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SUMMARY

An application of a pin-supported wall-frame system in retrofitting an eleven-story steel reinforced concrete
frame is introduced. The retrofit aims at enhancing integrity and avoiding weak story failure in an existing
moment-resisting frame. Seismic performance of the building before and after the retrofit is assessed through
nonlinear dynamic analysis. The results show that the pin-supported walls are effective in controlling the
deformation pattern of the ductile frame and hence in avoiding weak story failure. With the well-controlled
deformation pattern, carefully arranged energy dissipating devices are able to concentrate energy dissipations so
that damage to the rest of the structure can be significantly reduced. Copyright © 2012 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Strength has long been recognized as the most important property of structures in resisting various types of
external actions including earthquakes. With the advent of ductile moment-resisting frames in the 1950s,
ductility was considered another essential property for structures to survive strong earthquakes. Energy
dissipation capacity, which is directly dependent on ductility in a ductile moment-resisting frame, is
believed very helpful in reducing seismic responses. Furthermore, ductility permits individual members
or parts of a structure to collaborate so that the strength of the whole structure can be better developed.
Moreover, proper control of the plastic mechanism of a structural system is also very important because
it is closely related to the ductility demands for the different components of a structure.

Subjected to combined shear force, which is an idealization of horizontal earthquake actions
(Figure 1(a)), a moment-resisting frame may develop various plastic mechanisms. Compared with the
local ones (e.g., the column mechanism in Figure 1(b)), the global mechanism in Figure 1(c) is
generally preferred because the strength and ductility of more structural components can contribute to
resist the earthquake action. There is generally no adequate global component for the height of the
structure and the column mechanism is thus not easy to avoid. This could also be attributed to a lack of
integrity in the sense that individual stories or substructures in a system do not collaborate well. This
has long been a problem. Many historic major earthquakes, for example the 1985 Mexico City
earthquake and the 1995 Hanshin—Awaji earthquake, have seen the failure of many reinforced concrete
frames in this kind of local mechanism [1, 2]. This has continued to be a problem. Weak story
collapses of ductile reinforced concrete frames were observed in the 2008 M8.0 Wenchuan earthquake
[3] and also in the 2011 M9.0 Tohoku earthquake [4].
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Figure 1. Possible plastic mechanisms of a moment-resisting frame under combined shear forces (solid
circles represent plastic hinges).

Various efforts have been devoted to enhancing the story-by-story integrity of ductile frames to avoid a
weak story mechanism. The most widely accepted method is generally referred to as the ‘strong column—
weak beam’ criterion, which was proposed and discussed extensively by Paulay and Priestley [5]. It has
been stipulated in major seismic codes in the world for decades [6—8]. Some factors are applied to amplify
the flexural strength demands for columns so that the total flexural strength of the columns framing into a
joint is greater than that of the beams framing into the same joint.

Other researchers have focused on the effect of vertical continuous stiffness in mitigating damage
concentration along the height of a structure. Akiyama and Takahashi [9, 10] investigated the
relationship of damage concentration and the stiffness k., of the so-called ‘spreader column.” The basic
model used is shown in Figure 2(a), where kg is the story stiffness of the frame. The spreader column
is connected to the frame and the foundation by hinges. The degree of damage concentration is
expressed by the ratio of the damage index of the most heavily damaged story to that of the global
structure. Equations to relate the degree of damage concentration and the stiffness ratio k. /kg have
been proposed based on time history analysis results with the 1940 El Centro NS and 1968 Hachinohe
EW ground motion records.

A similar idea was applied by MacRae er al. [11] in steel concentrically braced frames with
continuous columns, as shown in Figure 2(b). The continuous columns may be seismic or gravity
columns, which are modeled as pinned at the base. The reduction of story drift concentration
because of increasing flexural stiffness of continuous columns was examined through both static and
dynamic nonlinear time history analysis. This issue was also examined by Ji ef al. [12] but in a
more analytical manner. Tagawa [13] extended this effort to moment-resisting steel frames.

Walls, usually with much larger and especially deeper cross-sections, are much more effective than
individual columns for providing flexural stiffness to control story drift. As pointed out by Paulay and
Priestley [14], development of a weak story mechanism can readily be avoided as a result of the
considerable stiffness of walls. In examining the effect of foundation flexibility on the seismic
performance of a shear wall-frame dual system, they demonstrated the drift control effect and force
distribution characteristics of dual systems with pinned base walls. The results of their nonlinear
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Figure 2. Structural models with pin-supported columns or walls: (a) spreader column by Akiyama and
Takahashi (1984) [9]; (b) continuous column by MacRae et al. (2004) [11]; and (c) hinged wall by Alavi
and Krawinkler (2004) [15].
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dynamic analysis indicate that loss of wall base restraint would not significantly impair the seismic
performance of wall-frame systems.

Alavi and Krawinkler [15] proposed using walls to improve the seismic performance of frame
structures subjected to near-fault ground motions. Twenty-story generic frame models were built and
dynamic nonlinear analysis was performed with an equivalent pulse motion as a representation of
near-fault ground motions. The performance of hinged walls, as shown in Figure 2(c), was
compared with that of conventional fixed-base shear walls. It was found that the strengthening of
frame structures with hinged walls is effective in reducing the maximum story drift demands and
producing a more uniform distribution of story drifts over the height of the structure. Moreover, the
shear and moment demands for a hinged wall are much lower than are those for a fixed-base wall.

Energy dissipation capacity is also important for improving the seismic performance of dual
systems. Innovative solutions for introducing energy dissipation capacity with walls have been
explored for another category of flexible base walls in dual systems, generally referred to as rocking
walls. Unlike the above-mentioned pin-supported walls, rocking walls have inherently self-centering
capacities. However, they share the same concept in that walls, which play an important role in
reducing the damage concentration of a dual system, can be made free of damage even under major
earthquakes by releasing the rotational constraint at the base. Precast rocking walls with energy
dissipating devices were tested by Holden er al. [16] and later by Restrepo and Rahman [17].
Tapered reinforcing bars that were anchored at the bottom interface and close to the mid-length of
the wall were adopted as energy dissipaters in their practice. Ajrab et al. [18] proposed a rocking
wall-frame system with supplemental tendon systems. Post-tensioning tendons connecting the top of
the rocking walls and the foundation are linked in series with dampers to work as fuses and to
provide energy dissipation capacity. Various tendon profiles have been examined. Marriot et al. [19]
introduced an experimental study for another energy dissipation solution for rocking walls. Steel
dampers and/or viscous dampers are installed at the rocking wall base to dissipate energy when the
wall rocks. Toranzo et al. [20] extended the application of rocking walls to confined masonry
structures and tested a three-story structure segment with a confined masonry rocking wall on a
shaking table. Specially designed steel arms were attached to the surfaces of the wall base to
dissipate energy. It should also be noted that several construction projects in the US have been
completed where rocking walls are applied. Panian ef al. [21] introduced the retrofit of a six-story
reinforced concrete frame with post-tensioned rocking walls. Stevenson et al. [22] introduced a new
four-story office building protected by similar rocking walls.

In the present paper, post-tensioned pin-supported walls are applied to strengthening an eleven-story
steel reinforced concrete (SRC) frame. Taking advantage of the plan layout of the existing structure, an
alternative energy dissipating solution is proposed. Before going into detail regarding the retrofit
project, some basic considerations about pin-supported wall-frame dual systems are introduced below.

2. PIN-SUPPORTED WALL-FRAME SYSTEMS

The pin-supported wall-frame system introduced herein is illustrated in Figure 3(a). The pin-supported
wall is connected with the frame at each floor level by horizontal connections. Dampers are distributed
along the height of the building between the pin-supported wall and the adjacent frame columns. When
subjected to lateral earthquake action that is represented by a horizontal arrow with symbol V in
Figure 3(b), the structure deforms laterally and the wall rotates around its bottom hinge. The uplift
of one side and sinking of the other side of the wall produce vertical displacement between the wall
and the adjacent columns. The dampers are expected to dissipate a great portion of the earthquake
input energy, taking advantage of this vertical displacement. In Figure 3(b), the dampers are
replaced with their forces Fp; acting on the columns and the wall and it is assumed that the force in
the two dampers on both sides of the wall at identical level is the same. For the convenience of
illustration, the lateral forces that are transmitted between these three parts by horizontal connections
are omitted in Figure 3(b) and will be discussed later.

As a simple example, assuming that all rotations at beam-to-column joints lying at each floor level
are identical, that the frames to the right and to the left of the wall are identical and that each beam has a
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Figure 3. Pin-supported wall-frame system: (a) main components; (b) lateral resistance; and (c) vertical
forces in the column connected with pin-supported wall.

uniform cross-section, the axial force in the two outermost columns because of the earthquake action,
V, is identical in absolute value, that is, Fr=F¢, and forms a couple. Likewise, the axial force in the
two columns next to the wall, F" and Fy', also forms a couple. Therefore, the moment resistance of
the whole system, Mg, can be written as below.

Mr = Fc(2D +dy) — Fc'- dy, (1)

where D is the length of each frame part and d,, is the distance between the two columns next to
the wall.

Substituting F' = Fc — ZFp ;, which can be readily derived from the axial force equilibrium of the
column next to the wall (see Figure 3(c)), into Equation (1), it can be rearranged into Equation (2), with
which it becomes clear to see that the pin-supported wall produces not only a more uniform story drift
distribution, but also some additional moment resistance to the system (i.e., the second term on the
right hand side) when working together with dampers.

Mg =2Fc-D+» Fp;-d, 2)

The global behavior of such a dual system can be very similar to that with conventional fixed-base
shear walls. However, only the translational resistance is retained by the bottom hinges in a
pin-supported wall. Moment resistance is released from the bottom of the walls and is distributed
along the height of the walls by the use of dampers, which are specifically designed to sustain large
plastic deformation and dissipate energy.

Another effect of this configuration of dampers is that the frame columns connected with the
dampers must resist the large axial force transmitted from the dampers, for example, Fp; in Figure 3(c).
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Column axial force N can then be expressed as Equation (3). Fortunately, as shown in Figure 3(c), F; and
Fp; tend to act in opposite directions and thus the dampers are not expected to dramatically increase the
column axial force.

N =G+ ZFB‘i + ZFD’i 3)

where G is the axial force because of gravity and Fy; is the shear force in the beam end of the i™ floor.

In a wall-frame dual system, walls work as balancers that transfer redundant strength somewhere in
the system to where the strength is inadequate. Figure 4 demonstrates a simplified dual system with a
pin-supported wall and two single-story subassemblies, which are connected to the pin-supported wall
by horizontal links at different levels. In this model, the pin-supported wall provides no additional
lateral resistance.

Assume that the strength of the i/ story alone is not adequate to resist the earthquake action F, BQ.i
and is expected to go deep into the plastic regime and sustain large deformation. With the existence
of the pin-supported wall, the lateral drift of this story will be forced to be similar to those of other
stories by an additional resisting force of F,, provided by the wall. At the same time, the ;™ story,
where the strength is redundant, must resist an additional force F, which is imposed by the wall.
Thus, the deformation of this story is increased. In other words, weaker stories use strength from
stronger ones so that they will not fail prematurely. At the same time, the pin-supported wall must
sustain the resultant shear force and moment so that this mechanism can be retained even during
strong earthquakes.

3. IMPLEMENTATION OF PIN-SUPPORTED WALL-FRAME SYSTEM: THE TOKYO TECH
G3 BUILDING

A pin-supported wall-frame system has been implemented in the retrofit of an eleven-story SRC frame
structure, the G3 Building on the Suzukakedai campus of the Tokyo Institute of Technology in Japan
[23, 24]. Design of the original SRC frame of the G3 Building began in 1977; construction was
completed in 1979. During construction, in 1978, the M7.4 Miyagiken-oki earthquake hit Japan and
led to a major revision of the seismic provisions of Japan in 1981 [25]. As concluded by a recent
seismic inspection, there was an urgent need to strengthen the G3 Building.
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Figure 4. Mechanism of deformation pattern control by pin-supported walls.
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Figure 5. Retrofit plan of G3 building.

The retrofit plan is depicted in Figure 5. The structural layout of the original frame is feathered with six
slots distributed along the perimeter. This makes the attachment of pin-supported walls much easier. Six
post-tensioned concrete walls with bottom hinges are installed in the original slots and connected to the
existing frame at each floor level by horizontal trusses behind them. Shear-type steel dampers are installed
in the gaps between the pin-supported walls and adjacent original columns and between the walls and
added transverse shear walls at both ends. The main components of the retrofitting plan, as shown in
Figure 5, are visible from outside the building so passersby can appreciate the engineering solution.

3.1. Post-tensioned concrete walls

All six pin-supported walls have identical cross-sections of 4300 mm in width and 600 mm in depth, as
shown in Figure 6. The total cross-sectional area of the pin-supported walls at each story is about 50%
to 61% of that of the original SRC columns from the lower to upper stories. Concrete with 36 MPa
nominal compressive strength is used. Each wall is prestressed by six units of post-tensioning tendons.
Each unit consists of 30 strands each 12.7 mm in diameter. The initial prestress for each wall is 22,500
kN and corresponding control stress is about 68% of the nominal tensile strength of the strand. The
resultant effective prestress is expected to be over 18,000 kN for each wall. The purpose of prestressing
is primarily to prevent cracking and consequent stiffness degradation of the walls under strong
earthquakes because the stiffness is believed essential to control the deformation pattern of the structure.
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Figure 6. Cross-section of post-tensioned wall.
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3.2. Connections for pin-supported walls

Pin-supported walls are connected to the foundation and the existing frame. The bottom hinge is made
of two pairs of steel braces contacting each other through a tooth-like pin bearing. Details and a photo
of one of the completed bottom hinges are shown in Figure 7.

The tooth-like pin bearing is made of cast iron NCH490 with nominal yield strength of no less than
325MPa. It consists of two separated tooth-shaped pieces (the lower and upper pieces), which
interlock with several teeth and a separated stopper in the middle to prevent slip in the out-of-plane
direction (Figure 8). The teeth in the lower piece are 20 mm longer than are those in the upper one
to create a small gap, and their tips are chamfered to allow for rotation of the upper piece. The shear
resistance of a single pair of teeth (i.e., at the critical shear surface in Figure 8) is over 7000 kN,
which is about 2.7 times the base shear demand for a pin-supported wall. The shear demand is
based on nonlinear time history analysis results with one code-stipulated and two site-specific
ground motions.

To avoid uplift of the pin-supported walls because of damper forces, which might lead to dislocation
of these walls from the pin bearings, the steel dampers are always arranged on both sides of the walls,
even those at both ends of the building, so that the damper forces on both sides of a wall form a force
pair and the resultant vertical force on the wall becomes insignificant. Besides, vertical ground motion-

Figure 7. Bottom hinge.
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Figure 8. Details of pin bearing.
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induced forces on a pin-supported wall can be resisted by the dampers, the total yield strength of which
is more than five times the self weight of a pin-supported wall.

Pin-supported walls are connected to the existing frame mainly by horizontal trusses at each floor
level behind them. As Figure 9 shows, the horizontal trusses are firmly anchored to the original
beams. Steel shear keys are used to connect the horizontal trusses and pin-supported walls, which
impose very small rotational constraints for pin-supported walls. The principal functions of the
horizontal trusses are to transmit lateral forces between the pin-supported walls and the original
frame and to provide out-of-plane support for the walls.

3.3. Shear-type steel dampers

Shear-type steel dampers are aligned on both sides of each pin-supported wall. Low yield steel with
130 MPa nominal shear strength is used. Steel webs 6 mm thick, which are stiffened by ribs at
250 mm spacing, function as energy dissipaters. The web height H is 312 mm for all the dampers
while the length L varies from 750 to 1500 mm (Figure 10(a)). Table I lists the web length L of steel
dampers in different locations. Figure 10(b) is a photo of an installed steel damper with
L=1500 mm. Cyclic loading test of the steel dampers reveals that the nominal shear capacity of the
damper can be satisfactorily retained at up to 9% shear strain, which is about 58 times the yield
shear strain of the damper [26, 27]. The nominal shear capacity is calculated by multiplying the
steel nominal shear strength and the cross-sectional area of the web. A deformed 750 mm steel
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Table I. Web length L of steel dampers (unit: mm).

Story Central wall Side wall
8 and 9 1500 750
2~7 1500 1000

damper at 9% shear strain and its hysteresis loop is shown in Figure 11. Most earthquake input energy
is expected to be dissipated by these steel dampers.

4. SEISMIC PERFORMANCE ASSESSMENT OF THE G3 BUILDING

4.1. Numerical model

Dynamic responses of the G3 Building before and after the retrofit to strong earthquakes are evaluated
through nonlinear dynamic analysis in ABAQUS 6.8 [28]. Because of the symmetry, a half structure
along the x-direction (see Figure 5, longitudinal direction) is modeled by a three-bay SRC plane frame.
Nodes sharing the same x (longitudinal) and z (vertical) coordinates in the three bays are constrained to
have the same translational displacement in the x-direction. User-defined material models for steel and
concrete fibers are employed in the fiber-based beam element in ABAQUS to model the hysteretic
behavior of the SRC members (Figure 12). Shear failure of these members is not modeled. A mass
proportional damping model is used and a 2% damping ratio is assigned for the 1st mode. The concrete
compressive strength of the existing frame is 20 MPa. The steel yield strength is 394 MPa for the
longitudinal reinforcement bars and 358 MPa for the latticed steel reinforcement.

Nominal shear strength
/
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Figure 11. Deformed steel damper and its hysteretic response to cyclic loading (L =750 mm) [26, 27].
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Figure 12. Uniaxial hysteresis of user-defined material models: (a) concrete and (b) steel.
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A strength deterioration model is incorporated in the steel fiber to model the degradation of the SRC
members under cyclic loading (Figure 13(b)). An ultimate strain for steel fiber ¢, is defined as a
function of the axial load ratio and volumetric lateral reinforcement ratio of the component. Beyond ¢,
the stress—strain envelope drops with a negative stiffness half the Young’s modulus of steel, mainly an
attempt to avoid numerical difficulty because of sudden loss of strength. The steel yield strength also
deteriorates as a function of the ultimate strain, accumulative hysteretic energy dissipation, and
maximum strain in the loading history. Detailed descriptions and verifications of this model can be
found in [29]. In determining ¢, for the original SRC members, a low volumetric lateral reinforcement
ratio of 0.2% is assumed to approximately address the fact that these members, which were designed
and constructed in the 1970s, generally have inadequate deformability [30].

In modeling the retrofitted building, the post-tensioned concrete walls are assumed to remain linear-
elastic throughout the analysis and are modeled by beam elements and rigid perpendicular arms. The
displacement constraints in Equation (4) are imposed on pin-supported wall nodes at each floor level to
model the actions of the horizontal trusses (see Figure 13). The rotational and vertical translational
degrees of freedom are not constrained.

Xwi = (xri+xL4)/2 )

where x is the horizontal coordinate of the node. Subscript w denotes nodes on the pin-supported wall
while R and L denote nodes of original columns or added transverse walls on the right and left side of
pin-supported walls, respectively. Subscript i is the story number.

The steel dampers are modeled by vertical springs that are connected to the ends of the rigid arms
reaching from the pin-supported wall and the SRC column, as shown in Figure 13. The hysteretic
behavior of the steel dampers is idealized as elastic—perfectly plastic with the nominal yield strength.
Neglecting the strain hardening of the steel damper is considered conservative because both strength
and energy dissipation of the dampers will be underestimated. On the other hand, however, the
strength demands for the pin-supported walls and energy dissipation demands for the steel dampers
might also be underestimated.

4.2. Ground motion records

Earthquake ground motion records in the Far-Field Set in FEMA P695 [31] are adopted herein in the
dynamic analysis while a normalization strategy different from FEMA P695 is used. In FEMA P695,
the records are normalized by the geometric mean of the peak ground velocities (PGVs) of the two
horizontal components. In this study, each record is first rotated to the direction where the maximum
PGV occurs. The ground acceleration time history in this direction is then used in the analysis as
earthquake input and the corresponding PGV serves as the basis for normalization.

Constraint
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Figure 13. Modeling of pin-supported walls and steel dampers.
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In the following analysis, all records are normalized to PGV =50 cm/s, which generally represents
the Level II earthquake in Japanese seismic design practice. The velocity spectra of the normalized
records are shown in Figure 14.

The median and one-standard deviation spectra are also plotted. It can be seen that the median
spectral velocity in the period range of 0.5-2.0s is almost constant around 80 cm/s for the record
set. After being retrofitted, the fundamental period of the G3 Building shortens from 0.86 to 0.68s.
The corresponding median spectral velocity is slightly increased.

5. RESULTS AND DISCUSSION

5.1. Interstory drift

Interstory drift ratio (IDR) is frequently used as a measure of damage in assessing the seismic
performance of multistory building structures. Figure 15 plots IDRs of the G3 Building before and
after the retrofit under the normalized ground motions. The median and 84th percentile responses
are also plotted. The original structure experiences extremely large IDRs in certain stories under
several of the ground motions, indicating collapse at these stories (Figure 15(a)). In contrast, the
distributions of IDRs over the height of the retrofitted building under various ground motion records
are much more uniform (Figure 15(b)).

Retrofitted Original ——Median

200 0y ¥ ——+ 1 stdev
180

Spectral velocity (cm/s)
2

Period (s)

Figure 14. Spectral velocity of the 22 ground motion records normalized to PGV =50 cm/s (5% damping).
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Figure 15. Story drift ratios of G3 Building before and after being retrofitted: (a) existing (original) structure
and (b) retrofitted structure.
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To better understand the distinct roles of pin-supported walls and steel dampers in the current
dual system, seismic responses of an imaginary structure strengthened with pin-supported walls
but without steel dampers, denoted as ‘w/o Damper’ hereafter, are assessed. The medians of IDRs of
the three structures, denoted as ‘Existing’ (original), ‘Retrofitted,” and ‘w/o Damper,” are compared
in Figure 16(a). It is obvious that the walls create a much more uniform distribution of IDRs
while the dampers further reduce the global deformation of the building. The effectiveness of
pin-supported walls in reducing interstory drift concentration can also been seen in Figure 17, where
the interstory drift concentration is expressed in terms of the drift concentration factor (DCF), as
defined in Equation (5).

max (IDR;)

where u, is the roof displacement; H is the total height of the structure; and the subscript i is the
story number.

Drift concentration factors are significantly reduced for many of the ground motions by adding the
pin-supported walls. The variance of DCFs under different ground motions also becomes much
smaller. This suggests that individual stories in a pin-supported wall-frame system tend to work as a
whole to resist earthquake action. The integrity of structures is thus increased and weak story failure

can be avoided.
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Figure 16. Median IDRs before and after retrofit.
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Figure 17. Drift concentration factor before and after retrofit.
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5.2. Story shear demand and shear distribution

The shortening of the vibration period because of the retrofit leads to an increase in base shear demand for
the building. Figure 18(a) compares the median shear demands of the original and retrofitted structures
obtained by linear-elastic time history analysis. The total base shear of the retrofitted building is greater
than that of the original one. This increased part is primarily carried by the pin-supported walls, and the
shear demand for the frame before and after the retrofit is almost the same. However, the shear demand
distribution for the frame is changed because of the interaction with the pin-supported walls. In this
specific case, the shear demands for the second and the top story are increased while those for the
middle stories are reduced. It should be noted that the second and the top story of the original structure
sustain relatively small deformation in a median sense as compared with other stories (see Figure 16).

Median shear distributions with nonlinear models are shown in Figure 18(b). Different from dual
systems with fixed based walls, the pin-supported walls carry a relatively small part of the story
shear and most are carried by the frame in the pin-supported wall-frame system.

5.3. Energy dissipation

Pin-supported walls alone do not provide additional energy dissipation capacity. They only help in
making better use of the seismic capacities of other structural components by controlling the
deformation pattern. Taking advantage of the controlled deformation pattern, steel dampers installed
between pin-supported walls and the rest of the structure work well to concentrate energy dissipation
(or, in other words, to concentrate the damage). Before the retrofit, most damage and energy dissipation
occur in the frame columns, which is undesirable for frame structures (Figure 19(a)). With the
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Figure 18. Story shear distributions along the height of the building and among different parts: (a) linear
elastic and (b) nonlinear.
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Figure 19. Distribution of energy dissipation among different types of components: (a) existing (original)
structure; (b) retrofitted structure without dampers; and (c) retrofitted structure.
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assistance of pin-supported walls (i.e., in the ‘w/o Damper’ model), the average percentage of energy
dissipated in beams increases slightly and its coefficient of variance is reduced (Figure 19(b)). After full
retrofitting, energy dissipation in the frame is significantly reduced. On average, most hysteretic energy
dissipation goes into the steel dampers (Figure 19(c)).

The distribution of hysteretic energy dissipated by the steel dampers at different story levels is
shown in Figure 20. It can be seen that the energy dissipation decreases rapidly from the lower to
upper stories, and the steel dampers at the second story become the most vulnerable.

5.3. Damage to the frame

Because most earthquake input energy is dissipated by the steel dampers, damage to the frame is
expected to be significantly reduced. Figure 21 illustrates the median and 84th percentile ductility
factors p at the beam and column ends. Ductility factor u is defined as the ratio of maximum and
yield curvature of the reinforced concrete section. For the convenience of demonstration, ductilities
fall into three categories, representing ‘minor damage’ (u=1~2), ‘moderate damage’ (u =2~5),
and ‘severe damage’ (u>5). Corresponding to the energy dissipation results, damage to the
concrete members in the retrofitted structure is obviously reduced. The importance of the steel
dampers in reducing damage to the frame can also be seen by comparing the ductility results of the
retrofitted structure and the ‘w/o Damper’ structure.

As mentioned above, the existence of steel dampers may impose significant axial force on the
columns next to the pin-supported walls. Figure 22 compares the median compressive and tensile
force ratio of such a column before and after the retrofit. The column is next to the pin-supported
wall in the middle of the building. The compressive force ratio is defined as the ratio of maximum
compressive force to the compressive strength N =fA+> f,A;, where f. is the concrete
compressive strength, A. the concrete cross-sectional area, f, the steel yield strength, and A the
steel cross-sectional area. Similarly, the tensile force ratio is defined as the ratio of maximum tensile
force to the tensile strength Ny, which is simply taken as the yield strength of all its reinforcement,
that is, Ny, = ) fyAs.

The dotted lines in Figure 22 represent the worst situation in which all dampers along the column
yield in the same direction and the column axial force comes only from the damper forces and the
gravity load. That is, Ny = > Fpy—G and N, = ) Fpy+G, where Fp, is the damper yield strength
and G is the axial force because of gravity. In this case, the column tension may reach its tensile
strength N,, and lead to tensile failure of the column. As shown in Figure 22, the maximum axial
force in the column is, however, not that dramatically changed before and after the retrofit because
the beams will also impose axial forces on the columns as described earlier in Figure 3(c).
Nevertheless, Figure 22(b) reveals that the column may sustain considerable tension in both the
original and retrofitted structures and the maximum tension is increased in the lower stories after the
retrofit. Although it does not exceed the tensile strength, this tension will degrade the flexural and
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Figure 20. Distribution of hysteretic energy dissipated by steel dampers.
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Figure 21. Ductility distributions of the outermost frame: (a) existing (original) structure; (b) retrofitted

structure; and (c) retrofitted structure without dampers.
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shear strengths and might lead to undesired shear failure of the column at the lower stories. Note that
shear failure of the SRC members is not taken into account in the current analysis. The vulnerability of
the building would have been underestimated, especially for the unretrofitted structure, which is more
sensitive to local failure than the retrofitted one.

6. CONCLUSIONS

The retrofit of an eleven-story steel reinforced concrete frame using post-tensioned pin-supported walls
is introduced. An alternative arrangement of energy dissipating devices is adopted in which shear-type
steel dampers are distributed along the height of pin-supported walls.

Linear-elastic and nonlinear dynamic analysis is carried out to compare the seismic performance of
the building before and after the retrofit. The results show that:

(1) Pin-supported walls are capable of creating a much more uniform distribution of story drift and
thus avoiding undesirable weak story failure of moment-resisting frames.

(2) Shear demand of the frame is increased at the floors sustaining relatively small deformation, and
is decreased at other floors, which are likely to suffer excessive plastic deformation.

(3) Taking advantage of the well-controlled deformation pattern, steel dampers along the sides of
the pin-supported walls are effective in concentrating energy dissipation.

(4) With the protection of the pin-supported walls and steel dampers, damage to the frame can be
significantly reduced. However, some local parts of the frame, such as the columns connected
with the steel dampers, might be subjected to more severe loading conditions.

The retrofit project provides an alternative solution for strengthening moment-resistant frames.
Although equipped with several specifically designed devices, for example, the steel dampers and the
bottom hinges, the introduced retrofit plan turned out to be more economical than other conventional
retrofit plans for the G3 Building, such as strengthening individual columns. To make it more
economically feasible, most of the construction is conducted from outside the building and occupancy
of the building need not be suspended during the retrofit.
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