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Abstract

Despite their importance, the implication of force-controlled component failure to the overall performance of
controlled rocking steel braced frames (CRSBF) has not been examined in prior studies. This paper presents a
reliability-based methodology for quantifying the relationship between the response of CRSBF force-controlled
components (frame beams, columns and braces) and system-level performance. Structural response simulation of
nonlinear models constructed in OpenSees are used to investigate the relationship between the behavior of the
CRSBF components and these system-level performance metrics. Vulnerability- and risk-based assessments of the
collapse and unsafe placard trigger (UPT) limit states are performed with and without considering the possibility
of force-controlled component failure, while varying the ratio between the resistance and load factors ¢ /y used in
their design. The results from a case study using 3-, 6- and 9-story CRSBFs showed that force-controlled
component response had a larger influence on collapse safety compared to unsafe placard assignment. Also, for
both these limit states, the effect of force-controlled component behavior was lower for taller buildings.

Keywords: controlled rocking braced frame; reliability-based assessment; collapse safety; post-earthquake
structural safety

1. Introduction

The controlled rocking steel braced frame (CRSBF) has been the subject of numerous research investigations.
Its predictable response and viability as a high-performance structural system has been demonstrated through
component- and system-level physical experiments (e.g., [1, 2]). The effect of design parameters such as the
aspect ratio, response modification factor and initial post-tensioning force, has also been examined using
numerical simulations [e.g. 3, 4]. To enable its implementation in industry building projects, design
methodologies and simplified analysis procedures for CRSBFs have been developed (e.g., [5, 6, 7]).

Despite the significant amount of research that has been done on CRSBFs to date, there are several
guestions related to their design and assessment that have not been addressed. One of the least-studied aspects
of CRSBFs is the ability of the braced frame components (beams, columns and braces) to avoid damage when
the system experiences moderate-to-severe levels of earthquake shaking. Unlike the fuse and (to a lesser
extent) post-tensioning (PT) strands, which are designed and constructed to be replaceable, repairing or
replacing elements of the braced frame after an earthquake is a significant undertaking that has strong
implications to direct and indirect (due to downtime) economic losses. Therefore, these components are
designed using capacity-designed principles with the intent that they remain essentially elastic during
moderate-to-severe ground shaking. The research that has been done to date on the braced frame components
of CRSBFs has focused on developing methodologies to estimate their design forces and mitigating the effects
of higher mode response in taller buildings.

This paper proposes a reliability-based approach to determining the demand and capacity levels used
to design the force-controlled components (braced frame elements) of CRSBFs. A key departure from the
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abovementioned studies on this topic is that an explicit link between the force-controlled component behavior
and system-level performance (collapse and post-earthquake structural safety) is established. This probabilistic
relationship directly informs the demand levels and (if necessary) resistance factors used to design the rocking
frame elements. First, the reliability-based methodology is presented, which assesses the effect of the load and
resistance factors used to design the CRSBF force-controlled members on system-level performance. Next,
the adopted building cases, structural modeling and analyses are discussed. Lastly, a case study is presented
and the key findings are summarized in the conclusion.

2. Reliability-based design of force-controlled components in controlled rocking steel
braced frames

2.1 Overview of the proposed methodology

An overview of the proposed reliability-based methodology is presented in Fig. 1. Relevant aspects of the
FEMA P695 guidelines [8] (for assessing collapse performance), the FEMA P58 [9] framework (for assessing
post-earthquake structural safety or unsafe placard triggered) and the LRFD component reliability
methodology are integrated. The goal is to determine appropriate load (y) and resistance (¢) factors for the
beams, columns and braces of the rocking frame that are consistent with the targets set for system level
reliability. Assuming a lognormal distribution governs the probabilistic demands and capacities of the braced
frame elements, the LRFD methodology describes the relationship between the component reliability index
(B), the load and resistance factors and the statistical demand and capacity parameters using the following Eq.

).
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D and C,, and D,, and C,, are the median and nominal values of the component demand and capacity,
respectively, a;,- and gy, are the lognormal standard deviations and p is the correlation between the demand
and capacity.

Eqg. (1) can be rearranged to compute the 8 value that corresponds to the y /¢ used to design the CRSBF
braced frame elements. For a predefined ground motion intensity level, D,, can be obtained from nonlinear
response history analyses (NRHAS) using a median structural model that incorporates expected strengths for
the yielding elements. D,, is the nominal demand on the rocking frame elements, which is computed based on
the maximum expected overturning resistance provided by the PT (Fpt) and fuse force (Ff) and the gravity
load on the frame (Pp). The equivalent static procedure developed by Steele and Wiebe (2016) [10] is adopted
for this purpose.

C /C, represents the ratio between the median and nominal capacity of the force-controlled elements
and is obtained from statistical analysis of experimental data, which is also used to determine the dispersion
in the capacity of the force-controlled component (o;,,¢). The dispersion in the force-controlled component
demand (o;,,p) can include record-to-record (obtained from NRHAS) and other sources (e.g. material strength
parameter) of uncertainty. However, only the former is considered in this study. Since the data needed to
quantify the correlation between the demand and capacity (p) is unavailable, they are assumed uncorrelated.

Having determined the values of the parameters in Eg. (1), 8 is used to compute the failure probability
for the force-controlled component of interest [P(D > C) = ®(—f)], where ®( ) is the standard normal
cumulative distribution function. The next step is to compute the probability of exceeding some system-level
limit state when the failure of the force-controlled components is included, P(LS;|IM), (adapted from
Victorsson et al. 2011, [11]).
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P(LS;|IM) = P(LS; 5ys|IM) + P(LS; psc|D > C)P(D > C|IM) (2)

P(LSL-YSySUM) is the probability that limit state i is exceeded conditioned on the intensity level, IM,
when the failure of force-controlled components are excluded. i = 1 corresponds to an unsafe placard being
triggered because of structural damage and i = 2 represents collapse. P(LSL-'D>C|D > C) is the probability that
limit state i is triggered because of demand exceeding capacity in the force-controlled component and
P(D > C|IM) is the probability of demand exceeding capacity in the force-controlled component conditioned
on the IM, which is computed using the g value from Eq. (1). The steps needed to generate fragility functions
for LS; and LS; s, are detailed later. By integrating these two fragilities with an appropriate hazard curve, the
limit state exceedance risks (e.g. probability of collapse in 50 years) with and without consideration given to
force-controlled component failure is obtained. The incremental risk added by force-controlled component (in
addition to the total risk) is used as the basis for determining the appropriate ¢ /y to be used in the capacity-
design process.

| Assume value of ¢ /y |
I

)
Compute S|IM and
P(D > C) using Equation 1

l

Develop limit state fragilities w/ and w/o
force—controlled component failure
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l

Integrate limit state fragilities with hazard curve to
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Fig. 1 — Overview of framework for reliability-based determination of load and resistance factors for
capacity-designed components of CRSBF

3. Description and design of building cases
3.1 Description of building cases

The reliability-based methodology is applied to 3-, 6- and 9-story CRSBF cases. The three buildings have
identical plan dimensions, story heights, gravity loads and framing layout, which are similar to the steel
framing configuration used by Gupta and Krawinkler (1999) [12]. All bays are 6.1m wide and the typical story
height is 3.96m. The total seismic weights are 13,112kN, 25,868kN and 38,617kN for the 3-, 6- and 9-story
buildings, respectively. The 3-story case has two rocking frames in each direction and the 6- and 9-story cases
have four. The rocking frames are all located on the perimeter of the building. The frames are configured with
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the PT located at the center of the bay. A single shear fuse [2] located mid-bay at the base of the structure is
used in each frame for all three building cases.

3.2 Design of building cases

The design loads are based on the ASCE 7-16 [13] standard and the seismicity parameters are taken as Sg =
1.5 and S; = 0.6 with Site Class D (stiff) soil. The designs are based on Risk Category Il and Seismic Design
Category D with a response modification factor R = 8, drift amplification factor C, = 5, and importance
factor, I = 1.0.

With the exception of the approach used to compute the forces in the beams, columns and braces of the
rocking frame, the design procedure presented in Ma et al. (2011) [2] is adopted. The number and size of the
PT strands are selected such that they will remain elastic for an uplift ratio corresponding to the drift limit at
the maximum considered earthquake (MCE) hazard level, 8-z = 2.5%. The effective width of the fuse is
determined such that the shear deformation demand corresponding to 6,,-r does not exceed 20% [2]. The
design drifts are estimated using the iterative approach developed by Ma et al (2011) [2]. The equivalent static
procedure developed by Steele and Wiebe (2016) [10] is used to compute the design forces for the beams,
columns and braces of the rocking frame.

4. Structural modeling, seismic hazard and ground motions

4.1 Structural modeling

Two-dimensional nonlinear structural models are developed in OpenSees for the three building cases. A
schematic representation of the numerical model for the 3-story building case is shown in Fig. 2. To evaluate
the effect of force-controlled component failure on system level performance, four sets of models are needed
for each building case. For one of the models, the inelastic behavior of the three force-controlled components
is excluded (“All-Elastic” in Table 1). This model uses linear elastic beam-column elements for the braces,
beams and columns. The other models are developed to consider the inelastic response for each type of force-
controlled element. The combinations of inelastic versus elastic rocking frame components used in each type
of model is summarized in Table 1. The models identified as “Brace-NL”, “Beam-NL”, and “Column-NL"
only consider material nonlinearity in braces, beams, and columns respectively. For the “All-Inelastic” model,
material nonlinearity is incorporated in all three force-controlled elements.

For the models where their inelastic response is considered, the beams, columns, and braces are
represented using fiber cross sections that incorporate the Giufrré—~Menegotto—Pinto material model with 0.3%
strain hardening and expected strengths of R, F, (Ry =1.1and F, = 308.2 N/mmz). Brace buckling is
captured by incorporating corotational transformations and initial imperfections. The discretization of the
brace elements along the length and the numbers of fibers and integration points are based on the
recommendations by Uriz et al. (2008) [14]. Brace fracture resulting from low-cycle fatigue is captured using
the model by Uriz (2005) [15]. Pinned connections are used at the end of the braces and beam-column
connections and rigid elastic elements are placed in the region of the gusset plate at the ends of the beams,
columns and braces.

The PT strands are modeled using corotational trusses with hook elements (tension only) and a
multilinear material to capture initial and complete fracture [2]. The expected yield stress ( fy, f), initial fracture
stress (f;, s ) and elastic modulus of the PT material are 1657.4 N/mm?, 1861.6 N/mm? and 195 KN /mm?,
respectively. The corresponding yield (e, ;) and initial fracture (e, /) strains are 0.87% and 1%,
respectively. Upon initial fracture, the PT degrades to zero stress at a strain value of 5%. The behavior of the

energy-dissipating fuses is represented using the assembly model proposed by Ma et al. (2011) [2], which
includes a truss element to capture axial stiffness and a beam element with large flexural stiffness and rotational
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springs on each end. Expected strengths of R, F, (Ry = 1.1and F, = 308.2 N/mmz) are also used for the
fuse material. The expected yield strength and initial stiffness of the fuse is calculated based on its geometric
properties. The shear deformation at initial and ultimate fuse fracture (zero stress) are y, = 0.35 and ym = 0.5,
respectively. The post yield stiffness of the fuse is taken to be 4% of the initial stiffness [2].

Rocking behavior is simulated using compression-only gap elements placed at the base of each column.
These gap elements have zero tensile stiffness and are near-rigid in compression. Rayleigh damping is used
with 2% of critical damping applied to the first and third modes. A leaning column is placed on each side of
the rocking frame to capture the destabilizing effect of gravity loads on frames not included in the structural
model. Pin-ended strut elements are used to connect the rocking frame to the leaning columns.

PT truss element with
multilinear material andhm

. Leaning:
(tension-only) element at end N
column

Linear or nonlinear \

beam-column element Linear elastic element

with initial imperfection w/ or w/o nonlinear
flexural hinge

N vn/

L—Fuse assembly
model

d
Gap element ,7|’7 I7JI7

Fig. 2 — Schematic representation of the numerical model for the 3-story CRSBF

Rigid element

111

Table 1 — Summary of model cases with and without consideration of inelastic response in force-controlled

components
Braces Beams Columns
Model ID Elastic Nonlinear Initial Fracture Elastic Nonlinear | Elastic Nonlinear
Elements | Elements Imperfection | Considered | Elements | Elements | Elements [ Elements
All-Elastic v X X X v X v X
All-Inelastic X v v v X v X v
Brace-NL X v V' V' V' X v X
Beam-NL Vi X X X X v v X
Column-NL v X X X v X X v

V: Included in model
X: Not included in model

4.2 Seismic hazard, ground motions and nonlinear response history analyses

The results from nonlinear response history analyses are to compute the reliability index (more specifically,
D ) for the force-controlled components (Eq. (1)) and the system-level limit state fragility functions (Eq. (2)).
The forty-four (twenty-two pairs) far-field ground motions specified in the FEMA P695 [8] guidelines are
used for this purpose. The spectral acceleration corresponding to the first mode period (Say,) is used as the
ground motion intensity measure (1IM).

To support a risk-based assessment of the impact of force-controlled component failure on system
performance, a site-specific hazard curve is incorporated based on Sa;,. The hazard curve corresponding to
the first-mode periods of the three building cases is used for a Los Angeles site (33.58, -118.19).
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5. Application of reliability-based capacity design methodology

This section applies the reliability-based methodology to the three building cases. As previously noted, the
outcome is a quantitative relationship between ¢/y and the system-level vulnerability and risk-based
performance. Initially, the procedure is described and intermediate results are presented for the case
where ¢/y = 0.9 (¢ = 0.9,y = 1) and p = 0. The results for a range of ¢/y values are summarized and
discussed and the implications of non-zero p values are also examined. The value of y reflects the hazard-level
that is used to determine the design forces for the force-controlled components. In prior studies (e.g., [1, 2,
10]), the MCE hazard level has been used as the default and is therefore associated with y = 1 herein. The y
value for other hazard levels is taken as the ratio between the corresponding Say, and Syr. Since ¢ is
structural-system-agnostic and assessed based on a broad set of considerations not explicitly related to CRBFs,
it is assumed that a value of 0.9 will always be used. Therefore, the target ¢ /y will be achieved by considering
y as the variable parameter. In other words, the hazard level used to determine the force-controlled component
design forces will be the control factor that is used to achieve the desired ¢ /y value.

5.1 Computing g and P(D > C)

The value of g and P(D > C) corresponding to ¢/y = 0.9 is computed for a range of intensity levels. For
this purpose, incremental dynamic analyses (IDAs) are performed using the structural model where the
inelastic response of the force-controlled components is not included (“All Elastic” in Table 1). In other words,

| the beams, columns and braces of the rocking frame are modeled using linear elastic elements._Using the
results from the set of forty-four ground motions, the median (D,,,) and log-standard deviation (a;,,) of the
demand in each type of element is computed. C,,/C,, is taken as 1.87 [16] and oy, is taken as 0.15 [11] for
the axial capacity of the members. D,, is computed using the Steele and Wiebe (2016) [10] methodology
described earlier.

Eqg. (1) is used to compute the value of § conditioned on the intensity-level and component type. The
values are then used to obtain P(D > () using the following relationship: P(D > C) = ®(—p). Fig. 3 shows
plots of the maximum-value envelope (i.e. maximum value at each intensity considering all elements in all
stories) of P(D > C) versus Sar, normalized by the Sy, for the axial force in the braces, beams and
columns. For the 3-,6-, and 9- story buildings, P(D > C) is generally highest in the beams and braces. For the
latter, the MCE level P(D > () is 0.38, 0.37 and 0.34 for the 3-, 6- and 9-story building, respectively. At the
same intensity, the P(D > C) values in the beams are 81% of the brace values. The columns have the lowest
P(D > C) with MCE level values of 0.036, 0.044 and 0.028 for the 3-, 6- and 9-story buildings, respectively.
The lower P(D > C) values in the columns relative to the beams and braces is explained by comparing the
dispersion in the force demands in the three components which is one of the inputs in Eq. (1). More specifically,
the dispersion in the column force demands (o;,,) is approximately 30% that of the beams and braces at the

MCE level.
—Braces - - -Beams - Columns

067 06 s
o 0.4 o< 0.4 _
O ’
A s
e ’
B 02 //° s 02

0 0 0
0 05 1 15 2 25 0 05115 2 25 0 05115 2 25
SaT1/SaNIT SaT1/SaMT SaT1/SaNIT
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Fig. 3— Maximum of P(D > C) versus Sar,/Sa,r corresponding to axial forces in force-controlled
components (a) 3-, (b) 6- and (c) 9-story building cases
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5.2 Impact of force-controlled component failure on system-level performance

The impact of force-controlled component behavior on the CRSBF system-level performance is quantified by
computing the incremental risk caused by failure of the rocking frame beams, columns and braces. The first
step in this sub-process is to develop limit state fragility functions with and without considering failure in each
component. Collapse and post-earthquake structural safety (or unsafe placard triggered by structural damage)
are the two system-level limit states considered. The expectation is that the CRSBF capacity-design criteria
will be different for the two limit states. More specifically, if the same acceptable risk-threshold is assumed,
the required ¢ /y is expected to be smaller (i.e. a more conservative design) for the unsafe placard limit state.

5.2.1 Collapse safety

Collapse fragility functions are developed without considering force-controlled component failure
[i.e. P(Collapseg,s|IM)] using the same structural model (All-Elastic) and IDA results described earlier. Fig.
4 shows the fragility curve obtained from the All-Elastic model for the three building cases after incorporating
SSF and Bror. The intensity levels on the horizontal axis are normalized by the Sy,+. The 3-, 6-, and 9-story
buildings have adjusted collapse margin ratios (CMRSyS) of 3.1, 4.5, 5.0 respectively.

1r

—CRSBF-38 " _--u
o8t -CRSBF-6S L
% RSB — CRSBF-9S
5]
O 0.6
k]
2
= 0.4rF
(0]
Qo
<)
02

o

Sar /Syr

Figure 4 — Collapse fragility curves for “All-Elastic” 3-, 6- and 9 story buildings cases i.e. force-controlled
component failure not considered

Multiple numerical models and analysis cases are needed to compute the incremental collapse fragility
caused by force-controlled-component-failure [i.e.P(Collapsepsc|D > C)P(D > C|IM)] . A different
structural model is needed for each type of component and loading mechanism. For instance, to assess the
relationship between brace ¢/y and collapse performance, the All-Elastic and Brace-NL models (Table 1) are
used. Using the All-Elastic model, P(D > C|IM) at each intensity level is obtained from the results shown in
Fig. 3. From these same analyses, the ground motions that do not cause collapse but the brace axial force
demand exceeds the nominal capacity are identified. Denoted as [GMsD>C'W|IM], this subset of ground
motions is used to perform IDAs on the Brace-NL model. At each intensity level, P(Collapsepsc|D > C) is
computed as the fraction of collapse cases relative to the [GMsD>C|m|IM] record-set. Finally, the
incremental collapse fragility caused by brace axial failure is computed as P(Collapsepsc|D > C)P(D >
C|IM). This process is repeated using Beam-NL and Column-NL, which consider axial failure in the beams
and columns. Fig. 5 shows collapse fragility curves for all three building cases with and without considering
beam, column and brace failure.
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Fig. 5 — Collapse fragility curves with and without consideration of force-controlled component failure for
the (a) 3-, (b) 6- and (c) 9-story building cases

5.2.2 Unsafe Placard Triggered by Structural Damage (Post-Earthquake Structural Safety)

In addition to collapse, we also examine the effect of ¢ /y on the probability that an unsafe placard is assigned
to the building because of structural damage. The framework developed by FEMA P58 [9] is adopted for this
purpose.

Note that FEMA P58 groups the elements of a braced frame to define the UPT. In other words, the
damage state descriptions and triggering ratios are defined for the entire frame and not the individual elements
(beams, columns and braces). Therefore, unlike the collapse limit state, the relationship between ¢ /y and the
likelihood of an unsafe placard being assigned is established for the entire frame (as opposed to the individual
elements). In addition to the force-controlled braced frame elements, the PT strands and fuse are also
considered as UPT components. The damage state IDs, descriptions, median and dispersion of the associated
EDP limits and triggering ratios for each UPT-component are summarized in Table 2. The EDP limits and
triggering ratio for the braced frame are from the FEMA P58 guideline. PT yielding and the onset of strength
degradation in the fuse are adopted as UPTs assuming the deterministic EDP limits specified earlier.

Like the collapse limit state, the unsafe placard fragility function without the consideration of force-
controlled component failure [i.e. P(Unsafeg,s|IM)] is generated using the analysis results from the ALL-
Elastic model. The force-controlled components are excluded as UPTs in this assessment case.

The unsafe placard fragility caused by force-controlled component failure is directly computed. In other
words, instead of computing P(Unsafepsc|D > C)P(D > C|IM) and adding it to P(Unsafesys|IM) (as
was done the collapse limit state), P(Unsafe|IM) is obtained directly by applying the assessment process
incorporating the grouped force-controlled components as a UPT. For instance, to compute P(Unsafe|IM),
the EDPs produced from IDAs on the All-Inelastic model are utilized. Building damage realizations are then
generated incorporating braced frame failure as a UPT (in addition to the deformation-controlled components).
To perform IDAs, ground motions are scaled until an unsafe placard is triggered for at least half of the ground
motions. Unsafe placard fragility functions developed with and without considering all force-controlled
components, are shown in Fig. 6 for the three buildings. As expected, the median intensity level associated
with the UPT limit state is much lower (by factors ranging from 2.5 to 2.7) than for collapse. However, Fig.
6 shows that force-controlled component failure has a negligible effect on the UPT limit state for all three
building cases. The lower intensity levels associated with the UPT limit state (compared to collapse) and the
generally low P(D > () values shown in Fig. 6 (even up to the MCE hazard level) explains the negligible
effect of force-controlled component failure observed in Fig. 6. In other words, the capacity-design procedure
that is implemented for the braced frame components minimizes their potential influence on the UPT limit
state.
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Table 2 — UPT-components, damage states, EDP limits and triggering ratios

Damage State EDP Limit
Element o Triggering ) . .
ID Description Ratio/Value Type Median | Dispersion
FC-DS-1 Initiation of brace bucking and yielding of NAL 0.00159 07
Forced- controlled gusset plates.
. FC-DS-2 |Brace buckling. 0.4 Story Drift 0.01 0.3
elements i.e. beams, F ina of b d bolis of b Ratio
columns and braces racturing o races and bo ts of beam-
FC-DS-3 |column connections. Torn gusset plates, and 0.2 0.0178 0.3
local buckling of frame members.
PT PT-DS-1 |Yielding of PT strands 1.0 Strain 0.0086 NC?
Fuse FS-DS-1 |Onset of strength degradation in fuse 1.0 Shear Def. 0.35 NC
'NA: Damage state cannot trigger an unsafe placard
NC: Disperion not considered
— without force-controlled component failure - - - with force-controlled component failure
- 1 1 1
]
8
2 0.8 0.8 0.8
2
306 06 06
-]
504 0.4 0.4
2
202 0.2 0.2
Q
<
& 0 0 0
o 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10
SaT1/SMT SaT1/SMT SaT1/SMT
(a) (b) (c)

Fig. 6 — Unsafe placard fragility curves with and without the consideration of force-controlled component
failure for (a) 3-, (b) 6- and (c) 9-story building cases
6. Risk-based assessment of the impact of force-controlled component failure on
system-level performance
The load and resistance factors for the force-controlled components are determined based on the extent to

which they contribute to the risk of limit-state (collapse and unsafe placard) exceedance over the service-life
of the CRSBF building. Fig. 7 shows how each type of force-controlled component affects the 50-year

probability of collapse over a range of ¢/y values where %z 0 corresponds to the case where force-

controlled component failure is not considered and % = 0.9 is the value that is the basis of current design
standards (i.e. [13, 17]).

As expected, the collapse risk generally increases with the value of ¢p/y. Recall that higher values of
¢ /y corresponds to lower y values and hazard levels (less conservative force-controlled component design).
For 3-story building, column failure has a significant effect on collapse risk, which is consistent with Fig. 5.

For 6-, and 9-story buildings beam failure has a modest effect on collapse risk at higher % values. As indicated

earlier, taller buildings are more susceptible to P-A-triggered or sidesway collapse compared to shorter
buildings, which reduces the overall influence of force-controlled component failure for this limit state. The
50-year collapse risk for all three cases remains below the 1% threshold that is implied in modern design codes
and standards (e.g. [13]).
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The effect of ¢ /y on the probability that the CRSBF building is assigned an unsafe placard within a 50-
year period is shown in Fig. 8. Similar to Fig. 7, ¢ /y = 0 corresponds to the case where force-controlled
component failure is not considered and the return period corresponding to each ¢ /y is shown in the upper
horizontal axis. When force-controlled component failure is not considered, the 50-year probability of an
unsafe placard is 3.1%, 1.5% and 1.1% in the 3-, 6- and 9-story building cases, respectively. For the 3-story
building, there is a dramatic increase in the effect of force-controlled component failure on the 50-year
probability of an unsafe placard between ¢ /y values of 1.2 and 1.8. However, for the taller building cases,
there is not an appreciable change in the effect of force-controlled component failure on the UPT limit state as
¢ /vy increases. The triggering effect of the PT and fuse “masks” that of the force-controlled components for
the UPT limit state. Moreover, because the shorter buildings are dominated by first mode (or rigid-body-
rotation) behavior, the increasingly nonlinear response caused by force-controlled component failure leads to
higher roof drift demands, PT strains and fuse deformations. In contrast, because of the greater contribution of
higher modes in taller buildings, while force-controlled component nonlinearity leads to higher story drifts,
the effect on roof drift demands, PT strains and fuse deformations is smaller.

The 50-year probability of an unsafe placard when % = 0.9 (the value implied by the current design

codes and standards) is 3.5%, 1.5% and 1.1% for the 3-, 6- and 9-story building cases, respectively. Note that,
unlike collapse, current design codes and standards do not consider the risk of an unsafe placard and therefore
no limit is provided. However, given that the CRSBF is being developed as a high-performance seismic
system, this limit state should be given high priority when developing design guidelines.
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Fig. 7 — Effect of ¢ /¥ (and corresponding return period) on the probability of collapse in 50 years for
the (a) 3-, (b) 6- and (c) 9-story building cases
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Fig. 8 — Effect of ¢/y (and the corresponding return period) on the probability of an unsafe placard being
assigned within a 50-year period for the (a) 3-, (b) 6- and (c) 9-story building cases

7. Summary and conclusion

A reliability-based approach to designing CRSBF force-controlled components (i.e. frame beams,
columns and braces) is presented. Central to the proposed methodology is establishing an explicit link between
the failure of these components and the CRSBF system-level performance. Collapse and post-earthquake
structural safety (or unsafe placard assignment) are the two considered system-level limit states. A case study
is presented whereby the newly developed methodology is applied to 3-, 6- and 9-story building cases.

The effect of frame beam, column and brace failure on the vulnerability to collapse and unsafe placard
triggering (UPT) was first assessed for a resistance and load factor ratio of% = 0.9 (the value implied by

current standards). The ratio of adjusted collapse margin ratio (CMR) with and without considering force-
controlled component failure ranged from 0.86 to 1.0 at % = 0.9, while the same ratio for the UPT limit state

ranged from0.98 to 1.0. Furthermore, a disaggregation of the UPT vulnerability showed that the deformation-
controlled components (fuse and PT) were much more likely to trigger an unsafe placard compared to the
force-controlled components. For both limit states, the effect of force-controlled component failure was found
to be lower for taller buildings.

A risk-based assessment of the effect of force-controlled component failure was conducted for% =0.9,

1.2, 1.5 and 1.8 was also performed.
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