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ABSTRACT

ARTICLE HISTORY

A new seismic failure criterion is proposed for the Kiewit-8 (K8) dome subjected to earthquakes based on key structural
parameters. Firstly, the K8 dome models were built in the finite-element package ANSY'S after considering the key struc-
tural design parameters. Secondly, the incremental dynamic analysis was undertaken resulting in a typical structural dam-
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age index Ds. These were introduced to undertake the nonlinear dynamic response history analyses at each increased level

of seismic records intensity and permitted the calculation of collapse loads of domes. Three hundred three -dimensional
seismic records based on the main influential factors of ground motion were selected as input seismic waves. Thirdly, the
lognormal distribution was selected to appraise collapse loads to gain the dynamic collapse fragility curves for domes
after comparing three maximum likelihoods. Then, the lower bound collapse loads with 95% probability of non-exceed-
ance changing with structural parameters were determined. Finally, relationships between lower bound collapse loads and
five key structural parameters were separated out by using numerical matching methods, followed by a new seismic failure
criterion for all the relationships including the five key structural parameters and a safety factor of 1.5. The new seismic
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failure criterion will contribute to the safe design and construction of these excellent space structures worldwide, particu- ance

larly in the countries which are prone to earthquakes.
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1. Introduction

Single-layer domes are adopted worldwidely as long-span roofs in recent dec-
ades [1-3] because of their advantages, such as their good aesthetic appearance,
large space coverage capability and sound structural performance. Current re-
search work is mainly focused on the structural response [4-10], collapse [11-
13] of the steel structure under different loads through experiment and numeri-
cal simulation analysis [14-18], considering stability and buckling [19-22].
Only few reports have investigated the structural dynamic failure modes [17, 19,
23, 24] and the seismic failure loads when the single-layer reticulated shells are
subject to earthquakes. Especially in countries prone to earthquakes (or tremor),
design methods considering not only static but also dynamic behavior are re-
quired. In the technical manual for designing and analyzing the space structures
[25], the maximum displacement is restricted to 1/400 of the shortest span of
the single-layer domes under the action of static loads and frequent tremors. But
there are no design guidelines at present to deal with the design of single-layer
domes subjected to severe tremors. Currently, the design process for single-
layer domes under strong earthquakes are mainly referring to general steel struc-
ture guidelines and the engineer’s experience [26-28]. In these circumstances,
Zhi [23] empirically proposed two different criteria for predicting the failure
loads of Kiewit-8 (K8) domes and cylindrical reticulated shells by determining
the maximum nodal displacement and structural plastic deformation. However,
the existing dynamic criteria need to be determined by undertaking a series of
numerical analyses using finite element software, which is complicated and time
consuming for the structural engineer. Therefore, there is a need to develop a
systematic, practical and fast method to estimate the limit load of these shell
structures.

In this paper, typical single-layer dome models of the K8 domes [23] were
built in the finite-element package ANSY'S [29]. This was undertaken after con-
sidering key structural factors, which have a great effect on the dynamic
failure loads of these kind of structures. Secondly, an incremental dynamic anal-
ysis (IDA) [30] with a typical structural damage index D [23] were used to
conduct nonlinear dynamic response history analyses (RHAs) at each
increased level of seismic records intensity. This was used to determine
the collapse loads of the domes whose failure modes were dynamic strength
failure. For considering the action of the properties of earthquake waves on the
failure loads, three hundred three-dimensional seismic records from the data-
base of the COSMOS [31] on the basis of the main influential factors of
ground motion, such as earthquake magnitude, distance, focal mechanism
and site class, were selected as input seismic waves to obtain collapse fragility
curves for the domes. Thirdly, the lognormal distribution [32] was selected to
fit the collapse loads to obtain the collapse fragility curves for the domes under
the action of seismic waves after comparing the results from lognormal, Weibull

[33], and Gamma distributions [34, 35]. The lower bound collapse loads with
95% probability of non-exceedance [28, 36-38] changing with structural roof
weights, spans, rise to span ratios and tube sections were determined based on
the collapse fragility curves. Finally, relationships between the lower bound col-
lapse loads and five key structural design parameters were separately selected
out by numerical matching methods, followed by a new seismic failure criterion,
a general equation, for all the relationships including the five key structural pa-
rameters and a safety factor of 1.5 [39]. The reason for the relatively higher
safety factor is that the value of the statistical life [40-42] is significantly higher
comparing with the cost of dome construction, which could increase the safety
of the dome structures and reduce the risk of death.

2. Factors to be considered in the ultimate load evaluation and the dome
models

2.1 Factors

The domes should be safely and properly designed not to buckle or collapse
under design loads. The calculation of the critical load corresponding to the
collapse stage under the action of earthquakes should consider several factors,
such as membrane action, structural configuration, boundary conditions,
materials, members, nodes, connections between members and nodes,
geometric imperfections, load distribution, peak ground motion and the duration
as well as the frequency of the ground motions. The following gives a short
explanation of the key factors considered in the ultimate load evaluation.

The membrane action is the membrane stresses prevailing in the shell-like
structures. The domes generally resist external loads through membrane action
with relatively low bending moments, in a similar way to continuous shells.
Accordingly, the K8 domes used in this paper were designed and modeled as
thin shell-like forms. To comply with this assumption, the shape and boundary
conditions should be compatible with the membrane action, leading to a state of
small bending moments. In these types of thin structures, appropriate measures
are required for avoiding shell-like collapse.

The support types greatly influence the behaviour of the domes. In general,
the buckling failure load or collapse load is higher in the case of pin-support
where the supports are fixed against translation but free for rotation, than in the
case of simple-support where the supports are fixed against only vertical
translation. The failure load is higher in the case of simple-support conditions
than that in the case of free edges if the form and members are the same for each
particular dome.

The members used in the reticulated shell were considered to be fabricated
from high strength, ductile steel. The ultimate load should be evaluated taking
into consideration the effects of Young’s modulus, yield stress, and residual
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stress in the fabricated members.

The members and nodes are the fundamental elements of domes. The
member slenderness ratio, subtended half angle and the arrangement of
members are regarded as the key factors for the ultimate load of the dome.

The connection between members mainly refers to the rigidity and strength
provided at the connections. It is well known that when the bending stiffness at
a connection is high enough, the ultimate loads can be increased on account of
the full rigidity at the connection, while the ultimate load will be reduced if the
joint rigidity is low.

Geometric imperfections are classified roughly into global geometrical
imperfections associated with nodal deviations and member crookedness. In the
case of the domes, the geometric imperfections should be considered when
evaluating ultimate loads, and the magnitude of real imperfections should be as
small as possible.

The load distribution includes uniform loads, asymmetric snow
accumulation, and combined loads of uniform and concentrated areas over a
local region.

The peak ground motion and the duration, as well as the frequency, are the
three fundamental parameters of ground motions. All of them can change the
ultimate load of the domes subjected to earthquakes.

2.2. Single-layer dome models
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In view of the above factors, the K8 dome [23] and its classification, the
members and the material of the members are presented in Figs 1a, b, c and d,
respectively. The RHAs was carried out for the dome models with all the sup-
ports fixed against translation but free for rotation. The joints between the mem-
bers were taken as rigid, which is in accordance with most of the constructed
structures. The span L and rise f could control the shape of the dome. The
PIPE20 [29] element was chosen to simulate the structural members which yield
stress and Young’s modulus are 235 MPa and 2.0610° MPa, respectively. The
bilinear isotropic hardening model for all of the elements was adopted. The roof
weight including cladding is equivalent to the surface area supported and the
lumped masses applied to the nodes are described by the point elements
MASS21 [29]. The dead load distributions are all uniform loads for all domes
selected in this paper. Rayleigh damping was assumed here, whose damping
ratio was empirically set to be 0.02. The consistent mode imperfection method
was adopted to consider the geometric imperfections referring to the technical
manual [25], and the maximum value of the consistent mode was 1/300 of the
span L. Other parameters of the selected domes were designed to meet the tech-
nical manual [25], such as tube slenderness ratio, subtended half angle and the
arrangement of members. The basic configurations of the domes are listed in
Table 1, other cases with changed parameters complying with the basic config-
urations, such as different uniform roof weight, spans, rise to span ratios and
cross sections, are shown in Appendix Table 1.

D 40 20 3

Reciprocal of
rise-span ratio

Roof weight (<10kg/m?)
Span (m)

Dome

(b) Classification of the domes

Stress

™~

Yield Point

£l

Strain

(d) The material of the members

Fig. 1. The K8 dome system

The pipe20 [29] element can resist axial force, bending moment, shear, torque,
etc. Meanwhile, the element has plastic, creep and swelling capabilities, and by
using it, it is possible to output nodal displacements (including the nodal dis-
placements in three directions at a node), member forces for nodes, shear strains,
Table 1
Labels and parameters of the K8 system

strain energy, and so on. In addition, there were eight integration points distrib-
uted uniformly around the cross-section of the pipe20 element presented in
Fig.1c, which can output all the data information mentioned above.

Roof weight Cross section (mm)
Dome label Span (m) Rise to span ratio
including cladding (kg/m?) radial and hoop members oblique members
D40203 40 200 1/3 146>6 140>6
D40205 40 200 1/5 146>6 140>6
D40207 40 200 17 146>6 140>6
D50063 50 60 1/3 168>6 152>6
D50065 50 60 1/5 168>6 152>6
D50067 50 60 17 168>6 152>6
D60063 60 60 1/3 194>6 168>6
D60065 60 60 1/5 194>6 168>6
D60067 60 60 17 194>6 168>6
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3. The failure load (PGA), seismic records, and the lower bound failure load
as well as its safety factor

3.1. The failure loads (PGA) of the domes

To obtain the collapse load of these structures, Ibarra and Krawinkler [43, 44]
proposed using IDA method [30] to estimate the collapse load of the selected
dome for each seismic record. Obtaining the dynamic collapse loads is a time-
consuming job. In this study, the collapse states of the dome include dynamic
instability and dynamic strength failure according to the definition of Zhi [23].
It is easy to judge the failure modes and failure loads for the dynamic instability
as described in the literature [23]. However, it is difficult to discriminate its
failure mode accurately for the dynamic strength failure because of the terrible
plastic deformation and overall displacements before structures topple down.
Here a failure criterion proposed in literature [23] is used to calculate failure
loads of the domes whose failure modes are dynamic strength failure. The equa-
tion of the index D; can be defined as:

Ds3.2J(F%_)[100[(DLD6)2+(:)2}+R11+R§,]J )

where Ds is the structural damage index; H and L are the height and span of the
dome, respectively; D refers to the nodal displacement, whose value is the larg-
est comparing with other nodes in the selected dome; D, accounts for the largest
elastic displacement before entering plastic state; ¢, means the average strain for
the global dome; ¢, equals the strain of steel when the failure occurred; Ry, and
Rep are the plastic ratios of the members.

3.2. The seismic records

It is known to all that all the information contained in the seismic records,
such as PGAs, durations and frequencies, can affect the structural dynamic re-
sponse. In order to consider these factors as far as possible, three hundred seis-
mic records from the database of the COSMOS [31] were selected as input seis-
mic waves. In this paper, three hundred three-dimensional seismic records were
selected from seven earthquakes on the basis of the main influential factors
of ground motion mentioned above. The ratio of the PGAs along the three
directions, X, Y and Z, was modulated into 1: 0.85 : 0.65 for all the seismic
waves according to the technical manual [25], and the 90% energy duration T4
(Ta =T, - T, AE = E(T,) - E(T1) = 90% E,, where E, is the total energy) was
adopted to calculate the durations of the input seismic waves.

3.3. Three probability distributions and the lower bound collapse load of the
dome

Here, three hundred seismic records were selected to obtain the failure fragil-
ity curve based on three probability distributions, namely lognormal, Weibull
and Gamma distributions, whose PDF and CDF are given by [32 - 35], presented
in Eq. (2) — Eq. (8):
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where fx(x) and Fx(x) denote the PDF and CDF of the Lognormal distribution,
X is the log-normally distributed random variable, x is the failure load PGA, u
and ¢ account for the mean value and standard deviation, ® is the CDF of the
standard normal distribution; f(x; 4, k) and F(x; 4, k) are the PDF and CDF of
the Weibull distribution, k > 0 and 4 > 0 refer to the shape parameter and the
scale parameter; f(x; k, 0) and F(x; k, 6) equal the PDF and CDF of the Gamma
distribution.

In addition, in this paper the Kolmogorov-Smirnov test [34, 35] was used to
calculate the confidence level for the three probability distributions. It quantifi-
cationally analyzes the deviations between the hypothesized CDF Fx(x) and the
measured cumulative histogram, which can be given by

D= mrelixHF*(X“))f F, (x“))H - mnax{

i=1 i=1

Ly (X(i))H )

n

where X@ is the ith largest observed value in the random sample of size n.

After this, the PDF and CDF for the collapse loads of D40205 under the ac-
tion of the three hundred ground motions are presented in Fig. 2 that have been
fitted to the simulation results by lognormal, Weibull, and Gamma method. It
can be seen from Fig. 2 that the lognormal distribution is the best fit to the dy-
namic failure loads and approximately satisfies the above test method with 95%
confidence interval in agreement with these figures in Zhong’s doctoral disser-
tation [45]. Hence, the lognormal distribution will be adopted to analyzing the
dynamic failure fragility curves in this paper. The dome D40205 has a median
dynamic failure load of 22.10m/s?, whose logarithmic standard deviation is
0.2084. This dispersion only considered the uncertainty of ground motion, not
included modeling uncertainty.

In practical engineering, a 95% probability of non-exceedance [28, 52, 36,
37] was the most commonly used to obtain a design value with credible and
confidence intervals. In this paper the 95% confidence limit was also adopted
to discriminate the lower bound collapse loads for domes subjected to the se-
lected seismic records. In other words, the structural collapse loads for all the
selected seismic waves would be larger than the lower bound collapse loads
with 95% probability.

1
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& s
() 4
0.4 /
/ o Simulation Results
0.2 === |_ognormal Distribution
===Weibull Distribution
0 + Gamma Distribution

0 15 20 25 30 35 40
PGA (m/s?)

Fig. 2 The distributions for D40205 subjected to different seismic records

3.4. The safety factor and its rational

A dome should have sufficient capability to carry limit loads/design loads, as
shown in Fig. 3, without large deformation detrimental to its serviceability state
and load-bearing state. The ultimate load here is the load on the structure corre-
sponding to ultimate point in Fig. 3, namely, corresponding to the collapse state.
The ultimate loads of the domes can be calculated using FEA software. How-
ever, there is not a reasonable method to evaluate the limit loads/design loads
for domes subjected to strong earthquakes at present. In the field of aircraft

structures, the limit loads/design loads can be estimated by dividing the ultimate
loads by, a factor of safety, 1.5, and the failure probability of the aircraft can be
accepted. Because of the significance of domes, the same factor of uncertainty
of 1.5 has been used to evaluate the limit loads/design loads, which can be ob-
tained approximately using equation (10).
U
L= ﬁ (10)

where the Uy is the ultimate loads and the Dy is the limit loads/design loads.

To confirm the rationality of the safety factor, the PGA-Displacement curve
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for D40205 is shown in Fig. 3. In Fig. 3 the structural yield point denotes that
the structure enters the plastic stage as shown in Fig. 4a; the design state (as
shown in Fig. 4b) denotes the limit loads/design load and its corresponding dis-
placement; and the ultimate point (as shown in Fig. 4c) denotes the structural
maximum load and displacement followed by the structure collapse as shown
in Fig. 4d.

18-

16

14

Ultimate point Structure collapse

24 Design state
104
84
64
44
24
04

PGA (m/s®)

Structural yield point

T T T T
0 1 2 3 4 5
Displacement (m)
Fig. 3 The PGA-Displacement curve of D40205
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As shown in Fig. 3, the PGA corresponding to the design state, of 11.53m/s?,
exceeds the PGA associated with the structural yield point, which indicates that
the plastic yielding ability of the material has been partly used. Importantly, the
displacement 0.11 m, nearly equals 1/400 of the structural span, and is less than
1/100 of the span of the domes which was proposed as the ultimate value of the
critical displacement in reference [43] based on the statistical data and consid-
eration of the practical factors related to design, construction, service, mainte-
nance and restoration. In order to further verify the safety factor, Table 2 gives
the collapse load, design load/limit load and ratio of the displacement corre-
sponding to the design load/limit load to structure span for nine domes including
D40205 under the action of the Taft wave recorded by station of USGS station
1095 in Kern County earthquake in 1952. In most cases the ratios of the dis-
placement to the structural span are less than 1/100 as shown in Table 2. Only
two of the nine displacements are a little larger than 1/100, but they are both
very close to 1/100. These displacements can verify the sensibility of using a
safety factor of 1.5, to a certain extent.

(b) 1153gal (410)

(d) 1750gal (<L)

Fig. 4 The deformation of D40205 subjected to the Taft wave at four critical stages.

Table 2
The dynamic failure stage of nine typical domes subjected to Taft wave

Design load (m/s?) Displacement/span

Dome earthquake Collapse load (m/s2)
D40203 12.00 8.00 0.93/400
D40205 17.30 11.53 1.00/400
D40207 16.50 11.00 3.42/400
D50203 43.00 28.67 1.41/400
D50065 Taft wave 64.50 43.00 2.95/400
D50207 57.30 38.20 4.58/400
D60063 48.30 32.20 2.67/400
D60065 64.30 42.87 3.15/400
D60067 52.70 35.13 4.44/400
Note: the Collapse load and Design load are the peak ground acceleration (m/s?).
parameters
4. Relationship between the lower bound collapse load and key structural
Table 3
Twenty seismic waves selected from the three hundred seismic records
Number Stations Number Stations
1 CSMIP station 24272 11 CSMIP station 13879 Chino
2 CSMIP station 24401 12 MWD station 0709
3 CSMIP station 24399 13 CSMIP station 14828 Chino
4 CSMIP station 24207 14 CSMIP station 13095 Chino
5 CSMIP station 128 15 CSMIP station 23138 Chino
6 CSMIP station 24402 16 USGS station 0117
7 USC station 5361 17 TCU station 078
8 CSMIP station 23525 Chino 18 TCU station 116
9 USC station 0047 19 WNT station
10 CSMIP station 23842 Chino 20 USGS station 1095
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Empirically, the ultimate loads of the domes have a close relation with the
key structural factors like, dome spans, rise to span ratios, roof weights and
member cross section sizes. Hence, numerical simulations for the ultimate loads
of the domes with these key structural parameters mentioned above subjected
to earthquakes were performed. To attain the collapse fragility curves of the
ultimate loads and to reduce the computational effort, twenty seismic records
with different frequencies and durations were selected as input seismic waves
as shown in Table 3. Similarly, the IDA method was used to determine the col-
lapse load for each seismic record. After this, the CDF distributions for the
domes could be obtained based on the collapse loads, and the lower bound col-
lapse load for each dome could be simultaneously discriminated with 95% prob-
ability. The relationships between each key structural parameter would then be
analyzed independently, and an equation could be proposed to calculate the
lower bound collapse load for the domes based on the five structural parameters.

Table 4

390

In this study, the prime target was to look for the relationship between the ulti-
mate loads and the key structural parameters.

4.1. Relationship between lower bound collapse loads and roof weights

For buildings the relationship between the roof weights including cladding
and the lower bound collapse loads, the RHAs were performed in the ANSYS
software for a dome, whose span is 50 m and rise to span ratio is 1/5, with roof
weights 60 kg/m?, 100 kg/m?, 160 kg/m?, 200 kg/m?, 260 kg/m?, 300 kg/m?, 360
kg/m2, 400 kg/m? and 460 kg/m?, which covered all cases in engineering appli-
cations [46], subjected to the twenty seismic records listed in Table 3. The col-
lapse loads for the domes with different roof weights subjected to twenty seis-
mic records are listed in Table 4, and their collapse fragility curves are presented
in Fig. 5.

The collapse loads for the domes with different roof weights subjected to twenty seismic records

Collapse loads (m/s?)

Number
60 kg/m? 100 kg/m? 160 kg/m? 200 kg/m? 260 kg/m? 300 kg/m? 360 kg/m? 400 kg/m? 460 kg/m?
1 120.60 76.00 39.00 27.40 17.00 11.80 6.00 5.20 3.00
2 100.50 58.60 31.00 20.60 14.00 9.60 6.40 5.20 2.80
3 136.80 79.60 42.80 31.40 18.20 13.40 8.00 5.60 3.00
4 138.80 86.60 46.00 29.80 22.00 14.00 9.00 7.20 4.00
5 97.40 64.00 35.80 25.60 17.20 12.60 7.60 5.60 3.00
6 124.60 76.80 44.60 31.00 19.40 12.80 9.00 5.80 3.80
7 118.20 35.80 42.40 31.20 19.80 15.00 9.20 6.80 4.00
8 92.40 59.80 35.80 25.60 16.80 13.00 7.80 5.60 3.20
9 61.40 36.00 18.00 12.00 7.00 4.80 3.20 240 1.20
10 111.80 73.80 43.60 30.80 19.60 14.40 8.40 6.40 3.40
11 105.60 66.80 41.40 31.40 20.40 14.60 8.80 6.40 3.40
12 123.80 88.80 44.00 30.00 23.00 15.00 10.80 8.40 3.40
13 159.40 95.80 49.80 32.40 19.40 15.60 10.40 7.20 4.40
14 133.80 82.00 51.60 35.00 19.80 14.00 7.40 5.80 3.20
15 118.60 79.80 47.00 32.00 21.60 16.00 10.40 8.20 4.60
16 70.80 42.60 23.60 16.40 9.20 6.60 4.00 3.20 1.60
17 65.40 35.40 18.40 12.60 7.60 5.20 3.60 2.80 1.40
18 55.40 31.60 16.40 12.00 7.00 5.00 3.40 2.40 1.40
19 88.60 52.60 29.80 21.40 13.80 10.40 6.60 5.00 2.80
20 64.50 38.00 20.40 13.40 8.20 5.60 3.20 2.80 1.80
1 Empirically, the response variable LPGA can be written as a linear func-
tion of the predicator variable RW plus an error term. The linear prediction
; —=— 100 kg/m? g
0.6 dn — 160 kg/mz where ¢ is an independent random variable, and its distribution has mean 0
E —&—200 kg/m? and standard deviation o.
@)
AT¥ —5— 260 kg/m?
044 gm Table 5
== 300 kg/m' . . .
5 Lower bound collapse loads changing with roof weights
0.21 —¥— 360 kg/m
— 400 kg/m? Dome RW* (kg/m?) Lower bound Collapse load (m/s?)
— 2
: 460 kg/m D50065 60 60.50
0 50 100 150 200
2 D50105 100 32.50
PGA (m/s%)
Fig. 5 Collapse fragility curves for the domes with roof weights D50165 160 18.26
) - D50205 200 1145
The lower bound collapse loads with 95% probability of non-exceedance
changing with roof weights are given in Table 5 according to the failure D50265 260 720
fragility curves shown in Fig. 5. D50305 300 4.89
On the basis of Table 5, the relationship between logarithmic lower bound
. R D50365 360 3.28
collapse loads and roof weights are shown in Fig. 6. It demonstrates that
there is a strongly statistically significant trend between logarithmic lower D50405 400 253
bound collapse loads (LPGA) and roof weights (RW) with a very small var- D50465 460 138

iance 0.12.

*Roof Weight
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For these data, the least-squares method estimates of slope, intercept and
error term were 3=-0.009, 0=4.4055 and ¢=0.12, respectively. Therefore, the
linear prediction function (11) can be rewritten as

log(PGA) = —0.009RW +4.4055+0.12 12)

where RW € [60 kg/m?, 460 kg/m?] is the roof weight including cladding.
4.2. Relationship between lower bound collapse loads and structural spans

In this section, the dome, whose roof weight is 60 kg/m? and rise to span
ratio is 1/5, with spans 90 m, 85 m, 80 m, 75 m, 70 m, 65 m, 60 m, 50 m and
40 m were firstly selected as typical cases. Then the RHAs were performed
in the ANSY'S software for these typical cases subjected to the twenty seis-
mic records listed in Table 3. The collapse loads for the domes with different
spans subjected to twenty seismic records are listed in Table 6, and their
collapse fragility curves, lognormal distributions, are shown in Fig. 7.

The lower bound collapse loads with 95% probability of non-exceedance
changing with spans are then listed in Table 7 on the basis of the collapse
fragility curves shown in Fig. 7.

Table 6

391

On the basis of Table 7, the relationship between logarithmic lower
bound collapse loads and spans is shown in Fig. 8. It demonstrates that
there is also a strongly statistically significant trend between LPGA and
spans with a very small variance 0.2788.

5

LPGA (m/s%)
N w

-

o

-1

0 100 200 300 400 500
Roof Weight (kg/m?)
Fig. 6 Relationship between lower bound collapse loads and roof weights. (Note:
the natural logarithm LPGA=log (Lower bound collapse load))

The collapse loads for the domes with different spans subjected to twenty seismic records

Collapse loads (m/s?)

Number

90m 85m 80m 75m 70m 65m 60m 50 m 40m
1 2.70 7.00 11.60 18.00 24.80 33.20 50.20 120.60 240.00
2 1.60 5.20 9.80 14.80 21.80 29.80 43.00 100.50 169.80
3 4.00 13.80 21.60 29.60 37.80 48.40 64.80 136.80 226.80
4 3.50 8.00 14.00 19.00 25.00 35.00 56.00 138.80 208.40
5 3.20 8.20 12.00 17.60 22.40 31.00 44.80 97.40 165.00
6 2.70 7.80 13.80 18.80 27.60 38.60 55.60 124.60 239.20
7 3.40 9.80 16.60 21.20 31.60 44.00 57.60 118.20 192.60
8 1.50 4.80 10.00 15.40 22.80 32.80 46.80 92.40 166.00
9 0.88 2.80 4.40 8.20 11.00 14.60 22.60 61.40 119.80
10 1.70 6.60 12.00 18.60 28.00 39.00 55.60 111.80 204.00
11 2.20 7.00 12.20 17.40 26.80 34.60 39.80 105.60 184.60
12 4.60 9.80 15.60 19.60 29.00 36.00 56.00 123.80 256.00
13 3.50 10.40 16.60 24.40 34.20 47.80 68.60 159.40 317.80
14 3.00 7.80 13.60 19.60 30.00 42.00 62.00 133.80 250.00
15 3.10 11.00 17.60 23.00 30.60 39.40 58.00 118.60 196.00
16 1.06 3.20 5.60 9.00 14.00 20.80 30.00 70.80 141.40
17 0.80 2.80 5.40 7.80 10.60 16.20 23.20 65.40 134.00
18 0.70 2.60 4.40 7.40 11.40 17.00 23.40 55.40 110.40
19 1.70 4.60 8.00 12.40 19.20 28.20 41.20 88.60 166.00
20 0.96 3.00 5.80 8.60 12.00 16.60 24.40 64.50 130.20

Table 7 Referring to Equation (11), the relationship between lower bound collapse

Lower bound collapse loads changing with spans

Dome Span (m) Lower bound Collapse load (m/s2)

D90065 90 0.782
D85065 85 2.60

D80065 80 4.72

D75065 75 7.85

D70065 70 11.40
D65065 65 11.74
D60065 60 23.90
D50065 50 60.50
D40065 40 117.30

loads and spans could be given by:
log(PGA) = -0.0923L +8.6673+0.2788 (13)

where L € [40m, 90m] is the structural span.
4.3 Relationship between lower bound collapse loads and rise to span ratios

Here, the domes, whose span is 50 m and roof weight is 60 kg/m?, with rise
to span ratios 0.10, 0.15, 0.20, 0.25, 0.30, 0.35, 0.40, 0.45 and 0.5 were firstly
selected as typical cases. Then the RHAs were carried out in the ANSY'S soft-
ware for these typical cases subjected to the twenty seismic records listed in
Table 3. The collapse loads for the domes with nine rise to span ratios subjected
to twenty seismic records are given in Table 8, and their collapse fragility curves,
lognormal distributions, are shown in Fig. 9.

The lower bound collapse loads with 95% probability of non-exceedance
changing with rise to span ratios are presented in Table 9 based on the failure
fragility curves shown in Fig. 9. Based on Table 9, the relationship between
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logarithmic lower bound collapse loads and rise to span ratios is presented in
Fig. 10. According to the LPGA changing to the cubic curve model is the best
model among several different models of curve estimation with a very small

variance 0.1122.
1
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Fig. 7 Collapse fragility curves for the domes with different spans
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Fig. 8 Relationship between lower bound collapse loads and spans

The collapse loads for the domes with nine rise to span ratios subjected to twenty seismic records

Collapse loads (m/s?)

Number
0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.5
1 73.00 115.60 120.60 123.00 112.20 110.10 118.80 96.60 83.60
2 64.20 94.40 100.50 36.60 66.00 75.00 87.60 73.40 58.80
3 106.80 99.80 136.80 140.80 94.40 49.80 103.80 104.00 118.20
4 97.60 125.80 138.80 116.00 105.80 91.80 78.80 71.60 68.80
5 68.40 94.40 97.40 118.40 119.00 87.60 150.20 99.80 97.80
6 99.40 119.80 124.60 153.60 130.20 129.40 152.40 127.40 113.00
7 94.00 108.80 118.20 115.80 155.40 153.60 170.00 140.20 123.20
8 72.20 94.80 92.40 79.00 69.60 63.40 55.60 49.00 42.00
9 36.60 54.60 61.40 48.40 41.80 39.40 42.60 30.60 26.20
10 78.60 117.00 111.80 100.60 90.60 86.40 82.20 69.20 57.40
11 94.60 112.60 105.60 93.60 86.00 87.40 90.80 83.40 74.00
12 102.00 128.00 123.80 119.20 122.20 130.60 201.60 156.60 140.40
13 123.60 155.80 159.40 158.60 139.80 136.80 149.00 116.40 105.00
14 106.60 144.00 133.80 136.60 166.00 158.20 140.20 127.40 107.60
15 88.80 117.00 118.60 114.00 108.00 108.60 103.00 90.60 78.80
16 57.40 77.60 70.80 52.00 45.00 41.00 37.80 31.00 24.90
17 36.80 56.20 65.40 54.80 49.00 43.80 49.60 31.40
18 29.00 54.40 55.40 42.20 34.60 28.00 21.80 17.60 14.00
19 45.20 81.20 88.60 83.00 76.00 68.80 66.60 52.80 46.20
20 40.40 60.00 64.50 50.20 48.60 42.40 47.20 32.60 26.80
Table. 9
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Fig. 9 Collapse fragility curves of the domes with different rise to span ratios

Lower bound collapse loads changing with rise to span ratios

Ratio Lower bound Collapse load (m/s?)
0.10 35.35
0.15 57.20
0.20 60.50
0.25 41.88
0.30 40.00
0.35 33.92
0.40 32.93
0.45 26.94
0.50 21.25
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Fig. 10 Relationship between lower bound collapse loads and rise to span ratio
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Referring to Equation (11), the relationship between the lower bound collapse
loads and rise to span ratios could be given by:
log(PGA) =53.5354RSR*-57.3447RSR? +16.4657RSR +2.5404 +0.1122  (14)

where RSR € [0.1, 0.5] is the rise to span ratio.
4.4 Relationship between lower bound collapse loads and tube member thick-
nesses

In this section, the dome spans D50065 with tube member thicknesses A, B,
C, D, E and F were firstly selected as typical cases as shown in Table 11. Then
the RHAs were performed in ANSYSS software for these typical cases subjected
to the twenty seismic records listed in Table 3. The collapse loads for D50065
with different tube thicknesses subjected to twenty seismic records are listed in
Table 10, and their failure fragility curves, lognormal distributions, are shown
in Fig. 11.

Table 10

The collapse loads for D50065 with different tube thicknesses subjected to twenty seismic records

Collapse loads (m/s?)

Number
A B C D E F
1 106.00 120.60 127.20 150.40 162.80 149.80
2 86.00 100.50 103.60 121.20 119.60 135.60
3 118.00 136.80 146.00 159.80 220.00 215.80
4 117.20 138.80 140.00 160.20 164.00 149.60
5 86.60 97.40 99.20 122.00 119.80 144.60
6 107.60 124.60 126.60 152.40 171.60 186.80
7 101.20 118.20 120.00 156.60 166.20
81.00 92.40 93.40 109.40 114.40 128.00
9 50.40 61.40 62.40 76.60 74.60 84.80
10 96.80 111.80 113.00 133.20 141.20 157.80
11 87.20 105.60 106.60 123.40 130.60 144.40
12 104.60 123.80 124.60 154.60 169.60
13 131.60 159.40 159.80 192.60 212.80 243.60
14 112.60 133.80 136.00 159.60 177.60 196.20
15 104.60 118.60 121.00 147.00 163.00
16 58.60 70.80 71.80 85.60 85.20 96.80
17 53.60 65.40 66.40 79.40 77.60 89.60
18 46.40 55.40 56.40 68.00 70.20 80.40
19 77.20 88.60 90.00 105.00 119.60 133.20
20 54.80 64.50 65.60 80.40 81.80
1
Table. 11
08 Lower bound collapse loads changing with tube thicknesses
06t Tube dimensions:.outside diameter (mm)>Wall
b thickness (mm) Lower bound c;)llapse load
© o4 Radial and Hoop t1 Oblique t2 (m/s)
A 168.00>6.00 152.00>4.00 51.20
02 B 168.00>6.00 152.00>4.80 60.50
00 100 200 300 C 168.00>6.30 152.00>5.04 61.93
PGA (m/sz) D 168.00>8.00 152.00>6.40 70.86
Fig. 11 Collapse fragility curves for D50065 with different tube thicknesses E 168.00x10.00 152.00>8.00 73.56
F 168.0012.50 152.00>10.0 87.37

The lower bound collapse loads with 95% probability of non-exceedance
changing with tube thicknesses are presented in Table 11 on the basis of the
failure fragility curves given in Fig. 11. Based on Table 11, the relationship
between logarithmic lower bound collapse loads and member tube wall thick-
nesses is shown in Fig. 12. It demonstrates that there is also a strongly statisti-
cally significant trend between LPGA and tube wall thicknesses with a very
small variance 0.0455.

Referring to Equation (11), the relationship between lower bound collapse
loads and rise to span ratios could be given by:

LPGA =0.0629TH +3.6977 +0.0455 (15)

where TH € [5.0 mm, 12.5 mm] is the tube wall thickness.

Note: t1:t2=1:0.8
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Fig. 12 Relationship between lower bound collapse loads and tube wall thicknesses

4.5 Relationship between lower bound collapse loads and the tube outer diam-
eters

Table 12
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In this section, the dome spans D50065 with tube outer diameters A, B, C, D,
E, F, G, Hand I (shown in Table 13) were firstly selected as typical cases as
shown in Table 12. Then the RHAs were performed in ANSYS software for
these typical cases subjected to the twenty seismic records listed in Table 3. The
collapse loads for D50065 with different tube outer diameters subjected to
twenty seismic records are listed in Table 12, and their collapse fragility curves,
lognormal distributions, are shown in Fig. 13.

The lower bound collapse loads with 95% probability of non-exceedance
changing with tube outer diameters are also listed in Table 13 based on the col-
lapse fragility curves given in Fig. 13.

On the basis of Table 13, the relationship between logarithmic lower bound
collapse loads and logarithmic tube outer diameters is shown in Fig. 14. This
demonstrates that there is also a strongly statistically significant trend between
LPGA and logarithmic tube outer diameters with a very small variance 0.1645.

The relationship between LPGAs and logarithmic tube outer diameters could
be given by:

log(PGA) = 2.3243log(OD) —8.0037 +0.1645 (16)

where OD € [114.30 mm, 355.6 mm] is the tube outer diameter, log (OD) is
the logarithmic tube outer diameter.

The collapse loads for D50065 with different tube outer diameters subjected to twenty seismic records

Collapse loads (m/s?)

Number

A B c D E F G H |
1 27.60 59.20 127.20 180.80 248.60 306.00 347.40 437.00 450.00
2 27.20 50.60 103.60 140.60 187.60 228.80 254.00 341.60 343.40
3 38.00 73.40 146.00 215.80 269.60 299.80 376.60 486.40 562.20
4 33.20 75.80 140.00 161.20 201.80 262.20 312.00 374.00 445.40
5 24.00 51.60 99.20 149.80 184.60 230.20 270.00 326.00 386.60
6 31.40 67.20 126.60 173.40 243.00 298.40 348.60 490.00 449.00
7 33.40 65.00 120.00 165.60 213.40 259.40 380.60 362.80 485.20
8 30.20 54.60 93.40 121.80 152.20 181.00 211.80 255.40 293.20
9 14.00 27.20 62.40 87.80 116.80 148.60 184.40 270.40 299.40
10 34.80 66.80 113.00 151.80 241.40 239.00 285.00 364.20 386.80
11 29.20 56.80 106.60 143.60 184.60 223.20 278.60 345.80 428.80
12 30.60 65.60 124.60 177.80 245.80 314.20 390.60 485.40 572.00
13 38.60 77.60 159.80 235.00 310.80 395.80 469.00 503.80 681.60
14 32.00 69.00 136.00 195.60 241.40 290.60 346.40 448.80 477.80
15 35.00 70.60 121.00 155.60 103.60 230.40 271.60 346.00 384.40
16 19.20 37.00 71.80 96.60 125.20 154.20 183.40 232.60 273.80
17 15.00 27.60 66.40 93.40 123.00 146.00 180.00 253.00 283.80
18 16.00 30.20 56.40 76.00 95.60 112.20 132.20 169.60 188.60
19 25.80 46.80 90.00 118.00 148.40 186.20 229.00 283.40 307.40
20 15.80 32.00 65.60 90.00 113.80 138.80 171.00 250.20 269.20
Table. 13

CDF

600
PGA (m/s?)
Fig. 13 Collapse fragility curves for D50065 with different tube outer diameters

Lower bound collapse loads changing with tube outer parameters

Outer parameters (mm>mm) Lower bound collapse load

Radial and Hoop D1 Oblique D2 (ms?)
A 114.30>6.30 102.90>6.04 15.60
B 139.70>6.30 125.70>5.04 29.75
C 168.00>6.30 152.00>5.04 61.93
D 193.70>6.30 174.30>5.04 83.60
E 219.10>6.30 197.20>6.04 106.80
F 244.50>6.30 220.05>6.04 129.60
G 273.00>6.30 245.70>6.04 155.60
H 323.90>6.30 291.50>5.04 206.60
| 355.60>6.30 320.00>6.04 230.75

Note: D1:D2=1:0.9
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Fig. 14 Relationship between LPGAs and tube outer diameters

4.6 Failure acceleration considering the above key structural design parame-
ters

Based on Egs. (12) - (16), failure PGA corresponding to the lower bound
collapse loads and considering the safety factor in terms of the key structural
design parameters is then evaluated as follows.

PGA=éeXp[—0.0090RW —0.0923L +53.5354RSR® —57.3447RSR? an
+16.4657RSR +0.0629TH -+ 2.324310g(OD) —4.7194]
where RW € [60 kg, 460 kg] is the roof weight including cladding; L € [40
m, 90 m] is the structural span; RSR €[0.1, 0.5] is the rise to span ratio; TH €
[5.0 mm, 12.5 mm] is the tube thickness; OD €[114.30 mm, 355.6 mm] is the
tube outer diameter.

5. Verification of the fitting formulation and discussion
5.1 Verification

In order to verify the fitting formulation Eq. (17), the domes listed in Table 2
subjected to Taft wave which never participated in obtaining the fitting formu-
lation were selected to compare the failure PGAs. Then, the failure PGAs from
different domes calculated separately by using the FEM dynamic response anal-
ysis and the fitting formulation Eq. (17) are given in Table 14. Here, PGA; de-
notes the failure PGAs obtained by FEM dynamic response analysis, while
PGA, the PGAs obtained by the Eq. (17) according to the key structural design
parameters.

Table 14
The failure PGAs of nine domes obtained from two methods
Dome PGA: (m/s?) PGA: (m/s?)

D40203 12.00 10.81
D40205 17.30 15.01
D40207 16.50 13.72
D50203 43.00 22.35
D50205 64.50 31.03
D50207 57.30 28.37
D60063 48.30 12.40
D60065 64.30 17.22
D60067 52.70 15.75

From Table 14, the failure PGAs, PGA;, obtained from the FEM dynamic
response analysis are all larger than that PGA, from the fitting formulation Eq.
(17), which proves the rationality of the fitting formulation Eq. (17) based on
the key structural design parameters. The reason is that the failure PGAs, PGA,
corresponding to the lower bound collapse loads, calculated by the fitting for-
mulation Eq. (17) considering the safety factor in terms of the key structural
design parameters was obtained from their collapse fragility curves with 95%
probability of non-exceedance. While the failure PGAs, PGA,, from the FEM
dynamic response analysis depended solely upon one seismic wave, the TAFT
wave. For both cases, the domes with rise to span ratio 1/5 have relatively larger
failure PGAs than other rise to span ratios, namely this kind of structure with
rise to span ratio 1/5 can resist relatively larger three-dimensional seismic waves
comparing with the other cases.
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5.2. Discussions on the key structural design parameters

This poses a question about which structural parameter is more efficient for
an earthquake resistant structure, such as a large roof weight or small roof
weight for domes. (1) Fig. 6 illustrates that the LPGA, roof weight - based fun-
damental seismic capacity ratio, is a linear decreasing function of structural roof
weights. (2) It has the similar tendency that the LPGA decreases linearly de-
pending on the increasing structural span L as shown in Fig. 8. (3) As illustrated
in Fig. 10 in section 5.3, a dome with rise to span ratio 0.2 would seem superior
to a dome with other rise to span ratios subjected to three-dimensional seismic
waves. Therefore, it is recommended that a dome with rise to span ratio 0.2
should be considered for the structural design of dome space structures in seis-
mic regions. (4) For the parameter of tube cross section, the failure loads in-
creases following with the increase of tube wall thicknesses and outside diame-
ters as shown in Fig. 12 and Fig. 14. Compare to tube thickness, the outer diam-
eter has higher impact on the structural load bearing capacity, as the LPGA
ranges from 3.0 to 6.0 within the tube outer diameter range, while it ranges from
4.0 - 4.5 for the tube wall thickness changes. It is in agreement with the fact that
changing the tube outer diameters is more efficient to alter the cross-sectional
moment of inertia than changing tube thicknesses, which is a key factor for this
type of structure which have to resist substantial bending moments.

6. Conclusion

In this present study a new seismic failure criterion has been developed fo-
cusing on domes under seismic loads based on key structural design parameters.
The following conclusions are drawn.

(1) In developing the new seismic failure criterion, which has taken into ac-
count the functions of five important structural design parameters, roof weights,
spans, rise to span ratios, member tube wall thicknesses and tube outside diam-
eters, on the failure loads. Besides the five key structural design parameters, it
also considered the influence of the properties of earthquake on failure loads.
Hence three hundred three-dimensional seismic records from the database of
the COSMOS from seven earthquakes on the basis of the main influential
factors of ground motion were selected as input seismic waves to attain the
failure fragility curves of the dome structures.

(2) A safety factor 1.5 was introduced to translate the limit load into the de-
sign load, which could improve the safety of important large space structures.
The reason of the higher safety factor is that the value of the statistical life is
significantly higher comparing with the cost of the dome construction, which
could increase the safety of the dome structures and reduce the risk of death.

(3) The failure seismic loads estimated by the new seismic failure criterion is
the lower bound collapse loads with 95% probability of non-exceeded and con-
sidering the safety factor in terms of the five key structural design parameters.

(4) The logarithmic lower bound collapse loads (LPGA) are linear decreasing
functions of structural roof weights and span, but increase following with the
increase of tube member wall thicknesses and outside diameters within the cho-
sen range. Compare to the tube wall thickness, the outer diameter develops a
larger effect on the structural load-bearing capacity. For the rise to span ratio, a
cubic curve fits well the relation of the LPGA and the ratios, and a dome with a
rise to span ratio 0.2 would seem superior to a dome with other ratios subjected
to three-dimensional seismic waves.

(5) Further studies are required for domes with other structure factors, such
as membrane action, different configurations, boundary conditions, materials,
nodes, connections between members and nodes, geometric imperfection and
load distribution.
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Appendix Table 1. The domes with various structural parameters
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Cross section (mm)

. , ! -
Span (m) Roof weight (kg/m’) Ratio of rise-span radial and hoop members oblique members
60
100
Domes 160
with various roof 200
weights 50 260 0.20 168.00>6.00 152.0056.00
300
360
400
460
40
50
60
Domes 65
. . 70 60 0.20 168.00>6.00 152.00>5.00
with various spans 75
80
85
90
0.10
0.15
0.20
Domes 0.25
with various rise to span 50 60 0.30 168.00>6.00 152.00>6.00
ratios
0.35
0.40
0.45
0.50
168.00>6.00 152.00>4.00
168.00>6.00 152.00>4.80
) Pomes ) 168.00>6.30 152.00>6.04
with various tube thick- 50 60 0.20
nesses 168.00>8.00 152.00>6.40
168.00>10.00 152.00>8.00
168.0012.50 152.00>10.00
114.30>6.30 102.90>6.04
139.70>6.30 125.70>6.04
168.00>6.30 152.00>6.04
193.70>6.30 174.30>6.04
Domes
with various tube out- 50 60 0.2 219.10>6.30 197.20>5.04
side diameters 244.50>6.30 220.05>5.04
273.00>6.30 245.70>6.04
323.90>6.30 291.50>6.04
355.60>6.30 320.00>5.04




