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Abstract Performance-based seismic engineering is
focused on the definition of limit states to represent dif-
ferent levels of damage, which can be described by mate-
rial strains, drifts, displacements or even changes in
dissipating properties and stiffness of the structure. This
study presents a research plan to evaluate the behavior of
reinforced concrete (RC) moment resistant frames at dif-
ferent performance levels established by the ASCE 41-06
seismic rehabilitation code. Sixteen RC plane moment
frames with different span-to-depth ratios and three 3D RC
frames were analyzed to evaluate their seismic behavior at
different damage levels established by the ASCE 41-06.
For each span-to-depth ratio, four different beam longitu-
dinal reinforcement steel ratios wereuised that varied from
0.85 to 2.5% for the 2D frames. Nonlinear time history
analyses of the frames were performed using scaled ground
motions. The impact of different span-to-depth and rein-
forcement ratios on the damage levels was evaluated.
Material strains, rotations and seismic hysteretic energy
changes at different damage levels were studied.
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Introduction

Performance-based seismic engineering is focused on the
definition of limit states to represent different levels of
damage, which can be described by material strains, rota-
tions, displacements or even changes in dissipating prop-
erties of the structure. ASCE 41-06 (2007) seismic
rehabilitation code defines different damage levels such as:
immediate occupancy (IO), life safety (LS) and collapse
ptevention (CP). In the 10, the structure has minor cracks
on non-structural elements. In the LS level, the structure is
designed to have a residual stiffness and strength in all
stories, with permanent drift. Finally, in the CP level, the
structures have a minimal stiffness and strength in all
stories, but columns and walls remains working. On this
stage, non-structural components are damaged and the
building is near to collapse (ASCE 41-06 2007). This code
provides rotations at these levels that can be used for
acceptance criteria when evaluating reinforced concrete
elements using linear or nonlinear procedures.

This paper studies the response of reinforced concrete
(RC) moment resistant frames under several seismic
ground motions and evaluates different damage levels
established by the ASCE 41-06 seismic rehabilitation
standard using the rotation acceptance criteria for nonlinear
procedures. The principal objective of this paper is to
establish conclusions about different response parameters
(e.g., materials strains and seismic hysteretic energy) that
could be used in conjunction with rotations to define
damage limit states and how the current ASCE 41-06
rotation limits could be improved. This study is accom-
plished by: (1) nonlinear time history analyses (NLTHA) of
reinforced concrete plane moment resisting frames with
different span-to-depth and longitudinal reinforcement
steel ratios subjected to several scaled seismic ground
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motions; (2) nonlinear time history analyses of three 3D
reinforced concrete frames. One of these frames was tested
as part of the 15th WCEE (World Conference on Earth-
quake Engineering-2012); (3) detailed studies of the results
obtained from the NLTHA focusing on the evaluation of
material strains, rotations and seismic hysteretic energy
changes at different damage limit states; and (4) evaluation
of the ASCE 41-06 rotation limits.

Plane reinforced concrete frame models

In this paper, a total of 16 planar (2D) reinforced concrete
frames with two bays and four stories were analyzed. Four
different span-to-depth ratios (L/H) that varied from 7.5 to
12 were used. Span-to-depth ratios are defined as the length
over the height of the beam. For each span-to-depth ratio,
four different longitudinal reinforcement ratios were
specified. The percentage of reinforcement steels were
varied from 0.85 to 2% and from 1.0 to 2.5% for the first
three L/H ratios (7.5, 9 and 10) and for the L/H = 12 ratio,
respectively (Fig. 1). The column height for all plane
frames was set to 3.05 m, for a total structural height of
12.2 m. A beam’s length of 4.57 m was selected for frames
with L/H of 7.5 (frame 1), 9 (frame 2) and 10 (frame 3).
For L/H = 12 (frame 4) the beam’s length was 6.1 m.
Beam section heights were the following: 609.6 mm
(frame 1), 508 mm (frame 2 and 4) and 457.2 mm (frame
3). All beams have a width of 304.88 mm and transverse
steel spacing of 102 mm (Fig. 1). All column sections had
dimensions of 609.76 mm x 609.76 mm.  Additional
details are presented in Fig. 1. The frames were designed to
follow a weak beam strong column mechanism.

Three-dimensional frame models

A total of three 3D RC frames were modeled. The first
model of a 3D frame included in this paper was tested as
part of the activities of the 15th World Conference on
Earthquake Engineering (2012). This frame was used as
reference frame to develop the other two models. The
frame was composed of one story, one bay in each direc-
tion and slab until half the girder length, as shown in
Fig. 2. The frame dimensions were: beam’s length of
3.5 m, girder’s length of 4 m and columns of 3 m height.
The beam’s depth and width were 40 and 20 cm, respec-
tively. The column dimensions were 20 cm x 20 cm. The
slab dimensions are shown in Fig. 2. Nine additional
masses of 1200 kg were placed on this slab. Each mass was
fixed to the slab using 4 bolts, 8 steel plates, 8 washers and
8 nuts which represents an additional mass of 36 kg. Then,
two additional 3D frames were included by modifying the
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Fig. 1 Beam sections for 2D frames

beam and girder lengths to have one frame with lower
span-to-depth ratio and one with higher span-to-depth ratio
that the reference frame tested at the Conference. The
dimensions of the beam and girders of these two models
are shown in Fig. 2.

Modeling approaches and materials

All the beam and column sections for the 2D and 3D
frames were modeled using the nonlinear fiber element
approach. This approach consists of the division of each
material that comprises the section into several fibers. A
reinforced concrete section is divided in unconfined,
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Fig. 2 General dimensions, beam and column sections of 3D models (adapted from 15th WCEE Blind Test Challenge Design Report 2012)

confined and steel fibers. The OpenSEES (McKenna et al.
2000) software platform was used to perform all the
analyses. The Concrete 01 material based on the concrete
constitutive model of Kent and Park (1971) with modifi-
cations performed by Karsan and Jirsa (1969) was used.
Concrete Ol is a uniaxial material with degraded linear
unloading/reloading and no tensile strength. The concrete
confined strength and strains were calculated used the
equations from Mander et al. (1988) concrete constitutive
model. Unconfined concrete strain was defined as 0.002.
For the 2D frames, the concrete compressive strength for
all elements was set to 32 MPa. For the 3D models, the
concrete compressive strength was 30.03 MPa for the
beams and 35.63 MPa for the columns. All the properties
of the reference 3D frame were given by the 15th WCEE
Blind Test Challenge Committee (15th WCEE Blind Test
Challenge Design Report 2012). /The uniaxial material
reinforcing steel was used for_the reinforcing steel. This
model is based on the works performed by Mohle and
Kunnath (2006) and Chang and Mander (1994). Steel yield
strengths of 450 MPa for all elements of the 2D frames and
561.67 MPa for the 3D frames were used. All the elements
(beams and columns) were modeled using the beam with
hinges element (Scott and Fenves 2006) of the OpenSEES
program. By using the beam with hinges element, it is
considered that the plasticity of the element is concentrated
at a specified plastic hinge length at the element ends.
Elastic elements were used to model the frame joints. The
joint element in the column has a length equal to half the
beam depth. The joint element in the beam has a length
equal to half the column height. Figure 3 shows an illus-
tration of the joint modeling. This was done to obtain a
better behavior of the beam—column joint by having a
linear elastic section with the beam or column elastic
stiffness (Priestley et al. 2007). The plastic hinge length for

each element was calculated using Eqs. 1-2, from the
methodology presented by Priestley et al. (2007). In these
equations Lgp is the strain penetration length, Lc is the
length from the critical section to the point of contraflex-
ure, dy, is the reinforcing steel longitudinal bar diameter,
and f, is ultimate steel strength.

Lp = kLc + Lsp < 2Lsp, (1)

Lsp = 0.022f,dy, 2)
.

k=02 —1<0.08. (3)
fy

Nonlinear time history analyses (NLTHA)
Plane frames (2D)

For the nonlinear time history analyses of the plane frames,
7 seismic ground motions (Chi-Chi, Tabas, Kocaeli, Kobe,
Northridge, Imperial Valley and Loma Prieta) were chosen
from the Pacific Earthquake Engineering Research (PEER)
database. These ground motions were made compatible
with a design spectrum. The design spectrum was con-
structed using the parameters from ASCE 7-05 (2006). For
the design spectrum, the values of the design spectral
response acceleration parameter at short period (SDS), the
design spectral response acceleration parameter at 1 s
(SD1), and the long period transition period (TL) were
equal to 0.812, 0.421, and 12 s, respectively (Fig. 4). The
spectrum values were obtained for a soil type D (ASCE
7-05 2006) and represent a structure in a moderate-to-high
seismic region. The MATLAB® program ArtifQuakeLet
(Suarez and Montejo 2007) was used to make the records
compatible with the design spectrum which uses wavelet
theory to match the response spectrum of each earthquake
to the target spectrum. NLTHA were performed with the
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Fig. 4 Response spectrum with target design spectra for all
earthquakes

ground motions scaled from 0.1 to 1.5 g in increments of
0.1 (15 analyses per earthquake per frame).

3D frames

For the 3D frames, a seismic ground motion scaled to 4
intensity levels was used. This ground motion was pro-
vided by the 15th WCEE blind test committee. They
selected two horizontal orthogonal components of a strong
motion signal registered during the 2011 Great East Japan
earthquake. The low and medium intensity levels corre-
spond to a 20 and 70% of the original ground motion,
respectively. The reference and high level correspond to a
100 and 200% of the original ground motion, respectively
(15th WCEE Blind Test Challenge Preliminary Report
2012). The ground motions were applied in the longitudinal
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and transversal directions. The transversal direction
(Fig. 2) is parallel to the beams (x-axis) and the longitu-
dinal direction (Fig. 2) parallel to the girders (z-axis).
Figure 5a, b shows the ground motions used in the longi-
tudinal and transversal directions for each intensity level.
The ground motions were applied simultaneously to sim-
ulate test conditions. During the test experiment, each
ground motion was applied after the frame suffered dam-
age from previous test. Figure 6 shows the displacement
time history results obtained from the analytical model
developed in OpenSEES (OS) and the experimental results
obtained during the test of the 3D reference frame for two
selected intensities (Reference-REF and High) at node A
(see Fig. 2). The analytical results are in good agreement
with the experimental results.

Results and discussion
Rotation limit states

From the NLTHA, beam rotations were obtained for all the
frames. In addition, beam and column rotation limits for
different damage levels (10, LS, CP) from the ASCE 41-06
standard were obtained. The values of ASCE 41-06 rota-
tion limits for all beams of the 2D and 3D frames obtained
were 0.005, 0.01 and 0.02 for IO, LS and CP, respectively.
For the columns of the 3D frames, the ASCE rotation limits
obtained were 0.005, 0.01365 and 0.0182 for IO, LS and
CP, respectively. These limits correspond to beams and
columns with conforming transverse reinforcement. The
rotation limits found from the ASCE standard were com-
pared against the rotations obtained from the NLTHA.
Figure 7 presents the maximum beam rotations as function
of the peak ground acceleration (PGA) obtained from the
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NLTHA using the 7 ground motions scaled from 0.1 to
1.5 g for frame 1 (L/H = 7.5), frame 2 (L/H = 9), frame 3
(L/H = 10), and frame 4 (I./H =12), respectively. For the
sake of brevity, only the 2D frame results for beam rein-
forcement ratios of 1 and 2% were presented. Similar
results were found for the frames with the other rein-
forcement steel ratios. The rotation limits for 10, LS and
CP were also included in these figures and are represented
as horizontal lines. In general, the rotations as function of
the PGA show a linear tendency depending on the ground
motion and peak ground acceleration. From Fig. 7, it can
be deducted when certain ASCE limit state (I0, LS or CP)
will be reached or exceeded when the horizontal line
crosses approximately the average rotation line obtained
from NLTHA. As example, the collapse prevention (CP)
limit state (Fig. 7) is exceeded for frame 1 for PGA values
higher than 0.9 to 1.1 g depending on the reinforcement

steel ratio. For frame 4 the CP limit is exceeded for PGA
values varying between 0.6 and 0.7 g. The life safety (LS)
limit is reached at average PGA values of 0.5 and 0.4 g for
frames 1 and 4, respectively. The IO is exceeded at 0.3 g
for frame 1 and 0.2 g for frame 4.

Furthermore, Fig. 8 shows the variability of the rota-
tions between span-to-depth ratios for selected ground
motions (Chi-Chi and Kobe) and for selected steel rein-
forcement cases (1.0 and 2.0%) to have a better perspective
of the response of these frames. For the 2D frames the
rotations decrease as the reinforcement ratio increases and
increases as the span-to-depth ratio increases. Nonsym-
metrical frames or with nonductile elements could present
high nonlinearly in the rotations with respect to the PGA
levels. However, the dependence on aspect ratios and
reinforcing steel percentages is still expected for these
cases. A better correlation of the limit states with these
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Fig. 9 Rotation vs. PGA-3D frames

parameters needs further investigation for more complex
frame cases.

Figure 9 shows the rotations in each direction (longitu-
dinal and transversal) obtained for 3D frames as function of
the 4 levels (low, medium, reference, high) of PGA used in
the analyses. The three frames are denoted as medium
(reference), short and long indicating the span-to-depth
ratio value. For the 3D frames (Fig. 9), the rotations for the
low PGA level are very similar to the IO rotation limits
established by the ASCE 41-06. Also, the rotation for the
reference PGA, in both directions, exceeded the LS limit,
but is under the CP limit state for two frame cases. The
rotations for the high PGA level exceeded the CP limit

state. From these results (2D and 3D frames), it can be
deducted that the ASCE standard limits (IO, LS, CP) based
on constant rotations are not necessarily appropriate if the
goal is to ensure constant damage for the same type of
frame structure since rotations are dependent on the span-
to-depth ratios and seismic level demands. Although,
ASCE 41-06 rotation limits depend on the level of rein-
forcement ratio and shear strengths, it would be more
appropriate to define these limits with detailed expressions
that include the span-to-depth ratio, reinforcement steel
and section properties to predict much better the level of
seismic performance desired for the structure. For the 3D
frames, the variability in rotations is less evident when
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compared to the 2D frames. However, PGA levels for the
3D frames are lower than the PGA levels that were sub-
jected the 2D frames. The variability in the rotations
increases for higher levels of PGA.

Strain limit states

From the NLTHA, the concrete and steel strains in the
beams of the 2D frames and columns of the 3D frames
were obtained where the maximum rotations occurred for
all cases. The concrete and steel strains were found at the
location of the extreme compression and tension fibers,
respectively. Strains at the columns of the 3D frames were
used because this frame follows a weak column-strong
beam mechanism. The ASCE IO, LS and CP rotation limit
states were used to interpolate the strains values corre-
sponding to these limits from the NLTHA results. Fig-
ure 10 presents the steel strains as function of the PGA
values for frames 1-4 with 1 and 2% of reinforcing steel,
respectively. Again, similar results were obtained for the
other reinforcing steel ratios considered in this study.
Figure 11 shows the concrete compression strains as
function of the PGA values for frames 1-4 with 1 and 2%
of reinforcing steel, respectively. In these figures, the lines
for the strain limits found from the interpolation of the
ASCE rotation limit states are also included. The steel
strain limits show a linear tendency; meanwhile, concrete
strain limits show a less linear tendency in function of
span-to-depth ratios. Comparable with the rotation limits, it
can be deducted from these figures when a strain limit is
going to be reached or exceeded. As example, it can be
noted from Figs. 10 and 11 that strains for CP limit state
are exceeded at 0.9 and 0.6 g for frame 1 and frame 4,
respectively. The life safety (LS) limits are reached at
average PGA values of 0.4 g for frames 1 and 4. The 10 is
exceeded at an average PGA«of 0.2 g for frames 1 and 4.

Tables 1, 2, 3 and 4 show the steel and concrete strains
found at LS and CP rotation limit states for frames 1 and 4
with 1 and 2% of reinforcement steel including the PGA
level in which the limit was reached for each earthquake
case. For frame 1, the LS limit state steel strains varied
from 0.013 to 0.024 and 0.0074 to 0.0149 for 1 and 2% of
reinforcing steel, respectively. For frame 4, the LS limit
state steel strains varied from 0.0117 to 0.0325 and 0.0059
to 0.0242 for 1 and 2% of reinforcing steel, respectively.
These values occurred at different PGA values depending
on the earthquake case with the variability increasing as the
rotation limit increases. For frame 1, the CP limit state steel
strains varied from 0.030 to 0.0412 and 0.0198 to 0.0307
for 1 and 2% of reinforcing steel, respectively. For frame 4,
the CP limit state steel strains varied from 0.0234 to 0.0459
and 0.0123 to 0.0337 for 1 and 2% of reinforcing steel,
respectively. For frame 4, the values of PGA at which each
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limit was reached show less variation. For frame 1, the
concrete compression strains for the LS limit state varied
from 0.0004 to 0.0019 depending on the reinforcement
steel ratio. For frame 4, the CP limit concrete compression
strains fluctuated between 0.0008 and 0.0034 depending on
the reinforcement steel ratio.

Tables 5 and 6 show the average steel and concrete
strains obtained for all frame cases. The serviceability limit
state is usually defined at a concrete compression strain of
0.004 or steel tension strain of 0.015 (whichever occurs
first) as suggested by Priestley et al. (2007). The damage
control limit state is defined as a concrete compression
strain of 0.018 or steel tension strain of 0.060, whichever
occurs first in the section. The LS and CP limit states are
equivalent to the serviceability and damage control pre-
sented by Priestley et al. (2007). Comparing the average
strain values (Tables 5, 6) obtained in this study with the
typical values for serviceability and damage control, it can
be noted that the LS limit average strains are similar, but
the CP limit state is more conservative. From these results
(especially the steel strain limits), it can be also observed
that the_ strains are almost independent of the ground
motion history (Tables 1, 2, 3, 4). This has been proven by
some researchers (Vidot-Vega and Kowalsky 2011;
Goodnight et al. 2013).

In addition, steel and concrete strains were found for
each PGA level (low, medium, reference and high) for the
reference 3D frame. These results are shown in Fig. 12.
Similar to the 2D frames, with the ASCE 41-06 rotation
limit states (IO, LS, and CP) an interpolation was per-
formed to determine the steel and concrete compression
strains at these limits (horizontal lines in Fig. 12). For the
columns, all cases exceed the IO limit. The CP limit state
was exceeded for the reference and high ground motion
intensities.

Seismic hysteretic energy limit states

The purpose of studying the seismic hysteretic energy in
relation to the limit states is to try to identify if this
parameter can be used as performance indicator like the
drifts and strains. For the 2D frames, the seismic hysteretic
energy was obtained using the area under the moment vs.
rotation curves. The moment and rotations at the beams
were obtained from the nonlinear time history analyses.
The hysteretic energy was calculated at each beam plastic
hinge. The total hysteretic energy dissipated in one frame
story is the sum of the energy calculated at each hinge. The
energy was obtained as function of the PGA and/or duc-
tility as shown in Fig. 13 for the seven ground motions
used in the analyses (EQ. 1-EQ. 7). This figure shows only
the results for the cases with reinforcement steel ratios of 1
and 2% for sake of brevity. Similar results were found for
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Table 1 Steel strains at .
selected limit states for frame 1 Frame 1—steel strain
Earthquake Reinforcing steel 1.0% Reinforcing steel 2.0%
PGA.s LS PGAcp CP PGA; s LS PGAcp CP
Chi-Chi 0.50 0.0242  1.00 0.0412  0.50 0.0149  1.00 0.0307
Imperial Valley 0.50 0.0130  1.00 0.0302  0.60 0.0086  1.30 0.0222
Kobe 0.60 0.0142  0.90 0.0312  0.50 0.0082  1.30 0.0273
Kocaeli 0.60 0.0194  1.20 0.0382  0.70 0.0116  1.30 0.0223
Loma Prieta 0.40 0.0127  0.60 0.0307  0.60 0.0083  0.80 0.0237
Northridge 0.70 0.0150  1.30 0.0316  0.50 0.0089  0.00 0.0198
Tabas 0.60 0.0135  1.00 0.0334  0.90 0.0074  1.40 0.0208
Max 0.70 0.0242 130 0.0412  0.90 0.0149  1.40 0.0307
Min 0.40 0.0127  0.60 0.0302  0.50 0.0074  0.00 0.0198
Standard deviation  0.10 0.0043  0.22 0.0042  0.15 0.0026  0.49 0.0039
Table 2 Steel strains at .
selected limit states for frame 4 Frame 4—steel strain
Earthquake Reinforcing steel 1.0% Reinforcing steel 2.0%
PGALs LS PGAcp CP PGA; s LS PGAcp CP
Chi-Chi 0.40 0.0325 .0.60 0.0459 040 0.0242  0.80 0.0337
Imperial Valley 0.40 0.0132°0:60 0.0296  0.40 0.0075  0.80 0.0193
Kobe 0.40 0.0153  0.80 0.0282  0.30 0.0091  0.80 0.0212
Kocaeli 0.40 0.0236 .0.70 0.0382 040 0.0185  0.90 0.0270
Loma Prieta 0.40 0.0139  0.60 0.0255 0.30 0.0087  0.60 0.0171
Northridge 0.40 0.0181  0.80 0.0310 0.50 0.0105  0.90 0.0227
Tabas 0.50 0.0117  0.80 0.0234 040 0.0059 1.10 0.0123
Max 0.50 0.0325  0.80 0.0459  0.50 0.0242  1.10 0.0337
Min 0.40 0.0117  0.60 0.0234 030 0.0059  0.60 0.0123
Standard deviation.  0.04 0.0074  0.10 0.0079  0.07 0.0067  0.15 0.0069
Table 3 Concrete strains at . .
selected limit states for frame 1 e | —minimum concrete strain
Earthquake Reinforcing steel 1.0% Reinforcing steel 2.0%
PGALs LS PGAcp CP PGALs LS PGAcp CP
Chi-Chi 0.50 —0.0011 1.00 —0.0008 0.50 —0.0019 1.00 —0.0016
Imperial Valley 0.50 —0.0010 1.00 —0.0007  0.60 —0.0011 1.30 —0.0013
Kobe 0.60 —0.0004  0.90 —0.0008 0.50 —0.0014 1.30 —0.0029
Kocaeli 0.60 —0.0009 1.20 —0.0007 0.70 —-0.0019 1.30 —0.0030
Loma Prieta 0.40 —0.0008 0.60 —0.0021  0.60 —0.0011 0.80 —0.0022
Northridge 0.70 —0.0005 1.30 —0.0007 0.50 —0.0010 0.00 —0.0008
Tabas 0.60 —0.0014 1.00 —0.0016  0.90 —0.0012 1.40 —0.0035
Max 0.70 —0.0004 1.30 —0.0007 0.90 —0.0010 1.40 —0.0008
Min 0.40 —0.0014  0.60 —0.0021 0.50 —0.0019  0.00 —0.0035
Standard deviation 0.10 0.0003 0.22 0.0006 0.15 0.0004 0.49 0.0010
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Table 4 Concrete strains at

selected limit states for frame 4

Table 5 Average steel strains

Frame 4—minimum concrete strain

at different limit states for all

frames

Table 6 Average concrete

strains at different limit states

for all frames

-0.002

-0.004

-0.006

Concrete Strain

-0.008

-0.01

Fig. 12 Strain vs. PGA-3D reference (medium) frame
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Earthquake Reinforcing steel 1.0% Reinforcing steel 2.0%
PGA;s LS PGAcp CP PGA;s LS PGAcp CP
Chi-Chi 0.40 —0.0023 0.60 —0.0014 0.40 —0.0032 0.80 —0.0034
Imperial Valley 0.40 —0.0012 0.60 —0.0014 0.40 —0.0015 0.80 —0.0016
Kobe 0.40 —0.0014 0.80 —0.0014 0.30 —0.0017 0.80 —0.0021
Kocaeli 0.40 —0.0016 0.70 —0.0013 0.40 —0.0027 0.90 —0.0028
Loma Prieta 0.40 —-0.0012  0.60 —0.0018 0.30 —0.0017 0.60 —0.0026
Northridge 0.40 —0.0013 0.80 —0.0008 0.50 —0.0019 0.90 —-0.0014
Tabas 0.50 —0.0011 0.80 —0.0008 0.40 —0.0014 1.10 —0.0020
Max 0.50 —0.0011 0.80 —0.0008 0.50 —0.0014 1.10 —0.0014
Min 0.40 —0.0023 0.60 —0.0018 0.30 —0.0032 0.60 —0.0034
Standard deviation 0.04 0.0004 0.10 0.0004 0.07 0.0007 0.15 0.0007
% Steel Steel strain limits
Frame 1 Frame 2 Frame 3 Frame 4
LS CP LS CP LS CP LS CP
0.85 0.0179 0.0385 0.0149 0.0308 0.0158 0.0298
1 0.0160 0.0338 0.0155 0.0328 0.0147 0.0283 0.0183 0.0317
1.5 0.0088 0.0198 0.0126 0.0254 0.0104 0.0232 0.0157 0.0273
2 0.0097 0.0238 0.0090 0.0199 0.0079 0.0177 0.0121 0.0219
2.5 0.0037 0.0201
% Steel  Concrete strain limits
Frame 1 Frame 2 Frame 3 Frame 4
LS CP LS CP LS CP LS CP
0.85 —0.0007 ~ —0.0008 —0.0008 —0.0007 —0.0009 —0.0010
1 —-0.0009 —0.0010 —0.0007 —0.0008 —0.0009 —0.0008 —0.0014 —0.0013
1.5 —0.0009 —-0.0012 —-0.0010 —0.0006 —0.0012 —0.0009 —0.0017 —0.0018
2 —0.0014 —0.0022 —-0.0013 —-0.0019 —0.0013 —0.0010 —0.0020 —0.0023
2.5 —0.0011  —0.0027
0.025 T
— IO [RRTRD] |O .
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Table 7 Seismic hysteretic

energy at LS and CP limit states Steel % 1% 2%
for all frames with 1 and 2% Frame Statistical PGA;s LS PGAcp CP PGA;s LS PGAcp CP
Frame 1  Average 0.56 36.87 1.00 157.90 0.61 25.11 1.23 169.92
Max 0.70 76.66 1.30 456.16 0.90 50.78 1.50 267.53
Min 0.40 9.75 0.60 26.04 0.50 11.00 0.80 79.10
Standard deviation 0.09 2293 0.21 146.07 0.14 15.08 0.22 62.89
Frame 2  Average 0.49 2247 091 79.05 0.47 17.24  1.06 131.81
Max 0.60 62.61 1.10 135.04 0.60 25.09 1.50 421.44
Min 0.40 7.39  0.60 26.37 0.40 6.75 0.70 24.22
Standard deviation 0.08 18.59 0.18 38.63  0.09 6.69 0.23 136.12
Frame 3  Average 0.46 14.57 0.81 5543 044 13.19 0.87 73.34
Max 0.60 2545 1.00 126.78 0.60 50.74 1.10 199.80
Min 0.40 8.21 0.60 12.24  0.40 2.62 0.60 21.07
Standard deviation 0.09 6.05 0.14 4031 0.07 17.20 0.16 65.80
Frame 4  Average 0.41 20.49 0.70 56.09 0.39 13.93 0.84 103.12
Max 0.50 35.07 0.80 93.68  0.50 30.50 1.10 216.72
Min 0.40 8.89 0.60 2041 0.30 2.15 0.60 31.58
Standard deviation 0.03 8.93 0.09 27.14  0.06 8.99 0.14 67.74

the other reinforcing steel ratios used in this study. For all
the 2D frames the higher seismic hysteretic energies were
obtained for the EQ. 1 (Chi-Chi) and EQ. 4 (Kocaeli)
ground motions. These ground motions are the ones with
the larger Arias Intensity (AI), Cumulative Absolute
Velocity (CAV) and Specific Energy Densities (SED). The
Al is a measure of the strength of a ground motion (EPRI
NP-5930 1988) and was calculated as the integral of the
square of the acceleration time histories (Arias 1970). The
CAV represents the possible onset of structural damage and
was calculated as the area under the absolute acceleration
time histories (EPRI NP-5930 1988). The SED is defined
as the sum of the square of the ‘velocity time histories
(EPRI NP-5930 1988).

From these figures, the strong variability of the seismic
hysteretic energies with:the ground motions can be noted.
The ground motions have different characteristics which
have a strong influence in the seismic hysteretic energy.
These results have been confirmed by some researches
(Park et al. 1987; Bommer and Martinez-Pereira 2000;
Wong 2002; Kazantzi 2012). The hysteretic energy has
been recognized by several researchers as a potentially
useful seismic performance indicator (e.g., Park et al. 1987,
Bojorquez et al. 2011). However, its strong dependence on
the seismic input presents a drawback to be used as a
parameter for the definition of code limit states.

From the NLTHA results, the seismic hysteretic energy
was obtained at beams on the story where the maximum
drifts were recorded. For this reason, seismic hysteretic
energies were obtained as function of maximum drifts or
rotations for each PGA level. Then, values of hysteretic

’r @ Springer

energies.-for the corresponding ASCE 41-06 rotation limit
states<were interpolated at each corresponding rotation
value. Table 7 presents maximum, minimum and average
seismic energy values at the LS and CP limit states
obtained with the 7 ground motions considered in this
paper for all frames with 1.0 and 2% of steel reinforcement
ratio. From this table, the variability of the energy values
between each limit state and ground motion as indicated by
the standard deviation obtained can be observed.

Conclusions

This paper presented the results from NLTHA of RC
moment resisting frames and evaluation of material strains,
rotations and seismic hysteretic energies at different dam-
age levels established by the ASCE 41-06 standard. The
primary conclusions are the following:

The dependence of the seismic hysteretic energy on the
characteristics of the ground motion was confirmed.
Although this energy is a useful parameter to describe in
some sense the seismic performance of a structure, the
use of this parameter to define damage limit states to be
used in seismic rehabilitation codes can be challenging
and needs more work to be done.

Limit-state rotations varied between each span-to-depth
ratio and longitudinal steel reinforcement ratio. This implies
that better expressions are needed to obtain limit state
rotations in function of these parameters.

The inclusion of strains in the definition of limit states to
be used in rehabilitation standards could be beneficial
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since in general the strains allow a better indication of
the damage across the structure than the drift or rotations
alone. However, in order to include strains to define limit
states in a more detailed fashion more experimental tests
are necessary.
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