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ABSTRACT

Tall reinforced concrete (RC) chimneys are wind sensitive structures and they exhibit both along-wind and
across-wind response. The design is governed by combined response of along- and across-wind directions.
The combination of along- and across-wind response is discussed in the first part of this paper. Combination
approach followed by IS 4998:1992, ACI 307:1998 and Menon and Rao (1997b) have been discussed.
Similarities and differences in these combination approaches are identified by evaluating the combined wind
response for a RC chimney. In the second part, this paper explores the  possibility of using existing
maintenance platforms as tuned mass dampers (TMD) to control the combined wind response of RC
chimney. With the help of a two-flue RC chimney of 217m height, it is shown that maintenance platform can
indeed be used as TMD. These platforms are to be mounted on bearings which imparts the required lateral
stiffness. It is shown that the maintenance platforms as TMD can reduce the combined response by about
30%.

Key words : chimney, tuned mass damper, maintenance platforms, along and acoss wind response.

INTRODUCTION

Chimneys are used to discharge  pollutants at higher elevations. Tall reinforced concrete (RC) chimneys are
sensitive to wind vibrations under the influence of dynamic wind loads. They oscillate in along- and across-
wind directions.  Along-wind vibrations occur due to gust in the direction of the incident wind and are
associated with drag forces.  Across-wind vibrations occur due to vortex shedding, leading to development
of lift forces in the direction normal to the flow of the incident wind.

Indian code IS 4998:1992 specifies the methods for obtaining along- and across wind loads on tall
RC chimneys. In this code, simplified and random response methods are given. Further, this code mentions
that the design wind loads are to be obtained by combining the across wind response with the coexisting
along wind loads. The combination of across- and along-wind loads is an issue, which needs to be properly
discussed and interpreted. In this context, it is to be noted that the ACI 307:1998 and Menon and Rao
(1997b) have  also given similar approaches for combining the  across-wind response with the coexisting
along-wind response. In the first part of this paper, the issue of combination of along- and across-wind
response as given in IS 4998:1992, ACI 307:1998, and Menon and Rao (1997b) is discussed. In the second
part of the paper, the control of combined wind response using tuned mass damper(TMD) is studied. In the
earlier study by Fulzele et al (2009), pendulum type TMD for controlling the wind response of RC chimney
has been discussed. Detailed study on this topic has been performed by Jaiswal and Srinivas (2005), Srinivas
(2005), Brahme (2008), Areemit and Warnitchai (2001) and Gerges and Vickery (2003). In these studies,
pendulum type TMD has been shown to be effective in reducing the across-wind and along-wind response.
It is noted that in many of the recent studies on TMD, the approach has been to use the existing component

WIND RESPONSE CONTROL OF TALL RC CHIMNEYS

K.R.C. Reddy1 , O.R.Jaiswal2  and P.N.Godbole3

Ph.D. Scholar1,    Professor2,  Emeritus Professor3

Department of Applied Mechanics
Visvesvaraya National Institute of Technology, Nagpur 440011, India.



2 Wind Response Control of Tall RC Chimneys

of the structure as TMD (Makino et.al (2008), Chey et al (2008) and Johnson et al (2003)). In tall RC
chimneys with multiflue, maintenance platforms are deployed at regular intervals along the height to sup-
port fire-brick linings. Fulzele et al (2009) have made an attempt to use one of the maintenance platform as
TMD. In the present study, the work of Fulzele et al (2009) is extended further to study the effect of TMD on
the along-wind, across-wind and combined response.

ALONG AND ACROSS WIND ANALYSIS

The along-wind analysis is performed using the random response method of IS 4998:1992. This method is
suitably modified as per Manohar (1972) to use the actual mode shapes obtained from the dynamic analysis.The
across-wind analysis is done as per Vickery-Basu method (1983, 1984). The wind climate parameters con-
sidered are the same as those used by Jaiswal and Srinivas (2005) and Fulzele at al (2009). The along-wind
analysis is performed using the first three modes.  For the across-wind analysis, modes whose critical veloc-
ity is less than the design wind velocity are considered.

The geometric details of a RC chimney considered for analysis are given in Figure 1. Height of the
chimney is 217 m, which has five tapers. M30 grade concrete is used upto 138 m height and M25 grade is
used in the remaining top portion. The mass density of concrete is taken as 2.5 t/m3, Young's modulus of the
concrete is taken as 5000?fck , where fck is characteristic strength of the concrete and the structural damping
as a fraction of critical damping is considered as 0.016. This chimney has twenty-one platforms along its
height. Weight of each platform and the height at which platforms are located is given in Table 1. Each
platform consists of circular RC slab of 200mm thickness supported on steel girders which rests on RC shell.
A typical sketch of platform details is given in Figure 2. Total weight of all the platforms is 43,500 kN and
the weight of RC shell is 1,40,000 kN.

For the purpose of analysis, the chimney is modeled as a vertical cantilever fixed at the base having
varying cross sections using beam element (NKTP 12) of NISA software (EMRC,1998). The chimney is
divided into 217 finite elements along its height. Natural frequency and mode shapes are obtained by using
the free vibration analysis of the finite element model.

The natural frequencies of the first three modes of the chimney are obtained as 0.33 Hz, 1.41 Hz,
and 3.51 Hz. The mean design wind speed is 46.1 m/s. The critical wind velocities of first three modes are
calculated as 24.7 m/s. 103.8 m/s, 258.5 m/s. Since the critical wind velocity of first mode is less than the
mean design wind speed, across-wind analysis is performed with only first mode. It is found that the
across-wind response is a  maximum at the mean design wind speed of 26 m/s which is very close to critical
wind speed of 24.7 m/s. The base moments due to along-and across-wind loads are given in Table 2. The
along-wind response given in Table 2 represents the peak value. Chimney tip deflection corresponding to the
across-wind oscillation is obtained as 0.123 m.

The along-wind response consists of mean and fluctuating components. For the purpose of
combination of along- and across-wind response, the coexisting along-wind response is required at a wind
velocity at which the across-wind response is maximum. The along-wind response at this velocity is also
given in Table 2.
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Table 1: Platform details of 
              the chimney 

 

 

Platform 
no. 

Height 
 (m) 

Platform 
weight 
(kN) 

21 217 549 
20 208 1809 
19 198 1960 
18 188 1977 
17 178 1994 
16 168 2011 
15 158 2028 
14 148 2046 
13 138 2063 
12 128 2081 
11 118 2099 
10 108 2117 
9 98 2157 
8 88 2198 
7 78 2240 
6 68 2283 
5 58 2327 
4 48 2418 
3 38 2513 
2 28 2611 
1 23 1986 

Flue 
  Figure 1: Details of 217 m high two-flue chimney

3-D view of steel girders supporting
the RC slab of platform

Sectional view of chimney showing
the maintenance platform

 

Maintenance
Platform

Figure 2: Geometric details of maintenance platform
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where Ma (z) = Moment induced by across-wind loads, Ml (z) = moment induced by the mean along wind
loads (wl(z))

where,                                            (2)

           = mean load per unit length,               is mean wind speed at zcr (i.e., 5/6 th of
height) and     is evaluated between 0.5           and 1.3          . The mean load,
is calculated as per IS 4998 (1992). The value of  Ml(z) is obtained as 326080 kNm. The
combined design base moment is obtained as ((349130)2 + (326080)2)1/2 =  477723 kNm.
It is intriguing to note that as per ACI 307:1998, the mean component of along-wind

response is reduced by a factor of                   , which does not depend on the critical

wind velocity at which the across-wind response is maximum.

Menon and Rao (1997b) (Method-3)

The along-wind response obtained by Menon and Rao(1997a) uses an effective gust factor(Gz) which varies
along the height is given by

(3)

The dynamic along-wind load at a velocity at which across-wind response is maximum is given by
wdz = (3(Gz-1) z Mm0)/h3, where Mm0 is moment at base due to mean wind load. The mean wind load is
calculated as per IS 4998 (1992).  G0 is the gust factor at the base of the chimney (i.e., z = 0), Gz is the
effective gust factor at height z. The across-wind moment needs to be  combined with coexisting along-wind
moment to obtain the resultant maximum moment under the across-wind loading condition. The combined
design moment is given by,

(4)

Where               =  across-wind moment at height z in rth mode, Mdz = coexisting along-wind moment due to
dynamic wind load. The values of G0, Gz and wdz are calculated as per the procedure given by Menon and
Rao(1997a). Then, the base moment due to dynamic wind load is calculated as 131602 kNm, and the acoss-
wind load is obtained as 349130 kNm. From equation 4, the combined design moment is obtained as
383021 kNm.

 
     

2

cr
l zV

Vzwzw 







   )(zw

  )(zw   )( crzV
 V   )( crzV   )( crzV

  2))(( crzVV


 






















 


h
zhGG z 6

0005.055.110

    122
,, )1()/(1 

 zdzrzacrzacz GMMMM

  rzacM ,

Table 3: Combination of along and across-wind response

Sr 
no 

Method Base moment (kNm) 
Along Across Combined 

1 Method-1 199337 349130 402028 
2 Method-2 326080 349130 477723 
3 Method-3  131602 349130 383021 
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The results obtained from the three methods are given in Table 3. The across-wind moment used in
all the three methods is the same and is obtained by Vickery-Basu (1984) method. It is reiterated that, for all
the three methods, the along-wind loads were obtained using IS 4998:1992, but the combination was done
as per the procedures mentioned in the above methods.

From Table 3, it is seen that, in IS 4998:1992 the total along-wind response at the coexisting
velocity is combined with across-wind response. In ACI 307:1998, the mean component of along-wind
response is

multiplied by a factor                         and then it is combined with across-wind response. In the method
suggested by Menon and Rao (1997b) the fluctuating component of mean load evaluated at the coexisting
velocity is combined with the across-wind moment. It is seen that the combined moment obtained from
IS 4998:1992 matches reasonably well with the value obtained by Menon and Rao(1997b).

MAINTENANCE PLATFORMS AS TMD

As mentioned earlier, in the past many studies (Jaiswal and Srinivas (2005), Brahme (2008), Areemit and
Warnitchai (2001) and Gerges and Vickery (2003)) have shown that pendulum type TMD can be quite
effective in reducing the wind response of tall chimneys, particularly the across-wind response. Further,
Makino et.al (2008) ,Chey et al (2008) and Johnson et al (2003) have attempted to use the existing compo-
nents of the structure as TMD. For tall RC chimneys, the maintenance platforms are provided at various
heights. A typical platform consists of circular RC slab supported on steel girders which in turn rest on RC
shell (Figure 2). If this platform mass is to be used as TMD, then it must have sufficient lateral stiffness to act
like TMD. This lateral stiffness can be imparted by supporting the platform on bearing as shown in
Figure 3b.

          a. Existing case                b. Proposed changes

Figure 3: Details of maintenance platform and elastomeric bearing as TMD

Recently, Fulzele et al (2009) have shown that for a 217 m tall RC chimney, one of the existing
platform located at 208 m height, can be used as TMD if it is supported on suitable bearings. But in the
analysis, the authors have not considered the weights of the platforms. In the present study, for the same
chimney, the weight of all the platforms is considered in the analysis. The total weight of chimney analysed
here is 1,83,500 kN, which includes the platforms weight of 43,500 kN. The weight of platform at a height
of 208 m is 1808 kN, which is considered as TMD, is about 1 % of the total weight (Ricciardelli (2001)). The
generalized mass, which is a sum of the product of the mass per unit height and the corresponding modal
value, is calculated as 2311 t. Hence, the ratio(μ) of the TMD mass to that of generalised mass is 0.0782.
Since the frequency of the first mode of  chimney(f1) is 0.33 Hz, the frequency of the TMD, ft = f1/(1+μ) =

 
 
 
 

 
 
 

         
 
 
 
 

 Platform 

Chimney Shell 

Platform 
 

Bearing 

Chimney Shell 

(V / )( crzV )2 
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0.31 Hz. Then, the stiffness of the TMD spring is obtained as, kt = 4 2 ft
2 mt  = 694.3 t/m. Thus the bearing

as shown in Figure 3b, which is proposed to be mounted at the bottom of the platform, shall have total
stiffness of 6943 kN/m.

For the analysis, TMD is modeled as spring and mass attached to the beam element of chimney.Then,
using the finite element model, the free vibration characteristics of the chimney with TMD have been ob-
tained. The natural frequencies for the first three modes are obtained as 0.28 Hz, 0.37 Hz and 1.44 Hz
respectively. It is noted that the critical wind velocity of the first two modes of chimney with TMD are found
to be less than the mean design wind speed. Hence, the across-wind analysis is performed by considering the
first two modes. The results of along and across-wind analysis for  the chimney with and without TMD are
presented in the Table 4 and 5.

It is to be noted that across-wind response is obtained as per Vickery and Basu (1983). The details of
across-wind response in each mode are already given in Jaiswal and Srinivas (2005). For both the modes the
model response is combined as per the square root of sum of squares rule. By using a similer approach
Vickery and  Basu (1984) have used the multiple modes to predict the the response of a tower. The structural
damping ratio is taken as 0.016 for the analysis of chimney with and without TMD.

Effect of TMD on wind response

From Table 4 it is noted that TMD does not help in reducing the alongwind response, but it
significantly reduces the across wind response. The reduction in the across-wind peak tip deflection, base
shear and base moment are noted as 16.3%, 40.6% and 39.1% respectively. The deflection of TMD is ob-
tained as 0.32 m as against the chimney peak tip deflection of 0.103 m. The higher deflection of TMD (i.e.,
maintenance platform) is quite on the expected lines and this deflection can be accommodated by the
maintenance platform. Further by increasing the damping of the platform-spring system, this deflection can
be reduced.

Table 4: Results of along-wind analysis

Table 5: Results of across-wind analysis

The design of chimney is carried out for the combined response of along and across-wind analysis.
The comparison of combined response with and without TMD is presented in Table 6 for all the three
methods. For chimney with TMD, two modes are to be considered in the across wind analysis. Hence in the
merthod by Menon and Rao (1997b), while using the equation (4), Mzac,r is taken as total across wind
response of the first two modes. It is observed that the combined design values have considerably reduced
due to TMD in all the three methods.

Chimney Base shear (kN) Base moment (kNm) 
Without TMD 5079 662526 
With TMD 5097 664299 
% of reduction -0.3% -0.2 % 

Chimney Mean 
velocity 
V (m/s) 

Tip deflection 
η 

 (m) 

Base shear 
(kN) 

Base moment 
(kNm) 

Without TMD 26 0.123 2245 349130 
With TMD 30 0.103 1333 212722 
% of reduction - 16.3 % 40.6 % 39.1 % 
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Table 6: Combined design moments using maintenance platform as TMD

5. DISCUSSION AND CONCLUSIONS

The design of tall RC chimney mainly depends on the combined values of along and across wind
loads. In the present work, the approaches for combining the along and across wind  response as followed by
IS 4998:1992, ACI 307:1998 and Menon and Rao(1997b) are reviewed. It is noted that IS 4998:1992 com-
bines across-wind response with the co-existing along-wind response, i.e., total along-wind response is
obtained at a velocity at which across-wind is maximum. In ACI 307:1998 the along-wind response used for
combination is calculated at reduced mean velocity component. This reduced mean velocity component
does not depend on the critical wind speed. Menon and Rao (1997b) have used fluctuating component of
alongwind response to combine with the across-wind response. The fluctuating component of along-wind
response is obtained at a velocity at which acrosswind response is maximum. The combined response
obtained by ACI 307:1998 is on higher side compared with  IS 4998:1992  and Menon and Rao(1997b) .

In the past studies (Jaiswal and Srinivas (2005), Brahme (2008)) , Areemit and Warnitchai (2001)
and Gerges and Vickery (2003)), it has been shown that, the pendulum type TMD can be used to control the
wind response. Subsequently, Fulzele etal (2009) made an attempt to use the existing platform as pendulum
type TMD. The present study performed on two-flue RC chimney of 217 m height, indicates that
maintenance platform can indeed be used to control the combined wind response (i.e., combined response of
along and across wind analysis).

For tall RC chimneys with multiflue, maintenance platforms are present at various heights. One of
these platforms at higher elevation, can be used as TMD by providing it with suitable lateral stiffness.Analysis
of a two-flue RC chimney of 217 m height indicates that platform indeed have appropriate mass to act as
TMD and lateral stiffness can be imparted by providing suitable elastomeric bearings at the support. Such a
TMD reduces the combined response by 20-30%. The deflection of platform is 0.32 m, which can be
permitted without affecting the functional requirements of maintenance platforms.

The results obtained in this study shows that the maintenance platforms offer a good option to be
used as TMD to control the combined wind response of tall chimneys. The maintenance platform is to be
mounted on lateral springs (like eastomeric bearings) to impart lateral stiffness. Further studies on wind
tunnel model are neccessory to validate the results of this study.
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Sr. 
No. 

Method Chimney Base moment 
(kNm) 

1 Method-1 
(IS 4998:1992) 

 

Without TMD 402028 
WithTMD 295477 
% reduction 26.5 

2 Method-2 
(ACI-307:1998) 

Without TMD 477723 
With TMD 389331 
% reduction 18.5 

3 Method-3  
(Menon and Rao 1997b) 

Without TMD 383021 
With TMD 241619 
% reduction 36.9 
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simulation and for pressure measurement techniques for testing the models of low buildings in the wind
tunnel. With the availability of full-scale data for low buildings, the techniques for wind flow simulation
have to be reviewed on the basis of model/full-scale comparison of observed surface pressures. Jamieson
and Carpenter (1993) conducted wind tunnel pressure measurement on 1:25 scale-model of the Texas Tech
Building. Comparison with full-scale data for Mode M04 shows generally good agreement for mean, rms,
and peak data for wind directions producing peak suction. However, some differences were observed in the
rms and peak data, particularly for wind directions not showing large peak pressures. Additional pressure
taps located closer to the roof edges than any of the full-scale taps produced very large suction, with a peak
pressure coefficient which could be as high as around -15.

A good flow simulation based on duplication of the mean-wind profile, the along-wind turbulence
intensity and integral scale, does not automatically guarantee duplication of peak suctions from the field
experiments (Tieleman 1996). Instead, exploratory experiments which stress the duplication of both
horizontal turbulence intensities and their small-scale turbulence content are able to duplicate these extreme
suction pressures much better (Tieleman 1996). Cheung et al (1997) carried out a study on wind pressures on
a 1/10 scale model of the TTU building and concluded that the mean and rms pressure coefficients from the
model for critical corner tapings for oblique wind directions are in excellent agreement with the
corresponding full-scale values. The largest minimum peak pressure coefficients for these tappings are
approximately 20% less in magnitude than the corresponding full-scale values.

Tieleman et al (1998) conducted experiments on the roof of a 1:50 scale model placed in turbulent
shear layers developed over several different roughness configurations in the boundary - layer wind tunnel
which is part of the wind load test facility at Clemson University and compared with full scale data of
pressure coefficients from the T.T.U. building.   He concluded that agreement between model and field roof
pressures is only possible provided detailed attention is paid to the duplication of the two horizontal
turbulence intensities and their small-scale turbulence content, and the model turbulence integral scale ex-
ceeds one-fifth the magnitude of the scaled-down field scale. The results also show that the mean flow
profile parameter  and z0 do not require exact duplication.

Tieleman (1996) found that for Atmospheric Surface Layer (ASL) simulation, other than
duplication of turbulence intensity, the small-scale spectral density parameter, S, of the incident flow, which
is defined below, should also be properly matched. 'S' is given as,

S = (n Su (n)/ Su
2) (Su / U)2 x106

evaluated at n = 10U/L
where,
n - Frequency of velocity fluctuations
Su - Standard deviation of the stream-wise velocity fluctuations
U - Mean velocity evaluated at building eave height, H
L - Characteristic model dimension, which is eaves height in the present study
Su (n) - Spectral density function at frequency n

Improved matching of the small-scale turbulence parameter can be achieved by using larger models
together with increased upstream floor roughness or by using small spires in the upstream. Using larger
models and increased floor roughness while relaxing the requirement for strict matching of integral scale has
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produced flow simulation which provides a more acceptable laboratory duplication of the peak pressure
coefficients in the critical areas (Tieleman et al 1998).

On the basis of the work reviewed it has been established that for the wind tunnel studies on low-rise
buildings, the atmospheric surface layer (ASL) should be modeled. Proper simulation of turbulence
intensities and small-scale turbulence content in the incident flow are required. Furthermore, exact scaling of
the turbulence integral length scale does not seem essential for the prediction of the wind pressures on
low-rise buildings.

TEST PROGRAMME

Boundary layer Wind Tunnel

The study has been conducted in the Boundary Layer Wind Tunnel (BLWT) at  Indian Institute of
Technology Roorkee, India. This is an open circuit, continuous flow, suction type wind tunnel using a single
blower fan (125 HP) having a test section of 2.1m x 2.0m size. The length of test section is 15m. An elliptical
effuser profile with contraction ratio 9.5:1 along with square-holed honeycomb at the entrance (6mx6m)
helps to develop a uniform smooth flow in the test section (Fig 1). Different roughness devices have been
used to meet the wind tunnel simulation requirements and for the development of highly turbulent flow for
generating the Atmospheric Surface Layer in the 2.1m x 2.0m BLWT. Five Counihan type vortex generators,
a barrier wall and roughness blocks of 15.0cm, 10.0cm and 7.0cm have been used as roughness devices.
Layout of different roughness devices used for flow simulation is shown in Fig 2.

Photo 1 TTU Building Model with Flow simulation Roughness Devices
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Fig 1 Schematic of Boundary Layer Wind Tunnel at Department of Civil Engineering,
Indian Institute of Technology Roorkee, Roorkee, India
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Fig. 2 Layout of Different Roughness Devices Use for Flow Simulation
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where  (t) is velocity fluctuation at time t and  (t+) is velocity fluctuation after the small time increment
of .

Fig.4 presents the auto-correlation plot of velocity fluctuations, recorded at eaves height of the model, i.e., at
15.6 cm from the tunnel floor. Auto-correlations are then used to evaluate the integral scale of turbulence.
The integral scale is defined as the area under the auto-correlation curve of the fluctuating velocity
component. These are usually temporal measurements at a fixed point and Taylor's hypothesis can be used to
convert the area under the auto- correlation function into units of length as given by Eq.2.

(2)

where Lux is the integral length scale, U is the mean wind velocity and                         is the area under the
auto-correlation curve [Scruton, 1981].

An average of ten observed values is taken as representative for Lux, which is found to be 0.45m.

The small-scale turbulence parameter of the incident flow is evaluated at the frequency n (=10U/ L)
at model eave height. The average value of the small-scale parameter obtained was S = 101 which is quite
high and found to be appropriate for the model study. Wind tunnel studies so far have been made with
smaller values of S excepting one reported by Tieleman. The flow characteristics obtained with the present
set of roughness devices closely agreed with the simulation # 8 of Tieleman et al (1999), which gave the best
duplication of mean and peak pressure coefficients comparing model/full-scale results establishing adequacy
of the 'S' value achieved. Tieleman et al (1997, 1998) earlier presented the value of the small scale turbulence
parameter for different simulations but later corrected them in Tieleman et al (1999).

n´ = nH / U S´ (n) = nS(n) / 2

Plots of n´ versus S´ (n) on log-log scale have been presented in Fig 5.
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Fig  4   Auto Correlation Plot at Eave Height
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 COMPARISON OF TTU BUILDING MODEL WITH FULL SCALE DATA

The TTU Building model was made in Perspex to 1:25 scale. This is an approximately flat roofed
building with full scale dimensions 9.14m × 13.72m in plan and 3.96m high. Texas Tech University field
data Mode M04 compiled by Bob Iverson & Marc Levitan has been downloaded through Internet site
www.ttu.edu.com. Mode M04 consists of data for 9 taps. The first 7 taps (50101 - 50909) are roof corner taps
and the last 2 taps (22306 and 42206) are wall taps. Each record is of 15 minutes duration and all records are
sampled at 10 Hz. The mean wind tunnel velocity at roof height of the building is 9.68 m/s and the turbulence
intensity is 20% which is close to the mean full scale value of TTU Mode M04 data.

Since the sample record length, Tp for the field observation is 900 s, the model record length, Tm,
depends on the corresponding velocity, Vm, attained in the wind tunnel. With Tm = Tp(Lm/Lp)(Vp/Vm)
[Tieleman et al 1998] and model scale 1:25, an average record length required for the simulation is approxi-
mately 30s in duration. Pressure coefficients from model experiments have been based on the velocity at the
scaled roof height, which is 15.6 cm, observed at the model location. Flow parameters describing the inci-
dent flow have been acquired at the same location. Measurements have been made for 360º in steps of 15º.
The observed pressure coefficients Cpmean, Cpmin and Cprms have been plotted against the angle of wind
incidence varying from 0º to 360º and compared with the full-scale data. Figs. 6(a) to 6(e) show the compari-
son of pressure coefficients between model-scale and full-scale measurements from which the following
behaviour is noticed:

1. Overall, the model-scale pressure coefficients showed generally good agreement with the full-scale data
for the corresponding pressure taps. The mean values, Cpmean, particularly agreed well.

2. The full-scale mean pressure values, Cpmean, are mostly consistent for similar wind directions whereas
the rms and peak values show rather larger deviations for certain wind directions.

3. Model-scale rms values, Cprms, matched the full-scale data quite well for the wind directions giving
large peak values, but are found to be generally somewhat higher than the prototype values.
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Fig 5 Normalised Reduced Spectrum Plot at Eave height
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Fig 6 (c) TTU Building Cpmean, Cprms and Cpmin for Roof taps
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intensities and small-scale turbulence content in the incident flow are required. Furthermore, exact scaling of
the turbulence integral length scale does not seem essential for the prediction of the wind pressures on
low-rise buildings.  The study reconfirms some of the findings from previous studies.
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ABSTRACT

Measurements of wind-induced loads on rooftop air conditioning (a/c) units were carried
out at a full-scale testing facility. The a/c units were installed on the roof of a test building and
instrumented with force and pressure transducers to capture the aerodynamic loading effects. The
load coefficients were compared to those specified in the American Society of Civil Engineers
(ASCE) Standard Minimum Design Loads for Buildings and Other Structures. The use of screens
as a technique with the potential for mitigating wind loading on rooftop equipment was also
investigated. Placing a porous metal screen around the rooftop equipment was found to reduce
wind loading effects on the equipment by 33-70%, depending upon the porosity of the screen.

Key words : Wind load, rooftop equipment, mitigation, full-scale, gust factor

INTRODUCTION

Damage reconnaissance studies performed during the 2004 and 2005 Atlantic hurricane
seasons identified rooftop equipment failures as one of the primary sources for millions of
dollars worth of building damage, water infiltration, wind-borne debris, and delays in post-storm
recovery due to the disruption of operations at critical recovery facilities (FEMA 488, 2005;
FEMA 490, 2005). Of the four 2004 Florida hurricanes that caused the observed rooftop
equipment-related damage, only Hurricane Charley produced wind speeds at or above design
levels specified in the most recent editions of the Florida Building Code (FBC) and the
International Building Code (IBC) (FEMA 490, 2005).

Following Hurricane Katrina in 2005, similar results were observed in Louisiana,
Mississippi, and Alabama. The Katrina Mitigation Assessment Team (MAT) identified wind
impacts to rooftop equipment as one area requiring further attention from designers, architects,
and contractors (FEMA 549, 2006). This MAT also observed that rooftop equipment located on
essential facilities, such as hospitals, police stations, and emergency operations centers, was
generally not anchored any more securely than rooftop equipment found on common commercial
structures. Similarly, damage assessments performed by the National Institute for Standards and
Technology (NIST) in 2005 documented the impact of rooftop equipment failures, and the
ensuing damages caused by wind-borne debris stemming from detached rooftop equipment
(NIST Technical Note 1476, 2006).
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These observations indicate that current rooftop equipment design criteria and anchorage
methods may be inadequate to withstand severe winds. Primarily, this may be attributed to a lack
of information on rooftop equipment design wind loadings. The objective of this study was
twofold: to obtain realistic wind loading data for rooftop equipment by conducting full-scale
experiments on typical roof-mounted air conditioning (a/c) units under simulated hurricane-force
winds, and to develop and evaluate a mitigation technique that may alleviate the wind loading on
existing rooftop equipment panels to improve their performance under extreme wind loads.

As a result of the extensive rooftop equipment failures observed in 2004 and 2005, Reinhold (2006)
documented the procedures for calculating wind loading on rooftop equipment presented in American
Society of Civil Engineers (ASCE) Standard Minimum Design Loads for Buildings and Other Structures
(ASCE 7-02, 2003, ASCE 7-05, 2006), and offered designers provisional recommendations for the
estimation of rooftop equipment wind loads until more research could be performed. Unlike earlier editions
of the ASCE 7 Standard, ASCE 7-02 and ASCE 7-05 addressed rooftop equipment wind loads (section
6.5.13 in ASCE 7-02, and section 6.5.15 in ASCE 7-05), but only considered lateral forces. The ASCE 7-05
Commentary notes the existence of lift forces, but no formal procedure was given for their calculation, nor
was there sufficient data on the possibility of increased loading caused by the equipment's position near
higher uplift pressure zones around building corners and edges. The latest edition of the Standard, ASCE
7-10 (2010), includes Section 29.5.1 to address rooftop equipment uplift loading, in addition to lateral
loading.

As rooftop equipment wind loading developed in the ASCE 7 Standard, a significant change was
made between the ASCE 7-02 and the ASCE 7-05 methodologies through the addition of section 6.5.15.1 in
ASCE 7-05, which governed the design of rooftop equipment placed on low-rise structures, defined as
buildings with height h18.3 m (60 ft). This section required the lateral force, calculated by ASCE 7-05
Eqn. 6-28 (identical to ASCE 7-02 Eqn. 6-25)

F = qz G Cf Af , (1)

to be multiplied by an additional factor of 1.9, which reduces linearly to 1.0 as the projected area of the
rooftop equipment increases from less than or equal to 10% of the windward area of the building (i.e., 0.1Bh)
to 100% of the windward area of the building (i.e., 0.1Bh), respectively, whereB is the building's width.
Reinhold (2006) pointed out that, in general, the windward area of most rooftop equipment is less than 10%
of the windward building area and, as a result, the factor of 1.9 is applicable to most rooftop equipment. This
implies that for a majority of cases the ASCE 7-05 methodology resulted in a rooftop equipment lateral
design force nearly two times greater than that calculated under the requirements of ASCE 7-02. The same
methodology for calculating the lateral loading as prescribed in ASCE 7-05 has been continued in Section
29.5.1 of ASCE 7-10. In addition, ASCE 7-10 prescribes both lateral and uplift load coefficients (GCf and
GCr, respectively) for rooftop equipment mounted on low rise buildings. The increased design loads on
rooftop equipment can be addressed by adequately designing the roof members and connection systems to
support the equipment in the case of new construction. However, for existing buildings, the roof members
might need extensive retrofitting/strengthening to support new pieces of rooftop equipment in order to
address the increased design loading as per the new standard.

The changes to rooftop equipment wind loading made between ASCE 7-02 and ASCE 7-05 were
based on the results of a wind tunnel investigation conducted by Hosoya et al. (2001),which modeled a 1.22
m x 1.22 m x 1.22 m (4 ft x 4 ft x 4 ft) a/c unit placed at three different locations on the roof of Texas Tech
University's (TTU) Wind Engineering Research Field Laboratory (WERFL), at a scale of 1:50. This study
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found that the highest measured surface pressures existed when the rooftop equipment was located near the
edge of the base building and that the pressures decreased as the equipment was moved toward the center of
the roof. The code modification was based on the study's findings that for the rooftop equipment
configuration tested in the wind tunnel the peak gust factor G was 1.63, rather than the ASCE 7 nominal
value of 0.85. To maintain a consistent nominal gust factor of 0.85 throughout the standard, an
additional factor of 1.9 (1.63/0.85 = 1.9) was added in ASCE 7-05 to account for high pressure correlation on
typical rooftop equipment units.

Small-scale wind tunnel experiments have proven essential in wind engineering. However, they
may have limitations when modeling smaller components around the building envelope, such as rooftop
equipment. Scaling restrictions, especially in terms of Reynolds number dissimilarity between small-scale
and full-scale flows, make it difficult to reproduce detailed flow phenomena around smaller building
components. Also, it is difficult to put a sufficient number of pressure taps on small-scale models of rooftop
equipment because of size constraints, which may lead to reductions in accuracy of area averaged forces
calculated using the pressure integration technique.

Field measurements on rooftop equipment are difficult for many reasons. Instrumenting rooftop
equipment on real buildings without disrupting building operation or developing nonintrusive methods for
installing sensors is challenging. Also, the probability of instrumented rooftop equipment units on a limited
number of buildings experiencing sufficiently strong wind events is low and could require several years of
waiting time. Although destructive testing methods such as vacuum chambers, reaction frames, and
compressed air cannons have been used to simulate extreme wind-induced pressures, forces, and flying
debris on full-scale structural components (Leatherman et al., 2007), difficulties would arise in the use of
these testing methods for rooftop equipment because the dynamic lateral and uplift forces exerted on rooftop
equipment are dependent not only upon the aerodynamic features of the equipment system, but
also on the mounting configuration and the location on the base building.

LARGE- AND FULL-SCALE TESTING TECHNIQUES

Baker (2007) has pointed out the continuing need for large- and full-scale experimentation to
confirm data obtained in wind tunnels and by computational fluid dynamics techniques. Full-scale testing of
rooftop equipment is advantageous for several reasons. Force coefficients based on aerodynamic loads can
be obtained directly from reaction forces measured for full-sized a/c units mounted in a realistic manner.
This technique avoids pressure integration, the accuracy of which is highly dependent upon the spatial
resolution of pressure measurements. Complex flow characteristics through louvers and openings found on
real a/c units can be accounted properly; and testing real a/c units and mounting systems makes it possible to
examine the structural integrity of the equipment and connections under simulated hurricane-force winds.
Full-scale testing is especially advantageous for the part of this study related to mitigation devices, which
contain perforations of critical functionality that are too small in size to be reproduced in wind tunnel model
scale tests but can be prototyped without any distortion in fullscale tests.

Recognizing the need for full-scale wind loading information, wind engineers have recently
developed several large- and full-scale testing facilities. The Three Little Pigs project at the University of
Western Ontario uses actuators to create pressure distributions around full-scale building models based on
pressure time histories measured in the wind tunnel (Kopp et al., 2006). The mobile wind simulator built by
the University of Florida is a 2x4 fan array that has been used to evaluate the performance of low-rise
building components and simulate winddriven rain based on data collected during land-falling tropical
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low-rise buildings in South Florida. Four rubber vibration isolators were placed between each a/c unit and
the aluminum stand. The a/c units were secured to the stand with continuous pieces of 25.4 mm (1 in) wide
galvanized steel strap wrapped around the a/c units and mechanically attached to the aluminum stand with
appropriately sized sheet metal screws. The base building dimensions were chosen to ensure that the rooftop
equipment's windward projected area (Af) and the projected area of the top surface (Ar) would be less than
10% of the building's windward wall area and roof area, respectively. Based on these criteria, a flat-roofed
wooden base building was constructed measuring 2.4 m (8 ft) tall and 4.9 m (16 ft) wide in both horizontal
dimensions. Ratios of Af,equip/Af,bldg = 8.5% and Ar,equip/Ar,bldg = 8.8% were achieved with this setup.

The rooftop equipment was tested at two different locations on the base building: near the roof edge
(Fig. 3a) and at the middle of the roof (Fig. 3b). The full-scale testing was performed with wind applied at a
00 angle of attack (perpendicular to the roof edge), based on the results of Hosoya et al. (2001), which
demonstrated that the largest lateral force coefficients occurred when the wind was acting approximately
normal to the rooftop equipment model. Although Hosoya et al. (2001) found the highest uplift force
coefficient occurred under diagonally approaching winds, oblique wind directions were not considered for
the current study and testing under different wind angles of attack will be performed in the future.

Rectangular bays measuring 0.4 m (16 in) long x 0.3 m (12 in) wide were built beneath the roof
surface of the base building (Fig 4), providing a place to conceal the load cells so they would not affect the
flow across the roof, or raise the height of the rooftop equipment above the roof. The bays were located on
the roof at the corresponding attachment points for the a/c stand base plates. During the experiments,
plywood panels were installed above the instrumentation bays, flush with the roof surface, to protect the load
cells from wind and to simulate a flat roof surface. Custom mounting devices were designed and fabricated
to measure the lateral and vertical forces beneath each base plate. Each mount was built on a linear motion
system consisting of a THK model HSR35B guide block and a 280 mm (11 in) rail. The linear motion
system was chosen because it provided bending moment-resistance, and ensured that lateral forces would be
transferred to the load cells with minimal friction losses. An Omega LC402-2k pancake-type load cell
measured the vertical force beneath each leg of the a/c stand, and an Omega LC101-2k S-type load cell
measured the lateral force. A 25.4 mm (1 in) thick aluminum adapter plate joined both load cells to the guide
block by bolts. A 127 mm x 127 mm x 19 mm (5 in x 5 in x ¾ in) aluminum plate was bolted to the top of the
LC-402 load cell to create a method for attaching the a/c stand to the instrumented mounting device using the
standard mounting holes in the base plate. In addition to the force sensors, a total of 32 pressure taps were

Fig. 3. Rooftop equipment testing locations on the base building: (a) roof edge, and (b) middle
of the roof.
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placed on two of the a/c units (the middle unit and one side unit) to measure the external surface pressures
during the experiments. Setra 265 differential pressure transducers measured the time-varying pressure for
each tap.

Mitigation Approach: Porous Screens

For the rooftop equipment configuration chosen for this study at least three possible failure modes
exist: (1) the panels on the a/c units may detach, (2) the a/c units may detach from the aluminum stand, and
(3) the a/c stand may detach from the roof of the base building. It is challenging to develop a single
mitigation technique that would alleviate all of these potential failure modes. For example, connection
details can be modified to improve safety with respect to the a/c stand detachment from the roof of the base
building. However, this will not alleviate aerodynamic loading on the a/c unit panels and therefore not
prevent panel failure under high winds.

For this study a mitigation technique using porous screens was tested. Many studies have reported
the sheltering effect and feasibility of using porous screens (also called "fences" or "windbreaks") to
mitigate unfavorable wind effects in various applications (e.g.: Fang and Wang, 1997; Yaragal et al, 1997;
Lee and Park, 1998; Lee and Kim, 1999; Dong et al., 2007; Kang et al., 2007; Loredo-Souza et al., 2007; and
Santiago et al., 2007). Based on these findings it was determined that a porous screen mitigation device may
be developed to shelter rooftop equipment during extreme winds, thereby reducing the aerodynamic loads
exerted on the rooftop equipment panels, and effectively reducing the likelihood of panel failures. The
reduced aerodynamic loading will also help in alleviating the other identified modes of failure.

A steel frame was constructed to support porous metal screens around the rooftop equipment. The
frame measured 3.4 m (11 ft) wide by 1.7 m (5.5 ft) deep, providing at least 0.3 m (1 ft) of clearance between
the wind screens and the a/c units in both horizontal directions. The porous screens were 0.61 m (2 ft) high,
and were raised above the roof surface by 0.58 m (1.92 ft). Four different types of metal screens were chosen
for the study (Fig. 5), and porosities of approximately 35% and 63% were selected based on effective
porosities found in wind tunnel studies (e.g. Kang et al., 2007; Loredo-Souza et al., 2007; Santiago et al.,
2007). The details of each screen are:

Fig. 4. Instrumentation mounting details on the base building roof: (a) view with plywood panel
removed, providing access to the force transducers, and (b) view of the final setup during the

experiments.
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1. Screen 1: 0.9 mm (20 Ga) expanded metal, 6.4 mm (0.25 in) gap, flattened mesh, 35% porosity

2. Screen 2: 1.5 mm (16 Ga) expanded metal, 12.7 mm (0.5 in) gap, flattened mesh, 63% porosity

3. Screen 3: 1.5 mm (16 Ga) perforated metal, 2.0 mm (5/64 in) holes on 3.1 mm (1/8 in) centers,
staggered pattern, 35% porosity

4. Screen 4: 1.5 mm (16 Ga) perforated metal, 7.9 mm (5/16 in) holes on 9.5 mm (3/8 in) centers,
staggered pattern, 63% porosity

The porous screens were secured to the steel frame with bolts, making them easy to interchange. Fig. 6
shows the wind screen installed around the rooftop equipment at the roof edge and at the middle of the roof.

Fig. 5. Porous screens tested during the wind screen mitigation study: (a) screen 1, (b) screen 2,
(c) screen 3, and (d) screen 4.

Fig. 6. Wind screen mitigation installed around the rooftop equipment: (a) roof edge, and (b)
middle of the roof.
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Experimental Procedures

WoW experiments were performed using quasiperiodic waveform signals controlling fan speed,
developed by Huang et al. (2009) to generate wind turbulence characteristics. The largest lateral loads mea-
sured in the wind tunnel occurred when the rooftop equipment was nearly normal to the oncoming flow
(Hosoya et al., 2001). Therefore, in the WoW experiments the wind direction was normal to the rooftop
equipment and the base building. During each experiment, force and pressure data were sampled for 3-min
at a rate of 100 Hz. Prior to running the WoW apparatus, baseline measurements were recorded to consider
initial loading conditions on the sensors so the wind-induced forces and pressures could be determined by
data postprocessing.

For testing at both locations atop the base building, a control test was performed first, in which the
aerodynamic loads on the rooftop equipment setup were measured. Following the control test, the porous
screen mitigation device was installed around the rooftop equipment setup, with screen 1 attached. The
wind-induced loads on the rooftop equipment setup were then measured with the mitigation device in place.
This process was repeated for the three remaining screens.

Data Analysis Procedures

A simplified, 2-dimensional free body diagram illustrating the external forces acting on the rooftop
equipment setup is shown in Fig. 7. The terms Fx, Fz, and My represent the aerodynamic shear, uplift, and
overturning moment exerted on the rooftop equipment, respectively. Reactions S1, V1, and M1 indicate the
respective total shear force, vertical force, and overturning moment on the leeward portion of the a/c stand.
Likewise, reactions S2, V2, and M2 denote the respective total shear force, vertical force, and overturning
moment on the windward portion of the a/c stand. The term W represents the gross weight of the rooftop
equipment, which was assumed to act at the geometric center of the a/c units, distance d denotes the center-
to center width between the legs on the a/c stand, and distance H denotes the height of the a/c stand above the
roof surface. Distances h and c represent the lever arms for Fx and Fz, respectively, which are time-varying
quantities dependent upon the instantaneous velocity of the oncoming wind.

Fig. 7. Two-dimensional free body diagram of the rooftop equipment.
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The aerodynamic forces acting on the rooftop equipment at any instant, Fx and Fz, may be
determined by summation of the instantaneous lateral and vertical forces measured under each base plate on
the a/c stand, according to the following equations:

(2)

(3)

Since the load cells used in this study were unable to measure the individual moment reactions beneath each
base plate, the overturning moment exerted on the rooftop equipment system, My, was determined
mathematically by summing moments about point A:

(4)

From Hosoya et al. (2001), the aerodynamic moment, My, may be expressed in terms of the aerodynamic
lateral and uplift forces according to the following expression:

My  = Fx .h + Fz .c (5)

Substituting Eqn. 5 into Eqn. 4 yields:

(6)

The reaction moments M1 and M2 may be derived from a static analysis of the 2-dimensional free
body diagram. Assuming the a/c units were attached rigidly to the aluminum stand and the bases
of the a/c stand were fixed to the roof members, the following expression may be written:

(7)

Substituting Eqn. 7 into Eqn. 6 gives an expression for My independent of the unknown distances c and h:

(8)

By noting that Fx = S1 + S2, Eqn. 8 may be further simplified to:

(9)

RESULTS AND DISCUSSION

Aerodynamic Loading Effects

Figure 8 shows the 3-min time histories for Fx, Fz, and My when the equipment was placed near the
roof edge. These time histories contain peak values that are random in nature and are therefore
characterized by probability distributions. Peaks were estimated for a 1-hr storm duration using the method
developed by Sadek and Simiu (2002). A 95% confidence level was chosen for the sake of conservatism.
Summaries of the observed mean, root mean squares (RMS), peak, and the estimated 1-hr peak values for Fx,
Fz, and My are given in Tables 1-3. Results indicate that the largest measured and estimated wind loads
occurred when the rooftop equipment was placed near the roof edge, consistent with the wind tunnel
findings in Hosoya et al. (2001), and the assertion by Reinhold (2006) that increased loading on rooftop
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equipment is expected when the equipment is placed in a region of flow separation. It is to be noted that the
values given in Tables 1-3 for Fx, Fz, and My are obtained for the entire set-up of the three a/c units. Such an
approach was considered based on the assumption of more or less uniform distribution in loading across the
width of the entire setup due to symmetry. However, in the future, a statistical analysis will be performed for
loading transferred to individual legs to validate this assumption.

Fig. 8. Time histories of the aerodynamic rooftop equipment loads measured at the roof edge:
(a) Fx, (b) Fz, (c) My.
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WoW results were compared to the ASCE 7-05 design wind loading by solving for the term GCf in
Eqn. 1, considering the WoW estimated 1-hr peak forces as the design wind load. To be consistent with the
standard, the mean dynamic pressure (q) was calculated at the height corresponding to the centroid of the
windward area of the a/c units tested in this study, approximately 3.35 m (11 ft) above ground level. At this
height, a free-stream 3-min mean wind speed of 22.6 m/s (~50 mph) was measured across the hori zontal
span of the rooftop equipment using the WoW quasiperiodic waveform developed by Huang et al. (2009). It
is noted that this calculation differs slightly from the wind tunnel study of Hosoya et al. (2001), which
considered the mean dynamic pressure measured at the roof eave height of the base building. Because ASCE
7-05 defines the 3-sec gust as the reference design wind speed, the observed WoW 3-min mean wind speed
must be converted to a 3-sec gust wind speed. The Durst curve is commonly used to convert wind speed
averaging times in atmospheric flows, but specifically corresponds to wind flowing over open terrain at
elevation z = 10 m (32.8 ft). Consequently, the Durst curve is not applicable to WoW-generated flows.
Instead, the gust factor curve reported in Huang et al. (2009, Fig. 13) was used to obtain the following

Table 1. Observed 3-min and estimated 1-hr rooftop equipment lateral load, Fx

Table 2. Observed 3-min and estimated 1-hr rooftop equipment uplift load, Fz

Table 3. Observed 3-min and estimated 1-hr rooftop equipment overturning moment, My
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conversion factors for time-averaging WoW flows: U3s / U180s = 1.43 and U180s / U360s = 1.04. Combining
these terms, a relationship between the 3-min wind speed and the 3-sec gust is found:

(10)

Thus, the 3-s gust wind speed is found to be 31.2 m/s (~70 mph) for this study.

Using a 3-s gust reference basis, the peak 1-hr lateral and uplift force coefficients arefound from
Eqn. 1 to be GCf = 3.1 and GCr = 0.75, respectively. For lateral loading, this study shows that the peak is
significantly higher than GCf value of 2.1 as determined by Hosoya et al. (2001), which is essentially the
same value implied in ASCE 7-05 (2.1 is the product of the gust effect factor of 0.85, the baseline lateral
force coefficient of 1.3 found in Fig 6-21 of the standard, and the additional factor of 1.9 for smaller-sized
rooftop equipment). This result indicates that ASCE 7-05 may underestimate the lateral wind loading on
rooftop equipment by as much as approximately 50%. It is anticipated that GCf value would be reduced
linearly from 3.1 to 1.1 as the value of Af is increased from (0.1Bh) to (Bh); however, more research is
needed to validate this through testing using various ratios between the rooftop equipment’s windward
projected area (Af) and the building’s windward wall area (Bh).

The uplift coefficient measured in this study was lower than the peak wind tunnel result of 1.6, and
may be attributed to raising the a/c units above the roof surface, a more realistic configuration for smaller
a/c units. Mounting the equipment in this manner causes counteracting suctions on the top and bottom
surfaces of the equipment, lessening the net uplift pressure. Time histories of panel forces (follow ing the
same sign conventions as shown in Fig. 7), calculated by pressure integration of taps located on the top and
bottom surfaces of the middle a/c unit, provide evidence of this phenomenon (Fig 9) and produce an uplift
coefficient approximately one-half of that measured in the wind tunnel study, which had the equipment
mounted flush with the roof surface. Since rooftop equipment mounting requirements vary in terms of space
between the equipment and the roof, the wind tunnel results appear to be conservative. However, it is
recommended that the uplift design load coefficients4 in ASCE 7-10, based on the wind tunnel results, be
used until more extensive research is performed. Since this study only considered a specific gap between the
equipment and the roof, further work is needed to investigate the effects of various gaps on the reduction in
net uplift for various wind directions.

U 3 s W o W

1 80U s W oW

=1.38

4 GCr, ranging from 1.5 to 1.0 based on the ratio between the horizontal projected area of the equipment (Ar) versus the horizontal projected area
of the roof

Fig. 9. Uplift time histories on the middle a/c unit showing opposing forces acting on the top
panel and bottom panel.
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Based on the aerodynamic moment results listed in Table 3, it is likely that aerodynamic moments
contribute significantly to rooftop equipment detachment, although the magnitude of the overturning
moment is dependent on the mounting conditions and may vary considerably for different shapes, sizes, and
configurations of rooftop equipment. Due to the mounting conditions used in this study, the aerodynamic
moment cannot be simply calculated by using Eqn. 5 under the assumptions that the peak lateral force and
uplift force occur simultaneously and act at the geometric centers of the rooftop equipment height and width,
respectively. This is further indicated as the 1-hr peak aerodynamic overturning moment of 787.9 N-m
calculated using Eqn. 5 is significantly less than its counterpart estimated using Eqn. 9 (shown as 2112.6
N-m in Table 3 for the roof edge), which is independent of the unknown distances h and c. This difference
could be due to two possible reasons: Firstly, the peak lateral force could act at a point higher than the
midpoint of the frontal face and the peak uplift force could act at a point closer to the windward edge; in
which case the higher values of h and c would give higher aerodynamic overturning moment My using Eqn.
5 compared to the case where the peak lateral and uplift forces were assumed to act at the geometric centers
of the rooftop equipment. Secondly, the reaction moments M1 and M2 were estimated in Eqn. 7 by assuming
a full fixity condition; however, in general, full fixity is not achieved, in which case lower reaction moments
and lower aerodynamic overturning moment My will be obtained using Eqns. 6 through 9. Due to the limited
number of pressure taps used during the current testing, the aerodynamic overturning moment was not
estimated from pressure time histories. Evaluation of high overturning moments in this study suggests that
the development of overturning moment criteria might be necessary. However, further testing should be
done to directly measure overturning moments on a variety of shapes, sizes, and mounting configurations
before the need for such criteria is definitively established.

Wind Screen Mitigation Results
Tables 4-6 show the observed 3-min and estimated 1-hr aerodynamic reactions measured for the

rooftop equipment while the wind screen mitigation device was installed. The measured reaction forces
indicate that the wind screens significantly reduced the overall aerodynamic effects on the rooftop
equipment. Screen 3 consistently demonstrated the greatest sheltering effect among the four screens tested,
yielding the highest reductions in the peak 1-hr estimated values of Fx, Fz, and My ranging from 56-69% at
both the roof edge and the middle of the roof. The remaining screens also performed well, showing
aerodynamic load reductions ranging from approximately 30-60%. Following Screen 3, Screen 1 showed
higher reductions than Screens 2 and 4, indicating that the screens with 35% porosity were more effective
than the ones with 65% porosity. It may be noted that the geometry of the porous screen openings did not
exhibit a significant impact on screen performance as the two screens with the same porosity but with
different opening configuration produced similar results.

Table 4. Comparison of observed 3-min and estimated 1-hr peak lateral force Fx with wind screen mitigation
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As stated earlier, although strengthening the connections between the a/c units, the aluminum frame,
and the base building may be an alternative approach to increasing the performance of rooftop equipment in
extreme winds, strengthening these connections will not address all of the potential failure modes and haz-
ards associated with rooftop equipment losses, especially panel failures. The wind screen mitigation concept
may be advantageous for various reasons: (1) The sheltering effect of the wind screen reduces the
aerodynamic loading on the rooftop equipment, thereby reducing the likelihood of panels detaching from the
equipment itself and becoming wind-borne debris. This reduction in panel forces, calculated using pressure
integration, is clearly shown by comparing force time histories on each surface of the middle a/c unit, with
and without the presence of a wind screen (Fig. 10, following the same load sign conventions as shown in
Fig. 7); (2) If designed to sustain a reasonable impact, the wind screens may protect the rooftop equipment

Table 5. Comparison of observed 3-min and estimated 1-hr peak uplift force Fz with wind screen mitigation

Table 6. Comparison of observed 3-min and estimated 1-hr peak uplift force My with wind
screen mitigation
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from wind-borne debris impacts, reducing the risks of panel failure and complete detachment of the
equipment; (3) The wind screen alternative would be most useful on existing buildings in which no other
retrofitting alternative could be implemented. For example, if a new piece of rooftop equipment is designed
for installation on a structure built according to design standards prior to ASCE 7-05, installation of the wind
screen could prevent the need for special structural details to strengthen the members receiving the new
rooftop equipment loads. However, further research is needed to evaluate the loading on various roof
members with and without the mitigation device.

Fig. 10. Force time histories showing load reductions on each panel of the middle a/c unit during
the screen 3 test: (a) top panel, (b) bottom panel, (c) windward panel, (d) leeward panel, (e) left

panel, and (f) right panel.
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Before the wind screen mitigation concept may be proven viable, more work is needed to investigate
the effectiveness of the screens for a complete set of wind angles of attack, and for a variety of shapes and
sizes of rooftop equipment. The mitigation device, itself, must not fail in hurricane winds. This study
demonstrated that the wind screen was able to withstand the wind generated by the 6-fan WoW apparatus,
representative of a Category 1 hurricane according to the Saffir-Simpson hurricane intensity scale (Huang et
al., 2009). Further testing at higher sustained wind speeds is necessary to evaluate the performance of the
wind screen under more intense hurricane conditions. Also, simultaneous measurements on the rooftop
equipment and the screens will be desirable in order to evaluate the load distribution. Information of loading
on the screens will be helpful to develop design provisions for their mounting mechanisms. Special attention
should be paid in estimating loads on screens adjacent to the windward walls. Other design considerations
for the wind screen should account for any necessary clearance requirements around the rooftop equipment,
and should allow access to the equipment for routine inspection and maintenance. Last but not least, cost
considerations may prove to govern the viability or otherwise of screens as a mitigation device.

Discussion of Code (ASCE 7-10) Provisions

The results of this study demonstrated that the peak lateral force coefficient of GCf = 3.1 was
approximately 50% higher than its wind tunnel counterpart of 2.1 (Hosoya et al., 2001), which dictates the
lateral load prescribed in ASCE 7-10 Section 29.5.1. Thus, the ASCE 7-10 specified lateral loading could be
non-conservative, having design implications that could lead to rooftop equipment detachment or failure
during extreme winds. Future work is needed to evaluate the adequacy of current code provisions. In
particular, testing is needed for a range of relative frontal areas and locations of the roof top equipment,
considering various roof geometrical parameters and parapets.

Additionally, the ASCE 7-10 methodology for calculating rooftop equipment wind loading has some
discrepancies with respect to building height (h), as it suggests using Eqns. 29.5-1 and 29.5-2 for h > 18.3 m
(60 ft) and h  18.3 m (60 ft), respectively. There are two problems with this: First, a vertical uplift force on
rooftop equipment is accounted for buildings with h . 18.3 m (60 ft), however, not for buildings with h > 18.3
m (60 ft); Second, there will be an unrealistic difference in wind loads on rooftop equipment for two
buildings with heights close to 18.3 m (60 ft), as demonstrated in the following example. Consider two
rectangular office buildings, each having a flat roof and plan dimensions of 13.7 m × 13.7 m (45 ft × 45 ft),
located in Iowa (basic wind speed = 51.4 m/s), and surrounded by flat terrain defined as Exposure B in all
directions. One building has a height h = 18.3 m (60 ft), and the other has a height h = 19.1 m (62.5 ft). Both
buildings have rooftop equipment with dimensions of H × L × D = 0.73 × 0.73 × 0.73 m (2.4 × 2.4 × 2.4 ft).
Using ASCE 7-10 Eqn. 29.5-2, the rooftop equipment lateral and uplift wind loading for the building with
h = 18.3 m (60 ft) were calculated as Fh = 1783.3 N (400.9 lb) and Fv = 995.5 N (223.8 lb), respectively.
Using ASCE 7-10 Eqn. 29.5-1, a significantly lower wind loading of Fh = 806.9 N (181.4 lb) and Fv = 0 N (0
lb) were calculated for the slightly taller building having h = 19.05 m (62.5 ft). A uniform method for
calculating rooftop equipment wind loading needs to be developed for buildings of all heights.

CONCLUSIONS

Wind loads exerted on full-scale representative rooftop equipment consisting of three a/c condenser
units were measured. Probabilistic analyses of force measurements were performed based on observed time
histories collected during the experiments. Significant overturning moments were observed in this study, but
more work is needed to explicitly evaluate the overturning moment on different shapes, sizes, and
configurations of rooftop equipment before design recommendations for overturning moment are proposed.
The uplift force measured in a previous wind tunnel study is larger than the force measured in this study. The
difference between the wind tunnel and the full-scale uplift forces may be attributed to the raised height of
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the equipment on the a/c stand in the full-scale setup adopted in the present study. The lateral force
coefficient was determined to be higher than the corresponding wind tunnel result. Comparison of load
coefficients with those given in the ASCE 7 provisions suggests further work to be performed to evaluate the
adequacy of current provisions.

Connection details can be strengthened to prevent rooftop equipment failure. However, this will not
alleviate aerodynamic loading on the rooftop equipment panels and, therefore, not prevent panel failure
under high winds. To reduce the wind loads acting on the rooftop equipment panels, a mitigation technique
using wind screens was developed and tested for the a/c units. Comparative testing indicated that the
presence of a porous metal screen installed around the full-scale rooftop equipment significantly reduced the
aerodynamic loads on the equipment for each of the four screens tested. Screen 3 was found to be most
effective, generating wind loading reductions on the rooftop equipment ranging from 56-69%. Results from
the force and pressure studies suggest that the presence of a wind screen could alleviate the possible rooftop
equipment failure modes identified in this study. Wind screen load reductions would decrease the likelihood
of panels detaching from the a/c units, the a/c units detaching from the a/c stand, and the a/c stand detaching
from the roof. Wind screens may also protect the rooftop equipment against flying debris, to an extent that
has not been determined in this study.

The mitigation research described is this paper is preliminary and further work is needed to validate
this technique and its cost-effectiveness. In addition, it would be beneficial to perform work using multi-axis
load cells capable of directly measuring the simultaneous reaction forces and moments. Further study is
needed to measure full-scale rooftop equipment wind loading at different wind angles of incidence, and to
examine the wind loading across a broader range of full-scale rooftop equipment shapes, sizes, and types.
Also, future work is needed to measure the reaction loads beneath mitigation devices such as the wind
screens presented in this study. Future research on mitigation may also focus on designing rooftop
equipment having more favorable aerodynamic shapes to alleviate wind loading as an alternative to the
strengthening of the supporting structure and connections.
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