of the structures present are bluff bodies, making it difficult to 

ascertain the wind forces accurately.  Further, no analytical formula is available to evaluate 

the wind effect correctly on irregular shape tall buildings, necessitating more experimental 

or analytical study for irregular shape tall buildings. The geometries of typical structures, 

terrain characteristics, and other nearby structures introduce the complexity of wind flow, 

which necessitates the determination of wind forces experimentally using wind tunnel 

study on the scaled model and simulated wind.  

An experimental study with the Boundary Layer Wind Tunnel (BLWT) is a reliable 

method to determine the wind effects on tall buildings. Wind tunnel studies are adopted 

alternatives to codes when more precise information is sought. Wind tunnel studies of 

structures improve the reliability of performance and economy of design. It also ensures an 

adequate measure of safety against aerodynamic instabilities for tall, slender, and flexible 

buildings. BLWT model study is important to increase human comfort and safety through 

information on sway and twist acceleration and torsional velocities.  
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1.5. NEED OF THE STUDY 

As stated earlier, code and standards do not provide sufficient data to evaluate the wind 

forces accurately for tall buildings with unconventional plans. Also, available data are for 

isolated building conditions only. Although there have been many research works 

conducted to investigate the wind forces on buildings with unconventional plans, there is 

still a need to fill some research gaps.  

The present study is conducted to address the various research gaps identified through 

an extensive literature survey. Following are the research gaps that have been identified for 

the present study to bridge with the previous ones.  

i. Past studies related to the model with large recessed corners mainly focused on 

the overall wind loads [8], [10], [20]–[27]. Detailed investigations of 

characteristics of local surface pressure and forces have not yet been conducted 

for the model with large recessed corners. 

ii. Past studies on interference effects generally focused on square or rectangular 

tall buildings [6], [28]–[40]. Interference effects between closely spaced 

buildings with large recessed corners are yet to investigate.  

iii. Comparative study of wind forces between square model and model with large 

recessed corners keeping the plan area and height equals for both models is 

rarely conducted.  

iv. Past studies related to models with recessed cavities have been conducted 

mainly for the isolated condition [41]–[43]. Detailed investigation of local wind 

pressure and forces for various interference conditions is yet to be conducted 

for the model with recessed cavities. 

v. A comparative study of wind forces between a base square model and a model 

with recessed cavities of equal plan area and height is not performed. 

vi. Response studies of building models with large recessed corners and models 

with recessed cavities under wind excitation are to be done at various wind 

incidence angles. 
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1.6. RESEARCH OBJECTIVES 

Following are the objectives that have been drawn from the research gaps of existing 

literature: 

i. To simulate the wind flow parameters like velocity, turbulence intensity, etc., 

through Atmospheric Boundary Layer (ASL) inside the wind tunnel for 

required terrain conditions. 

ii. To validate the experimental data and evaluation procedure used in the present 

study.  The experimental parameters of the base square building model have 

been compared with the experimental parameter for CAARC standard tall 

building model tested at several research institutions for validation. 

iii. To evaluate local pressure in terms of mean, maximum, r.m.s and minimum 

pressure coefficients from the fluctuating wind pressure records at all pressure 

points of rigid models considered in this study at various wind incidence angles. 

iv. To determine local forces in terms of mean and r.m.s. local force coefficients at 

the different height levels of all building models using pressure integration 

technique at different wind incidence angles. 

v. To evaluate the overall base moments in terms of mean and r.m.s. force 

coefficients and to compare the values of all building models to assess the effect 

of unconventional shapes at different wind incidence angles. 

vi. To study the interference/ shielding effects between closely spaced twin tall 

building models for different positions of interfering building present at 

windward. 

vii. To evaluate the response of the prototype buildings of all models selected at 

various wind incidence angles in isolated conditions and in different 

interference conditions.  
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1.7. ORGANISATION OF THE THESIS 

The present research work is organized into 8 chapters.  

Chapter-1 deals with the introduction part, which discusses about wind effects on tall 

buildings, followed by methods to evaluate the wind loads. The last section discuss about 

the research gaps identified, followed by the objectives of the present research work. 

Chapter-2 describes the summary of the reviewed literature to find out the research gaps. 

Firstly the literature related to pressure and force measurement in the wind tunnel and force 

measurement using pressure integration method are discussed. This is followed by a review 

of literature related to interference effects between buildings. The last section presents the 

summary of reviewed literature about CFD and full-scale measurements.  

Chapter-3 describes the wind tunnel details and characteristics of the approach wind flow. 

Also, the details about building models tested, the material used for models, and their 

geometric properties are described in this chapter.  

Chapter-4 deals with experimental results of pressure measurement on tall building 

models tested in the wind tunnel in isolated conditions at various wind incidence angles. 

The effect of change in wind direction is also described in this chapter.  

Chapter-5 presents the results of the experimental study related to the pressure 

measurements on tall building models tested in different interference conditions. 

Chapter-6 deals with the evaluation of local wind forces in along-wind and crosswind 

directions at different height levels of building models and overall base moments using 

pressure integration techniques. 

Chapter-7 describes the effect of unconventional shape and wind incidence angle on the 

response of prototype building of models tested in an isolated condition. The effect of the 

interfering building at different positions on the response of the prototype is also presented 

at last. 

Chapter-8 presents the conclusions drawn from the present study. Contributions made by 

the author and some directions for future research are also included in this chapter. 



11 
 

2. CHAPTER-2 

LITERATURE REVIEW 

====================================================== 

2.1. GENERAL 

This chapter discusses the relevant literature to address the research gaps and to develop 

a theoretical framework and methodology for the present research study. As the present 

study concentrates on the pressure and force measurement for unconventional plan models 

through wind tunnel testing, the research contributions directly related to this area are 

described in detail. Firstly the literature related to the pressure and force measurement study 

in the isolated condition is discussed. Which is followed by literature review related to the 

interference effects on buildings. Subsequent sections discuss the literature related to CFD 

and full-scale measurement. 

2.2. PRESSURE AND RESPONSE MEASUREMENT IN ISOLATED CONDITION 

Characteristics of wind-induced vibration become an important factor for the structural 

design and comfort of its occupant in high-rise buildings. Square or rectangular buildings 

are susceptible to aeroelastic instabilities because of flow separation at the windward 

corners of the building. Hence, there is the formation of strong vortices by rolling up the 

separated shear layer. Tall buildings vibrate simultaneously in the along-wind, across-

wind, and torsional directions under wind action [44]. Changing the characteristics of the 

separated shear layer through modification of the corner helps in the reduction of drag and 

fluctuating lift. Focusing more on the shape during the design stage will minimize the wind-

induced vibrations of tall buildings [6]. The torsional response is greatly affected by the 

building cross-section [45].  

Architects and designers are designing complicated sectional shapes to provide novel 

and unconventional expressions, which are basically good regarding reducing the 

crosswind excitations [6]. The Irregular and unconventional shapes of recent tall buildings 

effectively suppress crosswind response, which helps while designing tall buildings 

regarding safety and habitability [11]. Many researchers have studied wind effects on 

buildings with unconventional plans. [6], [9], [46]–[48]. The codes and standards do not 
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provide useful data regarding these modified buildings. Indian standard IS 875 (part-3): 

2015 [[16]] first time reported the across-wind provisions but are too high compared to 

other standards [49]. However, modification of building corners is not always effective and 

may have an adverse effect.  

Corner modification as horizontal slots, slotted corners, Corner cut, recession, and 

chamfered corners are effective in a significant reduction of both along-wind and crosswind 

response [8]–[10], [24], [26], [27], [50]–[53], Changing section, along with height through 

tapering or setback, could also be useful in reducing the across-wind response of the tall 

buildings [12], [54]–[59]. Tall tapered buildings along height might spread the vortex-

shedding over a broad range of frequencies as they show better aerodynamic performance 

in the along-wind direction [6], [60]. Helical twist, opening and their combination [6], [61] 

and change of aspect ratio, side ratio [62]–[66] are effective in causing a significant 

reduction in both along-wind and crosswind response. 

Davenport (1971) [20] studied the response of six building shapes through boundary layer 

wind tunnel. Extreme response required in the design is also determined through different 

aerodynamic and structural properties. The results showed that peak deflection was highest 

for the rectangular and triangular buildings while lowest for circular building.  

Kwok and Bailey (1987) [52] investigated the effect of aerodynamic devices as small fins 

or vented fins on the response of a square tower through wind tunnel tests. It was found 

that along-wind response increased while cross wind response was reduced for a limited 

range of reduced velocities.  

Dutton and Isyumov (1990) [67] studied the aerodynamically modified square cross-

section by introducing openings or gaps in the upper half of the building to reduce the tall 

building motion. It was concluded that across-wind excitation can be reduced by providing 

through-building gaps. The reduction was maximum with small gaps of 4%.  

Hayashida and Iwasa (1990)  [22] studied the effects of different building plan shapes on 

the response of high-rise buildings. Total eight models were tested, four were basic shapes, 

and the other were their deformed shapes with corner modification. Results showed that 

the square model shows the maximum cross wind response while the ‘Y’ plan model with 

recessed corner shows the least response.  
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Beneke and Kwok (1993) [45] tested four different models with rectangular, diamond, 

triangular, and D-shaped plan in the wind tunnel to investigate the effects on wind-induced 

torsion. Results revealed that the dynamic torsional response of the triangular model was 

much higher than other models.  

Cooper et al. (1997) [68] measured the unsteady wind loads on the tall building having 

tapered cross-section and beveled corners as a function of reduced velocity and motion 

amplitude.  

Kawai (1998) [10] performed wind tunnel tests on corner modified square and rectangular 

models to investigate the effects of corner cut, recession and roundness on vortex-induced 

excitation and galloping oscillation. Results indicate that small corner cuts and recession 

are beneficial in preventing the aeroelastic instabilities, but large corner cut and recession 

promote instability at low velocity. 

Kim and You (2002) [12] conducted HFFB tests on models with different tapering ratios 

of 5%, 10%, 15%, and a basic square cross-section model. The effect of tapering for 

reducing the wind-induced response of tapered tall building was investigated. It was 

concluded that the tapering effect is more significant in the reduction of cross-wind 

response than along wind. Also tapering effect is more efficient in suburban flow 

conditions than that in urban flow conditions. 

Liang et al. (2002) [62] investigated across-wind forces on the rectangular tall building 

models with various side ratios in boundary layer wind tunnel. Based on the test results, 

empirical formulas were presented for across-wind force spectra, r.m.s lift coefficients, and 

Strouhal number. Results indicated that r.m.s lift coefficient increased with the increase of 

side ratio while Strouhal number decreases with increase in side ratio.   

Zhou et al. (2003) [44] conducted HFFB measurements in the wind tunnel on a typical tall 

building model. The influence of the side ratio, aspect ratio and turbulence characteristics 

are analyzed, and an interactive database of aerodynamic loads was presented.  

Gu and Quan (2004) [8] generated formulas for the across-wind force spectra, base 

moment coefficients, and shear force coefficients on the basis of the results of wind tunnel 

study with the HFFB technique. Total 15 tall building models of square, rectangular and 
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corner modified cross-sections with different aspect ratios and side ratios were tested to 

generate the formula.  

Lin et al. (2005) [63] conducted a pressure measurement study and base forces 

measurement by HFFB technique on a rectangular cross-section model with various side 

ratios and aspect ratios. Local wind forces in terms of force coefficients, power spectral 

density and span-wise correlation were investigated. Results of base moment obtained by 

HFFB and integration of local forces were compared.  

Gomes et al. (2005) [69] conducted a pressure measurement study on the L-plan and U-

plan shaped model to assess the effect of different model shapes. A numerical study was 

also conducted for a better understanding of the flow pattern around these models. 

Liang et al. (2005) [70] conducted a series of wind tunnel tests on tall building models 

with various side and aspect ratios in boundary layer wind tunnel. Simplified empirical 

formulas were proposed to estimate the crosswind dynamic response of tall rectangular 

building based on the results obtained. Across-wind response determined by proposed 

formulas and codes were compared with the results of wind tunnel tests.  

Huang and Chen (2007) [71] conducted a wind tunnel study through synchronous 

pressure measurement on square tall building models of different heights to study the 

variation of the gust response factor with different along-wind responses.  

You et al. (2008) [56] conducted HFFB tests to investigate the tapering effect on the 

reduction of wind-induced response of a tapered tall building model with tapering ratios of 

2.5%. 5%, 7.5%, 10%, and 15%. It was concluded that the tapering ratio of 2.5 -5% has no 

significant effect on changing the peak characteristics of wind spectra. At the same time, 

the peak showed a significant increase for tapering ratio 7.5-10%.  

Kim et al. (2008) [55] investigated the effect of tapering on reducing the RMS (root mean 

square) across-wind response of a square tall building with various tapering ratios. It was 

observed that increase tapering could have an adverse effect with a low structural damping 

ratio.  
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Zhang and Gu (2009) [64] analyzed the distribution of the along-wind and cross-wind 

fluctuating loads along the height of tall building models through simultaneous pressure 

measurements.  

Tse et al. (2009) [24] proposed the empirical formulas for cross-wind response in terms of 

building dimension and dynamic properties based on the test results of wind tunnel study 

using HFFB technique for tall building models with various corner modifications as corner 

recession and corner chamfered. The construction cost and financial returns were compared 

for all models. It was concluded that corner recessed are more efficient in the reduction of 

base moments. 

Gu (2009) [72] analyzed the characteristics of the wind pressure and forces acting on 

different typical tall building models through wind pressure scanning and HFFB techniques 

in the wind tunnel.  

Tamura et al. (2010) [73] determined wind pressure and forces acting on 31 different tall 

building models with various configurations of basic plan shapes, and their 

aerodynamically modified models with corner cut, chamfered, tilted, tapered, helical, 

setback, opening etc through a series of wind tunnel tests. The relationship of aerodynamic 

force characteristics with structural properties and aerodynamic modifications was 

investigated based on these tests results.  

Kim and Kanda (2010a) [57] investigated the mechanism of aerodynamic force reduction, 

using wind tunnel tests for pressure and force due to fluctuating wind component. Two 

tapered, one setback, and one prototype square experimental model was used for the study. 

It was concluded that mean drag and fluctuating lift force could be effectively reduced 

through tapering or setback. The setback model reduced fluctuating lift force more 

efficiently than a tapered model.  

Kim and Kanda (2010b) [74] analyzed the wind-induced response and characteristics of 

OTMs of tall building square models with modification along the height. It was concluded 

that mean along-wind OTM and fluctuating across-wind OTM decreases greatly through 

tapering and setback.  
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Lou et al. (2010) [75] investigated the wind load effects on an X-shape tall building model 

through synchronous surface pressures measurements in a wind tunnel. The mean and r.m.s 

force coefficients at storey levels in along-wind,  across-wind, and torsional directions were 

presented. Results indicate that mean drag coefficients were higher than rectangular 

building. 

Amin and Ahuja (2011) [76] investigate the wind pressure distribution on two L-shaped 

and two T-shaped models. It was observed that pressure distributions were greatly affected 

by the plan shape and dimensions of building models.  

Cluni et al. (2011) [77] performed wind tunnel tests through the HFFB method and 

synchronous multi-pressure sensing system on a regular square model and two irregular 

shape similar to the bank of China Tower in Hong Kong. The results of the two methods 

used were compared through statistical analysis of the test results.  

Kim et al. (2011) [54] tested 13 super tall building models of square plan with height 

variations under an urban area flow to find the wind-induced response of these super tall 

buildings. The total acceleration of the various building shapes was compared. Results 

showed that along-wind and torsional accelerations are smaller for setback and tapered 

models. However, across-wind acceleration is higher than the square model.  

Tanaka et al. (2012) [6] investigated the aerodynamic characteristics of various 

aerodynamically modified tall building models with corner cut, setback, helical etc., to 

propose the most significant structural shape of the tall building in the wind-resistant design 

of tall buildings. It was observed that tapered and setback models show batter aerodynamic 

behaviors in along-wind direction while helical and model with cross opening show batter 

behaviors in across-wind directions for maximum mean OTM coefficients. 

Yoshida et al. (2012) [47] investigated the aerodynamic characteristics of various 

configurations of a triangular section model. Variation of OTM coefficients, PSDs, and 

trajectories of various wind force coefficients were analyzed.  

Kim and Kanda (2013) [60] investigated the spatio-temporal features of pressure 

fluctuations in tapered and setback tall buildings. The difference in pressure coefficients at 

leeward surfaces was reported compare to the square model. It was observed that mean 
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pressure on the windward side was almost similar for all models, but on leeward surface 

are quite different. 

Wong and lam (2013) [42] investigated modification in the wind-induced loading and the 

dynamic response of H-shapes tall buildings due to the presence of recessed cavities with 

a variation in the ratio of breadths and depths of the recessed cavities systematically. Wind 

pressure at all surfaces was measured with a multi-point pressure scanning system. The 

most important observation was the significant reduction in the across-wind excitation and 

response building.  

Amin and Ahuja (2013) [78] conducted a pressure measurement study in boundary layer 

wind tunnel on rectangular building models with various side ratios of 0.25 to 4. Mean and 

r.m.s values of surface pressure coefficients were evaluated. It was concluded that pressure 

distribution on leeward and side surfaces is significantly affected by the change in side 

ratio of the building model. 

Bandi et al. (2013) [79] investigated the variation of  OTM coefficients, PSDs, and the 

trajectories of various wind force coefficients for triangular cross-section model with 

various modifications as corner cut, Helical and straight triangle. Effects of aerodynamic 

modification and helical angle on mean and r.m.s of local wind force and OTM coefficients 

and peak PSDs were investigated. 

Ha (2013) [80] conducted wind tunnel tests on an aeroelastic rectangular model with 

various aspect and side ratios. Empirical formulas were formulated for across-wind 

fluctuating OTM coefficients and PSDs as a function of the side ratio of building. Results 

showed that fluctuating OTM coefficients are mainly affected by the change in side ratio. 

Mukherjee et al. (2014) [81] studied pressure developed on different faces of a ‘Y’ plan-

shaped tall building through wind tunnel study, and results were compared with numerical 

results.  

Chakraborty et al. (2014) [82] presented the results of comparative experimental (wind 

tunnel) and numerical (CFD) studies on ‘+’ plan-shaped tall building.  
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Holmes (2014)  [83] compared wind tunnel data for along-wind and crosswind base 

moments of a benchmark building studied in the recent international study with the Hong 

Kong code, Australian code and ASCE Code. 

Amin and Ahuja (2014) [65] presented the results of a wind tunnel study on a rectangular 

building with various side ratios of 1, 1.56, 2.25, 3.06, and 4. Pressure distribution and 

mean response of all models were evaluated through pressure measurements.  

Bhattacharyya et al. (2014), Bhattacharyya and Dalui (2018),  [84], [85] analyzed the 

pressure distribution on the surfaces of an ‘E’ plan shape tall building at wind direction 

from 0 to 180 degree through numerical study and the results were compared with the 

results obtained from an experimental study in the wind tunnel.  

Deng et al. (2015) [86] investigated the effects of tapering and chamfered modification on 

the aerodynamic loads through synchronous pressure measurement techniques in the wind 

tunnel. Results revealed that tapering leads to a reduction of crosswind aerodynamic loads  

Bhattacharyya and Dalui (2015) [87] studied the force and pressure coefficient for an 

unsymmetrical ‘E’ plan building experimentally and numerically.  

Kim et al. (2015) [88] investigated the effect of tapering on the fundamental aeroelastic 

behavior of conventional tapered super tall buildings through aeroelastic wind tunnel study. 

The suppression of response through tapering was the main finding of the study. 

Cheng et al. (2015) [43] analyzed the effect of recessed cavities on wind pressure 

distribution at the side faces of an H-section tall building model. The characteristics of 

fluctuating wind pressure at side faces were compared with the square building model. 

Hu et al. (2015) [89] performed a pressure measurement study of an inclined square prism 

through a series of inclinations in windward and leeward sides. Effects of inclination on 

the aerodynamic characteristics of the square prism were assessed based on the pressure 

data. 

Kim et al. (2015) [90] investigated the effect of the number of sides on the response 

characteristics of polygon cross-section. The results showed that OTM coefficients, PSDs, 

and response decrease with the increasing number of sides. The largest OTM coefficients 

were observed for the straight triangular model. 
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Li and Li (2016) [91] performed wind tunnel experiments to study the along-wind and 

across-wind loads on an L-shaped tall building with different dimensions. Empirical 

formulas were proposed to estimate the crosswind dynamic loads as a function of side ratio 

and terrain category. The effects of the side ratio and aspect ratio on the lift force coefficient 

were discussed. It was concluded that the lift coefficient affected more by side ratio rather 

than aspect ratio. 

Quan et al. (2016) [92] investigated the effect of different flow and structural parameters 

like turbulence intensity, side and aspect ratio on the aerodynamic damping ratios 

determined from the wind-induced response of the 15 aeroelastic models of the rectangular 

tall building tested in various simulate wind conditions. The results revealed that turbulence 

intensity and side ratio are the main factors that affect the crosswind damping ratio.  

Guan et al. (2016) [93] conducted wind tunnel model tests and numerical analysis on a 

typical high-rise building to investigate the distribution characteristics of wind pressure 

coefficients of the air flow around open-window and enclosed buildings. It was concluded 

from the results that the opening of a window has little influence on the wind pressure 

distribution. 

Elshaer et al. (2017) [94] proposed an aerodynamic optimization procedure (AOP) in 

building corners to reduce the wind loads using large eddy simulation and an artificial 

neural network.  

Li et al. (2017) [48] studied the characteristics of wind-induced torque acting on L-shaped 

rigid models with different geometric parameters in boundary layer wind tunnel. RMS 

force coefficients, PSDs, and vertical correlation functions of wind-induced torques were 

analyzed. It was concluded that mean torque increases gradually with an increase in side 

ratio.  

Zhao and He (2017) [95] analyzed the characteristics of the surface pressure distribution 

of an oval-shaped tall building model to assess the effect of different height-width and 

height-thickness ratios on mean wind pressure coefficients (Cm). Results indicated that the 

absolute value of Cm increased with a decrease in height-width ratio. 
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Zhang and Li (2017) [96] assessed the wind effects on the supertall building of Ping a 

Finance Center in China having unconventional plan configuration. Characteristics of wind 

forces in terms of mean and r.m.s coefficients, PSDs, correlations, wind-induced 

displacement, and acceleration response were discussed.  

Zheng et al. (2018) [5] studied the characteristics of the response of tall buildings due to 

the wind load under combined aerodynamic control, which includes the shape optimization 

and air suction on tall building models with different cross-sections. 

Yuan et al. (2018) [97] WAS 89  investigated the effect of the presence of rectangular 

groves on a circular cylinder using wind tunnel tests and full-scale large-eddy simulations. 

It was found that deeper groves reduce mean and fluctuating wind pressure. When two or 

more tall buildings are constructed in the near vicinity, flow patterns surrounding the 

building are of a much more complex nature than isolated buildings due to the presence of 

interaction effects.  

Li et al. (2018) [26] investigated the effects of building corner modification in the form of 

recessed, chamfered and rounded corners and compare the results with a benchmark square 

model. The authors concluded that corner rounded is not too effective as corners recessed 

and chamfered to reduce these wind loads. 

Deng et al. (2018)  [98] studied the effects of aerodynamic shapes on the distribution of 

peak negative wind pressure and wind force coefficients on super tall building through 

tapering, chamfering, and opening ventilation slots. It was found that the force coefficient 

increased with increase in tapering ratio. Peak negative pressure decreased slightly with 

increased tapering ratio while increased near the chamfered location and at the area of 

opening ventilation slots. 

Sheng et al. (2018) [99] investigated the wind effects on the overall and local wind forces 

on a square-plan tall building through HFFB and Multi-point unsteady pressure 

measurement techniques. The results showed that wall-pressure forces were influenced by 

the upstream flow or shear layer formed at the upstream corners of the building. 

Mallick et al. (2018) [100] conducted experimental and numerical studies to investigate 

the wind effects on C-shaped building models with different aspect ratios. 
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Li et al. 2019 [27] reported that corner recessed, corner chamfer and corner rounded can 

reduce wind loads on square tall buildings. Corner chamfered is more effective for reducing 

along-wind loads, while the model with recessed corner is the best among these three 

corner-modified models for the reduction of across-wind loads.  

Liu et al. (2019) [101] investigated the distribution of surface pressure in terms of mean, 

r.m.s and peak coefficients for rectangular-plan tall buildings with various plan ratios 

ranging between 0.11 to 9. Pressure measurements were carried out on scaled models in 

the wind tunnel. Results showed that pressure coefficients on the leeward and side surfaces 

were affected significantly by plan ratios between 0.11 to 4. Peak values of base shear 

coefficients occur for a plan ratio of about 0.67.  

Liu et al. (2019) [102] investigated the wind pressure and aerodynamic forces acting on a 

square megatall building under the effect of two types of twisted wind flows with twist 

angles of 15 and 25 degree. It was revealed that twisted wind flow significantly affects the 

wind pressure distribution. Sharp peaks of the PSDs of lateral wind forces were notices in 

twisted wind flows. 

Li et al. (2019) [103] proposed a new transiting test method to evaluate the wind pressure 

through theoretical derivation and field testing. Proposed test method was adopted for 

evaluation of mean pressure coefficients of the CAARC standard tall building model at 

different vehicle driving wind speeds. Results of the mean pressure coefficients at typical 

measuring point through proposed method agreed well with wind tunnel test results.    

Hu et al. (2019) [104] investigate the effect of double-skin façade (DSF) system on the 

cladding pressure of building fitted with a DSF with vertical openings. Effects of vertical 

openings in external skin at windward face were investigated on the surface pressure 

through pressure measurement study in the wind tunnel. It was revealed through test results 

that the DSF with openings can be efficient in the reduction of wind pressure on side and 

leeward surfaces.  

Li et al. (2020) [51] investigated the effect of corner chamfers on the aerodynamic 

performance of CAARC standard tall buildings with different modification rates from 5% 

to 20%.  Based on the test results, wind pressure, local forces, and base moments and their 

PSDs were calculated and compared for all models. It was revealed through test results that 



22 
 

increase in corner chamfer rate can improve the aerodynamic performance of the tall 

building model.  

Guzmán-Solís et al. (2020) [66] investigated the effects of change in aspect ratio and 

terrain category on the wind-induced torsional load. Each model was built with identical 

plan dimensions. Shear force coefficient, bending moment coefficient and torsional 

moment at the base of each building model were calculated through synchronous pressure 

measurements. It was concluded that mean base shear and moment coefficients increases 

with decrease in aspect ratio. 

Khodaie (2020) [105] computed the wind-induced response of a super tall building using 

a combination of structural and aerodynamic modification. Tapering of cross-section is 

used in combination with TMD system to control the wind-induced vibrations of super tall 

buildings. The response of building in along-wind and crosswind were computed using the 

frequency domain analysis for different combination of varying tapering ratio and TMD 

ratio. Results indicated that by using combination of two control methods, displacement 

and acceleration response can be effectively reduced.  

Lamberti et al. (2020) [106] investigated the characteristics of the mean and r.m.s peak 

pressure coefficients at each pressure point of a high-rise building through high-resolution 

pressures measurement in the wind tunnel. Experiments were performed and the data were 

compared for two different wind tunnels: the open circuit wind tunnel and, the closed 

circuit wind tunnel. Probability density function of local and face average pressure 

coefficients were presented and their relevance in the cladding design was investigated.  

Li et al. (2020) [107] investigated the effects of various turbulence intensities on the 

pressure distribution on the surfaces of CAARC standard tall building. Experiment were 

performed with wind tunnel with two group of turbulent intensities. In the first group a 

constant turbulent intensity but with different integral scale was used. The second group 

had different turbulent intensities with a constant integral length. The results showed that 

the r.m.s and peak of pressure coefficients increased with the increase in turbulent integral 

scale and intensity. Effect of increase in length scale is more significant on leeward face 

while effect of intensity is more significant on side  faces of the building model. 
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Gu et al.(2020) [50] tested sixteen 2D prisms with various chamfered corners and side 

ratios in the wind tunnel at low-turbulence flow. Wind pressure on the surfaces of models 

was measured to assess the effects of chamfered corners on the pressure coefficients and 

correlation coefficients on the side face with different side ratios. It was observed that 

separated flow does not reattach to the side face due to the presence of chamfered corners 

and hence affects the pressure correlations at the side faces. Mean and r.m.s drag and r.m.s 

lift coefficients significantly decrease due to the presence of chamfered corners.  

Li et al. (2021) [108] presented the effects of area extreme pressure (AEP) reduction on 

large-scale cladding based on wind tunnel test data. Wind tunnel tests were conducted and 

based on the tests data, the effects of AEP reduction on the large-scale cladding were 

determined using area average and moving average methods. It was revealed that the AEP 

reduction at the edges and corners is more significant than the interior of the roof.   

2.3. INTERFERENCE EFFECTS 

Since wind effects depend on the shape and size of buildings, their relative positions, 

wind direction, etc., [18], [109], it is challenging to provide the compendious and 

generalized set of recommendations for modification in wind load due to the presence of 

adjacent buildings. Therefore, the proximity effect due to nearby structures should be 

appropriately investigated for the realistic design of buildings for wind [110]. Many 

researchers have studied proximity effects between tall buildings.  

Bailey and Kwok (1985) [111] conducted a series of wind-tunnel models tests in low-

turbulence normal strong wind conditions. Response of a tall square building under 

interference due to neighboring tall buildings. It was reported that dynamic load might 

increase by a factor of up to 4.4 at upstream and up to 3.2 at downstream buildings.  

Yahyai et al. (1992) [112] studied the response of an aeroelastic rectangular plan model in 

along-wind and crosswind in the presence of an interfering building placed at different 

locations upstream and downstream. It was concluded that the interference effects were 

more prominent for the upstream location of the interfering building.  

Taniike (1992) [113] studied the proximity effects on a typical square building in the 

presence of interfering buildings of different sizes. It was revealed that fluctuating 
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component of wind force on the principal building was generally increased for all sizes of 

interfering buildings. 

Zhang et al. (1995) [114] investigated the effects of proximity on the torsional response 

of a square tall building model. Tests were performed for two different sizes of interfering 

buildings present at upstream and downstream of principal building. The results indicated 

that mean and rms of torsional response can be enhance significantly. 

Khanduri et al. (2000) [115] investigated the modification in wind loads under the 

interference effects due to the presence of interfering building of different heights. It was 

concluded that mean loads were reduced due to shielding, when two buildings were 

arranged in tandem while fluctuating loads were increased.  

Thepmongkorn et al. (2002) [116] investigate the interference effects on the CAARC 

standard tall building model in the presence of a square building of similar height at 

upstream and downstream. The results showed that base moments were significantly 

increased for diagonally upstream location of interfering building.   

Xie and Gu (2004) [33] performed a series of wind tunnel tests to study the mean 

interference effects between two and among three tall buildings arranged in tandem, 

staggered and side by side arrangement. It was found that mean wind load on the principal 

building at downstream decreases due to the presence of the interfering buildings due to 

shielding effect. However, mean wind loads increased due to the channeling effects. 

Xie and Gu (2005) [117] studied the wind-induced mean and dynamic interference effects 

on tall buildings in the presence of a interfering building of different sizes. Two type of 

interfering buildings were used. The first type of buildings had height similar to the 

principal building with different breadths of 0.5 to 2.0 time the breadth of principal 

building. In the second group buildings with same cross section as the principal building 

but with the different height of 0.5 to 1.5 times the height were used. Comprehensive 

analysis of the interference effects were done by using artificial neural network and 

correlation analysis. 

Xie and Gu (2007) [28] performed a series of wind tunnel tests using HFFB technique to 

asses the interference effects between a group of three tall buildings on the base-bending 
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moments response of tall buildings. Interference effects on the principal building were 

analyzed in the presence of two upwind interfering building of different heights. The 

interference effects were presented as envelope interference factor (EIF) between three tall 

building. The results showed that dynamic effects of two interfering buildings were more 

adverse  than a single interfering building. Author found a good correlation in the 

distribution of EIF of different configuration and upwind terrains. 

Lim and Bienkiewicz (2007) [118] studied the wind-induced response of twin-tall 

buildings connected by a skybridge through HFFB technique. The effects of structural 

coupling were analyzed on the building response. The results indicated that the adverse 

dynamic interference effects can be reduced by using structural coupling of twin building 

in close proximity. It was suggested by the authors that structural coupling should be 

considered in the design of twin tall buildings for wind loads. 

Lam et al. (2008) [34] studied the proximity effects on closely spaced square buildings 

arranged in line under different wind angles and gap distances between buildings. They 

concluded that strong channeling through the building gaps exists due to the close 

proximity. The buildings inside the row experienced much reduced wind load in the 

direction of row for most of the wind directions. While wind load on the buildings at 

upwind for wind direction at oblique angle to the row of buildings. Much smaller 

fluctuation in the across-wind loads to that of isolated building were observed.  

Zhao and Lam (2008) [119] investigated the interference effects between five square 

tall buildings in the wind tunnel, arranging them in L- and T-shaped patterns. Mean and 

fluctuating components of shear force, OTM and torsional moments measuring through 

HFFB technique were considered. It was observed that a strong interference effect exists 

on all member buildings, which significantly modifies wind loads as compared to the 

isolated building. Sheltering effects on wind load in the direction of arm of the “T” or “L” 

were observed on the inner buildings.  

Tavakol and Yaghoubi (2010) [120] investigated the flow around a surface-mounted 

hemisphere. The study was done experimentally and numerically, and flow patterns were 

studied for different flow velocities at various sections.  
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Kim et al. (2011) [36] studied the Interference effects on local peak pressures for different 

wind incidence angles, various locations and height ratios of interfering building. 

Interference factors for two peak values at top and bottom of fluctuating pressure data at 

each measurement point were presented and discussed. The results showed that the peak 

suction enlarged with higher height ratio. Oblique arrangement generates more severe peak 

suction compare to tandem configuration.  

Hui et al. ( 2013, 2013a, 2012) [34], [35], [121] investigated the mutual interference effects 

on local peak pressure coefficients between two high-rise building models of different 

shapes. Interference effects on local peak pressures were investigated. It was observed that 

proximity effects depend much on building shapes, configuration and wind angles. The 

smallest minimum peak pressure at the face increased up to 40%. Unfavorable positions 

w.r.t the peak pressure interference factors are normally concentrated at the corners and the 

edges of the building surfaces.   

Mara et al. (2014) [40] performed wind tunnel tests to assess the proximity effects among 

two buildings having similar heights and geometries associated with square plan building 

under consideration. Data were presented in form of IFs of wind loading and response of 

principal building under interference. The aerodynamic interference factors greater than 

unity were observed for RMS cross-wind forces for the direct upstream location of the 

interfering building. The mean and r.m.s moments in along-wind direction were generally 

reduced in presence of twin single upstream building. 

Yu et al. (2015) [29] developed a relationship between interference factor and spacing 

through high precision regression equations for interference effects between two buildings 

with different arrangements. The tests were conducted using synchronous pressure 

measurement technique. The results showed that the interference effect was beneficial for 

mean pressure, but the peak pressure at the lateral façade near the interfering building was 

amplified. With increase in heigh and breadth ratio, the shielding effects becomes more 

astonishing.  

Yan and Li (2016) [122] investigated the interference effects between a pair of 

aerodynamically modified super-tall buildings. The results were presented as contour plots 

of local pressure, global aerodynamic loads and response of tall buildings to assess the 
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interference effects. Results showed that the dynamic response has substantially enlarged 

in a critical arrangement. The bottom peak of fluctuating pressure was increased up to 30% 

of isolated building case. 

Dongmei et al. (2017) [123] assessed the Interference factors of global aerodynamics & 

local wind pressure and lift spectra of a square building due to a lower height building of 

the same cross-section at different positions. Based on wind tunnel testing results, related 

spectra and parameters for evaluating these wind loads were proposed. It was observed that 

fluctuating aerodynamic forces on the principal building were increased significantly for 

the oblique upstream position of the interfering building. 

Kim and Tse (2018) and Kim et al. (2018)  [124], [125] analyzed the effect of a structural 

link and different gap distances on the lateral wind response of two square-linked buildings. 

Results showed that for 0 degree wind angle at a small gap between buildings, channeling 

is strong, and the linked building system acts as a single bluff body. A good correlation of 

1st POD mode with along-wind forces at both small and large gap distances. Correlation of 

2nd and 3rd POD modes with cross-wind forces was associated at small and large gap 

distances, respectively.  

 Zu and Lam (2018) [126] studied the shielding effect on the square tall building due to a 

row of low rise or medium-rise buildings. The various parameter like spacing between 

buildings in row, height of upstream buddings, and their position relative to the target 

building were considered.  It was concluded that the mean along wind load on the principal 

tall building at the normal incidence angle is always reduced. For small separation distance 

channeling and blocking arrangement lead to evidently different pressure distribution. 

Flaga et al. (2018) [127] studied the effect of interference between closely spaced irregular 

shaped tall buildings on mean pressure distribution, global forces and pedestrian comfort 

for wind. It was discovered that the close proximity between buildings generates high 

negative peak pressure on the surfaces facing the gap.  

Zhang et al. (2018) [128] analyzed the interference effects between two linked “H” type 

twin-tower structures. It was concluded that the surrounding building's channeling effect is 

the main source of the maximum cross-bridge displacement. The correlation effects on 

along-bridge displacement between the two towers can be ignored.  
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Kim et al. (2019) [129] studied the effect of gap distance on wind flow around linked 

buildings. The results showed that for a parallel arrangement of buildings, the single vortex 

street and biased flow is observed for a small gap between buildings at 0-degree wind 

incidence.  

Li and Li  (2019) [130] investigated the interference effect on the irregular shaped twin-

tall tapered buildings with recessed corners.  It was observed that the proximity effects 

between tapered buildings were considerably different from that of the square building. 

Shielding effects were noticeable in tandem arrangement but significantly weaker than 

those on square buildings for similar separation distance. Fluctuations in the across-wind 

response were likely to be increased for oblique arrangement at 2.5B at wind direction of 

22.50. 

Jing et al. (2019) [131] analyzed the proximity effects between two oil storage tanks on 

wind fields and dynamic response due to the wind effects. Results revealed that the pressure 

acting on the tank under interference is notably higher compared to the single one.  

Sharma et al. (2019) [59] analyzed the mean and fluctuating forces for aerodynamically 

modified tall buildings by changing the section along with the height through tapering. 

Study was conducted in two parts: in first part effects of height ratio of interfering building 

were examined and in the second part the effects of tapering were analyzed. It was 

concluded that shielding effects decreases with increase in the height of interfering 

building.  

Chen et al. (2020) and Quan et al. (2020) [132], [133] studied the proximity effects on an 

existing target tall building with existence of a proposed super tall building and a pair of 

adjacent buildings of similar height. The wind pressure, response data and aerodynamic 

forces of  existing tall building were analyzed. The results showed that the aerodynamic 

response of the target building was considerably increased when the proposed super-tall 

building existed upstream, the vortex shedding and the deflection of induced air flow was 

the main reasons. It was proposed that buildings facing the side of the proposed building 

need to pay more attention. 

Liang et al. (2020) [134] examined the interference effects on the wind pressure at the 

windward facade of the principal building through wind tunnel tests. The bimodal 
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probability distribution was presented. It was observed that by varying the relative position 

of the secondary building, the bimodal distribution could be altered to a unimodal form.   

Sun et al. (2020) [135] conducted pressure measurement tests to study the proximity effects 

between two chimneys with various distances and wind angles. IF contour were presented 

for pressure coefficients. It was concluded that the interference effects were significantly 

higher on across-wind load compare to those of along-wind load. The wind directions of 

1050 and 300 was most unfavorable for extreme response in along-wind and across-wind 

directions, respectively. The maximum interference factor of  1.3 and 1.9 was observed for 

the extreme along-wind and across-wind responses, respectively.   

Behera et al. (2020) [136] studied the proximity effect between high-rise buildings with 

different plan ratios and interfering building positions. The local peak pressure coefficients 

were plotted as contours and the interference effects were presented in from of interference 

zone charts. It was observed that interference effects were beneficial with respect to the 

maximum positive pressure, but minimum negative pressure significantly increased. The 

interference zones enlarged with increased plan ratios. 

Chauhan (2021) [137] presented the alteration in wind forces caused by the change in the 

relative orientation of a closely spaced interfering building. Results of forces were 

presented as 2-D plots with change in wind direction. The pressure measurement data were 

pictured as mean and r.m.s pressure contours. The negative drag was observed and the 

reason was that the target building was completely shielded by the upstream building when 

presents in line of the wind direction.  

2.4. COMPUTATIONAL WIND ENGINEERING 

Revuz et al. (2012) [138] Used RNG k-ε turbulence model in a series of steady-state 

solutions using different domain sizes, with the mesh resolution in the building/wake 

region left unchanged to suggested the size of flow domain that should be used around a 

building of height, h. 

Kar and Dalui (2016) [139] investigated the wind interference effects on mean pressure 

coefficients on an irregular shape building due to a group of three square plan buildings of 

the equal heights at different locations in along-wind and across-wind directions.  
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Roy and Bairagi (2016) [140] analyzed a stepped unsymmetrical plan shape tall building 

for velocity and force coefficient and flow patterns around the building using CFD 

simulation.. 

Paul and Dalui (2016) [141]  presented a case study of wind effects on ‘Z’ plan shaped 

tall building under varying wind angles.  

Mukherjee and Bairagi (2017) [142] used numerical simulation with CFD to determine 

the wind pressure coefficients and wind velocity analysis of ‘N’ plan shape tall buildings 

for wind angles varying from 0° to 180° at 30° interval and a scale of 1:300 and terrain 

category 2. 

Xing and Qian (2018)[143] numerically studied the flow around a group of three circular 

cylinders arranged in equilateral-triangle arrangements. It was observed that the wake in 

the back of two parallel cylinders downstream of the three was asymmetrical at small 

spacing, which disappeared with an increase in spacing ratios.              

Chen et al. (2018) [144] conducted simulation of the wind environment around a square 

building. The three dimensional flow fields around a single building were analyzed and the 

simulating approach is validated with experimental data.  

Sanyal and Dalui (2020) [145] investigated the effect of corner modification on reducing 

wind effects on various corner modified (chamfered and rounded) Y plan-shaped buildings. 

It was observed that corner rounded is more efficient in comparison to corner chamfered 
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3. CHAPTER-3 

EXPERIMENTAL SETUP 

====================================================== 

3.1. GENERAL 

As described earlier, an experimental study through wind tunnel testing is carried out in 

the proposed research work to evaluate the wind pressure at the surfaces of building models 

having different unconventional plan shapes. This chapter deals with the details of wind 

tunnel used to test models and wind flow characteristics like velocity profile and turbulence 

intensity profile. Furthermore, details of the instruments used for simulation of 

Atmospheric Boundary Layer and pressure measurement are described in this chapter, in 

addition to the details of building models tested.  

3.2. WIND TUNNEL DESCRIPTION 

The experiments were carried out by Raj, R. (2015)  [146] in an open circuit boundary 

layer wind tunnel (BLWT) at the Civil Department of the Indian Institute of Technology 

Roorkee, Roorkee, India. The tunnel had a single fan to generate uninterrupted flow, which 

was operated by a 125 HP motor. The working section of the tunnel was 15m long with a 

2 m X 2 m cross-section, and the total length of the tunnel was 38 m long (Fig. 3.1). The 

sufficient length of the test section allows the placement of roughness elements and 

turbulence generators to adequately characterize the atmospheric boundary layer and 

turbulence intensity profile for a particular terrain category. It is possible to develop a 

boundary layer with a thickness of approximately 1 m at the test section. A dyno drive 

attached to the diffuser or fan at the outlet of the tunnel has been utilized to vary the wind 

speed in the tunnel with a maximum speed of 25 m/s. Models have been placed at the center 

of the turntable, which was located at 12.21m from elliptical effuse, and which can be 

rotated to set the angle of wind incidence. 

3.3. WIND FLOW CHARACTERISTICS  

The approach wind flow characteristics with a power-law index (α) of 0.22 are simulated 

according to Indian standard IS 875-part 3: 2015 (IS 875 (part 3), 2015)  for wind loads by 

placing vortex generators, cubical blocks, and barrier walls at the inlet region.  
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Fig.  3.1 Line diagram of the wind tunnel 

  

The final arrangement of the roughness elements was determined by trial and error to 

achieve suitable wind flow characteristics. The wind velocity profile measured at the 

downstream end of the wind tunnel on the top of the turntable and the variation of the 

turbulence intensity of flow is shown in Fig. 3.2. The mean wind speed at the top of the 

test models is about 9.87m/s, and the turbulence intensity at the floor level is about 12%, 

respectively. The reference velocity V0 is 10.80 m/sec at reference height Z0 (900 mm).  

The power-law used to represent the variation of wind speed with height is an 

empirical relation given by- 

 =   ………………………………..…….… (3.1) 

Where, V0 is the velocity at reference height Z0, V  is the velocity at any height Z and α 

is the power law index.  
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Power law index (α) is calculated from the curve between (V/V0) and (Z/Z0) plotted on 

a log-log scale as shown in Fig. 3.3. The slope of the straight line gives the value of the 

power law index, which is 0.22 for the current study. Turbulence intensity is defined as 

           Iu =  ………………..……………………..………. (3.2) 

Where, Vz is the mean wind speed at height Z, and σz is the standard deviation of the 

fluctuating velocity 

The wind pressure on the models is measured using a “Baratron Pressure Transducer,” 

which is capable of measuring extremely low differential heads. 

 

3.4. INSTRUMENTS USED 

The salient features of the instruments used for the determination of various quantities 

are described here. 

 

3.4.1. TESTO-480 

Wind velocity inside the wind tunnel is measured with the help of an instrument called 

“TESTO-480” . A probe has connected to this instrument to measure the wind velocity at 

a different height, which has a length of 1 m. Further, this instrument is connected to and 

operated through a computer.  
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Fig.  3.2 Simulated mean wind speed and turbulence intensity profile in wind tunnel 
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Fig.  3.3 Non dimensional mean wind speed profile on log-log scale    
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3.4.2. Pressure Transducer 

Wind pressure at the surface of the building model is measured with the help of an MKS-

made “Baratron Pressure Transducer”. This instrument is a capacitance type pressure 

transducer which is capable of measuring very low differential heads. The pressure 

transducer comprises of a pressure head and a display unit where the surface pressure 

measured is directly displayed in terms of mmHg, which can be converted into N/m2. The 

output from the display unit is stored in a computer with the help of Data Acquisition 

System. The pressure on the surface of a model in the wind tunnel is measured with respect 

to a reference pressure. The reference pressure is the pressure at a point on the inner surface 

of the wall of the test section, which is not affected by the obstacles on the upstream side. 

One end of the pressure head is connected to pressure taping on the surface of the model, 

and another end is connected to the reference point.  

       

3.4.3. Data Acquisition System  

The Data Acquisition System is an electronic instrument that receives the electronic 

signals from the measuring devices like pressure transducer, load cell, etc. and transfer 

them to a computer.   

3.5. DETAILS OF MODELS 

In the present study, two types of building models are prepared. One is the principal 

building models made of transparent Perspex sheet, which are tested in the wind tunnel for 

pressure measurement, and the other are made from plywood of similar dimensions used 

as interfering building models. A total 4 number of models are prepared for both principal 

and interfering building models. Plan area (40,000 mm2) and the height (600 mm) of all 

four models are kept similar to assess the effect of shape modification on wind loads 

through comparative analysis of all models. The length scale is set as 1:300 so that the 

models represent the full-scale building of height 180 m. The plan and isometric views of 

the building models are shown in Fig. 3.4 and Fig. 3.5, respectively.  
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     Model-1 (Sq model)             Model-2 (Pl-1 model)  

  

      

      Model-1 (Pl-2 model)     Model-1 (H- model) 

 

Fig.  3.4 Plan view of buildings models  
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Model-1 (Sq model)                 Model-2 (Pl-1 model) 

                                         

       Model-1 (Pl-2 model)         Model-1 (H- model) 

Fig.  3.5 Isometric view of buildings models  
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Models are made with a 4 mm Perspex sheet with stiff faces to ensure the sufficient 

rigidity and strength of the models. All the Perspex sheet models are provided with closely 

spaced pressure taps located at seven different heights levels of 10, 60, 180, 300, 420, 540, 

and 590 mm (Level A-G from top) to obtain a good distribution of pressure at all the faces 

of the models. Plan and isometric view of pressure taping distribution at models are shown 

in Fig. 3.6 to Fig. 3.9. The pressure taps have been made of steel tubes with an internal 

diameter of 1 mm and 15-20 mm in length.  

 

             

           (b) Plan view  

 

(a) Front face elevation                   (c) Pressure taping along perimeter 

 

Fig.  3.6 Pressure tapping details of model-1 (Sq model) (All dimensions in mm) 
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              (b) Plan View 

                    

(a) Front face elevation                   (c) Pressure taping along perimeter 

 

Fig.  3.7 Pressure tapping details of model-2 (Pl-1 model) (All dimensions in mm) 
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                      (b) Plan View 

 

               

       (a) Front face elevation                        (c) Pressure taping along perimeter 

 

Fig.  3.8 Pressure tapping details of model-3 (Pl-2 model) (All dimensions in mm) 
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  (b) Plan view 

 

(a) Front face elevation                      (c) Pressure taping along perimeter 

 

Fig.  3.9 Pressure tapping details of model-4 (H model) (All dimensions in mm) 
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3.6. DATA PROCESSING 

3.6.1. Wind Pressure Coefficients 

The pressure p at any pressure point on the building is generally expressed by a non-

dimensional pressure coefficient Cp, which is calculated by normalizing the measuring 

wind pressure at the corresponding measuring point given by the following equations 

[147], [148]: 

𝐶 ,  = 
̅

 …………………..………...……………….. (3.3) 

   𝐶 ,  =  …….………………….………………...….. (3.4) 

   𝐶 ,  =  …………………...……………………...….. (3.5) 

   𝐶 ,  == 𝜎   =  ………………….……..………...….. (3.6) 

prms  is determined as [51], [110] 

 prms = ∑ (𝑝 − 𝑝 ) /(𝑁 − 1) ………………………….…..(3.7) 

Where �̅� is the local mean pressure, p0 is the reference static pressure or atmospheric 

pressure, pmax is the highest peak pressure of the fluctuating pressure, pmin is the lowest peak 

pressure, prms is the root-mean square of the fluctuating components of time history data, 

pk is the time history of pressure measuring point; N is the total number of samples, ρ  is 

the density of air, and UH
  is the mean wind velocity at the model’s height equal to 9.87 

m/sec in the current study. Local Force Coefficients are calculated for wind incidence 

angles of 00 to 900 at an interval of 300. 

3.6.2. Local wind force Coefficients 

The force coefficients are described similar to wind pressure coefficients in the form of 

non-dimensional coefficients. The aerodynamic forces may conveniently be resolved into 

two orthogonal directions considering wind axes or geometry axes of the body (body axes). 

In the present work, forces are resolved in two orthogonal directions based on wind axes 

for all wind directions of 0 to 90 degrees.  
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Fig.  3.10 Wind force direction 

 

The forces in the direction of the axis, parallel to the wind direction are considered as 

along-wind force and termed as ‘drag,’ and forces in orthogonal direction are considered 

as crosswind force and termed as ‘lift’ as in Fig. 3.10. The mean local wind force 

coefficients are calculated using the local wind pressure coefficients at each pressure tap, 

and the mean wind velocity pressure qH at the top of the model. The mean and r.m.s. local 

wind force coefficients in along-wind and crosswind directions are calculated for all 

models for wind directions of 0 to 90 degree. The wind forces at each measurement layer 

of building models can be calculated using the pressure integration method. Researchers 

have adopted wind pressure integration technique to obtain the along-wind and crosswind 

dynamic forces on tall buildings and structures [10], [25], [27], [72], [95], [130]. The local 

mean wind force coefficients are defined as follows: 

Fx(𝑧 ) = mean (∑ 𝑝 𝐴 ) …………………………………... (3.8)  

Fy(𝑧 ) = mean (∑ 𝑝 𝐴 ) …………………………………... (3.9)  

     F*
x(𝑧 ) = rms (∑ 𝑝 𝐴 ) ……………………………..... (3.10)  

F*
y(𝑧 ) = rms (∑ 𝑝 𝐴 ) ……………………………..….…(3.11) 

FD(𝑧 ) = Fx(𝑧 ) cos 𝜃 + Fy(𝑧 ) sin 𝜃  …………………….……. (3.12)    
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FL(𝑧 ) = Fx(𝑧 ) sin 𝜃 - Fy(𝑧 ) cos 𝜃  …………..………………. (3.13)  

 ( )= F*
x(𝑧 ) cos 𝜃 + F*

y(𝑧 ) sin 𝜃 …………………………. (3.14) 

 ( )) = F*
x(𝑧 ) sin 𝜃 - F*

y(𝑧 ) cos 𝜃 ………...…………….…. (3.15) 

CD(𝑧 ) = 
( ) 

  ………………………………………………. (3.16) 

CL(𝑧 ) = 
( ) 

 ………………………………………………. (3.17) 

C*
D(𝑧 ) = 

 ( ) 
  ………………………………………..……. (3.18) 

C*
L(𝑧 ) = 

 ( ) 
 ……………………………………...……… (3.19) 

   Where CD(𝑧 ) and CL(𝑧 ) are mean local wind force coefficients of the ith level in along-

wind  and crosswind directions, respectively; FD(𝑧 ) and FL(𝑧 ) are mean local wind forces 

in along-wind and crosswind directions, respectively; C*
D(𝑧 ) and C*

L(𝑧 ) are r.m.s. local 

wind force coefficients of the ith level in along-wind and crosswind directions, respectively; 

 ( ) and  ( ) are r.m.s. local wind forces in along-wind and crosswind directions, 

respectively; Fx(𝑧 ) and Fy(𝑧 ) are mean local wind forces along-parallel (x) and 

perpendicular(y) axis related to the geometry of the body; F*
x(𝑧 ) and F*

y(𝑧 ) are the 

corresponding r.m.s. local wind forces in x and y-axis; qH is the mean wind velocity 

pressure at the top of model height; pi and Ai are the wind pressure and tributary area of 

each pressure tap; B is the projected model width; θ is wind direction; Hi represents the 

occupied height of different levels, where i=1, 2,……7 

3.6.3. Base Wind Forces 

The base forces have been calculated by integrating all the forces at different height 

levels. The base moments have been calculated by multiplying the time series of local wind 

forces at each measurement layer and their corresponding heights. The mean and RMS 

overturning moment coefficients of the three models are expressed as follows; 

𝑀 = 𝑚𝑒𝑎𝑛 ∑ 𝐹 ( ) ℎ  ……………..………….…………. (3.20) 

𝑀  = 𝑚𝑒𝑎𝑛 ∑ 𝐹 ( ) ℎ  ………...……………………..……(3.21) 
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  = ∑ 
( )

ℎ  ………………………………….…..…. 

(3.22) 

  = ∑ 
( )

ℎ  ……………………...…………….…….(3.23) 

CFD= 
∑ ( )

     CFL= 
∑ ( )

 ………………………….....(3.24) 

C*
FD= 

∑ ( )
   C*

FL= 
∑ ( )

  ………………………..….. (3.25) 

CMD=      CML =  ………………………….……... (3.26) 

C*
MD = 


     C*

ML = 


 ……………………….………(3.27) 

In which, CFD and CFL are the mean along-wind base force coefficient and mean across-

wind base force coefficient, respectively; C*
FD and C*

FL are the corresponding RMS 

coefficients;  CMD and CML are the mean components of overturning moment coefficients 

in along-wind and cross-wind directions, respectively; C*
MD and C*

ML are corresponding 

RMS coefficients; MD and ML are mean components of overturning moments (OTM) in 

along-wind and cross-wind directions, respectively;   and   are RMS overturning 

moments; H is the model height 
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4. CHAPTER-4 

EXPERIMENTAL STUDY- PRESSURE MEASUREMENT 
(ISOLATED) 

====================================================== 

4.1. GENERAL  

As discussed earlier, the codes and standards do not provide useful data regarding 

irregular tall buildings. Further, no analytical formula is available to evaluate the wind 

effect on irregular shape tall buildings, which necessitates more experimental or analytical 

study for irregular shape tall buildings. 

In the proposed research work, wind tunnel testing of four tall buildings models, as 

shown in Fig. 3.5, has been carried out to measure the fluctuating values of wind pressure 

distribution at pressure points on the various surfaces of building models. Mean (Cp,mean), 

Maximum (Cp,max), Minimum (Cp,min), and r.m.s. (Cp,rms) values of pressure coefficients are 

evaluated by normalizing the measured fluctuated wind pressure as discussed in the 

previous chapter. To assess the effect of wind direction, all the building models are tested 

at wind direction of 0 to 90 degree at an interval of 30 degree. The range of wind direction 

is kept up to 90 degree due to symmetry about both the axes. The fluctuating pressure at 

each pressure point is measured using a Baratron pressure gauge for a duration of 60 

seconds. The readings recorded at each pressure point in the mmHg unit are converted into 

the pressure unit N/m2 by multiplying with Baratron range and multiplying factor as- 

Pressure (N/m2) = Multiplying factor x Baratron range x Baratron reading ………… (4.1) 

The results of the present study are presented in four parts. In the first part, the results 

of the pressure measurement on all building models tested in the isolated condition at 

various wind directions are presented in chapter four. The second part is presented in 

chapter five, in which results of the pressure measurements of all building models in the 

different interfering conditions are presented. The third part covers the results of the local 

wind force, and base forces and base moments evaluated using the pressure integration 
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method in chapter six. The seventh chapter presents the fourth part of test results related to 

the response study of all the models. 

As mentioned above, test results of pressure measurement in isolated conditions are 

presented in this chapter.  

4.2. DATA VALIDATION 

Since experimental data may also be affected by a range of factors, it is necessary to 

verify the calculation method used for wind loading measurements. For the validation of 

the experimental procedure, the experimental data of the square model have been compared 

with the various international codes and with data of the Commonwealth Advisory 

Aeronautical Research Council (CAARC) model.  

4.2.1. Validation with international codes 

The comparison of the area average values of mean pressure coefficients at various 

surfaces of the square model is presented in table 4.1. It has been observed that average 

mean pressure coefficients at the front surface, side surface, and leeward surface of 

isolating square model have appreciable results with the international codes [13]–[17]. 

Table 4.1 Comparison average Cp,mean of the Square tall building 

International 
Code 

Wind 
angle 

Front Surface Leeward surface Side surface 

Experimental 
results 

0° 
90° 

0.68 
0.68 

Variation 
% 

-0.42 
-0.42 

Variation 
% 

-0.67 
-0.66 

Variation 
% 

AS/NZS: 
1170.2:2002 

0° 
90° 

0.80 
0.80 

15 
15 

-0.50 
-0.50 

16 
16 

-0.65 
-0.65 

3 
2 

ASCE/SEI 7-
10 

0° 
90° 

0.80 
0.80 

15 
15 

-0.50 
-0.50 

16 
16 

-0.70 
-0.70 

4 
5 

EN: 1991-1-4 
0° 
90° 

0.80 
0.80 

15 
15 

-0.55 
-0.55 

23 
23 

-0.80 
-0.80 

16 
17 

BS: 6399-2 
0° 
90° 

0.76 
0.76 

10 
10 

-0.50 
-0.50 

16 
16 

-0.80 
-0.80 

16 
17 

IS 875 (part 
3) 

0° 
90° 

0.80 
0.80 

15 
15 

-0.25 
-0.25 

40 
40 

-0.80 
-0.80 

16 
17 
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4.2.2. Validation with CAARC data 

The experimental parameters of a base square building model tested at 0-degree wind 

incidence in this study have been compared with the experimental parameter [95], [103], 

[149], [150] of the classical model of the Commonwealth Advisory Aeronautical Research 

Council (CAARC) standard tall building model tested at several research institutions, 

including the University of Bristol (BU), Monash University (MU), National Aeronautical 

Establishment (NAE) and National Physical Laboratory. Fig. 4.1 presents the comparison 

of Cp,mean at 0.7H height of the square building model with the Cp,mean of the CAARC 

standard tall building model at 2/3H. The mean wind pressure coefficients obtained from 

this study for the reference square building model are consistent with those of the CAARC 

model. 
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Fig. 4.1 Comparison of Cp, mean of square model with CAARC standard models 
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4.3. PRESSURE MEASUREMENT PLAN 

The detailed study of variation of pressure coefficients for different wind incidence 

angles is an essential task before designing the elements of tall buildings for wind load. 

The local pressure coefficients on the surfaces of the tall buildings can be very useful in 

the design of cladding. In this aspect, a detailed investigation of pressure variation as mean 

and r.m.s coefficients at different faces of all four building models has been carried out for 

wind direction between 00 to 900 at an interval of 300. The variation of mean pressure 

coefficients is presented in the form of contours at different faces and along the perimeter 

at different height levels for all models at all wind directions, as mentioned. The 

distribution of r.m.s pressure coefficients is presented in the form of contours at different 

surfaces of all models. Peak maximum and peak minimum off fluctuating pressure data are 

presented in tabular form at different pressure points. Area average values of mean pressure 

coefficients of the different surfaces are also presented in tabular form for all models for 

wind direction of 00 to 900.  

4.4. RESULTS AND DISCUSSION 

4.4.1. Square Model (Sq-model) 

As mentioned earlier, the Perspex sheet model of the square cross-section is tested in a 

wind tunnel under four different wind directions from 00 to 900 as shown in Figure 4.2.  

 

Fig. 4.2 Wind direction on Sq-model in isolated condition 
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Values of Cp, mean depend on the wind direction, shape of the building, and flow 

conditions. It is observed from the mean pressure variation shown in Fig. 4.3 that for wind 

incidence at 00, the front face A is subjected to appositive pressure throughout the area. 

Pressure distribution is symmetric about the vertical central line. Pressure increases with 

height at the front face due to an increase in velocity. The zone of high pressure 

concentrates at the central part of width at 0.7H from the bottom. The side faces experience 

suction due to flow separation at the edges, and leeward faces experience suction due to 

flow recirculation. Mean pressure coefficients at the front face varies from a very low 

pressure coefficient of 0.23 near the ground at edges to a high pressure coefficient of 0.87 

at 0.7H from the bottom. Suction at side faces decreases from wind ward edge to leeward 

edge. A maximum suction coefficient of -0.87 occurs at the side face near the top corner at 

the windward side. Suction at the leeward surface increases toward the outer edges.  

When the angle of attack (AOA) increases to 300, the maximum value of Cp, mean shifted 

from the central line to the right edge of the windward face. The pressure coefficient at the 

left edge is reduced to almost zero. The maximum positive pressure coefficient is still found 

at face A, but the magnitude is reduced to 0.66. Face B is subjected to positive pressure at 

the center, whereas suction near the edges.  The maximum value of the overall negative 

Cp,mean appears at the leeward edge of the left side face D equal to -0.63 and decreases near 

the windward edge. The variation of mean wind pressure coefficients at all faces for 300 

wind are shown in Fig. 4.4. 

As shown in Fig. 4.5, the Cp, mean for the wind flow at 600 angle is negative at the left 

edge of the windward face, which turns positive towards the right edge. Pressure at face A 

varies between 0.13 to -0.27. The Cp, mean reaches up to the value of 0.63 near the windward 

edge of the side face B, while the maximum suction coefficient (-0.65) occurs near the 

peripheral edge of the leeward face C. Leeward face is still under suction similar to 00 wind, 

but the suction intensity is slightly higher than 00 wind. 

The distribution of wind pressure coefficient at 900 AOA is similar to 00 wind angle due 

to symmetry. Mean wind pressure distribution along perimeter for 90 degree angle of attack 

is shown in Fig. 4.6. 
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Fig. 4.3 Cp, mean along perimeter-Sq model (0 degree) 
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Fig. 4.4 Cp, mean along perimeter-Sq model (30 degree) 
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Fig. 4.5 Cp, mean along perimeter-Sq model (60 degree) 
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Fig. 4.6 Cp, mean along perimeter-Sq model (90 degree) 
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The area-averaged values of mean pressure coefficients at different faces are shown in 

table 4.2. The pressure at face A is maximum for 00 wind while suction is highest for 900 

wind. Face B has the reverse situation of face A due to perpendicular wind directions. Face 

C and D are subjected to suction for all wind directions. Maximum suction at face C is 

observed for 900 wind, whereas at face D for 00 wind.  

Table 4.2 Area averaged mean pressure coefficients- Sq model 

Wind Angle Face A Face B Face C Face D 

0 degree 0.68 -0.67 -0.42 -0.67 

30 degree 0.38 -0.10 -0.49 -0.54 

60 degree -0.04 0.33 -0.55 -0.46 

90 degree -0.66 0.68 -0.66 -0.42 

The distribution of r.m.s pressure coefficients (Cp,rms) is shown in Fig. 4.7 to 4.10 for 

wind directions of 00 to 900, respectively. A smaller value of r.m.s wind coefficients at 

windward and leeward surfaces indicates the lower level of turbulence in the flow at these 

faces at 0 and 90 degree wind. The distribution of r.m.s coefficients at the back face is more 

complicated, which indicates the irregular and disorders vortices in the flow. The values of 

fluctuating pressure coefficients are higher on the side face compare to windward and 

leeward faces, which may be due to the existence of a strong and coherent vortex motion 

due to the flow separation, especially at the windward edges. The values of r.m.s pressure 

at the lower part are higher than those at the upper part, which indicates the presence of 

obstruction and interaction effects at the lower part. For wind at skew angles 300 and 600, 

r.m.s values are smaller because flow remains attached after separating at edges of face A  

and B. 

Maximum and minimum peak pressure coefficients ((Cp,max and (Cp,min)) at each 

pressure point are calculated from the fluctuating time history of the pressure data recorded. 

The values of peak pressure coefficients of square models are shown in table 4.3 to 4.6 for 

wind direction of 0 to 90 degree, respectively. The maximum value of Cp,max and Cp,min at 

face A is 1.05 for 0 degree wind and -1.23 for 90 wind direction, respectively. The 

maximum values of peak max. and peak min. observed at face B are 0.91 for 600 and -1.26 

for 00,  at face C are 0.49 for 00 and -1.22 for 900 wind, and at face D values are 0.00 for 00 

and -1.37 for 00 wind angles.  
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Fig. 4.7 Contour of r.m.s wind pressure coefficient - Sq model ( 0 degree) 
 

 

 

Fig. 4.8 Contour of r.m.s wind pressure coefficient - Sq model ( 30 degree) 
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Fig. 4.9 Contour of r.m.s wind pressure coefficient - Sq model ( 60 degree) 

 

 

    

Fig. 4.10 Contour of r.m.s wind pressure coefficient - Sq model ( 90 degree) 
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Table 4.3 Peak pressure coefficients at pressure points of Sq model ( 0 degree) 

Pressure 
Point 

Face A Face B Face C Face D 
Max. 
Peak 

Min. 
Peak 

Max. 
Peak 

Min. 
Peak 

Max. 
Peak 

Min. 
Peak 

Max. 
Peak 

Min. 
Peak 

1 0.44 0.00 -0.07 -1.07 -0.33 -0.64 -0.36 -0.70 
2 0.60 0.03 -0.08 -1.16 0.07 -0.27 -0.26 -0.83 
3 0.59 0.06 -0.07 -1.10 -0.34 -0.62 -0.07 -1.10 
4 0.58 0.03 -0.26 -0.83 0.07 -0.27 -0.08 -1.16 
5 0.57 0.00 -0.36 -0.70 -0.33 -0.64 -0.07 -1.07 
6 0.60 0.14 -0.34 -1.05 -0.35 -0.64 -0.16 -0.73 
7 0.96 0.34 -0.34 -1.07 0.00 -0.59 -0.07 -0.84 
8 1.02 0.41 -0.08 -1.10 0.00 -0.63 -0.08 -1.10 
9 0.97 0.34 -0.07 -0.84 0.00 -0.59 -0.34 -1.07 

10 0.69 0.14 -0.16 -0.73 -0.35 -0.64 -0.34 -1.05 
11 0.63 0.09 -0.07 -0.99 -0.37 -0.71 -0.03 -0.87 
12 0.98 0.24 -0.29 -1.06 -0.31 -0.59 -0.07 -0.90 
13 1.05 0.40 -0.58 -1.11 -0.31 -0.56 -0.58 -1.11 
14 0.99 0.24 -0.07 -0.90 -0.31 -0.59 -0.29 -1.06 
15 0.58 0.09 -0.03 -0.87 -0.37 -0.71 -0.07 -0.99 
16 0.62 0.06 -0.07 -1.05 -0.32 -0.74 -0.07 -1.02 
17 0.98 0.37 -0.03 -1.11 -0.28 -0.55 -0.06 -0.98 
18 1.01 0.41 -0.06 -1.20 -0.30 -0.50 -0.06 -1.20 
19 0.99 0.37 -0.06 -0.98 -0.28 -0.55 -0.03 -1.11 
20 0.61 0.06 -0.07 -1.02 -0.32 -0.74 -0.07 -1.05 
21 0.53 0.00 -0.07 -1.03 -0.31 -0.61 -0.38 -0.76 
22 0.90 0.32 -0.07 -1.19 -0.29 -0.55 -0.07 -0.91 
23 0.92 0.37 -0.07 -1.09 -0.30 -0.52 -0.07 -1.09 
24 0.91 0.32 -0.07 -0.91 -0.29 -0.55 -0.07 -1.19 
25 0.60 0.00 -0.38 -0.76 -0.31 -0.61 -0.07 -1.03 
26 0.39 -0.08 -0.07 -1.01 -0.30 -0.55 -0.15 -0.75 
27 0.80 0.18 -0.07 -1.19 -0.26 -0.55 -0.26 -0.79 
28 0.73 0.24 -0.07 -0.95 -0.27 -0.50 -0.07 -0.95 
29 0.71 0.18 -0.26 -0.79 -0.26 -0.55 -0.07 -1.19 
30 0.49 -0.08 -0.15 -0.75 -0.30 -0.55 -0.07 -1.01 
31 0.32 -0.09 -0.06 -1.22 -0.29 -0.53 -0.24 -0.63 
32 0.82 0.27 -0.07 -0.98 -0.24 -0.57 -0.26 -0.73 
33 0.86 0.34 -0.19 -0.85 -0.26 -0.66 -0.19 -0.85 
34 0.80 0.27 -0.26 -0.73 -0.24 -0.57 -0.07 -0.98 
35 0.43 -0.09 -0.24 -0.63 -0.29 -0.53 -0.06 -1.22 

 

 

 



57 
 

Table 4.4 Peak pressure coefficients at pressure points of Sq model ( 30 degree) 

Pressure 
Point 

Face A Face B Face C Face D 
Max. 
Peak 

Min. 
Peak 

Max. 
Peak 

Min. 
Peak 

Max. 
Peak 

Min. 
Peak 

Max. 
Peak 

Min. 
Peak 

1 0.00 -0.21 -0.12 -0.72 -0.37 -0.58 -0.49 -0.81 
2 0.19 -0.02 -0.08 -0.37 -0.37 -0.60 -0.50 -0.68 
3 0.29 0.04 -0.12 -0.25 -0.39 -0.69 -0.50 -0.74 
4 0.39 0.06 -0.10 -0.28 -0.43 -0.64 -0.46 -0.69 
5 0.59 0.29 -0.24 -0.37 -0.43 -0.74 -0.48 -0.72 
6 0.13 -0.07 0.04 -0.67 -0.43 -0.60 -0.54 -0.80 
7 0.50 0.24 0.19 -0.20 -0.42 -0.61 -0.53 -0.71 
8 0.63 0.36 0.11 -0.12 -0.43 -0.66 -0.49 -0.72 
9 0.81 0.41 -0.02 -0.14 0.00 -0.65 -0.47 -0.62 

10 0.83 0.49 -0.28 -0.41 -0.52 -0.72 -0.48 -0.65 
11 0.12 -0.13 0.26 -0.55 -0.42 -0.65 -0.44 -0.79 
12 0.52 0.23 0.18 -0.40 -0.43 -0.65 -0.49 -0.73 
13 0.76 0.38 0.09 -0.14 -0.41 -0.65 -0.44 -0.72 
14 0.81 0.07 -0.03 -0.13 -0.44 -0.71 -0.46 -0.66 
15 0.81 0.46 -0.25 -0.40 -0.44 -0.77 -0.45 -0.66 
16 0.14 -0.09 0.13 -0.51 -0.34 -0.61 -0.49 -0.80 
17 0.53 0.23 0.24 -0.32 -0.41 -0.59 -0.44 -0.71 
18 0.69 0.32 0.17 -0.08 -0.39 -0.60 -0.43 -0.67 
19 0.72 0.40 0.03 -0.19 -0.40 -0.62 -0.40 -0.71 
20 0.73 0.27 -0.21 -0.32 -0.36 -0.66 -0.40 -0.54 
21 0.13 -0.13 0.25 -0.28 -0.33 -0.52 -0.08 -0.81 
22 0.46 0.18 0.24 -0.31 -0.32 -0.54 -0.07 -0.72 
23 0.69 0.27 0.12 -0.17 -0.35 -0.58 -0.38 -0.64 
24 0.71 0.35 0.00 -0.13 -0.36 -0.63 -0.35 -0.66 
25 0.80 0.31 -0.14 -0.30 -0.37 -0.70 -0.35 -0.62 
26 0.07 -0.17 0.12 -0.49 -0.24 -0.54 -0.44 -0.82 
27 0.37 0.09 0.16 -0.29 -0.29 -0.57 -0.07 -0.82 
28 0.53 0.23 0.12 -0.15 -0.32 -0.58 -0.36 -0.73 
29 0.58 0.25 -0.03 -0.22 -0.29 -0.64 -0.35 -0.76 
30 0.51 0.18 -0.14 -0.30 -0.33 -0.68 -0.36 -0.65 
31 0.07 -0.16 0.14 -0.61 -0.30 -0.55 -0.39 -0.76 
32 0.47 0.15 0.52 -0.17 -0.33 -0.60 -0.36 -0.76 
33 0.57 0.21 0.13 -0.13 -0.31 -0.61 -0.34 -0.71 
34 0.66 0.29 0.01 -0.16 -0.28 -0.56 -0.37 -0.59 
35 0.50 0.18 -0.14 -0.28 -0.32 -0.68 -0.31 -0.65 
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Table 4.5 Peak pressure coefficients at pressure points of Sq model ( 60 degree) 

Pressure 
Point 

Face A Face B Face C Face D 
Max. 
Peak 

Min. 
Peak 

Max. 
Peak 

Min. 
Peak 

Max. 
Peak 

Min. 
Peak 

Max. 
Peak 

Min. 
Peak 

1 -0.20 -0.33 0.60 0.17 -0.50 -0.71 -0.44 -0.62 
2 -0.12 -0.26 0.39 0.06 -0.51 -0.72 -0.40 -0.59 
3 -0.09 -0.23 0.30 -0.01 -0.47 -0.71 -0.35 -0.67 
4 0.30 -0.51 0.23 -0.01 -0.47 -0.80 -0.38 -0.56 
5 0.03 -0.55 -0.03 -0.24 -0.48 -0.75 -0.37 -0.57 
6 0.00 -0.52 0.81 0.08 -0.46 -0.64 -0.48 -0.64 
7 0.02 -0.11 0.82 0.30 -0.50 -0.70 -0.44 -0.65 
8 0.32 -0.43 0.63 0.29 -0.49 -0.71 -0.38 -0.60 
9 0.25 0.00 0.53 0.15 -0.50 -0.76 -0.40 -0.59 

10 0.05 -0.45 -0.03 -0.20 -0.07 -0.81 -0.39 -0.64 
11 0.00 -0.32 0.86 0.07 -0.46 -0.64 -0.45 -0.74 
12 0.04 -0.12 0.91 0.34 -0.46 -0.70 -0.42 -0.71 
13 0.11 -0.04 0.65 0.29 -0.50 -0.70 -0.42 -0.65 
14 0.27 -0.12 0.50 0.17 -0.51 -0.74 -0.39 -0.66 
15 0.18 -0.41 0.00 -0.18 -0.50 -0.81 -0.40 -0.62 
16 -0.05 -0.33 0.80 0.39 -0.41 -0.64 -0.39 -0.68 
17 0.03 -0.12 0.76 0.33 -0.45 -0.67 -0.38 -0.60 
18 0.14 -0.05 0.66 0.28 -0.43 -0.70 -0.32 -0.60 
19 0.26 -0.26 0.52 0.19 -0.45 -0.81 -0.37 -0.61 
20 0.28 -0.43 0.07 -0.16 -0.07 -0.82 -0.37 -0.51 
21 -0.14 -0.29 0.66 0.28 -0.32 -0.67 -0.33 -0.66 
22 0.02 -0.11 0.67 0.31 -0.38 -0.61 -0.33 -0.63 
23 0.18 -0.10 0.60 0.22 -0.40 -0.73 -0.35 -0.56 
24 0.24 -0.17 0.42 0.12 -0.42 -0.79 -0.36 -0.48 
25 0.42 -0.48 0.06 -0.11 -0.43 -0.81 -0.30 -0.50 
26 -0.16 -0.33 0.63 0.21 -0.33 -0.66 -0.32 -0.91 
27 0.04 -0.21 0.51 0.21 -0.31 -0.74 -0.32 -0.59 
28 0.12 -0.07 0.46 0.17 -0.34 -0.76 -0.30 -0.58 
29 0.25 -0.14 0.35 0.06 -0.40 -0.93 -0.23 -0.59 
30 0.25 -0.35 0.03 -0.16 -0.07 -0.78 -0.29 -0.50 
31 -0.07 -0.29 0.53 0.19 -0.35 -0.64 -0.31 -0.55 
32 0.02 -0.15 0.62 0.26 -0.36 -0.62 -0.29 -0.61 
33 0.27 0.00 0.54 0.23 -0.07 -0.67 -0.31 -0.53 
34 0.34 -0.16 0.38 0.06 -0.35 -0.73 -0.28 -0.59 
35 0.29 -0.36 0.11 -0.11 -0.37 -0.76 -0.29 -0.47 
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Table 4.6 Peak pressure coefficients at pressure points of Sq model ( 90 degree) 

Pressure 
Point 

Face A Face B Face C Face D 
Max. 
Peak 

Min. 
Peak 

Max. 
Peak 

Min. 
Peak 

Max. 
Peak 

Min. 
Peak 

Max. 
Peak 

Min. 
Peak 

1 -0.32 -0.71 0.39 0.08 -0.62 -1.22 -0.38 -0.60 
2 -0.07 -0.77 0.43 0.11 -0.70 -1.18 -0.36 -0.64 
3 -0.07 -1.04 0.41 0.00 -0.07 -1.02 -0.33 -0.63 
4 -0.71 -1.20 0.56 0.16 -0.41 -0.80 -0.34 -0.61 
5 -0.08 -1.12 0.35 -0.01 -0.31 -0.67 -0.29 -0.69 
6 -0.35 -0.73 0.51 0.16 -0.07 -0.95 -0.33 -0.67 
7 -0.50 -0.80 0.81 0.41 -0.07 -1.14 -0.37 -0.63 
8 -0.07 -1.04 0.84 0.40 -0.08 -1.09 -0.32 -0.61 
9 -0.08 -1.12 0.78 0.39 -0.50 -0.87 -0.31 -0.61 

10 -0.07 -1.04 0.42 0.15 -0.33 -0.78 -0.34 -0.72 
11 -0.07 -1.07 0.44 0.15 -0.07 -0.90 -0.37 -0.69 
12 -0.07 -0.95 0.80 0.46 -0.08 -1.09 -0.29 -0.58 
13 -0.10 -1.14 0.82 0.07 -0.07 -1.06 -0.26 -0.55 
14 -0.07 -1.07 0.82 0.40 -0.08 -0.90 -0.31 -0.62 
15 -0.52 -1.00 0.43 0.06 -0.05 -0.86 -0.35 -0.66 
16 -0.08 -0.79 0.43 0.12 -0.07 -0.98 -0.31 -0.62 
17 -0.07 -0.89 0.82 0.07 -0.06 -1.14 -0.29 -0.58 
18 -0.06 -1.15 0.81 0.08 -0.07 -1.00 -0.29 -0.62 
19 -0.07 -1.14 0.73 0.38 -0.06 -0.92 -0.25 -0.66 
20 -0.07 -1.04 0.37 0.05 -0.08 -0.91 -0.32 -0.60 
21 -0.08 -0.73 0.59 0.22 -0.07 -0.98 -0.29 -0.58 
22 -0.06 -0.82 0.65 0.32 -0.06 -0.97 -0.28 -0.57 
23 -0.06 -1.03 0.73 0.33 -0.06 -1.12 -0.28 -0.52 
24 -0.07 -1.05 0.68 0.24 -0.07 -0.89 -0.27 -0.56 
25 -0.06 -1.21 0.41 0.03 -0.06 -0.77 -0.28 -0.66 
26 -0.23 -0.66 0.33 0.08 -0.06 -1.05 -0.25 -0.61 
27 -0.31 -0.77 0.59 0.21 -0.06 -1.16 -0.25 -0.65 
28 -0.08 -0.97 0.61 0.29 -0.07 -1.07 -0.25 -0.62 
29 -0.06 -1.05 0.61 0.26 -0.33 -0.75 -0.28 -0.66 
30 -0.09 -1.13 0.26 -0.07 -0.27 -0.79 -0.27 -0.61 
31 -0.25 -0.58 0.30 -0.07 -0.06 -1.11 -0.19 -0.62 
32 -0.26 -0.75 0.75 0.25 -0.06 -1.08 -0.25 -0.61 
33 -0.07 -0.78 0.71 0.27 -0.29 -0.78 -0.23 -0.56 
34 -0.06 -1.20 0.57 0.26 -0.06 -0.63 -0.25 -0.58 
35 -0.07 -1.23 0.15 -0.09 -0.24 -0.52 -0.21 -0.58 
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4.4.2. Plus-1 Model (Pl-1 model) 

Similar to the square model, tests have been performed on a Perspex sheet model for 

wind directions of 00 to 900 at an interval of 300 with 00 wind perpendicular to the face A2 

and 900 perpendicular to face B2 as shown in Fig. 4.11.  

                      

Fig. 4.11 Wind direction on Sq-model in isolated condition 

 

  The variation of Cp,mean along the perimeter is shown in Fig. 4.12 to 4.15, 

respectively for wind angles of 0 to 90 degree, respectively. The wind pressure distribution 

at symmetric faces is symmetric due to symmetry in the flow around the building model at 

the wind direction of 00. The wind pressure is positive on front face A2 and negative, i.e., 

suction on all other surfaces. The symmetric side faces B2 and D2 are subjected to 

maximum suction coefficient among all surfaces with a mean suction coefficient of -0.69 

at 00 wind angle. The suction at these faces decreases from windward to leeward edge. The 

mean wind pressure at windward surfaces B1 and D3, which are attached to re-entrant 

corners, is negligible because the wind pressure at opposite edges of these surfaces is of 

the opposite nature due to the presence of re-entrant corners. The area near the outer edge 
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is subjected to positive wind pressure similar to front surface A2, but wind pressure near 

to inner edge is negative because of flow stagnation and the formation of eddies in re-

entrant corners. Although the surfaces A1 and A3 are parallel to side face B2 and D2, 

suction at face A1 and A3 is very small compared to side face B2 and D2 because of the 

presence of re-entrant corners at leeward edges of these surfaces. 

 When the wind incidence angle increases to 300, the absolute value of mean wind 

pressure coefficients at all surfaces from D3 to B1 anticlockwise has increased significantly 

except at face A2 and reduces slightly on the surfaces from B2 to D2. The symmetry about 

the along-axis is vanished due to non-symmetric flow. The suction at surfaces A1 and D3 

near re-entrant corners on the front-left side has increased significantly due to the flow 

separation at the edge of face A2 and thus the formation of eddies in the wake created in 

this region. Further, the suction coefficient increases from -0.20 to -0.82 for surface A1 

while it increases from -0.05 to -0.85 for surface D3. The intensity of positive wind pressure 

is reduced on face A2; wind pressure is positive on the right edge towards wind incidence 

while negative on opposite edges, and due to which average of the surface is reduced. The 

mean wind pressure coefficients at face A3 and B1 are changed to positive, and the absolute 

value is also increased because of an increased region of stagnant air formed in the re-

entrant corner near these surfaces. The suction coefficient on side face B2 is reduced to 

almost half, whereas the reduction in suction for all other surfaces is up to 20%.  

As the wind incidence angle increases to 600, negative wind pressure intensity reduces 

on the surfaces from D3 to A2 at the front side toward 0- degree wind incidence between 

D3 to A2 but still higher than the wind pressure in the case of 00 wind incidence whereas, 

negative wind pressure intensity increase on the surfaces between B3 to C2 compare to 

wind pressure in case of 00 and 300 wind incidence angles. The wind pressure intensity 

does not change as much at faces between C3 to D2. Face A2, which experiences positive 

wind pressure at 00 and 300 wind flow, changes to suction, but the absolute value is almost 

the same as 300 wind flow. Suction at face A1 and D3 reduces to almost half compared to 

300 wind flow. The wind pressure at surfaces A3 and B1 near the re-entrant corner does 

not change, and similar to 300 wind flow, these surfaces experience a higher intensity of 

mean wind pressure near the corner edge. The wind pressure at side face B2 is positive, 

which was suction in case of 0 and 30-degree wind flow, but the absolute value is reduced 
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by 60%. The suction at surfaces B3 and C1 increase up to 130% due to increased flow in 

the re-entrant corner.  

Now, when wind flow at an incidence angle of 900, flow hits directly at face A3, B2, 

and C1, which are side faces for 00 wind flow and are subjected to suction. It is quite 

interesting to note that wind pressure coefficient values at face A3 and B1 are very low 

compared to other faces. The symmetric faces A3 and C1 experience almost negligible 

average wind pressure because of re-entrant corners even though wind hits directly at these 

faces. The suction at surface A2 increases when the wind angle change from 600 to 900. 

The wind pressure on windward face B2 has also increased with a change of wind incidence 

angle.  

The above discussion represents the overall distribution of Cp,mean on the face of the 

model for all wind directions. However, these cannot illustrate the concrete information for 

the variation of pressure coefficient with the perimeter of the model. To overcome this 

problem and to investigate the effect of distance from the leading edge on the mean 

pressure, the pressure coefficients are presented along the measuring points at each 

measurement level for all wind directions. The influence of flow separation at the edges is 

observed to be significant on Cp,mean distribution of the square building model for all wind 

directions. The deviation between the pressure coefficients at pressure points along the 

perimeter is higher at windward side pressure points for each respective wind direction, 

where the wind hits directly. The values of Cp,mean are almost similar to each other for 

pressure points at other locations. 
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Fig. 4.12 Cp, mean along perimeter-PL-1 model (0 degree) 
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Fig. 4.13 Cp, mean along perimeter-PL-1 model (30 degree) 
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Fig. 4.14 Cp, mean along perimeter-PL-1 model (60 degree) 
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Fig. 4.15 Cp, mean along perimeter-PL-1 model (90 degree) 
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The area average values of mean pressure coefficients at different faces are shown in 

table 4.7. Face A1 is subjected to suction for all wind directions with the maximum at 300 

wind direction. Face A2 is subjected to positive pressure for 0 and 30 degree wind while 

suction for wind directions of 60 and 90 degree. Face A3 is subjected to positive pressure 

for all wind directions except 0 degree wind. Pressure at face B2 changes from positive to 

negative as wind direction changes from 0 to 90 degree. All the faces between C1 to D3 

are under suction because they lie in the wake region. 

 

Table 4.7 Area averaged mean pressure coefficients at faces of- Pl-1 model 

Wind Angle A1 A2 A3 B1 B2 B3 C1 C2 C3 D1 D2 D3 
0 degree -0.20 0.38 -0.20 -0.05 -0.69 -0.56 -0.54 -0.49 -0.54 -0.56 -0.69 -0.05 

30 degree -0.82 0.19 0.49 0.45 -0.37 -0.43 -0.45 -0.44 -0.47 -0.48 -0.61 -0.87 

60 degree -0.41 -0.15 0.49 0.51 0.15 -1.0 -0.98 -0.66 -0.48 -0.47 -0.44 -0.47 

90 degree -0.43 -0.64 0.08 -0.07 0.47 -0.07 0.08 -0.64 -0.43 -0.39 -0.35 -0.39 

 

The distribution of r.m.s pressure coefficients (Cp,rms) is shown in the Fig. 4.16 to 4.19 

for wind directions of 0 to 90 degree, respectively. The smaller value of r.m.s wind 

coefficients at windward and leeward surfaces perpendicular to the wind direction at 0 

degree wind indicates the lower level of turbulence in the flow at these faces. Fluctuating 

values at different pressure points at front face A2 are mostly similar, which shows that 

flow at the front face is relatively stable. The values of fluctuating pressure coefficients are 

higher on the side faces and face near to front corners compare to other faces, which may 

be due to the existence of a strong and coherent vortex motion due to the flow separation 

at side faces and formation of eddies in the corner region. Fluctuating r.m.s values of 

pressure coefficients at faces near the left corner (face A1 and D3) increase significantly 

for 30 degree wind; the reason is that irregular vortices are generated in the wake flow after 

separating at the edges of face A2. A similar type of change in the r.m.s pressure is observed 

at face C1 and C2 for 60 wind.  
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Fig. 4.16 Contour of r.m.s wind pressure coefficient-Pl-1 model ( 0 degree) 

 

              

Fig. 4.17 Contour of r.m.s wind pressure coefficient-Pl-1 model ( 30 degree) 
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Fig. 4.18 Contour of r.m.s wind pressure coefficient-Pl-1 model (60 degree) 

 

           

Fig. 4.19 Contour of r.m.s wind pressure coefficient-Pl-1 model (90 degree) 
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Maximum and minimum peak pressure coefficients at each pressure point are calculated 

similar to the square model. The values of peak pressure coefficients of Pl-1 models are 

shown in table 4.8 to 4.11 for wind direction of 0 to 90 degree, respectively. The average 

of Cp,max  is positive at all windward surfaces while it is negative at all surfaces at the side 

and leeward position for 00 wind. The largest positive value of Cp,max is observed at face 

A2 while face B3 has the negative highest value. For wind direction of 300, peak pressure 

at face A1 turn to negative. The largest value increased slightly and shifted to face A3. The 

highest value of positive Cp,max is still similar for 600 and 900 wind directions. Suction is 

maximum for 60 degree wind at face B3. 

The average value of Cp,min is positive at face A2 and negative at all other surfaces for 

00 wind angle. The symmetric side faces B2 and D2 are subjected to the highest suction of 

-0.95. The Cp,min Value at face A2 is reduced to almost zero while at faces of the windward 

right corner, it changes to positive for wind direction of 300. The highest suction value (-

1.14) of Cp,min for 300 wind angle is observed at face A1. The face B3 is subjected to the 

overall highest peak suction of -1.29 at 600 wind direction. For wind direction of 90 degree, 

the B2 is the only face that is subjected to positive Cp,min. 
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Table 4.8 Peak pressure coefficients at pressure points of Sq model ( 0 degree) 

Pressure 
Point 

Face A Face B Face C Face D 
Max. 
Peak 

Min.  
Peak 

Max. 
Peak 

Min. 
Peak 

Max. 
Peak 

Min. 
Peak 

Max. 
Peak 

Min. 
Peak 

1 0.01 -0.41 -0.24 -0.63 -0.45 -0.68 -0.52 -0.76 
2 -0.24 -0.57 0.64 0.08 -0.46 -0.66 -0.51 -0.76 
3 0.38 0.01 -0.39 -1.18 -0.44 -0.62 -0.55 -0.88 
4 0.44 0.00 -0.37 -0.99 -0.41 -0.70 -0.37 -0.99 
5 0.38 0.01 -0.55 -0.88 -0.44 -0.62 -0.39 -1.18 
6 -0.24 -0.57 -0.51 -0.76 -0.46 -0.66 0.64 0.08 
7 0.01 -0.41 -0.52 -0.76 -0.45 -0.68 -0.24 -0.63 
8 0.03 -0.39 -0.03 -0.50 -0.45 -0.68 -0.47 -0.73 
9 -0.02 -0.40 0.62 0.02 -0.47 -0.72 -0.47 -0.72 
10 0.53 0.18 -0.08 -1.14 -0.42 -0.68 -0.07 -0.87 
11 0.76 0.34 -0.08 -1.03 -0.43 -0.65 -0.08 -1.03 
12 0.53 0.18 -0.07 -0.87 -0.42 -0.68 -0.08 -1.14 
13 -0.02 -0.40 -0.47 -0.72 -0.47 -0.72 0.62 0.02 
14 0.03 -0.39 -0.47 -0.73 -0.45 -0.68 -0.03 -0.50 
15 0.01 -0.49 -0.01 -0.55 -0.44 -0.71 -0.50 -0.71 
16 0.05 -0.47 0.52 -0.12 -0.45 -0.74 -0.46 -0.71 
17 0.55 0.16 -0.29 -1.02 -0.42 -0.67 -0.31 -0.82 
18 0.81 0.39 -0.07 -1.04 -0.42 -0.67 -0.07 -1.04 
19 0.55 0.16 -0.31 -0.82 -0.42 -0.67 -0.29 -1.02 
20 0.05 -0.47 -0.46 -0.71 -0.45 -0.74 0.52 -0.12 
21 0.01 -0.49 -0.50 -0.71 -0.44 -0.71 -0.01 -0.55 
22 0.13 -0.55 0.04 -0.55 -0.41 -0.68 -0.47 -0.72 
23 0.13 -0.50 0.47 -0.22 -0.43 -0.75 -0.43 -0.75 
24 0.55 0.11 -0.07 -1.09 -0.38 -0.64 -0.28 -0.78 
25 0.81 0.27 -0.08 -0.92 -0.35 -0.56 -0.08 -0.92 
26 0.55 0.11 -0.28 -0.78 -0.38 -0.64 -0.07 -1.09 
27 0.13 -0.50 -0.43 -0.75 -0.43 -0.75 0.47 -0.22 
28 0.13 -0.55 -0.47 -0.72 -0.41 -0.68 0.04 -0.55 
29 0.05 -0.48 0.05 -0.50 -0.38 -0.70 -0.45 -0.73 
30 0.07 -0.57 0.37 -0.28 -0.20 -0.73 -0.26 -0.65 
31 0.50 0.05 -0.07 -1.03 -0.37 -0.73 -0.47 -0.78 
32 0.67 0.27 -0.07 -0.99 -0.35 -0.54 -0.07 -0.99 
33 0.50 0.05 -0.47 -0.78 -0.37 -0.73 -0.07 -1.03 
34 0.07 -0.57 -0.26 -0.65 -0.20 -0.73 0.37 -0.28 
35 0.05 -0.48 -0.45 -0.73 -0.38 -0.70 0.05 -0.50 
36 0.06 -0.50 0.10 -0.56 -0.37 -0.71 -0.40 -0.72 
37 0.08 -0.47 0.26 -0.44 -0.39 -0.67 -0.37 -0.70 
38 0.45 0.01 -0.07 -1.07 -0.33 -0.61 -0.42 -0.79 
39 0.53 0.28 -0.07 -0.90 -0.31 -0.65 -0.07 -0.90 
40 0.45 0.01 -0.42 -0.79 -0.33 -0.61 -0.07 -1.07 
41 0.08 -0.47 -0.37 -0.70 -0.39 -0.67 0.26 -0.44 
42 0.06 -0.50 -0.40 -0.72 -0.37 -0.71 0.10 -0.56 
43 0.18 -0.37 0.14 -0.40 -0.19 -0.66 -0.37 -0.61 
44 0.02 -0.52 0.32 -0.23 -0.39 -0.64 -0.39 -0.70 
45 0.39 -0.01 -0.07 -1.02 -0.35 -0.62 -0.41 -0.72 
46 0.60 0.29 -0.47 -0.81 -0.32 -0.58 -0.47 -0.81 
47 0.39 -0.01 -0.41 -0.72 -0.35 -0.62 -0.07 -1.02 
48 0.02 -0.52 -0.39 -0.70 -0.39 -0.64 0.32 -0.23 
49 0.18 -0.37 -0.37 -0.61 -0.19 -0.66 0.14 -0.40 
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Table 4.9 Peak pressure coefficients at pressure points of Sq model ( 30 degree) 

Pressure 
Point 

Face A Face B Face C Face D 
Max. 
Peak 

Min.  
Peak 

Max. 
Peak 

Min. 
Peak 

Max. 
Peak 

Min. 
Peak 

Max. 
Peak 

Min. 
Peak 

1 -0.70 -1.13 0.25 0.00 -0.35 -0.56 -0.35 -0.63 
2 -0.10 -1.09 0.51 0.12 -0.33 -0.63 -0.40 -0.67 
3 -0.05 -0.27 -0.07 -1.14 -0.36 -0.52 -0.47 -0.68 
4 0.24 -0.07 -0.09 -0.37 -0.33 -0.59 -0.52 -0.75 
5 0.42 0.10 -0.23 -0.38 -0.35 -0.60 -0.53 -0.82 
6 0.24 -0.09 -0.36 -0.62 -0.37 -0.67 -0.07 -0.91 
7 0.20 -0.10 -0.36 -0.72 -0.32 -0.61 -0.10 -1.22 
8 0.00 -1.09 0.82 0.32 -0.36 -0.55 -0.39 -0.64 
9 -0.71 -1.18 0.77 0.30 -0.36 -0.57 -0.40 -0.62 
10 -0.08 -0.27 -0.08 -0.88 -0.37 -0.64 -0.45 -0.73 
11 0.48 0.20 0.00 -0.50 -0.35 -0.72 -0.07 -0.82 
12 0.74 0.32 -0.16 -0.34 -0.37 -0.74 -0.07 -0.79 
13 0.70 0.27 -0.32 -0.62 -0.34 -0.64 -0.72 -1.13 
14 1.21 0.95 -0.36 -0.70 -0.36 -0.56 -0.72 -1.24 
15 -0.72 -1.05 0.81 0.37 -0.37 -0.59 -0.35 -0.59 
16 -0.09 -1.18 0.72 0.32 -0.38 -0.58 -0.37 -0.67 
17 -0.11 -0.33 -0.07 -0.82 0.00 -0.55 -0.52 -0.94 
18 0.48 0.20 -0.06 -0.65 -0.34 -0.65 -0.07 -0.83 
19 0.75 0.33 -0.19 -0.36 -0.33 -0.62 -0.51 -0.79 
20 0.77 0.32 -0.35 -0.58 -0.36 -0.61 -0.73 -1.15 
21 0.76 0.41 -0.33 -0.60 -0.31 -0.61 -0.08 -1.12 
22 -0.10 -1.24 0.78 0.36 -0.34 -0.56 -0.34 -0.57 
23 -0.08 -1.26 0.61 0.27 -0.37 -0.59 -0.35 -0.57 
24 -0.14 -0.41 -0.07 -0.91 -0.31 -0.63 -0.47 -0.78 
25 0.49 0.15 0.01 -0.58 -0.31 -0.80 -0.07 -1.04 
26 0.76 0.29 -0.17 -0.43 -0.33 -0.63 -0.51 -0.87 
27 0.76 0.27 -0.34 -0.57 0.00 -0.74 -0.10 -1.26 
28 0.74 0.35 -0.33 -0.68 -0.30 -0.66 -0.09 -1.19 
29 -0.07 -1.16 0.71 0.27 -0.32 -0.64 -0.30 -0.56 
30 -0.08 -1.32 0.58 0.21 -0.34 -0.65 0.00 -0.66 
31 -0.19 -0.48 -0.07 -0.83 0.00 -0.53 -0.07 -0.86 
32 0.46 0.09 -0.03 -0.58 -0.29 -0.53 -0.07 -0.79 
33 0.64 0.23 -0.13 -0.36 -0.28 -0.60 -0.44 -0.82 
34 0.61 0.19 -0.32 -0.58 -0.34 -0.63 -0.07 -1.17 
35 0.61 0.22 -0.31 -0.65 -0.33 -0.67 -0.55 -1.18 
36 -0.07 -1.09 0.54 0.19 -0.35 -0.59 -0.31 -0.60 
37 -0.09 -1.13 0.45 0.16 -0.36 -0.63 -0.33 -0.75 
38 -0.13 -0.38 -0.20 -0.82 -0.28 -0.76 -0.37 -0.76 
39 0.42 0.06 -0.04 -0.60 0.00 -0.66 -0.06 -0.79 
40 0.52 0.21 -0.16 -0.37 0.00 -0.76 -0.07 -1.02 
41 0.47 0.18 -0.25 -0.56 -0.35 -0.78 -0.06 -0.94 
42 0.57 0.20 0.00 -0.57 -0.33 -0.80 -0.06 -1.28 
43 -0.07 -0.93 0.63 0.24 0.00 -0.69 -0.31 -0.60 
44 -0.07 -1.06 0.40 0.00 0.00 -0.58 -0.29 -0.67 
45 -0.08 -0.39 -0.18 -0.80 -0.31 -0.65 -0.29 -0.65 
46 0.47 0.11 0.04 -0.51 -0.31 -0.64 -0.37 -0.78 
47 0.49 0.18 -0.17 -0.42 -0.31 -0.74 -0.07 -0.84 
48 0.55 0.19 -0.29 -0.58 -0.36 -0.63 -0.06 -0.81 
49 0.67 0.26 -0.29 -0.54 -0.36 -0.61 -0.10 -1.16 
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Table 4.10 Peak pressure coefficients at pressure points of Sq model ( 60 degree) 

Pressure 
Point 

Face A Face B Face C Face D 
Max. 
Peak 

Min.  
Peak 

Max. 
Peak 

Min. 
Peak 

Max. 
Peak 

Min. 
Peak 

Max. 
Peak 

Min. 
Peak 

1 -0.36 -0.63 0.24 -0.02 -0.85 -1.55 -0.38 -0.61 
2 0.00 -0.54 0.33 0.05 -0.08 -1.03 -0.41 -0.59 
3 -0.21 -0.33 0.50 0.13 -0.08 -1.23 -0.39 -0.64 
4 -0.05 -0.22 0.27 -0.14 -0.07 -0.81 -0.37 -0.57 
5 -0.13 -0.78 -0.09 -0.37 -0.48 -0.76 -0.40 -0.64 
6 0.45 0.19 -0.90 -1.63 -0.43 -0.64 -0.40 -0.68 
7 0.28 -0.04 -0.87 -1.45 -0.34 -0.62 -0.42 -0.64 
8 -0.38 -0.58 0.97 0.08 -0.83 -1.30 -0.39 -0.64 
9 -0.33 -0.57 0.80 0.08 -0.80 -1.33 -0.40 -0.62 
10 -0.19 -0.31 0.81 0.32 -0.07 -0.98 -0.37 -0.66 
11 0.11 -0.08 0.57 0.17 -0.07 -0.82 -0.40 -0.64 
12 -0.10 -0.57 0.01 -0.27 0.00 -0.78 -0.38 -0.61 
13 0.70 0.31 -0.76 -1.19 -0.37 -0.63 -0.40 -0.60 
14 0.74 0.31 -0.79 -1.27 -0.39 -0.67 -0.38 -0.64 
15 -0.34 -0.56 0.82 0.44 -0.82 -1.41 -0.35 -0.60 
16 0.00 -0.54 0.87 0.43 -0.82 -1.21 -0.35 -0.64 
17 -0.17 -0.30 0.76 0.24 -0.08 -0.82 -0.36 -0.60 
18 0.13 -0.12 0.49 0.18 -0.07 -0.84 -0.33 -0.55 
19 -0.15 -0.56 -0.15 -0.39 -0.08 -0.89 -0.35 -0.59 
20 0.73 0.34 -0.86 -1.19 -0.43 -0.65 -0.40 -0.60 
21 0.78 0.48 -0.81 -1.29 -0.37 -0.64 -0.40 -0.61 
22 0.00 -0.55 0.86 0.40 -0.73 -1.24 -0.33 -0.62 
23 -0.32 -0.49 0.70 0.41 -0.10 -1.38 -0.34 -0.58 
24 -0.13 -0.33 0.73 0.19 -0.08 -0.82 -0.35 -0.64 
25 0.11 -0.08 0.55 0.07 0.12 -0.28 -0.32 -0.51 
26 0.01 -0.60 0.00 -0.35 -0.07 -0.84 -0.34 -0.52 
27 0.68 0.27 -0.72 -1.28 -0.37 -0.65 -0.35 -0.58 
28 0.76 0.30 -0.81 -1.33 -0.35 -0.56 -0.39 -0.55 
29 -0.33 -0.65 0.78 0.30 -0.79 -1.22 -0.33 -0.58 
30 -0.29 -0.63 0.74 0.28 -0.10 -1.34 -0.34 -0.68 
31 -0.22 -0.42 0.68 -0.11 -0.52 -0.82 -0.27 -0.65 
32 0.10 -0.23 0.44 0.04 -0.07 -1.00 -0.34 -0.77 
33 0.10 -0.55 -0.11 -0.35 -0.07 -0.87 -0.29 -0.60 
34 0.60 0.29 -0.11 -1.34 -0.37 -0.62 -0.38 -0.60 
35 0.76 0.38 -0.79 -1.39 -0.32 -0.61 -0.35 -0.68 
36 -0.29 -0.61 0.56 0.23 -0.63 -1.24 -0.34 -0.67 
37 -0.29 -0.54 0.48 0.17 -0.10 -1.18 -0.37 -0.62 
38 -0.19 -0.34 0.41 -0.03 -0.07 -1.12 -0.32 -0.77 
39 0.11 -0.20 0.31 -0.01 -0.07 -1.19 -0.34 -0.63 
40 0.19 -0.40 -0.07 -0.36 -0.07 -0.81 -0.33 -0.56 
41 0.50 0.20 -0.10 -1.14 0.00 -0.68 -0.32 -0.67 
42 0.53 0.24 -0.09 -1.13 0.00 -0.63 -0.33 -0.63 
43 -0.30 -0.65 0.62 0.32 -0.10 -1.18 -0.34 -0.63 
44 -0.27 -0.51 0.54 0.24 -0.21 -0.77 -0.29 -0.61 
45 -0.12 -0.27 0.38 0.01 -0.07 -1.07 -0.33 -0.62 
46 0.17 -0.13 0.39 0.03 -0.08 -0.82 -0.33 -0.63 
47 0.15 -0.32 -0.14 -0.46 -0.06 -0.75 -0.29 -0.54 
48 0.49 0.20 -0.08 -1.30 -0.25 -0.62 -0.31 -0.63 
49 0.62 0.31 -0.66 -1.15 -0.37 -0.57 -0.33 -0.57 

 



72 
 

Table 4.11 Peak pressure coefficients at pressure points of Sq model ( 90 degree) 

Pressure 
Point 

Face A Face B Face C Face D 
Max. 
Peak 

Min.  
Peak 

Max. 
Peak 

Min. 
Peak 

Max. 
Peak 

Min. 
Peak 

Max. 
Peak 

Min. 
Peak 

1 -0.19 -0.64 -0.08 -0.37 -0.10 -0.46 -0.31 -0.56 
2 -0.36 -0.63 -0.11 -0.45 0.68 0.19 -0.30 -0.52 
3 -0.35 -0.57 0.51 0.16 -0.10 -1.23 -0.29 -0.51 
4 -0.30 -0.80 0.54 0.17 -0.30 -0.80 -0.26 -0.48 
5 -0.10 -1.23 0.51 0.16 -0.35 -0.57 -0.29 -0.51 
6 0.68 0.19 -0.11 -0.45 -0.36 -0.63 -0.30 -0.52 
7 -0.10 -0.46 -0.08 -0.37 -0.19 -0.64 -0.31 -0.56 
8 -0.36 -0.56 0.15 -0.24 0.20 -0.31 -0.31 -0.52 
9 -0.35 -0.57 0.12 -0.27 0.75 0.18 -0.32 -0.53 
10 -0.42 -0.65 0.75 0.35 -0.32 -1.13 -0.28 -0.50 
11 -0.35 -0.93 0.88 0.07 -0.35 -0.93 -0.28 -0.51 
12 -0.32 -1.13 0.75 0.35 -0.42 -0.65 -0.28 -0.50 
13 0.75 0.18 0.12 -0.27 -0.35 -0.57 -0.32 -0.53 
14 0.20 -0.31 0.15 -0.24 -0.36 -0.56 -0.31 -0.52 
15 -0.35 -0.58 0.18 -0.29 0.14 -0.31 -0.31 -0.50 
16 -0.34 -0.59 0.17 -0.24 0.57 0.06 -0.33 -0.53 
17 -0.44 -0.70 0.72 0.32 -0.30 -1.06 -0.28 -0.50 
18 -0.07 -0.89 0.80 0.46 -0.07 -0.89 -0.27 -0.48 
19 -0.30 -1.06 0.72 0.32 -0.44 -0.70 -0.28 -0.50 
20 0.57 0.06 0.17 -0.24 -0.34 -0.59 -0.33 -0.53 
21 0.14 -0.31 0.18 -0.29 -0.35 -0.58 -0.31 -0.50 
22 -0.31 -0.57 0.16 -0.24 0.13 -0.33 -0.30 -0.48 
23 -0.33 -0.55 0.12 -0.28 0.55 0.03 -0.30 -0.58 
24 -0.39 -0.72 0.67 0.25 -0.33 -0.99 -0.26 -0.41 
25 -0.07 -0.85 0.78 0.47 -0.07 -0.85 -0.26 -0.40 
26 -0.33 -0.99 0.67 0.25 -0.39 -0.72 -0.26 -0.41 
27 0.55 0.03 0.12 -0.28 -0.33 -0.55 -0.30 -0.58 
28 0.13 -0.33 0.16 -0.24 -0.31 -0.57 -0.30 -0.48 
29 -0.15 -0.58 0.20 -0.25 0.13 -0.28 -0.29 -0.50 
30 -0.31 -0.57 0.15 -0.29 0.52 -0.04 -0.29 -0.53 
31 -0.36 -0.65 0.56 0.21 -0.07 -1.07 -0.25 -0.47 
32 -0.07 -0.82 0.71 0.35 -0.07 -0.82 -0.25 -0.38 
33 -0.07 -1.07 0.56 0.21 -0.36 -0.65 -0.25 -0.47 
34 0.52 -0.04 0.15 -0.29 -0.31 -0.57 -0.29 -0.53 
35 0.13 -0.28 0.20 -0.25 -0.15 -0.58 -0.29 -0.50 
36 -0.29 -0.52 0.14 -0.32 0.16 -0.35 -0.28 -0.49 
37 -0.30 -0.59 0.12 -0.31 0.34 -0.22 -0.29 -0.53 
38 -0.31 -0.52 0.46 0.11 -0.07 -1.06 -0.26 -0.46 
39 -0.46 -0.78 0.61 0.19 -0.46 -0.78 -0.22 -0.42 
40 -0.07 -1.06 0.46 0.11 -0.31 -0.52 -0.26 -0.46 
41 0.34 -0.22 0.12 -0.31 -0.30 -0.59 -0.29 -0.53 
42 0.16 -0.35 0.14 -0.32 -0.29 -0.52 -0.28 -0.49 
43 -0.30 -0.52 0.15 -0.24 0.25 -0.28 -0.26 -0.46 
44 -0.27 -0.63 0.14 -0.33 0.35 -0.02 -0.27 -0.47 
45 -0.24 -0.48 0.46 0.14 -0.07 -1.03 -0.23 -0.49 
46 -0.39 -0.73 0.56 0.26 -0.39 -0.73 -0.21 -0.47 
47 -0.07 -1.03 0.46 0.14 -0.24 -0.48 -0.23 -0.49 
48 0.35 -0.02 0.14 -0.33 -0.27 -0.63 -0.27 -0.47 
49 0.25 -0.28 0.15 -0.24 -0.30 -0.52 -0.26 -0.46 
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4.4.3. Plus-2 Model (Pl-2) 

The direction of wind incidence is kept similar to the plus-1 model with face A2 is 

perpendicular to the wind for 00 wind and face B2 perpendicular for 90 degree wind as 

shown in Figure 4.20. 

                 

Fig. 4.20 Wind direction on Sq-model in isolated condition 

Fig. 4.21 to 4.24 illustrates the distribution of the Cp, mean at the various measuring levels 

of plus-2 model. The Cp, mean values are consistent with each other at various levels. The 

pressure at all the faces on the windward side is positive, unlike the plus-1 model, even if 

the face is parallel to wind direction due to deceleration of wind flow by the large size of 

faces B1 and D3. The maximum positive Cp, mean has been increased from 0.58 (plus-1 

model) to 0.70 for the plus-2 model.  Due to the decelerated separation, smaller negative 

coefficients appears at the leading edge of the side face compared to the plus-1 model. At 

30 degree angle of attack, the absolute value of the negative pressure reduces at the corner 

faces A1 and D3 compare to those of the plus-1 model. The maximum value of negative 

Cp,mean can reach up to -0.88. The maximum positive wind pressure coefficient still has a 
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higher value when compared to the square and plus-1 model. The absolute value of the 

negative Cp, mean has a smaller value than the plus-1 model but higher than the square model 

at 60-degree wind incidence angle. The maximum suction coefficients turnup at the right 

edge of the front central face. For the leeward, the negative wind pressure coefficients 

reduce compare to the plus-1 model.   For the wind direction of 900, except the central 

windward, all the walls have negative pressure coefficients, unlike wind flow at 0-degree 

angle. The maximum value of 0.77 of the mean wind pressure coefficients emerges at the 

central windward face. The absolute value of negative Cp can reach to 0.86 or more, and 

which appears at the front edge of the side central wall. 

 Compare to the base model, the positive pressure at windward reduces slightly but the 

negative wind pressure coefficient at leeward increases slightly and thus along-wind force 

almost similar at wind direction of 0 degree.  At the wind direction of 900, the positive 

pressure at the windward and the negative pressure at leeward have decreased significantly, 

which results in the reduced along-wind forces at 900 wind compare to the square model. 

Deviation between the pressure coefficients of the pressure points at different level 

along the height is higher near the corners of windward side faces, where wind separates . 

The values of Cp,mean are almost similar to each other for pressure point at other faces. 

Deviation is higher for pressure points at top level. 
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Fig. 4.21 Cp, mean along perimeter-PL-2 model (0 degree)  
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Fig. 4.22 Cp, mean along perimeter-PL-2 model (30 degree) 
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Fig. 4.23 Cp, mean along perimeter-PL-2 model (60 degree) 
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 Fig. 4.24 Cp, mean along perimeter-PL-2 model (90 degree) 
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Table 4.12 Area averaged mean pressure coefficients at faces of- Pl-2 model 

Wind Angle A1 A2 A3 B1 B2 B3 C1 C2 C3 D1 D2 D3 

0 degree 0.37 0.57 0.37 0.38 -0.63 -0.56 -0.53 -0.49 -0.53 -0.56 -0.63 0.38 

30 degree -0.14 0.35 0.58 0.55 -0.51 -0.46 -0.47 -0.46 -0.40 -0.44 -0.47 -0.006 

60 degree -0.53 -0.45 0.59 0.54 0.33 -0.54 -0.52 -0.46 -0.31 -0.33 -0.33 -0.50 

90 degree -0.25 -0.46 -0.08 -0.25 0.52 -0.27 -0.08 -0.46 -0.25 -0.25 -0.20 -0.25 

 

The area average values of Cp,mean at different faces of the PL-2 model are shown in 

table 4.12. Unlike the PL-1 model, Face A1 of the PL-2 model is subjected to positive 

pressure at 0 degree wind due to the blockage of flow through face D3, even though it is a 

side face. Face A2 is subjected to positive pressure for 00 and 300 wind similar to plus-1 

model. Cp,mean at face B1 is significantly higher than those of Plus-1 model for normal wind 

incidence. Suction at face D3 is greatly reduced to almost zero for 300 wind compare to 

Plus-1 model.  

The distribution of r.m.s pressure coefficients (Cp,rms) is shown in the Fig. 4.25 to 4.28 

for wind directions of 00 to 900 , respectively. Similar to the plus-1 model, Cp,rms values are 

higher at side faces.  Unlike P-1 model, r.m.s of fluctuating pressure is higher at front face 

A2. Side face B2 and D2 still have higher value of r.m.s pressure similar to Pl-1 model. 

For wind direction at skew angles, r.m.s pressure slightly higher than those for 

perpendicular wind directions.  

The values of peak pressure coefficients (Cp,max and Cp,min) of Pl-2 models are shown in 

table 4.13 to 4.16. The average of Cp,max at face A is positive for 0 degree wind and 

decreases to almost zero for 300 wind. Suction is observed for wind at 600 and 900. Peak 

minimum is also positive for 00 wind which show that fluctuating pressure is have both 

peaks positive. For higher wind angles minimum peak values are negative. Suction increase 

till 600 wind and then decreases. Maximum and minimum peaks at face A2 have positive 

values till 300 wind and change to negative after that. Face A3 and B1 have both the peaks 

positive till 600 wind. The peak maximum and peak minimum at face B2 creates suction 

for wind directions of 0 and 30 degree, and then change to positive pressure. The peak 

maximum and peak minimum at all the face on leeward side shows their both peaks as 

suction. The highest value of Cp,max is observed at face A3 for 30 degree wind, whereas 

highest value of Cp,min is observed at face B2 for 0 degree wind direction.  
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Fig. 4.25 Contour of r.m.s wind pressure coefficient – Pl-2 model ( 0 degree) 

 

            

Fig. 4.26 Contour of r.ms wind pressure coefficient – Pl-2 model ( 30 degree) 
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Fig. 4.27 Contour of r.m.s wind pressure coefficient – Pl-2 model ( 60 degree) 

 

            

Fig. 4.28 Contour of r.m.s wind pressure coefficient – Pl-2 model ( 90 degree) 
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Table 4.13 Peak pressure coefficients at pressure points of Pl-2 model ( Face A) 

Pressure 
Point 

0 degree 30 degree 60 degree 90 degree 
Max.  Min.  Max. Min. Max.  Min. Max. Min. 

1 0.02 -0.25 -0.19 -0.41 -0.08 -0.81 -0.24 -0.36 

2 0.03 -0.30 -0.29 -0.52 -0.46 -0.77 -0.23 -0.40 

3 0.05 0.23 0.11 -0.09 -0.27 -0.43 -0.23 -0.36 

4 0.07 0.16 0.32 0.02 -0.06 -0.41 -0.30 -0.47 

5 0.09 0.13 0.43 0.08 -0.06 -1.13 -0.10 -1.25 

6 0.10 -0.32 0.43 0.10 0.57 0.26 -0.25 -0.37 

7 0.12 -0.14 0.18 -0.05 0.31 0.07 0.06 -0.44 

8 0.14 0.28 0.02 -0.30 -0.46 -0.68 -0.24 -0.36 

9 0.15 0.14 -0.10 -0.40 -0.41 -0.73 -0.25 -0.38 

10 0.17 0.45 0.33 0.01 -0.21 -0.36 -0.25 -0.38 

11 0.19 0.00 0.58 0.32 0.00 -0.64 -0.32 -0.49 

12 0.21 0.08 0.75 0.27 -0.07 -1.03 -0.07 -1.07 

13 0.22 0.12 0.84 0.44 0.83 0.07 0.33 -0.44 

14 0.24 0.16 0.80 0.37 0.96 0.08 0.05 -0.36 

15 0.26 0.23 0.03 -0.32 -0.42 -0.70 -0.24 -0.38 

16 0.27 0.24 -0.01 -0.31 -0.44 -0.71 -0.24 -0.43 

17 0.29 0.44 0.35 0.07 -0.22 -0.41 -0.22 -0.37 

18 0.31 0.08 0.65 0.25 -0.06 -0.79 -0.38 -0.60 

19 0.33 0.07 0.71 0.17 -0.07 -1.04 -0.07 -1.20 

20 0.34 0.25 0.80 0.08 0.82 0.43 0.29 -0.45 

21 0.36 0.20 0.97 0.49 0.97 0.56 -0.05 -0.52 

22 0.38 0.22 0.13 -0.32 -0.40 -0.64 -0.19 -0.37 

23 0.39 0.19 0.05 -0.26 -0.38 -0.69 -0.21 -0.31 

24 0.41 0.33 0.38 0.00 -0.24 -0.41 -0.24 -0.37 

25 0.43 0.08 0.60 0.22 -0.08 -0.96 -0.34 -0.57 

26 0.44 0.40 0.71 0.11 -0.07 -1.05 -0.07 -1.12 

27 0.46 0.17 0.82 0.49 0.73 0.33 0.37 -0.37 

28 0.48 0.26 0.95 0.45 0.93 0.50 -0.04 -0.52 

29 0.50 0.17 0.14 -0.29 -0.38 -0.66 -0.19 -0.32 

30 0.51 0.22 -0.04 -0.35 -0.42 -0.61 -0.22 -0.34 

31 0.53 0.28 0.27 0.01 -0.18 -0.38 -0.22 -0.35 

32 0.55 0.40 0.64 0.23 0.01 -0.76 -0.30 -0.57 

33 0.56 0.25 0.67 0.07 -0.06 -1.09 -0.08 -1.15 

34 0.58 0.16 0.86 0.32 0.65 0.37 0.39 -0.37 

35 0.60 0.19 0.77 0.07 0.81 0.45 0.21 -0.51 

36 0.62 0.17 0.14 -0.28 -0.34 -0.58 -0.18 -0.30 

37 0.63 0.14 0.05 -0.28 -0.35 -0.66 -0.20 -0.32 

38 0.65 0.29 0.38 0.03 -0.18 -0.41 -0.18 -0.39 

39 0.67 0.34 0.52 0.16 -0.03 -0.65 -0.24 -0.56 

40 0.68 0.00 0.89 0.08 -0.08 -0.85 -0.08 -0.94 

41 0.70 0.12 0.75 0.32 0.53 0.27 0.38 -0.32 

42 0.72 0.20 0.75 0.37 0.73 0.35 0.30 -0.44 

43 0.74 0.23 0.10 -0.23 -0.32 -0.54 -0.15 -0.35 

44 0.75 0.17 0.12 -0.23 -0.35 -0.66 -0.21 -0.33 

45 0.77 0.29 0.34 0.05 -0.15 -0.36 -0.17 -0.35 

46 0.79 0.35 0.54 0.24 0.06 -0.70 0.38 0.10 

47 0.80 0.30 0.65 0.17 -0.21 -0.82 -0.08 -0.81 

48 0.82 0.15 0.80 0.38 0.59 0.34 0.48 -0.29 

49 0.84 0.19 0.83 0.08 0.74 0.46 0.28 -0.32 
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Table 4.14 Peak pressure coefficients at pressure points of Pl-2 model ( Face B) 

Pressure 
Point 

0 degree 30 degree 60 degree 90 degree 
Max.  Min.  Max. Min. Max.  Min. Max. Min. 

1 0.06 -0.40 0.17 -0.08 0.14 -0.08 0.34 -0.28 
2 0.50 0.16 0.45 0.06 0.15 -0.04 -0.46 -0.90 
3 0.30 -0.05 0.64 0.22 0.31 -0.04 -0.32 -0.60 
4 -0.08 -0.99 -0.10 -1.35 0.69 0.19 0.70 0.35 
5 -0.08 -0.95 -0.13 -0.43 0.42 0.10 0.73 0.34 
6 -0.08 -0.89 -0.26 -0.49 0.07 -0.18 0.60 0.18 
7 -0.08 -0.76 -0.39 -0.57 -0.42 -0.81 -0.23 -0.64 
8 -0.48 -0.88 -0.37 -0.58 -0.49 -0.73 -0.42 -0.76 
9 -0.56 -1.19 -0.44 -0.74 -0.45 -0.89 0.27 -0.21 

10 0.58 0.13 0.84 0.38 0.76 0.44 0.20 -0.33 
11 0.80 0.07 0.82 0.47 0.71 0.45 -0.36 -0.71 
12 0.51 0.14 0.82 0.44 0.70 0.19 -0.11 -0.43 
13 -0.53 -0.84 -0.49 -1.17 0.96 0.41 0.14 -0.30 
14 -0.54 -1.05 -0.02 -0.80 0.73 0.27 0.97 0.08 
15 -0.08 -0.94 -0.29 -0.48 0.14 -0.12 0.75 0.27 
16 -0.08 -0.81 -0.40 -0.62 -0.42 -0.63 -0.11 -0.52 
17 -0.47 -0.82 -0.43 -0.59 -0.47 -0.72 -0.31 -0.79 
18 -0.46 -0.80 -0.42 -0.59 -0.46 -0.68 0.21 -0.33 
19 0.71 0.18 0.97 0.07 0.90 0.50 0.12 -0.38 
20 0.87 0.43 0.94 0.08 0.83 0.07 -0.24 -0.65 
21 0.51 0.17 0.75 0.08 0.81 0.36 -0.09 -0.42 
22 -0.07 -0.94 -0.07 -1.02 0.92 0.08 0.79 0.36 
23 -0.08 -0.89 -0.07 -0.95 0.67 0.31 0.96 0.58 
24 -0.07 -0.93 -0.20 -0.54 0.20 -0.08 0.78 0.38 
25 -0.45 -0.79 -0.35 -0.56 -0.39 -0.63 -0.08 -0.47 
26 -0.08 -0.80 -0.42 -0.56 -0.42 -0.66 -0.33 -0.66 
27 -0.07 -0.96 -0.40 -0.62 -0.46 -0.68 0.17 -0.45 
28 0.63 0.19 0.93 0.41 0.91 0.47 0.28 -0.42 
29 0.81 0.37 0.85 0.46 0.78 0.47 -0.12 -0.68 
30 0.43 0.11 0.61 0.17 0.76 0.39 -0.04 -0.50 
31 -0.43 -0.97 -0.09 -1.10 0.90 0.36 0.75 0.36 
32 -0.44 -0.94 -0.05 -0.91 0.59 0.26 0.94 0.07 
33 -0.10 -1.00 -0.13 -0.60 0.13 -0.11 0.68 0.35 
34 -0.45 -0.82 -0.29 -0.58 -0.39 -0.79 -0.15 -0.47 
35 -0.40 -0.82 -0.39 -0.60 -0.40 -0.73 -0.15 -0.76 
36 -0.39 -0.88 -0.40 -0.57 -0.07 -0.72 0.07 -0.39 
37 0.62 0.19 0.84 0.45 0.76 0.40 0.24 -0.40 
38 0.71 0.26 0.76 0.38 0.73 0.37 0.09 -0.61 
39 0.35 0.06 0.73 0.22 0.74 0.32 -0.03 -0.46 
40 -0.48 -0.82 -0.06 -1.13 0.76 0.40 0.63 0.30 
41 -0.07 -0.96 -0.06 -1.00 0.50 0.19 0.91 0.44 
42 -0.07 -1.04 -0.22 -0.68 0.12 -0.16 0.63 0.27 
43 -0.37 -0.76 -0.27 -0.54 -0.34 -0.76 -0.02 -0.55 
44 -0.36 -0.79 -0.33 -0.56 -0.43 -0.80 -0.13 -0.64 
45 -0.36 -0.76 -0.38 -0.56 -0.07 -0.90 0.18 -0.48 
46 0.52 0.18 0.81 0.38 0.63 0.34 0.34 -0.27 
47 0.57 0.09 0.67 0.33 0.59 0.32 0.06 -0.70 
48 0.25 -0.02 0.45 0.14 0.55 0.18 -0.03 -0.43 
49 -0.38 -0.77 -0.07 -0.93 0.61 0.22 0.57 0.19 
50 -0.40 -0.82 -0.23 -0.77 0.51 0.15 0.68 0.30 
51 -0.08 -0.81 -0.23 -0.64 0.06 -0.21 0.47 0.21 
52 -0.30 -0.67 -0.35 -0.61 -0.35 -0.67 -0.05 -0.43 
53 -0.35 -0.73 -0.38 -0.55 -0.07 -0.80 0.08 -0.69 
54 -0.07 -1.02 -0.38 -0.62 -0.37 -0.72 0.24 -0.26 
55 0.54 0.20 0.76 0.51 0.71 0.39 0.19 -0.21 
56 0.67 0.22 0.82 0.39 0.64 0.37 0.10 -0.45 
57 0.31 0.02 0.61 0.23 0.56 0.33 -0.02 -0.43 
58 -0.38 -0.84 -0.24 -0.93 0.57 0.27 0.50 0.25 
59 -0.38 -0.85 0.02 -0.79 0.51 0.15 0.65 0.34 
60 -0.38 -0.74 -0.18 -0.51 0.10 -0.13 0.44 0.15 
61 -0.33 -0.70 -0.36 -0.60 -0.39 -0.72 0.01 -0.49 
62 -0.34 -0.67 -0.36 -0.54 -0.06 -0.76 0.12 -0.58 
63 -0.33 -0.68 -0.35 -0.56 -0.31 -0.66 0.36 -0.27 
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Table 4.15 Peak pressure coefficients at pressure points of Pl-2 model ( Face C) 

Pressure 
Point 

0 degree 30 degree 60 degree 90 degree 
Max.  Min.  Max. Min. Max.  Min. Max. Min. 

1 -0.45 -0.78 -0.42 -0.59 -0.44 -0.81 0.22 -0.34 

2 -0.07 -0.77 -0.38 -0.56 -0.39 -0.66 0.73 -0.03 

3 -0.42 -0.72 -0.34 -0.58 -0.37 -0.62 -0.07 -1.22 

4 -0.37 -0.66 -0.38 -0.66 -0.35 -0.57 -0.20 -0.38 

5 -0.44 -0.70 -0.39 -0.56 -0.36 -0.56 -0.16 -0.30 

6 -0.46 -0.79 -0.35 -0.61 -0.44 -0.69 -0.17 -0.32 

7 -0.43 -0.75 -0.36 -0.50 -0.20 -0.38 -0.18 -0.30 

8 -0.42 -0.70 -0.40 -0.55 -0.43 -0.81 0.11 -0.36 

9 -0.43 -0.82 -0.39 -0.55 -0.44 -0.73 0.42 -0.23 

10 -0.39 -0.73 -0.38 -0.59 -0.38 -0.59 -0.08 -0.96 

11 -0.42 -0.76 -0.39 -0.58 -0.34 -0.54 -0.21 -0.40 

12 -0.43 -0.74 -0.37 -0.65 -0.37 -0.60 -0.18 -0.32 

13 -0.46 -0.73 -0.39 -0.54 -0.25 -0.48 -0.16 -0.36 

14 -0.38 -0.77 -0.37 -0.52 -0.22 -0.47 -0.17 -0.30 

15 -0.40 -0.79 -0.37 -0.57 -0.40 -0.65 0.15 -0.43 

16 -0.46 -0.72 -0.39 -0.63 -0.44 -0.71 0.34 -0.35 

17 -0.40 -0.68 0.19 0.01 -0.34 -0.61 -0.07 -1.22 

18 -0.40 -0.70 -0.39 -0.65 -0.34 -0.65 -0.27 -0.44 

19 -0.41 -0.81 -0.40 -0.65 -0.39 -0.67 -0.16 -0.32 

20 -0.43 -0.76 -0.27 -0.46 -0.25 -0.47 -0.17 -0.29 

21 -0.45 -0.74 -0.31 -0.53 -0.22 -0.40 -0.15 -0.27 

22 -0.35 -0.81 -0.38 -0.56 -0.34 -0.64 0.27 -0.41 

23 -0.38 -0.74 -0.38 -0.61 -0.06 -0.78 0.27 -0.39 

24 -0.37 -0.68 -0.38 -0.64 -0.35 -0.69 -0.07 -1.09 

25 -0.36 -0.64 -0.38 -0.58 -0.33 -0.60 -0.23 -0.48 

26 -0.32 -0.66 -0.36 -0.64 -0.37 -0.70 -0.15 -0.28 

27 -0.07 -0.69 -0.33 -0.57 -0.19 -0.41 -0.14 -0.31 

28 -0.40 -0.73 -0.32 -0.51 -0.17 -0.36 -0.15 -0.30 

29 -0.34 -0.75 -0.36 -0.57 -0.33 -0.73 0.33 -0.50 

30 -0.39 -0.74 -0.37 -0.58 -0.42 -0.74 0.37 -0.36 

31 -0.30 -0.86 -0.37 -0.80 -0.28 -0.66 -0.07 -0.93 

32 -0.31 -0.54 -0.31 -0.62 -0.29 -0.68 -0.19 -0.42 

33 -0.34 -0.67 -0.38 -0.80 -0.31 -0.73 -0.13 -0.27 

34 -0.07 -1.04 -0.30 -0.47 -0.17 -0.46 -0.13 -0.24 

35 -0.33 -0.78 -0.26 -0.44 -0.19 -0.34 -0.13 -0.25 

36 -0.30 -0.77 -0.35 -0.59 -0.34 -0.69 0.38 -0.36 

37 -0.36 -0.85 -0.36 -0.71 -0.08 -0.82 0.35 -0.46 

38 -0.07 -0.80 -0.36 -0.57 -0.32 -0.63 -0.43 -0.90 

39 -0.30 -0.55 -0.33 -0.61 -0.27 -0.67 -0.27 -0.54 

40 -0.31 -0.67 -0.33 -0.65 -0.27 -0.71 -0.21 -0.35 

41 -0.33 -0.70 -0.15 -0.49 -0.19 -0.40 -0.22 -0.34 

42 -0.34 -0.79 -0.26 -0.47 -0.15 -0.40 -0.22 -0.36 

43 -0.36 -0.78 -0.36 -0.53 -0.33 -0.66 0.29 -0.33 

44 -0.33 -0.74 -0.29 -0.59 -0.25 -0.69 0.48 -0.17 

45 -0.29 -0.56 -0.36 -0.59 -0.28 -0.63 -0.31 -0.87 

46 -0.30 -0.60 -0.28 -0.49 -0.23 -0.54 -0.22 -0.48 

47 -0.36 -0.95 0.65 0.27 -0.07 -0.77 -0.37 -0.62 

48 -0.19 -0.67 -0.11 -0.33 -0.06 -0.34 -0.18 -0.35 

49 -0.30 -0.77 -0.26 -0.48 -0.19 -0.46 -0.24 -0.36 

 

 

 



83 
 

Table 4.16 Peak pressure coefficients at pressure points of Pl-2 model (Face D) 

Pressure 
Point 

0 degree 30 degree 60 degree 90 degree 
Max.  Min.  Max. Min. Max.  Min. Max. Min. 

1 -0.07 -0.82 -0.42 -0.60 -0.21 -0.41 -0.22 -0.40 
2 -0.49 -0.77 -0.44 -0.65 -0.27 -0.52 -0.25 -0.42 
3 -0.49 -0.80 -0.47 -0.66 -0.30 -0.47 0.69 0.53 
4 -0.08 -0.86 -0.49 -0.67 -0.22 -0.49 -0.20 -0.35 
5 -0.08 -0.85 -0.41 -0.66 -0.21 -0.45 -0.20 -0.33 
6 -0.54 -0.86 -0.43 -0.68 -0.20 -0.47 -0.20 -0.33 
7 0.33 -0.03 0.27 -0.02 0.04 -0.27 -0.20 -0.34 
8 0.45 0.08 0.16 -0.51 -0.37 -0.75 -0.22 -0.35 
9 0.05 -0.35 -0.34 -0.56 -0.52 -0.81 -0.23 -0.36 

10 -0.07 -0.84 -0.40 -0.60 -0.24 -0.43 -0.20 -0.39 
11 -0.48 -0.79 -0.40 -0.61 -0.26 -0.52 -0.23 -0.38 
12 -0.46 -0.77 -0.43 -0.66 -0.27 -0.50 -0.21 -0.38 
13 -0.08 -0.81 -0.43 -0.66 -0.28 -0.52 -0.21 -0.36 
14 -0.52 -0.85 -0.45 -0.64 -0.22 -0.47 -0.20 -0.37 
15 -0.52 -0.82 -0.40 -0.59 -0.26 -0.49 -0.19 -0.33 
16 0.48 0.12 0.46 0.05 -0.18 -0.45 -0.22 -0.34 
17 0.80 0.42 0.36 -0.28 -0.52 -0.79 -0.24 -0.37 
18 0.46 0.16 -0.12 -0.37 -0.31 -0.50 -0.21 -0.39 
19 -0.07 -0.80 -0.36 -0.58 -0.22 -0.39 -0.22 -0.35 
20 -0.45 -0.80 -0.38 -0.62 -0.23 -0.43 -0.20 -0.39 
21 -0.45 -0.87 -0.39 -0.60 -0.26 -0.46 -0.22 -0.39 
22 -0.07 -0.95 -0.43 -0.59 -0.22 -0.56 -0.16 -0.29 
23 -0.51 -0.81 -0.43 -0.60 -0.22 -0.46 -0.15 -0.27 
24 -0.07 -0.81 -0.37 -0.58 -0.26 -0.42 -0.18 -0.28 
25 0.44 0.17 0.38 0.08 -0.24 -0.54 -0.23 -0.38 
26 0.81 0.42 0.31 -0.31 -0.48 -0.70 -0.22 -0.36 
27 0.60 0.18 -0.03 -0.32 -0.43 -0.69 -0.17 -0.31 
28 -0.38 -0.73 -0.33 -0.48 -0.20 -0.35 -0.17 -0.30 
29 -0.07 -0.87 -0.33 -0.54 -0.20 -0.45 -0.19 -0.36 
30 -0.42 -0.71 -0.33 -0.58 -0.22 -0.45 -0.19 -0.39 
31 -0.56 -0.98 -0.41 -0.60 0.57 0.42 -0.14 -0.27 
32 -0.07 -0.91 -0.40 -0.62 -0.18 -0.41 -0.11 -0.23 
33 -0.49 -0.95 -0.34 -0.56 -0.05 -0.20 -0.14 -0.25 
34 0.41 0.14 0.36 0.07 -0.19 -0.38 -0.21 -0.35 
35 0.76 0.43 0.40 -0.34 -0.44 -0.74 -0.21 -0.34 
36 0.76 0.24 0.01 -0.29 -0.39 -0.66 -0.17 -0.31 
37 -0.41 -1.02 -0.30 -0.49 -0.13 -0.31 -0.15 -0.30 
38 -0.37 -0.78 -0.30 -0.48 -0.18 -0.40 -0.15 -0.32 
39 -0.41 -0.79 -0.34 -0.52 -0.20 -0.45 -0.16 -0.35 
40 -0.07 -0.91 -0.34 -0.62 -0.10 -0.36 -0.14 -0.26 
41 -0.07 -0.87 -0.33 -0.58 -0.16 -0.40 -0.11 -0.21 
42 -0.42 -0.83 -0.27 -0.52 -0.17 -0.36 -0.14 -0.28 
43 0.45 0.12 0.34 -0.01 -0.24 -0.58 -0.17 -0.33 
44 0.71 0.24 0.20 -0.33 -0.07 -0.88 -0.18 -0.34 
45 0.56 0.16 0.02 -0.25 -0.47 -0.77 -0.17 -0.28 
46 -0.31 -0.77 -0.25 -0.45 -0.24 -0.46 -0.16 -0.31 
47 -0.36 -0.79 -0.32 -0.49 -0.22 -0.54 -0.15 -0.28 
48 -0.38 -0.84 -0.31 -0.47 -0.21 -0.55 -0.15 -0.28 
49 -0.47 -0.82 -0.35 -0.60 -0.24 -0.68 -0.09 -0.27 
50 -0.49 -0.82 -0.34 -0.55 -0.23 -0.60 -0.11 -0.23 
51 -0.46 -0.79 -0.31 -0.54 -0.25 -0.56 -0.11 -0.29 
52 0.23 -0.06 0.25 -0.04 -0.14 -0.39 -0.17 -0.30 
53 0.49 0.12 0.07 -0.30 -0.50 -0.81 -0.17 -0.35 
54 0.52 0.14 0.07 -0.32 -0.47 -0.68 -0.16 -0.29 
55 -0.27 -0.74 -0.20 -0.41 -0.12 -0.42 -0.11 -0.27 
56 -0.34 -0.77 -0.25 -0.49 -0.23 -0.57 -0.10 -0.31 
57 -0.37 -0.70 -0.30 -0.56 -0.23 -0.57 -0.11 -0.21 
58 -0.38 -0.78 -0.36 -0.57 -0.20 -0.62 -0.10 -0.23 
59 -0.07 -0.86 -0.32 -0.58 -0.24 -0.52 -0.12 -0.28 
60 -0.07 -0.81 -0.30 -0.55 -0.22 -0.55 -0.11 -0.29 
61 0.25 -0.10 0.36 0.02 0.05 -0.22 -0.15 -0.28 
62 0.57 0.18 0.51 -0.09 -0.11 -0.61 -0.16 -0.32 
63 0.55 0.17 0.14 -0.27 -0.43 -0.71 -0.15 -0.30 
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4.4.4. H-Model  

As mentioned earlier, all the models are tested for wind incidence angles of 00 to 900 at 

an interval of 300. For H-model, the larger face A is kept perpendicular to the 00 wind and 

changes to 900 wind angle towards the face B, as shown in Fig. 4.29 

               

Fig. 4.29 Wind direction on Sq-model in isolated condition 

The distribution of mean pressure coefficients along perimeters are shown in the figure 

4.30 to 4.33, for wind directions of 0 to 90 degree, respectively. As this model is the 

modified version of the square model with the presence of recessed cavities, a comparative 

analysis of surface pressure has been provided. The variation of Cp,mean, is almost similar 

to the square models at front face for all wind incidence angles, but the H-plan model has 

a slightly higher pressure coefficient. Wind pressure coefficient distribution is symmetrical 

about the vertical centerline when the wind blows perpendicular to face A, i.e., at 00 wind 

incidence angle but does not remain symmetrical for other wind incidence angles. The face 

A is under positive pressure for wind incidence angle 00 and the values of Cp,mean varies 

between 0.06 to 0.83. As expected, all the other surfaces are subjected to suction pressure, 

because of flow separation at the edges of side faces and wake flow at the leeward side. 
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The suction increases with height at all surfaces. The influence of recessed cavities on side 

faces is not observed for 00 wind direction.  

At 300 wind incidence angle on face A, pressure remains positive except vertical 

leeward edges. The mean pressure coefficient decreases from windward to leeward edge 

because of the wind flow separation at the leeward edge. The value of the pressure 

coefficient varies between -0.03 to 0.81, with an average value of 0.44. The effect of the 

presence of cavities is observed in pressure at surfaces in the wake zone as the suction is 

reduced slightly. Pressure distribution at the side face in the middle (face B3) is of a 

complex nature where pressure from windward edge to leeward edge changes from higher 

negative to higher positive. The pressure at the middle is almost zero.  

At 600 wind angle, the whole area of face A for beyond vertical centerline towards 

leeward side experiences suction, whereas part between the windward edge and vertical 

centerline is still subjected to positive pressure. The mean pressure coefficient varies 

between -0.17 to 0.32. The influence of recessed cavities is observed to be significant on 

the Cp,mean of surface B and D at wind directions of 600 and 900. The mean pressure is 

positive at the complete area and significantly higher at surface B, while suction at surface 

D is significantly lower than those of the square model.  

The area average values mean pressure coefficients at the surfaces are presented in table 

4.17.  The pressure at the front surface is positive till 600 wind and suction for 900 wind. 

Side face B is under suction for 00 wind and then changes to positive with a gradual 

increment from 300 wind to 900 wind direction. Leeward face C is always under suction 

with slightly lower values at skew wind angles. Side face is also subjected to suction for 

all wind with a gradual decrease with an increase in the wind angle.  

Table 4.17 Area averaged mean pressure coefficients at faces of - H-model 

Wind 
Angle 

A B1 B2 B3 B4 B5 C D1 D2 D3 D4 D5 

00 0.54 -0.67 -0.66 -0.65 -0.68 -0.57 -0.42 -0.57 -0.68 -0.65 -0.66 -0.67 

300 0.49 0.00 0.09 0.08 0.20 -0.03 -0.34 -0.46 -0.41 -0.41 -0.40 -0.37 

600 0.10 0.71 0.55 0.63 0.70 0.32 -0.39 -0.38 -0.38 -0.35 -0.34 -0.35 

900 -0.51 0.61 0.80 0.81 0.80 0.61 -0.51 -0.18 -0.14 -0.14 -0.14 -0.18 
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Fig. 4.30 Cp, mean along perimeter-H- model (0 degree) 
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Fig. 4.31 Cp, mean along perimeter-H- model (60 degree) 
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Fig. 4.32 Cp, mean along perimeter-H- model (60 degree) 
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Fig. 4.33 Cp, mean along perimeter-H- model (90 degree) 
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The distribution of r.m.s pressure coefficients (Cp,rms) is shown in the Fig. 4.34 to 4.37 

for wind directions of 00 to 900, respectively. The values of Cp,rms at different pressure points 

on the front face are almost similar, which indicates the stable flow similar to the square 

model. Higher values show a higher level of disturbance, which may indicate the 

disturbance of flow in recessed cavities on the side faces. Higher values with a complicated 

distribution at side faces show the strong irregular and disturbed vortex flow in the corners. 

Separation of flow at the trailing edges of the front face for skew wind angles generates a 

higher fluctuation in wind pressure.  

The values of peak pressure coefficients (Cp,max and Cp,min) of H-model are shown in 

table 4.18 to 4.21. The variation between two peaks at different faces generates higher level 

of fluctuations. The difference between two peaks is higher at side faces due to the 

disturbed flow. The averages of peak values Cp,max  and Cp,min at front face are highest (0.64) 

at 00  wind and (-0.79) at 900 wind, respectively. The highest value (0.99) of Cp,max at face 

B is  for 90 degree wind while highest value (-1.11) of Cp,min is for 0 degree wind. The 

difference between two peak values is comparatively low at leeward face. Side face D also 

have its highest value of Cp,max for 00 wind direction. Face C and D have both the peak 

value as negative for all wind incidence angles. 
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Fig. 4.34 Contour of r.m.s wind pressure coefficient – H- model (0 degree) 

 

     

Fig. 4.35 Contour of r.m.s wind pressure coefficient – H- model (30 degree) 
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Fig. 4.36 Contour of r.m.s wind pressure coefficient – H- model (60 degree) 

 

    

Fig. 4.37 Contour of r.m.s wind pressure coefficient - H- model (90 degree) 
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Table 4.18 Peak pressure coefficients at pressure points of H- model ( Face A) 

Pressure 
Point 

0 degree 30 degree 60 degree 90 degree 
Max.  Min.  Max. Min. Max.  Min. Max. Min. 

1 0.53 0.08 0.15 -0.05 -0.10 -0.30 -0.13 -0.41 
2 0.52 0.17 0.33 0.09 -0.01 -0.18 -0.26 -0.59 
3 0.55 0.13 0.41 0.10 0.03 -0.12 -0.34 -0.78 
4 0.52 0.17 0.46 0.19 0.12 -0.06 -0.07 -1.06 
5 0.53 0.08 0.80 0.30 0.25 -0.40 -0.07 -1.39 
6 0.61 0.10 0.27 0.03 -0.05 -0.20 -0.11 -0.60 
7 0.55 0.28 0.66 0.33 0.20 0.00 -0.25 -0.61 
8 0.55 0.22 0.82 0.42 0.30 0.13 -0.08 -0.81 
9 0.55 0.13 0.94 0.07 0.48 0.21 -0.07 -1.00 
10 0.61 0.15 1.06 0.59 0.39 -0.30 -0.07 -1.03 
11 0.46 0.14 0.22 -0.01 -0.05 -0.20 -0.11 -0.53 
12 0.89 0.56 0.69 0.36 0.20 0.02 -0.29 -0.68 
13 1.03 0.60 0.85 0.51 0.39 0.13 -0.37 -0.82 
14 0.97 0.07 1.01 0.57 0.46 0.04 -0.07 -0.99 
15 0.54 0.14 1.09 0.07 0.33 -0.33 -0.08 -1.05 
16 0.46 0.13 0.23 -0.02 -0.05 -0.19 -0.11 -0.68 
17 0.94 0.07 0.65 0.28 0.16 0.00 -0.18 -0.68 
18 0.97 0.07 0.78 0.42 0.33 0.13 -0.07 -0.82 
19 0.98 0.55 0.82 0.55 0.40 0.11 -0.47 -0.82 
20 0.62 0.10 0.89 0.08 0.54 -0.38 -0.32 -0.93 
21 0.49 0.05 0.27 0.00 -0.01 -0.20 -0.11 -0.65 
22 0.82 0.46 0.55 0.30 0.19 -0.04 -0.18 -0.66 
23 0.89 0.07 0.70 0.36 0.28 0.09 -0.08 -0.82 
24 0.83 0.43 0.82 0.48 0.40 0.02 -0.06 -0.99 
25 0.40 0.03 0.80 0.07 0.50 -0.35 -0.07 -0.95 
26 0.25 -0.11 0.15 -0.14 -0.08 -0.26 -0.09 -0.36 
27 0.77 0.37 0.50 0.20 0.16 -0.01 -0.09 -0.55 
28 0.78 0.39 0.62 0.36 0.31 0.00 -0.28 -0.76 
29 0.80 0.36 0.80 0.41 0.41 -0.03 -0.06 -1.17 
30 0.25 -0.10 0.73 0.33 0.45 -0.28 -0.07 -0.91 
31 0.42 -0.01 0.08 -0.13 -0.09 -0.28 -0.07 -0.41 
32 0.54 0.03 0.51 0.27 0.16 0.02 -0.06 -0.45 
33 0.91 0.28 0.51 0.27 0.35 0.11 -0.10 -0.54 
34 0.54 0.03 0.80 0.44 0.45 0.10 -0.20 -0.81 
35 0.42 -0.02 0.63 0.34 0.44 -0.15 -0.06 -1.20 

 

 

 

 



92 
 

Table 4.19 Peak pressure coefficients at pressure points of H- model ( Face B) 

Pressure 
Point 

0 degree 30 degree 60 degree 90 degree 
Max.  Min.  Max. Min. Max.  Min. Max. Min. 

1 -0.07 -1.20 0.23 -0.28 0.76 0.34 0.67 0.37 
2 -0.07 -0.99 0.12 -0.31 -0.21 -0.49 0.45 -0.07 
3 -0.07 -1.11 0.02 -0.35 -0.02 -0.34 0.28 0.01 
4 -0.07 -1.09 -0.14 -0.51 0.54 0.20 0.48 0.18 
5 -0.07 -1.04 0.71 0.10 0.39 0.02 0.39 -0.03 
6 -0.07 -1.21 0.36 -0.09 0.44 0.15 0.37 0.02 
7 -0.40 -0.72 0.08 -0.11 0.49 0.12 0.74 0.37 
8 -0.07 -1.28 0.28 -0.44 1.07 0.59 0.93 0.07 
9 -0.07 -0.94 0.29 -0.10 0.74 0.38 1.19 0.53 

10 -0.07 -1.04 0.28 -0.14 0.82 0.07 1.15 0.08 
11 -0.06 -1.08 0.00 -0.47 0.93 0.07 1.12 0.71 
12 -0.07 -0.95 0.83 0.22 1.11 0.07 1.13 0.08 
13 -0.07 -1.08 0.61 0.05 1.03 0.08 1.05 0.67 
14 -0.33 -0.78 0.14 -0.08 0.60 0.22 1.07 0.07 
15 -0.06 -0.99 0.36 -0.35 1.03 0.07 0.97 0.50 
16 -0.06 -1.07 0.28 -0.23 0.82 0.50 1.18 0.08 
17 -0.07 -0.94 0.23 -0.18 0.92 0.07 1.14 0.65 
18 -0.07 -1.01 0.09 -0.31 0.97 0.07 1.20 0.09 
19 -0.06 -1.10 0.80 0.10 1.07 0.07 1.23 0.63 
20 -0.07 -1.08 0.53 -0.20 1.12 0.07 1.11 0.71 
21 -0.06 -0.93 0.06 -0.18 0.57 0.20 1.05 0.07 
22 -0.06 -1.15 0.37 -0.41 0.97 0.08 0.83 0.39 
23 -0.07 -1.03 0.30 -0.06 0.81 0.08 1.11 0.08 
24 -0.07 -1.08 0.27 -0.17 0.87 0.43 1.03 0.09 
25 -0.06 -1.07 0.08 -0.32 0.91 0.38 1.02 0.65 
26 -0.07 -1.07 0.64 -0.11 1.01 0.07 1.12 0.69 
27 -0.07 -1.09 0.49 -0.35 0.99 0.08 1.03 0.08 
28 -0.07 -0.82 0.05 -0.15 0.62 0.18 0.99 0.08 
29 -0.05 -1.24 0.37 -0.45 0.94 0.45 0.75 0.36 
30 -0.07 -1.01 0.28 -0.15 0.78 0.42 0.99 0.59 
31 -0.06 -1.07 0.23 -0.25 0.85 0.42 1.03 0.08 
32 0.00 -1.16 0.14 -0.36 0.93 0.07 1.00 0.08 
33 -0.06 -1.04 0.65 -0.02 0.91 0.07 1.03 0.61 
34 -0.06 -1.13 0.41 -0.09 0.89 0.07 1.00 0.08 
35 -0.06 -0.80 0.05 -0.15 0.47 0.10 0.86 0.29 
36 -0.05 -1.15 0.30 -0.36 0.81 0.42 0.66 0.22 
37 -0.08 -1.14 0.29 -0.18 0.77 0.07 0.93 0.58 
38 -0.06 -1.05 0.26 -0.11 0.75 0.34 0.90 0.59 
39 -0.06 -1.07 0.20 -0.24 0.85 0.37 1.00 0.50 
40 -0.06 -1.00 0.42 -0.03 0.81 0.45 0.93 0.55 
41 -0.05 -1.14 0.44 -0.13 0.80 0.42 0.86 0.48 
42 -0.06 -0.80 0.05 -0.19 0.39 0.08 0.67 0.32 
43 -0.08 -0.76 0.40 -0.34 0.79 0.37 0.56 0.10 
44 -0.07 -0.99 0.34 -0.29 0.97 0.07 1.05 0.07 
45 -0.06 -0.81 0.33 -0.10 0.84 0.43 1.07 0.64 
46 -0.05 -0.87 0.23 -0.28 0.82 0.47 1.09 0.08 
47 -0.15 -0.75 0.64 0.03 0.81 0.45 1.02 0.64 
48 -0.05 -0.94 0.43 0.01 1.01 0.47 1.41 0.59 
49 -0.09 -0.58 0.03 -0.17 0.32 -0.15 0.50 0.19 
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Table 4.20 Peak pressure coefficients at pressure points of H- model ( Face C) 

Pressure 
Point 

0 degree 30 degree 60 degree 90 degree 
Max.  Min.  Max. Min. Max.  Min. Max. Min. 

1 -0.33 -0.63 -0.26 -0.47 -0.31 -0.52 -0.07 -1.21 
2 -0.35 -0.67 -0.24 -0.45 -0.31 -0.60 -0.07 -1.07 
3 -0.33 -0.63 -0.27 -0.50 -0.36 -0.55 -0.32 -0.71 
4 -0.31 -0.69 -0.28 -0.47 -0.31 -0.54 -0.16 -0.51 
5 -0.31 -0.63 -0.32 -0.53 -0.35 -0.62 -0.12 -0.31 
6 -0.30 -0.69 -0.25 -0.48 -0.28 -0.49 -0.07 -0.92 
7 -0.32 -0.72 -0.28 -0.55 -0.31 -0.50 -0.07 -1.14 
8 -0.30 -0.66 -0.29 -0.52 -0.33 -0.58 -0.08 -0.79 
9 -0.30 -0.62 -0.29 -0.51 -0.35 -0.61 -0.09 -0.48 
10 -0.35 -0.69 -0.34 -0.71 -0.33 -0.67 -0.10 -0.29 
11 -0.31 -0.82 -0.25 -0.47 -0.25 -0.56 -0.47 -0.91 
12 -0.24 -0.58 -0.26 -0.52 -0.25 -0.48 -0.52 -0.95 
13 -0.23 -0.58 -0.29 -0.56 -0.29 -0.50 -0.34 -0.81 
14 -0.23 -0.58 -0.25 -0.51 -0.34 -0.55 -0.21 -0.69 
15 -0.28 -0.71 -0.25 -0.60 -0.33 -0.64 -0.16 -0.46 
16 -0.26 -0.59 -0.20 -0.42 -0.20 -0.44 -0.34 -0.78 
17 -0.24 -0.62 -0.20 -0.46 -0.25 -0.43 -0.07 -0.94 
18 -0.24 -0.69 -0.25 -0.45 -0.26 -0.47 -0.41 -0.84 
19 -0.30 -0.71 -0.22 -0.55 -0.30 -0.57 -0.27 -0.61 
20 -0.30 -0.65 -0.23 -0.50 -0.32 -0.78 -0.12 -0.48 
21 -0.27 -0.63 -0.17 -0.38 -0.17 -0.41 -0.33 -0.82 
22 -0.22 -0.80 -0.23 -0.53 -0.24 -0.50 -0.07 -0.89 
23 -0.23 -0.67 -0.23 -0.45 -0.24 -0.52 -0.08 -0.86 
24 -0.23 -0.58 -0.20 -0.49 -0.23 -0.66 -0.20 -0.78 
25 -0.29 -0.73 -0.21 -0.46 -0.27 -0.80 -0.14 -0.54 
26 -0.22 -0.66 -0.16 -0.41 -0.19 -0.46 -0.44 -0.92 
27 -0.24 -0.69 -0.16 -0.55 -0.07 -0.53 -0.07 -1.04 
28 -0.25 -0.56 -0.15 -0.41 -0.24 -0.68 -0.28 -0.96 
29 -0.22 -0.58 -0.17 -0.44 -0.24 -0.72 -0.09 -0.59 
30 -0.26 -0.65 -0.20 -0.46 -0.25 -0.68 -0.06 -0.35 
31 -0.07 -0.97 -0.16 -0.42 -0.20 -0.48 -0.07 -0.93 
32 -0.20 -0.72 -0.18 -0.38 -0.20 -0.44 -0.20 -0.76 
33 -0.21 -0.54 -0.20 -0.46 -0.19 -0.52 -0.10 -0.67 
34 -0.18 -0.66 -0.18 -0.42 -0.21 -0.60 -0.02 -0.45 
35 -0.06 -0.66 -0.16 -0.55 -0.24 -0.66 -0.07 -0.22 
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Table 4.21 Peak pressure coefficients at pressure points of H- model ( Face D) 

Pressure 
Point 

0 degree 30 degree 60 degree 90 degree 
Max.  Min.  Max. Min. Max.  Min. Max. Min. 

1 -0.35 -0.74 -0.32 -0.62 0.00 -0.67 -0.12 -0.32 
2 -0.07 -1.09 -0.34 -0.51 -0.24 -0.52 -0.14 -0.31 
3 -0.08 -1.11 0.00 -0.52 -0.26 -0.49 -0.17 -0.37 
4 -0.07 -0.93 -0.32 -0.50 -0.24 -0.47 -0.20 -0.45 
5 -0.07 -0.93 -0.29 -0.59 -0.23 -0.47 -0.18 -0.46 
6 -0.55 -0.97 -0.36 -0.54 -0.24 -0.54 -0.17 -0.42 
7 -0.08 -1.02 -0.32 -0.53 -0.25 -0.43 -0.13 -0.36 
8 -0.06 -0.81 0.00 -0.61 -0.31 -0.63 -0.12 -0.33 
9 -0.07 -1.03 -0.34 -0.57 -0.30 -0.72 -0.10 -0.25 

10 -0.07 -0.99 -0.37 -0.52 -0.29 -0.57 -0.06 -0.27 
11 -0.07 -0.92 -0.38 -0.58 -0.30 -0.53 -0.10 -0.24 
12 -0.07 -0.88 -0.30 -0.63 -0.29 -0.53 -0.09 -0.26 
13 -0.07 -0.82 -0.35 -0.53 -0.27 -0.48 -0.11 -0.25 
14 -0.06 -0.96 -0.34 -0.52 -0.31 -0.51 -0.12 -0.34 
15 -0.07 -0.81 -0.39 -0.71 -0.27 -0.55 -0.12 -0.29 
16 -0.07 -0.96 -0.35 -0.53 -0.30 -0.51 -0.07 -0.22 
17 -0.06 -0.99 -0.34 -0.53 -0.30 -0.51 -0.06 -0.21 
18 -0.07 -0.93 -0.35 -0.59 -0.32 -0.55 -0.07 -0.20 
19 -0.06 -0.82 -0.27 -0.50 -0.28 -0.51 -0.06 -0.23 
20 -0.07 -1.01 -0.30 -0.53 -0.26 -0.50 -0.07 -0.24 
21 -0.07 -0.88 -0.26 -0.61 -0.24 -0.52 -0.11 -0.27 
22 -0.07 -1.03 -0.33 -0.73 -0.22 -0.48 -0.09 -0.37 
23 -0.07 -1.08 -0.30 -0.54 -0.26 -0.47 -0.06 -0.22 
24 -0.07 -0.99 -0.33 -0.57 -0.29 -0.44 -0.07 -0.20 
25 -0.07 -1.02 -0.31 -0.64 -0.24 -0.49 -0.07 -0.20 
26 -0.07 -0.90 -0.24 -0.49 -0.26 -0.43 -0.06 -0.20 
27 -0.09 -0.91 -0.24 -0.49 -0.24 -0.66 -0.08 -0.19 
28 -0.07 -0.95 -0.26 -0.46 -0.26 -0.44 -0.12 -0.27 
29 -0.06 -0.91 -0.31 -0.65 -0.21 -0.51 -0.07 -0.30 
30 -0.06 -1.01 -0.27 -0.63 -0.27 -0.55 -0.06 -0.19 
31 -0.06 -1.04 -0.30 -0.56 -0.24 -0.51 -0.06 -0.18 
32 -0.07 -1.00 -0.29 -0.51 -0.25 -0.44 -0.06 -0.21 
33 -0.06 -0.86 -0.25 -0.52 -0.20 -0.39 -0.07 -0.18 
34 -0.06 -1.01 -0.27 -0.47 -0.19 -0.41 -0.08 -0.19 
35 -0.06 -0.89 -0.24 -0.42 -0.20 -0.42 -0.07 -0.24 
36 -0.25 -0.79 -0.26 -0.65 -0.22 -0.46 -0.04 -0.25 
37 -0.06 -0.99 -0.28 -0.54 -0.25 -0.55 -0.07 -0.19 
38 -0.06 -0.91 -0.22 -0.53 -0.24 -0.51 -0.07 -0.16 
39 -0.06 -0.97 -0.27 -0.55 -0.19 -0.58 -0.05 -0.19 
40 -0.06 -0.84 -0.25 -0.58 -0.21 -0.49 -0.06 -0.17 
41 -0.07 -0.92 -0.27 -0.56 -0.20 -0.41 -0.08 -0.19 
42 -0.06 -1.10 -0.25 -0.50 -0.22 -0.44 -0.06 -0.26 
43 -0.19 -0.64 -0.29 -0.74 -0.17 -0.58 -0.06 -0.24 
44 -0.08 -1.00 -0.32 -0.55 -0.21 -0.42 -0.06 -0.17 
45 -0.06 -0.82 -0.27 -0.70 -0.20 -0.48 -0.07 -0.23 
46 -0.06 -1.00 -0.29 -0.58 -0.21 -0.41 -0.04 -0.17 
47 -0.08 -0.82 -0.27 -0.52 -0.18 -0.39 -0.06 -0.17 
48 -0.07 -0.82 -0.28 -0.57 -0.23 -0.44 -0.07 -0.18 
49 -0.05 -1.12 -0.24 -0.60 -0.21 -0.46 -0.03 -0.20 
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5. CHAPTER-5 

EXPERIMENTAL STUDY- PRESSURE MEASUREMENT 
(INTERFERENCE) 

====================================================== 

5.1. GENERAL  

The flow between two or more buildings involves interactions between shear layers, 

vortices, and wakes and thus complicated to understand [151]. The mean response of the 

principal building may reduce by the shielding effects, but the peak oscillatory response is 

increased significantly [152], [153]. The modification in the wind forces under interference 

depends on a large number of factors, including geometry and position of buildings, terrain 

conditions, Turbulence intensity etc. [154]. It is very difficult to cover the effects of all 

possible combinations to set the guidelines for interference. Therefore, it is worthy of 

understanding the actual mechanism of interference by wind tunnel study. 

In the present research work, interference effects between twin building of models under 

consideration are investigated through wind tunnel tests. Experimental building models 

considered in this study comprised two buildings, out of which one is the pressure model 

referred to as principal building under consideration, and the second is the interfering 

building model. As mentioned earlier, the principal building model was made of a 

transparent Perspex sheet of 4 mm thickness with stiff faces to ensure sufficient rigidity 

and strength of the model, whereas the interfering building model was a wooden model of 

the similar shape and size without pressure taping. 

Total three sets of test arrangements were made for the measurement of the pressure and 

interference effect between building models. Set-1 to set-3 are shown in Fig. 5.1, indicating 

the different positions of the interfering buildings with respect to the principal building. In 

set-1, the principal building is placed at the turntable, and the interfering building was 

placed in line with the principal building, causing full blockage of wind streams. Distance 

(x) between the principal building and the interfering building was kept equal to 60 mm 

(1/10th of height of the principal building) for all cases. In set-2 and set-3, the position of 

the principal building is kept the same as previous case, and the interfering building was 
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placed in oblique configuration, creating a half blockage of wind streams and no blockage 

conditions for the principal building, respectively. 

       

       (a) Full blockage                                                     (b) Half blockage 

 

(c) No blockage 

Fig. 5.1 Various interference conditions - Sq model 

 

5.2. SQUARE MODEL 

5.2.1. Pressure Distribution 

The prediction of wind load is a difficult task with interfering buildings present in the 

near vicinity. The relative location of these interfering buildings is an essential parameter 

that affects the characteristics of wind load on the principal building. The distribution of 

Cp,mean corresponding to various interference conditions are presented in the Fig. 5.2 to 5.4.  

The influence of the presence of the interfering building in the close vicinity of the principal 

building is more stronger on the front face of target building in the full blockage condition, 

because it is shielded by the upstream building. Pressure distribution at the front face is 

completely different than those in case of isolated building. Windward face suffer higher 

negative wind pressure as it immerse in the wake of upstream building. The pressure 
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distribution on the side and leeward faces is similar to the isolated building case, but the 

suction intensity is likely to be reduced, especially on the side faces. The variation between 

the pressure at different points along the height is increased than those in the case of 

isolated building. An increase in the pressure variation is more significant for pressure 

points at the side and leeward faces. When the interfering building is present upstream of 

the target building with half blockage, the half of the windward face is shielded by the 

upstream building. The pressure changes from negative at the points on the half surface 

toward the interfering building to positive at points on the other side of the front face. The 

intensity of negative wind pressure at the front face is decreased from those in case of full 

blockage. The intensity of negative wind pressure at side and leeward side surfaces is likely 

to increase from those in case of full blockage, but still less than those in case of isolated 

building case. The presence of the interfering building in no blockage position is beneficial 

as positive and negative wind pressure at most unfavorable points on all the surfaces is 

likely to be decreased by the influence of the interfering building in full blockage position.  
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  Fig. 5.2 Cp, mean along perimeter-Sq-model (full blockage interference) 
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Fig. 5.3 Cp, mean along perimeter-Sq-model (Half blockage interference) 
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Fig. 5.4 Cp, mean along perimeter-Sq-model (No blockage interference) 
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5.2.2. Interference Factor 

The interference effects corresponding to different interference conditions on pressure 

coefficients  (Cp) related to all measurement points are of composite nature and challenging 

to present for all. To clarify the intricacy and to scrutinize the interference effects on Cp in 

detail, interference factors (I.F.) for an average of Cp,mean and Cp,rms at each face are 

proposed as given by Khanduri et al. [18], to indicate the severity of interference effects 

on Cp,mean and Cp,rms as follows: 

(𝑴𝑰𝑭) =
𝐶 ,  𝑤𝑖𝑡ℎ 𝑖𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑖𝑛𝑔 𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔

𝐶 ,  𝑖𝑠𝑜𝑙𝑎𝑡𝑒𝑑 𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔
 

(𝑹𝑰𝑭) =
𝐶 ,  𝑤𝑖𝑡ℎ 𝑖𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑖𝑛𝑔 𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔

𝐶 ,  𝑖𝑠𝑜𝑙𝑎𝑡𝑒𝑑 𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔
 

Where MIF and RIF are the interference factors for mean and RMS pressure 

coefficients, respectively. 

Fig. 5.5 and 5.6, respectively, render the variation of MIF and RIF along the different 

faces of the principal building for all three interference conditions. From Fig. 5.5, the 

interference effects on mean pressure coefficients at all surfaces of square model are 

beneficial in full and half blockage interference conditions. The MIF values for area 

average of mean surface pressure are less than unity, which indicate the overall reduction 

in the mean pressure coefficients. The MIF values in no blockage condition are 

approximately equal to unity, which renders that there is no influence of the upstream 

interfering building on the mean surface pressure of the principal building.  

Figure 5.6 show the RIF values for three interference conditions. It is quite evident from 

figure that the influence of the upstream building on the r.m.s pressure coefficients is not 

beneficial at front face in no blockage condition. The r.m.s pressure coefficients at front 

face have been increased slightly, the reason is the formation of disturbed and irregular 

vortices in the wake area of interfering building. The interference factor at side faces is 

always less than unity. Face C suffers very slight increase in Cp,rms in no bocage condition. 

The upstream interfering building is always favorable to wind pressure of the principal 

building due to shielding, if present very near to the target building with full blockage 

condition. 



100 
 

Face 

A B C DI.
F

m
ea

n 

-2

-1

0

1

2

full blockage
half blockage
no blockage

 

Fig. 5.5 MIF of area average values at faces-Sq- model 
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Fig. 5.6 RIF of area average values at faces- Sq model  
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The distribution of IFs for mean and r.m.s pressure coefficients is presented in the form 

of contours at different faces. In order to highlight the unfavorable positions related to 

interference effects at the surfaces, the lines of absolute IF ≥ 1 are retained in the contour 

plots. The contour plots of the faces having unfavorable locations are only presented here.  

Fig. 5.7 shows the contour of MIFs on the faces of the square model for the three 

interference conditions. In the full blockage interference condition, only the front face has 

unfavorable locations. Most of the unfavorable locations are concentrate near bottom 

corners extended till the middle of the height. The complete half surface above the middle 

has favorable location as the absolute values of IF are less than unity. The negative values 

of IFs at all pressure points indicate the change in the nature of the pressure from positive 

to negative at all pressure points of the surface. The absolute maximum value of MIF in 

full blockage reaches up to 9.5 for the pressure points near the bottom corners. For the half 

blockage condition, the front face A and the side face B suffer the unfavorable locations. 

The unfavorable locations at the front face concentrate near the corners. The top and bottom 

corners toward the interfering buildings have negative IF values, whereas other side corners 

have positive IF values. The maximum absolute value of IF reaches up to 13 at the point 

near the bottom corner opposite to the interfering building. At face B, a very small portion 

near the windward edge shows the unfavorable location. The front face and both side faces 

have unfavorable locations for no blockage condition. The area on the opposite side to the 

interfering building on the front face has IF values more than unity. The side faces also 

have their unfavorable locations at bottom corners on the leeward side up to a very small 

height of 0.25H from the bottom.  

The contour plot of RIF at critical surfaces is presented in the fig. 5.8 for the three 

conditions. Similar to MIF, only face A has unfavorable locations present near the corners. 

The variation between RIF values at different points is small, and the maximum value of 

RIF is less than 2. For half blockage condition, the front face A has an unfavorable location 

on the right side of the face. The RIF values increase from the middle to the right edge. 

The point at the middle height near the right edge has the maximum RIF value of 2.8. The 

face B has an unfavorable location in a very small area at the top windward corner. For the 

no blockage condition, all the four faces have unfavorable locations. The front face A and 

the leeward face C have RIF value more than unity at major areas.  
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    (a) Full blockage (Face A)          (b) Half blockage (Face A, Face B) 

   

       (c) No blockage (Face A, Face B, Face D) 

Fig. 5.7 MIF (I.F ≥ 1 ) contour (a) Full (b) Half (c) No blockage- Sq model 
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             (a) Full blockage (Face A)       (b) Half blockage (Face A, Face B) 

    

(c)  No blockage (Face A, Face B, Face C, Face D) 

Fig. 5.8 RIF (I.F ≥ 1 ) contour (a) Full (b) Half (c) No blockage- Sq model 
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5.3. PL-1 MODEL 

5.3.1. Pressure Distribution 

Pl-1 model is also tested in the wind tunnel for three interference conditions, as shown 

in Fig. 5.9. The distribution of Cp,mean of PL-1 model corresponding to various interference 

conditions are presented in the Fig. 5.10 to 5.12.  The distribution of Cp,mean on all surfaces 

of the principal building in the presence of the interfering building, creating full blockage 

condition for the principal building is quite dissimilar from that of the isolated building. 

Pressure tends to increase with respect to height, like isolated building on the front face 

and reduces near the top edge. Strong interference effect is created on front faces because 

it immersed in the wake of interfering building, which causes suction on front face A2, 

unlike for isolated building and distribution of suction coefficient varies between -0.32 to 

-0.63. The high suction zone is located at a height between .75H to 0.85H. The absolute 

value is approximately 29% higher than those for isolated building. The mean suction 

coefficient for the wind-ward face (B1 and D3) at the side is significantly increased 

compared to an isolated building.  The suction coefficient increased for windward side 

faces (A1 and A3) compared to the isolated building by  51%, corresponding to the average 

of the face; however suction decreases for leeward side faces (C1 and C3) with a small 

variation in suction coefficient between -0.21 to -0.24 on the surface. A considerable 

reduction (Approx. 65%) is noticed in suction on side faces (B2 and D2), and all leeward 

faces (B3, C1, C2, C3, and D1), and the percentage reduction is in the range of 55- 65 %. 

Suction coefficients on these side faces tend to decrease from windward to leeward edge, 

and maximum suction is at the middle height of the windward edge with Cp,mean. 

Distribution on windward face A2 and leeward face C2 is symmetric about the vertical 

centerline.  

The interfering building creates unsymmetrical wind flow around the principal building 

in half blockage and thus creates different pressure distribution on the symmetric faces. 

The interference effect on all faces depends on the face position in the wake area and 

orientation concerning the flow of wind. Active shielding is created by interfering building. 

Unlike isolated and full blockage interference conditions, the distribution of pressure is not 

symmetrical about the vertical centerline on front face A2. Both sides are under the 
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opposite nature of pressure. The surfaces towards the interfering building, which come 

under the wake region of the interfering building, are under suction, whereas the opposite 

side has positive pressure. The high pressure zone is located near the right edge from 

bottom to top. Suction on the side face A1 at the center on the windward side increased, 

and the average Cp,mean of the face is -0.47, which is 57% higher than isolated building. 

Front side face A3 has positive pressure, which was in suction for isolated as well as full 

blockage conditions. Wind ward face B1 at the side also experienced positive pressure, 

whereas face D3 is under increased suction compare to the isolated building and full 

blockage case. The effect of interference on all other faces is small, and the distribution of 

Cp,mean is likely similar to that of isolated building case. 

The distribution of Cp,mean along the perimeter of the principal building for the no 

blockage interference condition is shown in Fig. 5.12. Interference effects for this location 

of interfering building are critical for faces in the left side of the centerline along the 

windward direction due to the fact that faces on this side are also affected by the wake 

generated due to the existence of the nearby building. Suction at the front side face A1 

significantly increased and was maximum among isolated and all three interference 

conditions. The distribution of Cp,mean varies from -0.68 to -0.86 with an average at the face 

is -0.76, which is 60% higher than half blockage condition. Pressure distribution on front 

face A2 is similar to that for half blockage interference condition. Maximum and face 

average values of Cp,mean for front face D3 at the side toward the interfering building are 

also increased crucially as compared to isolated, and all other interference conditions and 

are -0.89 and -0.65, respectively. The face average value for face D3 is increased by 45% 

from half blockage condition. The interference effect on all other faces is favorable i.e. 

reduced. 
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              (a) Full blockage                                                     (b) Half blockage 

 

(c) No blockage 

Fig. 5.9 Various interference conditions – PL-1 model 
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Fig. 5.10 Cp, mean along perimeter-Pl-1-model (Full blockage interference) 
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Fig. 5.11 Cp, mean along perimeter-PL-1-model (Half blockage interference) 

Measuring Points

2 4 6 8 10 12 14 16 18 20 22 24 26 28

C
p

,m
ea

n

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

590mm
540mm
420mm
300mm
180mm
60mm 
10mm

 

Fig. 5.12 Cp, mean along perimeter-Pl-1-model (No blockage interference) 
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5.3.2. Interference Factor 

The interference factors are calculated similar to that of square building model for mean 

and r.m.s wind pressure coefficients in the three interference conditions. Fig. 5.13 and 5.14 

renders the variation of MIF and RIF along the different faces of the principal building 

starting from the front side face A1 to side front face D3 anticlockwise for all three 

interference conditions. From Fig. 5.13, interference effects are significant for face A1, B1, 

and D3 only. Interference effects for full blockage interference condition are critical at Face 

B1 and D3 only, for which MIF greater than 4. For half blockage condition, MIF is greater 

than 2, whereas for face B1, absolute MIF is greater than 7 with a negative sign, the 

significance of which is that the nature of pressure is changed due to interference. MIF for 

face D3 is greater than 9, which is maximum among all faces and signifies that effects of 

interference for full blockage condition are maximum for face D3, which is a side front 

face toward the interfering building and falls in the wake zone of interfering building.  

Interference effects for no blockage condition are more severe for D3 among three 

critical faces. MIF for face D3 is greater than 13, which shows a large interference-effect. 

Interference effect on this face is most severe among all faces and all interference 

conditions, which can be explained by the fact that this face immerged in the wake region 

of interfering  building corresponding to no blockage condition and the velocity of flow 

increased after separating from the upwind interfering building due to which suction is 

increased by a significant amount and results in a high value of interference factor. Form 

Fig. 5.14, the maximum value of RIF for surface average Cp,rms is 1.03, which shows that 

the fluctuating component of pressure coefficient is not much affected due to the existence 

of an interfering building at three positions. Average of surface Cp,rms for all surfaces are 

reduced due to the presence of the interfering building, but peak values at the top level for 

some surfaces have increased, which may be due to vortex shedding for half blockage and 

no blockage conditions. From Fig. 5.13, it is clear that interference effects are significant 

for three critical faces, namely A1, B1 and D3 for which I.Fs are very high, hence the 

distribution of I.Fs herein only deals with the results for these three faces of the principal 

building. 
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Fig. 5.13 MIF of area average values at faces-Pl -1 model 
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Fig. 5.14 RIF of area average values at faces-Pl -1 model 

 



110 
 

Fig. 5.15 represent the contours of MIFs on critical faces for three interference 

conditions, created due to different relative positions of the interfering building. In order 

to highlight the unfavorable positions of measuring points on the face, only those absolute 

I.F ≥ 1 are retained. For full blockage interference condition, on face A1 I.Fs distributed 

evenly on the surface from 0.51 to 2.31. Distribution on face B1 and D3 are similar due to 

symmetry in position and wind flow around. Outer edges are significantly affected by 

interference, and from Fig. 5.15(a) it is quite clear that positions above the middle of the 

inner edge are favorable, and regions of unfavorable locations concentrate on outer edges 

at 1/3 height from the bottom. MIF for half blockage condition on face A1 distributed on 

bottom 2/3 height with small variation, whereas variations at top 1/3 height are significant, 

and MIF varies from 1.67 to 4.27. For face B1 and D3 distribution is similar, but values 

are slightly different. MIF tends to increase near outer edges. The positions of favorable 

and unfavorable regions are similar as in the case of full blockage condition. For no 

blockage interference condition, the distribution of MIFs is quite different from previous 

conditions. A significantly large interference effect is noticed at face A1and D3. MIF on 

face A1 is distributed evenly throughout the face, and varies from 2.0 to 5.33, whereas at 

face D3 MIF varies between a large range from 0.39 to 11.83, and regions of unfavorable 

positions concentrate on the bottom half. Unfavorable measuring points at face B1 

concentrates on the outer edge between a quarter to the half-height.  

The distribution of RIFs is shown in Fig. 5.16 for critical faces and unfavorable positions 

are highlighted by retaining IF ≥ 1 only at surfaces. From the figure, it is evident that for 

full blockage regions of unfavorable are concentrate at the corner part of the building 

surfaces. The maximum value is 1.13. For half blockage distribution at central surface A2 

is quite different than other because the boundary of the flow field at the back of interfering 

building lies at the center of this face. The maximum value reach up to 2.90 at face A1.  

For no blockage interfering condition, windward faces A1 and A2 and leeward face D1 are 

the most critical surfaces for which larger area is covered by unfavorable positions. The 

peak value of RIF is approximately equal to 2 at face A1.  
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        (a) Full blockage (A1, A2, A3, B1, D3)                     (b) Half blockage (A1, A2, A3, B1, D3) 

  

(c) No blockage (A1, A2, B1, D3) 

Fig. 5.15 MIF (I.F ≥ 1 ) contour (a) Full (b) Half (c) No blockage- Pl-1 model 
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(a) Full blockage (A1, A2, A3, B1, D3)          (b) Half blockage (A1, A2, B3, C1,C2, C3, D1)   

        

(c) No blockage (A1, A2, A3, B1, C2, C3, D1, D3)   

Fig. 5.16 RIF (I.F ≥ 1 ) contour (a) Full (b) Half (c) No blockage- Pl-1 model 
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5.4. PL-2 MODEL 

5.4.1. Pressure Distribution 

The three interference positions of the upstream interfering building are shown in Fig. 

5.17. The distribution of Cp,mean along the perimeter of PL-2 model corresponding to 

various interference conditions are presented in the Fig. 5.18 to 5.20. From the Fig. 5.18, 

the pressure distribution at surfaces on windward side is found to be critically affected by 

the upstream interfering building, due to which wind pressure changes from positive to 

negative. It is evident from Figure that the peak negative pressure at windward side is 

increased than those on the Pl-1 model in similar flow conditions. Shielding effects at 

surfaces on windward side are clearly visible from pressure distribution. The intensity of 

negative pressure at other wall on side and leeward is also likely to be decreased than those 

on isolated building. 

                

                       (a) Full blockage                                                     (b) Half blockage 

 

(c) No blockage 

Fig. 5.17 Various interference conditions – PL-2 model 
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In the half blockage interference condition, the shielding effects are more severe at half 

vertical area towards the interfering building of faces on windward side. The positive 

pressure at some windward faces toward the interfering building changes from positive to 

negative. The windward face at side away from the interfering building suffers the 

maximum positive pressure. The values of positive and negative pressure coefficients are 

increased from full blockage but still less than those in isolated case. In no blockage, the 

pressure points on the walls toward the interfering building are only affected by the 

upstream building, where the shielding is favorable. The distribution of mean pressure 

coefficients is almost similar to that of in isolated building case.  
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Fig. 5.18 Cp, mean along perimeter-Pl-2-model (Full blockage interference) 
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Fig. 5.19 Cp, mean along perimeter-Pl-2-model (Half blockage interference) 
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Fig. 5.20 Cp, mean along perimeter-Pl-2-model (No blockage interference) 
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5.4.2. Interference Factor 

The variation of interference factors for area average of mean and r.m.s pressure 

coefficients at various surfaces of the principal building is shown in the Fig. 5.21 and 5.22, 

respectively. The interference effects in full and half blockage are significant only at the 

surfaces on the windward side. The negative values of MIF at these faces in full blockage 

condition indicate the change in pressure from positive to negative due to the shielding. 

The maximum absolute value of MIF equal to 1.57 is observed at face  A1. All the faces at 

side and at the leeward have MIF values less than unity, which show that shielding is 

favorable at these faces in full blockage. The presence of upstream building at half 

blockage position, turn the pressure from positive to negative at faces A1 and D3 which 

are under the wake of upstream interfering building. The absolute value of  MIF is 

maximum at face A1 similar to the full blockage but higher.  In the no blockage, all the 

faces at leeward side have MIF value larger than unity. The interference effects for all other 

faces at windward and at side are favorable.  

The RIF distribution along the faces of principal building is presented in the Fig. 5.22. 

It is evident from the figure that the interference effects on the r.m.s pressure coefficients 

are favorable at all faces in the full blockage and no blockage. The RIF in full blockage 

and no blockage have their values less than 0.5 at all faces, which show that the Cp,rms value 

at all the faces reduced to almost half of the values in isolated case. The higher values of 

RIF at central windward face A2 and at faces on windward side away from the upstream 

building indicate the increased turbulence level. The maximum value 1.25 of RIF is found 

to be for face A2. 
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Fig. 5.21 MIF of area average values at faces-Pl -2 model 
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Fig. 5.22 RIF of area average values at faces-Pl -2 model 
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The contour plots of the IF greater than unity at various critical faces are shown in Fig. 

5.23 for mean pressure. In the full blockage, the windward faces have unfavorable locations 

similar to that of Pl-1 model for MIF. The MIF value greater than unity concentrate at the 

top area above 0.9H of face A1. The MIF have their maximum value near top edge. Face 

A2 have negative values and the unfavorable location distributed evenly at full surface. 

Face B1 and D3 have symmetric distribution and  have their unfavorable locations mostly 

at outer half area vertically. The interference effects increases from center vertical line to 

the outer edges of these faces. In half blockage, the again the faces at windward side suffers 

the unfavorable interference effects. Face A1 have both positive and negative values of 

MIF. The positive MIF concentrate at the area above 0.9H and below this negative value 

indicate the change of pressure nature. The peak absolute value of MIF have positive near 

top edge and reach up to 13. The face A2 have very small unfavorable area near the vertical 

edge towards the upstream building. All the other face at windward side have their 

unfavorable locations distributed at full surface. All the faces at leeward side have larger 

unfavorable area in no blockage. Although, all the surfaces have some unfavorable 

locations, but they have been distributes on a very small area near the corners.  

The distribution of RIF greater than unity at various critical faces of the principal 

building is shown in Fig. 5.24 for r.m.s pressures coefficients. Most of the critical face have 

very small unfavorable locations. Face B3 and D1 on windward side and the side face B2 

and D2 have larger critical area near the vertical edges. The distribution of RIF in half 

blockage condition is quite different from the previous one. The critical locations on the 

faces A2, A3 and B1 have been extended throughout the surface area. The interference 

effects are likely to be increased from the left edge near the upstream building to the 

opposite vertical edge of face A2. The RIF distribution is complex at face A3 and B1 which 

indicate the unstable flow at these faces. In no blockage condition, the leeward face suffers 

the unfavorable interference effects. The regions of unfavorable locations at leeward face 

C2 concentrates at the bottom part up to a height of H/3.  
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         (a) Full blockage (A1, A2,A3, B1, D3)                (b) Half blockage (A1, A2,A3, B1, D3) 

           

(c) Half blockage (A1,A3, B1, B2, B3, C1, C2, C3, D1, D2, D3) 
 

Fig. 5.23 MIF (I.F ≥ 1 ) contour (a) Full (b) Half (c) No blockage- Pl-2 model 
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(a) Full blockage (A1, A2,A3, B1, B2, C1, C3, D2, D3) 

 

                        

   (b) Half blockage (A1, A2,A3, B1, B2, C2, D3)                 (c) No blockage (B1, C2, D3)  

Fig. 5.24 RIF (I.F ≥ 1 ) contour (a) Full (b) Half (c) No blockage- Pl-2 model 
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5.5. H-MODEL 

5.5.1. pressure distribution 

It’s a known fact that an interfering building might cause a very complex change in 

pressure distribution on different faces of the principal building.  The three interference 

positions of interfering are shown in Fig. 5.25. The distribution of Cp,mean along the 

perimeter of H-plan shape model for the three blockage conditions are shown in Fig. 5.26 

to 5.28, respectively. For interference full blockage condition front face A experience 

suction and distribution is symmetric about the vertical centerline, whereas for other 

blockage conditions symmetry is lost, and higher variation of mean pressure coefficients 

is noticed.  The mean suction coefficient variation is from -0.25 to -0.53 for the H-plan 

model. The absolute peak value of mean pressure coefficients is decreased significantly. 

The suction on other face at side and at leeward have also been reduced. A considerable 

variation of mean pressure coefficients between different pressure measurement points at 

face for half blockage and no blockage conditions is observed. In half blockage, the left 

half part to the vertical central line is immersed in the wake, and thus pressure is negative 

at this side and positive at other side of central line. The variation between the pressure 

coefficients at different pressure points along the perimeter at a particular height level is 

higher compare to that of other blockage conditions. At half blockage condition, the 

variation is in the range of -0.62 to 0.51 respectively, whereas for no blockage condition, 

the variation is in the range of -0.36 to 0.70. The distribution on no blockage is very similar 

to that of isolated conditions but the suction intensity at side and leeward faces is increased 

slightly.  

5.5.2. Interference factor 

The interference factor for mean and r.m.s pressure coefficients have been calculated 

and presented as MIF and RIF similar to other building models. The distribution of MIF 

and RIF along the faces of is shown in Fig. 5.29 and 5.30 respectively. In full blockage, 

the MIF at all faces is less than unity which represent the beneficial effects of interference 

through shielding by upstream building. The interference effects are also beneficial in half 

blockage at all other faces but face A suffers the some unfavorable effects.  
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                       (a) Full blockage                                                     (b) Half blockage 

 

(b) Half blockage 

Fig. 5.25 Various interference conditions – H- model 
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Fig. 5.26 Cp, mean along perimeter-H-model (Full blockage interference) 
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Fig. 5.27 Cp, mean along perimeter-H-model (Half blockage interference) 
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Fig. 5.28 Cp, mean along perimeter-H-model (No blockage interference) 
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In no blockage, as upstream building is present at oblique position, flow is not blocked 

and it cause unfavorable effects due to disturbed vortices. The RIF values of all the faces 

in the three interference conditions are less than unity. The face A slightly have some 

increased value of r.m.s pressure coefficients due to interference in half blockage.  

The contour plots of MIF and RIF greater than unity for critical faces is shown in Fig. 

5.31 and Fig. 5.32 respectively. in full blockage, only front face A have unfavorable 

locations near the outer edges. The interference is likely to be increased near as we reach 

near the corners at bottom. In half blockage condition, only front face have significant 

unfavorable interference effects near the left edge facing the upstream building 

concentrated at bottom corner. In no blockage, all the faces show the unfavorable locations 

but the intensity of interference effects is very less. Front face have only very small 

locations near to the bottom corners. All the other faces have critical locations extended at 

full face with even distribution of  MIF but the larger face have very complex distribution 

of MIF contours. The MIF is concentrated at bottom of small side faces toward the 

upstream interfering building.  

From Fig. 5.32, The contour lines of RIF ≥ 1 concentrated very near to the edges at 

bottom up to height level of H/3 at front face in full blockage. In half blockage, the 

unfavorable location are found to be only on front face, which are concentrated on the half 

area to the right side of central vertical line with maximum intensity at the middle height. 

The interference effects are not much significant in case no blockage condition. The front 

face A have a very small zone of unfavorable effects at top central part. 
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Fig. 5.29 MIF of area average values at faces of H-model 
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Fig. 5.30 RIF of area average values at faces of H- model 
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    (a) Full blockage (Face A)    (b) Half blockage  (Face A, B1, B2, B3, D1) 

 

 

(c) No blockage  (Face A, B1, B2, B3,B4,B5,C D1, D2,D3,D4,D5) 

Fig. 5.31 MIF (I.F ≥ 1 ) contour (a) Full (b) Half (c) No blockage- H- model 
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       (a) Full blockage (Face A)                             (b) Half blockage (Face A) 

 

     

            (c) No blockage (Face A, B3, B5, C, D1)   

Fig. 5.32 RIF (I.F ≥ 1 ) contour (a) Full (b) Half (c) No blockage- H- model 
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6. CHAPTER-6 

FORCE MEASUREMENT 

====================================================== 

6.1. GENERAL 

The local wind forces on a bluff body are the function of the wind flow characteristics, 

building geometry, and elevation levels. The distribution of local wind forces along the 

elevation of the buildings at various wind flow conditions indicates the physical flow 

structure around the building. As mentioned earlier, the force coefficients are evaluated by 

integrating the force coefficients at individual pressure points at various faces of the 

building model in isolated and interference conditions as described earlier. The local force 

at each pressure point is calculated by multiplying the pressure and the distributed area of 

the corresponding pressure point. The local force coefficients at different height levels of 

the building are calculated by integrating the local forces of all pressure points on all faces 

at a particular height level. The mean and r.m.s coefficients of local forces at various height 

levels, the base forces, and the overturning moments are presented in along-wind and 

across-wind direction.  

6.2. SQUARE MODEL 

6.2.1.  Local wind forces 

A detailed study of local wind force coefficients at various height levels of all building 

models (as shown in chapter 3) has been carried out to investigate the effects of change in 

wind direction and various blockage conditions of interference as explained in the previous 

chapter. Fig. 6.1(a) represents the variation of along-wind mean local wind force 

coefficients (CD(z)) for the square model at various wind directions and interfering 

conditions. The direction of wind flow and blockage condition have pronounced effects. 

The CD(z) values are likely to be increased along the height at all wind directions and 

blockage conditions but decreased till mid height and then increase till the top level in half 

blockage condition. The peak values mostly appear at 0.9H for all wind directions and no 

blockage condition. The CD(z) values at normal wind incidence are higher than those at 
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oblique wind incidence. The peak CD(z) values for oblique wind flow are approximately 

30% less than those for normal wind flow. 

The along-wind forces in all interference conditions decreased significantly from those 

in isolated condition for 00 wind. The full blockage condition generate negative forces at 

each height level and the reason is the higher negative local wind pressure at front face due 

to shielding of front face by upstream building. The interference condition with half 

blockage is the most favorable for along-wind forces as it generate smallest along-wind 

forces. The CD(z) value for half blockage condition is reduced around by 70% from those 

in isolated condition. 

Fig. 6.1(b) renders the variation of the cross-wind mean local wind force coefficients 

(CL(z)) for various wind flow conditions in isolated as well as in interference. The CL(z) 

values for all wind flow conditions in isolated and in interference are almost less than 0.5 

and keep constant along the height levels. A very minor variation is observed between the 

CL(z) values at different wind directions and different interference conditions.  
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Fig. 6.1 Mean local force coefficient of Sq-model (a) along-wind (b) across-wind 
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The fluctuating local wind force coefficients are very important to evaluate the dynamic 

loads on the tall building. The Fig. 6.2 represents the variation of r.m.s of the fluctuating 

local wind force coefficients in along-wind and in across-wind. The along-wind r.m.s local 

wind force coefficients (C*
D(z)) is very low in isolated conditions at all wind directions and 

has values less than 0.05. The C*
D(z) values are relatively higher in interference conditions, 

especially in half blockage. The peak value of C*
D(z) reach up to 0.0787 in half blockage. 

The distribution pattern along the height is almost similar in all flow conditions of isolated 

as well as interference and follow the almost straight line path along the height.  

The across-wind r.m.s local wind force coefficient (C*
L(z)) also keeps constant along the 

height similar to that of along-wind force in all conditions and have values less than 0.05. 

The very low values of cross-wind forces indicate low fluctuation in the time varying force 

data, which may be due to a lower level of turbulence set in the flow inside the tunnel.  
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Fig. 6.2 RMS local force coefficients od Sq-model (a) along-wind (b) across-wind 
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6.2.2. Base force coefficients 

The variation of mean drag force coefficients (CFD) , mean lift force coefficients (CFL), 

mean along-wind OTM coefficient (CMD) and mean across-wind OTM coefficient (CML) is 

presented along the wind direction and blockage conditions. The positive and negative 

direction of drag and lift force and OTM moments have been considered as shown already 

in Fig. 3.11. 

Fig. 6.3 shows the variation of mean base force coefficients in along-wind and across-

wind directions. The values of along-wind forces: drag and moment at normal wind 

incidence of 00 and 900 angles are larger than those at oblique wind incidence in isolated 

condition. The CFD and CMD values are likely to be reduced significantly in interference 

conditions. The full interference condition generates negative drag force on the model 

because of higher negative pressure at front face due to shielding. As the blockage to the 

principal building is reduced from full blockage to no blockage, the along wind force and 

moment coefficients changes from negative to positive and attains values almost similar to 

oblique wind directions. The building model has its smallest along-wind forces in half 

blockage condition. The peak value of CFD is 1.029 at normal wind incidence while 

smallest value is 0.0967 at half blockage. The peak value of CMD is 0.539 at 0 degree while 

lowest value is 0.065 at half blockage. 

The lift force coefficient and the across-wind OTM coefficient have higher values for 

oblique wind direction of 300 and 600 unlike along-wind force and moment coefficients. 

The distribution of lift force coefficient and across-wind OTM coefficients overlap each 

other. The cross-wind forces have been increased by the presence of upstream building in 

different blockage conditions. The maximum absolute values are observed at no blockage 

condition while smallest values are at 00 wind angle. The absolute peak values of CFL and 

CML are 0.09 and 0.042, respectively at no blockage condition, while smallest values of 

0.01 and 0.009, respectively at 00 wind direction.  

The corresponding r.m.s base force coefficients (C*
FD, C*

MD, C*
FL, and C*

ML) are 

presented in Fig. 6.4. The distribution of along wind force coefficients is almost straight 

line for all wind directions in isolated condition but follow a parabolic distribution in 

interference condition. The values of across-wind force coefficients are almost similar with 

slightly higher at no blockage condition.  
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Fig. 6.3 Mean base Force coefficients of Sq-model 
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Fig. 6.4 RMS base force coefficients od Sq-model 
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6.3. PL-1 MODEL 

6.3.1. Local wind forces 

The distribution of mean and r.m.s coefficients of local wind forces in along-wind and 

across-wind directions has been presented along the height levels similar to that for square 

model. The distribution of mean local force coefficients is shown in Fig. 6.5. The 

distribution of  CD(z) in all case is similar and follow the same pattern. The CD(z) values 

increase with height with peak at approximately 0.9H height in all cases. The effects of 

change in the wind direction and the presence of upstream building with different blockage 

are explicitly visible from figure, but the effects are less significant than those on square 

building. Similar to the square model, the CD(z) values at normal wind direction of 0 and 90 

degree are higher than those at oblique wind directions of 30 and 60 degree. The peak CD(z) 

value of isolated building is maximum at 0 degree wind angle, which is approximately 25% 

higher than those maximum peak at oblique wind direction. The peak values in full, half 

and no blockage are around 72%, 18% and 15% less than those in isolated condition at 00 

wind. The model has absolute minimum values of CD(z) in full blockage condition.  

The cross-wind local force coefficient do not change along the height and have almost 

similar values throughout the height in all case. The effects of change in wind direction and 

position of interfering upstream building are distinctly visible from Fig. 6.5. The model has 

negative values of CL(z) at wind direction of 30 and 90 degree. The CL(z) values for 600 wind 

angle are the largest among all the cases of isolated and interference throughout the height. 

The peak of CL(z) at 600 wind is 0.36. The upstream interfering building with full blockage 

of flow does not affects the CL(z) values of the principal building but have significant effects 

with half blockage and no blockage condition of flow. 

 The r.m.s local wind force coefficient variation is shown in Fig. 6.6. The along-wind 

r.m.s local wind force coefficients (C*
D(z)) distribution of Pl-1 model in various case have 

been overlapped to each other. The distribution in all case follow almost straight line path 

along the height. The effects of wind direction and position of upstream interfering building 

does not seems significant. The cross-wind r.m.s local wind force coefficient (C*
L(z)) also 

have similar values in all case with slightly higher values till mid height in 600 wind. 
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Fig. 6.5 Mean local force coefficient of Pl-1-model (a) along-wind (b) across-wind 
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Fig. 6.6 RMS local force coefficient of Pl-1-model (a) along-wind (b) across-wind 
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6.3.2. Base force coefficients 

The mean base force coefficients of Pl-1 model under various wind conditions of 

isolated building and in interference are shown in Fig. 6.7. It is seen from figure that similar 

to the square model, the CFD values of Pl-1 model at normal wind incidence are higher than 

those at oblique wind incidence. The CFD values are not same in case of 00 and 900 wind 

angles, because the dimension of front are different in both wind incidences. The higher 

value in case of 00 wind show that wider faces may generate higher drag forces. The models 

has largest CFD value of 0.73 at wind direction of 0 degree. The mean drag coefficient is 

negative in full blockage due to shielding and turns positive when blockage to the principal 

building is reduced to half and attains it maximum value when there is no blockage. The 

absolute value of CFD in full blockage is approximately 75% lower than isolated case but 

the direction is opposite and hence a due care must be taken while designing for wind loads. 

The effects of change in wind direction and position of interfering building on the along-

wind moment coefficient (CMD) is similar to that on CFD. The maximum value of CMD is 

also observed at 0 degree wind. The absolute lowest value of along-wind moment is 

observed at full blockage interference condition. The reduction in the CMD value at full 

blockage condition from isolated condition at 0 degree is around 77%.  

Unlike square model, the Pl-1 model has a significant variation between cross-wind 

forces at various wind directions and interference conditions. The peak values of CFL and 

CML are observed at 600 wind direction. The model has its maximum value 0.34 of CFL at 

600 wind angle. The half blockage condition and no blockage condition also have negative 

effects of interference. The CFL values in these interference conditions are significantly 

higher than those in isolated 00 wind case. The CFL values have been increased to 0.16 and 

0.18 in case of half and no blockage conditions, respectively, which is 0.047 in isolated 

building condition. The variation of CML is similar to that of CFL. The maximum cross-

wind moments is also observed at 600 wind direction. The values of CFL and CML are 

coincide with each other at wind direction of 00 and 900 and in full blockage interference 

condition.  

Fig. 6.8 show the variation of corresponding r.m.s coefficients of the base forces. The 

r.m.s values of various force coefficients do not follow the similar path as seen in case of 

square building model. The C*
FD values are equal for normal wind angles of 00 and 900 and 
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comparatively higher than those at oblique wind angles. The interference effects are also 

beneficial to some extent as the C*
FD values are reduced in all interference conditions. The 

variation between the values of C*
MD is small compare to the values of C*

FD. The r.m.s 

force coefficients in cross-wind direction have a larger effects of change in the direction of 

wind incidence. The effects of change of blockage condition is very small on the cross-

wind r.m.s force coefficients.  
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Fig. 6.7 Mean base Force coefficients of Pl-1-model 

wind flow condition

0 30 60 90 full half No

G
lo

b
al

 f
o

rc
e

 c
o

ef
fi

ci
en

t

-0.4

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

0.4

C*FD
C*FL
C*MD
C*ML

 

Fig. 6.8 RMS base Force coefficients of Pl-1-model 
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6.4. PL-2 MODEL 

6.4.1. Local wind forces 

Similar to the previous model, the along-wind mean local wind force coefficients (CD(z)) 

increase with the elevation height in isolated as well as in interference conditions. The 

distribution pattern is similar in all cases. The maximum coefficient is observed at around 

0.9H height level from the bottom. there is a significant effect of wind angles on the CD(z) 

values. The along-wind mean coefficient has reduced significantly for wind angles higher 

than 0 degree. It is very interesting to note the effects of changing size and shape of recessed 

corners that the CD(z) at 900 wind angle is almost 50% of the CD(z) in case of 00 wind, which 

was almost equal in case of similar type of Pl-1 model. The CD(z) values in case of full 

blockage are negative throughout the height. The absolute value of force coefficient at 

middle levels is slightly higher in full blockage interference condition, whereas it has 

higher values at top and bottom levels in case of half blockage interference condition.  

The cross-wind mean local wind force coefficient (CL(z)) values are less than 0.5 in all 

case of isolated building as well as interference. In case of 300 wind, the CL(z) values are 

highest among all wind angles. In case of other wind directions, the values are very small 

comparatively. Out of all interference conditions, the half blockage condition has highest 

interference effects and the CL(z) values are significantly larger than other interference 

conditions. The maximum values are observed at 0.7H height level from bottom is case of 

these critical conditions. The peak values at 300 wind direction in isolated condition and at 

half blockage interference condition are 0.36 and 0.37, respectively.  

The Fig. 6.10 show the variation of corresponding r.m.s force coefficients. The along-

wind r.m.s local wind force coefficient (C*
D(z)) follow the almost similar pattern of straight 

line path along the height in all conditions. The values are almost similar in all cases 

throughout the height and thus overlapped with each other. The C*
D(z) values are very small 

and less than 0.1 in all cases. The cross-wind r.m.s local force coefficient (C*
L(z)) values 

are also very small in all cases and even less than 0.05.  
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Fig. 6.9 Mean local force coefficient of Pl-2-model (a) along-wind (b) across-wind 
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Fig. 6.10 RMS local force coefficient of Pl-2-model (a) along-wind (b) across-wind 
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6.4.2. Base force coefficients 

Fig. 6.11 show the variation of mean base force coefficient and mean OTM coefficient 

in along-wind and across-wind directions. The mean drag force coefficient (CFD) is 

significantly affected by the wind incidence angles. The CFD continuously decreases with 

increase in wind incidence angle between 00 to 900. The CFD value at 900 wind is almost 

reduced to 45% of the value at 00 wind. The full blockage and half blockage interference 

conditions also affect the mean drag force coefficient. The lowest drag force coefficient is 

observed at these two interference conditions. The absolute values in full and half blockage 

interference conditions are almost equal, but the mean drag force coefficient is negative in 

case of full blockage condition. The mean drag in no blockage is significantly higher than 

those in two other interference conditions and the value is very near to that in 00 wind 

direction.   

The mean along-wind OTM coefficient (CMD) has also similar variation pattern along 

the flow conditions. In case of full blockage interference condition, the moment is negative  

but the absolute is less than that is case of half blockage condition. The maximum value of 

mean OTM coefficient in along-wind direction is observed at 00 wind direction.  

The mean across-wind coefficients (CFL and CML) are almost zero at 00 wind angle. 

There is a significant effects of wind direction on mean across-wind force and moment 

coefficient. The both force and moment coefficients increase at 300 wind angle and 

decrease for higher wind angles. The maximum values of CFL and CML are 0.35 and 0.17, 

respectively observed at 300 wind directions. The interference conditions also have 

significant effects on the cross-wind mean force and moment coefficients. The maximum 

values of both the forces observed at half blockage interference condition.  

Fig. 6.12 represent the variation of the corresponding r.m.s coefficients in along-wind 

and across-wind directions. The r.m.s drag force coefficients (C*
FD) and r.m.s along-wind 

OTM coefficient (C*
MD) increase and then decrease at alternate wind directions between 00 

to 900. The maximum value of C*
FD and C*

MD are observed at the direction of 600 wind in 

isolated condition. There is slightly higher interference effects in case of half blockage 

interference condition compare to other interference conditions.  

The variation of cross-wind r.m.s coefficients is just opposite to the along-wind 

coefficients. The C*
FL and C*

ML increase in opposite direction at alternate wind directions. 
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Fig. 6.11 Mean base Force coefficients of Pl-2-model 
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Fig. 6.12 RMS base Force coefficients of Pl-2-model 

 



142 
 

6.5. H- MODEL 

6.5.1. Local wind forces 

The mean along-wind local wind force coefficients increase along the height similar to 

the other models. The Fig. 6.13 renders the variation mean local wind force coefficients in 

along-wind and across-wind directions. The forces for wind direction at normal incidence 

are higher than those for the wind directions at oblique angles. The forces for the wind 

direction at 00 are highest at all the levels among all cases of isolated condition whereas for 

the no blockage interference condition with the presence of interfering building. The 

across-wind force coefficients at oblique wind directions are significantly higher than those 

at normal wind directions in isolated condition. Forces in interference condition are highest 

for upstream building position with no blockage position.  

The r.m.s of local wind force coefficients in both direction are very small as shown in 

Fig. 6.14. In the isolated condition the along-wind forces at 900 wind direction are slightly 

higher at top between height 0.6H to 0.9H whereas forces in interference condition are 

slightly higher for half blockage interference condition at heigh level between 0.3H to 

0.5H. The cross-wind r.m.s forces are also very small compare to the mean forces. Across-

wind r.m.s force coefficients are slightly higher at middle levels in half blockage and no 

blockage interference conditions. 

6.5.2. Base force coefficients 

The variation of the mean base force and OTM coefficients are shown in Fig. 6.15. The  

along-wind coefficients are higher at wind directions normal to the surfaces. In the isolated 

condition, the forces are maximum at 00 wind direction. The forces reduces by a large 

amount in full blockage interference condition compare to the all isolated conditions but 

increase to almost equal value when upstream building present with no blockage condition. 

The cross-wind mean forces are maximum at 600 wind direction in isolated condition 

whereas maximum for no blockage in interference condition.  

The r.m.s coefficients in along-wind direction are highest at 900 wind direction in 

isolated condition, whereas the across-wind r.m.s coefficients are highest at 600 wind 

direction as shown in Fig. 6.17.  
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Fig. 6.13 Mean local force coefficient of H-model (a) along-wind (b) across-wind 
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Fig. 6.14 RMS local force coefficient of H-model (a) along-wind (b) across-wind 
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Fig. 6.15 Mean base Force coefficients of H-model 
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Fig. 6.16 RMS base Force coefficients of H-model 
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6.6. COMPARISON OF FORCES BETWEEN DIFFERENT SHAPES  

To investigate the effects of change in the external shape of the building model on the 

change of wind loads on high rise buildings, experimental results of the all building model 

are compared. Based on the experimental results, mean and r.m.s coefficients of base 

moments of all models in along-wind and crosswind directions are compared to provide 

the comprehensive assessment of the effect of change of external shape on the wind loads 

in similar approach wind flow characteristics for all models. 

6.6.1. Mean Wind Forces 

The comparison of mean along-wind mean OTM coefficients of all models are 

presented in Fig. 6.17. The distribution pattern is almost similar for all models. The mean 

along-wind moments for all models are reduced at oblique wind directions from those for 

wind at normal to the surfaces. All the models have their lowest value of in interference 

condition of full blockage. In the isolated condition, the square model suffer the maximum 

drag force whereas Pl-1 model suffer the lowest along-wind force. In the interference 

condition, the square model show better performance. Fig. 6.18 show the variation of mean 

across-wind OTM coefficients. The effects of change in cross sectional shape is significant 

on the across-wind forces. The distribution is completely different for all models. The 

square model have the lowest values in all case of wind flow in isolated and interference 

condition. The effects of cross sectional shape are dominant for wind flow at oblique angles 

in isolated condition while more at half blockage condition of interference.  

6.6.2. RMS Wind Forces 

The variation of r.m.s along-wind OTM coefficients is shown in Fig. 6.19. The 

distribution of r.m.s coefficients is different than mean coefficients. The square model 

show better perforce in isolated condition but with the upstream interfering building at half 

blockage condition, the CMD, rms is highest among all models. All the three modified models 

have higher values at 900 wind direction. All the models show similar performance at full 

blockage and no blockage interference conditions. The variation of across-wind r.m.s OTM 

coefficients is shown in Fig. 6.20. At 00 wind direction in isolated condition and at half 

blockage interference condition, the H-model show worst performance, while at oblique 

angles, the PL-1 model show the worst performance.  
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Fig. 6.17 Mean along-wind OTM coefficients 
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Fig. 6.18 Mean across-wind OTM coefficients 
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Fig. 6.19 RMS along-wind OTM coefficients 
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Fig. 6.20 RMS across-wind OTM coefficients 
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7. CHAPTER-7 

RESPONSE STUDY 

====================================================== 

7.1. GENERAL 

This chapter deals with the assessment of the effects of wind directions and presence of 

upstream interfering building at various locations on the response of the prototype tall 

buildings with different cross sections due to the experimentally obtained wind loads on 

the scaled models. The responses of all models are also compared to evaluate the 

effectiveness of building cross-sectional shapes. All the buildings are analyzed by linear 

static analysis with help of STAAD.Pro software.  

7.2. DETAILS OF BUILDING DIMENSIONS 

The dimensions of all the protype buildings are fixed in accordance with the dimensions 

of the corresponding building models scaled down at geometric scale of 1:300. The height 

and plan area of buildings are kept 180 m and 3600 m2 accordingly. The protype buildings 

are 55-storyed RCC framed building, with height of ground floor as 4.5 m and 3.25 m for 

the rest of floors. The center to center spacing between grids of all buildings are kept 7.5 

m in x-x and z-z directions. The grade of concrete and steel  used in prototype buildings is 

M25 and Fe415, respectively. The details of the structural elements are shown in Table 7.1. 

The live load of 4 kN/m2 is considered to act on the floor slab uniformly. Fig. 7.1 to 7.4 

show the plan of prototype buildings. Elevation in Y-Z plane and isometric view of 

buildings are shown in Fig. 7.5 to 7.8. 

Table 7.1 Description of structural elements in prototype building 

Particulars Value 
Size of beams 300 mm x 300 mm  

Size of Columns  Ground to 10th story 1200 mm x 12000 mm 

 11th to 20th storey 1000 mm x 1000 mm 

 21st to 30th storey 800 mm x 800 mm 

 31st to 40th storey  750 mm x 750 mm 

 41st to 55th storey  700 mm x 700 mm 

Slab thickness 150 mm 

Ground storey height 4.50 m 

Remaining storey height 3.25 m 
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Fig. 7.1 Ground floor plan of Sq building 

 

Fig. 7.2 Ground floor plan of PL-1 building 



150 
 

 

Fig. 7.3 Ground floor plan of PL-2 building 

 

Fig. 7.4 Ground floor plan of H- building 
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Fig. 7.5 Elevation and isometric view of Sq building 
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Fig. 7.6 Elevation and isometric view of PL-1 building 
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Fig. 7.7 Elevation and isometric view of PL-2 building 
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Fig. 7.8 Elevation and isometric view of H-building 
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7.3. EVALUATION OF WIND LOADS ON PROTOTYPE BUILDINGS 

The wind load at each node of the prototype building is calculated in the followed steps 

Evaluation of wind velocity at various height level of prototype building given by-          

Step-1 Evaluation of wind velocity at various height level of prototype building 

   
𝒖

𝒖𝟎
=  

𝒚

𝒚𝟎

𝜶

 ……………………………………………….….  (7.1) 

Where, 
𝑦  = atmospheric boundary layer depth  
𝑢  = free stream wind velocity corresponding to the boundary layer depth  
𝑦 = any storey height  
𝑢 = wind velocity on the structure at any height y  
𝛼 = power law index 

The buildings are assumed to be located in the terrain category-(II) and wind zone-(V). The 

power law index (α ) is  0.22 as calculated in the wind tunnel study of models. The boundary 

layer depth is 300 m and the basic wind speed at 10 m height is 50 m/s  as per IS:875 (part-

3), 2015. 

Step -2 Evaluation of pressure on prototype as- 

   
𝑷𝒓, 𝒑𝒓𝒐𝒕𝒐

𝑷𝒓,𝒎𝒐𝒅𝒆𝒍
=  

𝑽𝒑𝒓𝒐𝒕𝒐

𝑽𝒎𝒐𝒅𝒆𝒍

𝟐

 …………………………………….…… (7.2) 

Where, 
𝑃 ,  = pressure on the building at any height y, 
𝑃 ,  = pressure on the corresponding model at any height y, 
𝑉     = velocity on the building at any height y, 
𝑉    = velocity on the corresponding model at any height y, 
 

Step-3  Finally wind force at various nodal points is calculated as- 

𝐹  = 𝑃 ,  x  Ae ……………………………………….... (7.3) 

Where,  

𝐹  = static load on the building corresponding to strip area Ae at any height y, 

Ae  = effective frontal area (strip) area 
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7.4. THE RESPONSE OF SQUARE BUILDING 

7.4.1. Isolated Condition 

The response of all buildings is evaluated for wind loads as calculated in previous 

section of this chapter for wind directions of 00, 300, 600, 900. In order to assess the effects 

of change in wind direction on the response of buildings, the stress resultants including 

axial force, Mx (global), My (global) and twisting moment on the three columns A, B and 

C (Fig. 7.9 to 7.11) are compared.  

The variation of axial force in column A, B and C is shown in Figures 7.9 to 7.11. Axial 

force in column A increases parabolically from top to bottom for all wind angles. The effect 

of wind angle is more significant in bottom 75% height of column. Axial force increases 

with increase of wind incidence angle from 00 to 900. Axial force at the base of the column 

for 900 wind is almost double of axial force for 00 wind. The effects of wind angle on the 

axial force in column B is not much significant. Axial forces for wind normal to the surface 

are relatively smaller to that for wind at oblique angles. There is no effect of change in 

wind direction on the axial force of central column C.  

Fig. 7.12 to 7.14 show the variation of moment Mx in column A, B and C respectively. 

there is a significant effect of change in wind direction on the moment Mx (global) of 

column A as the moment is reduced largely with change of wind direction from 00 to 900. 

The moment for wind at 00 is maximum and minimum for wind at 900. The moment in 

column B is almost similar for wind direction between 00 to 600 while it has reduced 

significantly for wind at 900. The moment in central column C is highest among the three 

column A, B and C for wind directions of 00 to 600 and zero for wind at 900.  

The variation of moment My in the three columns are shown in Fig. 7.15 to 7.17, 

respectively. The moment My at the base of column A is maximum for 900 wind direction 

whereas minimum for wind direction of 300. The moments at the base for wind directions 

of 00 and 600 are almost equal but the distribution along the height is different. The moment 

My in the column B is lowest for wind at 00. Effect of change in wind between 300 to 900 

is significant only in bottom 40% height of the column. The effect of wind angles on the 

moment My of the central column is similar to that of Mx due to symmetry.  
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From Fig. 7.18 to 7.20, the position of column does not have any effect on the twisting 

moment as the twisting moment is similar in all the columns. The twisting moments in all 

the three columns is almost zero throughout the height at wind incidence angle of 00 and 

900 due to symmetry. The twisting moments at oblique wind directions have similar 

variation.  
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Fig. 7.9 Effect of wind angle on axial force in column-A of Sq building 
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Fig. 7.10 Effect of wind angle on axial force in column-B of Sq building 
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Axial Force in column C just above each floor (KN)
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Fig. 7.11 Effect of wind angle on axial force in column-C of Sq building 
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Fig. 7.12 Effect of wind angle on Mx in column-A of Sq building 
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Fig. 7.13 Effect of wind angle on Mx in column-B of Sq building 

Mx in column C just above each floor (KN-m)

0 5000 10000 15000 20000 25000 30000

H
ei

gh
t 

(m
)

0

20

40

60

80

100

120

140

160

180

200

Wind angle 0
0

Wind angle 30
0

Wind angle 60
0

Wind angle 90
0

  

Fig. 7.14 Effect of wind angle on Mx in column-C of Sq building 
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My in column A just above each floor (KN-m)
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Fig. 7.15 Effect of wind angle on My in column-A of Sq building 
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Fig. 7.16 Effect of wind angle on My in column-B of Sq building 
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My in column C just above each floor (KN-m)
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Fig. 7.17 Effect of wind angle on My in column-C of Sq building 
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Fig. 7.18 Effect of wind angle on twisting moment Mz in column-A of Sq building 
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Twisting moment in column B just above each floor (KN-m)
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 Fig. 7.19 Effect of wind angle on twisting moment Mz in column-C of Sq building 
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Fig. 7.20 Effect of wind angle on twisting moment Mz in column-C of Sq building 
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7.4.2. Interference Condition 

In order to assess the effects of various interference conditions on the response of the 

buildings, the stress resultants in the three columns A, B and C are compared for various 

interference conditions similar to the isolated condition.  

The variation of the axial forces in the three columns are presented in then Fig. 7.21 to 

7.23, respectively. Similar to the isolated condition, the effects of various interference 

conditions on axial force are not significant at top 25% height of the column A and B. The 

axial force of column A in full blockage and half blockage conditions is significantly 

enlarged compare to that of isolated condition. The axial force in no blockage condition is 

similar to that of isolated condition. Out of all interference conditions, the full blockage 

condition has worst unfavorable effects on the axial force of column A. The interference 

effect on the axial force in column B is favorable in all conditions. The full blockage 

condition is most beneficial with respect to the axial force in column B. The axial force In 

column C is not affected by the upstream interfering building in all interference conditions. 

From Fig. 7.24, the effect of interference on the moment Mx of column A is beneficial, 

especially in full blockage and half blockage conditions, as the moment is largely reduced 

at these two interference conditions. The lowest moment in column A is observed in full 

blockage interference condition. The moment in Column B and C is also reduced for all 

interference conditions. The reduction is more significant in half blockage interference 

condition for both the columns as shown in Fig. 7.25 and 7.26.  

The variation of moment My in column A, B and C is shown in Fig. 7.27 to 7.29. The 

moment My is also affected by the presence of interfering building and largely depend on 

the position of interfering building. The moment in column A is reduced significantly in 

full blockage condition but increased with a great amount in no blockage condition. The 

half blockage condition has very little effect. The moment of column B is increased by a 

huge amount in full blockage condition while moment in other interference conditions has 

changed very slightly. The moment in central column C is zero in full blockage condition 

due to symmetric flow similar to the isolated condition but does not remain the same in 

half blockage and no blockage conditions due loss of symmetry of flow.  

From Fig. 7.30, the twisting moment is affected by the presence of interfering building 

in half blockage and no blockage conditions only due to loss of symmetry in the flow. The 
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half blockage condition has more severe effect compare to the no blockage condition. The 

twisting moment in all three columns is same and hence only the variation of twisting 

moment in central column C is presented here.  
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Fig. 7.21 Effect of Interference on axial force in column-A of Sq building 
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Fig. 7.22 Effect of Interference on axial force in column-B of Sq building 
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Axial Force in column C just above each floor (KN)
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Fig. 7.23 Effect of Interference on axial force in column-C of Sq building 
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Fig. 7.24 Effect of Interference on Mx in column-A of Sq building 
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Fig. 7.25 Effect of Interference on Mx in column-A of Sq building 
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Fig. 7.26 Effect of Interference on Mx in column-C of Sq building 
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Fig. 7.27 Effect of Interference on My in column-A of Sq building 
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Fig. 7.28 Effect of Interference on My in column-B of Sq building 
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Fig. 7.29 Effect of Interference on My in column-C of Sq building 
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Fig. 7.30 Effect of Interference on Mz in column-C of Sq building 
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7.5. PL-1 BUILDING 

7.5.1. Isolated Condition 

In order to assess the effect of wind direction on the response of the PL-1 building, the 

response due to wind load calculated on the model under the wind direction of 00, 300, 600, 

900 is compared. Similar to the square building, the stress resultants including axial force, 

Mx (global), My (global) and twisting moment on the three columns A, B and C (Fig. 7.31 

to 7.33) are compared.  

The variation of the axial forces in column A, B and C are shown in Fig. 7.31 to 7.33. 

The wind direction has significant effect on the axial force of column A. The axial force is 

minimum for 00 wind and increase with change in wind direction from 00 to 900. The axial 

force is maximum at 900 wind. The axial force at the base of column at 900 wind is reached 

to the double of the axial force at 00 wind.  The effect of wind direction on the axial force 

of column B is not significant. The axial force in column C is not affected by the change 

of wind direction.  

The effect of wind direction on the moment Mx of the three columns are presented in 

Fig. 7.34 to 7.36, respectively. The effect of wind on moment in column A and B is almost 

similar. Moments in the both columns reduces with change of wind angle from 0 to 90 

degree. Both columns have maximum moments at the wind direction of 00 while minimum 

at wind direction of 900. The effect of wind direction on the column C are almost similar 

to the column A and B for all wind directions except 900 wind where the moment is zero 

in column C due to symmetry.  

The Figures 7.37 to 7.39 represent the effect of wind direction on the moment My in the 

three columns of PL-1 building. Moment in column A is greatly affected by the wind 

direction. Wind at oblique angles i.e. at 300 and 600 generate less moment My compare to 

that of wind at normal to the building surface. The moment for wind at oblique angle is 

reduced by approximately 75% . The moment in the column B is also affected by wind 

direction. The wind at 900 wind generate maximum moment while wind at 600 generate the 

minimum My in the column B. The effect of wind direction on the moment My of column 

C is similar to that of moment Mx of the same column.  
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Twisting moment in all the columns have similar distribution and hence only the 

variation of central column C is presented here. The twisting moment is zero for wind 

directions of 00 and 900 due to symmetry in flow. The wind at 300 angle generate maximum 

twisting in all columns. Twisting moment at 600 wind is almost half of the moment at 300 

wind.  
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Fig. 7.31 Effect of wind angle on axial force in column-A of PL-1 building 
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Fig. 7.32 Effect of wind angle on axial force in column-B of PL-1 building 
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Axial Force in column C just above each floor (KN
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Fig. 7.33 Effect of wind angle on axial force in column-C of PL-1 building 
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Fig. 7.34 Effect of wind angle on Mx in column-A of PL-1 building 
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Mx in column B just above each floor (KN-m)
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Fig. 7.35 Effect of wind angle on Mx in column-B of PL-1 building 

Mx in column C just above each floor (KN-m)
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Fig. 7.36 Effect of wind angle on Mx in column-C of PL-1 building 
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Fig. 7.37 Effect of wind angle on My in column-A of PL-1 building 
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Fig. 7.38 Effect of wind angle on My in column-B of PL-1 building 



177 
 

My in column C just above each floor (KN-m)
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Fig. 7.39 Effect of wind angle on My in column-C of PL-1 building 

Twisting moment in column C just above each floor (KN-m)
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Fig. 7.40 Effect of wind angle on Mz in column-C of PL-1 building 
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7.5.2. Interference Condition 

In order to assess the effects of various interference conditions on the response of the 

PL-1 buildings, the stress resultants in the three columns A, B and C for three interference 

conditions as full blockage, half blockage and no blockage are compared with the stress 

resultants for the isolated condition. 

The effect of different interference conditions on the axial forces in three columns is 

presented through the Fig. 7.41 to 7.43. The axial force in column A affected by the 

interference building at upstream. The effect is more pronounced at full blockage condition 

where the axial force is 1.7 time the axial force in isolated condition. The half blockage 

condition and no blockage condition produce comparatively lesser effects and the axial 

force is almost 1.2 time the axial force in isolated condition. The effect of interference 

condition on column B is observed only in full blockage which is beneficial as the axial 

force is reduced to 3/4th of the isolated condition. The axial force of column C is not 

affected by the interference condition.  

From Fig. 7.44 to 7.46, all the interference conditions have beneficial effects on the 

moment Mx of the three columns. Moment in all the three column is reduced greatly for 

full blockage interference condition. The moment in column A is almost reduced to zero at 

base. The reductions for other interference condition are also significant but less than those 

in full blockage condition.  

The variation of moment My in the three columns is shown in Fig. 7.47 to 7.49. Similar 

to the Mx, the full blockage condition has also beneficial effect on the moment in column 

A. The column A moment is reduced to almost 25% of the isolated condition. The half 

blockage and no blockage interference conditions have more positive effects compare to 

the full blockage condition on the moment My of the column B. The moment in column C 

is not affected by the upstream building in full blockage and remain zero as in isolated 

condition due to symmetry. The moment is maximum in no blockage condition.  

The effect of various interference condition on the twisting moment is shown in Fig. 

7.50 for column C only because of similar effects on the all three columns. Similar to the 

square building, there is no effect of the full blockage condition on the twisting moment, 

whereas the half blockage condition has more sever effect compare to the no blockage 

condition.  
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Fig. 7.41 Effect of Interference on axial force in column-A of PL-1 building 

Axial Force in column B just above each floor (KN)
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Fig. 7.42 Effect of Interference on axial force in column-B of PL-1 building 
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Fig. 7.43 Effect of Interference on axial force in column-C of PL-1 building 
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Fig. 7.44 Effect of Interference on Mx in column-A of PL-1 building 
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Fig. 7.45 Effect of Interference on Mx in column-B of PL-1 building 

Mx in column C just above each floor (KN-m)
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Fig. 7.46 Effect of Interference on Mx in column-C of PL-1 building 
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Fig. 7.47 Effect of Interference on My in column-A of PL-1 building 
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Fig. 7.48 Effect of Interference on My in column-B of PL-1 building 
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Fig. 7.49 Effect of Interference on My in column-C of PL-1 building 

Twisting moment in column C just above each floor (KN-m)

-120 -100 -80 -60 -40 -20 0

H
ei

gh
t 

(m
)

0

20

40

60

80

100

120

140

160

180

200Full blockage
Half blockage
No blockage
Isolated

 

Fig. 7.50 Effect of Interference on MZ in column-C of PL-1 building 
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7.6. PL-2 BUILDING 

7.6.1. isolated condition  

The Fig. 7.51 to 7.53 show the variation of axial forces in column A, B and C, 

respectively of PL-1 building under the wind directions of  00, 300, 600, 900. The wind 

direction effects the axial force of column A of PL-2 building similar to the PL-1 building. 

The axial force in column A is increasing with increase of wind angle form 00 to 900. The 

axial force for wind at 900 is almost 2.8 times the axial for wind at 00.  The axial force in 

column B is not much affected by the wind direction. The axial force is slightly reduce for 

higher wind angles. There is no effect of change of wind incidence angles on the axial force 

of column C.  

The wind direction effects on the moment Mx is shown in Fig. 7.54 to 7.56 for the 

column A, B and C respectively. The moments in all columns is reduces with increase in 

wind angle. All the columns have their maximum moment for wind at 00 and minimum 

moment for wind at 900. The central column C has zero moment due to symmetry in case 

of 900 wind.  

From the Fig. 7.57, the moment My in the column A is maximum at 00 wind and has 

negative value. The moment My reduces with increase in wind angle till 600 wind and 

increase for 900 wind with positive value. The moment in Column B is also maximum with 

negative value at wind direction of 00 and reduces till wind angle 300. The moment My 

increase to a positive value at 900 wind but has value lower than 600 wind as shown in Fig. 

7.58. The absolute maximum moment is observed at wind angle of 600. As shown in Fig. 

7.59, the moment in column C has positive value at all wind directions. Moment My is zero 

at 00 wind and maximum at 600 wind.  

The effects of wind angle on twisting moment Mz are similar on all the three columns 

as shown in Fig. 7.60. The twisting moment is maximum for wind at 600. The twisting 

moment at 300 wind is almost half of that at 600 wind. The wind at 00 and 900 generates 

zero twisting moments due to symmetric flow.   
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Fig. 7.51 Effect of wind angle on axial force in column-A of PL-2 building 
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Fig. 7.52 Effect of wind angle on axial force in column-B of PL-2 building 
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Fig. 7.53 Effect of wind angle on axial force in column-C of PL-2 building 
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Fig. 7.54 Effect of wind angle on Mx in column-A of PL-2 building 
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Fig. 7.55 Effect of wind angle on Mx in column-B of PL-2 building 
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Fig. 7.56 Effect of wind angle on Mx in column-C of PL-2 building 
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Fig. 7.57 Effect of wind angle on My in column-A of PL-2 building 
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Fig. 7.58 Effect of wind angle on My in column-B of PL-2 building 



189 
 

My in column C just above each floor (KN-m)

0 2000 4000 6000 8000 10000 12000 14000 16000

  H
ei

gh
t 

(m
)

0

20

40

60

80

100

120

140

160

180

200
Wind incidence angle of 0

0
 

Wind incidence angle of 30
0

 

Wind incidence angle of 60
0

 

Wind incidence angle of 90
0

 

 

Fig. 7.59 Effect of wind angle on My in column-C of PL-2 building 

Twisting moment in column C just above each floor (KN-m)
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Fig. 7.60 Effect of wind angle on Mz in column-C of PL-2 building 
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7.6.2. Interference Condition 

The influence of the presence of upstream interfering building at various locations with 

full, half and no blockage conditions on the response of the PL-2 building is assessed 

through stress parameters of column A, B and C similar to that of Pl-1 building.  

The Fig. 7.61 to 7.63 represent the influence of various interference conditions on the 

axial force of column A, B and C respectively. The upstream building has negative effects 

on the axial force in column A. the axial forces in full condition are almost 3 time the force 

in isolated condition. The no blockage condition has minor effect on the axial force. The 

effects in half blockage condition are less severe than full blockage but more severe than 

no blockage condition. The interference effects on the column B are beneficial in full 

blockage condition. The half blockage condition has minor positive effects. The axial force 

of column B is unaffected by the upstream building in no blockage condition. There is no 

effect of upstream building on axial force of column C.  

The effect of various interference conditions on the moment Mx are shown in Fig. 7.64 

to 7.66, respectively for column A, B and C. There is a very minor effect of no blockage 

condition on the Mx of all the three columns. The full blockage condition and half blockage 

condition has positive effects on the Mx of all three columns. The moment of column A is 

minimum in full blockage condition, while the moment of column B is minimum for half 

blockage condition. The moments in column C for full blockage and half blockage 

conditions are equal but direction are opposite.  

Similar to the Mx, the My of column A is also not affected in no blockage condition as 

shown in Fig. 7.67. Other interference conditions have positive effects. Full blockage 

condition has largest beneficial effects among all conditions. From Fig. 7.68, the moment 

My in column B is affected by upstream building in all conditions. The My is minimum for 

full blockage condition, and maximum for isolated condition. Due to symmetry in flow, 

moment in column C at the full blockage condition is zero similar to that of isolated 

condition as presented in Fig.7.69. The half blockage condition has larger negative effects 

than no blockage condition.  
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The effects of various interference conditions on the twisting moment are presented in 

the Fig. 7.70. The twisting moment Mz is similar in all columns and has similar effects due 

to interference. The upstream building generates more severe interference effects in half 

blockage condition and has no effects in no blockage condition. 
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Fig. 7.61 Effect of Interference on axial force in column-A of PL-2 building 
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Fig. 7.62 Effect of Interference on axial force in column-B of PL-2 building 
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Fig. 7.63 Effect of Interference on axial force in column-C of PL-2 building 
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Fig. 7.64 Effect of Interference on Mx in column-A of PL-2 building 
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Fig. 7.65 Effect of Interference on Mx in column-B of PL-2 building 

Mx in column C just above each floor (KN-m)
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Fig. 7.66 Effect of Interference on Mx in column-C of PL-2 building 
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Fig. 7.67 Effect of Interference on My in column-A of PL-2 building 
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Fig. 7.68 Effect of Interference on My in column-B of PL-2 building 
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Fig. 7.69 Effect of Interference on My in column-C of PL-2 building 

Twisting moment in column C just above each floor (KN-m)
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Fig. 7.70 Effect of Interference on Mz in column-C of PL-2 building 
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7.7. H-BUILDING 

7.7.1. Isolated Condition 

The effect of wind direction on the response of H-building is assessed similar to the 

other buildings. Fig. 7.71 to 7.80, represents the effects of wind direction on the various 

stress parameter of column A, B and C.  

The axial force in column A is increases with change of wind direction from 00 to 900. 

The axial forces in column A for wind direction of 300, 600, and 900 are approximately 1.4, 

2.1 and 2.5 times the axial force for 00 wind direction. The effects of wind direction on the 

axial force in column B are similar to that of column A but the intensity is slightly lower. 

The axial force of column C is not affected by the change of wind direction.   

The moment Mx in all the three column is same for 00 and 600 wind angles and reduces 

for 300 wind 900 wind directions. The moment at base in column A is reduced to almost 

zero for wind direction of 900. The reduction in the moment for 300 wind is not as much as 

for 900 wind. Similar to the moment Mx of the three columns, the moment of all the three 

columns are similar for wind directions of 00 and 600. The moment in column A for 900 

wind is also similar to the 00 wind but direction is opposite. The moment in column B and 

C are significantly low at 0 and 60 degree wind directions compare to the 900 wind.  

Similar to the other buildings, all the three columns of H building have similar effects 

of wind direction on the twisting moments, hence only the variation of column C is 

presented here. The wind direction of 300 has large negative effects on the twisting 

moment. The effects are more severe than other wind directions. The wind at 600 angle 

generate very low twisting moment in all columns. The twisting moments in all the three 

columns are zero at 00 and 900 wind directions.  
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Fig. 7.71 Effect of wind angle on axial force in column-A of H- building 
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Fig. 7.72 Effect of wind angle on axial force in column-B of H- building 
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Fig. 7.73 Effect of wind angle on axial force in column-C of H- building 
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Fig. 7.74 Effect of wind angle on Mx in column-A of H- building 



200 
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Fig. 7.75 Effect of wind angle on Mx in column-B of H- building 
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Fig. 7.76 Effect of wind angle on Mx in column-C of H- building 
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Fig. 7.77 Effect of wind angle on My in column-A of H- building 
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Fig. 7.78 Effect of wind angle on My in column-B of H- building 
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My in column C just above each floor (KN-m)
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Fig. 7.79 Effect of wind angle on My in column-C of H- building 

Twisting moment in column C just above each floor (KN-m)
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Fig. 7.80 Effect of wind angle on Mz in column-A of H- building 
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7.7.2. Interference Condition 

The effects of various interference conditions on the response of H-building is assessed 

through the stress resultants similar to the other buildings. The effects of interference on 

axial force, moment Mx, moment My and the twisting moments of three columns are 

presented through Fig. 7.81 to 7.90.  

The axial force in column A for full blockage condition is almost 2 times the axial force 

of isolated condition. The upstream building at no blockage condition does not affects the 

axial force of three columns. Axial force in column A for half blockage condition is also 

increased to almost 1.7 times the isolated condition. The upstream building in full blockage 

and half blockage conditions generate similar interference effects column B. There is not 

effect of upstream building on axial force of column C.  

The full and half blockage interference conditions has positive effects on the moment 

Mx of the all three columns. The moment at these conditions is reduced to almost zero in 

column A and B and reduced by a large amount in column C. The moment My in column 

A and C is maximum for no blockage interference condition whereas maximum for full 

blockage condition in column B.   

The variation of twisting moment in column C is presented here to assess the effect of 

various interference conditions. The half blockage condition has more severe effects 

compare to the no blockage condition. twisting moment is zero in full blockage condition 

similar to the isolated condition.  
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Fig. 7.81 Effect of Interference on axial force in column-A of H- building 
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Fig. 7.82 Effect of Interference on axial force in column-B of H- building 
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Fig. 7.83 Effect of Interference on axial force in column-C of H- building 
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Fig. 7.84 Effect of Interference on Mx in column-A of H- building 
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Fig. 7.85 Effect of Interference on Mx in column-B of H- building 
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Fig. 7.86 Effect of Interference on Mx in column-C of H- building 
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Fig. 7.87 Effect of Interference on My in column-A of H- building 

My in column B just above each floor (KN-m)
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Fig. 7.88 Effect of Interference on My in column-B of H- building 
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My in column C just above each floor (KN-m)
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Fig. 7.89 Effect of Interference on My in column-C of H- building 

Twisting moment in column C just above each floor (KN-m)
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Fig. 7.90 Effect of Interference on Mz in column-C of H- building 
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7.8. EFFECTS OF BUILDING CROSS-SECTION ON THE RESPONSE  

To assess the effects of the cross-sectional shape on the response of tall buildings under 

wind load, the response parameters of four building as discussed in previous section i.e. 

axial force, moment Mx, moment My and the twisting moments are compared. The stress 

parameters of central columns of all four buildings are selected.  

7.8.1. Axial Force 

From the Fig. 7.91, there is no effect of cross-sectional shape on the axial force in 

column of all four buildings in all wind conditions of isolated as well as interference. As 

the distribution of axial force in all wind conditions is similar, here only the variation for 

00 wind in isolated conditions is presented.  
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Fig. 7.91 Effect of Building Plan on Axial Force at 00 Wind 
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7.8.2. Moment Mx 

Fig. 7.92 to 7.97 show the effects of different building plans on the moment Mx in 

different wind conditions for isolated and interference cases. The moment at 00 wind angle 

is maximum in PL-2 building. Square building show better performance out of all 

buildings. At the wind direction of 300, the PL-2 building and H-building show the worst 

performance, and the PL-1 building have least moment. The performance of H-building 

turns worst while performance of  Sq building and PL-2 building improved. The moment 

in all buildings is zero at 900 wind angle due to symmetry. In the all interference conditions, 

the PL-2 building have largest moment. The moment in PL-2 building is more than double 

of the building which show minimum moment in all interference condition.  
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Fig. 7.92 Effect of Building Plan on Moment Mx at 00 Wind 
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Fig. 7.93 Effect of Building Plan on Moment Mx at 300 Wind 



212 
 

Moment Mx in Central Column C (KN-m)
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Fig. 7.94 Effect of Building Plan on Moment Mx at 600 Wind 
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Fig. 7.95 Effect of Building Plan on Moment Mx at Full Blockage 
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 Fig. 7.96 Effect of Building Plan on Moment Mx at Half Blockage 
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Fig. 7.97 Effect of Building Plan on Moment Mx at No Blockage 
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7.8.3. Moment My 

For all the wind direction in isolated building condition, the performance of Sq building 

is worst as shown in Fig. . While Pl-2 building perform well with lowest moment My in 

isolated condition. The moment is maximum in Pl-2 building while minimum in square 

building at half blockage condition. In half blockage condition, the PL-1 building has 

largest moment and the PL-2 building has lowest moment.  
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Fig. 7.98 Effect of Building Plan on Moment My at 300 Wind 
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Moment My in Central Column C (KN-m)
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Fig. 7.99 Effect of Building Plan on Moment My at 600 Wind 
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Fig. 7.100 Effect of Building Plan on Moment My at 900 Wind 
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Fig. 7.101 Effect of Building Plan on Moment My at Half Blockage 
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Fig. 7.102 Effect of Building Plan on Moment My at No Blockage 
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7.8.4. Twisting moment 

The effects of building plan depend on the wind direction in isolated condition and 

position of upstream building in interference condition. At 300 wind angle, the maximum 

twisting moment is observed in PL-1 and H-building and minimum is in square building. 

For 600 wind the twisting moment is maximum in the maximum in PL-1 while minimum 

in H-building. In half blockage condition, the PL-2 and H-plan building suffers the 

maximum twisting.  
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Fig. 7.103 Effect of Building Plan on Twisting Moment at 300 Wind 
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Fig. 7.104 Effect of Building Plan on Twisting Moment at 600 Wind 
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Twisting Moment in Central Column C (KN-m)

-160 -140 -120 -100 -80 -60 -40 -20 0

H
ei

gh
t 

(m
)

0

20

40

60

80

100

120

140

160

180

200

Sq Building
PL-1 Building
PL-2 Building
H-Building

 

Fig. 7.105 Effect of Building Plan on Twisting Moment at Half Blockage 
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Fig. 7.106 Effect of Building Plan on Twisting Moment at No blockage 
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8. CHAPTER-8 

CONCLUSIONS  

====================================================== 

8.1. GENERAL 

Based on the wind tunnel test results, this study investigated the effects of change in 

wind direction and various interference conditions on the wind load and response of various 

buildings. The effects of change in cross-section on the response of buildings are also 

investigated. The following conclusion can be drawn from this study: 

8.2. PRESSURE MEASUREMENT IN ISOLATED CONDITION 

8.2.1. Square Model 

1. Pressure distribution is symmetric about the vertical central line for wind flow 

normal to the surface. Pressure increases with height due to an increase in 

velocity. 

2. Wind flow direction has significant effects on the pressure distribution at all 

surfaces. 

3. Wind flow at normal to the surfaces are most critical directions, and designers 

need to consider local pressure at critical wind direction while designing the 

cladding elements. 

4. Flow at the wind ward is stable, while at leeward, the flow is irregular and 

disturbed.  

8.2.2. PL-1-model 

1. The pressure coefficients are highly influenced by the direction of the wind. The 

effects of wind direction are more severe at windward faces.  

2. Effects of the recessed corner are significant on the local pressure. The negative 

pressure increases by the presence of recessed corners. 

3. The pressure at windward and suction at leeward of the plus-1 model has been 

reduced and thus results in a reduction in along-wind load compare to the square 

model under similar flow conditions  
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4. The wind direction 0f 600 generates the most critical positive and negative local 

pressures.  

8.2.3. Plus-2 Model (Pl-2) 

1. The effects of wind direction are less severe on the PL-2 model compare to the 

Pl-1 model.  

2. The positive mean pressure does not change much with the change of wind 

direction but suction depends on wind direction.  

3. The wind direction of 00 is the most critical direction in respect of local pressure. 

8.2.4. H-Model  

1. Local pressure changes significantly with wind direction especially positive 

pressure at windward surfaces.  

2. The wind flow at 900 angle generates critical positive pressure while the wind 

flow at  00 generates critical negative pressure. 

3. The presence of recessed cavities affects the Local pressure. Positive pressure 

increases due to recessed cavities, whereas negative pressure reduces.  

4. The variation of Cp,mean, is almost similar to the square models at the front face 

for all wind incidence angles, but the H-plan model has a slightly higher pressure 

coefficient. 

5. The difference between the two peaks is higher at side faces due to the disturbed 

flow. 

8.3. PRESSURE MEASUREMENT IN INTERFERENCE CONDITION 

8.3.1. Sq-model 

1. Pressure distribution at the front face is completely different than those in case 

of isolated building. Windward face suffers higher negative wind pressure as it 

immerse in the wake of upstream building.  

2. The pressure distribution on the side and leeward faces is similar to the isolated 

building case, but the suction intensity is likely to be reduced, especially on the 

side faces. 
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3. The interference effects on mean pressure coefficients at all surfaces of the 

square model are beneficial in full and half blockage interference conditions.  

4. The MIF values for area average of mean surface pressure are less than unity, 

which indicates the overall reduction in the mean pressure coefficients. 

5. The influence of the upstream building on the r.m.s pressure coefficients is not 

beneficial at front face in no blockage condition. 

8.3.2. PL-1 MODEL 

1. Strong interference effects are generated on front faces because it immersed in 

the wake of interfering building, 

2. The high suction zone is located at a height between .75H to 0.85H. 

3. The surfaces towards the interfering building, which come under the wake 

region of the interfering building, are under suction, whereas the opposite side 

has positive pressure. 

4. The interference effects are significant for face A1, B1, and D3 only. 

5. The fluctuating component of pressure coefficient is not much affected by the 

presence of an interfering building at three positions 

8.3.3. PL-2 MODEL 

1. The interference effects in full and half blockage are significant only at the 

surfaces on the windward side 

2. The pressure distribution at surfaces on the windward side is found to be 

critically affected by the upstream interfering building 

3. The shielding is favorable at side faces and leeward in full blockage. 

4. In the half blockage interference condition, the shielding effects are more severe 

at half vertical area towards the interfering building of faces on the windward 

side 

5. In no blockage, the pressure points on the walls toward the interfering building 

are only affected by the upstream building. 

8.3.4. H-model 

1. In the interference full blockage condition, the front face A experience suction 

and distribution is symmetric about the vertical centerline, whereas for other 
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blockage conditions symmetry is lost, and higher variation of mean pressure 

coefficients is noticed. 

2. In full blockage, the MIF at all faces is less than unity which represent the 

beneficial effects of interference through shielding by upstream building.  

3. The interference effects are also beneficial in half blockage at all other faces but 

face A suffers the some unfavorable effects 

8.4. EVALUATION OF WIND FORCES 

8.4.1. Local wind forces 

8.4.1.1. Square model 

1. The along-wind mean local wind forces are likely to be increased along the 

height  

2. The along-wind mean local wind forces at normal wind incidence are higher 

than those at oblique wind incidence. The peak values for oblique wind flow are 

approximately 30% less than those for normal wind flow. 

3. The along-wind forces in all interference conditions decreased significantly 

from those in isolated condition 

4. A very minor variation is observed between the across-wind mean local wind 

forces values at different wind directions and different interference conditions 

5. The along-wind r.m.s local wind force coefficients is very low in isolated 

conditions at all wind directions and relatively higher in interference conditions 

8.4.1.2. PL-1 Model 

1. The distribution of  along-wind mean local wind forces in all case is similar and 

follow the same pattern. 

2. Effects of wind directions are less significant than those on square building.  

3. The cross-wind local force coefficient do not change along the height and have 

almost similar values throughout the height in all case. 

4. The upstream interfering building have significant effects with half blockage and 

no blockage condition of flow. 
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8.4.1.3. Pl-2 Model 

1. The along-wind mean coefficient has reduced significantly for wind angles 

higher than 0 degree. 

2. In case of 300 wind, the across-wind mean coefficient values are highest among 

all wind angles. 

3. Out of all interference conditions, the half blockage condition has highest 

interference effects and the across-wind mean coefficient values are 

significantly larger than other interference conditions. 

8.4.1.4. H-model 

1. The along-wind mean local force coefficients are highest for wind angles of 0 

degree and lowest in half blockage interference. 

2. Wind direction at oblique angle generate higher cross-wind mean local forces at 

each level.  

3. The mean along wind force coefficient are highest at 0 degree wind and lowest 

at full blockage interference condition 

4. The r.m.s forces in along-wind and across-wind are very low. 

8.4.2. Base forces 

1. The values of along-wind forces: drag and moment at normal wind incidence of 

00 and 900 angles are larger than those at oblique wind incidence in isolated 

condition. The CFD and CMD values are likely to be reduced significantly in 

interference conditions. 

2. The CFD values of Pl-1 model at normal wind incidence are higher than those at 

oblique wind incidence 

3. The absolute lowest value of along-wind moment is observed at full blockage 

interference condition 

4. The CFD continuously decreases with increase in wind incidence angle between 

00 to 900. 

5. The maximum value of mean OTM coefficient in along-wind direction is 

observed at 00 wind direction. 
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6. The mean across-wind coefficients (CFL and CML) increase at 300 wind angle and 

decrease for higher wind angles. 

7. The r.m.s drag force coefficients (C*
FD) and r.m.s along-wind OTM coefficient 

(C*
MD) increase and then decrease at alternate wind directions between 00 to 900. 

8.4.3. Comparison between models 

1. In the isolated condition, the square model suffers the maximum along-wind 

force whereas Pl-1 model suffer the lowest along-wind force. In the interference 

condition, the square model show better performance. 

2. The effects of change in cross sectional shape are significant on the across-wind 

forces. 

3. The square model have the lowest values in all case of wind flow in isolated and 

interference condition. The effects of cross sectional shape are dominant for 

wind flow at oblique angles in isolated condition while more at half blockage 

condition of interference. 

4. The square model show better perforce in isolated condition but with the 

upstream interfering building at half blockage condition, the CMD, rms is 

highest among all models. 

5. For across-wind r.m.s OTM coefficients At 00 wind direction in isolated 

condition and at half blockage interference condition, the H-model show worst 

performance, while at oblique angles, the PL-1 model show the worst 

performance. 

8.5. RESPONSE STUDY 

1. The effects of wind direction on the response of all building are not uniform and 

depends largely on the location of columns. The influence in more on axial force 

in the windward columns compare to the leeward columns. The axial force in 

central  column does not influenced by wind direction.  

2. The windward columns have higher moment for respective wind directions 

compare to the leeward columns. Wind direction normal to any surface produce 

higher My.  
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3. The effects of wind direction on the twisting moment are independent of the 

location of columns. All the models have zero twisting for symmetric flow.  

4. The wind at 600 angle is the most critical for twisting in columns of Pl-2 building 

where as 300 wind is the most crucial for other buildings.  

5. The effects of interference are not beneficial on windward columns but 

beneficial for leeward columns and largely depends on the column location. The 

effects of interference are positive on windward column in full blockage whereas 

no blockage condition has some negative effects on the My. 

6. The half blockage condition is most critical for twisting moment in all buildings. 

7. The axial force is independent of the building cross section. All the buildings 

have same axial force in central columns. 

8. The Pl-2 building suffers the maximum moment Mx for most of the flow 

conditions in isolated as well as interference condition whereas the Square 

building suffers the minimum Mx. 

9. The square building have largest moment My in isolated conditions whereas PL-

1 building have largest My in interference condition.  

10. The maximum twisting moment is observed in PL-2 Building in isolated as well 

as in interference condition. The H-building show the best performance in 

isolated condition. 

8.6. RECOMMENDATIONS FOR FUTURE STUDY 

Although a large amount of experiments have been carried out in the presents study in 

isolated and interference conditions still there is a need of detailed study in some areas as- 

1. The present study is carried out at an interval of 300 wind angles. Future study 

may be carried out with small interval for better understanding of critical wind 

incidence angle directions.  

2. The interference effects in the present study have been identified for the wind 

direction in line of the buildings. It is recommended to study the interference 

effects for all wind directions. 
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