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ABSTRACT

The building code of Japan will be changed from
current prescriptive into performance-based type
by 2000.

This paper presents the evaluation procedure of
structural seismic performance against major
earthquake motions in the performance-based
building code of Japan under development at the
Building Research Institute (BRI). The basic
concept of BRI proposal for seismic design
spectra for major earthquake motions is 1) basic
design spectra defined at the engineering bedrock,
and 2) evaluation of site “response from
geotechnical data of surface soil layers. The
principle of evaluation procedures is that the
predicted response values should not exceed the
estimated limit values. In case of major
earthquakes, the maximum response values of
strength and displacement of a structure should be
smaller than the ultimate capacity for strength and
displacement. The proposed evaluation
procedure applies the equivalent single-degree-of-
freedom (ESDOF) system and the response
spectrum method, while the current procedures
are based on the estimation of the ultimate
capacity for lateral loads.

The proposed evaluation procedure makes it
realistic and simple to predict maximum structural
response in case of major earthquakes as well as
to confirm whether the predicted response values
are smaller than the limit ones.

KEYWORDS: building code of Japan, evaluation
procedure, seismic performance, major
earthquake motions, equivalent linearization,
equivalent  single-degree-of-freedom  system,
response spectrum method, site response, soil-

structure interaction
1. INTRODUCTION

On February in 1996 it was officially
announced by the Ministry of Construction
authorities that the Building Standard Law of
Japan should be revised on the basis of
performance principles. In the Building Council
report” of March 24, 1997, entitled “For a New
Building Administration Framework, which could
cope with the economic & social changes and
their prospects in the 21st century”, it was clearly
stated that in order to compile a highly flexible
New Building Standard Law, the current
provisions must be revised into those based on
performance. That served as a basis for the
compilation of “Guidelines for the Performance-

‘based Building Code”.

Unlike the in-current-use conventional
building code, the performance-based building
code prescribes clearly the type and the level of
the required performance for a given building
structure. In other words, for the precisely

1) Director, Dept. of Structural Engineering,
Building ~Research Institute, Ministry of
Construction, 1 Tachihara, Tsukuba, Ibaraki, 305-
0802 Japan.

2) Director, International Institute of Seismology
and Earthquake Engineering, BRI, MOC.

3) Head, Construction Techniques Div., BRI,
MOC. '

4) Head, Structural Dynamics Div., BRI, MOC.

5) Head, Structure Div., BRI, MOC.

6) Senior Research Engineer, Structure Div., BRI,
MOC.

—499 -




determined response of the structure subjected to
assumed loads and forces, it prescribes the
evaluation procedures to be wused for the
estimation of structure’s conformity with the
required structural safety.

However, even in the case of the
performance-based provisions, the prescription of
a minimum required level is necessary, being the
same as in the current building code provisions.
In this sense, the performance-based code is
different form the performance-based design,
which has been a current topic among structural
engineers.  The latter deals with a design
procedure, which is based on a clearly defined
target performance for the structure considered,
normally being prescribed higher than the
minimum required performance level. Basically,
the performance-based design is the structural
design on the basis of consultation between the
structural engineer and the owner of the building.

This paper presents the evaluation
procedure of structural seismic performance
against major earthquake motions in the
performance-based building code of Japan under
development at the Building Research Institute
(BRI)Z)' N4y ,

_ The basic concept of BRI proposal for
seismic design spectra for major earthquake
motions is 1) basic design spectra defined at the
engineering bedrock, and 2) evaluation of site
response from geotechnical data of surface soil
layers.

~ The principle of evaluation procedures is
that the predicted response values should not
exceed the estimated limit values. In case of
major earthquakes, the maximum response values
of strength and displacement of a structure should
be smaller than the ultimate capacity for strength
and displacement.  The proposed evaluation
procedure applies the equivalent single-degree-of-
freedom (ESDOF) system and the response
spectrum method, while the current procedures
are based on the estimation of the ultimate
capacity for lateral loads.

It should be noticed here that presented
in this paper is just the state-of-the-art and up-to-
now level of development of the performance-
- based structural provisions at BRI in Japan. It
should not be considered as a fully completed
version, ready to be presented for the final official

approval.

2. CONCEPTUAL FRAMEWORK OF
PERFORMANCE-BASED
STRUCTURAL CODE

The conceptual framework of
performance-based structural code proposed by
BRI is shown in Fig. 1. Following the principles
of structural safety, the evaluation procedures to
be used for the estimation of structure’s
conformity with the required performance level
are roughly classified as:

a. Proposed route

b. Conventional route

c. Small building route, and
d. Others

The proposed route represents a new
evaluation procedure to be used instead of the
current one, which is based on the calculation of
allowable stress and estimation of ultimate
capacity for lateral load. It considers the effects
of major earthquakes as well as other forces and
loads. The other effects, which are not
considered in the structural calculations, such as
construction quality, durability, quality of
construction materials, and nonstructural elements,
are covered by structural specifications.” In
essence, by using this procedure it is possible to
evaluate and verify the structural performance
possessed by a designed structure, regardless of
the design method used. It is just an evaluation
procedure that verifies whether or not the
prescribed performance objectives are met.

The second route represents the
conventional evaluation procedure now in use,
adopted as the standard structural calculation
method. It can be supplemented with additional
provisions in addition to those of the first route
described above.” However, if the principles of
performance-based provisions are to be followed,
it should be noticed that the obviously
unnecessary parts to be considered by structural
calculations are eliminated. To this extent, this
route can be considered as a kind of deemed-to-
satisfy evaluation procedure. v

The third route applies to small
buildings. This route does not require structural
calculations and is considered to be deemed-to-
satisfy  provisions. It prescribes only
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conventional-based structural specifications.

In the fourth route are included all other
alternative evaluation procedures and deemed-to-
satisfy provisions, such as those developed and
certified by private institutions as well as those
requiring expert judgments.

The types of loads and forces considered
in the newly proposed evaluation procedure
remain -almost the same with those currently in
use. However, for the case of seismic effects
only, new earthquake motion provisions are
prepared to replace the current earthquake force
provisions.

In a definite proposal, the earthquake
motion response spectra at the engineering
bedrock, assumed to be the stratum having shear
wave velocity in the range of several hundreds
m/s, is considered as the basic design spectra.
On the basis of this conception for the earthquake
input motion, it is possible that earthquake effects
be not only accounted rationally through the
incorporation of influence of local soil conditions
on ground motion characteristics at the free
surface but also conveniently incorporated in the
newly developed design procedures of seismically
isolated and response controlled  structures.
Furthermore, - it is anticipated that the future
proposals expected for the evaluation and design
procedures are suitably implemented.

3. REQUIRED SEISMIC PERFORMANCE
LEVEL FOR BUILDING STRUCTURES

An outline of requirements for building
structures and earthquake motion levels is shown
in Table 1. In the vertical column on the left
hand side of the table are shown the requirements
for building structures, while in the rest of the
table are shown the earthquake motions to be
considered and their corresponding levels for each
of the requirements assigned for building
structures.

As it is shown in Table 1, requirements
for building structures are classified in two
categories, which are explained below.

3.1 Life Safety
The essential purpose of this
requirement is the safety of life. It should be

expected that under the action of earthquake

motions taken into consideration, the building
should not experience any story collapse.

3.2 Damage Limitation

The aim of this requirement is damage
limitation. Under this provision, it is required
first .that after the action of earthquake motions
taken into consideration, no structural damage
which could threaten the structural safety of the
building will take place. In other words, the
structural safety performance required by Section
3.1 should be preserved. Furthermore, it is
required that no other kind of damage causing in
the building structure a situation- which does not
comply with other requirements of the Building
Standard Law concerning fire safety should be
experienced.

3.3 Maximum Earthquake Motion Level .

This level of earthquake motions
corresponds -to the category of requirements in
Section 3.1 for building structures and is assumed
to produce the maximum possible effects on the
structural safety of a building to be constructed- at
a given site. The maximum possible earthquake
motion level is determined on the basis of
historical earthquake data, recorded strong ground
motions in the past, seismic and geologic tectonic
structures, active faults, and others.  This
earthquake motion level corresponds nearly to that
of highest earthquake forces used in the current
seismic  design practice, representing the
horizontal earthquake forces induced in the
building structures in case of major  seismic
events.

3.4 Once-in-a-Lifetime Event Level

This level of earthquake motions
corresponds to the category of requirements in
Section 3.2 for building structures and is assumed
to be experienced more than once during the
lifetime of the building. - A return period interval
of 30-50 years is supposed to cover these events.
This level of earthquake motion corresponds
nearly to the middle level earthquake forces used
in the current . seismic design practice,
representing the horizontal —earthquake forces
induced in the building structures in case of
moderate earthquakes. :
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4. EVALUATION PROCEDURES FOR A
REQUIRED PERFORMANCE LEVEL

Various response and limit values are
considered for wuse in proposed evaluation
procedures, in accordance with each of the
requirements prescribed for building structures.
A representative example of this arrangement is
shown in Table 2. The principle of evaluation
- procedures is that the predicted response values
due to the action of earthquake motions on
building structures should not exceed the
estimated limit values. Fundamentals of
proposed evaluation procedures corresponding to
each level of earthquake motions are described
below.

4.1 Evaluation Procedures Corresponding to
Maximum Earthquake Motion Level

The maximum response values of the
building structure subjected to earthquake motions
should be smaller than the limit values. In
defining strength and displacement limits for
earthquake motions, it may be necessary to
consider the effects of repeating cycles in the
plastic region of the response as well.

4.2 Evaluation Procedures Corresponding to
Once-in-a-lifetime Event Level

For this level of earthquake motions, it
is required to be confirmed whether the internal
forces and displacements taking place at each
structural element satisfy the condition of being
smaller than the limit strengths and displacements.
The limit strengths and displacements mentioned
here imply that the whole structure behaves
generally within the elastic range.

5. PROPOSED EVALUATION PROCEDURE
FOR THE CASE OF MAJOR
EARTHQUAKES

Hereafter the focus is put on the
proposed evaluation procedure for the case of
major earthquakes.

The variety of linearization techniques
has already been studied (for example, Ref. 5).
Several applications have also been presented in
the publicetions®.

In the analytical methods to be used for

predicting the structural response in the newly
proposed evaluation procedure for the case of
earthquake excitations, it is expected to apply the
ESDOF system and the response spectrum method
using the linearization technique.

5.1 General Flow of Proposed Evaluation
Procedure

A flow chart of this procedure is
illustrated in Fig. 2. There are indeed various
analytical methods for predicting the response of
structures subjected to earthquake excitations.
The one that is shown here is based on the
ESDOF system and the response spectrum
method.

According to this procedure the steps to
be followed are:
I. Confirm the scope of application of the
evaluation procedure and the mechanical
characteristics of materials and/or members to be
used.
II. Determine the response spectra to be used in
the evaluation procedure.
i) For a given basic design spectrum at the
engineering bedrock level, draw up the free-field
site-dependent acceleration (Sa) and displacement
response spectra (Sd), for different damping
levels.
ii) In the estimation of free-field site-dependent
acceleration and displacement response (step i)
above), consider the strain-dependent soil deposit
characteristics.
iii) In case of need, present graphically the
relation of Sa-Sd, for different damping levels.
IIl. Determine the hysteretic characteristic,
equivalent stiffness and equivalent damping ratio
of the structure.
i) Model the structure as a simplified ESDOF

system and establish its force-displacement

relationship (see Fig. 2a).

ii) Determine the limit strength and displacement
of the structure corresponding to the ESDOF
system mentioned above.

iii) The soil-structure interaction effects should
basically be considered. :

iv) In case of need, determine the equivalent
stiffness in accordance with the limit values.

v) Determine the equivalent damping ratio on the
basis of viscous damping ratio, hysteretic
dissipation energy and elastic strain energy of the
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structure (see Fig. 2b).

vi) In case that the torsional vibration effects are
predominant in the structure, these effects should
be considered when establishing the force-
displacement relationship of the ESDOF system.
IV. Examine the safety of the structure.

In this final step, it is verified whether
the response values predicted on the basis of the
response spectra determined according to the step
IT satisfy the condition of being smaller than the
limit values estimated on the basis of step III (see
Fig. 2c).

In order to determine the limit strength
and displacement of the structure, a specific
displaced mode is necessary to be assumed in
advance for its inelastic response (see Fig. 2a).
Basically, any predominant or possible to be
experienced displaced mode of the structure
subjected to earthquake motions can be applied.
The predominant or possible to be experienced
displaced mode implies any of the failure modes
observed during the major earthquakes such as
beam failure mode, story failure mode or any
other definite failure mode.

5.2 Basic Response Spectrum at Engineering
Bedrock :
In the BRI. proposal, the evaluation
earthquake load is specified with earthquake
ground motion not with seismic force. The
earthquake ground motion is basically given at the
exposed (outcrop) engineering bedrock. The
evaluation earthquake motion is represented with
the acceleration response spectrum in the
following formula.

S, =ZGS, e))
where,

S, acceleration response  spectrum  for
evaluation,

Z: seismic zoning factor,

G: soil amplification factor, and

S,: basic acceleration response spectrum at
engineering bedrock.

The engineering bedrock is defined as a
layer with more than 400 m/s in shear wave
velocity.

The basic concept in estimating the
evaluation earthquake motions is expressed in the
followings.

The basic acceleration response spectra
to be given at the engineering bedrock shall be
consistent with the design seismic shear force
given in the current Building Standard Law of
Japan. :

In this case, the consistency is
maintained so that the newly defined evaluation
spectrum preserves the equivalent seismic effects
in the seismic forces specified for buildings
constructed on the soil condition with soil profile
of Type-2, which contains the majority of the
ordinary buildings in Japan.

The basic response spectrum shown in
Fig. 3 is to be given within specific ranges of
period. The shorter period range is determined
with uniform acceleration amplitude and the
longer period range is determined with the
uniform velocity amplitude. ~ Each level of
spectra is understood simply related with the peak
ground acceleration (PGA), and the peak ground
velocity (PGV) at the engineering bedrock
expected at the site.

The relationship between the base shear
coefficient and the acceleration response spectrum
is given with the earthquake response of the
uniform shear beam model. It is reported that in
this model the base shear force shall be multiplied
by 1.23 for uniform acceleration spectrum, and
shall be multiplied by 1.1 for uniform velocity
spectrum'®.  In addition to this simplified
relationship, we assumed the soil amplification
factors 1.5 for acceleration dominated period
range, and 2.0 for velocity dominated period
range. These factors of 1.5 and 2.0 are based on
the nonlinear response computations using
simplified models of surface soil layers. With
these assumptions, the basic acceleration response
spectrum is derived as shown in Fig. 3.

The seismic zoning factor represents the
relative difference in the expected earthquake
intensity values for specified periods. The
earthquake intensity values are represented with
peak ground acceleration (PGA) and peak ground
velocity (PGV). Based on the earthquake source
catalogue during the recent 500 years larger than
the magnitude of 5.0, and the empirical
attenuation equations which are consistent with
the near source records during recent major
earthquakes such as the 1995 Hyogoken-nambu
earthquake, we computed the expected amplitudes
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in acceleration and velocity for 500 and 50 years
for every 0.05 degree in longitude and latitude
point. Here, we considered the source area for
larger earthquakes whose fault model is available.
And we also included the influence of active
faults. The major active faults in Japan are being
investigated for its possible return period and
probabilities for causing earthquakes in near
future. Based on these computation results, we-
drew the hazard maps for the representative
values as shown in Fig. 4. Our proposal on the
seismic zoning factors will be based on these
results.

5.3 Acceleration Response Spectrum at Ground
Surface

To evaluate the acceleration response
spectrum at ground surface, the amplification of
surface soil deposits on the engineering bedrock is
estimated. An evaluation method by using the
equivalent linearization technique considering soil
properties of nonlinearity is explained below.
(1) Evaluation procedure

The acceleration response spectrum at
the ground surface is obtained as follows.
a) Transformation of response spectrum defined at
outcropped engineering bedrock
The earthquake motion defined at the outcropped
engineering bedrock is given as the acceleration
response spectrum with 5% damping ratio; S,(T,
(=0.05). The acceleration response spectrum
with arbitrary damping ratios; S (T, ) is
calculated based on S,(T, {=0.05). S,(T, {=0),
a velocity response spectrum; S,, and a Fourier
spectrum of acceleration; F,(T) have the
approximate relation as follows.

Fio(T)= ST, £=0)=(T/2m)S,o(T, £=0) )

b) Eigen value analysis of soil profile
With subdividing the soil profile, a shear model of
n degrees of freedom is formed, as shown in Fig.
- 5. The shear springs; K;, damping coefficients; c;
and masses; m; at discrete points, and a spring at
the bottom of the surface soil layers are defined as
follows. ‘

K=G//d, Ci::hi G; Ti/(rd,) 3
m=0.5(p; di+pi.; di.,) 4)
Kb=8 Gb B/(Z"Vb) (5)

Where G;, p;, d; and h; are shear modulus, mass
density, layer height, and damping ratio at the i-th
layer from the surface. G, and v, are shear

modulus and Poisson’s ratio at the engineering
bedrock, and B = 0.564m. T, is the fundamental
natural period of the surface ground. Through
the eigen value analysis, the natural period, the
vibration mode; U; (normalized by the value at the
surface) and the modal damping ratio; {, are
obtained.

¢) Equivalent shear wave velocity and impedance
The surface soil layers is replaced to an uniform
stratum with an equivalent shear wave velocity;

V.. and an equivalent mass density; p, and an’

equivalent damping ratio; £,, which are calculated

from properties in each layer.
-1

1
Vse = ﬁ_évsidi (6)
1 n—1 i
= e .d. 7
Pe HZ,P ; )
where, V;=,(G;/p;) and H is the total

thickness of the surface soil layers.  The
impedance of a wave motion; o between the
equivalent uniform surface ground and the
engineering bedrock is expressed as follows.

o=(Pe Vi) (Py Vi) )
where, V,: shear wave velocity, and

Py: mass density.
d) Amplification of surface ground
The amplification, in frequency domain, of the
uniform surface ground to the outcropped
engineering bedrock is obtained by using the one-
dimensional wave propagation. The transfer
function of the surface ground and the engineering
bedrock to the outcropped one are expressed as
follows.
1) surface/outcropped engineering bedrock;
GS(T’ Cl: (X)
2) engineering bedrock /outcropped;
Gb(Ts C»l:, (X)

e) Response acceleration and displacement at
ground surface at fundamental natural period T,
The response acceleration of the ground surface;
A(T)) and of the engineering bedrock; Ay(T,), and
their response displacements; Dy(T,) and Dy(T,)
are obtained as the product of the Fourier
amplitude of the outcropped engineering bedrock;
F.o(T)) and the amplification factor of the surface
ground.

As(Tl)=(1/Tl) Gs(Tla Ch O(') Fuo(Tl) (9)

Ay(T)=(U/T) Gy(Ty, &y, 00) Foo(T)) (10)
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D(Ty)=(T/2n)* A(T) 1n
Dy(Ty)=(Ty/2m)*Ay(T1) (12)
f) Nonlinearity of surface ground
The relative displacement; u; of the i-th mass
points to that of the engineering bedrock is
estimated by the following equation.

u={Dy(T,)-Dy(T1)} (13)
An effective strain; v,; is

Yei=0.65(u- i) / di (14)
An equivalent shear modulus; G, and an
equivalent damping ratio; hy are calculated
through the G-y, h-y relationships of soil

properties.
g) Convergence judgement
Setting new values of soil properties (Ge; he;), the
evaluation is repeated from item b).  The
evaluation will be repeated until the natural period
of the surface ground is converged.
h) Acceleration response spectrum at ground
surface and engineering bedrock.
The acceleration response spectra at the ground
surface and the engineering bedrock are evaluated
as follows. ‘
Su(T, {=0)=Foo(T) Gi(T, L, 0)/(T/270) (15)
Su(T, §=0)=Fo(T) Gu(T, &1, )(T2m)  (16)
i) Modification of acceleration response spectrum
at ground surface
To estimate the acceleration response spectrum

conservatively at the ground surface, the spectrum

is modified as follows.

1) Connect the two peak points, by a straight
line, of the acceleration response spectrum
corresponding to the first and second modes of the
surface ground, in order to avoid an excessive dip
between those peaks.

2) Equalize the acceleration of the spectrum at
the ground surface with that at the outcropped
engineering bedrock in the very short period
range.

(2) Examples of evaluation

a) Soil properties of surface soil layers

Figure 6 shows shear wave velocities (V) in
several soil deposits, which are evaluated. These
velocities are measured by the PS logging method.
The soil layer with more than 400m/s of Vs is
selected as the engineering bedrock. The model
proposed by Ohsaki et al.'” is used as the
nonlinear characteristics of the surface ground.
The mass density of the soil is around 1.6 to 2.0.

b) Acceleration response spectrum at ground

surface

The amplification factors (transfer function) of the
ground surface to the outcropped engineering
bedrock are shown in Fig. 7. The figures include
the results from three analytical methods in the
following.

1) Transfer functions in case of multi-layers
with V, by the linear analysis (indicated with
“LINEAR”).

2) Ratios of acceleration response spectrum at
the ground surface to that at the outcropped
engineering bedrock, which are calculated through
the program Shake (indicated with “SHAKE”).

3) Transfer functions obtained through the
proposed method (indicated with “METHOD”)

The predominant periods of the surface
ground subjected to severe earthquake motions are
longer by 1.3 to 2.0 times than those to moderate
earthquake motions because of nonlinear behavior
of soils. The proposed method gives the shorter
periods than those by Shake in Sites 3 and 4.
The amplification factors in Sites 3 and 4 by the
proposed one are a little less than those by Shake.

Figure 8 shows the acceleration response
spectra at the surface, which are obtained by the
proposed method and the Shake program. A
seismic base shear force of buildings for medium
soil deposits in the Building Standard Law, which
is modified to the value for one degree of freedom
is also included. The response spectra by the
proposed method have a good agreement with
those by the Shake program.

5.4 Hysteretic Characteristics and Equivalent
Damping Ratio of Structure ‘

A multi-story building structure is
reduced to an ESDOF system as shown in Fig. 9.
The reduction to ESDOF system is based on the
result of a push-over static analysis by applying
horizontal forces at each floor level. The force-
displacement relationship of SDOF system is
assumed that its force corresponds to the base
shear (Qg), and its displacement (;A) corresponds
to the displacement at the height (h,) where the
natural modal participation function is equal to 1.0
(Bi{u};=1.0).

The equivalent damping ratio is defined
by the viscous damping ratio, hysteretic
dissipation energy, elastic strain energy of
structure, and radiation effects of ground. Here,
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the effects of soil-structure interaction are
considered. As for the structure, the equivalent
damping factor of SDOF system, h,,, is given by
the following equation (see Fig. 10).
1 (ZXVV
4\ W
where,
AW: dissipation energy of SDOF system, and
W: potential energy in SDOF system (= Qg*;A/2)
Here, the dissipation energy of
stationary hysteretic loop at the assumed
maximum response of the structure can be
calculated by the cyclic loop of the structure using
the application of push-over static analysis, or
based on the total of damping ratio of all members
and joints to be considered.

(17)

5.5 Prediction of maximum response

The response spectrum method using
equivalent linearization technique is applied as
typical procedure for predicting the maximum
earthquake response. In this method, as shown
in Fig. 2(c), the intersection of the force-
displacement curve of SDOF system and the
required seismic performance spectrum is the
maximum response point. In the Sa-Sd spectrum,
the acceleration response is divided by the gravity
acceleration, g. In general, the maximum
response calculated by the equivalent damping heg
obtained from Equation (17) is too small, because
Equation (17) is theoretically valid in case of
stationary vibration. In case of nonstationary
vibration caused by earthquakes, h,, based on the
assumed response has to be reduced appropriately
for predicting the maximum response. Through
the examination under recorded and synthesized
earthquake motions, and some hysteresis curves
that consist of bi-linear or tri-linear skeleton
curves such as normal bi-linear and Takeda
models, the factor for reducing h,, is examined.
Figure 12 illustrates an example of the results on
bi-linear skeleton curve shown in Fig. 11.
Hysteresis curves are normal bi-linear, degrading
bi-linear and slip bi-linear. The input earthquake
motions are four that are a synthesized earthquake
motion examined by the Building Center of Japan
and three recorded earthquake motions;, 1995
Kobe NS, 1968 Hachinohe EW and 1940 El
Centro NS. In this analysis, there are some
analytical parameters that are the natural period,

yield stiffness and yield strength. The damping
ratio of 2% except for the hysteretic energy
dissipation is included. The equivalent damping
ratio estimated is reduced to 70 percent of he,
As a result of comparison of the responses
between the time history analysis and the
equivalent linearization method, they have a good
agreement on the whole, though the deviation
becomes large at the range of large ductility.

6. CONCLUDING REMARKS

In this paper, presented is the state of the
art of the performance-based building code in
Japan, currently under development at BRI. In
essence, performance-based provisions intend to
provide as clearly as possible answers to the
frequently raised questions: for what purpose,
towards what objective, and for what conditions.
The greatest advantage of this new approach lies
on the fact that it focuses primarily on the
achievement of the prescribed objectives,
regardless of the methodology used.

The evaluation procedure presented in
this paper is in essence a blend of ESDOF
modeling of building structures with the site-
dependent response spectrum concept, which
makes possible the prediction of maximum
structural response in case of major earthquakes
without using time history analyses.

The proposed evaluation procedure also
make it realistic and simple to predict the
maximum structural response in case of major
earthquakes as well as to confirm whether the
predicted response values are smaller than the
limit ones.

In the proposed evaluation procedure,
the limit value referred to is the maximum value.
Nevertheless, besides maximum values any other
measures can be used, for example energy. In
this case, both the response and limit values
should be expressed in terms of energy.
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Table 1 Requirements for Building Structures and Earthquake Motion Levels

Requirement Earthquake
(a) Life Safety Maximum Earthquake
| (to prevent failure of stories in to be considered
structural frames) (earthq. records, seismic and geologic
tectonic structures, active faults, etc.)
(b) Damage Limitation '
(to prevent damage to structural
frames, members, interior and Once-in-a-lifetime Event
exterior finishing materials in (return period: 30-50 years)

order to avoid the conditions not
satisfying the requirement (a) and
others) .

Note: The deterioration of materials during the lifetime of a structure should be considered.

Table 2 Representative Illustration of Proposed Evaluation Procedures

Requirement Earthquake
a) Life Safety Level Maximum
Earthquake
Response Maximum
Value Internal Force/Displacement
Limit Limit
Value Strength/Displacement”
b) Damage Level Once-in-a-lifetime Event
Limitation ( Return period 30 - 50 years )
Response Internal Force/Displacement
Value taking place at each structural element
Limit Limit
Value ' Strength/Displacement

*1 - Repeating cycles effect at plastic region of response to be taken into account.

*2 - The whole building structure behaves roughly within elastic range.

Notes :

1) The limit values corresponding to Maximum Event Level are determined based on the
condition that equilibrium of forces and displacement compatibility in the structural system
are guaranteed.

2) Displacement and acceleration related limit values, determined on the basis of the
requirements for architectural, mechanical and electrical elements permanently attached to
building structures, are thought to be considered in certain cases. :
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Evaluation Procedures Structural

(Structural Calculation) Specifications
proposed; proposed Evalu. Procedure minimum
route s - against major earthquakes supplementary
- against other loads & forces specifications
*
Principles of ( Loads & Forces )
Structural Safety; | | - earthquake; basic design spectrum at engrg. bedrock
Required \-others
Performance Levels
convent. Conventional-based Evalu. Procedure
route - allowable stress conventional-based
- ="t - interstory drfl [ supplementary
- rigidity & eccentricity specifications
- ultimate capacity for lateral force
conventional-based
small bullding route; no calculation - _ ) specifications;
deemed-to-satisty
thers Alternative Evalu. Procedures provisions
lOIerS_p Deemed-to-Satisfy Provisions
Expert Judgments

Fig. 1 Conceptual Framework of Proposed Performance-Based Structural Provisions

Shear

Equivalent

Coefficient (Sa/g)

o A L
he| =
PRA

Structure Force Displaced
Model Vector Mode

he : equivalent height
A ¢ horizontal displacement at equivalent height
Qb : base shear force

(a) Structure Model and Inelastic Response

Hysteresls Dissipation
Exergy in Force.p Force-Displacement Curve

Displacement Curve  goree »

—
Displacement
Elastic Strain Energy

(b) Energy for Equivalent Damping Ratio

Required Seismic
Performance Spectrum

Relationship of Acceleration and
Displacement Response Spectrum

Response Value

Relationship of Force
/ and Displacement
X Limit Value
X heq=0.05
heg=0. o

Displacement (Sd)

Damping Ratio (heq)o

<

\—__-

Helationship of Equivalent
Damping Ratio and Displacement

(c) Comparison of Expected Response Values and Estimated Limit Values

Fig. 2 [Illustration of Proposed Evaluation Procedure for Major Seismic Events
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Fig. 8 Acceleration Response Spectra at Ground Surface (h = 5%)
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Fig. 12 Comparison of Maximum Response Displacements between
Time History Analysis and Equivalent Linearization Method
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