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Abstract. Wind pressure is a critical argument for the wind-resistant design of structures. The attempt, however, to explore the wind
pressure field on buildings still encounters challenges though a large body of researches utilizing wind tunnel tests and wind field
simulations were carried out, due to the difficulty in logical treatments on the scale effect and the modeling error. The full-scale
measurement has not yet received sufficient attention. By performing a field measurement, the present paper systematically addresses wind
pressures on the rectangular attic of a double-tower building. The spatial and temporal correlations among wind speed and wind pressures at
measured points are discussed. In order to better understand the wind pressure distribution on the attic facades and its relationship against the
approaching flow, a full-scale CFD simulation on the similar rectangular attic is conducted as well. Comparative studies between wind
pressure coefficients and those provided in wind-load codes are carried out. It is revealed that in the case of wind attack angle being zero, the
wind pressure coefficient of the cross-wind facades exposes remarkable variations along both horizontal and vertical directions; while the
wind pressure coefficient of the windward facade remains stable along horizontal direction but exposes remarkable variations along vertical

direction. The pattern of wind pressure coefficients, however, is not properly described in the existing wind-load codes.
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1. Introduction

Definition of wind loads is viewed as a critical step in
the design of flexible structures, especially in today’s
inevitable trend towards increasing spans and heights of
bridges, buildings, power transmission or wind turbine
towers, etc. Since these slender structures usually exhibit
low natural frequencies, wind loads thus become the
dominant load in most situations. Besides, the natural wind
is essentially a nonstationary random process even in the
case of normal climate conditions. Wind loads applied on
flexible structures are thus of stochastic nature, which
results in a difficulty for structural engineers to logically
define the dominant load. Many efforts of studying wind
characteristics have been paid for addressing this issue in
recent years.

The wind engineering community primarily embraces
three means when studying the wind characteristics, i.e.,
field measurements, wind tunnel tests and computational
fluid dynamics (CFD) simulations. As a most robust and
convincing means, the field measurement has been adopted
for investigating wind speed and wind pressure against
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flexible structures. Li et al. performed full-scale
measurements on two tall-buildings with thirty floors and
seventy floors, respectively, and discussed the probabilistic
nature of wind speed (Li et al. 1998). Maruyama et al.
studied the distribution of maximum cross-correlation
coefficients of pressures based on the field measurement
data from a 2.4 m cube (Maruyama et al. 2008). Fu et al.
conducted an experiment on a 432 m high building during
Typhoon ‘Megi’, and addressed the probability density
distribution, turbulence intensity, gust factor and power
spectral density of wind speed (Fu et al. 2012). Richards
and Hoxey measured the wind pressure on a 6m cube and
presented a set of integrated pressure coefficients, including
the mean, the standard deviation, the maximum and
minimum pressure coefficients (Richards and Hoxey 2012).
Zhao et al. built up understanding of fluctuating wind
pressure distribution around cooling towers by conducting
full-scale measurements (Zhao et al. 2017). Unfortunately,
however, due to high requirements of time and investments,
the wind data obtained from field measurement are still too
deficient to have a full understanding of the wind
characteristics, especially for the measurement data of
complicated wind field in urban central areas. Besides, the
existing wind field studies using field measurements mostly
focus on investigation of nature wind, and seldom focus on
the wind pressure. As a consequence, the relationship
between wind speed and wind pressure has rarely been
studied. Moreover, the spatial correlation of wind pressures
at different spatial points was not paid sufficient attention,
though it is a critical factor in calculating wind loads on
spatial structures for gust response analysis. (Zeng et al.
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Fig. 1 Geographical location and landscape of double-tower building at campus of Tongji University in Shanghai China

2017, Peng et al. 2018b).

Based on the similarity law, wind tunnel tests simulate
the wind field around a building or bridge by creating a
reduced-scale model in an artificial wind tunnel and
applying certain boundary conditions on it. The wind tunnel
test is a preferable means since it can effectively reduce the
hours and expenses costed during wind characteristics
studies. Moreover, the wind field conditions can be
expediently controlled (Ko et al. 2005). Despite all the
advantages, however, of wind tunnel tests mentioned above,
this means is incapable of bypassing the scale effects
between the tested models and prototype structures, as well
as the wind field around them.

CFD techniques in simulating wind field around
buildings have gained huge progress during the past few
decades with the development of both computer
technologies and numerical simulation methods. It has a
benefit of readily offering flow data such as velocity,
pressure and other physical quantities of interest over the
entire computational domain by virtue of relatively low
requirements. Huang et al. studied mean and fluctuating
wind pressures on a standard tall building using both the
Reynolds-averaged Navier-Stokes (RANS) and the large
eddy simulation (LES) methods (Huang et al. 2007). Kose
and Dick compared the results of CFD simulation of mean
wind pressures on a cubical building using RANS, hybrid
RANS/LES and LES schemes (Kése and Dick 2010).
Tominaga explored wind field around different building
forms using CFD techniques (Tominaga 2015).
Nevertheless, to produce accurate results, CFD techniques
still remain open on solving complicated wind field
problems involving impingement, separation, reattachment
and circulation of turbulent eddies. As a matter of fact, the
turbulence models and relevant parameters adopted in CFD
simulations need to be modified in real time so as to create
consistent results with the data obtained from field
measurements or wind tunnel tests (Blocken 2014, Blocken
et al. 2016).

This paper presents an investigation of wind pressures
on the rectangular attic of a double-tower building by
performing a field measurement. The nature wind in terms
of the turbulence intensity and turbulence integral length
scale, power spectral density and statistical histogram of the
approaching flow is explored as well. The power spectral
density and statistical histogram of wind pressures are
addressed. Considering that the spatial and temporal
variations of wind field are critical for gust response
analysis of structures, the correlation analyses among wind

speed and wind pressures are also included. A full-scale
CFD simulation of the wind field around the rectangular
attic is also conducted to further reveal the wind pressure
distribution on the entire facades of the rectangular attic.
For calibrating purposes, comparative studies between wind
pressure coefficients derived from CFD simulations and
those provided in wind-load codes are carried out. The
remaining sections in the paper are arranged as follows.
Section 2 describes the details of local site and facilities for
field measurement. The nature wind involving wind speed,
temperature, turbulence intensity and turbulence integral
length scale is addressed. Power spectral densities,
statistical histograms, spatial and temporal correlations of
wind speed and wind pressures are discussed in Section 3.
Section 4 presents full-scale CFD simulations and
comparative studies against the existing wind-load codes
for revealing the pattern of wind pressure coefficients.
Influences of wind attack angles on wind pressure
coefficients are also investigated. The concluding remarks
are addressed in Section 5.

2. Field measurement
2.1 Wind observation facilities

The field measurement system was built up on the
rectangular attic of a double-tower building at the campus
of Tongji University in Shanghai China, as shown in Fig. 1.
This double-tower building is located in the urban center
area and surrounded by trees and dense buildings with
different heights. The dimensions of the double-tower
building are 68.7 m in length, 48.0 m in width and 50.0 m
from the ground to the roof and then 6.0 m from the roof to
the top of attic. The dimensions of the rectangular attic on
the roof are 8.4 m in length, 8.4 m in width and 6.0 m in
height. Besides, there are surrounding parapets with height
of about 1.8 m above the roof surface of the building. The
shortest distance between the parapets and the external wall
of the attic is only around 6.0 m.

For the purpose to investigate the characteristics of local
wind velocity and wind pressure on external walls of
buildings, a set of wind observation facilities was placed on
the top of the building, including one anemometer (type RM
Young 05103), one temperature probe (type 109), and three
wind pressure transducers (type CYG1721). It is seen from
Fig. 2 that the three wind pressure transducers, labelled
CH1, CH2 and CH3, are adhered centrally on the three
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Fig. 2 Layout of wind observation facilities applied in field measurement system

external walls of the attic and lifted 2.5 m from the building
roof. The anemometer is set at 2.5 m as well above the
building roof, and 5.5 m apart from the external wall where
the wind pressure transducer CH1 is placed. The
temperature probe is deployed together with the
anemometer. A set of data acquisition unit and power supply
is packaged in an equipment box which is placed on the
building roof. The sampling frequencies of the three kinds
of wind observation facilities are set to 1Hz.

2.2 Nature wind

The data of wind speed and wind pressures was
collected on 11th February, 2014. In order to attain an
understanding of the nature wind, the daily measured data is
first averaged on each velocity readings with time spans of
10 min to obtain mean wind speeds over the 24 hours, as
shown in Fig. 3(a). The turbulence intensity denoting the
fluctuating degree of wind speed is then derived; see Fig.
3(b), which is defined as the ratio between the standard
deviation of fluctuating wind speed and the mean wind
speed. In order to reveal the variation of wind direction, the
wind rose diagram derived from wind data collected in the
24 hours is presented in Fig. 3(c). One might recognize
from Fig. 1 that the 10-min mean wind speeds are in the
range of 1.0 m/s-2.8 m/s; the turbulence intensity varies
from 30% to 80%; and the wind mainly comes from the
northwest direction. The data of wind speed and wind

pressure collected on 11th February, 2014 is of concern
since the wind velocity in this period exhibits a relatively
large amplitude and a more stable direction. In addition, as
for the high turbulence intensity, it owes to (i) the double-
tower building is located at an urban center area with dense
buildings resulting in a large surface roughness length; (ii)
the turbulence intensity tends to be high when the wind
speed is in a low level (Ren et al. 2018).

Temperature is a critical argument related to air density
and viscosity. In order to keep track of the temperature field
along wind flows simultaneously, a complete time series of
temperature consistent with the wind data was collected.
Fig. 4 shows the mean temperatures on time spans of 10
min through 00:00 a.m. to 24:00 p.m. The temperature
ranges from about -3°C to 3°C, which is quite typical in the
winter season in Shanghai.

The fluctuating wind is usually viewed as the result of
the superposition of periodical eddy fluctuations with
different scales existing in the natural wind, i.e., the
fluctuating wind shares some similarities with traveling
wave. Given that U and f denotes the mean wind speed and
the eddy frequency, respectively, the ratio between U and f
would naturally be the wave length (namely length scale) of
eddies. Turbulence integral length scale is defined as the
average of eddy length scales during a certain time span in
turbulence flow. Based on Taylor’s hypothesis, the
definition of turbulence integral length scale is given by
(Peng et al. 2018b)
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1)

where U(z) denotes the mean wind speed at the specific
elevation z; u(t) denotes the fluctuating wind speed; oy
denotes the standard deviation of the fluctuating wind
speed; and t denotes the time lag between fluctuating wind
speeds.
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Fig. 5 presents the along-wind turbulence integral length
scales at the elevation of 52.5 m. The average turbulence
integral scale of the fluctuating wind speed is 60.3 m, and
the coefficient of variation is 30.7%. One might understand
that the smaller turbulence integral length scale owes to the
low mean wind speed and the large surface roughness
length involved in the present studies.

2.3 Wind pressures

Fig. 6 shows time series of the wind speed and wind
pressures on the external walls of the attic collected through
03:00 a.m. to 04:00 a.m. on 11th February, 2014, including
the data derived from wind pressure transducers CH1, CH2
and CH3. The time interval selected in this hour is based on
the wind condition, of which the wind direction was
relatively stable and the wind speed was relatively larger. In
order to conduct a qualitative analysis, schematic diagrams
that contain the information of wind direction and the
azimuth of the attic are drawn in Fig. 7. It is seen that for
most seconds during 03:00 a.m. to 04:00 a.m., the wind
blows from the east to the west. This wind direction and the
azimuth of the building result in a nearly 45° skew
intersection between the approaching flow and the external

walls A and B of the attic; see Fig. 7(b). It is thus indicated
that the external walls A and D are in combination of
windward and cross-wind facades, while the external walls
B and C are in combination of cross-wind and leeward
facades. According to the data of wind pressures, the hourly
mean wind pressures from CH1, CH2 and CH3 are -6.22 Pa,
-10.87 Pa and -12.76 Pa, respectively, which is reasonable
in qualitative sense that follows the rule of wind pressure
distribution on square shape building (Abdusemed and
Ahuja 2016).

3. Wind spectrum analysis
3.1 Power spectral densities

Power spectrum density of fluctuating wind speed
depicts the energy distribution of fluctuating wind over
frequency domain. Based on the Kolmogrove’s hypotheses,
a collection of wind spectra have been proposed in the past
few decades (Karman 1948, Davenport 1961, Kaimal et al.
1972, Simiu 1974). As one of the most widely-used wind
spectra in wind engineering community, the von Karman
spectrum is employed in this study, of which the function
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Table 1 Skewness and kurtosis of fluctuating wind speed and fluctuating wind pressure

Statistical Fluctuating Fluctuating wind Fluctuating wind Fluctuating wind Gaussian
moments wind speed pressure CH1 pressure CH2 pressure CH3 distribution
Skewness 0.4332 1.3736 -0.5506 -0.6344 0
Kurtosis 2.6734 7.4491 3.3439 4.1827 3
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Fig. 9 Uniformed histograms and Gaussian distributions of fluctuating wind speed and fluctuating wind pressures in time

span through 03:00 a.m. to 04:00 a.m

expression is given as (Peng et al. 2018b)
,(f)_ 4(f/u(z)
- /
o [1+ 70.8( fL, /U (z))ZJ5 6

where f denotes the frequency of fluctuating wind in Hz; L,
denotes the average turbulence integral length scale; U(z)
denotes the average longitudinal wind speed at the specific
altitude of z; Su(f) denotes the power spectral density of
fluctuating wind speed over the frequency domain.

To explore the consistency between the measured data
and power spectral density, a sample series in the time span
through 03:00 a.m. to 03:10 a.m. is investigated. Fig. 8(a)
shows the power spectral density of the sample series. For

)

comparative study, the von Karman spectrum is also
presented. It is seen that the wind spectrum of field
measurement and the von Karman spectrum show a good
consistency in both low and high frequency domains.
Spectral analysis on the measured wind pressure is
conducted as well using similar methods. Fig. 8(b) shows
the power spectral densities of sample series of wind
pressures collected from CH1, CH2 and CH3 in the time
span through 03:00 a.m. to 03:10 a.m. It is revealed that the
power spectral densities of wind pressures on different
external walls of the attic share a similar distribution over
both low and high frequency domains. Considering that
wind direction is about 270 degrees during the selected
period, CH1 is in the windward region, while CH2 and CH3
are in the wake region. The reason why all three spectra of



478 Yongbo Peng, Weijie Zhao and Xiaogiu Ai

0.5 r ©
20

0 + + O * 3 é’? ngu% P gt
MO T EAR RS, ello
e +0++.+ - ¢t+%8o<§)

fyont o e %
o+ + . 612 9
“ . 1'.+0 + e . + 1)
Nl o S
: oo Fato, . o CHI & SWS
+ CH2 & SWS
! ot + CH3 & SWS

00:00 04:00 08:00 12:00 16:00 20:00 24:00
Time [hh:mm]
(a) correlation coefficients

360

" * *, * Q
20N
* x ¥ *
*® * ik x

™ ¥

*,
e vx A
1?’1& Ll
kel *

Wind Angle [°]
%
(=]

el
(=)

0 n L n n
00:00 04:00 08:00 12:00 16:00 20:00 24:00
Time [hh:mm]
(b) wind angle in degree

Fig. 10 Correlation coefficients between square of mean wind speed (SWS) and mean wind pressures with time spans of

10 min, and wind angle in degree

wind pressure show similarity remains unclear, and a
possibility is the main building’s effect on the wind field
around the attic.

3.2 Statistical histograms

In the analysis of randomly wind-induced response and
reliability assessment of structures, the fluctuating wind
speed is generally simulated as a zero-mean Gaussian
process by virtue of spectral representation methods
(Shinozuka and Deodatis 1996, Hu et al. 2010, Ai et al.
2016, Song et al. 2018, Liu et al. 2018). However, this is
not rigorously applicable when the atmosphere turbulence is
disturbed by near-ground objectives such as urban
landscape. Fig. 9 presents the uniformed histograms and
Gaussian distributions of fluctuating wind speed and
fluctuating wind pressures in the time span through 03:00
a.m. to 04:00 a.m., where the Gaussian distributions exhibit
same statistical parameters as the uniformed histograms. It
is seen that the statistical distribution of fluctuating wind
speed exposes a similarity with the Gaussian distribution;
while those of fluctuating wind pressures expose an
obvious difference from the Gaussian distribution. High-
order moments, i.e., skewness and kurtosis, of fluctuating
wind speed and fluctuating wind pressures are shown in
Table 1.

One might recognize that neither the fluctuating wind
speed nor the fluctuating wind pressure submits to Gaussian
distribution rigorously. The difference between fluctuating
wind speed and Gaussian distribution is not so large that
can be regarded as an approximate Gaussian process in
wind engineering community (Li et al. 1998). However, the
fluctuating wind pressure should be viewed as a non-
Gaussian process.

3.3 Correlation analysis
Correlation coefficient is a metric on the extent of linear

relevance between two variables in statistics. In this study,
the spatial and temporal correlations among measured wind

speed and wind pressures are addressed. The formula of
correlation coefficient is defined as (Yan et al. 2013)

_ cov(X,Y)

Oy Oy

R @3)

where X and Y are two variables that denote measured data
of wind speed or wind pressure; ox, oy denote the standard
deviation of X and Y, respectively; cov(X,Y) denotes the
covariance of X and Y.

The approaching flow collected at the position of the
anemometer is approximately viewed as the input velocity
on the external walls A and B of the attic. In order to
address the functional correlation between the measured
wind speed and wind pressure, the wind data collected from
the entire day is analysed. The correlation coefficients of
the square of wind speed and wind pressure are calculated
using Eqg. (3), where X denotes the square of mean of
measured velocity readings with time spans of 10 min; see
X=U? (z)/1630 (ASCE 2010), where Y denotes the mean of
measured pressure readings with time spans of 10 min from
the wind pressure transducers CH1, CH2 and CH3.
Considering that the functional correlation is also dependent
on the wind angle, the mean of wind angle readings with
time spans of 10 min is investigated as well; as shown in
Fig. 10. It is seen that the correlation coefficient Ry between
the approaching flow and the wind pressures collected from
CH1 and CH2 varies mostly in range of -0.5 to 0.5, which
reveals a weak correlation; while the correlation coefficient
R: between the approaching flow and the wind pressure
collected from CH3 varies in range of -1.0 to 1.0, revealing
a strong correlation. Besides, the correlation coefficient
between CH1 and approaching flow varies from the positive
to negative after around 4:00 p.m., and that between CH3
and approaching flow varies from the negative to positive at
almost the same time. This can be inferred from the sudden
change of wind direction from about 270 degrees to
approximately 180 degrees; see Fig. 10(b). Meanwhile, one
might recognize that the change of wind direction does not
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to0 03:10:25 a.m

affect so seriously on the correlation coefficient between
CH2 and approaching flow since the position of the wind

pressure transducer

always

towards the

regardless of the wind angle 270 or 180 degrees.

windward

The spatial correlation of wind pressures collected from
the transducers CH1, CH2 and CH3 are investigated as well.
It is seen from Fig. 11 that the correlation coefficient R;
between the wind pressure data collected from CH1 and
CH2, and that collected from CH1 and CH3 both vary in
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(a) flow domain

(b) meshed full-scale rectangular attic model

Fig. 13 Mesh configurations of flow domain and full-scale rectangular attic model

range of -0.5 to 0.5; while that collected from CH2 and
CH3 varies between 0 and 1. The wind pressures on the
positions of external walls with CH1 and CH2, and on the
positions of external walls with CH1 and CH3 thus have a
poor spatial correlation; while the wind pressures on the
positions of external walls with CH2 and CH3 has a
moderate spatial correlation. As mentioned previously, the
wind blows from the west to the east, and the particular
azimuth of the attic leads to the external walls adhered with
transducers CH2 and CH3 arising to be a combination of
crosswind and leeward facades.

For the analysis of temporal correlation of wind data,
the time series of wind speed and wind pressures collected
through 03:00:00 a.m. to 03:10:25 a.m. are considered. The
time lag between X and Y is set as ranging from 0 s to 25 s.
For instance, in the calculation of correlation coefficient of
CH1 with time lag 10 s, X represents the wind pressure CH1
in the time interval between 03:00:00 a.m. and 03:10:00
a.m., and Y represents the wind pressure CHL1 in the interval
between 03:00:10 a.m. to 03:10:10 a.m. The correlation
coefficients against the time lag are presented in Fig. 12. It
is readily seen that, as a whole, the autocorrelation
coefficients Rs of wind speed and wind pressures on
different external walls become smaller increasingly with
the time lag. One might recognize that the autocorrelation
coefficients of the wind speed and the wind pressures
derived from CH1, CH2 have a similarity since the
anemometer and the transducers CH1, CH2 locate at an
almost same windward direction in the time interval with
wind direction 270 degrees. However, this similarity is not
exposed on the autocorrelation coefficient of the wind
pressure derived from CH3 that drops fast to zero before the
time lag 20 seconds. Nevertheless, the temporal correlation
analysis reveals that the collected wind data is reliable since
the measurement accuracies of both the anemometer and
transducers are in level of milliseconds.

4. Wind Field Simulations
4.1 CFD simulation setups

Wind pressure coefficient is a critical parameter

controlling the wind-resistant design of building structures,
which is often determined by wind field simulations and
wind tunnel tests in practice. With the purpose of exploring
the wind pressure distribution on the external walls of the
attic, a full-scale CFD simulation based on steady Reynolds
Averaged Navier-Stokes (RANS) equations is carried out.

The turbulence model of Realizable K —& is adopted,
which has been verified to be accurate on predicting the
flow motion associated with separation, reattachment and
recirculation (Blocken and Carmeliet 2008, Blocken et al.
2012, Montazeri and Blocken 2013, Zheng et al. 2016,
Mittal et al. 2018). The simulation is performed on the
platform of Fluent 6.3.26. SIMPLE algorithm is adopted to
deal with pressure-velocity coupling, and all variables are
treated with second-order discretization schemes.

To ensure a good consistency between results of CFD
simulations and full-scale measurement, a 10-sec wind data
with both large mean wind speed and small standard
deviation of wind angle is picked up for determining the
parameters of boundary conditions. All parameters relevant
to the boundary conditions of the CFD model are derived
from the selected time interval of 10 seconds: the elevation
of anemometer H=52.5 m; the horizontal wind speed
Un=4.23 m/s; the mean wind angle 6,=255.49° the
turbulence intensity 14=0.122; the integral length scale
Ly,=34.3 m.

The boundary conditions adopted in this study are
defined as the arguments as follows

u(z) = V—fln (iJ (3)

Kk \z,
k(2)=15[0(2)1(2) ] @)
£(2) =0.09°"[k(z)]"” /(xL,) ®)

where u(z) is the mean horizontal wind speed at the
elevation of z, k(z) is the turbulence Kinetic energy at the
elevation of z, &(z) is the turbulence dissipation rate at the
elevation of z, x is the von Karman constant (x=0.4), zo
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Fig. 15 Wind pressure coefficients on external walls of rectangular attic by CFD simulations.

denotes the ground roughness length (z0=2.0 m), vz is the
friction velocity (vi=0.502), 1(z) is the turbulence intensity
of horizontal wind speed at the elevation of z (which refers
to the AlJ Recommendations for Loads on Buildings (AlJ-
RLB 2004)), Ly denotes the turbulence integral length scale
at the elevation of z.

It is mentioned in the previous sections, the full-scale
dimensions of the rectangular attic above the roof surface
are 84 mx84 mx6.0 m. However, there are also
surrounding parapets with height of about 1.8 m above the
roof surface of the building. Thus an 8.4 mx8.4 mx4.2 m
model is used, and the flow field around the building is
constructed as the practical rules (Franke 2006, Franke et al.



482 Yongbo Peng, Weijie Zhao and Xiaogiu Ai

Table 2 Comparison of wind pressure coefficients on external walls of model provided by wind-load codes

Wind pressure coe Windward facade

Cross-wind facade Leeward facade

fficients (external wall A) (external walls B, D) (external wall C)
China +0.8 -0.7 -0.5

USA +0.8 -0.7 -0.5
Japan +0.6 0.7Y 1 -04% 1 (-0.29) -0.6
Europe +0.7 -1.2% 7 -0.8% 1 (-0.59) 0.3

*in Japan code, the wind pressure coefficient (D assigned on the block with width [0, 0.5*min{4h,b}], the wind pressure coefficient @
assigned on the block with width [0.5*min{4h,b}, 1.5*min{4h,b}], and the wind pressure coefficient (3 assigned on the block with widt

h [L.5*min{4h,b},d].

*in Europe code, the wind pressure coefficient O assigned on the block with width [0, min{2h,b}/5], the wind pressure coefficient @ a
ssigned on the block with width [min{2h,b}/5, min{2h,b}], and the wind pressure coefficient (3 assigned on the block with width [ min

{2h,b}, d- min{2h,b}].

* h denotes the height of model; b denotes the windward length of model; d denotes the cross-wind length of model.

2007). Grids of the flow domain are designed to be finer as
close to the building, and the total number of volume mesh
elements is around 1,220,000. The mesh configurations of
the flow domain and the full-scale rectangular attic model
are showed in Fig. 13.

4.2 Wind pressure coefficients

Wind pressure coefficient of structures is typically
defined as (Clancy 1975, Jendzelovsky et al. 2017)

SO e ®)
P 0.50:0¢U it

where P denotes static wind pressure at the point of
interest; Pin¢ denotes the reference static pressure; pins
denotes the air density (pini=1.225 kg/m®); Uins denotes the
reference air velocity. It has been proved that the selection
of reference point for Pins and Uins significantly relies upon
the buildings with and without balconies (Montazeri and
Blocken 2013). In this study, the reference point is
determined to the central line of velocity inlet profile at 0.8
m in height where the wind monitor is deployed, and thus
Pins =0 Pa, Uinr=4.23 m/s.

The numerical accuracy of CFD simulations is first
examined through comparative studies against the measured
wind pressures collected from the transducers CH1, CH2
and CH3. It is seen from Fig. 14 that the wind pressures at
the three observation points are all negative values, which
indicates a wind suction effect. The simulated wind
pressures, meanwhile, exhibit smaller values than the
measured data with a difference around 5 Pa. However, the
variations of simulated and measured wind pressures from
CH1 to CH3 show a consistent trend. Considering the
complexity inherent in the natural wind field and the
simplicity on the measures adopted by CFD simulations, the
numerical prediction results are still acceptable for
qualitative analysis.

The wind pressure coefficients distributed on the
external walls A, B, C and D of the rectangular attic are
shown in Fig. 15, where positive and negative values
indicate the wind push effect and wind suction effect,
respectively. It is seen from the contour of wind pressure
coefficients on the external wall adhered with CH1 appears

to zero in the central area, but exposes a drastic change
from +0.4 to -2.0 at the wall corner. Wind pressure
coefficients on the external walls adhered with CH2 and
CH3 show stable negative wind pressures: the former varies
from -0.6 to -2.4 and the latter varies from -0.6 to -1.8. The
results are similar to the findings in previous experimental
investigations (Abdusemed and Ahuja 2016), where the
wind pressure coefficient distributions on external walls of
a square shape tall building under wind attack angle 45°
were explored by wind tunnel tests.

4.3 Comparative studies against wind-load codes

Rectangular section and flat roof underlie a widely-
applied configuration of buildings in practice. Wind
pressure coefficients with respect to this family of buildings
have been well studied and recommended in the wind-load
codes for the wind-resistant design of structures. Based on
the knowledge in the previous sections, comparative studies
between simulated pressure coefficients and recommended
pressure coefficients in wind-load codes of China, USA,
Japan and Europe are proceeded. The 8.4 mx8.4 mx4.2 m
model is investigated here as well, of which the external
walls are flatted as a typical building with rectangular
section and flat roof.

The relevant provisions in the involved wind-load codes
are first addressed, including the Load Code for the Design
of Building Structures by China Academy of Building
Research (CABR 2012), the Minimum Design Loads for
Buildings and Other Structures by American Society of
Civil Engineers (ASCE 2010), the Recommendations for
Loads on Buildings by Architectural Institute of Japan (AlJ-
RLB 2004), and the Eurocode 1: Actions on Structures by
European Committee of Standardization (CEN 2004). The
wind pressure coefficients on external walls of the model
provided by the wind-load codes are shown in Table 2.

It is seen from Table 2 that for the 8.4 mx8.4 mx4.2 m
model, China and USA codes offer a relatively conservative
provision on the wind pressure coefficient of windward
facade compared with Japan and Europe codes; the
provision on the leeward facade offered in Europe code is
more radical; and the wind pressure coefficient on the
cross-wind facades shows a typical difference from the
wind-load codes. China and USA codes suggest a same
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Fig. 19 Pressure coefficient distribution on external walls with wind attack angle 15°

pressure coefficient on the entire cross-wind facades, i.e., -
0.7. However, Japan and Europe codes recommend a three-
block pressure coefficient on the cross-wind facades, and
each block is assigned a pressure coefficient as the
principles below Table 2. Besides, the pressure coefficients
assigned on the three blocks of the cross-wind facades in
Europe code are obviously larger than those in Japan code.
Full-scale CFD simulations on the model are performed
to serve as a validation. The turbulence model, boundary
conditions and other setups are the same as that detailed in
Sections 4.1 and 4.2, except that the wind attack angle is set
as 0°. Fig. 16 shows the wind pressure coefficients on
different facades, i.e., windward facade (external wall A),
leeward facade (external wall C), and cross-wind facades
(external walls B and D). It is seen that although the wind
pressure coefficients of the all facades vary with the
horizontal direction, those of the cross-wind facades arise to
be nearly isotropic along the vertical direction; however,
those of the windward and leeward facades arise significant

variations along the vertical direction. One might recognize
that the results of CFD simulations are distinctly different
from the provisions from the wind-load codes. A schematic
on the differences between the simulated results and the
provisions is shown in Fig. 17. It is seen that the simulated
results are processed with area-weighted average
(Simulated Mean), and their variations (Simulated
MeanxStd.D) reveals the fluctuation of wind pressure
coefficients along the vertical direction. It is seen that the
simulated results approach to the positive compared with
the wind-load codes no matter of the windward facades or
of the leeward and cross-wind facades. This is due to the
numerical error in CFD simulations, as shown in Fig. 14.

It is indicated as well that the block partition on wind
pressure coefficients of the cross-wind facades in Japan and
Europe codes is reasonable, owing to the fact that the
simulated wind pressure coefficients of cross-wind facades
significantly vary along the horizontal direction; see
Simulated Mean in Fig. 17. While those of windward and
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Fig. 20 Pressure coefficient distribution on external walls with wind attack angle 30°

leeward facades slightly vary along the horizontal direction,
especially of the leeward facade, which indicates that the
wind pressure coefficients of windward and leeward
facades could be treated as constant along the horizontal
direction, as indicated in the wind-load codes. However, the
fluctuation of the simulated wind pressure coefficients of
the windward and cross-wind facades appears to be
significant, while that of the leeward facades appears to be
slight; see Simulated MeanxStd.D in Fig. 17. It is revealed
that the variation of wind pressure coefficients of the
leeward facades along the vertical direction can be safely
ignored, but the windward and cross-wind facades shall
contain the anisotropy of wind pressure coefficients along
the vertical direction when determining wind loads on
structures.

4.4 Influences of wind attack angles

Wind attack angle is a critical factor significantly
affecting the wind pressure coefficients distributed on
external walls of structures. Generally speaking, the case
with wind attack angle 0° is the most unfavorable wind
situation for rectangular buildings, as noted in the wind-
load code of Europe Eurocode 1: Actions on Structures
(CEN 2004). While this is not mentioned in the wind-load
codes of China, USA, as well as Japan, since no more cases
except that with wind attack angle 0° are involved in
provisions of these codes. It is revealed, however, in the
results of CFD simulations under the cases with the
measured and zero wind attack angles that there are some
aspects worth of notice concerning the relevance between
the wind pressure coefficient distribution and the wind
attack angle.

Full-scale CFD simulations using the same setups as
detailed in Sections 4.1 and 4.2 are conducted. The
simulation model addressed in Section 4.3 is adopted here
as well. Four cases with wind attack angles 0°, 15°, 30°and
45°are investigated, respectively. The associated schematic
diagrams with wind attack angles towards the attic are
shown in Fig. 18. It is seen that when the wind attack angle
is just 0°, the external wall A denotes the windward facade;
the external walls B and D denote the cross-wind facades;
and the external wall C denotes the leeward facade.
Nevertheless, the wind situation changes as the variation of
wind attack angle, and the external walls will not be the
exact windward, cross-wind and leeward facades when the
cases with wind attack angles 15°, 30°and 45°are
considered. CFD simulation results of the case with wind
attack angle 0° are shown in Fig. 16 and have been
addressed in Section 4.3. While the simulation results of the
remaining three cases are shown in Figs. 19-21. It is seen
that for the cases with wind attack angles 15°, 30°and 45°,
the wind pressure coefficients of the external wall A are all
positive and range from +0.2 to +1.6, which are similar to
those of the windward facade under wind attack angle 0°
just that the area with maximum wind pressure coefficient
becomes smaller and moves towards the left boundary
along the rotation between the approaching flow and the
attic. For the external wall B, the wind pressure coefficients
tend to the positive with the increasing of wind attack
angles. While for the external walls C and D, the wind
pressure coefficients have no such definite tendency. When
the wind attack angle is 45°, a similar orientation between
the approaching flow and the azimuth of the attic as the
field measurement shown in Fig. 7 is attained. Owing to the
seriously geometrical symmetry, the external walls C and D
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Fig. 21 Pressure coefficient distribution on external walls with wind attack angle 45°.

exhibit exactly same wind pressure coefficients, just as the
external walls B and D in the case with wind attack angle
0°; see Fig. 16. Moreover, it is shown in Figs. 16 and 21
that compared with the case with wind attack angle 45°, the
case with wind attack angle 0° exhibits a stronger wind
suction effect on the external walls B and D and an almost
wind push effect on external wall A. Therefore, the wind
attack angle 0° is indeed the most unfavorable wind
situation for rectangular buildings.

5. Conclusions

A full-scale measurement of wind field around the
rectangular attic of a double-tower building is performed in
this paper. Based on the measured data, the nature wind
involving wind speed, temperature, turbulence intensity and
turbulence integral length scale, and wind pressures are
addressed. Power spectral densities, statistical histograms,
spatial and temporal correlations of wind speed and wind
pressures at measured points are analyzed. For a better
understanding of wind pressure distribution on the attic
facades, full-scale CFD simulations and comparative
studies against the existing wind-load codes are carried out.
Some concluding remarks are included as follows:

e Owing to the low mean wind speed and the large

surface roughness length involved in the observation site,

the turbulence intensity tends to be high and the
turbulence integral length scale appears to be smaller.

e The wind velocity spectrum derived from the
measured data shows a good consistency with the von
Karman spectrum in both low and high frequency
domains; and wind pressure spectra with respect to
different measured points share a similar distribution
despite the different wind conditions of them, which
might be due to the effects of the main building on the
wind field.

e Wind pressure coefficients distributed on the
external walls of the rectangular attic arise to be of
anisotropy along the horizontal and vertical directions,
which are similar to the findings in previous
experimental investigations of a square shape tall
building by wind tunnel tests.

e Under the case with wind attack angle 0°, the wind
pressure coefficients of the cross-wind facades expose
remarkable variations along both horizontal and vertical
directions; the wind pressure coefficients of the
windward facade remain stable along horizontal
direction but expose remarkable variations as well along
vertical direction; while the variations of wind pressure
coefficients of the leeward facades along both the
horizontal and vertical directions can be safely ignored.
The pattern of wind pressure coefficients, however, is
not properly described in the existing wind-load codes.

e The wind attack angle 0° is the most unfavorable
wind situation for rectangular buildings, which exhibits
a strong wind suction effect on the crosswind facades
and a remarkable wind push effect on the windward
facade.
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