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Abstract
This paper assesses the effects of (1) the gravity load-resisting system (GLRS)
modeling approach, (2) the seismic force-resisting system (SFRS) modeling
approach, and (3) the uncertainty of the model parameters of the constitutive
law of the longitudinal reinforcing steel of the SFRS on the seismic responses of
a 12-story reinforced concretewall buildingwith force-limiting connections. This
is achieved by conducting nonlinear numerical earthquake simulations. The
seismic responses of the building models with force-limiting connections using
two GLRS modeling approaches, (1) a moment frame system and (2) a pin-base
lean-on-column system, are compared. The seismic responses of the building
models with conventional connections and force-limiting connections, respec-
tively, using two SFRSmodeling approaches, (1) a distributed-plasticitymodeling
approach and (2) a lumped-plasticity modeling approach, are compared. A joint
probability density function for the ASTM-A615 Grade 60 steel available in the
literature is used to conduct an uncertainty propagation analysis throughMonte
Carlo simulation. The uncertainty in the steel model parameters is propagated to
the seismic responses of the building models with conventional connections and
force-limiting connections, respectively. The distributions of the mean values of
the peak structural responses of the building models are studied. The effects of
the GLRS modeling approach on the seismic responses are not significant in the
context of seismic performance-based design and assessment of buildings with
force-limiting connections. The effects of the SFRS modeling approach and the
uncertainty in the steelmodel parameters on the floor total acceleration and force
responses are reduced by including force-limiting connections.
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force-limiting deformable connections, nonlinear numerical earthquake simulation, numeri-
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2 MAYORGA and TSAMPRAS

1 INTRODUCTION

Numerical models are required to simulate the seismic responses (e.g., story shear, inter-story drift, acceleration, and
local strain responses) of buildings subjected to ground motions generated by seismic events. These simulated responses
are used to design new buildings or assess existing buildings. The assumptions associated with the modeling approaches
affect the accuracy and the variability of the seismic responses computed numerically. Hence, the selection of the model-
ing approaches can affect the design and assessment of buildings. Furthermore, the seismic responses of some building
systems may be more susceptible to the modeling approaches used to simulate the seismic responses of their structural
components. In general, the suitability of the modeling approaches depends on the structural components of the building
(e.g., beams, columns,walls, slabs, and seismic protection devices), seismic responses of interest, groundmotion character-
istics, computational cost, and desired level of accuracy. Therefore, the effects of the modeling approaches of the building
structural components on the seismic responses of buildings have to be assessed. This is especially important during
the development of high-performance non-conventional earthquake-resistant buildings with accelerated post-earthquake
functional recovery.

1.1 Numerical models proposed in the literature

Numerical models of the building structural components with different theoretical basis, complexity, and capability of
prediction have been proposed and implemented to simulate the seismic nonlinear responses of buildings. It has been
possible thanks to the progressive development of computational tools and the availability of experimental test results
needed to validate the numerical models. The numerical models used to simulate the seismic nonlinear responses of
the building structural components can be based on either linear-elastic, lumped-plasticity, macro-model, distributed-
plasticity, or continuum modeling approaches. They can be defined either by force-deformation, moment-rotation, or
stress-strain constitutive laws and consider either coupled or uncoupled axial, flexural, and shear responses.1–5 The capa-
bility of the numerical models to predict the seismic structural responses of buildings depends on the complexity of the
building (e.g., material properties, geometry, number of stories, and dynamic properties), the characteristics of the ground
motion (e.g., intensity, frequency content, directionality, and duration), the assumptions made for the development of a
modeling approach (e.g., nonlinearity, coupled structural responses, and modeled failure mechanisms), and the calibra-
tion of the numerical model parameters considering their uncertainty.6,7 A comparative analysis is needed to select the
appropriate modeling approach for the problem that is being solved. As an example, Belleti et al.8 implemented lumped-
plasticity, distributed-plasticity, and shell (macromodel)modeling approaches of reinforced concrete (RC) structural walls
for pushover analyses to assess their applicability for buildings with non-rectangular RC precast structural walls. This
analysis allowed the authors to determine the most suitable modeling approach for the estimation of seismic responses
computed using pushover analyses considering different levels of accuracy. They concluded that the lumped-plasticity
modeling approach gives reliable results for rectangular and nonrectangular wall cross-section shapes. As another exam-
ple, Pozo et al.9 assessed the effects of the modeling parameters and discretization on the global and local nonlinear
behaviors and computational times of numerical cyclic lateral force-deformation responses of squad and slender RCwalls
modeled using four nonlinear macro models. They proposed a new quantitative assessment approach of nonlinear macro
models used to simulate the hysteretic responses of RCwalls that can be incorporated into the performance-based seismic
design guidelines for RC wall buildings. The same authors also conducted numerical earthquake simulations of RC wall
buildings to quantify the effects of the variability from different nonlinear RC wall modeling approaches on the local and
global responses using four fiber-based nonlinear models.7 They concluded that the variability in the simulated global
responses was significantly smaller than the variability in the simulated local responses. Another example of the suitabil-
ity of numerical models is the implementation of the three-dimensional beam-truss model (macro model) proposed by
Lu et al.10,11 This model can simulate the nonlinear flexure-shear interaction of RC structural components (walls, slabs,
and beams) and failure modes such as bar buckling, bar rupture, and concrete crushing. Mavros et al.12 implemented
a fully nonlinear numerical model of a 14-story RC core wall building using the three-dimensional beam-truss model.
The building model was subjected to nonlinear cyclic-static lateral loading. They observed that the damage pattern and
failure were governed by the nonlinear flexure-shear interaction in the wall piers, a considerable contribution of the
compression flanges in the overall story-shear resistance, and a non-negligible effect of modeling the out-of-plane shear
capacity of flanges. These nonlinear responses cannot be captured by other numerical models such as models based on
the lumped-plasticitymodeling approach. However, this sophisticatedmodeling approachmay be impractical for analyses
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MAYORGA and TSAMPRAS 3

that require a large number of numerical earthquake simulations (e.g., uncertainty propagation and reliability analyses)
for the development of new structural systems with accelerated post-earthquake functional recovery. The definition of
the suitable numerical models of the building’s structural components requires conducting comparative analyses of the
possible modeling approaches.

1.2 Conventional earthquake-resistant buildings

Earthquake-resistant buildings are typically composed of two connected systems, a laterally flexible gravity load-resisting
system (GLRS) and a laterally stiff seismic force-resisting system (SFRS). The GLRS transfers the vertical loads from the
floors to the foundations. The SFRS resists the seismic-induced horizontal inertial forces developed by the acceleration
of the mass distributed in the GLRS. Structural connections transfer the seismic-induced horizontal inertial forces from
the GLRS to the SFRS. Conventional connections between the GLRS and the SFRS are stiff in the horizontal direction.
Assuming the restoring and damping forces in theGLRS at a time instant of peak displacements are negligible compared to
the inertial forces, the connection forces can be assumed equal to the inertial forces.Under this assumption, the connection
forces are expected to be large and uncontrolled when the inertial forces are large. Large or even moderate inertial forces
potentially lead to structural damage in the SFRS and the GLRS.13–15 This potential structural damage can be reduced by
including special connections between the GLRS and the SFRS.16

1.3 Buildings with force-limiting deformable connections

The magnitude and variability of the inertial forces and the floor total accelerations can be limited by controlling the
connection forces transferred between the GLRS and the SFRS.16–23 This can be achieved by the design of connections that
limit the forces transferred between the GLRS and the SFRS while allowing relative motion between these two systems.
Tsampras et al.16 developed force-limiting deformable connections that consist of two components: (1) a limited-strength
hysteretic component to limit the forces transferred through the connections, and (2) a bearing component to provide
post-elastic stiffness to prevent excessive inelastic deformation in the connections and provide the out-of-plane stability
to the SFRS composed of planar structural elements. Figure 1 shows a schematic representation of the three-dimensional
view, plan view, and connections between the GLRS and the SFRS of a building with force-limiting connections. This
figure indicates the locations where the limited-strength hysteretic components and the bearing components are installed
at each floor level (locations 1 and 2, respectively). As can be observed in the plan view, including these force-limiting
connections requires introducing a gap between the GLRS and the SFRS (made through openings in the floor system)
to allow relative motion between these two systems. These connections are designed to eliminate the damage expected
due to the stress concentration in buildings’ conventional monolithic floor-to-wall joints generated to provide kinematic
compatibility between the connected structural components.
Tsampras et al.16 performed a numerical parametric study of a 12-story example RC wall building model with

force-limiting connections. They considered buckling-restrained braces or friction devices as limited-strength hysteretic
components and laminated low-damping rubber bearings as bearing components. The numerical model implemented
in this study considered a lumped-plasticity modeling approach for the SFRS (RC walls) and a linear-elastic modeling
approach for the GLRS (RC slab-column system). The SFRS was modeled using elastic beam-column elements with
reduced stiffness over the height of the wall and a nonlinear spring at the base. The GLRS was modeled using a linear-
elastic moment frame with stiffness modifier factors. The force-limiting connections were modeled using an idealized
elastic-plastic force-deformation response. The example building model was subjected to design-basis intensity-level
ground motions to define the feasible design space of the limiting force, elastic stiffness, and post-elastic stiffness of the
connections. Tsampras et al.16 concluded that including force-limiting connections between the GLRS and the SFRS not
only reduces the peak floor total acceleration, SFRS story shear, and connection force responses compared to the responses
of the example building model with conventional connections but also these connections reduce the dispersion of these
responses originating from the ground motion variability. They also showed that the higher-mode response contribution
to the total seismic response of the building model is reduced by including force-limiting connections.
Experimental studies of full-scale force-limiting connections subjected to quasi-static seismic and dynamic sinusoidal

deformation time-histories have been conducted to validate numerical models of these connections. Tsampras et al.18
showed that the nonlinear force-deformation response of a force-limiting connection consisting of a buckling-restrained
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4 MAYORGA and TSAMPRAS

F IGURE 1 Schematic representation of the three-dimensional view, plan view, and connections between the GLRS and the SFRS of a
building with force-limiting connections.

brace and rubber bearings is stable and predictable by a truss element and a set of uniaxial material models available in
OpenSees.24 Tsampras et al.19 showed that the nonlinear force-deformation response of a force-limiting connection con-
sisting of a friction device and rubber bearings can be modeled with reasonable accuracy by a bi-linear elastic-plastic
model with kinematic hardening. Force-limiting connections are expected to enhance the predictability of the connec-
tion responses in buildings subjected to seismic excitation due to their higher force-deformation response modeling
predictability compared to conventional connections.
Tsampras17 showed that the modeling approach of the GLRS affects the seismic response of a 12-story building model

with force-limiting connections. This study compared the results of numerical earthquake simulations of buildingmodels
using reduced-stiffness linear-elastic GLRSmodels with different lateral stiffness. The numerical earthquake simulations
showed that a reduction in the GLRS model stiffness increases GLRS story drift and connection deformation responses
without significantly affecting the SFRS story shear, GLRS story shear, connection force, SFRS story drift, and floor total
acceleration responses. The buildingmodel using a pin-base lean-on-columnGLRSmodel experienced the largest connec-
tion deformation demands. The SFRS was modeled using the same lumped-plasticity modeling approach implemented
by Tsampras et al.16; and the connections had a uniform distribution of the limiting force over the height of the build-
ing. Mayorga et al.25 conducted a preliminary analysis that demonstrated that the modeling approach of the SFRS also
influences the seismic responses of building models with force-limiting connections.
The research conducted by Tsampras et al.16–19,22 was focused on the development, modeling, and design of force-

limiting connections between the GLRS and the SFRS. These studies showed that including force-limiting connections is
beneficial for the seismic performance of buildings. Nevertheless, further analyses of the numerical modeling approaches
used to simulate the seismic responses of the structural components of buildings with force-limiting connections
are required.

1.4 Scope of study

This research assesses the effects of (1) the GLRS modeling approach, (2) the SFRS modeling approach, and (3) the
uncertainty of the model parameters of the constitutive law of the longitudinal reinforcing steel of the SFRS on the
simulated seismic responses of a 12-story RC building with force-limiting connections. This is achieved by performing
nonlinear numerical simulations of two-dimensional building models subjected to far-field ground motions scaled to the
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MAYORGA and TSAMPRAS 5

design-basis intensity-level earthquake. Building models with linear-elastic high-stiffness and unbounded (infinite)
strength connections that represent buildings with conventional monolithic connections are also included in this study
to compare the relative effects of the modeling approaches on buildings with and without force-limiting connections.
The GLRS of the 12-story building is composed of ordinary RC moment frames and floor slabs assumed to be made

up of cast-in-place concrete. Two linear-elastic models for the GLRS are considered, a moment frame model and a
lean-on-column model. The main difference between these two modeling approaches is that the lean-on-column model
does not model the slabs, lumping all gravity columns in only one column. Also, the base moment reaction of the GLRS
is not modeled by the lean-on-columnmodel. The results from numerical earthquake simulations of the 12-story building
models with force-limiting connections using the two GLRS modeling approaches are compared.
The SFRS of the 12-story building is composed of special RC structural planar walls with a flexural inelastic base mech-

anism. Two nonlinear models for the SFRS are considered, one based on the lumped-plasticity modeling approach and
another one based on the distributed-plasticitymodeling approach. The distributed-plasticitymodeling approach can cap-
ture the distribution of the RC wall inelasticity over the height of the building whereas the lumped-plasticity modeling
approach concentrates all inelastic response at the base of the walls. The RC wall models are calibrated and validated
against cyclic quasi-static experimental test results available in the literature.26–28 It is assumed that these numerical
models are able to represent the expected seismic responses of the flexure-dominant inelastic base-mechanism special
RC structural walls when the building models are subjected to design-basis intensity-level ground motions. The results
from numerical earthquake simulations of the 12-story buildingmodels with conventional connections and force-limiting
connections, respectively, using the two SFRS modeling approaches are compared.
A joint probability density function (PDF) of the model parameters of the constitutive law used to simulate the behav-

ior of the reinforcing steel longitudinal fibers in the distributed-plasticity SFRS modeling approach is used to perform an
uncertainty propagation analysis.29,30 The uncertainty in the steelmodel parameters is propagated to the seismic responses
of the building models with conventional connections and force-limiting connections, respectively. Monte Carlo simula-
tion is used to generate samples in the steel model parameter space. Each steel model parameter sample defines a building
model that is subjected to the same far-field ground motions scaled to the design-basis intensity-level earthquake. The
distributions of the mean values of the peak structural responses of the building models are studied.
The authors acknowledge that more sophisticated modeling approaches can be considered for the simulation of the

GLRS and the SFRS. However, simplified modeling approaches for the GLRS and the SFRS are acceptable for the relative
comparison of different modeling approaches and the uncertainty propagation analysis of buildings with force-limiting
connections subjected to design-basis intensity-level earthquakes, (1) assuming that the contribution of the inelastic
response of the GLRS to the total inelastic response of the building is small compared to the contribution of the SFRS
and (2) considering that force-limiting connections significantly reduce the shear demands in RC walls.

2 TWELVE-STORY RCWALL BUILDING

The 12-story RC office building presented in Figure 1 is studied in this paper. As aforementioned, the GLRS of the building
is composed of ordinary RCmoment frames and floor slabs assumed to bemade up of cast-in-place concrete, and the SFRS
is composed of special RC structural planar walls with a flexural inelastic base mechanism. Both systems are connected
through force-limiting connections. A combination of friction devices (limited-strength hysteretic component) and low-
damping rubber bearings (bearing component) are used as force-limiting connections.

2.1 Geometry and material properties

The primary building material is normal-weight concrete with 𝑓′𝑐 = 34.5 MPa compressive strength reinforced with
ASTM-A615 Grade 60 deformed steel bars. The height of the first story is 4.4 m and of the remaining upper stories is 2.7 m,
leading to a total height of 34.5 m for the building. Each floor of this building covers a total area of 55.0 m × 30.0 m =

1650.0 m2. The floor system is composed of 0.2-m-thick flat RC slabs which are vertically supported by 28 square RC
gravity columns of 0.8 m dimension for the first six stories and 0.55 m dimension for the higher six stories. The slabs and
gravity columns constitute the GLRS. Four special RC structural planar walls of 13.4m × 0.5m cross-sectional dimensions
constitute the SFRS.
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6 MAYORGA and TSAMPRAS

(A)
(B) (C)

F IGURE 2 (A) Schematic representation of the force-deformation response of a force-limiting connection located at level 𝑥. (B) 𝐶𝐿𝑥 over
the height of the building. (C) 𝐹𝐿𝑥 over the height of the building.

Each force-limiting connection consists of one friction device and four rectangular rubber bearings attached to two
steel plates. Friction devices with a coefficient of friction equal to 𝜇𝑠 = 0.4 and laminated low-damping rubber bearings
are considered. The rubber bearings are made of 50 ± 5 Duro Gr 3 rubber with a shear modulus of 0.9 MPa providing a
post-elastic stiffness ratio of𝛼 = 0.005 to the force-limiting connections. These rubber bearings exhibit nearly linear-elastic
behavior under large shear deformations and significant compressive stiffness that provides stable out-of-plane support to
the SFRS. Design details and component dimensions of the force-limiting connections can be found in Tsampras et al.19

2.2 Seismic design parameters

The building is assumed to be located in a region with high seismicity. The assumed spectral acceleration for short and
1 s periods defined in ASCE/SEI 7-2231 are equal to 𝑆𝑆 = 1.50𝑔 and 𝑆1 = 0.60𝑔, respectively. The site class is considered
as 𝐷 resulting in the spectral accelerations at the maximum considered earthquake level for short and 1 s periods equal
to 𝑆𝑀𝑆 = 1.50𝑔 and 𝑆𝑀1 = 1.02𝑔, respectively. This corresponds to a seismic design category 𝐷 (𝑆𝐷𝑆 = 1.00𝑔 and 𝑆𝐷1 =
0.68𝑔). The structural system is classified in the risk category II, and therefore, the importance factor is equal to 𝐼𝑒 = 1.0.
The seismic mass associated with each shear wall is 513.8 kN∕g for the first floor and 782.9 kN∕g for the remaining upper
floors, and the seismic mass corresponding to each floor of the GLRS is 11810.0 kN∕g.

2.3 Design of GLRS and SFRS

The GLRS is designed following the requirements of the ACI-318-19 for ordinary RC frames and the SFRS is designed fol-
lowing the requirements of the ACI-318-19 for special RCwalls.32 TheASCE/SEI 7-22 Equivalent Lateral Force prescriptive
seismic design method for conventional buildings is used to estimate the seismic demands.31

2.4 Design of force-limiting deformable connections

The force at which a force-limiting connection at floor level 𝑥 transitions from the linear-elastic to the post-elastic response
is the design limiting force 𝐹𝐿𝑥, shown in Figure 2A. The values of 𝐹𝐿𝑥 are determined by the force-based design method
proposed by Tsampras and Sause.22 This method uses a modified version of design acceleration coefficients given by the
Alternative Seismic Design Forces for Floor Diaphragms per FEMA P-1050.33 The design limiting force is computed as
𝐹𝐿𝑥 = (𝐶𝐿𝑥𝑤𝑝𝑥)∕(𝑅𝐷𝐶𝑛𝐿𝑥), where 𝐶𝐿𝑥 is the design acceleration coefficient at level 𝑥, 𝑤𝑝𝑥 is the seismic weight tributary
to the floor diaphragm at level 𝑥, 𝑅𝐷𝐶 is the connection design force factor that accounts for the deformation capacity of
the connection, and 𝑛𝐿𝑥 is the number of force-limiting connections at level 𝑥.
Tsampras and Sause22 concluded that 𝐹𝐿𝑥 corresponding to a reduction factor close to 𝑅𝐷𝐶 = 1.5 results in acceptable

seismic responses and reasonable connection deformation demands for a 12-story building with force-limiting connec-
tions. Therefore, 𝐹𝐿𝑥 over the height of the 12-story RC wall building is computed using 𝑅𝐷𝐶 = 1.5, 𝐶𝐿𝑥 over the height
of the building presented in Figure 2B, 𝑤𝑝𝑥 = 11810.0 kN, and 𝑛𝐿𝑥 = 2 for 𝑥 = 1,… , 12. The resulting 𝐹𝐿𝑥 is presented in
Figure 2C.
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MAYORGA and TSAMPRAS 7

(A) (B)

F IGURE 3 Schematic representation of the two-dimensional numerical building models implemented in this study. (A) Moment-frame
GLRS model. (B) Lean-on-column GLRS model.

3 NUMERICALMODEL

Two-dimensional numerical models of the 12-story RC wall building considering combinations of two modeling
approaches for the GLRS and two modeling approaches for the SFRS are used to assess the effects of the modeling
approaches of the GLRS and the SFRS on the seismic responses of the building models with force-limiting connec-
tions. Numerical building models with conventional connections are also considered in the analysis. Figure 3 presents
a schematic representation of the numerical building models implemented in this study.

3.1 Building model assumptions

Half of the 12-story building including oneRCplanarwall oriented in𝑥-direction and its tributary area (see Figure 1) is used
to develop numerical models inOpenSees.24 Since two-dimensional models are used, the floor diaphragm flexibility is not
modeled. Themoment transmitted from the slabs to the RCwalls for buildings withmonolithic conventional connections
is neglected because it is expected that the slabs get cracked at the deformation demands induced by the design-basis
intensity-level earthquakes. The conventional connections are modeled using truss elements with high axial stiffness. A
2.0% of the critical damping is assigned tomodes one and three using classical damping to represent the inherent damping
of the structural system. This damping percentage is assumed considering that the damping associated with the hysteretic
response of the SFRS is explicitly modeled. The shear deformation of the beam-column elements is neglected considering
that the aspect ratio of the RC walls is 2.6, significant nonlinear shear response is not anticipated for the intensity level
of the ground motions applied to the numerical models, and the use of force-limiting connections reduces the shear
demands in the RC walls preventing their excessive inelastic shear response. Geometric nonlinearity is considered by
using the corotational formulation for the structural elements of the building models.

3.2 Gravity load-resisting systemmodeling approaches

TheGLRS ismodeled through two linear-elasticmodeling approaches: (1) amoment frame system (Moment-framemodel)
and (2) a pin-base lean-on-column system (Lean-on-column model). The Moment-frame model simulates the flat slabs
using beam elements with an equivalent width of 2.5 m and considers columns with a fixed connection at the base. The
Lean-on-column model does not simulate the slabs, lumping all gravity columns in only one column. Therefore, the
interaction between the slabs and columns (moment-frame action) in the GLRS is not modeled. The Lean-on-column
model neglects the base moment reaction of the GLRS using a pinned connection at the base of the lean-on column. The
flexible Lean-on-column GLRSmodel is commonly used in the preliminary design of buildings to estimate an upper limit
of the expected seismic-induced SFRS deformation demands. Reduction factors of 0.7 and 0.25 are applied on the cross-
section moment of inertia of the columns and equivalent slab beams, respectively. These reduction factors are included
to take into account the effects of the expected cracked condition and nonlinear behavior on the stiffness. The two GLRS
modeling approaches can be considered as two extreme cases in terms of the lateral stiffness of the GLRS.
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8 MAYORGA and TSAMPRAS

F IGURE 4 Uniaxial material constitutive laws for the unconfined concrete, confined concrete, and reinforcing steel fibers.

3.3 Seismic force-resisting systemmodeling approaches

The SFRS is modeled through two nonlinear modeling approaches: (1) a distributed-plasticity modeling approach that
uses Fiber-section Force-based Beam-column3 elements to simulate the RC wall behavior (Fiber-based model) and (2) a
lumped-plasticity modeling approach that uses reduced-stiffness linear-elastic Euler-Bernoulli Beam-column elements
over the height of the wall with a pinned base connection and lumps the RC wall plasticity in a rotational multi-linear
inelastic spring located at the base (Lumped-plasticity model). The Fiber-based model is calibrated against experimen-
tal test results available in the literature26–28 in combination with results obtained from the sensitivity analysis of the
steel model parameters conducted by Birrell et al.30 Based on the results of the calibration of the Fiber-based model, the
parameters of the Lumped-plasticity model are defined to obtain similar roof displacement versus base shear responses
from both SFRS modeling approaches.

3.3.1 Distributed-plasticity modeling approach

The Fiber-section Force-based Beam-column elements simulate the seismic nonlinear responses of RC walls at fiber, sec-
tion, and element levels. One element per story of the 12-story building is considered. For each element, five Gauss-Lobatto
integration points are used to obtain the element level response from the section level response, which is determined by the
definition of the material behavior at the fiber level response. Figure 4 presents the uniaxial material constitutive laws for
the unconfined concrete, confined concrete, and reinforcing steel fibers in a discretizedwall cross-section. The unconfined
concrete, confined concrete, and reinforcing steel fibers are shown in light gray, dark gray, and red colors, respectively.
The cyclic stress-strain behavior of the unconfined and confined concrete is simulated using the Concrete02model34 and
the cyclic stress-strain behavior of the reinforcing steel is simulated using the SteelMPF model29,35 in OpenSees.24 The
numerical issue of localization of the deformation in the first integration point of the element at the base of the SFRS
model is addressed using the regularization method proposed by Coleman and Spacone.36
The parameters of the Concrete02model for the unconfined concrete fibers are the concrete compressive strength at 28

days 𝑓′𝑐, concrete strain at maximum strength 𝜀𝑐0, concrete crushing strength 𝑓′𝑐𝑢, concrete strain at crushing strength 𝜀𝑐𝑢,
ratio 𝜆 between the unloading slope at 𝜀𝑐𝑢 and initial slope𝐸0 = 2𝑓′𝑐∕𝜀𝑐0, tensile strength𝑓𝑡, and tension softening stiffness
𝐸𝑡𝑠 (absolute value of the slope of the linear tension softening branch). 𝑓′𝑐, 𝜀𝑐0, and 𝜀𝑐𝑢 are obtained from the results of com-
pressive cylinder tests of the concrete used to build theRCwalls.𝑓′𝑐𝑢 = 0, 𝜆 = 0.25, and𝐸𝑡𝑠 equals 10% of the concretemod-
ulus of elasticity 𝐸𝑐32 are assumed. 𝑓𝑡 is computed from the formula for the direct tensile strength given in ACI-224-01.37
The parameters of the Concrete02 model for the confined concrete fibers are the concrete compressive strength at 28

days 𝑓′𝑐𝑐, concrete strain at maximum strength 𝜀𝑐𝑐0, concrete crushing strength 𝑓′𝑐𝑐𝑢, concrete strain at crushing strength
𝜀𝑐𝑐𝑢, ratio 𝜆 between the unloading slope at 𝜀𝑐𝑐𝑢 and initial slope 𝐸0𝑐 = 2𝑓′𝑐𝑐∕𝜀𝑐𝑐0, 𝑓𝑡, and 𝐸𝑡𝑠. 𝑓′𝑐𝑐, 𝜀𝑐𝑐0, and 𝜀𝑐𝑐𝑢 are obtained
from empirical formulas available in the literature.32,37–39 𝑓′𝑐𝑐𝑢 = 0.2𝑓′𝑐𝑐 is assumed. 𝜆, 𝑓𝑡, and 𝐸𝑡𝑠 are assumed equal to
the same values of the parameters used for the unconfined concrete fibers.
The parameters of the SteelMPFmodel for the reinforcing steel fibers are the yielding strength in tension 𝑓𝑦𝑝, yielding

strength in compression 𝑓𝑦𝑛, initial tangent modulus 𝐸𝑠, strain hardening ratio in tension 𝑏𝑝, strain hardening ratio in
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MAYORGA and TSAMPRAS 9

F IGURE 5 Cross-section and fiber discretization used in the Fiber-based models of the RC walls designed as the SFRS of the studied
12-story building with force-limiting connections.

compression 𝑏𝑛, the initial value of the curvature parameter 𝑅0, curvature degradation parameters 𝑐𝑅1 and 𝑐𝑅2, isotropic
hardening in compression parameters 𝑎1 and 𝑎2, and isotropic hardening in tension parameters 𝑎3 and 𝑎4. All these
parameters except 𝑓𝑦𝑝 and 𝑓𝑦𝑛 are determined as a result of the numerical model calibration presented in the next section.
𝑓𝑦𝑝 is obtained from thematerial test of the reinforcing steel bars used to build the RCwalls. It is assumed that 𝑓𝑦𝑛 = 𝑓𝑦𝑝.
The material properties, geometry, and reinforcement details of the RC walls in the studied 12-story building are deter-

mined by following the requirements of the prescriptive seismic design method for conventional buildings.31,32 Figure 5
shows the cross-section and fiber discretization used in the Fiber-based models of the RC walls. The unconfined concrete
model parameters are assumed equal to 𝑓′𝑐 = −34.5 MPa, 𝜀𝑐0 = −0.002 m∕m, 𝑓′𝑐𝑢 = 0.0, 𝜀𝑐𝑢 = −0.004 m∕m, 𝜆 = 0.25,
𝑓𝑡 = 2.0 MPa, and 𝐸ts = 0.1𝐸𝑐 = 2778.9 MPa. The computed confined concrete model parameters are 𝑓′cc = −65.4 MPa,
𝜀𝑐𝑐0 = −0.011 m∕m, 𝑓′𝑐𝑐𝑢 = −13.1 MPa, and 𝜀𝑐𝑐𝑢 = −0.069 m∕m. The yield strength is assumed equal to 𝑓𝑦 = 511.6 MPa

and the remaining steel model parameters are given in Table 3.

3.3.2 Calibration of flexure-dominant inelastic base-mechanism response

This section aims to calibrate and validate the Fiber-based models that simulate the nonlinear seismic responses of the
flexure-dominant inelastic base-mechanism RC walls38 designed as the SFRS of the 12-story building with force-limiting
connections. Experimental data from three documented laboratory test results of rectangular RC walls subjected to cyclic
lateral quasi-static loading are utilized to calibrate and validate the Fiber-basedmodels of the RCwalls. One RCwall spec-
imen is used for calibration and two RC wall specimens are used for validation of the numerical models. The specimens
used for numerical model calibration and validation are selected from the literature taking into account the following
criteria. First, structural walls with aspect ratios greater than or equal to three and different levels of confinement at the
ends are considered. Second, one-quarter scale tests or larger are considered to avoid significantmaterial size effects in the
structural response. Third, specimens with material properties typically used in non-prestressed RC design are selected.
The experimental base shear versus roof displacement responses of the specimens are used as target responses in the
numerical model calibration and validation. The objective is not to find a numerical model that precisely replicates the
nonlinear cyclic response of a specific RC wall specimen but to define numerical models that acceptably simulate the
nonlinear seismic responses typically observed in flexure-dominant inelastic base-mechanism RC walls.

RC wall specimens for calibration
The specimenused for numericalmodel calibration is theRW2Specimen tested byThomsen andWallace.26 This specimen
was tested in the context of an experimental and analytical study of RC structural walls with symmetrical and asym-
metrical cross-sections designed using a displacement-based design methodology. The first specimen used for numerical
model validation is the C10 Specimen tested by Elwood et al.27 This specimen was tested to assess the effects of axial
load and varied confinement detailing on the structural responses of the RC walls. In this experimental program, four
large-scale rectangular RC walls were subjected to quasi-static reversed-cyclic loading for different combinations of axial
load ratio, confinement depth, and inclusion/exclusion of web ties. The second specimen used for numerical model vali-
dation is the WP7 tested by Wallace et al.28 This specimen was tested among seven one-half-scale RC walls representing
the lower level of structural RC walls in 8- to 10-story buildings. In this case, the configuration and quality of boundary
transverse reinforcement, the depth of the neutral axis, and the wall thickness were varied to observe their effects on
the seismic performance of the walls. Table 1 lists the project, author/PI, scale, wall height, shear-span ratio, and axial
load ratio corresponding to the experimental tests of the RW2, C10, andWP7 Specimens. The material properties, geome-
tries, reinforcement details, and loading protocols of the specimens were obtained from the corresponding experimental
test documentation.
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10 MAYORGA and TSAMPRAS

TABLE 1 Project, author/PI, scale, wall height, shear-span ratio, and axial load ratio of the specimens used for numerical model
calibration and validation.

Specimen Project Author/PI Scale
Height 𝒉𝒘
(mm)

Shear-span
ratio𝑴∕(𝑽𝑳)

Axial load
ratio 𝑷∕(𝑨𝒈𝒇′𝒄)

RW2 Thomsen 199526 John Thomsen and
John Wallace

1/4 3657.6 3.0 0.072

C10 MBIE-160727 Kenneth Elwood 1 3500.0 4.6 0.092
WP7 NEESR-162828 John Wallace 1/2 2133.6 3.5 0.100

TABLE 2 Multivariate normal distribution of the parameters of the Steel02model29,35 proposed by Birrell et al.30 for the ASTM-A615
Grade 60 steel.

Parameter Unit
Mean
value 𝝁

Coefficient of
variation 𝝈∕𝝁 (%) Correlation matrix

𝑓𝑦 MPa 512.0 5.0
⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

1.0 0.3 −0.2 0.2 −0.4 −0.9 −0.7

1.0 −0.4 0.7 0.0 −0.2 −0.2

1.0 −0.8 −0.3 0.0 0.0

1.0 0.3 0.0 0.0

Sym. 1.0 0.4 0.4

1.0 0.8

1.0

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

𝐸𝑠 GPa 206.0 4.0
𝑏 – 0.023 27.0
𝑐𝑅1 – 0.893 1.0
𝑐𝑅2 – 0.093 31.0
𝑎1 – 0.035 45.0
𝑎3 – 0.022 51.0

Numerical model calibration
For each specimen, the unconfined and confined concrete model parameters are defined from the documented informa-
tion of the experimental test results and empirical formulas present in the literature.32,37–39 The steel model parameters
are the outcomes of the numerical model calibration of the RW2 Specimen (except the yield strength, which was obtained
frommaterial test results of the corresponding wall specimen). The numerical model calibration uses the joint PDF of the
model parameters of the Steel02 model29,35 proposed by Birrell et al.30 for the ASTM-A615 Grade 60 steel. The joint PDF
gives the expected values and ranges of variation of the steel model parameters. The joint PDF is a result of a sensitivity
analysis of 36 cyclic tests of grade 60 reinforcing steel coupons. Birrell et al. considered 𝑅0 as a constant and equal to
20 in the sensitivity analysis arguing that 𝑐𝑅1 and 𝑐𝑅2 are already taking into account the variability associated with the
Bauschinger effect. The proposed joint PDF is a multivariate normal distribution defined by the parameters presented in
Table 2. 𝑏𝑝 = 𝑏𝑛 = 𝑏 is assumed.
To define the steel model parameters, the measured base shear versus roof displacement response of the RW2 Speci-

men is compared with the modeled base shear versus roof displacement responses obtained from the Fiber-based models
subjected to the corresponding test loading protocol.26 The joint PDF indicates that approximately 68% of all possible val-
ues for the steel model parameters are within plus/minus one standard deviation from their corresponding mean value.
A set of combinations of steel model parameters is defined perturbing each steel model parameter by plus/minus one
standard deviation with respect to its mean value (𝜇 ± 𝜎) while considering the mean values of the remaining steel model
parameters. Note that this is only a subset of all possible combinations of the steel model parameters.
Figure 6 shows the experimental and modeled base shear versus roof displacement responses for the RW2 Specimen

using the Fiber-based model. Figure 6A corresponds to the results from the Fiber-based model using the mean values of
the steelmodel parameters given in Table 2 (except𝑓𝑦). This figure does not show a good agreement between themeasured
andmodeled responses. It is observed that the modeled response does not simulate appropriately the state of stiffness and
curvature of the response in the reversal branches. Additionally, a smaller maximum base shear response is predicted by
the numerical model at positive roof displacement responses compared to the experimental test results.
Figure 6B shows the effects of the variation of plus/minus one standard deviation of 𝐸𝑠, 𝑏, 𝑐𝑅1, 𝑐𝑅2, 𝑎1, and 𝑎3 on the

modeled base shear versus roof displacement response. The coefficients of variation of 𝐸𝑠 and 𝑐𝑅1 are 4.0% and 1.0%,
respectively, which are small compared to the coefficients of variation of the other steel model parameters. As a result, the
modeled responses appear to be less sensitive to the one standard deviation variations of𝐸𝑠 and 𝑐𝑅1, respectively. However,
it was checked that further variations of 𝐸𝑠 and 𝑐𝑅1 primarily affect the flexural stiffness and the transition from the elastic
to the post-elastic behavior of themodeled response. An increase of 𝑏 produces a small increase in the post-elastic stiffness
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MAYORGA and TSAMPRAS 11

(A) (B)

F IGURE 6 Experimental and modeled base shear versus roof displacement responses. (A) Mean values and (b) mean values plus/minus
one standard deviation variations of 𝐸𝑠 , 𝑏, 𝑐𝑅1, 𝑐𝑅2, 𝑎1, and 𝑎3. RW2 Specimen.

(A) (B) (C) (D) (E)

F IGURE 7 Experimental and modeled base shear versus roof displacement responses. Numerical models using 𝐸𝑠 = 𝜇𝐸𝑠 = 206.0 GPa,
𝑏 = 𝜇𝑏 + 𝜎𝑏 = 0.029, 𝑐𝑅2 = 𝜇𝑐𝑅2 = 0.093, 𝑎1 = 𝜇𝑎1 + 𝜎𝑎1 = 0.051, 𝑎3 = 𝜇𝑎3 = 0.022, and (A) 𝑐𝑅1 = 𝜇𝑐𝑅1 + 𝜎𝑐𝑅1 , (B) 𝑐𝑅1 = 𝜇𝑐𝑅1 + 3𝜎𝑐𝑅1, and (C)
𝑐𝑅1 = 𝜇𝑐𝑅1 + 6𝜎𝑐𝑅1 for the RW2 Specimen. Numerical models using the steel model parameters given in Table 3 for (D) the C10 Specimen and
(E) the WP7 Specimen.

of the modeled response resulting in a better agreement between the post-elastic stiffness of the measured and modeled
responses when 𝑏 = 𝜇𝑏 + 𝜎𝑏 = 0.029. There are no appreciable effects of 𝑐𝑅2 and 𝑎3 on the modeled responses for the
considered parameter ranges of variation. The maximum strain response in compression is limited by the concrete strain
response in compression. Therefore, the increase of the difference between themaximum strain responses in compression
and tension used to estimate the isotropic hardening in tension (shift of the yield asymptotes of the stress responses in
tension30) is limited. As a result, the effect of the isotropic hardening associated with 𝑎3 on the modeled responses is
limited. An increase of 𝑎1 makes the hysteretic response less wide and increases the maximum base shear responses at
large deformations. The modeled response approximates reasonably well the measured maximum base shear responses
at positive roof displacement responses when 𝑎1 = 𝜇𝑎1 + 𝜎𝑎1 = 0.051.
The base shear versus roof displacement response from the experimental test and the base shear versus roof displace-

ment response from the numerical model using 𝐸𝑠 = 𝜇𝐸𝑠 = 206.0 GPa, 𝑏 = 𝜇𝑏 + 𝜎𝑏 = 0.029, 𝑐𝑅1 = 𝜇𝑐𝑅1 + 𝜎𝑐𝑅1 = 0.902,
𝑐𝑅2 = 𝜇𝑐𝑅2 = 0.093, 𝑎1 = 𝜇𝑎1 + 𝜎𝑎1 = 0.051, and 𝑎3 = 𝜇𝑎3 = 0.022 are compared in Figure 7A. This set of steel model
parameters combines the effects of simultaneously adding one standard deviation to the mean values of 𝑏, 𝑐𝑅1, and 𝑎1
while considering themean values of the remaining steelmodel parameters. Themodeled response has a better agreement
with the experimental response compared to the modeled response using the mean values of the steel model parame-
ters. The numerical model reaches the maximum base shear response at the largest positive roof displacement response;
however, the stiffness and curvature of the response in the reversal branches are larger than in the case of the experimen-
tal response. To reduce the curvature of the response in the reversal branches, the parameter 𝑐𝑅1 is further increased.
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12 MAYORGA and TSAMPRAS

TABLE 3 Steel model parameters used to simulate the seismic responses of the flexure-dominant inelastic base-mechanism RC walls
designed as the SFRS of the 12-story building with force-limiting connections.

Parameter Unit Mathematical expression Numerical value
𝐸𝑠 GPa 𝜇𝐸𝑠 206.0
𝑏 – 𝜇𝑏 + 𝜎𝑏 0.029
𝑐𝑅1 – 𝜇𝑐𝑅1 + 6𝜎𝑐𝑅1 0.947
𝑐𝑅2 – 𝜇𝑐𝑅2 0.093
𝑎1 – 𝜇𝑎1 + 𝜎𝑎1 0.051
𝑎3 – 𝜇𝑎3 0.022

Figures 7B and 7C present the modeled response using 𝑐𝑅1 = 𝜇𝑐𝑅1 + 3𝜎𝑐𝑅1 = 0.920 and 𝑐𝑅1 = 𝜇𝑐𝑅1 + 6𝜎𝑐𝑅1 = 0.947,
respectively. These figures show that the experimental and the modeled base shear versus roof displacement responses
result in a similar evolution of stiffness when 𝑐𝑅1 = 𝜇𝑐𝑅1 + 6𝜎𝑐𝑅1 = 0.947. Thus, the steel model parameters given in
Table 3 are considered candidates to simulate the seismic responses of the flexure-dominant inelastic base-mechanism
RC walls designed as the SFRS of the 12-story building with force-limiting connections.
The C10 and WP7 Specimens are used to validate the Fiber-based models using the steel model parameters given in

Table 3. It is verified whether the numerical model used to simulate the base shear versus roof displacement response of
the RW2 Specimen can reasonably capture the base shear versus roof displacement responses of the C10 and WP7 Spec-
imens, both expected to have cyclic nonlinear behavior similar to the cyclic nonlinear behavior of the RW2 Specimen.
Figures 7D and 7E show the experimental and modeled base shear versus roof displacement responses for the C10 and
WP7 Specimens, respectively. It is observed that the numerical models using the steel model parameters given in Table 3
can simulate the experimental test responses of these two specimens reasonablywell. For theC10 Specimen, the numerical
model can capture the loading and unloading stiffness and the curvature of the response; however, this model underesti-
mates the maximum base shear responses at the end of each cycle. In the case of theWP7 Specimen, the numerical model
can capture the initial and reversal stiffness and the curvature of the response; however, this model overestimates the
post-elastic stiffness making the maximum base shear response at the end of each cycle larger than the one observed in
the experimental test response. Overall, it can be expected that the Fiber-based models using the steel model parameters
given in Table 3 simulate reasonably well the seismic responses of the flexure-dominant inelastic base-mechanism RC
walls. So, these steel model parameters define the calibrated Force-based models used to simulate the seismic responses
of the RC walls designed as the SFRS of the 12-story building with force-limiting connections.

3.3.3 Lumped-plasticity modeling approach

The Lumped-plasticity model considers a reduction factor of 0.35 applied on the gross cross-sectional moment of inertia
of the linear-elastic Euler-Bernoulli Beam-column elements that model the RC wall over the height of the building. This
reduction factor is applied to represent the stiffness reduction because of cracking and nonlinear behavior. The flexural
inelastic basemechanism is simulated using a zero-length rotational springwith amacroscopic inelasticmoment-rotation
response defined using the Pinching440 material model in OpenSees.24 The parameters of the Pinching4 material model
are set to obtain a base shear versus roof displacement response similar to the base shear versus roof displacement
response obtained by implementing the Fiber-based model using the steel model parameters given in Table 3. The
base shear versus roof displacement responses from the Fiber-based and Lumped-plasticity models are presented in
Figure 8. The base shear versus roof displacement response using the resulting parameters of the Pinching4 material
model matches reasonably well the base shear versus roof displacement response computed using the Fiber-based
model. The Lumped-plasticity model captures the initial tangent stiffness in the loading and unloading branches of the
response using the Fiber-based model; however, the post-elastic stiffness before a reversal roof displacement is lower
when the Lumped-plasticity model is used. The reason for this is that the Lumped-plasticity model does not simulate
the isotropic hardening of the stress-strain behavior of the longitudinal reinforcing steel. The resulting parameters of
the Pinching4 material model are: 𝑒𝑃𝑓1 = 𝑒𝑁𝑓1 = 3.082 × 105 kNm, 𝑒𝑃𝑓2 = 𝑒𝑁𝑓2 = 4.887 × 105 kNm, 𝑒𝑃𝑓3 = 𝑒𝑁𝑓3 =

5.910 × 105 kNm, 𝑒𝑃𝑓4 = 𝑒𝑁𝑓4 = 5.342 × 105 kNm, 𝑒𝑃𝑑1 = 𝑒𝑁𝑑1 = 8.90 × 10−4 rad, 𝑒𝑃𝑑2 = 𝑒𝑁𝑑2 = 2.31 × 10−2 rad,
𝑒𝑃𝑑3 = 𝑒𝑁𝑑3 = 4.39 × 10−2 rad, 𝑒𝑃𝑑4 = 𝑒𝑁𝑑4 = 5.25 × 10−2 rad, 𝑟𝐷𝑖𝑠𝑝𝑃 = 𝑟𝐷𝑖𝑠𝑝𝑁 = 𝑟𝐹𝑜𝑟𝑐𝑒𝑃 = 𝑟𝐹𝑜𝑟𝑐𝑒𝑁 = 0.85,
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MAYORGA and TSAMPRAS 13

F IGURE 8 Base shear versus roof displacement response. Fiber-based and Lumped-plasticity SFRS models.

𝑢𝐹𝑜𝑟𝑐𝑒𝑃 = 𝑢𝐹𝑜𝑟𝑐𝑒𝑁 = 0.05, 𝑔𝐾1 = 0.25, 𝑔𝐾2 = 𝑔𝐾3 = 𝑔𝐾4 = 0.0, 𝑔𝐾Lim = 0.995, 𝑔𝐷1 = 𝑔𝐷2 = 𝑔𝐷3 = 𝑔𝐷4 = 𝑔𝐷Lim =

0.0, 𝑔𝐹1 = 𝑔𝐹2 = 𝑔𝐹3 = 𝑔𝐹4 = 𝑔𝐹Lim = 0.0, 𝑔𝐸 = 10.0, and 𝑑𝑚𝑔Type = “cycle”.

3.4 Force-limiting deformable connection modeling approach

As recommended in Tsampras et al.,16 an elastic perfectly-plasticmodel is used to simulate the force-deformation response
of the friction devices and a linear-elastic model is used to simulate the force-deformation response of the rubber bearings.
To combine these two force-deformation responses, the force-limiting connections are modeled using the Corotational
Truss elements with Steel01material in OpenSees.24

4 SEISMIC EXCITATION

The 12-story buildingmodels are subjected to 18 groundmotions selected from the 44 FEMAP-695 far-field groundmotion
data set.41 The recorded ground motions are scaled so that the average spectral response accelerations of the 18 scaled
ground motions match the spectral response accelerations of the ASCE/SEI 7-2231 design basis response spectrum over
the range of periods between 0.6 and 2.0 s.31,42 For computing the spectral response accelerations, a 5% of the critical
damping is considered. The list of the selected ground motions including the corresponding scale factors, the design
acceleration response spectrum, the acceleration response spectrum of the 18 scaled ground motions, and the average
acceleration response spectrum can be found in Tsampras et al.22

5 NUMERICAL SIMULATION RESULTS

Numerical earthquake simulations are conducted to assess the effects of the modeling approaches of the SFRS and the
GLRS on the seismic responses of the 12-story RC wall building models subjected to the 18 design-basis intensity-level
ground motions. Section 5.1 assesses the effect of the GLRS modeling approach by comparing the peak seismic responses
obtained from building models using the Moment-frame and Lean-on-column GLRS models introduced in Section 3.2.
The building model with force-limiting connections using the Fiber-based model for the SFRS is considered in this anal-
ysis. Section 5.2 assesses the effect of the SFRS modeling approach by comparing the peak seismic responses obtained
from building models using the Fiber-based and Lumped plasticity SFRS models introduced in Sections 3.3.1 and 3.3.3,
respectively. The building models with conventional connections and force-limiting connections, respectively, using the
Lean-on-column model for the GLRS are considered in this analysis. Section 5.3 assesses the effects of the uncertainty
in the model parameters of the constitutive law of the longitudinal reinforcing steel of the SFRS on the variability of
the seismic responses of the building models through Monte Carlo earthquake simulation. The building models with
conventional connections and force-limiting connections, respectively, using the Lean-on-column GLRS model and the
Fiber-based SFRS model are considered in this analysis. Histograms of the mean values of the peak seismic responses of
the building models with conventional connections and force-limiting connections, respectively, are compared. Table 4
summarizes the numerical models compared in the following sections.
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14 MAYORGA and TSAMPRAS

TABLE 4 Numerical models compared in Sections 5.1, 5.2, and 5.3.

Section GLRS model SFRS model GLRS-to-SFRS connection
5.1 Moment-frame Fiber-based Force-limiting
5.1, 5.2, 5.3 Lean-on-column Fiber-based Force-limiting
5.2 Lean-on-column Lumped-plasticity Conventional
5.2 Lean-on-column Lumped-plasticity Force-limiting
5.2, 5.3 Lean-on-column Fiber-based Conventional

TABLE 5 Mean values and standard deviations (in parenthesis) and the corresponding percentage (%) of variation due to the change in
the GLRS modeling approach of the peak SFRS base shear, SFRS base moment, roof total acceleration, SFRS 12th-story drift, SFRS confined
concrete minimum strain at the base, SFRS reinforcing steel maximum strain amplitude at the base, roof connection force, 3rd-floor
connection deformation, GLRS 12th-story shear, and GLRS 12th-story drift responses. Twelve-story building models with force-limiting
connections using the Moment-frame and Lean-on-column GLRS models, and the Fiber-based SFRS model.

Mean value (Standard deviation)

Response Unit
Moment-frame
GLRS model

Lean-on-column
GLRSmodel % of variation

Peak SFRS base shear kN 17035.9 (1166.7) 16525.3 (976.3) −3.0% (−16.3%)
Peak SFRS base moment kNm 320488.7 (25007.6) 322081.7 (30675.8) +0.5% (+22.7%)
Peak roof total acceleration g 0.659 (0.061) 0.542 (0.016) −17.8% (−73.8%)
Peak SFRS 12th-story drift rad 0.0104 (0.0020) 0.0115 (0.0033) +10.6% (+65.0%)
Peak SFRS confined concrete
minimum strain at the base

m/m 0.00369 (0.00109) 0.00399 (0.00155) +8.1% (+42.2%)

Peak SFRS reinf. steel max.
strain amplitude at the base

m/m 0.0244 (0.0077) 0.0231 (0.0104) −5.3% (+35.1%)

Peak roof connection force kN 2987.1 (146.0) 3099.7 (46.0) +3.8% (−68.5%)
Peak 3rd-floor connection
deformation

mm 22.94 (13.76) 21.33 (14.12) −7.0% (+2.6%)

Peak GLRS 12th-story shear kN 1706.3 (305.5) 258.0 (83.4) −84.9% (−72.7%)
Peak GLRS 12th-story drift rad 0.0100 (0.0019) 0.0116 (0.0029) +16.0% (+52.6%)

5.1 Effect of the GLRS modeling approach

The effects of the GLRS modeling approach on the peak SFRS story shear, SFRS moment, floor total acceleration, SFRS
story drift, SFRS confined concreteminimum strain, SFRS reinforcing steel maximum strain amplitude, connection force,
connection deformation, GLRS story shear, and GLRS story drift responses are assessed for the 12-story building models
with force-limiting connections. The results of the numerical earthquake simulations considering the 18 design-basis
intensity-level ground motions are presented in Figure 9. Each circular marker represents the peak response generated
by one ground motion and each square marker represents the mean value of the peak responses from all ground motions
at the floor or story indicated in the horizontal axis. The gray markers correspond to the peak seismic responses of the
building model using the Moment-frame GLRS model and the orange markers correspond to the peak seismic responses
of the building model using the Lean-on-column GLRS model. Table 5 lists the mean values and standard deviations (in
parenthesis) of the peak SFRS base shear, SFRS base moment, roof total acceleration, SFRS 12th-story drift, SFRS confined
concreteminimum strain at the base, SFRS reinforcing steelmaximum strain amplitude at the base, roof connection force,
3rd-floor connection deformation, GLRS 12th-story shear, and GLRS 12th-story drift responses. The table also includes the
percentage of variation (% of variation) of the mean values and standard deviations (in parenthesis) of the peak responses
due to the change in the GLRS modeling approach. The percentage of variation is computed as the relative difference
between the peak responses obtained using the Moment-frame and Lean-on-column GLRS models, respectively, as a
percentage of the corresponding peak response obtained using the Moment-frame GLRS model.
Figures 9A, 9B, 9C, 9E, 9F, 9G, and Table 5 show that the mean values and the corresponding dispersion of the peak

SFRS story shear, peak SFRS moment, floor total acceleration, SFRS confined concrete minimum strain, SFRS reinforc-
ing steel maximum strain amplitude, and connection force responses of the 12-story building models with force-limiting
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MAYORGA and TSAMPRAS 15

(A)

(C)

(E)

(G)

(J)

(H)

(F)

(D)

(B)

(I)

F IGURE 9 Peak (A) SFRS story shear, (B) SFRS moment, (C) floor total acceleration, (D) SFRS story drift, (E) SFRS confined concrete
minimum strain, (F) SFRS reinforcing steel maximum strain amplitude, (G) connection force, (H) connection deformation, (I) GLRS story
shear, and (J) GLRS story drift responses from the 18 design-basis intensity-level ground motions, and the corresponding mean values (white
square markers). Twelve-story building models with force-limiting connections using the Moment-frame and Lean-on-column GLRS models,
and the Fiber-based SFRS model.

connections are not practically affected by the change in the GLRSmodeling approach. However, the standard deviations
of the peak roof total acceleration and roof connection force responses are reduced by 73.8% and 68.5%, respectively, when
the Lean-on-column GLRS model replaces the Moment-frame GLRS model.
Figures 9D, 9J, and Table 5 indicate that the mean values and the corresponding dispersion of the peak SFRS story

drift and GLRS story drift responses of the building models with force-limiting connections are moderately affected by
the change in the GLRS modeling approach. These results are expected because the Lean-on-column GLRS model does
not simulate the base moment reaction and the moment-frame action of the GLRS. The reduced lateral stiffness of the
Lean-on-column GLRS model increases the story drift responses.
Figure 9H and Table 5 show that themean values and the corresponding dispersion of the peak connection deformation

responses of the building models with force-limiting connections are not practically affected by the change in the GLRS
modeling approach. Noticeable differences in the peak connection deformation responses are observed at the roof level,
but the mean values of the peak connection deformation responses at that level are lower than 8.0 mm with a lower
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16 MAYORGA and TSAMPRAS

peak response dispersion compared with those at the mid-height of the building. Tsampras17 showed that the differences
between the connection deformation responses due to a change in the GLRS modeling approach can be mainly observed
at higher floors. However, Tsampras considered a Lumped-plasticity modeling approach for the SFRS and a uniform
distribution of𝐹𝐿𝑥 over the height of the buildingmodels used to conduct numerical earthquake simulations. This suggests
that the effect of the GLRS modeling approach is reduced by considering the nonuniform distribution of 𝐹𝐿𝑥 given by the
design method proposed by Tsampras and Sause.22
Figure 9I and Table 5 indicate that the mean values of the peak GLRS story shear responses of the building model

with force-limiting connections at the higher stories are significantly lower when the Lean-on-column GLRS model is
considered. However, the differences in theGLRS story shear responses due to the change in theGLRSmodeling approach
do not affect the SFRS story shear responses, which are an order of magnitude larger than the GLRS story shear responses.
The results of the numerical earthquake simulations indicate that the relative effects of the two studied GLRSmodeling

approaches on the seismic responses of the 12-story building models with force-limiting connections are limited in the
context of performance-based seismic design and assessment.

5.2 Effect of the SFRS modeling approach

The effects of the SFRS modeling approach on the peak SFRS story shear, SFRS moment, floor total acceleration, SFRS
story drift, SFRS confined concreteminimum strain, SFRS reinforcing steel maximum strain amplitude, connection force,
and connection deformation responses are assessed for the 12-story building models with conventional connections and
force-limiting connections, respectively. The results of the numerical earthquake simulations are presented in Figure 10
following the same format used to present the results in Figure 9. The blue markers correspond to the building model
with conventional connections using the Fiber-based SFRS model, red markers correspond to the building model with
conventional connections using the Lumped-plasticity SFRS model, orange markers correspond to the building model
with force-limiting connections using the Fiber-based SFRS model, and green markers correspond to the building model
with force-limiting connections using the Lumped-plasticity SFRS model. Table 6 lists the mean values and standard
deviations (in parenthesis) of the peak SFRS base shear, SFRS base moment, roof total acceleration, SFRS 12th-story drift,
SFRS confined concrete minimum strain at the base, SFRS reinforcing steel maximum strain amplitude at the base, roof
connection force, and 3rd-floor connection deformation responses. The table also includes the percentage of variation (%
of variation) of the mean values and standard deviations (in parenthesis) of the peak responses due to the change in the
SFRS modeling approach. The percentage of variation is computed as the relative difference between the peak responses
obtained using the Fiber-based and Lumped-plasticity SFRS models, respectively, as a percentage of the corresponding
peak response obtained using the Fiber-based SFRS model.
The GLRS story shear and GLRS story drift responses are not considered in this section. The peak GLRS story shear

responses are significantly affected by the change in the GLRS modeling approach, and they are one order of magnitude
lower than the peak SFRS story shear responses (see Section 5.1). The peak GLRS story drift responses are similarly
affected by the change in the SFRS modeling approach compared with the peak SFRS story drift responses already
included in this section.
Figures 10A, 10C, and 10G show that the mean values and the corresponding dispersion of the peak SFRS story shear,

floor total acceleration, and connection force responses of the 12-story building models with conventional connections
are noticeably affected by the change in the SFRS modeling approach, whereas these peak responses for the building
models with force-limiting connections are considerably less affected by the change in the SFRS modeling approach.
Table 6 shows that the magnitudes of the percentages of variation in the mean values of the peak SFRS base shear, roof
total acceleration, and roof connection force responses due to the change in the SFRS modeling approach considerably
drop from 21.8%, 46.9%, and 50.9% for the building models with conventional connections to 4.0%, 2.2%, and 1.9% for the
building models with force-limiting connections, respectively. The magnitudes of the percentages of variation in standard
deviations drop from 44.4%, 39.8%, and 42.4% for the building models with conventional connections to 20.9%, 18.8%, and
33.9% for the building models with force-limiting connections, respectively. However, the standard deviations of the peak
responses of the building models with force-limiting connections are one to two orders of magnitude smaller than those
for the building models with conventional connections.
Table 6 indicates that the mean values of the peak SFRS base moment responses of the building models with con-

ventional connections and force-limiting connections, respectively, are not practically affected and the corresponding
standard deviations are moderately affected by the change in the SFRS modeling approach. This is expected because
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(A)
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F IGURE 10 Peak (A) SFRS story shear, (B) SFRS moment, (C) floor total acceleration, (D) SFRS story drift, (E) SFRS confined concrete
minimum strain, (F) SFRS reinforcing steel maximum strain amplitude, (G) connection force, and (H) connection deformation responses
from the 18 design-basis intensity-level ground motions, and the corresponding mean values (white square markers). Twelve-story building
models with conventional connections and force-limiting connections, respectively, using the Lean-on-column GLRS model, and the
Fiber-based and Lumped-plasticity SFRS models.

the SFRS is designed to develop a flexural inelastic mechanism at the base that limits the SFRS base moment response.
However, Figure 10B shows that the SFRS moment responses over the height of the building models with conventional
connections are considerably affected by the change in the SFRS modeling approach. The maximum peak SFRS moment
response of the building model with conventional connections using the Lumped-plasticity SFRS model occurs at the 7th
story. Thismaximumpeak value is obtainedwhen the buildingmodel is subjected to the scaled CLW-LN component of the
Landers (1992) seismic event. The time-history of the SFRS 7th-storymoment response of the buildingmodel with conven-
tional connections using the Lumped-plasticity SFRS model induced by the scaled CLW-LN component is presented in
Figure 11A. The spectrogram of the SFRS 7th-story moment response shown in Figure 11B indicates that the predominant
frequency content at the instant when the peak SFRS 7th-storymoment response occurs is 𝑓 = 3.809 Hz. This frequency is
approximately equal to the second-mode frequency (𝑓2 = 3.817 Hz) computed considering the initial state of the stiffness
of the building model with conventional connections using the Lumped-plasticity SFRS model. In addition, the acceler-
ation response spectrum of the scaled CLW-LN component is shown in Figure 12A. The solid and dashed lines in this
figure represent the second-mode period computed at the beginning of the earthquake simulations (𝑡 = 0 s) and at the
time instant when the peak SFRS 7th-story moment response occurs, respectively. It is noted that the spectral response
acceleration computed at the overlapped second-mode periods of the buildingmodel with conventional connections using
the Lumped-plasticity SFRS model coincides with the peak value of the acceleration response spectrum. Therefore, it can
be concluded that the maximum peak SFRS story moment response occurs at the mid-height of the building model with
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MAYORGA and TSAMPRAS 19

(A)

(B)

F IGURE 11 (A) Time-history of the SFRS 7th-story moment response induced by the scaled CLW-LN component of the Landers (1992)
seismic event and (B) its spectrogram. Twelve-story building model with conventional connections using the Lean-on-column GLRS model
and the Lumped-plasticity SFRS model.

(A) (B)

F IGURE 1 2 (A) Acceleration response spectrum of the scaled CLW-LN component of the Landers (1992) seismic event and (B) the
evolution of the second-mode period (𝑇2) over time during the scaled CLW-LN component of the Landers (1992) seismic event. Twelve-story
building models with conventional connections and force-limiting connections, respectively, using the Lean-on-columns GLRS model, and
the Fiber-based and Lumped-plasticity SFRS models.

conventional connections using the Lumped-plasticity SFRSmodel due to the significant contribution of the second-mode
response to the total seismic response of the building model.
Figure 10B shows that the peak SFRS moment responses and the corresponding dispersion at the mid-height of the

building model with conventional connections using the Fiber-based SFRS model are smaller compared to these peak
responses for the building model with conventional connections using the Lumped-plasticity SFRS model. The use of
the Fiber-based SFRS model for the simulation of the flexural response of the RC wall allows for the simulation of the
evolution of concrete cracking over the height of the wall. The cracking of the wall modifies the state of the stiffness
and, as a result, modifies the seismic response of the building model. The modification of the seismic response results in
reduced SFRS moment responses at the mid-height of the building model using the Fiber-based SFRS model. The peak
SFRS moment responses and the corresponding dispersion at the mid-height of the building model with force-limiting
connections using the Fiber-based SFRS model are smaller compared to these peak responses for the building model
with conventional connections using the Fiber-based SFRS model. Thus, the use of force-limiting connections instead of
conventional connections allows for further modification of the seismic responses of the building models with significant
effects on the dispersion of the SFRS moment responses. As a result, the peak SFRS moment responses at the mid-height
of the building models with force-limiting connections are less sensitive to the change in the SFRS modeling approach
compared to these peak responses for the building models with conventional connections.
Figure 12B shows the evolution of the second-mode period (𝑇2) over time of the building models with conventional

connections and force-limiting connections, respectively, obtained from the numerical earthquake simulations using the
scaled CLW-LN component of the Landers (1992) seismic event as the ground motion excitation. The numerical results
for the buildingmodels using both SFRSmodeling approaches are presented. The second-mode period at each time step is
obtained using the mass matrix (constant) and the instantaneous tangent stiffness matrix computed at the corresponding
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20 MAYORGA and TSAMPRAS

time step. The Fiber-based SFRS models assume that the concrete in the RC walls is uncracked at the beginning of the
groundmotion. The Lumped-plasticity SFRSmodels consider stiffness reduction factors to account for cracking and non-
linear behavior of the RCwalls over the height of the building. As a result, the buildingmodels using the Lumped-plasticity
SFRS model are more flexible at 𝑡 = 0 s compared to the building models using the Fiber-based SFRS model; therefore,
the initial second-mode periods of the building models using the Lumped-plasticity SFRS models are longer. The initial
stiffness of the force-limiting connections is designed to be high, so they can emulate the behavior of the conventional
connections under service-level loading conditions. However, the initial stiffness of the force-limiting connections is still
lower than the stiffness of the conventional connections. As a result, the initial second-mode periods of the building mod-
els with force-limiting connections are longer than the ones for the building models with conventional connections. This
effect is more pronounced when the lateral stiffness of the SFRS is higher, as can be checked in Figure 12B.
Figure 12B shows that the second-mode period of the buildingmodel with conventional connections using the Lumped-

plasticity SFRS model is approximately constant during the ground motion. This is because this building model lacks
the ability to modify the state of the lateral stiffness over the height of the building model during the ground motion
excitation. This ability is in fact a key property introduced by the force-limiting connections that allows the mitigation
of the contribution of the higher-mode response to the total seismic response of the building system. This property is
attributed to the controlled inelastic force-displacement response of the force-limiting connections distributed over the
height of the building. Figure 12B shows the considerable second-mode period elongation of the building models with
force-limiting connections during the strong motion response. Figure 12A shows that the inelastic response of the force-
limiting connections during the strong motion elongates the instantaneous second-mode periods of the building models
to a range of lower spectral response accelerations, mitigating the contribution of the second-mode responses to the total
seismic responses of the building models.
Figures 10D, 10H, and Table 6 show that the mean values and the corresponding dispersion of the peak SFRS story drift

and connection deformation responses of the building models with conventional connections and force-limiting connec-
tions, respectively, are not significantly affected by the change in the SFRS modeling approach. Noticeable differences in
the mean values of the peak SFRS story drift responses due to the change in the SFRS modeling approach are observed
at the two lower stories; however, the mean values of these peak responses are smaller than the maximum mean values
located at the 12th story. Noticeable differences in the mean values of the connection deformation responses due to the
change in the SFRS modeling approach are observed at the two higher floor levels; however, the mean values of these
peak responses are smaller than the maximummean values located at the third floor.
Figures 10E, 10F, and Table 6 show that the use of force-limiting connections instead of conventional connections

reduces themean values of the peak SFRS confined concreteminimum strain and SFRS reinforcing steel maximum strain
amplitude responses at the base without affecting the dispersion of these peak responses.
The results of the numerical earthquake simulations indicate that the relative effects of the two studied SFRSmodeling

approaches on the acceleration and force responses of the building models are reduced by including force-limiting con-
nections. This lower sensitivity to the SFRS modeling approach for the building models with force-limiting connections
provides more confidence in the prediction of the seismic responses of these building systems. It is also verified that the
magnitude and variability of the acceleration and force responses and the contribution of the higher-mode responses to
the total seismic responses of the building models are reduced by including force-limiting connections. These results are
consistent with conclusions given in previous research.16,22

5.3 Effect of the uncertainty in the SFRS model parameters

The calibration process of the SFRS presented in Section 3.3.2 shows that themodel parameters of the constitutive lawused
to simulate the response of the longitudinal reinforcing steel in the flexure-dominant inelastic base-mechanism RC walls
have an important effect on the cyclic response of the walls. Therefore, it is expected that the uncertainty of these model
parameters affects the seismic responses of the 12-story building models. The results presented in Sections 5.1 and 5.2 are
obtained using the deterministic values of the steel model parameters given in Table 3. In this section, the steel model
parameters are considered as uncertain to investigate the effects of their uncertainty on the variability of the distributions
of themean values of the peak seismic responses of the 12-story buildingmodels with conventional connections and force-
limiting connections, respectively, subjected to design-basis intensity-level ground motions. The histograms of the mean
values of the peak responses are compared with some reference values associated with seismic design and performance
assessment of buildings.
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MAYORGA and TSAMPRAS 21

F IGURE 13 Flowchart of the uncertainty propagation analysis.

5.3.1 Importance of uncertainty quantification

The quantification of the uncertainty in the model parameters is of paramount importance, particularly during sensitivity
and reliability analyses in the context of seismic performance-based design and assessment of buildings. These analyses
can expose the numerical models to conditions that may differ from those considered during the calibration of the
numerical models.43 Hence, it becomes imperative to comprehensively address and quantify the uncertainty in the
model parameters to ensure accurate and reliable results.44 The quantification of this uncertainty serves as a metric of
the level of confidence in the seismic structural responses of buildings obtained from the numerical models. The level
of confidence in the seismic structural responses is directly related to the level of confidence in the results of seismic
performance-based design and assessment of buildings.
Previous research has quantified the uncertainty in the model parameters by performing uncertainty propagation, sen-

sitivity, Bayesianmodel updating, or reliability analyses to assess the effects of the uncertainty in themodel parameters on
the seismic response and performance of structures.43,45–50 They have explicitly considered the uncertainty in the model
parameters by modeling it through suitable PDFs. They have demonstrated that considering this source of uncertainty
introduces significant variability in the results of the seismic performance-based design and assessment of structures.
This evidences the importance of considering this source of uncertainty when the performance of structures is assessed.

5.3.2 Uncertainty propagation analysis

Figure 13 presents a flowchart that schematizes the tasks involved in the uncertainty propagation analysis conducted
through Monte Carlo simulation. The tasks are: Task 1: Select a set of ground motions that are scaled to simulate design-
basis intensity-level earthquakes, Task 2: Sample themodel parameters considered as uncertain from the joint PDF, Task 3:
Evaluate the building numerical model at each sample of the model parameters considered as uncertain, Task 4: Perform
numerical nonlinear earthquake simulations of the building numerical models evaluated at each sample of the model
parameters considered as uncertain subjected to the selected set of ground motions, and Task 5: Plot the histograms of
the mean values of the peak structural responses of the building numerical models. This uncertainty propagation analysis
is computationally expensive because of the large number of nonlinear numerical earthquake simulations required to
obtain the results.
The joint PDF of the parameters of the Giuffrè-Menegotto-Pinto model presented in Table 2 is used to generate 4000

samples in the steel model parameter space. The building models are evaluated at each steel model parameter sample
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22 MAYORGA and TSAMPRAS

(A)

(C)

(E)

(F)

(D)

(B)

F IGURE 14 Histograms of the mean values of the peak SFRS base shear, SFRS base moment, roof total acceleration, SFRS 12th-story
drift, SFRS confined concrete minimum strain at the base, and SFRS reinforcing steel maximum strain amplitude at the base responses from
the 18 design-basis intensity-level ground motions. Twelve-story building models with conventional connections and force-limiting
connections, respectively, using the Lean-on-column GLRS model and the Fiber-based SFRS model.

and subjected to the 18 design-basis intensity-level ground motions given in Section 4. Hence, 72,000 nonlinear dynamic
analyses per connection case are performed in OpenSees24 using parallel computation in Python.51

5.3.3 Effects on the distributions of structural responses

Histograms of the mean values of the peak SFRS base shear, SFRS base moment, roof total acceleration, SFRS 12th-story
drift, SFRS confined concrete minimum strain at the base, and SFRS reinforcing steel maximum strain amplitude at the
base responses of the 12-story buildingmodelswith conventional connections and force-limiting connections, respectively,
subjected to the 18 design-basis intensity-level ground motions are presented in Figure 14. The mean values, standard
deviations, and coefficients of variation of the resulting distributions of these mean peak seismic responses are listed in
Table 7. Additionally, the peak seismic responses obtained in Section 5.2 using the deterministic steel model parameters
given in Table 3 are presented as vertical black lines. The dashed-dotted lines correspond to building models with con-
ventional connections and dashed lines correspond to building models with force-limiting connections. Some reference
values associated with seismic design and performance assessment of buildings are presented as vertical red lines.
Figure 14A shows that the distributions of the mean peak SFRS base shear responses are significantly affected by

the change in the GLRS-to-SFRS connections. The mean values and standard deviations of these distributions are
reduced by more than 35.0% and 50.0%, respectively, by including force-limiting connections. The design base shear force
𝑉𝑒 = 23059.9 kN32 computed following the prescriptive seismic design for buildings with conventional connections is
shown as a vertical red dashed line in Figure 14A. The mean peak SFRS base shear responses of the building models with
conventional connections exceed 𝑉𝑒, whereas these mean peak responses for the building models with force-limiting
connections are considerably smaller than 𝑉𝑒. The base shear 𝑉𝐹𝐿𝐶 = 21543.5 kN computed as the sum of the design
forces of the force-limiting connections over the height of the building is shown as a vertical red solid line in Figure 14A.
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MAYORGA and TSAMPRAS 23

TABLE 7 Statistics of the distributions of the mean values of the peak seismic responses presented in Figure 14.

Response Unit
GLRS-to-SFRS
connection Mean value

Standard
deviation

Coefficient
of variation

Mean peak SFRS base shear kN Conventional 26836.2 559.7 2.1%
Force-limiting 16682.1 260.2 1.6%

Mean peak SFRS base moment kNm Conventional 335503.8 9429.2 2.8%
Force-limiting 323121.4 8747.4 2.7%

Mean peak roof total acceleration g Conventional 1.058 0.0273 2.6%
Force-limiting 0.563 0.0014 0.2%

Mean peak SFRS 12th-story drift rad Conventional 0.0113 0.00020 1.8%
Force-limiting 0.0109 0.00018 1.7%

Mean peak SFRS confined concrete m/m Conventional 0.00519 0.00026 5.0%
minimum strain at the base Force-limiting 0.00442 0.00021 4.8%
Mean peak SFRS reinforcing steel m/m Conventional 0.0304 0.00298 9.8%
max. strain amplitude at the base Force-limiting 0.0244 0.00213 8.7%

The mean peak SFRS base shear responses of the building models with force-limiting connections do not exceed 𝑉𝐹𝐿𝐶 .
This is expected because 𝑉𝐹𝐿𝐶 can be considered an extreme value for the SFRS base shear response assuming that all
force-limiting connections are activated simultaneously.
Figure 14B shows that the distributions of the mean peak SFRS base moment responses are not practically affected by

the change in theGLRS-to-SFRS connections. These distributions resulted in similarmean values and standard deviations
for the building models with conventional connections and force-limiting connections, respectively (see Table 7). This is
expected because the RC walls that constitute the SFRS are designed to develop a ductile flexural inelastic base mecha-
nism that limits the SFRS base moment responses. The ductile flexural inelastic base mechanism is designed to have an
intended design moment strength and curvature capacity depending on the material properties, distribution of longitu-
dinal reinforcing steel, and detailing of transverse confining steel. The SFRS base moment strength computed through
sectional analysis also depends on the steel model parameters. The simulated samples of the steel model parameters from
the joint PDF are used to obtain the distribution of the SFRS base moment strengths shown in Figure 14B. It is observed
that some of the mean peak SFRS base moment responses of the building models with conventional connections exceed
some of the SFRS basemoment strengths, whereas thesemean peak responses for the buildingmodels with force-limiting
connections are smaller than the SFRS base moment strengths. The base moment𝑀𝐹𝐿𝐶 = 526162.9 kNm resulting from
the distribution of the design forces of the force-limiting connections over the height of the building is shown as a vertical
red line in Figure 14B.𝑀𝐹𝐿𝐶 can be considered an extreme value for the SFRS base moment response assuming that all
force-limiting connections are activated simultaneously.
Figure 14C shows that the distributions of the mean peak roof total acceleration responses are significantly affected

by the change in the GLRS-to-SFRS connections. The mean values and standard deviations of these distributions are
reduced by more than 45.0% and 90.0%, respectively, by including force-limiting connections. As a reference value, the
design acceleration coefficient 𝐶𝑝𝑛, given by the Alternative Design Provisions for Diaphragms, including Chords and
Collections per ASCE/SEI 7-22 Section 12.10.3,31 is shown as a vertical red line in Figure 14C. Note that the mean peak
roof total acceleration responses of the building models with conventional connections exceed 𝐶𝑝𝑛, whereas these mean
peak responses for the buildingmodelswith force-limiting connections are considerably lower than𝐶𝑝𝑛. The deterministic
values of themean peak roof total acceleration responses from Section 5.2 aremostly exceeded by themean peak roof total
acceleration responses of the buildingmodels with conventional connections and force-limiting connections, respectively.
Figure 14D shows that the distributions of the mean peak SFRS 12th-story drift responses are practically not affected

by the change in the GLRS-to-SFRS connections. These distributions resulted in similar mean values and standard devia-
tions for the buildingmodelswith conventional connections and force-limiting connections, respectively (see Table 7). The
mean peak SFRS 12th-story drift responses of the building models with conventional connections and force-limiting con-
nections, respectively, are significantly lower than the design limit of 0.020 rad,31 shown as a vertical red line in Figure 14D.
Therefore, no significant deformation at the design earthquake-intensity level is expected for the studied building with
and without force-limiting connections.
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24 MAYORGA and TSAMPRAS

Figure 14E shows that the distributions of the mean peak SFRS confined concrete minimum strain responses at the
base are affected by the change in the GLRS-to-SFRS connections. The mean values and standard deviations of these
distributions are reduced by 14.8% and 19.2%, respectively, by including force-limiting connections. All the mean peak
SFRS confined concrete minimum strain responses at the base of the building models with conventional connections
exceed the deep spalling limit state of 0.004 m∕m,52 shown as a vertical red line in Figure 14E. The deterministic value
of the mean peak SFRS confined concrete minimum strain response at the base from Section 5.2 for the building model
with force-limiting connections does not exceed the deep spalling limit state. Despite this, most of the mean peak SFRS
confined concreteminimum strain responses at the base of the buildingmodelswith force-limiting connections exceed the
deep spalling limit state. These results show how important it is to consider the uncertainty in the steel model parameters
when the seismic responses of the building models at fiber level are compared to limit states used in performance-based
seismic design and assessment of buildings.
Figure 14F shows that the distributions of the mean peak reinforcing steel maximum strain amplitude responses at the

base are affected by the change in theGLRS-to-SFRS connections. Themean values and standard deviations of these distri-
butions are reduced by 19.7% and 28.5%, respectively, by including force-limiting connections. As expected, the uncertainty
in the steel model parameters has a higher relative effect on themean peak SFRS reinforcing steel maximum strain ampli-
tude responses at the base than on the other studiedmean peak responses. The coefficients of variation of the distributions
of these mean peak responses are 9.8% and 8.7% for the buildingmodels with conventional connections and force-limiting
connections, respectively. The mean peak SFRS reinforcing steel maximum strain amplitude responses at the base are
considerably smaller than the onset of the longitudinal reinforcing steel bar buckling limit state of 0.070 m∕m,53 shown
as a vertical red line in Figure 14F.
The use of force-limiting connections between the GLRS and the SFRS not only reduces the mean values of the distri-

butions of the mean peak SFRS base shear, roof total acceleration, SFRS confined concrete minimum strain at the base,
and SFRS reinforcing steel maximum strain amplitude at the base responses but also reduces the dispersion of these dis-
tributions due to the uncertainty in the steel model parameters. This effect is more pronounced on the distributions of the
mean peak SFRS base shear and roof total acceleration responses. The resulting distributions of the mean peak SFRS con-
fined concreteminimum strain responses at the base demonstrated that not considering the uncertainty in the steel model
parameters can lead to unconservative estimates of the seismic responses used to check the design limit states. The reduc-
tion in the dispersion of the distributions of the structural responses by including force-limiting connections gives higher
confidence in the seismic response prediction, which can be reflected in higher confidence in the performance-based
seismic design and assessment of buildings with force-limiting connections.

6 SUMMARY

This paper assessed the effects of (1) the GLRS modeling approach, (2) the SFRS modeling approach, and (3) the uncer-
tainty of the model parameters of the constitutive law of the longitudinal reinforcing steel of the SFRS on the simulated
seismic responses of a 12-story RC building with force-limiting connections. This was achieved by conducting nonlin-
ear numerical simulations of building models subjected to a set of far-field ground motions scaled to the design-basis
intensity-level earthquake. First, the seismic responses of the building models with force-limiting connections using two
GLRS modeling approaches, (1) a moment frame system (Moment-frame model) and (2) a pin-base lean-on-column sys-
tem (Lean-on-column model), were compared. Then, the seismic responses of the building models with conventional
connections and force-limiting connections, respectively, using two SFRSmodeling approaches, (1) a distributed-plasticity
modeling approach (Fiber-based model) and (2) a lumped-plasticity modeling approach (Lumped-plasticity model), were
compared. Themodel parameters of the Fiber-basedmodel were calibrated and validated against experimental test results
available in the literature. The joint PDF for the ASTM-A615 Grade 60 steel proposed by Birrell et al.30 provided the
expected ranges of variation of the model parameters of the constitutive law of the longitudinal reinforcing steel fibers
used for calibration. Finally, the joint PDF of the steel model parameters was used to conduct an uncertainty propagation
analysis throughMonteCarlo earthquake simulation. The uncertainty in the steelmodel parameterswas propagated to the
seismic responses of the buildingmodels with conventional connections and force-limiting connections, respectively. The
distributions of the mean values of the peak structural responses of the building models were studied. Additionally, this
paper verified that the use of force-limiting connections instead of conventional connections reduces the magnitude and
variability of the acceleration and force responses and the higher-mode response contributions to the seismic responses
of the building models.
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MAYORGA and TSAMPRAS 25

7 CONCLUSIONS

∙ The joint PDFs of numerical model parameters based on experimental test results give valuable information on the
expected values and ranges of variation of the model parameters that can be used for calibration and validation of
nonlinear models for numerical earthquake simulation.

∙ The mean values and dispersion of the peak SFRS and GLRS-to-SFRS connection responses of the 12-story building
models with force-limiting connections are not practically affected by the GLRS modeling approach.

∙ Theuse of force-limiting connections between theGLRS and the SFRS considerably reduces the effects of the SFRSmod-
eling approach on the mean values and dispersion of the peak SFRS story shear, SFRSmoment, floor total acceleration,
and GLRS-to-SFRS connection force responses.

∙ The cracking evolution over the height of the RC walls modifies the state of the stiffness over the height of the building
models and, as a result, it reduces the contribution of the second-mode responses to the total seismic responses of the
buildingmodels. The use of force-limiting connections between the GLRS and the SFRS allows for further modification
of the state of the stiffness over the height of the building models; therefore, a higher reduction of the contribution of
the second-mode responses is achieved.

∙ The use of force-limiting connections between the GLRS and the SFRS not only reduces the mean values of the distri-
butions of the mean peak SFRS base shear, roof total acceleration, SFRS confined concrete minimum strain at the base,
and SFRS reinforcing steel maximum strain amplitude at the base responses but also reduces the dispersion of these
distributions due to the uncertainty in the steel model parameters. This effect is more pronounced on the distributions
of the mean peak SFRS base shear and roof total acceleration responses.

∙ The uncertainty in the steel model parameters considerably affects the distributions of the mean peak SFRS con-
fined concrete minimum strain and SFRS reinforcing steel maximum strain amplitude responses at the base of the
12-story building models. Not considering this source of uncertainty can lead to unconservative estimates of the seismic
responses used to check design limit states.

The reduction in the effects of the modeling approaches of the structural components on the seismic responses of the
building models by including force-limiting connections between the GLRS and the SFRS gives higher confidence in the
prediction of the seismic responses, which can be reflected in higher confidence in the performance-based seismic design
and assessment of buildings with force-limiting connections.
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