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ABSTRACT

Lessons learned in past earthquakes show that the catastrophic failure of many buildings has been due
to their irregularity. For this reason, most seismic-resistant design codes prescribe a series of
recommendations that attempt to limit the irregularity of structures. One of the most common types of
irregularities in buildings is plan irregularity especially that which occurs when there are plan re-entrant,
for reasons of architectural design. In this work the evaluation of the response reduction factor of
low-rise buildings, located in a zone of high seismic hazard, is carried out. The methodology applied is
the adaptation of the FEMA P695 which requires the use of dynamic non-linear analysis for the
assessment of the response reduction factors. The results show that the response reduction factors
prescribed by the code provide a safe design, because the calculated coefficients satisfy the minimum
acceptable values obtained by applying the FEMA P695 methodology.
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1 INTRODUCTION

In the current seismic calculation procedures, seismic design forces are determined by the
hazard represented by the reduced elastic spectrum by a response reduction factor (R), which
allows to introduce the incursion of structures into the non-linear range of behavior, under
the action of strong ground motions [1]. In the particular case of the Venezuelan seismic
code, response reduction factors are prescribed according to the structural typology, the
materials that compose it, the degree of detail and the regularity of the structural
configuration. Structural irregularity should be in elevation or in plan irregularity.
According to the Venezuelan seismic code [2], four type of plan irregularity exist:

Great eccentricity

High torsional risk
Non-orthogonal structural system
Flexible diaphragm

For buildings classified according to the two first irregularities, a reduction of 25% must
be performed to the response reduction factors showed in Table 1. Note that the ductility
level is shown from the highest (ND3) to the lowest (ND1), in descending order, for the
different structural types considered in Venezuela (framed buildings are classified as type I).
Additionally, structures must be modelled using flexible diaphragm if, among other reasons,
“a significant number of plants have re-entrants whose length exceeds 40% of the dimension
of the smallest rectangle attached to the plant, measured parallel to the direction of the
re-entrant; or when such re-entrants exceed 30% of the area of said circumscribed
rectangle” [2]. However, for large re-entrants, the penalty applied according to the standard
may not affect the value of R.

Recognized researchers have made observations on the analytical procedures based on
response reduction factors and the validity of adopted values [3] and [4] recent studies have
focused on evaluating the response reduction factors of different structural typologies,
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applying non-linear analysis, [6]and in this research, part of the FEMA P695 methodology
[8] has been adopted to validate the reduction factors applied in the Venezuelan seismic code
for low-rise RC buildings whose plants have different re-entrants, determining if they lead to
satisfactory seismic behavior.

2 METHODOLOGY FOR THE ASSESMENT
The methodology of evaluation of the selected models is that described in the document
Quantification of building seismic performance factors, which has been published by FEMA
(2009) also called FEMA P695. The technical approach includes a combination of normative
basics, advanced non-linear range analysis, and risk-based assessment techniques.

Fig. 1 shows the general procedure to be applied, note that five steps are highlighted in
grey, it is because they are the steps adapted for the purpose of the assessment performed in
this research.

The first step consists into characterize the behaviour. For this purpose, it is necessary to
define a set of archetypes that represent the possible variations in the structural models that
represent the design space. In the present case, no representative archetypes will be defined,
but a set of archetypes will be defined with the possible variations of re-entrants observed
more frequently in Venezuela. This is a modification made to the FEMA methodology with
the objective of adapting it to the evaluation of the factors reducing the response of structures
with this type of irregularity.

The develop of the models, the second step of the methodology, is achieved by means of
the modelling of the selected archetypes using a software with the capabilities to perform
non-linear analysis taking into consideration the main features of the materials which
constitute the structures and other necessary aspects to obtain the seismic response, like the
geometric non-linearity.

Table 1: Values of the response reduction factor R, for RC buildings with different
structural typologies.

I 11 111 IITa v
Ductility level

ND3 6.00 | 5.00 | 4.00 | 6.00 | 2.00
ND2 4.50 | 400 | N.A. | NA. | 1.50
ND1 2.50 | 225 ] 2.00 | N.A. | 1.25
Not ok
Develop of the ] Evaluate > Collapse
concept performance margin
Obtain required Analyse models
information h
¢ T Document
Characterize results
. » Develop models
behaviour

Figure 1: Steps of the FEMA P-695 methodology.
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The analysis of the models is performed in the third step. The loads of the models are
defined, including the loads which represent the seismic action. The methodology use two
kinds of analysis in order to compute the non-linear response of the structures: pseudo-static
(pushover) and incremental dynamic analysis (IDA).

In the fourth step the evaluation of the performance is made. FEMA P695 presents a
parameter that is used to perform the evaluation of the response reduction factor R, it is the
mean collapse ratio (CMR) which is determined as the initial factor to perform the structural
safety characterization against collapse; this value must be corrected based on the
uncertainties established in the methodology. The mean collapse ratio is the quotient between

the values of the acceleration in the mean curve SCT, obtained in the standard incremental
dynamic analysis (IDA), and the acceleration of the maximum considered earthquake, Sy
obtained from the elastic design spectrum.

CMR = 2L (1)
Smr

Finally, in the fifth step, the values of CMR are compared with the values prescribed by
FEMA P-695 for each archetype and for the set of archetypes. If calculated values satisfy the
comparison of individual values and of the median, response reduction factors are suitably to
perform the seismic design of structures with similar characteristics.

3 DESCRIPTION OF THE CASES STUDIED
The set of archetypes selected for the assessment consists in seven low-rise reinforced
concrete buildings, designed for high seismic hazard zone (design acceleration of 0.3g)
located in a very stiff soil (soil type S2), with a response reduction factor R=6 (high ductility
expected), see the elastic and inelastic design spectra in Fig. 2.

Buildings have different plan configurations with three 3.00 m high stories. The structures
of the buildings consist in special moment-resisting frames, with three 6.00 m length spans
in each direction. Buildings are endowed with 25 cm width RC solid slabs. Fig. 3 summarizes
the plan configurations of the seven cases considered herein. Note that cases 2—7 are plan
irregular because the presence re-entrants in the slabs, but cases 2, 4 and 6 are provided with
coupling beams in the open side, avoiding the loss of stiffness in such frames, also avoiding
the stress concentration in frames and adjacent zones of the slabs, which can occur during
the application of lateral loads. The specifications set for the materials are shown in Table 2
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Figure 2: Elastic and inelastic design spectra.
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Archetype 1. ID: F

O

Archetype 2. ID: He Archetype 3. ID: Hu
Archetype 4. ID: Uc Archetype 5. ID: Uu
Archetype 6. ID: Cc Archetype 7. ID: Cu

i i

Figure 3: Isometric views of the archetypes.
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Table 2: Materials characteristics used for design.

Material  Strength
Concrete [F’c=25MPa
Steel Fy=420MPa

Table 3: Records used for non-linear analysis.
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Figure 4. Response, mean response and elastic design spectra.

The analysis, design and detailing of the archetypes was performed according to the
current Venezuelan seismic code [9] for residential use. However, interstory drift check
was performed using an alternative energy-based procedure, thereby producing stiffer
structures than the obtained according to the standard code procedure.

In order to apply the FEMA P-695 methodology, a set of 10 records of destructive ground

motions was selected. The characteristics of the set of records is summarized in Table 3.
The records were modified in order to reach significant damage on the archetypes.

A matching procedure that consist in adapt the response spectrum to the elastic design
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spectrum was made for each component of the used seismic record. In Fig. 4, response spectra
are shown plotted together with the elastic design spectrum used for the analysis.

The non-linear analysis was then applied considering three-dimensional models of the
archetypes, in which the members were discretized into four elements, allowing different
zones to be considered in accordance with the confinement provided by the transverse steel.
This beneficial effect has been taken into account applying the Mander model. After
completing the models of all the archetypes, we proceeded to perform the non-linear analysis.
The FEMA P-695 methodology uses the Dynamic Incremental Analysis procedure [12], in
which each selected accelerogram starts with its original amplitudes. After obtaining the
structural for these records, the amplitudes were increased by means of a linear scaling. At
each increment step the maximum response is obtained, which in this case corresponds to the
spectral acceleration. In this way, the curves presented in the following section were
constructed and allowed to evaluate the response reduction factor.

4 RESULTS OF THE ASSESSMENT
Incremental dynamics analyses were performed using Seismo Struct Software; resulting
curves are plotted together in Figs 5—11. In order to avoid the subjectivity in the determination
of the collapse spectral acceleration (S;r) a change has been made regarding the
methodology: instead of determining the value counting the level of acceleration for the half
of the curves achieve the collapse, the median curve for all the curves is computed, then the
collapse intensity corresponds to the collapse intensity of the median curve [14].
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Figure 5: IDA curves of the archetype F.
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Figure 6: IDA curves of archetype Hc in a) x-direction and; b) y-direction.
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Figure 7: IDA curves of archetype Hu in a) x-direction and; b) y-direction.
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Figure 8: IDA curves of archetype Uc in a) x-direction and; b) y-direction.
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Figure 9: IDA curves of archetype Uu in a) x-direction and; b) y-direction.
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Figure 10: IDA curves of archetype Cc in a) x-direction and; b) y-direction.
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Figure 11: IDA curves of archetype Cu in a) x-direction and; b) y-direction.
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4.1 Adjust of the collapse margin ratio

The values of the collapse margin ratio must be adjusted taking into account the variability
of the used records. Thereby, FEMA P-695 establish a set of values of spectral shape factors
(§SF), depending on the predominant period of the archetype and the displacement ductility
determined by non-linear analysis. Displacement ductility is computed using the capacity
curve resulting from pseudo-static non-linear analysis and in order to simplify the task to
determine the values of SSF, Fig. 12 contain the tabulated values of FEMA P-695, allowing
interpolation. The adjustment is performed according to eqn (2).

ACMR = SSF - CMR )
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Figure 12: Curves so the spectral shape factors.

Table 4: Values of the collapse margin ratio, spectral shape factor and the adjust collapse
margin ratio of the archetypes studied.

Archetype ID | Direction | Scr Smr CMR | SSF | ACMR

F Both 5.19 0.78 6.65 1.13 7.49

X 4.85 0.78 6.22 1.11 6.91
Hce

y 4.60 0.78 5.90 1.10 6.50

X 4.79 0.78 6.14 1.12 6.90
Hu

y 4.47 0.78 5.73 1.13 6.45

X 4.37 0.78 5.60 1.14 6.37
Uc

y 4.05 0.78 5.19 1.12 5.81

X 4.88 0.78 6.26 1.13 7.07
Uu

y 4.97 0.78 6.37 1.12 7.12

X 4.18 0.78 5.36 1.12 5.99
Ce

y 4.07 0.78 5.22 1.11 5.80

X 4.10 0.78 5.26 1.14 5.99
Cu

y 4.15 0.78 5.32 1.13 6.01
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Figure 13: Values of the adjusted collapse margin ratio (ACMR) of the archetypes studied.

Table 4 summarizes the values of CMR computed from IDA curves, the values of SSF
interpolated from Fig. 12 and the values of ACMR.

In Fig. 13 the values of the ACMR of each archetype in both direction of analysis is
summarized. Firstly, note that exists a very large margin between the value of the adjusted
collapse margin ratio (ACMR;) and the acceptable collapse margin ratio (ACMR,qy,)
determined for the structural models according to FEMA P-695. On the other hand, the
average of the values of the adjusted collapse margin ratio (ACMR) is greater than the value
prescribed for the ACMR;o,. The subscript of the values of the acceptable collapse margin
ratio represent the percentage of exceedance probability.

5 CONCLUSIONS
The used methodology is an adaptation of the general methodology of FEMA P-695,
originally formulated in order to assess new structural typologies.

The ACMR values of the individual archetypes far separate the acceptable values obtained
by applying the FEMA P695 methodology for a 20% probability of exceedance. Similarly,
the average of the values of the adjusted collapse margin ratio (ACMR) of the set of
archetypes is much larger than the acceptable value considering a 10% probability of
occurrence. According to these results, it can be stated that the response reduction factors
prescribed by the Venezuelan seismic standard successfully exceed the evaluation, and the
response of similar structures, designed with these response reduction factors, can be
expected to behave in a safe way to earthquakes with an intensity comparable to that of the
design elastic spectrum.

Although the archetypes studied here presented irregularity characteristics that did not
need to apply penalties to the response reduction factors, the value prescribed by the
Venezuelan seismic code (R = 6) is safe according to the applied methodology.
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