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SUMMARY

The potential of post-tensioned self-centering moment-resisting frames (SC-MRFs) and
viscous dampers to reduce the economic seismic losses in steel buildings is evaluated. The
evaluation is based on a prototype steel building designed using four different seismic-
resistant frames: (a) conventional moment resisting frames (MRFs); (b) MRFs with viscous
dampers; (c) SC-MRFs; or (d) SC-MRFs with viscous dampers. All frames are designed
according to Eurocode 8, and have the same column/beam cross-sections and similar periods
of vibration. Viscous dampers are designed to reduce the peak story drift under the design
basis earthquake (DBE) from 1.8% to 1.2%. Losses are estimated by developing vulnerability
functions according to the FEMA P-58 methodology, which considers uncertainties in
earthquake ground motion, structural response, and repair costs. Both the probability of
collapse and the probability of demolition due to excessive residual story drifts are taken into
account. Incremental dynamic analyses are conducted using models capable to simulate all
limit states up to collapse. A parametric study on the effect of the residual story drift
threshold beyond which is less expensive to rebuild a structure than to repair is also
conducted. It is shown that viscous dampers are more effective than post-tensioning for
seismic intensities equal or lower than the maximum considered earthquake (MCE). Post-
tensioning is effective in reducing repair costs only for seismic intensities higher than the
DBE. The paper also highlights the effectiveness of combining post-tensioning and
supplemental viscous damping by showing that the SC-MRF with viscous dampers achieves
significant repair cost reductions compared to the conventional MRF.
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1. INTRODUCTION

The February 2011 Christchurch earthquake confirmed that conventional seismic-resistant
structures, such as steel moment-resisting frames (MRFs), experience difficult-to-repair
damage due to large story drifts, residual story drifts, and inelastic deformations in structural
members. After that earthquake, a significant percentage of the buildings were declared
unusable, while the reconstruction cost was estimated approximately equal to 40 billion NZ
dollars [1-2]. These socio-economic losses highlight the need to use in practice more resilient
structural systems that are less vulnerable and easier to repair after strong earthquakes.

Steel self-centering moment-resisting frames (SC-MRFs) with post-tensioned (PT) beam-
column connections are a class of resilient seismic-resistant structures that eliminate beam
inelastic deformations and residual story drifts [3-13]. Practical performance-based seismic
design procedures for SC-MRFs are proposed in [14-15]. Another class of resilient structures
are steel MRFs with passive dampers, which reduce story drifts, and indirectly, inelastic
deformations and residual story drifts [16-19].

The combination of self-centering systems with passive dampers has been explored in few
research studies. Using viscous dampers in parallel to self-centering precast concrete base
rocking walls was proposed as an effective way to simultaneously control peak story drifts
and residual story drifts [20]. The parallel combination of hysteretic and viscous energy
dissipation, along with a friction slip mechanism in series connected to the viscous energy
dissipation mechanism, were found to improve the seismic performance of self-centering
systems [21]. A recent study shows that the combination of viscous dampers and steel SC-
MRFs leads to simultaneous control of inelastic deformations, peak story drifts, and residual
story drifts [22].

To properly assess the seismic resilience of a structural system, the actual economic
seismic losses should be rigorously estimated. This can be accomplished using procedures
that quantify and propagate uncertainties such as the early one developed by Porter et al. [23],
which uses nonlinear dynamic analyses, predicts damage at the component level using
fragility functions, and finally estimates the total building repair cost. This procedure was
further developed to become the PEER (Pacific Earthquake Engineering Research)
methodology that is now known as the 2" generation performance based earthquake
engineering (PBEE-2) [24]. Early studies on PBEE-2 showed that component damageability
and ground motion time histories have strong influence on loss uncertainty, while material
properties and other uncertainties in the structural model may have relatively little influence
[25-26]. Ramirez and Miranda [27] showed how the probability of having to demolish a
building as the result of excessive residual story drifts influences seismic loss estimation.
Furthermore, they conducted sensitivity analysis to show that the estimate of loss is more
sensitive to the median residual drift threshold for demolition rather than its dispersion. A
critical review of PBEE-2 and examination of its limitations has been conducted by Gunay
and Mosalam [28]. The state-of-art in economic seismic loss estimation is described by the
FEMA P-58 methodology that adopts PBEE-2 along with a database of structural and non-
structural component fragility functions and repair cost estimates [29].

The literature review shows that the potential of steel SC-MRFs with viscous dampers to
reduce economic seismic losses by simultaneously controlling structural and non-structural
damage has not been assessed and quantified. This quantification is of particular interest to
justify the design complexity in combining the post-tensioning and passive energy dissipation
technologies. To properly evaluate and compare the economic seismic losses of steel
buildings using either SC-MRFs with viscous dampers or conventional MRFs, a parametric
study on the effect of the assumed residual story drift value beyond which is less expensive to



rebuild a structure than to repair should be conducted. Moreover, the effect of the probability
of collapse due to dynamic instability should be considered.

In an attempt to partially address such issues, a prototype steel building is designed using
four different lateral load-resisting systems, i.e. conventional MRF and SC-MRF both with
and without viscous dampers. To achieve a fair comparison, design was performed for all
cases according to Eurocode 8, using the same member dimensions and having similar
periods of vibration. The results shed light on the potential of PT connections and
supplemental viscous damping to reduce repair costs under different definitions of the
demolition criterion and highlights the superior performance achieved when these two
technologies are combined. Seismic performance is compared at the level of vulnerability, i.e.
seismic loss given the seismic intensity. A more definite evaluation and comparison would
require completing the analysis by considering the seismic hazard at different potential sites.

2. SC-MRFs USING PT CONNECTIONS WITH WHPs

Figure 1(a) shows a SC-MRF using PT connections with web hourglass shape pins (WHPs)
and Figure 1(b) shows an exterior PT connection with WHPs. This connection has been
experimentally and numerically evaluated by Vasdravellis et al. [7-8]. Two high strength
steel bars located at the mid depth of the beam, one at each side of the beam web, pass
through holes drilled on the column flanges. The bars are post-tensioned and anchored to the
exterior columns. WHPs are inserted in aligned holes on the beam web and on supporting
plates welded to the column flanges. Energy is dissipated through inelastic bending of the
WHPs that have an optimized hourglass shape (Figure 1(c)) with enhanced fracture capacity
[30]. The beam web and flanges are reinforced with steel plates. The panel zone is
strengthened with doubler and continuity plates. A fin plate welded on the column flange and
bolted on the beam web is used for easy erection and resistance against gravity loads before
post-tensioning. Slotted holes on the beam web ensure negligible influence of the fin plate on
the PT connection hysteretic behavior.

The connection behavior is characterized by gap opening and closing in the beam-column
interface and re-centering capability as the result of the force in the PT bars. A discontinuous
steel-concrete composite slab is used to avoid damage in the slab as the gaps in the PT
connections open and close [22]. Figure 2(a) shows the free body diagram of an external PT
connection where di, and d1 are the distances of the upper and lower WHPs from the center
of rotation that is assumed to be at the inner edge of the beam flange reinforcing plates; dz is
the distance of the PT bars from the center of rotation; T is the total force in both PT bars;
Fwnp.u and Fwhp, are the forces in the upper and lower WHPs; Cr is the compressive force in
the beam-column interface; Vciu and Vcu are the shear forces in the upper and lower column,
M is the PT connection moment, V is the beam shear force; and N is the horizontal clamping
force that is transferred to the beam-column interface through the slab diaphragm and the
beam. Figure 2(b) shows the SC-MRF expansion due to rotations & in the PT connections.
Figure 2(c) shows the theoretical cyclic M-6 behavior of the PT connection. After
decompression of the PT connection (Point 1 in Figure 2(c)), gap opens and the behavior
becomes nonlinear elastic with rotational stiffness Si. At point 2, the upper WHPs yield and
M continues to increase with slope Sz. At point 3, the lower WHPs yield and M continues to
increase with slope Ss. When loading is reversed, the connection begins to unload until the
gap closes. Equations to calculate S;to Szand 61 to 65 are provided in [22].
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Figure 1. (a) SC-MRF; (b) exterior PT connection with WHPs; and (c) half WHP geometry.
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Figure 2. (a) Free body diagram of an external PT connection; (b) SC-MRF expansion and
horizontal forces equilibrium; and (c) theoretical cyclic M-8 behavior of the PT connection.

3. ECONOMIC SEISMIC LOSS ESTIMATION FRAMEWORK
3.1. Loss estimation framework
According to FEMA P-58 [29], the seismic losses for a building are split into: (a) structural

loss due to damage in load-carrying structural members; (b) non-structural loss due to
damage in non-load carrying components such as partitions, piping systems, etc.; and (c)



building contents loss. These losses are assessed using detailed component fragility functions,
i.e., functions of relevant engineering demand parameters (EDPs), such as the peak story drift
(0s,max) or the peak floor acceleration (PFA) occurred during an earthquake, that determine the
probability of violating a certain damage state (DS). Thus, for a given value of the chosen
seismic intensity measure (IM), each component is assigned with the corresponding
probability of being in any DS, which is then associated with a probabilistic cost function.
This function defines the cumulative distribution of the repair cost of the component for the
given DS. Summing up all component costs over the entire building yields the total economic
seismic loss (see Section 3.4 for more details).

3.2. Probability of collapse and probability of demolition

The probability of collapse can be explicitly incorporated in the loss estimation framework
following the methodology in [26], i.e. collapse is assumed to cause instant loss of the entire
building and its contents. The probability of demolition can be also explicitly incorporated
following the methodology in [27], i.e. by recognizing that the building will be demolished
when a critical value of the maximum residual story drift between all stories (Osyres) iS
exceeded. For example, McCormick et al. [31] concluded that in Japan it is generally less
expensive to rebuild a structure than to repair it when 6 es is higher than 0.5%. In this work,
the probability of having to demolish the structure conditioned on 6Osres, P(D|08syres), IS
assumed to follow a lognormal distribution with log-standard deviation (standard deviation of
the logarithm of the data) equal to 0.3 [27] and a median value equal to 0.5%, 1.0% and 1.5%
to allow a parametric study to be conducted.

3.3. Vulnerability functions

The mean annual frequency (MAF) of exceeding values of a decision variable (DV), such as
the repair cost or the loss ratio (i.e. repair cost over the building replacement cost), is
estimated as [24]:

dpy(DV 2dv)= [ [ [ G(dv|DM)|dG(DM [EDP)||dG(EDP|IM)| dA(IM)
IM DM EDP dIM

where Apv(DV > dv) is the MAF of exceeding a loss level dv for the given site and building.
G(dv|DM) is the probability of exceedance of dv given a damage measure DM. This
continuous DM was employed by Cornell and Krawinkler [24] for theoretical simplicity and
it is typically discretized in practice into two or more discrete damage states (DSs) per
component to simplify the assignment of associated repair costs. Thus G(DM|EDP), i.e., the
probability of exceedance of DM given an EDP, becomes G(DS|EDP), the familiar
component fragility function. Finally, G(EDP|IM) is the probability of exceedance of EDP
given an IM and A(IM) is the MAF of exceedance of the IM.

In this work, only a part of Equation (1) is used to assess the performance of a building in
an objective manner that does not depend on the site, i.e. using only the integrals of loss over
EDP and DM (or DS) without the final convolution with A(IM). The result is known as
vulnerability function, formally written as:

diM (1)

G(dv|IM) = [ G(dv|DM)|dG(DM|EDP)||dG(EDP|IM) | )

M fEDP
Vulnerability functions essentially represent entire distributions of the building loss at each
level of the IM. Thus, they can be visualized as continuous curves of any desired distribution
statistic given the IM, such as their 16%, 50% and 84% fractile values. Monte Carlo



Simulation (MCS) is used to evaluate the integrals in Equation (2). The MCS procedure
involves seven steps (see Section 3.4) and simulates all random variables in Equation (2) (i.e.
DV, EDP, DS) to finally compute DV for a wide range of IMs.

3.4. Steps of MCS procedure

Step (1): EDPs prediction. Incremental Dynamic Analysis (IDA) is conducted up to global
collapse for a large enough suite of ground motions (44 used in this study), while appropriate
interpolation [32] of the analysis results is employed to extract the distribution of the EDPs
(Osmax, PFA and 6sres) at any level of the IM. The spectral acceleration at the fundamental
period of vibration, Sa(T4), is chosen as IM following FEMA P-58 [29] guidelines. As no
scaling limit is employed, nor are the records carefully selected for a given site and intensity
level, this approach may be questionable for high levels of intensity, since sufficiency is not
assured [33]. Still, this is only an issue when convolution with seismic hazard is attempted
(Equation (1)). When using Sa(T1) solely for comparing the response or vulnerability of
buildings with close periods, similar levels of bias will creep in, thus cancelling each other
out when taking ratios, as attested, for example, by the spectral-shape correction formula of
FEMA P695. Thus, although the absolute values of loss estimated may become conservative
at high IM levels, their relevant sizes will remain valid for comparison.

Step (2): Estimate the total replacement cost of the building. The distribution of the
replacement cost of the building itself, considering only structural and non-structural
components, is estimated using data for new steel construction from [34]. This is augmented
by the distribution of the replacement cost for the building contents, as obtained from the
corresponding content repair cost functions at their most severe DS [29], indicative of
replacement. To combine them, Monte Carlo simulation is employed using uncorrelated
stratified sampling. Since we are not interested in the extreme values, but mainly in the first
few moments of the uncertain cost, the efficiency of stratified sampling [35] allows us to use
only N =40 samples from each constituent distribution to accurately capture the distribution
of the total building replacement cost (cost replacement new).

Step (3): Three-dimensional (3D) table ‘C’. A 3D table ‘C’ is created. The number of rows of
the table is equal to the IM values (60 Sa(T1) values from 0 to 4.0g) considered in the loss
estimation framework. The number of columns is equal to the number of ground motions
(Nrec) used to conduct the IDA in Step (1) (Nrec = 44 in this study), and the third dimension is
equal to N, the number of cost samples per distribution. The following steps describe how
table ‘C’ is filled with cost values.

Step (4): Incorporate the probability of collapse. If collapse has occurred for the i value of
IM and the j" ground motion, the C(i, j, 1:N) cells are filled by randomly permuting the N
total building replacement cost values from Step (2).

Step (5): Incorporate the probability of demolition given no collapse. 6sres is obtained for the
i value of IM and the j" ground motion to allow calculation of P(D|68sres). If collapse has
not already occurred (step 4), Ndgem (Where Ngem =P(D|68sres)-N) out of the N cells C(i, j, 1:N)
are randomly filled by using stratified sampling on the total building replacement cost
distribution.

Step (6): Estimate the total repair cost of the building given no collapse or demolition. A
number of DSs and corresponding fragility curves are defined for each structural, non-
structural and content component of the building using data available in FEMA P-58 [29].
For a specific value of an EDP (i.e. EDP;j) corresponding to the i"" value of IM and the j™
ground motion, the component fragility curve defines the probability G(DS|EDP;;) that the
component will experience damage equal or higher than that associated with a specific DS
(see Figures 3(a) and 3(b)). Subtracting these probabilities for two sequential DSs provides



the probability AG(DS|EDP;j) of the component to experience damage equal to that
associated with a DS (see Figure 3(c)). This probability is multiplied by (N-Ngem) to calculate
the number of repair cost values (out of N) associated with the DS. Repair cost values are
obtained from the cost function of the specific DS and component. Repeating this procedure
for all DSs results in N-Ngem repair cost values for the component. Repair costs for all
components are calculated using the aforementioned procedure and are added to provide the
total repair cost values used to fill the remaining N-Ngem empty cells of the C(i, j, 1:N) matrix,
respecting the desired correlation structure. Any of these total repair cost values should be
lower than randomly drawn samples of the total building replacement cost, otherwise the
former is replaced with the latter on a case-by-case basis.

Step (7): Quantile cost values at each IM. For all N-Nrc cost values at the same IM level,
quantile values at 16%, 50% and 84% (or any desired distribution statistic) are estimated and
plotted.
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Figure 3. Probability of a component to experience damage corresponding to a DS for a
specific value of EDP [28].

4. PROTOTYPE BUILDING AND DESIGN OF THE SEISMIC-RESISTANT
FRAMES

Figure 4(a) shows the plan view of a 5-story, 5-bay by 3-bay prototype steel building having
two identical perimeter seismic-resistant frames in the X' plan direction. The study focuses on
one perimeter seismic-resistant frame. This frame is designed as conventional MRF, MRF
with viscous dampers, SC-MRF, or SC-MRF with viscous dampers using existing practical
seismic design procedures [14-15, 22]. All these designs have the same cross sections.
Viscous dampers are installed in the interior gravity frames (with pinned beam-column
connections and pinned column bases) that are coupled with the perimeter seismic-resistant
frame through the floor diaphragm as shown in Figure 4(b). Inserting dampers in the gravity
frames (instead of in the seismic-resistant frames) essentially decouples the extensive design
checks of the seismic-resistant frame from the out-of-phase (velocity-dependent) peak
damper forces. It is noted that the estimated peak story drifts of the building with viscous
dampers do not depend on the position of the viscous dampers (i.e. in gravity frames or in
seismic-resistant frames) as the latter does not affect the value of the supplemental viscous
damping ratio. The building has ductile non-structural elements, and so, 6smax should be
lower than 0.75% under the frequently occurring earthquake (FOE) according to EC8 [36].
The DBE is expressed by the Type 1 elastic response spectrum of EC8 with peak ground
acceleration equal to 0.35g and ground type B. The FOE has intensity of 40% (reduction
factor v=0.4 in EC8) the intensity of the DBE. The maximum considered earthquake (MCE)
is taken to have an intensity of 150% the DBE. The model used for the design is based on the



centerline dimensions of the seismic-resistant frame without accounting for the finite panel
zone dimensions. The steel yield strength is equal to 355 MPa for the columns, 275 MPa for
beams, 930 MPa for PT bars, 235 MPa for the WHPs and 275 MPa for the beam reinforcing
plates. Nonlinear viscous dampers are designed with a horizontal configuration (as shown in
Figure 4(b)) and a velocity exponent equal to 0.5 to achieve a total damping ratio equal to
20% at the fundamental period of vibration, which is equal to T1=1.27s. The supplemental
equivalent damping ratio at the fundamental mode of vibration is calculated according to
[37]. The SC-MRF with dampers and the MRF with dampers have the same total damping
ratio. The inherent damping of all frames is 3%. The estimated #smax along all stories under
the DBE is equal to 1.2% and 1.8% for the frames with and without viscous dampers,
respectively. Design data of the frames are given in Table I.
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Figure 4. (a) Plan and (b) elevation view of the prototype building.

Table I. Design data of the steel MRF, SC-MRF and viscous dampers.

PT connections characteristics

Story cross sections PT PThar  WHPext. WHPint. WHP Reinf. plate  Reinf. plate X;;coeurz
force diameter  diameter  diameter length length thickness P
Beam Column  To(kN)  der (mm)  De(mm)  D;(mm) Lwnp (MM) Lo (Mm) trp (MMm) ¢ (kN-(s./m)°%)
1 IPE550 HEB650 1087 50 43 33 70 1392 35 2139
2 IPEGO0  HEB650 1256 60 46 36 70 1660 46 1641
3 IPE550 HEB650 1087 48 43 33 70 1416 35 1416
4 IPE500 HEBG600 941 38 41 30 70 1092 26 1102
5 IPE500  HEB600 941 36 39 28 70 743 22 810

It is assumed that the prototype building includes the structural components, non-
structural components and contents listed in Table 1. Table Il lists the type of component, the
associated FEMA P-58 identification (ID), the component units that the building includes per
story, and the associated EDP used to assess the component DS. Table Il lists the
components and total buildings costs.

Market research and engineering judgment are used to determine fragility and cost
functions for the PT connections, which are not provided by FEMA P-58. The DSs in the PT
connections are associated with the replacement of WHPs and the plastic hinge rotation, 6, at
the end of the beam flange reinforcing plate. 6y is associated to s max On the basis of pushover
analysis. Replacement of WHPs corresponds to only one DS associated with 6smax equal to
1.8% as WHPs have superior cyclic ductility and fracture capacity [30] and there is no need
for replacement at lower drifts. The cost functions related to 6, at the end of the beam flange
reinforcing plate were determined using mean and dispersion values from conventional
welded moment resisting connections. The labor and material cost of the WHPs, which is



negligible compared to the cost of other building components, has been used to determine the
cost function related to WHPs replacement. The contents cost functions have been developed
based on USA market prices. The cost of the dampers is based on their stroke and force
capacities, and results in a 2% increase of the building cost.

Table 11. Prototype building components per story.

MRF FEMA P-58 SC-MRF
components (ID) components units EDP
Steel column base plate B1031.011b B1031.011b 8  Osmax
Post-Northridge welded steel moment
connection, B1035.021 / PT connection,
beam one side None beam one side 4 O max
Post-Northridge welded steel moment
connection, B1035.031/ PT connection,
beams both sides None beams both sides 4 O max
Bolted shear tab gravity connections B1031.001 B1031.001 28 05 max
Curtain walls B2022.001 B2022.001 54 Osmax
Suspended ceiling C3032.003a C3032.003a 26 PFA
Cold water piping D2021.011a D2021.011a 1 PFA
Hot water piping D2022.012b D2022.012b 1 PFA
HVAC D3041.001a D3041.001a 3 PFA
Modular office work stations E2022.001 E2022.001 90 PFA
Unsecured fragile objects on shelves E2022.010 E2022.010 90 PFA
Electronic equipment on wall E2022.021 E2022.021 1 PFA
Desktop electronics E2022.022 E2022.022 90 PFA
Book case E2022.102a E2022.102a 90 PFA
Table 111. Components and total building costs ($-10°)
Component cost
Braces and Non-
MRF SC-MRF Gravity frames structural
dampers
elements
Cost 2.586 2.609 1.522 0.060 1.473
Total building cost
MRE MRF with SC-MRF SC-MRF with
dampers dampers
Cost 5.581 5.641 5.604 5.664

5. MODELS FOR NONLINEAR ANALYSES

Models for the SC-MRFs are developed in OpenSees [38] as shown in Figure 5. The columns
and the reinforced lengths of the beams are modelled as nonlinear force-based beam-column
fiber elements with bilinear elastoplastic stress-strain behavior. The assumption of stable
hysteresis for the columns is justified because heavy columns with webs and flanges of low
slenderness do not show cyclic deterioration even under large drifts (e.g. 9%) [39]. As it
shown in Section 6, all frames are close to global collapse for drifts of 9-10%, and therefore,
an attempt to model deterioration in columns for drifts higher than 9% would not change the



results of this study. The unreinforced lengths of the beams are modelled using force-based
beam-column fiber elements with end hinges [40]. The model in [41] is used for the stress-
strain cyclic behavior of the fibers to capture stiffness and strength deterioration due to beam
local buckling just after the end of the beam flange reinforcing plates. This modeling
approach results in smooth hysteretic curves for flexural members similar to that observed in
experiments [42]. Panel zones are modelled using the Krawinkler model [43]. To account for
P-A effects, the gravity columns associated with the SC-MRFs are modelled as lean-on
columns. Diaphragm action is modelled with truss elements connecting the lean-on columns
nodes to nodes defined along the length of the beams at the points where secondary beams
are placed. These trusses have stiffness of 100 times the axial beam stiffness. The dampers
are modelled with zero length viscous elements, while their supporting braces are modelled
with elastic braces, as they are strong enough to avoid buckling. In the analytical model, the
damper limit states caused by their stroke limit are not considered, i.e. it is assumed that
dampers will be manufactured with enough stroke to avoid reaching their limit states even
under very large story drifts.

A simplified model for the PT connections with WHPs has been adopted where the M-0
behavior of the PT connection is simulated by inserting 2 parallel rotational springs at the
beams ends (see Figure 5). These rotational springs simulate the contribution of the WHPs
and the PT bars on the overall rotational behavior of the PT connection. The accuracy of this
simplified model has been evaluated against the detailed model in [22], which is based on
contact and hysteretic springs at the beam-column interface. Figure 6(a) compares the base
shear coefficient (V/W; V: base shear and W: seismic weight) versus roof drift (6;) behaviors
from nonlinear monotonic static (pushover) analysis, while Figure 6(b) compares the V/W-6;
behaviors from nonlinear cyclic static (push-pull) analysis of the SC-MRF using either the
simplified or the detailed PT connection model.
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Figure 5. Simplified model for an exterior PT connection and the associated beams and
columns.

The connections of the conventional MRF are assumed to be rigid and have full strength,
while beams are modeled as elastic elements with zero length rotational springs at their ends
that exhibit strength and stiffness deterioration [41]. Columns and panel zones are modeled as
described above for the SC-MRF.

The OpenSees models for the SC-MRF and the conventional MRF include the effect of
the panel zone stiffness, and so, result in T1 values shorter than 1.27 s, which is based on the
centerline models used for design. T: from the OpenSees models is 0.94 s for the SC-MRF
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and 1.18 s for the MRF. A Rayleigh damping matrix was used to model the inherent 3%
critical damping at the first two modes of vibration.

(a) (b)
0.4 0.4
: o
—Detailed —Detailed
—Simplified ‘ —Simplified
00 5 10 042 0 2
0 (%) & (%)

Figure 6. Comparison of the (a) monotonic static (pushover) and the (b) cyclic static (push-
pull) behaviors of the SC-MRF using either the simplified or the detailed model in [22] for
the PT connections.

6. NONLINEAR STATIC AND INCREMENTAL DYNAMIC ANALYSES

6.1 Nonlinear static analysis
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Figure 7. Base shear coefficient - roof drift behavior from nonlinear monotonic (pushover)
static analysis.

Figure 7 shows the V/W-6; behavior of the SC-MRFs and the conventional MRFs with and
without viscous dampers from pushover analysis. Pushover curves are shown along with
structural limit states and 6r estimates under the FOE, DBE and MCE. Figure 7(a) shows the
pushover curve of the SC-MRF. WHPs yield at 6 equal to 0.2%, followed by column plastic
hinge at 6 equal to 1.0%. Plastic hinge at the end of the beam flange reinforcing plate occurs
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at 6 equal to 2.5%. The strength of the SC-MRF continues to increase up to &requal to 4.7%,
where beam local buckling occurs and strength deterioration initiates. PT bars do not yield as
beam plastic hinge rotations reduce gap opening and PT bar elongation. The peak V/W is
0.34. Viscous dampers do not affect the behavior of the SC-MRF under static loading, and so,
the SC-MRF with viscous dampers has the same pushover curve (see Figure 7(b)) with the
SC-MREF but its performance is better because of the reduction in &, estimates under the FOE,
DBE and MCE.

Figure 7(c) shows the pushover curve of the conventional MRF. Beam plastic hinge
occurs at 6 equal to 0.7%, followed by column plastic hinge formation at 6 equal to 1.0%
and beam local buckling at &r equal to 3.4%. The behavior of the conventional MRF is worse
than the behavior of the SC-MRF with the same cross-sections as all structural limit states are
reached at lower 6. The peak V/W is 0.26. The MRF with viscous dampers has the same
pushover curve (Figure 7(d)) with the MRF but its performance is better because of the
reduction in 6, estimates under the FOE, DBE and MCE.

6.2 Incremental dynamic analysis and collapse prediction

For all design cases, IDA was performed up to collapse under a set of 22 far-field ground
motions pairs (i.e. 44 time histories) used in the FEMA P695 project [44]. For each design
case and ground motion, the Sa(T1) collapse value at which s max increases without bound was
obtained. Each dynamic analysis was extended well beyond the actual earthquake time to
allow for damped free vibration decay and accurate 6sres calculation. Figure 8 shows the IDA
curves of all design cases.

(@) (b)

SC-MRF SC-MRF - Dampers

% 5 d0 15 % 0 (%/00) 15
s max (%) s,max
(© o MRF (d) MRF - Dampers
8

s.(T) @
N

= O —
% 5 10 15 0 0 (%,/00) 15
Qs,max (%) S,max

Figure 8. IDA curves of the (a) SC-MRF; (b) SC-MRF with viscous dampers; (¢) MRF; and
(d) MRF with viscous dampers.
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A collapse fragility curve is constructed by fitting a lognormal cumulative distribution
function to the Sa(T1) collapse values as shown in Figure 9(a) for the SC-MRF. Figure 9(b)
shows the collapse fragility curves of all design cases, where Sa(T1) is normalized by Samck,
i.e. the MCE spectral acceleration at T1. Beyond just simplifying the discussion to follow, this
normalization will also simplify the comparison of structures having (mildly, in this case)
different fundamental periods. Thus, the Sa(T1) at 50% probability of collapse is 5.5-Samce for
the SC-MRF with viscous dampers, 5.0-Samce for the MRF with viscous dampers, 4.5-Samce
for the SC-MRF and 3.6:Samce for the MRF. The results show that the SC-MRFs have
collapse resistance higher than that of the MRFs. It is also evident that supplemental viscous
damping significantly improves the collapse resistance of both the MRF and the SC-MRF.

a
@ , () |
2 $0.8
& &
e 306
=05 -
e ©0.4t -SC-MRF
S 8 —SC-MRF - Dampers
o a 0.2 --MRF
W _~MRF - Dampers
% s 8 12 % 10 20
a( 1) @) Sa(T1)/SaMCE

Figure 9. (a) Collapse fragility curve of to SC-MRF fitted to the Sa(T1) collapse values; (b)
collapse fragility curves of all design cases (Sa(T1) is normalized by Samce).

7. ECONOMIC SEISMIC LOSSES
7.1 Vulnerability functions

Figure 10 shows the vulnerability functions of the repair cost and loss ratio at 16%, 50% and
84% probability of exceedance for all frames. These results are obtained for median and
lognormal standard deviation values of the P(D|6sres) distribution equal to 0.5% [31] and 0.3
[27], respectively. The results clearly show three different regions of loss given IM. First is
the low-intensity gradually ascending part that is dominated by non-structural and contents
loss plus some early structural damage (mainly due to yielding). Second is the horizontal
plateau that appears when demolition (or collapse) starts becoming influential, quickly
accelerating losses to reach the total replacement cost. Finally, a near-vertical segment
indicates where the building has practically lost all value at high intensities, needing
replacement regardless of the specific value of the IM. In all cases, the introduction of
dampers clearly pushes the plateau to appear at higher IMs, thus delaying the need for
demolition. Post-tensioning seems to have a similar and actually additive beneficial effect.
Figure 10 shows that at 50% probability of exceedance, the repair cost of the MRF, the MRF
with viscous dampers, the SC-MRF, and the SC-MRF with viscous dampers quickly
accelerates after a seismic intensity of 0.9-MCE, 1.2-MCE, 1.9-MCE, and 2.8-MCE,
respectively.

Table VI presents repair cost values at 50% probability of exceedance for all design cases
and for different seismic intensities. Under the FOE and DBE, the SC-MRF has repair costs
similar to those of the MRF. Under the MCE and 2-MCE, the repair costs of the SC-MRF are
92% and 14% less than the repair costs of the MRF, respectively. For higher seismic
intensities, the SC-MRF and the MRF have similar repair costs. These results demonstrate
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that for a median value of the P(D|6sres) distribution equal to 0.5%, post-tensioning is
effective in reducing the repair cost for seismic intensities between the DBE and 2-MCE.
Under the FOE, DBE and MCE, the MRF with viscous dampers has 100%, 57% and 95%
less repair costs than those of the MRF. For seismic intensities equal or higher than the
2-MCE, the MRF and the MRF with viscous dampers have similar repair costs. These results
demonstrate that for a median value of the P(D|6srs) distribution equal to 0.5%,
supplemental viscous damping is effective in reducing the repair cost for seismic intensities
lower than 2-MCE. Moreover, Table IV shows that the SC-MRF with viscous dampers has
the best performance with repair costs significantly lower than those of the MRF for seismic
intensities lower than 3-MCE.

16% probability of exceedance 16% probability of exceedance
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Repair cost ($) x 10° Loss ratio
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Figure 10. Vulnerability functions of the repair cost and loss ratio at 16%, 50% and 84%
probability of exceedance (the P(D | 6s.res) distribution has median value equal to 0.5%).
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Table IV. Repair cost (in $ (10°)) at 50% probability of exceedance for different seismic
intensities (the P(D | 6s.res) distribution has median value equal to 0.5%).

Design cases FOE DBE MCE 2-MCE 3-MCE 4-MCE
MRF 0.01 0.14  5.36 6.46 6.67 6.68
MRF - Dampers 0.00 0.06 0.25 6.46 6.67 6.73
SC-MRF 0.01 0.13 045 5.54 6.49 6.66
SC-MRF - Dampers  0.00 0.04 0.16 1.28 5.72 6.54

7.2 Sensitivity of loss estimates to changes in the probability of demolition

To examine the sensitivity of the economic seismic loss to the probability of demolition,
additional loss analyses are conducted using median vales of the P(D|6s res) distribution equal
to 1.0% and 1.5%, while holding the dispersion constant at 0.3. Figures 11 and 12 show
vulnerability functions of the repair cost and loss ratio at 50% probability of exceedance for
median values of the P(D|6sres) equal to 1.0% and 1.5%, respectively. Figure 11 shows that
at 50% probability of exceedance, the repair costs of the MRF, the MRF with viscous
dampers, the SC-MRF, and the SC-MRF with viscous dampers significantly increase after a
seismic intensity of 1.5-MCE, 1.6-MCE, 2.5-MCE, and 3.3-MCE, respectively. The
corresponding seismic intensities in Figure 12 are equal to 1.7-MCE, 1.9-MCE, 3.0-MCE,
and 3.7-MCE, respectively.
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Figure 11. Vulnerability functions of the repair cost and loss ratio at 50% probability of
exceedance (the P(D|6s.res) distribution has median value equal to 1.0%).
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Figure 12. Vulnerability functions of the repair cost and loss ratio at 50% probability of
exceedance (the P(D|6s.res) distribution has median value equal to 1.5%).

Table V presents repair cost values at 50% probability of exceedance for all design cases
and for a median value of the P(D | 6ses) distribution equal to 1.0%. Under the FOE, DBE and
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MCE, the SC-MRF has similar repair costs with those of the MRF. Under the 2-MCE, the
SC-MRF has 64% less repair costs than those of the MRF. For seismic intensities higher than
3-MCE, the SC-MRF and the MRF have similar repair costs. These results demonstrate that
for a median value of the P(D | 6sres) distribution equal to 1.0%, post-tensioning is effective in
reducing the repair cost for seismic intensities between the MCE and 3-MCE. Under the
FOE, DBE and MCE, the MRF with viscous dampers has 100%, 73% and 67% less repair
costs than those of the MRF. For seismic intensities higher than 2-MCE, the MRF with
viscous dampers and the MRF have similar repair costs. These results demonstrate that for a
median value of the P(D|6sres) distribution equal to 1.0%, supplemental viscous damping is
effective in reducing the repair cost for seismic intensities lower than 2-MCE. Table V also
shows that the SC-MRF with viscous dampers has the best performance with significantly
lower repair costs than those of the MRF for seismic intensities lower than 4-MCE.

Table V. Repair cost (in $ (10°)) at 50% probability of exceedance for different seismic
intensities (the P(D | 6s.res) distribution has median value equal to 1.0%).

Design cases SaFoE  SapBe  Samce 2+ SaMcE 3+ SaMcE 4- Sgmce
MRF 0.01 0.15 0.54 6.11 6.59 6.65
MRF - Dampers 0.00 004 0.8 6.00 6.57 6.68
SC-MRF 0.01 0.12 0.45 2.20 5.94 6.54
SC-MRF - Dampers  0.00 0.04 0.16 1.22 2.70 6.11

The results in Table VI show that under the FOE, DBE and MCE, the SC-MRF has repair
costs similar to those of the MRF. Under the 2-MCE, 3-MCE and 4-MCE, the SC-MRF has
74%, 55% and 12% less repair costs than those of the MRF. These results demonstrate that
for a median value of the P(D|6sres) distribution equal to 1.5%, post-tensioning is effective in
reducing the repair cost for seismic intensities between the MCE and 4-MCE. Under the
FOE, DBE, MCE and 2-MCE, the MRF with viscous dampers has 100%, 75%, 75% and
29% less repair costs than those of the MRF. For seismic intensities higher than 3-MCE, the
MRF with viscous dampers and the MRF have similar repair costs. These results demonstrate
that for a median value of the P(D|0syres) distribution equal to 1.5%, supplemental viscous
damping is effective in reducing the repair cost for seismic intensities lower than 3-MCE.
Table VI also shows that the SC-MRF with viscous dampers has the best performance with
significantly lower repair costs than those of the MRF for seismic intensities equal or lower
than 4-MCE.

Table VI. Repair cost (in $ (10°)) at 50% probability of exceedance for different seismic
intensities (the P(D | 6s.res) distribution has median value equal to 1.5%).

Design cases SaFoE  SapBe  Samce 2+ SaMmce 3- SaMcE 4- Sgmce
MRF 0.01 0.16 0.51 5.67 6.46 6.53
MRF - Dampers 0.00 004 013 4.05 6.38 6.60
SC-MRF 0.01 0.12 0.44 1.50 2.88 5.72
SC-MRF - Dampers  0.00 0.04 0.15 0.66 1.79 3.04

A careful comparison among the results of Tables IV, V, and VI shows that supplemental
viscous damping is more effective than post-tensioning in reducing the repair cost for seismic
intensities equal or lower than the MCE. The opposite is true for seismic intensities higher
than 2-MCE. The effectiveness of post-tensioning increases as the median of the P(D|6s res)
distribution increases for seismic intensities equal or higher than the 2-MCE. Moreover, the
effectiveness of viscous damping is not clearly affected by the median of the P(D|6sres)
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distribution. In addition, the repair cost of the MRF under the MCE is significantly increased
with a decrease of the median of the P(D|0s res) distribution from 1.0% to 0.5%. It should be
highlighted that seismic intensities higher than MCE have a very low probability of
occurrence, yet the paper examines such high seismic intensities to identify the intensity level
after which the repair cost of the low-damage SC-MRF with viscous dampers quickly
accelerates.

8. CONCLUSIONS

The potential of SC-MRFs and viscous dampers to reduce the economic seismic losses in
steel buildings has been evaluated. The evaluation is based on a 5-story prototype steel
building designed to use different seismic-resistant frames, i.e.: conventional MRFs; MRFs
with viscous dampers; SC-MRFs; or SC-MRFs with viscous dampers. These frames were
designed according to Eurocode 8, and have the same beam/column cross-sections and
similar periods of vibration. The SC-MRF has similar initial stiffness but higher post-yield
stiffness and peak base shear coefficient than the conventional MRF. Viscous dampers are
designed to achieve a total damping ratio of 20% at the fundamental mode of vibration. The
estimated peak story drift under the design earthquake for the frames with and without
dampers is 1.2% and 1.8%, respectively. Incremental dynamic analyses have been conducted
using models capable of simulating all structural limit states up to collapse. The economic

losses are estimated by developing vulnerability functions according to the FEMA P-58

methodology, which considers uncertainties in earthquake ground motion, structural

response, and repair costs. Both the probability of sidesway collapse and the probability of

demolition due to excessive residual story drifts are taken into account. Moreover, a

parametric study on the effect of the assumed residual story drift value beyond which is less

expensive to rebuild a structure than to repair has been conducted. In particular, the

probability of having to demolish the building conditioned to residual story drift, i.e.

P(D]60s res), was assumed to follow a lognormal distribution with median values of 0.5%, 1.0%

and 1.5%.

Based on the results presented in this paper and given the properties of the steel frames
and ground motions as well as the assumptions used in loss analyses, the following
conclusions are drawn:

1. The SC-MRF has higher collapse resistance than that of the MRF, while the use of
viscous dampers results in higher collapse resistance for both the MRF and the SC-MRF.
The 50% probability of collapse is associated with seismic intensities of 5.5-MCE for the
SC-MRF with viscous dampers; 5.0-MCE for the MRF with viscous dampers; 4.5-MCE
for the SC-MRF; and 3.6-MCE for the MRF.

2. Three distinct regions of loss given IM are identified, i.e. a low-intensity gradually
ascending part that is dominated by non-structural and contents loss plus some early
structural damage, followed by a horizontal plateau that appears when demolition (or
collapse) starts becoming influential, quickly accelerating losses to reach the total
replacement cost. Finally, a near-vertical segment shows where the building has
practically lost all value, indicating the need for replacement regardless of the specific
value of the IM.

3. The repair cost of the conventional MRF under the MCE significantly increases with a
decrease of the median value of the P(D|6s res) distribution from 1.0% to 0.5%.

4. Viscous dampers are effective in reducing the repair cost for practically all seismic
intensities and regardless of the assumed median value of the P(D| 6 es) distribution.

5. For a median value of the P(D|6srs) distribution equal to 0.5%, post-tensioning is
effective in reducing the repair cost for seismic intensities higher than the DBE.
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For median values of the P(D| 6ses) distribution equal to 1.0% and 1.5%, post-tensioning
is effective in reducing the repair cost for seismic intensities higher than the MCE.
Supplemental viscous damping is more effective than post-tensioning in reducing the
repair cost for seismic intensities equal or lower than the MCE.

The SC-MRF with viscous dampers has superior seismic performance for all seismic
intensities. For example, under the DBE and MCE and for all the median values of the
P(D|6sres) distribution, the SC-MRF with viscous dampers achieves repair costs, which
are 70% to 100% less than the repair cost of the conventional MRF.
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