Estimating Axial Force Demand in Columns of Shear-Type
Structure Subjected to Earthquake-Base Excitation
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Abstract: A procedure for estimating the number of simultaneously yielding stories Ngyg in a shear-type building subjected to earthquake-
base excitation (previously proposed and validated) is used here for estimating axial force demand in the columns of such structures. Axial
force demand of a column is obtained by summing the vertical force transferred by the Ngyg simultaneously yielding stories with a square root
of sum of squares (SRSS) combination of the forces that could be transferred by the remaining stories above that column, considering their
full yield capacity. Axial force in the columns due to the simultaneous story yielding caused by the incident velocity wave and overlapping of
the incident and reflected velocity waves occurring at the top and bottom of the building are considered. Three categories of earthquakes,
namely earthquake excitations having (1) a single dominant pulse, (2) multiple distinct pulses, and (3) no distinct pulses in their velocity
record, are considered. Also presented are results from a parametric study conducted by varying column stiffness and strain hardening of
the brace members. The procedures for estimating the number of simultaneously yielding stories and axial force demand proposed here
were found to provide good estimates of the values developed during actual earthquake excitations, especially for the first two categories
of earthquakes, with the estimated values generally being on the conservative side. The procedures were also found to work well for the
range of column stiffness and strain hardening ratios considered in the parametric study. DOI: 10.1061/(ASCE)ST.1943-541X.0002086.
© 2018 American Society of Civil Engineers.
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Introduction

Consideration of full yield capacity of the ductile members at all
floors of a building, with an assumption that they undergo yielding
simultaneously, has been a common practice in calculating the axial
force demand of columns, per capacity design principles (Bruneau
et al. 2011). While current design procedures [such as those pre-
scribed by the AISC 341-10 (AISC 2010) Seismic Design Provi-
sions 2010] consider simultaneous story yielding at all stories,
studies have shown that, though this can occur for low-rise struc-
tures, it is not necessarily the case for mid- to high-rise structures
(Redwood and Channagiri 1991; Tremblay and Robert 2001;
Lacerte and Tremblay 2006; Richards 2009; Bruneau et al. 2011).
Hence, this practice overestimates axial force demand, which can,
in the case of tall structures, result in large, uneconomical column
sections. Nonlinear time history analysis using a large number of
earthquakes can be conducted to establish axial force demand in
columns of a given structure. However, such analysis is typically
done after design, for verification purposes only, and is not a
preferred design approach.

A number of researchers have conducted studies on axial force
demand in columns and its estimation. Redwood and Channagiri
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(1991) proposed that the axial force in a column at a particular level
could be obtained by adding the vertical component of the brace
forces immediately above that story to the square root of sum of
squares (SRSS) of vertical forces from all the other braces above
that level. However, Tremblay and Robert (2001) showed that the
application of this method yielded results similar to those obtained
by the capacity design method at upper levels, but nonconservative
results at lower levels of low- and mid-rise chevron-braced frames
when compared with results from nonlinear time history analyses.
Lacerte and Tremblay (2006) proposed a method that considered
the forces in critical braces as 1.0 and 1.2 times the expected brace
capacity in tension and compression, respectively, and brace forces
in all the other floors as those obtained when brace buckling initiates
in these stories (provided the resulting column axial force is not less
than that obtained from the combination of expected brace capacity
in tension and postbuckling residual compression strength in com-
pression, over all stories). For eight- and twelve-story structures, this
approach showed satisfactory results over the building height when
compared with results from nonlinear time history analyses, but was
conservative for the four-story structure considered. Richards (2009)
investigated the demands on seismic columns of various types of
braced frames, considering four different system strengths and three
different structural heights. It was observed that the overstrength
factor, €2, of 2 used in designing those frames was nonconservative
in many cases but conservative at the base of tall structures, and that
assuming simultaneous yielding over the entire height of tall build-
ings was overly conservative. These studies were empirical, relying
on nonlinear time history analysis of a number of typical frames.
While these studies have provided valuable insights regarding
seismic demand in columns, a systematic and generalized way to
estimate these column forces is desirable.

A different approach, investigated by the authors, considered
the estimation of the number of simultaneously yielding stories,
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Ngys, as the key to finding the axial force demand in columns. In
order to develop a systematic procedure for estimating the number
of simultaneously yielding stories and to use it to find axial force
demand in columns of buildings subjected to ground excitation
(other than by empirically analyzing a large number of archetype
structures), and focusing on shear-type buildings initially for sim-
plicity, three essential steps were envisioned: (1) a procedure had
to be developed for estimating the number of simultaneously
yielding stories in a simple shear building subjected to velocity-
pulse base excitation; (2) this procedure had to be adapted for shear
buildings subjected to actual earthquake excitations, taking the per-
spective that earthquakes can be represented as a series of pulses,
and; (3) a procedure had to be formulated to estimate the axial force
demand in columns considering the force transferred from the
simultaneously yielding stories and the other nonyielded stories
above the column under consideration.

Accordingly, Shrestha and Bruneau (2017b) proposed a pro-
cedure to estimate the number of simultaneously yielding stories
in a shear-type building subjected to full-sine velocity-pulse base
excitation. Full-sine velocity-pulse base excitation was considered
from the perspective that an earthquake can be represented by a
series of such pulses. In that paper, concepts of wave propagation
were used to find the number of simultaneously yielding stories. An
estimation method was proposed, based on the observation that
story yielding is dependent on the magnitude of the velocity wave
propagating along the building height, and it was found to provide a
good estimate of the actual Ngyg values. In Shrestha and Bruneau
(2017a), the aforementioned estimation procedure was used to es-
timate the Ngyg values in a shear building subjected to earthquake-
base excitation by identifying and representing the main pulse of
an earthquake velocity record responsible for causing the maxi-
mum number of stories to yield simultaneously by a full-sine pulse.
Overall, the estimated Ngyg values were satisfactorily close to the
actual values, with the estimated values being on the conservative
side. Note that wave propagation along the height of a building has
been used previously for other purposes. For example, Hall et al.
(1995), Safak (1999), Humar (2002), Clough and Penzien (2003),
Krishnan and Muto (2012) used this approach to find or under-
stand the response of structures to pulses and earthquakes; simi-
larly, Snieder and Safak (2006), Todorovska and Trifunac (2008a),
Todorovska and Trifunac (2008b), Todorovska and Rahmani (2013),
and Ebrahimian and Todorovska (2014) used it for system identifi-
cation and health monitoring purposes, although all of these studies
assumed elastic structural response.

This paper focuses on the third of the aforementioned steps.
Using the procedure presented by Shrestha and Bruneau (2017a)
to determine the number of simultaneously yielding stories due to
an earthquake-base excitation, a procedure is proposed to estimate
the axial force demands at various stories of shear-type frame struc-
tures. Although buckling-restrained braces (BRBs) are used in the
analyses, for the analyses conducted, degrees of freedom are
restrained so as to impose shear-type deformations to the frame.

The study conducted by the authors was to investigate if the
code prescribed axial force to be considered in column design
can be modified by relaxing the number of stories yielding simul-
taneously as it can become quite a conservative requirement in tall
structures. The study presented here focused on initial steps to-
wards establishing an estimation procedure that can eventually
be used to reduce such specified seismic column force demands
in codes and specifications. The estimation procedure proposed
here is an approximate approach; however, the study showed that
the proposed procedure could yield good estimates of the number
of simultaneously yielding stories and axial force demand in col-
umns for the earthquakes and structures considered, with the
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estimated values generally being on the conservative side. Further
studies of the effectiveness of the proposed procedure using differ-
ent types of structures and archetypes are foreseen in the future, but
the information presented here provides the basis for such studies
and can be improved upon by further research.

Analysis Parameters

Structural System

This study considered a forty-story shear-type structure. A buckling
restrained brace frame was used, with degree of freedom restrained
so as to enforce shear-type behavior. The BRB frame was designed
such that the inelastic response is concentrated only in the braces;
the beam and column members are designed to remain elastic. The
beams and braces are connected to the columns through pin con-
nections. The shear yield capacity, V,,, of the brace at each floor
of the BRB frame structure was chosen to be equal to the story
shear capacity at the corresponding floor of the shear building
model with varying story stiffness over building height (Structure-
IV) used in Shrestha and Bruneau (2017a). Note that the distribu-
tion of shear yield capacity over the height of that structure
was based on the lateral force distribution prescribed by code (see
Shrestha and Bruneau 2016, 2017b for definition). A response re-
duction factor R (the ratio of the maximum elastic shear force
demand of a story to the shear yield capacity of that story) of 8
was selected for the strength of the base story. Note that in the
analysis, to obtain R of 8 at the base, the ground motion was scaled
up by 7.48 (for details on calculating the scale of the ground motion
needed to obtain R of 8, see Shrestha and Bruneau 2016). However,
the force reduction factor will not necessarily be equal to 8 at the
other stories. The ratio of lateral stiffness of column k., to lateral
stiffness of brace k,, at each story was chosen to be 0.25 for most of
the analyses, but the value of that ratio was varied in some analyses
to assess the sensitivity of the results to variations in that parameter.

Input Excitation

The study considered three categories of input earthquake excita-
tions, namely: (1) earthquake excitations having a single dominant
pulse in their velocity record (Category A), (2) earthquake ex-
citations having multiple distinct pulses in their velocity record
(Category B), and (3) earthquake excitations that do not have dis-
tinct pulses in their velocity record (i.e., non-pulse type earthquake
velocity excitations; Category C). Six earthquakes were considered
for each category, resulting in the 18 earthquakes shown in Table 1.
Since many of the earthquakes considered have large duration
pulses, the structural response is affected by overlaps of the numer-
ous reflected waves with long wavelengths generated at the boun-
daries of the structure. Thus, in addition to the analyses performed
using the original ground motions, analyses were also carried out
with a condensed time scale of the acceleration records to under-
stand the effects of the incident wave and the overlaps of the in-
cident and reflected waves that occur at the top and base of the
structure. The condensed base excitations used by Shrestha and
Bruneau (2017a) to obtain a 0.5¢,:ty value equal to 0.4, where,
t, denotes the duration of the main pulse of the velocity record,
and 7y denotes the time taken by the wave to travel through the
height of the building, were also used here. Note that the extent
over which the first half of a pulse spans over the height of a build-
ing is measured by the 0.5¢,:ty ratio. If 0.57,:ty is greater than 1,
the first half of the pulse extends beyond the height of the building,
and if it is less than 1, it spans over only some stories. Also note
that, because the BRB frames considered here have different
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Table 1. Earthquake ground motions considered

PGA PGV PGD
Category ~ Number Earthquake Identifier Station M, (2) (cm/s) (cm)
A 1 1994 Northridge WPI046 Newhall-W.Pico Canyon Rd. 6.7 0.455 92.8 56.64
2 1992 Landers LCN275 Lucerne 7.3 0.785 31.9 16.42
3 1979 Imperial Valley H-E04230 El Centro Array #4 6.5 0.36 76.6 59.02
4 1987 Superstition Hills (B) B-PTS225 5051 Parachute Test Site 6.7  0.455 112 52.8
5 1999 Chi Chi, Taiwan TCUO068-N TCU068 7.6 0462 263.1 430
6 1999 Chi Chi,Taiwan CHY101-N CHY101 7.6 044 115 68.75
B 7 1999 Duzce, Turkey DZC270 Duzce 7.1 0.535 83.5 51.59
8 1999 Kocaili, Turkey YPTO060 Yarimca 74  0.349 62.1 50.97
9 1994 Northridge CNP196 Canoga Park-Topanga Canyon 6.7 0.42 60.8 20.17
10 1989 Loma Prieta HAD255 1656 Hollister Diff. Array 69  0.279 35.6 13.05
11 1994 Northridge RO3090 90006 Sun Valley-Roscoe Blvd. 6.7  0.443 38.2 10.04
12 1984 Morgan Hill CYC285 57217 Coyote Lake Dam (SW Abut) 6.2 1.298 80.8 9.63
C 13 1966 Parkfield C12320 1016 Cholame #12 6.1 0.063 6.8 3.55
14 1952 Kern County HOL090 135 LA Hollywood Stor FF 74 0.044 6 2717
15 1957 San Francisco GGP100 1117 Golden Gate Park 53  0.112 4.6 0.43
16 1971 San Fernando ORRO021 24278 Castaic—Old Ridge Route 6.6 0.324 15.6 2.31
17 1940 Imperial Valley I-ELC180 117 El Centro Array #9 7 0.313 29.8 13.32
18 1949 Western Washington State 490LY Olympia Test Laboratory 6.5 0.206 16 4.19
Note: PGA = peak ground acceleration; PGV = peak ground velocity; and PGD = peak ground displacement.
Table 2. Ratios of #,:T, and #,:2ty5 for the BRB frames subjected to earthquake-base excitation
Serial Original time scale Condensed time scale
number Earthquake ty (s) ty () 0.5t,:ty T, (s) ty:T, ty () ty (s) 0.5ty T, (s) ty:T,
1 WPI046 2.53 0.43 2.96 1.35 1.88 0.81 0.84 0.48 2.65 0.31
2 LCN275 4.59 0.42 543 1.33 3.44 0.82 1.41 0.29 4.44 0.18
3 H-E04230 4.35 0.44 492 1.39 3.12 0.81 1.33 0.3 4.19 0.19
4 B-PTS225 2.23 0.42 2.66 1.32 1.69 0.81 0.82 0.5 2.57 0.32
5 TCU068-N 10.93 0.47 11.68 1.48 7.41 0.81 1.24 0.33 3.92 0.21
6 CHY101-N 5.54 0.44 6.32 1.38 4.01 0.81 1.4 0.29 443 0.18
7 DZC270 4.1 0.49 4.16 1.56 2.64 0.81 1.32 0.31 4.17 0.19
8 YPT060 3.53 0.42 4.25 1.31 2.69 0.81 1.16 0.35 3.65 0.22
9 CNP196 2.08 0.54 1.91 1.72 1.21 0.81 1.1 0.37 3.47 0.23
10 HAD255 2.66 0.59 224 1.87 1.42 0.81 1.56 0.26 491 0.16
11 RO3090 1.06 0.69 0.77 2.18 0.49 0.81 0.88 0.46 2.77 0.29
12 CYC285 1.01 0.62 0.82 1.95 0.52 0.81 0.64 0.63 2.03 0.4
13 C12320 3.32 1.49 1.11 4.71 0.7 0.81 3.37 0.12 10.64 0.08
14 HOL090 292 1.17 1.25 3.69 0.79 0.81 4.06 0.1 12.82 0.06
15 GGP100 0.45 293 0.08 9.26 0.05 0.81 1.77 0.23 5.57 0.14
16 ORRO021 0.97 1.48 0.33 4.66 0.21 0.81 1.59 0.26 5.01 0.16
17 I-ELC180 2.47 0.73 1.69 23 1.07 0.81 1.83 0.22 5.76 0.14
18 490LY 2 0.85 1.17 2.69 0.74 0.81 1.7 0.24 5.35 0.15

story stiffness than the shear building model (Structure-IV) used
previously, the corresponding 75 value (which depends on story
stiffness value) will be different. Hence, 0.5¢,:¢y values will also
be different than 0.4. The resulting 0.52,:t5 and #,:T,, ratios for the
BRB frames subjected to original and condensed time scale are
shown in Table 2. Here, T, denotes the time period of the frames.

OpenSees Model

This study used the OpenSees analysis software (version 2.4.3) for
the numerical analyses of the BRB frames considered. The columns
were modeled using elastic beam—column elements and the beams
were modeled using elastic truss elements. The braces were
modeled using truss elements that undergo inelastic deformation.
A bilinear elastic-ideal-plastic model was used. In order to avoid
numerical error, a strain hardening ratio r of 1% with a kinematic
strain hardening hysteretic model was adopted (note that the effect
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of more significant values of strain hardening on response is inves-
tigated in a subsequent subsection). Rayleigh damping with viscous
damping of 2% defined at the first and twenty-fourth modes was
considered. In order to impose shear-building type behavior on the
structure, the joints where the columns and beams meet were re-
strained against rotation and vertical translation, and the horizontal
translation at the ends of the beam were constrained to be equal.

Estimating the Number of Simultaneously Yielding
Stories in BRB Frames

Estimation Procedure

The procedure used here for estimating the number of simultane-
ously yielding stories in a BRB frame subjected to an earthquake
excitation involves idealizing the main pulse of the velocity record
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of the earthquake with an equivalent full-sine pulse (Shrestha and

Bruneau 2016, 2017a). To summarize, the steps required to find the

number of simultaneously yielding stories are explained as follows:

1. Calculate the minimum magnitude of the velocity wave v, re-
quired to yield a story for all the stories of the frame. For the
BRB frames considered here, if shear stiffness and shear yield
capacity of the brace member at a particular story, with mass m
and height £, are denoted by k,, and V,, ;,,, respectively, the v,
values of the stories can be calculated using Eq. (1) (see
Shrestha and Bruneau 2016, 2017b):

Keo
v :—Vp’br<1+ﬁ) (1)
g ﬁlh(kcnl + khr)

2. Find the candidates for the main pulse in the velocity record by
finding the pulses in the velocity record corresponding to the N
peaks/troughs that have the largest amplitudes in their displace-
ment record. Here, N is the number of candidate pulses to be
considered. There is a direct relationship between the velocity
base excitation and the story forces (Shrestha and Bruneau
2016, 2017b). Hall et al. (1995), Dicleli and Bruneau (1995),
and Krishnan and Muto (2012) have also indicated the impor-
tance of velocity ground excitation in the response of a structure.
Hence, velocity records are considered when choosing the main
pulse responsible for causing the maximum number of stories to
yield simultaneously.

3. Once the vy, values of all the stories and the candidate pulses are
known, identify the main pulse of the velocity earthquake record
by comparing the nw,,, product for each candidate pulse. Here,
n is the number of stories that have v, values lower than the
amplitude of the first half of the pulse, and Wayg 18 the average
width of first half of the candidate velocity pulse below the high-

est v, value or the peak of the candidate velocity pulse, which-
ever is larger. To find the maximum number of simultaneously
yielding stories, a pulse with magnitude higher than the v, va-
lues of most of the stories and a width that can span over the
maximum number of stories of a building is required. Hence,
consideration of the area of the portion of a pulse below the
maximum v, values of the stories is more significant than the
entire area of the pulse. The proposed procedure for identifying
the main pulse of the velocity record is based on these criteria
and is described in more detail in Shrestha and Bruneau (2016,
2017a).

4. Idealize the main pulse of the velocity record with a full-sine
pulse by (1) considering the time period of the idealized pulse
to make it equal to that of the actual main pulse of the earth-
quake record, and (2) setting the amplitude of the idealized pulse
equal to the average of the amplitude of the first and second
halves of the main pulse of the actual record. The idea of repre-
senting ground motions either by equivalent pulses, series of
equivalent pulses, or dominant pulses has been around for
decades. Techniques for representing near-fault pulses vary,
from the use of simple pulses like rectangular, triangular, and
trigonometric (sine, cosine) functions [as considered in Hall
et al. (1995) and Bruneau and Wang (1996a, b), etc.] to more
advanced techniques that use wavelet analysis [studied by
Mavroeidis and Papageorgiou (2003), Baker (2007), and
Vissiliou and Makris (2011)]. Here, a simple approach was
adopted, since the use of a simple full-sine pulse for idealizing
this main pulse was observed in many instances to be sufficient
for the intended purpose. Simple pulse models, such as the
sinusoidal pulses used by Kalkan and Kunnath (2006), the tri-
angular wave trains used by Krishnan and Muto (2012), and
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other similar simple pulses, have been reported adequate to
satisfactorily capture the salient responses of structures.

5. Once the main pulse is idealized with a full-sine velocity pulse,
find the estimated number of simultaneously yielding stories
due to the incident wave, Ngyg jucigens> DY adopting the proce-
dure proposed for full-sine velocity-pulse base excitation in
Shrestha and Bruneau (2016, 2017b). In that procedure, the
equations derived for t- and tp curves, which define the pre-
dicted beginning and end of story yielding, are used to obtain
the Ngys incidens Value. Two methods for estimating the number
of simultaneously yielding stories caused by full-sine base ex-
citations were proposed: (1) considering the actual shape of the
base excitation, and (2) assuming the shape of the velocity pulse
to be a rectangular pulse. In this study, the first approach has
been adopted because it was shown to give better results; the
second approach, while having the benefit of providing a
closed-form solution, gives more conservative results.

6. To estimate the axial force demand in the columns at different
floors of the building, both simultaneously yielding stories due
to the incident wave and simultaneous story yielding due to the
constructive overlaps of the velocity waves at the top and base of
the building should be considered. For the sake of expediency,
find the number of simultaneously yielding stories due to con-
structive overlaps of the velocity waves at the top (N gyg 7,,) and
bottom (Ngys pase) Of the building by considering it to be equal
to the number of stories within the span of the overlap with v,
values less than 2vg0, where v is the amplitude of the idealized
main pulse of the earthquake velocity record (Shrestha and
Bruneau 2016, 2017a).

Estimation Results

Condensed Time Scale

Fig. 1 shows the time history of brace yielding and the number of
simultaneously yielding stories obtained from the OpenSees analy-
sis results and the estimation procedure for shear-type BRB frames
subjected to some of the representative earthquake excitations with
condensed acceleration time scale. The figure shows brace yielding
in the positive and negative directions at various times throughout
the response as observed from the OpenSees analysis results. Since
short time intervals are considered here, the dots in the figure over-
lap and look like horizontal bars. Hence, the length of the bars cor-
responds to the duration of yielding. As the wave propagates, brace
yielding progresses along the height. The 7. and 7, curves that re-
present the predicted beginning and end of brace yielding are also
shown. The ¢ and 75 curves adequately envelop the story yielding
caused by the main pulse of the earthquake excitation. Time histor-
ies of the total number of simultaneously yielding stories (1) ob-
served from the OpenSees analysis for the positive and negative
yielding caused by the actual earthquake, and (2) obtained using
the aforementioned estimation procedure are also shown in the fig-
ure. The results show that the estimated numbers of simultaneously
yielding stories due to the incident wave Ngyg 7,ciden: are satisfac-
torily close to the actual values observed from the OpenSees analy-
sis results. Note that, in this figure and other similar figures, different
time scales have been used deliberately to highlight the time win-
dow where prominent yielding occurred for each earthquake.

To estimate the axial force demand in the columns, the maxi-
mum number of simultaneously yielding stories when the incident
wave travels to the top of the building is considered and is denoted
by MNgys incidgens The estimated number of simultaneously yield-
ing stories due to the incident wave and due to overlapping of the
Waves—i.e., the MNSYS,Incident’ NSYS,Top’ and NSYS.B(ISB values—
obtained for each of the ground motions considered are shown in
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Fig. 1. Actual and estimated time history of brace yielding and number of simultaneously yielding stories (Ngys) of shear-type BRB frame subjected

to earthquake excitations with condensed acceleration time scale.

Table 3. The table shows the maximum number of simultaneously
yielding stories obtained from the estimation procedure (i.e., maxi-
mum of MNSYS,Incident’ NSYS.TUp’ and NSYS,Base) and the actual val-
ues obtained from the OpenSees analysis results; for comparison,
the table also shows the discrepancies between the two values, ex-
pressed as percentages. These discrepancies are shown for all the

earthquake cases considered in order to provide insight into
how the estimation procedure works for each of the earthquakes
considered.

On average, for all the earthquakes, the discrepancy between
the estimated and the actual Ngyg value is 17.82%, as shown in
Table 4; the predicted results are generally on the conservative side.

Table 3. Estimated and actual number of simultaneously yielding stories for shear-type BRB frames subjected to earthquakes with condensed time scale

Estimated Maximum Ngyg
Serial MNgys ncident Discrepancy
number Earthquake 0.5t,:ty (full-sine) Nsys.rop Nys Base Estimated Actual (%)
1 WPI046 0.48 21 13 13 21 23 —8.7
2 LCN275 0.29 15 5 8 15 11 36.36
3 H-E04230 0.3 15 6 8 15 11 36.36
4 B-PTS225 0.5 22 13 13 22 15 46.67
5 TCUO068-N 0.33 16 7 9 16 10 60
6 CHY101-N 0.29 14 5 8 14 8 75
7 DZC270 0.31 15 6 8 15 9 66.67
8 YPTO060 0.35 17 7 9 17 17 0
9 CNP196 0.37 17 8 10 17 13 30.77
10 HAD255 0.26 14 5 7 14 14 0
11 RO3090 0.46 19 12 12 19 32 —40.63
12 CYC285 0.63 27 19 17 27 24 12.5
13 C12320 0.12 7 1 3 7 7 0
14 HOLO090 0.1 6 1 2 6 7 —14.29
15 GGP100 0.23 12 4 6 12 12 0
16 ORRO21 0.26 13 4 7 13 15 —13.33
17 I-ELC180 0.22 12 3 6 12 12 0
18 490LY 0.24 12 4 6 12 9 33.33
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Table 4. Average and standard deviation of the discrepancy between the
estimated and actual number of simultaneously yielding stories for shear-
type BRB frames subjected to earthquakes with condensed time scale

Standard
deviation (%)

Earthquakes considered Average (%)

All earthquakes 17.82 31.71
Categories A and B earthquakes only 26.25 34.45

The standard deviation for the discrepancy is 31.71%. Since the
estimation procedure is not expected to work as accurately for
Category C earthquakes as it did for Category A and B earthquakes,
the table also shows the average and standard deviation of the dis-
crepancy for the twelve earthquakes belonging to Categories A
and B. The average discrepancy between the estimated and actual
maximum Ngyg for the first twelve earthquakes is 26.25%, with
a standard deviation of 34.45%. When only Categories A and B
earthquakes are considered, the average discrepancy is greater than
when all three earthquake categories are considered. The greater
discrepancy between the estimated and actual number of yielding
stories for Categories A and B earthquakes occurs when a greater
number of stories yield; this reflects the fact that the results are
more sensitive to earthquakes having larger pulses, which is not
unreasonable from the perspective of seismic inelastic response.

Original Time Scale

Results for the shear-type BRB frame subjected to the original
(i.e., unmodified time scale) earthquakes are shown in Fig. 2. Note
that only representative earthquakes are shown in the figure; results
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for all the earthquakes are shown in Shrestha and Bruneau (2016).
The main pulse of most of the original earthquake excitations has
long pulse duration in their velocity record. The 0.57,:ty value for
these 18 earthquakes varies between 0.08 and 11.68, with an aver-
age of 2.99 (see Table 2). The figures show that for most of the
cases with 0.5¢,:¢y values larger than 1, the 7 curve accurately
indicates the beginning of the story yields, but the ¢, curve does
not match well with the end of the story yields. The story yield
durations observed, in general, are shorter than the estimated du-
rations. This is due to the overlapping of the incident and reflected
waves of the large duration velocity pulses. For example, in case of
the WPI046 earthquake record, when the incident wave reaches the
top of the building, only the first third of the half-sine velocity pulse
spans over the building height (approximately). As the next third
enters the building, the reflected velocity wave (with opposite sign)
generated at the top of the building moves down, decreasing the
drift caused by the incident wave. Thus, the actual yield duration
is shorter than the duration obtained from the estimation procedure.
The response of the building and hence the yield patterns, are the
results of the overlaps of the incident wave and numerous reflected
waves with large wavelength generated every time a wave hits the
boundary of the structure. For some of the earthquake records,
namely H-E04230, TCU068-N, YPT060, CNP196, and CYC285,
actual story yielding occurs later than what was predicted by the 7,
curve. This is due to the smaller values (coordinates) of the main
pulse of the actual velocity record compared to the idealized pulse
at the beginning of the pulse, and also due to the decrease in the
drift caused by the overlapping (combined effects) of the incident
and numerous reflected waves of the long-duration main pulse.

HOL090
40pr—=====z
gof -+ £ St RS
20} ------+- |22 EH-Fo- -

10f-------- 1 EE--3k-----

40

301

'llll’lllll".
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Fig. 2. Actual and estimated time history of brace yielding and number of simultaneously yielding stories (Ngyg) of shear-type BRB frame subjected

to original earthquake excitations.
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Table 5. Estimated and actual number of simultaneously yielding stories for shear-type BRB frames subjected to earthquakes with original time scale

Estimated Maximum Ngyg
Serial MNSYS,Inz‘ident Discrepancy
number Earthquake 0.5ty (Full-sine) Nsys.top Nsys Base Estimated Actual (%)
1 WPI046 2.96 40 40 40 40 40 0
2 LCN275 543 40 40 40 40 37 8.11
3 H-E04230 4.92 40 40 40 40 40 0
4 B-PTS225 2.66 40 40 40 40 40 0
5 TCU068-N 11.68 40 40 40 40 40 0
6 CHY101-N 6.32 40 40 40 40 40 0
7 DZC270 4.16 40 40 40 40 40 0
8 YPTO060 4.25 40 40 40 40 40 0
9 CNP196 1.91 40 40 39 40 37 8.11
10 HAD255 224 40 40 40 40 36 11.11
11 RO3090 0.77 29 26 20 29 40 —27.5
12 CYC285 0.82 33 29 22 33 25 32
13 C12320 1.11 38 40 28 40 33 21.21
14 HOL090 1.25 34 40 31 40 27 48.15
15 GGP100 0.08 5 0 2 5 6 —16.67
16 ORRO021 0.33 16 7 9 16 15 6.67
17 I-ELC180 1.69 40 40 37 40 24 66.67
18 490LY 1.17 38 40 29 40 31 29.03

Overall, when the pulses had a 0.5t,:75 value larger than 1, the
earthquakes caused simultaneous yielding over all of the stories;
such simultaneous yielding over the entire height did not happen
for the RO3090, CYC285, GGP100, and ORR021 earthquake re-
cords, which all had a 0.5¢,:1y4 value less than 1. For most of the
original earthquakes considered here, the 0.5¢,:¢y ratio was greater
than 1, likely causing all the stories in the building to yield simul-
taneously. However, these earthquakes may not necessarily result in
0.5¢,:ty greater than 1 for other structures; the 0.5¢,:¢y ratio may
be greater than or less than 1, in other cases, depending on the
properties of the building. For structures that have a 0.5¢,:f5 ratio
less than 1, the estimation procedure will provide a more accurate
estimation of Ngyg value and axial force demand in the columns
than estimations obtained from code procedures. Hence, to
investigate the number of simultaneously yielding stories for
structures that have a 0.5¢,:1y ratio less than 1, another set of earth-
quakes was considered by reducing the time scale of the original
earthquakes.

Table 5 presents the estimated and actual number of simultane-
ously yielding stories, along with the discrepancy between the
two values, obtained for shear-type BRB frames subjected to earth-
quakes with original time scale. On average, considering all eight-
een earthquakes, the maximum estimated Ngyg is 10.38% more
than the actual value, with a standard deviation of 22.32% as shown
in Table 6. The average discrepancy between the estimated and ac-
tual maximum Ny for the first twelve earthquakes (Categories A
and B) is 2.65%, with a standard deviation of 13.32%. The average
discrepancy is smaller when only earthquake Categories A and B
are considered than when all three earthquake categories are

Table 6. Average and standard deviation of the discrepancy between the
estimated and actual number of simultaneously yielding stories for shear-
type BRB frames subjected to earthquakes with original time scale

considered. The earthquakes belonging to Categories A and B have
long-duration pulses capable of producing yield over nearly the
entire height of the structure; hence, the results saturate and the
discrepancy attenuates.

Estimating Axial Force Demand in the Columns

Estimation Procedure

Once the number of simultaneous stories yielding due to the inci-
dent wave and overlapping at the top and base (i.e., MN gys 1ncidents
Nsys.rop» and Ngys pag. values) are obtained, the axial force in-
duced at a particular column is calculated individually for the three
cases by considering the force transferred from the simultaneously
yielding stories and the square root of sum of squares of the vertical
force transferred by relevant braces considering their yield capacity.
The estimated axial force demand (Pjnareq) in @ particular col-
umn is given by the maximum value resulting from the three cases.
The procedures for estimating the axial force demand for each of
the three cases are explained below.

Axial Force Demand due to Simultaneous Yielding Caused
by the Incident Wave

The axial force demand at a particular story of the building due
to the incident wave, Pj,.izen;» can be obtained by developing a
procedure to account for contributions to axial force coming from
stories with braces that have yielded and from those with braces that
have not yielded. The first part of this procedure consists of
summing up the vertical force transferred to the column by the
MN gys nciden: Stories that have yielded. The M N gyg ,ciden, Simul-
taneously yielding stories are considered to consist of the column
whose axial force demand is to be determined and MNgys 1cident —
1 stories directly above it. The second part of that procedure
consists of the vertical forces coming from the remaining braces

Standard s g
. L above, that may or may not be close to yielding, but have not
Earthquakes considered Average (% deviation (% . ’ . . ’ .
d ge (%) (%) yielded. To account for this contribution, SRSS of the vertical force
All earthquakes 10.38 2232 component of these braces’ yield strength is added as a proposed
Categories A and B earthquakes only 2.65 13.32
approach.
© ASCE 04018133-7 J. Struct. Eng.
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Fig. 3. Axial force demand at jth story due to the simultaneous yielding of stories caused by (a) incident wave; (b) overlap at the top; and (c) overlap

at the base.

Fig. 3(a) illustrates schematically the range of stories for each
part of this procedure to find the axial force demand in the column
at the jth floor due to the simultaneous yielding of the stories caused
by the incident wave and SRSS of the remaining stories above
level j. Eq. (2) provides the corresponding expressions for calculat-
ing the axial force demand in the jth column for the incident wave
case denoted by Pjcigens - Eq. (2a) is for the case when the col-
umn under consideration has more than or equal to MNgy 1ucidens
stories above it. The axial force demand in the column is due to the

vertical force from the M Ny 1ncizen; Simultaneously yielding sto-
ries, including the story under consideration and the remaining
MNgys imeidens — 1 directly above it, and SRSS of the vertical force
(considering the full yield capacity) from the remaining (not yield-
ing) stories above it. Eq. (2b) is for the case when the column under
consideration has less than MN gy 7,ciden: Stories above it. The axial
force demand in the column, in this case, is due to the vertical force
from simultaneously yielding stories, including the story under con-
sideration, and the remaining stories directly above it

JH+MNsys incident—1

Plncident,j = E

fyAbr,i sin 91’ + Z

(f,Apy ;Sind;)* for j <N — MNgys incident (2a)

=i i=j+MNsys ncident

N
Plncident.j = E fyAbr,i sin 01’

i=j

for j > N — MNgys incidgent (2b)

where f, = yield stress for the steel material considered; A, ; = area of the brace at the ith floor; §; = angle of inclination (with the horizontal) of
the brace member at the ith story as shown in Fig. 3(b); and N = total number of stories in the building.
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Axial Force Demand due to Simultaneous Yielding Caused
by Constructive Overlapping at the Top

To consider the possibility that wave overlap at the top of the frame
may govern the demand in a much lower story j, the vertical force
transferred to the jth column from braces at the topmost Ny 7,
stories (i.e., the stories within the overlap region) are summed up.
Then, the SRSS of the vertical forces corresponding to the yield
strength of the braces for the story under consideration and rest of
the stories above that story is added to the axial demand at story j.
Fig. 3(b) schematically illustrates the range of stories for each part
of this procedure and Eq. (3) provides the corresponding expression
for finding the axial force demand in the column at the jth floor,
denoted by Py, ;, for the case of overlapping of the waves at the

top of the building. Eq. (3a) is for the case when the column under
consideration has more than or equal t0 Ngygr,, stories above it.
The axial force demand in the column is due to the vertical force
from the Ngyg 7., simultaneously yielding stories at the top of the
building, and SRSS of the vertical force (considering the full yield
capacity) from the story under consideration and the remaining (not
yielding) stories above it. Eq. (3b) is for the case when the column
under consideration has less than Ngyg 7,,, stories above it (i.e., for
columns that fall within the span of the overlap). The axial force
demand in the column in this case is due to the vertical force
from the simultaneously yielding stories, including the story under
consideration and the remaining stories above it

N N—Ngys.1op

fyAprising; +

Propj= >

i=N—Ngysrop+1

N
Propj = nyAbr.i sin 0;

i=j

for ] >N — NSYS,TOp (3b)

Axial Force Demand due to Simultaneous Yielding Caused
by Constructive Overlapping at the Base

Similarly, to consider the possibility that maximum demand in
story j may occur after the passage of the reflected wave, the ver-
tical force transferred to the column by the braces in the Ngyg guse
stories at the base of the building (i.e., the stories within the overlap
region) are summed up. The SRSS of the vertical force transferred
from rest of the braces above that story are then added, considering
their full yield capacity. Fig. 3(c) schematically illustrates the range
of stories for each part of this procedure, while Eq. 4 provides the
corresponding expression to calculate the axial force demand at

Z (f_var.iSinei)z

fOr j S N — NSYS,TOp (3a)

the jth column, denoted by Py, j» caused by the overlapping of
the velocity waves at the base of the building. Eq. (4a) is for the
case when the column under consideration has less than Ngys gorom
stories below it (i.e. for columns that fall within the span of the
overlap). The axial force demand in the column is due to the
vertical force from the simultaneously yielding stories, including
the story under consideration, and remaining Ngys gosom — J Stories
directly above it, and SRSS of the vertical force, considering the
full yield capacity, from the remaining (not yielding) stories above
the column under consideration. Eq. (4b) is for the case when the
column under consideration has more than Ngyg gy om Stories be-
low it. The axial force demand in the column is given by the SRSS
of the vertical force (considering the full yield capacity) of the
column under consideration and the remaining stories above it

Nisys.Bottom

PB()ttz)m,j - fyAbr,i s ei +

(fyAbr.iSingi)2 for .] < NSYS.B()I)‘()m (4(1)

i=j i=Ngys pottom+1

N
PB()tmm,j = Z f}AbrtSHle for .] > NSYS,B{)[[()m (4b)
i=j

Estimation Results

Fig. 4 shows the axial force time history obtained from the Open-
Sees analyses at the columns of some of the selected stories in a
shear-type BRB frame subjected to the 1994 Northridge (WPI1046)
earthquake record with condensed time scale. The figure also
shows the estimated axial force demand obtained by considering
simultaneous story yielding due to the incident wave (P, izent)»
due to the overlapping of the waves at the top (Pr,,), and due
to the overlapping at the base (Pp,,.) of the building using the

© ASCE
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equations presented in the previous section. Comparisons of the
actual axial force in the column versus the estimated values show
that the estimation procedure gives a good estimate of the actual
axial force demand. Note that the axial force demand due to the
incident wave dominates.

In order to compare the actual axial force demand in the column
to the estimated values and to assess the adequacy of the estimation
procedure more efficiently, Figs. 5 and 6 show the ratios of the
estimated axial force due to the incident wave (Pj,.;zen:) OVerlap
at the top (Pr,,), and overlap at the base (Ppgy,), to the maximum
axial force demand from OpenSees analysis (P4..,,;) at different
stories of the BRB frame for earthquakes with condensed and origi-
nal time scale, respectively. The figures also show the average of
Prsiimated:Pacuar Values at different stories of the BRB.
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1994 Northridge,Newhall-W.Pico Canyon Rd. (WP1046)
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Fig. 4. Time history of the actual and estimated axial force demand at the columns of some selected stories of a shear-type BRB frame subjected to
1994 Northridge, Newhall-W.Pico Canyon Rd. (WPI046) earthquake record with condensed time scale.
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Fig. 5. Ratio of estimated to actual axial force demand in columns at different stories of the shear-type BRB frame subjected to earthquakes of
(a) Category A; (b) Category B; and (c) Category C, with condensed acceleration time scale.
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Fig. 6. Ratio of estimated to actual axial force demand in columns at different stories of the shear-type BRB frame subjected to earthquakes of
(a) Category A; (b) Category B; and (c) Category C, with original acceleration time scale.

Condensed Time Scale

Plots of Pryimated:Paciuar Tor a shear-type building subjected to
earthquakes with condensed time scale, in Fig. 5, show that the
axial force demand obtained using the incident wave typically
dominates. The estimated axial force closely matched the actual
axial demand for almost half of the earthquakes, namely
WPI046, LCN275, B-PTS225, YPT060, HAD255, CYC285,
and [-ELC180. For three earthquakes, RO3090, GGP100, and
ORRO021, the estimation procedure underestimated values at the
lower stories. For rest of the earthquakes, mainly nonpulse type
earthquakes, the estimation procedure gave significantly overesti-
mated values. The average Prgimarea:Pacuar fOr the shear-type
BRB frame for all 18 earthquakes was 1.12. In other words, on
average, the column axial force obtained from the estimation
procedure was 12% more than the actual values. In the upper
few stories, the procedure gave slightly underestimated values. This
was due to the strain hardening in the upper stories that yield sig-
nificantly due to the constructive overlapping of the waves. This
effect has not been taken into account in the estimation procedure;
therefore, it may explain the discrepancy between the two results.

Original Time Scale

In the case of original earthquake records (Fig. 6), most of the
earthquake records had 0.5¢,:t5 value much greater than 1; thus,
the first part of the main pulse covers the entire building height and
simultaneous yielding occurs over all the stories. The axial force
demand estimated considering the incident wave alone, overlap-
ping at the top, and overlapping at the base, in most of the cases,
were found to yield the same results. Overall, the estimation pro-
cedure slightly underestimated the axial force demands. This is due
to the strain hardening of the yielded braces in the actual model,
which is not considered in the estimation procedure. Even though
the strain hardening provided was negligible, the small increment in
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axial forces beyond yield capacity occurring at simultaneously
yielding stories added up and created the discrepancy noted.
Overall, the estimated axial force demand was 4.7% less than
the actual axial force demands.

Parametric Study

The analysis of the BRB frames performed so far considered
that columns provided a lateral story stiffness of 0.25 times that
of braces, while elastic-ideal-plastic material properties were con-
sidered for the braces. In order to understand how the results
(in terms of story yield pattern, actual and estimated number of
simultaneously yielding stories, and actual and estimated axial
force demands in the columns) would change for BRB frames
having a k.,;:k;, ratio other than 0.25, or how they would change
when braces having strain hardening instead of elastic-ideal-plastic
material behavior were used, sensitivity analyses were performed
by varying these two parameters. For this purpose, k.,;:kp, ratios
ranging from 0.01 to 1 and strain hardening ratios varying from
1 to 12.5% were considered. For the sake of expediency, only
three of the eighteen earthquake ground motions were used—
namely 1994 Northridge, Newhall-W.Pico Canyon Rd. (WPI046);
1999 Kocaili, Yarimca (YPT060); and 1952 Kern County, LA
Hollywood Stor FF (HOL090)—to represent earthquakes belong-
ing to Categories A, B, and C, respectively, with both original and
condensed time scale.

Effects of Column Stiffness

To study the effects of column stiffness on the response of shear-
type BRB frames and on the results obtained from the estimation
procedure, k.,;:k;, values of 0.01, 0.1, 0.25, 0.5, 0.75, and 1.0 were
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Fig. 7. Actual and estimated time history of brace yielding and number of simultaneously yielding stories (Ngys) of shear-type BRB frames with
different k.,;:k;, values, subjected to (a) 1994 Northridge, Newhall-W.Pico Canyon Rd.; (b) 1999 Kocaili, Yarimca; and (c) 1952 Kern County,

LA Hollywood Stor FF earthquake records with condensed time scale.

considered. The same shear-type BRB frames described in the pre-
vious section “Structural System” have been used, but with differ-
ent column stiffness.

Condensed Time Scale

Fig. 7 shows the story yielding pattern and number of simultane-
ously yielding stories obtained from OpenSees analysis results and
from the estimation procedure for the three earthquakes represent-
ing the three categories of earthquakes. Due to space limitations,
results for only four values of stiffness ratios are shown, k.,;:k;,
values of 0.1, 0.25, 0.5, and 1.0 (see Shrestha and Bruneau (2016)
for results for all k.,;:k;, values). The 7. and t, curves estimated
well the beginning and end of story yielding due to the first part of
the main pulse in the case of the 1994 Northridge, Newhall-W.Pico
Canyon Rd. (WPI046) earthquake and the 1999 Kocaili, Yarimca
(YPTO060) earthquake [Figs. 7(a and b), respectively], which re-
present the first two categories of earthquakes. The estimated maxi-
mum number of simultaneously yielding stories was found to be
close to the actual values obtained from the OpenSees analysis.
Thus, the axial force demand estimated using the idealized main
pulse was close to the actual demand indicated by Prgimarea:Paciual
values close to 1.0 at most of the stories, as shown in Fig. 8, which
presents the results for the axial force demands. The axial force
demand estimated using the incident wave dominated.

As explained previously, for the 1952 Kern County, LA
Hollywood Stor FF (HOL090) record—which represents the third
category of earthquakes [Fig. 7(c)]—there is interference in the re-
sponse of the individual pulses due to the closely spaced high fre-
quency pulses in the velocity record. The story yielding due to the
incident wave of the main pulse did not occur as predicted by the 7
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and tp curves at many stories. The estimation procedure was found
to provide conservative results when estimating the Ngyg values
and when estimating the axial force demand as indicated by the
Pryimatea:Paciuar values. However, with increases in the k.,;:k;,
value, actual and estimated story yielding matched more closely;
hence, the estimated axial force demands in the columns were
found to be closer to the actual values.

As stiffness increases, the wave velocity increases; thus, as
k.o1:kp, increases, the velocity wave reaches the top earlier, as
marked by the beginning of yielding at the top story and the in-
crease in the slope of the yield pattern. Also, with increases in wave
velocity, the time required for the wave to pass through the building
height 7;; decreases and the 0.5¢,:y ratio increases. Therefore, with
increases in k.,;:k;, ratio, the number of simultaneously yielding
stories increases.

Original Time Scale

Fig. 9 shows the story yield pattern along with the Ngyg values
while Fig. 10 shows the Py imarea:Paciua for the BRB frames with
different k,,;:k;, values, again subjected to the aforementioned
three earthquakes, but this time with original time scale. Due to
the large duration of the velocity pulse of the earthquake record,
estimated and actual simultaneous yielding occured over all stories
of the building for all the k.,;:k,, values considered, except for the
third earthquake with lower k_,;:k,,, ratios. For the first two earth-
quakes, the number of times the story yielding occurred increased
with increase in column stiffness. However, variation in column
stiffness did not seem to cause any other significant difference
in estimating the number of simultaneously yielding stories and
in the axial force demand in columns, because the earthquakes
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Fig. 9. Actual and estimated time history of brace yielding and number of simultaneously yielding stories (Ngys) of shear-type BRB frames with

different k,,;:k;, values, subjected to (a) 1994 Northridge, Newhall-W.Pico Canyon Rd.; (b) 1999 Kocaili, Yarimca; and (c) 1952 Kern County,

LA Hollywood Stor FF earthquake records with original time scale.
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Fig. 10. Ratio of estimated to actual axial force demand in columns of shear-type BRB frames with different k,;:k;, values, subjected to (a) 1994
Northridge, Newhall-W.Pico Canyon Rd.; (b) 1999 Kocaili, Yarimca; and (c) 1952 Kern County, LA Hollywood Stor FF earthquake records with

original time scale.

involved long-duration pulses and simultaneously yielded all the
stories. The estimated axial force demand due to the simultaneous
story yielding caused by the incident wave, overlapping at the top,
and overlapping at the base yield the same results except for the
1952 Kern County, LA Hollywood Stor FF (HOL090) earthquake
record. At the upper stories, the estimation procedure underesti-
mated the axial force demands, due to the strain hardening effect
that was not considered in the estimation procedure, as explained
previously.

Effects of Strain Hardening Ratio

To investigate the application of the estimation procedures for find-
ing the number of simultaneously yielding stories and axial force
demand in columns for structures with strain hardening, OpenSees
analyses of shear-type BRB frames with braces having a strain
hardening ratio r with values of 1.0, 2.5, 5.0, 7.5, 10, and 12.5%
were conducted. The same shear-type BRB frame described in the
section “Structural System” was used; only the strain hardening
ratio was changed.

Condensed Time Scale

Fig. 11 shows the story yield pattern, ¢t~ and f, curves, and the
number of simultaneously yielding stories for the three earthquake
cases with condensed time scale. Due to space limitations, only the
results for the strain hardening ratios of 1.0, 2.5, 7.5, and 12.5% are
shown [see Shrestha and Bruneau (2016) for results for all the strain
hardening ratios]. For the first two earthquakes, the procedure for
estimating the number of simultaneously yielding stories using the
idealized main pulse of the velocity record of an earthquake pro-
posed in this research worked well, as can be seen by comparing the
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yield duration predicted by the 7 and 7, curves against the actual
yielding from OpenSees analysis results, and also by comparing
estimated and actual Ngyg. For the third earthquake, some of the
stories did not yield as predicted by the 7 and 7, curves; thus, the
estimated N gy due to the incident wave of the main pulse does not
match the actual value.

Fig. 12 shows Pggimated:Pacuar Values at different stories for
different strain hardening ratios and earthquake excitations
with condensed time scale. As strain hardening ratio increases,
Prgimatea:Paciuar Values decrease. This is logical, because the es-
timation procedure does not consider strain hardening (i.e., the
estimated axial force remains the same for all strain hardening cases
considered, whereas the actual axial force increases with increases
in strain hardening). Thus, the proposed procedure for finding the
axial force demand in columns underestimates the force that devel-
ops in the frame when strain hardening braces are considered.
One exception is the third earthquake case, for which the estimation
procedure is found to provide quite conservative results for all the
strain hardening ratios considered.

Original Time Scale

For large duration pulses, the increase in strain hardening ratio
does not create much difference in the estimation of Ngyg values
(Fig. 13), since yielding occurs, regardless of strain hardening ratio,
over all of the building stories. However, while finding axial force
demand, as strain hardening increases, P g imarea: P aciuar Values de-
crease (Fig. 14); this is due to the fact that strain hardening is not
considered in calculating the value of Pry;areq (Which remains
the same, regardless of strain hardening) whereas the P4, value
increases with increases in strain hardening, as explained previously.
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Fig. 12. Ratio of estimated to actual axial force demand in columns of shear-type BRB frames with different strain hardening ratios, subjected to

(a) 1994 Northridge, Newhall-W.Pico Canyon Rd.; (b) 1999 Kocaili, Yarimca; and (c) 1952 Kern County, LA Hollywood Stor FF earthquake records

with condensed time scale.
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Fig. 13. Actual and estimated time history of brace yielding and number of simultaneously yielding stories (Ngys) of shear-type BRB frames with
different strain hardening ratios, subjected to (a) 1994 Northridge, Newhall-W.Pico Canyon Rd.; (b) 1999 Kocaili, Yarimca; and (c) 1952 Kern
County, LA Hollywood Stor FF earthquake records with original time scale.
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Strain Hardening over the Building Height

Condensed Time Scale

To check the extent of strain hardening attained by the braces over
the height of the building, the ratio of the axial force of a brace P to
its yield capacity P, over the height of the building at different
times is shown in Fig. 15 for a shear-type BRB frame with r =
5% (which corresponds approximately to the average value of
strain hardening ratios in BRBs) subjected to the three earthquakes
considered, with condensed time scale. For the first two earth-
quakes, the instants considered are when stories 1, 5, 10, 15, 20,
25, 30, and 35 reached their maximum strain-hardened strength as
the incident wave traveled up the building. For the third earthquake,
since not all the stories yielded, the P:P, values are shown at arbi-
trarily chosen time intervals, starting at the time when the main
pulse enters the building. The ratio of the maximum absolute axial
force of the brace |P|,,, to its corresponding yield capacity P, is
also shown in the figure.

As the incident wave travels up the building, when a particular
story reaches its maximum strain-hardened strength, other stories
that yield have P:P, values greater than 1, but they do not touch the
|P|max - Py curve. For example, for the 1994 Northridge, Newhall-W.
Pico Caﬁyon Rd. (WPI046) earthquake, when the brace axial force
at story 15 reaches its maximum value at 1.84 s, stories 15-34 yield
simultaneously, as can be seen from the closer view of the story
yielding pattern shown in Fig. 16 (which also shows the story yield
patterns for the other two earthquakes). Accordingly, those sto-
ries have P:P, values greater than 1. However, the results touch
the |P|,.:P, curve only at story 15. While story yielding occurs
once the value of the Au:t, wave exceeds the v, value at that story,
maximum strain-hardened strength occurs at peak displacement

40

1999 Kocaili, Yarimca (YPT060)

(i.e., peak ductility) due to the peak of the wave. Note that
Au:ty, is the ratio of the interstory drift Au to the time 7, taken by
the wave to travel through a story with height 4. The value of Au:t;,
at a story will be equal to the value of the summation of the negative
of the forward moving velocity wave and the backward moving
velocity wave (i.e., —v; + vp,). A curve joining the Au:z;, value at
all stories of the building at a given time will be referred to
as the Au:t;, wave (Shrestha and Bruneau 2016, 2017b). Thus, as
the peak of the Au:z, wave propagates up the building height, the
maximum strain-hardened strength at the stories occurs. The axial
force time history shown in Fig. 17(a), together with a closer view
of the forces around the time that the incident wave moves up the
building shown in Fig. 17(b), indicate that the stories attain their
maximum strength values serially as the wave propagate along
the building height. This is an important observation, because some
design specifications currently require that the maximum probable
strength at each story over the height of the structure (i.e., the fully
strain-hardened value) be used in performing capacity design of
columns. The figure shows the axial force time history of the braces
at different stories.

Similar observations can be made from the P:P, profile for the
second earthquake record. For the third earthquake record, which is
a nonpulse-type earthquake, the story yielding due to the main
pulse could not be predicted as systematically as for the first two
earthquakes because of the interference from the preceding pulses
in the velocity record (see Fig. 16). The P:P, values are more than
one and are close to the |P|,,.:P, curve at few stories (Fig. 15).

Fig. 18 shows the variation of force reduction factor R, duc-
tility g, and |P|,,:P, over the height of the BRB frame with
r=1, 5, and 10% subjected to the three earthquakes with con-
densed time scale. The shape of the R, p1, and |P|,,:P, profiles

1952 Kern County, LA Hollywood Stor FF(HOL090)
40

1994 Northridge,Newhall-W.Pico Canyon Rd. (WPI046)
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Fig. 15. Strain hardened axial force at the brace, normalized by its yield strength, at different times over the height of a shear-type BRB frame with

r = 5% subjected to earthquakes with condensed time scale.
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1994 Northridge,Newhall-W.Pico Canyon Rd. (WPI046)

1999 Kocaili, Yarimca (YPT060)

1952 Kern County, LA Hollywood Stor FF(HOL090)
40

—— Ngyg (Positive)  —— N, . (Negative) * Brace yielding (Positive)
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Time (s)

*+  Brace yielding (Negative) ——t, ——t, —— N, . (Estimated)

Fig. 16. Actual and estimated time history of brace yielding and number of simultaneously yielding stories (Ngyg) of a shear-type BRB frame with

r = 5% subjected to earthquakes with condensed time scale.

1994 Northridge,Newhall-W.Pico Canyon Rd. (WP1046)

Brace Axial Force (kips)

RSP

= 7 "“—-="-" 1A A:‘ .\7{-““@%‘%% AN
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Fig. 17. (a) Axial force time history of the braces at different stories for shear-type BRB frames with r = 5% subjected to 1994 Northridge,
Newhall-W.Pico Canyon Rd. (WPI046) record with condensed time scale; and (b) magnified view of axial force time history.

were found to be similar. In an ideal case, if the value of R and p
were constant over the height of the building, the resulting
|P| ax:Py would also be same over the stories. When a particular
story reached its maximum P:P, value, the topmost story within
the band of simultaneously yielding stories would just be starting
to yield. If P:P, was (conservatively) assumed to be linear between
these two stories, the average |P|.,:P, over the simultaneously
yielding stories would be equal to half of the maximum strain hard-
ening value. On the basis of this ideal scenario and observations
made for the BRB frame and the earthquakes considered in the
study, when determining the maximum axial force to consider in

© ASCE
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the design of columns, the consideration that the maximum
strain-hardened strength has been developed in all the stories above
the particular story whose axial force demand is being estimated
could be overconservative.

Original Time Scale

When earthquakes with original time scale are considered, due to
the long duration of the main pulse of the earthquakes, the maxi-
mum axial force in the braces is not necessarily due to the incident
wave; it could be due to the constructive overlaps of the velocity
waves, as seen in the axial force time history shown in Fig. 19 for

J. Struct. Eng.
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Fig. 18. Variation of force reduction factor R, ductility 1, and maximum absolute strain hardened axial force of the brace |P|,,, normalized by its
yield strength P, over the height of a shear-type BRB frame with r = 1, 5, and 10% subjected to (a) 1994 Northridge, Newhall-W.Pico Canyon Rd.
(WPI046); (b) 1999 Kocaili, Yarimca (YPT060); and (c) 1952 Kern County, LA Hollywood Stor FF (HOL090) earthquake records with condensed
time scale.

the BRB frame with r = 5% subjected to the 1994 Northridge Fig. 20 shows the P:P, values at different stories of a shear-type
Earthquake record (WPI046). The beginning, peak, and end of BRB frame with r = 5% subjected to the three earthquakes with
the first half of the main pulse of the record entered the building original time scale. The figure shows P:P, profiles at different in-
at 3.72, 4.86, and 5.18 s, respectively, and reached the top of the stants, after the brace in the first story reached maximum axial
building at 4.14, 5.28, and 5.6 s, respectively. However, the axial force. For the three earthquakes considered, P:P, is more than 1
force at the stories reached peak values after 5.55 s. and close to |P|,.:P, at almost all the stories for at least three
© ASCE 04018133-19 J. Struct. Eng.
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of the specific times plotted. Therefore, in cases of earthquake
records with large pulse duration (0.5¢,:t5 > 1), the conservative
approach of considering the maximum value of strain-hardened
strength over all of the stories undergoing simultaneous yielding
may be more appropriate.

Conclusion

A previously developed method to estimate the number of simul-
taneously yielding stories in a shear-type building subjected to an
earthquake excitation was used to formulate a procedure for es-
timating the axial force demands in columns of such frames.
In this procedure, axial force demand is estimated by summing
the vertical force transferred by the Ngyg simultaneously yielding
stories with the SRSS of the rest of the vertical component of the
braces’ yield strengths above the story under consideration. A
parametric study was also conducted to verify the adequacy of
the procedure and the sensitivity of the results for different values
of column-to-brace stiffness ratio k.,;:k;, and strain hardening
ratio r. The main observations and findings of the study are as
follows:

1. The procedure for estimating the axial force demand in columns
gave values close to the actual values for most of the stories,
especially for earthquakes with more noticeable velocity pulses.
Since the estimation procedure does not consider strain harden-
ing, it slightly underestimated the axial force demands for ori-
ginal earthquakes (not condensed time scale) and at the upper
stories for earthquakes with condensed time scale.

2. A parametric study considering values of column-to-brace stiff-
ness ratio ranging from 0.01 to 1.0 and strain hardening ratio
ranging from 1.0 to 12.5% showed that the estimation procedure
still worked effectively for these cases. With increases in the
column-to-brace stiffness ratio, the Ngyg value was found to in-
crease; this effect was prominent in case of earthquakes with
condensed time scale. Also, with increases in strain hardening,
there was an increase in the discrepancy between the estimated
and the actual axial force demand.

3. The simultaneously yielding stories do not reach their maximum
strain-hardened strength at the same time. For the frames and the
earthquakes considered in this study, the consideration that the
maximum strain-hardened strength has been developed at all
the stories above the story whose axial force demand is being
estimated would yield overconservative values for earthquakes
with short duration main pulse. However, for earthquakes with
long-duration main pulse, the strain-hardened strengths over the
height of the frames analyzed were close to the maximum values
at many stories; therefore, in such cases, consideration of max-
imum strain-hardened strength over all the stories above the
story whose axial force demand was being estimated would be
appropriate.
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