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Abstract. This paper describes a simple method for evaluating the design wind loads for the structural

frames of circular flat roofs with long spans. The dynamic response of several roof models were

numerically analyzed in the time domain as well as in the frequency domain by using wind pressure data
obtained from a wind tunnel experiment. The instantaneous displacement and bending moment of the roof
were computed, and the maximum load effects were evaluated. The results indicate that the wind-inducec
oscillation of the roof is generally dominated by the first mode and the gust effect factor approach can be
applied to the evaluation of the maximum load effects. That is, the design wind load can be represented
by the time-averaged wind pressure multiplied by the gust effect factor for the first mode. Based on the
experimental results for the first modal force, an empirical formula for the gust effect factor is provided as

a function of the geometric and structural parameters of the roof and the turbulence intensity of the

approach flow. The equivalent design pressure coefficients, which reproduce the maximum load effects,
are also discussed. A simplified model of the pressure coefficient distribution is presented.

Key words: circular flat roof; wind-induced response; structural frame; load estimation; design wind
load; gust effect factor.

1. Introduction

In the structural design of flat long-span roofs, the wind-induced dynamic response should be
considered appropriately. Several investigations have been made of the design wind loads for the
structural frames of rectangular flat roofs. For example, the gust effect factor (or gust loading factor)
for the simple beams supporting flat roofs was studied by Maruldwal (1993), Ueda and
Tamura (1994) and Uematsi al (1997a); this type of roof is referred to as ‘Beam type’, in this
paper. Uematset al. (1997b) discussed the gust effect factor for a structurally integrated type of
flat roof (referred to as ‘Plate type’, hereafter), which acts like an elastic plate under wind loading.
Regarding circular flat roofs, which are also of Plate type, few studies have been made to date.

This paper discusses the design wind loads for structural frames of circular flat roofs with long
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spans. First, we make a dynamic response analysis in the time domain for several roof models,
using the wind pressure data obtained from a series of wind tunnel experiments; in the experiments
wind pressures are measured simultaneously at some hundred points on the roof. We compute th
instantaneous displacement and bending moment of the roof. Based on the results, we discuss th
application of a gust effect factor approach to the evaluation of the maximum load effects. Then, another
series of wind tunnel experiments is carried out to obtain data for the first modal force under various
conditions. Based on the results, we provide an empirical formula for the gust effect factor as a function
of the geometric and structural parameters of the roof and the turbulence intensity of the approach flow.
Finally, we discuss the equivalent design pressure coefficient, which reproduces the maximum load effects
together with the gust effect factor. A simplified model of the pressure coefficient distribution is
presented. The application of the empirical formulas obtained in this study is also examined.

It should be mentioned that this paper is an extended version of our previous papers (Beahatsu
1998 and Sasaldt al 1999).

2. Model roofs and their structural properties

From the structural point of view, the roof behavior under wind loading is represented by that of a thin
elastic plate simply supported on the edge. The bending rifiditf the roof is determined so that the
maximum deflection of the roof due to the dead load, assumed 980 Bétomes 1/300 of the spBn
The variation of the first natural frequen&y with spanD is shown in Fig. 1. For the purpose of
comparison, the results for a Beam type roof and a square roof of Plate type are also plotted; regardin
the details, see Uematstial (1996, 1997a, 1997b). The valuefpiaries from approximately 1.5 to
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Fig. 1 Variation of the first natural frequen&ywith spanD
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Fig. 2 Ratios of the natural frequencigén = 1-10) tof,;
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0.9 Hz, as the span increases from 50 to 150 m. The valudystigipends on the roof type.

The ratio of the natural frequendy(n=1-10) to the first mode valu§ is plotted against the
mode indexn in Fig. 2; again, the results for a Beam type roof and a square roof of Plate type are
included in the figure. In general, the natural frequencies of higher modes are rather high compared
with f;. For example, the natural frequency of the second mode is approximately three times as high
asf, for circular roofs. Fig. 3 schematically illustrates the vibration modes ##-9. The mode shape
becomes more complicated with an increage ifable 1 summarizes the numbeéysnj of nodal circles
(the boundary, exclusive) and nodal diameters, which represent the modepdhag of vibration,

Fig. 3 Schematic illustration of vibration modegr, 6)

Table 1 The numberd,(m) of nodal circles (the boundary, exclusive) and nodal diameters for the circular
roof, which represent the mode shape of vibration

Mode indexn for Figs. 2 and 3 ~ Mode indexfor Fig. 5 l, m Mode shape*
1 1 0,0 Axisymmetric
2 2 0,1 Asymmetric (S)
3 0,1 " (A)
3 4 0,2 " (S)
5 0,2 " (A)
4 6 1,0 Axisymmetric
5 7 0,3 Asymmetric (S)
8 0,3 " (A)
6 9 1,1 " (S)
10 1,1 " (A)
7 11 0,4 " (S)
12 0,4 " (A)
8 13 1,2 " (S)
14 1,2 " (A)
9 15 2,0 Axisymmetric
10 16 0,5 Asymmetric (S)
17 0,5 " (A)
11 18 1,3 " (S)
19 1,3 " (A)

*Remarks:
S: mode shape is symmetric with respect to the diameter parallel to the wind direction
A: mode shape is anti-symmetric with respect to the diameter parallel to the wind direction
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with (r, 8) being the polar coordinate. The mode shapes fat, 4 and 9 are axigymetric.
3. Experimental arrangements and procedures

Two kinds of wind tunnel experiments were carried out. The experimental conditions are summarized
in Table 2. The first series of wind tunnel experiments (series ‘A) was carried out in a closed-circuit-type
wind tunnel with a working section 2.5m wide, 2.0m high and 18.1 m long at Kajima Technical
Research Institute. Wind pressures at 433 points on the roof of a model were measured simultaneously i
two turbulent boundary layers, which simulated the natural winds over typical open country and urban
terrains; the length scale of these flows ranged from 1/400 to 1/500. These flows are referred to as Flow:
" and ‘II', respectively. The span (diametef) of the wind tunnel models was 267 mm, which
corresponded to approximately 100 to 130 m in full scale. The span to heigtd/thtranged from 1
to 5.33. The wind pressures at all taps were sampled at a rate of 1000 samples per second on ea
channel for a period of approximately 33 seconds. The compensation for the frequency response o
the pressure measurement system was carried out by using a digital filter, which was designed sc
that the dynamic data up to approximately 500 Hz could be obtained without attenuation and
distortion. All measurements were made at a wind speed of 10 m/s at a reference height of
Zes= 267 mm. The details of the experimental apparatus and procedures are presented in Hongc
(1995). From the simultaneous pressure measurements, the modaFf¢rrésr the first 11 modes
are computed. Each asymmetric mode~(0) has its counterpart with the same natural frequency
and a vibration mode that is the same in shape but rotated about the center (see Table 1). Such
mode is also considered here. The modal force is reduced to a coeffigientefined as follows :

Fi(t)
ay LB; @)

whereqy = dynamic pressure of the flow at the roof height andB; is defined by the following
equation :

Cri(t) =

D/2 2m
B, = [ f ¢F(r, O)rdrde )

The time history of the modal force coefficients is used for the dynamic response analysis of roofs
(Section 4.1).
The second series of wind tunnel experiments (series ‘B’) aimed at obtaining data for the first

Table 2 Experimental conditionst = power law exponent of the mean wind speed prdfile; I,n = mean
wind speed and turbulence intensity of the flow at the model hilight

) Model Flow
Series Measurement

D (mm) H(@mm) No. a Uy (m/s) 1y (%)

A Point pressures 267 50.1- 267 | 0.15 76-10 18.2-13.6

at 433 points I 0.24 6.4-9.8 265-155
B First modal force 160 - 220 30 I* 0.15 10 15.8
1= 0.27 8.9 24.6

80-220 40 I* 0.15 10 15.4

1 0.27 8.9 23.1
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modal force under various conditions. The results are used for constructing an empirical formula for
the gust effect factor (Section 5.2); the data of the series ‘A experiments are also used for this
purpose. The experiments were carried out in an Eiffel-type wind tunnel with a working section of
6.5 m in length and 10 1.4 m in cross-section at Tohoku University. The pressure measurements
were made in two turbulent boundary layers, Flows ‘I* and ‘lI*, which approximately
corresponded to the above mentioned Flows ‘I’ and ‘II', respectively. The length scale of these
flows was approximately 1/500. The height of the models was 30 or 40 mm aBdthatio was

varied from 2 to 7.3. In order to measure the first modal force, a pneumatic averaging technique
was used; regarding this technique, see Davenport and Surry (1984), and Ueimelts(i1996,

1997b). The number of pressure taps ranged from 64 to 128, depending on the model’'s diameter
Small restrictor tubes were used to attenuate peaks in the frequency response of the tubing. The
amplitude response of the measurement system was within 5% of unity up to approximately 100 Hz.
Therefore, no correction was applied to the results. The signal from the transducer was sampled at :
rate of 1000 samples per second for a period of 30 seconds.

4. Dynamic response of circular roofs
4.1. Method of analysis

A modal analysis in the time domain is applied to the evaluation of the dynamic response of a
roof with D =50 - 150 m; nineteen modes, i.e., three axisymmetric and eight pairs of asymmetric
modes, are used (see Table 1). The effect of the internal pressure is not considered. The wind spee
Uy at the roof height is varied from 25 to 60 m/s, depending on the roof height. The modal
displacemeng;(t) is computed by numerically integrating the equation of motiom{t), using the
Newmark 8 method with3=1/4. The structural damping; is assumed 0.02 for all modes. The
time stepAt for the numerical integration is 0.005 s, which is approximately 1/200 of the first
natural periodT, =1 /f;. Since the time step for the wind loads is much longer #liathe Spline
functions of the third order are applied to the discrete valu€;(f) obtained from the Series ‘A
experiments, in order to obtain the intermediate values. The lateral displace&roérihe roof is
computed by superimposing the responses in all modes considered. Furthermore, the resultan
bending momenM is computed based on a thin plate theory. We focus on the distributiananafivi
at a moment when these values become the mawimaandMy,.,, during a period of 600 seconds.

4.2. Results and discussion

Computations were made for 60 cases witliecght values oD, D/H, Uy, etc. Fig. 4 shows
sample results on the distributionswaf positive downward, ani¥l along the center line parallel to
the wind direction at a moment when the maximum respomggsand Mmax, are observed during
a period of 600 second® €100 m, Flow I,Uy =40 m/s);w and M are reduced by usind and
Dy In the figurex represents the distance from the leading edge. Each broken line stands for the
result of a run of computation. As might be expected, the results are scattered to some degree. Th
negative value ofw over the whole roof area indicates that the roof deforms upward, and the
maximum deflectionwn,.« is observed near the center. On the other hand, the maximum bending
momentM,,ax 0ccurs ak=D/6.

Fig. 5 shows the contribution of each modewig, and M. for D/H = 5.33 by triangles. It is
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Fig. 4 Distributions of deflectionw and bending moment along the center line parallel to the wind
direction:D =100 m, Flow I,Uy =40 m/s
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Fig. 5 Contribution of each mode to the maximum respodse100 m,D/H = 5.33, Flow I,Uy =40 m/s

found that the deflection is dominated by the first mode (axisymmetric mode); the contribution of
the other mode tovy.x is less than 0.5 percent. On the other hand, the bending moment is
influenced by several modes; besides the first mode, the contribution of the second (the first
asymmetric) and the forth (the second asymmetric) mode is relatively great. These features were
generally observed for other cases.

5. Evaluation of design wind loads for structural frames
5.1. Application of gust effect factor approach

As mentioned above, we can compute the dynamic response of the roof accurately by using the
time history of wind pressures at many points on the roof. However, this procedure is somewhat
complicated and time consuming. By comparison, if we can evaluate the maximum load effect, or
the design wind load, based on the gust effect factor approach, it may be quite useful from the
practical point of view. Considering the fact that the roof’s response is generally dominated by the
first mode, we may consider only this mode for evaluating the gust effect factor for the purpose of
simplicity; in other words, the gustfett factor for the first mode is applied to the other modes
also. The gust effect fact@; may be given by the following equations :

Gy = 1+gO R 3)
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0.577
~ /2In600f, + —=2LC 4
J ' 2In6od, “

CI
e = —= (5)
|CF1|
T h B g’
R=B+ g b ®)

where g= peak factor;Cr1  andC¢;  stand for the mean and rms values of the first modal force
coefficient Ck1(t); R =resonant magnificatiofactor; or; = standard deviation of the first modal force
Fi(t); and S4(f) represents the power spectrumFaft). The effects of the turbulence intensity of

the approach flow and the building geometry on the roof's dynamic respoasacluded in the
evaluation ofrg andfl&l(fl)/apzl. The maximum response may be given by the product of the
mean response and the gust effect faGar The deflectionw and the resultant bending moment

M due to the equivalent static load, given by the product of the time-averaged wind pressure and
Gt, can be computed by the following equations :

W = Gy W = Gy adr, ) (7)
k k

Cror 12 9g2 00 ®)

where a, = time-averagek-th modal displacement; and represents an equivalent Poisson’s ratio
for the roof structure, when represented by a thin elastic plate.

The distributions oftv andM  along the centerlirargiel to the wind direction, which are
predicted by the above mentioned gust effect factor approach, are represented by the thick solic
lines in Fig. 4 and by the closed circles in Fig. 5. A good agreement is seen between the time
history analysis and the gust effect factor approach for the deflection. On the other hand, the
distribution of bending moment predicted by the gust effect factor approach is somewhat different in
shape from that of the time history analysis. However, the gust effect factor approach almost
captures the maximum value obtained from the time history analysis in any case. Similar comparison
was made for all cases. Figs. 6(a) and 6(b) show histograms of the ratio of the result from the time
history analysis to that predicted by the gust effect factor approash,fpand M.« , respectively.

The figure includes the results obtained under various conditions; the total number of data is 242.
The mean and the standard deviation of the data are respectively 1.01 and 0v@gl,fand 0.96

and 0.11 forMnax. A good agreement between these two results is observed, which suggests that
the gust effect factor approach can be applied to the evaluation of the design wind loads for the flat
roofs under consideration; this may be the case for other configurations, such as rectangular, for example

5.2. Empirical formula for gust effect factor
According to Eg. (3), we can easily compuig if we know the values ofr and the reduced

power spectruni S1(f) / o4 of Fy(t) atf=f,. These values are strongly affected by the behavior of
the separated shear layer from the windward edge of the roof and therefore they depend on the
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Fig. 6 Comparison between time history analysis and gust effect factor approach for the maximum deflection
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Fig. 7 Comparison between formula and experimentgfor

building geometry (i.e.D andH) and the turbulence intensityy of the approach flow at the roof
height. The dependence f andf SFl(f)/anl on these parameters was investigated, based on the
experimental results fdf,(t).

The empirical formula fore we obtained is as follows :

(e = 3.412,, Cexpt.0428+ 0.12 (9)
HO

Fig. 7 shows a comparison between formula and experimeng fon the figure, the results for all
cases tested in the present study are plotted. The discrepancy between both results is withir
approximatelyt 10%.

The reduced power spectiraSe(f)/ o2 of Fi(t) for various cases are plotted against a reduced
frequencyf* (=f/DH/U,) in Fig. 8; /DH is used as a representative length for reducing the
frequency, because the spectrum seems to be dependent d» &did. Note that we useH as a
representative length for Beam type roofs and rectangular roofs of Plate type in our previous studies
(Uematsuet al 1997a,b). The general shape of the reduced power spectrum within the whole
frequency range depends on the roof geometry as well as on the flow cistiestétowever, the
effect of these factors is not so great, in particular, for a relatively high reduced-frequency range,
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Fig. 9 Comparison between formula and experimenGior

such asf* >0.7, for example, which is often important for evaluating the resonant effect under
practical conditions. As was done in our previous studies, the reduced power spectrum in a reduced
frequency rang& > 0.7 can be approximated by the following equation:

[5() _ (DA
= ArfOH]

2
g

(10)

The parameteré and are determined so that thboae equation fits well the experimental results
for f* > 0.7. The thick solid line in Fig. 8 represents the empirical equation, fitted by eye. The value
of B is almost the same for all flows. On the other hand, the valdei®fsomewhat dependent on

the flow turbulence. It is found that the value/oincreases slightly with an increaselin. A similar

trend was observed for rectangular flat roofs (see Uerea&iu1997b). Although there is a deviation of

the experimental results from the empirical equation, it is not a serious problem for pré&jjdtecause

Gt is not so sensitive to the degree of approximation for the reduced power spectrum.

Using the above equations (Egs. 3-6, 9 and 10), we can cof@pqtete easily. To investigate the
validity of the formula, we made a comparison @&between the predicted values by the formula and
those computed by using the experimental results for the first modal force directly. The results are plottec
in Fig. 9. The agreement is generally good; the formula can predict the vaievdh an error less
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than approximatelyt 10%. The result confirms the validity of the formula obtained in this study.
5.3. Equivalent design pressure coefficient

The equivalent pressure coefficients, which reproduce the maximum load effects, are investigated.
As is often used in the building codes, the distribution of the mean pressure coéfiggergpresented
as shown in Fig. 10. That is, the roof is divided into a windward high-suction afea<(@) and a
downstream low-suction ared&<{ x< D), and the pressure coefficier€,{ or Cy) in each area is
assumed constant. The values @f and C,, are given by averaging th€.-distribution along the
centerline over & x< & and&=< x= D, respectively. The value dfis determined so that the equivalent
pressure coefficients, when combined with the above mentioned gust effectGiacives the same
value of wnax (Or Mmay that was obtained from the time history analysis. The results of a preliminary
analysis indicated that the valuesGyf andC,, for the optimumé value depend slightly both on the flow
characteristics and on the roof geometry. Therefore, w€,set-1.0 andC,, =-0.12, as representative
values for these two areas. A comparison between experiment and model @yrdikgibution is
presented in Fig. 11. Plotted in Fig. 12 are the valués determined fronWax andMma, against/D.
The data for various conditions approximately collapse onto a curve given by the following equation :

Practical distribution Model

Fig. 10 Model of pressure coefficient distribution on the roof
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Fig. 13 Comparison between time history analysis and prediction by the formula for the distribfitions o
deflectionw and bending momem along the center line parallel to the wind directidr= 100 m,
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Eq. (11b) should be regarded as tentative, because there are not sufficient datB 4d0.2.

However, it may be reasonable to assume that the valdé léfbecomes almost independentf

in this range ofH/D, because the pressure field near the leading edge is primarily affectéd by

and, therefore is proportional tcH.
Using Egs. (3), (4), (9), (10) and (11), together with the abosetioned values of,; andCy,

we can compute the equivalent pressure coefficient distribution, which may be used for the

structural design of circular flat roofs. To investigate the application of the formulas, waresmp

the distributions ofw and M due the equivalent static pressure with those obtained from the time

history analysis. The results corresponding to Fig. 4hosvn in Fig. 13. It is found that the results

predicted by the formula (thick solid lines) agree reasonably well with those obtained from the time

history analysis (broken lines). Furthermore, a comparison was made for the valugs ahd

Mmax Fig. 14 shows histograms of the ratio of the result from the time history analysis to that
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predicted by the formulas fav,.x and M.y the number of data is 242. The mean and the standard
deviation of the data are respectively 0.99 and 0.14vfgar and 0.90 and 0.14 fdvl,. It can be

seen that the agreement between these two results is relatively good, although the empirical
formulas are very simple. Therefore, the formulas can be applied to the evaluation of the design
wind pressure in the structural design of circular flat roofs.

6. Conclusions

The wind-induced dynamic response of circular flat roofs with long spans has been studied. The
results suggest that a gust effect factor approach, in which only the first mode is considered for
evaluating the gust effect fact@;, can be applied to the evaluation of the design wind loads for the
structural frames of these roofs. An empirical formulaGpand the equivalent pressure coefficients
to be used for the structural design was provided. Using these formulas, we can easily compute the
design wind loads, within an allowable error. Further stigationsare planned to improve upon the
formulas so that they can yield more accurate estimations of the design wind loads for a wide range
of building shapes and structural systems.
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