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Wind-induced dynamic response and its load estimation
for structural frames of single-layer latticed domes
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Abstract. The main purpose of this study is to discuss the design wind loads for the structural frames
of single-layer latticed domes with long spans. First, wind pressures are measured simultaneously at many
points on dome models in a wind tunnel. Then, the dynamic response of several models is analyzed in the
time domain, using the pressure data obtained from the wind tunnel experiment. The nodal displacements
and the resultant member stresses are computed at each time step. The results indicate that the dome
dynamic response is generally dominated by such vibration modes that contribute to the static response
significantly. Furthermore, the dynamic response is found to be almost quasi-static. Then, a series of quasi-stati
analyses, in which the inertia and damping terms are neglected, is made for a wide range of the dome’s
geometry. Based on the results, a discussion is made of the design wind load. It is found that a gust effec
factor approach can be used for the load estimation. Finally, an empirical formula for the gust effect factor and
a simple model of the pressure coefficient distribution are provided.

Key words: single-layer latticed dome; wind-induced response; dynamic response analysis; structural
frame; load estimation; design wind load; gust effect factor.

1. Introduction

Single-layer latticed domes are generally light and flexible, compared with ordinary double-layer
latticed domes. Hence, they tend to deflect and oscillate under turbulent wind loadings. As the span
increases, the natural frequencies generally decrease and the domes become more vulnerable
resonant excitation. On the other hand, the effective wind load may decrease with an increase in
span, due to a size effect related to the spatial correlation of pressure fluctuations. These dynamic
changes should be considered appropriately in the structural design of the domes. However, there
are many difficult aspects from the viewpoints of aerodynamics and structural mechanics.

t Associate Professor, Disaster Control Research Center

1 Graduate Student, Department of Architecture and Building Science
1t Professor, New Industry Creation Hatchery Center

11 Supervisory Research Engineer



544 Yasushi Uematsu, Takayuki Sone, Motohiko Yamada and Takeshi Hongo

Since the wind pressures acting on a dome vary spatially as well as in time, the time+spldte®no
of the pressure fluctuations may play an important role in the dome’s dynamic responseetgiawa
(1988, 1989) experimentally investigated the time-space correlation of the wind pressures on spherica
domes in a wind tunnel and constructed a simple model of the pressure field. Hongo (1995) carried out &
series of wind tunnel experiments on the mean and fluctuating wind pressures, in which the focus was or
the effects of the turbulence of approaching flow and the dome’s geometry on the characteristics of the
pressure field. He provided an empirical formula for estimating the design wind loads on the structural
frames and members. The size effect is involved in the formula, but the effect of the dome’s dynamic
response is not considered. Recently, Letchford and Sarkar (2000) published their experimental
results on the mean and fluctuating wind pressures acting on smooth and rough parabolic domes. The
applied the proper orthogonal decomposition (POD) technique to the fluctuating pressures for
analyzing the structure of the pressure field on the dome. It is interesting to note that their results of
the POD analysis are in accordance with those of our previous study (Uehatsii997).

Wind-induced dynamic response of domes has been studied by several researchers. For exampl
Mataki et al (1988) investigated the structural characteristics and wind resistant design of a low-rise
cable-reinforced air-supported dome, based on a wind tunnel measurement of wind pressures as we
as on a field measurement of the wind-induced response of a large-scale model. Their results
indicate that the response can be estimated by applying a quasi-static approach to the estimation c
the wind loads. Ogawat al. (1989) made a statistical analysis of the dynamic response for air-
supported spherical domes, using the above-mentioned model of the pressure field. Recently, Nakayam
et al (1998) proposed a convenient method for evaluating the response of domes through frequency
domain analysis, using a limited number of the vibration modes.

The load estimation of the dome’s dynamic response has been studied by only a few researchers
Davenport and Surry (1984) measured the steady and fluctuating wind forces on a saddle-shapec
hyperboloid (HP) roof and presented a model of the design wind load, represented as an equivalen
static load. Their model was based on a peak factor approach and they proposed the values of th
dynamic load combination factogs However, the basis for determining the valuey ak well as
for the mode selection is not clear. Recently, we investigated the design wind load ftiptian e
dome, based on the dynamic response analysis both in the time and frequency domains €taimatsu
2001b). The results obtained from various approaches were compared with one another. It was
found that the peak factor approach gave a reasonable estimation of the design wind load. However
the application of this approach is dependent on how to determine the values of the dynamic load
combination factors. An alternative and simpler method is a gust effect factor approach. In our
recent study (Uematset al. 2002a), we have shown that this approach can be applied to the load
estimation for circular flat roofs reasonably. Furthermore, the results of our investigation on a
single-layer latticed dome imply that the same approach can be applied to such a dome as well (se
Uematsuet al. 2001a).

This paper discusses the design wind loads for the structural frames of single-layer latticed domes
with long spans. The wind pressures are measured simultaneously at many points on dome model
in two kinds of turbulent boundary layers, which simulate natural winds over typical open-country
and urban terrains. The purpose of the wind tunnel experiment is not to discuss the wind pressure:
in detail but to obtain wind pressure data to be used for the dynamic response analysis of full-scale
domes. For simulating the pressure fluctuations at the nodes of the network, the POD technique is
applied to the wind tunnel data. Using the simulated wind pressures, we make two kinds of
response analyses. In the first analysis, the dynamic response of several models is analyzed in th



time domain; the nodal displacements and the resultant member stresses (both axial and bending
are computed at each time step. The characteristics of the dynamic response tgateud/en

detail. It is found that the response is almost quasi-static and the resonant effect on the dynamic
response is relatively small. Then, a series of quasi-static analyses, in which the inertia and damping
terms are neglected, is made for a wide range of the dome’s geometry. Based on the results, we
discuss the equivalent pressure coefficient that reproduces the maximum load effects; the focus is or
the applicability of the gust fefct factor approach. Finally, weqwide an empirical formula for the

gust effect factor and a simple model of the pressure coefficient distribution. The application of

these empirical formulas is investigated by comparing the predicted results by the formulas with

Wind-induced dynamic response and its load estimation

those obtained from the quasi-static analysis.

It should be mentioned that this paper is an extended version of our previous papers (eeahatsu

2001a, 2002b).

2. Model domes and their structural properties

The subject of this study is a rigidly jointed single-layer latticed dome with a triangular network.
The members are steel pipes (‘STK400' as specified in the Japanese Industrial Standard). Table
summarizes the dimensions and structural properties of the models, in Mhicly.y and S
represent the division number of the network (see Fig. 1), the buckling load of the dome under

Table 1 Dimensions and structural properties of the dome models
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f/D D (m) Naiv d (mm)y< t (mm)  Qey (KN/mP) S f (Hz)
0.05 120 8 812.8< 19.0 16.48 0.77 1.75
(Low-rise) 180 10 1117.& 28.0 16.95 1.09 1.52
0.10 120 8 500.0< 14.0 16.84 1.40 1.90
(Middle-rise) 180 10 660.& 22.0 16.92 1.36 1.66
0.20 120 8 355.6< 9.0 16.47 2.38 2.07
(High-rise) 180 10 508.0x 12.0 16.65 1.77 1.75

{/D = 0.05 (Low-rise)
0.10 (Middle-rise)
0.20 (High-rise)

FAVAVAVAYAVAVANY

N/

R VATAVAVAVAY
7AVAY

FAYAVAV N

R AVAVAVAY .- N
ININININININININININT

N

AN

\VAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVA

AN

RVAVAVAVAVAY .

A

\VAVAVAVAVAVAVAVAVAVAVAVAVAVAVAG,

[ VAVAVAVAY
VAN

N

AVAVAY,

VAN
AV

\VAY
A#}é

FAVAVAVAVAVAV
S VAVAVAVAVAVAV,

INITNININNININININININA
R VAVAVAVAY oy

NININININININININININNAN
TAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVA

AV

N/
FAY

INININININININININININIAN
RAYAV,

NNNININ

INISINNNNINININININININIS

VAY

AVAVAVAVAY
VAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAV

NAININININN

A\
TAVAVAV
INNININT

D =120m
(@) Ndv=8

-

D =180m

(b) Naiv =10

Fig. 1 Network of the dome
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Fig. 2 Natural frequencies of the dome

uniform pressure and the shell likeness factor, respectively. The definition of dweseefers is

given in Yamada (1984) and in Yamada and Ishikawa (1987). The rise/span féfipsafe 0.05,

0.10 and 0.20; in this paper, they are referred tol@s-rise’, ‘middle-rise’ and ‘high-rise’,
respectively. The members arranged on the boundary are assumed to be clamped on a circular rigi
wall; the results of a preliminary analysis indicated that thedomhtal characteristics of the wind-
induced response were not affected by the boundary condition significantly. The dome’s dead load
W, and the design snow loall; per unit area are assumed 1.98 and 0.49 kNiespectively, as
representative values. The dimensions (outer diameteithicknesst) of the members are
determined so that the value qfy becomes approximately six times as large \As+W\y); a
description of the buckling analysis of latticed domes is presented in Yamada (1984). This criterion

4ih

Fig. 3 Mode shapes of vibratioD €180 m,f/D=0.20)
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is often used for designing long-span domes in Japan.

The natural frequencief, up to the 50th modej€1-50), are plotted in Fig. 2; the closed
symbols correspond to the axisymmetric modes of vibration. Sample results for the mode shapes
{ @}; of vibration are schematicallflustrated in Fig. 3. In the case of this model, the 1st and 6th
modes are regarded as axisymmetric. Each asymmetric mode has its counterpart with the sam
natural frequency and a vibration mode that is the same in shape but rotated about the axis of
revolution. For example, regarding the 2nd and 3rd modes, the natural frequencies anectianc
the corresponding vibration modes are perpendicular to each other. Fig. 2 indicates that the natura
frequencies are fairly close to one another, particularly for the high-rise dd®e(Q.20). This is
one of the most important considerations when analyzing the dynamic response and estimating the
design wind loads of single-layer latticed domes.

3. Wind tunnel measurements and reconstruction of pressure field
3.1. Experimental arrangements and procedures

The experiments were carried out in a closed-circuit-type wind tunnel at Kajima TechnicaicRese
Institute, which has a working section 18.1 m long, 2.5m wide and 2.0 m high. Two kinds of
turbulent boundary layers, which simulated the natural winds over typical open-country and urban
terrains, were generated with a standard spire-roughness arrangement on the wind tunnel floor; ir
this paper, these flows are referred to as Flows ‘I’ and ‘IlI', respectively. The power law exponent of
the mean velocity profile is approximately 0.15 for Flow | and 0.27 for Flow Il. The geometric
scale of these flows ranges from 1/400 to 1/500.

The geometry of the wind tunnel model is schematically illustrated in Fig. 4(a). The eaves-height/
span ratio /D) is varied from O to 1 with a step of 1/16. The spaof the wind tunnel models is
267 mm. Hence, the geometric scajeof the wind tunnel models is 1/449 =120 m and 1/674
for D=180 m. There is a slight mismatch in the geometric scale between the wind tunnel model and
flow. However, it is thought that the effect of this discrepancy on the wind pressures is not
significant (see Davenpoet al. 1977, for example). Therefore, the wind tunnel data can be used for
the dynamic response analyses of the full-scale domes with consideration of the similarity law. The
surface of the model is nominally smooth. Each model is equipped with 433 pressure taps of 0.5
mm diameter, as shown in Fig. 4(b). The pressure taps are connected to pressure transducers (Zo
13B/8Px MUXLESS) in parallel via 80 cm lengths of flexible vinyl tubing of 1 mm insidmélier.

The compensation for the frequency response of this pneumatic tubing system is carried out by
using a digital filter, which is designed so that the dynamic data up to approximately 500 Hz can be
obtained without distortion. The signals from the transducers are sampled in parallel at a rate of 1
kHz on each channel for a period of approximately 33 s. All measurements are made at a wind
velocity of Uer=10 m/s at a reference height £§;=267 mm. The wind velocity,, at the level of

rooftop ranges from approximately 5.3 to 10.2 m/s; the corresponding Reynolds riRentdefined

in terms ofD and Uy, ranges from approximately 9410 to 1.8 10°. The turbulence intensity

Iy 10p at the level of rooftop ranges from 0.13 to 0.20 for Flow | and from 0.12 to 0.27 for Flow II.
The wind-tunnel blockage ratio is less than 2% in any case. For such small values, the blockage
effect on the wind pressures is considered insignificant. Therefore, no correction is applied to the
results. The details of the experimental arrangements and procedures are given in Hongo (1995) an
Uematsuet al. (1997).
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(a) Geometry (side view) (b) Location of pressure taps (top view)

Fig. 4 Wind tunnel model

3.2. Reconstruction of pressure field by using POD technique

Since the location of the nodes of the dome’s network does not coincide with that of the pressure
taps (compare Figs. 1 and 4(b) with each other), we cannot use the wind-tunnel pressure date
directly in the dynamic response analysis of the full-scale domes. Therefore, it is necessary to
simulate the pressure fluctuations at the nodes. For this purpose, we apply the POD technique to th
wind-tunnel pressure data; in the application, we consider the non-uniform distribution of pressure
taps (regarding the details of this technique, see Tanigtchl 1996 and Jeongt al 2000, for
example).

The POD analysis calculates the eigenvalyend corresponding eigenvector@}y (k=1-433)
from the covariance matrix of the fluctuating pressures. The pressure f#ld}{may be
represented by the following equation :

(PO} = ded Co(D} = Grery -, AD{ P (1)

where g.r=reference velocity pressure, which defines the pressuficsent Cy(t); N=number of
terms used for the simulation; anag(t) represents the expansion coefficient. The velocity pressure
Oer IS defined by the wind velocity,,, at the level of rooftop or by the wind velocity, at the
mean roof heighH. The eigenvaludy is the measure of the contribution of each eigenvector to the
pressure mean squares. It is normalized as follows :

- @)

55

Sample results on the normalized eigenvalues are shown in Fig. 5. The first eigenvector generally
contributes to the pressure mean squares mb@%. The accumulated values Bf up to the 8th

and up to the 25th eigenmode are approximately 0.8 and 0.9, respectively. In the following analysis,
we simulate the wind pressures at the nodes of the dome’s network using the first 25 eigenvectors
(N=25 in Eg. (1)). The values ofd§}, (k=1-25) at the nodes are interpolated or extrapolated from
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Fig. 5 Normalized eigenvalues of pressuiDE2/16, Flow I1)

those at the pressure taps using MATLAB (a bicubic function). With these 25 eigenvectors, we cannot
simulate the pressure fluctuations of higher frequencies. However, such high-frequency fluctuations
may not contribute to the geral response of the dome significantly, because the spatial correlation
of such fluctuations is rather law (see Hongo 1995) and, furthermore, their frequencies are much
higher than the dome’s natural frequencies under consideration.

4. Dynamic response analysis for selected dome models

4.1. Method of analysis
In this section, eight models are used for analysis. The geometry of the models is as follows :
D=120m, 180 m; f/D=0.10, 0.20; h/D=2/16, 4/16

In our previous study (Uematsi al 1994), we found that the dome’s static deformation due to
the time-averaged wind pressure did not affect the natural frequencies and vibration modes
significantly up to an ordinary design wind velocity, sucitugs=40-50 m/s, for example. Therefore,
the dynamic motion of the dome can be represented by a linear system. Applying a finite element
method to the latticed dome, we obtain the following equation of motion for the nodal displacements
{u(t)} (regarding the details of this equation, see &iwal 1996) :

[MI{G(D} + [CI{u()} +[K{u()} = {P(D)} 3)
where M], [C], [K] are mass, damping and stiffness matrices, respectively; Rt} {represents
the wind load vector, which consists of the nodal loads. We assume that the damping matrix is
given by the following equatio(Rayleigh damping) :
[Cl=an[M]+ak[K] 4
For determining the values af, andak, the critical damping ratios of the first and second modes

are assumed 0.02, which is often used in the design of steel structures. The effects of aerodynami
damping and stiffness orC[ and K] are not considered. Such an assumption may result in an
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Table 2 Similarity law of the wind tunnel experiment for the dynamic analysis

Av At
D (m) AL h/D
Flow | Flow Il Flow | Flow Il
2/16 1/6.8 1/8.4 1/66 1/53
120 1/449 4/16 1/6.4 1/7.5 1/60 1/60
2/16 1/6.8 1/8.4 1/99 1/80
180 1674 4/16 1/6.4 1/7.5 1/105 1/90

overestimation or underestimation of the response to sonreeddgowever, the effects have not
been clarified yet in a quantitative sense; this is the subject of a future study. Furthermore, the effect
of internal pressure is not considered either; this subject is beyond the scope of this study.
Hereafter, we deal with only the wind-induced response, i.e. the increment or decrement from the
equilibrium state of the dome subjected to the deal load in still air.

Eq. (3) is numerically integrated by using the Newm@nkethod withB=1/4. The time stept
for the numerical integration is 1/500 s, which is smaller than 1/200 of the first natural Tpefddf;)
of the dome. The wind loaB(t), expressed as a concentrated load at the node of the network, is
given by the product of the wind pressyo@) at the location of the node and the tributary area of
the node. The wind velocityy, at the eaves-heiglhtis assumed 50 m/s. The velocity scaleand
the corresponding time scale of the wind tunnel experiment are summarized in Table 2. The time
step (sampling interval)At, of the pressure measurements in the wind tunnel experiment
corresponds to ~ 0.1s in full scale. Since the valudtpfis much longer thamt, we apply the
Spline functions of the third order to the discrete valuesy¢f) in Eq. (1) for obtaining the
intermediate values of the pressure coeffici@g(tt). The solution of Eq. (3) is expressed as a time
history of the displacement vectou({)}. Hence, in order to investigate the dynamic response in
each vibration mode, the modal displacemeéq(s) ( j=1-150) are also computed by the following
equation :

A1) = { @ {u(®} ()

Furthermore, the resultant member stresses (both axial and bending) are also computed at each tinr
step.

The dome’s response is analyzed for a time duration of 11 min in total for each run. The result for
the first 1 min is not used for the statistical analysis of the response because of the non-stationarity
The number of runs ranges from 3 to 5, depending on the time scale determined from the geometric
and velocity scales of the wind tunnel experiment. The results presesrdhre all the expected
values obtained by applying ensemble averaging to the results of these runs. In addition to the
statistical properties of the responses, we focus on the deflection and the resultant member stresse
at the instant when the response, i.e., the deflection at a node or the stress involveembes,
becomes the maximum during a time duration of 10 min.

4.2. Characteristics of the dynamic response of domes

Fig. 6 shows the distribution of the axial stresses involved in the members at the instaateghen
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Fig. 6 Distribution of the axial stresses involved in the members at the ingtamten each of the four
responses (deflection, bending, tensile and compressive stresses) becomes the mBxitr0m(
fID=0.2,h/D=2/16, Flow II)

response becomes the maximum for a high-rise ddifiz=Q.2), in which the deflection, the axial

(both tensile and compressive) and bending stresses are considered as the responses, or the lo
effects. The diameter of each circle is proportional to the magnitude of the stress involved in each
member. The open and closed circles represent the compressive and tensile stresses, respective
The value in the parentheses represents the maximum stress among all members. It is found that th
stress distributionare similar to one another both in pattern and in magnitude.

Shown in Fig. 7 are the values of the modal displacements at the tgstdrgn each of the four
responses becomes the maximum. For example, the circles represent the modal displacements at i
instant when the maximum displacement occurs at a node during a time duration of 10 min. The value
of A(to) is regarded as an indicator of the contribution ofjitte mode to the maximum response.

In the high-rise dome case (Fig. 7(b)), the value\@h) for the four responses are almost the
same, particularly for the first mode. Therefore, it is thought that the four maximum responses are
induced almost simultaneously. This feature corresponds well to the above-mentioned fact that we
observed similar stress distributions for the four maximum responses in Fig. 6. In the middle-rise
dome case (Fig. 7(a)), on the other hand, the value§(t)) for the four responses are different

from one another. This feature indicates that the four maximum responses occur at different times.
The values ofA(tp) in Fig. 7 include both the time-averaged (static) and the dynamic components.
Then, the results for the static and dynamic components are plotted separately in Figs. 8 and 9
respectively. The closed symbols in Fig. 8 correspond to the axisymmetric modes of vibration. It is
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found that the general response, including the static component, is dominated by several lower
asymmetric modes (such @s10, for example) as well as by the first three to four axisymmetric
modes. Most of these modes contribute to the static components as well (compare Figs. 7 and ¢
with each other). In other words, the dome’s general response is dominated by such modes tha
contribute to the static response significantly. From these results, it is thought that the dynamic
response of the domes under consideration is almost quasi-static; that is, the effect of resonance o
the dynamic response is relatively small.

Based on the above-mentioned discussion, we made a series of quasi-static analyses as the ne
step. “Quasi-static response” refers to the response that follows the fluctuating gust forces bellow
the natural frequencies of the dome under consideration and it can be computed by solving the
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Table 3 Comparison for the maximum member stress (unit: Njroetween the dynamic and quasi-static
analyses®=120 m)

Dynamic analysis Quasi-static analysis

fID h/D Flow - - - -

Axial stress Bending stress Axial stress Bending stress

2/16 I 41.4 48.1 38.9 46.0
0.10 4/16 I 42.7 96.9 39.1 90.6
(Middle-rise) 2/16 Il 59.6 88.5 52.0 855
4/16 Il 53.9 151 46.5 132

2/16 I 104 132 93.0 121
0.20 4/16 I 97.2 103 93.2 96.3
(High-rise)  2/16 I 125 174 121 165
4/16 Il 116 150 117 150

equation of motion in which the inertia and damping terms are neglected. Table 3 shows a
comparison for the maximum member stresses (axial and bending) between the dynamic analysis
and the quasi-static analysis for tBe=120 m domes; similar results were obtained for e

180 m domes. It can be seen that the difference between these two analyses is relatively small, up t
about 10 percents at the most. This result confirms the above-mentioned inference that the dome’
response is almost quasi-static. Such a feature may lead to a simple procedure for estimating the
design wind loads, as will be described in the following section.
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5. Estimation of design wind load based on quasi-static analysis
5.1. Basic concept and assumptions

In this section, we discuss the design wind loads for the structural frames of the domes, based or
a series of quasi-static analysis for a wide range of the dome’s geometry as follows :

D=120, 180 m; f/D=0.05, 0.10, 0.20; h/D=0, 1/16, 2/16; - , 16/16

The number of the dome models analyzed here is 102. Because an emphasis is on the systemat
analysis, some of the models seem urs#ali The wind velocityJ, at the mean roof heighd is

given by the following equatioraccording to the AlJ Recommendations for Loads on Buildings
(1993) :

Uy, = u0x1.7%§' 6)
where Uy represents the ‘basic wind velocity’, i.e., 10-min mean wind velocity with a 100-yr mean
recurrence interval at a height of 10 m above ground for flat and open expdsuts; a
representative height, roughly corresponding to the gradient height of the atmospheric boundary
layer; anda is the power law exponent of the mean velocity profile. The basic wind veldgity
assumed 35 m/s, which covers most of the Main Island of Japan. The valaesnofZ; are
respectively 0.15 and 350 m for Flow | (open-country terrain) and 0.27 and 550 m for Flow II
(urban terrain). The velocity scalk, and the corresponding time scale of the wind tunnel
experiment are summarized in Table 4. Note that the valudg ahd Ar are different from those
used in Section 4.2. If the mean velocity profile of the wind tunnel flow is perfectly similar to that
represented by Eq. (6), the valuesAgfand A+ become independent bf. In practice, however, they
are somewhat dependent on the model configuration.

5.2. Application of gust effect factor approach
Fig. 10 shows sample results on the relation between the maximum aigssuring a time

duration of 10 min and the time-averaged stredsr all members. Regarding the axial stress, the
absolute values are used both for the tensile and compressive stresses. It is found that the dat

Table 4 Similarity law of the wind tunnel experiment for the quasi-static analysis

Ay At
D (m) fID AL
Flow | Flow I Flow | Flow I
0.05 1/449 1/4.91/5.2 1/3.3-1/4.2 1/9+1/86 1/134-1/106
120 0.10 1/449 1/5.61/5.3 1/3.71/4.2 1/9G-1/86 1/122-1/106
0.20 1/449 1/5.61/5.3 1/4.6-1/4.2 1/89-1/85 1/114-1/107
0.05 1/674 1/5.21/5.5 1/3.71/4.7 1/129-1/122 1/1821/143
180 0.10 1/674 1/5.31/5.6 1/4.x1/4.7 1/12F1/121 1/164-1/142
0.20 1/674 1/5.41/5.6 1/4.41/4.7 1/12#1/120 1/153-1/144
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Fig. 10 Relation betweet,., ando (D=120 m,f/D=0.20,h/D=2/16, Flow I)

collapse into a relatively narrow region around the regression line represented by a thick solid line.
The regression line was obtained by fitting it to the largest ek@ept of the data foon... The

slope of this line approximately corresponds to the gust effect f&gtoilherefore, the results
indicate that the gust effect factor approach can be used for estimating the design wind loads; tha
is, the design wind load may be represented as an equivalent static load, given by the product of the
time-averaged wind load and the gust effect faGprAlthough there exists a large scatter in the
data for smallero values in some cases, this is not a serious problem in practice, because the siz
of the members is generally determined based on the maximum stress among all members.

Regarding the values @, the following features were observed :

(1) The value for the bending stress is larger than that for the axial stress.

(2) The value in Flow Il is larger than that in Flow I. This is due to higher turbulence intensity of

the approaching flow.

(3) The value foD=180 m is smaller than that f@=120 m. This is due to a size effect related

to the space correlation of pressure fluctuations on the dome.
(4) The value for the middle-rise dome is larger than that for the low-rise and high-rise domes.
This may be due to a complicated change of the pressure field with the rise/span ratio.

According to the common procedure used for structural design, we focus on the extreme fiber
stressoy, involved in the cross section of the member, as the most important load effect for the
single-layer latticed domes. The extreme fiber stress is induced by the axial force and bending
moment; that is, tensile stress plus bending stress (positive) or compressive stress minus bendin
stress (negative). In the following, we consider the valuewiff;) at the instant, when the
maximum value oby, occurs during a time duration of 10 min, as we did in the previous section.

Fig. 11 shows the relation between the valueogfty) and the time-averaged valug, for all
members. In the figuregi(ty) and oy, are both reduced by the yield strass of the members
(assumed 235 N/mh As might be expected from the above-mentioned results, an approximately
linear relation between these two values can be seen. The same results are represented in a differe
manner in Fig. 12; that is, the data arettedd in order of ioreasing values otr,(ty) and Oy,

When plotted in such a manner, the valuewgft,) and gy, represented by a circle in the figure do

not correspond to the same member. The scatter of the data decreases considerably, compared wi
that in Fig. 11. The slope of a straight line connecting the origin to the point of the layg&st

value, not shown in the figure, stands for an equivalent gust effect factor, which predicts the
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Fig. 12 Relation betweeay(ty) and oy, plotted in order of increasing valugs<120 m,h/D=2/16, Flow 1)

maximum peak stress among all members, when used together with the time-averaged loads. Such
definition of the gust ékct factor is not correct in the strict sense. However, considering that single-
layer latticed domes usually consist of members of the same cross section and the dimension of the
members is determined based on the maximum peak stress, thestiozatien by using such an
equivalent gust effect fact@; may be reasonable from the practical viewpoint.

5.3. Empirical formula for gust effect factor

The values of5; obtained from the abovaentioned procedure fé/D=0.05 and 0.20 are plotted
againsth/D in Fig. 13. When rearranging the data for various cases, we found that the variation of
G with the turbulence intensitlyy of the approaching flow at the mean roof heighand with the
H/D ratio was similar to that for circular flat roofs. In our previous paper (Uenshtall 2002a),
we provided an empirical formula for the gust effect faGgg,; of circular flat roofs as follows :

Giflar = 1L+gOe[R

g=,/2In600, +

0.577

/2In 600K,

(7)
(8)
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re = 3.412, [bxpg).o45g+ 0.12 (9)

where g=peak factor;re=ratio of the rms to the mean modal force coefficient of the first
axisymmetric modeR=resonant magnification factor; afgnatural frequency of the first axisynetric
mode. WherD/H>7, we may substitute 7 f@/H in Eq. (9). Because we deal with the quasi-static
response in this sectiol is regarded as 1.0. Furthermore, we may assumegthdD for the
purpose of simplicity. The values &, predicted by the formula are also plotted in Fig. 13. The
results imply that we can estimate the gust effect faGtdior the single-layer latticed domes by
using the formula foGs qat, although some modification of the formula should be made. Figs. 14(a)
and 14(b) show the ratio @ to Gy for f/D=0.05 and 0.20, respectively. It was found that the
variation of theG:/Gs o ratio with h/D can be approximated by the following equations (a line
graph in Fig. 14) :
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Using Egs. (73(11), we can easily estimate the gust effect faGiofor single-layer latticed domes
with f/D=0-0.2 andh/D=0-1.0.

5.4. Equivalent pressure coefficient

A discussion is made of the equivalent pressure coefficients, which reproduce the same load
effects that the practical pressure distribution induces. Fig. 15 shows a model of the pressure
coefficient distribution on the dome. The dome is divided into four regions, labeled as ‘R1’ to ‘R4,
and the pressure coefficient in each region is assumed constant. The value of the equivalent pressul
coefficient in each region is given by spatially averaging the pressure coefficient distribution over
the region. The results of the equivalent pressure coeffic@atso C, for the four regions are
plotted against/D in Fig. 16. It was found that the values were not affected by tlbeldmce
intensity of the approaching flow significantly. They dependfdd as well as onh/D. The
variation of C; (i=1-4) with h/D for a constant/D ratio can be represented by a line graph, as
shown in Fig. 16. The values @, (i=1-4) for /D=0, 0.25 and 1.0 are summarized in Table 5.
These values were determined not only from the present results but also from the results of the previou

Enpeis el pEsigd] Wodn

WIND[ =

3 R4

~—
L1 |

Ove DVB ov2 il
Fig. 15 Model of pressure coefficient distribution on the dome
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Table 5 Equivalent pressure coefficiely (i=1-4) in each region fan/D=0, 0.25 and 1.0
4D h/D=0 h/D=0.25 h/D=1.0
R1 R2 R3 R4 R1 R2 R3 R4 R1 R2 R3 R4
0.05 0.3 0.0 -0.2  -01 -1.0 -0.4 -0.4 -0.3 -1.6 -0.8 -0.4 -0.3
0.10 04 0.0 -04  -0.2 -0.6 -0.4 -0.6 -0.4 -1.2 -0.6 -0.6 -0.4
0.20 05 0.0 -06 -0.2 0.0 -0.4 -0.8 -0.4 -0.4 -0.6 -1.0 -0.4

investigations (for example, Ogawé al 1988, Suzuket al 1987, and Fukustdt al 1991).

5.5. Validity of the models of gust effect factor and pressure coefficient distribution

First, in order to investigate the validity of the model of the pressure coefficient distribution (Figs.
15 and 16), the maximum value of, among all members predicted by the model was compared
with that by the practical pressure distribution. Figs. 17(a) and 17(b) show the restis=@:05
and 0.20, respectively. It is found that the agreement is generally good.

Then, a similar comparison was made for the maximum peak stress among all members betweel
the prediction by using the models Gf and C,-distribution and that obtained from the quasi-static
analysis. The results fdfD=0.05 and 0.20 are shown in Figs. 18(a) and 18(b), respectively. Again,

a relatively good agreement can bee seen. Fig. 19 shows histograms of the ratio of the predictec
value to that from the quasi-static analysis for the maximum peak stress; the number of data is 204
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The mean and the coefficient of variance of the data are 1.2 and 0.17, respectively. The formulas preser
somewhat conservative prediction for the maximum load effects. However, it is concluded that they
can be used for estimating the design wind loads with an allowable error, despite the simple model.

6. Conclusions

The wind-induced dynamic response and the resultant load estimation of rigidly jointed single-
layer latticed domes with long spans have been investigated, based on a series of dynamic respon:s
analyses in the time domain. The dome models are designed based on a criterion often used in th
structural design of long span domes. The main findings are summarized as follows :

(1) The dynamic response of the dome is generally dominated by such vibration modes that
contribute to the static response significantly, i.e., a few lower axisymmetric and asymmetric
modes. In particular, the contribution of the first axisymmetric mode is great.

(2) The dome’s response is almost quasi-static. In other words, the effect of resonance on the
dynamic response is relatively small. Therefore, the dynamic response can be evaluated by the
guasi-static analysis, in which the inertia and damping terms are neglected.

(3) The design wind load can be estimated by the gust effect factor approach. At least, this
approach captures the maximum member stresses with an allowable error.

(4) In this study, the focus is on the extreme fiber stress involved in the cross section of the
member, as the most important load effect. The gust effect factor, defined in terms of this
stress, depends on the dome’s geometry and on the turbulence intensity of the approaching
flow. The dependence of the gust effect factor on these parameters was investigated, based ol
a series of quasi-static analysis for a wide range of the dome’s geometry.

(5) Empirical formulas were provided for the gust effect factor and the equivalent pressure
coefficients, which reproduces the same load effects as that the practical pressure distribution
induces. The validity of these formulas was confirmed by comparing the maximum load
effects predicted by the formula with those obtained from the quasi-static analysis. Using
these formulas, we can easily estimate the design wind loads with an allowable error, despite
the simple model.
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