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

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

1. Introduction

Single-layer latticed domes are generally light and flexible, compared with ordinary double
latticed domes. Hence, they tend to deflect and oscillate under turbulent wind loadings. As th
increases, the natural frequencies generally decrease and the domes become more vulne
resonant excitation. On the other hand, the effective wind load may decrease with an incre
span, due to a size effect related to the spatial correlation of pressure fluctuations. These d
changes should be considered appropriately in the structural design of the domes. Howeve
are many difficult aspects from the viewpoints of aerodynamics and structural mechanics.
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Since the wind pressures acting on a dome vary spatially as well as in time, the time-space correlation
of the pressure fluctuations may play an important role in the dome’s dynamic response. Ogawet al.
(1988, 1989) experimentally investigated the time-space correlation of the wind pressures on sp
domes in a wind tunnel and constructed a simple model of the pressure field. Hongo (1995) carrie
series of wind tunnel experiments on the mean and fluctuating wind pressures, in which the focus
the effects of the turbulence of approaching flow and the dome’s geometry on the characteristics
pressure field. He provided an empirical formula for estimating the design wind loads on the stru
frames and members. The size effect is involved in the formula, but the effect of the dome’s dy
response is not considered. Recently, Letchford and Sarkar (2000) published their experi
results on the mean and fluctuating wind pressures acting on smooth and rough parabolic dome
applied the proper orthogonal decomposition (POD) technique to the fluctuating pressur
analyzing the structure of the pressure field on the dome. It is interesting to note that their res
the POD analysis are in accordance with those of our previous study (Uematsu et al. 1997).

Wind-induced dynamic response of domes has been studied by several researchers. For e
Mataki et al. (1988) investigated the structural characteristics and wind resistant design of a lo
cable-reinforced air-supported dome, based on a wind tunnel measurement of wind pressures
as on a field measurement of the wind-induced response of a large-scale model. Their 
indicate that the response can be estimated by applying a quasi-static approach to the estim
the wind loads. Ogawa et al. (1989) made a statistical analysis of the dynamic response for
supported spherical domes, using the above-mentioned model of the pressure field. Recently, Na
et al. (1998) proposed a convenient method for evaluating the response of domes through fre
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 rese
Davenport and Surry (1984) measured the steady and fluctuating wind forces on a saddle-
hyperboloid (HP) roof and presented a model of the design wind load, represented as an eq
static load. Their model was based on a peak factor approach and they proposed the value
dynamic load combination factors γ. However, the basis for determining the values of γ as well as
for the mode selection is not clear. Recently, we investigated the design wind load for an elliptic
dome, based on the dynamic response analysis both in the time and frequency domains (Uemaet al.
2001b). The results obtained from various approaches were compared with one another. 
found that the peak factor approach gave a reasonable estimation of the design wind load. H
the application of this approach is dependent on how to determine the values of the dynam
combination factors. An alternative and simpler method is a gust effect factor approach. I
recent study (Uematsu et al. 2002a), we have shown that this approach can be applied to the
estimation for circular flat roofs reasonably. Furthermore, the results of our investigation 
single-layer latticed dome imply that the same approach can be applied to such a dome as w
Uematsu et al. 2001a).

This paper discusses the design wind loads for the structural frames of single-layer latticed 
with long spans. The wind pressures are measured simultaneously at many points on dome
in two kinds of turbulent boundary layers, which simulate natural winds over typical open-co
and urban terrains. The purpose of the wind tunnel experiment is not to discuss the wind pr
in detail but to obtain wind pressure data to be used for the dynamic response analysis of fu
domes. For simulating the pressure fluctuations at the nodes of the network, the POD techn
applied to the wind tunnel data. Using the simulated wind pressures, we make two kin
response analyses. In the first analysis, the dynamic response of several models is analyze
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time domain; the nodal displacements and the resultant member stresses (both axial and b
are computed at each time step. The characteristics of the dynamic response are investigated in
detail. It is found that the response is almost quasi-static and the resonant effect on the d
response is relatively small. Then, a series of quasi-static analyses, in which the inertia and d
terms are neglected, is made for a wide range of the dome’s geometry. Based on the res
discuss the equivalent pressure coefficient that reproduces the maximum load effects; the focu
the applicability of the gust effect factor approach. Finally, we provide an empirical formula for the
gust effect factor and a simple model of the pressure coefficient distribution. The applicati
these empirical formulas is investigated by comparing the predicted results by the formula
those obtained from the quasi-static analysis.

It should be mentioned that this paper is an extended version of our previous papers (Uematset al.
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 netw
The members are steel pipes (‘STK400’ as specified in the Japanese Industrial Standard). 
summarizes the dimensions and structural properties of the models, in which Ndiv, qcY and S
represent the division number of the network (see Fig. 1), the buckling load of the dome 

Table 1 Dimensions and structural properties of the dome models

f/D D (m) Ndiv d (mm)� t (mm) qcY (kN/m2) S f1 (Hz)

0.05
(Low-rise)

120 8 812.8� 19.0 16.48 0.77 1.75
180 10 1117.6� 28.0 16.95 1.09 1.52

0.10
(Middle-rise)

120 8 500.0� 14.0 16.84 1.40 1.90
180 10 660.4� 22.0 16.92 1.36 1.66

0.20
(High-rise)

120 8 355.6� 9.0 16.47 2.38 2.07
180 10 508.0� 12.0 16.65 1.77 1.75

Fig. 1 Network of the dome



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

lar rigid
-
d load

iterion
uniform pressure and the shell likeness factor, respectively. The definition of these parameters is
given in Yamada (1984) and in Yamada and Ishikawa (1987). The rise/span ratios (f/D) are 0.05,
0.10 and 0.20; in this paper, they are referred to as ‘low-rise’, ‘middle-rise’ and ‘high-rise’,
respectively. The members arranged on the boundary are assumed to be clamped on a circu
wall; the results of a preliminary analysis indicated that the fundamental characteristics of the wind
induced response were not affected by the boundary condition significantly. The dome’s dea
Wd and the design snow load Ws per unit area are assumed 1.98 and 0.49 kN/m2, respectively, as
representative values. The dimensions (outer diameter d� thickness t) of the members are
determined so that the value of qcY becomes approximately six times as large as (Wd+Ws); a
description of the buckling analysis of latticed domes is presented in Yamada (1984). This cr

Fig. 2 Natural frequencies of the dome

Fig. 3 Mode shapes of vibration (D=180 m, f /D=0.20)



Wind-induced dynamic response and its load estimation 547

d
shapes
6th
e same
axis of

natural

ting the

e
s of
urban
loor; in
nt of

etric

eight/

el and
 not
 for
. The
of 0.5
rs (Zoc,

out by
an be

te of 1
 wind

w II.
ockage
to the
95) and
is often used for designing long-span domes in Japan.
The natural frequencies fj, up to the 50th mode (j=1−50), are plotted in Fig. 2; the close

symbols correspond to the axisymmetric modes of vibration. Sample results for the mode 
{ φ} j of vibration are schematically illustrated in Fig. 3. In the case of this model, the 1st and 
modes are regarded as axisymmetric. Each asymmetric mode has its counterpart with th
natural frequency and a vibration mode that is the same in shape but rotated about the 
revolution. For example, regarding the 2nd and 3rd modes, the natural frequencies are the same and
the corresponding vibration modes are perpendicular to each other. Fig. 2 indicates that the 
frequencies are fairly close to one another, particularly for the high-rise dome (f/D=0.20). This is
one of the most important considerations when analyzing the dynamic response and estima
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 Technical Resarch
Institute, which has a working section 18.1 m long, 2.5 m wide and 2.0 m high. Two kind
turbulent boundary layers, which simulated the natural winds over typical open-country and 
terrains, were generated with a standard spire-roughness arrangement on the wind tunnel f
this paper, these flows are referred to as Flows ‘I’ and ‘II’, respectively. The power law expone
the mean velocity profile is approximately 0.15 for Flow I and 0.27 for Flow II. The geom
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-h
span ratio (h/D) is varied from 0 to 1 with a step of 1/16. The span D of the wind tunnel models is
267 mm. Hence, the geometric scale λL of the wind tunnel models is 1/449 for D=120 m and 1/674
for D=180 m. There is a slight mismatch in the geometric scale between the wind tunnel mod
flow. However, it is thought that the effect of this discrepancy on the wind pressures is
significant (see Davenport et al. 1977, for example). Therefore, the wind tunnel data can be used
the dynamic response analyses of the full-scale domes with consideration of the similarity law
surface of the model is nominally smooth. Each model is equipped with 433 pressure taps 
mm diameter, as shown in Fig. 4(b). The pressure taps are connected to pressure transduce
13B/8Px MUXLESS) in parallel via 80 cm lengths of flexible vinyl tubing of 1 mm inside diameter.
The compensation for the frequency response of this pneumatic tubing system is carried 
using a digital filter, which is designed so that the dynamic data up to approximately 500 Hz c
obtained without distortion. The signals from the transducers are sampled in parallel at a ra
kHz on each channel for a period of approximately 33 s. All measurements are made at a
velocity of Uref=10 m/s at a reference height of Zref=267 mm. The wind velocity Utop at the level of
rooftop ranges from approximately 5.3 to 10.2 m/s; the corresponding Reynolds number Re, defined
in terms of D and Utop, ranges from approximately 9.4� 104 to 1.8�105. The turbulence intensity
I u ,top at the level of rooftop ranges from 0.13 to 0.20 for Flow I and from 0.12 to 0.27 for Flo
The wind-tunnel blockage ratio is less than 2% in any case. For such small values, the bl
effect on the wind pressures is considered insignificant. Therefore, no correction is applied 
results. The details of the experimental arrangements and procedures are given in Hongo (19
Uematsu et al. (1997).
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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 pr
taps (compare Figs. 1 and 4(b) with each other), we cannot use the wind-tunnel pressu
directly in the dynamic response analysis of the full-scale domes. Therefore, it is necess
simulate the pressure fluctuations at the nodes. For this purpose, we apply the POD techniqu
wind-tunnel pressure data; in the application, we consider the non-uniform distribution of pre
taps (regarding the details of this technique, see Taniguchi et al. 1996 and Jeong et al. 2000, for
example).

The POD analysis calculates the eigenvalue λk and corresponding eigenvectors {Φ} k (k=1−433)
from the covariance matrix of the fluctuating pressures. The pressure field {p(t )} may be
represented by the following equation :

(1)

where qref = reference velocity pressure, which defines the pressure coefficient Cp(t); N=number of
terms used for the simulation; and ak(t) represents the expansion coefficient. The velocity press
qref is defined by the wind velocity Utop at the level of rooftop or by the wind velocity UH at the
mean roof height H. The eigenvalue λk is the measure of the contribution of each eigenvector to 
pressure mean squares. It is normalized as follows :

(2)

Sample results on the normalized eigenvalues are shown in Fig. 5. The first eigenvector ge
contributes to the pressure mean squares by 40−50%. The accumulated values of Pk up to the 8th
and up to the 25th eigenmode are approximately 0.8 and 0.9, respectively. In the following an
we simulate the wind pressures at the nodes of the dome’s network using the first 25 eigen
(N=25 in Eq. (1)). The values of {Φ} k (k=1−25) at the nodes are interpolated or extrapolated fr

p t( ){ } qref Cp t( ){ } qref k 1=

N∑ ak t( ) Φ{ }k= =

Pk

λk

j 1=

433 λ j∑
----------------------=

Fig. 4 Wind tunnel model
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those at the pressure taps using MATLAB (a bicubic function). With these 25 eigenvectors, we 
simulate the pressure fluctuations of higher frequencies. However, such high-frequency fluctu
may not contribute to the general response of the dome significantly, because the spatial correl
of such fluctuations is rather law (see Hongo 1995) and, furthermore, their frequencies are
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=120 m, 180 m ; f/D = 0.10, 0.20 ; h/D=2/16, 4/16

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

(3)

where [M], [C], [K ] are mass, damping and stiffness matrices, respectively; and {P(t)} represents
the wind load vector, which consists of the nodal loads. We assume that the damping ma
given by the following equation (Rayleigh damping) :

[C]=aM[M]+aK[K ] (4)

For determining the values of aM and aK, the critical damping ratios of the first and second mod
are assumed 0.02, which is often used in the design of steel structures. The effects of aerod
damping and stiffness on [C] and [K ] are not considered. Such an assumption may result in

M[ ] u·· t( ){ } C[ ] u· t( ){ } K[ ] u t( ){ }+ + P t( ){ }=

Fig. 5 Normalized eigenvalues of pressure (h/D=2/16, Flow II)
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overestimation or underestimation of the response to some degree. However, the effects have no
been clarified yet in a quantitative sense; this is the subject of a future study. Furthermore, the
of internal pressure is not considered either ; this subject is beyond the scope of this 
Hereafter, we deal with only the wind-induced response, i.e. the increment or decrement fro
equilibrium state of the dome subjected to the deal load in still air.

Eq. (3) is numerically integrated by using the Newmark β method with β=1/4. The time step ∆t
for the numerical integration is 1/500 s, which is smaller than 1/200 of the first natural period T1 (=1/f1)
of the dome. The wind load P(t), expressed as a concentrated load at the node of the netwo
given by the product of the wind pressure p(t) at the location of the node and the tributary area
the node. The wind velocity Uh at the eaves-height h is assumed 50 m/s. The velocity scale λV and
the corresponding time scale λT of the wind tunnel experiment are summarized in Table 2. The t
step (sampling interval) ∆tp of the pressure measurements in the wind tunnel experim
corresponds to ~ 0.1 s in full scale. Since the value of ∆tp is much longer than ∆t, we apply the
Spline functions of the third order to the discrete values of ak (t) in Eq. (1) for obtaining the
intermediate values of the pressure coefficient Cp(t). The solution of Eq. (3) is expressed as a tim
history of the displacement vector {u(t)}. Hence, in order to investigate the dynamic response
each vibration mode, the modal displacements Aj (t) ( j=1−150) are also computed by the followin
equation :

(5)

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

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

Aj t( ) φ{ } j
T u t( ){ }=

Table 2 Similarity law of the wind tunnel experiment for the dynamic analysis

D (m) λL h/D
λV λT

Flow I Flow II Flow I Flow II

120 1/449
2/16 1/6.8 1/8.4 1/66 1/53
4/16 1/6.4 1/7.5 1/60 1/60

180 1/674
2/16 1/6.8 1/8.4 1/99 1/80
4/16 1/6.4 1/7.5 1/105 1/90
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response becomes the maximum for a high-rise dome (f/D=0.2), in which the deflection, the axia
(both tensile and compressive) and bending stresses are considered as the responses, or
effects. The diameter of each circle is proportional to the magnitude of the stress involved in
member. The open and closed circles represent the compressive and tensile stresses, res
The value in the parentheses represents the maximum stress among all members. It is found
stress distributions are similar to one another both in pattern and in magnitude.

Shown in Fig. 7 are the values of the modal displacements at the instant t0 when each of the four
responses becomes the maximum. For example, the circles represent the modal displacemen
instant when the maximum displacement occurs at a node during a time duration of 10 min. Th
of Aj (t0) is regarded as an indicator of the contribution of the j-th mode to the maximum response
In the high-rise dome case (Fig. 7(b)), the values of Aj (t0) for the four responses are almost th
same, particularly for the first mode. Therefore, it is thought that the four maximum respons
induced almost simultaneously. This feature corresponds well to the above-mentioned fact t
observed similar stress distributions for the four maximum responses in Fig. 6. In the midd
dome case (Fig. 7(a)), on the other hand, the values of Aj (t0) for the four responses are differen
from one another. This feature indicates that the four maximum responses occur at different
The values of Aj(t0) in Fig. 7 include both the time-averaged (static) and the dynamic compon
Then, the results for the static and dynamic components are plotted separately in Figs. 8 
respectively. The closed symbols in Fig. 8 correspond to the axisymmetric modes of vibration

Fig. 6 Distribution of the axial stresses involved in the members at the instant t0 when each of the four
responses (deflection, bending, tensile and compressive stresses) becomes the maximum (D=120 m,
f/D=0.2, h/D=2/16, Flow II)
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found that the general response, including the static component, is dominated by severa
asymmetric modes (such as j<10, for example) as well as by the first three to four axisymme
modes. Most of these modes contribute to the static components as well (compare Figs. 7
with each other). In other words, the dome’s general response is dominated by such mod
contribute to the static response significantly. From these results, it is thought that the dy
response of the domes under consideration is almost quasi-static; that is, the effect of reson
the dynamic response is relatively small.

Based on the above-mentioned discussion, we made a series of quasi-static analyses as 
step. “Quasi-static response” refers to the response that follows the fluctuating gust forces 
the natural frequencies of the dome under consideration and it can be computed by solv

Fig. 7 Characteristics of the modal displacement Aj(t0) (h/D=2/16, Flow II)

Fig. 8 Characteristics of the static component of the modal displacement Aj(t0) (h/D=2/16, Flow II)
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equation of motion in which the inertia and damping terms are neglected. Table 3 sho
comparison for the maximum member stresses (axial and bending) between the dynamic a
and the quasi-static analysis for the D=120 m domes; similar results were obtained for the D=
180 m domes. It can be seen that the difference between these two analyses is relatively sma
about 10 percents at the most. This result confirms the above-mentioned inference that the 
response is almost quasi-static. Such a feature may lead to a simple procedure for estima
design wind loads, as will be described in the following section.

Fig. 9 Characteristics of the dynamic component of the modal displacement Aj(t0) (h/D=2/16, Flow II)

Table 3 Comparison for the maximum member stress (unit: N/mm2) between the dynamic and quasi-static 
analyses (D=120 m)

f/D h/D Flow
Dynamic analysis Quasi-static analysis

Axial stress Bending stress Axial stress Bending stress

0.10
(Middle-rise)

2/16 I 41.4 48.1 38.9 46.0
4/16 I 42.7 96.9 39.1 90.6
2/16 II 59.6 88.5 52.0 85.5
4/16 II 53.9 151 46.5 132

0.20
(High-rise)

2/16 I 104 132 93.0 121
4/16 I 97.2 103 93.2 96.3
2/16 II 125 174 121 165
4/16 II 116 150 117 150
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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, ba
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 sy
analysis, some of the models seem unrealistic. The wind velocity UH at the mean roof height H is
given by the following equation, according to the AIJ Recommendations for Loads on Buildin
(1993) :

(6)

where U0 represents the ‘basic wind velocity’, i.e., 10-min mean wind velocity with a 100-yr m
recurrence interval at a height of 10 m above ground for flat and open exposure; ZG is a
representative height, roughly corresponding to the gradient height of the atmospheric bo
layer; and α is the power law exponent of the mean velocity profile. The basic wind velocity U0 is
assumed 35 m/s, which covers most of the Main Island of Japan. The values of α and ZG are
respectively 0.15 and 350 m for Flow I (open-country terrain) and 0.27 and 550 m for Flo
(urban terrain). The velocity scale λV and the corresponding time scale λT of the wind tunnel
experiment are summarized in Table 4. Note that the values of λV and λT are different from those
used in Section 4.2. If the mean velocity profile of the wind tunnel flow is perfectly similar to 
represented by Eq. (6), the values of λV and λT become independent of H. 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 stress σmax during a time
duration of 10 min and the time-averaged stress σ for all members. Regarding the axial stress, t
absolute values are used both for the tensile and compressive stresses. It is found that 

UH U0 1.7
H
ZG

------ 
  α

×=

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

D (m) f/D λ L

λV λT

Flow I Flow II Flow I Flow II

120
0.05 1/449 1/4.9−1/5.2 1/3.3−1/4.2 1/91−1/86 1/134−1/106
0.10 1/449 1/5.0−1/5.3 1/3.7−1/4.2 1/90−1/86 1/122−1/106
0.20 1/449 1/5.0−1/5.3 1/4.0−1/4.2 1/89−1/85 1/114−1/107

180
0.05 1/674 1/5.2−1/5.5 1/3.7−1/4.7 1/129−1/122 1/182−1/143
0.10 1/674 1/5.3−1/5.6 1/4.1−1/4.7 1/127−1/121 1/164−1/142
0.20 1/674 1/5.4−1/5.6 1/4.4−1/4.7 1/127−1/120 1/153−1/144
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collapse into a relatively narrow region around the regression line represented by a thick soli
The regression line was obtained by fitting it to the largest 10 percent of the data for σmax. The
slope of this line approximately corresponds to the gust effect factor Gf. Therefore, the results
indicate that the gust effect factor approach can be used for estimating the design wind load
is, the design wind load may be represented as an equivalent static load, given by the produc
time-averaged wind load and the gust effect factor Gf . Although there exists a large scatter in th
data for smaller  values in some cases, this is not a serious problem in practice, because 
of the members is generally determined based on the maximum stress among all members. 

Regarding the values of Gf, 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 II is larger than that in Flow I. This is due to higher turbulence intensi

the approaching flow.
(3) The value for D=180 m is smaller than that for D=120 m. This is due to a size effect relate

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 d

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

stress σ fb involved in the cross section of the member, as the most important load effect fo
single-layer latticed domes. The extreme fiber stress is induced by the axial force and b
moment; that is, tensile stress plus bending stress (positive) or compressive stress minus 
stress (negative). In the following, we consider the values of σ fb( t0) at the instant t0 when the
maximum value of σ fb occurs during a time duration of 10 min, as we did in the previous sectio

Fig. 11 shows the relation between the value of σ fb(t0) and the time-averaged value σ fb for all
members. In the figure, σ fb(t0) and σ fb are both reduced by the yield stress σY of the members
(assumed 235 N/mm2). As might be expected from the above-mentioned results, an approxim
linear relation between these two values can be seen. The same results are represented in a
manner in Fig. 12; that is, the data are plotted in order of increasing values of σ fb(t0) and σ fb.
When plotted in such a manner, the values of σ fb(t0) and σ fb represented by a circle in the figure d
not correspond to the same member. The scatter of the data decreases considerably, compa
that in Fig. 11. The slope of a straight line connecting the origin to the point of the largest σ fb(t0)
value, not shown in the figure, stands for an equivalent gust effect factor, which predict

σ

Fig. 10 Relation between σmax and σ (D=120 m, f/D=0.20, h/D=2/16, Flow I)
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. Such a
gle-

n of the

ion of
maximum peak stress among all members, when used together with the time-averaged loads
definition of the gust effect factor is not correct in the strict sense. However, considering that sin
layer latticed domes usually consist of members of the same cross section and the dimensio
members is determined based on the maximum peak stress, the load estimation by using such an
equivalent gust effect factor Gf may be reasonable from the practical viewpoint.

5.3. Empirical formula for gust effect factor

The values of Gf obtained from the above-mentioned procedure for f/D=0.05 and 0.20 are plotted
against h/D in Fig. 13. When rearranging the data for various cases, we found that the variat
Gf with the turbulence intensity IuH of the approaching flow at the mean roof height H and with the
H/D ratio was similar to that for circular flat roofs. In our previous paper (Uematsu et al. 2002a),
we provided an empirical formula for the gust effect factor Gf,flat of circular flat roofs as follows :

(7)

(8)

Gf flat, 1 g rF R⋅ ⋅+=

g 2 600fln 1
0.577

2 600fln 1

----------------------------+≈

Fig. 11 Relation between σ fb(t0) and σ fb (D=120 m, h/D=2/16, Flow I)

Fig. 12 Relation between σ fb(t0) and σ fb, plotted in order of increasing values (D=120 m, h/D=2/16, Flow I)
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where g=peak factor; rF=ratio of the rms to the mean modal force coefficient of the fi
axisymmetric mode; R=resonant magnification factor; and f1=natural frequency of the first axisymmetric
mode. When D/H>7, we may substitute 7 for D/H in Eq. (9). Because we deal with the quasi-sta
response in this section, R is regarded as 1.0. Furthermore, we may assume that g=4.0 for the
purpose of simplicity. The values of Gf,flat predicted by the formula are also plotted in Fig. 13. T
results imply that we can estimate the gust effect factor Gf for the single-layer latticed domes b
using the formula for Gf,flat, although some modification of the formula should be made. Figs. 1
and 14(b) show the ratio of Gf to Gf,flat for f/D=0.05 and 0.20, respectively. It was found that t
variation of the Gf/Gf,flat ratio with h/D can be approximated by the following equations (a li
graph in Fig. 14) :

r F 3.4I uH
2 0.04

D
H
---- 

 exp 0.12+⋅=

Fig. 13 Gust effect factors for single-layer latticed domes and circular flat roofs (D=120 m, Flow II)

Fig. 14 Ratio of the gust effect factor Gf to the corresponding flat-roof value Gf,flat (D=120 m, Flows I and II)
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pressure
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5.
revious
(10)

(11)

Using Eqs. (7)−(11), we can easily estimate the gust effect factor Gf for single-layer latticed domes
with f/D=0−0.2 and h/D=0−1.0.

5.4. Equivalent pressure coefficient

A discussion is made of the equivalent pressure coefficients, which reproduce the sam
effects that the practical pressure distribution induces. Fig. 15 shows a model of the pr
coefficient distribution on the dome. The dome is divided into four regions, labeled as ‘R1’ to 
and the pressure coefficient in each region is assumed constant. The value of the equivalent 
coefficient in each region is given by spatially averaging the pressure coefficient distribution
the region. The results of the equivalent pressure coefficients Cp1 to Cp4 for the four regions are
plotted against h/D in Fig. 16. It was found that the values were not affected by the turbulence
intensity of the approaching flow significantly. They depend on f/D as well as on h/D. The
variation of Cpi (i=1−4) with h/D for a constant f/D ratio can be represented by a line graph, 
shown in Fig. 16. The values of Cpi (i=1−4) for h/D=0, 0.25 and 1.0 are summarized in Table 
These values were determined not only from the present results but also from the results of the p

Gf

Gf flat,
-------------

4 Cmax 1–( ) h
D
---- 1.0+ for 0

h
D
---- 0.25≤ ≤ 

 

Cmax for 0.25
h
D
---- 1.0≤< 

 








=

Cmax

1.0 4
f
D
----+ for 0

h
D
---- 0.1≤ ≤ 

 

1.8 4
f
D
----– for 0.1

h
D
---- 0.2≤< 

 








=

Fig. 15 Model of pressure coefficient distribution on the dome
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investigations (for example, Ogawa et al. 1988, Suzuki et al. 1987, and Fukushi et 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 (
15 and 16), the maximum value of σ fb among all members predicted by the model was compa
with that by the practical pressure distribution. Figs. 17(a) and 17(b) show the results for f/D=0.05
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 b
the prediction by using the models of Gf and Cp-distribution and that obtained from the quasi-sta
analysis. The results for f/D=0.05 and 0.20 are shown in Figs. 18(a) and 18(b), respectively. Ag
a relatively good agreement can bee seen. Fig. 19 shows histograms of the ratio of the pr
value to that from the quasi-static analysis for the maximum peak stress; the number of data 

Fig. 16 Equivalent pressure coefficients Cp1 to Cp4 for the four regions R1 to R4 (Flow I)

Table 5 Equivalent pressure coefficient Cpi (i =1−4) in each region for h/D=0, 0.25 and 1.0

f/D
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 -0.1 -1.0 -0.4 -0.4 -0.3 -1.6 -0.8 -0.4 -0.3
0.10 0.4 0.0 -0.4 -0.2 -0.6 -0.4 -0.6 -0.4 -1.2 -0.6 -0.6 -0.4
0.20 0.5 0.0 -0.6 -0.2 0.0 -0.4 -0.8 -0.4 -0.4 -0.6 -1.0 -0.4



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

Fig. 17 Comparison of the maximum value of σ fb predicted by the pressure distribution model with those
computed by using the practical pressure distribution (Flows I and II)

Fig. 18 Comparison of the maximum extreme fiber stress predicted by the Gf and Cp-distribution models with
that obtained from the quasi-static analysis (Flows I and II)

Fig. 19 Ratio of the maximum extreme fiber stress predicted by the formulas to that obtained from the quasi-
static analysis
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The mean and the coefficient of variance of the data are 1.2 and 0.17, respectively. The formulas
somewhat conservative prediction for the maximum load effects. However, it is concluded tha
can be used for estimating the design wind loads with an allowable error, despite the simple mo

6. Conclusions

The wind-induced dynamic response and the resultant load estimation of rigidly jointed s
layer latticed domes with long spans have been investigated, based on a series of dynamic r
analyses in the time domain. The dome models are designed based on a criterion often use
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 mode
contribute to the static response significantly, i.e., a few lower axisymmetric and asymm
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 
dynamic response is relatively small. Therefore, the dynamic response can be evaluated
quasi-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 leas
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 
member, as the most important load effect. The gust effect factor, defined in terms o
stress, depends on the dome’s geometry and on the turbulence intensity of the appro
flow. The dependence of the gust effect factor on these parameters was investigated, ba
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 pre
coefficients, which reproduces the same load effects as that the practical pressure distr
induces. The validity of these formulas was confirmed by comparing the maximum 
effects predicted by the formula with those obtained from the quasi-static analysis. U
these formulas, we can easily estimate the design wind loads with an allowable error, d
the simple model.
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