
 

 

 
1. Introduction 
 

Under the effects of changing climate, it is becoming 

increasingly crucial to analyze the impact of extreme wind 

events on built infrastructure such as tall buildings (Teran et 

al., 2022). Currently, given a design wind speed, structural 

engineers rely on wind tunnel (WT) testing to predict wind 

loads on tall buildings. However, discrepancies of up to 

15% on force coefficients are commonly observed across 

wind tunnel tests (Irwin, 2013; Melbourne, 1980). 

Reproducing wind tunnel results is a complex task due to 

the large number of experimental variables wind loads 

depend on, some of which lack proper documentation. In a 

typical atmospheric boundary layer (ABL) WT experiment 

for the evaluation of wind loads on a structure, the 

structural model is placed at the center of a turntable in the 

test section. Upstream of the test section, spiral and 

roughness elements are placed to simulate the inflow 

turbulence for a set of target atmospheric boundary layer 

(ABL) turbulence conditions (Irwin, 1981; Song, 2017). 

Among these conditions, the longitudinal (along-wind) 

component of the mean velocity and turbulence intensity 

are the most crucial ones that characterize a target terrain 
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type. To ensure good agreement between the turbulence 

statistics in the WT and that of the ABL, calibration needs 

to be performed by adjusting the sizes and layout of the 

roughness elements. While the vertical profiles of the mean 

and turbulence intensity of the longitudinal velocity are 

often measured and documented in WT tests for verification 

of the inflow characteristics, the methodology and the 

location of these measurement are not always documented. 

In general, there are two types of WT inflow definitions: the 

approach flow and the incident flow (Blocken et al., 2008). 

The approach flow corresponds to the wind flow upstream 

of the turntable with or without the building model while 

the incident flow corresponds to the wind flow in an empty 

domain at the center of the turntable. Numerical simulations 

of the WT show that the approach flow and incident flow 

can sometimes show noticeable discrepancies (Abu-Zidan 

& Nguyen, 2023; Lamberti et al., 2018; Melaku & 

Bitsuamlak, 2024). The lack of documentation of these 

important aspects of the configuration of WT experiments 

leads to uncertainty in the background turbulence 

conditions. Additionally, other secondary inflow 

characteristics, e.g. lateral components of turbulence 

intensities, integral lengthscales, and turbulence decay 

characteristics, are often considered less important and are 

neither measured nor documented.  

Although the fluctuating pressure on a structure shows 

strong dependence on longitudinal mean velocity and 

turbulence intensities as described by the quasi-steady 

assumption (Holmes, 2015), the lateral (cross-wind) 
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components of turbulence are also expected to affect wind 

loads by altering the wind angle of attack and disturbing 

body-generated flow phenomena such as separations, re-

attachments, and vortex shedding (Hatanaka & Tanaka, 

2008; Peil & Behrens, 2007). While there is much previous 

work on the effects of inflow turbulence on the force 

distribution on a cylinder (Hu & Li, 2012; Zhang et al., 

2023; Zhao et al., 2021), the lateral components of 

turbulence are rarely studied, especially for settings that 

evaluate wind force on a tall building in an ABL-like 

environment. Quantifying the effects of secondary inflow 

characteristics is important for understanding the 

discrepancies among WT test results (Huang et al., 2007; 

Irwin, 2013; Melbourne, 1980) and between WT and 

numerical simulation results. 

With advances in high-performance-computing, 

Computational Fluid Dynamics (CFD) methods are 

becoming commonly used to study the wind effects on tall 

buildings (Abu-Zidan et al., 2021; Agrawal et al., 2022; 

Dagnew & Bitsuamlak, 2014; Elshaer et al., 2016; Melaku 

& Bitsuamlak, 2024; Meng et al., 2023; Teran et al., 2022). 

While WT is still considered as the most reliable method for 

obtaining wind loads acting on buildings, CFD methods 

offers some advantages over WT testing. First, all inputs 

and geometry of the CFD are well-defined with high 

precision. This allows parametric study of any variable in a 

controlled manner. Second, CFD provides high-resolution 

results for the flow fields both temporally and spatially, 

which are difficult to measure in a WT due to limitations 

and interference effects of the instruments. While currently 

it is challenging to reproduce WT results with CFD, it 

serves as a great tool for studying flow phenomena, and 

therefore it is important to reduce the gap between CFD and 

WT. 

 Large Eddy Simulation (LES) has been shown to 

predict wind loads on tall buildings with reasonable 

accuracy when proper set-up is applied (Melaku & 

Bitsuamlak, 2024; Thordal, Bennetsen, Capra, & Koss, 

2020; Thordal, Bennetsen, Capra, Kragh, et al., 2020). 

While currently it is still computationally expensive to 

simulate the WT along with the test-section, the 

development in synthetic turbulence generators enables 

preparation of divergence-free inflow turbulence for  

specified turbulence characteristics with affordable 

computational cost (Kim et al., 2013; Melaku & 

Bitsuamlak, 2021; Poletto et al., 2011). While previous 

researches mainly focus on the longitudinal turbulence 

statistics (Aly, 2014; Zhang et al., 2023), the effects of the 

lateral and vertical component of turbulence on the response 

of tall buildings have rarely been studied. State-of-the-art 

synthetic turbulence generators provide a means to study 

the effects of inflow turbulence statistics on a building 

model in a controlled manner, by generating time-histories 

of the inflow turbulence using different assumptions for the 

relationship between unknown inflow quantities. 

In the present work, LES is used to study the effects of 

inflow lateral turbulence intensities and integral length 

scales on the wind loads acting on a tall rectangular 

building. Five inflow time-histories are generated by 

assuming different relationships between the building 

height and the integral lengthscale, and between the three 

components of turbulence intensities. Their effects on the 

surface wind pressure coefficient, and on local and overall 

drag and lift forces are then evaluated. Furthermore, to 

investigate the resulting effects on the dynamic response of 

the building, a steel structure is considered, and the peak 

displacement response is obtained based on the five 

different inflow assumptions. 

In the following, Section 2 details the CFD 

configuration and methodology, and the inflow assumptions 

used for this study. Section 3 presents the effects of inflow 

assumptions on wind forces on a rigid body. Section 4 

introduces the example tall-building steel structure and 

studies the effects of inflow assumptions on its response. 

Section 6 concludes the study with a discussion on 

implications and future work. 

 

2. CFD Methods 
This section describes the CFD set-up and the 

corresponding wind tunnel configuration. It also 

summarizes the set of inflow conditions used and discusses 

the discrepancies between turbulence statistics of the inflow 

and those of the incident flow. 

 

2.1 Tokyo Polytechnic University (TPU) Aerodynamic 
Database 

 

The present study utilizes the High-rise Buildings with 

Rectangular/Square Plan dataset from the Tokyo Polytechic 

University (TPU) Aerodynamic Database (TPU, 2012). The 

dimensions of the test-section of the ABL wind tunnel are 

not included with the dataset. The width and height of the 

test-section are assumed to be 2.0m and 1.8m based on 

(Tanaka et al., 2012). The wind tunnel test case selected for 

preparing the LES simulation has a 0.1m wide square-

section building model with a breadth: depth: height ratio of 

1:1:4 and a model scale of 1:400, an exposure factor of 1/4 

and a wind angle of attack of 0°. This leads to a blockage 

ratio of 1.11%. The dataset consists of time-histories of 400 

pressure taps, distributed uniformly across the four lateral 

surfaces of the building model, sampled at 1000Hz with a 

sampling period of 32.8s. The vertical profiles of mean 

velocity and longitudinal turbulence intensity of incoming 

flow are provided. However, the lateral and vertical 

turbulence intensities and the integral lengthscales are not 

included with the dataset. 

 

3.2 CFD Set-up 
 

OpenFOAM v2006 is utilized in the current study to 

generate the mesh and perform the LES simulations. The 

LES simulation is conducted in the same geometric scale 

(1:400) as the TPU experiment on the building model of 

0.1m width (W) and 0.4m height (H). Like the WT, the 

computational domain has a cross-section of 2.0m width 

and 1.8 m tall, resulting in the same blockage ratio of 

1.11%. following the recommendations from CFD 

guidelines (Franke et al., 2007), the length of the 

computational domain was set as 10m, and the building 

center is located 6.25H downstream of the inlet plane and 
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18.75H from the outlet plane. 

 

 The mesh consists of 8 million hexahedra cells with 

regional refinement and inflation layers around the building 

model. The background mesh is formed with cubical cells 

with length of 0.156H. The background mesh is then 

subdivided into smaller cubical cells to form the regional 

regions. To preserve the inflow turbulence, the region 

around and in between the building model and the inlet 

plane is subdivided three times (corresponding to length of 

0.0195H). Close to the building model, the cells are further 

refined to resolve the body-generated turbulence (with cell 

lengths of 0.00975H in the near-wake and 0.00487H close 

to the building surface) and with transition regions adjacent 

to the background mesh. On the building surface, 11 

inflation layers are inserted with an overall height of 

0.00385H, leading to an average y+ value of ~2. Near the 

ground, the cell size was kept at 0.039H to maintain an 

average y+ value ~30. Fig. 1 and Fig. 2 show the mesh 

configuration in the y-normal plane at y=0 and the z-normal 

plane at z=0.67H, respectively. 

 The top and side planes of the computational domain 

employ symmetric boundary conditions, while at the outlet 

plane, zero gradient is imposed. At the inlet plane, time-

varying turbulence inflow is used (details in section 2.3). 

Both the ground and the building surface have no-slip 

conditions with wall functions to model the effects of 

turbulence viscosity near the wall. 

The standard Spalding smooth wall function (Spalding, 

1961) is applied to the building surface to provide a wall 

constraint on the turbulent viscosity based on the calculated 

𝑦+ value by the following empirical relationship: 

𝑦+ = 𝑢+ +
1

𝐸
[exp(𝜅𝑢+ − 1 − 𝜅𝑢+ − 0.5(𝜅𝑢+)2

−
1

6
(𝜅𝑢+)3] 

(1) 

where 𝑢+ is the velocity near wall in wall units, E is a 

roughness parameter with a value of 9.8, and 𝜅 is the von 

Karman constant with a value of 0.41. 

 To maintain the shape of the inflow velocity profile, a 

rough wall function derived from the Schumann-Grotzbach 

equation is applied to the ground surface: 

𝑢𝜏 =
𝜅

ln (
𝑧𝑝 + 𝑧0
𝑧0

)
√〈𝑈(𝑧𝑝, 𝑡)〉𝑢�̃�(𝑥𝑝, 𝑦𝑝 , 𝑧𝑝 , 𝑡) 

(2) 

 where 𝑢𝜏  is the friction velocity, 𝑥𝑝 , 𝑦𝑝, 𝑧𝑝  are the 

coordinates of the cell centroid adjacent to the wall, 𝑧0 is 

the aerodynamic roughness length, 〈𝑈〉  is the 

instantaneous flow velocity averaged over the layer of cells 

adjacent to the wall and 𝑢�̃� is the instantaneous filtered 

velocity. 

 Pressure Implicit with Splitting of Operator (PISO) 

algorithm (Issa, 1986) with the wall-adapting local eddy-

viscosity (WALE) model (Nicoud & Ducros, 1999) is used 

for the LES simulation. The WALE model has been shown 

to perform well form modelling the flow around tall 

buildings (Melaku & Bitsuamlak, 2024; Wang & Chen, 

2020). Each simulation ran with 0.0005-second timesteps 

for 15 seconds, with the first 5 seconds discarded. Each 

simulation took approximately 3200 core-hours to 

complete. The empty domain utilizes a time-step of 0.005-

second, and each simulation took approximately 320 core-

hours to complete. The simulations were conducted on the 

high-performance cluster, Niagara, hosted by SciNet in 

Toronto, Canada (Loken et al., 2010; Ponce et al., 2019). 

 

2.3. Turbulence Inflow Generation and Comparison 
with Incident Flow 

 

The divergence-free inflow turbulence generator using 

spectral representation (DFSR) method (Melaku & 

Bitsuamlak, 2021) was employed to prepare the inflow for 

this study. The DFSR method employs the FFT technique to 

generate velocity time-series based on the factorized cross-

power spectral density (CPSD) matrix prescribed to satisfy 

the target inflow characteristics. The implementation at 

https://github.com/abiyfantaye/DFSR (Melaku, 2023) is 

used for the current study. This implementation employs a 

 

Fig. 1: y-normal plane at y=0 

 

Fig. 2: z-normal plane at z=0.67H 

 

Table 1. Summary of the inflow statistics for the sensitivity study 

Cases 𝑈𝐻 𝐼𝑢𝐻 𝐼𝑣/𝐼𝑢 𝐼𝑤/𝐼𝑢 𝐿𝑢
𝑥/𝐻 𝐿𝑣

𝑥/𝐿𝑢
𝑥  𝐿𝑤

𝑥 /𝐿𝑢
𝑥  

a) Base case 

10.46 

m/s 
14% 

0.78 0.55 

2 

0.3 0.25 

b) low L 1 

c) high L 4 

d) low lateral I 0.39 0.275 
2 

e) high lateral I 1 1 

        

https://github.com/abiyfantaye/DFSR
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2D velocity-potential-based divergence-free correction 

procedure with mass flow rate correction. For simplicity, 

each of the three components of velocity is generated 

independently to reduce computational cost. 

The inflow longitudinal mean velocity and turbulence 

intensity profiles are calibrated to match with the profiles 

used in the TPU WT test. In this study, five turbulence 

conditions are numerically generated based on different 

assumptions on the unknown turbulence quantities: the base 

case (Case a), low- and high- integral lengthscale (“low-L”, 

Case b) and “high-L”, Case c) as well as low- and high- 

lateral and vertical turbulence intensities (“low-lateral-I”, 

Case d and “high-lateral-I”, Case e). In the base case, the 

lateral and vertical turbulence intensities, 𝐼𝑣  and 𝐼𝑤  are 

assumed to be 0.78 and 0.55 of the longitudinal intensity 𝐼𝑢 

based on (ESDU, 1985). The longitudinal integral 

lengthscale 𝐿𝑢
𝑥  is assumed to be 2H and the lateral and 

vertical integral lengthscale 𝐿𝑣
𝑥  and 𝐿𝑤

𝑥 , are assumed to be 

0.3 and 0.25 of the longitudinal lengthscale. The “low-L” 

and “high-L” cases consider halving and doubling the 

longitudinal integral lengthscale from the base case, while 

the “low-lateral-I” case and the “high-lateral-I” case 

consider halving and lateral and vertical turbulence 

intensities and setting them equals to the longitudinal 

turbulence intensity respectively. Table 1 summarizes the 

inflow conditions used for each case. 

The mean velocity profiles for the five cases are shown 

in Fig. 3, calculated at the inlet (dash-lines) and at the 

tentative building location in an empty domain (solid-lines). 

All the profiles match well with the measurements of the 

WT experiment, reflecting that the provided rough wall 

function on the ground surface is compatible with the 

inflow. 

The turbulence integral lengthscales are computed by 

applying the Taylor’s frozen eddy hypothesis with the 

method of first zero-crossing of autocorrelation and shown 

in Figure 4. While the integral lengthscale at the inlet plane 

was calibrated to match with the assumed profiles, the 

downstream profiles calculated at the tentative building 

location can vary significantly. This may be caused by the 

interaction between the generated flow fields and 

dissipation of physically incompatible turbulence (Patruno 

& De Miranda, 2020). The inherent variability of integral 

timescale in turbulence flow from one point to another 

observed in (Lamberti et al., 2018) may also plays a role. 

Near the ground (z < 0.3H), the computed lengthscale 

shows large variation even within a simulation case, which 

can be attributed to the break-down of the Taylor’s frozen 

eddy hypothesis due to the low convective velocity. For the 

base case, the integral lengthscale profiles at the tentative 

building location are larger than those at inlet in general, 

reflecting the filtering and dissipation of smaller scale 

eddies. 

By changing the inflow integral lengthscale by a 

significant amount (Case b and Case c), the downstream 

lengthscale tends to restore towards the downstream 

lengthscale profiles as observed in the base case (Fig. 4). 

This is expected as the LES solver tends to filter out small-

scale eddies and convert large-scale eddies to smaller-scale 

eddies. Despite the reduction of the change, changing the 

inflow lengthscales still leads to a net change of lengthscale 

observed at the building location. The lengthscales at the 

inlet are also found to have an effect on the turbulence 

intensities. By halving the integral lengthscale (from Case a 

to Case b), the longitudinal turbulence intensity at the 

building location reduces by roughly 2.5% of the mean 

velocity while the lateral and vertical turbulence show no  

 
Fig. 4: Integral lengthscale vertical profiles (solid-lines: incident flow at tentative building location of empty domain, dash-

lines: at inlet plane) 

 
Fig. 3 mean velocity vertical profile (solid-lines: at tentative 

building location of empty domain, dash-lines: at 

inlet plane) 
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significant changes (Fig. 5). By doubling the integral 

lengthscale (from Case a to Case c), the longitudinal 

turbulence intensity increases slightly by <1% of the mean 

velocity and the vertical turbulence profile decreases 

slightly. 

The profiles for the three components of turbulence 

intensity are shown in Fig. 5. At the inlet plane, all cases 

have similar longitudinal turbulence intensity vertical 

profiles (Fig. 5a). At the building location, the longitudinal 

turbulence intensity of the base case increases slightly by 

roughly by 2.5% of the mean velocity for z < 0.7H, while 

the lateral turbulence intensity vertical profile exhibits 

regions with increased intensity and regions with decreased  

intensity, while the vertical turbulence intensity profile 

decreases. This may indicate that for the base case, part of 

the energy in lateral and vertical turbulence is converted 

into longitudinal velocity fluctuations. By changing the 

inflow lateral and vertical turbulence intensities, the 

downstream turbulence profiles tend to rebalance towards 

the ratio of 𝐼𝑢 : 𝐼𝑣 : 𝐼𝑤  of approximately 1:0.75:0.5 as 

observed in the base case and the literature on boundary 

layer flow on a flat plate (Inoue, 2012) and atmospheric 

boundary layer (ESDU, 1985), leading to a reduced 𝐼𝑢 

profile when the lateral and vertical turbulence intensities 

are lowered and an increased 𝐼𝑢 profile when the 

counterpart components are increased. At the building 

location, Case d) leads to a turbulence ratio of 1:0.6:0.35 

and Case e) leads to a ratio of 1:0.8:0.55, where a net 

change in the lateral and vertical turbulence profiles is still 

observed. 

 

3. Effects of inflow assumptions on wind force  
In this section, the overall base drag and lift forces and 

overturning moments, as well as the mean and standard 

deviation of the surface pressure coefficients, are evaluated 

to study the effects of the differences in the prescribed 

inflow conditions. 

 
3.1 Surface pressure contours 

 
The pressure coefficient 𝐶𝑝 on the building surface is 

defined as follows: 

𝐶𝑝 =
𝑝 − 𝑝0
1
2
𝜌𝑉𝐻

2
 (3) 

where 𝑝 is the surface pressure, 𝑝0 is the reference 

pressure at the inlet, 𝜌 is density of air (1.21 kg/m3) 

and 𝑉𝐻 is the reference velocity at the building height 

at inlet. 

 

 

Fig. 6 shows the contour of time-averaged value 

pressure coefficient 𝐶𝑝̅̅ ̅ for the front, right, back and left 

surfaces of the building model. The base case (Case a) 

shows good agreement on the front face with WT, except 

for the near-ground region where 𝐶𝑝̅̅ ̅ is slightly larger (by 

~0.1). This can be attributed to the general good agreement 

in the mean velocity inflow vertical profile. Near the 

ground, the velocity experiences larger fluctuation relative 

to the mean, resulting in larger uncertainty. On the side and 

leeward surfaces, the magnitudes of the negative 𝐶𝑝̅̅ ̅ are 

underestimated by the base case (by ~0.1). This can be 

attributed to the under-prediction of vortex shedding 

strength due to the resolution limit of the simulation. Fig. 7 

shows the temporal standard deviation (STD) contours of 

𝐶𝑝 . The STD are overestimated for the front and side 

surfaces (by ~10%) and around the edge of the leeward 

surface. The overestimation of STD in the front surface 

indicates an overprediction of turbulence intensity and this 

is consistent with the profile at the tentative building 

location calculated in an empty domain. This may 

compensate with the effects of under-resolved fluctuation of 

vortex shedding.  

Reducing the inflow integral lengthscale (Case a to Case 

b) leads to slight reduction in the magnitude of 𝐶𝑝̅̅ ̅ on the 

leeward surface while the 𝐶𝑝̅̅ ̅ contours on other surfaces 

show no significant change. The STD values show an 

overall reduction for all surfaces. Increasing the inflow 

integral lengthscale (Case c), however, leads to slight 

reduction in the magnitude of 𝐶𝑝̅̅ ̅ only on the side surface 

while the front surface experiences increased STD values 

and the side surfaces experience slight reduction in STD. 

 
Fig 5: turbulence intensity vertical profiles (solid-lines: incident flow at tentative building location of empty domain, dash-

lines: at inlet plane) 
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The STD of 𝐶𝑝 on the front surface correlates with the 

inflow lengthscale as the reverse pressure gradient around 

the windward surface filters out smaller eddies. Similar 

trend is observed for the leeward surface. No clear 

correlation is observed for 𝐶𝑝 STD on the side surfaces, 

suggesting that the lengthscale have little effect on the 𝐶𝑝 

fluctuation on the side surface caused by body-generated 

vortex shedding dynamics.  

Reducing the lateral and vertical turbulence intensity at 

the inlet (Case d) leads to a slight increase in 𝐶𝑝̅̅ ̅ on the 

front face and less negative values for the side and leeward 

surfaces. Increasing the lateral and vertical turbulence 

intensities (Case e) shows little effects on the frontal surface 

𝐶𝑝̅̅ ̅, while more negative 𝐶𝑝̅̅ ̅ is observed for the side and 

leeward surfaces. The magnitude of negative 𝐶𝑝̅̅ ̅ is related 

to the mean strength the circulation within the region of 

flow separation. For flow around 3D square cylinder on a 

flat plate, it was found that increased oncoming turbulence 

intensity converts spanwise vortex shedding from in-phase 

to out of phase, leading to more coherent flow structures 

(Inoue, 2012). The same correlation is observed in the LES 

results. The STD 𝐶𝑝 shows positive correlation with the 

inflow turbulence, as predicted by the quasi-steady 

assumption, except for leeward surface, on which the STD 

𝐶𝑝 seems to decrease for both cases.  

 

3.2 Local force coefficients 
 

The local force coefficients 𝐶𝑓𝐷(𝑧)  and 𝐶𝑓𝐿(𝑧)  are 

obtained by integrating the drag and lift force around the 

perimeter of the building at elevation z and normalizing by 

the reference dynamic pressure force as follows: 

CfD(𝑧) =
𝐷(𝑧)

1
2
𝜌𝑉𝐻

2𝑊
 

(4) 

CfL(𝑧) =
𝐿(𝑧)

1
2
𝜌𝑉𝐻

2𝑊
 

(5) 

where D is the drag force and L is the lift force.  

 

The mean and standard deviation of 𝐶𝑓𝐷(𝑧)  and 

𝐶𝑓𝐿(𝑧)  over time are computed and shown in Fig. 8. 

Consistent with the pressure coefficient contour plots, the 

mean local drag coefficient 𝐶𝑓𝐷̅̅ ̅̅̅ are underestimated for all 

of the cases due to the under-prediction of the leeward 

negative pressure. The local force coefficients aggregate the 

pressure along the building perimeter and therefore, it filters 

out spatially uncorrelated fluctuations with small 

lengthscales relative to the building width. The STD of 

𝐶𝑓𝐷 shows positive correlation with the inflow integral 

lengthscale and turbulence intensities throughout the 

building height, except for z/H < 0.4 of the low-turbulence 

case in which little difference is observed. While from 

previous results for the pressure coefficient in Fig. 7, the 

STD for the low-lateral turbulence case shows significantly 

smaller values for the front surface, the insensitivity in STD 

of 𝐶𝑓𝐷  profile may be explained by the increased 

lengthscale that accompanied with the low vertical 

turbulence intensity as observed in Fig. 5, offsetting the 

effects of turbulence intensity.  

 

 

 
Fig. 6: Mean pressure coefficient contours 
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3.3. Drag and lift coefficients 
 

The drag and lift force coefficients (𝐶𝐹𝐷 and 𝐶𝐹𝐿) are 

computed by integrating the surface pressure force in the x- 

and y- directions respectively and normalizing the net force 

by the product of projected building area normal to the flow 

direction and the dynamic pressure corresponding to the 

reference velocity. The drag and lift moment coefficients 

(𝐶𝑀𝐷 and 𝐶𝑀𝐿) are computed similarly by integrating the 

moment along x- and y- directions and normalizing the net 

moment by an additional characteristic length H.  

The mean and the standard deviation of the coefficients 

are tabulated in Table 2 and Table 3 along with the 

percentage error when compared to the WT measurements. 

In general, the percentage error of the force coefficients is 

similar to those of the corresponding moment coefficients 

with the exception for the STD of 𝐶𝐹𝐿 and 𝐶𝑀𝐿 of Case 

d). This reflects that the lift force may be underestimated in  

 
Fig. 7: Standard deviation pressure coefficient contours 

 

 
Fig. 8: Local force coefficients along building height 
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the upper part of the building for this case. While the mean 

𝐶𝑀𝐷 are underestimated for all five cases, they are within 

6% of the WT measurements. 

Reducing the turbulence lengthscale (Case b) tends to 

increase the error slightly. This is accompanied by a 

significant reduction in the fluctuation in 𝐶𝑀𝐷 (from 0.143 

to 0.119), while the fluctuation in 𝐶𝑀𝐿 does not change 

significantly. On the other hand, increasing the turbulence 

lengthscale (Case c) leads to a slight increase in mean 

𝐶𝑀𝐷 and a significant increase in the STD of 𝐶𝑀𝐷. While 

changing the turbulence lengthscale would also lead to a 

change in the downscale turbulence intensity, Case c results 

in similar 𝐼𝑢 profiles as the base case. This highlights the 

significant effects of inflow lengthscale on the fluctuation 

𝐶𝑀𝐷, which controls the characteristic eddy size and the 

coherency of the pressure force on the building surface. 

Both cases lead to a slight reduction in the fluctuation of 

𝐶𝑀𝐿. 

Reducing the lateral and vertical turbulence intensities 

(Case d) lead to a slight increase in the mean 𝐶𝑀𝐷 and a 

slight reduction in the fluctuation of 𝐶𝑀𝐷 and 𝐶𝑀𝐿 (-5% 

and -1.2%). In contrast, increasing the lateral and vertical 

turbulence intensities (Case e) leads to significant and slight 

increase in the fluctuation of 𝐶𝑀𝐷 and 𝐶𝑀𝐿, respectively 

(+18% and +2.5%). 

The power spectral densities of the force and moment 

coefficients normalized by the STD of WT coefficients 

divided by the frequency is shown in Fig. 9. The profiles 

are smoothed using Welch’s method for clarity. The force 

spectra show similar shape as the moment spectra. It is 

observed that the high lateral turbulence intensity and high 

integral lengthscale cases leads to overestimation of the 

fluctuating 𝐶𝑀𝐷  in the low frequency regions. A deficit 

around reduced frequency of 0.02 is also observed for all 

cases. While the fluctuation in 𝐶𝑀𝐿 is dominated by body-

generated vortex shedding, slight effects are observed by 

altering the inflow turbulence. Increasing the lateral 

turbulence level leads to a slightly broader peak while 

reducing the lateral turbulence level leads to a sharper peak. 

  

 
Fig. 9: Normalized power spectral densities of force and moment  

coefficients 

 

Table 3. Standard deviation of drag and lift force and moment coefficients. 

 STD (% error) 

Cases 
𝐶𝐹𝐷 𝐶𝐹𝐿 𝐶𝑀𝐷 𝐶𝑀𝐿 

WT 0.262 0.33 0.142 0.174 

a) base 0.267 (2%) 0.300 (-8%) 0.143 (0%) 0.160 (-8%) 

b) low-L 0.223 (-15%) 0.291 (-11%) 0.119 (-16%) 0.157 (-10%) 

c) high-L 0.300 (15%) 0.288 (-12%) 0.161 (13%) 0.155 (-11%) 

d) low-lateral-I 0.256 (-3%) 0.310 (-5%) 0.136 (-5%) 0.158 (-9%) 

e) high-lateral-I 0.315 (20%) 0.316 (-3%) 0.169 (19%) 0.164 (-6%) 

Table 2. Mean of drag and lift force and moment coefficients. 

 Mean (% error) 

Cases 𝐶𝐹𝐷 𝐶𝐹𝐿 𝐶𝑀𝐷 𝐶𝑀𝐿 

WT 1.068 0.018 0.582 0.010 

a) base 1.006 (-6%) -0.001 (-105%) 0.551 (-5%) -0.000 (-105%) 

b) low-L 0.987 (-8%) -0.011 (-161%) 0.541 (-7%) -0.003 (-134%) 

c) high L 1.018 (-5%) -0.001 (-107%) 0.555 (-5%) -0.001 (-112%) 

d) low-lateral-I 1.035 (-3%) -0.005 (-127%) 0.566 (-3%) -0.002 (-119%) 

e) high-lateral-I 1.023 (-4%) 0.002 (-91%) 0.551 (-5%) 0.001 (-94%) 
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4. Effects of inflow assumptions on the response of 
a tall building 

  

In this section, an example 40-storey high-rise building 

is introduced for linear structural dynamic analysis to study 

the effect of the inflow assumptions on the dynamic 

response of the structure. 

 

4.1. Steel-framed-tube structure  
 

 The building selected is based on the work from (Ricci 

et al., 2018). The structure from (Ricci et al., 2018) is 

modified to have a 1:1 floor plan aspect ratio and to have 

the same height as the full-scale height of the building 

model used in CFD study. The prototype building has 

dimensions of 40m (width) x 40m (breadth) x 160m 

(height) and a storey-height of 4m. The building utilizes a 

steel-framed-tube system which consists of an outer ring 

and an inner ring (core) of columns of steel box-section to 

resist external lateral loads. The inner core has dimensions 

of 8m x 8m. The columns are spaced at 2m on the outer 

ring. The storeys are divided into 5 levels and the steel box-

sections are designed for each level. The dimensions of the 

steel box-sections are tabulated in Table 4. At each floor-

level, the columns are connected by deep spandrel plates of 

1.2m depth and 40mm thick. A rigid diaphragm is assumed 

and a floor load of 16kPa is provisioned in additional to the 

self-weight of the steel-framed-tube system. Figure 10 

shows the layout of the steel-framed-tube building. 

 The structure was modelled with Rhino®-Grasshopper 

(Robert McNeel & Associates, 2023) and Altair S-Frame 

(Altair Inc., 2023). Modal analysis was performed with S-

Frame to find the fundamental modes of the structure. Fig. 

11 shows the first three fundamental modes. The first two 

modes have fundamental frequency of 0.165Hz. The 

structure is symmetrical about the x- and y- axes, and 

therefore the two first two modes have the same 

fundamental frequency. The torsional mode has a higher 

fundamental frequency of 0.277 Hz. 

 

4.2. Dynamic response of wind  
 

The dynamic response was evaluated using the method 

described in (Boggs & Dragovich, 2006). Considering a N-

degree-of-freedom (NDOF) system subjected to harmonic 

loading with frequency 𝜔 and amplitude defined by a Nx1 

vector 𝑭𝟎. The equations of motion can be formulated as a 

system of equations as follows: 

 

 

M�̈� + 𝐶�̇� + 𝐾𝒙 = 𝑭𝟎cos(𝜔𝑡) (6) 

where 𝒙  , �̇�  and 𝐱  are the displacement, velocity, 

and acceleration vectors, M is the mass matrix, 𝐶 is 

the damping matrix and 𝐾 is the stiffness matrix 

 

 

The system of equation can be solved by expressing the 

displacement vector as the sum of N orthogonal 

eigenvectors weighted by the generalized coordinate 𝒒: 

  

𝒙 = ∑ 𝑞𝑗𝝓𝒋

𝑵

𝒋=𝟏
 

(7) 

where 𝝓𝒋 is the mode shape of mode j  

 

Utilizing the orthogonality of modes, the system of 

equations can be decoupled into individual SDOF systems 

in 𝑞𝑗 for each mode j. 

 

Mjqj̈ + 𝐶𝑗𝑞�̇� + 𝐾𝑗𝑞𝑗 = 𝐹𝑗cos(𝜔𝑡) (8) 

where Mj , 𝐶𝑗 , 𝐾𝑗  and 𝐹𝑗  are the generalized mass, 

damping coefficient, stiffness and force for mode j 

 

 

The solution to equation (8) is given as: 

𝑞𝑗 = |𝐻𝑗(𝜔)|
𝐹𝑗

𝐾𝑗
cos(𝜔𝑡) 

(9) 

𝐻𝑗(𝜔) =
1

√[1 − (
𝜔
𝜔𝑗
)
2

]

2

+ [2𝜉
𝜔
𝜔𝑗
]
2

 
(10) 

where 𝜉 is the damping ratio, |𝐻(𝜔)|2 is referred 

as the mechanical admittance function 

 

 

The displacement can then be computed using equation (7).  

Given a mode j, the time-history of generalized wind force 

can be computed for the lift and drag force. The fluctuating 

portion of the wind force can then be expressed in 

frequency domain with spectral density function 𝑆𝐹𝑗  to use 

equation 9. The standard deviation of the combined 

response can be computed from the following: 

𝝈𝒙,𝒋 =
𝝓𝒋

𝐾 𝑗
√∫ 𝑆𝐹𝑗

∞

0

(𝜔)|𝐻𝑗(𝜔)|
2
𝑑𝑓 

(11) 

 

 

Table 4. Dimensions of the sections of the structural elements 

Level Core elements Framed tube elements 

 w (m) h (m) t (m) w (h) h (m) t (m) 

1 0.7 0.7 0.18 0.5 0.5 0.12 

2 0.7 0.7 0.14 0.5 0.5 0.10 

3 0.7 0.7 0.1 0.5 0.5 0.08 

4 0.7 0.7 0.08 0.5 0.5 0.06 

5 0.7 0.7 0.04 0.5 0.5 0.04 

*Note: w: outer width, h: outer height, t: thickness 

 
Fig. 10: Layout of the steel building 
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 In wind engineering, the response is typically 

decomposed into background response and resonant 

response as the two show different characteristics. The 

background response 𝝈𝒙,𝒃  is defined by the response 

without mechanical amplification, and it can be calculated 

with equation (11) by setting |𝐻𝑗(𝜔)|
2
 to 1. The resonant 

response can then be obtained by the following: 

𝝈𝒙,𝒓 =√𝝈𝒙
𝟐 − 𝝈𝒙,𝒃

𝟐  
(12) 

 

The peak value of the fluctuating response �̂� can then 

be estimated using gust peak factors 𝑔0 and 𝑔1:  

�̂� =  �̅� +√(𝑔0𝝈𝒙,𝒃)
2
+ (𝑔1𝝈𝒙,𝒓)

2
 

(13) 

 

For this study, 𝑔0  is taken as 3.5 and 𝑔1  is calculated 

using the following expression (Davenport, 1961): 

𝑔1 =√2𝑙𝑛𝑓1𝑇 +
0.577

√2𝑙𝑛𝑓1𝑇
 

(14) 

Where 𝑓1 is the first-mode fundamental frequency, 

T is the time period for which the peak is estimated, 

taken as 3600 seconds in this study 

 

 

For the building used in this study, the first two modes have 

a mass participation factor of 0.86. To simplify the analysis, 

only the first two modes are considered. The design wind 

speed is assumed to be 30m/s at the building height. 

 

 

4.3. Along-wind response  
 

The mean, background, resonant and peak responses in 

the along-wind direction are calculated for the steel-frame-

tube structure subjected to each of the different inflow 

conditions (Fig 12). Fig. 12c shows that all five inflow 

conditions lead to a similar mean vertical response profile 

similar to the response calculated from WT measurements. 

This shows that despite the small discrepancy in the mean 

drag profile, the error in the resultant mean response is 

small compared to the inherent fluctuation of the response. 

The base case leads to similar background response 

compared to WT, while the resonant response is 

underestimated at the roof by ~15%. This may be explained 

by the underestimation of leeward pressure fluctuation, 

which has relatively higher frequency corresponding to the 

vortex shedding frequency and closer to the resonant 

frequency of the building. The underestimation in resonant 

response leads to underestimation of peak response (97mm 

compared to 105mm in WT, -8% error).  

By reducing the inflow lengthscale, background 

response is significantly reduced while the resonant 

response shows a slight decrease. The peak response is 

calculated to be 91mm, showing an error of -13%. In 

contrast, increasing the inflow lengthscale leads to slight 

increase in the background response and a slight decrease in 

the resonant response. The changes compensate for each 

other, and the peak response was estimated to be 97mm. 

By reducing the lateral and vertical inflow turbulence, 

the effects are similar to reducing inflow lengthscale. The 

background response shows a significant decrease while the 

resonant response shows a slight decrease. This leads to a 

peak response of 93mm (-11% error). Increasing the 

turbulence leads to significant increases in both the 

background response and resonant response, resulting in 

overestimation in both of the responses. The peak response 

was calculated to be 106mm (+1% error). 

 

4.4. Across-wind response  
 

The across-wind responses are shown in Fig. 13. All 

five simulations result in lower background response than 

that computed from WT measurements. This is linked to the 

 
Fig. 11: First three fundamental modes of the steel-frame-tube structure 
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under-resolved vortex shedding intensity. This also leads to 

underestimation of the resonant response as the vortex 

frequency (~0.075Hz) is close to the building fundamental 

frequency (0.165Hz) compared to the frequency content of 

the background turbulence. The peak response for the base 

case is computed to be 92mm compared to 115mm from 

WT measurements, resulting in -20% error. The error is 

large compared to the percentage error in STD of 𝐶𝑀𝐿. This  

suggests that the base case underestimates the fluctuation of 

lift force in higher frequency range. 

 Reducing the inflow lengthscale leads to a slight 

increase in background response and a substantial increase 

in the resonant response. This is opposite to the trend for 

surface pressure fluctuation. This suggests that while the 

pressure fluctuation for individual points is reduced, there is 

an increase in lift force in higher frequency range close to 

the building fundamental frequency. The peak displacement 

at the roof is calculated to be 102mm (-11% error). On the 

other hand, increasing the lengthscale leads to slight 

reduction in both background and displacement responses. 

The peak roof displacement is calculated to be 88mm (-23% 

error). 

 
Fig. 12: Along-wind floor displacement responses (dash-line: mean response) 

 

 
Fig. 13: Standard deviation pressure coefficient contours 
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 By reducing the lateral and vertical turbulence 

intensities, the displacement response decreased from 

28mm to 20mm, and the resonant response decreased from 

14mm to 12mm, resulting in a peak response of 84mm (-

27% error). Increasing the turbulence intensities led to the 

opposite effects, the displacement and resonant responses 

increased to 13mm and 28mm respectively and the resulting 

peak response is calculated to be 114mm (-1% error). The 

increase in lateral and vertical turbulence intensities led to 

increased frequency content in the higher frequency range 

and it offsets the error caused by under-estimating vortex 

shedding intensity, leading to reduced overall error for the 

displacement response. 

 

5. Conclusions and future work   

 

In wind tunnel tests, the vertical profile of integral 

lengthscale and lateral and vertical turbulence intensities are 

sometimes not measured, and even when they are, they are 

often not documented. In this study, five turbulence 

conditions are numerically generated based on different 

assumptions on the unknown turbulence quantities: the base 

case, high- and low- integral lengthscale as well as high- 

and low- lateral and vertical turbulence intensities. The 

effects of the inflow conditions on the incident flow 

statistics, surface pressure coefficient on the building 

model, local force coefficients, overall lift and drag force 

and moment coefficients as well as the displacement 

response of an example building are studied through CFD 

simulations. It was found that: 

 

• The base case generated with conventional 

assumptions on inflow turbulence led to around 

10% error on temporal standard deviation of 

pressure coefficient and overall drag and moment 

coefficients compared to the WT results. However, 

the peak displacement responses are underestimated 

by 8% in the along-wind direction and 20% in the 

across-wind direction. 

 

• By changing the inflow integral lengthscale or the 

lateral and vertical turbulence intensities from the 

base case, the downstream incident turbulence tends 

to re-adjust towards a range of compatible 

turbulence statistics by damping out the imposed 

change. The 𝐿𝑢
𝑥 , 𝐿𝑣

𝑥 , 𝐿𝑤
𝑥  tend to restore to around 

ratio 3H, 0.75H and 0.75H and 𝐼𝑢 , 𝐼𝑣  and 𝐼𝑤 

tends to restore to between 1:0.6:0.35 and 

1:0.8:0.55.  

 

• Changing the inflow assumptions on integral 

lengthscales and lateral and vertical turbulence does 

not have significant effects on the time-averaged 

pressure coefficient, drag and moment coefficients 

and displacement response on the steel building. 

 

• Reducing the integral lengthscale led to a reduction 

in the temporal standard deviation of surface 

pressure, local and overall drag and lift coefficients. 

The peak along-wind response is reduced by 6% 

while the peak across-wind response shows an 

increase of 11%.  

 

• Increasing the integral lengthscale led to an increase 

in the temporal standard deviation of surface 

pressure on the windward surface, local and overall 

drag coefficients, while a reduction is observed for 

the surface pressure on the side surface, local and 

overall lift coefficients. The peak along-wind 

response decreased by 1% while the peak across-

wind response decreased by 4%. 

 

• Reducing the lateral and vertical turbulence 

intensities led to a reduction in the temporal 

standard deviation of surface pressure on the front 

and side surfaces, local and overall drag and lift 

coefficients, while an increase is observed for the 

pressure coefficients on the leeward surface. The 

peak along-wind and across-wind responses are 

reduced by 13% and 4% respectively. 

 

• Increasing the lateral and vertical turbulence 

intensities led to an increase in the temporal 

standard deviation of surface pressure on the 

windward and side surfaces, local and overall drag 

and lift coefficients. The peak response along-wind 

and across-wind responses increased by 10% and 

24% respectively. 

 

This paper has demonstrated the effects of inflow 

assumptions on the integral lengthscale as well as lateral 

and vertical turbulence intensities, on the wind loads and 

displacement response of a tall building. While the CFD 

resolution remains to be an important factor in resolving 

and computing the across-wind response to capture the 

vortex shedding strength and higher-frequency fluctuations, 

inflow assumptions are found also to have significant 

effects on the dynamic response of the structure. This 

highlights the importance of measuring the vertical profiles 

of integral lengthscales as well as the lateral and vertical 

turbulence intensities during WT experiments. If the 

turbulence inflow assumptions differ from the atmospheric 

boundary layer turbulence at the site location for a building, 

CFD may provide a means to study the effects of the 

differences such that a correction can be made.  

This study only examines three components of 

lengthscale and three turbulence intensities, while there are 

additional parameters for the inflow turbulence. These 

include velocity lengthscales in the across-wind and vertical 

directions, which are typically represented by coherency 

decay coefficients, and Reynolds shear stresses. This study 

can be extended further to include the coherency decay 

coefficients and the Reynolds stress tensor. For the dynamic 

response, this study can be extended by considering higher-

order mode effects. Also, longer-duration CFD simulations 

can be performed to study the how the inflow conditions 

affect the peak events obtained from LES. 
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