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ABSTRACT 

The present paper is a result of a collaboration in IASS WG 8 for metal spatial structures to prepare state-of-
the-art reviews for earthquake response analysis methods and equivalent static seismic loads for metal spatial 
structures. It quotes mainly investigations from IASS symposia and related journals. First, the dynamic response 
characteristics of metal spatial structures are briefly explained. This is followed by a review of analytical 
methods for evaluating earthquake responses. Finally the equivalent seismic loads proposed for metal spatial 
structures are reviewed and some comments for future analysis of failure and fragility are provided. 
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1. INTRODUCTION 

Metal spatial structures cover effectively large areas 
without columns inside, and they have been applied 
to many kinds of roof structures for various 
purposes. Their geometries range from flat plates to 
curved ones such as arches, cylinders, spheres and 
free forms in some special cases. The response 
characteristics to earthquakes also vary depending 
on their geometries and supporting structures, and 
accordingly, several reviews [1-6] and guidelines 
[7,8] quoting many studies have been published 
depending on the geometries and considering the 
substructures of the spatial structures. 

In general, flat roofs are apt to be subjected to up-
and-down vibration due to UD components of 
earthquake motions [9]. On the other hand, roofs 
with some rise, for example, cylindrical lattice roofs 
and lattice domes are subjected to large asymmetric 
vertical accelerations even under horizontal 
earthquake motions [10, 11], and their responses are 
determined and much influenced by several 
asymmetric modes with non-zero participation 

factors. And because of their difference of 
responses from tall buildings, such roofs have a 
large number of parallel vibration modes and roof-
substructure coupling appears if supported by a 
substructure. Since equivalent static seismic forces 
are not specified, design codes with a focus on 
spatial structures, evaluation of responses and 
seismic loads to roof spatial structures are required 
in their structural design. Also, in case of very wide 
structures, earthquake motions will be different 
from one support to another, raising up the effects 
of wave passage or irregular soil conditions. 

The lessons [12-15] from earthquake damages, such 
as Kobe Earthquake of 1995 and Great East Japan 
Earthquake 2011 in Japan, tells us clearly a fact that, 
although several structures were damaged partly, 
many spatial structures themselves could survive 
earthquakes but were damaged as found in many 
patterns: flake-off of concrete at shoes, rupture of 
anchor bolts, rupture of braces and members around 
shoes due to tension just after buckling, and falling-
down of ceilings and equipments attached on 
ceilings. Damage to ceilings has given rise to loss 

 117 

mailto:kato-shiro@tg.commufa.jp


Vol. 53 (2012) No. 2 June n. 172 

of functions as buildings. The same typical failure 
patterns were reported [16, 17] with respect to the 
damages of grid structures by Wenchuan 
Earthquake of 2008 in China. And soon after Kobe 
Earthquake, engineers have deeply understood that 
applications of base isolation system [18-24], 
hysteresis damper system [25-28], and viscous or 
viscous-elastic damper system [29-31] work 
effectively and they have intensively studied for the 
metal spatial structures. Recently, several damping 
devices have been introduced into realized metal 
spatial structures as reviewed in the references [3, 
20, 21, 32-33]. Accordingly, seismic response 
evaluation methods for metal spatial structures 
implemented with isolation and damper systems are 
also required in the structural design. And it is 
necessary to investigate and propose an efficient 
evaluation method for seismic performance in 
consideration of the damages to not only major 
structural members but also non-structural 
components. 

The present paper focuses on methods for 
evaluating responses and seismic loads to metal 
roof spatial structures with plate or shell-like 
geometries. Papers mainly in IASS Proceedings, 
IASS Journals and similar engineering journals are 
to be reviewed and referred. First, dynamic 
response characteristics are briefly explained, then 
followed by review of analytical methods for 
evaluating earthquake responses and equivalent 
seismic loads, and complemented by some 
additions for evaluating structural performance. The 
design earthquake motions, earthquake response 
analysis methods, application of energy absorbing 
dampers, evaluation of structural performance and 
other related researches are to be reviewed in detail 
in the forthcoming state-of-the-art reviews and 
accordingly they are briefly commented in the 
present paper. 

2. GEOMETRY AND SUPPORT 
CONDITIONS FOR METAL ROOF  
SPATIAL STRUCTURES 

2.1 Geometry and member arrangement 

The present paper puts a focus mainly on metal roof 
spatial structures with two or three-dimensional 
spread. The geometries are classified as many types 
from flat plate-like structures to shell-like 
geometries such as arches, cylinders, spheres and 

free forms in some special cases. Examples are 
found and discussed in the references [1-9] and 
Chinese code for metal spatial structures [34]. 

Metal spatial structures are in most cases formed 
using bar elements with both axial and bending 
rigidities. In case of shell-like configurations, bars 
are arranged in two or three directions forming shell 
surfaces. In some cases, surface elements, not so 
many, are applied for fulfilling their structural 
requirements. Several interesting cases are given in 
the references [7, 8, 35, 36] for bar elements. 

2.2 Supporting structures 

Supports for metal roof structures are 
fundamentally classified as follows; one is a direct 
support by firm foundations at ground level (named 
here as boundary condition DF-R), and the other is 
a support where a substructure is constructed using 
walls or columns for supporting roofs of 
superstructures (named as boundary condition 
SUB-R). In a special case of direct but flexible 
foundations or extremely wide structures, 
earthquake motions will be different from one 
support to another. This case needs a caution to the 
effects of wave passage or irregular soil conditions, 
asking structural engineers to do a more elaborate 
dynamic analysis. 

In case of boundary condition DF-R, a rigid 
fundamental boundary is a pin support at all 
boundaries of a rectangle or a circular plan. System 
of simple support is often adopted in case of 
rectangular plan, which has been also encountered 
in mathematical analysis of continuum shells. In 
case of roofs with free edges, boundaries are 
usually stiffened by edge beams and/or vertical 
columns to transfer loads to several rigid supports 
on the foundations on the ground, where the 
stiffening edge beams provide membrane action and 
suppress deformations and bending moments.  

In case of boundary condition SUB-R, several 
different supports are considered. One of possible 
cases is a roof structure which rests on a platform 
supported by columns or braces. The boundary may 
be a rectangular plan or a circular plan. In design, a 
substructure is often realized as one story or low 
multi-stories. Some structures are supported by 
substructures implemented by ductile braces with 
high energy absorption or viscous dampers.
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3. RESPONSE CHARACTERISTICS AND 
DAMPING PROPERTIES 

3.1 Earthquake motions and design spectra  

Earthquake motions act to roof structures 
horizontally and vertically at foundation level. In 
most cases, earthquake motions are assumed in 
design to act uniformly in the horizontal or vertical 
directions, and such motions are often applied as 
accelerations from rigid foundation. The earthquake 
intensities may be varied depending on different 
construction sites in each country, and usually 
engineers adopt design response spectra according 
to some design codes for determining the intensities 
at construction sites [34, 37-39]. Some codes may 
adopt one level of intensity for seismic design, and 
some codes adopt multi-intensity levels depending 
on their assumed limit levels: one for serviceability 
limit level and one for ultimate limit level. 

Most design codes consider only horizontal 
earthquake motions for design use. However, 
vertical components will be required when they 
seem to give much effect to structural responses or 
simultaneous actions with the horizontal 
components seem important. Such examples which 
considered the vertical earthquake components are 
found in reference [40]. 

3.2 Horizontal and vertical responses 

In general, vertical responses appear when roof 
structures are subjected to vertical earthquake 
motions, and horizontal responses when subjected 
to horizontal earthquake motions. In most cases, 
horizontal input components are much lager than 
the vertical input components [40]. However, the 
effects of vertical components will be important for 
horizontally large roofs in some cases that the site 
of buildings are very near from epicentre area. 
Several researches [9, 41] have found that the 
vertical responses of roofs are dependent on not 
only support conditions by substructures or direct 
foundations but also their geometries. 

Comparing with tall buildings, several different 
features are found in the dynamic behavior of metal 
roof spatial structures, although common 
similarities exist as dynamic responses to 
earthquakes vary depending on not only the 
material of structural members, material damping 
but also boundary conditions. As characteristically 

found in the responses of arch-like roofs, they are 
subjected to large anti-symmetric vertical 
deformations even under horizontal earthquake 
motions [7, 8, 10, 11]. The main reason for their 
response characteristics is nested in the shell-like 
geometry with some rise over a large domain, and it 
is known as a mechanism that such roofs have a 
large number of parallel adjacent vibration modes 
with anti-symmetric vertical components. The anti-
symmetric components are stimulated 
simultaneously due to horizontal earthquake 
motions, and their amplitudes change drastically 
dependent on dynamic coupling between roofs and 
substructures [42, 43]. 

3.3 Effects of wave passage effects and irregular 
soil conditions 

Usually, foundations are assumed as rigid, and in 
such a case earthquake motions are applied 
uniformly as accelerations at the foundation level. 
However, if the foundations are flexible and occupy 
a large area under roofs, the earthquake motions 
will be different from support to support due to 
seismic passage effects or time delay of arrival. 
Similar different input earthquake motions at 
support to support happen in case of irregular soil 
strata within a construction site. Several researches 
[44-48] are found with respect to the effects of 
wave passage and irregular soil strata.  In the 
analysis, not only acceleration but also velocity and 
displacement are required as inputs for analysis. 

3.4 Damping properties 

Responses are strongly influenced by the magnitude 
of damping of structures. The damping is concerned 
with structural material, connection types (weld or 
mechanical fasteners), soil-structure interaction, 
radiation damping, and in some cases of light 
structures, finishing materials for roofs and ceilings. 
Conventionally for steel roof structures, a damping 
factor around 1% to 2% is often applied, and 
approximations are adopted for damping as 
Rayleigh damping or stiffness proportional 
damping. In general, a spatial structure is 
structurally divided into several parts. In case that 
material of a superstructure differs from that of a 
substructure, for example, a steel lattice roof is 
supported by a RC substructure, a combination of 
Rayleigh damping and stiffness proportional 
damping is applied [49, 50]. Because of large 
damping effects to responses and also due to some 

 119 



Vol. 53 (2012) No. 2 June n. 172 

ambiguity, such a conservative approximation for 
adopting relatively low damping factors has been 
applied in design calculation. Measurements [51] 
have still been continued to find the values of 
damping factors, and a database [52] of the 
damping factors is being piled up gradually. 

As a more prominent trend in recent years, artificial 
damping devices [3, 4] have been introduced to 
reduce responses; viscous dampers [31], visco-
elastic dampers [29], hysteresis dampers as 
buckling restrained braces [53], and more actively 
base isolation [20, 21] with energy absorbing 
dampers. Also some developments of devices [23, 
24, 27] are found as researches to evaluate the 
effectiveness [18, 19, 22, 25, 26] of such devices. 
Usually we expect a large amount of response 
reduction when applying these kinds of devices. In 
time history response analysis, such damping 
devices are modeled considerably in detail as much 
as possible. On the other hand, when using modal 
analysis, the concept of equivalent stiffness and 
equivalent viscous damping is applied in 
approximation for nonlinear responses [26, 43, 55]. 

The above described characteristics, being different 
from ordinary tall buildings, require engineers to 
evaluate earthquake responses and seismic loads for 
structural design, since there are few available 
design codes for this kind of seismic loads and also 
since engineers are asked to investigate more 
accurately the effectiveness of artificial devices 
when applied to realization. 

4. ANALYTICAL METHODS FOR 
EVALUATING EARTHQUAKE RESPONSE 

The publications from AIJ [7, 8] and the 
Specification [34] provide design procedures for 
metal spatial structures for not only buckling but 
also earthquake resistant design. And the 
publication from AIJ [38] provides a general 
procedure to evaluate seismic loads considering 
several limit states.  

The seismic intensity for design is given in general 
as a base shear coefficient of a certain value for 
static analysis in which a distribution of seismic 
loads is prescribed depending on a building height. 
Even in case that seismic design loads are given as 
a design spectrum for acceleration response, as 
similarly to the codes [37, 38], in most cases, there 
are no descriptions or comments for seismic loads 

for roof spatial structures in the U-D direction 
vertical to the roofs. As already described, spatial 
structures with some rise are apt to be subjected to 
relatively large U-D seismic responses even under 
horizontal earthquake motions, and engineers are 
asked to evaluate the distribution within a 
horizontally wide roof for displacements, forces in 
members, and other necessary quantities based on 
dynamic response analysis. 

In case of linear responses, the evaluation of 
responses is mainly based on CQC (Complete 
Quadratic Combination) method or SRSS (Square 
Root Sum of Squared) method. On the other hand, 
if the structures are designed allowing and based on 
elasto-plastic response, direct time history analyses 
are often performed. In principle, in need of time 
history analysis, such design spectrum is interpreted 
as time series of accelerations. Accordingly, there 
might be more than two paths for practical design 
as illustrated in Fig.1 [1]. 

 
Figure 1.  Design flow for member proportioning [1] 

Nowadays many efficient analytical methods 
compiled as computer software can be applied as 
often encountered in practice, and whichever static 
or dynamic, elastic or plastic analysis is adopted 
from (1) modal analysis, (2) pushover analysis, and 
(3) time history analysis, engineers are required to 
establish an accurate structural model for the 
structure in issue to be capably analyzed using 
analysis computer software, under a comprehensive 
consideration of substructures, foundations, and 
damping devices if any special devices for vibration 
control are introduced. 

4.1 Modal analysis and CQC method 

Modal response analysis is simple and cost-
effective compared with time history analysis. As 
such analyses, SRSS and CQC methods are often 
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applied in practice. CQC is adopted in several 
recommendations, for example, in the references 
[34, 38]. In case of presence of closeness in 
frequencies between several modes, CQC has been 
applied, for example, in the studies for lattice 
domes [11] supported by substructures. Even in the 
case that an investigation for elasto-plastic behavior 
is required to include the effects of base isolation, 
elasto-plastic dampers and viscous dampers, such 
SRSS and CQC have been applied together with 
use of equivalent linearization of elasto-plastic 
behavior [26, 51, 55]. In the study of single layer 
lattice domes supported by buckling restrained 
braces with a ductile hysteresis [26], comparison 
was shown fine between the modal analysis based 
on equivalent linearization and the direct time 
history analysis. Based on the studies [57, 58], 
equivalent static seismic loads have been also 
proposed as practical and approximate loads for 
static analysis.  

4.2 Random vibration analysis 

 Random vibration analysis method is considered as 
a reasonable means for analyzing the stochastic 
responses of structures, since earthquakes are 
considered one of random processes. For the 
analysis, input power spectral density (PSD) matrix, 
output PSD matrix and frequency response function 
matrix are indispensable. However, when structures 
have too many degrees of freedom, or especially 
when the structure is subjected to multiple ground 
excitations, the computational effort would be quite 
large. To promote the application of random 
vibration method to practical seismic design, Xue et 
al. [59, 60] not only studied a seismic random 
model based on the new Chinese seismic design 
code (GB50011-2001) but also further improved 
and developed the method for seismic analysis of 
spatial structures to investigate the random 
responses of spatial structures. In the studies multi-
component seismic excitations are evaluated by 
introducing the concept of Pseudo Excitation 
Method (PEM). In the review paper [2] for dynamic 
analysis of spatial structures, researches on random 
vibration analysis are also referred. 

4.3 Pushover analysis 

Pushover analysis is sometimes applied as 
performance based design to tall buildings, for 
example, as shown in the reference [39]. In this 
scheme based on static nonlinear analysis, an 

equivalent static seismic load is utilized in an 
elasto-plastic analysis to confirm that the total 
structural capacity satisfies several given limit 
states, under an assumption that equivalent stiffness 
and equivalent damping ratios can be accurately 
evaluated depending on a stress-strain relationship 
in each structural member. With respect to metal 
roof spatial structures, very few studies for 
performance based design are found except for the 
references for lattice domes. The studies [43, 61, 
62] have proposed equivalent static seismic loads 
for domes supported by buckling restrained braces 
of stable bi-linear hysteresis [43], while supported 
by braces of deteriorated hysteresis under buckling 
[61]. In the study [62] for metal spatial structures 
being covered with membrane roofs and globally 
supported by a reinforced concrete substructure, an 
adaptive scheme for equivalent static seismic loads 
has been proposed for a pushover analysis, 
considering the change of modes depending on 
deformations. 

4.4 Direct time history analysis 

In case that equivalent static seismic loads are not 
proposed in any recommendations or a more 
detailed analysis is required in need of design 
purpose, a set of time history analysis are 
performed to find earthquake responses using direct 
time history accelerations. Also in need of multi-
input earthquakes, time history analysis is 
performed using accelerations together with 
velocities and displacements as their inputs. In 
these occasions, whichever the analysis is elastic or 
elasto-plastic, a structural model of the total 
structure is constructed considering mass and 
stiffness-strength distributions.  

In the design procedure for ultimate limit level, 
engineers are asked to perform nonlinear response 
analysis considering large deformation and 
plasticity of material. In this case, the analysis 
becomes time-consuming since material and 
geometrical nonlinearities are needed at each time 
step in analyses. 

Recently, roof spatial structures with energy 
absorbing devices such as buckling restrained 
braces in their substructure or an intermediate base-
isolation system have been proposed for reducing 
the responses. Artificial and added damping devices 
are well known effective, and not only hysteresis 
but also viscous dampers are nowadays being 
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adopted in many projects [18-24, 26-33, 49, 51]. 
Since an earthquake input to an upper roof structure 
from its substructure is reduced greatly with use of 
seismic control devices, the roof structure may 
remain in an elastic range. Accordingly, modal 
analysis such as the CQC method may be adopted 
as a prediction method of the maximum responses, 
once such seismic devices be modeled as equivalent 
stiffness and damping. However, for spatial 
structures with seismic control devices, seismic 
resistance capacity and collapse accelerations are 
usually evaluated based on time history elasto-
plastic dynamic analysis. In reference [25], a lattice 
dome of 100m span supported by ductile braces was 
also investigated. The investigation reported an 
imortant design suggestion that, if domes are 
designed resisting two time the self weight, the 
failure will not be probable and that the failure 
accelerations will be beyond 500cm/s2 for domes if 
an ordinary yield base shear coefficients of 0.2 to 
0.4 for braces is adopted for its substructure.  

5. EQUIVALENT STATIC SEISMIC LOADS  

When equivalent static seismic loads are available 
for design corresponding to given geometries and 
structural properties, they can be applied cost-
effectively. The specifications or recommendations 
[34, 38] give a procedure to evaluate the elastic 
stresses under its design earthquake. The 
procedures based on CQC method can give elastic 
stresses for members in a fine accuracy; however 
equivalent static seismic loads as vectors, which can 
be applied to static analysis as loads, have not been 
provided yet. In the followings several examples 
are reviewed for equivalent static seismic loads 
including the effects of anti-symmetrically vertical 
components. 

5.1 Statically equivalent seismic loads based on 
time history analysis 

In general, a fact that several modes are excited in 
roof structures burdens difficulties in estimating 
statically equivalent seismic loads based on a single 
predominant mode. In actual structural design for 
several cases explained in the references [7, 8], the 
static seismic loads of complicated spatial 
structures have been determined for practical use 
based on time history response analysis. In other 
words, the distribution and intensity over a roof as 
statically equivalent seismic loads are decided by an 
assumption that the maximum seismic loads occur 

at the same time when some important design value 
in the domes becomes maximum. The important 
values might be a total base shear, total strain 
energy, axial forces in important members, reaction 
forces at important supports, specific displacements 
or accelerations at some important points, or others 
depending on its importance in the design. Single 
layer reticular domes both for high rise and low rise 
were studied in the study [10], where static seismic 
loads for single layer domes are estimated based on 
time history analysis. 

5.2 Equivalent static seismic loads based on 
modal analysis and application to pushover 
analysis 

(a) Modal analysis 

Single layer reticular domes with 100m span 
supported by braces of substructure were studied 
[26] considering several parameters such as depth-
to-span ratio (d/L). The response characteristics of 
domes with five different depth-to-span ratios were 
analyzed by paying attention to the number of the 
exciting vibration modes. Based on the study, a 
method has been proposed to estimate the 
earthquake loads to a dome structure supported by a 
substructure using a concept of equivalent 
linearization. The results are compared with those 
of nonlinear responses analysis, giving a fine 
agreement between them, however under a 
restriction that the nonlinearity is caused only in 
braces at substructure level. In the case of a dome 
with small d/L, many modes contribute to the 
maximum response of the dome. On the other hand, 
in case of a dome with relatively large d/L, only two 
dominant modes contribute greatly to the response, 
and it is confirmed that the distribution of 
maximum response acceleration can be estimated 
only using two dominant modes. 

(b) Two-mode based expression for equivalent 
static seismic loads 

Considering a single layer lattice dome of 100m 
span, supported by substructures consisting of 
braces with stable bi-linear hysteresis loops, a set of 
equivalent static seismic loads have been proposed 
using two dominant modes [58], however under a 
condition that the sum of equivalent total mass 
ratios is larger than 0.9 for the two dominant modes. 
One is a load corresponding to the dominant sway 
mode, while the other to the dominant anti-
symmetric mode. The scheme can be applied in 
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both cases for elastic and elasto-plastic behavior 
since the evaluating scheme is based on equivalent 
linearization method. However, its application will 
be limited to domes with a ratio of member 
diameter-to-span being greater than 1/100. The 
method is extended into double layer lattice domes 
of 100m span [43], considering the braces 
experiencing plasticity under severe earthquake 
motions, and it is proved efficient in the case that 
the total mass ratio for the two dominant modes are 
lager than 90%. In the case of braces experiencing 
deteriorations under buckling, a study [61] was also 
presented, by replacing the deteriorated hysteresis 
into equivalent stable bi-linear ones, to estimate a 
set of equivalent static seismic loads in vectors. The 
proposed static seismic loads [43, 58, 61] are 
compared with those obtained based on time history 
nonlinear analysis, leading a result that the forces 
from the static seismic forces give almost same and 
safe side values as those from direct time history 
analyses. Figure 2 shows a set of seismic loads 
estimated by two dominant modes, and Figure 3 
illustrates the comparison of axial forces due to 
horizontal seismic motions between pushover 
analysis and time history analysis. 

 
 

  

 

 

5.3 Equivalent static seismic loads determined 
based on integrated judgments 

Several structures were investigated in the studies 
[7, 8] and reported not only to grasp the earthquake 
responses of metal roof spatial structures but also to 

evaluate their equivalent static seismic loads, and 
the results are explained in detail in the books. 
Generally, in their studies, first, a set of time history 
analysis were performed and followed by an 
endeavor judging globally responses to find seismic 
force distributions over the surface of each structure 
as explained in Section 5.1. Recently, the static 
seismic loads on typical shaped metal spatial 
structure [42, 58, 63-67] have been proposed based 
on such judgments of the results given by time 
history response analysis or modal analysis. 

(a) Arches and column supported arches 

An arch or a column supported arch has been often 
adopted as one of fundamental structural elements 
of roof structures. An elastic response study [63] of 
a simple arch supported at its both ends under 
horizontal earthquakes presents the equivalent static 
seismic loads, interpreted as the horizontal and 
vertical distributions for loads, depending on 
various open angles. The span is rather small as 
15meters. The results may be applied for design 
use. Also, an elastic response study of an arch 
supported by columns at both ends [64] provides a 
static seismic force, which is expressed in terms of 
several design parameters such as a natural period, 
rise-to-span ratio, and column height. The results 
are expressed in a non-dimensional form. A gable 
type truss structure supported by columns at both 
ends [65] was studied, and the static seismic loads 
have been evaluated in an almost same procedure as 
the study [64] using a first natural period and its 
total mass ratio for the two dominant modes. 

(b) Cylindrical steel frame for membrane roofs 
supported by substructure of rectangular plan Figure 2.  Main and Secondary seismic loads 

The elasto-plastic behavior for a cylindrical steel 
frame for membrane roofs supported by a 
substructure of a rectangular plan was studied in the 
references [62, 66]. The study [66] presents a 
numerical scheme for evaluating static seismic 
loads considering the interaction between the super- 
and substructures, followed by comparison with the 
results based on CQC method. The study [62] has 
proposed a scheme to evaluate a set of equivalent 
static seismic loads considering the elasto-plastic 
behavior of the substructure, and the seismic loads 
proposed were applied to a pushover analysis for 
performance based design, followed by a discussion 
on the possibility and efficiency of adaptive seismic 
loads changing dependent to deformations of 
structures.  

a) Repair limit level                      b) Ultimate limit level 

Figure 3. Comparison of axial forces between 
pushover analysis and time history analysis 
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(c) Cylindrical lattice roofs supported by 
substructures 

A single layer latticed cylindrical roof [67] was 
studied under horizontal earthquake motions to 
obtain the relationship between total strain energy 
and various response quantities through linear 
elastic response analysis. Based on the results a set 
of static seismic loads and its calculation scheme 
have been proposed with a comparison between the 
static ones and time history analysis. According to 
the comparison, the peak responses of stresses are 
approximated using the accelerations at the time 
when the total strain energy reaches at peak values. 
For this kind of elastic structures of shallow rise 
roofs supported by substructures, the studies [58, 
42] also explain the vibration mechanism and 
present a practical and approximate design formula 
of equivalent static seismic loads covering widely 
ranging structural parameters for design use. They 
are considered a kind of extension to a steel frame 
by adopting the concept of the study [66] for a 
membrane roof with a substructure on a rectangular 
plan. 

(d) Single layer lattice dome supported by 
substructures 

A medium size elastic dome with 60 meter span [42, 
56], supported by a set of elastic flexible columns, 
was studied to obtain equivalent seismic loads. The 
studies considered several parameters such as a half 
open angle ranging 20 to 40 degrees, several depth-
to-span ratios, and the variation of rigidity of 
substructure. The results point out a possibility that 
many modes are parallelly stimulated in case of 
relatively a small depth-to-span ratio, and an 
approximate but efficient estimation procedure of 
equivalent static seismic loads have been proposed 
for such domes. For a dome with a depth-to-span 
ratio being larger than 1/50, being considered 
relatively thick as a lattice dome, the maximum 
acceleration distribution in the horizontal and 
vertical directions, AH and AV, have been expressed 
by simple amplification factors, FH and FV. FH and 
FV are expressed in terms of the following 
functions, using the coordinates x and y in the roof. 
The equations for the seismic static loads are given 
as follows, 
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in which the maximum acceleration of a SDOF 
model obtained from response spectrum is defined 
as Aeq using θ of a half open angle of dome. The 
comparison between above factors and CQC results 
are shown in Figure 4. The proposed method is 
confirmed fine through the comparison. The similar 
statically equivalent seismic forces are provided 
also for cylindrical shells in the study [42], 
including the explanation of theoretical background.  

For a high-rise dome, the equivalent seismic load 
[10, 68] was also studied. In the reference [68], a 
half-open angle θ of the dome was varied from 30° 
to 90° with a constant span of 60m. In the case of a 
high-rise dome, seismic static loads are expressed in 
terms of several simple amplification factors almost 
similarly to those of the studies [42], and their 
validities are discussed by comparing the equivalent 
seismic loads with those by response spectrum 
analyses and CQC method. 

  (1.1) 

 

Figure.4. Acceleration Distributions in Dome 
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(e) Dome roof with seismic isolation system 

The studies [18-24] have confirmed that a seismic 
isolation system effectively reduces not only the 
horizontal and but also anti-symmetrical vertical 
acceleration responses caused by horizontal seismic 
ground motions. The isolation system is also proved 
effective against both horizontal and vertical 
seismic ground motions. Although a time history 
response analysis has been used in actual design 
practice of spatial structures with isolation system 
installed, static seismic loads of domes have been 
also studied considering the effects of substructure 
and seismic base isolation system, since too large 
amount of outputs from time history analysis are 
likely to hide a fundamental response characteristics 
and lead wrong judgments. In the study [69], a 
method to determine the seismic force for the 
medium span latticed domes with isolation has been 
proposed in terms of amplification factors. In case 
that a substructure is light and stiff, the 
amplification factors, Fh and Fv in Eq.(1), are 
estimated by a SDOF model including the effect of 
the substructure. In case that the substructure is 
much heavier than the roof and its natural period of 
the substructure approaches near to that of the 
seismic isolation system, the maximum response of 
the roof can be evaluated by combining the 
equations of amplification factors and a predictive 
method for a mid-story seismic isolation system 
using  double-DOF model. 

6. EVALUATION OF FAILURE AND 
SEISMIC RISK ANALYSIS 

Recently, researches have been performed aiming 
to find the failure mechanism how roof spatial 
structures collapse under severe earthquake 
motions. The studies [25, 70] focused on several 
domes being rigidly connected at nodes, and they 
investigated the collapse mechanism of the lattice 
domes and their failure accelerations under severe 
earthquake motions using detailed nonlinear 
analysis.  

The study [70] of a dome of 40m span with a direct 
support reports an important fact that dynamic 
strength failure was not found in ordinary cases. 
Studies for double layer lattice domes [41, 71] were 
performed considering the effects of vertical 
earthquake motions, and they estimated collapse 
accelerations and revealed a high resistant capacity 
against vertical earthquake motions. In the 
reference [71], the input maximum accelerations 

and input strain energy of double layer lattice 
domes at collapse were numerically investigated. It 
says that the index of earthquake input energy 
might be more effective than that of the maximum 
input acceleration for the prediction of the collapse 
level under seismic loads. The earthquake input 
energy for dynamic collapse might be predicted by 
using the pseudo velocity response spectrum and 
information from the structural effective mass ratios. 

Studies [70, 72, 73] on the damage evaluation of 
spatial structures have been recently performed as 
an extension of the study which analyzed the 
collapse acceleration and earthquake resistant 
performance. They discussed about the damage 
evaluation criteria for the structural components 
which constitute a spatial structure, and the damage 
evaluation approach has been proposed. In the 
reference [72], discussions have been presented 
with respect to a single layer lattice dome on the 
seismic fragility curve; a relation between input 
seismic intensity and failure probability was studied 
based on time history elasto-plasticity seismic 
response analysis.  

In the recent earthquakes in Japan [12-15], the 
damages such as the falling-down of ceiling 
materials, finishing materials and lighting 
equipments have attracted greater attention  as 
similarly to or more than structural damages to 
spatial structures. It is because such damage to 
nonstructural elements means a cease of the 
functions as buildings. Consequently, it is urgently 
necessary to investigate and propose an efficient 
evaluation method for determining the seismic 
performance in consideration of the damages to 
these non-structural components. Experimental and 
numerical studies [74, 75] on the response of 
ceilings within large roofs are urgent and important 
in order to evaluate the seismic loss more correctly. 

A Seismic Risk Analysis (SRA) is adopted for 
evaluating the damage of spatial structures 
including the damage to non-structural elements 
[76-79]. SRA is a tool to quantify the seismic risk 
of an individual facility, with aims at providing 
information for decision making on risk 
mitigations. In the studies [76, 77], where a single 
layer lattice dome is divided into structural and 
non-structural elements, a seismic fragility has been 
evaluated based on time history analysis. 
Consequent to the results, the studies reported how 
much the damage of the upper dome structure could 
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be effectively reduced by such energy absorption 
devices installed in the substructure. In the studies 
to calculate the failure probability of a structure 
including nonlinearity, an approach such as Monte 
Carlo simulation was applied with a help of parallel 
computing system [77], since a vast amount of 
response simulation for damage assessment is 
required in case of Monte Carlo method.  

7．CONCLUSIONS 

The present paper is a brief state-of-the-art review 
for earthquake response analysis methods and 
statically equivalent seismic loads for metal spatial 
structures, by quoting investigations mainly from 
IASS symposia and related journals.  

First, dynamic response characteristics of metal 
spatial structures have been briefly investigated 
including an explanation how such structures have 
been damaged due to or have survived severe 
earthquakes. Second, analytical methods for 
evaluating earthquake responses and statically 
equivalent seismic loads ever proposed for metal 
spatial structures have been reviewed. Consequent 
to several studies, examples of estimated seismic 
loads were presented which will be applied in 
practical design. Finally, necessity of seismic risk 
analysis was briefly discussed by referring to 
several studies from a view point of how damage or 
loss caused by earthquakes should be evaluated 
including not only structural member but non-
structural elements. 
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