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ABSTRACT OF THE THESIS

Establishing Capacity and Demand Factors for Force-Controlled Components in a
Rocking Spine System for Reinforced Concrete Frames with Infills Using a Reliability-

Based Method

by

Ni Made Novia Kusumayani

Master of Science in Civil Engineering
University of California, Los Angeles, 2017

Professor Henry J. Burton, Chair

A reinforced concrete frame with rocking spine system is evaluated using reliability-index
method with main objective of establishing the load and resistance factors for the force-
controlled components. A nonlinear structural model of a six-bay six-story concrete frame
building with stiff infill panels idealized as compression only struts was constructed in
OpenSees. Spine-infills, spine-beams, and spine-columns, are considered as force-
controlled components, while non-spine infills and adjacent beams are considered as
deformation-controlled components. The model is evaluated with 44 ground motions

through Incremental Dynamic Analysis (IDA) to determine the demands in the force-



controlled components. The model was also evaluated through response spectrum
analysis to define the system’s yield modification factor, R,, which is used along with
hazard curve to obtain the reliability index of the system, Bry,. The capacity, ¢,and
demand, y factors are calculated by defining the probability of demand surpassing
capacity in 50 years equal to 0.05%, 0.1%, 0.2%, 0.5%, and 1%. The results show that
the ¢p/y decreases as R, and By 4, increases. The capacity and demand factors of spine-
infill struts, spine-beams, and spine-columns for 0.1% P(D>C)so years are: y = 1.0, ¢ =

0.2;,y=1.0,¢9p=1.0;y =1.0,¢ = 1.0; respectively.
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1. INTRODUCTION

Reinforced concrete frame buildings with infills are used worldwide because of their less
expensive material cost and commonplace construction technique. As the demand for
buildings is constantly increasing, these structures continue to grow, and nowadays infill
frames are even implemented in taller buildings. This fact is raising a concern among
experts since infill frames are generally constructed as low ductility system, which could
lead to a significant risk of collapse under earthquake loading. The collapse cases for infill
frames after the earthquakes in Haiti (2010), Italy (2009), China (2008), India (2001) and
Turkey (1999) serve as evidence that if this type of structure would continue to be built,

there should be a method to enhance its seismic performance.

Over the years, researchers have been developing seismic risk mitigation techniques to
overcome the drawbacks of different types of masonry buildings. One approach that has
been shown to improve the overall seismic performance is the introduction of a rocking
infill wall into the system. Toranzo et al. (2001) conducted a study on rocking walls built
from the confined-masonry that was integrated with hysteretic energy dissipators located
at the base of the walls. The numerical analysis showed that the rocking wall design could

satisfy the target drift and reduce damage in the structure under earthquake loading.

Mosalam and Guinay (2009) conducted a study on retrofitting reinforced concrete frames
with non-ductile infill walls by applying a rocking spine into the system. The retrofit
methods included strengthening the non-ductile infill wall with mesh reinforcement and a

concrete layer on one side of the wall. The additional reinforcement increases the vertical
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forces from the infill panels to the column and can produce tensile forces in the column.
By using a shallow foundation and letting the wall uplift, the strengthened wall would act
as a rocking spine. The adequacy of the retrofit scheme was evaluated by non-linear
dynamic analysis and the results showed that the retrofit scheme is effective for reducing
the inter-story drift and produced a uniform drift along the height; therefore, the likelihood

of a soft story failure can be reduced.

As an adaptation of the retrofit system proposed by Mosalam and Ginay (2009), Burton
et al. (2016) conducted a study to develop a design procedure for the rocking spine
system in new infill frame buildings. As shown in Figure 1.1, the rocking spine system
consists of a strong, stiff spine supported on a shallow foundation. In the Burton et al.
(and current) study, the spine system was a reinforced concrete frame with strong
masonry infills; however, a concrete shear wall could also be used as the spine. A rocking
mechanism is activated when the overturning moment in the spine exceeds the
overturning resistance, causing uplift at the shallow spine footing. The sources of
overturning resistance include gravity loads acting directly on the spine and the kinematic
restraint provided by the infill panels and beams adjacent to the spine. The spine
overturning resistance also depends on the size of the footing at its base and the extent

of vertical deformation in the soil.

In practice, the system may consist of multiple (orthogonal and parallel) adjacent bays
that contribute to the overturning resistance of the system under earthquake loading. The

spine-columns, spine-beams, and spine infills are expected to act as force-controlled



components, which remain essentially elastic under moderate earthquake. Meanwhile,
adjacent beams and non-spine infills are designed as deformation-controlled elements
which are expected to have inelastic deformation and dissipate energy under moderate
earthquake. In the Burton et al. (2016) study, the rocking spine system was evaluated by
non-linear static and dynamic analysis. The results show that the seismic design satisfies
the drift limit in ASCE 7. The design has 2.8% probability of collapse at MCE hazard level
for an ASCE Seismic Design Category D site, which is far less than the limit (10%
probability of collapse at the MCE level) recommended in the FEMA P695 (FEMA, 2009)

Guidelines.

Uplift-Side Spine Compression-Side
A 1

Non-Spine Infill
(Deformation-Controlled)

Beam Hinge

Adjacent Beams
(Deformation-Controlled)

Spine Beam and
Column (Force-Controlled)

Spine Infill

(Force-Controlled) Grade Beams

Spine Footing

Figure 1. 1 The Rocking Spine System (adapted from Burton et al. 2016)



Inspired by the capability of rocking spine system, this study is conducted with the
purpose of establishing the demand and capacity factors for the force-controlled rocking
spine elements using a reliability-based methodology. The approach used in this study,
which is an adaptation of the Load and Resistance Factor Design (LRFD) methodology,
was developed by Victorsson, et al (2013) and applied to special concentric braced frame
connections. The capacity-based design requirements are resolved by considering the
variability of demands and component capacity along with target reliability. The
differences between the reliability and LRFD method are in the way of defining demands
and reliability index, 8. In LRFD method, demands are taken directly from the median of
the load effect, such as dead load, live load, and other loads. Meanwhile, in reliability
method, demands are determined by considering four variabilities, which are the ratio of
statistical demand value from nonlinear dynamic analysis at MCE level, the material
strength, geometrical properties, and record-to-record variability. Reliability index, B in the
reliability method are chosen from the average values in structural design prior to LRFD.
In the reliability method, B8 are calculated by considering the yield modification factor of

the system, R, and the hazard curve of the site location, Ha (Victorsson, 2013).

The first main step of this study is constructing a two-dimensional model of the reinforced
concrete frame with rocking spine system in OpenSees and performing Incremental
Dynamic Analysis (IDAs) (Vamvatsikos and Cornell, 2002) using a suite of ground
motions. The maximum induced force demands in the force-controlled spine components
are recorded and the median values are determined. The next step is to determine the

target reliability index of the system, S .. The subscripts in the reliability index refers to
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the site’s ground motion hazard and the R-factor used to design the structure. Once the
medians of the maximum induced forces are available and the reliability index is chosen,
the demand and capacity factors could be calculated by adjusting the tolerable probability
of collapse due to the failure of capacity-designed components to the target probability of

collapse on the relevant building code.



2. METHODOLOGY

2.1 Overview of Design Procedure for Rocking Spine System

The main steps in the design methodology proposed by Burton et al. (2016) consist
of defining the required overturning resistance of rocking spine system and detailing
the key elements to prevent undesirable failure mechanisms. The overturning
moment before uplift is provided by the gravity load on the spine, and after uplift, the
beams and infills at adjacent bays provide the resistance by acting like an outrigger
system. The idealized free-body diagram of the rocking spine is presented in Figure

2.1.

The minimum overturning moment resistance of rocking spine system is determined
by using the equivalent lateral force procedure as outlined in ASCE 7-10. Using the
design spectra and the response modification factor, R, the required design based
shear and the equivalent lateral forces are calculated. The summation of the
multiplication of equivalent lateral forces, Fi, to the height of those lateral forces, Hi,
for all floors will give the required overturning moment resistance, M,,, which should
be less than the nominal overturning resistance reduced by the strength reduction
factor, ®M,,. The nominal overturning moment resistance is determined by taking the
contribution of the adjacent beams, M, and M, and non-spine infill struts, P,;and

P,¢, into consideration.
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Figure 2. 1 Loads Diagram on Rocking Spine After the Uplift (adapted from Burton
et al. 2016)

Burton et al. (2016) proposed equations to determine the overturning moment

resistance of rocking spine systems, M,.,;.

Mres = Mres,D + Mres,bU + Mres,bC + Mres,sU + Mres,sC (1)

M, p is the overturning resistance by considering the expected gravity loads on the

columns at the uplift side, Pp 5, and the horizontal length from the tension column to
7



the center of rotation, B,;. In this study, the B, is taken equal to the span of the
spine system.

Mres,D = PD,spBot (2)

M,.s py and M, ,c are the overturning resistance coming from the adjacent beams
that are framing into the columns at the uplift side and compression side,
respectively. Since this study is analyzing the 2-D frame of the system, M,y do
not consider the contribution of the beams that are orthogonal with the spine
columns. M, ,y and M, pc in the rocking spine system are calculated by equations
(3) and (4), respectively. nbU and nbC are the number of beams framing into the
columns at the uplift side and compression side, respectively, M, and M, are the
expected yield end moments of the adjacent beams at the uplift side and

compression sides, respectively, and L, is the length of the adjacent beams.

nbU

_ 2Mpy i
Mres,bU - MbU,i + LbU' Bot (3)
i

i=1

nbcC

M e5pc = Z(Mbc,i) (4)

i=1

M,.ssy and M, oc are the overturning resistance from the expected axial strength
of the non-spine infill panel at the uplift side, P,;, and compression side, P,
respectively. The same as the M,.;,y, Myessy in this study is considering only the
contribution of the non-spine infills panels that are parallel with the uplift columns.

Equations (5) and (6) describe the relationship of axial forces to the M, s, and
8



M,¢ssc, respectively. nsU and nsC are the number of struts in the uplift and
compression sides, respectively, 85, and 6, is the angle of the struts in uplift and
compression sides to the horizontal direction, respectively, and h is the inter-story

height.

nsu nsu

Mres,sU = Z(Psu,i Sin(esu,i)Bot) + Z(Psu,i COS(HSU,i)hi) (5)
i=1 i=1

nsc

Mres,sC = Z(Psc,i Cos(esc,i)hi) (6)
i=1

In order to consider the P-delta effect of the system, the net overturning resistance,
M,,.", is calculated by equation (7) where w; is the seismic weight at each floor, H;

is the height from the base to the specified floor, and 6y is the rocking angle:

nfloor

Mres* = Myes — Og Z w;H; (7)
i=1

By assuming the distribution of shear strength is triangular for the first dominant
mode, the equivalent lateral base shear of spine, V;,,, can be calculated by equation
(8), where aH is the distance from the base to the lateral force which is taken equal

to two third of system’s total height.

M *
Vsp = C:;; (8)



2.2

After the spine required overturning strength has been determined, the drift demand
under the MCE level intensity is evaluated and compared with the relevant building
code limits. Once the drift limit is satisfied through an iterative process, the design
and detailing of the structural components can be performed. In general, the design
of the key elements in rocking spine system is conducted by assuming the spine
system components; spine infill panels, spine beams and columns, act as force-
controlled components and the adjacent beams and the non-spine infill panels as
deformation-controlled components. The force-controlled components are expected
to remain essentially elastic and have minimal damage under a moderate
earthquake. Meanwhile the deformation-controlled components are expected to
experience inelastic deformation and dissipate energy under the earthquake
loading. For the spine, the element forces and moments are determined from gravity
load, the equivalent lateral force distribution and the system’s overturning strength,

i.e. a capacity-design approach (Burton, 2014).

The Reliability-Based Method (Victorsson, et al. 2013)

The goal of the reliability-based method proposed by Victorsson et al. (2013) is to
establish the load and resistance factors for force-controlled components in seismic
lateral force resisting systems. The basic equation used to determine the capacity(¢)

and demand (y) factors is:

D

n

~—exp (ﬁR,Ha\/ch +Vp?— ZPVCVD> 9)

b|§>

S |=
S
a
3
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This equation is formulated based on the assumption that the demand and capacity
probability are lognormally distributed. D,, and C,, are median values of the demand
and capacity probability distribution respectively, while D,, and C,, are nominal values
of the demand and capacity probability distribution, respectively. The median
demands for the analysis are taken from induced forces in force-controlled
components at the MCE level intensity. In the rocking spine system study, MCE level
intensity is taken equal to 1.3 g. fr g iS the reliability index that is related to the
probability of the demand exceeding the capacity in force-controlled components.
The subscripts of the reliability index represent the effect of the R-factor and the site
ground motion’s hazard curve (Ha). V. and V, represent the log-normal standard
deviation of the capacity and demand distributions respectively, and p is the

correlation between demand and capacity.

In this study, I;—m are estimated from the multiplication of load model parameter
n

variable, material strength variable, fabrication variable, and record to record
variable. The load model parameters are defined as the ratio of induced force in
force-controlled element at MCE level ground motion from non-linear response
history analysis to strengths predicted by nominal equations (Victorsson, 2013). The
induced forces are controlled by the force demands that could cause yielding in the
deformation-controlled components. Incremental Dynamic Analysis (IDAS)
(Vamvatsikos and Cornell, 2002) are performed to generate the force demands

needed for the reliability assessment. In this study the variable of material strength,

11



fabrication, and record to record are taken equal to 1.0; in other words, they do not

affect the ]Z—m values.

n

The CC—’” are calculated from the multiplication of the component model variable, the

n

material strength variable, and the fabrication variable (Victorsson, 2013). In this
study, the variable of material strength and fabrication are taken equal to 1.0,
meanwhile the component model variables are determined by the ratio of the median
of capacity strength from the test data to the expected strength from nominal
strength equations. The expected strengths of the material are determined by using
the concept of characteristic values. The characteristic values are calibrated by
specifying the probability of non-exceedance. For the characteristic resistance, the
values are expected to be slightly less than the mean values. A 5 % probability of
non-exceedance is assumed to determine these values. Figure 2.2 describes the
characteristic resistance with the assumption that the values are log-normally
distributed. The characteristic resistances, r¢, are calculated by the following
equations:

In7e — tung

PR <7,) = cb( )(10)

OInR

where u, z is the log-mean of the capacity and gy, ; is the log-standard deviation of

the capacity. The P(R < ry) is equal to 0.05.
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f&(r)

5% non-exceedance
probability

. R

Figure 2. 2 Characteristic Resistance for Log-normal Distribution

The reliability index, fryq, is determined by considering the system R-factor and
member over-strength, the site’s ground motion hazard curve, the effect of force-
controlled components failures to the system’s collapse, and the tolerable probability
of collapse caused by the demand exceeding the capacity in the force-controlled
components. Sy, is calculated as the inverse of standard normal cumulative

distribution function in the following equation:

MAF(D > C)
(11)
MAF (Sa > Say exp

.BR,Ha =1 <
The MAF (Sa > Sa,, .4p) is the mean annual frequency of the ground motion intensity

exceeding the ground motion intensity that initiates yielding in the deformation-
controlled components. This value is obtained from the site’s ground motion hazard

curve. Sa,, ..p, is determined by considering the R-factor and members over-strength
that are represented by the yield modification factor, R,. The yield modification

factor, R, can be defined by the ratio of the elastic story shear design demand, Voge

13



and the expected yield story shear, V,.,,. The R, factor is a convenient way to

estimate Sa, ., in order to investigate the likelihood of designed story shear strength

is exceeded.
A
Voge °
rd
-
-
— -/.
‘_-'1 /" R =Vpge/V
o ’, —_ _
= ./' \—|| Rp. _VDBE/Vy,exp
b e o _
>>: ’,/ = Qy,exp _Vy,exp/V
-
.I‘
Vu,exp B 7
Vv.exn B ¥
¢V ] J Qy,exp
\; A4 Y
u/! >
A A

Figure 2. 3 The Comparison of The Design Story Shear, V, to The Factored
Nominal story shear strength, @V, Victorsson et al. (2013)

Victorsson et al. (2013) proposed the procedure to determine the yield modification
factor, R,, of the system. The procedure includes conducting a response spectrum
analysis using the DBE response spectrum to generate the story shear force, Vpge.
The DBE response spectrum is generated by taking the Sps value equal to two-third
of the Sms value. The design story shear, V, obtained by dividing the Vpgee by the

response modification factor, R. Equations (12) and (13) provide the relation of the

Say exp @aNd R,,.

14



Sa V
Sy exp = IL;BE . ( y,;xp) (12)
Sappe
= (13)
B Say exp

Sappg refers to the DBE spectral intensity and V,, ., refers to the expected yield
strength of the system. V,, .,,, is calculated from the equivalent lateral base shear
resistance, V;, which is determined from overturning moment resistance of the
rocking spine provided by the gravity loads on the uplift sides, the end moments of
adjacent beams framing into the spine columns at the uplift and compression sides,
and the axial forces in the non-spine infill struts at the uplift and compression sides.
The P-Delta effect is considered in this study. V;, is determined by following the

procedure in the section 2.1; equations (1) to (8).

The MAF(D>C) is the mean annual frequency of demand exceeding capacity. This
value is calculated by considering the tolerable probability of collapse caused by the
force-controlled component failure in 50 years and the influence of the demand
exceeding capacity in the capacity-designed components to the system collapse
safety. The equation to calculate the annual frequency of demand surpassing the
capacity is derived from the Poisson process as presented below.

P(Couapse)SOyears — 1 — g~50MAF(Collapse) (14)

AP(COllD>C)50yeaTS =1- e—50P(COllD>C|D>C)><MAF(D>C) (15)

— ln((l — AP(Collpsc)so yearS)
50P(Collpsc|D > €)

MAF(D > C) = (16)

15



2.3

P(Collapse)s yearsiS the 50-year probability of collapse, MAF (Collapse) is the mean

annual frequency of collapse, P(Collpsc|D > C) is the probability of collapse
conditioned on the failure of a force-controlled components and
AP(Collpsc)so years 1S the additional contribution of collapse due to failure of a force-
controlled component in 50 years. The tolerable additional contribution to the
probability of collapse in 50 years caused by force-controlled-component-failure
depends on the code developer’'s expectation. The FEMA P695 guidelines and new
target risk design maps could be used to define the recommended value. Victorsson
et al. (2013) provides a more detailed derivation of the reliability index in the Chapter

3 of his thesis dissertation from the equation (3-5) to (3-21).

Description of Building Case and Structural Modeling

The floor plan of the building case considered in this study is presented in Figure
2.5. It is a six-story building with 12 ft typical floor to floor height. The building
consists of 4 rocking spine bays in each direction. The building is assumed to be
located in a high seismic region with Sus=1.5 g and Sw1=0.9 g. The fundamental
period of the building calculated using ASCE 7 is equal to 0.7 sec. The response

modification factor, R= 6, is assumed for the building (Burton et al., 2016).
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Non-Spine Infill Panel to 2M Story == mm =
Full Height Spine Infill Panel —

Figure 2. 4 Typical Floor Plan of The Building (adapted from Burton et al. 2016)

The struts, beam and column sizes are determined from the design procedure
described previously in section 2.1. The non-spine infill panels have a prism
compressive strength of f',,, = 0.508 ksi. The reinforced concrete components are
designed with a concrete compressive strength equal to 3 ksi and steel rebar with
60 ksi minimum yield strength. The details about columns and beam designs are

summarized in the Table 2.1.
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Table 2. 1 Columns and Beams Dimension and Reinforcements, Burton et al. 2016

Section Dimension . Long. Stirrup
Reinforcement
Spine Columns 30inx30in | 12#8 #4@12 in
Non-Spine Columns, 18 inx 18in | 8#6 #4@12 in
from the ground to the 3
floor
Non-Spine Columns, 14inx 14 in | 8#5 #4@12 in
from the 4% floor to the 6%
floor
Beam 14 in x 18 in | 5#6, top and #4@4 in, in the hinge
bottom region
#4@8 in, outside the
hinge region

A two-dimensional model of frame line A is constructed in OpenSees, which consists

of a six-bay, 6-story reinforced concrete frame with two-rocking spine bays

supported on shallow foundations. The spines are located at the 2" and 5™ bays.

Leaning columns are used to capture P-A effects from gravity loads included in the

model.
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Figure 2. 5 OpenSees Model (adapted from Burton et al. 2016)

The adjacent (deformation-controlled) beams and columns are modeled as elastic
elements with the flexural hinges with the Ibarra-Krawinkler hysteretic model (Ibarra
et al. 2005). The flexural hinge model parameters are based on the empirical
relationships developed by Haselton et al. (2008). The non-spine (deformation-
controlled) infill panels are modeled using nonlinear axial struts with the strength and
stiffness computed using the analytical method by Saneinejad and Hobbs (1995).
The other parameters, such as such as the ratio of post-capping force to yield force,
Fc/Fy, the ratio of capping deformation to yield deformation, Ac/Ay, and the ratio of
post-capping stiffness to yield stiffness, Kp/Ke, are calculated from the guidelines by
Burton and Deierlein (2016). Table 2.2 summarizes the infill strut parameters. The
spine infill (force-controlled) is modeled using elastic struts and the nonlinear flexural

hinges are not incorporated in the spine beam elements (force-controlled).
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Table 2. 2 Infill Strut Model Parameters, Burton et al. 2016

Infill Type Ke (kip/in) | Fy (kips) Fc/Fy AJDy | Kc/Ky

Non-spine 251 30 14 4.5 -0.15

Spine 965 162 1.4 4.5 -0.15

20



3. ANALYSIS AND RESULTS

3.1 Response Spectrum Analysis
Response Spectrum Analysis (RSA) is performed on a 1-bay rocking spine with one
adjacent non-spine frame on each side. The purpose of the RSA is to obtain the
yield modification factors of the building, R,, and the ground motion intensity that
caused yielding in the deformation-controlled component, Sa,, .,,,. The design basis
earthquake (DBE) response spectrum is developed based on ASCE 7 with the data
available from the rocking spine system model shown in the study conducted by
Burton et al. (2016). The Sps is two third of the Sus and the fundamental period of

the system is T1=0.7 sec.

~ 0.6

Sa (g

04F

0.2

T (sec)

Figure 3. 1 The Design Response Spectrum

21



By using ETABS, the RSA is performed and the story shear for each floor is
recorded. The story shear from ETABS, Vpgeg, is divided by the response

modification factor, R, of the system and called V.

Say cxp IS €stimated by multiplying the ratio of DBE spectral intensity and modification
factor, Sapgg/R, by the ratio of I, .,,, and V; equation (12). V,, ., is the expected yield
shear force for each story computed by considering the overturning moment
resistance of rocking spine system described in equations (1) to (8) in this report.
The expected dead load on the spine columns, P, are determined from the total
seismic weight of the building, 3062 kips, and the tributary area. M,; and M, are
determined from the expected yield moment of the proposed adjacent beams which
equal to 1809 kip-ft. P,y and P, are determined from the expected yield strength of
non-spine infill struts, F, (Table 2.2). With B,, equal to 12 ft, the total overturning
moment resistance, M, of the system is calculated equal to 8457 k-ft. The rocking
angle, 0y, of the system is 0.4% determined from the drift ratio at the onset of
strength degradation in the non-spine infill at the uplift side (Burton et al, 2016). The
net overturning moment resistance, M,.." is calculated by putting the P-Delta effect
into the consideration, which is equal to 8200 k-ft and the expected lateral base
shear of the rocking spine system, V,, is equal to 171 kips. With the assumption that
the expected lateral base shear is distributed by following the equivalent lateral force
procedure in ASCE 7-10, the V,, ., for each story are presented in Table 3.1. k factor
for T; = 0.7 sec is 1.1 and Since there are two lateral resisting system in x-direction,

the system only using half of the total seismic weight.
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Table 3. 1 The Yield Expected Story Shear,

Story | wi (kips) | H, () | H¥ | wil* | F =50 (ps) | exp(Kips)
6 255 72 79 20208 49 49

5 255 60 66 16840 41 89

4 255 48 53 13472 33 122

3 255 36 40 10104 24 146

2 255 24 26 6736 16 163

1 255 12 13 3368 8 171
nfloor nfloor

Z_ L Wi 1531 Z ) w;H;* | 70729

From results in Table 3.1, Sa,.,, and R, are be calculated by following equations

(12) and (13), respectively. Using Sappg equal to 0.9 g, the yield response

modification factor for each floor are presented in Table 3.2. The results show that

Say .xp are the same for each floor, meaning yielding in the deformation-controlled

components happen at the same time. Victorsson et al (2013) described an optimal

design as a system that has a R/R, in the range of 1.5 — 2.0. The system has

R/R,=1.6; therefore, the proposed design of rocking spine system is considered

optimum.
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Table 3. 2 The Yield Modification Factors,R,,, of the System

Sto ry S;(}:z (SkTs sa)r' Vy,exp Vy,exp/ VRSA S ay,exp R#
6 30 49 1.6 0.2 3.7
5 55 89 1.6 0.2 3.7
4 75 122 1.6 0.2 3.7
3 91 146 1.6 0.2 3.8
2 102 163 1.6 0.2 3.8
1 108 171 1.6 0.2 3.8

3.2 Incremental Dynamic Analysis

Incremental dynamic analysis (IDA) is performed in OpenSees with the 44 FEMA
P695 ground motions. The purpose of this analysis is to determine the demands in
the force-controlled components. The median of maximum axial forces of the infill
struts, beam hinge moments, and column hinge moments, normalized by their
expected vyield strength are plotted versus spectral acceleration in Figure 3.2, 3.3
and 3.4 respectively. Meanwhile, the log-standard deviations of the corresponding

induced force are presented in Figure 3.5 — 3.7.

The trends show that the first story has the largest demand for each force-controlled
component. The normalized values of infill struts are much higher than the
normalized values of beams and columns. The dispersions for the three components
at the MCE level varies from 0.11-0.38. The median values and log-standard
deviation of the demands at the MCE level, 1.3 g, are calculated and referred as D,,

values and V,, respectively.
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Figure 3. 3 The Median of Maximum Beams Hinge Moments
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05 [ —E— Story 1
= %= Story 2
+ Story 3
—¥— Story 4
04+ =0~ Story 5
+=+f=2- Story 6
c
203"
>
0.2+
0-1 I I 1 1 1
0.2 0.4 0.6 0.8 1 1.2
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Figure 3. 7 The Log-Standard Deviation of Maximum Column Hinge Moments

3.3 Reliability Analysis
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This analysis is conducted to determine the demand and capacity factors of the
force-controlled components of concrete frames with rocking spine systems. The
demand and capacity factors are calculated using equation (9). As mentioned
previously in Section 2.2, the ratio of median demands and nominal demands,
D,,/D, are determined by the ratio of induced forces in the force-controlled
components at the MCE level intensity from incremental dynamic analysis to their
predicted strength. The ratio of the median and nominal capacity, C,,/C,, is equal to
1.5, which obtained from the ratio of the expected strength of force-controlled
components and the characteristic capacity, r« that has a 5% non-exceedance

probability.

The log-standard deviations of the demands, V), are determined from the dispersion
of the IDA results at the MCE level ground motion, and since there is not sufficient
test data provided for the capacity, the log-standard deviation of the capacity, V., is
taken by following the suggested values by Victorsson et. al (2013) for non-ductile

failure mode which is equal to 0.25.

The reliability index, Br yq, is defined by considering the mean annual frequency of
demands in the components exceeding capacity, MAF(D > C), and the mean
annual frequency of the ground motion intensities exceeding the intensity that
caused yield at deformation-controlled components, MAF(Sa > Say,exp). The
MAF (D > C) is based on the tolerable added probability of collapse due to the failure

of force-controlled components in 50 years. Determining the tolerable added
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probability of collapse due to the failure of the force-controlled component is
somewhat subjective. For example, the new risk-targeted design maps in ASCE 7-
10 are based on a collapse risk threshold for a modern code-conforming structure
of 1% probability of collapse in 50 years. This upper limit is based on collapse
analyses that did not consider the failure of force-controlled components. One must
therefore decide, how much additional collapse risk due to the failure of the force-

controlled components AP(Collpsc)soyears that is tolerable. In this study, we
consider a range of AP(Collpsc)so years Values: 0.05%, 0.1%, 0.2%, 0.5%, and 1%,
which correspond to total collapse risk thresholds (P(Collapse)sg years) Of 1.05%,

1.1%, 1.2%, 1.5%, and 2% respectively.

As shown in equation (16), MAF(D > C) also depends on the likelihood that the
structures collapse given the failure of the force-controlled components,
P(Collpsc|D > C). This can be explicitly computed by conducting a collapse
performance assessment considering the nonlinearity in the spine components.
However, in this study, an initial (conservative) assumption will be made on the value
of P(Collpsc|D > C) and we will explore the sensitivity of MAF(D > C) to this

assumed value.

The mean annual frequency of the ground motion’s intensities, Sa, surpassing the
intensity that causes yielding in the deformation-controlled components, Say.exp, IS
obtained from the site’s ground motion hazard curve. The adopted hazard curve was

obtained from the OpenSHA software for a site located at coordinate
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34.615°N, 117.802°W with Sa period= 0.75 second (close to the code period of the
considered building). This site’s seismic parameters (Sus and Sw1) are the same as

what was used to design the building.

10° ' ' - -

—_
<
[6)]

RN

o
N
o

Mean Annual Frequency, A

RN
<
o
o
N
N L
o +
o |

10

Figure 3. 8 Hazard Curves for Specified Site

Using the MAF(Sa > Say_exp) collected from the ground motions hazard curve and
assuming P(Collp~c|D > C)=1, the reliability index, fry,, are calculated using
equations (11) and (16) for each story and summarized in Table 3.2.

As described in Section 3.1, R, is useful for keeping track of Sa, ., Which is
essential for evaluating the likelihood of the system experiencing the design forces.

Since the R, are very similar for each floor, fr ,, are almost the same along the
height. Table 3.3 shows that B, decreases as the P(D>C)so years increases. A
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system with high R, will have a low Sa,, ., and high MAF(Sa > Sa,, .,,). Thus, from
equation (11) we could indicate that a system with higher R, needs a higher B y, to

be considered as reliable as a system with a low R, (Victorsson et al, 2016).

Table 3. 3 The Reliability Index, Sz yq

Long.=-117.818, Lat.=33.654

Story Rﬂ Say,exp P(D>C)so years

0.05% | 0.10% | 0.20% | 0.50% | 1.00%
3.7 0.2 2.8 2.5 2.3 1.9 1.6
3.7 0.2 2.8 2.5 2.3 1.9 1.6
3.7 0.2 2.8 2.5 2.3 1.9 1.6
3.8 0.2 2.8 2.5 2.3 1.9 1.6
3.8 0.2 2.8 2.6 2.3 1.9 1.6
3.8 0.2 2.8 2.6 2.3 1.9 1.6

RINW RO

The reliability index, S 4, in Table 3.3 are calculated by assuming the failures of
force-controlled components always causes system collapse; the
AP(Collpsc)soyears = P(D > C)soyears- The influence of capacity-designed
component failure on the system collapse safety is investigated by adjusting
P(Collpsc|D > C) equal to 0.75, 0.50, and 0.25 in equation (16) and comparing the
Br ua Values. Figure 3.9 shows the reliability index at the 15! story of the system with
different P(Collp~c|D > C) values. It is basically shows that, when the probability of
the demand exceeding the capacity in the force-controlled component is less likely
to cause collapse in the system, we can tolerate a lower reliability index. The
previous assumption of P(Colly-|D > C) used to calculate the values in Table 3.3

gives the most conservative result of reliability index.
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Figure 3. 9 The Sensitivity of The Reliability Index, Bg yq, to the P(Collp~c|D > C)

Once the analysis to determine the reliability index is completed, all the values
needed to calculate the demand factors, y, and capacity factors, ¢, of force-
controlled components are available. Using the basic equation (9) and p =0
(assuming the demand and capacity in force-controlled components are
uncorrelated), the capacity and demands factors for spine infill struts are calculated
and shown in Table 3.4 to Table 3.8.

The capacity factors are determined by fixing the demand factors, y, equal to 1.0.
Note that the strength reduction factor is always taken to be less than or equal to
one. If the value of ¢ computed from equation (9) is greater than 1.0, a value of 1.0
is assigned. The 1%t story, which has the largest ratio of D,,/D,, has the lowest

capacity factors compared to the other stories. Therefore, the capacity and demand
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factors at the 15t story will be used as the representative load and resistance factors
for the force-controlled components. The tables also show that as the target
probability of demand exceeding capacity in 50 years increases, the design of force-
controlled components becomes more relaxed and the capacity factor increases. In
other words, by adjusting a lower ratio of capacity and demands factor in design, the
force-controlled component will have a lower likelihood to experience a force

demand that is higher than its capacity.

Table 3.4 Capacity and Demand Factors of Spine Infill Struts for 0.05% Probability

of Demand Exceeding Capacity in 50 years

Story Ry Vy,exp/VDBE Say exp BrHa d/y ¢ Y
6 3.7 1.6 0.2 2.8 0.9 0.9 1.00
5 3.7 1.6 0.2 2.8 0.6 0.6 1.00
4 3.7 1.6 0.2 2.8 0.7 0.7 1.00
3 3.8 1.6 0.2 2.8 0.7 0.7 1.00
2 3.8 1.6 0.2 2.8 0.6 0.6 1.00
1 3.8 1.6 0.2 2.8 0.2 0.2 1.00
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Table 3. 5 Capacity and Demand Factors of Spine Infill Struts for 0.1% Probability of

Demand Exceeding Capacity in 50 years

Story Ry Vy,exp/VDBE Say exp Br Ha d/y ¢ Y
6 3.7 1.6 0.2 2.5 0.9 0.9 1.00
5 3.7 1.6 0.2 2.5 0.7 0.7 1.00
4 3.7 1.6 0.2 2.5 0.7 0.7 1.00
3 3.8 1.6 0.2 2.5 0.7 0.7 1.00
2 3.8 1.6 0.2 2.6 0.6 0.6 1.00
1 3.8 1.6 0.2 2.6 0.2 0.2 1.00

Table 3. 6 Capacity and Demand Factors of Spine Infill Struts for 0.2% Probability

of Demand Exceeding Capacity in 50 years

Story Ry | Vyexp/VoBE | Sayexp | BrHa d/y ¢ Y
6 3.7 1.6 0.2 2.3 1.0 1.0 1.00
5 3.7 1.6 0.2 2.3 0.7 0.7 1.00
4 3.7 1.6 0.2 2.3 0.8 0.8 1.00
3 3.8 1.6 0.2 2.3 0.8 0.8 1.00
2 3.8 1.6 0.2 2.3 0.6 0.6 1.00
1 3.8 1.6 0.2 2.3 0.2 0.2 1.00

Table 3. 7 Capacity and Demand Factors of Spine Infill Struts for 0.5% Probability

of Demand Exceeding Capacity in 50 years

Story Ry Vy,exp/VDBE Say exp Br Ha d/y ¢ 14
6 3.7 1.6 0.2 1.9 1.2 1.0 1.00
5 3.7 1.6 0.2 1.9 0.8 0.8 1.00
4 3.7 1.6 0.2 1.9 0.9 0.9 1.00
3 3.8 1.6 0.2 1.9 0.9 0.9 1.00
2 3.8 1.6 0.2 1.9 0.7 0.7 1.00
1 3.8 1.6 0.2 1.9 0.3 0.3 1.00
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Table 3. 8 Capacity and Demand Factors of Spine Infill Struts for 1% Probability of

Demand Exceeding Capacity in 50 years

Story Ry | Vyexp/VoBE | Sayexp | PrHa d/y [0 Y
6 3.7 1.6 0.2 1.6 1.3 1.0 1.00
5 3.7 1.6 0.2 1.6 0.8 0.8 1.00
4 3.7 1.6 0.2 1.6 0.9 0.9 1.00
3 3.8 1.6 0.2 1.6 0.8 0.8 1.00
2 3.8 1.6 0.2 1.6 0.7 0.7 1.00
1 3.8 1.6 0.2 1.6 0.2 0.2 1.00

The load and resistance factors presented in Table 3.4 to 3.8 are based on the
assumption that there is no correlation between the capacity and demand, p = 0. In
order to investigate the sensitivity of ¢ /y to the correlation of capacity and demand,
the spine infill strut at the 15t story is assessed by applying p values equal to 0, 0.50,

and 0.75 to equation (9).

For atarget P(D > C)sgyears = 0.1 %, the result shows that ¢/y increases with the p

value. In other words, the most conservative result is obtained by assuming the

probability of demand and the capacity are uncorrelated.
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Figure 3. 10 The Sensitivity of ¢/y to p Factor

Using the same steps as the spine infill struts, the capacity and demands factor of
spine beams and columns are calculated. The results of capacity-based requirement
for beams and columns with 0.1% target probability of demand exceeding capacity
in 50 years are summarized in Table 3.8 and Table 3.9. The ¢/y for columns and
beams are significantly larger than spine infills struts. The results are expected since
the normalized demands of spine infills struts at the 1%t story (Figure 3.2) are
exceeding 1.0, meanwhile the normalized demands in beams and columns at the 1%t

story (Figure 3.3 and 3.4, respectively) and columns are under 1.0.

Table 3.9 Capacity and Demand Factors of Spine Beams for 0.1% Probability of

Demand Exceeding Capacity in 50 years
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Story Ry Vyexp/Vrsa | Sayexp | BrHa oy [0 Y
6 3.7 1.6 0.2 2.5 1.9 1.0 1.0
5 3.7 1.6 0.2 2.5 1.8 1.0 1.0
4 3.7 1.6 0.2 2.5 2.0 1.0 1.0
3 3.8 1.6 0.2 2.5 2.3 1.0 1.0
2 3.8 1.6 0.2 2.6 1.8 1.0 1.0
1 3.8 1.6 0.2 2.6 1.3 1.0 1.0

Table 3.10 Capacity and Demand Factors of Spine Columns for 0.1% Probability of

Demand Exceeding Capacity in 50 years

Story Ru Vy,exp/VRSA Say,exp Br Ha o/ly ¢ Y
6 3.7 1.6 0.2 2.5 6.3 1.0 1.0
5 3.7 1.6 0.2 2.5 7.2 1.0 1.0
4 3.7 1.6 0.2 2.5 7.2 1.0 1.0
3 3.8 1.6 0.2 2.5 6.7 1.0 1.0
2 3.8 1.6 0.2 2.6 3.4 1.0 1.0
1 3.8 1.6 0.2 2.6 1.3 1.0 1.0
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4. CONCLUSIONS

A six-story concrete frame with a rocking spine system is analyzed using a reliability-
based method (Victorsson et al. 2013) with the purpose of determining the load and
resistance factors for its force-controlled components. The building design used in this
study is from the work of Burton et al (2016). The system is modelled in OpenSees
and analyzed using incremental dynamic analysis (IDA) to obtain the demand of the
force-controlled component; spine-infill struts axial forces, spine-beam moments, and
spine-column moments. The system is also modelled in ETABS and analyzed using
Response Spectrum Analysis to determine the system'’s yield modification factor, R,
which useful for determining the intensity that initiates yielding in deformation-

controlled components, Sa, .., and establishing the probability of the structure is

subjected to the design forces.

The reliability index, Brgq, is calculated from the mean annual frequency (MAF) of
exceeding the ground motion intensity level defined by Sa, .,,, and the MAF of the
demand exceeding the capacity in force-controlled components. The Bg y,, depends
on the site’s ground motion hazard curve and the system (sub-system) yield

modification factor, R,,, the tolerable added probability of collapse due to the failure of
force-controlled components, AP(Collp.c)sgyears: @and the influence of the demand

exceeding capacity on structural components to the system collapse,

P(Collp.¢|D > C). The study finds that the reliability index increases with R,,. Systems

or subsystems with lower R, are stronger system and require larger shaking
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intensities to induce yielding in deformation-controlled components. With the same

target of added probability of collapse, a system with lower R, will have a lower B pq.

In this study, five different AP(Collps¢) s years are used; 0.05%, 0.1%, 0.20%, 0,50%,
and 1%. By considering the collapse risk threshold of a modern code-conforming
structures equal to 1% (ASCE 7-10), AP(Collp>c)soyears Values will add the total
collapse threshold to be 1.05%, 1.1%, 1.2%, 1.5%, and 2%, respectively. If the failure
of  force-controlled components assumed always causes system
collapse, P(Collp.¢|[D > €)=1, the values of AP(Collp.c)soyears IS €qual to the
probability of demand exceeding capacity in 50 years, P(D > C)s5gyears- From the

sensitivity analysis, this assumption gives the most conservative result of B y,.

Once the By mMedian and nominal demands and capacity are determined, the
demand and capacity factors can be calculated. The results show that the 1% story
has the most critical ratio of capacity, ¢ and demand factors, y . ¢/y increases with
the P(D > C)sg years - BY setting the load factor,y, equal to 1.0, the capacity factor, ¢,
of spine infill struts, spine-beams, and spine-columns corresponding to 0.1% target
P(D > C)sgyears are 0.2, 1.0, and 1.0, respectively. The results show that if we want
to avoid damages in spine infills at the MCE level intensity, we need to increase the
strength of the struts by 5 times which is unrealistic. Thus, we would be expected and
should tolerate some damage to the spine at the MCE level. Further studies are

needed to determine how much damage is acceptable in the spine infills. Since the
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spine beams were designed to be the same as the non-spine beams, even though the
design loads are much lower, no resistance factor required. The same goes for the
spine columns. Since the designed spine columns provide much higher axial and
moment resistance than their demands, this force-controlled component is generally
designed conservatively. The ¢/y described before are based on the assumption that
the probability of demand and capacity are uncorrelated, p = 0. The sensitivity
analysis shows that as the p value increases, the ¢/y also increases. The trend is

consistent with equation (9).

The results of this study are still insufficient to be used to develop codes guidelines
for rocking spine systems. More studies are needed in the future to determine the
capacity-based design requirements for rocking spine force-controlled components.
One of the issues that need to be addressed in the further studies is the effect of
reliability index dependency to the hazard curve of the specified sites, i.e. a different
location will have a different load and resistance factors. Beside of the cumbersome
calculation, it is probably unrealistic to have different load factors for different sites.
Victorsson (2013) partially addressed the issue by developing a simplified equation to
determine the reliability index using the slope between two spectral intensities, Sa,
and corresponding hazard levels, Ha. The equation was obtained from a regression
linear analysis and has a coefficient of determination, R? = 0.96. The same approach
can be applied to develop a similar empirical equation for rocking spine system, which
can be used to exercise load and resistance factors for different seismic design
categories (SDCs) by picking a set of characteristic sites consistent slope and hazard
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level ranges for a given SDC. The values for building codes can be obtained from the
most conservative set of factors for each SDC. Another issue is in this study the spine
infill struts, spine beams, and spine columns are assumed to have the same ratio of
the median and nominal capacity, €y /Cy, of. Data from actual tests might give more

accurate results.
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