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Abstract

Over the past decades, seismic analysis and design have been thoroughly addressed
by the majority of international building codes and standards. Although seismic
damage of structural components typically correlate better to displacement, rather
than forces, current seismic codes adopt force-based seismic design (FBSD)
approaches. However, in the past two decades, there has been a gradual shift from
“strength” to “performance” through the introduction of performance-based
seismic deign (PBSD) of structural components that can be implemented with
relative ease through displacement-based seismic design (DBSD) approaches. For
reinforcement masonry shear wall (RMSW), several gaps still exist in
implementing FBSD, DBSD and PBSD. Some of these gaps include: quantifying
the reliability of the ductility-related parameters when a FBSD approach is adopted;
quantifying a reliable maximum lateral load displacement when a DBSD approach
is implemented; developing a backbone curve model so that different damage states
can be identified when implementing PBSD approach. As such, this dissertation
attempts to tackle these issues within the different seismic design approaches.

For FBSD, this study assesses the reliability of eight published plastic hinge models
using a large database of experimentally tested RMSW. In addition to assessing
model reliability in terms of displacement predictability, this dissertation also
specifies calibration factors to further improve the evaluated models. For DBSD,
multivariate data analysis technique through the principal component analysis
(PCA) technique and partial least square (PLS) analysis technique is utilized to
develop an experimentally calibrated RMSW displacement prediction expressions
for both the maximum lateral load limit state and the ultimate displacement limit
state. These expressions are further utilized to evaluate the parameters influencing
RMSW displacement capacities. For PBSD, complete backbone curve model for
RMSW under lateral loads is developed in this dissertation and subsequently
utilized to generate an analytical RMSW performance database. This large database
is further utilized to generate seismic fragility bands that are compared to the FEMA
P-58 fragility curves in an effort to represent a more realistic means of quantifying
RMSW performance and damage states under different seismic demand levels.
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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND AND MOTIVATION

The poor performance of unreinforced masonry structures during earthquakes [e.g.
Napier in Hawke’s Bay, New Zealand (1931) and El Centro in California, USA
(1940)] has clearly illustrated their vulnerability as a seismic force resisting system
(SFRS). As such, North American codes require masonry buildings in seismic
zones, to be fully- or partially grouted and detailed with horizontal and vertical
reinforcement to improve the buildings performance during seismic events.
However, similar to other SFRS, it is not economical to design reinforced masonry
shear wall (RMSW) systems to remain elastic under seismic events. Subsequently,
similar to other international seismic design provisions, North American codes
allow some damages to occur within localizedd zones of the SFRS (Paulay and
Priestly 1992), provided that such damage would not result in a structural collapse
and would develop in a ductile manner. In this respect, three alternative design
approaches (force-, displacement-, performance-based seismic design) are
commonly used for SFRS, including those constructed of RMSW to meet different
performance objectives. These approaches will be explained next as they are

directly related to the scope and objectives of the dissertation.
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1.1.1 Seismic Design Approaches

Force-based seismic design (FBSD) approach (Housner 1956 and Tabinashi

1956) adopts seismic response/force modification factors (e.g. R, in Canada) to

account for the reduction in the seismic forces on the inelastic SFRS relative to its
equivalent elastic counterpart (NBCC 2015). Such factors usually relate the
inelastic displacement of the SFRS to the corresponding expected displacement of
the elastic system and, as such, these factors depend on the ductility of the structure
under consideration. The ductility is defined by Park (1989) as “the ability of a
structure to undergo large deformations in the inelastic range without a substantial

reduction in strength”. As such, the displacement ductility, 4, , of a structure can

be used as a possible measure of system ductility. Regardless of the measure, the
provision of ductility will, in turn, allow such a SFRS, with proper reinforcement
detailing, to sustain large inelastic deformations without a major loss of strength
and stiffness. In this respect, two different assumptions are studied by researchers
to estimate this ductility and subsequently the associated response modification
factors (Lu et al. 2001). First, the equal energy assumption depends on the energy
imposed on an elastic structure that could be similarly dissipated by an equivalent
(i.e. of equal elastic stiffness) inelastic system, as shown in Figure 1.1(a).

According to this assumption, the relationship between R, and 4, is given by:

R, =2u, —1. However, the assumption of dissipating equal energy might require

the inelastic structure to have significantly high displacement capacity. Therefore,
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several researchers argued that the elastic and inelastic systems would not possess
the same energy capacity, and, instead, they would have the same displacement
capacity (Newmark and Hall 1969, Lai and Biggs 1980). The equal displacement
assumption equates the displacement of an elastic system to that of the
corresponding inelastic (elastic-perfect-plastic) system (Veletsos and Newmark

1960), which yields to R, = 4, , as shown in Figure 1.1(b). The choice either of

these two assumptions, during the design stage, depends mainly on the period of
the structure under consideration, as shown Figure 1.2 (Kowalsky et al. 1995),
whereas the equal energy assumption is typically used for relatively short period
structures, because the inelastic displacements are usually greater than the those of
the corresponding elastic one with the same stiffness. As the period of the structures
increases, the inelastic and inelastic responses become equivalent, leading to the

adoption of the equal displacement assumption (Kowalsky et al. 1995).

FBSD procedure assumes that the stiffness of the structure is essentially
independent of its strength (Priestley 2000). More specifically, the structure is
expected to maintain the same period as its fundamental elastic one, irrespective of
the seismic base shear demand imposed on the structure, which often pushes the
structure beyond its elastic response range. However, Smith and Tso (2002) showed
that stiffness and strength are coupled for several reinforced concrete components
(i.e. piers, flexural shear walls, and ductile moment resisting frames). This finding
led to inconsistency between the assumed and the actual stiffness of the structure

being considered. Subsequently, this inconsistency would affect the estimated

3
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displacement ductility demand and thus the seismic displacement using the FBSD
approaches. As such, the displacement-based seismic design (DBSD) approach
focuses on the displacements as the basis for the design through specifying a target
displacement rather than a displacement limit. Within this approach, stiffness is not
an input variable but is instead the end result or the output (Kowalsky et al. (1995),
Calvi and Kingsley (1995), Priestley and Calvi (1997), Priestley and Kowalsky

(2000), and Priestley et al. (2007)).

The DBSD approach characterizes the structure by a secant stiffness, K, at a
target displacement, A 0 associated with the maximum strength limit,__ , and
equivalent viscous damping ratio, ¢, , as shown in Fig 1.3. This approach is

iterative as it aims at reaching an appropriate design that has the ability to achieve
the target displacement. The first step in this iterative approach is to specify the
target displacement by either the serviceability criterion or the ultimate lateral
displacement criterion (e.g. the code drift limits). Then, after calculating the yield

displacement, A , the corresponding displacement ductility, 4, , and the effective
equivalent viscous damping ratio, ¢, , can be evaluated. Afterwards, the effective
period of the structure can be obtained, 7., from the displacement response
spectrum and subsequently the effective stiffness, K, can be evaluated as well.
Finally, the design base shear is evaluated by multiplying the effective stiffness K,

by the corresponding displacement (Priestley et al. 2007). One of the major
requirements of the DBSD approach is defining the yield- and the maximum lateral
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load limit states. As such, a reliable load-displacement relationship is key to
identify the yield limit state and the maximum target displacement that RMSW can

be designed for.

Finally, the performance-based seismic design (PBSD) approach has the
capability to design buildings with a realistic and reliable understanding of the risk
to life, occupancy, and economic loss that may occur as a result of future seismic
hazard events (Priestley 2000). This approach has been introduced over the past
three decades by several researchers (Wallace and Moehle 1992; Moehle 1992;
Priestley 1993; Priestley 2000; and Priestley et al. 2007). In addition, various
guidelines recently adopted PBSD to analyze and design new SFRS [e.g. SEAOC
Vision (2002) (1995), ATC-40 (1996), FEMA 356 (2000), FEMA 445 (2006)].
Improvement in the SFRS performance, through the adoption of PBSD approach,
has been highlighted also by several researchers (Chandler and Lam 2001).
Moreover, the next generation of seismic codes and standards is expected to enable
codifying paradigm shift from “strength- and displacement-" to “performance-”
based design (Bommer and Pinho 2006). In PBSD, the desired performance level
is selected by the stakeholder(s). Afterwards, a numerical model of the structure is
subjected to an input ground motion or earthquake hazard level and is subsequently
evaluated to achieve this desired performance. Finally, the structure is continuously
altered, by changing its deign parameters, until an acceptable performance level is
achieved. Assessment of structures in this approach is currently expressed in terms

of discrete performance levels (e.g. Operational, Immediate Occupancy, Life
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Safety, and Collapse Prevention) whereas these levels can be quantified/related to

the lateral displacement capacities (FEMA P-58 2012).

Overall, and regardless of which RMSW seismic design approaches are
adopted, several knowledge gaps, pertaining to several aspects, are highlighted by
several researchers. For example, in FBSD, an estimation of the response
modification factor requires a reliable evaluation of the equivalent plastic hinge
length of the wall to accurately calculate the inelastic displacement and
subsequently the wall ductility. Also, in DBSD approach, the quantification of a

reliable A, is of a great interest to many researchers to identify the wall load-

displacement relationship envelope. In addition, for the PBSD approach, different
RMSW require linkage to corresponding engineering demand parameters (e.g. drift
limits) or damage states. In order to address some of the challenges pertaining to
FBSD, DBSD, and PBSD, different statistical techniques are introduced in this
dissertation to analyze the seismic response RMSW. These techniques are utilized
to develop an accurate and reliable load-displacement relationship (e.g. backbone
curve) that can be used when different design approaches of flexurally dominated

RMSW are adopted.

1.1.2 Statistical Techniques

Statistics can be defined as the method of collecting, analyzing, interpreting,

and drawing conclusions from data (Dixon and Massey 1969, Agresti and Finlay
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1999). As different statistical techniques (e.g. linear regression and multivariate
data analysis) will be used throughout the dissertation, a brief overview on these

techniques is presented in this section.

1.1.2.1 Linear regression analysis

Regression analysis is typically used to evaluate the relationship between one
or more dependent and independent variables (Montgomery et al. 1992). There are
three main types of regression analysis (Draper 1966): 1) simple linear regression
assumes a linear relationship between the dependent variable and the independent
variable; 2) multiple linear regression assumes that the dependent variable is a
linear function of more than one independent variable; 3) nonlinear regression
assumes a nonlinear relationship between dependent and independent variables.

Within the aforementioned types of regression analyses, residual analysis is
always required to evaluate the deviation of the dependent value from its expected
value. This deviation (error) is usually assumed to be normally distributed with zero
mean and constant variance (Montgomery et al. 1992). The normality assumption
is validated using the normal probability paper. In addition to the normality
validation, the residual plot and the relative root mean square error are implemented

to obtain a better assessment of the regression model.
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1.1.2.2 Multivariate data analysis (MVDA)

In regression analysis, one of the implicit assumptions is that independent
variables are both statically independent and uncorrelated. However, applying
multivariate data analysis (MVDA) to datasets overcomes this assumption.
Multivariate data contains much more observed and measured datasets than
univariate datasets (Lattin et al. 2003). MVDA manipulates datasets to express the
datasets information in a comprehensible way. Afterwards, MVDA results are
interpreted to relate the scientific technical content to the objectives of the
investigation. This dissertation uses two different MVDA methods: 1) principal
component analysis (PCA); and 2) partial least squares/projections to latent
structures (PLS). The PCA linearly transforms a set of variables into a substantially
smaller set of uncorrelated variables, representing most of the information in the
original set (Jackson 1993). Figure 1.4 shows a graphical representation of the
simple case of three variables and two principal components. As can be seen in the
figure, two PCs form a plane that represents a viewing window into the
multidimensional space. PCA is limited to capture only the characteristics of the
independent variables (explanatory variables). Subsequently, the PCA method is
incapable of answering how much independent variable may be related to the
dependent variable (response variable) per se. On the other hand, the PLS method
does not only overcome the PCA limitations (Wold et al 1984), but also provides a
mathematical model that relates the dependent- to independent variables (Maitra

and Yan 2008).
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1.2 RESEARCH OBJECTIVES

This dissertation aims at quantifying reliable parameters to be employed within

different seismic design approaches (FBSD, DBSD, and PBSD) of RMWS. To

achieve this goal, the following objectives are identified:

1)

2)

3)

Assessing the reliability of RMWS displacement ductility models available in
literature, when the FBSD approach is adopted. Subsequently proposing
improvement to such models and evaluating the different impact of RMSW
design characteristics on model response.

Developing an analytical model that can quantitatively evaluate the
displacement associated with the peak lateral load for RMSW, when the DBSD
approach is adopted, and evaluating the model response to different
geometrical and mechanical RMSW characteristics.

Developing an analytical model, for RMSW backbone curve prediction, that
accounts for both the flexural and shear deformation components using
MVDA, and linking the model to different damage states associated with
PBSD. Subsequently, the model is used to develop RMSW fragility bands as

an alternative to the fragility curves, currently adopted in the FEMA P-58.

1.3 ORGANIZATION OF THE DISSERTATION

This section summarizes the content of each of the five chapters in the dissertation

as follows:
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Chapter 1 introduces the background and the objectives of the research work
as well as an overview of the different statistical techniques implemented in
this dissertation.

Chapter 2 presents the evaluation of RMSW ductility, within the FBSD
framework, through performing reliability analysis of eight relevant models
available in the literature. These models have been originally proposed to
evaluate reinforced concrete shear walls or RMSW plastic displacements
utilizing the idealized plastic hinge concept. The analysis is facilitated using
a collected experimental database by applying both linear regression and
residual analyses.

Chapter 3 utilizes MVDA methods to develop a reliable model that can be
used, within the DBSD approach, to estimate the displacement associated
with RMSW peak lateral load. The developed model evaluates the
displacements using the wall geometrical and mechanical parameters. The
model is also capable of quantifying the flexural and shear displacement
components separately. In addition, the model can be used with any
consistent set of units (i.e. dimensionless). Finally, the model is utilized to
evaluate the geometrical and mechanical parameters influencing RMSW
response.

Chapter 4 presents the development of a RMSW backbone curve, as it
relates to the PBSD approach. The FEMA P-58 (2012) defines different

damage states linked to lateral wall drift levels. As such, this chapter

10
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assesses four published backbone models relative to an experimental
RMSW database results. Afterwards, this chapter develops a reliable
experimentally calibrated backbone curve (model) using PCA and PLS
approaches. The model is further utilized to obtain different damage states
and develop alternative concepts for seismic fragility prediction.

e Chapter 5 presents summary, conclusions, and recommendation for future

work related to the work presented in this dissertation.
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CHAPTER 2

RELIABILITY OF DISPLACEMENT CAPACITY PREDICTION MODELS FOR

REINFORCED CONCRETE BLOCK SHEAR WALLS

2.1 ABSTRACT

Reinforced concrete block (masonry) shear wall construction presents an economic
solution for seismic resistant low- and mid-rise buildings throughout North
America. In this respect, wall displacements are output, based on wall
characteristics, when force-based seismic design approaches are used. In
displacement-based seismic design approaches, however, target displacements are
the key input needed within the wall design process. As large displacement
demands develop within the building seismic force resisting systems (SFRS),
inelastic strain, curvature, and rotation demands develop within specific wall zones
idealized as equivalent plastic hinges. In this study, eight different models are
utilized to predict the maximum displacement capacities of reinforced concrete
block shear walls (RCBSW). Experimental results of eighty-one RCBSW have
been used to evaluate the reliability of the eight models. According to the analysis
preformed in this study, none of the eight models was found to be reliable in terms
of predicting the maximum displacement capacity when compared to the
corresponding experimental results. To further improve the predictability of these
models, calibration coefficients are introduced and the corresponding improved

results are presented. Based on its capability of capturing the experimental results,
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one of these calibrated models is selected and further utilized to investigate the
influence of altering the wall design characteristics on their maximum displacement
capacities. This study aims at improving the displacement capacity predictions of
RCBSW-SFRS in an effort to facilitate the development of relevant displacement-

based design provisions in future seismic codes.

2.2 INTRODUCTION

Recent research studies have highlighted the drawbacks of force-based seismic
design (FBSD) approaches (Wallace and Moehle 1992; Moehle 1992; Priestley
1993; Priestley 2000; and Priestley et al. 2007) and clearly emphasized the needed
shift towards performance-based seismic design (PBSD) philosophy by adopting
displacement-based design (DBSD) approaches. Nevertheless, almost all current
international seismic design provisions are still based on FBSD. In FBSD,
displacements are considered only as output of the design process (Paulay and
Priestley 1992; Park 1997; and Tomazevic 1999). Conversely, in DBSD,
displacements are the key input required to initiate the design process (Calvi and
Kingsley 1995; Medhekar and Kennedy 2000; Priestley et al. 2007 and others).
Regardless of the design approach used, PBSD depends on accurate quantification
of the structural component displacement capacities in order to identify their
damage states and subsequently, the expected overall building performance. At

large displacement demands, the critical zones of the building seismic force
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resisting systems (SFRS) typically experience inelastic strains, curvatures, and
rotations. These zones are idealized during analysis, design, and detailing stages as
equivalent plastic hinges to facilitate applying capacity design principles and using

prescribed code-detailing requirements (Paulay and Priestley 1992).

The seismic response of cantilever reinforced concrete block shear walls
(RCBSW) with rectangular cross section, as shown in Fig. 2.1, is highly influenced
by the shear span ratio, the magnitude of the applied axial load, and the distribution
and the amount of horizontal and vertical reinforcements (Park 1975; Shing et al.
1989; Shing et al. 1990; Drysdale et al. 1994; and Thomsen and Wallace 2004). As
such, the aforementioned geometrical and material characteristics are key aspects
during seismic design because they control the wall failure mechanisms. Seismic
design typically aims at ensuring that wall failure is flexurally dominated rather
than being governed by shear due to the ductile nature and the accompanying high
energy dissipation of the former behavior. A flexural failure mechanism is typically
characterized by tensile yielding of the vertical reinforcement, formation of a
plastic hinge zone as well as masonry crushing at critical wall locations (Clough et
al. 1965; Paulay 1972; Blakeley et al. 1975; Paulay and Spurr 1977; Priestley 1981;
Priestley and Elder 1982; Priestley 1982, and Park 1989). Under higher
displacement demands, formation of plastic hinge zone accompanied by face shell
spalling and crushing of the grout columns occur within the wall toe regions
(Shedid et al. 2008). More severe toe crushing with a reduced wall ductility is

observed with increased axial stress on the wall cross section (Sherman 2011).
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Flexural wall ductility is also adversely affected by increased vertical reinforcement
ratios, which might also correspond to decreased displacement capacities and can

result in severe strength degradations (Eikanas 2003).

When analyzing a cantilever wall subjected to a top lateral load utilizing

idealized plastic hinge models, top displacements are obtained as the summation of

three displacement components: 1) wall flexural displacement, A ,, which is the
sum of the yield displacement, A, and the plastic displacement, A , contributions

(Park 1989); 2) wall shear displacement, A ,; and 3) sliding displacement, A,

along the interface between the wall and its foundation. Sliding can be prevented
by adopting adequate detailing and, as such, most wall displacement predictive
models in the literature focus on the flexural contribution to the overall wall
displacement capacity ignoring the relatively small shear deformation contribution,
especially in flexurally dominated seismically-detailed walls. Therefore, the focus
of this study is to assess and calibrate available flexural displacement capacity
predictive models through: 1) compiling relevant wall displacement models
available in the literature; 2) briefly describing the experimental database and the
statistical tools used to assess the available models; 3) calibrating the models to
further improve their predictability; and 4) utilizing the most reliable (calibrated)
model to further study the influence of the different wall characteristics on the

maximum displacement capacities.
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2.3 DISPLACEMENT CAPACITY PREDICTION MODELS

It is not economical to design SFRS to behave elastically under moderate to large
earthquakes. Therefore, inelastic behavior through ductile response is expected
where damage can be localized in pre-specified zones without causing collapse.
Park (1989) defined ductility as “the ability of a structure to undergo large
deformations in the inelastic range without a substantial reduction in strength.” As
such, the wall displacement ductility can be defined as the ratio between the total
displacement capacity and the yield displacement. When FBSD approaches are
adopted, the wall displacement ductility capacity is key as it is directly related to
the code-prescribed force modification factor (Paulay and Priestley 1992).
Displacement-based seismic design (DBSD) approaches, on the other hand, focus
on identifying target design displacements that correspond to specific
damage/performance level and, as such, displacement is the main design input in
the DBSD procedure. DBSD also requires quantifying the secant stiffness
corresponding to that target displacement as well as hysteretic damping and
ductility level. Although outside the scope of the current study, developing accurate

predictive models for such parameters is also needed.

To predict wall plastic displacements and the corresponding displacement
ductility, idealized equivalent plastic hinge lengths (i.e. zones), over which plastic

strains, curvatures and rotations are (ideally) assumed constant, will need to be
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quantified. Subsequently, the equivalent plastic hinge length could be considered

as one of the key parameters in both FBSD and DBSD approaches.

For the typical loading and boundary conditions of a cantilever wall (see Fig.
2.2), the top wall displacement corresponding to the first yield of the outermost

vertical reinforcement is defined as the yield displacement, A . This displacement

can be calculated by double-integrating the curvature profile distribution along the

height of the cantilever wall. Displacement beyond A is defined as plastic

displacement, A |, which can be calculated by multiplying the plastic rotation,6,,

at the base by the height above the center of the assumed equivalent plastic hinge.

This top displacement can be expressed using Eq. 1 (Paulay and Priestley 1992):

H.9,
A=A +A, :T}+(¢u—¢y)Lp(HW—O.5LP) 2.1)

In Eq. 1, the plastic rotation is represented by the term (¢, —¢,)L,,, where L is

the equivalent plastic hinge length, ¢ and ¢, are the ultimate and yield curvatures,

respectively (the formulae used for calculations of curvatures evaluation are
provided in Appendix /). The plastic rotation is assumed in Eq. 2.1 such that the
plastic curvatures are uniform over the height of the equivalent plastic hinge
(Paulay and Priestley 1992), as shown in Fig. 2. Finally, the displacement capacity
of the wall, corresponding to the wall’s maximum lateral load, can be evaluated by

the summation of the yield and plastic displacements.
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In the next sections, eight different models will be utilized to estimate the
equivalent plastic hinge length (used in Eq. 2.1) and/or the wall displacement
capacity to assess the models’ reliability using the experimental database utilized
in this study. In the following section, each of the eight models will be presented
along with its assumptions, limitations and definitions of its required input

parameters.

2.3.1 Paulay And Priestley’s (1993) Model

Based on experimental results of reinforced concrete walls subjected to simulated
earthquake loading combined with theoretical consideration of fundamental
structural behavior, Paulay and Priestley (1993) proposed the following expression

to evaluate the equivalent plastic hinge length:

L,=02L, +0.044H, 2.2)

It is noteworthy to mention that this model, from Paulay and Priestley’s point
of view, is on the conservative side for estimating the equivalent plastic hinge

length.

2.3.2 Priestley And Calvi’s (1996) Model

Priestley and Calvi (1996) discussed the capacity design principles where it is

necessary to identify, during the conceptual design stage, the potential locations of
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inelastic behavior (plastic hinge locations) and their corresponding plastic rotation
capacities. These plastic rotation capacities, and hence the wall ductility capacity,
depend on the wall cross-section geometry and its transverse reinforcement. More
specifically, transverse reinforcement provides the dual functions of confining the
concrete core, thus sustaining higher compressive strain, and restraining the
longitudinal compression reinforcement against buckling. According to Priestley

and Calvi (1996), the equivalent plastic hinge length is evaluated using

{O.OSHW +0.022d, f,, if L,>0.044d,f, 23)
P = .

0.044d, £, if L, <0.044d,f,

where  is the wall height, andd, is the vertical bar diameter. Equation 2.3

introduces an additional rotation term in the plastic hinge region resulting from the

strain penetration of the longitudinal reinforcement in the foundation.

2.3.3 Panagiotakos and Fardis’s (2001) Model

Panagiotakos and Fardis (2001) reported the experimental results of several
reinforced concrete members (i.e. beams, columns and walls) subjected to uniaxial
bending, with and without axial loads, to derive expressions for deformations at
yielding and failure in terms of the geometrical and mechanical properties of the
structural members. The same authors reported the results obtained from 1,032

specimens subjected to monotonic or cyclic loadings (266 beams, 705 columns, and
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61 walls). Based on these results, the following expression was developed to

evaluate the total rotation at failure, 8, :

¢.L, L,
0, :T+(¢“ -¢,)L, [1_2LWJ (2.4)

Utilizing expressions for the yield and ultimate curvatures combined with Eq.
4, the total rotations at failure were used to develop formulae for the plastic hinge
length prediction that provided the best fit to the experimental data. In this respect,
the data were categorized into two types according to the loading condition
(monotonic or cyclic) used throughout the test. Therefore, two models, Egs. (2.5)
and (6), were introduced to evaluate the equivalent plastic hinge length for cyclic

and monotonic loading conditions, respectively.

L,.,=012L +0.014a,d,f, (2.5)

L, =1.5L,, =0.18L, +0.021a,d,f, (2.6)

p,mon

In Egs. (2.5) and (2.6), L is the equivalent plastic hinge under cyclic loadings,

P,y

L, ,..1s the equivalent plastic hinge under monotonic loading, a,;denotes a zero-

one variable which is equal to either 1.0 if slippage of the longitudinal

reinforcement is possible or zero if slippage is not possible, and f is the yield stress

of the tension reinforcement in MPa.
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As the data obtained in the current study for shear walls tested under cyclic
loading only, the ultimate rotation given by Eq. (2.4) will be calculated using the

plastic hinge length formula given by Eq. (2.5) only.

2.3.4 Euro Code 8’s (2005) Model

Another equivalent plastic hinge length model is included in the current Euro code
ECS. In Annex A of ECS8 Part 3 (CEN, 2005) a plastic hinge length equation, in
which the member geometry, tension shift and strain penetration components are

included, is given as:

d
L :5+0.2Lw+0.11 o/,
30 Jr

P
With the length and strain limits defined in EC8 (CEN, 2005), the displacement

2.7)

capacity of the RCBSW can be evaluated. The first term in Eq. 7 accounts for the

spread of plasticity along the wall and was hence chosen to be dependent on the
ratio between moment and shear (shear span ratio), represented by L , at the plastic
hinge location. The second term in Eq. 2.7, 0.2L , accounts for the tension shift,

while the third term in the same equation accounts for the strain penetration as a

function of the longitudinal bar diameter, d, .
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2.3.5 Priestley et al.’s (2007) Model

Priestley et al. (2007) proposed a plastic hinge model to meet specific serviceability
and damage control performance levels. The model accounts for the tension shift
due to diagonal shear cracks and the strain penetration into foundation (as functions
of bar diameter and the ratio between the ultimate and yield strengths of the flexural
reinforcement). The corresponding expression proposed to evaluate the plastic

hinge length is:
L,=kH +0.1L +L, (2.8)
In Eq. 2.8, the tension shift presents 10% of wall length, the ratio between the

ultimate and yield strengths to bar being represented by & =0.2 [L —1} , where k

y

factor should not exceed 0.08, and the strain penetration depth, L, is expressed

as:

L, =0.022f d, (2.9)

There are some cases where the ultimate tensile strength, f,, is not reported
while the yield strength, /|, is known from the database. As such, an approach

proposed by Bannister et al. (2000) is followed. This approach indicates that
reinforced steel bars produced via controlled manufacturing processes generally
have yield to ultimate tensile strengths ratio ranging from 0.8 to 0.95, with an

average of about 0.875. Therefore, the ultimate tensile strength is evaluated in the
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current study using the following expression f, =1.14x f (based on the yield

strength values reported in the corresponding study).

2.3.6 Bohl and Adebar’s (2011) Model

Bohl and Adebar (2011) investigated the profile of inelastic curvatures that should
be used to estimate the flexural displacement capacity of reinforced concrete shear
walls using a nonlinear finite element model. A model that is capable of predicting
the equivalent plastic hinge length, as expressed in Eq. 2.10, was subsequently
developed based on the range of reinforced concrete shear walls with different shear
span ratios, wall lengths, and axial compression levels.

o.sz+o.osﬁj 1-15-2|, i L <o08L,
v f.A, !

0.8L, if L,>08L,

L =

p

(2.10)

In Eq. 10, M/V is the shear span ratio, 4,, is the gross area of the wall cross

section, and P is the axial load.

2.3.7 Kazaz’s (2013) Model

This model evaluated the length of the equivalent plastic hinge in terms of several

variables such as wall length, shear span ratio, axial load ratio (P/4,f.), and the
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ratio of horizontal web reinforcement (py;). The equation proposed by Kazaz (2013)

for the plastic hinge length prediction is

0.45
M
L, =027L,|1- r 1—fyp,“‘h %/ (2.11)
! 4,1, fo )\ L

w

This model was developed based on the regression analysis of the
aforementioned variables and was also calibrated based on a finite element shear
wall model utilizing the Turkish seismic code (TCS 2007) provisions. Two
different methods were adopted to evaluate the length of the plastic hinge zone
given in Eq. 2.11. The first method was based on the ultimate curvature profile
calculated from analyzing the wall-cross sectional strain profile when the outer
tension steel reached a strain of 0.06. In the second method, the curvature profile
was calculated using the shell element strains introduced in the finite element model

at the wall’s two ends at the same height (i.e. in the same horizontal level). As such,
the vertical strains at the compression, &, , and tension, &, , wall toes were evaluated

from the finite element model without specifying numerical limits to the

corresponding calculated curvatures as ¢=(&,+¢,)/L, .

2.3.8 Shedid and El-Dakhakhni’s (2013) Model

Most available plastic hinge models, including all the models discussed above, are

originally developed for reinforced concrete shear walls. Conversely, Shedid and
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El-Dakhakhni (2013) adopted and modified the Priestley et al.’s (2007) model to
quantify the top displacement of experimentally tested RCBSW. The mechanics-
based analytical model assumes that the curvature profile over the height of flexural

dominant RCBSW is linear up to the yield limit. The plastic hinge length, L L,

in this model is presented as the distance from the base of the wall to the yield
curvature along the wall. L in turn is divided into three parts; the first part
represents the strain penetration inside the foundation, while the second part

indicates the spread of plasticity due to inclined cracks, and the third part reflects

the effect of the extent of plasticity spread up to the yield point. Top displacement
capacity is expressed in terms of L,,L,, and L,for the above three parts

respectively as:

L, L 1, L
AM—Ay+(¢u—¢),)L2(HW—?)+¢“L1(HW+2j+4(¢u @)L{HW L, 3)
(2.12)
H, —L
—¢ —» 2.13
d =9, T (2.13)
L,=0.03f,d, (2.14)
-
L=|1-—|H -L, (2.15)
Mu

All the models/formulation discussed in the current study utilized SI units and

do not explicitly account for the shear deformations. Nonetheless, these models
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were assessed and further calibrated using different experimental results where the
contributions of the shear and flexural deformations are essentially lumped together
in the different model displacement predictions. Moreover, all the models discussed
in the current study were developed to quantify the displacement at the maximum
load only. As such, the current study is not focused on extending the use of these
models to predict other displacement limit states (e.g. cracking, yielding, and 80%

strength degradation) on the wall pushover curve.

2.4 EXPERIMENTAL WALL SEISMIC PERFORMANCE DATABASE

The current concrete and masonry seismic code provisions identify limits to
distinguish between wall behavior in terms of being flexurally dominated (slender)
or shear dominated (squat) walls, based on the wall’s shear span ratio. Both the ACI
318-14 clause 18.10.6.2 and the CSA A23.3-14 clause 21.5.1.4 (for concrete
design) adopt a value of 2.0 for this ratio. However, the TMS 402/ACI 530/ ASCE5
clause 8.3.4.4, and CSA S304-14 clause 7.10.2.2 (masonry design standards) adopt
a value of 1.0 for the shear span ratio. In addition, the pre-standard supplement
document of the seismic performance assessment proposed by the federal
emergency management agency, FEMA P-58/VBD-3.8.10 (FEMA 2012), utilizes
several walls with aspect ratio of 1.0 to define damage states and fragility curves
for flexurally dominated RCBSW. It should be noted that, although there are code-

specified threshold values for the shear span ratio that separate shear- from
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flexurally-dominated walls, real (experimentally tested) walls do not suddenly
switch from one response to another at a specific shear span ratio value. Instead,
wall behavior would be influenced by several other parameters (e.g. steel ratios)
and would change gradually from being mainly flexural- to mostly shear-dominated
as walls become squatter. Within the scope of the current study, all walls selected
within the experimental database in the current study are flexurally dominated in
terms of experiencing one or more flexural response behavior (if not all) including
horizontal cracks, yielding, buckling, and fracture of the vertical (flexural) steel
reinforcement, masonry crushing at wall toes, and/or the out-of-plane buckling in

the compression zone.

The experimental database utilized in the current study consists of 81 walls
extracted from several studies reported in the literature (Shing et al. 1990;
Pilakoutas and Elnashai 1995; Thomson and Wallace 2004; Voon and Ingham
2006; Shedid et al. 2008; Dazio et al. 2009; Sherman 2011; Kapoi 2012; and
Ahmadi 2014). In the current study, the walls investigated are all flexurally
dominated with aspect ratios varying from 0.8 to 3.0. The walls were subjected to
axial compressive stress that varied from 0% (no external axial load except the

walls’ own weights) to 15% of the masonry compressive strength. In addition, these
walls have vertical and horizontal reinforcement ratios, p, and p,, respectively,

varying from 0.16% to 1.3% and 0.05% to 0.625%, respectively, as illustrated in

Table 2.1. As can be seen also in Table 2.1, the yield strength of vertical
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reinforcement, f Vo used in walls varied between 318 MPa and 624 MPa, while the

masonry compressive strength, f ', ranged from 12 MPa to 31 MPa. It should be
noted that within 81 available experimental data point, only six walls had f '

values evaluated using the Canadian standards. As such, Canadian code-based f P

value is normalized to the corresponding USA code-based value. Moreover, the
elastic-perfectly plastic steel material behavior is adopted for the vertical
reinforcement with respect to the ultimate curvature analysis. Finally, the
equivalent rectangular stress block approach is also used in this study to evaluate

both the yield and ultimate curvatures.

Table 2.2 presents both yield and the ultimate curvatures of all the walls
calculated based on the following assumptions: 1) plane sections remain plane
(Euler-Bernoulli’s theory) under flexure; 2) vertical reinforcement bars in the
compression zone of the wall cross section contribute to the yield and ultimate
flexural capacity; 3) the steel Young’s modules is 200 GPa; 4) vertical
reinforcement bars stress strain relationship are elastic-perfectly-plastic; 5) the
masonry elastic module (used in yield curvature analysis only) is taken equal to
900f",, where f”,, in MPa; 6) the walls’ own weight is taken into account in
calculating the applied axial stress; 7) the yield stage is evaluated at the yield onset
of the outermost vertical rebar within the tension side of the wall’s cross section;

and 8) the masonry compression strain at the ultimate stage is equal to 0.003.
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Shedid and El-Dakhakhni (2013) model has the capability to quantify directly
the maximum displacement due to flexural. However, Pangioyakos and Fardis
(2001) model evaluate the ultimate rotation then the calculation of maximum
displacement is the multiplication of the ultimate rotation by wall height. Therefore,
both models do not need the adaptation presented in Eq. 2.1. For all other models,
both yield and ultimate curvatures estimates, presented in Table 2.2, are combined
with the predicted equivalent plastic hinge length of each model independently (see
Table 2.3), using its corresponding parameters and assumptions, to evaluate the
maximum displacement using the formula given in Eq. 2.1. Afterwards, a direct
comparison is facilitated and presented in the next section between all the models
in terms of predicting the wall drift capacity (i.e. percentage of top wall maximum

lateral displacement normalized by its height), shown in Table 2.2.

2.5 ASSESSMENT OF CURRENT DISPLACEMENT CAPACITY MODELS

Several statistical tools are available to assess the reliability of numerical or
analytical models in terms of predicting the experimental results. In this study,
linear regression and residual analyses are selected as powerful tools to facilitate
understanding the relationships between the different parameters among the data
being studied. Several researchers and text books (e.g. Montgomery et al. 1992)
described these statistical techniques and, as such, the theory behind their use will

not be discussed in detail in this section. Instead, this section presents general
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description of the same techniques within the assessment of the current (eight)
models in predicting displacement capacities of all walls within the experimental
database, as discussed earlier.

Linear regression determines the statistical relationship between the predictor
or regressor (drift capacity observed from the experiment) and the response variable

(drift capacity evaluated using the selected model) using the following equation:

y=B +fx+e (2.16)

where y is the response variable, S, and f; are the coefficients in the linear
relationship, x is the predictor, and ¢ is the prediction error. Since the relationship
between observed and predicted displacement capacity requires that the regression
line goes through the origin (8, = 0 in this study). This is intentionally adopted so
that the regression model is correct for the case of zero displacement. The linear
regression model assumes that the errors are mutually independent and normally
distributed with a zero mean and a variance represented as ¢’. The validity of this
assumption is checked using the normal probability paper (Montgomery et al. 1992)

as will be discussed in the next section.

Figure 2.3 show the results of the regression analysis for the models of Paulay
and Priestley’s (1993) and Priestley and Calvi’s (1996) as examples, while Fig. 2.4
and Table 2.4 present the regression lines and coefficients, respectively, for all eight
models. The regression coefficients of 0.52 and 0.46 for the models of Paulay and

Priestley’s (1993) and Priestley and Calvi’s (1996), respectively, indicate that these
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models estimate the displacement capacity, on average, as approximately 52% and
46%, respectively, of the corresponding measured values. The Panagiotakos and
Fardis’s (2001) model has almost the same trend as the Priestley and Calvi’s (1996)
model with only 3% difference in the slopes of the regression lines (or regression
coefficients). Table 2.4 also shows that the Euro Code 8’s (2005) model tends to
underestimate the drift capacity by 27%, while the Priestley et al.’s (2007) model
underestimates the drift capacity by 39%. The Bohl and Adebar’s (2011) and
Kazaz’s (2013) models have similar prediction capabilities with 52% and 55% as
their respective regression coefficients. The Shedid and El-Dakhakhni’s (2013)
model has a regression coefficient of 78% which is slightly higher than that of the

Euro Code 8 (2005) model.

Residuals from the regression analysis may be viewed as the deviation between

the data and the fit, and can be calculated as
£ =~y i=12 .n (2.17)

where ¢; is the i"™ error or residual in a sample of size n, y, andy; are the

corresponding i™ observed and predicted values. It is important to note that the
residuals also measure the variability that cannot be explained by the regression
model. As such, analysis of the residuals is an effective tool for discovering several
types of model deficiencies. In this respect, the residual plot for the Paulay and
Priestley’s (1993) model, shown in Fig. 2.5a, shows that the model has a trend of

underestimating the drift capacity with the maximum and minimum relative errors
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of 69% and -77%, respectively; and for only four walls out of the 81 walls included
in the database, the drift capacities are overestimated by more than 20%. The
Priestley and Calvi’s (1996) model has the maximum and minimum relative errors

equaling to 20% and -77%, respectively, as shown in Fig. 5b.

2.6 VALIDATION OF THE NORMALITY ASSUMPTION

A probability plot is a graphical technique for assessing the data assumption of
following a theoretical distribution. In a probability plot, the data are plotted
against a theoretical distribution in such a way that the points should form an
approximate straight line. Departures from this straight line indicate departures
from the theoretical distribution. In this study, the residuals from a regression
analysis are plotted in ascending order on the horizontal axis, the medians of
corresponding order statistics from a normal distribution (referred to as the normal

order statistic medians) are plotted on the vertical axis. The normal order statistic

medians are calculated as ¢™'[ F, (g( ))], where ¢! is the inverse of the cumulative

i
i

distribution function of the standard normal variate and F, (g( ))is the empirically

determined cumulative probability associated with an individual residual &y With

all the residuals of a regression analysis ranked in an ascending order, F, (g(i)) can

I

be calculated as (Seber and Wild 1977) where I is the rank of S(i)(i.e., £)

i

(n+1)
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is the i"™ largest residual) and # is the total number of residuals from one regression
analysis. Figure 6 shows the normal probability plot of the eight models to evaluate
the distribution of their residuals. As can be seen in Fig. 6, residuals from all models
approximately follow the normal distribution, where plotted data points are almost
clustered around a straight line. This reveals that the results of the regression

analysis executed for all the models can be relied on.

The regression analyses indicates that all model predictions are generally
inaccurate, and on average, the model predicted drift capacities that range from
approximately 46% (i.e. Priestley and Calvi 1996) to 78% (i.e. Shedid and EI-
Dakhakhni 2013) of the corresponding experimental measured values. As such, all
the models are further investigated to analyze their limited capabilities in predicting

the drift capacity, as will be discussed in the next section.

2.7 DISCUSSION

The Priestley and Calvi (1996) equivalent plastic hinge model (see Table 3) is based
only on three wall characteristics including the wall height, vertical bar diameter,
and yield strength of the vertical bar. The model is thought to be too simple as it
does not have the capability of capturing the changes in both the wall geometrical
and material characteristics. The Panagiotakos and Fardis (2001) model is as simple
as the Priestley and Calvi (1996) model, but uses the wall length instead of the wall

height to describe the wall characteristics. It is also different in terms of introducing
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a zero-one parameter for the slippage concept. Moreover, the Panagiotakos and
Fardis (2001) model is based on a large dataset of structural elements including
beams, columns, and walls. As such, the model is not specifically developed for
wall behavior prediction per se. The Paulay and Priestley (1993) model is the
simplest one among the eight models with only two parameters: the wall length and

the wall height. The Priestley et al. (2007) model can be considered an evolution

from the Paulay and Priestley (1993) model through introducing a new term, L,

that considers the strain penetration depth and the spread of plasticity along the wall
height. Also, the first term in the model depends on the ratio between the ultimate
and yield strengths of the vertical reinforcement. The Paulay and Priestley (1993)
and Priestley et al. (2007) models, however, do not take into account several wall
characteristics such as the change of the axial load effect which is introduced in the
Bohl and Adebar (2011) model. Also, the Bohl and Adebar (2011) model explicitly

presents the shear span as a factor in addition to the wall length.

None of the models listed above considers the shear reinforcement as a factor
contributing to the wall displacement except the model by Kazaz (2013) where it
reflects the influence of axial load, amount of shear reinforcement, and the ratio
between shear span and wall length. One drawback of the Kazaz (2013) model is
that the equivalent plastic hinge length is related only to the wall length. The Euro
Code 8 (2005) model account for the shear span, tension shift, and strain penetration
which are the same as those used in the Priestley et al. (2007) model, but the two
models adopt different coefficients, also the implementation of the strain
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penetration is dissimilar where the Priestley et al. (2007) model introduces the

square root of the concrete compressive strength.

While all the previous models are developed for reinforced concrete shear
walls, the Shedid and El-Dakhakhni (2013) model is the only model adopted for
RCBSW, which might attribute for its higher regression coefficient (i.e. 78%)

compared to all other models. This model decomposes the plastic displacement into

three terms that consider the strain penetration(Ll ) , the spread of plasticity (L2 ),

and the extent of plasticity to the yield point (L3 ) The shortcoming of the Shedid

and El-Dakhakhni (2013) model is that the model does not account for both the
shear reinforcement and axial load, although it can be argued that the axial load is
represented implicitly within the wall cross section curvature evaluations. Despite
all the limitations discussed above in this section, all models are further calibrated

to enhance their prediction capabilities, as will be presented in the next section.

2.8 MODEL PREDICTION CAPABILITY IMPROVEMENT

The results of the regression and residual analyses reveal that all models can benefit
from further improvement by calibrating the different factors used in the models.

The least squares parameter estimation method is used to quantify the calibration

coefficient ¢;with j = 1, 2 and 3 introduced according to number of terms

constituting each model. This method estimates the calibration coefficients so that
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the average squared residuals or the sum of squared residuals are minimized. One
of the methods for carrying out this minimization is to differentiate Eq. (2.18) with

respect to ¢, equate the derivatives to zero, and solve the resulting equations for
the calibration factor, as given in Eq. (19).

n

igiZZZ(yi_j}i)z (2.18)

i=l1

a n
5 2E =0 j=1,2,3 (2.19)

jJ=l

where ¢ is the residual of displacement capacity for individual wall, n is the
number of walls available in the experimental database, and ¢; withj =1, 2 and 3

is the calibration coefficient evaluated for each term in the enhanced models, as

shown in Table 2.5.

For the Shedid and El-Dakhakhni (2013) model as an example, however all the
calibrated model factors are shown in Table 2.5, the calibration analysis using the
least square errors method provides three calibration factors to enhance the model
predictability for the plastic displacement component keeping in mind the yield
component is not included in the enhancement in this study. The first term, which
accounts for the strain penetration, is recommended to be decreased to 0.01 of its
original value. Whereas with the calibration factor for the second term which
accounts for the spread of plasticity, it proposes a 2.71 amplification. The third
term, implements the extend of plasticity to the yield point, is increased to 2.32.

Assessing the modified Shedid and El-Dakhakhni (2013) model is expressed as:

41



Ahmad Siam McMaster University
Ph.D. Thesis Department of Civil Engineering

A, = A, +001(g, —¢,)L2(HW —%j+ 2.714,L, (HW +%)+2'T32(¢u — 4L, (HW

(2.20)

The ranked values of the residuals for the eight calibrated models are plotted in
Fig. 7, while the maximum (i.e. overestimation) and minimum (i.e.
underestimation) errors are given in Table 5 for the same models. The calibrated
Kazaz 2013 model overestimates and underestimates the maximum drifts by 2.2%
and 5.6% difference than the experimental drifts, respectively. Conversely, the
calibrated models (Bohl and adebar 2011) and (Shedid and El-Dakhakhni 2013)
have the least difference between the predicted and experimental drifts, in
compared to all other models, with maximum of errors approximately 1.38% and

1.22%, as shown in Table 5, respectively.

To verify the results discussed above, the root mean square (RMS) error
(RMSE) analysis (Montgomery et al. 1992) has been performed to measure the
performance of all prediction models. For the case of our study, it can be calculated

as:

n

1
RMSE = \/; (8, B, ) 2.21)

i=1

where A is the i predicted drift capacity and A is the corresponding i

u(exp);
experimentally determined drift capacity in the database. The RMS errors for the

eight models range from 0.51 to 0.82, as shown in Table 2.5. The RMS errors
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analysis is concise with the residual analysis in terms of quantifying the
effectiveness of the calibrated models. More specifically, the errors analysis does
not only confirm that the calibrated model (Kazaz 2013) has the highest RMS errors
of 0.82, but also shows that the calibrated models (Bohl and adebar 2011) and
(Shedid and El-Dakhakhni 2013) tend to have the lowest RMS errors of 0.57 and
0.51, respectively, when compared to all other models. Since Shedid and El-
Dakhakhni (2013) calibrated model has the lowest RMS error among all the
calibrated models, it is selected to be utilized to demonstrate the effect of altering
the design characteristics on wall maximum drift capacities, as will be presented in

the next section.

2.9 INFLUENCE OF DESIGN CHARACTERISTICS ON WALL DRIFT CAPACITIES

This section presents the influence of both geometrical and material characteristics
on the maximum drifts capacity using the Shedid and El-Dakhakhni (2013)
calibrated model for different wall aspect ratios. As such, a default wall is
introduced within the maximum and the minimum range of different characteristics
following masonry construction practice in North America. This wall has vertical
and horizontal spacing of reinforcement of 400 mm, while the yield strength will
be kept constant for both reinforcement, and is equal to 400 MPa. The compressive
strength of masonry is 13.5 MPa with S type mortar. The wall length, height and

thickness are considered constant and are equal to 2,400 mm, 6,000 mm and 190

43



Ahmad Siam McMaster University
Ph.D. Thesis Department of Civil Engineering

mm, respectively. A summary of the selected default wall characteristics is given
in Table 2.6. A first principle (mechanics) analysis is executed for each wall
scenario to evaluate its yield and ultimate curvatures, and subsequently its drift

capacity.

The calibrated model is first used to capture the influence of altering the wall
aspect ratio and the masonry strength on the maximum drift of the wall. At low wall
aspect ratios, the differences between the maximum drifts are smaller compared to
the high aspect ratio walls, as shown in Fig. 2.8a. For example, the maximum drift
capacities difference between the type of compressive strengths are 0.20%, 1.10%,
and 5.00% for wall with aspect ratios of 1.00, 2.25, and 3.75, respectively. In
addition, the drift capacity increases from 0.12% to 0.85% for aspect ratios 1.00
and 3.75, respectively, for a masonry compressive strength of 10.0 MPa. Similar
overall trend is observed for all the remaining compressive strengths (i.e. 13.5 MPa

and 17.0 MPa).

As can be seen in Fig. 8b, the model is consistent with mechanics regarding
the effect of axial load being inversely proportioned with the drift capacity of
RCBSW. For example, at an aspect ratio of 2.25, the wall drift capacities are 1.37%,

1.12%, and 0.79% at the 1.0%, 2.5%, and 10.0% axial load ratio, respectively. For

approximately no axial load (axial load of 1% of fm A4, ), the drift capacity increases

from 0.82% to 2.05% for aspect ratios 1.00 and 3.75, respectively, while for axial
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load ratio equals to 5% of fm A4, (i.e. default wall), the drift capacity ranges between

0.55% and 1.32%.

The vertical reinforcement is a key parameter that significantly changes the
behavior of RCBSW. The vertical reinforcement influence can be quantified using
two different factors. The first factor is the spacing between the bars, while the bar
diameter is the second factor. Overall, the analysis reveals the influence of the
former factor on the wall drift capacities is higher than that of the later factor. Figure
8c depicts the influence of altering the vertical reinforcement bar diameter on the
wall drift capacities as a function of the wall aspect ratios. Within the same wall
aspect ratio, the differences between the drift capacities when changing the vertical
bar diameter are minimal with a maximum value of approximately 6% for all bar
diameters. However, changing the spacing of the vertical reinforcement does not
follow a similar trend of drift capacities to that of changing bar diameter as shown
in Figure 8d where the differences between the wall drift capacities for low and
high aspect ratio walls are not negligible. For example, keeping all material and
geometric characteristics the same for wall aspect ratio of 1.00, the drift capacities
can range between 0.63% and 0.47% by varying the vertical reinforcement ratio

between 0.175% and 0.526%, respectively.
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2.10 CONCLUSIONS

Current seismic design codes adopt force-based seismic design approaches that
require displacement check at the end of the design process based on perceived
SFRS ductility capacities. However, accurate quantification of the top displacement
of RCBSW under seismic loadings is directly related to wall damage, and thus to
performance-based seismic design provisions. The response of a ductile flexurally
dominated RCBSW under lateral seismic loads is similar to that of a vertical
cantilever and can be characterized by an idealized plastic hinge at the base. As
such, top flexural displacement can be assumed as the sum of yield and plastic
displacements. Literature shows that different models have been proposed to
evaluate the plastic displacement component utilizing the idealized plastic hinge
concept. It is clear that the eight models evaluated within the paper are developed
solely based on wall flexural behaviors. As such, the focus of this study is assessing
the reliability of the existing eight predictive models and calibrating one of the most
reliable models within the available database of 81 flexurally-dominated RCBSW

test results.

This study concludes that the eight considered models would benefit from
improvement through introducing calibration factors for different terms used in
each model in order to improve their predictability. This proposed prediction
enhancement modification based on the current analyses, would still only implicitly
account for shear deformation contributions to the overall wall displacement. This

fact should be also taken into consideration when predicting the overall
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displacement of walls with characteristics outside the range of those evaluated
within the currently available dataset. The proposed prediction enhancement
resulted in RMS errors of 0.51 for the most reliable model. This calibrated model
is selected to study the influence of altering the wall design characteristics on their
maximum drift capacities. The results show that the influence of the axial load and
vertical bar spacing is higher compared to the masonry compressive strength and

vertical bar diameter on wall drift capacities.

This paper presents a comprehensive assessment to the available models in
terms of predicting the displacement capacities of reinforced concrete block shear
walls through powerful statistical tools. Although the experimental database used
in this paper contains large number of flexurally-dominated shear walls
with different configurations, the experimental results of more reinforced concrete
block shear walls (i.e. flexurally- and/or shear-dominated) are expected to further
improve the predictability of these models, and subsequently facilitate the
development of prescriptive design requirements for the next generation of seismic

design codes.
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2.12 APPENDIX /]

2.12.1 Calculation of Yield and Ultimate Curvature

The calculation of the yield couverture is based on onset yield of the outermost
vertical reinforcement bar in the tension side. This is conducted considering
Bernoulli’s assumption that plane sections remain plane after bending. The yield

curvature can be calculated as below:

g, =—
y dl _Cy
Y
)
P=C +C -T,
C,=05¢,E,.¢t.c,
Cs = Z‘Asf's s Where 05]15];
=) Af, . where 0<f,<f,
T4 d —c, F
v, —c,
& = £,6y

The determination of the ultimate curvature is based on ultimate strain for the

reinforced masonry taken in this study equals to 0.003 following the CSA S304
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Clause 10.2.2 (CSA, 2014) using the stress block method. The following set of

equations shows the sequence adopted to quantify of the ultimate curvature:

0.003
9, =
cu
P = Cﬂ’l + CS _7?\

C,=0.85/",1,(0.8¢,)

Cs = Z‘Asf's ? where Off’sgf)‘;,
' Cu _di
flo= - 0.003E, < f,
T =ZASfS , where 0<f,<f,,
d —c,
f. = . 0.003E, < f,

u

2.13 NOTATION

A,, = Cross sectional area of the wall

¢j = calibration coefficients (j=1, 2, 3)

ag = Zero-one variable. It is equal to 1.0 if slippage of the longitudinal
reinforcement is possible and zero if it is not possible.

C,, = Compression force in cross section of a masonry wall

C; = Compression fore in the vertical reinforcement

¢, = Length of compression zone corresponding to ultimate load

¢y, = Length of compression zone at first yield of vertical reinforcement in cross

section

d; = Distance from the extreme compression fiber in cross section to the first

vertical tension bar

dj = Bar diameter of vertical reinforcement

d; = Distance from the extreme compression fiber to the location of vertical

reinforcement

dsn = Diameter of shear (horizontal) reinforcement

E; =Modulus of elasticity for steel reinforcement

F, (e;) = i" empirical cumulative probability density function
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/.= Concrete Compressive strength

f'm=Masonry Compressive strength

fs= Compressive stress in vertical reinforcement

/s = Tensile stress in vertical reinforcement

/. = Ultimate strength for reinforcement steel bars

/= Yield strength for reinforcement steel bars

Jysn = Yield strength of shear (horizontal) reinforcement

H,, = Wall height

i = Wall rank

L, = Equivalent plastic hinge length

L, ., = Equivalent plastic hinge under cyclic loading

L, mon = Equivalent plastic hinge under monotonic loading,

L, = Strain penetration length in the foundation in Priestley et al. (2007) model
L, =Moment to shear ratio at the section of plastic hinge formation

L,, = Wall length

L; = Strain penetration length inside the foundation in Shedid and El-Dakhakhni
(2013) model

L, = Spread of plasticity length due to inclined crakes

L; = the extent of the plasticity spreading to the yield point

M, = Ultimate moment at the base of the wall

M, = yield moment at the base of the wall

n = total number of walls in the database

P = Axial compressive load

T, = Tensile force in vertical reinforcement in cross section in masonry wall
t,, = Wall thickness

J'= Shear load at the base of the wall

y = Response corresponding to regressor variable

y: = i™ actual observed response

.th . . .
y; =1 predicted response from regression analysis

x = Regressor variable

Afexp)i= i"™ experimental displacement capacity
Ay= Flexural displacement (mm)

4, = Plastic displacement (mm)

Ag = Shear displacement

Ay = Sliding displacement

A= displacement capacity for "™ wall

A4, = Maximum displacement capacity

4,= Yield lateral displacement
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Soand f; = Regression coefficients

¢; = i regression error

g, = Compression strain in the outermost fiber in wall cross section
& = Tension strain in the outermost reinforcement bar

em = Compression strain in the outermost masonry compression fiber
g, = Yield strain in the vertical reinforcement bar in cross section
6= Section rotation

0, = Plastic rotation

6, = Ultimate rotation

psi = Horizontal reinforcement ratio

pv = Vertical reinforcement ratio

¢3 = Curvature at the end of the spread of plasticity L;

¢y = Yield curvature of the wall section

¢, = Ultimate curvature of the wall section
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Table 2.1: Characteristics of experimental wall database

Wall L, t H, y d s : u m P A/H,,
1D mm mm  mm Hu/L ,;) mI};l [‘)%h Ivjé’a I\{IFPa I\{IYPa kN ”/%; Ref.
1 1830 143 1830 1.00 038 159 0.24 441 710 20.0 361.1 0.820
2 1830 143 1830 1.00 0.38 159 024 441 710 20.0 487.5 0.693
3 1830 143 1830 1.00 0.38 159 0.14 441 710 179 0.0 0.958
4 1830 143 1830 1.00 0.38 159 024 441 710 20.7 0.0 1.319 %
5 1830 143 1830 1.00 038 159 0.14 441 710 22.1 180.5 1.109 »
6 1830 143 1830 1.00 0.38 159 024 441 710 22.1 180.5 0.858 g
7 1830 143 1830 1.00 0.54 19.1 024 448 738 22.8 180.5 1.109 0
8 1830 137 1830 1.00 040 159 026 441 710 26.2 4843 00913 :%
9 1830 137 1830 1.00 040 159 026 441 710 262 4843 0.967
10 1830 137 1830 1.00 040 159 026 441 710 262 4843 1.021
11 1830 137 1830 1.00 040 159 026 441 710 262 4843 1.077
12 1800 140 1800 1.00 0.62 20.0 0.05 318 366 17.6 0.0 0556 £
13 1800 140 1800 1.00 0.62 20.0 0.14 318 366 17.0 0.0 0.444 § 8
14 1800 190 3600 2.00 029 16.0 0.08 502 577 185 0.0 0.889 %
15 1800 190 3600 2.00 0.78 20.0 0.13 502 577 185 0.0 0917 K
16 1800 190 3600 2.00 0.73 250 0.13 502 577 185 0.0 0.778 =
17 1800 190 3600  2.00 1.31 250 026 502 577 18.5 0.0 0.833 E
18 1800 190 3600  2.00 1.31 250 026 502 577 18.5 260.0 0.694 E
19 1800 190 3600 2.00 1.31 250 026 624 718 18.5 520.0 0.833 «
20 1016 190 2032 2.00 033 12.7 031 450 518 21.0 0.0 1.450
21 1016 190 2032 2.00 033 12.7 031 455 523 21.0 2703 1.750
22 1016 190 2032 2.00 059 222 031 455 523 157 202.7 1.088 N
23 1829 190 1422 0.78 0.55 222 0.62 455 523 157 3649 0.625 %
24 1829 190 1829 1.00 0.55 222 0.62 455 523 157 2649 1.083 §
25 1422 190 2845 2.00 0.72 19.1 0.16 465 535 157 0.0 1.848 M
26 1422 190 2845 2.00 087 19.1 034 465 535 157 0.0 2.089
27 1422 190 2845 2,00 087 19.1 034 465 535 157 283.8 1.929
28 1007 190 2013 2.00 0.69 19.1 031 454 522 19.1 2443 1.110
29 1007 190 2013 2.00 0.69 19.1 031 446 513 19.1 2443 1.274
30 1007 190 2013 200 031 127 031 454 522 21.0 5362 0.896 g
31 1007 190 2013 200 031 127 031 450 518 21.0 5362 0.795 (;
32 1819 190 1819 1.00 031 127 0.10 450 518 21.0 0.0 0.698 g
33 1819 190 1819 1.00 031 127 031 450 518 21.0 484.6 0.656 v(%)
34 1819 190 1413 0.78 031 127 031 450 518 21.0 0.0 1.114
35 1819 190 1413 0.78 031 127 0.62 450 518 21.0 484.6 0.719
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Wall _Ly  t  He .. _p d  ps Sy fu  fw P, AJH, Ref
ID mm mm mm YW % mm % MPa MPa MPa kN % '
36 1020 190 2030 1.99 0.69 19.1 0.31 456 725 19.0 2459 1.110
37 1020 190 2030 1.99 0.69 19.1 0.31 446 725 21.0 271.8 1.490
38 1020 190 2030 1.99 031 127 031 45 693 19.0 49.2 0.800
39 1020 190 2030 1.99 031 127 031 450 693 21.0 544 0910
40 1830 190 1830 1.00 031 127 0.10 450 693 21.0 0.0 0.690
41 1830 190 1830 1.00 031 12.7 031 450 693 21.0 487.6 0.710
42 1830 190 1830 1.00 031 12,7 0.31 450 693 21.0 0.0 0.900
43 1830 190 1830 1.00 031 12.7 031 450 693 21.0 487.6 0.700
44 1220 190 3660 3.00 0.69 19.1 0.16 421 725 31.0 3839 1.560
45 1220 190 3660 3.00 031 127 0.16 448 693 23.0 569.6 1.930
46 1220 190 3660 3.00 0.69 19.1 0.16 421 725 23.0 569.6 1.170
47 1220 190 3660 3.00 031 12.7 0.16 448 693 23.0 8544 1.270
48 810 190 3660 4.52 0.69 19.1 0.31 421 725 29.0 238.4 3.000
49 810 190 3660 4.52 031 127 031 448 693 29.0 476.8 2.610
50 810 190 3660 4.52 0.69 19.1 0.16 421 725 23.0 378.2 2.790 <
51 810 190 3660 4.52 031 127 0.16 448 693 23.0 567.3 1.650 s
52 1020 190 2030 1.99 031 12,7 031 450 693 21.0 0.0 2.200 T(::
53 1020 190 2030 1.99 031 12,7 031 455 693 21.0 271.8 2.110 °
54 1020 190 2030 1.99 047 222 031 455 702 16.0 207.1 1.120 ;g
55 1830 190 1420 0.78 047 222 0.63 455 702 16.0 371.5 0.930 g
56 1830 190 1830 1.00 047 222 0.63 455 702 16.0 371.5 1.100
57 1420 190 2840 2.00 0.69 19.1 0.16 465 725 16.0 0.0 1.890
58 1420 190 2840 2.00 0.59 19.1 0.34 465 725 16.0 0.0 2.100
59 1420 190 2840 2.00 0.59 19.1 0.34 465 725 16.0 288.3 2.020
60 2440 190 2440 1.00 031 12,7 0.31 423 693 31.0 0.0 0.840
61 2440 190 2440 1.00  0.16 12.7 0.16 423 693 29.0 0.0 1.760
62 2440 190 2440 1.00  0.16 127 0.16 423 693 28.0 0.0 1.780
63 2440 190 2440 1.00 031 12.7 031 423 693 31.0 15355 0.760
64 2440 190 2440 1.00 0.16 12.7 0.16 423 693 29.0 1436.4 0.540
65 2440 190 2440 1.00 0.16 12.7 0.16 423 693 28.0 13869 0.520
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Wl L w He B p d pa S fe S P U Rer
mm mm —mm % mm % MPa MPa MPa kN

66 1410 190 1320 094 051 16.0 0.25 437 503 12.0 66.1 0.758
67 1410 190 2135 1.51 0.51 16.0 0.16 437 503 12.0 66.1 0.835
68 1410 190 1320 094 029 16.0 0.16 455 524 12.0 525 0.662
69 1410 190 2135 1.51 0.29 16.0 0.16 455 524 12.0 52.5 0.830 g
70 1410 190 1320 094 051 16.0 0.16 455 524 12.0 525 0.663 (;
71 1410 190 2135 1.51 0.51 16.0 0.16 455 524 12.0 525 0.829 %
72 1000 190 2135 2.14 051 16.0 0.16 455 524 12.0 372 1.045 E
73 1820 190 1320 0.73 028 16.0 0.16 455 524 12.0 67.8 0.588
74 1220 143 1440 1.18 044 222 039 390 450 15.1 303.1 0.480
75 1220 143 1440 1.18 044 222 020 390 450 15.1 1203 0.614
76 2440 195 2440 1.00 033 12,7 033 423 681 29.0 0.0 1.301 ~
77 2440 195 2440 1.00  0.16 12,7 0.16 423 681 29.0 0.0 1.822 §
78 2440 195 2441 1.00 033 12,7 0.33 423 681 29.0 47.6 1.036 5
79 2440 195 2442 1.00  0.16 12.7 0.16 423 681 29.0 47.6 1.140 g
80 2440 195 2443 1.00 033 12,7 0.16 423 681 243 0.0 1.871 E)
81 2440 195 2444 1.00  0.16 12,7 0.16 423 681 243 47.6 1.023
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Table 2.2: Yield, ultimate curvatures, and drift capacities of wall database

o _ ¢ Pu A/H, %
§ 110°  1/10° Model Model Model Model Model Model  Model Model

9 1 1% n? m? w ye vi® i ” v

mm mm
1 1.76 9.38 0.406 0.323 0.329 0.489 0.474 0.385 0.400 0.608
2 1.83 8.12 0.358 0.289 0.294 0.427 0.419 0.333 0.348  0.550
3 1.57 1694 0.698 0.530 0.542 0.876 0.800 0.711 0.734 1.071
4 1.55 19.04 0.780 0.589 0.602 0.968 0.889 0.795 0.810 1.309 %
5 1.65 13.53 0.566 0436 0.445 0.689 0.653 0.557 0.583  0.839 :
6 1.65 13.53 0.566 0.436 0.445 0.689 0.653 0.557 0.575 0.839 g
7 1.70 11.17 0475 0424 0.395 0.594 0.577 0.468 0482 0.784 0
8 1.76 9.73 0.420 0.332 0.339 0.495 0.489 0.396 0414 0.617 %
9 1.76 9.73 0.420 0.332 0.339 0.495 0.489 0.396 0414 0.617
10 1.76 9.73 0.420 0.332 0.339 0.495 0.489 0.396 0414 0.617
11 1.76 9.73 0.420 0.332 0.339 0.495 0.489 0.396 0414 0.617
12 122 1572 0.632 0.452 0478 0.785 0.597 0.644 0.678  0.940 g L
13 122 1531 0.617 0.442 0.467 0.768 0.583 0.628 0.652 0917 § 8
14 1.79 18.64 1.025 0.947 1.063 1.721 1.084 1.056 1.210 1.569 %
15 1.97 8.22 0.537 0.532 0.566 0.817 0.647 0.548 0.601 0.903 S
16 194 9.63 0.603 0.633 0.661 0.982 0.752 0.617 0.682 1.053 =
17  2.07 6.50 0462 0479 0.495 0.680 0.582 0.470 0.499  0.826 E
18 2.16 5.83 0.435 0.450 0.463 0.616 0.542 0.432 0.458 0.765 :;
19 2.24 5.29 0415 0.458 0.449 0.581 0.612 0.403 0.425 0.708 A
20 299 3320 1.023 1.011 1.103 1.772 1.124 1.054 1.168 1.739
21 342 17.12 0.604 0.600 0.641 0.945 0.687 0.584 0.644 1.008
22 359 1387 0522 0.650 0.602 0.875 0.677 0.508 0.546 1.068 N
23 1.87 7.63 0.298 0.305 0.249 0.365 0.341 0.285 0.260 0.562 S
24 1.83 8.31 0.365 0.364 0.322 0.481 0.420 0.355 0.335  0.658 .%
25 237 1052 0535 0.544 0573  0.848 0.645 0.546 0.597  0.938 s
26 241 11.96 0.591 0.602 0.637 0.959 0.700 0.605 0.641 0.966
27  2.60 9.09 0.494 0.501 0.524 0.743 0.580 0.481 0.511 0.791
) paulay and Priestley (1993) ® Shedid and El-Dakhakhni (2013)

@ Priestley and Calvi (1996)

) Panagiotakos and Fardis (2001)
“ Euro Code 8 (2005)

© Priestley et al. (2007)

© Bohl and Adebar (2011)

) Kazaz (2013)
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Table 2.2(Cont): Yield, ultimate curvatures and drift capacities of wall database

Py Pu A,/H,, % Ref.
;Nau VIO 1105 Model Model ~Model ~Model ~Model ~Model Model —Model
g mm’ v n? m? y vi® yua?  yn®
mm
28 3.65 12.59 0.485 0.554 0.540 0.755 0.605 0.473 0.510 0.935
29 3,59 12.69 0.486 0.550 0.540 0.758 0.602 0.473 0.511 0.932
30 3.79 11.86 0.471 0470 0.494 0.671 0.534 0.440 0.480 0.768 5
31 3.76 11.88 0.471 0.469 0.493 0.671 0.532 0.440 0.480 0.767 g
32 1.57 1846 0.754 0.520 0.558 0.898 0.709 0.768 0.799 1.082 é
33 1.79 9.73 0.418 0.308 0.326 0.486 0.417 0.399 0.409 0.598 ﬁo
34 1.57 18.58 0.689 0.464 0.461 0.737 0.644 0.699 0.669 0.997
35 1.79 9.76 0373 0.267 0.266 0.395 0.367 0.354 0.332 0.541
36 3.60 12.50 0.486 0.552 0.539 0.755 0.678 0.473 0.510 0.814
37 3.50 13.11 0.498 0.564 0.554 0.780 0.697 0.485 0.527 0.829
38 3.12 2635 0.843 0.836 0.905 1.431 1.140 0.856 0.940 1.195
39 3.06 2838 0.896 0.885 0.961 1.521 1.206 0.910 1.008 1.259
40 1.56 18.48 0.758 0.521 0.561 0.902 0.832 0.772 0.804 1.007
41 1.78 9.70 0.419 0.308 0.326 0.487 0473 0400 0.410 0.558
42 1.56 18.48 0.758 0.521 0.561 0.902 0.832 0.772 0.777 1.007
43 1.78 9.70 0.419 0.308 0.326 0.487 0.473 0.400 0.410 0.559
44 2,60 13.96 0.752 0.817 0.897 1.309 1.060 0.742 0.849 1.161
45 291 11.43 0.681 0.691 0.766 1.081 0.897 0.649 0.731 0.862
46 285 9.58 0.605 0.643 0.691 0.947 0.808 0.579 0.644 0.871
47 3.11 877 0.596 0.602 0.652 0.861 0.754 0.558 0.616 0.709
48 4,18 20.25 1.006 1.216 1.330 1.919 1485 1.000 1.105 1.598 g
49 461 17.88 0.972 1.085 1.202 1.680 1.326 0.936 1.028 1.241 N
50 456 1440 0.860 0.989 1.058 1.433 1.167 0.833 0908 1.244 Tj
51 496 13.19 0.860 0.930 1.002 1.307 1.091 0.818 0.884 1.027 g
52 3.00 33.00 1.019 1.006 1.096 1.760 1.372 1.050 1.163 1.687 g
53 341 17.11 0.603 0.599 0.640 0943 0.802 0.584 0.644 0.892 ﬁ
54 331 20.24 0.685 0.895 0.814 1.261 1.043 0.661 0.724 1.257
55 1.87 7.68 0.300 0.307 0.250 0.367 0370 0.287 0.262 0.541
56 1.87 7.66 0.341 0.340 0.303 0444 0431 0.327 0.312 0.578
57 236 10.76 0.542 0.552 0.582 0.864 0.753 0.554 0.606 0.925
58 236 10.68 0.540 0.549 0.579 0.858 0.749 0.552 0.583 0.921
59 257 828 0.460 0.467 0487 0.678 0.616 0449 0476 0.725
60 1.05 20.38 1.096 0.653 0.743 1.211 1.102 1.117 1.147 1.436
61 1.02 3643 1934 1.121 1.288 2.153 1.896 1973 2.061 2416
62 1.02 3545 1.883 1.093 1.255 2.101 1.848 1.921 2.006 2.352
63 130 6.18 0.361 0.249 0.272 0.390 0.389 0.332 0.350 0433
64 129 6.88 0.397 0.269 0.295 0432 0424 0364 0390 0473
65 129 6.85 0.396 0.268 0.294 0431 0423 0363 0.389 0471
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Table 2.2(Continued): Yield, ultimate curvatures, and drift capacities of wall

database
wall ¢4, 4, Aw/H,, % Ref.
o M0 e Model  Model — Model — Model ~ Model ~ Model — Model — Model
mm” mm I )i 11 v v VI Vil Vil
66 229 10.52 0.345 0.323 0.291 0.449 0.383 0.343 0.338 0.582
67 230 1044 0.443 0407 0427 0.650 0499 0.444 0474 0.709
68 2.26 16.56 0.523 0.500 0434 0.712 0.573 0.523 0.525 0.885
69 226 1633 0.643 0590 0.622 1.011 0.711 0.648 0.699 1.029 g
70 237 1043 0.343 0.330 0.293 0450 0.388 0.343 0.344 0.590 (;
71 238 1037 0.443 0413 0431 0.652 0.508 0446 0475 0.720 %
72 351 14.66 0.555 0.589 0.615 0.923 0.674 0.560 0.609 0.935 §
73 1.71 1245 0456 0.376 0.327 0.535 0466 0.455 0435 0.719
74  2.68 1335 0.422 0482 0411 0.624 0.494 0.382 0.400 0.752
75 243 21.17 0.631 0.737 0.612 0986 0.746 0.612 0.651 1.141
76 1.06 19.59 1.055 0.630 0.717 1.170 1.064 1.075 1.099 1.381
77 1.02 37.07 1.967 1.141 1310 2.191 1.929 2.007 2.097 2.444 g
78 1.07 1823 0984 0.590 0.671 1.090 0.996 0.999 1.022 1.279 (:
79 1.03 33.08 1.759 1.024 1.175 1.958 1.731 1.787 1.869 2.167 'qé
80 1.03 3232 1.719 1.002 1.148 1.936 1.693 1.754 1.824 2.140 g
81 1.04 28.65 1.528 0.895 1.024 1.719 1.511 1.550 1.615 1.887 an

) paulay and Priestley (1993) © Priestley et al. (2007)
@ Priestley and Calvi (1996) © Bohl and Adebar (2011)
) Panagiotakos and Fardis (2001) ) Kazaz (2013)

“ Euro Code 8 (2005) ® Shedid and El-Dakhakhni (2013)
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Table 2.3: Plastic hinge and displacement capacity models

Model Reff.
L,=02L, +0.044H Paulay and Priestley (1993)
L,=0.08H,+0.022d, f, Priestley and Calvi (1996)
9]/[ = ¢— (¢U _¢ )L 1_ . . .
3 P 2L, Panagiotakos and Fardis (2001
L, =0.12L, +0.014a,d,f,
L dyf,
L,==+02L,+0.11—= Euro Code 8 (2005)
50 A
L,=kH+0.1L, +L,, Priestley et al. (2007)
M
L,= (O.ZLW + 0.05— (1 1. 5—} Bohl and Adebar (2011)
v JA,

W

M 0.45
L, =027L, [ P j[l p“’j{ %/J Kazaz (2013)

L L) 1 L
A=A, +(¢,-9, L{ _Tj ¢L(H +2j Z(¢u—¢3)L3(HW—L2—?3j Shedid and El-Dakhakhni (201

Table 2.4: Regression analysis results

Model An/ Aexp
Paulay and Priestley (1993) 0.52
Priestley and Calvi (1996) 0.46
Panagiotakos and Fardis (2001) 0.49
Euro Code 8 (2005) 0.73
Priestley et al. (2007) 0.61
Bohl and Adebar (2011) 0.52
Kazaz (2013) 0.55

Shedid and El-Dakhakhni (2013) 0.78
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Table 2.5: Proposed model calibration coefficients and errors

Model CCil;?i;iit::(l)lltl Errors

1 2 3 Max  Min RMS

Paulay and Priestley (1993) 263 2547 - 112 -1.75 0.58
Priestley and Calvi (1996) 0.63 764 - 111 -1.64 0.61
Panagiotakos and Fardis (2001) 0.42 11.99 - .11 -1.64 0.61
Euro Code 8 (2005) 0.84 035 647 1.06 -1.50 0.60
Priestley et al. (2007) 0.86 0.10 658 1.06 -1.60 0.59

Bohl and Adebar (2011) 0.01 0.23 - 1.38  -0.98 0.57
Kazaz (2013) 2.63 --- - 218 -5.61 0.82

Shedid and El-Dakhakhni (2013) 0.01 271 232 096 -1.22 0.51

Table 2.6: Characteristics of default wall

Model Piﬁ‘:i‘tit)er
dp 16 (mm)
dpsn 11.5 (mm)
S, 400 (mm)
Ssn 400 (mm)
fom 13.5 (MPa)
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Figure 2.1: Typical Reinforced concrete block shear wall (RCBSW)
configuration; a) Rectangular cross section; b) Elevation.
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Plastic hinge
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Figure 2.2: Idealized representation of plastic hinge (Paulay and Priestley 1992).

65



Ahmad Siam McMaster University
Ph.D. Thesis Department of Civil Engineering

2.50

2.00
&

E PN Am = O.SZAexp
A 1.50
i,

1.00
0.50
a
@) 0.00
0.00 1.00 2.00 3.00 4.00
Aexp
Hw
1.60 -
4, =0.464,,
140 ——————1—————

1.20 &
o
1.00 oG S / <&

<>_
A
%{W 0.80 © o/

o
0.60 |———L 12 O
o) >
0.40 4
0.20 > g
(b) 0.00
0.00 1.00 2.00 3.00 4.00

Figure 2.3: Sample linear regression plot of models; a) Paulay and Priestley
(1993); b) Priestley and Calvi (1996).
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Figure 2.4: Linear regression lines for the eight models.
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Figure 2.5: Sample residual plot of models; a) Paulay and Priestley (1993) (b)
Priestley and Calvi (1996).
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Figure 2.6: Normal probability plot of residuals.
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Figure 2.7: Ranked residuals from different calibrated models.
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Figure 2.8: Influence of different wall characteristics on the drift capacity
using the calibrated model of Shedid and El-Dakhakhni (2013); @) The

masonry compressive strength; b) The axial load ratio.
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Figure 2.8 (continued): Influence of different wall characteristics on the drift
capacity using the calibrated model of Shedid and El-Dakhakhni (2013); ¢) The
vertical reinforcement ratio by changing the bar diameter; (d) The vertical
reinforcement ratio by changing the spacing between the vertical bars.
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CHAPTER 3

SCORING MODELS FOR REINFORCED MASONRY SHEAR WALL MAXIMUM
DISPLACEMENT PREDICTION UNDER SEISMIC LOADS

3.1 ABSTRACT

In the past decade, there has been an increased shift towards performance-based
Seismic Design (PBSD) approaches to meet the requirements for the next
generation of seismic codes worldwide. Displacement-based Seismic Design
(DBSD) is key for implementing PBSD approaches as structural performance is
typically linked to damage which in turn is associated with component
displacements and deformations. Available reinforced masonry shear wall
(RMSW) displacement prediction models in the literature are found to be unreliable
when compared with published experimental results. This study outlines the use of
a statistical multivariate analysis technique and applying it to develop a reliable
model for the maximum displacement capacity prediction of RMSW systems. This
approach is subsequently used to build scoring models based on an experimental
database of 81 flexurally dominated RMSW tested under simulated seismic loads.
The models are further utilized to investigate the influence of altering the wall
design characteristics on their maximum displacement capacities. The developed
models are considered a major step to facilitate DBSD codification of RMSW

systems for the next generation of PBSD codes.
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3.2 INTRODUCTION

Performance-based seismic design (PBSD) approaches attempt to quantify how
components or systems are likely to preform, given a potential seismic hazard that
they are likely to experience, considering uncertainties inherent in quantifying both
the hazard and the component/system responses. A typical PBSD process starts
with the selection of performance objectives [Priestley (2000), FEMA P. 58(2012)].
Each performance objective indicates the acceptable risk of incurring specific
damage levels, and the consequent losses as a result of this damage, conditional on
a specified level of seismic hazard. Each level of damage, as a performance
indicator, is typically predefined by the lateral drifts either at the top floor-level
and/or inter-story drifts. Linkage between damage and displacement has been the
motivation for the development of displacement-based seismic design

methodologies [Moehle (1992), Priestley (1993), and Calvi et al. (2008)].

Masonry systems are among the most common forms of construction in
urban areas for low- and mid-rise buildings. In terms of potential seismic hazard,
there is a perception that masonry buildings in general possess low level of ductility
and are particularly vulnerable under seismic events. This perception is attributed
to the observed brittle nature of unreinforced masonry components and systems
worldwide during seismic events. However, over the past decades, a large number
of experimental studies has demonstrated the seismic performance capabilities
enhancements of reinforced masonry shear walls in terms of displacement ductility

and energy dissipation capabilities [Klingner et al. (2012), Ahmadi et al (2014)].
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Displacement-based seismic design (DBSD) approaches focus on
identifying target design displacement as such displacement typically correspond
to specific damage/performance level. As such, displacement is the main design
input in any DBSD procedure. DBSD also requires quantifying the secant stiffness
corresponding to that target displacement as well as hysteretic damping and
ductility level. Although outside the scope of the current study, predictive models
for such parameters are also needed. Regardless of the procedure adopted for DBSD
[Sullivan et al. (2003)], it is necessary to develop and calibrate a displacement
capacity model for the structural component and system under consideration. In
this respect, several analytical models are proposed to predict the displacement
capacity for RMSW with opening, squat wall, or confined masonry governed by
shear failure [Yang et al (1992), Mostafaei et al. (2009), Riahi et al. (2009), and
Deaton et al. (2009)]. Unlike available models for predicting reinforced concrete
shear wall (RCSW) displacements, models to predict the displacements of
reinforced masonry shear walls (RMSW) are scarce in literature. For flexurally-
dominated rectangular cantilever RCSW where a plastic region is expected to
formed at the interface region between the wall and the foundation, seven different
models [Paulay and Priestly (1993), Priestly et al. (1996), Pangiotakos and Fradis
(2001), Euro Code 8 (2005), Priestly et al. (2007), Bohl and Adebar (2011), and
Kazaz (2012)] have been proposed to predict wall displacement capacities. In
addition to the above models, Siam et al. (2015) considered also the model

developed for RMSW by Shedid and El-Dakhakhni (2013) and demonstrated that
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the maximum displacement predictions of all eight models were unreliable
compared to available RMSW experimental database results. It was also found that
current models do not account for the shear deformation component for flexurally

dominated walls.

Therefore, it was deemed necessary to develop a model that can accurately
predict wall displacement capacity taking into account its shear deformations. As
such, the focus of the current study is to propose a wall displacement prediction
model that accounts for both flexural and shear deformation mechanistic
parameters with coefficient calibrated using Multivariate Data Analysis (MVDA)
statistical tools. Subsequently, two approaches were used in MVDA: 1) principal
component analysis (PCA); and 2) projection to latent structure (PLS) [Eriksson
(1999)] using a database of RMSW containing 81 walls from different published

studies as will be explained later.

3.3 MODEL PARAMETERS

As the level of seismic demand increases, RMSW experience increased deflections
that might force the wall to respond in an inelastic manner. Because of the complex
anisotropic nature of RMSW systems, four distinct failure modes or a combination
thereof can occur: flexural, rocking, sliding, and diagonal shear. These four failure
modes depend on the wall design parameters such as its cross-section configuration,

reinforcement details and ratios, material characteristics, and boundary conditions.
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Rocking and sliding can be prevented with adequate detailing at the wall-
foundation interface zone leaving the flexural and the diagonal shear as the two

most common failure mechanisms.

3.3.1 Flexural Deformation

For seismic design, RMSW are typically designed to fail in flexural to ensure a
ductile response and effective energy dissipation during seismic events [Thomas
and Priestley 1992]. Flexural failure is typically characterized by tensile yielding
of the vertical reinforcement, the formation of a plastic hinge zone and crushing of
masonry units, grout, and mortar at wall toes [Drusdale et al. 1994]. Crushing is
often accompanied by web splitting of the concrete masonry units [Yi and Shrive
2003]. At increased displacements, masonry unit face shell spalling and eventual
crushing of grout column also occur in the toe regions followed by a possible
buckling of the vertical reinforcement at the toe region [Shedid et al. (2008)].
Flexural wall behavior is typically negatively influenced by high vertical
reinforcement ratios which correspond to decreased levels of drifts and ductility
and can result in brittle failures [Eikanas 2003]. In addition, flexural strength is
enhanced with increased axial forces [Sherman 2011]. Other research studies have
also indicated that walls with aspect ratio greater than 1.0 exhibit more flexural-
than shear-dominated behavior [Sveinsson et al 1985]. In the event of vertical bar(s)
pull-out, additional wall lateral deformation may occur. Modern design codes

however, do account for such undesirable effects by providing adequate anchorage
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and development length for seismic reinforcement within the foundation. In
addition, the effect of reinforcement strain penetration into the foundation
[Priestley et al 2007] was shown to have a minimal influence on the overall wall
deformation as compared to other contributing factors [Bohl and Adebar (2011),

TomazevicC et al. (1988)].

Under seismic loading, RMSW are typically assumed to act as cantilevers. In
this configuration, top wall displacement corresponding to first yield of the
outermost vertical reinforcement is defined as yield displacement which can be
calculated by double integration of the curvature profile distribution along the wall
height. To simplify the process, and in lieu of the double integration of the wall
curvature profile, an equivalent idealized plastic hinge length is typically assumed
using Equation (3.1) [Eriksson 1999]. Where curvature is assumed to be constant
and equal to ultimate curvature ¢, along the equivalent plastic hinge length Z .

H¢

a=A+A) :%"‘(%_¢}7)LP(HW_O-5LP) (3.1)

where A  is the flexural displacement (which is equal to the summation of the
yield displacement, A , and the plastic displacement, A )); /| is the wall height; and

¢, is the yield curvature.
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3.3.2 Shear Deformation Parameters

Shear failures are typically undesirable as walls that fail in shear exhibit more brittle
behavior and rapid strength degradation after reaching their peak strength. Shear
failures are characterized by diagonal tensile cracking. Walls with aspect ratio less
than 1.0 are often dominated by shear behavior [Sveinsson et al. 1985]. The shear
resistance of RMSW results from the tensile capacity of the shear reinforcement,
dowel action of vertical reinforcement, applied axial stress and aggregate interlock
[Corley 1966]. Shear behavior can be enhanced by evenly distributing the
horizontal reinforcement along the height of the wall which facilitate stress
distribution. This can also alter the wall’s brittle failure to a more ductile response
[Tomazevi¢ 1999]. Uniform distribution of vertical reinforcement also reduce the
size and amount of cracks which in turn enhances the aggregate interlock
mechanism. Finally, increased applied axial load enhances the shear strength by
delaying the initiation of cracking and improving the aggregate interlock

mechanism [Ibrahim and Suter 1999].

To the best of the authors’ knowledge, there is no published analytical model
that explicitly predicts shear deformations of RMSW and only a few analytical
models are proposed to predict the shear deformations of reinforced concrete
elements that are flexurally-dominated [Bayer et al. (2011) and Sezen (2008)].
Bayer et al (2011) proposed an empirical equation to estimate RCSW displacement
as a ratio of their flexural displacements as given Equation (3.2). This model is
based on the modified compression field theory [Vecchio and Collins 1986]
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assuming that the curvature and the average axial strain are constant over the plastic

hinge height.
A 1
S5 fm 3.2)
A, gtan 5, H

where A ; is the flexural displacement; A, is the shear displacement; ¢, is

the average axial strain level at the center of wall section; ¢ 1s the curvature; and

ﬂm is the cracking angle.

Sezen (2008) proposed a piecewise linear model defining key points in the
force-shear deformation relationship of reinforced concrete columns through a
parametric study by also implementing the modified compression field theory. The
average shear strain or shear displacement at the maximum shear strength have
been shown to be influenced by several factors. First, the shear strain is inversely

proportional to the square root of the axial stress ratio. In addition, the shear strain

varies linearly with the product of vertical steel yield strength f, and vertical steel
ratio p,. Based on regression analysis, a linear relationship was proposed to

evaluate the shear strainy, at the maximum strength, which, when adapted to

RCSW, would give:

£,

SOOO(HW J L
L, )\ 4,1.

y, = —0.0004 (3-3)
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where L  is the wall length; P is the axial load,; Ag is the wall gross cross section

area; and f, is the compressive strength of concrete.

Based on the RMSW/RCSW behavior influencing parameters discussed above
and the experimental database to be presented next, a model to predict the
maximum displacement of RMSW will be developed in this paper. Within the
proposed scoring model, the mechanics-based prediction of the yield displacement
(corresponding to the first yielding in the vertical steel) is adopted. Subsequently,
a combination of different wall design parameters is investigated to quantify their
influence on RMSW flexural plastic and shear displacement components along

their calibrated factors.

3.4 EXPERIMENTAL DATABASE

In order to develop a reliable model that is capable of predicting displacement
capacity, a RMSW seismic performance database is selected with specific criteria.
All walls included in the database are: 1) fully grouted; 2) flexural-dominated; 3)
contain horizontal (shear) reinforcement; and 4) tested under displacement-
controlled quasi-static cycling loading along the wall’s in-plane direction.
Moreover, the applied axial compressive stress varied from approximately zero (i.e.
no external applied axial load but the wall’s own weight will be used instead) to
15% of the full wall cross section compressive strength. The vertical and horizontal
reinforcement ratios varied from 0.16% to 1.3%, and from 0.05% to 0.63%,
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respectively, with a yield strength that ranged between 318 MPa and 624 MPa. The
masonry compressive strength fluctuated between 12 MPa and 31 MPa. The
experimental database is compiled from the studied reported by Shing et al. 1990
(eleven walls), Voon and Ingham 2005 (two walls), Shedid et al. 2008 (six walls),
Vaughan 2010 (ten walls), Sherman 2011 (eight walls), Hernandez 2012 (six
walls), Kapoi 2012 (eight walls), and Ahmadi et al. 2014 (30 walls) with a total of
81 walls. The wall characteristics are summarized in Table (3.1) with a typical cross

section and elevation is provided in Figure 3.1.

Analysis was conducted on each wall in the database to quantify both its

ultimate and yield curvatures(¢u,¢y)using first principles. In the cases where the

maximum displacement associated with the peak strength of each wall is not
reported explicitly, an induction from the hysteretic loops reported in the original
reference is used and reported in Table 3.1. Although the number and amplitude of
loading cycles can influence the overall wall-displacement response envelope, it
should be noted that there is no general consensus on a universal cyclic loading
protocol for RMSW or for any other seismic force resisting component for that
matter. As such, while all the 81 walls experienced in-plane cyclic loading until
their failure, their loading protocols were not identical. However, until such a
universal approach is established, that also may or may not reflect actual seismic
loading conditions, and a significant number of RMSW are tested following such
protocol, the current study presents a useful calibrated model based on the database
of published experimental RMSW test results to date.
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3.5 MULTI VARIATE DATA ANALYSIS (MVDA) THEORY

Principal Component Analysis (PCA) and Projection to Latent Structure (PLS) are
generalized multiple regression methods based on investigating a block of data (in
the case of PCA) or relating two blocks of data to each other as input and output (in
the case of PLS) [Nelson et al 1996]. These methods are particularly effective in

modeling and analyzing variables that are correlated.

3.5.1 Principal Component Analysis (PCA) Background

One of the primary objectives of the PCA as a MVDA method is to get an overview
of the dominant patterns and major trends in the data matrix X. Because the purpose
of PCA is to decompose the X-matrix to detect the hidden phenomena, the concept
of variance is key. The direction in the multivariate space with the maximum
variation is coupled with a hidden phenomenon [Eriksson 1999]. Therefore, the
calculation of latent variables (the principal components) which coincide with these
maximum variance directions are and efficient tool to understand and interpret the

data. By using PCA, a data matrix X is modeled as:

X=x+)t,ep/+E (3.4)

k=1

In Equation 3.4, x'indicates a standardization of the row data matrix X. While

the second term models the principal component (PC) scores and loading, the third
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term, E, contains the errors [MacGregor et al. 2005]. The PC scores are stored in

t, and present the coordinate for the observations in the established model hyper-

plan. The PC loadings are stored in p; wherek is the number of variables. The

loadings define the orientation of the computed PC plane with respect to the original
X-database variables. A graphical representation for a simple case, three variables
and two components (see Figure 3.2), shows two PCs forming a plane which
represent a window into the multidimensional space. Each observation may be
projected onto this plane in order to get new coordinate values (scores) in the new

coordinate system.

3.5.2 Projection to Latent Structures (PLS) Background

The partial least squares PLS is a regression extension of PCA, which is used when
it is of interest to connect the information in two blocks of variables, X and Y, to
each other. The difference between the PCA and PLS is that the former is a
maximum variance projection of X, whereas the latter is a maximum covariance
model of the relationship between X and Y. The PLS technique works by selecting
factors of input variables in a sequence which successively maximize the explained

covariance between input and output variables. Given a matrix of input data, X,
and output data, Y, a factor of the input data, ¢, , and output data,u,, is evaluated

such that:
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X=>Ytep +E and Y=Y u eq +F (3.5)
k=1 k=1

All vectors included in both #, vectors andu, are mutually orthogonal and
selected so the covariance between each pair(z,,u,) is maximized. Linear
regression is performed between #, and u, to produce the inner relationship, such

that u, = f3, ot, +& where f,is a regression coefficient and &, refers to the
prediction error. The PLS method provides the potential for a regularized model
through selecting an appropriate number of latent variablesu, in the model. The

benefit of this approach is twofold: first, it has the advantage of examining any
change that might occur in the new input variables, including both the measured or
controllable variables (explained in the next paragraph), before using the model for
prediction by monitoring the input variables using a multivariate chart referred to
as DModX (distance to the X-model); second, the PLS method has the ability to
show that a relatively small number of low-index latent variables can explain the
greater part of the variation in both the input and output variables. A test is applied
on the experimental database to examine the relationship between the inputs and
the outputs in the latent space. Figure 3.3 reveals a dispersed linear trend between
the maximum displacement obtained from experimental database and the predicted
maximum displacement which imply the possibility to use the approach for further

analysis.
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The next sections will address both PCA and PLS model developing towards
predicting RMSW displacement capacity starting with plain variables. In this
respect, it is important to note that, plain variables can be classified into two sets of

variables: controllable and non-controllable. The controllable variables include

(HW,LW,tW, Pos Pas [ s S, ,P) where ¢ ,p,,f' are the wall thickness, the shear

reinforcement, and the masonry compressive strength respectively. The non-

controllable variables include (a, L, ¢y,¢p,¢u) where o = Ll —%J and
g/) m

m

p= [l —ﬁj represent the axial load effect, the amount of shear reinforcement

respectively. Both the controllable and non-controllable variable sets have direct
correlations with the wall ultimate displacement, A = and in the same time cover

most wall design characteristics that could happen to achieve the maximum

displacement.

3.6 PCA IMPLEMENTATION ON THE EXPERIMENTAL DATABASE

As can be seen from  Figure 34, a PCA of 14
(HooLysts s Py f o f0Ps Bot 8,4, ) and 81 wall (observation) top drifts
(A, / H ) yields a model with R*>X :0.94, indicating variation or the goodness of

fit for variable X, and Q2 . 0.53 that shows the predictive ability or goodness of

prediction parameter. The main reason to use the top wall drifts is to normalize the
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lateral top displacement within the database. This is because not all the walls have
the same scale, as some walls are half-scale and others are full-scale. The PCA-
score of the first two components are plotted in Figure 3.4(a), and the corresponding
loadings in Figure 3.4(b). The loading plot shows an overview of the relationships

among all variables and the response at the same time.

The obtained the score plot, Figure 3.4(a) shows how the 81 wall drift results
(observations) relate to each other. Walls close to each other have similar
characteristics, whereas wall drift results further away from each other are more
dissimilar with respect to the material and geometrical characteristics. Walls 56,
55, 23, and 24 (Table 3.1) are clustered in the lower left-hand corner, thus represent
a group of walls that have some similarity in the variables. Walls 38, 68, 14, and
69 (Table 3.1) are close to the origin of the plot, which indicates that they have

average characteristics.

The loading plot, Figure 3.4(b), displays the relationship between all variables
simultaneously. Variables contributing similar information are grouped together
and are correlated (e.g. f,p, are grouped and positively correlated). When the
value of one variable increases or decreases, the value of the other variable changes
correspondingly. On the other hand, when two variables are located on opposite
sides of the plot axes and in diagonally opposed quadrants (e.g.f,p,,), the
variables are inversely correlated. Furthermore, the distance from the variable to

the loading plot origin has an interpretation in the model whereas the variable ¢, is
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located furthest away from the loading plot origin, indicates a stronger impact on

the model.

The four Walls 23, 24, 55, and 56 (Table 3.1) are characterized by having high
values of shear reinforcement ratio p,, . The location of Wall 19 (Table 3.1) in the
second quadrant is due to the fact that it contains the highest level of both vertical
reinforcement ratio p, and yield strength f, . The model interpretation also reveals
that Walls 48, 49, 50, and 51 are clustered and are heavily influenced by
displacements and inversely proportioned with wall lengths L , as this group

considered the shortest in the wall length.

3.7 PROPOSED SCORING MODEL

The maximum drift ratios A | / H  , as aresponse Y, along with the 14 geometrical

and mechanical characteristics ( H,,L,.t.P:Pys S s [ Ps s, ¢u,¢p,¢y), as

variables X, are modeled simultaneously with PLS. It should be noted that all wall
geometrical and material characteristics are not identical, however, all walls within
the selected experimental database experienced the same flexural failure mode,

regardless of the wall characteristics.

The first PLS component, accounting for almost 50% of the response variation,
captures a strong correlation between X-factors and Y-response. The second

component, which explains another 2% of the Y-variation, uncovers a weak
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deviating feature for the next component. Therefore, two PLS components are
obtained with: R2X :0.25, R*Y :0.62 and Q°: 0.52. In order to interpret the PLS

model, scoring and loading plots, Figure 3.5(a) and 3.5(b) respectively, will be

considered. The loading plot depicts that the maximum drift is positively influenced
by H,.t,f',.8,.0,,and ¢, and negatively influenced by L and P, which is

consistent with basic mechanics. Moreover, the loading plot also suggests that the

variables H ,¢ ,4,,L are the most important to the maximum drift. The three
variables p,, f,,a are of comparatively low importance as shown in the Variable

Importance for Projection (VIP), Figure 3.6.

An attempt is made to remove individual material and geometrical wall
characteristics from the previous model and replace them by dimensionless
parameters to be used with any consistent system of units. This dimensionless
parameters will also follow the principles of mechanics starting from equating the

total displacement to the summation of its flexural and shear components as shown

in Equation 3.6.
A, =A,+A, (3.6)

The flexural displacement beyond the elastic range is the summation of yield

and plastic displacement as shown in Equation 3.7.

Ay=A +A, (3.7
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While the calculation of yield displacement is based on deflection at the elastic
range as shown in Equation 3.8, the plastic displacement, Equation 3.9, is a function

of parameters defined in Equation 3.1. The plastic hinge in this study is defined as

a function of &, 5, H ,and L as shown in Equation 3.10.

_$H
2= (3.8)
A= f((4,-4,)L,(H,-05L,)) (3.9)
L =g(ap(H,+L,)) (3.10)

Therefore, the plastic displacement can be a function of individual wall

material and geometrical characteristics as given by Equation 3.11.
A, =f(#,[ep(H,+L,)](H,-05[ap(H,+L,)])) (3.11)

Equation 3.11 can be used to improve the model drift predictions by

introducing calibration coefficients q,,a,,a,,a,,a;and dg as follows:

A 2

H_p =p,af {ale +a,L,—a,affH, — awgb’% - asaﬂLw} (3.12)
V.1

A, =ao—t—Po g (3.13)

twLw fy p sh !

In this model (Equations 3.12 and 3.13), the X data matrix is established with

five non-dimensional variables and the ¥ data matrix contains the maximum drift
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without the yield drift (Am —A, ) / H as the yield drift can be determined from basic

mechanics.

Out of the 81 tests results observations, a training set of 71 observations were
selected to develop the PLS regression model. The validation would then take place

using the remaining ten observations. The PLS model was built on a training dataset
by cross-validation, obtaining four components, with R*X : 0.97, R*Y : 0.50, and
Q2 . 0.45. Figure 3.7 illustrate a scatter plot of the two score and loading vectors of

the trained PLS model.

The prediction capabilities of the developed PLS model was evaluated using
on a test set of the remaining ten observations. The PLS score values (#,and?, ) for

these test observations are indicated by solid circles Figure 3.7(a). From the figure,
it can be concluded that the PLS model succeeds in predicting the new observations
data. The model analysis yields the coefficients, given in Table 3.2, for an equation
that have the capability to evaluate the drift by isolating the flexural and shear

contributions from the overall maximum drift for RMSW. The actual and the

predicted maximum driftsA / H,, presented by Figure 3.8, shows a good
approximation of A / H |, with the available data. The model gives an average ratio

of predicted to actual A, /H, values of 88% with model prediction ability 0%:0.53

with accuracy of approximately 90%. However, considering the different source of

aleatory and epistemic uncertainty in any experimental program, it is expected that
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the proposed model might not be able to accurately predict each and every
experimental data point. Similarly, it should be noted that, because of the complex
and anisotropic nature of RMSW, no single simplified mechanics-based model can
also be capable of predicting the entire range of the experimental dataset that were
compiled from different sources. This fact is not only attributed to different source
of uncertainty but also to typical errors in measuring and/or collecting the
experimental results. In addition, it should be noted that the proposed model does
quantify (separately) the shear and flexural contributions to the overall wall
displacements. However, the test results reported within the available experimental
database also do not present these two components separately. As such, no
comparison between the models prediction of the separate deformation

contributions and the corresponding experimental response can be made.

With the final set of model parameters (listed in Equations 3.12 and 3.13), the
established developed model code takes less than 90 s to generate the proper
calibration factors for the parameters based on entire 81 walls test results. Any

further variation in the parameters will require additional 90 s per run.

3.8 MODEL PERFORMANCE CHARTS

After achieving the main objective of the study to develop a reliable model that is
capable of predicting the displacement of RMSW corresponding to their peak

strength, the model performance charts will be generated to investigate the
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influence of both geometrical and material wall characteristics on the
corresponding drift ratios. As such, a default scenario wall (last column in Table
3.3) is introduced within the maximum and the minimum range of different wall

characteristics given in Table 3.1.

The lowest vertical and horizontal spacing of reinforcement is 200 mm (every
cell and every course). The yield strength will be kept constant for both vertical and
horizontal reinforcement, and is equal to 400 MPa. The compressive strength of
masonry varies between 10.0 MPa and 17.0 MPa with S type mortar. For the
performance chart development, the wall length is considered constant and is equal
to 3,200 mm and the wall thickness is equal to 190 mm. A summary of the selected
wall characteristics and the default scenario are given in Table 3.3. After defining
the range of wall characteristics, basic mechanics was used for each wall scenario
to evaluate its yield and ultimate curvatures, as well as its yield and ultimate
moment capacities. The next sections highlight the influence of each characteristic
on the wall maximum displacement capacities (presented as maximum drift ratio)

for the different wall scenario listed in Table 3.3.

3.8.1 Influence of Masonry Compressive Strength

The developed model (Equations 3.12 and 3.13 and Table 3.2) was first used
to capture the influence of altering the wall aspect ratio and the masonry strength
on the maximum drift ratio of the walls. At lower wall aspect ratios, the differences

between the maximum drifts are smaller compared to the high aspect ratio walls, as
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shown in Figure 3.9. At an aspect ratio of 1.00, the maximum drifts are 0.55%,
0.63%, and 0.69% for 10.0, 13.5, and 17.0 MPa masonry strength, respectively.
While at aspect ratio of 3.75, the maximum drifts are 1.94%, 2.25%, and 2.51% for
10.0, 13.5, and 17.0 MPa, respectively. The overall maximum drift differences
within the range of compressive strength values are 0.14%, 0.31%, 0.46%, and
0.57% for wall with aspect ratios of 1.00, 2.00, 3.00, and 3.75, respectively. For a
masonry compressive strength of 10.0 MPa, the maximum displacement ranges
between 0.55% and 1.94% for aspect ratios of 1.00 and 3.75, respectively. On the
other hand, for a masonry strength of 13.5 MPa, the maximum drifts range between
from 0.63% and 2.25% for aspect ratios 1.00 and 3.75, respectively; and fora 17.0
MPa masonry strength, the maximum drifts are between 0.69% and 2.51% for

aspect ratios 1.00 and 3.75, respectively.

At low aspect ratio, the difference between the maximum drifts for the various
masonry strength is minimal compared to that at high aspect ratio walls. This is
attributed to the influence of the shear displacement that reaches 18.6% of aspect
ratio 1.00 and decreased to 1.4% when the aspect ratio reaches 3.75. On the other
hand, both the yield and plastic flexural deformations increase with the increase of

both the masonry compressive strength and the wall aspect ratio.

At higher masonry compressive strengths, their influence on the wall
maximum drifts is minimal especially at low aspect ratios. The results also show
that increasing the masonry compressive strength to enhance the ability of the walls

to sustain higher axial load will slightly affect the maximum displacement for the
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low aspect ratio walls (up to 2.00). For higher aspect ratio walls, increasing the
compressive strength of masonry results in increased wall maximum displacement.
This conforms to basic mechanics predictions as increasing the masonry strength
leads to a reduction in the compression block depth within the wall cross section.
As such, the neutral axis shifts toward the compression fibers will results in
increasing the ultimate curvature which in turn would increase wall maximum

displacement.

3.8.2 Influence of Axial Load

As can be seen in Figure 3.10, the model is consistent with mechanics
regarding the influence of axial load being inversely proportioned with both the
flexural and shear displacement capacity of RMSW. At aspect ratio equals to 1.00,
the maximum drifts are 0.79%, 0.72%, 0.63%, 0.57%, and 0.53% at the 1.0%,
2.5%, 5.0%, 7.0%, and 10.0% axial load ratio, respectively. While at aspect ratio
equals to 3.75, the maximum drifts are 3.23%, 2.81%, 2.25%, 1.87%, and 1.61% at
the 1.0%, 2.5%, 5.0%, 7.5%, and 10.0% axial load ratio, respectively. The overall
maximum difference between changing the level of applied axial load are 0.25%,

0.83%, 1.31%, and 1.66% for walls aspect ratio equal to 1.00, 2.00, 3.00, 3.75,

respectively. For approximately no axial load (axial load of 1% of f”'lAg), the

maximum drifts range from 0.79% to 3.27% for aspect ratios 1.00 and 3.75,

respectively. Whereas at an axial load ratio of 5% of f”',Ag (default scenario), the
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maximum drifts ranges from 0.63% to 2.25%. For 10% axial load ratio, the

maximum drifts range between 0.53% and 1.61%.

For approximately no axial load (axial load of 1% of fm A4,), if the aspect ratio

is 1.00, the flexural and shear contributions are 89% and 11%, respectively.
Increasing the axial load ratio to 10% for wall with 1.00 aspect ratio has an impact
on the flexural and shear contributions to the maximum drifts of 73% and 27%,
respectively. This depicts the influence of changing the axial load to both the

flexural and shear deformation contributions.

For the same wall aspect ratio of 3.75, the maximum drift value varies from
3.27% to 1.61% as the axial stress ratio altered between 1% and 10%. However,
within this range, the flexural and shear contributions to the maximum drift remain
approximately the same as 98% and 2% respectively. It can thus be concluded that
shear deformation has a significant contribution toward RMSW drifts that increases

with increasing the axial load ratio, especially for low aspect ratio walls.

3.8.3 Influence of Shear Reinforcement

The shear reinforcement ratio can be changed by either the bar diameter,
Figure 3.11(a), or the bar spacing, Figure 3.11(b). Within the selected range of shear
reinforcement diameter, the influence on maximum drift within wall different
aspect ratio is negligible. Therefore, treating the shear reinforcement bar diameter

as and influencing parameter of RMSW drifts is not warranted when compared to
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the shear reinforcement spacing. At low aspect ratio, the differences in the
maximum drifts as high as 0.26%. This difference is reduced to reach 0.14% and
0.11% for wall aspect ratios of 2.00 and 3.00, respectively and remains almost

constant afterword.

Increasing the shear reinforcement spacing from 200 mm to 1,200 mm
decreases the shear deformation contribution to the maximum wall drifts from 41%
to 10% for walls aspect ratio equals to 1.00. For walls with aspect ratio of 2.00, the
shear contribution varies between 13% and 2%. For higher aspect ratio walls the
increase in shear reinforcement spacing inversely affects the shear contribution to
maximum displacement. The 1.5% drift limit can be reached by using 1,200 mm
shear spacing with 2.25 wall aspect ratio, or 800 mm spacing with 2.35 wall aspect
ratio, or 200 mm spacing with 2.50 wall aspect ratio. It can be concluded that, for
walls with low aspect ratios, the shear reinforcement spacing governs the maximum
drifts whereas, for high aspect ratio walls, the influence of shear spacing on

maximum drifts diminishes.

3.8.4 Influence of Vertical Reinforcement

The vertical reinforcement is a key parameter that is known to control the
behavior of RMSW. The vertical reinforcement influence can be quantified using
two separate attribute. The first attribute is the spacing between bars and the second

is the bar diameter. For both attributes, the analysis reveals that their influence on
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the maximum drifts is insignificant for low aspect ratio walls compared to that for

high aspect ratio walls.

Figure 3.12(a) depicts the influence of altering the vertical reinforcement bar
diameter on the maximum wall drifts as a function of the wall aspect ratios. Within
the same wall aspect ratio, the difference between the maximum drifts when
changing the vertical bar diameter are 0.1%, 0.6%, 1.1%, and 1.43% for walls
aspect ratio 1.00, 2.00, 3.00, and 3.75, respectively. All walls with an aspect ratio
of 1.00 exhibit approximately the same maximum drifts. However, the contribution
of flexural and shear deformation fluctuates with the variation of vertical
reinforcement ratios. At a vertical reinforcement ratio of 0.26%, the flexural and
shear drifts contributions to the maximum drifts are 81% and 19%, respectively.
While the flexural and shear contributions are 68% and 32%, when the vertical

reinforcement ratio increases to 0.40%.

Increasing the wall height (and thus wall aspect ratio) for the same wall length
and vertical reinforcement does not change the walls’ yield and ultimate moment
capacities. This, however, changes the moment arm and thus the resulting shear
force. Therefore, for example, the flexural drift increases from 68% to 97% and the
shear drift contribution decreases from 32% to 3% for 0.40% vertical reinforcement

ratio.

Changing the spacing of the vertical reinforcement follows a similar trend of

maximum drifts to that of changing bar diameter as shown in Figure 3.12(b). The
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change in maximum drifts for low aspect ratio walls are minimal compared to the
high aspect ratio walls. For example, keeping all material and geometric
characteristics the same for wall aspect ratio of 3.75, the maximum drifts can range
between 1.5% and 3.0% by varying the vertical reinforcement ratio between

0.132% and 0.658%, respectively.

3.9 DISCUSSION

The previous sections addressed the quantification of the effect of individual
wall geometric material characteristics on the maximum wall drifts. In this section,
however, the interaction between these characteristics and the limits of the
maximum wall drifts are demonstrated. Figures 9 to 12 are superimposed using the
area between outermost lines of each figure to generate Figure 3.13 representing

the bounds of maximum drifts for RMSW within the shown aspect ratios.

As can be seen from Figure 3.13, walls with aspect ratios range between 1.00
and approximately 1.25 are significantly influenced by the shear reinforcement. On
the other hand, for higher aspect ratio walls, the influence of changing the shear
reinforcement on the maximum drift can be neglected. The effect of altering the
compressive strength is more pronounced as the effect of changing the shear

reinforcement vanishes.
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The lower bound of maximum drift is controlled by high percent of axial load,

10% of f, A, , for wall aspect ratios range from 1.25 to 2.50. When the default wall

scenario contains vertical reinforcement equal to 0.66% and the wall aspect ratio is
greater than 2.50, the lower bound of maximum drift is achieved and controlled by

vertical reinforcement ratio. The upper bound of maximum drift occurs when the

default wall scenario experiences approximately no axial load applied (1% of fm 4,

) with wall aspect ratio is greater than 1.25. For an axial load ratio greater than 5%
and wall aspect ratio greater than 1.25, the vertical reinforcement ratio governs the

limits of the maximum drifts.

Within the default wall scenario and the investigated geometrical and material
characteristics introduced in this study, it can be concluded that walls with aspect
ratios less than 1.25 are very sensitive to the shear reinforcement ratio. Above this
aspect ratio, the RMSW drifts are more sensitive to both axial load and the amount
of vertical reinforcement rather than the masonry compressive strength and wall

shear reinforcement.

3.10 CONCLUSIONS

Performance-based seismic design approaches are developed to ensure that, at
a specific level of seismic hazard, the structural component or system does not

experience damaged beyond certain levels. Since inter-story drifts and/or
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displacements are the key parameter for damage control, it is rational to examine

PBSD procedure wherein displacements are the input of the design process.

In this study, a model is presented for flexurally dominated RMSW to capture the
displacement capacity using a multivariate approach based on projections (PCA
and PLS). This model predicts the maximum RMSW capacity at peak lateral load
using flexural and shear components. The flexural component is represented by
yield and plastic deformations, whereas the proposed plastic deformation model
can be evaluated using wall length and height and consider the axial load effects.
The shear component predictions within the proposed model takes into account
several wall geometric and material characteristics including the applied load, the
amount of shear reinforcement, and the wall aspect ratio. The advantages of the
developed model include the facts that the model: 1) is developed specially for
RMSW; 2) quantifies the wall displacement capacity using its geometrical and
material characteristics; 3) evaluates the wall flexural and shear deformations
separately for flexurally dominated walls; 4) can be used with any consistent set of
units (i.e. it is a dimensionless model); 5) is based on database of 81 experimentally

tested walls that covers a wide spectrum of RMSW design parameters.

This study further utilizes the presented model to gain an insight into some of the
key parameters influencing RMSW displacement capacity. Based on this part of
the study, it was shown that shear reinforcement has the most significant influence
on wall with aspect ratios between 1.00 and 1.25. For higher aspect ratios, the shear
reinforcement influence can be neglected compared to other wall design
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parameters. Furthermore, the displacement capacity for walls with aspect ratio
ranges between 1.25 and 2.50 is governed by the axial stress ratio (1% for the upper
bound and 10% for the lower bound). The analyses also revealed that at high aspect
ratios, 2.5-3.75, the displacement capacity of the studied RMSW scenarios is
bounded by the 1% axial stress ratio, as an upper bound, and the 0.66% vertical
reinforcement ratio, as a lower bound. In addition, for any wall within the high
aspect ratio range, the displacement capacity is not as sensitive to the masonry
compressive strength and shear reinforcement levels as to the axial stress and the
vertical reinforcement ratios. Overall, within the studied RMSW scenarios, the
drifts ratios range between approximately 0.50% and 3.25%. Finally, the generated
model performance charts can be utilized to select RMSW with different
geometrical and mechanical characteristics to meet specific target drift level, thus
facilitating adoption of DBSD and PBSD provisions in the next generation of

seismic codes.
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3.12 NOTATION

Ag = gross cross sectional area of the wall (mm?)

a;= proposed model coefficient

dp, = diameter of flexural (vertical) reinforcement (mm)
E = error matrix for X data

F = error matrix for Y data

f"’c = concrete compressive strength (MPa)

f’m = masonry compressive strength (MPa)

fu = ultimate strength for reinforcement steel bars (MPa)
/v = yield strength for reinforcement steel bars (MPa)
H,, = wall height (mm)

k = number of variables

L, = equivalent plastic hinge length (mm)

L,, = wall length (mm)

P = axial compressive load (kN)

pr = loading value for k variable associated with X data
O’ = predictability/goodness of prediction of parameters

qr = loading component for & variable associated with Y data
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R’X = goodness of fit to X data

R’Y = goodness of fit to ¥ data

tx = principal component score for k variable associated with X data
t,, = wall thickness (mm)

V, = ultimate lateral load at top of wall due to ultimate moment (kN)
X = input Data matrix.

x’ = standardized data matrix

ui = principal component score for & variable associated with Y data

Y = output data matrix

a=|1- L _ | axial load effect parameter
A

p= (1 — ﬁ} shear reinforcement effect parameter

Pm = cracking angle outside the plastic hinge zone
i = regression coefficient.

¥»= shear strain at maximum strength
Ay = flexural displacement (mm)

4, = plastic displacement (mm)

Ag, = shear displacement (mm)

A,, = maximum lateral displacement (mm)
4,=Yield lateral displacement (mm)

&r = Prediction error.

em = Average axial strain

&, = plastic rotation of the wall

psh = ratio of horizontal wall reinforcement to 4,
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pv = ratio of vertical wall reinforcement to 4,

¢ = curvature of the wall section (1/mm)

¢, = plastic curvature of the wall section (1/mm)
¢y = yield curvature of the wall section (1/mm)

¢, = ultimate curvature of the wall section (1/mm)
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Table 3.1: Characteristics of wall database
v s : u m P /Hy
V}]]a)ll nl;IVIVl n?:n r]I—l[IVIVl Hu/Ly ,OOA) ri};l ,?%h I\/jé’a I\{IFPa I\{IYPa kN A ”//fl Refj.
1 1830 143 1830 1.00 0.38 159 024 441 710 20.0 361.1 0.820
2 1830 143 1830 1.00 0.38 159 024 441 710 20.0 487.5 0.693
3 1830 143 1830 1.00 0.38 159 0.14 441 710 179 0.0 0.958
4 1830 143 1830 1.00 0.38 159 024 441 710 20.7 0.0 1.319 §
5 1830 143 1830 1.00 0.38 159 0.14 441 710 22.1 180.5 1.109 :
6 1830 143 1830 1.00 0.38 159 024 441 710 22.1 180.5 0.858 g
7 1830 143 1830 1.00 0.54 19.1 024 448 738 228 180.5 1.109 0
8 1830 137 1830 1.00 040 159 026 441 710 262 4843 00913 (%
9 1830 137 1830 1.00 040 159 026 441 710 262 4843 0.967
10 1830 137 1830 1.00 040 159 026 441 710 262 4843 1.021
11 1830 137 1830 1.00 040 159 026 441 710 262 4843 1.077
12 1800 140 1800 1.00 0.62 20.0 0.05 318 366 17.6 0.0 0.556 g L
13 1800 140 1800 1.00 0.62 20.0 0.14 318 366 17.0 0.0 0.444 § 8
14 1800 190 3600 2.00 0.29 16.0 0.08 502 577 18.5 0.0 0.889 %
15 1800 190 3600 2.00 0.78 20.0 0.13 502 577 18.5 0.0 0.917 4
16 1800 190 3600 2.00 0.73 250 0.13 502 577 18.5 0.0 0.778 =
17 1800 190 3600 2.00 .31 250 026 502 577 18.5 0.0 0.833 E
18 1800 190 3600 2.00 .31 250 026 502 577 185 260.0 0.694 E
19 1800 190 3600 2.00 .31 250 026 624 718 185 520.0 0.833 «
20 1016 190 2032 2.00 0.33 127 031 450 518 21.0 0.0 1.450
21 1016 190 2032 2.00 0.33 127 031 455 523 21.0 2703 1.750
22 1016 190 2032 2.00 0.59 222 031 455 523 157 202.7 1.088 N
23 1829 190 1422  0.78 0.55 222 0.62 455 523 157 3649 0.625 %
24 1829 190 1829 1.00 0.55 222 0.62 455 523 157 2649 1.083 §
25 1422 190 2845 2.00 0.72 19.1 0.16 465 535 15.7 0.0 1.848 M
26 1422 190 2845 2.00 0.87 19.1 034 465 535 15.7 0.0 2.089
27 1422 190 2845 2.00 0.87 19.1 034 465 535 15.7 283.8 1.929
28 1007 190 2013 2.00 0.69 19.1 031 454 522 19.1 2443 1.110
29 1007 190 2013 2.00 0.69 19.1 031 446 513 19.1 2443 1.274
30 1007 190 2013 2.00 0.31 127 031 454 522 21.0 536.2 0.896 g
31 1007 190 2013 2.00 0.31 127 031 450 518 21.0 536.2 0.795 (;
32 1819 190 1819 1.00 0.31 127 0.10 450 518 21.0 0.0 0.698 g
33 1819 190 1819 1.00 0.31 127 031 450 518 21.0 484.6 0.656 v(%
34 1819 190 1413 0.78 0.31 127 031 450 518 21.0 0.0 1.114
35 1819 190 1413 0.78 0.31 127 0.62 450 518 21.0 484.6 0.719
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Table 3.1 (continued): Characteristics of wall database

Wall L, t. H, L, L do__psn Sy Su Sw P AH, g .
ID mm mm mm % mm % MPa MPa MPa kN %
36 1020 190 2030 1.99 0.69 19.1 0.31 456 725 19.0 2459 1.110
37 1020 190 2030 1.99 0.69 19.1 0.31 446 725 21.0 271.8 1.490
38 1020 190 2030 1.99 031 127 031 45 693 19.0 49.2 0.800
39 1020 190 2030 1.99 031 127 031 450 693 21.0 544 0910
40 1830 190 1830 1.00 031 127 0.10 450 693 21.0 0.0 0.690
41 1830 190 1830 1.00 031 12.7 031 450 693 21.0 487.6 0.710
42 1830 190 1830 1.00 031 12,7 0.31 450 693 21.0 0.0 0.900
43 1830 190 1830 1.00 031 12.7 031 450 693 21.0 487.6 0.700
44 1220 190 3660 3.00 0.69 19.1 0.16 421 725 31.0 3839 1.560
45 1220 190 3660 3.00 031 12.7 0.16 448 693 23.0 569.6 1.930
46 1220 190 3660 3.00 0.69 19.1 0.16 421 725 23.0 569.6 1.170
47 1220 190 3660 3.00 031 12.7 0.16 448 693 23.0 8544 1.270
48 810 190 3660 4.52 0.69 19.1 0.31 421 725 29.0 238.4 3.000
49 810 190 3660 4.52 031 127 031 448 693 29.0 476.8 2.610
50 810 190 3660 4.52 0.69 19.1 0.16 421 725 23.0 378.2 2.790 <
51 810 190 3660 4.52 031 127 0.16 448 693 23.0 567.3 1.650 s
52 1020 190 2030 1.99 031 12,7 031 450 693 21.0 0.0 2.200 ;:
53 1020 190 2030 1.99 031 12,7 031 455 693 21.0 271.8 2.110 °
54 1020 190 2030 1.99 047 222 031 455 702 16.0 207.1 1.120 ;g
55 1830 190 1420 0.78 047 222 0.63 455 702 16.0 371.5 0.930 g
56 1830 190 1830 1.00 047 222 0.63 455 702 16.0 371.5 1.100
57 1420 190 2840 2.00 0.69 19.1 0.16 465 725 16.0 0.0 1.890
58 1420 190 2840 2.00 0.59 19.1 0.34 465 725 16.0 0.0 2.100
59 1420 190 2840 2.00 0.59 19.1 0.34 465 725 16.0 288.3 2.020
60 2440 190 2440 1.00 031 12,7 0.31 423 693 31.0 0.0 0.840
61 2440 190 2440 1.00  0.16 127 0.16 423 693 29.0 0.0 1.760
62 2440 190 2440 1.00  0.16 127 0.16 423 693 28.0 0.0 1.780
63 2440 190 2440 1.00 031 12.7 031 423 693 31.0 15355 0.760
64 2440 190 2440 1.00 0.16 12.7 0.16 423 693 29.0 1436.4 0.540
65 2440 190 2440 1.00 0.16 12.7 0.16 423 693 28.0 13869 0.520
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Wl L He B p d pa i f S P MU Re
mm mm —mm % mm % MPa MPa MPa kN

66 1410 190 1320 094 051 16.0 0.25 437 503 12.0 66.1 0.758
67 1410 190 2135 1.51 0.51 16.0 0.16 437 503 12.0 66.1 0.835
68 1410 190 1320 094 029 16.0 0.16 455 524 12.0 525 0.662
69 1410 190 2135 1.51 0.29 16.0 0.16 455 524 12.0 52.5 0.830 g
70 1410 190 1320 094 051 16.0 0.16 455 524 12.0 525 0.663 (;
71 1410 190 2135 1.51 0.51 16.0 0.16 455 524 12.0 525 0.829 %
72 1000 190 2135 2.14 051 16.0 0.16 455 524 12.0 372 1.045 E
73 1820 190 1320 0.73 028 16.0 0.16 455 524 12.0 67.8 0.588
74 1220 143 1440 1.18 044 222 039 390 450 15.1 303.1 0.480
75 1220 143 1440 1.18 044 222 020 390 450 15.1 1203 0.614
76 2440 195 2440 1.00 033 12,7 033 423 681 29.0 0.0 1.301 ~
77 2440 195 2440 1.00  0.16 12,7 0.16 423 681 29.0 0.0 1.822 §
78 2440 195 2441 1.00 033 12,7 0.33 423 681 29.0 47.6 1.036 5
79 2440 195 2442 1.00  0.16 12.7 0.16 423 681 29.0 47.6 1.140 g
80 2440 195 2443 1.00 033 12,7 0.16 423 681 243 0.0 1.871 E)
81 2440 195 2444 1.00  0.16 12,7 0.16 423 681 243 47.6 1.023
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Table 3.2: Coefficients of the proposed ultimate displacement prediction model

Coefficient Value
ai 0.47
a 0.46
a3 0.31
as 0.30
as 0.40
as 0.33

Table 3.3: Range of wall characteristics for the performance chart scenarios and

default wall scenario

Parameter  Units Range Default
H, mm 3000 4000 6000 9000 12000 6000
d mm 10M I5M 20M 25M I5M
b (11.5mm) (16 mm) (19.5mm) (25.2mm) (16 mm)
10M
d,, mm 10M 15M (1.5 s
S, mm 200 400 600 800 --- 400
Sy, mm 200 400 600 800 1200 400
f MPa 10.0 13.5 17.0 13.5
%A )% 0 2.5 5.0 75 10 5
g m
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w

Vertical Reinforcement Spacing Grout Concrete Block

Figure 3.1: Typical RMSW cross section and elevation
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Projection the database
to the new plan

Projection the database to
the new plan

Figure 3.2: Extracting scores and loadings plot data for three variables.
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Figure 3.3: Scatter plot to evaluate the applicability of using MVDA
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Figure 3.4: PCA for the RMSW database: (a) Scores plot; and (b) Loadings plot

for all variables
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Figure 3.7: PLS analysis of the RMSW database proposed model parameters: (a)
Scores plot; and (b) loadings plot
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Figure 3.9: Influence of masonry compressive strength on scenario RMSW drift

capacities.
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Figure 3.10: Influence of axial load on scenario RMSW drift capacities.
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Figure 3.11: Influence of shear reinforcement on scenario RMSW drift capacities:
(a) constant spacing with different bar diameters; and (b) constant bar diameter

with different spacing
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Figure 3.12: Influence of vertical reinforcement on scenario RMSW drift
capacities: (a) constant spacing with different bar diameters; and (b) constant bar

diameter with different spacing.
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Figure 3.13: Bounds of scenario RMSW drift capacities.
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CHAPTER 4

SEISMIC RISK ASSESSMENT OF REINFORCED MASONRY STRUCTURAL WALL
SYSTEMS USING MULTIVARIATE DATA ANALYSIS

4.1 ABSTRACT

In contrast to the single design objective associated with force-based design
approaches of different seismic force resisting systems (SFRSs), performance-
based seismic design (PBSD) allows the selection of more than one
design/performance objective. Each performance objective is linked to a tolerable
risk level associated with the considered SFRS experiencing a specific damage at a
specified seismic hazard level (presented in the form of fragility curves). Similar to
other SFRSs, damage of reinforced masonry shear wall (RMSW) SFRSs can be
linked to their lateral displacements/drifts. As such, this study focuses on using a
multivariate data analysis technique, to develop a RMSW load-displacement
(backbone) curve model. The backbone model is calibrated using a database of
RMSW experimental test results, and the model is further utilized to investigate the
influence of the wall geometrical and mechanical characteristics on altering the
displacement demands of RMSW corresponding to different performance levels.
These analysis results are then used to develop RMSW seismic fragility bands to
facilitate visualizing the resulting range of displacement (drift) demands, when the
different RMSW characteristics are considered. The developed fragility bands are

compared to the individual fragility curves currently adopted by the Federal
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Emergency Management Agency, FEMA P-58 pre-standards, Seismic
Performance Assessment of Buildings. This comparison shows that the fragility
bands deviate from the individual fragility curves currently adopted by FEMA at
each damage state. The developed backbone curve model and fragility-bands are
expected to not only facilitate adoption of the RMSW SFRSs in the next generation
of PBSD codes but also to equip researchers and designers with a clear
understanding of the aspects governing the seismic performance of RMSW

systems.

4.2 INTRODUCTION

Similar to other seismic force resisting systems (SFRSs), current seismic design
provisions for reinforced masonry shear walls (RMSWs) are based on prescriptive
detailing requirements which are expected to result in constructed RMSW buildings
that are capable of withstanding design-level earthquake without collapse [Park
(1997), Wantanabe and Kawashima (2002), Cardone et al. (2008)]. Due to the wide
range of uncertainties associated with different seismic hazard levels as well as the
uncertainty inherent in SFRSs response (i.e. demand and capacity), multiple
performance levels might be sought depending on the magnitude and associated
uncertainty of seismic hazard [Cornell (1996), Ghobarah (2001), FEMA 445
(2006), Mackie and Stojadinovi¢ (2007). This, however, conflicts with the force-

based design approaches, currently adopted by most international seismic deign
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code, where the /ife safety/collapse prevention performance level is, inherently, the
only performance objective that buildings are designed to meet. As such, significant
effort has been carried out during the past two decades [Bracci et al. (1997), Cornell
and Krawinkler (2000), Priestley (2000), ASCE 41-13 (2013)] in order to address
the need to develop a holistic performance-based seismic design (PBSD)
philosophy [Cornell (1996), Priestley (2000), Bertero and Bertero (2002), Fajfar
and Krawinkler (2004)] in lieu of the current force-based seismic design
approaches. Moving beyond deterministic analysis, PBSD also considers the
uncertainty associated with seismic hazard, response, and damage in an effort to
achieve uniform risk building systems [Cornell (1996), Ghobarah (2001)].
Performance levels of RMSWs can be linked to different performance indicators
(demand parameters), including the stress/force level and displacement/drift
demands [Ghobarah, 2001]. These performance indicators are in turn each linked
to a specific level and extent of damage, presented as Damage States (DSs).
Although each DS can be influenced by several parameters including the number
of cycles and duration of the seismic event, displacement (often normalized as a
percentage drift by dividing by the wall height) is regarded as the indicator most
directly linked to SFRS performance.

As such, displacement-based seismic design (DBSD) is the stepping stone
towards PBSD with the former necessitate knowledge of the SFRS load-
displacement behavior (backbone curve) prior to selecting a target displacement as

the design objective. Once the target displacement is selected, the level of SFRS
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strength and stiffness are evaluated and the design/analysis processes continue in
an iterative manner until the target displacement is achieved. To facilitate direct
linkage to PBSD objectives, a piecewise linear RMSW load-displacement
backbone curve will be presented in the current study. The developed backbone
curve model is characterized by four RMSW performance levels, namely: the
cracking point, the onset of yielding of the outermost tension reinforcement, the
displacement associated with the wall maximum strength, and the wall ultimate
displacement corresponding to 20% degradation in the wall peak strength.

The above wall performance levels can be linked to DSs and presented in
the form of fragility curves. In general, fragility curves describe the probability of
engineering demand parameter, which is presented as drifts that are linked to
different damage states in the current study, to be reached or exceeded [Shinozuka
et al. (2000)]. The fragility curves can be categorized based on the method used to
develop them [Porter and Kiremidjian (2000)]. The first category is the empirical
fragility curves where their development is carried out through curve fitting of
experimental results or real life data. The second category is the analytical fragility
curves, derived through engineering analyses of SFRS model response. The third
category is based on expert opinion or are judgment-based.

This study will start by assessing the capabilities of published backbone
curve models, developed for either reinforced concrete shear walls (RCSW) or
RMSW, to assess the different model predictions of the RMSW response within an

experimental results database compiled from published literature. Realizing the
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deficiencies within these models based on this assessment, the study focuses on
utilizing principal component analysis (PCA) and partial least square (PLS)
technique to develop a new backbone curve model that is calibrated using the
experimental RMSW database. Using different RMSW design scenarios, the
calibrated backbone model is further utilized to capture the influence of different
design parameters on RMSW displacement demands. Finally, the analysis results
are used to generate RMSW fragility bands for each DS and to compare the
generated bands with the corresponding individual fragility curve adopted by the

FEMA P-58 [(FEMA P-58/BD-3.8.10 (2009)] pre-standards.

4.3 AVAILABLE BACKBONE PREDICTION MODELS

There are several models developed to predict the points defining the
backbone curve for RCSW. Riahi et al. (2009) and Gérin and Adebar (2004)
proposed models to estimate the backbone curve of walls governed by shear failure.
For flexurally-dominated shear wall, Wallace (2007) and Habasaki et al (2000)
developed backbone curves up to the maximum load only. Several RCSW and
RMSW load-displacement relationship prediction models proposed using quad-
linear backbone models [e.g. Ashour and El-Dakhakhni (2016), Carrillo and
Alcocer (2012), Sanchez (2010), and Hidalgo and Jordan (1996)]. These models

evaluate the maximum wall lateral load capacity, O

max ’

and subsequently the 80%
degraded strength, Q,, , using basic mechanics (wall cross section analysis based

on enforcing equilibrium and compatibility conditions.), except for Carrillo and
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Alcocer’s model (2012) where Q__ is given by Eq. (4.1). For the cracking and yield

limits state, basic mechanics analysis is used for all of the models as will be
presented next.

Based on the best fit analysis, of the experimental RMSW test results reported
by Siyam et al. (2015), Ashour and El-Dakhakhni (2016) proposed set of equations

to predict wall drifts using ratios of the yield stiffness, x , as shown in Egs. (4.1)

and (4.2).
Qmax
AQmax = F,Kmax = 0.6XKy (41)
"G g _02x K, (4.2)

Deov > 7T80%
KSO%

Where K. and Ky, are€ the secant stiffness at the maximum and ultimate

limit states, respectively, A, and A 0., ATE the displacements corresponding to Q_
and Q,, , respectively.

Based on trends and nonlinear regression analysis of the experimental results
of 39 RCSW tested on shake tables and under quasi-static lateral loading, Carrillo
and Alcocer (2012) proposed semi-empirical equations [Egs. (4.3) to (4.6)] to
predict the maximum and ultimate limit states.

M

R S A el'”[m] (4.3)

H, 5200¢.[f"

M
1.35| —
AQso% _ 1 Vmax e (VLW]

H, 36507,/f"

(4.4)
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o =L aNT oS |4, < AT (4.5)

:0.21—0.02[£] (4.6)
VL

w

where ¢ (given by Eq. 4.6), and ¢, (equal to 0.4), are coefficient defining the

relative contribution of the concrete diagonal tension and diagonal compression
strength, respectively. This model includes the most important design variables,

from Carrillo and Alcocer’s point of view, which are: 1) the ratio between the shear

span (M/V) and the wall length (L,,): A%/L , which is essentially the wall’s aspect

ratio in a single story building; 2) the concrete compressive strength, £ (all the

\/E presented in this study are in SI units); 3) the wall gross cross sectional area,
A,; 4) the shear reinforcement ratio, p,; and 5) the shear reinforcement yield
strength, Lo This model is limited to: aspect ratios less than or equal to 2.0;
concrete strength of up to 25 MPa; and an axial stress that is less than 0.031",.

Sanchez (2010) introduced a load-displacement model calibrated using a
large database with a wider range of parameters compared to those utilized by
Carrillo and Alcocer (2012). The formulations proposed by Sanchez (2010) takes
into account both the flexural and shear deformations in different limits states as

given by Egs. (4.7) and (4.8).

Lo our, ]
= 3E,(0.71,) 3004, F

(4.7)
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Ay, =| Ay +— (0.6 M +o.5j (48)
’ - psh y_sh VLW

Hidalgo and Jordan (1996), proposed a simple shear wall backbone curve

model that depends on the wall shear span and its aspect ratio (Egs. 4.9 and 4.10).

A, = 0.00185+0.0045 L H, (4.9)
i VL,
M
A, =0016—H 4.10
Grov VL w ( )

w

It should be noted that the maximum force represented in all these models are
not the maximum wall shear capacity. As the aforementioned models focus on the
flexurally dominated cantilever wall, the maximum lateral resistance attained by
the wall prior to flexural strength degradation is lateral force corresponding to the
maximum flexural moment that the wall can sustain based on wall cross section
analysis (using basic mechanics) at the wall-foundation interface level. All the
aforementioned model predictions will be compared with the corresponding

experimental database test results as will be discussed later.

4.4 MODEL PREDICTION ASSESSMENTS

This study utilizes a database of flexurally dominated RMSW tested under
cyclic loading to assess the aforementioned models predictability. The
experimental results database used in this study is limited to only flexurally-

dominated RMSWs tested under cyclic loading. Within the 81 RMSWs originally
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reported by Siam et al. (2017), only 65 walls had their hysteretic loops available
and, thus, their ultimate displacements were readily available through generating
the envelope of the cyclic load-displacement relationship for both push and pull
directions. An additional, acceptance criterion was introduced in order to ensure
the consistency between the experimentally reported wall strengths and those
predicted using basic mechanics: the experimental wall peak strength has to be
within +/-20% of the peak lateral load predicted using the basic mechanics. As such,
the number of RMSWs in the database considered in the current paper is further
reduced to the 48 walls listed in Table 4.1, with their mechanical and geometrical
design parameters.

The backbone curves (piecewise linear relationships) for the RMSWs can
be defined by four points, each identified by a specific strength level [cracking,
yielding, maximum strength, and 80% of the maximum load on the descending
branch] and the corresponding displacement. Similar to other studies [e.g. 9,11],
the current study links the ultimate wall damage state to the point where 80% of its
maximum strength is reached on the descending branch. Herein, wall drifts (lateral
displacement divided by the corresponding wall height) will be presented in lieu of
the displacement as a normalized form to facilitate comparison. For the comparison
with the experimental results, the drifts can be categorized into either those
associated with the cracking and yield limit state, where the drifts can be evaluated
from basic mechanics; or those corresponding to the walls’ maximum strengths and

ultimate displacements (corresponding to the 20% reduction of the maximum load
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on the descending branch), where the models presented earlier are to be used for

such displacement/drift predictions.

4.4.1 Cracking Limit State

The crack limit state is defined by the cracking force, O, and its associated drifts,

A%—I , calculation is based on Egs. (4.11) and (4.12).

M "aC,
Oyt = —};'W" (4.11.2)
M =t
where M, ., = 7 g (4.11.b)
)
f twav
1 ‘ t I’ A
assuch, Q. . = /. 1—=i=iw W=£—W 4.11.0)
L/ *H, 05LH, 6 H, 64,
2

0,1’ O :
A, :(3E,,,IJ _(3Em(twLi/l2)] :(1%)Q"’(H%wj _ 40,4,

H H, H, HE,t t HE,

w wmmw

(4.12)

where 7 is the masonry tensile strength is taken equal to 0.4 MPa as per
Table 8.2.4.2 in the MSJC code (MSJC 2013), 4 is the cross sectional area, 4, is
the wall aspect ratio, f7 is the wall height, ¢ is the wall thickness, and £ is the

masonry Young’s modulus evaluated as 9007 (MSJC 2013). Since the drifts
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corresponding to the cracking stage are very small compared to those at the other

three states, they can be considered negligible.

4.4.2 Yield Limit Sate

The yield limit state is realized at the onset of yield of the outermost vertical bar in
the wall cross section. For RMSWs, the lateral drifts beyond the cracking limit
result from flexural and shear deformations. However, the lateral displacement
values, obtained from the experimental result database, at each limit state are the
total displacement values, which include the combined wall flexural and shear
deformation components. In addition, this section focuses on assessing backbone
models available in the literature using the experimental result database presented
in this study. At the yield limit state, the yield displacement can be presented as a

combination of flexural, A, ,and shear component, A [Tangand Su, (2014)].

The yield flexural component can either be estimated using the yield curvature (first
approach), Eq. (4.13.c), or using the effective inertia of the cross section (second

approach), Eq. (4.13.d) (Priestley and Hart 1989).

A A A

B By e By (4.13.2)

H. H. H

A

B 12 (4.13.b)
HW GmAE

A H
v e _ 9 H, 4.13.0)
H 3
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A H;
or, ;{” = ?,Qly? n (4.13.d)

w m-e

where, [ =al 4, :aAg,a:[lfﬁﬁLf'PuA } (4.13.0)
y s

where, ¢ is the yield curvature of the wall section at the interface between the
wall and its foundation. The effective moment of inertia, 7, , and effective wall
cross-sectional area, 4 , are calculated usinga as a reduction factor as from the

gross wall section moment of inertia and area respectively [Paulay (1992), and

FEMA 306 (1998)], according to Eq. (4.13.b). The masonry shear modules, G , is
taken as 40% of its Young’s modulus, £ [Paulay and Priestley (1992)].

The data analysis shows that the experimental push and pull direction yield
drifts are very similar with an average push/pull displacement ratio equal to 1.03
(Fig. 4.1). However, the first approach [Eq. (4.13.c)] gives, on average, 10% better
prediction of the experimental yield displacement than the second approach
predictions [(4.13.d)]. The average ratio between the experimental yield drifts and
those predicted by Eq. 4.13.c is 0.92 as shown in Table 2. Equation (4.13.c) tends,
on average, to underestimate the experimental drifts while Eq. (4.13.d)
overestimates the experimental drifts. Although the difference between the two
approaches may seem to be insignificant, Eq. (4.13.c) is used for further assessment
in this study. This is because Eq. (4.13.c) is based on curvature analysis (basic
mechanics) while Eq. (4.13.d) evaluates an effective moment of inertia empirically
(Priestley and Hart 1989). The statistical of the experimental yield drifts also shows
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that the shear displacement component (ratio) within the yield drifts is, on average,

0.01%, which can be neglected.

4.4.3 Maximum Strength Limit State

Two drift values (in the push and pull directions) associated with the maximum
lateral strength are obtained for each experimentally tested wall. These drifts are
sorted in an ascending order with respect to the push direction to compare with their
pull direction counterparts as shown in Fig. 4.2. On average, the drifts in the pull
cycle at the maximum strength limit state is higher than the push cycle by
approximately 11%. The published predictive models, discussed earlier, are
compared to experimental drift in the push and pull directions separately. The
comparison reveals that three of the models are underestimating, while one is
overestimating, the experimental drifts. The overestimated drift ratios between
Carrillo and Alcocer’s model (Eq. 4.3) and the experimental results at the maximum
strength limit state are 1.33 and 1.24 for the push and pull direction, respectively.
Also, for walls with aspect ratio greater than 2.5, Carillo and Alcocer’s model (Eq.

4.3) over predicts the experimental A, /H, by two to tenfold. Ashour and El-

Dakhakhni’s model (Eq. 4.1), Sanchez’s model (Eq. 4.7), and Hidalgo and Jordan’s

model (Eq. 4.9) are, on average, underestimating the A, /H, with ratios equal to

0.51, 0.55, and 0.55 with respect to push cycle and 0.47, 0.53, and 0.85 for the pull

cycle, respectively. As shown in Fig. 4.3, both Ashour and El-Dakhakhni’s model
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(Eq. 4.1) and Sanchez’s model (Eq. 4.7) consistently underestimate the A, /H,

for all except for five walls. Hidalgo and Jordan’s model (Eq. 4.9) is, on average,
close to the experimental results in both directions. However, due to the simplicity
of the model, it cannot capture the influence of altering mechanical or geometrical
parameters other than the wall length and height (e.g. the vertical bar diameter,
spacing, and/or yield strength).

For further model analysis, the box plot [Tukey (1977)] is used. Although box
plots can be generated in different forms [Frigge et al. (1989)], a common form is
show in Fig. 4.4, which portrays the data from Fig. 4.3 for the three models. The
box plot offers a five-number-summary in a schematic form. The ends of a box
mark the first and third quartiles, and the median is indicated with a horizontal line
positioned within the box. Depending on the model uses, the ranges of most or all
of the data in the tails of the distribution are marked using the lines extending away
from the box, creating “whiskers” [Emerson and Strenio (1983)]. Based on the
experimental result database presented in this study and by using the box-whisker
plot, both Ashour and El-Dakhakhni’s model (Eq. 4.1) and Sanchez’s model (Eq.
4.7) consistently underestimate the displacement at the maximum strength limit
state. Although, Hidalgo and Jordan’s model (Eq. 4.9) is closer to the experimental
results in both loading directions, the model is based on the wall length and height
only. This over-simplicity of the model formulation limits its capability to capture
the effects of altering the mechanical or geometrical wall parameters on the drift

predictions. Comparing the different models using the box plot, one can see that in
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case of the push direction is used, Fig. 4.4.a, Ashour and El-Dakhakhni’s model

(Eq. 4.1) prediction for the A 0. [H, has outliers that go as far as reaching 2.5 of

the experimental results, whereas the Sanchez’s model (Eq. 4.7) outliers are closed
and centered around 1.5 of the experimental result. Although, the outliers disappear
in Hidalgo and Jordan’s model (Eq. 4.9) predictions, the median of the model is
located close to approximately 0.5 (of the experimental results). In the pull direction
(Fig. 4.4.b) the overall model predictions are enhanced, however, Sanchez’s model

(Eq. 4.7) experienced more outliers spread.
4.4.4 Ultimate Displacement Limit State (at 20% Strength Degradation)

At the ultimate displacement limit state (defined as 20% strength degradation on
the descending branch), the experimental push drifts obtained from the database are
sorted in an ascending order along with their corresponding pull cycle counterparts

and shown in Fig. 4.5. The A, [H, values range between 0.72% and 4.76%. In

the database, only two and four walls exceed 3.0% drift in the push and pull
directions, respectively. Contrary to the relation between the drifts associated with
push and pull direction at the maximum strength limit state where no pattern can

be identified, except for five walls, the A O / H, in the pull direction is
consistently higher (11% on average) than the A O / H , in the push direction at the

ultimate displacement limit state.
Similar to what was observed at the maximum strength limit state, the ratio

between Carrillo and Alcocer’s model (Eq. 4.4) drift predictions and the
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corresponding experimental ultimate displacement results is, on average, equal to
1.32 and 1.28 for both push and pull direction, respectively. Moreover, the same
ratio for the Hidalgo and Jordan’s model (Eq. 4.10) is even higher than that of the
Carrillo and Alcocer’s model (Eq. 4.4) and reaches 1.48 and 1.40 in the push and
pull direction, respectively. However, the ratios of the drifts
(predicted/experimental) by both the Ashour and El-Dakhakhni’s (Eq. 4.2) and the
Sanchez’s (Eq. 4.8) models are less than 1.00 and are equal to 0.69 and 0.32 in the
push direction, and 0.67 and 0.31 in the pull direction, respectively. The coefficient
of variance for the predicted/experimental drift ratios for the models by Ashour and
El-Dakhakhni (Eq. 4.2), Carrillo and Alcocer (Eq. 4.4), Hidalgo and Jordan (Eq.
4.10), and Sanchez (Eq. 4.8) are 0.74,1.31, 0.34, and 0.65 in the push direction and
0.77, 1.36, 0.38 and 0.66 in the pull direction, respectively. As the Carrillo and
Alcocer’s model (Eq. 4.4) holds the highest coefficient of variance, this model will
not be included in further assessment. Although Hidalgo and Jordan’s model (Eq.
4.10) has the lowest coefficient of variation among the four models, the model
overestimate 41 walls from the database. Also, as mentioned earlier, Hidalgo and
Jordan’s model (Eq. 4.10) has a limited ability to capture all the influence of

altering the mechanical and geometrical parameters on A, | / H, as shown in Fig.
4.6. It is worth noting that, the Sanchez’s model consistently underestimates the

Aq,, / H, experimental drift values. Likewise, except for five walls, Ashour and

El-Dakhakhni’s model (Eq. 4.2) has underestimated all the walls within the

database. The box plot at the ultimate displacement limit state is almost the same
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for both the push and the pull direction as shown in Fig. 4.7. This study is evaluating
behavior/general trend of the different model drift predictions compared to the
entire database of experimental results rather than to individual walls drift values

per se.

4.4.5 Discussion

Within the experimental database and using the models available in the literature,
the RMSW database model predictions of the four limit states are given in Table
4.2. In general, the drifts associated with the cracking limit state is numerically
small and comparisons based on simply evaluating the ratio between the
mechanics-based predictions and the experimental results would be misleading. At
the yield limit state, there are two different approaches to quantify the yield drift,
the curvature analysis-based [first approach] being more realistic. Also, within the
range of characteristics of the flexurally-dominated walls considered in the current
study, the shear deformation contribution to the yield drifts can be neglected. At
both the maximum strength and ultimate displacement limit states, all the
aforementioned models fail to accurately reflect the influences of all the
geometrical and mechanical parameters in predicting the corresponding
experimental drift values. Based on the above discussion, it is a clear that a reliable

model to predict eitherA, /H, or A, [H, for RMSWs is needed as will be

described in the next section.
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4.5 MULTIVARIATE-BASED MODEL DEVELOPMENT

As discussed earlier in this study, the drifts associated with the pull direction
were consistently higher than the push drifts at the ultimate displacement limit state.
Both the PCA and the PLS are multiple regression techniques that are based on
mapping the original multidimensional data into a new set of dimensions that is
usually of a lower degree (e.g. from three-dimensional space to a new two-
dimensional plane). By lowering the problem dimensions in such a way, the
variances of the data in the low-dimensional representations are maximized [Wold
et al. 1987]. A representation for a simple case (three variables and two PCs) can
be found in Siam et al. [2017]. In addition, it is important to note that applying the
PCA and PLS techniques to relate the dependent- to independent wall variables was
found to underestimate the dependent wall variable, on average [Siam et al. (2017)].
As such, the proposed model for the ultimate displacement prediction will be
developed based on the drifts obtained from the pull direction only, as these drifts
have been consistently higher than their push direction counterparts (see Fig. 4.5).

In this respect, the drifts associated with the maximum strength limit state for
RMSWs proposed using the PCA and PLS analysis (Siam et al. 2017) are as given

in Egs. (4.14) to (4.18).

Ao, (Aﬂ + Ash)

o _ (4.14)
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4.5.1 Principal Component Analysis (PCA)

Principal Component Analysis (PCA) is a technique of identifying patterns in data
and expressing the data in such a way to evaluate their similarities and differences.
Since patterns in data can be hard to identify in datasets that represented in high
dimension, where the graphical representation is not possible (more than three
dimensions), PCA presents a powerful tool for data analysis (Maitra and Yan 2008).

The PCA analysis is performed on the 48 RMSWs identified within the
experimental database, as observations, and the 14 wall characteristics, as
variables. There are 14 parameters used in the PCA analysis, encompassing both

wall mechanical and geometrical characteristics, which are the maximum wall cross
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section curvature, ¢ , wall height, f , wall length, 7 , wall cross sectional area,
A, wall aspect ratio, /7, /1, vertical bar diameter, s, , vertical reinforcement
ratio, p , horizontal bar diameter, 4 , , horizontal reinforcement ratio, , , lateral load
at ultimate displacement limit state (i.e. 80% of the maximum load), Oy ? vertical

bar ultimate strength, £,

u

, masonry compressive strength, s+ , axial compression
load, P, and the top ultimate lateral drift, A 0w, / ., - Principal Components (PCs)

are linear combinations of the 14 parameters and are determined so that the first PC
has the maximum variance (among all linear combinations) to account for as much
variation in the data as possible. The second PC is the linear combination of
variables that accounts for as much of the remaining variation as possible, with the
constraint that the first and second PC are orthogonal (i.e. the correlation between
the first and second PC is zero).

In the present analysis, the first three PCs explain 30%, 24%, and 16%,
respectively, of the total variance. The resulting score plot (see Fig. 4.8.a) projects
the experimental database drifts on the plane made up by the first and the second
PCs. Data points with similar values for the parameters explained by the PC
appeared close together, and those with large positive or negative scores are
extremes in some parameters. The PCA technique identifies (through clustering)
groups of walls that share the same characteristics (such as wall length, axial stress
amount) which is consistent with the wall characteristics listed in Table 4.1.

Therefore, walls with the same characteristics (variables) were found clustered in
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groups on the score plot, thus demonstrating the small variations within these
clusters. For example, Walls 37, 38, and 39 locations in the score plot form a group
which is expected to have more common variables (wall characteristics) than the
group of Walls 2, 5, 6, and 7. The position of a wall in the score plot is determined
by the values of the measured parameters. The relation between the original
variables and the subspace dimension (PCs) are quantified through /loadings. The
loading plot within the PCA framework indicates the correlation among the
variables themselves. Variables found in a similar direction from the PC axis are
directly correlated, while those found at opposite sides of the PC axis are inversely

correlated. For example, the loading plot in Fig. 4.8.b indicates that z_is directly
correlated with 4 ; however, inversely correlated with both 7 /7 and A /H

which is consistent with basic mechanics. Te loading plot reveals that the

similarities observed between Walls 11, 12, and 13 are attributed to their high 5

and to the fact that they possessed the largest g, within the database. Also, this

group of wall has the lowest values of both "' (14.8 MPa)and ¢, among the walls

comprising the database. In addition, by observing the information pertaining to
Walls 37, 38, and 39 in both Figures 8.a and 8.b simultaneously, one may infer that
these walls are clustered together on the score plot (Fig. 8.a) within the same

(second) quadrant. In addition, the variables H /L and A, /H, are also located

in the same (second) quadrant in the loading plot (Fig. 8.b). This clustering is

because these walls commonly have the largest H /L values (which is also
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proportional to Ay, /H, ). Also within the Walls 37, 38, and 39, Wall 37 deviates
from Wall 38 and 39 because Wall 37 experienced the largest A, /H, value

within this group of walls. Finally, the walls located close to the origin of the score
plot (e.g. Wall 8), generally have average values (compared to the rest of the walls)

of the variables considered in the PCA analysis.

4.5.2 Partial Least Square (PLS) Analysis

The Partial Least Square (PLS) (also termed the projection to latent structure)
method is a statistical analysis technique that generalizes and combines features
from PCA and multiple regression analysis. The goal of the PLS technique is to
predict and/or analyze a set of dependent variables (A /H  in this study) using a
set of independent variables (wall parameters in this study). This prediction is
achieved by extracting from the input variables a set of orthogonal factors (latent
variables) which have the ability to predict the dependent variables [Wold (1966)].

In this study, the PLS analysis is conducted to predict the responses of two
dependent variables, A, / H, and (., based on a PCA for 12 geometrical and
mechanical parameters (independent variables) for the 48 walls. The model
obtained from the PLS analysis has a goodness of fit of 83% (R*Y =0.83) and
goodness of prediction of 68% (Q°Y = 0.68). Figure 4. 9 presents the PLS analysis
for the dataset and both variables and responses with the first two components.

Adding another component to the analysis (increasing the latent space dimensions
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by one) accounts for only 2% of the prediction variations and is thus not plotted
here. The loading plot (Fig. 4.9.b) shows the inverse correlation between the two
responses (ultimate drifts and corresponding lateral loads) which is consistent with
basic mechanics. Also, the loading plot shows an overview of the relationships

among all variables and responses. The loading plot results are consistent with basic

. . . , H :
mechanics, where Ao, / H  is directly correlated to H , f' 4  and %W and

inversely correlated to L, A4, ,d,, p,,p,,.f,,» andP. On the other hand, Q,,,is

directly proportioned with L .4, p,,p,.f,.and Pwith and inversely
. . , H ,
proportioned with H,f' ¢, and % .

PLS analysis is also carried out considering only the Ao, / H  with three

(QEZO%H% ) .
w Sv , and a[fm Sshtw

combined variables ((¢,H, ), | ————= ——HWJ) to
JFMLW dif 80% sh

quantify the calibration factors (q,,a,, and a;) for the proposed model shown in

Eq. (19). A dimensional analysis [Harris and Sabnis (1999)] is performed on the
geometrical and mechanical parameters for the wall to introduce the different terms

in the proposed model. The first term is defined by /7 and b, and accounts for the

contribution of A, / H . The second term represents the parameters responsible

for the flexural resistance such as vertical bar spacing, S, , vertical bar diameter, d,,

and the force developed in the wall cross section by the in-plane moment,
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(Qso%H % j . The third term takes into account the parameters related to the shear

resistance such as the horizontal bar spacing, S ,, and the ultimate latera load, (,

(QSO%H% j S , S
w v +a3a£ f m Shtw HW

A%[ :al(¢me)+a206 f—Ld2 J (419)
w uw b

80% sh

The scoring and loading plots for the PLS analysis of the first and second
components, shown in Fig. 4.10, depict that all the combined parameters have a
positive influence on the ultimate drifts. The model calibration factors are show in
Table 4.3. To visualize the results, 20% bar is shaded around the average
experimental ultimate drifts as shown in Fig. 4.11. On average, the ratio between

the predicted Ao, / H  and the ultimate displacement obtained from the push

direction in the experimental database is 86%

4.6 INFLUENCE OF DIFFERENT WALL DESIGN PARAMETERS ON BACKBONE

CURVE

At this stage, the backbone for RMSWs can be identified at each limit state. At the
yield limit state, curvature analysis will be used to determine both the drift and the

corresponding lateral load. Whereas curvature analysis is also used to evaluate the

O the A, / H , is calculated using Eq. (14). At the ultimate displacement limit

state, the lateral load is O, and A, | / H  can be calculated using Eq. (19).
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Further analyses are conducted herein to examine the influence of altering
both mechanical and geometrical properties for RMSWs on the backbone curve.
Three wall lengths, each with a default scenario, will be utilized for the analysis in
this section as listed in Table 4.4 which also includes a summary of the selected
wall characteristics. The three categories have three different wall lengths (2,400
mm, 3,200 mm, and 4,000 mm). Within the analyses presented in this section, the
vertical and horizontal reinforcements yield and ultimate strengths, 400 MPa and
540 MPa, respectively, as well as the wall thickness, 190 mm, are all kept constants.

Figure 4. 12 depicts the influence of altering axial stress ratio and the masonry
compressive strength to the backbone curve for wall with 3,200 mm length and an
aspect ratio of 2.5. As the axial stress ratio increases from 1.0% to 10.0%, the lateral
load capacities, at both the maximum strength and ultimate displacement limit
states, increase and the corresponding drifts decrease. However, at the yield limit
state, the variation in the drifts can be considered minor compared to the variation
in the wall yield strength. Increasing the masonry compressive strength (from 10
MPa to 17 MPa, as the practical code-specified range of strength) would increase
the maximum curvature and would thus influence the overall wall strength and drift
capacity. Nevertheless, the wall response is more influenced by the axial stress ratio
than the masonry compressive strength. For the geometrical parameters, Fig. 4.13
shows the change of backbone curve response due to altering the wall aspect ratio
using the mechanical parameter for the default wall scenario (see Table 4.4). While,

walls with low aspect ratio tends to have high lateral load capacity with limited
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ductility capacity, walls with high aspect ratio have low lateral load capacity but
with higher ductility capacity. The model is further utilized to generate RMSW
fragility bands associated with each damage state using the same wall scenarios

presented herein as will be presented in the next section.

4.7 FRAGILITY BAND DEVELOPMENT

The focus of the Federal Emergency Management Agency (FEMA) document on
the seismic performance assessment of buildings (FEMA P-58) is to provide a
standardized methodology to determine fragility curves associated with predefined
damage states (DSs) that a given building system (and its components) would be
expected to experience during a given seismic events, as well as the resulting repair
costs. These DSs, and the subsequent repair costs, are linked to different demand
parameters (drifts in the current study) through fragility curves, which relate the
probability of a component(s) surpassing a specific DS at a specific demand level.

For flexurally-dominated RMSWs, the FEMA P-58 defines different limits
for DS throughout the background document: FEMA P-58/BD-3.8.10 (2009). This
definition relates three DS (I, II, and III) to drift associated with certain level of

lateral forces. On the ascending branch of the backbone curve, slight damage (DS-

I) is defined when the wall reached 80% of its ), _on the ascending branch. The

moderate and sever damage states, (DS-II and DS-III, respectively) are defined

when wall reaches its O _and 0, , respectively as shown in Fig. 4.13. The FEMA

P-58 provides that gives a single fragility curve (rather than a band as will be

152



Ahmad Siam McMaster University
Ph.D. Thesis Department of Civil Engineering

discussed next) for each DS in a background document (FEMA P-58/DB-3.8.10
2012). A fragility curve can be approximated using a two-parameter lognormal
distribution function [Ang and Tang 2007]. In this study, the two lognormal
distribution parameters (i.e., location and scale) are estimated using the maximum
likelihood method, for each DS. To demonstrate the development of the fragility
bands, three different wall lengths (2,400; 3,200; and 4,000 mm) are used with the
14 different aspect ratios listed in the first row of Table 4.4 to result in a total of 42
combinations. For each one of these combinations, each of the remaining
parameters listed in Table 4.4 where individually altered while keeping all other
parameters the same as their default values (the last column of Table 4.4). This
result in a total of 968 different analytically generated walls. For each analytically
generated wall, the backbone curve is obtained and the three DS are defined. In this
study, the conditional fragility curve (for a specific set of wall scenario parameters)
for each DS is presented in the form of a fragility band encompassing all the
possible variation of the mechanical parameter for each DS within a subset of the
968 simulations. This is due to the fact that the controlled variating (by means of
generating an analytical wall database) of even one of the wall design parameter
leads to a range (band) of fragility curves bounded by the limits of that specific wall
design parameter. Nonetheless, it well understood that the availability of only a
small set of limited (in terms of not systematically covering the full range of

different design parameters) published experimentally tested wall results, may only
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provide for a crude fitting of such experimental results in a single fragility curve,

rather than providing a fragility band per se.

Figure 4. 14 shows that changing f"' from 10 MPa to 17 MPa has a trivial

influence on DS-I, rendering the corresponding fragility band to essentially a single

curve. However, f' has a more pronounced influence on the drifts corresponding

to DS-II and DS-III where the figure shows that the 80% probability of achieving
DS-II corresponds to 1.58% to 2.03% drift range and that this range is 3.93% to
5.08% for a DS-III. The fragility bands, as influenced by the axial stress ratio, are
depicted in Fig. 4.15. The figure shows that the drifts associated with 80%
probability of realizing the three DS range between 0.77% to 1.17%, 1.32% to 2.65,

and 4.23% to 5.26% for DS-I, DS-II, and DS-III, respectively. As shown in Fig, 16,
the effect of varying p , on DS-I fragility is trivial. Similarly, at 80% probability
of achieving DS-II, the drifts vary within a very close range between 1.81% and
1.91%. This range increases to be from 3.75% to 6.12% for DS-III. Finally, Fig.
4.17 shows that altering p results in 80% probability of achieving DS-I, DS-II,
and DS-III that correspond to drift ranges from 0.51% to 0.89%, 1.59% to 2.21%,
and 3.52% to 5.68%, respectively.

The fragility bands can also provide a more meaningful to express the
variability (as it relates to the range of wall design parameters) within the
damageability of the wall under a specific demand (e.g. drift) level. For example,

in case of changing the axial stress ratio (Fig. 4.15) and considering the RMSW
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experienced 1.5% lateral drift (see vertical line in Fig. 4.15), FEMA P-58/DB-
3.8.10 (2012) fragility curves gives 99%, 93%, and 49% probability for DS-I, DS-
IT and DS-III, respectively. On the other hand, the fragility bands introduced in this
study shows that at 1.5% later drift the probability to experience DS-I, DS-II, and
DS-III range between 93% to 99%, 29% to 89%, and 6% to 8%, respectively. This
example demonstrates that the probability of reaching a specific DS (fragility)
should not be considered a unique value for a specific drift level. Instead, the
probability should be presented by a range (band) of drifts for any DS.

Based on the results shown in Figs. 14-17, it can be inferred that DS-I is

influenced by altering both the axial stress ratio and p, , rather than altering '
and p,. Within the mechanical parameter varied in this study, DS-II is more

sensitive to the axial stress ratio than other mechanical parameters. Also, the
fragility bands show that, with all possible scenarios considered (except for walls
with 1.0% compressive axial stress ratio) when a wall reaches a 2.25% drift ratio,
there is at least 80% that DS-II is realized. The FEMA P-58/BD-3.8.10 single
fragility curves are presented in Figs. 14 to 17 for each DS. Except for changing
the bands associated with altering the axial stress ratio, FEMA P-58 fragility curve
for DS-I is close to the upper bound of the developed DS-I fragility band. However,
the DS-II and DS-III FEAM P-58 fragility curves are consistently associate with
higher probabilities and lower drift ratios compared with the developed bands. In
addition, FEMA P-58 fragility curve development is based on the experimental

results of a limited number of walls (only 44 versus the 968 generated in the current
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study), with a very narrow range of wall characteristics (e.g. mostly with

H, /L, =1.0). This limited number of data points and characteristics range resulted

in lower drift limits, for the different DS, within the FEMA P-58, compared to those

presented herein

4.8 CONCLUSION

Lessons from recent earthquakes have clearly demonstrated that, generally, code-
conforming buildings have survived design-basis events, albeit with, often times,
significant and irreparable damage. As such, there has been a growing need for a
paradigm shift in term of the way we design and detail structures under different
levels of seismic hazard. This has led to the development of PBSD approaches that
link the structural performance to seismic risk in terms of monetary and possibly
intangible losses associated with structural and nonstructural damages.
Subsequently, multiple DSs or design objective within PBSD have been developed
and linked to different levels of performance objectives. Similar to other SFRSs,
the link between different RMSW DSs and performance levels is expressed in terms
of lateral drifts based on the wall backbone curve. As such, reliable backbone curve
for RMSW is the key for accurate estimation and quantification of different DSs.
In this respect, four published backbone models were assessed against the
experimental results of 48 flexurally-dominated RMSW. This assessment revealed
the need to develop an experimentally calibrated reliable backbone curve, that was
developed herein using MVDA. The developed backbone model is further utilized
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to create an analytical RMSW database (968 walls) based on a wide range of
mechanical and geometrical parameters. Overall, the model shows the ability to
capture the alteration of both mechanical and geometrical parameters on the
backbone curve and DS as outlined in the FEMA P-58 document. However, as the
FEMA P-58 document gives a single curve per each DS because of the limited
number of RMSW results (44 walls), the 968 analytically generated wall database
was used to developed fragility bands that present a more encompassing and clearer
DS picture corresponding to the effects of design variability on wall damageability.
In addition, the fragility bands show a significant deviation from the FEMA
fragility curves, especially for DS-III where it is recommended to update FEMA
fragility curves by including a larger number of walls with a wider range of wall
characteristics. Subsequently, this study does not only aim at presenting a technique
to develop a reliable backbone curve model for RMSW, but also prospering a new
way for visualizing corresponding fragility/damageability for RMSW PBSD

codification and seismic risk assessment.
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4.10 NOTATION

A, = Effective cross sectional area of the wall (mm?)

A = Gross cross sectional area of the wall (mm?)

CV = Coefficient of variance

dp = Diameter of flexural (vertical) reinforcement (mm)
E, = Masonry young’s modules

fm = Masonry Compressive strength (MPa)

Ju = Ultimate strength for reinforcement steel bars (MPa)
5 = Yield strength for reinforcement steel bars (MPa)
Gn = Masonry shear modules

H, = Wall height (mm)

1, = Effective moment of inertia

L, = Equivalent plastic hinge length (mm)
L, = Wall length (mm)

P = Axial compressive load (kN)

QOcrack = Cracking lateral load

Omax = Maximum lateral load

Osps; = Ultimate lateral load (80% of Quax)

O, = Yield lateral load

o’ = Predictive ability or goodness of prediction of parameters

R°X = Goodness of fit to X data
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R’Y = Goodness of fit to Y data

by = Wall thickness (mm)

o= (1 _ %j Axial load effect

g m

p= [1 - Mj Amount of shear reinforcement.

m

Acrack = Cracking lateral displacement (mm)

Ay = Flexural displacement (mm)
A4, = Plastic displacement (mm)
A = Shear displacement (mm)

Aomax = Maximum lateral displacement (mm)
Apspy; = maximum lateral displacement for shear wall (mm)
4, = Yield lateral displacement for shear wall (mm)

4y gex = Flexural component of yield lateral for shear wall (mm)

4, g = Shear component of yield lateral for shear wall (mm)
Dsh = Horizontal reinforcement ratio

Dy = Vertical reinforcement ratio

Py = Plastic curvature of the wall section (1/mm)

by = Yield curvature of the wall section (1/mm)

Pm = Maximum curvature of the wall section (1/mm)
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Table 4.1: The experimental RMSW database

Wall _Ln " H,/L, Ly el L S dy Ju Sn Reference
ID mm mm  mm % mm % mm mm MPa MPa kN

1 1830 143 1830 1.0 038 159 024 366 12.7 710 19.99 361.1 )

2 1830 143 1830 1.0 038 159 024 366 9.5 710 19.99 487.5 :‘; =
3 1830 143 1830 1.0 038 159 0.14 366 9.5 710 22.06 180.5 e g
4 1830 143 1830 1.0 038 159 024 366 12.7 710 22.06 180.5 Jm'E ~
5 1830 143 1830 1.0 0.54 19.1 024 366 12.7 738 22.75 180.5

6 1800 140 1800 1.0 0.62 20.0 0.05 360 6 365.7 17.6 11.3 Voon and
71800 140 1800 1.0 0.62 200 0.4 360 113 3657 17 113 Ié%};%l
8 1800 190 3600 2.0 0.29 16 0.08 600 9.5 5773 14.8 30.8

9 1800 190 3600 2.0 0.78 20 0.13 400 9.5 5773 14.8 30.8 =

10 1800 190 3600 2.0 0.73 25 0.13 400 9.5 5773 14.8 30.8 E g
11 1800 190 3600 2.0 1.31 25 026 200 9.5 5773 14.8 30.8 "g 8
12 1800 190 3600 2.0 1.31 25 026 200 9.5 5773 14.8 260.0 7

13 1800 190 3600 2.0 1.31 25 026 200 9.5 718 14.8 520.0

14 1016 190 2032 2.0 033 12.7 0.312 200 12.7 517.5 2095 10.5

15 1016 190 2032 2.0 033 12.7 0.312 200 12.7 523.25 20.95 2703

16 1016 190 2032 2.0 0.59 222 0312 200 12.7 523.25 15.71 202.7 §
17 1829 190 1422 0.78 0.55 222 0.625 200 12.7 523.25 15.71 3649 8
18 1829 190 1829 1.0 0.55 222 0.625 200 12.7 523.25 15.71 364.9 'g
19 1422 190 2845 2.0 0.72 19.1 0.156 400 12.7 534.75 15.71 20.6 Q
20 1422 190 2845 2.0 0.87 19.1 0.344 200 9.5 53475 15.71 20.6

21 1422 190 2845 2.0 0.87 19.1 0.344 200 9.5 535 1571 283.8

22 1007 190 2013 2.0 0.69 19.1 0.312 200 12.7 522.05 19.1 2443

23 1007 190 2013 2.0 0.69 19.1 0.312 200 12.7 51332 19.1 2443 -
24 1007 190 2013 2.0 031 12.7 0.312 200 12.7 522.05 21.0 5362 g
25 1007 190 2013 2.0 031 12.7 0.312 200 12.7 518.08 21.0 536.2 %
26 1819 190 1819 1.0 031 12.7 0.104 600 12.7 518.08 21.0 16.8 g
27 1819 190 1819 1.0 031 12.7 0.312 200 12.7 518.08 21.0 484.6 E’
28 1819 190 1413 0.78 031 12.7 0312 200 12.7 518.08 21.0 13.1 z
29 1819 190 1413 0.78 031 12.7 0.625 200 12.7 518 21.0 484.6

30 1020 190 2030 2.0 0.69 19.1 0.313 203 12.7 5244 19 245.9 =

31 1020 190 2030 2.0 0.69 19.1 0313 203 12.7 5129 21 271.8 85
32 1830 190 1830 1.0 031 12.7 0.104 609 12.7 517.5 21 17.0 'g >
33 1830 190 1830 1.0 031 12.7 0.313 203 12.7 517.5 21 487.6 E <
34 1220 190 3660 3.0 0.69 19.1 0.157 406 12.7 484.15 31 383.9 <

166




Ahmad Siam
Ph.D. Thesis

McMaster University
Department of Civil Engineering

Table 1 (continued): The experimental RMSW database

Wall _Ln b H H,/L, a i P Soh et Js S Reference
ID  mm mm mm %  mm % mm mm MPa MPa kN

35 1220 190 3660 3.0 031 127 0.157 406 127 5152 23  569.6

36 1220 190 3660 3.0 069 19.1 0.157 406 12.7 484.15 23  569.6

37 810 190 3660 452 069 190 0313 203 127 484.15 29 2384

38 810 190 3660 452 069 19.1 0.157 406 12.7 484.15 23 3782 =
39 810 190 3660 452 031 127 0.157 406 127 5152 23 5673 g
40 1020 190 2030 2.0 031 127 0313 203 127 5175 21 105 =
41 1020 190 2030 2.0 031 127 0313 203 127 52325 21 2718 s
42 1830 190 1420 0.78 047 2222 0626 203 127 52325 16 3715 g
43 1830 190 1830 1.0 047 2222 0.626 203 127 52325 16 3715 <
44 1420 190 2840 20 069 191 0.157 406 127 53475 16  20.5

45 2440 190 2440 1.0 031 127 0313 203 127 48645 31 302

46 2440 190 2440 1.0 016 127 0.157 406 127 48645 28  30.2

47 2440 190 2440 1.0 033 127 033 200 127 680.65 29 48 Hernandez
48 2440 190 2440 1.0 033 127 0.6 406 127 680.65 243 48 (2012
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Table 4.2: Average ratio between model predictions and experimental drifts

AJ/H, (%) Aomax’Hyw (%0) Agsor/Hw (%)
Directi Average cv average cv average cv
irection g (%) g (%) & (%)
Basic Push 0.92 56 - - - -
Mechanics  pyyi 095 54 - : - -
ASh‘]’E‘ﬁ and  pih i ~ 051 8 069 72
Dakhakhni
2016) Pull - - 0.47 78 067 76
Carrillo Push - - 136 111 132 131
and
Alcocer Pull - - 1.28 130 128 136
(2012)
Hidalgo Push - - 0.90 44 1.48 34
and Jordan
(2012) Pull - - 0.85 43 1.40 38
Sanchez Push - - 0.55 67 0.32 64
(2010) Pull - - 0.53 70 0.31 66
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Table 4.3: Proposed model calibration coefficient

Coefficient Value

aj 0.192
as 0.020
a; 2.28x10°

Table 4.4: Design parameters and default scenario for the analytical wall database

Parameter  Units Range Default

H 100, 1.25,1.50, 1.675, 1.875, 2.00, 2.25, 2.35, 200

L, 2.50, 2.8125, 3.00, 3.25, 3.5, and 3.75 ’

10M (11.5mm), 15M (16mm), 20M
d, m (19.5mm), and 25M (25.2mm) ol
dbm mm 10M (11.5mm), and 15M (16mm) 10M
S, mm 200, 400, 600, and 800 400
. mm 200, 400, 600, 800, and 1200 400
' MPa 10, 13.5, and17 13.5
P
%A V& ) % 0,2.5,5.0,7.5,and 10 5
g m
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Experimental versus analytical predictions of drifts at the yield limit state.
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Figure 4.2: Push and pull experimental drifts at the maximum strength limit state.
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Figure 4.3: Experimental versus analytical predictions of drifts at the maximum strength limit state.
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Figure 4.4: Model prediction evaluation at the maximum strength limit state: (a)
push direction; and (b) pull direction.
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Figure 4.5: Push and pull experimental drifts at the ultimate displacement limit state.
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Figure 4.6: Experimental versus analytical predictions of drifts at the ultimate displacement limit state.
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(a) push direction; and (b) pull direction.
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Figure 4.8: (a) Score plot for all database (b) Loading plot for all variables
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Figure 4.9: PLS, (a)score plot. (b) loading plot
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Figure 4.10: (a) Score plot and (b) loading plot for the proposed model.
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Figure 4.11: Proposed model drifts compare to experimental data limits.
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Figure 4.12: Influence of changing the axial stress ratio and masonry compressive strength on wall backbone curves.
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Figure 4.13: Backbone curves and DS variation for different wall aspect ratio.
(L=2,400 mm, default scenario).
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Figure 4.14: Effect of ' variability on the fragility curves.
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Figure 4.15: Effect of axial stress variability on the fragility curves.
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Figure 4.16: Effect of p , variability on the fragility curves.
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Figure 4.17: Effect of p variability on the fragility curves.
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CHAPTER 5

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS
5.1 SUMMARY

This dissertation focuses on developing reliable parameters that can be adopted for
predicting the response of flexurally dominated RMSW within different seismic
design frameworks (i.e. FBSD, DBD, and PBSD). More specifically, this
dissertation highlights the reliability of different plastic hinge models used to
evaluate the ductility behavior of RMSW, when FBSD is used. In addition, this
dissertation contributes towards the DBSD through developing an analytical model
to quantify RMSW displacement at peak lateral load. This model utilizes MVDA
through two different techniques (i.e. PCA and PLS). The results demonstrate the
sensitivity of the developed model to different geometrical and mechanical RMSW
characteristics. Afterwards, the developed model is extended to identify the
ultimate displacement, defined as that associated with degradation to 80% of the
strength and the subsequent linkage to different DSs within the PBSD approach.
Finally, a comparison is performed to evaluate the differences between the fragility
curves presented in FEMA P-58/BD-3.8.10 and the fragility bands introduced in
this dissertation. It is hoped that this dissertation would provide a comprehensive
body of work toward codification of RMSW seismic response through developing
reliable predictive models for the current and next generation of international

seismic codes and standards.
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5.2 CONCLUSIONS

The utilization of different statistical techniques to analyze and synthesize the
experimental results of flexurally dominated RMSW facilitated the development of
a reliable complete backbone curve. In addition, the dissertation contributes to the
knowledgebase in this area by introducing a more meaningful way of visualizing
fragility/damageability of RMSW linked to different DSs. The following presents
overview conclusions based on the research reported in the previous chapters.

The assessment of different RMSW response prediction models available
in the literature shows the deviation of these model predictions from the
corresponding experimental results. This deviation is attributable to either the
model formulation simplicity and/or the model development rationale. Simple
models generally lack the ability of capturing the influence of altering the
geometrical and material characteristics and therefore these models are typically
not very accurate in terms of predicting RMSW lateral displacements. Moreover,
the majority of current models are based on RCSW experimental results, where
concrete characteristics and reinforcement detailing in RCSW differ from their
counterparts in RMSW. Nonetheless, all available models are calibrated and their
reliability is assessed based on RMSE and residual analysis. Subsequently, the
Shedid and El-Dakhakhni (2013) calibrated model is then selected, based on its
improved capability of predicting the experimental results, to evaluate the

influences of altering RMSW design characteristics on their maximum drift
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capacities. Nonetheless, these calibrated models do not explicitly account for the
additional shear deformation contribution to the overall wall displacement.

In this dissertation, linear regression analysis is initially performed to assess
the reliability of the available plastic hinge models in the literature. Not only
because the regression analysis is based on considering the least square error in the
y-axis direction between the dependent variable and the model, but because the
same analysis is typically used in univariate problems, when only a single
independent variable is considered. As such, the MVDA, through the PCA and PLS
techniques, overcomes the aforementioned error type calculation and the univariate
consideration. These techniques minimize the error orthogonally to the model, not
on the y-axis direction, and can thus introduce multiple regressions. While the PCA
technique is a projection method that helps visualizing all the information contained
within the data set, the PLS technique generalize and combines features from PCA
technique and multiple regressions. In this dissertation, the PCA and PLS
techniques are performed on the experimental RMSW database and the resulting
two main graphical representations (i.e. the scoring and the loading plots) were used
to develop different conclusions. The scoring plot shows the projection of the
experimental database walls on a new plan defined by the first and the second
principal components, whereas walls sharing the same characteristics are grouped
(clustered) together. In addition, walls located close to the origin of the score plot
indicate their average characteristics among the walls within the experimental

database. The loading plot in the PLS techniques shows the relationship
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(correlation) between the wall parameters (independent variables) and the wall
response in terms of lateral drifts (dependent variable). As the information gained
from the loading plots concurred with basic mechanics, subsequent dimensional
analysis and model calibration are conducted.

The PCA and PLS analyses are implemented in this dissertation to predict
the displacements at both the peak lateral load and the ultimate displacement limit
states. The resulting MVDA-based model can predict the backbone curve of walls
with different properties (e.g. wall length, height, yield and ultimate curvatures, and
the axial stress-level). In addition, the model was used to generated an analytical
database to evaluate key parameters affecting RMSW peak lateral load and the
ultimate displacement limit states. Based on this evaluation, the horizontal

reinforcement ratio, p, , has the most significant effect on lateral displacements of

walls with low aspect ratios. For walls with higher aspect ratios, lateral
displacements are bounded by the influence of the (low) axial stress as an upper

bound and the influence of the (high) amount of vertical reinforcement ratio, p ,

as lower bound. In addition, the influence of the masonry compressive strength,

7' ,or p onthe RMSW displacements at different limit states can be ignored
compared to the axial stress-level and p_ for high aspect ratio walls.

With a reliable backbone curve for RMSW being readily available, different DSs
(I, II, and III) are developed as per FEMA P-58 definition. The FEMA P-58 gives

individual fragility curve for each DS due to the limited number of walls and narrow
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parameter range within the experimental results utilized to produce these individual
curves. However, the analytically generated RMSW results database showed the
variability (as it relates to the range of wall design parameters) within the
damageability of the wall under the same demand (drift) levels. In this respect, the
concept of fragility bands is introduced in this dissertation as an alternative to
fragility curves. Within the mechanical parameter variability, each DS is more
sensitive to one or more parameters over the others. The comparison between the
FEMA P-58 fragility curves and the proposed fragility bands reveals that at DS-I,
FEMA P-58 fragility curves match the upper bound of the developed fragility
bands. In addition, at both DS-II and DS-III, the FEAM P-58 fragility curves are
consistently associated with higher probabilities of damage at lower drift ratios
compared to the developed fragility bands. This inconsistency between the FEMA
P-58 fragility curves and the proposed fragility bands is attributable to the fact that
FEMA P-58 curves are based on a limited number of walls (only 44 wall) with
aspect ratio equals to 1.00 compared to much larger dataset (968 Wall) with wide
range of aspect ratio and covers wide range of different mechanical and geometrical
parameters. This limited number of walls with their narrow range of characteristics
is expected to yield lower drift levels for different DS within the FEMA P-58 curves

compared to those of the fragility bands introduced in this dissertation.
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5.3 RECOMMENDATION FOR FUTURE RESEARCH

This dissertation presents the application of PCA and PLS techniques, on an
experimental results database, in order to develop an analytical model that can
predict the response of flexurally dominated RMSW at different limit states. In
addition, the dissertation evaluates the influence of altering both the mechanical
and geometrical wall parameters on the RMSW behavior through a large
analytically generated database. Nonetheless, several issues remain unresolved and
might require further investigation. The following points highlight some of the
possible areas to extend the use of PCA and PLS techniques to contribute to the
knowledgebase pertaining to the development of RMSW response prediction

models.

1. The results showed the importance of the inelastic displacements
component in evaluating the different DSs associated with backbone curves.
However, reliability analyses (using the Mont Carlo simulation or the first-
order reliability method) are necessary to codify the proposed model, for
different RMSW SFRS categories. Subsequently, calibration factors might
need to be introduced for different reliability indices as the key step towards
codification of the model.

2. The backbone curve proposed in this dissertation can also be further utilized
in numerical models (e.g. OpenSees and etc.) for different flexurally

dominated RMSW scenarios. The results of these scenarios can be
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considered as a testbed to evaluate the seismic performance of such walls
using both pushover and incremental dynamic analysis. This evaluation will
aim to assess the seismic performance variability of RMSW for any
combination of parameters through performing multiple nonlinear time
history analyses under different suits of ground motion records. Also, model
sensitivity to both the incremental dynamic- and pushover analysis is
needed to identify the most influential parameters (within the range of the
investigated ones) on the RMSW response. In addition, uncertainty analyses
(e.g. Mont Carlo simulation; point-estimate method; and/or first-order
second moment method) is key to estimate the uncertain propagation of
such parameters on the RMSW response.

3. Finally, this dissertation used different statistical techniques to assess the
capability of available models of simulating the response of flexurally
dominated (i.e. slender) shear walls. In future studies, such techniques
might be used to assess other response predictive models pertaining to other
masonry components [e.g. masonry piers and shear dominated (squat)

walls, as well as walls with boundary elements].
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