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Seismic Performance Evaluation of a School Gymnasium
Using Static Anlysis
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Abstract

The seismic responses of small-scale spatial frames such as school gymnasiums are usually evaluated using static analysis,
although time-history analysis should be carried out to fully incorporate the dynamic responses of the structures against seismic
motions. In this study, advanced static analysis procedures are presented for school gymnasiums that will improve the performance
evaluation against seismic motions. The seismic loads are approximated by equivalent static loads corresponding to the two
performance levels; i.e., Levels 1 and 2 defined by the Japanese building standard. The importance of utilizing the eigenmode in the
load pattern is discussed. Simple static analysis procedures are presented for evaluation of maximum vertical acceleration. It is shown
that the static analysis for Level 2 input significantly underestimates the responses by dynamic analysis; however, the inelastic
responses for Level 2 are shown to be successfully evaluated using the equivalent linearization that is similar to the °Finethod based
on calculation of limit strength®+ for building frames in Japan.
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1. Intfroduction

In the countries prone to seismic hazards,
the small-scale spatial structures such as
school gymnasiums play important roles as
evacuation facilities [1]. Therefore, such
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structure should be designed and constructed
based on strict evaluation of seismic responses
and performances under several levels of
selsmic motions [2], However, in Japan, a school
gymnasium is designed in the same manner as
standard low-rise building frames using static
analysis without carrying out modal analysis or
time—history analysis.

It is true that we cannot demand dynamic
analysis for all small—scale spatial frames,
because many of them are designed and
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constructed by the engineers who do not have
enough knowledge on dynamic analysis,
However, it is also true that the responses of
these structures are significantly different from
those of the standard building frames,

The main purpose of this paper is to present
an advanced static analysis procedures for
school gymnasiums that will improve the
performance evaluation against seismic
motions, The importance of utilizing the
eigenmode in the load pattern is discussed. A
simple static analysis method is presented for
evaluation of maximum accelerations.
Applicability of equivalent linearization method
are also investigated for prediction of inelastic
responses.

2. Description of Gymnasium Model
and lts Seismic Performance

Seismic responses are evaluated for a typical
steel gymnasium (3], as shown in Fig. 1, which
is designed by slightly simplifying the frame
classified as Sl-type in Ref. [4], The eaves
height is 8.3 m, and the maximum height is
11.8 m. The two levels of input motions (Levels 1
and 2) specified by Notification 1461 of the
Ministry of Land, Infrastructure and Transport
(MLIT), Japan are considered. The responses
should be within the damage limit for Level 1
motions,.

For the regular building frames, the life—
safety is required for Level 2 motions. However,
for school gymnasiums, the serviceability as
evacuation facility and enough strength for the
aftershocks should be maintained for Level 2
motions as proposed in the draft of the
guideline [1] for performance—based design of
school gymnasiums, which demands, e.g., the
following performances:

1. Maximum absolute values of the drift
angles of the columns should be within the
specified limit so that the nonstructural
components such as the exterior walls may

(Fig. 1 A school gymnasium model

not be damaged.

2. Maximum values of vertical acceleration
of the roof should be within the specified
limit so that the
components and the hanging devices such

nonstructural

as speakers and ceilings do not fall.

3. Maximum shear angle of the roof grid
should be within the specified limit so as
not to lead to any damage of roof—braces
including their connections, which is very
important to assure the rigidity of the
roof to transmit the horizontal forces to
the side frames with wall-braces.

4. Residual interstory drift angles should be
small enough so that the columns and
braces can have sufficient strength
against the possible aftershocks and no
difficulty exists for the operation of
windows and entrances.

Note that the specification for the details
such as connections can be found in the codes
and standards for the general steel building
frames. Therefore, we concentrate in this study
on the responses that are specific to the small
spatial frames as shown in Fig. 1. The locations
of beams, columns, and braces are described in
Fig. 2. Each member consists of the section as
listed in Table 1. The O mark in Fig, 2 indicates
a pin joint at the member end, where the
torsional force is assumed to be transmitted.
The braces V1-V3, which originally had angle
sections in Ref, [3] are modeled by rectangular
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(c) Roof Plan

(Fig. 2) Lacations of the beams, columns, and braces

solid sections (plates) with the same cross—
sectional areas. Furthermore, the latticed beam
Gl in Ref. [3] is replaced by a wide—flange
section with similar geometry. Note that the
height of each column in Fig. 2 is 7.7 m, which
1s smaller than the eaves height 8.3 m, because
the centerlines of members are drawn in Fig, 2.

The construction site of the gymnasium is
supposed to be in a region of heavy snow in
Japan. The building area is 679,96 m2 which is
equal to the floor area. The number of floors is
regarded to be 1 based on the Japanese building
standard. The materials are steel for the beams,

(Table 1) Member sections.

QOriginal Modified

T1 H-692x300x13x20

G 2[=300x90x9x13 | H-594x302x14x23

B1 H-175x90x5x8

B2 H-300x150x6.5x9

wG1,2 H-300x150x6.5x9

wG3 ' H-150x100x6x9 H-148x100x6x9

C1 H-594x302x14x23

mCi1 H-150x100x6x9 H-148x100x6x9 -

mC2 H-150x100x6x9 H-148x100x6x9

mC3-5 | H-300x150x6.5x9

columns, and braces, and RC for the
independent bases.

Each frame in the span direction is a
rigidly—jointed moment frame with pin supports
at the bases. Frames (1) and (6) in both sides of
the span—direction have braces, and the forces
on the roof are transmitted to the side frames
through the roof braces. The frames in the
longitudinal direction are pin—jointed braced
frames, where all the horizontal loads are
resisted by the braces,

The steel materials are SS400 for the steel
beams, columns, and braces including welding.
The weights of the roof are 294 N/m” for the
self—weight, 588 N/m2 for the service loads,
and 1029 N/m’ for the snow loads. The weights
for the walls are 637 N/m” for the ALC panel,
and 294 N/m” for the columns including the
nonstructural columns. Therefore, the total load
for evaluation of seismic responses is 294 + 588
+ 1029 = 1911 N/m® for the roof, and 637 + 294
= 931 N/m” for the wall, The total weight of the
structure is 203,000 kgf (1990 kN).

The locations of 54 concentrated nodal
masses are shown in Fig. 1. i.e,, each of 6
frames in span direction has 9 masses. Note
that the values of the masses are different
depending on the covering areas and the mass
per unit area of the nodes. The mass (weight) of
the wall higher than 3.5/2 = 1.75 m from GL is
included in the concentrated masses on the
walls in Frames (1) and (6). However, since
there is no mass on the side walls in Frames (A)
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and (B) in the span direction, all masses of the
wall are included in the concentrated mass
located on the roof,

3. Results of Eigenvalue Analysis

Eigenvalue analysis has been carried out for
two cases, where the compressive stiffness of
the brace is considered and neglected,
respectively. In the latter case, the stiffnesses
of all braces are scaled to half for the
eigenvalue analysis. If the compressive stiffness
of braces is considered, the 1st mode vibrates in
the span direction, as shown in Fig. 3, where
the period is 0.364 sec., and the effective mass
ratio is 84.80% for horizontal input; i.e., the
first mode is dominant in vibration against
seismic excitation in span direction. The 1st
period and the corresponding effective mass
ratio are 0.464 and 84.40%, respectively, if the
compressive stiffness of braces is neglected.

(©) B | ] (d)

(Fig. 3) 1st eigenmode; (a): plane, (o) bird—eye's
view, (c), (d): elevation,

4, Static and Dynamic Seismic
Loads

The gravity loads are applied neglecting the
braces prior to the analysis against seismic
loads, because braces are attached after
constructing the frames. The braces are
assumed to transmit tensile forces only due to

their very large slenderness ratios. The
following three patterns are considered for the
seismic loads, where the loads are distributed to
54 nodes with concentrated masses defined in
Fig. 1. In this paper, the responses in the span
direction are presented due to the limitation in
the volume of the paper. Analysis is carried out
using the software package MIDAS/Gen [5].

Static load SA:

Let b = (11.8+8.3)/2 = 10.0 m denote the
average height of the structure. Then, based on
the Japanese code, the first period is
approximately computed as T = 0.03b = 0.30
sec., and the coefficient Rt that defines the
amplification factor of acceleration is 1.0.
Therefore, the total seismic load for Level 1,
denoted by SA-1 corresponding to the base
shear coefficient CO = 0.2, is 1990%x0.20 = 398
kN,

Static load SB:

The seismic loads are applied at the 54 nodes
proportionally to the 1st mode. The magnitude
of loads for Level 1, denoted by SB-1, is
adjusted so that the total load is equal to 1990 X
0.20 = 398 kN corresponding to the base shear
coefficient CO = 0.2,

Dynamic load D:

Seismic responses are computed by time—
history analysis. The modal damping
coefficients are proportional to the frequency
with 0.02 for the Ist mode. A set of 15 artificial
seismic motiong are generated to be compatible
to the design acceleration response spectrum
for 5% damping specified by Notification 1461 of
MLIT, Japan. The amplification factor for the
ground of second rank is used as defined in
Notification 1457 of MLIT. The target design
acceleration response spectrum for Level 1
motion (D-1) is plotted in dotted lines in Fig. 4
together with the response spectrum of one of
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the artificial motions, The level is scaled by 5
for Level 2 motion (D-2), The maximum
absolute value of each response is evaluated
during the duration of 20 seconds for each
input motion,
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(Fig. 4) Acceleration response spectrum for Level 1
motion with 5% damping.

5. Responses to Level 1 Motions

Based on the performance requirements in
Ref. [6], no damage should be expected for the
Level 1 input. The maximum responses of
acceleration, relative displacement, reaction
force, and interstory drift angle obtained by
SA-1, SB-1, and D-1 are compared. The values
in the parentheses ( ) in the following tables
are the ratios to the values for SA-1, The
response accelerations and displacements are
evaluated at the points indicated by @ in Fig. 5.
The height of each evaluation point is denoted

(Fig. 5) Evaluation points of acceleration and
displacement,

by H, and H = 11200 corresponds to the top
node,

Maximum accelerations

The acceleration responses in span direction
are listed in Table 2. Let G denote the
acceleration of gravity. The accelerations for
SA—1 are not shown, because they are 0.2G for
all nodes by definition of the load. The
accelerations for SB-1 are evaluated by dividing
the nodal load by the nodal weight and
multiplying G. Therefore, the nodal
accelerations are proportional to the
corresponding components of the 1st mode,

At the top of the frame, the accelerations by
SB-1 for Frames (1) and (3) are 43% smaller and
48% larger, respectively, than that by SA-1
with uniform accelerations. Therefore, the use
of the static loads proportional to the dominant
mode is very important for evaluation of
maximum accelerations. The mean values of
maximum responses to 15 motions of Level 1
(D-1) are also listed in Table 2, where the
values in the parentheses [ ] are the standard
deviation; e.g., the mean maximum acceleration
at the top of Frame (3) is 3760 and the standard
deviation is 364, which are divided by the
maximum response for SA—1 to obtain the
ratios 1.918 and 0.186, respectively. It is also
seen from Table 2 that the dynamic responses
by D—1 may be significantly larger than the
static responses by SB—1 at the roof nodes in
Frames (2) and (3).

Maximum displacements

The maximum displacements are listed in
Table 3. The static load SA—-1 with uniform
acceleration also underestimates the
displacement at the top of Frame (3); however,
the difference is smaller than the acceleration
response, because the displacements U are
computed from the loads P and the stiffness
matrix K using the stiffness equations P = KU,
which reduces the effect of differences in P. The
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(Table 2) Maximum accelerations (mm/sec for Level 1.

significantly underestimate the maximum
drift/shear angles by obtained dynamic
analysis.

(Table 4) Maximum drift angles (X10-3 rad.)

for Level 1.
SA1 0700 0.803
SB-1 0.887 (1.27) 0.797 (0.99)
D-1 1.158[0.123] 1.999(0.204]
(1.65[0.18)) (2.49[0.25])

CFrame | i @ | @
H = 117 2038 2901
11200 (0.57) {1.04) (1.48)

1078 2038 2901

B 77001 (55) (1.04) (1.48)

529 1008 1548

B0 927) 056) | (079
100 74201851 | 27681273] | 3760[364]
{0.889[0.094])| (1.412[0.14]) 1.918[0.186))

o1 | 7700 | 736194D | 2803[275) | 3774[345)
(0.886[0.009])| (1.43(0.14)) |1.926[0.176))

3500 | 13B40113) | 16800133] | 2148(210]
(0.706[0.0571)| (0.86210.068) |(1.096[0.112])

differences between the static and dynamic
responses are also smaller than those for the
accelerations,

(Table 3) Maximum displacements (mm) for Level 1.

vl @ e
" 11200 6.26 10.88 14.01
7700 6.18 10.85 14
3500 3.25 591 762
6.23 12.08 17.01
12001 4 0) (1) (1.21)
. 6.14 12.03 16.99
SB1 7700 | (099) (1.11) (1.21)
3.19 6.47 9.16
3001 08 (1.09) (1.20)
11200 7.940[0.78] | 15.43[152] | 21.62[2.12]
(1270012) | (.420014) | (15410.15)
. 7.7500.78] 15.39(1.52] | 21.58[2.13]
D=1 7700 | ('2510143) | (1421014]) | (1540.15)
3500 4.06[0.4] 8.2710.81] 11.59[1.14]
(1.25[0.12) (1.4[0.14D) | (1.52[0.15))

Maximum drift/shear angles

The maximum drift angles of wall and shear
angles of roof are listed in Table 4. Note that
the values of the roof are computed from the
displacements at the center and side that are
projected to the horizontal plane assuming that
the inclination of the roof is sufficiently small,
As is seen, the static analyses, especially SA-1,

Maximum reaction forces

The maximum reaction forces of each frame
and the total frame are listed in Table 5. The
reaction force of Frame (1) is larger than those
of Frames (2) and (3), because Frame (1) has
larger stiffness than the other frames.
However, the reaction force of Frame (3) by SB—
1is larger than that by SA-1, because Frame (3)
has larger acceleration than Frame (1) for SB-1.
It is also observed from Table 5 that the
reaction forces by dynamic analysis D—1 are
larger than those of static analyses.

(Table 5) Maximum reaction forces (kN) for Level 1.

HEFRIEE > | ol s
SA-1 150 22 27 398
SB1 147 22 31 398

{0.98) (1.00) (1.15) {1.00)
ooy |1783(227) 26132] | 36.2144] | 48
(1.19[0.15))|(1.18[0.15])i(1.34[0.16]))  (1.21)

Vertical accelerations

The vertical accelerations should be
evaluated to investigate the forces applied to
the hanging equipments such as speakers and
lights. Since dynamic analysis is not carried out
in the practical design process, it is important
to present a simple method for estimating the
vertical acceleration using static analysis. For
this purpose, the pseudo—accelerations are
computed by multiplying the square of the 1st
circular frequency to the vertical displacements
evaluated by SA-1 and SB-1, respectively. The
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(Table 6) Maximum reaction forces (kN) for Level 1.

Node | Vertical disp.| Vertical acc. [Vertical acc.
location §(mm) 8- (mm/secd (mm/sec?)
Frame |Line SA-1|SB-1, SA-1 | SB-1 D-1

2 a 0060131 11 | 24 254[16]
2 b | 129 150, 236 @ 275 581[76]
2 ¢ |150 172 275 | 315 | 580[67]
(3 a | 007 007! 13 13 202[27]
(3) b 151 197 277 | 361 656[49]
(3 | c | 184235 337 @ 430 @ 68259

results are shown in Table 6 for the points
indicated by @ in Fig. 6,

Since the static deformation is almost
antisymmetric with respect to the vertical plane
containing line a’ in Fig. 6, the vertical
accelerations at the top nodes are very small.
The responses by SA-1 are smaller than those
by SB—1 also for the vertical acceleration. It ig
also seen from Table 6 that the pseudo-—
accelerations by static analysis are significantly
smaller than those by dynamic analysis,
because the effect of higher modes, which do
not have clear antisymmetric properties, is
neglected in the static analysis: hence, the
dynamic responses have moderately large values
at the nodes in line & .

6. Responses for Level 2 Motions
6.1 Static analysis

Pushover analyses are carried out for the
patterns SA—2 and SB—2 corresponding to Level
2 input. The yield stress of steel is 235x1.1
N/mm2, and the stiffness after yielding is 1% of
the initial stiffness. The result before the base
shear coefficient reaches 1.2 is shown in Fig. 7,
where the vertical axis is the total load, and the
horizontal axis is the displacement at the point
indicated by ® in Fig, 8,

2500
2000+ o
i)
o~ %
Z 2.
) - 2
§ 1500 E
2 :
E 1000 =
& g

500

0_

1
0 50 100 150 200
Top displacement (mm)

(Fig. 7) Results of pushover analysis.

(Fig. 6) Evaluation points of vertical acceleration

{Fig. 8) Evaluation point of displacements
(indicated by @)

The braces in the side frames start to yield
at the base shear equal to 1300 kN, The beams
and columns of the frames have enough
stiffness after the first yielding of the brace,

azpTxss|xihh
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and the columns at the corners yield when the
base shear is equal to 2300 kN for SB-2,
whereas those columns do not yield for SA-2,
Furthermore, SB-2 leads to larger roof
displacement than SA-2, because the former
has larger loads than the latter at the top.
Therefore, the eigenmodes should be used for
defining the load pattern for static pushover
analysis for Level—2 input,

Since the braces of this frame have
moderately large slenderness rations, and are
categorized as BB-rank in the Japanese code,
the value of Ds that defines the maximum
base shear coefficient for the plastic limit
analysis is 0.4. As is seen from Fig, 7, the
response against the horizontal load of the total
weight 1990 kN scaled by 0.4; i.e., 800 kN, are
in the elastic range, and are equal to the twice
of the responses for Level 1 input with CO = 0.2.

Hence, the maximum displacement for limit
analysis at the top of Frame (3) for SA—2, which
is usually used in practical design process, is
14.01?72 = 28.02 mm,

6.2 Dynamic analysis

The seismic motions for Level 1 are scaled by
o to obtain the motions for Level 2. The yield
stress is assumed to be 235x1.1 N/mm2, and
the hardening ratio is 0.01 also for dynamic
analysis. The braces are modeled by a slip—type
bilinear force—elongation relation. The yield
forces are 310 kN for wall-braces, and 194 kN
for roof—braces. The normal bilinear model is
used for bending along the strong axis of the

1 T

[
o

n
=)

—
=
S

Top displacement (mm)
<

0 5 10 15 20
Time (sec)

(Fig. 9) Time-history of displacement of the
top node.,

beams and columns, and interaction between
bending moment and axial force in evaluation
of bending strength is not considered. For
example, the yield moments are 1308 kNm for
column C1, and 1422 kNm for beam T1.

The time—history of the displacement of the
top node indicated in Fig. 8 for one of the 15
motions is plotted in Fig. 9.

The mean maximum values and standard
deviations of the reaction forces of Frames (1),
(2) and (3) are listed in Table 7. If we assume
that the three frames have the maximum
reaction forces at the same time instance, then
the mean maximum value of the total reaction
force is (597.5+160.2+186.6) X2 = 1888.6 kN,
which approximately corresponds to the base
shear coefficient CO = 1.0 for the Level 2 input,
Therefore, it can be assumed that the 1st mode
dominates in the response and the phase
differences in the vibrations of three frames
can be neglected.

(Table 7) Mean values and standard deviations of
maximum reaction forces (kN) for Level 2,

| Framel) | Framela | Bame@
D-2 597.5(30.2] | 160.2[18.8] | 186.6[22.3]

The maximum displacements are listed in
Table 8, As is seen, the responses are between
5 times and 9 times as large as those for Level 1
input in Table 3. The maximum shear angle of
the roof computed from the displacements at
the center and side is 1/112, and the maximum
interstory drift angle of the wall is 1/167, which
are about 7 times to 9 times as large as the
responses for D—1. Therefore, static analysis
with the reduction factor Ds = 0.4 significantly
underestimates, as shown in Sec. 6.1, the
responses for Level 2 input,

(Table 8) Mean values and standard deviations of
maxmum displacements (mm) for Level 2.

3 | Frame (1) Frame (21 - Frame 13)
H= 11,200 436 [71] | 899 [121] | 1065 [12.1]
H=7700 | 431[71] | 89.8 [11.8] | 106.3 [12.1]
H=3500 | 262[43] | 4821[60] | 57.2[6.5]

b6 _ x9H R45 £ 385, 2009, 12
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The maximum vertical accelerations are
listed in Table 9. Note that the vertical
accelerations of the top node have moderately
large values, because the antisymmetry of the
deformation is broken due to partial
plastification,

(Table 9 Mean values and standard deviations of
maximum vertical accelerations (mm/sec?).

Node Frame (2) Frame (3)
a 2198 [304] 1527 [366]
b 6763 [924] 3663 [447]
c 6428 [804] 3654 [455]

6.3 Response evaluation by equivalent
linearization

It is well known that the inelastic responses
of building frames can be evaluated with good
accuracy using the equivalent linearization,
e.g., the capacity spectrum approach. However,
applicability of this method is not verified for
school gymnasiums consisting of very slender
steel beams, columns, and braces. Therefore,
we compare the results of two types of
linearization methods with those of dynamic
analysis under Level-2 motions. The two
methods use different definitions of the
equivalent damping ratio; however, any
definition can be used for each method.

The first method is similar to the “Method
based on calculation of limit strength” that does
not compute eigenmodes and the load pattern is
SA-2. The second method utilizes eigenvalue
analysis considering the compressive stiffness
of the braces, i.e., the load pattern is SB-2,
although the model without the compressive
stiffness can also be used.

The common parameter values and
definitions for the two methods are as follows:

* Damping ratio for initial elastic state is h =

0.02.

* The representative displacement at the
response evaluation point in Fig, 8 and
base shear coefficient at yielding obtained
by pushover analysis in Sec. 6.1 are 52 mm
and 1200 kN, respectively.

* Reduction factor of the response spectrum
ig given as
" 1+104, , he : equivalent damping ratio
* Equivalent period is computed from the
displacement response spectrum Sp and
the acceleration response spectrum Si as

I, =273Sp /S,

Method 1: without eigenvalue analysis

Let m; and J; denote the mass and
displacement of node i at a step of the pushaover
analysis. The capacity spectrum is computed by

N mé ) .52

VROV iy

Lo ms; > md,

where @ is the base shear and M. is the

S, =Q/M,.

equivalent mass.

Let # denote the plasticity factor obtained by
dividing the representative displacement by the
yield displacement 52 mm. We compute the
equivalent damping ratio h. as

N

h, = }H;/(lL
)

where y=0.2 is used [7]; however, it is very
difficult to assign an appropriate value of the
parameter y for the structure which resists the
horizontal loads mainly by braces that are
prone to buckling.

Method 2: with eigenvalue analysis [6,8]

Let 6 and @, denote the displacement at the
point in Fig. 8 and the corresponding
component of the lst mode. The participation
factor for the 1st mode is denoted by 8. Then
the capacity spectrum is computed as

Sp=0/(pe.). S,=0/M,

and the equivalent damping ratio h. is

computed from
h = ]Z+K72(17_1)(1_a’)
anl+a(n —1)]

where 0.33 for the smallest ductility is given
for ¥ [8,9]. Note that this formula is used
mainly for RC structures; therefore, the
applicability of this equation is not guaranteed.
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For the structure under consideration, the
effective mass ratio R. is 0,840, and the
participation factor 8 is 0.417 for the 1st mode,
The roof—displacement component @ of the 1st
mode is 3.02, and the hardening coefficient
obtained by the pushover curve in Fig. 7 is
0.404.

Resuits of analysis

The analysis results are summarized in Table
10. The capacity spectrum (pushover curve) for
Method 2 is plotted in solid line Fig. 10, where
the demand spectrum at the final state are
plotted in the dotted horizontal line, The dashed
curve indicates the path of the evaluation point
that finally coincided with the intersection of
the capacity and demand spectra, As is seen
from Table 10, the maximum representative
displacements computed by the equivalent
linearization agree with the results of the
dynamic analysis with good accuracy. However,
it should be noted that the results significantly
depend on the parameter values for the
equivalent damping ratios.

SA
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0 20 40 60 80 100 120 140 160 180 200
SD

{Fig. 10) Capacity spectrum (solid line) and
demand spectrum (dotted line) for Method 2.

7. Conclusions

Advanced static analysis procedures have
been presented for school gymnasiums to
improve the accuracy of performance evaluation
against seismic motions. The conclusions drawn
from this study is summarized as follows:

(Table 10) Results by equivalent linearization

G | Methed i i Meted Bl

&mm) 100 10

F 0.853 0.906

he 0.076 0.066

" 1.92 2.12

S (m/sec) 10.2 10.9
S (mm) 82 88

T. 0.563 0.565

1. The use of the static loads based on nodal
accelerations proportional to the dominant
mode is very important for evaluation of
maximum horizontal accelerations for
Level 1 motions. Therefore, eigenvalue
analysis is indispensable for accurate
evaluation of responses.

2. Static analysis for Level 1 and 2 motions
may significantly underestimate the
mean—maximum responses obtained by
dynamic analysis.

3. Maximum response accelerations can be
evaluated using the dominant eigenmode
and acceleration response spectrum.
However, higher modes should be
incorporated for evaluating the vertical
responses at the top node,

4. Good approximate responses may be
obtained by an equivalent linearization
method, although the results strongly
depend on the definition of equivalent
damping ratio,
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