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1. Introduction

Abstract. In this study, the responses of reinforced concrete core-wall structures
connected to the outside columns by Buckling-Restrained Brace (BRB) outriggers in tall
buildings were investigated. The buildings were subjected to forward directivity Near-Fault
(NF) and ordinary Far-Fault (FF) ground motions. According to the current codes for the
DBE level, the response spectrum analysis procedure was applied to analyze and design
the structures. The nonlinear fiber element approach was used to simulate the reinforced
concrete core-walls. Nonlinear time history analysis was implemented using 14 NF as well
as 14 FF records at MCE level. In the core-wall, the results showed that the mean moment
demand envelope and the mean shear demand envelope obtained from the NF records
were approximately similar to the corresponding demand envelopes from FF records. The
reason had to do with extending plasticity all over the RC core-wall, which was subjected
to both sets of records. The overall responses of the reinforced concrete core-wall with BRB
outrigger system were in acceptable range both for NF and FF earthquakes. In this study,
the largest curvature ductility demand in the reinforced concrete core-wall took place at
levels just above the outriggers.

(© 2018 Sharif University of Technology. All rights reserved.

rotation of central core-wall and reduce the lateral dis-
placements of the building as well as bending moment

Tall building structures subjected to earthquake loads
usually undergo significant displacements due to large
shear forces and heights. Hence, it is very important
to use an effective seismic resistance structural system.
In up to 40-story buildings, all seismic lateral loads
are resisted only by a core-wall system. The efficiency
of these systems against lateral displacements signifi-
cantly decreases in tall buildings [1]. In the outrigger
systems, exterior columns are connected to the interior
core-wall. Consequently, the exterior columns resist the
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at the core-wall base [2-6].

Outrigger system causes lateral stiffness increases
of up to 25 to 30% as compared to a system without
such trusses [7]. Rutenberg and Tal [8] investigated
the drift reduction in uniform and non-uniform belted
structures with rigid outriggers under different lateral
load distributions. In order to reduce displacement
of the roof subjected to the wind load, the optimum
location for a single outrigger was studied [7] and
an approximate analytical method was proposed. In
a core-wall structure system with one rigid outrigger
subjected to the uniformly distributed lateral load,
the optimum location was obtained approximately at
0.5 H, where H is the total height of the structure.
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The optimum location of the outriggers subjected to
triangular lateral load was slightly higher than that
calculated for uniformly distributed load [2,9].

Many studies have been conducted on structures
with damped outriggers. Zhou and Li [10] investigated
the numerical dynamic response of outrigger systems
under various earthquake loads. They concluded that
increasing the earthquake intensity would make the
influence of viscous damper more obvious. A numerical
study was carried out on a single outrigger with smart
damping devices in a tall building [11].

Bobby et al. [12] developed a performance-based
topology optimization analysis for wind sensitive tall
buildings. Lee and Tovar [13] proposed a structural
design method for outrigger location in tall build-
ings using structural topology optimization. Chen et
al. [14] investigated a simplified model with two viscous
dampers attached to the end of outriggers, and the
optimum location and damping coefficient of damper
were calculated.

Commonly, Buckling-Restrained Brace (BRB)
frame is a diagonally braced frame. This kind of frame
is a concentrically braced one. The relevant codes of
some countries do not provide provisions for design
of such systems [15] and some codes, such as AISC-
2010 [16] and Seismic Provision for Structural Steel
Buildings, have prescribed a response modification
factor for such systems. For Buckling Restrained
Brace (BRB) frames, some researchers believe that the
response modification factor decreases as the height of
the structure increases [17,18].

Reinforced Concrete (RC) core-wall is a usual
structural system used in tall buildings [19]. In
cantilever RC walls, the plastic hinge forming should
preferably be located at the base region of the wall [20-
22]. Tall RC cantilevered walls are strongly affected by
higher mode effects [23]. This can change the responses
of core-wall structures [24]. Also, in steel moment
frame, due to higher mode effects, only the elements
located in the upper stories yield and the contribution
of plastic rotation of the lower stories of the structure
severely decreases [25].

Forward directivity Near-Fault (NF) seismic
ground motions have different effects on the perfor-
mance of the structures when compared with the or-
dinary Far-Fault (FF) seismic ground motions. There
is so much interest in the effects of the NF motions on
the structural seismic study. These ground motions,
called pulse-like ground motions, have been identified
as the cause of severe demands in structures, which can
exceed the expected demands typically resulting from
Response Spectrum Analysis (RSA) procedure [26-
30]. Many studies have demonstrated that buildings
located in an NF zone undergo highly inelastic re-
sponses caused by velocity pulses in the fault normal
component of some seismic ground motions [31-33].

No previous study has compared the behavior of
tall RC core-wall buildings with BRB outrigger systems
subjected to the forward directivity NF and ordinary
FF records. In this study, the responses of these kinds
of tall structure systems are investigated. The systems
are designed based on the current prescriptive seismic
codes. The fiber element method is used to prepare the
RC core-wall models. Nonlinear time history analysis
(NLTHA) of numerical models is performed using two
sets of records. Then, the responses are compared; the
results show the overall responses of such systems are
in acceptable range.

2. Description and design of buildings

The 40-, 50-, and 60-story structural models were
considered. The core-wall was made of reinforced
concrete. The BRB braces were used in the outriggers.
The steel peripheral columns and steel beams were also
applied for modeling. The beam-column connections
and connection of BRBs to other elements were pin
type and the connection of the core-wall to the base
was fixed type. The level of the outrigger was assumed
to be about 0.74 H after a preliminary investigation
and referring to other researches [34]. ETABS software
was used to create the finite element models, and
analyze and design the structures [35]. All vertical
loads were carried by the columns as well as RC core-
walls. Structural analysis of the models was carried out
using lateral loads calculated by the RSA procedure
at DBE level. The responses were reduced using
the response modification factor. The acceleration
response spectrum used in design process is presented
in Figure 1. All the analyses and designs of the
buildings were carried out only in the Y direction
(Figure 2). The general plan of the building and view
of the numerical models are presented in Figures 2
and 3. The RC core-wall, outrigger, and connected
outside columns were involved in carrying all seismic
lateral loads applied to the building. There was no
complete space frame providing supports for vertical
loads; therefore, a response modification factor equal
to 5 was used as prescribed by the NEHRP Seismic
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Figure 1. MCE, DBE, mean NF, and mean FF

acceleration response spectra.
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Figure 2. Typical building plan of the examined systems.
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Figure 3. Elevation of the lateral load resisting system
(first mode deformation).

Design Technical Brief No. 6 [36]. The mass of each
story was assigned to the center of mass of the floors
in the models. Design of the components was carried
out based on the ASCE 7-2010 [37], ACT 318-2011 [38],
and AISC 2010 [16] Codes.

In order to create the RC wall model in ETABS
software, shell elements were used. The effective
flexural stiffness of the RC core-wall was considered
by using a factor of 0.5. This value was multiplied
by the moment of inertia for the core-wall cross-
section. The factor value was in accordance with
the stiffness reduction factors recommended in the
ACT 318-11 (Sections 8.8 and 10.10). The nominal
yielding strength of the steel material of the reinforcing
bars and the nominal compression strength of the
concrete were 400 and 45 MPa, respectively. The
steel yielding strength of the column and beam was

370 MPa. In the Y direction, more than 96% of the
modal participating mass ratio resulted from the first
4 translational vibration modes. For the RC core-
wall, the minimum longitudinal reinforcement ratio was
0.25% (ACT 318-11 [38]). The calculated boundary
element height was in accordance with the ACI-318.
The obtained value was extended to 10, 7, and 3% of
the wall height from the base for 40-, 50- and 60-story
buildings, respectively.

In order to design the BRB braces, both tension
and compression capacities of the braces were consid-
ered as ¢ A, F,, with ¢ = 0.9 and F, = 250 MPa, where
Aj is the cross section of the brace element (Sahoo et
al. [39]). According to the AISC’s Seismic Provisions
for Structural Steel Buildings [16], (a) columns in
buckling-restrained braced frames need to be checked
for the axial load and moment interaction from code
level forces and (b) in addition to the tributary gravity
loads, the axial load takes place due to the resultant
vertical component of all buckling-restrained braces
applied to the column. In the simulated columns,
the second criterion governs the design and produces
larger demand/capacity ratios. For this purpose, the
maximum expected compression forces from the brace
were calculated as RywBAsF,, where R, = 1.1 is
for the material overstrength, w = 1.25 considers the
strain-hardening effect, and § = 1.1 is the compression
overstrength factor [40]. The horizontal component
of the brace compression together with unbalanced
upward component of the buckling-restrained brace
was used to design the beams connected to the BRBs.
The specifications of the structures designed using the
code prescriptive approach are shown in Table 1. The
calculated longitudinal reinforcement in the RC core-
wall and the cross-section area of columns are presented
in Tables 2 and 3, respectively.

3. Nonlinear modeling

The nonlinear dynamic behavior of the structures was
evaluated in Perform-3D software [41]. The columns
and beams were modeled with elastic members. The
nonlinear fiber elements were used to develop the
RC wall models and the BRB elements were applied
for brace modeling in the outrigger. After applying
the earthquakes, the elastic behavior of beam and
column elements was monitored by controlling the de-
mand/capacity ratio. The mass quantity was assigned
to each floor at the center of mass. Rigid diaphragm
was considered for the floors.

It is very important to consider the appropriate
damping for nonlinear models. Inappropriate damping
assumptions may lead to extravagantly unrealistic re-
sponses that considerably differ from the real responses
of the buildings [42]. Perform-3D software is able to
implement Rayleigh damping as well as modal damp-
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Table 1. Specifications of designed structures.
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Total number of stories 40 50 60
Core-wall height (m) 140 175 210
Wall length (Y direction), Lw (m) 10 12.5 15
Floor plan dimension (L1 x L2) (m) 30 x 35 37.5x42.5 45 x50
Wall thickness (m) 0.5 0.75 1.15
Outrigger stories no. 29, 30 36, 37 44, 45, 46
Brace cross-section area (m?) 0.0430 0.0748 0.1239
Total seismic weight of structure (ton) 37000 75000 138000
Axial load ratio of core-wall at base (P/Agfc) 0.155 0.18 0.197
Normalized height of outrigger story (from base) 0.73 0.73 0.74
Design base shear (ton) 2150 4480 8390
Fundamental period of vibration (sec) (Y direction) 4.42 5.66 6.64

Table 2. Calculated longitudinal reinforcement for the RC core-wall.

40 ST 50 ST 60 ST

No. of Reinforcing No. of Reinforcing No. of Reinforcing

stories ratio stories ratio stories ratio
1-4 1.27 1-5 1.48 1-6 1.72
5-8 0.63 6-10 0.57 7-12 0.45
9-12 0.25 11-15 0.25 13-18 0.25
13-16 0.25 16-20 0.25 19-24 0.25
17-19 0.25 21-25 0.25 25-30 0.25
20-21 0.25 26-30 0.4 31-37 0.27
22-24 0.52 31-35 0.77 38-43 0.57
25-28 0.9 36-37 0.64 44-46 0.52
29-30 0.78 38-42 0.68 47-52 0.57
31-34 0.62 43-47 0.35 52-60 0.25
35-40 0.28 48-50 0.25 — —
Table 3. Calculated cross-section area for columns.
40 ST 50 ST 60 ST
Column Column Column
No. of . No. of . No. of .
. cross-section . cross-section . cross-section
stories (m2) stories (m2) stories (m2)
1-10 0.2624 1-18 0.2944 1-20 0.3424
11-30 0.2304 19-37 0.2624 21-46 0.2624
31-40 0.1320 38-50 0.1551 47-60 0.1776

ing [41]. The software user guide recommends applying
a combination of modal and Rayleigh dampings. In
this approach, in addition to modal damping, a small
value of Rayleigh damping is used to damp out high-
frequency vibrations. In this study, according to the
software guideline, 2.5% of the modal damping and
0.1% Rayleigh damping for the first and third modes
were involved [43].

3.1. Software verification
The ability of fiber element models to simulate slender
RC shear wall behavior was previously examined.

The results verified the accuracy of the fiber element
models. The responses of the fiber model of shear
wall and the experimental data for large-scale slender
RC wall specimens under lateral cyclic loading showed
good agreement [44-46]. To examine the accuracy of
the RC shear wall response in the Perform-3D software,
the result of an experimental program was used [23].
More data has been presented in [44].

3.2. RC core-wall modeling
In this study, the dynamic behavior of core-wall
models was estimated using a fiber element approach
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Figure 5. Hysteretic characteristics of the BRBs used in the models.

in Perform-3D software. Fiber shear wall elements
were available to create cantilever RC wall model.
Fach element used 4 nodes and 24 degrees of freedom
(Perform-3D user guide [43]). Each fiber cross-section
comprised the vertical steel and concrete fibers. For
nonlinear concrete fiber, a strain-stress model of con-
fined concrete based on the modified Mander model
was assumed [47]. The expected concrete compressive
strength was 1.3 times the specified strength used
for design. The expected yield strength of the steel
bars was 1.17 times their nominal yield strength [48].
Tensile strength of the concrete was ignored. Detailed
information on shear wall modeling and the expected
stress-strain curves of the compressive concrete and
reinforcement steel can be obtained in the work of
Beiraghi et al. [49]. Figure 3 shows the elevation view
of the numerical models for NLUTHA. Shear behavior of
the wall elements was assumed to be linear elastic. A
typical value for shear stiffness is GeAg/10 to GeAg/20
as recommended by ATC72 [50]. In this study, the
value of GeAg/15 was used for shear stiffness, where
GcAg indicates the elastic shear stiffness.

3.3. BRB modeling

BRB element in the Perform-3D consists of two bars in
series, including a linear portion, which represent the
non-yielding zone behavior, and a nonlinear portion,
which represents the behavior of restrained yielding
portion [41]. The length of restrained yielding portion
of a BRB element was assumed to be 0.7 times the

length of node-to-node brace element. The remaining
length, namely, the non-yielding zone, was assumed to
be 30%. Generally, the non-yielding zone consists of
the transition and end segments. In order to prevent
the yielding of the non-yielding zones, the cross section
areas of the transition and end segments of BRBs were
considered to be larger than the restrained yielding
core portion. The cross-section area of transition and
end segments (At and Ae) of the BRB elements were
selected as 1.6 and 2.2 times the cross-section area
of the restrained yielding core portion, respectively.
Furthermore, the lengths of the transition and end
segments were assumed to be 0.06 and 0.24 times the
total length of the bracing [51]. Figure 4 plots the BRB
components and Figure 5 shows the hysteretic response
of the BRBs used in the structures.

3.4. FEarthquake records

It is necessary to select a suitable set of ground motions
for application in NLTHA. The response spectrum
curve of the MCE level was 1.5 times the DBE response
spectrum curve level [37]. A total of 14 horizontal
near-fault forward directivity ground motions and 14
far-fault events were selected from the sets of ground
motions of the FEMA P695 [52]. As explained before,
all records were in normal direction of the fault in the
earthquake events. The time histories were extracted
from the PEER NGA database. The ground motion
characteristics are presented in Table 4. The records
were scaled based on ASCE7-2010. The ground mo-
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Table 4. FF and NF earthquake records used in the NLTHA.

Peer Record Site source
Event name . Year length Station PGA M distance
code
(s) (k)
Imperial Valley-06 181 1979 39 El Centro Array#6 0.44 6.5 27.5
Imperial Valley-06 182 1979 37 El Centro Array#7 0.46 6.5 27.6
Irpinia, Italy-01 292 1980 40 Sturno 0.31 6.9 30.4
Superstition Hills-02 723 1987 22.3 Parachute test site 0.42 6.5 16
-g Loma Prieta 802 1989 40 Saratoga-Aloha 0.38 6.9 27.2
§ Erizican-Turkey 821 1992 20.8 Erizican 0.49 6.7 9
= Cape Mendocino 828 1992 36 Petrolia 0.63 7 4.5
é Landers 879 1992 48 Lucerne 0.79 7.3 44
% Northridge-01 1063 1994 20 Rinaldi Receiving Station  0.87 6.7 10.9
(4 Northridge-01 1086 1994 40 Sylmar-Olive View 0.73 6.7 16.8
Kocaeli/1ZT 1165 1999 30 Izmit 0.22 7.5 5.3
Chi Chi, Taiwan 1503 1999 90 TCU065 0.82 7.6 26.7
Chi Chi, Taiwan 1529 1999 90 TCU102 029 7.6 45.6
Duzce 1605 1999 26 Duzce 0.52 7.1 1.6
Northridge 960 1994 20 Canyon Country-WLC 0.48 6.7 26.5
Duzce 1602 1999 56 Bolu 0.82 7.1 41.3
Hector Mine 1787 1999 45.3 Hector 0.34 7.1 26.5
Imperial valley 169 1979 100 Delta 0.35 6.5 33.7
T Imperial valley 174 1979 39 El Centro Array#11 0.38 6.5 29.4
§ Kobe, Japan 1116 1995 41 Shin-Osaka 024 6.9 46
: Kocaeli, Turkey 1158 1999 27.2 Duzce 0.36 7.5 98.2
E Kocaeli, Turkey 1148 1999 30 Arcelik 0.22 7.5 53.7
é Landers 900 1992 44 Yermo Fire Station 0.24 7.3 86
= Loma Prieta 767 1989 40 Gilroy Array 0.56 6.9 31.4
Superstition Hills 721 1987 40 El Centro Imp. Co. 0.36 6.5 35.8
Superstition Hills 725 1987 22.3 Poe Road (temp) 045 6.5 11.2
Chi Chi, Taiwan 1244 1999 90 Chyl101 0.44 7.6 32
San Fernando 68 1971 28 LA-Hollywood Stor 0.21 6.6 39.5

*: Pacific earthquake engineering research center strong motion database.

tions were scaled such that the average value of the
5% damped spectrum curve for periods in the range of
0.2T to 1.57 was above the target MCE level spectrum,
where T is fundamental period of the natural vibration
of the structure. The scaled spectra for the near-fault
and far-fault records are demonstrated in Figure 1.

4., Dynamic analysis response

The individual response envelopes and mean response
envelope for the systems subjected to the NF and FF
record sets are calculated. For example, the moment
demand envelopes for NF records are presented in
Figure 6. Figure 7 shows the mean moment demand

envelope along the height of the buildings subjected
to the NF and FF records. The vertical axis is
normalized height and the horizontal axis is normalized
moment. These values were calculated by dividing
the moment demand by the seismic weight multiplied
by total height of the building (M/W.H). Generally,
the moment demand diagram from the NF records is
approximately close to the moment demand diagram
from FF records. The reason is the plasticity extending
all over the RC core-wall. When a cross-section
exceeds plastic moment capacity, the moment demand
remains approximately constant or has slight increase.
Approximately, this happens all over the RC core-wall
height subjected to both sets of FF and NF records;
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therefore, the mean moment demand envelopes of both
sets of records are similar. It is worthy to mention
that some FF data in this paper has been taken from
Beiraghi and Siahpolo [53].

Figure 8 shows the mean shear demand envelope
along the height of the buildings subjected to the NF
and FF records. The vertical axis is normalized height.
The horizontal axis is normalized shear, which was
calculated by dividing the shear demand by the seismic
weight of the building (V/W). Generally, the shear
demand diagram from the NF records is approximately
close to the shear demand diagram from FF records.

The reason is the plasticity extending all over the
RC core-wall, which leads to almost identical shear
demand, similar to that described for moment demand.
When a region of the RC core-wall yields to flexure,
approximately no more moment as well as no more
lateral force can be exerted and this means no more
shear force. The value of shear demand rises sharply
at the outrigger levels. This is as an outcome of the
action of large horizontal coupled forces resulting from
outrigger performance. It causes large shear demand
in the core-wall, which is larger than the base shear
demand. Moreover, the shear demand in the core-
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wall at outrigger level resulting from NF is larger than
the corresponding values of FF records due to pulse
existence in the NF ground motion.

Figure 9 presents the mean Inter-story Drift Ratio
(IDR) demand envelope along the height of the build-
ings subjected to the NF and FF records. The vertical
axis is normalized height. In the 40-story building, for
the areas below the outrigger level, the overall IDR
demand of the FF records did not differ considerably
from IDR demand of the NF ones. But, in areas above
the outrigger level, the maximum IDR demand of the
NF records was 0.0315, which was approximately 1.1
times the IDR demand of FF records. In the 50- and 60-
story buildings, for the areas below the outrigger level,
the IDR envelope of the FF records was larger than the
IDR envelope of the NF records, while the maximum
difference was approximately 35%, above the outrigger
levels. Generally, in all the cases, except for the 40-
story subjected to NF, the maximum IDR was less than
3%. This value is permitted by the Los Angeles Tall
Buildings Structural Design Council (LATBSDC [48]).
In the 40-story buildings subjected to NF, maximum
IDR exceeding 3% is insignificant.

Figure 10 shows the mean curvature ductility

demand envelope along the height of the RC core-wall
subjected to the NF and FF records. The vertical axis
is normalized height. It is obvious that the plasticity
extends in most areas of the RC core-wall. However, in
some areas, like around 0.4 H, the curvature ductility
demand value is less than 1. In all the cases, the highest
value of the curvature ductility demand was observed
at levels just above the outrigger; one of the reasons
is the effect of higher vibration modes and another
reason is the effect of outrigger. The maximum value
of curvature ductility was 9, which belonged to 60-
story building subjected to NF records. It occurred
just above the outrigger level. The outrigger effect
prevents plasticity extension in the RC core-wall at
outrigger levels. Generally, the sudden rise in the
curvature ductility demand envelope is due to change
in the vertical reinforcement ratio. In the core-wall,
at levels above and just beneath the outrigger, the
plasticity extension is relatively considerable. Using
special reinforcement details is necessary to undertake
the deformation. Generally, at the base of the core-
wall, the taller the building, the smaller the curvature
ductility demand. For the 50- and 60-story buildings,
it is obvious that the plasticity extension through the
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0.1H adjacent to the base is not significant. In all
core-walls, at the levels above the outrigger, the overall
plasticity extension using the NF records is more severe
than using FF records, adversely at base level.

Figure 11 shows the mean horizontal drift demand
envelope along the height of the buildings subjected
to the NF and FF records. The vertical axis is
normalized height and the horizontal axis is normalized
displacement. These normalized values were calculated
by dividing the story displacement demand by the total
height of the building. For 50- and 60-story buildings,
it is obvious that the roof drift ratio of FF records
is approximately 1.2 times the roof drift ratio of NF
records. The reason is that the curvature demand
in the area near the base of the core-wall resulting
from FF records is larger than corresponding values
from NF records. This leads to larger rotations at
lower areas and larger horizontal displacement demand
at upper levels of the core-wall, which also strongly
affect the roof displacement. In the 40-story building,
as previously shown, the curvature ductility demands
at the lower region calculated from the FF and NF
records are approximately identical. Therefore, the
displacement demands resulting from the FF and NF
records are also approximately identical. In all the

cases, the slope of the mean displacement demand
envelope increases just above the outrigger level due
to the outrigger action on the building local drift.

The mean residual IDR envelope along the height
of the buildings subjected to the NF and FF records
is shown in Figure 12. The vertical axis is normalized
height. According to the LATBSDC, the mean abso-
lute values of residual IDR from a suite of analyses
should not exceed 0.01 for MCE earthquake level. For
all the examined cases, the maximum residual IDR was
less than 0.002, which is considerably lower than the
allowable values. The difference between residual IDRs
obtained from NF and FF records was not significant.
The increase in residual IDR envelope at outrigger level
was because of axial inelastic deformation of steel core
in the BRBs. It leads to permanent axial deformation
in them and, therefore, comparatively larger residual
deformation in the outrigger stories.

In some researches, numerical studies on the
behaviors of tall RC core-wall buildings have indi-
cated that high-rise RC core-walls subjected to NF
ground motion excitations at Maximum Considered
Earthquake (MCE) level experience considerable floor
accelerations that may exceed the peak ground acceler-
ation [54]. Figure 13 plots the mean floor acceleration
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Figure 14. Time history of axial strain in the core of BRB for two typical NF and FF records in the 40-story structure.

demand of the systems subjected to the NF and FF
records. The maximum floor acceleration belongs to
the FF records and occurs near the outrigger level. On
average, for FF events, the maximum floor acceleration
is larger than 1.3 times the peak ground acceleration.
For NF records, this ratio is approximately 1.07.

In the 40-story structure, time history of the axial
strain in the BRB core for two typical NF and FF
records is detected in Figure 14. Commonly, for the
NF records, the axial strain in the BRB core has one
significant sudden increase due to pulse existence in
the NF records. But, for ordinary FF records, more
oscillations without distinctly sudden increases appear
in the axial strain time history of the BRB core. The
mean maximum strain from FF and NF records, ob-
tained from the time history analysis, is demonstrated
in Figure 15. The mean maximum strains in the
BRB cores obtained from both record sets were less

than 10 times the expected yielding strain (0.0014).
These values were within the acceptable limits [40].
Generally, it seems that a response modification factor
of 5 is an almost reasonable value for the RC core-
wall with BRB outriggers for FF earthquakes and
NF earthquakes. The overall mean responses of the
structures are within acceptable range. Furthermore,
it is worthy to note that the outcomes of this paper
cannot be generalized for all similar structures and
further research is required to reach more extensive
conclusions.

5. Conclusions

In this paper, behavior of reinforced concrete core-
wall structures connected to the outside columns by
BRB outriggers in tall buildings subjected to forward
directivity NF' and ordinary FF ground motions was
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investigated. The outrigger was assumed to be approx-
imately at 0.74 H. According to the current codes
for DBE level, RSA procedure was used to analyze

and design the structures.

Nonlinear fiber element

approach was used to model reinforced concrete core-
walls. For nonlinear dynamic analysis, 14 NF as well
as 14 FF records were implemented at MCE level. The
investigations resulted in the following conclusions:

1.

The maximum mean IDR envelope is roughly less
than 3% that is permitted by the Los Angeles
Tall Buildings Structural Design Council. The
maximum mean IDR envelope of NF records is
generally larger than the corresponding value of FF
records by a factor of 1.1;

The highest value of mean curvature ductility de-
mand envelope in the core-wall was observed at
levels just above the outrigger; one reason is the
effect of higher vibration modes. Besides, at these
levels, the overall plasticity extension using the NF
records is more severe than that using FF records,
adversely, at base level. Generally, at the base of
the core-wall, the taller the building, the smaller
the curvature ductility demand;

For taller buildings, the mean roof drift ratio
demand envelope calculated from FF records is
larger than that from NF records. This is related to
the curvature ductility demand envelope, especially
at the base, as mentioned in the previous case;

In all the examined cases, the maximum residual
IDR was less than 0.002, which is considerably lower
than the allowable values;

The overall responses of the RC core-wall with

1997

BRB outrigger system are in acceptable range for
FF earthquakes and approximately for NF earth-
quakes. It seems that a response modification factor
of 5 is an almost reasonable value for these systems;

The maximum floor acceleration belongs to the
FF records and occurs near the outrigger level.
On average, for FF events, the maximum floor
acceleration is larger than 1.3 times the peak
ground acceleration. For NF records, this ratio is
approximately 1.07.
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