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Present design philosophy and seismic codes allow structures to be designed with lateral strength lower than
that required for it to remain elastic in the event of a severe earthquake. The design strength can usually be
obtained by applying response modification factor or strength reduction factor to reduce elastic strength demand
to design level. This factor whose makeup and value vary among many countries may consist of factors such
as those related to the inelastic behavior of the structure, overstrength and damping. Many researchers however
have expressed concern on the adequacy of the strength reduction factors contained in seismic codes due to the
lack of transparency and technical basis in the assignment of its values. Strength reduction factor due to inelastic
behavior of structure have been extensively studied and formulated in terms of limiting the maximum ductility
demand. However, due to the fact that buildings have design strength much lower than the elastic strength level,
they are expected to sustain some level of structural damage under severe earthquake excitation. Under such
cyclic loading, repeated load reversals below the maximum deformation can cause fatigue or cumulative damage
which in turn leads to a reduction in the ductility capacity of the structure. It therefore becomes important to
consider cumulative damage in the assessment of inelastic behavior of structures designed based on current design
philosophy.

The primary objective of this study is to evaluate seismic demands considering cumulative damage. The effect
of site conditions, various structural properties and characteristics of the earthquake ground motions on the seismic
demands are also investigated. Following is a brief summary of the chapters constituting the dissertation.
Chapter 1:General Introduction

This chapter introduces the problem which motivated the conduct of this study, followed by the statement of
objectives. The chapter concludes with a brief outline of the succeeding chapters.

Chapter 2:Cumulative Damage Consideration in Seismic Design

In this chapter, current simplified design procedure based on strength and use of response modification factor -
is reviewed and its adequacy examined. A literature review on the previous studies on strength demands and
strength reduction factor by several researchers is also made. It is shown that maximum deformation alone cannot
completely characterize damage and may lead to inadequate assessment if cumulative damage is not considered.
Ways on how to improve current design method is proposed by incorporating cumulative damage in the proposed
design procedure.

Chapter 3:Analytical Modeling and Earthquake Ground Motion Characterization

In this chapter, the two analytical models, the single-degree-of-freedom (SDOF) system employed in Chapter 4
and the multi-degree-of-freedom (MDOF) system used in Chapter 5, are presented. The bilinear and peak-oriented
(modified Clough) models used to simulate the hysteretic behavior of steel and RC structures are described next.
Cyclic deterioration in strength and stiffness based on hysteretic energy dissipation is also incorporated in the
hysteretic modeling. The Park and Ang damage index used in the assessment of seismic damage is then explained.
This index was chosen because it combines the damage due to maximum deformation and the cumulative damage
based on dissipated hysteretic energy. Since no specific values of the hysteretic energy capacity parameter used in
the cyclic deterioration model is prescribed for a given monotonic ductility capacity, a procedure for calibrating
such hysteretic energy capacity parameters is developed. The calibration is based on the desired minimum ductility
performance criterion and the resulting calibrated values are found to be within the range of experimental results
for corresponding levels of ductility capacity and cyclic deterioration.

A suite of 60 earthquake ground motions used in the time history analysis and classified into three site cat-
egories: rock, intermediate and soft soil sites is presented together with the other relevant characteristics of the
earthquake records such as magnitude, epicentral distance, duration of strong motion and predominant period of
ground motion.

Chapter 4:Site-Dependent Seismic Demand Spectra for SDOF System Considering Cumulative Damage

Elastic and inelastic strength demands considering cumulative damage for the SDOF system are first evaluated.
A series of 32,400 time history analyses are carried out to determine the strength demands for a combination of



nine strength levels (one elastic and eight levels of inelastic demands corresponding to four ductility capacities
and two limit states), two hysteretic models (bilinear and peak-oriented), 30 natural periods (T = 0.1~3.0 s) and
60 input ground motions for the three site categories (rock, intermediate and soft soil sites). Since the response of
the system at soft soil sites is significantly affected by the predominant period of ground motion T, an additional
set of 10,800 strength demands is determined for soft soil sites for 30 discrete period ratios T /T, for a total of
43,200 data sets. The damage-based strength reduction factor Rp is then computed as the ratio of the elastic to the
inelastic strength demands. _

The results indicate that the mean damage-based strength demands and reduction factor Rp are influenced by
the site conditions particularly in the case of soft soil sites. Regardless of the site condition, the dispersion in
the strength demands increases with the natural period but is not significantly influenced by the level of ductility.
In contrast, the dispersion in Rp factor is relatively stable across the range of natural periods and increases with
increasing ductility. The strength demands are consistently lowest for moderate earthquake magnitudes of up
to M, = 6.1 but there appears to be no significant difference among larger magnitudes intervals M 26.7). In
general, the strength demands are highest for significant duration longer than 20 s. No clear trend can be observed
regarding the effect of earthquake magnitude, epicentral distance, or significant duration of motion on the Rp
factor. Hence, whatever effect the above factors have on the inelastic strength demands stem from its effect on the
elastic strength demand and cancels out when their ratio (equal to Rp) is computed.

The ordinates of the Rp spectra are much lower compared to the magnitude of the monotonic ductility capacity
y, since it corresponds to lower cyclic ductility capacity p». An equivalent ductility factor as a ratio of the mono-
tonic ductility capacity may also be used in determining strength demands. This ratio depends on the monotonic
ductility capacity and while it is not significantly affected by the natural period, it should be carefully evaluated
for bilinear systems located in soft soil sites and where the structural period is close to the predominant period
of ground motion and in the case of peak-oriented systems with short natural period. The influence of hysteretic
behavior on the cumulative damage is very evident in short period structures where higher energy dissipation in
peak-oriented model results to higher cumulative damage compared to the bilinear model. Regardless of soil con-
dition, the component of damage spectra due to the maximum ductility decreases with increasing y, which may
be attributed to the higher hysteretic energy dissipation associated with more ductile structures before it collapses.

The life safety to collapse limit state strength demand ratios for both bilinear and peak-oriented systems in-
creases with natural period in the short period range up to point corresponding approximately to the predominant
period of motion, beyond which the limit state strength ratio becomes relatively constant at around 1.2. The hys-
teretic behavior, site conditions and monotonic ductility capacity have negligible effect on the limits state strength
ratio. Nonlinear regression analysis is finally performed to obtain simple expressions for estimating Rp factor for
life safety limit state which can be conveniently used for practical application.

Chapter 5:Site-Dependent Seismic Demand Spectra for MDOF System Considering Cumulative Damage

By means of the same procedure in Chapter 4, strength demands are evaluated this time using MDOF systems
withn = 2, 5, 10 and 25 stories. For bilinear steel systems with code-prescribed strength distribution and parabolic
stiffness variation (Steel-I), the strength demands computed for short MDOF system (n = 2) is approximately
the same as that of equivalent SDOF system with the same natural period. However, as the number of stories
(natural period) increases, the MDOF system tend to have higher strength demands than the equivalent SDOF. A
modification factor to account for higher mode effect is therefore computed as the ratio of MDOF to the equivalent
SDOF strength demands. This factor increases with increasing natural period and inelasticity. For a given number
of stories, the value of this modification factor is approximately the same for both rock and intermediate sites but
lower for soft soil sites. :

In the case of peak-oriented RC-I buildings, the strength demand of MDOF system having n = 2 is equal
to that of equivalent SDOF system only for soft soil sites. Strength demands for both rock and intermediate
sites are amplified even for n = 2 and hence MDOF modification factor needs to be applied to the SDOF elastic
design strength. As with bilinear systems, the MDOF modification factor for peak-oriented system increases
with increasing natural period and ductility. For the same number of story, the MDOF modification factor for
peak-oriented system is lower compared to bilinear primarily because the natural period of the former model is
computed assuming a RC system which is lower compared to the corresponding steel system represented by the
latter hysteretic model.

Examination of the mean damage spectra of the collapsing story reveals that for the same number of stories,
the cumulative damage in RC system is greater than that of steel. In general, the probability of first story collapse
increases with increasing ductility capacity. The few instances of collapse in the upper stories can be attributed to
higher mode effect which becomes more significant for taller buildings.

The strength demand for steel buildings with stepwise strength and stiffness distribution (Steel-1I) are approx-
imately equal to those of Steel-I buildings only in the elastic and short period range. In inelastic cases, Steel-II
requires higher design strength even though most of its stories have strength higher than the corresponding stories
of Steel-I buildings. The higher strength is a result of high damage concentration in stories where there is a sud-
den stepwise drop in strength and stiffness which consequently govern the required strength. The ratio of strength
demands of Steel-II to Steel-I buildings varies depending on the soil conditions whereas no significant influence
of ductility capacity can be observed.

Lastly, the strength demands of RC-II buildings whose only difference with RC-1 buildings is the stepwise
stiffness variation are quite comparable to the latter regardless of the number of stories, ductility capacity or site
conditions. It can therefore be concluded that the lateral strength distribution has a much greater influence than
stiffness variation on the damage-based strength demands for MDOF systems.

Chapter 6 - Conclusions and Recommendations



This chapter highlights the most important findings of the study. The proposed design procedure together
with the design tools developed in this study can make possible the explicit consideration of cumulative damage

in current simplified seismic design methods. Future studies needed to further improve our knowledge and the
current state of seismic design are also recommended.
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