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ABSTRACT OF THE DISSERTATION
Reliability of Structural Wall Shear Design for

Tall Reinforced Concrete Core Wall Buildings
by
Sunai Kim
Doctor of Philosophy in Civil Engineering
University of California, Los Angeles, 2016

Professor John Wright Wallace, Chair

Along the west coast of the United States, reinforced concrete core wall systems are commonly
selected as seismic force resisting systems for tall buildings. During strong ground shaking, core
wall systems are intended to dissipate energy by yielding of coupling beams, followed by
flexural yielding at the wall base. Although the wall behavior is governed by flexure, the wall
design is often governed by shear, as the walls experience high shear demands, usually up to the

ACI318-11 code limiting shear stress of 8 - 1/f’c psi over a significant wall height. The high

shear demands are due to a lack of redundancy in tall buildings, as the wall lengths are limited to

the perimeter of the elevator core.

Design of tall buildings is typically conducted using performance-based design
procedures recommended by Los Angeles Tall Buildings Structural Design Council (LATBSDC,
2014) or Pacific Earthquake Engineering Research Center Tall Buildings Initiative (PEER TBI,

2010). Provisions in these two documents recommend shear design per acceptance criterion

Fuc < Ki¢Fn,e



where F, is 1.5 times the mean shear demand resulting from a suite of ground motions, F, , is
the nominal strength computed from expected material properties, «; iS the risk reduction factor
based on risk categories, and ¢ is the uncertainty in F,, .. The 1.5 factor applied to the mean
shear demand is referred to as the demand factor, y. Although shear failure can be fatal due to its
sudden and brittle nature, the reliability of this shear design acceptance criterion has not yet been

thoroughly researched.

To assess seismic reliability of structural wall shear design acceptance criterion,
dispersion in structural responses, specifically for shear demands, must be quantified.
Dispersion in structural responses (referred to as engineering demand parameters, EDPS)
primarily results from three sources, namely, record-to-record (RTR) variability, modeling
and/or model parameter uncertainties, and design uncertainties. To study how these uncertainties
contribute to dispersion in tall building EDPs, eleven input random variables (expected to be the
most relevant) were selected. Specifically, uncertainties in scaled ground motions, unconfined
and confined concrete compressive strengths, reinforcing steel yield strength, shear modulus,
coupling beam strength, seismic mass, dead and live gravity loads, damping, and shear wall
design variations were considered. A series of 20 and 30-story nonlinear models for reinforced-
concrete core wall systems were built and Monte Carlo simulations were utilized to assign values
for random variables and to perform nonlinear response history analyses. Analyses were
performed at five seismic hazard levels corresponding to return periods of 25, 43, 475, 2495, and
4975 years, until an adequate convergence in dispersion measure was reached. Selected EDPs
(base shear, roof drifts, coupling beam rotations, and structural wall boundary element axial
strains) were evaluated and statistical parameters were quantified. Results show that dispersion

in EDPs was the largest for coupling beam rotations and shear wall axial strains. Total



dispersion, measured in coefficient of variation, ranged between 0.15 and 0.85, considering all
EDPs at all five hazard levels. The relative contributions from RTR variability and model
parameter/design uncertainties accounted for 72-98% and 2-28% of the total dispersion,
respectively. Fitted probability distributions were either normal or lognormal for all EDPs and
using correlated random variables for model parameter uncertainties resulted in changes in

dispersion of -6% to 5% compared with using independent random variables.

Using the measured dispersion values, the current recommendations in Los Angeles Tall
Buildings Structural Design Council (LATBSDC, 2014) were reviewed for shear design of
structural walls in tall reinforced-concrete core wall buildings (F,. < k;¢F,.). Both closed-
form solutions using full distribution methods and Monte Carlo simulation results were used to
assess reliability of the current shear design acceptance criterion. Statistical parameters were
established for shear demand by using measured dispersion values from nonlinear response
history analyses of tall reinforced-concrete core wall buildings, and experimental test results
from shear-controlled walls were used to establish statistical parameters for shear capacity. A
range of reliability results were computed for various shear demand and capacity statistical
parameters. The current shear design acceptance criterion using y=1.5 and ¢=1.0 resulted in 94.2%
reliability for structural walls with £ < 8ksi and 96.5% reliability for structural walls with ¢ >
8ksi. Minimum values for the demand factor, vy, are tabulated for various risk categories defined

per ASCE7-10.

Results suggest that the use of ¢=1.0, along with appropriate expected material properties,
produce an acceptable probability of failure. Per Pacific Earthquake Engineering Center Tall
Buildings Initiative (PEER TBI, 2010), the recommended use of $=0.75 appears excessively
conservative. However, due to a lack of experimental tests on possible shear strength

iv



degradation in walls that yield in flexure, limitations on curvature ductility or plastic rotation
demands are recommended in the plastic hinge regions. Moreover, since this study is based on
variations of results from two prototype tall core wall buildings; to reduce the potential
conservatism in the current guidelines, a comprehensive reliability study including a larger

population of tall buildings is further needed to calibrate y and ¢ factors.
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CHAPTER 1. INTRODUCTION
This chapter first provides background, motivations, and objectives of the research, and then the

overview of the dissertation is presented.

1.1. Background and Motivations

Along the west coast of the United States, reinforced concrete core wall systems are commonly
selected as seismic force resisting systems for tall buildings. During strong ground shaking, core
wall systems are intended to dissipate energy by yielding of coupling beams, followed by
flexural yielding at the wall base (Figure 1-1). Although the wall behavior is governed by
flexure, the wall design is often governed by shear, as the walls experience high shear demands

(usually up to the ACI318-11 code limiting shear stress of 8 - \/f" _ psi) over a significant height

of the core. The high shear demands are due to a lack of redundant walls in tall buildings, as the

lengths of the walls are limited to the perimeter of the elevator core, as shown on Figure 1-2.

The design procedures for tall buildings are typically conducted using performance-based
design procedures recommended by Los Angeles Tall Buildings Structural Design Council
(LATBSDC, 2014) or Pacific Earthquake Engineering Research Center Tall Buildings Initiative
(PEER TBI, 2010). Provisions in the two documents recommend shear design per acceptance

criterion
Fuc < Ki¢Fn,e

where F,. is 1.5 times the mean shear demand resulting from a suite of ground motions, F, . is
the nominal strength computed from expected material properties, «; is the risk reduction factor

based on risk categories, and ¢ is the uncertainty in F,, .. The 1.5 factor applied to the mean



shear demand is referred to as the demand factor, y. Although shear failure can be fatal due to its
sudden and brittle nature, the reliability of this shear design acceptance criterion has not yet been
thoroughly researched. Moreover, there is a lack of consensus in the governing codes and tall
building guidelines regarding the use of v, «;, and ¢ factors. Given the importance of structural
walls (as the main seismic force resisting system, along with coupling beams) in tall reinforced
concrete core wall buildings, these issues have served as a motivation to pursue this research.

The limitations of the current shear design acceptance criterion are summarized as follows.

1. The demand factor, y=1.5, is an empirical factor established to achieve conservatism in
shear design (PEER TBI, 2010).

2. There are discrepancies in ¢ recommendations, where LATBSDC (2014) recommends ¢
=1.0 and PEER TBI (2010) recommends ¢ =0.75.

3. There are discrepancies in applications of «;; «; is generally not applied for force-
controlled actions under MCE analysis per LATBSDC (2014) recommendations. On the
other hand, the proposed changes in ASCE7-16 Chapter 16 apply an equivalent factor
(seismic importance factor applied to shear demands) to force-controlled actions.

4. The proposed changes in ASCE7-16 Chapter 16 Nonlinear Response History Analysis
recommend significantly higher factors for y. For critical actions, the proposed y range
between 2.0 and 3.0 (depending on risk categories), for ordinary actions, the proposed y
range between 1.5 and 2.25, and for noncritical actions, the proposed y range between 1.0
and 1.50. Structural wall shear design correspond to critical actions; thus, y=2.0 is
recommended for risk categories | and 11, y=2.5 is recommended for risk category Ill, and
v=3.0 is recommended for risk category IVV. This is a significant increase from the

current recommendations set forth in LATBSDC (2014). The proposed factors are high



for two main reasons; first, because seismic importance factors were applied to demands,
and also because reliabilities were estimated using conservative assumptions of shear
capacities (code nominal shear strengths using expected material properties, no reserve

strengths shown per experimental tests were used).

Thus, it is evident from the aforementioned shortcomings and discrepancies that there is a
need to conduct reliability studies for the current shear design acceptance criterion. It would be
important to quantify and incorporate all uncertainties that contribute to shear demand and
capacity to predict reliability of shear designs, and to establish y and ¢ factors for various risk

categories and ground motion intensities.
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Figure 1-2. Typical plan view of a reinforced concrete core wall building



1.2.

Objectives

Given the shortcomings of the current structural wall shear design acceptance criterion, a

methodology was developed to compute reliability of structural wall shear design. Statistical

parameters for shear demand were quantified through 20 and 30-story building nonlinear

response history analyses performed through Monte Carlo simulations, and statistical parameters

for shear capacity were measured through available shear controlled wall test results. Given the

statistical parameters for shear demand and capacity, closed form solutions and Monte Carlo

simulations were utilized to evaluate reliability of the current shear design acceptance criterion.

Reliabilities were computed for various risk categories and ground motion intensities. In all, the

primary objectives of the study are:

1.

to compute reliability of structural wall shear design for risk categories I, II, 111, and 1V,
conditioned upon a seismic hazard;

to provide minimum required y and ¢ factors for each risk category, conditioned upon a
seismic hazard;

to establish a framework for tall building component reliability studies, not only for shear
design acceptance criterion but also for other components;

to quantify statistical parameters (mean and dispersion) for tall building engineering
demand parameters, such as shear force demands, drifts, coupling beam rotations, and
core wall axial strains;

to examine structural wall failure modes and quantify statistical parameters (mean and
dispersion) for shear controlled wall capacities; and

to provide insightful sensitivity studies that address common modeling issues for tall

buildings.



1.3.  Organization
This dissertation is organized into nine chapters; a brief summary of the organization is provided

below.

e Chapter 2 summarizes tall building design and analysis procedures currently used in the
United States. Relevant building codes and design guidelines for tall building designs are
introduced. Subsequently, the current state for shear design of tall reinforced-concrete
core walls is discussed. Lastly, the proposed changes to ASCE7-16 that will affect
various aspects of nonlinear response history analysis are reviewed.

e Chapter 3 summarizes the ground motion selection and modification process for the
design and analysis of tall buildings.

e Chapter 4 describes the design, modeling, and analysis procedures for the 20 and 30-story
reinforced concrete core wall buildings. The two buildings were designed to satisfy the
performance criteria set forth in LATBSDC (2014).

e Chapter 5 provides a description of all input uncertainties considered to quantify
dispersion in various structural responses (referred to as engineering demand parameters,
EDPs).

e Chapter 6 presents Monte Carlo simulation methodology used to quantify dispersion in
selected EDPs and presents findings on tall building EDP dispersions and means.

e Chapter 7 reviews current procedures used to calculate nominal shear strength of
structural walls and uncertainties in shear capacity were evaluated using experimental test
results of shear-controlled walls.

e Chapter 8 reviews various component reliability methodologies and describes the

procedures used to compute reliability of structural wall shear design for tall buildings.



Reliability of structural wall shear design is presented for various risk categories and
ground motion intensities.

e Chapter 9 presents a brief summary of this study and the conclusions.



CHAPTER 2. LITERATURE REVIEW

This chapter summarizes tall building design and analysis procedures currently used in the
United States. The chapter begins by introducing relevant building codes and design guidelines
applicable for tall building designs. Next, the current state for shear design of tall reinforced-
concrete core walls is discussed. Lastly, the proposed changes to ASCE7-16 that will affect

various aspects of nonlinear response history analysis are reviewed.

2.1.  Tall Building Definition

The definition of tall buildings is adopted from Los Angeles Tall Buildings Structural Design
Council (LATBSDC, 2014). Tall buildings are defined as those with height, h,, greater than
160-ft above the base. This height, hy,, is measured to the top of level n, which represents the
roof of the structure excluding the heights of mechanical penthouses and nonstructural elements.

The base is taken as the average ground elevation adjacent to the structure.

2.2.  Governing Codes
The governing building code for this tall building study is based on 2012 International Building
Code (IBC) and 2013 California Building Code (CBC), which adopts ASCE7-10 Minimum

Design Loads for Buildings and Other Structures.



2.2.1. Selection of Seismic Force-Resisting System for Tall Buildings

Under the governing codes, there are two options for tall building designs in Seismic Design
Categories D or above. The first option is to follow linear procedures outlined in ASCE7-10
Chapter 12 Seismic Design Requirements for Building Structures. Linear analysis is performed
using three factors, response modification factor (R), overstrength factor (€p), and deflection
amplification factor (Cg4) to adjust linear responses to nonlinear responses, as shown on Figure

2-1.
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Figure 2-1. Inelastic force-deformation curve, SEAOC Blue Book (2008)
With basic seismic parameters computed from linear analysis, a ductile seismic force-resisting
system is selected for seismic design categories D or above. A partial list of ductile systems
from ASCE7-10 is shown on Table 2-1. However, for ductile bearing wall systems and building
frame systems, the building codes limit structural heights to 160-ft, thereby prohibiting the use of
these seismic force-resisting systems for tall buildings. Provisions in the building codes are
primarily based on understanding of low to mid-rise structures; therefore, when these provisions
are applied to tall buildings, an optimal design may not result, both in terms of cost and safety.
For other ductile seismic force-resisting systems that do not have height limitations, steel special

moment-resisting frame systems and steel special dual systems tend to be too flexible to meet



drift requirements for tall buildings. Thus, a commonly selected system with no height
limitations and enough stiffness to meet the drift requirements is the dual system with special
reinforced concrete shear walls and special moment frames capable of resisting at least 25% of

prescribed seismic forces.

Table 2-1. Design coefficients and factors for seismic force-resisting systems, a partial list of
ductile systems from ASCE7-10 Table 12.2-1

Structural system limitations
including structural height, h, (ft)

Seismic Force-Resisting System R Qo | Cy4 Seismic Design Category

B | C| D] E]F

A. Bearing wall systems

1. Special reinforced concrete shear

5 | 25| 5 | NL' | NL | 160 | 160 | 160
walls

B. Building frame systems

1. Steel eccentrically braced frames 8 2 4 NL | NL | 160 | 160 | 160

2. Steel special concentrically braced 6 2 5 NL | NL | 160 | 160 | 100
frames

C. Moment-resisting frames

1. Steel special moment frames | 8 ] 3 [55] NL | NL | NL [ NL [ NL

D. Dual systems with special moment frames capable of resisting at least 25% of prescribed
seismic forces

1. Steel eccentrically braced frames 8 | 25| 4 NL | NL | NL | NL | NL

2. Steel special concentrically braced 7 19555 NL | NL I NL T NL | NL
frames

3. Special reinforced concrete shear

7 25 | 55 NL NL NL NL NL
walls

INL = no limit
The second option for tall building designs is to follow alternative lateral-force
procedures stated in 2012 IBC Section 104.11 and ASCE7-10 Section 12.6. Section 104.11 of

2012 IBC reads:

“The provisions of this code are not intended to prevent the installation of any material or to
prohibit any design or method of construction not specifically prescribed by this code, provided
that such alternative method has been approved. An alternative material, design, or method of
construction shall be approved where the building official finds that the proposed design is
satisfactory and complies with the intent of the provisions of this code, and that the material,
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method or work offered is, for the purpose intended, at least the equivalent of that prescribed in
this code in quality, strength, effective, fire resistance, durability and safety.”

Following this alternative approach, structural engineers are allowed to use performance-
based design procedures for tall buildings. The intent of the non-prescriptive approach is to
allow more accurate and reliable design based on linear response spectrum and nonlinear
response history analyses. For tall building designs in Los Angeles, ‘An Alternative Procedure
for Seismic Analysis and Design of Tall Buildings Located in the Los Angeles Region’ is used
(LATBSDC, 2014). In other western regions of the United States, either the LATBSDC (2014)
approach is used, or the Pacific Earthquake Engineering Research Center Tall Buildings
Initiative Guidelines (PEER TBI, 2010), along with region-specific city codes are used. For the
past ten to fifteen years, reinforced concrete core wall systems have been the most widely

selected seismic force-resisting system for tall buildings (PEER Task 12, 2011).

2.2.2. Tall Building Design Comparison: Code-Based versus LATBSDC (2014)
In the previous section, two procedures used for the design of tall buildings were introduced.

Based on the two procedures, the following seismic force-resisting systems were selected:

e Code-based: a dual system with special reinforced concrete shear walls and special
moment frames capable of resisting at least 25% of prescribed seismic forces
e Alternate lateral-force procedures per LATBSDC (2014): reinforced concrete core wall

systems

The comparisons of the two seismic force-resisting systems are shown on Figure 2-2.
Although either system can be used to design tall buildings that will demonstrate satisfactory
seismic performance, there are major disadvantages in selecting a dual system as shown on

Figure 2-2(a). The dual systems have reinforced concrete moment frames along the perimeter of
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the building where the depths of these moment frame beams obstruct window spaces and have
the potential to increase floor to floor heights. On the other hand, the core wall only system as
shown on Figure 2-2(b) maximizes the window spaces which in turn minimizes the floor-to-floor
heights. This can potentially create more floors for a given building height, and increase revenue.
Thus, the reinforced concrete core wall systems have been the most popular and efficient

structural systems for tall building designs so far (PEER Task 12, 2011).

Reinforced concrete
core walls (larger core)

Reinforced concrete

%ﬂ‘s (small core)

30” x 36” deep

MF beams above 307 x 307 MF beams 287 x 247
or below slab MF columns Gravity
columns No beams
(a) (b)

Figure 2-2. Isometric floor plan views of a tall building design using (a) dual system of
reinforced concrete core walls and reinforced concrete moment frames and (b) reinforced
concrete core walls. Image courtesy of Magnusson Klemencic Associates.
Since the reinforced concrete core wall buildings are the most widely used, relative to

dual systems, the core system was chosen as a prototype tall building for this study.
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2.3.  Performance-Based Design Procedures per LATBSDC (2014)

2.3.1. Methodology

Performance-based design of tall, reinforced concrete core wall buildings is commonly achieved
in three stages, as recommended by Los Angeles Tall Buildings Structural Design Council
(Table 2-2; LATBSDC, 2014). First, an initial design is created based on experience to
proportion members and apply capacity design concepts. In this step, the height limitations set
forth by ASCE 7, either 160 ft or 240 ft depending on the system, are ignored. Next, the
adequacy of the initial design is demonstrated by evaluating the performance of the building at
both service and collapse prevention hazard levels using acceptance criteria established in an
approved, project-specific “Basis of Design.” It is common to conduct the service-level
assessment first using linear response spectrum analysis, and then adjust the member proportions
based on experience prior to conducting the MCE analysis. The MCE analysis requires
developing a three-dimensional nonlinear model subjected to seven or more pairs of earthquake
records. In recent years, it has become more common to use 11 pairs of horizontal ground
motion records for MCE and use of three pairs and maximum response is not generally accepted.
Typical adjustments might involve designing for a wall shear stress of 2.0 to 2.5 times the wall
shear force obtained in the SLE evaluation, and modifying coupling beam strengths to be more

uniform over the building height.
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Table 2-2. Summary of basic requirements for tall building analysis, LATBSDC (2014)

Design/ Ground Tvpe of Type of Accidental Material Material
Evaluation Motion Arsllgl sis Mathematic Torsion Reduction Strenath
Step Intensity y al Model Considered Factors g

1 Nonlinear behavior defined / Capacity design
SLE LDP? or 4 _ Expected
2 RP'43 years | NDP® 3D Yes $=10 properties
Yes, if flagged
3 MCE NDP 3D fromStep2 | ¢=10 | EXpected
RP 2475 years . properties
No, otherwise

' RP: return period
2 LDP: linear dynamic procedure

¥ NDP: nonlinear dynamic procedure
4 3D: three-dimensional

The structural models are recommended to incorporate realistic estimates of strength and

stiffness properties for all materials and components. Thus, expected material properties are

utilized instead of nominal properties (Table 2-3) and various reinforced concrete stiffness

parameters are recommended for SLE and MCE hazard levels (Table 2-4). Although the current

recommendation of using 1.3-f; for expected concrete compressive strength is generally

appropriate for normal strength concrete; a factor of 1.1-f. has been shown to be more

appropriate for 6ksi < f°¢ < 12ksi based on studies conducted by Nowak et al (2008) on over

2000 concrete samples. The lower expected concrete strengths are typically a result of the softer

aggregate used, which also has been shown to produce lower than expected values of Modulus of

Elasticity (LATBSDC, 2014).

Table 2-3. Expected material strengths, LATBSDC (2014)

Material Expected strength
Yield strength for reinforcing steel 1.17-1,
Ultimate compressive strength for concrete 1.3-f;
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Table 2-4. Reinforced concrete stiffness properties, LATBSDC (2014)

Element SLE and wind MCE
Structural walls Flexural —0.75-14 Flexural — 1.0-E.
Shear — 1.0-Aq Shear — 0.5-Aq
Basement walls Flexural —1.0-I4 Flexural —0.8-14
Shear — 1.0-Aq Shear — 0.5-Aq
Coupling beams Flexural —0.3-I4 Flexural —0.2-14
Shear — 1.0-Aq Shear — 1.0-Aq
Diaphragms (in-plane only) Flexural —0.5-I4 Flexural —0.25-14
Shear — 0.8-Aq Shear — 0.25-Aq
Moment frame beams Flexural —0.7-I4 Flexural —0.35-14
Shear — 1.0-Aq Shear — 1.0-Aq
Moment frame columns Flexural —0.9-1q Flexural —0.7-1q
Shear — 1.0-Aq Shear — 1.0-Aq

2.3.2. Analysis Procedure

When response spectrum analysis is used, the structure is evaluated using the following load

combinations:

where D is the service dead load, Leyy is the expected service live load taken as 25% of the
unreduced live load, and E, and E, represent the earthquake loads in X and Y directions. To
calculate responses for each horizontal direction, at least 90 percent of the participating mass of
the structure should be included, and the Complete Quadratic Combination (CQC) is
recommended for modal response calculations. When nonlinear response history analysis is

performed, the following load combination for each horizontal ground motion pair is used:

10'D + Lexp + 10'E

where E represents dynamic earthquake loads.
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2.3.3. SLE Level Analysis — Global Acceptance Criteria

For global responses at the SLE level, story drift is limited to 0.5% of story height in any story.

2.3.4. SLE Level Analysis — Component Acceptance Criteria

Acceptance criteria for all actions at the component level (forces, moments, strains,
displacements, or other deformations) are defined as force-controlled or deformation-controlled
actions. Force-controlled actions are those in which inelastic deformation capacity cannot be
assured and deformation-controlled actions are those in which reliable inelastic deformation

capacity is achievable without critical strength degradation.

Under elastic response spectrum analysis, the component responses must meet
acceptance criteria provided in Table 2-5. Careful attention should be paid when increasing the
strength of deformation-controlled elements as it may adversely affect the performance of the

building during the MCE level analysis.

Table 2-5. SLE Elastic response spectrum analysis — component acceptance criteria

Component Response Risk Category Demand to Capacity Ratio
I and Il 1.50
Deformation-controlled 11! 1.20
action Y < 1.20, as determined by seismic
peer review panel (SPRP)
Force-controlled action - 0.70

Under nonlinear response history analysis, when less than seven pairs of ground motions
are used, maximum responses shall be evaluated, otherwise, the mean of the maximum responses
can be used. In lieu of providing specific guidelines, LATBSDC refers to acceptance criteria for
Immediate Occupancy performance per ASCE41-13, Seismic Evaluation and Retrofit of Existing
Buildings, as a measure of component evaluation.  Project-specific acceptance criteria are

typically developed by the design team (Engineer-of-Record), as each project tends to have
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unique attributes, and approved by an independent peer-review panel appointed by the

jurisdiction in consultation with the design team.

2.3.5. MCE Level Analysis — Global Acceptance Criteria
At the MCE level, the global responses include story drift, residual drift, and check for loss of

story strength. For peak transient drift, the following criteria must be met:
A<0.03-k;

where A is the mean of the absolute values of the peak transient drift ratios from the suite of
analyses, A is the absolute value of the maximum story drift ratio from any analysis, and k; is the
risk reduction factor derived from risk categories in ASCE7-10, as shown on Table 2-6. For

residual drift, the following criteria must be met:
A, <0.01-k;
A, <0.015 - k;

where A, is the mean of the absolute values of residual drift ratios from the suite of analyses and
A, is the maximum residual story drift ratio from any analysis. In any nonlinear response history
analysis, deformations shall not result in a loss of any story strength that exceeds 20% of the
initial strength. Modeling story strength loss for reinforced concrete core wall buildings using
commercial computer programs often leads to non-convergence; therefore, actual modeling of

strength loss is rare.
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Table 2-6. Risk reduction factor per risk categories

R:ggs;?ggqf;g?em Seismic importance 11 Risk reduction factor,
151 factor, I (ASCE7-10) ¢ k; (LATBSDC, 2014)
I 1.0 1.0 1.00
I 1.0 1.0 1.00
11 1.25 0.80 0.80
Value to be
v 1.50 0.67 established by SPRP

2.3.6. MCE Level Analysis — Component Acceptance Criteria

For force-controlled actions, the following design acceptance criterion applies:

Fuc S KiPF, e
where F,. is 1.5 times the mean demand resulting from a suite of ground motions, £, . is the
nominal strength computed from expected material properties, ¢ is the uncertainty in F, ., taken
as 1.0, and x; is the risk reduction factor from Table 2-6. Per LATBSDC Section C3.5.4.1.1(a),
k; is applied for deformation-controlled acceptance criteria but states that «; is not necessary for
force-controlled actions. However, this approach is not necessarily widely accepted. This is
because the nonlinear procedures set forth in the proposed ASCE7-16 Chapter 16 applies seismic
importance factors to shear demands (equivalent to risk reduction factors applied to shear
capacity, see Table 2-6) to both force-controlled and deformation-controlled actions. This will

be addressed later in Chapter 2.5.5.

For deformation-controlled actions, the mean responses or member deformations are
evaluated against project specific acceptable criteria (Basis of Design) multiplied by «;. The
project specific acceptance criteria are usually established by referencing appropriate

publications (journal papers or technical reports), material specific codes, or Primary Collapse
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Prevention values published in ASCE41 (2013) for nonlinear response procedures. A summary
of MCE level analysis acceptance criteria for key structural responses from a reinforced concrete

core wall building is provided in Table 2-7.

Table 2-7. Acceptance criteria for key structural responses from a reinforced concrete core wall
building, under MCE level analysis

Structural response Response type Acceptance criteria

Story drift Global 0.03-x; - maximum mean from suite of analyses
0.045k; - maximum from any single analysis
K; = risk reduction factor, Table 2-6

Residual story drift Global 0.01x; - maximum mean from suite of analyses
0.015k; - maximum from any single analysis
Coupling beam Component 0.06-x; - maximum mean from suite of analyses
rotations Def-controlled
Shear wall
A. Shear force Component 1.5Fuc <ki'¢-Fne
Force-controlled Fu.c = mean value of demand

Fn.e = nominal strength computed from
expected material properties
i = 1.0 for force-controlled action

$=10
B. Compressive Component Within plastic hinge: 0.0075 - 1.5 times maximum
strain Force-controlled | mean from suite of analyses

Outside of plastic hinge: 0.003 - 1.5 times
maximum mean from suite of analyses

C. Tensile strain” Component Within plastic hinge: 0.01 - maximum mean from
Def-controlled suite of analyses

Outside of plastic hinge: 2-g, - maximum mean
from suite of analyses

" Higher strain values may be allowed for the plastic hinge region, e.g., 0.01 in compression and
0.03 in tension; however, in this case, the ¢—factor on wall shear may be reduced from 1.0 to
0.75 due to the uncertainty of greater nonlinear flexural deformations on wall shear strength.
This is further described in Chapter 7.4.
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2.4.  Design of Tall Reinforced Concrete Structural Walls

While the component-level acceptance criteria for the design of tall structural walls are set forth
in LATBSDC (2014), specific strength calculations and detailing provisions are referred to
American Concrete Institute Building Code Requirements for Structural Concrete (AC1318-11)
Sections 21.9.1 through 21.9.6. Design for flexure and axial loads are accomplished using plane-
section analysis per Section 21.9.5, whereas requirements for development and splicing of
longitudinal reinforcement over the wall height are contained in Section 21.9.2. More stringent
requirements may be incorporated into the design depending on available information. The

procedures for shear design are explained in the following.

2.4.1. Shear Design per LATBSDC (2014)
Per LATBSDC (2014), shear design of a tall structural wall is evaluated per force-controlled

acceptance criterion. It is summarized using x;=1.0 and ¢ = 1.0 as:

1.5-E, < F,,

where, F,. is the mean shear demand and F, . is the nominal strength computed from expected
material properties (shear capacity). Although not noted in LATBSDC (2014), the footnote to
Table 2-7 is commonly enforced, and a reduced ¢ is sometimes used. In contrast, PEER TBI
(2010) recommends shear design using the same acceptance criterion but with ¢ =0.75. This is a
significant difference that warrants further examination of this shear design acceptance criterion
and to determine which factors are appropriate based on reliability studies. The background on

shear demands (F,) and capacities (£, .) are further explained in the subsections below.
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2.4.2. Shear Demands

The mean shear demand, E,., is determined from nonlinear response history analysis (NLRHA)
using a suite of ground motions. The shear demand is not set to the mean demand determined
from the NLRHA responses because half of the ground motions exceeding the mean design will
imply a significant probability of failure for a brittle response. Moreover, shear demand
corresponding to the mean plus one standard deviation value is also not recommended, since the
dispersion in shear demand is not only influenced by processing of ground motions (i.e., record-
to-record variability) but also due to other factors that impact dispersion that are not typically
considered (e.g., uncertainties in modeling, model parameters, design, materials, and etc; see

FEMA P695, 2009).

These issues are highlighted by Moehle (2007) using a case study of a 40-story building.
Figure 2-3 shows elevation of the 40-story building and Table 2-8 shows a summary of nonlinear
dynamic analysis results from 14 pairs of scaled earthquake ground motions matched to the

target response spectrum.

ROOF Table 2-8. Summary of 40-story building nonlinear dynamic
analysis results, Moehle (2007)

Roof Drift Wall Base Wall rtpoment at
(ft) Shear (kips) | 13, floor
13th (k-ft)
Minimum 2.1 7,600 513,000
Maximum 6.7 29,700 1,080,000
S Ase Mean, 1 42 15,500 900,000
Figure 2-3. Elevation of 40- p+o A 22, 00 1,090,000
story building, Moehle C.O.V. 0.23 0. 3 0.21

(2007)
Table 2-8 shows that the mean base shear demand is 15,500 kips and mean plus one standard

deviation is 22,200 kips. Thus, if the shear demand is defined at one standard deviation above
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the mean, it results in a 43% increase in base shear but also achieves greater conservatism in
design. On one hand, this may seem like a significant increase in shear demands that results in
large cost and design implications; however, from another perspective there are benefits in that
the probability of shear failure is greatly reduced. It is noted that the dispersion in structural
responses due to ground motion variation (commonly referred to as record-to-record, or RTR

variability), is not the only source of uncertainty.

Although determining appropriate shear demands in tall reinforced concrete core walls is
an important process, this topic has not yet been thoroughly researched. As structural walls are
the main seismic force-resisting system in a tall core wall building and shear failure can be fatal
due to its sudden and brittle nature, examining the reliability of current core wall shear design is
crucial. The current 1.5 factor applied to F,. is an empirical factor intended to achieve a greater
conservatism in shear design and it represents dispersion in shear responses resulting from
nonlinear response history analysis including record-to-record variability, modeling uncertainties,
and design uncertainties (PEER TBI, 2010). A systematic study is needed to better understand
sources of uncertainty in wall shear demands and to better assess demand and capacity, to assess

the reliability of structural wall shear design for tall reinforced concrete core wall buildings.

2.4.3. Shear Capacity
Shear capacity of a structural wall is determined from the nominal shear strength equation as

specified in AC1318-11:

Vo =4 [acl\/f_’c + ptfy]

where Ay is the cross-sectional area of shear wall, ¢ is the concrete compressive strength, p; IS
the horizontal reinforcement ratio, fy is the reinforcing steel yield strength, and o, varies linearly
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from 3.0 for walls with aspect ratio hy/l,, (height to length of wall) less than 1.5, to 2.0 for walls

with aspect ratio greater than 2.0. Per ACI318-11, the maximum shear stress on any one wall is
limited to Acv[low/f’cPsi] and the average shear stress on all walls is limited to ACU[S,/f’CPsi].

Using the nominal shear strength equation, the expected shear strength (F, .) can be calculated

using expected material properties.

However, the ACI318 nominal shear strength equation is rather simple and does not
include factors that are known to have an impact on shear strength, namely, axial loads and
quantity of boundary longitudinal and transverse reinforcement (Orakcal et al, 2009). Moreover,
this equation has shown to produce a low strength estimate compared to the actual shear
strengths achieved through laboratory tests, and this ensures a low probability of failure (Wood,

1990; Orakcal et al 2009; Wallace et al, 2013).

To better assess the reliability of wall shear design, a thorough study is needed to
compare demand and capacity, as well as sources of uncertainty, to ensure current practice
includes an appropriate margin of safety. Moreover, there is a need to determine appropriate

demands factors for various risk categories.

2.4.4. Reliability of Shear Design

Wallace et al (2013) conducted preliminary studies to assess reliability of structural wall shear
design acceptance criteria by extending works by Hamburger (2011). In studies by Wallace et al
(2013), reliability of a rectangular, reinforced concrete wall was assessed using four design cases.
The wall had the following properties: f°c = 8ksi, fy, = 60ksi, p; = 0.011, and A¢, = 30” x 360” =
10,800 in®. The four design cases were assessed with Monte Carlo simulations using statistical

parameters for random variables established from test results. All random variables were
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assumed to be normally distributed, and variations in cross-section properties were assumed to
be negligible. The overstrength in shear-controlled structural walls was evaluated for two cases
using nominal and expected properties, and the means and coefficients of variation (COV) are

summarized as follows:

Nominal Properties: Mean[Vmaxtest/ V] = 1.73, COV = 0.22

Expected Properties: Mean[Vmaxtest/Vne] = 1.57, COV =0.20

For material properties, an expected mean of 1.13 and coefficient of variation of 0.10 were used
for concrete (Nowak et al, 2008), and an expected mean of 1.13 and coefficient of variation of
0.02 were used for reinforcing steel. The preliminary reliability results are summarized in Table

2-9. This study is a continuation of works by Wallace et al (2013).

Table 2-9. Reliability of rectangular wall shear design (Wallace et al, 2013)

Design Case
Parameter I T il v;
Criteria ¢o-F,=1.5-F, ¢-Fre=1.5F ¢0-F,=1.5-F, ¢o-Fre=1.5F,
¢ (psi) 8,000 9,040 8,000 9,040
fy (psi) 60,000 67,800 60,000 67,800
D 0.75 0.75 1.0 1.0
Fu (Kips) 4563 5091 6084 6788
Reliability (%) 98.7 97.7 96.9 94.0
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2.5.  Changes to Tall Building Design and Analysis Procedures

2.5.1. Proposed Changes in ASCE7-16 Chapter 16

This section reviews the proposed changes in ASCE7-16 that will impact performance-based
design of tall buildings. This information is based on a draft of ASCE7-16 received on January
27, 2016 for research purposes. The major changes in ASCE7-16 Chapter 16 Nonlinear
Response History Analysis include: the number of ground motions required for nonlinear
response history analysis, period range for ground motion modification process, unacceptable
responses, and element level force-controlled acceptance criteria. Although there are other

important changes, only the aforementioned topics are summarized here.

2.5.2. Number of Ground Motions

Before the 2016 edition, ASCE7 Chapter 16 required a minimum of three or seven pairs of
ground motions for nonlinear response history analysis. When three pairs of ground motions
were used, maximum results were evaluated and when seven pairs of ground motions were used,
mean results were evaluated. The ASCE7-16 standard now requires at least eleven pairs of
ground motions for nonlinear response history analysis. This number was increased to obtain

more reliable estimates of mean structural responses.

2.5.3. Period Range

In ASCE7-10, modified ground motions were required to be scaled or spectrally matched so that
the mean of ground motions matched to target response spectrum between periods 0.2-T and
1.5T, where T represents the fundamental period of the building. The lower bound reflects
contributions from higher mode responses and the upper bound captures period elongation

effects once the building was damaged and softened. In ASCE7-16, this range has changed to
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0.2'T to 2.0-T where T is redefined as the maximum fundamental period of the building.
Previous research has shown that the upper bound of 1.5-T was not long enough for assessing
softening effects of ductile frame buildings (ASCE7-16). The lower bound also has another
requirement that it must capture all periods needed for 90% mass participation in analyzing both

directions of the building.

2.5.4. Unacceptable Responses

In the 2016 edition of ASCE7, using unacceptable responses are now prohibited for examining
the global acceptance criteria. An unacceptable response is defined as any of the following: (1)
analytical solutions fails to converge, (2) predicted demands on deformation-controlled elements
exceeds the valid range of modeling, (3) predicted demands on critical or ordinary force-
controlled elements exceeds element capacity, or (4) predicted deformation demands on elements
not explicitly modeled exceeds the deformation limits at which the members are no longer able
to carry their gravity loads. For Risk Category | and Il structures, where spectral matching of
ground motions is not used, maximum of one ground motion is permitted to produce
unacceptable response. If 20 or more ground motions are used, a maximum of two unacceptable
responses are permitted and if 30 or more ground motions are used, a maximum of three
unacceptable responses are permitted. For Risk Category Il and IV structures, no ground
motions shall produce unacceptable responses. When a ground motion produces unacceptable
responses, 120% of the median value, and no less than the mean value, should be used for

evaluation.
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2.5.5. Element-Level Force-Controlled Acceptance Criteria
Lastly, a significant change comes from increases in element level, force-controlled acceptance

criteria. Force-controlled actions shall satisfy the following equation:

VIe (Qu - Qns) + Qns < Qe

where | is the importance factor as shown on Table 2-10, Qs is the demand caused by loads
other than seismic, Q. is the expected component strength, and vy is the load factor shown on

Table 2-11.

Table 2-10. Importance factors and probabilities of failure by Risk Category of buildings for
earthquake loads, ASCE7-10

Risk Category from Seismic importance Probability of failure for
ASCE7-10 Table 1.5-1 factor, lo MCE hazard level
I 1.00 10%
1 1.00 10%
Il 1.25 6%
v 1.50 3%

Table 2-11. Load factors for force-controlled behaviors, ASCE7-16

Action type Load factor, y
Critical 2.0
Ordinary 1.5
Noncritical 1.0

This acceptance criterion was established from examining the force-controlled

acceptance criterion defined by PEER TBI (2010) guidelines:
AFM S ¢Fn,e

where F,is the mean demand resulting from a suite of ground motions, F, . is the nominal
strength computed from expected material properties, ¢ is the uncertainty in F, ., taken as 1.0,
and A is a calibration parameter. To determine the calibration parameter, A, a few assumptions

27



were made. First, the component demand and capacity were assumed to follow lognormal

distributions. Then A was calibrated to achieve probability of collapse goals as stated in Table

2-10. Here, a conservative assumption was made so that the failure of a single critical force-

controlled component would result in a total or partial structural collapse of the building. This

calibration process is highly dependent on the uncertainties in component demand and capacity;

thus, two cases for higher dispersion (general) and lower dispersion (well-defined mechanism)

were examined. The dispersion values for demand and capacity are presented in Table 2-12 and

Table 2-13 as logarithmic standard deviations.

Table 2-12. Assumed demand dispersion for general and well-defined cases (ASCE7-16)

Demand dispersion, Bp

Well-defined Variability and uncertainties in the demand
General .
mechanism

0.40 0.20 Record-to-record variability (for MCEg ground motions)

0.20 0.20 Uncertainty from estimating demands using structural model
Variability from estimating demands from mean of only 11

0.13 0.06 .
ground motions

0.46 0.29 Bo-Total

Table 2-13. Assumed capacity dispersion for general and well-defined cases (ASCE7-16)

Capacity dispersion, Bc

Well-defined Variability and uncertainties in the capacity
General .
mechanism
0.30 0.30 g;/tzl)cal variability in strength equation for Fy ¢ (from available
Typical uncertainty in strength equation for F, ¢ (extrapolation
0.10 0.10 .
beyond available data)
Uncertainty in as-built strength because of construction quality
0.20 0.20 .
and possible errors
0.37 0.37 Bc-Total

In the calibration process, both demand and capacity lognormal means were normalized to 1.0.

The computed values to achieve 10% probability of collapse are as reported in Table 2-14. The
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same procedures were used to compute A for 6% and 3% probabilities of collapse, and these

values were simplified as shown on Table 2-11.

Table 2-14. Required ratios of A/¢ to achieve 10% probability of collapse

Required ratio of A/¢
General Well-defined mechanism
2.1 1.9

The factors shown on Table 2-11 are high because a conservative assumption was made
about the component reserve capacity, F, e, and no reserve strength factor was used. When there
IS conservatism in the component strength equations as shown in experimental tests, Fne can be
multiplied by a component reserve strength factor. Thus, the correct use of shear reserve
strength factor would be between 1.57-F, and 1.67-F,. (these factors are later introduced in

Chapter 7).

2.6.  Summary of Current and Proposed Shear Design Provisions

In this chapter, two methods for tall building design and analysis procedures (code-based and
performance-based) were introduced, with a focus on performance-based design procedures per
LATBSDC (2014). Furthermore, the main issues with structural wall shear design acceptance

criteria were addressed. In the structural wall shear design criterion shown below,

1.5 Fy < k;PFe
several issues are noted, where (1) the 1.5 factor is an empirical factor established to achieve
conservatism in shear design, (2) there is discrepancy between LATBSDC (2014) and PEER TBI
(2010) recommendations for ¢, where 1.0 and 0.75 are recommended, respectively, (3) there is a
discrepancy in the use of «;, as it is generally not applied force-controlled actions under MCE

analysis per LATBSDC (2014) recommendations, whereas the proposed changes in ASCE7-16
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Chapter 16 apply an equivalent factor (seismic importance factor applied to shear demands) to
force-controlled actions, and (4) the proposed changes for shear demand factors are significantly
higher in ASCE7-16 Chapter 16 (in lieu of 1.5). The current and proposed demand factors for
structural wall shear design of tall reinforced-concrete buildings are summarized in Table 2-15.
The proposed shear demand factors per ASCE7-16 are shown to be high due to the use of
seismic importance factors and from using conservative assumptions on shear capacities;

adjustments are recommended.

Table 2-15. Comparison of current and proposed shear demand load factors for MCE level shear
design of tall reinforced-concrete buildings

Risk Category, Current! Proposed based on actign type
ASCE7-10 Table LATBSDC (2014) ASCE7-16 draft
1.5-1 Critical Ordinary Noncritical
| 15 2.0 15 1.0
1 1.5 2.0 1.5 1.0
Il 15 2.5 1.875 1.25
[\ - 3.0 2.25 1.5

! does not include risk reduction factor, ; (refer to Chapter 2.3.6)
2 includes load factor, v, and seismic importance factor, I¢
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CHAPTER 3. GROUND MOTION SELECTION AND MODIFICATION

This chapter summarizes the ground motion selection and modification process for the design

and analysis of tall buildings.

3.1.  Introduction

There are currently many ground motion selection and modification methods available for
nonlinear response history analysis of structures. In this study, amplitude scaling was used to
modify ground motions and the mean of ground motions were matched to the target Uniform
Hazard Spectrum. Five hazard levels were selected to examine structural responses at various
hazards. The details of this process are explained in the following sections and some of the

limitations of this method are also presented.

3.2.  Project Site

The project location was chosen as downtown Los Angeles, California; it represents an urban
area that is densely populated with tall buildings. A specific location, at longitude -118.25 and
latitude 34.05, was chosen because a case study of 42-story building was previously conducted at
this site by Pacific Earthquake Engineering Research Center Tall Buildings Initiative (PEER TBI)
Task 12 (2011), and the site-specific response spectra and the ground motions at five hazard

levels were available.

As shown on Figure 3-1, this project site is 0.9 miles from Puente Hills fault, 4.5 miles
from Hollywood fault, 5.5 miles from Raymond fault, 7.1 miles from Santa Monica fault, 15.2
miles from Elsinore fault, 24.9 miles from Sierra Madre fault, and 34.8 miles from San Andreas

fault. The soil conditions correspond to site class C, very dense soil and soft rock, per ASCE7-
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10 Chapter 11 with an average shear wave velocity of Vo = 1180 ft/s (PEER TBI Task 12,

2011).
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Figure 3-1. Project location, PEER TBI Task 12 (2011)

3.3.  Site Hazard Characterization

To identify dominant seismic events in various hazard levels, PEER TBI Task 12 (2011)
performed probabilistic seismic hazard (PSH) deaggregation. Five selected hazard levels,
ranging from low intensity/frequent ground motions to high intensity/extreme event ground
motions, were evaluated. Refer to Table 3-1 for descriptions of the five hazard levels. The
probabilistic seismic hazard deaggregation at the five hazard levels identified which seismic
events dominated the project site, and this information was used in selecting and modifying
ground motions. See Figure 3-2 and Figure 3-3 for PSHA deaggregation for MCE hazard level,
at periods 2.0 and 3.0 seconds, respectively. For rare events and long periods, the hazards were
dominated by relatively large magnitude-small distance event, or an extremely large magnitude-

long distance event. Due to scarcity of real ground motion recordings that match the dominant
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seismic events, ground motions were modified by amplitude scaling to create new recordings for

the project site.

Table 3-1. A summary of five seismic hazard levels

Name Hazard Earthquake Probability Return Period
SLE25 Service Service Level Earthquake | 70% in 30 years 25 years
SLEA43 Service Service Level Earthquake | 50% in 30 years 43 years
DBE Life Safety Design Basis Earthquake | 10% in 50 years 475 years
MCE | Collapse Prevention | Maximum Considered Eq. | 2% in 50 years 2475 years
OVE - - 1% in 50 years 4975 years

PSH Deaggregation on NEHRP C soil

Los Angeles 118.251°W, 34.050°N.

SA period 2.00 sec. Accel. > 0.3605g

Annual Exceedance Rate 0.406E-03. Mean Return Time 2475 yrs
Mean (R, M, g) = 11.4km, 6.89, 1.36

Modal (R, M, &) = 4.7km, 6.59, 1.29 (from peak R, M bin)

Modal (R, M, £') = 4.5km, 6.57, 1 to 2 sigma (from peak R, M, ¢ bin)
o Binning: DeltaR=10km, deltaM=0.2, Deltae=1.0
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Figure 3-2. PSH deaggregation for MCE hazard level with 2475-year return period at T=2.0
seconds, PEER TBI Task 12 (2011)
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PSH Deaggregation on NEHRP C soil

Los Angeles 118.251°W, 34.050°N.

SA period 3.00 sec. Accel. > 0.2083¢g

Annual Exceedance Rate 0.404E-03. Mean Return Time 2475 yrs

Mean (R, M, &) = 17.8km, 7.07, 1.51
- Modal (R, M, 89) =5.2km, 6.59, 1.49 (from peak R, M bin)

Modal (R, M, £') = 4.7km, 6.59, 1 to 2 sigma (from peak R, M, ¢ bin)
Binning: DeltaR=10km, deltaM=0.2, Deltae=1.0
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Figure 3-3. PSH deaggregation for MCE hazard level with 2475-year return period at T=3.0
seconds, PEER TBI Task 12 (2011)
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3.4.  Ground Motion Suites

Four suites of ground motions were created for various design and assessment purposes. The
first suite, Suite A, consists of 15 pairs of scaled ground motions at all five hazard levels. The
SLE43 and MCE hazard levels within Suite A were used to design tall buildings and all five
hazard levels were used to examine dispersion of structural responses. The second suite, Suite B,
was expanded from Suite A and consists of 30 pairs of scaled ground motions at DBE and MCE
hazard levels. The purpose of this suite was to create a sufficiently large database of ground
motions to measure dispersion in structural responses. Suites C and D consist of 30 ground
motions at MCE hazard level and they were created for a two-dimensional model analysis, thus,
the ground motions are in a single direction (versus pairs). Refer to Table 3-2 for a summary of

the ground motion suites.

Table 3-2. Summary of ground motion Suites A, B, C, and D

GM Suite Suite A | Suite B Suite C \ Suite D
Analysis Perform 3D Opensees 2D
Analysis Model 30-Story 30-Story 20-Story 30-Story
GM Modification Scaled Scaled Scaled Scaled
SLE25 15 pairs - - -
o SLE43 15 pairs - - -
N DBE 15 pairs 30 pairs - -
I MCE 15 pairs 30 pairs 30 single 30 single
OVE 15 pairs - - -
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3.5.  Ground Motion Record Selection and Modification

The ground motions at all five hazard levels were selected from PEER Next Generation
Attenuation (NGA) strong motion database. This database contains 7075 records from 175
earthquakes. The selected ground motions do not include records of aftershocks and foreshocks
or near-fault effects. For the OVE hazard level, only 7 pairs of ground motions were selected

from the NGA database and 8 pairs of ground motions were created from simulations.

Next, the selected ground motions were modified by amplitude scaling to match uniform
hazard target spectrum at each hazard level. All target spectra were created for 5% critically
damped single-degree-of-freedom systems. Details on this process are discussed in the

following subsections.

3.5.1. Suite A — 15 Pairs of Scaled Ground Motions at 5 Hazard Levels

The process of selecting and scaling ground motions for Suite A is summarized as follows:

1. Ground motion time histories were selected from NGA database with maximum source
distance of 100 km (62 miles) and maximum shear wave velocity between 180 to 1200
m/sec (590 to 3940 ft/s).

2. Low-pass filter was used with cutoff frequencies less than 0.1 Hz; this ensured long-
period frequency content necessary for tall building design and analysis.

3. Response spectra for the two horizontal components of a single ground motion were
computed for 5% critically damped single-degree-of-freedom system. A geometric mean
of the two horizontal components of a single ground motion was considered as a single

recording.
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4. The scale factor was computed as the smallest error between the target spectrum and the
geometric mean of a single ground motion. This calculation is shown below, and the
maximum scale factor was set to 5.0.

Psa(T)target = SF- PS“(T)geomean time series

[Psa(T)]target
[PSa(T)]

where SF = Yiri_r)) - wt

geomean time series

SF = scale factor
wt = weighted error
Ti = 0.5 seconds
T; = 10.0 seconds
The errors were computed for a range of periods to account for higher mode effects and
softening of the building. Furthermore, errors were weighted to ensure a better match in

the longer periods as summarized in Table 3-3.

Table 3-3. Weighted errors for scale factor calculation

Period range (seconds) Weighted error
05<T<30 10%
3.0<T<70 60%

7.0<T<10.0 30%

5. The scaled recordings were sorted by smallest error and the first 15 ground motions were
selected for Suite A.
6. The selected and scaled ground motions were down-sampled from the original sampling

rate to 25 samples per second (dt = 0.04 seconds) for a faster analysis time.

Response spectra for all five hazard levels are shown on Figure 3-4. Refer to Table 3-4 for

earthquake information and Table 3-5 for scale factors.
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Figure 3-4. Suite A — Geomean of 15 pairs of scaled ground motions and mean compared to
target spectrum at hazard levels (a) SLE25, (b) SLE43, (c) DBE, (d) MCE, and (e¢) OVE
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Table 3-4. Suite A — Earthquake information for 15 scaled ground motions at 5 hazard levels

GM Earthquake name (NGA Seq.)
No. SLE25 SLE43 DBE MCE OVE
1 Chi-Chi, Taiwan | Chi-Chi, Taiwan | Chi-Chi, Taiwan | Chi-Chi, Taiwan Landers
(1317) (1420) (1223) (1436) (838)
2 Chi-Chi, Taiwan Loma Prieta Chi-Chi, Taiwan | Chi-Chi, Taiwan | Chi-Chi, Taiwan
(1420) (757) (1423) (1504) (1546)
3 Loma Prieta Chi-Chi, Taiwan Landers Landers Landers
(757) (1317) (838) (838) (900)
4 Denali, Alaska Hector Mine Hector Mine Landers Chi-Chi, Taiwan
(2111) (1816) (1810) (900) (1515)
5 Hector Mine Denali, Alaska Kocaeli, Turkey Kocaeli, Turkey Kocaeli, Turkey
(1816) (2111) (1155) (1155) (1163)
6 Hector Mine Hector Mine Landers Denali, Alaska Kocaeli, Turkey
(1787) (1810) (900) (2114) (1155)
7 Landers Landers Kocaeli, Turkey Kocaeli, Turkey Denali, Alaska
(832) (832) (1177) (1163) (2114)
8 Cape Mendocino | Cape Mendocino Denali, Alaska Imperial Valley- Hector Mine
(827) (827) (2114) 06 (169) (1792)
9 Landers Denali, Alaska Imperial Valley- Hector Mine SIMULATION 1
(850) (2114) 06 (169) (1792) (-)
10 Denali, Alaska Imperial Valley- | Cape Mendocino | Cape Mendocino | SIMULATION 2
(2114) 06 (169) (827) (827) (-)
11 Imperial Valley- Landers St Elias, Alaska St Elias, Alaska | SIMULATION 3
06 (169) (850) (1629) (1629) (-)
12 Kobe, Japan Kobe, Japan Tabas, Iran Tabas, Iran SIMULATION 4
(1109) (1113) (143) (143) (-)
13 Kocaeli, Turkey Kocaeli, Turkey Hector Mine Duzce, Turkey SIMULATION 5
(1155) (1155) (1811) (1605) (-)
14 Kobe, Japan Kobe, Japan Duzce, Turkey Loma Prieta SIMULATION 6
(1104) (1104) (1605) (757) (-)
15 Duzce, Turkey Loma Prieta Loma Prieta Duzce, Turkey SIMULATION 7
(1602) (804) (757) (1619) (-)
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Table 3-5. Suite A — Scale factors for 15 ground motions at 5 hazard levels

GM Scale factors

No. SLE25 SLE43 DBE MCE OVE
1 0.49 1.16 4.06 3.84 4.28
2 0.80 0.99 4.16 1.29 2.04
3 0.68 0.72 2.33 3.24 2.51
4 1.74 1.70 3.66 1.9 1.69
5 1.17 2.52 2.65 3.68 491
6 0.58 1.09 1.36 1.00 4.86
7 0.63 0.92 3.65 3.71 1.33
8 0.55 0.80 0.72 2.35 4.88
9 1.05 0.21 1.69 3.69 1.00
10 0.15 0.50 2.69 3.73 1.00
11 0.35 1.52 1.25 1.74 1.00
12 4,59 1.08 0.56 0.78 1.00
13 0.54 0.79 4.84 0.96 1.00
14 0.35 0.51 0.69 4.62 1.00
15 0.44 2.62 3.33 4.96 1.00

40




3.5.2. Suite B — 30 Pairs of Scaled Ground Motions at DBE and MCE Hazard Levels

Suite B was created to measure dispersion in structural responses using Monte Carlo simulations.
Thirty pairs of ground motions were selected and scaled at DBE and MCE hazard levels. The
ground motion selection and modification procedures were the same as Suite A, as stated in the
previous section. Figure 3-5 shows the response spectrum for Suite B and Table 3-7 and Table

3-8 outline detailed earthquake information for DBE and MCE hazard levels, respectively.
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Figure 3-5. Suite B - Geomean of 30 pairs of scaled ground motions and mean compared to
target spectrum at hazard levels (a) DBE and (b) MCE
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3.5.3. Suites C and D — 30 Scaled Ground Motions at MCE Hazard Level for 2D Analysis
Suites C and D were created to measure dispersion in structural responses in 2-dimensional
Opensees models. From Suite B, subsets of thirty ground motions were selected for the MCE

hazard level, and single-direction ground motions were considered as follows.
Suite C for 20-story building:

e GM1 direction: 3, 7, 10, 12, 14, 15, 18, 19, 21, 22, 24, 25, 26, 27, 29 (15 selected)

e GM2direction: 2, 4,5,7,8,9, 10, 13, 19, 20, 23, 24, 26, 27, 28 (15 selected)
Suite D for 30-story building:

e GM1direction: 3, 4, 6, 7, 10, 12, 13, 15, 18, 21, 23, 24, 25, 26, 27 (15 selected)

e GM2 direction: 4, 7, 13, 14, 15, 16, 17, 19, 20, 21, 23, 24, 26, 29, 30 (15 selected)

Response spectra for the two suites are shown on Figure 3-6.
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Figure 3-6. (a) Suite C and (b) Suite D — 30 single-direction scaled ground motions and mean
compared to target spectrum at MCE hazard level
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3.6.  Methods Not Considered — Spectral Matching

Other than amplitude scaling methods introduced in the previous sections, another ground
motion modification method that was not considered in this study was the ground motion
spectral matching method (Abrahamson and Al Atik, 2010). A corresponding software program,
RSPMatch09 (Abrahamson and Al Atik, 2010), performs time-domain spectral matching by
adding adjustment wavelets to an initial acceleration time series, which produces a response
spectrum that closely matches target response spectrum. The spectral matching is performed
over the required period range; however, since the short period spectral accelerations are
influenced by long period wavelets, time series adjustment is typically performed in multiple
passes, starting with short periods, then progressively adjusting longer periods. During the
spectral matching process, consideration of ground motion spectral shapes is important to ensure
that the long period content necessary for tall building evaluation is present. Furthermore, once
ground motions are spectrally matched, the acceleration, velocity, and displacement time series
are plotted and checked for unstable solutions, and any ground motions that result in drifting are

discarded.

Although preliminary studies were conducted to evaluate the effects of using spectrally
matched ground motions (Kim and Wallace, 2014), this topic was not considered in the overall
reliability study. The reason for this was because spectral matching artificially reduces
dispersion in ground motions and using this suite of ground motions will most likely produce
lower dispersion in structural responses and higher reliability results. Studies by Bazzurro and
Luco (2006) have shown that using spectrally matched ground motions reduce record-to-record

variability by 60% to 80% compared to non-processed ground motions. However, higher
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reliability results computed by using spectrally matched ground motions will not be accurate due

to unrealistically small dispersion introduced in the ground motions.

The preliminary studies with 11 ground motions are summarized on Table 3-6, and the
results of modifying the ground motions by the two methods, amplitude scaling and spectral
matching, are shown on Figure 3-7. Graphically, it is evident that spectral matching reduces the
dispersion in the ground motions drastically, and using these ground motions will considerably

bias the reliability results.
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Figure 3-7. 11 pairs of MCE hazard ground motions modified by (a) amplitude scaling and (b)
spectral matching

Table 3-6. MCE level ground motions considered for amplitude scaling and spectral matching

GM | MCE GM No. Name of Ground Motion
No. | from Suite B (NGA Seq.)
1 2 Chi-Chi, Taiwan (1504)
2 3 Landers (838)
3 5 Kocaeli, Turkey (1155)
4 8 Imperial Valley-06 (169)
5 12 Tabas, Iran (143)
6 17 Chi-Chi, Taiwan (1546)
7 20 Landers (879)
8 21 Hector Mine (1787)
9 23 Kocaeli, Turkey (1176)
10 24 Hector Mine (1762)
11 27 Kobe, Japan (1100)
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Table 3-7. Suite B — 30 scaled ground motions for DBE hazard level

Lowest

GM Dt NGA . Rib . - V3o Scale . .
No. NPTS (sec) Seq. EQ Name Station M (km) Mechanism ufs;%tc)lle Soil (kms) Factor GM1in NGA GM2in NGA
Chi-Chi, Reverse CHICHI/ CHICHI/CHY
1 49,980 | 0.004 | 1223 Taiwan CHY067 7.62 83.6 Obligue 0.0375 D 228.0 4.06 CHY067-N.at2 067-W.at2
Chi-Chi, Reverse CHICHI/ CHICHI/
2 26,800 | 0.005 | 1423 Taiwan TAP026 7.62 95.9 Oblique 0.0375 D 215.0 4.16 TAP026-N.at2 | TAPO26-E.at2
. . LANDERS/ LANDERS/
3 2,000 0.02 838 Landers Barstow 7.28 34.9 Strike Slip 0.07 C 370.8 2.33 BRS000.at2 BRS090.at2
Hector Mecca - . . HECTOR/ HECTOR/
4 6,000 0.01 1810 Mine CVWD Yard 7.13 92.0 Strike Slip 0.091 D 3454 3.66 11625090.at2 11625180.at2
Kocaeli, . . KOCAELL/ KOCAELL/
5 27,711 | 0.005 | 1155 Turkey Bursa Tofas | 7.51 60.4 Strike Slip 0.1 D 274.5 2.65 BUR000 at2 BUR090 at2
Yermo Fire . . LANDERS/ LANDERS/
6 2,200 0.02 900 Landers Station 7.28 23.6 Strike Slip 0.07 D 353.6 1.36 YER270 at2 YER360.at2
Kocaeli, . . . KOCAELI/ KOCAELI/
7 25,856 | 0.005 | 1177 Turkey Zeytinburnu | 7.51 52.0 Strike Slip 0.075 D 2745 3.65 ZYT000.at2 ZYT090 at2
Denali, TAPS Pump . . DENALL/ DENALL/
8 18,000 | 0.005 | 2114 Alaska Station #10 7.90 0.2 Strike Slip 0.025 D 3294 0.72 ps10047 at2 ps10317 at2
Imperial . . IMPVALL/ IMPVALL/
9 9,992 0.01 169 Valley-06 Delta 6.53 22.0 Strike Slip 0.0625 D 274.5 1.69 H-DLT262.at2 | H-DLT352.at2
Cape Fortuna - CAPEMEND/ CAPEMEND/
10 2,200 0.02 827 Mendocino | Fortuna Blvd 7.01 16.0 Reverse 0.07 C 457.1 2.69 FOR000.at2 FOR090.at2
St Elias, STELIAS/ STELIAS/
11 16,594 | 0.005 | 1629 Alaska Yakutat 7.54 80.0 Reverse 0.04 D 2745 1.25 059v2009.at2 059v2279.at2
TABAS/ TABAS/
12 1,642 0.02 143 | Tabas, Iran Tabas 7.35 1.8 Reverse 0.0625 B 766.8 0.56 TAB-LN at2 TAB-TR at2
Mentone
Hector . . . . HECTOR/ HECTOR/
13 | 11,800 | 0.005 | 1811 Mine Fire i;atlon 7.13 91.2 Strike Slip 0.026 D 271.4 4.84 14172180 at2 1417270 at2
Duzce, . . DUZCE/ DUZCE/
14 5,177 | 0.005 | 1605 Turkey Duzce 7.14 0.0 Strike Slip 0.1 D 276.0 0.69 DZC180.at2 DZC270.at2
Dumbarton
Loma - Reverse LOMAP/ LOMAP/
15 3,250 0.02 757 Prieta Brlgr?g '\:l\'iest 6.93 353 Oblique 0.0625 D 274.5 3.33 DUMB267.at2 | DUMB357 at2
. . LANDERS_AB | LANDERS_A
16 2,500 0.02 832 Landers Amboy 7.28 69.2 Strike Slip 0.1 C 382.9 3.22 Y000 AT2 BY090.AT2
. . . LANDERS FT | LANDERS_F
17 2,000 0.02 855 Landers Fort Irwin 7.28 63.0 Strike Slip 0.07 C 367.4 4.94 1000 AT2 TI090.AT2
Indio -
. . LANDERS_IN LANDERS |
18 3,000 0.02 862 Landers C%a;:rk]\aellla 7.28 54.3 Strike Slip 0.1 D 339.0 4.71 D000.AT2 ND090.AT2
Kocaeli, . . . KOCAELI_AR | KOCAELI_A
19 6,000 0.005 | 1148 Turkey Arcelik 7.51 10.6 Strike Slip 0.0875 C 523.0 2.34 E000.AT2 RE090.AT?
Kocaeli, . . KOCAELI_AT | KOCAELI_A
20 26,624 | 0.005 | 1149 Turkey Atakoy 7.51 56.5 Strike Slip 0.0375 D 310.0 3.95 KOOO.AT2 TK090 AT2
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21 | 21,323 | 0.005 | 1163 l'(l'(l)ﬁiil); Hava Alani | 7.51 | 583 | StrikeSlip | 0.025 D 354.4 2.73 K?\Aco%g.lfolszH ﬁ?\ﬂcogg.';!fg
22 | 5765 | 0.005 | 1619 'I?LlJJerC;y Mudurnu | 7.14 | 343 | Strike Slip 0.1 c 535.2 3.85 Du(i)%"EA—%DR DUOZQ%'_E,&%DR
23 | 3000 | 002 | 1762 | e Amboy | 713 | 418 | StrikeSlip | 008 C 3829 | 208 | MLCTORAB | HECTORAD
24 | 10000 | 001 | 1792 | e Rivlgr(iilge- Co | 713 | 740 | stikeslp | 01 D 2821 | 275 | HECTORRF | HECTORIRF
Fair Grnds
25 | 18200 | 0.005 | 3783 | o GBtﬁa;”,:;’;;I'e 713 | 897 | stikeSlp | 0025 | D 3152 | 228 | MCTORBO | HECTORBO
26 | 1459 | 0005 | 1786 | o geanBar | 713 | 612 | swikeslp | 00299 | C 6249 | 474 | MECTORTIBS | HECTORB
San Bern- . LANDERS H | LANDERS_H
27 12,000 0.01 888 Landers aljg;g(i)t:lig 7.28 79.8 Strike Slip 0.1 D 297.0 4.07 0S090 AT2 0S180 AT?
28 | 5437 | 0005 | 1158 ﬁ?}‘;ﬁig Duzce 751 | 136 | StikeSlip | 0.1 D 2819 | 118 K%i@g,l&lffz é%cz's‘gk'ff
20 | 18000 | 0005 | 1224 | UCM | cvose | 762 | 860 ooiawe | 0055 | D | 2244 | as0 CHHLERY | ChcRLEEY
30 | 18000 | 0005 | 1226 | NCM | crvore | 72 | 787 | FOSSC | oows | D | 2os0 | 2se | CTHUCRY | CUORLEDY
Table 3-8. Suite B — 30 scaled ground motions for MCE hazard level
C,fl';" NPTS (SDeE) gfcf‘ EQName | Station M (E#;) Mechanism tf?}:éset Soil (IX;3;S) Fsefg'sr GM1inNGA | GM2inNGA
1| 17601 | 0005 | 1436 | SO raposa | 762 | 985 gﬁfﬁ;‘ég 0.03 c ar39 | ssa | CHICHV | CHICHV
2 | 18000 | 0005 | 1504 [ SO T rcucer | 762 | 064 ootave | 004 | c | 4me | 129 A B
3 | 2000 | 002 | 838 | Landers Barstow | 7.28 | 3486 | StrikeSlip | 007 c 3707 | 324 Eﬁg‘&%ﬁg Eﬁg&%ﬁg
4 | 2200 | 002 | 900 | Landers Yesrggof]i " | 728 | 236 | SwikeSlip | 007 D 3536 | 1.90 b@g%ﬁ b@g?ﬁ%ﬁé
5 | 27,711 | 0.005 | 1155 ﬁ%‘iii'; BursaTofas | 751 | 604 | StrikeSlip | 0.1 D 2745 | 368 gg&gg;’z ggg@g;’z
6 | 18,000 | 0.005 | 2114 'zfgjk'; rSPUP | 790 | 018 | stikeslp | 003 D 3204 | 1.00 p?l%%lf;l._a:{Z p?ﬁggﬂz
7 | 21,323 | 0.005 | 1163 *frﬂcriig HavaAlani | 751 | 583 | StrikeSlip | 0.09 C 4248 | 37 DKS,\%&%'_;'{Z DKSA%%%'_;L’Z
8 | 9992 | 001 | 169 \}':If:;'g'(s Delta | 653 | 220 | Swikeslip | 006 | D | 2745 | 235 | JMPYALLL | IMPYALL
9 | 10000 | 001 | 1792 | Hector RFnier:r%:;c?ﬁdcso 713 | 740 | swikeslp | 01 D 2074 | 39 | HECTORI | BECTORI
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10 | 2200 | 002 | s27 | CAPC | FOMUMC oo | 159 | Reverse 0.07 4570 | 373 | CLEENENDI | CAPEMEND
11 | 16594 | 0005 | 1620 | SpENE Yakutat | 754 | 80.0 : : 245 | 174 | oooClSl | STELIAS
12 | 1642 | 002 | 143 | Tabas Iran |  Tabas | 735 | 17 Reverse 0.06 7667 | 078 | AABASI | TABASI
13 | 5177 | 0005 | 1605 TDl‘J*erC:y Duzce | 7.4 | 00 | swikeSlp | 01 260 | 096 | DUECE | DUZCEl
14 | 3250 | 002 | 757 | oM@ gr:éinr%dgi\;\zggt 693 | 353 gg‘l’;rjg 0.06 2745 | ab2 | o LOMAR | oM
15 | 5765 | 0005 | 1619 TDl‘erkC:y Mudumu | 7.4 | 343 | StikeSlp | 0.1 6506 | 496 | oot | DUECE
Chi-Chi Reverse CHICHY CHICHI

16 | 28000 | 0005 | 1422 | SUCM | TAPO24 | 762 | 048 | GHESC | 0025 1949 | 454 | raooprsap | TAPOR
17 | 18000 | 0005 | 1546 | UTT | Tculz | 7e2 | o3 | gpee | 002 arsa | ase | SHICHW | CHICHV
18 | 6000 | 0005 | 1148 ﬁi’friig Arcelik | 751 | 105 | StrikeSlip | 0.0875 5230 | 311 KF?CCO%E;:’Z ES&QE_‘;{’Z
19 | 1800 | 002 | 820 | W oFleeoerEaglsl - | 701 | 78 : 0.07 3117 | ags | CAPEMENDI | CAPEMEND/
20 | 9625 | 0005 | 879 | Landers Lucerne | 7.28 | 21 | StrikeSlp | 0.1 684.9 15 té“ZDG%F;fé t@ﬂﬁiﬁfﬁ
21 | 4531 | oo1 | 1787 | e Hector | 7.13 | 103 | StrikeSlip | 0.0375 68a9 | 394 | [MECTOR/ | HECTOR
22 | 2500 | 002 | 832 | Landers Amboy | 7.28 | 69.2 | Strike Slip 01 271.4 429 k@%%ﬁ?é k@%&i‘?ﬁ
23 | 7,000 | 0005 | 1176 ﬁ?frii'; Yarimca | 751 | 13 | StrikeSlip | 0.0875 2070 | 097 :((F?%g‘g_';t'é YKF?%;‘E';Q
24 | 3000 | 002 | 1762 | o0 Amboy | 713 | 418 | StrikeSlip | 008 2714 | 273 2?0%(1:(?900?42 2;'0%?;600'1’0
25 | 8000 | 001 | 1104 S(a%t;en Fukushima | 6.90 | 17.8 | StrikeSlp | 0.1 256.0 2.4 ) sl I cou s
26 | 5500 | 001 | 1602 TDl‘erkC:y Bolu 714 | 120 | StrikeSlip | 0.0625 3260 | 298 BgLLJch%.Ee{ " Bgt’oz&'zt )
27 | 14000 | 001 | 1100 Ta%k;en Abeno 690 | 248 | StrikeSlip | 0.0625 2560 | 415 AB‘?\%%EQ o AB‘?\%%&Q o
28 | 8000 | 0005 | 319 | ‘Vestmor ) Westmorlnd | 5qy | g1 | swikestp | 01 1936 | 482 | [oTMORLY | WESTMORLS
29 | 19,806 | 001 | 1110 i%t;?] Morigawachi | 6.90 | 247 | StrikeSlp | 01 2560 | 4.04 MF}Q((%%E./atZ M;&%‘S{at ,
30 | 1500 | 002 | 825 |, O | CWE 01| 00 | Revese | 007 5137 | 237 | CAPEMEND/ | CAPEMENDS
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3.7.

Limitations and Future Work

Limitations and future work are listed as follows.

1. All target spectra in this chapter were created using uniform hazard spectra (UHS) which

assumes equal probability of occurrence at all periods. In Southern California, short
period ordinates are generally influenced by moderate magnitude events at close
distances while longer period ordinates are generally influenced by large magnitude
events at longer distances. Although the two ordinates in the UHS have the same
probability of occurrence, they are unlikely to happen during the same earthquake and
this makes UHS unrealistic. To address this issue, the use of conditional mean spectrum
(Baker, 2011) is recommended to supplement future studies; conditional mean spectrum
represents a more realistic response spectral shape for a single earthquake event,
conditioned upon a key period of interest.

For ground motion Suites B through D, 30 ground motions were selected and modified
for various hazard levels. However, to reduce possible bias, it would be worthwhile to
expand this study with a greater number of ground motions in the future.

Spectral matching procedures for ground motion modifications were not explored in this
study. The proposed changes for ASCE7-16 Chapter 16 limit the use of spectral
matching procedures for near-fault sites unless the pulse characteristics of the ground
motions are retained after the completion of matching process. It might be helpful to
compare the results from spectrally matched ground motions, which meet the ASCE7

requirements, in future studies.
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CHAPTER 4. DESIGN, MODELING, AND ANALYSIS OF TALL
REINFORCED CONCRETE CORE WALL BUILDINGS

This chapter describes the design, modeling, and analysis procedures for the 20 and 30-story
reinforced concrete core wall buildings. The two buildings were designed to satisfy the

performance criteria set forth in LATBSDC (2014).

4.1.  Introduction

This study was conducted using 20 and 30-story prototype reinforced-concrete core wall
buildings. The two buildings were designed using realistic floor plan layouts and typical ratios
between floor areas and elevator core areas. The design, modeling, and analysis procedures are
explained in detail using the 30-story building example and differences in the 20-story building

designs and modeling criteria are included in Appendix A.

4.2.  Description of the 30-Story Building

The 30-story reinforced-concrete office building is located in downtown Los Angeles, California.
The lateral force-resisting system of the 30-story building consists of centrally located core shear
wall with four coupling beams at each level, with one on each face (Figure 2); core walls are 34-
inch thick and diagonally-reinforced coupling beams are 42-inch deep. The floor plan area is
17,956 square feet with a typical story height of 11-feet. The ratio of wall cross-sectional area in

one direction versus floor plan area is approximately 1.3%.

The gravity system consist of 11-inch two-way, post-tensioned concrete slabs on levels 1
through 29, and a 10-inch two-way concrete slab at the roof level. Figure 4-1 and Figure 4-2
show typical plan views of levels 1 through 29 and the roof, respectively. Figure 4-3 shows an

elevation view of the south core walls. The two-way slabs are supported on 36-inch by 36-inch
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concrete columns at the exterior of the building and on the concrete shear walls at the interior of
the building. Table 4-1 provides a summary of structural system and element sizes over the

height of the building.

Table 4-1. Dimensions of structural members for 30-story building

Element Level Structural system & size
Shear walls 1-15 34-in. thick reinforced concrete
16-Roof 24-in. thick reinforced concrete
Coupling beams 1-15 36-!n X 42-!n. deep re!nforced concrete
16-Roof 24-in x 42-in. deep reinforced concrete
Slabs 1-29 11-in._ thicl_< post_—tensioned concrete
Roof 10-in. thick reinforced concrete
Columns 1-15 36-in. x 36-in. reinforced concrete
16-Roof 24-in. X 24-in. reinforced concrete

4.3. Loading Criteria
The criteria for superimposed gravity loads are shown in Table 4-2. These loads are in addition

to the self-weight of the structure; minimum loading requirements were specified from Table 4-1

of ASCE7-10.
Table 4-2. Loading Criteria
i Superimposed .

Use Location dead load (psf) Live load (psf)
Office Levels 1-29 22 50 reducible + 15 partition
Roof Roof 35 20 reducible
Cladding Perimeter of building 15 vertical -
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Figure 4-2. 30-Story building, roof plan view
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Figure 4-3. 30-Story building, Elevation A of south wall
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4.4.  Governing Codes and Methodology

The governing building code for this study is based on 2012 International Building Code (I1BC)
and 2013 California Building Code (CBC) which adopts ASCE7-10, Minimum Design Loads for
Buildings and Other Structures. A summary of seismic parameters pertinent to this building are

provided in Table 4-3.

Table 4-3. ASCE7-10 Seismic parameters

Seismic parameter Value
Project location, Latitude/Longitude 34.05° N /118.25° W
Occupancy category ]
Importance factor, I, 1.0
Mapped spectral acceleration (g) Ss=2.147,S; =0.720
Site class C
Seismic design category D

Following the alternative lateral-force procedures stated in Section 104.11 of 2012 IBC and
Section 12.6 of ASCE7-10, ‘An Alternative Procedure for Seismic Analysis and Design of Tall
Buildings Located in the Los Angeles Region’ guidelines published by LATBSDC (2014) were

used for the performance-based design of tall buildings.
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4.5.  Development of Nonlinear Perform 3D Model

Nonlinear response history analyses (NLRHA) are currently the best tool available to predict
structural responses at different hazard levels. Although there are limitations, NLRHA aims to
capture all significant modes of deformation and deterioration from the onset of damage to
failure. In this study, two nonlinear models were built for the 30-story building using Perform
3D and Opensees, and a nonlinear model for the 20-story building was built in Opensees.

Various aspects of Perform 3D nonlinear modeling are discussed in this section.

4.5.1. Overview of Perform 3D Model

A 3-dimensional, nonlinear model of the 30-story building was developed using CSI Perform 3D
(2011) to represent the lateral force-resisting system of the building. Gravity system was
excluded from the model, except for the slab-outrigger system at the four corners of the core
walls where effective slab widths and lumped columns were modeled to capture the outrigger
effects (PEER/ATC 72-1, 2010). The translational seismic mass was calculated using dead loads

and mass moment of inertia (rotational mass) was calculated per equation below:

2 2
Mass moment of inertia=Y(m-I, + m-d?) = Y, (m - (B 1”;L ) +m- dz)

where m = mass of floor [in weight or mass units]
B, L = floor dimensions [in]
d = distance to center of mass [in]
All lumped seismic masses were assigned to the center of mass at each floor. A rigid diaphragm
was incorporated by slaving the horizontal degrees of freedom at each floor. The foundation of
the building was modeled as pinned connections at the base of wall elements at the ground level.
The P-delta effects were taken into account as a lumped gravity column at the center of the

building with no lateral stiffness. Detailed examination of component modeling is documented

in the following sections.
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4.5.2. Strength and Stiffness Properties

In nonlinear response history analysis, it is common to use expected properties of materials and
components rather than nominal or minimum specified properties that are typically used for
code-level designs. Expected properties of concrete and reinforcing steel are shown on Table
4-4 and Table 4-5, respectively, and expected stiffness assumptions are presented in Table 4-6.
It is important to use expected properties to best predict structural responses. However, it is
noted that expected strength and modulus of elasticity for concrete mixes used in Los Angeles
may not achieve these values because the aggregates commonly used in southern California are

usually softer than those in eastern United States (LATBSDC, 2014).

The compressive concrete strength of column was limited to 1.4 times that of the slab
system so that no special precautions need to be taken for concrete placement. If this ratio is
greater than 1.4, special concrete placement procedures and additional inspection services must

be considered per ACI1318-11 Section 10.12.

Table 4-4. Concrete member strength and stiffness

Concrete Member Nominal ¢ Expected £t Nominal E? Expected E
Shear walls 8.0 ksi 10.4 ksi 4578 ksi 5080 ksi
Coupling beams 8.0 ksi 10.4 ksi 4578 ksi 5080 Ksi
Post-tensioned slab 5.0 ksi 6.5 ksi 4415 ksi 4595 ksi
Non-post-tensioned slab 5.0 ksi 6.5 ksi 4415 ksi 4595 ksi
Columns 7.0 ksi 9.1 ksi 4347 ksi 4858 ksi

! Expected concrete material strength is taken as 1.3-f’c
2 Modulus of elasticity is based on:

Ec =57,000vf’; for f’¢ < 6000 psi

E. = 40,000vf’; + 10° for ¢ > 6000 psi
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Table 4-5. Reinforcing strength

Reinforcing Member Nominal Expected yield Expected ultimate

ASTM A706 Grade 60 Fy = 60 ksi Fy = 70 ksi F. = 105 ksi

0.5-in. diameter, 7-wire Fou = 270 ksi N/A N/A
strand

! Expected reinforcing steel strength is 1.17-Fy

Table 4-6. Stiffness assumptions

Element SLE MCE

Shear walls Flexural: Fiber Section Flexural: Fiber Section
Shear: 1.0 GAq Shear: 0.5 GAq

Coupling beams Flexural: O._5_EI291 Flexural: 0.2 Elg
Shear: infinite Shear: infinite

g| Flexural: a-B Elg’ Flexural: a-f Elg

abs ] )

Shear: 1.0 GAq Shear: 0.25 GAq

Columns Flexural: 0.9 El, Flexural: 0.7 Elg
Shear: 1.0 GA, Shear: 1.0 GAq

' Per LATBSDC (2014), 0.3 Elg is commonly used
2 All deformations in coupling beams are assumed to be associated with bending
% wand B cracking factors are presented in the slab outrigger section

The material stress-strain relations for unconfined concrete, confined concrete and A706

reinforcing steel are shown on Figure 4-6. For unconfined concrete, modified Hognestad stress

versus strain relations (Hognestad et al, 1955) were used as follows:

2
Priortopeak stress (i) 0<e. <¢g f. = f! [ﬂ _ (2) ]

€o €o

Linear descending branch (ii) e, < e, <0.0046 f. =f/ (1 —0.15 %) >0
. —€o

Zero stress (iii) €. = 0.0046 f. = 0 ksi

where go = 0.0037
fc = concrete compressive strength [ksi]
f’c = expected concrete compressive strength [ksi], defined per Table 4-4
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Figure 4-6. Stress-strain relationships for (a) unconfined concrete based on modified Hognestad,
(b) confined concrete based on Razvi and Saatcioglu (1999), and (c) A706 reinforcing steel

4.5.3. Inelastic Properties of Shear Wall Elements

The axial and bending interaction of reinforced concrete shear walls was modeled using inelastic
fiber shear wall elements. Each fiber is defined by its location, area, and stress-strain
relationship as defined in the previous section. The in-plane shear responses were uncoupled

from the axial and bending responses and elastic shear stiffness was modeled as:

GcA _ E
2 4(1+v)

Cracked shear stiffness, G.rr = A=02-EA

where E. = expected elastic modulus, defined in Table 4-4
A = cross-sectional area of the web
v = Poisson’s ratio, 0.25
The boundary elements were modeled using reinforcing ratios specified per Table 4-7; boundary
element lengths were chosen after analyzing shear wall compressive zones as documented in
Appendix B. Although in-plane axial-bending behavior is nonlinear, out-of-plane bending

behavior is elastic using Perform-3D, and was modeled at 25 percent of the gross concrete

section elastic stiffness.
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Table 4-7. Details of Perform 3D shear wall element

BE! _BE BE Web Web Transverse

Levels reinforcing . . . X : .

length ratio material reinforcing material | reinforcing

1 28-in. 204 Conflneg 0.9% Unconflngd 0.9%
concrete concrete

9.5 70-in. 204 Confined 0.9% Unconfined 0.9%
concrete concrete

6-10 50-in. 204 Confined 0.9% Unconfined 0.9%
concrete concrete

1115 | 38-in. 2% Confined 09% | Jnconfined |4 gg
concrete concrete

1620 | 30-in. 2% Confined 09% | Jnconfined |4 gg
concrete concrete

21-Roof | - : : 09% | neonfined | gof
concrete

! Boundary element, refer to Figure 4-7
2 Refer to Figure 4-6 (b)
% Refer to Figure 4-6 (a)

The shear wall elements were modeled with one element per story, except for the first story

where two elements were used. To capture shear wall element rotations and strains, a strain gage

was modeled over the height of the plastic hinge length, which was calculated as the story height

(common practice). The benefits of modeling a strain gage over the plastic hinge length is

discussed through sensitivity study results in Appendix B. See Figure 4-8 for modeling details.
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Figure 4-7. Boundary element
dimensions on level 1.
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Figure 4-8. A partial elevation view of Perform 3D model
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4.5.4. Inelastic Properties of Coupling Beams
Diagonally reinforced coupling beams were modeled using three components: a nonlinear rigid-
plastic shear displacement hinge at the center of the beam and two elastic beam sections on both

sides of the hinge, as shown on Figure 4-9.

Elastic segments

/ }\

Rigid-plastic shear hinge

Figure 4-9. Rigid-plastic shear hinge, CSI (2011)

To establish force-displacement relationship, expected yield and ultimate shear strengths were
calculated per equations below, and displacement values were based on diagonally reinforced
coupling beam test results from Naish et al (2013a, b), as shown on Figure 4-10. Flexural
stiffness was defined as Eles = 0.2:Elg, and cyclic degradation parameters were based on
calibrated values per Naish et al (2013b). All modeling parameters are shown in Table 4-8 and

Figure 4-11.

Fy = 2- Au- (L.17-) - sin(a)

FU: 14 - FY

89:6-Lb

where o = angle between diagonal reinforcing bars and longitudinal axis of coupling beam, 16°
Aq4 = area of diagonal reinforcing bars
0 = rotation of coupling beam [radians]
d = equivalent displacement of shear hinge at rotation 6 [inch]
Ly = length of coupling beam [inch]
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Table 4-8. Shear displacement hinge — modeling and cyclic degradation parameters

Component Fy (k) | Fu(k) | DY DU DL DR DX
Shear displacement hinge | 309.6 | 433.4 - 1% | 6.5% | 9% 12%
Cyclic degradation factors - - 050 | 045 | 040 | 035 | 0.35
1.0 —
e A
2] — AT 4146 FUF——="> ——
,ﬁ\g 0.8 - WA FY —— KH | !
- . \ \
= 0.6 R KO | \
04— N\ 2] A N
0.2 — | \ \ \
\ . |
0= | I | | T | w L -
0 2 4 6 8 10 12 14 DU DL DR DX D

Rotation [% drift]

Figure 4-10. Diagonally reinforced coupling
beam test results by Naish et al (2013b), ¥z scale
test results are shown as dotted lines

Figure 4-11. Perform 3D trilinear force-
displacement relationship

4.5.5. Embedded Beams

In Perform3D, embedded beams are needed to connect coupling beams to shear wall elements
because wall nodes do not have rotational stiffness. Based on sensitivity studies shown in
Appendix B and Powell (2007), use of embedded beams with stiffness that is 20 times stiffer
than the coupling beam section with negligible axial stiffness were used for the connection (refer
to Figure 4-12). The embedded beams do not have a substantial impact on the stiffness of shear

wall elements.

@) (b)

Figure 4-12. (a) Schematic drawing of a coupled wall system, (b) Perform 3D modeling of shear
walls, coupling beams and embedded beams
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4.5.6. Inelastic Properties of the Slab Outrigger System

Coupling between perimeter gravity columns and core walls was modeled using a simplified slab
outrigger system model. The slabs were modeled with wide, shallow beams connecting the
perimeter gravity columns to the core shear walls at the four corners of the building (see Figure

4-13). The effective slab widths were calculated for exterior slab conditions as

b=y + 2
a-ly=c +7

where a1, is the elastic effective slab width, ¢, is the column dimension parallel to slab-beam
element, and |; is the center-to-center span length in the direction under consideration
(PEER/ATC 72-1, 2010). As shown on Table 4-9, the actual dimensions of elastic effective slab
widths were first determined, and then the lumped parameters were determined. Once a was
established, stiffness values were further reduced by B = 0.5 (Kang and Wallace 2005) to account

for concrete cracking. Thus, the effective flexural stiffness of the slab was calculated as

a: lz - h3
Ecleffective =E.-B T

where a-f is the normalized effective stiffness, I, is the tributary width of the beam under
consideration, and h is the slab thickness. All computed values from actual and lumped

dimensions are summarized in Table 4-9.
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Table 4-9. Effective slab widths, corresponding stiffness factors (o), and normalized effective
stiffness factors, a-p for actual and lumped cases

Column-end | Wall-end
|1 = 40.0’, |2E = 32.5’, |2|\/| =250
= , 5 L '
2| % L =3 +—6 = 842" (a, = 0.26) . Ly = 13.9' + = 19.3' (a, = 0.60)
< 25.0' 6
ap - lZM =3 +T =717 (ab = 029) Qg - lZM = 25.0 (ad = 10)
I, =40.0°, I, =45.0°

3 Beam LB1 Beam LB2
S a=0.28 a = 1.0 was used for simplicity
3 a-p=(0.28) -(0.50) =0.14 (0.80 would be more accurate)

a-B = (1.0) -(0.50) = 0.50

(@)
Figure 4-13. (a) Typical floor plan view showing effective slab widths for east-west direction (b)
simplified (lumped) slab-column outrigger system with lumped gravity columns and slab widths

(b)

The modeling parameters for the slab-outrigger system were determined for the plastic

hinges located at the ends of beam LB1 and LB2, as shown on Figure 4-13. The flexural

strengths of the beams were determined per post-tensioned slab strength calculations per English

(2013) and rotation parameters were defined per slab outrigger system test results shown in

Klemencic et al. (2006); refer to Figure 4-14.

Cyclic degradation parameters were also

calibrated to match test results per Klemencic et al. (2006). See Table 4-10 for a summary of

modeling and cyclic degradation parameters.
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Table 4-10. Slab-beams — modeling and cyclic degradation parameters

Fy + Fu + Fy - Fu- )
Component (kin) | (kin) | (kin) | (kin)
Slab-beam at wall 7,880 8,668 | 14,236 | 15,660 -
Slab-beam at column 4,043 4,447 4,043 4,447 -
- DY DU DL DR DX
Cyclic degradation factors 0.50 0.20 0.20 0.20 0.20
% %4 Building Equivalent Drift Ratio
- :Z -0.05 -0.04 -0.03 -0.02 -0.01 1] 0.02 ‘_ii] 0.08
= I w /%
= PT Tendons (green) I
E ,"/ — Rebar (red) zz 1
N : e
3 P
‘ e\ =ass
-10 N
I s s A
< 8 20 1
e
0-0" 35
(a)
(b)

Figure 4-14. (a) Test specimen of post-tensioned slab connection to gravity column and core wall
(b) Total lateral force versus drift ratio, Klemencic et al. (2006)

4.5.7. P-Delta Column

Global P-Delta effects of gravity loads acting on displaced nodes were incorporated into the
analysis model through a P-Delta column. All gravity loads that were not accounted for in the
model were assigned to the P-Delta column, and the P-Delta column was modeled as a linear

elastic bar with zero flexural stiffness at the center of mass at all levels.
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4.5.8. Damping

Two different damping models were used for design and analysis. Rayleigh damping was used
for the performance-based design of the 30-story building (Chapter 4.6), whereas modal damping
coupled with a small amount of Rayleigh damping was used for Monte Carlo simulations
(Chapter 6). In the following subsections, modeling procedures, potential issues, and sensitivity

studies for the two models are presented.

Rayleigh Damping

Energy dissipation of two inelastic elements, diagonally reinforced concrete coupling beams and
slab-outrigger systems, were captured explicitly through cyclic degradation in the analysis model.
For damping effects of structural, nonstructural, and foundation elements that were not
incorporated in the analysis model, Rayleigh damping was used to represent equivalent viscous

damping. Rayleigh damping uses a combination of stiffness and mass proportional damping, as

C=a M+ B-K

where C is damping matrix, M is mass matrix, K is initial elastic stiffness matrix, and o and 3 are
Rayleigh damping coefficients. Using Rayleigh damping results in essentially constant damping
over a significant range of periods. In this study, 3% damping was assigned at 0.33-T; and
1.5-T1, which resulted in approximately 2.5% damping at the first mode period. Refer to Figure

4-15.
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Figure 4-15. Rayleigh damping

Modal Damping

In performing Monte Carlo simulations (Chapter 6), modal damping of 2.5% (varies, see Chapter
5) along with 0.1% Rayleigh damping were used to address potential over-damping of higher
modes that may occur with the use of only Rayleigh damping. When Rayleigh damping is used,
the BK damping coefficients for coupling beams are based on the initial elastic bending and shear
stiffness, which can be quite large. When the coupling beams yield, the K damping coefficients
stay constant; this can overestimate the BK energy dissipation whereas the deformations of the
coupling beams can be underestimated (CSI, 2011). For modal damping, this is not a potential
issue. However, when modal damping is used, the damping matrix is only based on the modes
where mode shapes have been calculated. Since in a real structure, the number of degrees of
freedom is much larger than the number of modes generally considered in analysis, many
displaced shapes will be undamped. Thus, a small amount of Rayleigh damping is used in

conjunction with modal damping to ensure that the higher modes are damped.
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Sensitivity Studies

To address the differences in the use of Rayleigh versus modal damping, sensitivity studies were
conducted. The details of the sensitivity study and comparative results are presented in

Appendix B, whereas the impacts of these differences are later discussed in Chapter 6.4.

4.6.  Nonlinear Response History Analysis Results

Nonlinear response history analysis was performed at service (SLE43) and collapse prevention
(MCE) hazard levels, for ground motion Suite A. Load criteria per Table 4-2 were applied, and
the following load combination was used to analyze the buildings, 1.0-D + Ley, + E, where D,
Lexp and E represent dead load, 25% of unreduced live load and effects of ground motions,

respectively. The modal properties of the 30-story building are summarized on Table 4-11.

Table 4-11. 30-Story building modal properties

Mass participation

Vibration mode | Period (sec) | H1 (East-West) | H2 (North-South) Dominant direction
1 2.48 33.7% 33.7% Translation, H1 & H2
2 2.48 33.7% 33.7% Translation, H1 & H2
3 2.17 0% 0% Torsion
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4.6.1. Service Level (SLE43) Analysis Results

At the SLE43 hazard level, the structure remains essentially elastic. Selected key structural
responses, namely, interstory drifts and coupling beam rotations are shown on Figure 4-16 and
Figure 4-17. Mean interstory drift ratios are less than the limit of 0.5% and the mean coupling
beam rotations are approximately 0.3% which is less than yielding rotations of 1%, as shown by
Naish et al (2013b). The coupling beam rotations represent total rotations, which include elastic
and plastic rotations.

All components satisfied the elastic demand to capacity ratios. H1

direction refers to the east-west direction, and H2 refers to the north-south direction.

30

MCE, East West Interstory Drift

(a)

30 -f

MCE, North South Interstory Drift

(b)
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Figure 4-16. SLE43 interstory drifts for (a) H1 direction and (b) H2 direction
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4.6.2. Collapse Prevention Level (MCE) Analysis Results

At the MCE hazard level, the structure dissipates energy by yielding of the coupling beams first,
and then through flexural yielding of the shear walls. Slab outriggers also typically yield due to
differential deformations between the core and the gravity columns. Key structural responses
were plotted and checked against criteria shown on Table 2-7. A summary of key responses are

provided in Table 4-12.

Table 4-12. MCE level key structural responses

Structural response Figures
Interstory drifts .

Residual inte)r/story drifts Figure 4-18
Coupling beam rotations Figure 4-19
Structural wall shear force Figure 4-20
Relative floor acceleration Figure 4-21
Structural wall flexural moment Figure 4-22
Strains in north shear walls Figure 4-23
Strains in south shear walls Figure 4-24
Strains in west shear walls Figure 4-25
Strains in east shear walls Figure 4-26
Maximum and minimum strains Figure 4-27

The coupling beam rotations represent plastic rotations at the MCE hazard level; the

contributions from elastic rotations were negligible at less than 1% of the total rotations.

Based on the structural wall shear forces, wall transverse reinforcement was designed per

Chapter 2.4.3 and the results are shown on Table 4-13. All normalized shear demands (shear

demands divided by A, - v/’ using expected material properties) were less than the ACI318-11

recommended value of 8.
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Table 4-13. MCE shear wall design and transverse reinforcement

Levels

Normalized shear

1.5-Shear force (Kips) Pt
1-5 26,130 0.0085 7.85
6-10 20,600 0.0061 6.19
11-15 16,110 0.0041 4.84
16-25 13,710 0.0056 4.12
26-30 10,750 0.0037 3.23

The axial strain values are initially presented by boundary element locations, and a

summary of maximum mean tensile and minimum compressive strains are later presented on

Figure 4-27 for the plastic hinge regions. It can be seen that the maximum mean tensile strain

(0.0051) is less than the limit of 0.01 and that 1.5 times the minimum mean compressive strain (-

0.002) is less than the limit of -0.0075/1.5 = -0.005; all limits are shown on Table 2-7.
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30-f : :
15 GM
= Mean
25 === Mean tc i
20 B
15 B
10 B
5+ r -
II
.
0-t I [
-20,000 0 20,000
MCE, East West Shear (kips)
(a)
30 r r r I
1
1
EN
25 - - I
i
1
20 - 1=
1
1
1
1
15 - i
1
1
1
10 -
i
—— 1.5-Mean/(A_,\f'c) !
5] V(A AFC) iﬁ
==== ACI Limit H
0 [ T T }
0 2 4 6 8
MCE, East West Normalized Shear, (Kips)
()

Floor Level

Floor Level

30 [ r r
15 GM
= Mean
257 === Mean + ¢ B
20 -
154
10
5 o
iy
J
-l
0-t pe
-20,000
MCE, North South Shear (kips)
(b)
30 [ r r r I
1
£
25 - S IS
i
1
20 - 1=
1
1
1
1
15 - !
1
1
1
10 - 1
i
—— 1.5-Mean/(A_,f'c) !
5 V(A ) i
==== ACI Limit H
0-t T T [ !
0 2 4 6 8
MCE, East West Normalized Shear, (kips)
(d)

versus ACI318 limit for (c) H1 direction, and (d) H2 direction

74



(b)
(b)

MCE, North South Moment (Kk-in) % 10"

Mean

15 GM

Mean
===Mean tc

=== Mean +tc
MCE, North South Relative Acceleration (g's)

10
30-f
25
10-

[9A97 Joo| [9A97 Joo]4

2

L
1

MCE, East West Moment (Kk-in) % 10

0

(a)
(a)

-21. MCE relative floor acceleration for (a) H1 direction and (b) H2 direction
15 GM
Mean
=== Mean to
L
-1

MCE, East West Relative Acceleration (g's)

30 -f
Figure 4
30-f
25
10
-2

[9A97] 100]4 [9A97] J00]4

Figure 4-22. MCE moment demand for (a) H1 direction and (b) H2 direction
75



Floor Level

Floor Level

1 3 0 1

(O8]
(e

! 2 !
15 GM | —15GM
25 qﬂ = Mean 25 | q1 i —— Mean
Lu —-—-Limit Lu | —-—- Limit
i
20 - - 20 I i i
© I I
> 1 1
3 1 1
15 T s 15 i i -
5 i !
10 - 10 : : i
i i
5 - 5 - I I n
! !
———— | 0 SR | 1 1 1 11
0o - . 4 0 F . -
-0.005 0 0.005 0.01 -0.005 0 0.005 0.01
Comp. Strain (MCE, North Wall) Tensile Strain Comp. Strain (MCE, North Wall) Tensile Strain
(a) (b)
30 | | 1 1
3 !
r. .-I ! 15 GM 15 GM
=1 My == i
| —==—=Limit ====Limit
i
204 i - i
a a
1 1 L A (—
Pl ! 5
i i s
ol A |
i i
59 | - -
! !
(AR — [ T 1 \III it | | o 1 S 1 i ]
-0.005 0 0.005 0.01 -0.005 0 0.005 0.01
Comp. Strain (MCE, North Wall) Tensile Strain Comp. Strain (MCE, North Wall) Tensile Strain
(©) (d)

Figure 4-23. MCE north shear wall boundary element extreme fiber compressive and tensile
strains, at (a) Location 1, (b) Location 2, (c) Location 3, and (d) Location 4

76



Floor Level

Floor Level

(O8]
(e

15 GM
m— Mean
257 —-—-Limit
20 =
15 =
10 =
5 L
e —— L
-0.005 0 0.005 0.01
Comp. Strain (MCE, South Wall) Tensile Strain
(a)
30 | 1
r 1 15 GM
m— Mean
20 =
15 =
10 =
54 L
i 1 I e A m
0 I l | T I
-0.005 0 0.005 0.01

Comp. Strain (MCE, South Wall) Tensile Strain

(©)

Floor Level

Floor Level

30 | II 1
I-o o-l i —15GM
B | = Mean
2 I_Tu | —-—- Limit
6 i
204 i i
i i
| |
54 i -
i i
10 - ! ! -
i i
i i
5 I I L
i i
0 : -
-0.005 0 0.005 0.01
Comp. Strain (MCE, South Wall) Tensile Strain
(b)
30 | | 1
r 1 — 15GM
m—— Mean
251 I_T —=—= Limit
20 -
15 + -
10 -
54 B
01— —_— 1
-0.005 0 0.005 0.01

Comp. Strain (MCE, South Wall) Tensile Strain

(d)

Figure 4-24. MCE south shear wall boundary element extreme fiber compressive and tensile
strains, at (a) Location 5, (b) Location 6, (c) Location 7, and (d) Location 8
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Figure 4-25. MCE west shear wall boundary element extreme fiber compressive and tensile
strains, at (a) Location A and (b) Location B
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Figure 4-27. MCE shear wall (a) maximum mean tensile strains and (b) minimum mean
compressive strains in the plastic hinge regions
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4.7.  Development of Opensees 2D Model

To overcome the challenges of high input and output processing times and computational costs
faced in Perform 3D, Opensees (Open System for Earthquake Engineering Simulation, 2015)
was adopted to supplement automated Monte Carlo simulations for the 20 and 30-story models.
The main advantages of Opensees are its versatility and an open source platform; the software
platform incorporates numerous types of materials, elements, components, and solution

algorithms that can be scripted to automate dynamic analyses.

4.7.1. Overview of Opensees 2D Model

A two-dimensional, nonlinear model was developed in Opensees to represent the lateral force-
resisting system of the 20 and 30-story buildings. To idealize the 3D core wall system to a 2D
system, half of the core wall system was modeled with equivalent area and stiffness, as shown on
Figure 4-28. The wall piers were modeled using the Multiple-Vertical-Line-Element-Model
(MVLEM) and coupling beams were modeled using a linear elastic beam along the length of the
beam, along with zero-length, nonlinear springs at beam ends. Rigid links were modeled to
connect the coupling beams to the wall piers. P-delta effects were modeled using an elastic
column with negligible lateral stiffness, and horizontal truss elements were used to connect the
P-delta columns to the coupled wall piers. Translational seismic masses were lumped to the
center of wall piers at all levels. All elements were fixed at the base, except for the P-delta
column, which was pinned at the base. Detailed examination of component modeling is
documented in the following sections and a partial elevation view of 2D Opensees model is

illustrated in Figure 4-29.

Although there were benefits in implementing the Opensees models, there were also

important limitations with using 2D models. Specifically, the biaxial bending of wall elements
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was not considered, and although slab-outrigger effects could have been considered for one
direction, this was excluded to simplify the models. While implementing 3D Opensees models
would have been preferable, currently, the most widely used shear wall models (namely, force-
based beam column models, MVLEM models, and shear-flexure interaction MVLEM models)
do not have biaxial bending capabilities. In the recent years, various researchers have been

working on developing 3D shear wall models; this is further discussed in Chapter 6.9.
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Figure 4-28. A 3-Dimensional reinforced concrete core wall system to an idealized 2-
dimensional Opensees model using centerline modeling
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Figure 4-29. Partial elevation view of 2D 30-story Opensees model overlaid with a schematic
drawing of shear walls and coupling beams. The plastic hinges and springs are zeroLength
elements.

4.7.2. Inelastic Properties of Shear Wall Elements

All shear walls were modeled using MVLE approach described by Orakcal et al (2004) and
implemented by Kolozvari et al (2015a, 2015b). MVLEM is a two-dimensional model where
inelastic flexural and axial responses are simulated by a series of uniaxial elements connected to
infinitely rigid beams at the top and the bottom. The elastic shear response is captured by a
horizontal spring located at a distance ch from the element base (refer to Figure 4-30) and the
shear response is uncoupled from flexural and axial responses. The wall rotations are
concentrated at the center of rotation, at height ch above the wall base, assuming a uniform

distribution of wall curvature over the height of each element. A value of ¢c=0.4 was used based
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on recommendations by Vulcano et al (1988). Wall piers were modeled with one element per

story and eight uniaxial elements per element.

3 - A =®(1-c)h
Rigid B
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Figure 4-30. (a) MVLEM element (b) MVLEM rotations and displacements (Orakcal et al., 2004)

4.7.3. Inelastic Properties of Coupling Beams

Unloading Stiffness
Deterioration

Moment M

__________________

Post-Capping
Strength Deterioration

Strength Deterioration

Chord Rotation 0

Figure 4-31. Basic parameters of the modified Ibarra-Medina-Krawinkler deterioration model
with Peak-Oriented hysteretic response, Lignos and Krawinkler (2012)

Coupling beams were modeled using a linear elastic model along the beam length, compounded
with zero-length inelastic springs at beam ends. Linear elastic beams were modeled with

“elasticBeamColumn” elements by defining the beams’ cross-sectional area, Young’s Modulus,
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and moment of inertia. A cracked section was utilized by assigning a factor of 0.20 to the
concrete gross section moment of inertia. Zero-length plastic hinges were modeled using
“ModIMKPeakOriented” materials developed by Lignos and Krawinkler (2012), which is based
on calibration with test data from 200 experiments on reinforced concrete beams; the tri-linear
backbone curve is described by seven main parameters for both positive and negative loading
directions, namely, elastic stiffness (Ko), strain hardening ratio, effective yield strength (My),
pre-capping rotation (6p), post-capping rotation (8y), residual strength (Myyes), and deterioration
parameter (Figure 4-31). To connect coupling beams to the wall elements, “elasticBeamColumn”
elements were modeled with rigid flexural and axial properties (from the edge of the wall to the

centerline of the vertical element).

4.7.4. Concrete Constitutive Model

For unconfined and confined concrete, a uniaxial hysteretic constitutive model developed by
Chang and Mander (1994) was used. This material is called “ConcreteCM,” and it simulates
hysteretic behavior of unconfined and confined concrete in cyclic compression and tension as

shown on Figure 4-32 (Orakcal and Wallace, 2006).
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Figure 4-32. Concrete constitutive model by Chang and Mander (1994) (a) hysteretic
constitutive model and (b) compression and tension envelop curves

4.7.5. Reinforcing Steel Constitutive Model

For reinforcing steel, a uniaxial nonlinear hysteretic material model, “SteeIMPF,” developed by
Menegotto and Pinto (1973) and extended by Filippou et al. (1993) to include isotropic strain
hardening effects, was used. The implementation by Kolozvari et al (2015) was used, as it

corrected several errors in the original coding.

4.7.6. Damping

The damping characteristics of the building were modeled using mass and stiffness proportional
Rayleigh damping. Rayleigh damping coefficients were assigned so that 2.5% damping was

achieved at first and third modes of vibration.

4.7.7. Solution Strategy

Static gravity analysis was first conducted and the gravity loads were held constant throughout
nonlinear dynamic analysis. For each ground motion, a nonlinear solution was initially
attempted using Newton algorithm with an analysis step (dt) of 0.04 seconds, and the global
convergence was tested using Energy Increment with a tolerance of 1e-6. If convergence was
not achieved during a time step, the solution algorithm, analysis time step, and global
convergence test parameters were subsequently changed until convergence was achieved. The
following solution strategy, as shown on Table 4-14, was used for each non-converged time step.
Once convergence was achieved, the solution strategy returned to step 1. Although there are
various solution algorithms and convergence tests available in Opensees, the most effective

solution algorithms and convergence tests were selected to reduce the computational time. The
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most effective solutions were chosen after testing an exhaustive list of algorithms for
convergence (counted when the full length of the earthquake record was successfully analyzed)

over a large number of trial runs.

Table 4-14. Opensees dynamic analysis solution strategy

Step Solution algorithm Analysis step Convergence test Convergence
tolerance

(a) Newton dt Energy Increment le-6
(b) Newton with Initial dt Energy Increment le-6

1 Tgr_lgent
(c) Modified Newton dt Energy Increment le-6
(d) Modified LineSearch dt Energy Increment le-6
(e) Krylov Newton dt Energy Increment le-6
2 (a) through (e) dt/2 Energy Increment le-2
3 (a) through (e) dt/4 Energy Increment le-2
4 (a) through (e) dt/8 Energy Increment le-2
5 (a) through (e) dt/16 Energy Increment le-2
6 (a) through (e) dt/32 Energy Increment le-2
7 (a) through (e) dt/64 Energy Increment le-2
8 (a) through (e) dt/64 Norm Displacement Inc. le-2

4.8. Conclusions
Nonlinear models were created for the 20 and 30-story prototype buildings. For the 30-story
building, both 3D and 2D models were built using CSI Perform 3D and Opensees, respectively.

For the 20-story building, a 2D model was built using Opensees.
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4.9.

Limitations and Future Work

Limitations and future work are listed as follows.

1.

In this study, only the tower portions of tall buildings were analyzed as part of the two-
stage design and soil-structure interaction (SSI) effects were ignored. It would be helpful
to model the basement and include the SSI effects in the future. This is further discussed
in Chapter 5.

Shear-flexure interaction was not modeled for nonlinear modeling of structural walls. To
capture accurate responses of structural walls, it will be essential to model the coupled
effects of shear and axial/flexure responses in the future. Currently, shear-flexure
interaction models are not available in Perform 3D, and in Opensees, there were
challenges and convergence issues in implementing shear-flexure interaction models
(“SFI_ MVLEM”) for tall buildings. However, researchers are working on the
SFI_MVLEM model to improve convergence and to extend applications to tall buildings
for future studies.

It is important to note that this study was conducted with 20 and 30-story reinforced-
concrete core wall building designs that were symmetric in geometry and did not require
additional lateral systems to augment the core walls. For future work, it would be
important to include various types of reinforced-concrete tall buildings, with irregular
vertical and horizontal geometries and taller heights up to 70 stories that will require

additional lateral systems around the perimeter of the building.
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CHAPTERS5. UNCERTAINTIES CONSIDERED AND SELECTION OF
RANDOM VARIABLES

This chapter summarizes all input uncertainties considered to quantify dispersion in various

structural responses (referred to as engineering demand parameters, EDPS).

5.1. Introduction

Dispersion in tall building EDPs under nonlinear response history analyses are known to result
from three major uncertainties, namely, (1) record-to-record (RTR) variability, (2) modeling and
model parameter uncertainties, and (3) design uncertainties (FEMA P695, 2009). Record-to-
record variability refers to uncertainty in structural responses resulting from selected and
modified ground motion properties. Modeling uncertainties refer to the various selections of
component models that may affect EDPs; for example, whether the shear walls were modeled
using fiber elements or MVLEM elements can result in differences in EDPs. Model parameter
uncertainties refer to a range of accepted values for force-deformation and other parameters used
for modeling structural materials, components, and systems. Design uncertainties come from
designer preferences, e.g., conservatism or conventions used for proportioning and detailing that
lead to variations in member strengths and deformation capacities. To represent the RTR
variability, model parameter and design uncertainties, eleven input random variables were
selected, and statistical parameters such as mean, coefficient of variation (COV), and probability

distribution were established for the selected random variables.

First, background is provided on different types of uncertainties, sources of uncertainties,

and random variables, and then all input random variables are explained in detail.
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5.2.  Types of Uncertainties

Formally, all uncertainties can be categorized as aleatory or epistemic. Aleatory uncertainty
refers to a phenomenon that is intrinsically random in nature. For example, the rate of
earthquakes is an aleatory uncertainty because the rate of occurrence varies over time. In
contrast, epistemic uncertainty arises from a lack of knowledge or limitations in data
measurement. Thus, epistemic uncertainties can be reduced by further research or by gaining a
better understanding of the issue. Following these definitions, record-to-record variability is
defined as an aleatory uncertainty, and model parameter and design uncertainties, as well as

uncertainties in shear capacity (Chapter 7) are defined as epistemic uncertainties.

5.3.  Sources of Uncertainty

In Quantification of Building Seismic Performance Factors (FEMA P695, 2009), sources of
uncertainties were categorized and quantified based on available research and case studies of
example buildings. Although FEMA P695 was written in context of collapse assessment, the
same uncertainties apply to component reliability assessment. The following sources of

uncertainties were documented:

e Record-to-Record Uncertainty (RTR): Variability in RTR is defined as the combined
effects of variations in frequency content and characteristics of various records, and
variability in hazard characterization as reflected in the Far-Field ground motion record
set. The dispersion measured in logarithmic standard deviation typically ranges from
0.35 to 0.45. A typical value of 0.40 is used in evaluation of structures with significant
period elongation. A minimum value of 0.20 is recommended for RTR variability.
These values were relatively consistent among studies conducted by various researchers
(Haselton et al, 2007; Ibarra and Krawinkler, 2005a and 2005b; Zareian, 2006).
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e Modeling Uncertainty:

responses associated with variations in computational models. It reflects how well the

Modeling uncertainty describes the full range of structural

computational model captures structural behaviors.

e Design Requirements Uncertainty: Design requirements represent how complete and

robust the design is, compared to the design requirements.

e Test Data Uncertainty: Test data uncertainty refers to the quality of experimental test

data used to define the modeling parameters.

Furthermore, Haselton et al (2007) have examined collapse probabilities (as a function of
intensity measure) for 4-story reinforced-concrete frame structures that were designed in
compliance to 2003 International Building Code. To represent the likely variations in design,
eight different design variations (labeled A through H in Table 5-1) were considered. Some of
these variations include beam design strength factors, ratio of positive to negative beam flexural
capacity, and slab steel. The uncertainties in collapse capacity estimates, including uncertainties

from record-to-record variability and structural modeling uncertainties, are summarized as

logarithmic standard deviations in Table 5-1.

Table 5-1. Uncertainties in collapse capacity estimates (Haselton et al, 2007)

Median Record-to- Modelin .
Design | (Sa,col) | record-variability uncertain?y Total uncertainty

[0] OLN,RTR(Sa,col) G LN, model(Sa,col) OLN.Total(Sa,col
A 2.19 0.36 0.45 0.58
B 2.08 0.31 0.35 0.47
C 2.35 0.46 0.45 0.64
D 0.95 0.39 0.35 0.52
E 1.95 0.32 0.35 0.47
F 1.86 0.38 0.35 0.52
G 1.88 0.34 0.35 0.49
H 1.92 0.30 0.35 0.46
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In this study, dispersion in EDPs due to RTR variability, model parameter uncertainties,
and design uncertainties were measured in Chapter 6, and test data uncertainties were quantified

for shear-controlled walls in Chapter 7.
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5.4. Random Variables

Statistical analysis with random variables involves random sampling to simulate a large number
of experiments and to evaluate results. This means each random variable X; is randomly
sampled to give a sample value, x;. When the range of a random variable is restricted to a
countable number, the random variable is called discrete and its probability distribution is

presented in the form of a probability mass function (PMF):

px(x) = P[X = x]
where py is the probability mass function and P represents probability. Another way to describe
the probability distribution of a random variable is through a cumulative distribution function
(CDF). The CDF is defined as the probability of the event that the random variable takes on is

equal to or less than the argument, Fx(x) = P[X < x], also noted as:

Fe(x) = j fe(w du

where Fy is the cumulative distribution function. The variable u is used as a dummy variable of
integration to avoid confusion with the limit integration of x. When a random variable is free to
take on any value on the real axis, the random variable is called continuous, and its probability

distribution is presented in the form of a probability density function (PDF), where

fx(x) =0

J_O:Ofx(x)dx -1
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The probability density function is the first derivative of the cumulative distribution function,

where

d
fx(x) = dx Fy (x)

The probability distributions of random variables used in this study follow uniform, normal,

lognormal, and gamma distributions and they are briefly described in the following sections.
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5.4.1. Uniform Random Variable
If a random variable X is equally likely to take on any value in the interval a to b, its probability

mass function (PMF) is constant over that range, where

1
fr(x) = {—b+a’ a=

elsewhere,

and this is shown graphically on Figure 5-1. The cumulative distribution function (CDF) of the

uniform variable is triangular, where

a, x<a
FX(x):{x, a<x<bh
b, x>b

The mean and variance are represented as

b—a [T 1

| |
| |
[ [
| |
a b X

Figure 5-1. Probability mass function for a random variable X
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5.4.2. Normal Random Variable

A probability distribution function (PDF) for a normal random variable X is:

£o(x) = - 1 exp _l<x—llx>zl

where px and ox are the mean and standard deviation, respectively. Figure 5-2 shows the
general shapes of PDF and CDF of a normal random variable. Although there is no closed-form
solution for the CDF of a normal random variable, CDF tables are available for a special case
where ux= 0 and ox = 1. In this case, the PDF for a standard normal variable z is denoted by ¢(z)

and the CDF for a standard normal variable z is denoted as ®(z) where

1 1 /x — px\?
$(2) = ovZr F _E< Oy )l

D(z) = 1 - O(-2)

£,

Figure 5-2. PDF and CDF of a normal random variable, X
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5.4.3. Lognormal Random Variable

A random variable X is a lognormal random variable if Y = In(X) follows a normal distribution.
A lognormal random variable is defined for positive values only, and Figure 5-3 shows the
general shape for the PDF of a lognormal variable. A lognormal variable X has the following

properties:

1
Uy = Hinx) = In(uy) — Eali(x)

where if Vx is less than 0.2, then Uﬁl(x) ~ V¢ and Hinexy = In(uy).

f.(x)

X/

Figure 5-3. PDF of a lognormal random variable
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5.4.4. Gamma Random Variable
The PDF of a gamma random variable is typically used for modeling sustained live load in

buildings. The PDF of a gamma random variable is defined by

_ l(lx)k—le—lx
fx(x) = ——r forx >0

where I'(k) = fowe‘“-u"‘ldu and k and A are shape and scale parameters, respectively.
Figure 5-4 shows various PDFs using different shape parameters. For the gamma distribution,

k . k
the mean can be calculated as uy = P and the variance can be calculated as 62 = FEL

2

f.(x)

Figure 5-4. PDFs of gamma random variables
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5.5.  Selection of Random Variables

Although numerous random variables can be selected for tall buildings, only the most relevant
ones were chosen to study propagation of uncertainties to dispersion in EDPs. Specifically, the
uncertainties in ground motions, material strengths, shear modulus, coupling beam strengths,
mass, loads, damping, and shear wall boundary element designs were considered. Detailed
descriptions of each random variable are provided in the following subsections and Table 5-2
provides a summary of statistical parameters and probability distributions.  Schematic

representations of the probabilistic models are presented in Figure 5-5.

Table 5-2. A summary of input random variables

Demand Random Variables ‘ Mean ‘ COV, pp ‘ Distribution ‘ Reference
1. Record-to-record variability
15 or 30 Scaled ground motions ‘ - ‘ - ‘ Uniform ‘ This study
2a. Uncertainties in model parameters - element level
Unconfined concrete compressive strength, f'; 1.09-(8ksi) 0.09 Normal NO\(’;%%;; al.
Confined concrete compressive strength, f' 1.34-(1.09-8ksi) 0.09 Normal NO\(’;%%;; al.
Reinforcing steel yield strength, f, 1.16-(60ksi) 0.04 Normal Bo;lr n(ozn(;/(;lll)e et
Shear Modulus, G 0.2-(E.) 0.30 Normal This study
Coupling beam strength, V, 1.29-(Vy) 0.12 Normal T;C')Slg:t g;

2b. Uncertainties in model parameters - system level

Ellingwood et al.

Mass 1.0-(Mass) 0.10 Normal (1980)
Dead Load (axial load on walls & ) Ellingwood et al.
CB) 1.0-(DL) 0.10 Normal (1980)

. . Corotis and
Live Load (axial load on wall & CB) 0.25<(LL) 0.55 Gamma Doshi (1977)

. Porter et al.
Damping 0.025 0.30 Normal (2002)
3. Uncertainties in design

Shear wall boundary element design, ryy 1.05 0.03 Normal This study
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0.20f cc

Figure 5-5. Probabilistic models for (a) confined and unconfined concrete compressive strengths
and (b) diagonally reinforced concrete coupling beam strengths

56. RTR Variability

To measure the effects of RTR variability on dispersion of EDPs, ground motions from Suites A
through D were utilized. Suites A and B were used for 3D nonlinear response history analyses,
and Suites C and D were used for the 2D nonlinear response history analyses. All ground

motions were selected randomly per a uniform distribution.
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5.7. Model Parameter Uncertainties

5.7.1. Concrete Compressive Strengths

The test data for concrete compressive strength were obtained from Nowak et al (2008), which
provide an extensive database for ordinary and high-strength ready mix and plant-cast concrete
compressive strengths. For 8,000 psi concrete, statistical parameters were calculated from 753
samples, and mean value of 8,740 psi and coefficient of variation of 0.09 were calculated. As
shown on Figure 5-6, although the upper 50% of the cumulative distribution function curve falls
below the normal distribution test for 8,000 psi concrete, most of high strength concrete data
were well represented with normal distribution. Thus, normal distribution was chosen. Since
Young’s modulus is a function of concrete compressive strength, stiffness was varied

accordingly.

E, = 40,000,/f, 4+ 1-10° for ;> 6000 psi
The statistical parameters for high strength concrete are summarized in Table 5-3. The mean
bias factor for high strength concrete between 7,000 psi < ¢ < 12,000 psi is 1.12; thus, the
current expected strength factor of 1.3-f"c from ASCE41 and LATBSDC appears to be too high

for high-strength concrete.

The actual concrete strength in the structure can vary from project to project; however,
these variances are included in the fabrication and professional factors per Nowak et al (2008).
Moreover, this data on concrete strength was obtained from many different sources (different
concrete mix plants and construction sites), thus, it includes the batch-to-batch variation that is
higher than within-test variation. Lastly, it also includes variation caused by different testing

methods, different mix, and different ingredients.
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Table 5-3. Statistical parameters for compressive strengths of high strength concrete
(Nowak et al, 2008)

P Number of Compressive strength at 28 days

¢ samples Mean ¢ Bias factor cov
7,000 psi 210 8,430 psi 1.191 0.116
8,000 psi 753 8,740 psi 1.093 0.088
9,000 psi 73 10,410 psi 1.157 0.100
10,000 psi 635 11,280 psi 1.128 0.115
12,000 psi 381 12,440 psi 1.037 0.109
Mean = 1.121 0.106
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5.7.2. Reinforcing Steel Yield Strengths

Variations in reinforcing yield strength were examined from Bournonville et al (2004), where
3947 reinforcing bars from 13 sources were analyzed. For A706 Grade 60 reinforcing steel,
average yield strength for all reinforcement sizes was 69.1 ksi, and coefficient of variation varied
between 0.036 and 0.061, as shown on Table 5-4. A #11 reinforcement was chosen as a
representative longitudinal reinforcement for shear wall boundary element designs and the
corresponding mean of 70.0 ksi and coefficient of variation of 0.04 was used. The distribution
for A706 Grade 60 reinforcing steel was tested to be well represented by either normal or beta

distribution. A normal distribution was selected due to its versatility and ease of use.

Table 5-4. Statistical parameters for yield and tensile strengths of A706 Grade 60 reinforcement
(Bournonville et al, 2004)

Bar Size #11 All Bar Sizes
AT706 Grade 60 Yield Tensile Yield Tensile
Mean (psi) 69,521 96,161 69,144 95,197
Median (psi) 69,000 95,500 69,000 95,000
Minimum (psi) 63,500 86,300 60,000 80,000
Maximum (psi) 78,000 107,000 85,400 116,000
Std. dev. (psi) 2,984 3,725 3,678 4,925
C.O.V. 0.0429 0.0387 0.0532 0.0517
5% Fractile 65,000 91,440 63,500 87,000
Kurtosis -0.055 0.637 -0.276 0.211
Skewness 0.356 0.677 0.255 0.137
No. of heats 115 115 1,568 1,568
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5.7.3. Coupling Beam Strengths

The mean and coefficient of variation for diagonally reinforced concrete beam strengths were
calculated from test results attained from the University of California, Los Angeles (Naish et al,
2013a) where seven coupling beam designs were tested using various diagonal and transverse
reinforcement configurations. The test data for coupling beams are not as widely available as
those for columns or shear walls, and among the available tests, majority were performed at low
aspect ratios (clear span to height ratio of 2.0 or less) with detailing that did not conform to
modern construction standards per ACI 318-99, or later versions. Thus, all coupling beam test
data were attained from Naish et al (2013a). The test specimens were constructed at half-scale,
with an aspect ratio of 2.4 or 3.33, and had reinforced concrete slab, post-tensioned concrete slab,
or no slab. As shown on Table 5-5, the mean ratio between the shear strength achieved in tests
versus shear strength calculated from ACI318-11 (Chapter 2.4.3) was 1.29 and coefficient of

variation was 6;=0.116. Due to a small sample size, uncertainty from sampling error was found

to be §, = j—% = % = 0.044 and the total coefficient of variation was calculated as § =

V62 + 682 =+v0.1162 + 0.0442 = 0.12. Due to a small sample size, an accurate probability

distribution was difficult to fit, thus, a normal distribution was assumed.

Table 5-5. Summary of reinforced concrete beam test results (Naish et al, 2013a)

No. Specimen Name V, (ACI) kips V maxctest (KIpS) V maxctest! Vi

1 CB24F 136.3 171.0 1.255
2 CB24D 136.3 159.2 1.168
3 CB24F-RC 136.3 190.8 1.400
4 CB24F-PT 136.3 211.8 1.554
5 CB24F-1/2-PT 136.3 189.6 1.391
6 CB33F 107.8 124.0 1.150
7 CB33D 107.8 120.6 1.119

Mean = 1.291
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5.7.4. Mass and Dead Loads

Measurement in variability of mass and dead loads were referenced from Ellingwood et al (1980).
The variability in mass and dead loads depends on many factors, including as-built members
deviating from construction documents (also known as geometric variations), extra weight being
added during the service life of the building, and difficulty in obtaining accurate unit weights of
construction materials. Ellingwood summarizes the consensus obtained from several researchers
in that the mass and dead loads were best described by a normal distribution, a mean of 1.0 was
appropriate to account for total loads, and a typical coefficient of variation of 0.10 was

recommended.

5.7.5. Live Loads

Determining an accurate representation of live load criteria is difficult due to its intrinsically
variable nature. Thus, surveyed live loads from Corotis and Doshi (1977) were assessed for a
realistic estimation. A comprehensive discussion on what types of buildings and the number of
rooms surveyed is detailed in this study. For office spaces, live loads were surveyed from 580
rooms. A mean of 12.56 psf and coefficient of variation of 0.55 were calculated and a gamma
distribution was fitted to the data by the method of moments. Since ASCE7-10 recommends 50

psf live load for offices, this mean is represented as 0.25-50 psf.
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5.7.6. Damping

Experimental data on viscous damping were referenced from Porter et al (2002). Porter
documents the estimates of viscous damping mean and coefficient of variation from three
different studies. Upon examining the experimental data, Porter suggests that an appropriate
coefficient of variation to be in the order of 0.3 to 0.4. For the mean and distribution,
assumptions had to be made due to a small number of data available for reinforced concrete
shear wall buildings. In this study, a mean of 2.5%, coefficient of variation of 0.30, and a normal

distribution were assumed.

5.7.7. Shear Modulus
Per LATBSDC (2014) recommendations, a mean effective shear modulus of Geg = 0.2E.-A
(refer to Chapter 4.5.3) was used. A coefficient of variation of 0.3 was chosen so that 96% of the

effective shear modulus values are between 0.08E.-A and 0.32E.-A.

Recent studies by Kolozvari and Wallace (2016) showed that using uncoupled shear wall
models (nonlinear beam-column models) with an effective shear modulus of 0.2E.-A resulted in
reasonable estimates for some, but not all, global and local responses in comparison with
predictions obtained with coupled models (shear interaction model, as known as SFI-MVLEM,
which captures interaction among axial/flexural and shear responses). For example, the use of
0.2E.-A in the uncoupled models provided a reasonable estimate of roof displacement responses,
whereas 0.1E.-A provided a better estimate of shear force demands in plastic hinge regions. The
sensitivity studies revealed that both global and local responses are considerably sensitive to the
respective element models used for shear wall modeling, as well as the selection of effective
shear modulus. Thus, a mean of 0.2E.-A, with a coefficient of variation of 0.3, was used to

consider a range of values for effective shear modulus, and a normal distribution was assumed.
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5.8.  Design Uncertainties

5.8.1. Shear Wall Boundary Element Design

Since the effort required to collect and examine variations in shear wall design data, e.g, from
engineering firms, is prohibitive, practical assumptions were made. The mean, coefficient of
variation, and distribution of shear wall design was made through variations in boundary element
longitudinal reinforcing steel; mean of 1.03, coefficient of variation of 0.03 and a normal
distribution was assumed. A mean of 1.03 was chosen because for either prescriptive-design or
performance-based design, overdesign is discouraged because additional flexural strength is a
potential source for increased shear and foundation demands and added cost. The coefficient of
variation of 0.03 assumes that approximately 96% of designers will design boundary element
longitudinal reinforcing steel in shear walls with a demand to capacity ratio between 0.97 and

1.00.
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5.9. Correlation

Another important issue to consider is correlation between random variables. Correlation
coefficients between two random variables can range from -1 to 1, where O represents
independent random variables and 1 represents perfect positive or negative correlation. In this
study, binary cases were examined with and without correlation, and the effects in EDPs were
compared. Three sets of correlation were considered from the following pairs of random

variables:

1. Unconfined and confined concrete compressive strength and shear modulus: °; & G

2. Reinforcing steel yield strength and coupling beam strength: f, and Vy,

3. Mass and dead load

Since perfect correlation would tend to produce more extreme EDPs, perfect positive

correlations were assumed for all correlated random variables.
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5.10. Uncertainties Not Considered

There are other important uncertainties that were not assessed in this study. Some of these
include modeling uncertainties, variations in coupling beam stiffness factors, soil-structure
interaction (SSI) effects, and human error. As potentially important as these are in affecting tall
building structural responses, they are excluded from this study and are discussed in the

following.

Modeling Uncertainties

Modeling uncertainties refer to different selection of component models that may affect EDPs;
for example, whether the shear walls were modeled using fiber elements or MVLEM elements
can result in differences in tall building EDPs. Although these differences in modeling were not
examined as part of uncertainties that contribute to dispersion in tall building EDPs; binary cases
of modeling uncertainties were examined and the results are documented in Appendix B. These
include effects of shear wall element meshing and the use of Rayleigh damping versus modal

damping.

Coupling Beam Stiffness Factors

For the MCE analysis, coupling beams flexural stiffness was defined as 0.2 Elg. This stiffness
factor considers all deformations resulting from flexure, pullout, and shear. Although further
experiental tests are needed to quantify the variations in this stiffness factor, it would be
important to include coupling beam stiffness variations in the future. Lower stiffness factors will
tend to delay the yielding of coupling beams, whereas higher factors will tend to yield coupling

beams earlier. These differences in the onset of yielding will influence tall building responses
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and it will be important to examine these variations. However, the impact on tall building EDP

dispersion due to adding another model parameter random variable is assumed to be nominal.

Soil-Structure Interaction

Furthermore, uncertainties from SSI effects were not assessed. A recent case study by Naeim et
al (2010) examined how modeling or omitting SSI effects, for a 54-story office building in Los
Angeles, California, can impact structural responses. This study was performed by generating a
three-dimensional, “most accurate” (MA) model in ETABS that accounts for SSI effects in the
vertical and horizontal directions including rocking. The SSI effects were represented with a
series of no tension springs and dampers reflecting site soil properties. The MA model was first
calibrated to match the responses interpreted from the recorded ground motions, and then
modifications were made with simplifications that were common in structural engineering
practice. A few structural responses, namely, vibrational periods, story drifts, as well as
maximum drifts, were compared and the errors were assessed. The MA model was compared
with a modified model where the below ground portions of the building were ignored and the
superstructure was fixed at the ground level (referred to as model “3D”). The comparisons
showed that the first mode period was found to be 7% shorter for model 3D; the comparative
results from the first five vibrational periods were shown on Table 5-6. Since the vibrational
periods were altered, although peak roof displacements were similar in amplitude, they occurred
at different times during the response. The error in peak roof displacement was reported to be
less than 20%. The SSI effects on other important structural responses, such as shear demands,

coupling beam deformations, or structural wall strains, were not examined.
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Table 5-6. Summary of periods associated with first five Ritz vectors for “MA” and “3D”
models (Naeim et al, 2010)

Reported vibrations for first five Ritz vectors
Model (sec)
1 2 3 4 5
“Most Accurate” (MA) Model with SSI effects 6.06 5.18 2.76 1.92 1.81
Modified model, “3D” 5.63 4.90 2.74 1.89 1.80

Since SSI effects have shown to influence tall building EDPs, it would be worthwhile to examine
binary cases of structural models with and without SSI effects in the future. To include SSI
effects as a random variable, statistical parameters of SSI effects should be quantified first from a

large number of tall building studies.

Human Error

Another important uncertainty that was not assessed in this study was human error. A study by
Melchers (1999) reviewed over 100 documented cases of structural failures before 1980 and
summarized the primary causes of each failure, as shown on Table 5-7. Although not all failures
were seismically induced, human error has been a primary contributor to recorded structural
failures in the past. Unfortunately, because the understanding of human error is limited and
much of that understanding is qualitative, the human error factor was excluded from this study.
Nonetheless, it is an important factor that contributes to structural failures and may be considered

in future work.
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Table 5-7. Primary causes of structural failures, Melchers (1999)

Cause of structural failures %
Inadequate appreciation of loading conditions or structural behavior 43
Inadequate execution of erection procedure 13
Random variations in loading, structure, materials, workmanship, etc 10
Contravention of requirements in contract documents or instructions 9
Mistakes in drawings or calculations 7
Unforeseeable misuse, abuse, and/or sabotage, catastrophe, deterioration 7
Inadequate information in contract documents or instructions 4
Others 7
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CHAPTER 6. QUANTIFICATION OF DISPERSION IN
ENGINEERING DEMAND PARAMETERS USING
MONTE CARLO SIMULATIONS

This chapter presents (1) methodology used to quantify dispersion in selected engineering

demand parameters (EDPs) and (2) findings on tall building EDP dispersions and means.

6.1. Methodology

To understand propagation of major uncertainties and to measure dispersion in tall building
EDPs, Monte Carlo simulation techniques were used to perform nonlinear response history
analyses on 20 and 30-story buildings. Monte Carlo simulation technique involves running a
large number of random experiments to observe impacts. The basic concepts behind Monte

Carlo simulations were described in the two flowcharts shown in Figure 6-1 and Figure 6-2.

Figure 6-1 shows Monte Carlo techniques used to perform nonlinear analysis in Perform
3D. The process starts with generating values for selected random variables and assigning these
values and deterministic parameters to structural materials, components, and elements. Once the
components and elements were defined, a nonlinear model was built. The loads were assigned
once random values were generated for mass and vertical static loads and ground motions were
randomly selected for applicable hazard levels. Subsequently, a random value for damping was
selected and assigned to the structural system. Once the structural model was complete,
nonlinear response history analyses were performed at all five hazard levels and selected
engineering demand parameters (EDP) were examined. This procedure was repeated for 1000
simulations, and the required number of simulations was chosen so that the variation in the EDP
dispersion measure was less than 0.10. The number of required simulations and variations in the

EDP dispersion measure are further explained in later sections.
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In contrast, Figure 6-2 shows Monte Carlo techniques used to conduct nonlinear analysis
in Opensees. The process is similar to the one used for Perform 3D with the exception that all

random variables were generated in Matlab (2016) and stored prior to nonlinear model

generations to automate the Monte Carlo simulations.

simulations performed is summarized in Table 6-1.

The total number of Monte Carlo

Table 6-1. Total number of Monte Carlo simulations

Analysis Type Perform 3D Opensees
Analysis Model 30-Story 20-Story 30-Story
o Suite A | 1000 x 5 hazards - -
v .2 | SuiteB 1000 x 2 hazards - -
s = | SuiteC - 1000 x 1 hazard x 2 RV -
< E | SuiteD - - 1000 x 1 hazard x 2 RV
N Total 7000 2000 2000

Once Monte Carlo simulations were completed, probabilistic models were established for

five selected EDPs.

Shear demand was selected as a main EDP of interest, roof drift was

selected as a global EDP, and coupling beam rotations as well as tensile and compressive axial

strains in the shear wall boundary elements were selected as local EDPs.
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Figure 6-1. Flowchart of Monte Carlo simulations procedure, Perform 3D analysis
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6.2. Random Number Generation

Using the mean, coefficient of variation, and probability distribution information established in
Chapter 5, random numbers for uniformly distributed random variables were generated in Matlab
(2016) using Multiplicative Congruential Algorithm (Lehmer, 1951). This algorithm generates

random numbers based on three integer parameters, a, ¢, and m, and an initial seed value, Xp as
Xg41 = a - X + ¢ (mod m)

where the operation ‘mod m’ takes the remainder after division by m, and Kk is the current step.
Although this random number generator captures important statistical properties of true random
sequences, because the sequence is generated by a deterministic algorithm, this generator is often
referred to as pseudorandom. Random numbers from other probability distributions were also
generated in Matlab; certain random number generation algorithms are based on transformations
of the algorithm described above. The Matlab syntax used to generate random numbers are

summarized in Table 6-2 below.

Table 6-2. Summary of Matlab syntax for random variable generations

Probability

Distribution of a Matlab Syntax
Random Variable

randi ([imin, imax], m, n)
Uniform Returns random integers from a discrete uniform distribution on the
interval [imin, imax], in m-by-n array.

normrnd (mu, sigma, [m, n])
Normal Generates random numbers from a normal distribution with mean
parameter mu and standard deviation parameter sigma, in m-by-n array.

lognrnd (mu, sigma, [m, n])
Lognormal Generates random numbers from a lognormal distribution with lognormal
mean mu and lognormal standard deviation sigma, in m-by-n array.

gamrnd (A, B, [m, n])
Gamma Generates random numbers from a gamma distribution with shape
parameter A and scale parameter B, in m-by-n array.
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For lognormal distributions with mean m and variance v, the following equations were used to

convert m and v to logarithmic units:

m2
py = log T
v+m

oy = |log (% + 1)
where py is logarithmic mean and oy is logarithmic standard deviation. Often, random
variables used in structural engineering modeling and analysis are assumed to be lognormally
distributed; there are advantages in using lognormal distributions in that they produce non-
negative outcomes. For normal distributions, negative numbers were checked and no negative
numbers were encountered. For gamma distributions with mean m and standard deviation o, the

shape parameter A and scale parameter B were calculated as:

2

m
A (k per Chapter 5.4.4) = —

2

B (X ver Chapter 5.4.4) = 2
(Xper apter >_E
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6.3.  Criteria for Outlier Data Removal

In the process of examining EDPs and establishing probabilistic distributions, some outliers were
removed. Outliers are atypical, infrequent realizations that indicate behavior that are not
consistent with expected response of the structure. A possible cause for outliers may be due to
convergence issues from dynamic analysis which can result in drifting of EDPs. To remove
outliers, a lack of homogeneity was examined and outliers outside the range of +2 standard
deviations were removed. For drifts and coupling beam rotations at the MCE hazard level,
outliers beyond the +2 standard deviation range were removed but in all cases no more than 5%

of the data points were removed.
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6.4. 3D Analysis: Quantification of Dispersion

All Perform 3D Monte Carlo simulations were performed with independent random variables for
the 30-story model. Although these procedures were computationally expensive and required
extensive post-processing, they were more robust than 2D Opensees analyses due to high

convergence rates (over 95%).

6.4.1. Base Shear Force

Base shear was evaluated in two directions: H1 and H2 which represent X and Y directions,
respectively. In each simulation, base shear was recorded as the maximum of positive and the
absolute value of negative responses. These values, excluding outliers, were used to establish
probabilistic distributions. For all five hazard levels, the means, standard deviations, and

coefficients of variation are graphically noted on Figure 6-3.
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Figure 6-3. 30-Story building base shear normalized by 4., - /f'., mean and dispersion at 5
hazard levels for (a) H1 and (b) H2 directions
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Coefficient of variation (COV) was used as a dispersion measure for all EDPs, and the
COV measured from Monte Carlo simulations represent total dispersion resulting from record-
to-record variability, model parameter uncertainties, and design uncertainties. For shear demand,
COV varied from 0.16 to 0.28 for simulations performed with ground motions Suite A, and from
0.22 to 0.34 for simulations performed with ground motions Suite B. To further examine the
base shear data, histogram with 30 bins were plotted and probability density functions were fitted,
as shown in Appendix C. The data from all 5 hazard levels were observed to follow either

normal or lognormal distribution with no clear trend specific to hazard levels.

In comparing the dispersion values from Suites A and B per Figure 6-3, it can be seen
that the dispersion values were similar at the DBE level, whereas the values were significantly
different at the MCE hazard level. This was due to variability that originates from the ground
motions (RTR variability); it is apparent from Figure 6-4 that the variability in Suites A and B
were similar at the DBE hazard level, whereas the variability in Suites A and B varied
considerably at the MCE hazard level, as shown on Figure 6-5. This can also be seen from the
tabulated ground motion dispersion values (measured in logarithmic standard deviation) shown

in Table 6-3.

It is important to note the differences in 30-story building base shear forces obtained from
performance-based design procedures as shown in Chapter 4 versus base shear forces obtained
from Monte Carlo simulations in this chapter. When the 30-story building was designed per
LATBSDC (2014) guidelines, the normalized base shear demand per MCE level analysis was
5.23 (noted as 1.5-5.23=7.85 in Chapter 4.6.2). This is within the ACI318-11 recommended

1.5

value for normalized base shear of8 = 5.33. Per MCE level Monte Carlo simulations
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(MCS), the normalized base shear demand was 6.04. This increase resulted from two major
changes that were implemented in 3D models when MCS were performed: (1) the buildings were
initially designed with expected concrete strength of 1.3:f"c in Chapter 4 but MCS were
performed with expected strengths of 1.09-f’c per Nowak et al (2008) and (2) damping was
originally modeled with Rayleigh damping in Chapter 4 but this was later corrected; during MCS,
modal damping with a small amount of Rayleigh damping (0.1%) was used. See Appendix B for
sensitivity studies between Rayleigh damping and modal damping. As demonstrated in
Appendix B, Rayleigh damping has shown to underestimate base shear demands by

approximately 14%, compared to modal damping; thus base shear demands increased during
MCS. Moreover, when the base shear forces were normalized by A, - 1/1.09 - f',, the shear

demands increased by a factor of v1.3/v/1.09 = 1.09. Both of these factors have contributed to
the increase in shear demands. In a real design project, some of the designs would have been
iterated to meet the ACI318 maximum shear stress requirements; however, since the focus of this

chapter was to quantify shear demand dispersion, the designs were not iterated.

In examining the mean values, there were differences in EDP means resulting from Suites
A and B. For example, the base shear forces resulting from Suites A and B were similar for the
DBE hazard level but significantly different for the MCE hazard level, as shown on Figure 6-3.
For the DBE hazard level, the mean base shear forces resulting from Suites A and B were 4.87
and 5.00, respectively. The changes in the mean values were minor (< 3%) because RTR
variability and the mean response spectra for both Suites A and B were similar at the first mode
period, as well as for higher modes (shorter periods)—refer to Figure 6-4 and Table 6-3. For the

MCE hazard level, mean base shear force resulting from Suites A and B were 6.04 and 7.19,
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respectively. This change was significant (19%) because RTR variability and the mean response

spectrum were higher for Suite B at higher modes—refer to Figure 6-5 and Table 6-3.
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Figure 6-5. RTR variability in MCE hazard level response spectra (a) Suite A and (b) Suite B
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Table 6-3. Mean and dispersion measured in logarithmic standard deviation for Suites A and B at

DBE and MCE hazard levels

Hazard | Stat. GM Period (sec)
Suite 0.2 0.4 0.6 0.8 1.0 2.0 3.0 4.0 50 | 10.0
A 0.66 0.70 070 | 065 | 051 | 028 | 019 | 013 | 011 | 0.04
S'V'aeg; B 0.69 0.74 066 | 059 | 049 | 028 | 018 | 014 | 012 | 0.04
W (% diff) | 5.0% | 55% | -49% | -8.6% | -3.7% | 1.1% | -3.7% | 45% | 7.3% | -1.6%
a A 0.50 0.39 036 | 036 | 031 | 037 | 026 | 022 | 018 | 0.22
oLN B 0.46 0.42 038 | 037 | 037 | 045 | 028 | 030 | 021 | 0.25
(% diff) | -8.9% | 8.7% | 6.1% | 1.1% | 17.2% | 22.7% | 7.4% | 36.2% | 17.8% | 16.0%
A 0.92 1.00 085 | 079 | 066 | 038 | 026 | 019 | 0.16 | 0.05
gﬂaeg; B 1.50 1.48 133 | 1.14 | 099 | 043 | 028 | 021 | 017 | 0.05
n (% diff) | 63.8% | 47.5% | 55.8% | 43.6% | 50.1% | 13.3% | 7.3% | 13.7% | 5.9% | -1.9%
= A 0.50 0.36 033 | 038 | 036 | 037 | 025 | 019 | 017 | 0.7
OLN B 0.72 0.76 074 | 067 | 063 | 040 | 023 | 023 | 018 | 0.30
(% diff) | 45.6% | 109.9% | 120.9% | 78.1% | 76.9% | 8.1% | -7.7% | 16.8% | 6.9% | 11.6%
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6.4.2. Required Number of Simulations and Convergence

A sample size of 1000 simulations was used for Monte Carlo simulations. This sample size was
chosen so that the variation in the EDP dispersion measure was less than 0.10. Thus, COV of
each EDP was progressively examined with added number of runs; an example is shown on
Figure 6-6. Graphically, it is evident that 1000 simulations were adequate for convergence of
base shear dispersion measure. Variations in base shear dispersion measure using a sample size
of 1000 are summarized in Table 6-4; variations were less than the specified value of 0.10 at all

hazard levels.

Table 6-4. Variation in base shear dispersion measure, using a sample size of 1000

SLE25 SLE43 | DBE(15) | DBE(30) | MCE(15) | MCE(30) | OVE
51 in H1 base 0.066 0.067 0.051 0.051 0.065 0.042 0.086
shear COV
d in H2 base 0.073 0.045 0.049 0.047 0.082 0.051 0.060
shear COV
! total variation in EDP dispersion measure
0.6 0.6
SLE25 = DBE(30) ===- OVE SLE25 = DBE(30) ===- OVE
0.51 SLE43 — MCE(15) 0.5 SLE43 — MCE(15)
—— DBE(15) = MCE(30) —— DBE(15) = MCE(30)
§ OA*N § Q4*\\J‘V*mﬂ~“\
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Figure 6-6. Convergence test for dispersion measure: COV versus number of runs for
normalized base shear, in (a) H1 and (b) H2 directions
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6.4.3. Roof Drifts

The same aforementioned procedures were used to evaluate drifts, and the results are shown on
Figure 6-7. The COV varied from 0.19 to 0.34 for simulations performed with ground motions
Suite A, and from 0.37 to 0.40 for simulations performed with ground motions Suite B. The data
from all 5 hazard levels followed either normal or lognormal distributions. Refer to Appendix C

additional plots on convergence tests and histograms overlaid with probability distribution

functions.
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Figure 6-7. 30-Story building roof drift mean and dispersion at 5 hazard levels for (a) H1 and (b)

H2 directions
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6.4.4. Coupling Beam Rotations

Figure 6-8 shows results for coupling beam rotations at north and east sides of the building.
Since the building is symmetric, responses were similar in north/south coupling beams and also
in east/west coupling beams. The responses were collected from the 20™ level, approximately
where the maximum mean values were observed. For the two service hazard levels, total
rotations were evaluated including elastic and plastic rotations. For all other hazard levels, only
plastic rotations were evaluated since the contribution of elastic rotations were negligible at less
than 1% of the total rotations. The COV varied between 0.36 and 0.85 for simulations
performed with ground motions Suite A, and between 0.52 and 0.59 for simulations performed
with ground motions Suite B. Data from all 5 hazard levels followed either normal or lognormal
distributions. Refer to Appendix C additional plots on convergence tests and histograms overlaid

with probability distribution functions.

0.12 : : 0.12 :
——15GM ——15GM
01 —30GM < 01{ ~ 0GM
+ Mean + Mean
A Meanto 0.36 A Meanto
< 0.081 0.59 L < 0.08
S 0.XX COV 5 0.XX COV 0.52
£ s 0.41
@ 0.06 2 0.06 045
@ 0.52 P
g - / (@] . R
£ 0044 053 S i 2 0.041 046 053
zZ 0.40 P L -
0.02] g// ] 0.021 /H/
0.80 051 0.85 073
0{ ¥ — % i of %%
SLE25  SLE43 DBE MCE OVE SLE25  SLE43 DBE MCE OVE
Hazard Hazard
(@) (b)

Figure 6-8. 30-Story building 20" floor coupling beam rotations, mean and dispersion at 5
hazard levels for (a) North and (b) East coupling beams
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6.4.5. Tensile and Compressive Axial Strains in Shear Walls

Tensile and compressive axial strains were evaluated at all shear wall boundary elements, labeled
as #1 through #16 shown on Figure 6-9. Representative results for boundary elements #1 and #3
are graphically shown on Figure 6-10. On average, the tensile axial strain COV varied between
0.37 and 0.60 for simulations performed with ground motions Suite A, and between 0.38 and
0.57 for simulations performed with ground motions Suite B. The average compressive axial
strain COV varied between 0.14 and 0.40 for simulations performed with ground motions Suite
A, and between 0.21 and 0.43 for simulations performed with ground motions Suite B. Data
from all 5 hazard levels followed either normal or lognormal distributions. Refer to Appendix C
additional plots on convergence tests and histograms overlaid with probability distribution

functions. For all EDPs, summaries of dispersion values are provided in Chapter 6.6.
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Figure 6-9. Shear wall boundary element strain gage locations
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6.5. 2D Analysis: Quantification of Dispersion due to Correlation

The modal properties of 2D 20 and 30-story buildings are noted on Table 6-5.

Table 6-5. 20 and 30-Story building modal properties (Opensees)

Model/Ht Pe?Od (sec) based 02n vibrational moges
20-Story 1.55 0.36 0.16
30-Story 2.47 0.63 0.28

Monte Carlo simulations were performed for 2D 20 and 30-story models at the MCE
hazard level, with correlated and independent random variables. The comparative results are
shown on Table 6-7. Across all EDPs, the changes in dispersion measure due to correlation in
random variables ranged from -6% to +5%; thus, introducing positive correlation in model

parameter uncertainties did not have a substantial impact in dispersion estimation.

However, studies by Haselton et al (2007) examined two cases of correlated random
variables where correlation had a significant impact in collapse probabilities. In Haselton’s
study, two types of correlation were considered: Type A, where correlation was considered for
random variables of a single element (for example, strength and stiffness of a material), and
Type B, where correlation was considered for random variables in different elements.
Correlation between elements at different story levels was not considered. Using Type A and B
correlated random variables, collapse probabilities were studied for various designs of code-
conforming 4-story reinforced concrete frame buildings. Results showed that correlated random
variables significantly impacted predictions of collapse probabilities; for certain Type B
correlation assumptions, the final uncertainty in collapse capacity changed by a factor of 2.0.

Although Haselton’s study was conducted in a different context, these are important findings,
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and it would be important to further examine the impacts of correlated random variables in the

future.

The dispersion values compared between 2D and 3D 30-story models were similar for
most EDPs within tolerable variability. The main differences were in base shear, coupling beam
rotations, and end boundary element compressive axial strains where the differences in
dispersion were approximately £25%. The differences stemmed from a combination of different
input ground motions used for 2D and 3D analyses, as well as different element and material

models used.

6.5.1. Challenges in Opensees Analysis

The main challenge in implementing Monte Carlo simulations in Opensees analysis was
overcoming issues of numerical convergence during nonlinear response history analysis. A non-
convergence is generally encountered due to nonlinearity in element models, material
degradation, or from dynamic analysis which can result in drifting of EDPs. This issue is
particularly serious when Monte Carlo simulations are used, since the simulations can produce
combinations of parameter values for which nonlinear response history analysis encounters

severe convergence difficulties (Barbato et al, 2013).

The convergence rates were evaluated as ratios between converged simulations versus all
attempted simulations. Convergence was counted when the full length of the earthquake record
was successfully analyzed. The average convergence rates for the 20 and 30-story analyses were
approximately 62% and 68%, respectively, as shown on Table 6-6. The implications of lower
convergence rates were further examined by evaluating converged ground motions. When the 30

ground motions from either Suite C or D were randomly selected 1000 times through uniform
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distribution, the mean frequency per ground motion was 33.3 (as shown in Figure 6-11), and
there was an inherent dispersion, where COV=0.19. Since not all simulations converged, the
first 1000 converged responses were utilized for 2D 20 and 30-story analyses, and the first 1000
converged ground motions were plotted against frequency as shown on Figure 6-12 and Figure
6-13. Subsequently, the errors resulting from lower convergence rates were measured by the
increased dispersion (coefficient of variation), and they were approximately 0.13 and 0.07 for 20

and 30-story buildings, respectively.

Table 6-6. Summary of Opensees convergence rates

Model Analysis Random Variables Converged Total Convergence

Type Runs Runs Rate

RTR None (base model) 29 30 96.7%

20-Story MCS Independent 1131 1800 62.8%

Correlated 1010 1670 60.5%

RTR None (base model) 28 30 93.3%

30-Story MCS Independent 1212 1800 67.3%

Correlated 1081 1600 67.6%

Although the aforementioned errors provide an estimate of potential bias, it is difficult to
quantify exactly how much the result may be biased from discarding non-converged solutions.
Typically, non-converged realizations can further be distinguished as lack of convergence
resulting from numerical issues or due to physical failure of the structure analyzed (Barbato et al,
2013); however, this quickly became a very time consuming task, and non-converged solutions
were not analyzed any further. Overall, the 2D Monte Carlo simulations in Opensees were less
time consuming to implement but there were crucial challenges in facing lower convergence

rates.
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Figure 6-11. Frequency and dispersion in 30 ground motions randomly selected 1000 times
through uniform distribution

60

COV =034 Il Correlated RV COV =0.30 Il Independent RV
= = Me

Frequency of Convergence
Frequency of Convergence

5 10 15 20 25 30 5 10 15 20 25 30
GM Set C GM Set C
(@) (b)

Figure 6-12. Frequency and dispersion in the first 1000 converged ground motions for the 20-
story Opensees analyses using (a) correlated and (b) independent random variables
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Figure 6-13. Frequency and dispersion in the first 1000 converged ground motions for the 30-
story Opensees analyses using (a) correlated and (b) independent random variables
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6.6. Summary of EDP Dispersion Values

For all EDPs, a summary of dispersion values are presented in Table 6-7. The total COV, protaL,
represents total dispersion measured from Monte Carlo simulations and it incorporates record-to-
record variability, model parameter uncertainties and design uncertainties. Record-to-record
variability, prrr, Was measured from nonlinear response history analyses subjected to 15 or 30
ground motions at all hazard levels. The model parameter and design COV, pmep, Was

calculated as

_ 2 2
Pm&p = \/ ProraL — PRTR

Because proraL Was measured from Monte Carlo simulations with a specified tolerance,
in certain cases proraL Was less than prtr, Up t0 6.5%, 1.7%, and 24.7% for 30-story building 3D
analysis, 30-story building 2D analysis and 20-story building 2D analysis, respectively. The 2D
20-story building analysis had the greatest error due to lowest convergence rates. Theoretically,
proraL should always be greater since it encompasses both RTR variability and model
parameter/design uncertainties. In these cases, prtr Was capped at proraL and pmep Was denoted
as negligible. To mitigate these issues, more Monte Carlo simulations can be performed with a

smaller tolerance in the future, provided that the computing power is available.
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Table 6-7. Summary of EDP dispersion values

| SLE DBE MCE
azard 5 | 43 | 15 | 30) | @5) | (30) MCE OVE

No. Stories 30 | 30 | 30 [ 30 [ 30 [ 30 ] 20 | 20 [ 30 | 30 | 30
Analysis 3D | 3D | 3D | 3D | 3D | 3D 2D 3D
RV IND | IND | IND | IND | IND | IND | IND | COR | IND | COR | IND

GM Suite AlAa|l Al B Al Bl c|lclbplpbp] a
Total | 0.27 | 0.24 | 023 | 0.24 | 023 | 033 | 044 | 0.44 | 042 | 0.42 | 0.19

?::iejlf;; RTR | 025 | 023 | 023 | 024 | 0.21 | 033 | 044 | 044 | 0.40 | 0.40 | 0.17
M&D | 0.10 | 0.08 | - - | 009 | - - - o012 | 012 | 008

| Total | 020 | 022 | 030 | 039 | 0.31 | 039 | 041 | 042 | 0.35 | 0.36 | 0.26
aof;‘D:g RTR | 020 | 022 | 028 | 036 | 0.28 | 039 | 041" | 042 | 035 | 0.35 | 0.25
M&D | 004 | - | o010 | 013 | 011 | - - - - | 005 | 0.07

CB Rotation | Total | 0.82 | 0.62 | 043 | 0.54 | 0.46 | 0.56 | 051 | 0.53 | 0.43 | 0.44 | 0.40
(N&S& | RTR | 082 | 0.61 | 0.40 | 0.48 | 0.42 | 056 | 051" | 053 | 0.41 | 0.41 | 0.38
E&W) |M&D| - | o011 | 017 | 024 | 019 | - - - | o014 | 016 | 011
ronile | 01l | 060 [ 048 [ 038 | 0.39 | 043 | 057 | 0.48 | 040 | 049 | 0.49 | 047

w | o | RTR | 058 | 045 | 032 | 034 | 0.40 | 055 | 048" | 049 | 049 | 049 | 046
- M&D | 0.15 | 015 | 020 | 017 | 015 | 0.16 | - - - - | 010
= | compy | oW | 014 | 035 [ 020 [ 021 | 024 | 027 | 029 [ 029 [ 0.24 | 024 | 037
© Stra'ion' RTR | 013 | 014 | 018 | 020 | 0.24 | 027 | 0.29 | 029 | 022 | 0.22 | 037
M&D | 0.05 | 0.05 | 009 | 0.07 | - - - | 006 | 008 | 009 | -

| Total | 052 | 040 | 0.37 | 038 | 0.40 | 052 | 0.74 | 0.74 | 056 | 0.56 | 051

. 1;:;':]6 RTR | 050 | 040 | 0.32 | 035 | 040 | 050 | 0.74 | 0.74 | 056 | 0.56 | 051
o M&D | 0.16 | 0.08 | 0.18 | 0.16 | 007 | 0.16 | - - . . -
2 compr, | 10 | 047 [ 017 024 [ 027 029 | 043 [ 073 | 071 | 083 | 053 | 0.40
G | RTR | 016 | 047 | 024 | 025 | 029 | 043 | 073 | 071" | 053 | 053 | 0.40
M&D | 0.05 | 003 | 007 | 0.10 | - ] - - loo7 | - -

L IND - independent random variables

2 COR - correlated random variables

¥ M&D — model parameter and design uncertainties

" measured RTR variability is capped at total uncertainty
‘-’ indicates negligible COV
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To summarize the aforementioned data, minimum and maximum dispersion values were
tabulated on Table 6-8. The dispersion values were rounded up to the nearest 0.05, and the
minimum and maximum values for the service levels were compared between SLE25 and SLE43.
Furthermore, relative contributions from RTR variability versus model parameter/design
certainties were noted. Across all hazard levels, the total dispersion values were between 0.20-
0.45 for base shear and roof drift, 0.40-0.85 for coupling beam rotations, 0.40-0.60 and 0.15-0.40
for tensile and compressive axial strains at shear wall corner boundary elements, and 0.40-0.75
and 0.20-0.75 for tensile and compressive axial strains at shear wall end boundary elements. The

dispersion in EDPs was the largest for coupling beam rotations and shear wall axial strains.

Relative contributions of various uncertainties were computed based on the squared ratios
between prtr and puep. Relative contributions consisted of 72% to 98% from RTR variability
and 2% to 28% from model parameter/design uncertainties. Thus, RTR variability was the
dominant source of uncertainty, which is in agreement with findings from Porter et al (2002) and
Lee and Mosalam (2005). Lee and Mosalam (2005) have also noted that the modeling/design
uncertainties tend to reduce with increasing ground motion intensity; however, more simulations

at higher intensities will need to be performed in the future to confirm these findings.

For moderate to high seismic structural reliability or collapse analyses, appropriate uses
of dispersion measure from DBE, MCE, and OVE columns in Table 6-8 are recommended. In
all cases, minimum values of 0.20 and 0.05 are recommended for RTR variability and model

parameter/design uncertainties, respectively.
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Table 6-8. Summary of minimum and maximum EDP dispersion values and relative percentage
contributions from RTR variability and model parameter/design uncertainties

SLE DBE MCE
Hazard MIN | MAX | MIN | MAX | MIN | max | OVE
Total 025 | 030 | 025 | 025 | 025 | 045 | 020
RTR 025 | 030 | 025 | 025 | 025 | 045 | 0.20
M& | 010 | 010 | 000 | 000 | 010 | 015 | 0.10
(H1 & H2) % RTR | 87% [ 789% | 100% | 100% | 84% | 92% | 80%
%M&D | 11% | 13% | 0% | 0% | 8% | 16% | 20%
Total 020 | 025 | 030 | 040 | 035 | 045 | 0.30
Roof Drift RTR 020 | 025 | 030 | 040 | 030 | 045 | 0.25
M& | 005 | 005 | 015 | 015 | 005 | 015 | 0.10

(H1 & H2) %RTR | 97% [ 797% | 88% | 89% | 87% | 98% | 92%
%M&D | 3% | 3% | 11% | 12% | 2% | 13% | 8%
Total 065 | 085 | 045 | 055 | 045 | 060 | 040
CB Rotation RTR 065 | 0.85 | 040 | 050 | 045 | 060 | 040
M& | 015 | 015 | 020 | 025 | 015 | 020 | 0.15

(N&S&E&W) MoRTR [ 97% | 97% | 81% | 84% | 83% | 90% | 92%
%M&D | 3% | 3% | 16% | 19% | 10% | 17% | 8%

Base Shear

Total 050 | 060 | 040 | 040 | 045 | 060 | 050
Tensile RTR 050 | 060 | 035 | 035 | 040 | 060 | 050

i M&D 020 | 020 | 020 | 020 | 020 | 020 | 0.15

W Strain % RTR 90% | 94% | 72% | 80% | 87% | 92% | 95%
= % M&D | 6% 10% | 20% | 28% | 8% 13% 5%
S Total 015 | 015 | 025 | 025 | 025 | 0.30 | 0.40
O Compr RTR 015 | 015 | 020 | 025 | 025 | 0.30 | 0.40
H M&D 005 | 010 | 010 | 010 | 010 | 0.10 | 0.00

Strain % RTR 86% | 90% | 79% | 88% | 86% | 96% | 100%
%M&D | 10% | 14% | 12% | 21% | 4% 14% 0%

Total 045 | 055 | 040 | 040 | 045 | 0.75 0.55

Tersile RTR 040 | 050 | 035 | 035 | 040 | 075 | 055

i M&D 010 | 020 | 020 | 020 | 010 | 020 | 0.00

" Strain % RTR 91% | 96% | 76% | 83% | 90% | 97% | 100%
) % M&D | 4% 9% 17% | 24% | 3% 10% 0%
= Total 020 | 020 | 025 | 030 | 030 | 0.75 0.40
- Compr RTR 020 | 020 | 025 | 030 | 030 | 075 | 0.40
H M&D 005 | 005 | 010 | 010 | 0.10 | 0.10 | 0.00

Strain % RTR 91% | 97% | 87% | 93% - 98% | 100%

% M&D | 3% 9% 7% 13% | 2% - 0%
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6.7.  Cumulative Distribution Functions

From 30-story analyses results (Suite A) presented in Chapter 6.4, a summary of means, standard
deviations, and probability distributions are noted in Table 6-9. The detailed probability
distributions for each EDP are graphically noted on Appendix C, whereas the probability

distributions from the mean responses are shown on Table 6-9.

Using the means, standard deviations, and probability distributions (shown in Table 6-9),
fitted cumulative distribution functions (CDF) were plotted for all EDPs. All CDFs are
graphically presented on Figure 6-14 and Figure 6-15, whereas the values were tabulated and
compared for all EDPs at standard z-score values at 0, £1, and +2, as shown on Table 6-10.
These CDF plots and tables can be used as a reference guide, during performance-based design
iterations. One way to use CDF tables is to compare EDPs among different hazards. For
example, the 50 percentile normalized base shear demands (which corresponds to the mean, if
data are normally distributed) at SLE43 and MCE hazard levels were 2.58 and 5.89, respectively.
Thus, the MCE to SLE43 base shear ratio for this 30-story prototype building was approximately
2.3, which is in line with typical tall building designs. Another way to use the CDF tables is to
estimate the variations in each EDP when a certain response, such as coupling beam rotations, is
being calibrated to meet acceptance requirements. For example, at the MCE hazard level, when
coupling beam rotations are reduced from 4.93% to 3.19% (corresponds to 84.1 percentile to 50
percentile), roof drifts reduce from 1.16% to 0.90% and normalized base shear demands reduce
from 7.39 to 5.89. This corresponds to 54%, 29%, and 26% reduction in coupling beam
rotations, roof drifts, and normalized base shear demands, respectively. As noted in the previous
section, the coupling beams rotations had the greatest dispersion among all EDPs considered,

and this is reflected in a larger reduction in responses compared to other EDPs. However, it is

139



important to note that this reference guide is based on a case-study 30-story building; it would be
useful to expand this study to create a reference guide that contained information from a larger

population of tall buildings.

Table 6-9. Summary of EDP means, standard deviations, and probability distributions

Hazard SLE25 SLE43 DBE(15) | MCE(15) OVE
No. Stories 30 30 30 30 30
Analysis 3D 3D 3D 3D 3D
RV IND IND IND IND IND
GM Suite A A A A A
Normalized Base | Mean 2.28 2.65 4.87 6.04 6.43
Shear Std. 0.62 0.64 1.13 1.38 1.20
(H1 & H2) Distr. LN LN N LN N
Roof Mean 0.14% 0.18% 0.59% 0.90% 1.23%
Drift Std. 0.03% 0.04% 0.18% 0.27% 0.32%
(H1 & H2) Distr. N N N N N
CB Mean 0.15% 0.30% 1.96% 3.50% 5.44%
Rotation Std. 0.12% 0.19% 0.85% 1.61% 2.16%
(N &E & S &W) Distr. LN LN LN LN N
Tensile Mean 0.0002 0.0004 0.0017 0.0028 0.0037
'é'd Strains S_td. 0.0001 0.0002 0.0006 0.0012 0.0018
= Distr. LN LN LN LN LN
g Compr Mean -0.0006 -0.0007 -0.0011 -0.0014 -0.0015
o Strains. S_td. -0.0001 -0.0001 -0.0002 -0.0003 -0.0006
Distr. N N LN N N
Tensile Mean 0.0003 0.0005 0.0023 0.0040 0.0052
" Strains S_td. 0.0002 0.0002 0.0009 0.0016 0.0026
m Distr. LN LN LN LN LN
E’ Compr Mean -0.0006 -0.0007 -0.0014 -0.0018 -0.0021
Strains. S_td. -0.0001 -0.0001 -0.0003 -0.0005 -0.0008
Distr. LN LN N LN LN
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Figure 6-14. 30-story building Suite A analyses: cumulative distribution function for (a)
normalized base shear, (b) roof drift, and (c) CB rotations
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Figure 6-15. 30-story building Suite A analyses: cumulative distribution function for Corner BE
(a) tensile strains and (b) compressive strains, as well as End BE (c) tensile strains and (d)
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Table 6-10. Summary of EDP values at standard z-scores 0, 1, and £2, for 30-story building Suite A analyses

Hazard CDF . Normalized Drift CB -Corner BE _ End BE

(Suite A) | (%) Base Shear Rotation Tensile Comopr. Tensile Comopr.
Strain Strain Strain Strain

2.3 20 1.30 0.09% 0.03% 0.0001 -0.0004 0.0001 -0.0004

0 15.9 -lo 1.69 0.11% 0.06% 0.0001 -0.0005 0.0002 -0.0005
L 50.0 0 2.20 0.14% 0.12% 0.0002 -0.0006 0.0003 -0.0006
n 84.1 | +lo 2.87 0.17% 0.24% 0.0004 -0.0007 0.0005 -0.0007
977 | +2¢ 3.78 0.20% 0.50% 0.0006 -0.0007 0.0008 -0.0008

2.3 -26 1.62 0.12% 0.08% 0.0001 -0.0006 0.0002 -0.0005

@ 15.9 -lo 2.04 0.15% 0.14% 0.0002 -0.0007 0.0003 -0.0006
L 50.0 0 2.58 0.18% 0.26% 0.0004 -0.0007 0.0005 -0.0007
n 84.1 | +lo 3.28 0.22% 0.45% 0.0006 -0.0007 0.0007 -0.0008
97.7 | 20 4.17 0.30% 0.87% 0.0010 -0.0007 0.0011 -0.0009

2.3 26 2.64 0.18% 0.80% 0.0007 -0.0007 0.0011 -0.0008

E‘? 15.9 -lo 3.76 0.43% 1.20% 0.0011 -0.0009 0.0015 -0.0010
i 50.0 0 4.87 0.59% 1.80% 0.0016 -0.0011 0.0022 -0.0014
g 841 | +lo 5.99 0.79% 2.72% 0.0022 -0.0013 0.0031 -0.0017
97.7 | 20 7.11 0.90% 4.18% 0.0034 -0.0016 0.0045 -0.0020

. 2.3 -20 3.74 0.33% 1.35% 0.0012 -0.0009 0.0017 -0.0010
0 15.9 -lo 4.70 0.67% 2.05% 0.0017 -0.0011 0.0025 -0.0013
g 50.0 0 5.89 0.90% 3.19% 0.0026 -0.0014 0.0037 -0.0017
% 84.1 | +lo 7.39 1.16% 4.93% 0.0039 -0.0017 0.0055 -0.0023
977 | +2¢ 9.31 1.52% 7.73% 0.0060 -0.0020 0.0080 -0.0034

2.3 -26 4.08 0.62% 2.03% 0.0014 -0.0010 0.0021 -0.0013

" 15.9 -lo 5.21 0.93% 3.27% 0.0022 -0.0010 0.0029 -0.0013
8 50.0 0 6.43 1.23% 5.44% 0.0034 -0.0015 0.0046 -0.0021
84.1 | +lo 7.65 1.58% 7.64% 0.0053 -0.0021 0.0075 -0.0029

977 | +2¢ 8.87 1.76% 9.82% 0.0086 -0.0021 0.0110 -0.0051
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6.8. Conclusions

To assess seismic reliability of structural components or systems, it is essential that dispersions
in EDPs are quantified. Thus, a methodology was developed to quantify dispersion in tall
reinforced-concrete core wall building EDPs resulting from nonlinear response history analyses.
Eleven input random variables were selected to represent RTR variability (resulting from 15 or
30 ground maotions at five hazard levels), model parameter uncertainties, and design uncertainties.
Given the means and COV of input variables, Monte Carlo simulations were utilized to estimate
the means and COV of selected EDPs. For evaluation, shear demand was selected as the main
EDP of interest for further reliability studies, roof drift was selected as a global EDP, and
coupling beam rotations and shear wall boundary element tensile and compressive axial strains
were selected as local EDPs. This methodology was applied to 30-story models developed in
Perform 3D and Opensees and a 20-story model developed in Opensees. Based on the findings,

the following conclusions were reached:

1. From both 3D (Perform 3D) and 2D (Opensees) Monte Carlo simulations, total
dispersion for all EDPs were quantified as COV. Across all hazard levels, total
dispersion ranged between 0.20-0.45 for base shear forces and roof drifts, 0.40-0.85 for
coupling beam rotations, 0.40-0.60 and 0.15-0.40 for tensile and compressive axial
strains at shear wall corner boundary elements, and 0.40-0.65 and 0.40-0.75 and 0.20-
0.75 for tensile and compressive axial strains at shear wall end boundary elements. The
dispersion in EDPs was the largest for coupling beam rotations and shear wall axial

strains.
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Probability distributions were either lognormal or normal for all EDPs at all hazard levels.
For reliability or collapse analysis, investigating results from both probability
distributions to determine a more conservative case is recommended at this time.

For structural reliability or collapse analyses, appropriate uses of dispersion measure
from DBE, MCE, and OVE columns in Table 6-8 are recommended. In all cases,
minimum values of 0.20 and 0.05 are recommended for RTR variability and model
parameter/design uncertainties, respectively.

Relative contributions to total dispersion consisted of 72% to 98% from RTR variability
and 2% to 28% from model parameter/design uncertainties. Thus, RTR variability was
the dominant source of uncertainty which is in agreement with findings from Porter et al
(2002) and Lee and Mosalam (2005).

Changes in dispersion measure due to positive correlation in model parameter random
variables ranged from -6% to +5%; thus, introducing positive correlation in model
parameter uncertainties did not have a significant impact in dispersion estimation.

. As documented in Nowak et al (2008), expected concrete compressive strengths should
be adjusted to 1.1-f°; for high strength concrete compressive strengths ranging between
6ksi and 12ksi, unless project-specific material testing is conducted to justify a higher
value. Current guidelines for the use of 1.3-f’; per LATBSDC (2014) is more appropriate
for normal strength concrete; the incorrect use of expected strength factors can result in
inaccurate shear demands and capacities.

For all EDPs, CDF plots were presented and values were tabulated at standard z-scores 0,
+1, and £2. The information from these plots can be used during performance-based

design iterations to estimate the variations in each EDP when a certain criteria, such as
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6.9.

drifts or coupling beam rotations, are being calibrated to meet the acceptance

requirements.

Limitations and Future Work

Limitations and future work are listed as follows.

1.

In this study, Monte Carlo simulations were performed with a specified tolerance of 0.10
for COV of the dispersion measure. Thus, in some cases, total dispersion measured from
Monte Carlo simulations carried errors, up to 6.5% for both 2D and 3D 30-story building
analysis and up to 24.7% for the 2D 20-story building analysis. To mitigate this issue,
more number of Monte Carlo simulations can be performed, provided that the necessary
computing power is available. Currently, scripting to automate Perform 3D analyses is
not available, thus, running more simulations was a challenge. When scripting or an
open platform becomes available for Perform 3D, utilizing parallel computing for further
studies is recommended. In such a case, (1) more number of simulations can be
performed, reducing estimation errors and (2) simulations can be performed at other
hazards levels, which can provide useful information for collapse, or to confirm findings
that modeling/design uncertainties tend to decrease as ground motion intensities increase.
Lee and Mosalam (2005) found this to be true for a case study of 7-story reinforced
concrete shear wall building.

There were limitations and challenges in implementing Opensees models. Although the
automated 2D analyses were less time consuming to implement and required less post-
processing, the main drawback was having lower convergence rates. Convergence was
counted when the full length of the earthquake record was successfully analyzed; the

average convergence rates for the 20 and 30-story model analyses were approximately 62%
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and 68%, respectively. Although other shear wall models, such as “ForceBeamColumn”
and “SFI_MVLEM,” were tested rigorously for convergence, both models resulted in less
convergence rates for tall coupled wall applications. Nevertheless, a new shear wall shell
element, called “ShellMITC4” by Lu et al (2015) is shown to have better convergence
rates for tall building applications; it is recommended that the new shear wall models

continue to be studied and tested to advance tall building studies.
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CHAPTER 7. UNCERTAINTIES IN STRUCTURAL WALL SHEAR
CAPACITY
In this chapter, current procedures to calculate nominal shear strength for structural walls are
presented and uncertainties in shear capacity are evaluated using experimental test results of

shear-controlled walls.

7.1.  Shear Capacity
Shear capacity of a structural wall is determined from the nominal shear strength equation as

specified in AC1318-11:

V=4 [ac/l\/ch + ptfy]

where Ay is the cross-sectional area of shear wall, f°¢ is the concrete compressive strength, p; IS
the horizontal reinforcement ratio, fy is the reinforcing steel yield strength, and o varies linearly
from 3.0 for walls with aspect ratio hy/l,, (height to length of walls) less than 1.5, to 2.0 for walls

with aspect ratio greater than 2.0. Per ACI318-11, the maximum shear stress on any one wall is
limited to Aw[lo,/f’cPsi] and the average shear stress on all walls is limited to AC,,[&/f’CPsi].

Using the nominal shear strength equation, the expected shear strength (F, .) can be calculated
using expected material properties. To examine how well the ACI318-11 nominal shear strength
equation predicts actual strengths of walls, studies by Wallace et al (2013) are referenced in the

following section.
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7.2.  Structural Wall Failure Modes and Shear Capacity

Wallace et al (2013) examined experimental test data from 40 walls with height to length aspect
ratios between 1 and 3 that were closely designed to the current U.S. design standards.
Relatively well-detailed walls were selected with area of boundary transverse reinforcement of at
least half of that required by ACI318-11 and ratio of vertical hoop spacing to vertical boundary
bar diameter of less than 8. The examined cross-sections were rectangular, flanged, barbell, and
T-shaped. Compressive strengths ranged from 3.2ksi to 19.9ksi and reinforcing steel yield

strengths varied between 62.3ksi and 205.9ksi.

For various wall failure modes, the ratios between the actual shear strength achieved by
experimental tests (Vmax) and the predicted shear strength using expected material properties
(Vneaci) were evaluated. The results are shown on Figure 7-1, represented by a relationship
between Vimax/Vieaciand curvature ductility. Curvature ductility was calculated as the ratio of
ultimate curvature divided by yield curvature; this was used to categorize different wall failure
modes as shear-controlled, flexure-controlled, and flexure-shear controlled. Shear-controlled
walls are defined as walls with the least amount of ductility, generally less than 10. Shear
failures are commonly characterized by sudden diagonal tension failures or crushing of concrete
along diagonal compressive struts within the wall web. The mean Vmax/Vieac: for shear-
controlled walls is approximately 1.5 and it is evident that the current nominal shear strength
equation per ACI318-11, using expected properties, under-predicts the actual shear strength.
When walls fail in flexure, curvature ductility is typically greater than 10 and V yax/Vne aci 1S l€SS
than 1.0, as full shear capacity cannot reached once the walls yield in flexure (for a quasi-static
test with a single lateral point load). These walls are more ductile and the failures are

characterized by concrete crushing followed by buckling and eventual fracture of boundary
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vertical reinforcement. The transition region where curvature ductility is greater than 10 and
Vmax/Vneact greater than 1.0 is categorized as flexure-shear failure. The failure mechanism for
these walls initially looks similar to flexure-controlled walls but shear resistance slowly degrades
and the walls ultimately fail in shear (e.g, diagonal tension, diagonal compressive strut crushing,

lateral instability due to high compression at the wall boundary).

It is important to note that although tall reinforced concrete shear walls are designed to
fail in flexure, the Vimax/Vneaci Values for flexure-controlled walls should not be used for shear
design. This is because once the walls yield in flexure, the full shear capacity cannot be
measured. Flexure-controlled wall tests are useful to obtain flexural capacity of walls but they
do not provide information on ultimate shear capacity of walls. Thus, the mean overstrength for
shear capacity should be obtained from tests where walls have failed in shear and have reached

the full shear capacity.
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Figure 7-1. Structural wall shear capacity (Vmax/Vneaci) Versus curvature ductility, Wallace et al
(2013)
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7.3.  Statistical Parameters for Shear Capacity

To examine statistical parameters for shear capacity, compilations of shear-controlled wall test
results were referenced from Wallace (1998) and Wood (1990). Wallace (1998) examined 37
shear-controlled walls with concrete compressive strengths greater than 8ksi and Wood (1990)

examined 143 shear-controlled walls with concrete compressive strengths between 2ksi and 8ksi.

7.3.1. Structural Walls with . > 8ksi

Wallace (1998) studied 37 wall specimens with height to length aspect ratios (hy/ly) less
than 2.0 where all walls were expected to fail in shear. All specimens were constructed with
high-strength concrete; concrete compressive strengths ranged from 7.9ksi to 19.9ksi and web
reinforcing steel yield strengths ranged from 47ksi to 206ksi. Test specimens for high-strength
concrete walls are relatively scarce and all 37 tests were conducted in Japan. This set includes

the 21 shear-controlled walls previously presented in Figure 7-1.

It’s important to note that some of the test results from these 37 wall specimens included
web reinforcement ratios that significantly exceeded ACI318-11 recommendations. Per
ACI318-11, the maximum average shear stress on all walls is limited to },, < ACU[Sw/f’CPsi]

which sets an upper bound of py-fy/f’c. To examine any potential bias associated with this data,

the test results were further sorted into two bins, (1) V,, < 1.1- A, [8w/f’CPsi] which is within
ACI318-11 limits and (2) V,, > 1.1 -Aw[sw/ f’CPsi] which exceeds ACI318-11 limits. Since

ACI318-11 limits /f’. to 100psi in shear strength calculations, the corresponding . design

limit is at 10ksi, and the 1.1 factor takes into account the expected strength properties of 10ksi
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concrete. The mean and COV for the two bins, as well as for the entire set of data are shown in

Table 7-1 and the results show that there is no significant bias.

Table 7-1. Shear-controlled wall tests separated into two bins by ACI318-11 limiting shear stress
(Wallace et al, 2013)

Data NO. Of Vmax/Vn]e f’c
Tests Mean Ccov Mean (ksi) Cov
L Vo < 1.1+ Ay [8YF cPsi] 12 1.68 0.22 10.81 0.21
(within ACI318-11 limits)
2. Voo > 1.1+ Acy [8YF cPsi] 25 1.52 0.19 11.27 0.24
(over ACI318-11 limits)
All 37 157 0.20 11.05 0.23

Overall, a plot of variations in ratio between maximum shear and nominal shear strength,

Vmax/ Ve, Versus pefy/f’c is shown on Figure 7-2(a). The limiting nominal shear strength was

calculated as 1;, , < ACU[S,/ f’CPsi]. All 37 specimens had Vax/Vne between 1.0 and 2.5, with a

mean Vmax/Vne 0f 1.57 and coefficient of variation of 0.20. A histogram using 20 bins and a
probability density function is plotted on Figure 7-3(a). The data are observed to follow normal
distribution, and this assumption was tested on normal probability paper, as shown on Figure
7-4(a). The probability paper allows for a direct comparison between the cumulative density
function and a model distribution by adjusting the scales so that the model distribution plots as a

straight line. Detailed procedures for the use of probability paper are described in Chapter 7.3.3.

7.3.2. Structural Walls with . < 8ksi

Wood (1990) studied 143 shear wall test specimens that were reported to have failed in shear.
All test specimens were isolated walls that were either one or two stories high. The cross-

sections were symmetric and the cross-sections were flanged, barbell, and rectangular.
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Compressive strengths ranged from 1.9ksi to 7.1ksi and reinforcing steel yield strengths varied
between 39.3ksi and 82.9ksi. Sixty-four wall tests were from Japan, and other wall tests were

from Canada, Japan, New Zealand, and the United States.

A plot of the maximum average shear strength to the limiting nominal shear strength ratio,
Vmax/Vne, Versus pufy is shown on Figure 7-2(b). For 66% of the walls, Vma/Vne Was between
1.0 and 2.0, and approximately 9% of the walls had maximum strengths less than the nominal
shear strengths. Similar to Wallace (1998)’s trends, the maximum shear strengths of the walls
were mostly high with a mean Vya/Vae 0of 1.67 and a coefficient of variation of 0.40. A
histogram using 30 bins, overlaid with a probability density function is plotted on Figure 7-3(b).
The data are observed to follow a lognormal distribution and this observation was tested using a

lognormal probability paper as shown on Figure 7-4(b).

It is important to note that the dispersion (COV) measured from data presented by
Wallace (1998) and Wood (1990) derives from a combination of uncertainties resulting from
nominal shear strength prediction equation, material strengths including concrete compressive
strengths and reinforcing steel yield strengths, construction quality, differences in testing
approach, potential errors in test measurements, and other possible errors. Due to high quality
measures required for tall building design and construction process through Seismic Peer Review
Panels (LATBSDC, 2014) and stringent inspections enforced in the United States, no further

dispersion was added to the measured values.
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7.3.3. Probability Distribution Tests through Probability Papers
In a case where N values are obtained from a normally distributed random variable X, the values
are denoted as {x}, and a brief description for the construction and use of normal probability

paper are provided in the following (Nowak and Collins, 2000).

1. Sort values of {x} in increasing order.

2. Calculate cumulative probability, p; for each x;.

1
pi ==

N+1

3. For each p;, determine standard normal variate, z; = ®*(p;).

The calculated values of z; are plotted on the y-axis, and values of {x} are plotted on the x-axis.
If the plot appears to follow a straight line, it is reasonable to conclude a normal distribution for
X. From the normal probability paper plot, the values of mean and standard deviation can be
read directly from the graph, where the mean, px, is at z=0 and the standard deviation is the
horizontal distance that spans between 1-z on the y-axis. For normal distributions, the best-fit

line can be described as

X — 1
best fit = Hx _ (—) b
Ox Ox

+ (‘ﬂx)
Ox
A similar procedure was used to prepare a lognormal probability paper, with data plotted on a

lognormal x-axis scale.
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7.4.  Context in which Shear Controlled Wall Tests were Used

It is important to note the context in which the aforementioned shear controlled wall tests were
used; a flowchart describing this process is shown on Figure 7-5. When a tall concrete core wall
building undergoes a hazard, the coupling beams yield first and then the structural walls yield in
flexure. Currently, it is common practice to limit the amount of flexural yielding in walls by
restricting the mean tensile and compressive axial strains, as shown on Figure 7-5. When
flexural yielding is limited, there is no significant shear degradation and full shear capacity can
be assumed. This is the context in which shear controlled wall tests were used to conduct
reliability studies in Chapter 8. On the other hand, when flexural yielding exceeds the axial
strain limits set forth in Figure 7-5, shear capacity starts to degrade. Currently, there are limited
test data that can quantify the rate of shear strength degradation associated with increasing
nonlinear flexural yielding. Thus, further dynamic tests are needed to examine shear strength
degradation with nonlinear flexural yielding including higher mode contributions. Moreover,
core wall tests in biaxial loading would be helpful to understand how shear capacities may
change due to varying shapes of the compressive zones. When flexural yielding exceeds
recommendations provided in Figure 7-5, a lower ¢$=0.75 is used to account for the uncertainties
in shear capacity. These flexural yielding limitations will most likely be clarified in the 2017

edition of LATBSDC.
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|
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l

Flexural Yielding is Limited per
Common Practice, LATBSDC (2017%*)

= Tensile axial strain (mean, 1) <0.01
= 1.5-Compressive axial strain (1) < 0.0075

= No significant shear strength degradation
= Full shear strength assumed

» 1.57-F, (Wallace, 1998)

» 1.67-F (Wood, 1990)

Scope of This Study

= ®0=1.0
= Reliability of shear design & y calculated in Ch.8

Outside the Scope of This Study

= Limited understanding of shear capacity of core
walls, under bi-axial loading
» Need for dynamic tests with bi-axial loading

Flexural Yielding Exceeds
Common Practice, LATBSDC (2017%*) Limits

= Tensile axial strain (u) > 0.01
= 1.5-Compressive axial strain (1) > 0.0075

= Shear strength starts to degrade
» Limited understanding of shear strength in
this case, due to lack of data
» Dynamic tests necessary to understand
shear degradation associated with
increasing nonlinear flexural yielding

= @ =0.75 accounts for the unknowns
» Tensile axial strain (u) < 0.03
» 1.5-Compressive axial strain (p) < 0.01

* Intentions of clarifying the flexural yielding limits in the 2017 edition of LATBSDC.

Figure 7-5. General sequence of tall reinforced concrete core wall building behavior during a
hazard and the context in which shear controlled wall tests were used. All strain limits shown
are for plastic hinge regions.
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7.5.  Conclusions

Structural wall shear capacities were examined using three sets of data. First, ratios between the
actual shear strength achieved by experimental tests (Vmax) and the predicted shear strength using
expected material properties (Vneac)) Were evaluated against curvature ductility for all wall
failure modes: shear-controlled, flexure-controlled, and flexure-shear controlled. A total of 40
relatively well-detailed walls that were closely designed to the current U.S. design standards
were examined. For shear-controlled walls, the mean Vma/Vneaci Was approximately 1.5 with
curvature ductility less than 10. Flexure-controlled walls had mean Vyax/Vieaci less than 1.0
with curvature ductility greater than 10. The transition region (flexure-shear controlled walls)
had Vmax/Vieact greater than 1.0 and curvature ductility greater than 10. Subsequently, more
test results were compiled for shear-controlled walls to establish statistical parameters for shear
capacities.  Shear-controlled walls were categorized into two bins according to concrete
compressive strengths as f°; > 8ksi and f*c < 8ksi. The data for the two bins were obtained from
Wallace (1998) and Wood (1990), respectively. Based on the findings, the following

conclusions were made:

1. For structural walls with £ > 8ksi, 37 shear-controlled wall tests were examined. Shear
capacity had a mean overstrength of 1.57 with a coefficient of variation of 0.20. The data
were observed to follow normal distribution.

2. For structural walls with . < 8ksi, 143 shear-controlled wall tests were examined. Shear
capacity had a mean overstrength of 1.67 with a coefficient of variation of 0.40. The data

were observed to follow lognormal distribution.
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3. The current nominal shear strength equation presented in ACI318-11 (shown below) is

conservative by aforementioned overstrength factors.

Ve = Acy [acl\/ﬁ + ptfy]

4. The dispersion (COV) measured from data presented by Wallace (1998) and Wood (1990)
derives from variability and uncertainties in nominal shear strength prediction equation,
material strengths including concrete compressive strengths and reinforcing steel yield
strengths, construction quality, test setup, test measurement, and other possible errors.
Due to high quality measures enforced for tall building design and construction through
Seismic Peer Review Panels (LATBSDC, 2014) and required inspections, no further

dispersion was added to the measured values.
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7.6.

Limitations and Future Work

Limitations and future work are listed as follows.

1. This study was conducted with the assumption that flexural yielding in structural walls

was limited within LATBSDC (2014) recommendations; under these limitations, there is
no significant shear strength degradation. Thus, full shear strength was assumed for
structural wall shear designs. However, when there is increasing nonlinear flexural
yielding, shear strength starts to degrade. Further dynamic tests are necessary to quantify
the shear strength degradation associated with nonlinear flexural yielding. This is further

explained in the following.

. All tests documented from the two studies, Wallace (1998) and Wood (1990), were

quasi-static wall tests performed on reduced-scale specimens under monotonic, repeated,
or cyclic loads. Historically, these test procedures have been utilized to observe wall
behaviors and determine strength equations. However, to evaluate structural behavior
and capacity of reinforced concrete structural walls under high seismic events (when
there is increased nonlinear flexural yielding), it will be necessary to perform more
nonlinear dynamic tests in the future. Although dynamic tests tend to be more costly, (1)
an assessment of interactions between various structural wall components, (2)
quantifying shear degradation associated with increasing nonlinear flexural yielding, as
well as (3) measuring initial, ultimate, and residual properties of structural walls during
dynamic tests will be beneficial.

Shear capacities were calculated per ACI318-11 equations which were based on plane

section structural walls. Further tests on L-shaped or core walls using bi-axial loading
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will be necessary to understand how shear capacities in core walls may change with
varying compressive zones during a strong ground shaking.

Currently, there are 5 large reinforced-concrete structural wall databases available. They
consist of: (1) Network for Earthquake Engineering Simulation Hub (NeesHub), (2)
American Concrete Institute (ACI) database, (3) Seismic Engineering Research
Infrastructures for European Synergies (SERIES) by University of Patras, (4) University
of California, Los Angeles (UCLA) database that comprises of 216 wall tests, and (5)
University of Auckland (UoA) database that contains 144 wall tests. There are numerous
wall tests that belong to all databases but there are also many wall tests that only belong
to only one or a few databases. This makes it challenging to search for all relevant
information available. Thus, there are joint efforts by the Virtual International Institute
for Performance Assessment of Wall Systems (2015) to merge the databases and to
request permission to access all test results. In this study, the shear controlled wall test
results from Wallace (1998) were recovered from the UCLA database but it would be
beneficial to access more shear controlled wall data and categorize them into different
bins that are relevant to tall buildings (symmetric/asymmetric wall geometries, various

axial load ratios P/(Ay-f"¢), etc) to further expand this study in the future.
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CHAPTER 8. STRUCTURAL WALL SHEAR DESIGN RELIABILITY

This chapter reviews various component reliability methodologies and describes the procedures
used to compute reliability of structural wall shear design for tall buildings. Reliability of

structural wall shear design is presented for various risk categories and ground motion intensities.

8.1. Background

In United States, probability-based limit state design (PBLSD) is adopted in many material-
specific codes to establish design acceptance criteria for structural components. PBLSD
examines reliability of a structural component by calculating the probability of component
failure due to demands exceeding the component capacity, C < D. Although the terminology
used in PBLSD is based on load (Q) and resistance (R), load will be referred to as demand,
resistance will be referred to as capacity, and limit states will be referred to as acceptance criteria
to be consistent with capacity design terminology used in LATBSDC (2014). Per PBLSD,

failure is defined as

P=PC<D)= | Feladfola)-da

where C is capacity, D is demand, F¢ is cumulative probability distribution function of C and fp
is probability density function for D. In practice, rather than using the integral to compute
probability of failure, probability of failure is calculated indirectly with a reliability index, P
through a closed-form solution (Melchers, 1999, O. Ditlevsen and Madsen, 2005). For seismic
events conditioned upon MCE level ground shaking, the anticipated reliability and corresponding

reliability indexes per ASCE7-10 are summarized in Table 8-1.
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Table 8-1. Anticipated reliability and corresponding reliability indexes,

conditioned upon MCE level ground shaking

Risk Anticipated Probability of Reliability
Category Reliability Failure, Ps Index, B
I, 11 90% 10% 1.28
Il 94% 6% 1.56
1\ 97% 3% 1.88

When closed-form solutions for probability of failure are not available, Monte Carlo
methods can be utilized. Some of the key advantages of adopting Monte Carlo method are that
there are no limitations on the random variable parameters (number of variables, probability

distributions, etc), provided that the necessary computing power is available.

In the following sections, full distribution methods to compute probability of failure with
B are briefly explained for the two cases where random variables C and D follow normal and

lognormal distributions, and the Monte Carlo simulation techniques are explained.
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8.2.  Normal Distribution for Random Variables C and D

When random variables C and D are jointly normal, it is convenient to consider safety margin,
which is defined as F = C — D. Since C and D are normal random variables and F is a linear
combination the two, F is also a normal random variable. In this case, a closed-form solution can

be used to calculate probability of failure, where P¢[F < 0] = ®[—p] and the reliability index is

defined as an inverse coefficient of variation of the safety margin:

F C-D

'B=

2 2 . P
Or o + 0f —2-pcp 0 ap

where, F,C, D, or, 0., op are expected values and standard deviations of safety margin, capacity,
and demand, respectively, and p.p is correlation between capacity and demand. In the case

where the random variables C and D are statistically independent (pp = 0),

Cc—-D
Joé + ap

An equivalent representation of the reliability index can be expressed through an introduction of

B =

a demand factor and coefficient of variation for capacity and demand

2
p
,DE * (Yg)

where demand factor and coefficient of variation for capacity and demand are defined as
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To transform safety margin to a standard normal variable with expected value of 0 and variance

of 1, a new variable U is introduced as

-(5)- )

where f is the outcome and F is the expected value of safety margin. The probability density

function and cumulative distribution function of the standard normal variable are

1 _1<f—17>2
o2 P77 OF

Pf[st]=q><f_F)

Of

p(f) =

where @ represents standard normal cumulative distribution function. When failure occurs, f=0

and the probability of failure is

P¢[F < 0] = ®[-p]
Thus, when the reliability index is known, standard normal tables can be utilized to evaluate the

probability of failure.
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8.3.  Lognormal Distribution for Random Variables C and D
When random variables C and D are jointly lognormal, it is convenient to consider safety factor,

which is defined as

=
Il
Tl

A random variable is defined to be lognormally distributed when its logarithm is normally
distributed. Thus, new normal random variables, X=In(C), Y=In(D), and Z=In(F), are introduced

and safety factor can be expressed with a normal random variable Z, where

In(C
In(F) = 1250;
Z=X_-Y

In this case, a closed-form solution can be used to calculate probability of failure, where
P¢[Z < 0] = ®[—p] and the reliability index is expressed as inverse coefficient of variation of Z
Z X-Y

ﬁ: =

9z \/O-)%+O—Y2+2'.DXY'O-X'O-Y

where standard deviation of Z is 6, = \/0Z + 0% + 2 - pxy - 0x - 0y. The expected values of X

— — 2 _ _ 2
and Y are X =In(C) — ("Z—X) and Y =In(D) — ("2—") and standard deviations of X and Y are

ox = In(1+p%) andoy =+/In(1+ p3). Substituting for these values, reliability index can

be rewritten as
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1+ p3
I /_D
nlv: |3 Py

Jln(l +p3) +In(1 + p3) — 2 prucmpy/In(1 + p2)y/In(1 + p3)

ﬁ:

When random variables C and D are statistically independent,

1+p}
1+ p?

Inly-

~ JIn(+p2) +In(T + p3)

Again, when reliability index is known, standard normal tables can be utilized to find probability

of failure as

Py [ln (g) < 0] =® (0(;2‘) = ®[-p]
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8.4.  Monte Carlo Simulations
The basic concept behind Monte Carlo simulation is described for the case where probability of

failure is evaluated as demands exceeding the component capacity, Ps(F=C - D <0).

1. Select random variables C and D.

2. Establish probability distributions of selected random variables using previous test results.

3. Randomly generate values for all random variables.

4. Calculate F=C-D.

5. Repeat steps 1-4 until a sufficient number of samples have been generated and confirm
that coefficient of variation for the Monte Carlo Ps estimator is within a specified
tolerance.

6. Estimate probability of failure as

number of times that F <0
~ total number of simulations

Pr
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8.5.  Component Reliability Methodology

The aforementioned methods were used to assess reliability of the current structural wall shear
design criterion. Reliability of structural wall shear design was assessed in two ways, using
closed-form solutions and Monte Carlo simulations. The process of using closed-form solutions
is summarized in the flowchart shown on Figure 8-1. The process starts with establishing
statistical parameters for shear demand and capacity. For shear demands, the following
parameters were considered: (1) normal and lognormal probability distributions, (2) a series of
demand factors, v, varying from 1.0 to 2.0, and (3) coefficients of variation ranging between 0.20
and 0.60 for each y. The mean shear demand of 1.0 was used, assuming that all design
requirements per LATBSDC (2014) and ACI318-11 were satisfied. Shear capacity parameters
were separated into two bins, for walls with f°; < 8ksi and f’¢ > 8ksi, as described in Chapter 7.
Once the demand and capacity statistical parameters were defined, closed-form solutions were

used to compute probability of failure with the corresponding reliability index, .

Additionally, Monte Carlo simulations were used to assess reliability of the current
structural wall shear design criterion. The MCE level shear demands from Monte Carlo
simulations (Chapter 6) were used; the demands were normalized by their means, and shear
capacities were randomly generated using the statistical parameters described in Chapter 7. A
total of 1000 simulations were performed. A summary of all reliability methodology and

parameters used is provided in Table 8-2 below.

In Chapter 6, the total measured dispersion for shear demand ranged between 0.20 and
0.45 for all hazard levels. Thus, reliability results were recommended using a realistic shear

dispersion value value of pp = 0.40 and a conservative shear dispersion value of pp = 0.50.
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Figure 8-1. Flowchart of component reliability assessment using closed form solutions

Table 8-2. Summary of all reliability methodology and parameters considered

[Bin] Demand :
Chapter Methodology Distribution Parameters Capacity
v=1.0 (pp=0.2100.6) £ < 8ksi
Full Distribution Normal 07220 ( o 0.2100.6) | * Wood (1990)
Method (closed- oy=c3 (pp=1.£109.0) |
[1] form solutions) =10 (pp=0.2t00.6) | Lognormal
Lognormal . distribution
Ch.86.1 toy=2.0 (pp=0.2100.6) | ® Mean = 1.67
Monte Carlo ° pc =0.40
Simulations Actual y=1.0toy=2.0
- 1000 runs (Chapter 6) pp = actual (Ch. 6)
v=1.0 (pp =0.210 0.6) ¢ > 8ksi
Full Distribution | Normal
Method (closed- toy =2.0 (pp =0.2t00.6) | » Wallace (1998)
[2] form solutions) v=10 (pp=021006) - Normal
Lognormal . distribution
Ch.8.6.3 toy=2.0 (pp=0.2100.6) | ° Mean =157
Monte Carlo ° pc =0.20
Simulations Actual vy=1.0toy=2.0
- 1000 runs (Chapter 6) pp = actual (Ch. 6)
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8.6.  Shear Design Reliability | MCE Hazard Level

8.6.1. Structural Walls with . < 8Kksi
Shear design reliability was first assessed for structural walls with concrete compressive
strengths less than 8ksi. Statistical parameters for shear capacity were held constant, as shown

on Figure 7-2(b).

First, using closed-form solutions, the relationship between reliability and vy are plotted on
Figure 8-2(a) for a range of pp; these were plotted upon examining normal and lognormal
distributions for shear demands and the more conservative case was plotted for each combination
of y and pp. As expected, to achieve the same level of reliability, demand factors increased as
shear demand dispersion increased. Furthermore, when examining a fixed demand factor,
reliabilities decreased with increasing shear demand dispersion. Using a realistic shear
dispersion value (pp=0.40), y for 90%, 94%, and 97% reliabilities corresponded to approximately
1.25, 1.40, and 1.70, respectively. Using a conservative shear dispersion value (pp=0.50), y for
90%, 94%, and 97% reliabilities corresponded to approximately 1.30, 1.50, and 1.85,
respectively. These values were rounded up to the nearest 0.05 and were summarized in Table
8-5. Next, reliability results computed directly from Monte Carlo simulations performed in
Chapter 6 were compared to the closed-form solutions and results--see Figure 8-2(b). A
summary of all Monte Carlo simulations used to compute reliability results are presented on
Table 8-3. As it can be seen, results from Monte Carlo simulations provide a fairly close
estimation, compared to the closed-form solutions. The differences in the closed-form solutions
and Monte Carlo simulations resulted from two main reasons, where (1) the closed-form
solutions were computed from worst-case scenarios resulting from shear demands following

either normal or lognormal distributions, whereas shear demands from Monte Carlo simulations
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were not fitted to any distributions, and (2) since Monte Carlo simulations were performed 1000

times, there was a variation in the Monte Carlo probability of failure estimator, and this is further

discussed in the next section.
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Figure 8-2. Shear design reliability | MCE hazard for structural walls with ¢ < 8ksi (a) per
closed-form solutions and (b) comparative results between closed-form solutions and Monte
Carlo simulations

Table 8-3. Summary of MCE level Monte Carlo simulations

Analysis Ground Software . RV used for Shear demand
Type Motions Platform Model Figure 8-2(b) and COV, pp
Figure 8-4(b) (Chapter 6)
Monte Carlo gﬂ:ig Perform 3D 30-Story Independent 822
simulations Suite C Opensees 20-Story Independent 0.44
Suite D 30-Story 0.42
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8.6.2. Variations in Monte Carlo Probability of Failure Estimator
Using the properties of the Monte Carlo probability of failure estimator, P; (Nowak and Collins,
2000), the required number of samples can be calculated through

_1-p
62 'Pf

n

where n is the required number of runs and & is variation in Ps. This relationship is further
depicted graphically in Figure 8-3. Since Monte Carlo simulations were performed 1000 times
(as presented in Chapter 6), the variations in P¢ was less than 0.10 when P; was less than 0.10,
whereas variations increased as smaller Ps was considered. For all risk categories, the variations
in the Monte Carlo P; are summarized in Table 8-4. For all reliabilities computed for risk

categories | through 1V, the variations were between approximately 0.10 and 0.18.

108
§=0.01
§=0.1
| —d=02
107 ==—=g=0.3
=]
10*
10% :
0.1 0.01 0.001

Py

Figure 8-3. Variations in Monte Carlo probability of failure estimator versus required number of
runs

Table 8-4. Summary of variations in Monte Carlo probability of failure estimator

Risk Category Ps n )
I and 1l 0.10 1000 0.095
11 0.06 1000 0.125
1\ 0.03 1000 0.179

173



8.6.3. Structural Walls with °; > 8ksi

The procedures described in Chapter 8.6.1 were repeated to evaluate structural walls with ¢ >
8ksi. Statistical parameters for shear capacity were held constant, as shown on Figure 7-2(a).
First, using closed-form solutions, the relationship between reliability and y are plotted on Figure
8-4(a) for a range of pp; these were plotted upon examining normal and lognormal distributions
for shear demands and the more conservative case was plotted for each combination of y and pp.
Using a realistic shear dispersion value (pp=0.40), y for 90%, 94%, and 97% reliabilities
corresponded to approximately 1.10, 1.25, and 1.40, respectively. Using a conservative shear
dispersion value (pp=0.50), y for 90%, 94%, and 97% reliabilities corresponded to approximately
1.15, 1.35, and 1.55, respectively; these values are summarized in Table 8-5. The comparative
results computed from Monte Carlo simulations and closed-form solutions are presented on
Figure 8-4(b). The reliability results calculated from Monte Carlo simulations provide a fairly
close estimation, compared to the closed-form solutions, and the sources of differences are

described in Chapter 8.6.1.
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Figure 8-4. Shear design reliability | MCE hazard for structural walls with f’¢ > 8ksi (a) per
closed-form solutions and (b) comparative results between closed-form solutions and Monte
Carlo simulations
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Table 8-5. Comparison of minimum required y to achieve anticipated reliability versus current y

Minimum required Current!
Structural Wall Risk N
P Category | ehability | 040 o0 050 (I
(realistic) | (conservative) (empirical)
I, 1 90% 1.25 1.30 1.50
¢ < 8ksi 11 94% 1.40 1.50 1.50
v 97% 1.70 1.85 -
111 90% 1.10 1.15 1.50
¢ > 8ksi 11 94% 1.25 1.35 1.50
v 97% 1.40 1.55 -

L LATBSDC (2014)

8.6.4. Summary

A summary of reliability results from Sections 8.6.1 and 8.6.3 are tabulated on Table 8-6. In
addition to using measured pc for shear capacity, reliability results from more conservative pc
values were computed for comparison. Linear interpolations of y provide conservative estimates

of shear design reliability and shaded regions indicate reliability less than 90%.

Table 8-6. Shear design reliability (%) | MCE hazard based on various values of v, pp, and pc

£, < 8ksi £, > 8ksi
Capacity po Pp Capacity
covipe | ¥ | 0203|0405 06]02]03]04alo5]06]| " | COV.pc
1.0 | 85.3 | 83.4 (814|792 |77.2(93.6 |90.4|86.7 (833|801 1.0
(M&;‘Sred) 1.5 | 97.6 | 96.7 | 955 | 94.2 | 92.7 [ 99.6 | 99.0 | 97.9 | 965 | 95.1 | 15 (Mfa;?red)
2.0 [ 99.6 | 99.2 | 98.7 | 98.0 | 97.3(99.9 | 99.8 | 99.5 | 99.0 | 98.3 | 2.0
1.0 | 79.3 | 783|768 | 753 |74.0(86.7 |84.4 (820|793 |77.4]| 1.0
0.50 1.5 | 94.6 | 93.6 | 925 | 91.0 | 89.6  96.8 | 95.9 | 94.9 | 93.7 | 92.7 | 15 0.30
2.0 | 98.4 (979|972 |96.4| 956 98.7 |98.4|98.0|974|96.7| 2.0
1.0 | 73.7 | 732|725 |71.7 | 70.7 | 80.6 | 79.5 | 77.8 | 76.3 | 74.4 | 1.0
0.60 1.5 | 90.6 | 89.8 | 88.6 | 87.5 | 86.4 | 92.0 | 91.4 | 90.7 | 89.8 | 88.7 | 15 0.40
2.0 | 965|959 | 952|943 | 933|954 | 950 | 94.6 | 94.1 | 93.6 | 2.0
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8.7.  Shear Design Reliability | All Hazard Levels

In addition to MCE hazard results, shear design reliability was computed at all hazard levels
using mean shear demand ratios as shown on Table 6-9. Mean shear demand ratios for SLE25,
SLE43, DBE, MCE and OVE hazard levels were 0.38, 0.44, 0.81, 1.0, and 1.07 (normalized at
MCE level), respectively. Using these means, reliability values were computed and presented as
a function of ground motion intensity, denoted as spectral acceleration at first mode period:
Sa(T;). The results are presented on Figure 8-5. The blue single-hatched region indicates
reliability using y=1.5, the black speckled region indicates reliability using y=1.3, and the red
cross-hatched region indicates reliability using y=1.0; all regions were computed with pp
between 0.20 and 0.60. The data points were fitted with maximum likelihood estimation method
by Baker (2011). It is apparent that using the current recommendations of 1.5-E,. for shear
demand results in over 90% reliability for ground motion intensities up to Sa(T;) =0.40 and 0.50
for structural walls with ¢ < 8ksi and f°; > 8ksi, respectively. However, the values shown on
Figure 8-5 were computed based on a case study 30-story building; further studies are necessary

to normalize these results for tall reinforced-concrete core wall buildings.

0.8

o
=
S

Reliability | Sa(T )
(=]
(o<}
Reliability | Sa(T )

0.6 T T T T 0.6 T T T T
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5
Sa(T)) Sa(T,)
(a) (b)
Figure 8-5. Shear design reliability at various ground motion intensities for structural walls with
(a) ¢ < 8ksi (b) f*¢ > 8ksi
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8.8.  Conclusions

A methodology was developed to assess reliability of structural wall shear design for tall
reinforced-concrete core wall buildings. Given statistical parameters for shear demand and
capacity, closed-form solutions and Monte Carlo simulations were utilized to evaluate reliability
of the current shear design acceptance criterion set forth by LATBSDC (2014). Reliabilities
were computed with various parameters for shear demand and capacity. Based on the findings,

the following conclusions were reached:

1. The current recommended shear design acceptance criterion, y-Fyc < «i-¢-Fne Where y=1.5,
$=1.0, x=1.0, and pp = 0.50, resulted in 96.5% reliability for structural walls with ’; >
8ksi and 94.2% for structural walls with ¢ < 8ksi, conditioned upon MCE hazard level
ground shaking, for the 20- and 30-story buildings studied.

2. For realistic reliability recommendations, pp = 0.40 was used. For all ranges of f’¢
considered, y=1.25 is required to achieve 90% reliability, y=1.4 is required to achieve 94%
reliability, and y=1.7 is required to achieve 97% reliability.

3. For conservative reliability recommendations, pp = 0.50 was used. For all ranges of f’;
considered, y=1.3 is required to achieve 90% reliability, y=1.5 is required to achieve 94%
reliability, and y=1.85 is required to achieve 97% reliability.

4. Using the current recommendations of 1.5-F,. for shear demand on a case study 30-story
building resulted in over 90% reliability for ground motion intensities up to Sa(T1) =0.40

and 0.50 for structural walls with f°; < 8ksi and f’¢c > 8ksi, respectively.
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8.9. Limitations and Future Work

Limitations and future work are listed as follows.

1. The shear design reliabilities in this chapter were conducted using shear demand
dispersion information from 20 and 30-story buildings at one project site. However, to
recommend any changes in the governing building codes and tall building design
guidelines, a reliability study including a large population of tall buildings is further
needed to calibrate y and ¢ factors.

2. This study focused primarily on reliability of structural wall shear design reliability.
However, it would be worthwhile to expand this study to examine reliability of other
components for tall reinforced-concrete core wall buildings. Examining reliability of
deformation-controlled components, such as coupling beams and flexural capacity of
structural walls, will provide useful information not only on component levels but also on

how the performance of these components may contribute to the system level reliability.

178



CHAPTER 9. CONCLUSIONS

Reliability of structural wall shear design for tall reinforced-concrete core wall buildings was
examined for various risk categories and ground motion intensities. Statistical parameters for
shear demand were quantified through 20 and 30-story building nonlinear response history
analyses performed through Monte Carlo simulations, and statistical parameters for shear
capacity were measured through existing shear controlled wall test results. Given the statistical
parameters for shear demand and capacity, closed-form solutions and Monte Carlo simulations
were utilized to evaluate reliability of the current shear design acceptance criterion set forth by

LATBSDC (2014):

Fuc S KipFpe
where F, is 1.5 times the mean shear demand resulting from a suite of ground motions, F, . is
the nominal strength computed from expected material properties, ¢ is the uncertainty in £, .,
taken as 1.0, and «; is the risk reduction factor, taken as 1.0 for the MCE level analysis. The 1.5
factor applied to the mean shear demand is referred to as the demand factor, y. Reliabilities were
computed with various statistical parameters for shear demand and capacity. It is important to
note that these reliabilities were computed based on the assumption that flexural yielding in walls
was limited by following all axial tensile and compressive strain requirements as noted in Figure
7-5. This ensures that there is no significant shear capacity degradation in structural walls. The

following conclusions were drawn from the results:
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Tall Building Modeling — Materials

1. As documented in Nowak et al (2008), expected concrete compressive strengths should
be adjusted to 1.1-f¢ for high strength concrete compressive strengths ranging between
6ksi and 12ksi, unless project-specific material testing is conducted to justify a higher
value. Current guidelines for the use of 1.3-’; per LATBSDC (2014) is more appropriate
for normal strength concrete; the incorrect use of expected strength factors can result in

inaccurate shear demands and capacities.

Tall Building Modeling — Systems

2. The use of Rayleigh versus modal damping in Perform 3D analysis resulted in notable
differences for the 30-story reinforced concrete core wall building. Using Rayleigh
damping generally resulted in underestimation of coupling beam rotations, up to 18%,
underestimation of base shear demands, up to 14%, whereas it had minor effects

(typically less than 5%) on interstory drifts.

Quantification of Dispersion in Various Engineering Demand Parameters

3. From both 3D (Perform 3D) and 2D (Opensees) Monte Carlo simulations, total
dispersion for all EDPs were quantified as COV. Across all hazard levels, total
dispersion ranged between 0.20-0.45 for base shear forces and roof drifts, 0.40-0.85 for
coupling beam rotations, 0.40-0.60 and 0.15-0.40 for tensile and compressive axial
strains at shear wall corner boundary elements, and 0.40-0.65 and 0.40-0.75 and 0.20-
0.75 for tensile and compressive axial strains at shear wall end boundary elements. The
dispersion in EDPs was the largest for coupling beam rotations and shear wall axial
strains.
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4. Probability distributions were either lognormal or normal for all EDPs at all hazard levels.
For reliability or collapse analysis, investigating results from both probability
distributions to determine a more conservative case is recommended at this time.

5. For structural reliability or collapse analyses, appropriate uses of dispersion measure
from DBE, MCE, and OVE columns in Table 6-8 are recommended. In all cases,
minimum values of 0.20 and 0.05 are recommended for RTR variability and model
parameter/design uncertainties, respectively.

6. Relative contributions to total dispersion consisted of 72% to 98% from RTR variability
and 2% to 28% from model parameter/design uncertainties. Thus, RTR variability was
the dominant source of uncertainty which is in agreement with findings from Porter et al
(2002) and Lee and Mosalam (2005).

7. Changes in dispersion measure due to positive correlation in model parameter random
variables ranged from -6% to +5%; thus, introducing positive correlation in model

parameter uncertainties did not have a significant impact in dispersion estimation.

Shear Capacity Mean and Dispersion

8. For structural walls with ¢ > 8ksi, 37 shear-controlled wall tests were examined. Shear
capacity had a mean overstrength of 1.57 with a coefficient of variation of 0.20. The data
were observed to follow normal distribution.

9. For structural walls with f°; < 8ksi, 143 shear-controlled wall tests were examined. Shear
capacity had a mean overstrength of 1.67 with a coefficient of variation of 0.40. The data
were observed to follow lognormal distribution. The measured dispersion derives from
variability and uncertainties in nominal shear strength prediction equation, material

strengths including concrete compressive strengths and reinforcing steel yield strengths,
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10.

construction quality, variations in test setup and test instrumentation, and other possible
errors.
The current nominal shear strength equation presented in ACI318-11 (shown below) is

conservative by aforementioned overstrength factors.

Ve = Acy [acl\/ﬁ + ptfy]

Reliability of Structural Wall Shear Design

11.

12.

13.

14.

The current recommended shear design acceptance criterion, y-Fyc < i-¢-Fn e Where y=1.5,
$=1.0, x=1.0, and pp = 0.50, resulted in 96.5% reliability for structural walls with ’; >
8ksi and 94.2% for structural walls with f; < 8ksi, conditioned upon MCE hazard level
ground shaking, for the 20- and 30-story buildings studied.

For realistic reliability recommendations, pp = 0.40 was used. For all ranges of f’;
considered, y=1.25 is required to achieve 90% reliability, y=1.4 is required to achieve 94%
reliability, and y=1.7 is required to achieve 97% reliability.

For conservative reliability recommendations, pp = 0.50 was used. For all ranges of f’;
considered, y=1.3 is required to achieve 90% reliability, y=1.5 is required to achieve 94%
reliability, and y=1.85 is required to achieve 97% reliability.

Using the current recommendations of 1.5-F, . for shear demand on a case study 30-story
building resulted in over 90% reliability for ground motion intensities up to Sa(T;) =0.40

and 0.50 for structural walls with f°; < 8ksi and {’¢ > 8ksi, respectively.
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APPENDIX A

Description of the 20-Story Building

The 20-story office building is located in Los Angeles, California. The building consists of
centrally located shear walls with coupling beams that wrap the elevator core. It has a typical
floor area of 8,464 square feet and a typical story height of 11-feet. The gravity system consist
of 8-inch two-way, post-tensioned concrete slabs on level 1 through the roof level. Figure A-1
shows a typical plan view of levels 1 through roof. Figure A-2 shows an elevation view of the
south core walls. The two-way slabs are supported on 24-inch by 24-inch concrete columns at
the exterior of the building and concrete shear walls at the interior of the building. The lateral
system consist of 24-inch thick concrete shear walls coupled with 36-inch deep, diagonally
reinforced coupling beams. See Table A-1 for a summary of structural system and element sizes
over the height of the building. The gravity loading criteria is the same as those specified for the

30-story building, as shown on Chapter 4.3.

Table A-1. Dimensions of structural members for 20-story building

Element Level Structural system & size
Shear walls 1-Roof 24-in. thick reinforced concrete
Coupling beams 1-Roof 24-in x 36-in. deep reinforced concrete
Slabs 1-Roof 8-in. thick post-tensioned concrete
Columns 1-Roof 24-in. x 24-in. reinforced concrete
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Figure A-2. 20-Story building, Elevation A of south wall

Strength and Stiffness Properties
The material strength and stiffness properties shown for the 30-story building in Chapter 4.5.2
were used to design the 20-story building. However, concrete properties shown on Chapter 5

were used for Monte Carlo simulations.
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Coupling Beam and Structural Wall Designs

Diagonally reinforced coupling beams were designed with 6-#8 reinforcing per bundle and the
strength-deformation parameters were calculated per procedures shown on Chapter 4. The
structural walls were modeled with confined concrete for boundary elements and with
unconfined concrete for web regions. The boundary elements were 48-inches in length and
consisted of 3% reinforcing steel, and both web and transverse reinforcing steel ratios were
specified at 0.41%. Other modeling procedures for structural walls were as shown on Chapter

45.3.
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APPENDIX B

This section includes various sensitivity studies conducted from a 30-story reinforced-concrete
core wall building. The basis of design from Chapter 4 was used to create a nonlinear model in
Perform 3D. Although the design, modeling, and analysis procedures were very similar to the
one demonstrated in Chapter 4, there were minor differences in design, such as shear wall and
coupling beam thicknesses, and the amount of reinforcing in boundary elements and diagonally
reinforced coupling beams. These small differences were deemed unimportant since relative
values were evaluated in sensitivity studies. All sensitivity studies were conducted using 15
ground motions at the MCE level, except for the analysis of shear wall compressive zones, where
MCE ground motion #14 was used. The following sensitivity studies are included in this

Appendix:

1. Embedded Beam Sensitivity Study
a. Embedded beam connected between 2 nodes (EI/L=10) versus 3 nodes (EI/L=20)
b. Embedded beam stiffness varied between 1, 5, 10, 20, 40 times E¢,
2. Rayleigh Damping versus Modal Damping
a. Interstory drifts
b. Coupling beam drifts
c. Shear demands
3. Shear Wall Axial Strains

4. Analysis of Core Wall Compressive Zones
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1. Embedded Beam Sensitivity Study

Embedded beams are generally recommended to be modeled with 20 times the stiffness of the

coupling beams (Powell, 2007). However, when the shear walls are significantly longer than the

coupling beams, 20-E may not be stiff enough to capture the correct rotational values of coupling

beams. In this section, the differences between the two cases, when (1) the shear walls are twice

as long as coupling beams versus when (2) the shear walls are the same length as coupling beams,

are explored.

a. Embedded beam connected between 2 nodes (EI/L=10) versus 3 nodes (EI/L=20)

Embedded beam E = 20-E,, EI/L= 10

Embedded beam E = 20-E, EI/L =20
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Table B-1. Summary of coupling beam rotations and errors for EI/L=10 and 20

Mean Values EI/L North South West East
10 0.029 0.029 0.031 0.031
+ Rotations 20 0.025 0.026 0.030 0.030
% difference 16% 12% 3.3% 3.3%
10 -0.019 -0.020 -0.027 -0.026
- Rotations 20 -0.021 -0.021 -0.025 -0.025
% difference -9.5% -4.8% 8% 4%

It can be seen from Table B-1 that the differences in coupling beam rotations due to softer
embedded beams (EI/L = 10) can vary between approximately -10% and 16%. To avoid these

errors, shear walls should be meshed to similar lengths as the coupling beams.

In the following section, the two cases, where embedded beams are 1, 5, 10, 20, and 40

times the stiffness of coupling beams, are explored.
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b. Embedded beam stiffness varied between 1, 5, 10, 20, 40 times E¢,

Embedded beam | = 20-ft, EI/L = Varies

Embedded beam | = 10-ft, EI/L = Varies
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In both cases, the solutions start to converge above 10-E, as shown on Figure B-3 and Figure B-4.
In Figure B-4, the results from 20-E and 40-E are almost identical. In Figure B-3, more

dispersion (error) among the five cases are noted, due to the use of softer embedded beams.
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2. Rayleigh Damping versus Modal Damping
For the case of coupled shear walls, the use of Rayleigh versus modal damping can result in
notable differences due to the way damping is implemented. When Rayleigh damping is used,
the BK damping coefficient for coupling beams is based on the initial elastic bending and shear
stiffness values, which can be large. When the coupling beams yield, although the ductility
ratios are usually substantial, the K damping coefficients stay constant; this can overestimate
the PK energy dissipation and underestimate the deformations of the coupling beams (CSI, 2011).

For modal damping, this is not a potential issue.

However, when modal damping is used, damping matrix is only based on the modes
where mode shapes have been calculated. Since in a real structure, the number of degrees of
freedom is much larger than the number of modes generally considered in analysis, many
displaced shapes will be undamped. Thus, a small amount of Rayleigh damping is used in

conjunction with modal damping to ensure that the higher modes are damped.

In the following subsections, the differences in interstory drifts, coupling beam rotations,
and shear demands are presented from the two models where (1) 3% damping at 0.33-T; and
1.5-T; was assigned for Rayleigh damping, which resulted in approximately 2.5% damping at the
first mode period (noted as RD) and (2) 2.4% modal damping (noted as MD) in conjunction with

0.1% Rayleigh damping was used. The differences in structural responses were calculated as:

, (MD — RD)
% Difference = TXlOO%
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a. Interstory Drifts
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Figure B-5. 30-story building interstory drift comparision between Rayleigh damping and modal
damping for (a) H1 direction (b) H2 direction and (c) % difference
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b. Coupling beam rotations
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Figure B-6. 30-story building coupling beam rotations comparision between Rayleigh damping
and modal damping for (a) North (b) South (c) West and (d) East coupling beams
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Rayleigh damping and modal damping in (a) positive rotations and (b) negative rotations
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c. Shear demands
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Figure B-8. 30-story building base shear comparision between Rayleigh damping and modal
damping for (a) H1 direction (b) H2 direction and (c) % difference
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The changes in interstory drifts due to the two different damping methods were minor, as shown
on Figure B-5. For most levels, the changes were less than 5% and the maximum difference was

reflected on the +H2 direction interstory drift, on the roof level, at 8.4%.

As expected, the rotations in the coupling beams were mostly underestimated with
Rayleigh damping, as shown on Figure B-6. The modal damping responses generally higher
with an upwards trend with increasing height (refer to Figure B-7). The maximum differences
were shown from the positive rotations in the North coupling beam, at 18.1%. The exception to
this trend was shown for negative responses in the North and South coupling beams, where

modal responses were lower by up to 8.5%.

With the use of Rayleigh damping, the yielding of coupling beams was delayed which in
turn delayed the onset of yielding for the shear walls. Thus, the underestimation in coupling
beam rotations resulted in underestimation in shear forces. This is clearly shown on Figure B-8.
Modal damping base shear responses were on average 14.4% greater than base shear responses
from Rayleigh damping. The differences in base shear were smallest around level 5 and had an
upwards trend with increasing height. The greatest differences were shown for both positive and

negative direction H2 shear forces, towards the roof, at 52.9%.
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3. Shear Wall Axial Strains

When several shear wall elements are modeled within the plastic hinge length (story height in

this case), the plastic hinge rotations will tend to be concentrated in the lowest row of elements.

Thus, strain gages are generally modeled to compute average axial strains over the plastic hinge

length. A comparative study is demonstrated below; on the left, axial strains are plotted from

shear wall elements from the lowest row of elements, whereas on the right, axial strains are

plotted from strain gages over the height of each story.

Axial strain from lowest row of shear wall

Axial strain from strain gages

elements
°© ¢ °© o
s wi. AV VOO e o T T e o
EE)EMMPEONUT@WP % 7 7 550 ® gﬁéé STTYRPAW e I 350" ©
WAN A ever o2 2 L] LEVEL 02
& |97 0% 220 S e T — 20 ®
"\ iz, .—@LEVEL o1 wF D D ‘D D LEVEL 01
o A EE\ =0’ YO o o ®
g GROUND o : { :
i Fy i i i LW@ o ‘l:u:k ‘l:u:k GRé)LiNOD 2
30 r 30 -f r o r
i-? 54 — 1-w/15GM ]1-2‘ 3_1 ‘T 1-.u/15GM
257 I_T”,_I —+ 2-u/15GM | 251 ﬂ”._t = % 2-/156M |
E 20 - 3-u/15GM - § 20 - 3-w/15GM -
3 4-u/15GM o 4-/15GM
S 157 - | T 15- N
8 8
L 10 - | B 10+ -
- .3
5- M= g ¥ Max = 0.014 57 Min=-0.002 £ T Max=0.009
-0.002 & E & =
0 s e 0-t s e !
-0.01 0 0.01 0.02 -0.01 -0.005 0 0.005 0.01

Comp. Strain (MCE, North Wall) Tensile Strain

(a)

202

Comp. Strain (MCE, North Wall) Tensile Strain

(@)



Floor Level

Floor Level

i
— 5-u/15GM
—% 6-u/15GM
7-u/15GM El
8-wW/15GM 9
i 5]
o
. [
Max = 0.012
0.01 0.02
Comp. Strain (MCE, South Wall) Tensile Strain
(b)
30 L
25 A — A-W/15GM
E —% B-p/15GM
20 - C-u/15GM T
D-w/15GM @
15 - " -z
o
L=
10 - L [
5 Max = 0.017 |
0 ! _
-0.01 0.01 0.02
Comp. Strain (MCE, West Wall) Tensile Strain
()

203

30 -f r r
21 — 5-u/15GM
25 é‘?% ~% 6-u/15GM
20 - 7-u/15GM
8-u/15GM
15 -
10 -
5 7*'-: i
Min=-0.002 £ % Max=0.007
0 L L w -?E:» L ‘f.:- T
-0.01  -0.005 0 0.005  0.01

Comp. Strain (MCE, South Wall) Tensile Strain

30 -f . . g:f: L
oA EE — AWI156M
AT S £+ BwiseM
20 - £ 5 CwisGM
T2 D-u/15GM
15 - :
10 -
5 Min = -0.002 Max = 0.009
0-L : S—
-0.01  -0.005 0 0.005 0.01
Comp. Strain (MCE, West Wall) Tensile Strain

(©)




30 : 30 -f " ik :
2. IAIE : ~— E-w/15GM . I3 - E-W/15GM
| | 3 —+ F-p/15GM | B | —% F-p/15GM
< 20- gE G-p/15GM |- | = 20- G-u/15GM |-
3 4 Hep g
£ -1/15GM ® H-p/15GM
2 15+ i - 2 ise : i
o T 87 o
S S
T 10- ; ~ | 10~ : -
Min = :  :
51 ~ E L Max=0.016 57 Min = -0.002 . Max = 0.008
-0.002 ,J:\E: 2‘.‘.1%' e i %—éf:'
0 ;L?jt? L e L ! :t- C 0 C L L-- & L ‘ ‘%‘ C
-0.01 0 0.01 0.02 -0.01  -0.005 0 0.005  0.01

Comp. Strain (MCE, East Wall) Tensile Strain

Figure B-9. Axial strains are plotted from the
lowest row of shear wall elements.

(d)

Comp. Strain (MCE, East Wall) Tensile Strain

(d)

Figure B-10. Axial strains are plotted from
strain gages over the height of each story.

Table B-2. Summary of tensile and compressive axial strains and errors

North Wall South Wall West Wall East Wall

Mean Values Method Pyl PH PH PH
Tensile Ele.ments 0.014 0.012 0.017 0.016
strains Strain gage 0.009 0.007 0.009 0.008
% difference 55.6% 71.4% 88.9% 100%
Compressive Ele_ments -0.002 -0.002 -0.002 -0.002
strains Strain gage -0.002 -0.002 -0.002 -0.002

% difference 0% 0% 0% 0%

! plastic hinge

As shown on Table B-2, the tensile axial strains were concentrated in the lowest row of elements,

and the mean strains were higher by approximately 56% to 100%, in comparison to the tensile

axial strains that were averaged over the plastic hinge lengths. Thus, modeling strain gages over

the plastic hinge lengths are recommended to capture the correct axial strains.
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4. Analysis of Core Wall Compressive Zones
Shear wall axial strains were examined at 5 locations per L-shaped core walls (refer to Figure B-
12) to study compressive zones. Understanding compressive zones is important to define the
areas of confinement within boundary elements. Strain values from ground motion #14 were
plotted at various times corresponding to peak displacement values, specifically at 8.4, 10.1, 12.4,
14.0, 18.0, 19.3, 29.7, and 31.3 seconds. The results are shown on Figure B-12; per each
selected time step, time history plots are shown for displacements in X and Y directions, and
shear wall axial strains are plotted. Similar studies can be conducted using all MCE level ground
motions to examine compressive zones within limiting confinement strains and to determine
boundary element lengths. On the other hand, it is common practice to provide nominal
confinement (along with cross ties at every longitudinal reinforcement) in the entire core wall
area within plastic hinge locations, as well as in the stories above, or to establish minimum

confinement areas as shown on Figure B-11.
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Figure B-11. Minimum core wall boundary element
lengths, per common practice
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4. t=14.0 seconds
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5. t=18.0 seconds

6. t=19.3 seconds
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7. t=29.7 seconds

8. t=31.3 seconds
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Figure B-12. Core wall axial strains plotted for GM #14 at 8.4, 10.1, 12.4, 14.0, 18.0, 19.3, 29.7,
and 31.3 seconds.
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APPENDIX C

A comprehensive set of dispersion plots are presented for all engineering demand parameters

explored in Chapter 6.

Base Shear Force
See Chapter 6.4.1 for base shear dispersion plots in H1 and H2 directions and Chapter 6.4.2 for
convergence plots for the dispersion measure in both directions. Histograms overlaid with

probability distributions for each hazard level in both directions are presented in this section.
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Figure C-1. Normalized base shear histogram and fitted distribution for H1 direction (a) SLE25

(b) SLE43 (c) DBE(15) (d) DBE(30) () MCE(15) (f) MCE(30) and (g) OVE hazard levels
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Figure C-2. Normalized base shear histogram and fitted distribution for H2 direction (a) SLE25
(b) SLE43 (c) DBE(15) (d) DBE(30) (¢) MCE(15) (f) MCE(30) and (g) OVE hazard levels
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Roof Drifts

See Chapter 6.4.3 for roof drift dispersion plots in H1 and H2 directions. Convergence plots for

the dispersion measure in H1 and H2 directions, as well as histograms overlaid with probability

distributions for each hazard level in both directions are presented in this section.
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Figure C-3. Convergence test for dispersion measure: COV versus number of runs
for roof drifts, in (a) H1 and (b) H2 directions
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Coupling Beam Rotations

The following plots are presented for coupling beam rotations: dispersion for North, East, South,
and West coupling beams on the 20™ floor, convergence for the dispersion measure for the four
coupling beams, and histograms overlaid with probability distributions for each hazard level, for

the four coupling beams.
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Figure C-6. 30-Story building 20" floor coupling beam rotations, mean and dispersion at
5 hazard levels for (a) North (b) East (c) South and (d) West coupling beams

215




North CB Rotation

South CB Rotation

12 L r r r r
SLE25 = DBE(30) ===+ OVE
1 SLE43 —— MCE(15) -
—— DBE(15) —— MCE(30)

0 T T T T
0 200 400 600 800 1000
No. of Runs
(a)
1.2 I r r r r
SLE25 = DBE(30) ===- OVE
1 SLE43 —— MCE(15) N
— DBE(15) = MCE(30)

800

400 600
No. of Runs

(©)

0 200

Figure C-7. Convergence test for dispersion measure: COV versus number of runs for

1000

East CB Rotation

West CB Rotation

r r r r

SLE25 = DBE(30) ===- OVE
SLE43 —— MCE(15)
—— DBE(15) —— MCE(30)

0.2 L
0 T T T T
0 200 400 600 800 1000
No. of Runs
(b)
1.2 I r r r r
SLE25 = DBE(30) ==-=- OVE
1- SLE43 — MCE(15)
— DBE(15) = MCE(30)

800

400 600
No. of Runs

(d)

200

(a) North (b) East (c) South and (d) West coupling beams

216

1000



Frequency

Frequency

250
Bl SLE2S
200 — Lognormal
150
100
50
0 L
0 2 4 6 8
North CB Rotation , 143
(a)
150
Il DBE(30)
— Lognormal
100
50
0

0 002 004 006 008
North CB Rotation

(d)

150
Il SLE43
=—Normal
2 100
c
S
g
w 50
0 ‘
0 0.005 0.01
North CB Rotation
(b)
200
I MCE(15)
150 — Lognormal
>
2
S 100
53
L
50
0 L
0 0.05 0.1 0.15 0.2
North CB Rotation
(e)
100
IlOVE
80 — Lognormal
>
2 60
(<3}
3
g 40
L
20
0

0 005 01 015 02

North CB Rotation

@)

Frequency

Frequency

150

[N
o
o

50

100

(o]
o

D
o

I
o

N
o

o

I DBE(15)

=—Normal

o

0.05
North C

()

0 0.02 0.04 0.06
North CB Rotation
(c)
I VICE(30)

— Lognormal

01 015 02
B Rotation

Figure C-8. North coupling beam histogram and fitted distribution for (a) SLE25 (b) SLE43
(c) DBE(15) (d) DBE(30) () MCE(15) (f) MCE(30) and (g) OVE hazard levels

217



Frequency

Frequency

250
Bl SLE2S
200 — Lognormal
150
100
50
0
0 2 4 6 8
East CB Rotation , 143
(a)
150
Il DBE(30)
— Lognormal
100
50
0

0 002 004 006 008
East CB Rotation

(d)

200

150

100

Frequency

50

200

150

100

Frequency

50

150

100

Frequency

al
o

Ml SLE43
— Lognormal

0.005
East CB Rotation

(b)

001 0015

Bl VCE(15)

—Normal

005 01 015 02
East CB Rotation

(€)

ElOVE

— Lognormal

005 01 015 0.2
East CB Rotation

@)

Frequency

Frequency

100

80

I DBE(15)

— Lognormal

60
40
20
0 L
0 0.02 0.04 0.06
East CB Rotation
(c)
200
Il MCE(30)
150 — Lognormal
100
50
0 L
0 0.05 01 015 0.2

East CB Rotation

()

Figure C-9. East coupling beam histogram and fitted distribution for (a) SLE25 (b) SLE43
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Tensile Axial Strains
The following plots are presented for tensile axial strains: dispersion for boundary element

locations #1 through #16 (as shown on Figure 6-9) and histograms overlaid with probability

distributions.
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Figure C-12. 30-Story building structural wall boundary element tensile axial strains, mean and

dispersion at 5 hazard levels for BE (a) #1 (b) #4 (c) #5 and (d) #8
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dispersion at 5 hazard levels for BE (a) #2 (b) #3 (c) #6 (d) #7 (e) #9 (f) #10 (g) #11 and (h) #12

()

227

Tensile Strain, BE #12

0.014

0.012 A

0.01 4

0.008 1

0.006

0.004 -

0.002 A

—15GM

—30GM
+  Mean
A Meanto 0.52
0 XX COV \
0.42 0.68
0.51 047 — /ﬁ—\\\
7
yd
0.55 055 ~
- S : : :
SLE25 SLE43 DBE MCE OVE
Hazard

(h)




150+ 100 150
Bl sSLE2S Bl SLE43 Il DBE(15)
— Lognormal 80 — Lognormal —Normal
2 100 2 60 2 100
s s s
> > >
g g 40 g
C 50 T w 50
20
0 - 0 — 0 -
0 0.5 1 0 0.5 1 15 0 2 4 6
Tensile Strain, BE#2 , 143 Tensile Strain, BE #2 , 13 Tensile Strain, BE#2 , 143
(a) (b) (©)
150 200 200
Il DBE(30) Il MCE(15) Il MCE(30)
— Lognormal 150 — Lognormal 150 — Lognormal
2 100 2 )
s S 3
> > 100 > 100
S 5 8
L 50 s T
50 50
0 0 L 0 L
0 2 4 6 0 0.005 0.01 0.015 0 0.005 0.01 0.015 0.02
Tensile Strain, BE#2 , 1 Tensile Strain, BE #2 Tensile Strain, BE #2
(d) (e) ()
150
IoVE
— Lognormal
2 100
c
S
g
w 50
0

0 0005 001 0015 0.2
Tensile Strain, BE #2

(@)

Figure C-18. Boundary element tensile axial strain (#2) histogram and fitted distribution
(@) SLE25 (b) SLE43 (c) DBE(15) (d) DBE(30) (¢) MCE(15) (f) MCE(30) and (g) OVE hazards

228



Frequency

Frequency

100+
IlSLE2S
80 — Lognormal
60
40
20
0 L
0 0.5 o1 15
Tensile Strain, BE #3 107
(a)
150
Il DBE(30)
— Lognormal
100
50
0 L
0 0.005 0.01
Tensile Strain, BE #3
(d)

Frequency

Frequency

Frequency

o]
o

[=2]
o

N
o

[S]
o

150

100

al
o

150

100

[8)]
o

I SLE43
—Normal

05 1 15
Tensile Strain, BE#3 107

(b)
Il \VICE(15)

— Lognormal

0005 001 0015
Tensile Strain, BE #3

(€)
EloVE

— Lognormal

o

0 0005 001 0015 0.2
Tensile Strain, BE #3

(@)

150

Frequency
—
o
o

[3)]
o

200

150

100

Frequency

al
o

2 4 6
Tensile Strain, BE #3 x 107

(©)

I DBE(15)

— Lognormal

8

I VICE(30)

— Lognormal

001 002 003 0.04
Tensile Strain, BE #3

()

Figure C-19. Boundary element tensile axial strain (#3) histogram and fitted distribution
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Figure C-20. Boundary element tensile axial strain (#6) histogram and fitted distribution
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Figure C-21. Boundary element tensile axial strain (#7) histogram and fitted distribution
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Figure C-22. Boundary element tensile axial strain (#9) histogram and fitted distribution
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Figure C-23. Boundary element tensile axial strain (#10) histogram and fitted distribution
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Figure C-24. Boundary element tensile axial strain (#11) histogram and fitted distribution
(@) SLE25 (b) SLE43 (c) DBE(15) (d) DBE(30) () MCE(15) (f) MCE(30) and (g) OVE
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Figure C-25. Boundary element tensile axial strain (#12) histogram and fitted distribution
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Compressive Axial Strains

Compressive axial strain dispersion plots for structural boundary element locations #1 through

#16, as shown on Figure 6-9, are presented in this section.
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Figure C-26. 30-Story building structural wall boundary element compressive axial strains,
mean and dispersion at 5 hazard levels for BE (a) #1 (b) #4 (c) #5 and (d) #8
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Figure C-27. 30-Story building structural wall boundary element compressive axial strains,
mean and dispersion at 5 hazard levels for BE (a) #2 (b) #3
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