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Abstract: This paper presents quantitative information on the effectiveness of seismic retrofit solu-
tions using bilinear oil dampers for seismically deficient existing tall steel buildings. For this purpose,
a benchmark 40-story steel space moment-resisting frame building is studied that represents 1970s
design practice in North America. Rigorous seismic performance assessment based on ASCE 41 rec-
ommendations reveals a high collapse risk for the existing building. The local engineering demand
parameters are comprehensively assessed to quantify the impact of seismic retrofit on steel columns
and column splices, which are particularly vulnerable due to the time of construction. Multiple
retrofit schemes are explored with numerous damping levels and vertical damping distribution
methods. The dampers are designed via a recently developed multi-degree-of-freedom performance
curves method. A new balanced vertical damping method is proposed to account for the effects of
frame inelasticity. This strongly depends on the supplemental damping level, and it determines the
effectiveness of the employed vertical damping distribution method. The results indicate that the
proposed retrofit strategies can minimize the collapse risk of the tall building. It is shown that the
balanced vertical damping distribution method provides the most uniform drift distribution along
the building height. Despite the reduction in story drift ratios, the axial force demand in exterior
columns remains relatively high in the bottom stories regardless of the seismic retrofit solution.
On the other hand, bilinear oil dampers produce relative constant forces despite exhibiting higher
velocity demands than expected.

Keywords: supplemental damping; bilinear oil dampers; seismic retrofit; collapse risk; performance-based
design; tall buildings

1. Introduction

Several tall buildings were constructed between 1960 and 1990 in seismic regions of
the West Coast of North America. Particularly those with more than 35 stories consist of
steel space moment-resisting frames (MRFs) [1]. Many of these buildings were designed
according to standards [2], in which the seismic design loads were not based on a detailed
seismic hazard assessment. Past studies [3–8] have demonstrated the seismic vulnerability
of existing steel MRF buildings due to inadequate seismic detailing. More recently, the focus
has been on the seismic performance of existing tall buildings [9–13]. The general consensus
from the above studies is that these buildings are typically seismically deficient. Particular
issues of concern relate to the (a) relatively high compressive axial force demands in exterior
columns [11], (b) the large tensile axial force demands that may result in widespread
fractures of PJP splice weld connections, and (c) the collapse risk, which may be high.
Moreover, requirements for dynamic analysis were not available in the building codes
of the time [2]. Hence, higher mode effects may be an additional concern in the seismic
deficiency of these buildings.
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Conventional seismic retrofitting techniques for tall buildings, such as stiffening, gen-
erally lead to an increase in the force demands on the structural members. Strengthening
of framing members as well as the foundation system of the building is inevitable in this
case [14]. Instead, energy dissipation devices may be effectively utilized. For instance, the use
of fluid viscous dampers is fairly common in the retrofitting of existing buildings [11,15–19].

Oil dampers with a relief valve (i.e., bilinear oil dampers) have been widely used in
several buildings in Japan [20–24]. Field reconnaissance from past earthquakes [25] demon-
strated the effectiveness of bilinear oil dampers in controlling the seismic performance of
high-rise buildings.

In North America, guidance for the design and assessment of energy dissipation
devices for buildings can be found in ASCE 7-16 [26] and ASCE 41-17 [27]. Nonetheless,
the focus of these guidelines is mainly on low- to mid-rise buildings. More recently, other
guidelines have been developed for the performance-based design and assessment of
tall buildings [28–30], however, the challenge on how to effectively retrofit existing tall
buildings still remains. While a handful of studies have shown that the implementation of
damper and seismic isolation technologies [10,11] is effective in retrofitting tall buildings,
the use of oil dampers with relief valves has never been explored. This is an important
aspect when it comes to capping of the axial force demands in steel columns, seismically
deficient column splices [31,32], as well as the foundation system.

The motivation for this study is to promote the use of bilinear oil dampers for the
seismic retrofitting of existing tall buildings. To this end, a comprehensive discussion on
the retrofit strategies is provided to further guide the researchers and structural engineers.
For this purpose, a prototype 40-story steel MRF building is used as a benchmark. The
seismic performance of the prototype building is first assessed through nonlinear analyses
to identify the primary seismic deficiencies of the prototype building and better inform the
selection of effective retrofit schemes. The effects of various damping levels and vertical
distribution methods on the building’s performance are then assessed. A vertical damping
distribution method is proposed to address retrofit cases where the steel MRF exhibits
inelastic behavior during an earthquake. A comprehensive discussion on the effectiveness
of various seismic retrofit strategies on global and local engineering parameters is provided.

2. Prototype Tall Building

Tall steel buildings designed in 1970s featured space frames [9,11,33]. Figure 1a shows
the plan view of the prototype building to be used hereinafter. The lateral load-resisting
system of the building is comprised of steel MRFs in both loading directions. Figure 1b
shows the elevation view of the exterior steel MRF. The prototype building consists of 43
stories, including three stories below the ground floor. The total height of the building is
154.7 m above the ground level (see Figure 1). The typical story height is 3 m (10 ft), while
the story heights at the ground and basement levels are 6.1 m (20 ft) and 3.8 m (12.5 ft),
respectively. A 76 mm (3 in.) thick concrete slab on 63.5 mm (2.5 in) metal deck supported
by steel beams forms the floor system at each level. The design location of the building is
37.7897 ◦N, 122.4003 ◦E; the corresponding soil type classification is D at the design location
of interest based on the NEHRP provisions [34].

According to UBC (1973), the wind base shear was found as V/W = 0.027 and 0.018
in the X- and Y- loading directions, respectively. The seismic design was based on the
equivalent lateral force method. It was found that the total seismic force coefficient was
V/W = 0.021. In the X-direction, the wind base shear is about 1.6 times larger than the
seismic base shear, whereas, in the Y-direction, they are almost equal. Notably, in the
X-loading direction, the seismic load governs the design in the upper stories of the building.
According to the accepted design practice of the time, the allowable story drift ratio under
wind and earthquake loads was limited to 0.25% to 0.5%, respectively [10,35].
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Figure 1. (a) Floor plan and (b) elevation views of the building, with dimensions in m.

In the prototype building, steel beams featured ASTM A36 steel wide flange cross-
sections (i.e., nominal yield stress, Fy = 248 MPa), and welded box columns. These were
typically made of ASTM A36 and/or ASTM A572 Gr. 42 (i.e., nominal yield stress,
Fy = 290 MPa) steel. The modulus of elasticity of the steel material E was assumed to
be 200 GPa in all cases. Material properties for steel components are obtained from Tables
9.1 and 9.3 (1961–1990, Group 1) of ASCE 41-17 [27]. Columns were spliced at every three
stories. The column splices were placed at 1.2 m (4 ft) above the respective floor. Column
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splices featured partial joint penetration groove (PJP) welds to reflect the design practice
of the time of construction [36]. Moreover, member design was based on allowable stress
design [37]. The above design assumptions and fabrication detailing were found to be
representative of tall building designs in the 1970s in North America [9,11,33].

For design purposes, a three-dimensional (3D) model of the prototype building was
constructed in ETABS [38]. The prototype building design was mainly governed by the
drift limitation due to the wind load, particularly in the X-loading direction. This was more
critical in the bottom stories of the building. The upper floor beams were sized according to
their flexural strength to satisfy the seismic loading requirements. This led to appreciable
overstrength in the lower stories, where stress ratios in this case were generally below 70%.
The peak gravity-induced axial load ratio, Pc,G/Pye,c (i.e., Pye,c is the expected yield strength
of the columns) was 32% at the ninth story. The peak Pc,G/Pye,c ratio is comparable with
prior work on existing tall buildings [9].

Capacity design was not common in UBC 1973 [2]; thus, the steel MRFs, particularly in
the X-direction, have very low strong-column/weak-beam (SCWB) ratios (i.e., on average,
0.4 in the exterior column of the lower half of the building). This suggests that exterior
column moment capacities may be exceeded during earthquakes with a low probability of
occurrence. Comprehensive details regarding the design of the prototype building, ETABS
modelling, and analysis can be found in Akcelyan [39].

3. Nonlinear Building Model

The prototype building is considered to be in Risk Category 2. It also features several
seismic deficiencies in its members and connections. Because of the number of stories, a
Tier 3 systemic evaluation of the building is required, as per ASCE 41-13 [40]. Therefore,
rigorous nonlinear response history analysis (NRHA) is employed to assess the seismic
performance of the building in a more rigorous manner. Nevertheless, nonlinear static
analysis is also conducted for a preliminary seismic assessment of the building.

Two-dimensional (2D) nonlinear building models in the X- and Y-loading directions
are developed in the OpenSees simulation platform [41]. Due to the symmetry and the
odd number of the lateral load resisting frame systems in the X-loading direction, the
nonlinear building model in the X-loading direction comprises two frames (1–1 and 3–3)
with a leaning column in series. In the Y-loading direction, all five frames are explicitly
modeled in series. Soil–structure interaction is neglected. The floors at and below the
ground level are assumed to be restrained in the horizontal loading direction. A rigid
diaphragm action is considered at each floor. Geometric nonlinearities are considered with
the P-delta transformation.

Beams are modeled using an elastic beam-column element with zero-length spring
elements at their ends that feature the Ibarra–Medina–Krawinkler deterioration model [42].
The moment–rotation relation of these springs employs three modeling cases. The first
case is called ‘brittle’. The input model parameters in this case represent those of typi-
cal pre-Northridge beam-to-column connections according to the modelling procedures
summarized in Hartloper [43] and ASCE 41-13 [40]. In the second case (the so-called
‘ductile’), we utilized the moment–rotation relation of typical welded fully-restrained beam-
to-column connections according to Lignos and Krawinkler [44]. Finally, the third case
(i.e., the base-case model), assumes that only 25% of the beam-to-column connections
are ductile and the rest is brittle. This agrees with prior studies regarding the seismic
behavior of existing tall buildings (Muto and Krishnan [6] as well as surveys from actual
steel MRF buildings that experienced the 1994 Northridge earthquake [45]. The ductile
beam-to-column connection locations are randomly distributed for the X- and Y-loading
directions, respectively.

The built-up box columns are modeled with force-based beam-column elements with
five integration points along the length of a single element. If a column splice connection
exists, the columns are modeled with two elements connected at 1.2 m (4 ft) above the lower
floor level. The steel cross-sections are discretized with 50 fibers (5 fibers for the flange and
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20 fibers for the web) in parallel to the axis of bending. The Giuffré–Menegotto–Pinto [46]
steel material model is assigned at each fiber element to capture the inelastic cyclic straining.
The columns feature stocky cross-sections (width-to-thickness ratios of 27 or less). As such,
the hysteretic behavior of these members is non-degrading [47] until relatively large lateral
drift demands (i.e., 5–6% rads) occur. Expected material properties have been considered
in all cases [40]. The strain hardening ratio was taken as 2% [44]. The nonlinear behavior
of column splices is not explicitly modeled. However, the stress–strain histories of the
outer cross-sectional fibers were recorded right above the location of the column splice to
assess the likelihood of premature fractures at this location. The methodology proposed
by Galasso et al. [31] was adopted for this purpose. The beam-to-column web panel zone
zones are modeled with the parallelogram model by Gupta and Krawinkler [48]. The panel
zone response is idealized with the Krawinkler [49] model.

Eigenvalue analysis is conducted after the gravity load application. The fundamental
translational period in the X- and Y-loading directions are found to be 5.29 and 5.25 s,
respectively, based on the OpenSees models.

4. Seismic Performance Assessment of the Prototype Tall Building per ASCE-41

Pushover analysis is first carried out in both loading directions based on the first mode
lateral load pattern per loading direction to provide first insight on the building behavior
under lateral loading. Rigorous NRHA is also conducted to depict important response
characteristics of the building due to higher mode effects among others. For the sake of
brevity, results are presented only for the X-loading direction. However, a detailed seismic
assessment of the Y-loading direction can be found in Akcelyan [39].

4.1. Nonlinear Static Analysis

Figure 2 shows the pushover curves based on a first mode lateral load pattern and the
peak story drift ratios (SDRs) from the “Ductile”, “Base Case” and “Brittle” cases. The green,
red, and black points in the pushover curves highlight the analysis steps, at which initial
yielding, capping and collapse occurred, respectively. In addition to these characteristic
points, two intermediate points (blue and brown) are added to further track the change in
the story drift ratio profiles. In all cases, flexural yielding of the first-floor beams occurs at
a base shear force of 0.06 W, at about 0.5–0.6% roof drift ratio in both loading directions.
The peak base shear ranges from 0.09 W to 0.1 W, depending on the model type. The low
base shear coefficients are indicative that the structure is wind controlled. Figure 2b–d
demonstrate characteristic peak SDRs along the building height for the three analyzed
cases. Up to the peak response, the lateral drift profiles remain more-or-less uniform.
Upon further lateral loading, the steel MRFs attain a negative stiffness (see Figure 2a)
due to the formation of soft story mechanisms between stories 9 and 20, regardless of the
employed modeling case. Qualitatively, a similar response is observed in the Y-loading
direction. However, in this case a story collapse mechanism forms in between stories 5 to
13. While capacity design is not respected in a strict sense due to the lack of relevant code
requirements at the time of construction, the observed behavior is deemed rational based
on prior studies on steel MRFs due to their susceptibility to P-delta effects [48,50,51]. On
the other hand, limitations on the applicability of pushover analysis to assess the seismic
performance of structures at large deformations have been pointed out [52,53]. In that
respect, rigorous NRHA is conducted for the same building.
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Figure 2. Comparison of pushover curves and story drift ratios for in the X-loading direction,
(a) pushover curves, (b) story drift ratios for ductile case, (c) story drift ratios for base case, (d) story
drift ratios for brittle case.

4.2. Nonlinear Response History Analysis

The performance-based seismic assessment via NRHA is conducted for the 2D “Base
Case” models of the prototype building in both loading directions. Viscous damping
is idealized with the Rayleigh damping model based on the first and sixth translational
modes of the 2D models in the loading direction of interest. The critical damping ratio is
assumed to be 1.5% for both modes, as suggested in PEER/ATC [54]. The ground motions
selected for seismic assessment and detailed analysis results, including the global and local
engineering demand parameters (EDPs), are discussed in the following sections.

4.2.1. Ground Motion Selection

According to Tier 3 procedure [40], the evaluation of existing buildings should be
carried out for the BSE-1E and BSE-2E hazard levels. These correspond to a probability
of exceedance of 20% and 5% in 50 years (i.e., mean return periods of 225 and 975 years,
respectively). Ground motion selection is carried out based on the procedures discussed
in NIST [55]. To reliably estimate the building’s EDPs of interest and characterize the
associated building response dispersion, 40 ground motion records were selected from
the NGA-West2 ground motion database [56]. According to disaggregation data at the
predominant period, Tn, of the building (i.e., Tn = 5 s), the primary seismic hazard source is
the San Andreas Fault. The selected ground motions are from 15 different seismic events.
At most, six records are selected from the same seismic event. The selected ground motions
are generated by earthquakes having moment magnitudes between 6.2 and 7.6. A median
shear wave velocity of about 245 m/s represents the shear wave velocity interval of D-type
soil. Only magnitude scaling is employed. The maximum scale factor to be applied for the
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BSE-2E level in all ground motions should be less than 5.0 for NRHA. Indicatively, the mean
values of the scale factors to be used at BSE-2E and BSE-1E levels are 3.1 and 2.0, respectively.
Ground motion records are scaled such that the mean spectral ordinate of the 5% damped
response spectrum is not less than that of the 5% damped target spectrum over a period
range from 0.2 Tn to 1.5 Tn. Figure 3 show the absolute acceleration response spectra of
the selected and scaled ground motion records, including their mean spectra. In the same
figures, the target spectra at BSE-2E level are superimposed for comparison purposes.

Figure 3. 5% damped response spectra of selected and scaled ground motions in comparison with
ASCE-41-13 target spectrum for two-dimensional analyses; BSE-2E level.

4.2.2. Assessment of Global Engineering Demand Parameters

Figures 4 and 5 show the peak SDRs, peak normalized story shear forces, and the
maximum absolute floor accelerations in the X loading direction of the building for the
BSE-1E and BSE-2E seismic intensities, respectively. Superimposed in the same figure are
the median, as well as the 16th and 84th percentiles of the same EDPs.

At the BSE-2E level, the probability of collapse of the building is 72% and 32% in the
X- and Y-loading directions, respectively, which is deemed to be high according to modern
seismic standards [26]. At the BSE-1E seismic intensity, the probability of collapse of the
same building in the X-loading direction is more than 10%, whereas no collapses occurred
in the Y-loading direction.

Figure 4. Engineering demand parameters in the X-loading direction (BSE-1E), (a) peak SDR, (b) peak
normalized story shear force, (c) peak absolute floor acceleration.

Referring to Figure 5a, the dynamic response of the building is mainly controlled by
collapses occurring in the upper stories of the building. In only six of the analyzed ground
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motions, the same building experiences drift concentrations in its bottom stories. The upper
story collapse mechanisms are primarily attributed to (a) the high axial deformation of
columns and shorter frame dimensions, and (b) the flexural frame deformation, which is
significantly larger in the X- than in the Y-loading direction. This causes relatively high
story drift ratios in the upper stories, which are amplified by P-delta effects.

Referring to Figure 5b, the median dynamic base shear of the building is about 0.10 W
at the BSE-2E level. The story shear pattern depicts the dynamic amplification due to
higher mode effects. Figure 5c suggests that the median peak absolute floor acceleration
demands along the height of the building are nearly uniform and around 0.6 g at the same
seismic intensity. Referring to Figure 4c, the median value at BSE-1E is 0.4 g, which could
potentially be an issue for damage control of acceleration-sensitive non-structural elements.

Figure 5. Engineering demand parameters in the X-loading direction (BSE-2E), (a) peak SDR, (b) peak
normalized story shear force, (c) peak absolute floor acceleration.

4.2.3. Assessment of Local Engineering Demand Parameters

This section puts emphasis on the seismic assessment of local EDPs, which are deemed
critical for seismic retrofitting of existing tall steel buildings [57]. These EDPs include the
beam plastic rotations, the column axial force demands, and the corresponding longitudinal
stress demands in column splices. For the sake of brevity, only the response at the BSE-2E
level in the X-loading direction is shown.

The plastic rotation of each beam is recorded and compared with characteristic values
at yield, peak, and ultimate according to the definitions of ASCE 41 [40]. The beam end
moment demands exceed their effective yield moment capacity in most cases. Figure 6a
shows the peak beam plastic rotation at each level for the set of 40 ground motions.
Interestingly, based on the 84th percentile response, the beams above the 28th floor exceed
their ultimate rotation capacity. The same findings hold true for beams between floors 5 and
10. The above observations further explain the observed collapse modes discussed earlier.
It is noteworthy that beams located between floors 11 and 27 exhibit flexural yielding but
not their peak flexural resistance.

Figure 6b,c depicts the normalized peak compressive (Pc,G+E/Pye,c ratios) and tensile
force demands (Tc,G+E/Tye,c ratios) at BSE-2E. The simulation results suggest that the column
axial force demands are significantly higher in the X-loading direction relative to those in
the Y-loading direction due to the smaller number of bays. The exterior columns experience
high axial load demands due to the dynamic overturning effects. From Figure 6b,c, higher
force demands are typically observed in lower stories. The highest values are observed
in the third-story exterior columns. Interestingly, the peak compressive axial load ratio
reached the squash load (see Figure 6b), while the corresponding tensile force exceeded
0.5 Tye,c. (see Figure 6c).
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Figure 6. (a) Peak beam plastic rotations, (b) normalized peak compressive, and (c) tensile column
forces (BSE-2E).

Figure 7a shows for 1–1 MRF the median peak normalized column compressive load
demands. The third-story exterior columns (including the 3–3 frame) are subjected to
variable axial load demands ranging, on average, from 0.8 Pye,c in compression to 0.3 Tye,c in
tension. The compressive force in the interior columns is less than 0.5 Pye,c. The normalized
axial force component of the gravity load for columns PG/Pye < 0.6; hence, the steel columns
are not considered to be force-controlled as per ASCE 41-17 [27].

Figure 7. (a) Median column normalized peak compressive forces and median peak (%), (b) tensile
stresses at column splices as built (MPa) (BSE-2E).
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4.3. Column Splice Demands

Bruneau and Mahin [36] demonstrated that column splices in existing steel buildings
that feature PJP welds may be susceptible to brittle fracture. In prior works [31,32], it was
shown that these fractures depend on the peak flange tensile stress demands of the column
splices as well as their estimated flange stress capacity, σC, prior to fracture. Material and
geometric properties associated with the material toughness, the crack length, and the
flange thickness of the upper and lower columns are imperative in this case. Figure 7b
indicates the locations of column splices and their peak tensile stresses in MPa, σD, recorded
at the fiber extremity of the smallest of the two column cross-sections forming a column
splice in the X-loading direction. Due to dynamic overturning effects, all exterior column
splices at the lower half and the upper stories of the building exhibit tensile stresses (see
Figure 7b). The σD values correspond to median peak tensile stresses. The blue dots
represent sections where no tensile stresses are observed. Sections with peak tensile stresses
are highlighted with orange dots. The peak stresses that exceed the estimated stress capacity,
σC, [11,31,32] are highlighted in red. The simulation results suggest that about 35% of the
column splices are potentially vulnerable to brittle fracture at a BSE-2E seismic intensity.

The use of space frames allows for shallow beam designs. This, in conjunction with the
relatively thick webs (i.e., above 70 mm) of the box columns, results in an elastic behavior
of the panel zones regardless of the seismic intensity. This is an important observation
on the role of the panel zone response on the observed behavioral characteristics of the
prototype building.

5. Retrofit Solutions

Traditional seismic rehabilitation techniques, such as stiffening, may result in increased
seismic forces, which are not desirable in flexible structures, such as that analyzed herein.
While base isolation techniques are effective in seismic force reduction, they may not be
always effective for long-period buildings. For this purpose, velocity-dependent energy
dissipation devices may be an interesting alternative. In prior work, nonlinear viscous
dampers have been widely used for retrofitting existing tall buildings [11,58]. In the present
study, we explore the use of bilinear oil dampers, as their force-suppressing mechanism
can efficiently control seismic force demands on columns, which is a major concern in
this case. Additionally, bilinear oil dampers can provide linear supplemental damping at
low and moderate ground shaking intensities. For retrofitting of existing steel moment-
resisting frame buildings, oil dampers with relief valves can be installed in a diagonal
brace configuration. The damper–brace assembly typically consists of a hollow section steel
brace, which features a clevis that is connected to a gusset plate at the ends. The design
and modelling details of such damper–brace assembly has been demonstrated in Akcelyan
et al. [59].

5.1. Design Objectives for Retrofit

Buildings in Risk Category II as per ASCE 7-10 [60] should meet the damage control
and safety requirements at BSE-1E and BSE-2E, respectively [40]. Within such a context,
the building does not meet any of the above requirements and should be retrofitted.

The retrofit aims to minimize the inelastic deformations within the steel MRFs and
reduce the probability of collapse from 72% to 10% at BSE-2E level without significantly
increasing the seismic force demands. To this end, multiple retrofit options are explored by
implementing bilinear oil dampers. This is achieved by exploring different damping levels
and damping distribution methods.

5.2. Bilinear Oil Dampers

Bilinear oil dampers possess a relief mechanism, which suppresses the damper forces
once the damper relief load, Fdr is exceeded. Thus, it generates a bilinear force–velocity
relation, Fd(t)− vd(t), which can be expressed as follows in Equation (1):
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Fd(t) =
{

Cdvd(t), |Fd(t)| ≤ Fdr
sgn( vd(t))(Fdr + pCd(|vd(t)| − vdr)), |Fd(t)| > Fdr

(1)

where Cd is the initial damping coefficient, and vdr is the relief velocity (= Fdr/Cd). The
post-relief damping coefficient ratio, p, is the ratio of the initial damping coefficient to the
post-relief damping coefficient. Under sinusoidal excitation with loading circular frequency
ω, the peak damper force, Fd,max, can be computed as follows in Equation (2):

Fd,max =

{
K′′d ud,max, µd =

ωud,max
vdr

≤ 1, Fd,max ≤ Fdr(
p + 1−p

µd

)
K′′d ud,max, µd =

ωud,max
vdr

> 1, Fd,max > Fdr
(2)

where K′′d is the loss stiffness of the damper (= Cdω), µd is the peak damper velocity
ratio, and ud,max is the peak damper displacement. To produce a bilinear force–velocity
response, the dampers should be designed such that µd > 1. While Equations (1) and (2)
reflect the behavior of a pure bilinear dashpot, in reality, dampers as an assembly contain
a combined axial stiffness, K∗b , due to the internal damper portion, Kd, and supporting
members, Kb. Past research [22] revealed that the damper loss stiffness to frame shear
stiffness ratio ( K′′d /K f s) and the damper supporting stiffness to frame shear stiffness ratio
(Kb/K f s) are critical for determining an effective retrofit solution. The following section
discusses the determination of these parameters by means of a multi-degree-of-freedom
(MDF) performance curve method.

5.3. Multi-Degree-of-Freedom Performance Curves

The authors have proposed a MDF performance curves method that allows for the
quick exploitation of a wide range of potential damper parameters to be used in seismic
retrofitting of existing tall buildings [59]. In the MDF performance curves method, the
K′′d /K f s ratio is the key iterative single-degree-of-freedom (SDF) design parameter to
satisfy target seismic performance objectives for the retrofitted building. The Kb/K f s ratio
is assumed to be dependent on K′′d /K f s by setting a constant Kb/K′′d ratio, because, in
practice, a higher damper capacity typically requires a higher damper supporting brace
stiffness. To generate an MDF performance curve, several damper-specific parameters
should be predetermined based on available damper products and considering the dynamic
properties of the building to be retrofitted. These parameters are Kb/K′′d ratio, the internal
damper stiffness-to-damping coefficient ratio, βk =

Kd
Cd

, the post-relief damping coefficient
ratio, p, and the peak damper velocity ratio, µd. The validity of these predetermined SDF
parameters should be checked once the damper design is finalized.

To assess the effect of different K′′d /K f s values on the building response reduction,
MDF performance curves are generated for peak SDR, peak roof drift ratio, peak absolute
floor acceleration (PFA), and peak base shear, as shown in Figure 8a. Based on the MDF
performance curves method, a damper loss stiffness to frame shear stiffness ratio = 5,
corresponding to a highly damped building. This choice may not be economically feasible
or practical. On the other hand, very low supplemental damping (i.e., K′′d /K f s = 0.1)
may not improve the seismic behavior of a seismically deficient building. A damage-free
response may be achieved if the roof drift ratio remains within 0.5%, as observed from the
nonlinear static analysis (see Figure 2a). This corresponds to a required peak roof drift ratio
reduction factor of about 0.3.

Referring to Figure 8a, the MDF performance curves method suggests that a K′′d /K f s
ratio shall not exceed 1.0 for optimal force control. Oversized dampers may result in a high
seismic base shear. This may require an additional retrofit of the foundation system, which
is not desirable from an economic standpoint. Stresses in key structural members (e.g.,
columns and splices) may also increase in this case.
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Figure 8. (a) MDF performance curves, (b) flexural-shear beam model, and (c) two-dimensional
frame model.

Herein, three damping levels with K′′d /K f s = 0.25, 0.5, and 1.0 are feasible to be
explored. In total, nine different design scenarios (three damping levels x three distribution
methods) are considered. Among all the design cases, the available damper sizes led to
a Kb/K′′d ratio between 4.4 to 6.3 and a K∗b /K′′d ratio between 1.6 and 2.4. A Kb/K′′d = 4.0
is considered for the SDF design. To maximize the peak damper velocity ratio, µd, the
damper sizes with the lowest relief velocity (1.8 cm/s) are selected. In this case, the post-
relief damping coefficient ratio of p = 0.0168. The initial design aims for µd = 2 for all
three damping levels to cap the damper force demands transferred to the retrofitted steel
MRFs. However, the damper relief velocity demands are found to be lower in medium
and high damping cases. Therefore, µd is reduced to 1.2 and 1.5 for the medium and high
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damping levels, respectively, to assure compatibility between the design and the selected
damper properties.

Table 1 summarizes the final design equivalent SDF parameters for three damping
levels, namely the ‘low damping’ (K′′d /K f = 0.25), the ‘medium damping’ (K′′d /K f = 0.5),
and the ‘high damping’ (K′′d /K f = 1.0) cases. These correspond to an effective damping ratio
of about 7%, 13%, and 22%, respectively. The advantage of the ‘high damping’ case is that
the steel MRFs of the building remain more-or-less elastic at the BSE-2E seismic intensity.

Table 1. Effective SDF parameters obtained from performance curve for three damping levels in the
X-loading direction.

Case K′′
d /K f s Kb/K f s µd βeff [%]

Bare frame - - 1.5
Low damping 0.25 1.0 2.0 7.4

Medium damping 0.5 2.0 1.5 13.3
High damping 1.0 4.0 1.2 22.2

5.4. Design of Bilinear Oil Dampers

Once the total lateral damper properties (i.e., damping coefficient, Cd,i, damper stiff-
ness, K∗b,i, and damper relief force, Fdr,i) are determined through the MDF performance
curves method (see Figure 8b), these should be transformed to design the properties of each
damper within a story. If the dampers are installed in a diagonal fashion (see Figure 8c), the
required initial damping coefficient, Cd,i,j, the internal damper stiffness, Kd,i,j, the support-
ing brace stiffness, Kb,i,j, the relief load, Fdr,i,j, and the relief velocity, vdr,i,j, of the damper of
bay j at story i can be determined as follows:

∑ ndi
j=1Cd,i,jcos2θi,j ≥ Cd,i (3)

∑ ndi
j=1Kd,i,jcos2θi,j ≥ Kd,i, ∑ ndi

j=1Kb,i,jcos2θi,j ≥ Kb,i (4)

∑ ndi
j=1Fdr,i,jcos2θi,j ≥ Fdr,i (5)

vdr,i,j =
Fdr,i,j

Cd,i,j
(6)

where nd,i is the number of dampers at story i; θi,j the inclination angle of the dampers at
bay j; Kb,i and Kd,i are the total lateral supporting brace and internal damper stiffness at
each story computed in design, respectively.

The brace stiffness Kb,i,j and internal damper stiffness Kd,i,j are computed based on
the largest available stroke of the corresponding damper size. The internal damper stiffness
can be directly obtained from the manufacturer, while the axial stiffness of the supporting
brace Kb,i,j can be computed as follows:

Kb,i,j =
Eb Ab,i,j

Lb,i,j
(7)

Lb,i,j = Ltot,i,j − Ld,i,j − Lrigid,i,j (8)

where Eb is the modulus of elasticity of the supporting steel brace (205 GPa); Ab,i,j and Lb,i,j
are the cross-sectional area and the length of the supporting brace, respectively; Ltot,i,j is the
total diagonal length between working points; Ld,i,j is length of the damper portion; Lrigid,i,j
is the rigid zone length, which is approximately 1000 mm in this case. The supporting
length of the brace, Lb,i,j, refers to the damper assembly length excluding the damper
portion and the rigid zone length. It is also assumed that Ab,i,j is valid for the entire Lb,i,j.
Thus, the mechanical model shown in Figure 8c is deemed representative. Details on the
damper’s properties can be found in Akcelyan [39].
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The damper design is based on the required relief force. Dampers with maximum
forces of 250 kN, 500 kN, 1000 kN, 1500 kN, and 2000 kN are used. Care is given not to
oversize the dampers to provide a fair comparison between different design cases. The
mean overstrength ratio of dampers in all design cases is between 1.07–1.11.

5.5. Effect of Vertical Damping Distribution

The damper configuration and placement have a significant impact on the efficiency
of the retrofit solution [61–63]. This is particularly evident in tall buildings. Therefore, a
comparative study is first carried out with different damping levels (i.e., low, medium,
and high damping levels) and distribution methods. Figure 9a–i depicts the damper
locations for the selected design scenarios, where the maximum damper design forces are
indicated with different tones and thicknesses. The dampers are initially designed based
on two vertical damping distribution methods, namely the effective and the direct shear
force proportional damping distribution (SFPDD). The effective SFPDD method determines
the required loss stiffness K′′d,i of the damper based on its storage stiffness K′a,i; while the
required storage stiffness K′a,i of the damper is obtained by subtracting the total storage
stiffness K′i from the elastic frame shear stiffness K f s,i. For the direct SFPDD, the required
loss stiffness K′′d,i of the damper is computed in proportion to the shear force distribution
without considering the lateral stiffness distribution of the frame.

Figure 9. Cont.
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Figure 9. Damper design based on nine different retrofit schemes, (a) low damping and effective
SFPDD, (b) medium damping and effective SFPDD, (c) high damping and effective SFPDD, (d) low
damping and direct SFPDD, (e) medium damping and direct SFPDD, (f) high damping and direct
SFPDD, (g) low damping and balanced SFPDD, (h) medium damping and balanced SFPDD, (i) high
damping and balanced SFPDD.

Referring to Figure 9a, the dampers are placed mainly at the upper half of the building
based on the effective SFPDD method. In contrast, according to the direct SFPDD method
(see Figure 9d), damping is provided at each level, and it decreases gradually with the
increasing height similarly to the story shear forces.

An additional study is conducted to observe the effect of horizontal damper place-
ment on the story based EDPs. The results suggest that placing dampers in interior bays
maximizes the damper efficiency. This is also beneficial for exterior columns that exhibit
high axial stresses, particularly in the X-loading direction. Therefore, the dampers are
placed as diagonal braces mainly in exterior frames. In this way, torsional vibrations may
be controlled more effectively. Furthermore, installing dampers at the same locations is
more practical and less costly [18]. Qualitatively, the larger the damping level, the more
bays are required for the damper placement. Due to the limited number of available bays
in exterior frames of the X-loading direction (e.g., a 1–1 frame) some of the dampers are
placed in the interior frames as well (e.g., a 3–3 frame).

To compare the performance of each retrofit case, only 10 ground motions were
employed. The dampers are modelled with the BilinearOilDamper material model. The
numerical material model used in this study for the simulation of bilinear oil dampers has
been validated with full scale shake table tests. More details can be found in Akcelyan
et al. [64]. Figure 10 shows the median peak SDRs for different design cases and for the
three examined damping levels. Referring to Figure 10a, a low damping level design
according to the effective SFPDD method still led to bottom story collapses of the prototype
building. Conversely, higher damping levels tend to reduce the drift concentrations along
the building height. In such cases, a uniform SDR profile can be achieved (see Figure 10c).
A higher damping level would minimize the inelastic deformations of the retrofitted steel
MRF building.
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Figure 10. Comparison of peak SDRs based on nine different retrofit schemes in the X-loading
direction, (a) low damping level, (b) medium damping level, (c) high damping level.

Balanced Vertical Damping Distribution

The effective SFPDD method assumes that the building will maintain its elastic stiff-
ness during an earthquake. This assumption may not be valid for low-probability-of-
occurrence seismic events. An appropriate distribution method should be effective for
seismic intensities associated with both serviceability and collapse prevention. In this sec-
tion, we propose a balanced distribution method (termed as balanced SFPDD). To compute
the loss stiffness based on the balanced SFPDD (K′′d,i,B) the weighted average of the loss

stiffness obtained from the effective (K′′d,i,E) and direct SFPDDs
(

K′′d,i,V

)
can be considered

as follows in Equation (9):

K′′d,i,B = γK′′d,i,E + (1− γ)K′′d,i,V (9)

where γ is a weight factor, ranging between 0 and 1. This parameter is dependent on
the expected inelastic displacement demands of the building under consideration. In
cases where the inelastic displacement demands are large (i.e., large ductility demands), γ
approaches 0 and the damping distribution is essentially identical with the direct SFPDD.
Otherwise, γ approaches unity. In the considered design scenarios, inelastic deformations
in the steel MRFs are expected. As such, a γ = 0.5 is assumed. An optimal γ factor selection
necessitates additional studies to quantify the effect of frame inelasticity on the effective
damping and response reduction. However, such studies are outside the scope of the
present work.

Figure 9g,h,i shows the damper design for the seismic retrofit of the tall building based
on the balanced SFPDD method for low, medium, and high damping levels, respectively.
Unlike the effective SFPDD method, providing supplemental damping at every story makes
the proposed retrofit solution more redundant.

Figure 10 suggests that the balanced SFPDD leads to a more-or-less uniform distribu-
tion regardless of the associated damping level. For high damping levels (see Figure 10c),
the earthquake-induced collapse is prevented regardless of the employed damping distri-
bution method.

The general consensus from the previous discussion is that the optimal retrofit strategy
for the tall building should be derived with the balanced vertical damping distribution
method. For this reason, three damping levels are considered. The results are based on
the full set of 40 selected ground motion records. Figure 11 shows the histogram of the
peak SDRs for low, medium, and high damping levels at the BSE-2E seismic intensity. For
comparison purposes, the non-retrofitted building response is superimposed in the same
figure. The results suggest that for peak SDR demands of 10% rad or higher, the number
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of collapses is reduced from 29 to 10, 4, and 0, in the case of the low, medium, and high
damping levels, respectively.

Figure 11. Comparison of peak SDRs at BSE-2E level for different damping levels.

6. Proposed Retrofit Solution

From the comparative study it can be inferred that at the medium damping level the
retrofitted building achieves, at minimum, the established seismic performance objectives
for the prototype building. This corresponds to the solution in Figure 9e. The following
sections present a detailed discussion on how the proposed solution affects the global and
local EDPs of the retrofitted building. Results are only presented for the X-loading direction
for the sake of brevity.

6.1. Seismic Assessment of the Retrofitted Building

Figures 12 and 13 illustrate the median and the 16th and 84th percentiles of the peak
story-based EDPs for a medium damping level obtained from NRHAs at the BSE-1E and
BSE-2E levels, respectively. From these figures, the peak SDRs in the upper stories are
mostly controlled by flexural deformations. At higher seismic intensities, the peak SDRs
migrate towards the lower stories (see Figure 13a), which is consistent with prior studies
on mid- and high-rise steel MRFs [48,50,65].

Referring to Figure 12a, the 84th peak SDR percentiles amplify in the lower stories.
Residual deformations, which are mainly observed in the bottom stories of the retrofitted
building, are below 0.2% at the BSE-2E level. Moreover, the retrofitted building did not
experience any collapse at the BSE-1E level. In 32 of the analyzed ground motion records,
the residual SDRs were less than 0.2%.

Figure 12. Engineering demand parameters of the retrofitted building (BSE-1E), (a) peak SDR,
(b) peak normalized story shear force, (c) peak absolute floor acceleration.
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Figure 13. Engineering demand parameters of the retrofitted building (BSE-2E), (a) peak SDR,
(b) peak normalized story shear force, (c) peak absolute floor acceleration.

Referring to Figures 12b and 13b, the median peak normalized base shear is 0.11 W
and 0.12 W at the BSE-1E and BSE-2E seismic intensities, respectively. Figures 12c and 13c
suggest that besides the roof, the median absolute floor acceleration demands are fairly
uniform along the building height regardless of the examined seismic intensity.

6.2. Local Engineering Demand Parameters

In this section, the focus is on the effectiveness of the employed retrofit solution on
local EDPs (i.e., beam plastic rotations, column axial force demands, column splice stresses,
peak damper stroke, damper forces, and post-relief velocities).

6.2.1. Beam Plastic Rotational Demands

Referring to Figure 14a, the peak beam plastic rotation is generally below their cor-
responding capping rotation in the upper stories, which is a significant improvement
compared to what was observed in the non-retrofitted building; however, considering
the 84th percentile response, the lower story beams exhibit high plastic rotation demands.
Many of them exceed their ultimate rotation capacity. Due to the non-uniform distribution
of the flexural deformations along the building height, the lower stories experience higher
shear deformation demands. This explains that dynamic instability occurred in four cases
that are associated with bottom story mechanisms at the BSE-2E level.

Figure 14. (a) Peak beam plastic rotations and (b) normalized peak compressive and (c) normalized
tensile column forces of the retrofitted building (BSE-2E).
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6.2.2. Column Axial Load Demands

Referring to Figure 14b, the column normalized compressive axial forces are higher
than those observed in the non-retrofitted building. This can be attributed to the lesser num-
ber of collapses in the retrofitted configuration, as the forces induced by the mechanisms
developed at beams are successfully transmitted through the columns to the bottom stories.
The peak values are more scattered compared to the non-retrofitted building. In many
cases, the peak compressive forces exceed the axial yield capacity Pye,c of the columns. From
Figure 14c, higher tensile forces are observed in only a few ground motions. In particular,
the tensile forces exceed 0.6 Tye,c. Figure 15a indicates the median column normalized peak
compressive forces for the retrofitted building in 1–1 frame columns. Figures 7a and 15a
depict the effect of damper placement on the column forces. In this case, the increase in
median column normalized peak compressive forces in B- and D-axis columns is larger
compared to the non-retrofitted building. This is more evident in the 1–1 frame, where
dampers are densely installed. For instance, as shown in Figure 7a at story 30 of the
non-retrofitted building, the exterior columns exhibit about 0.3 Pye,c, compressive force,
while this value in the B- and D-axis columns is about 0.2 Pye,c. For the retrofitted building,
although the compressive force in exterior columns remains the same, the B- and D-axis
columns experience relatively higher increase in compressive force, exceeding that of the
exterior columns. This increase is due to the additional forces that the framing members
experience due to the damper placement.

Figure 15. (a) Median column normalized peak compressive forces and median peak [%], (b) tensile
stresses at column splices of the retrofitted building [MPa] (BSE-2E).

The tensile forces at B-axis columns in the 1–1 frame slightly increase in comparison
to the non-retrofitted building. Nevertheless, the damper placement in internal bays
is a wise strategy to avoid further retrofit measures for the interior columns. There is
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practically no difference in the force demands in the majority of middle-interior C-axis
columns. This is achieved with the inverted-V diagonal placement of the dampers; thus,
if the damper sizes are identical, then the compressive and tensile damper forces cancel
each other out. For instance, in the upper stories of the 1–1 frame (i.e., from the 36th to 40th
stories, see Figure 15a) the dampers are single or do not have the same size; therefore, the
interior column compressive forces at story 36 increase from 0.10 Pye,c to 0.16 Pye,c in the
retrofitted configuration.

6.2.3. Column Splice Demands

As shown in Figure 15b the exterior column splices of the retrofitted building expe-
rience tensile stresses. However, there is a significant reduction in the tensile stresses in
the upper story column splices relative to the un-retrofitted case (see Figure 7b). This is
attributed to the prevention of collapse mechanisms in the upper stories of the building
due to the damper placement. From the same figure, while the reduction in the peak SDRs
of the retrofitted building configuration is considerable, the reduction in the tensile stress
demands at the column splices is modest. A seismic retrofit, based on the median building
response, would only require the seismic upgrading of the column splices in the lower half
exterior columns, which is a small fraction of the total.

6.2.4. Damper Stroke, Post-Relief Velocity Ratios and Forces

To compare with the damper stroke limits, the peak damper displacements umax
d,i,j are

computed. Figure 16a indicates the median values of the peak damper strokes at the BSE-2E
level. Referring to Figure 16a, the median of the peak damper displacement demands is
less than 30 mm, which is well below the smallest damper stroke limit (i.e., it typically
ranges from 60 mm to 120 mm).

Figure 16. (a) Median peak damper displacements [mm], (b) median response of peak damper
post-relief velocity ratio, and (c) median response of peak damper forces [KN] (BSE-2E).
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Another important parameter to be considered is the damper peak velocities and
the corresponding peak damper post-relief velocity ratio µmax

d,i,j . The allowable post-relief
velocity ratio of the dampers is 30 mm/sec, which corresponds to a µmax

d,i,j = 17. Figure 16b
indicates that the median values of the peak post-relief velocity ratio vary from 2.3 to
9.8. The ratio is around 3.0 in most of the mid-stories. The largest values are observed
in the lower and upper stories. Note that according to the SDF design via performance
curves, the expected post-relief velocity ratio is 1.5 at the medium damping level (see
Table 1). This implies that velocities at each level are amplified due to higher mode effects.
This emphasizes the advantage of using bilinear oil dampers over linear viscous dampers
for seismic retrofitting. Figure 16c shows the median peak damper forces. Although the
relief velocity is exceeded in all the dampers, unlike linear viscous dampers, the increase
in damper forces is very limited. In all cases, the resultant damper forces are below the
allowable damper forces. Figure 17 shows the force–displacement relation of oil dampers
in stories 10 and 40 in the building subjected to GM#32 (Westmorland Fire Station-360, 2010
El Mayor Cucapah Mexico Earthquake) scaled to the BSE-2E seismic intensity. The figure
demonstrates that the damper forces cap once they exceed their relief forces.

Figure 17. Damper force deformation relations for GM#32 at (a) story 10 and (b) story 40 (BSE-2E).

7. Summary and Conclusions

This paper provides a comprehensive seismic evaluation and multiple retrofit strate-
gies for an existing 40-story tall building with space steel moment-resisting frames (MRFs)
designed in early 1970s. The findings are used as recommendations for effective retrofit
strategies with bilinear oil dampers. The assessment is based on both global and local
engineering demand parameters (EDPs) of the prototype building. The main findings are
summarized as follows:

• Existing tall buildings are likely to have a high collapse risk based on the regional
seismic hazard due to lack of capacity design principles as well as inadequate structural
detailing at the time of construction. The 40-story building examined as part of the
present study had a probability of collapse of 72% at the BSE-2E level;

• Bottom story exterior columns are likely to experience high compressive and tensile
force demands due to dynamic overturning effects. Particularly, the compressive force
demands may reach up to the expected column yield strength. For the examined
40-story building, the axial load demands ranged, on average, from 0.8 Pye,c in com-
pression to 0.3 Tye,c in tension. Conversely, interior columns within the same stories
experience compressive axial forces up to 0.5 Pye,c;

• The simulation results suggest that there is no significant difference in column axial
loads between the BSE-1E and BSE-2E seismic intensities. Unless the reduction in
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SDRs is considerable, depending on the employed retrofit solution, the column axial
load demands are likely to remain high at the BSE-2E;

• Up to about 35% of the column splices were likely to experience brittle fractures at
the BSE-2E seismic intensity. On the other hand, a considerable number of interior
column splices are not susceptible to fracture;

• Oil dampers with relief valves were employed for the seismic retrofit of the examined
building. The damper design was carried out by using the MDF performance curves
method. Multiple retrofit solutions were exploited. A damping distribution method
was proposed, and a detailed seismic performance assessment of the retrofitted build-
ing was carried out via NRHA. The main findings are summarized as follows:

• For retrofits where the steel MRF still exhibits inelastic behavior, the effective shear
force proportional damping distribution is the most inefficient retrofit solution that
causes damage concentration at stories where dampers are not provided, particularly
at low and medium damping levels;

• For the retrofitted 40-story building, the proposed balanced shear force proportional
damping distribution method provided the most uniform peak SDR distribution,
while at the medium damping level the probability of collapse reduced from 72%
to 10% at the BSE-2E hazard level. The peak SDRs were mostly concentrated in the
bottom stories;

• At the BSE-2E hazard level, high axial force demands in the upper story columns of
the non-retrofitted building were minimized after the implementation of the seismic
retrofit solution. Conversely, compressive and tensile forces in the bottom exterior
columns were not reduced. Furthermore, the damper installation led to an increase in
the interior column forces. However, the difference in forces at mid-interior columns
was minimal due to the inverted-V damper configuration;

• On average, about 27% of column splices were found to be vulnerable at the BSE-
2E hazard level. Tensile stresses at upper story column splices were reduced. The
opposite was observed in the bottom story exterior columns. It is recommended to
strengthen the exterior column splices at the lower half of the building as well as the
first story columns;

• At the BSE-E hazard level, the median peak damper displacements were less than
50% of the damper stroke limits. Although the median values of the peak post-relief
velocity ratio were between 2.3 to 9.8, the corresponding damper forces were not large.
This underscores the main advantage of utilizing bilinear oil dampers for seismic
retrofit applications;
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