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ABSTRACT

Shear Strength Prediction Methods for Grouted
Masonry Shear Walls

Patrick B. Dillon
Department of Civil & Environmental Engineering, BYU
Doctor of Philosophy

The research in this dissertation is divided between three different approaches for predicting
the shear strength of reinforcement masonry shear walls. Each approach provides increasing accu-
racy and precision in predicting the shear strength of masonry walls. The three approaches were
developed or validated using data from 353 wall tests that have been conducted over the past half
century. The data were collected, scrutinized, and synthesized using principles of meta-analysis.

Predictions made with current Masonry Standards Joint Committee (MSJC) shear strength
equation are unconservative and show a higher degree of variation for partially-grouted walls.
The first approach modifies the existing MSJC equation to account for the differences in nom-
inal strength and uncertainty between fully- and partially-grouted walls. The second approach
develops a new shear strength equation developed to perform equally well for both fully- and
partially-grouted walls to replace and improve upon the current MSJC equation. The third ap-
proach develops a methodology for creating strut-and-tie models to analyze or design masonry
shear walls. It was discovered that strut-and-tie modeling theory provides the best description of
masonry shear wall strength and performance.

The masonry strength itself provides the greatest contribution to the overall shear capacity
of the wall and can be represented as diagonal compression struts traveling from the top of the
wall to the compression toe. The shear strength of masonry wall is inversely related to the shear
span ratio of the wall. Axial load contributes to shear strength, but to a lesser degree than what
has been previously believed. The prevailing theory about the contribution of horizontal shear
reinforcement was shown to not be correct and the contribution is much smaller than was originally
assumed by researchers. Horizontal shear reinforcement principally acts by resisting diagonal
tensile forces in the masonry and by helping to redistribute stresses in a cracked masonry panel.
Vertical reinforcement was shown to have an effect on shear strength by precluding overturning of
the masonry panel and by providing vertical anchorages to the diagonal struts.

Keywords: masonry, full grouting, partial grouting, shear, strength prediction, linear regression
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NOMENCLATURE

area of confinement (internal vertical) reinforcement
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CHAPTER 1. INTRODUCTION

1.1 Background

Masonry is the most enduring building method used by mankind. Despite its lengthy period
of use and widespread usage throughout the world, masonry remains today one of the least under-
stood building media (Schneider, 1969). The lack of understanding of masonry can be attributed
to—among other things—its heterogeneous composition, its anisotropic behavior, and negative
stigma resulting from the poor seismic performance of unreinforced masonry during the first part
of the twentieth century. The development of grouted, reinforced masonry during the past century
has done much to dispel the poor perception of masonry, but it has also complicated its study by
introducing new mechanisms and behaviors into the medium. Masonry research has accelerated
in the past few decades due to the advent of numerical modeling procedures (e.g., finite element
analysis), improved computational power, and advanced testing machines.

One of the relatively recent developments in reinforced masonry has been the practice of
partial grouting. In partially-grouted masonry walls, only the cells containing reinforcement are
grouted, leaving the remaining cells hollow. This practice saves on the construction costs for labor,
materials, and weight, but introduces stress patterns that are different from those found in fully-
grouted masonry walls. Significant research has been conducted on partially-grouted masonry
walls to understand the effects that different design parameters have on stresses and behavior.
Research has shown that partially-grouted masonry walls can be a practical lateral load-resisting
system under seismic loading (Schultz et al., 1998).

One particularly important point of research in the past three decades has been to determine
an accurate and safe equation to predict the lateral in-plane shear strength of partially-grouted ma-
sonry walls. The shear strength equation in the Masonry Standards Joint Committee (MSJC, 2013)
code provisions currently applies to both fully- and partially-grouted masonry construction. The

equation was developed using data primarily from fully-grouted masonry wall tests and does not



account for the different stress patterns that are present in partially-grouted masonry walls. Three
recent projects (Elmapruk, 2010; Minaie, 2009; Nolph, 2010) were conducted under funding by
the National Concrete Masonry Association (NCMA) and concluded that the MSJC shear equa-
tion over-predicted the shear strength for partially-grouted masonry walls. This is to say that the
equation is unconservative and potentially life-threatening. To address this issue, the MSJC intro-
duced the grouted wall factor vy, into the 2013 code to compensate for this reduction in strength
for partially-grouted masonry shear walls.

During the past half century, researchers throughout the world have conducted tests on
hundreds of masonry shear wall specimens. The varied focus of each research study has generated
a large pool of experimental data that covers a wide range of possible design parameters. A select
few studies have compared and analyzed a notable portion of this data pool (Matsumura, 1987;
Okamoto et al., 1987; Anderson and Priestley, 1992; Fattal, 1993). In other studies, researchers
typically report their own experimental results and compare them to experimental results from a
few other specimens with similar parameters to their own. To date, however, the full breadth of
knowledge contained in this large pool of data has yet to be fully utilized.

There are numerous probabilistic tools that are available for analyzing experimental data.
These tools become increasingly powerful as the sample size becomes large and can, in some cases,
be used in lieu of performing additional specimen tests. By leveraging the large sample size of the
pool of masonry shear wall data, certain conclusions can be made with more confidence than can

be done with an individual research study.

1.2 Significance of Research

The most recent MSJC (2013) nominal shear strength equation is given by

M, Ay
Vi =7, [4.0 - 1.75W] A fm +0.25P, +0.5—f,1,, (1.1)
uty A
where
Y, = the partially-grouted modification factor,

M, = the ultimate moment demand,



V, = the ultimate shear demand,

P, = the ultimate vertical load on the wall,

l,, = the shear length of the wall,

A,,, = the net shear area of the wall,

A, = the area of (horizontal) shear reinforcement,
s = the vertical spacing of shear reinforcement,
f,, = the compressive strength of the masonry,

fy = the yield strength of the shear reinforcement, and

Mll
Vilw

= need not be greater than one.

The nominal shear strength V,, is subject to the upper constraint

M
6y A/ fp for v l” <0.25

V, < LW (1.2)
dyo A fh  for vzu > 1.0

which is intended to prevent designers from using excessive amounts of reinforcement within the

wall. In using Equation (1.2) the code permits designers to linearly interpolate for intermediate

M,
VLth

factor ¢, of 0.8 to obtain the design strength (MSJC, 2013).
In light of the recent studies (Elmapruk, 2010; Minaie, 2009; Nolph, 2010), the MSJC

values of . The nominal shear strength is reduced by a shear resistance (or strength reduction)

(2013) has introduced a modification factor into the shear equation for the most recent code edition.
The current grouted wall factor y, is intended to account for the effects of partial grouting in
masonry walls and is to be taken as 0.75 for partially-grouted cases and 1.0 for all other cases.
Hollow, unreinforced masonry are governed under a different code equation and are not included
in this discussion. The 0.75 factor was obtained by dividing 0.9 by 1.16 where 0.9 is the average
over-prediction factor for partially-grouted masonry walls from Minaie (2009) and 1.16 is the
average under-prediction factor for fully-grouted masonry walls from Davis (2008). The factor is
applied to both the masonry and reinforcement components of the shear equation. Additionally,
in the current approach the same shear strength reduction factor, ¢, is used for both fully and

partially-grouted walls.



The MSJC (2013) has recognized that there is a research gap in the area of partially-grouted
masonry shear walls than needs to be filled. The MSJC code commentary states that the grouted
wall factor vy, is “used to compensate for this reduced strength [in partially-grouted walls] until
methods can be developed to more accurately predict the performance of these elements” MSJC
(2013). It has admitted that the current method is meant as a temporary solution to bridge the gap
in understanding until an accurate approach can be developed. This study will develop accurate
approaches to fill this void and will further the overall knowledge of grouted masonry shear walls.

The principal pitfalls of the current grouted wall factor method are that it is based on the
research of a select few researchers, that it is based on average values, and that part of the factor
was developed from data for fully-grouted walls. The 0.9 over-prediction factor used in developing
the grouted wall factor is based solely on the findings of Minaie (2009) at Drexel University. The
research of Nolph (2010) and Elmapruk (2010) at Washington State University (WSU) yielded
over-prediction factors 0.8 and 0.73 based on their respective experimental data. The data also
suggest that the value of 0.9 obtained by Minaie may be too large, resulting in an grouted wall
factor that is not small enough. To overcome experimental bias, data from many studies should be
used—ideally from all compatible partially-grouted shear wall research available—to determine
any modifications to the MSJC shear equation. Analysis of a greater number of specimens will
increase the number of degrees of freedom in the statistical analysis, increase the statistical power
of the results, and make the data set more representative of the whole population.

The 0.9 and 1.16 factors used in developing the grouted wall factor were based on expected
(i.e., mean) values obtained from the research. The expected values represent a 50 percent chance
of being exceeded and do not account for variability in the specimens or in the experiment. Fur-
thermore, both mean values were from data sets with different variances, meaning that the two
mean values cannot be effectively compared by simply dividing one by the other. The 1.16 value
under-prediction factor could represent the fact that the MSJC shear equation was likely developed
using some sort of tolerance level in predicting shear strength for fully-grouted masonry walls.
Similarly, an equation for partially-grouted shear strength prediction should also contain some
level of tolerance to account for variability in the materials and equations.

The vast majority of partially-grouted masonry shear wall research has examined a rela-

tively small number of specimens when compared with the number of parameters being tested.



A few exceptions are the studies in Matsumura (1987), Johal and Anderson (1988), and TomaZe-
vic et al. (1996) which each tested a relatively larger number of specimens. Small-sample testing
has been conducted, understandably, because of the additional expense inherent in performing re-
peated specimen tests. Unfortunately, setting up experimental research programs in this way limits
the number of degrees of freedom in the statistical analysis and makes the tests highly susceptible
to experimental variability and error. Fattal (1993), Matsumura (1987), Nolph (2010), and Voon
(2007) have each proposed other models for partially-grouted shear walls, but they are either too
complex or were developed using too few observations to be adopted into a design standard. Ma-
sonry standards from other countries contain provisions for partially-grouted shear walls, but it is
uncertain whether these equations are equally applicable to the construction practices used in the
United States. In short, no practical model is available to use in the MSJC that can accurately
predict the shear strength of partially-grouted shear walls with a known level of confidence.

Most researchers base their experimental designs on a relative approach by comparing the
effects of different parameters on wall behavior. Only in a few select studies do researchers at-
tempt to estimate absolute population values for masonry shear walls. Using the relative approach
researchers are able to use their results to make conclusions on how their experimental param-
eters either positively or negatively affect wall performance. The two main issues observed in
studies that use this approach are that their conclusions are only comparative in nature and that
too few researchers include replicate specimens in their experimental design. The difficulty with
many qualitative conclusions is that they provide little if any numerical representation of a param-
eter’s effect on the behavior of a wall. For example, it has been observed by Yancey and Scribner
(1989) and Ghanem et al. (1992) that decreasing the spacing of horizontal reinforcement improves
the shear strength of a wall, but no study has definitively shown by what amount reinforcement
spacing affects shear strength. The omission of replicate specimens from a research study limits
the number of statistical degrees of freedom in the data analysis and provides no insight into the
variation between similar specimens.

The statistical analyses for this study will be performed on a data set comprised of all com-
patible fully- and partially-grouted wall tests documented in the literature. Fully-grouted speci-
mens are included in the analysis to provide a baseline against which the partially-grouted shear

wall data can be effectively compared. Since the conglomeration of tests in the dataset includes



studies from many different regions, the dataset will be more representative of masonry walls
across all regions than any single study could be. Furthermore, since the number of tests far out-
weighs the number of parameters being tested, this analysis has many more degrees of freedom
and the results will more closely estimate those of the entire masonry shear wall population. In all,
the three recommended approaches developed through this research will be more appropriate for
inclusion in a widely-used masonry standard and will provide design engineers effective tools for

use in designing masonry shear walls in the future.

1.3 Objective Scope

The motivation behind this research program is the inherent unconservative nature of the
MSJC (2013) shear equation for partially-grouted masonry shear walls. The objective of this re-
search program is to develop models for predicting the shear capacity of both fully- and partially-
grouted masonry shear walls which are improvements over the current MSJC shear equation. Dur-
ing the course of this program, new insights and understanding of the behavior and performance of
masonry shear walls will be gained by using statistical, meta-analysis, and strut-and-tie modeling
tools which have not been used before in masonry shear wall research.

This project will focus on three approaches for developing improved masonry shear wall
strength prediction models. The first approach will quantify and mitigate the errors in the current
MSIJC shear equation. The second approach will develop a new, updated, and more accurate shear
equation to replace the one in the in the MSJC code. The third approach will develop a procedure
for designers to following in creating strut-and-tie models for masonry shear walls.

The dataset used in the three approaches will be created solely from existing fully- and
partially-grouted masonry shear wall specimen data found in the literature. The data will be for-
matted and synthesized to follow the same data reporting standards. The parameters used in con-
structing the strength prediction models will be limited to those collected and presented in the

literature; no new specimen tests will be proposed for use with masonry.



1.4 Outline of Paper

This dissertation is divided into six parts—each of which in comprised of several chapters—
references, and appendices. The following subsections offer a brief description of the contents of

each part.

Part 1

Part I provides a review of the foundational knowledge that will be the basis for aspects
and phases of this study. Chapter 2 provides a primer for the current state of the art of masonry
shears walls. Chapter 3 presents a primer and introduction into the theory of linear least-squares

regression. Chapter 4 provides a detailed introduction into the principles of meta analysis.

Part 11

Part II provides details into the process of data analysis used in assembling and analyzing
the dataset for this study. Chapter 5 presents a literature review of the processes used by the origi-
nal researchers to test the specimens analyzed in this study. Chapter 6 details how the dataset was
assembled from the previous research studies and how the data were synthesized to overcome in-
compatibilities between the difference research studies. Chapter 7 finishes Part II with an overview

of the completed dataset and its properties are shown and discussed in detail.

Part 111

Part III details the first analysis approach developed in this study. Chapter 8 presents a
literature review of previous studies which analyzed and suggested improvements to existing shear
equations. Chapter 9 outlines the methodology for analyzing the MSJC (2013) equation developed
from the analysis techniques used by previous researchers. Chapter 10 details the results of the

analysis and Chapter 11 provides a discussion of the modified MSJC shear equation.



Part IV

Part IV details the second analysis approach developed in this study to create a new linear
model for the prediction of masonry shear wall strength. Chapter 12 is a literature review of linear
model building techniques typically employed by statisticians and continues with a review of the
development of the current MSJC shear equation, its precursors, as well as other shear equations
from around the world. Chapter 13 introduces the methodology that will be used in analyzing
the previous shear models and in developing a new, improved shear model for masonry. Chapter
14 presents an investigation of the precursor models which led up to the current MSJC equation.
Chapter 15 is the principal focus of Part IV and details the development of a proposed shear model
to replace the current MSJC shear equation. Chapter 16 presents comparison and discussion of all

of the shear prediction models using the extensive dataset constructed for this study.

PartV

Part V details the third and last approach which was the development of the strut-and-tie
modeling procedures for masonry shear walls. Chapter 17 introduces and explains strut-and-tie
modeling theory and provides a review of uses of the method for masonry from the literature.
Chapter 18 continues with an outline of the methodology used in developing the strut-and-tie
modeling procedures for masonry shear walls. Chapter 19 details the creation of strut-and-tie
models for masonry and development of the modeling procedures for masonry. Chapter 20 presents
a comparison of the performance of the practice with the existing and proposed shear equations

and a discussion of the method’s use in design practice.

Part VI

Part VI provides general discussion and conclusions for the entire research study. Chapter
22 discusses the performance of masonry shear walls as an assemblage and details the behavior
leading to the two principal failure modes. Chapter 21 discusses how each design parameter influ-
ences the masonry shear capacity, performance, and failure mode. Chapter 23 presents the overall

conclusions and recommendations from this study.



Part I

Foundational Knowledge

This part provides a review of the foundational knowledge that will be the basis for aspects
and phases of this study. Chapter 2 provides a primer for the current state of the art of masonry
shears walls. Chapter 3 presents a primer and introduction into the theory of linear least-squares

regression. Chapter 4 provides a detailed introduction into the principles of meta analysis.



CHAPTER 2. PRIMER: MASONRY

2.1 Introduction

Masonry is the oldest documented construction material known to modernity. This should
not be construed as meaning that masonry was the first building method used by mankind. The
longevity of masonry as a building material has permitted ancient masonry structures to outlast
other ancient structures built from other materials—particularly organic materials such as wood,
thatching, and bone. Since men have historically built from materials that were readily available
to their locale, it is conceivable that separated civilizations concurrently developed disparate con-
struction media that best matched their respective surroundings, climate, and available resources.

Despite the long history of masonry usage, masonry remains today one of the least un-
derstood building materials due to its material properties and common perceptions. Masonry is
a heterogeneous and anisotropic material, making the structural behavior of masonry more diffi-
cult to model, analyze, and explain than for other commonly-used construction materials like steel
and reinforced concrete. The differences within the constituent materials and the manufacturing
processes make the properties of masonry assemblages more variable than those of more homoge-
neous and isotropic materials. More recently, masonry has been affected by vacillations in public
perception about its utility, economy, and overall safety resulting from the poor performance of

unreinforced masonry structures in recent earthquakes.

2.2 History

2.2.1 Ancient

The first documented masonry structures were built in pre-historic times in the Mediter-
ranean basin. In this rocky area with little timber for construction, these primitive structures were

dome-shaped and constructed by stacking stones one upon another. The Mycenaeans would later
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build beehive-shaped structures by developing and using the corbelling method of dome building.
They found that by stacking flat stones such that each course protruded beyond the previous course
in a balanced manner, a dome could be constructed without need for centering. Once both sides
met at the top the horizontal constraint provided lateral stability to the completed dome. This
method was made easier by using smaller, lighter blocks in the higher courses. Eventually, they
would expand this technology to building half-domes and corbelled arches (Escrig, 2006; Fletcher,
1996).

The first use of clay masonry was developed in the Mesopotamian Plains and Nile River
Valley. In these alluvial areas the scarcity of stone and timber compelled the inhabitants to search
for other materials for use in construction. Mesopotamia was first to use unfired mud-bricks and
the practice later spread to Egypt. The early Mesopotamian mud-brick buildings continued the
earlier tradition of constructing either round or oval-shaped structures. Eventually rectangular
structures with arched roofs and stone foundations took over as normal practice (Escrig, 2006;
Fletcher, 1996).

The use of mud bricks facilitated the development and wide-spread use of the arch within
the Fertile Crescent region. The bricks were light enough for a single workman to carry and could
be easily formed or shaped into voussoirs for use in arches. Similar to the earlier domes of the
region, the inhabitants developed new technology whereby an arch was constructed without the
need for centering. Each arch was constructed from concentric, inclined rings. As each ring was
constructed the voussoirs partially rested on the previously completed ring. The friction between
the adjacent rings was sufficient to keep the partially-built ring standing until the key could be
placed (Bagenal, 1980; Fletcher, 1996).

In Egypt, mud-brick masonry became the predominant form of construction, supplanting
the flimsy, clay-covered reed and timber method for the primary structure. The Egyptian style was
different from that of Mesopotamia in that the Egyptians continued to use flat, clay-covered reed
roofs. Since the roof provided little lateral support to the brick walls the Egyptians tapered their
walls from bottom to top for added stability. To preserve vertical surfaces on the interior of their
structures they only battered the exterior faces of their walls. This practice was a distinction of

Egyptian architecture that would influence the design of future structures (Fletcher, 1996).
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Hewn stone first began to be used in Egypt during the Third Dynasty, in the twenty-seventh
century BC. The first royal tombs were flat-roofed mastabas constructed from limestone hewn
from nearby outcroppings. Though the interiors of the mastabas were solid, the common practice
of battering the exterior faces continued. The grandeur of the royal tombs steadily increased with
each pharaoh trying to out-do the accomplishments of the previous. Gradually, the mastabas grew
in height and the battered walls became steeper. This practice continued such that the walls met
at an apex and a pyramid was formed. Through the end of the dynasty, the pyramid became the
design of choice for royal tombs (Fletcher, 1996).

The Egyptians incorporated several innovations into their pyramid construction practices.
One of which was the use of bed joints that were inclined inward to provide lateral stability to
the higher courses. They also used a thin lime-based mortar between the blocks as a lubricant to
aid in positioning them. The Egyptians understood and built arches for other uses—particularly
with mud-brick—but they chose to use large stone lintels or triangular arches in their monumental
structures to span openings (Fletcher, 1996). Their use of these innovations gives the intimation
that the Egyptians understood the principle of masonry arching.

Masonry arching enables most of the downward gravity load above an opening to be trans-
ferred diagonally, through the masonry, to the supports adjacent to the opening. If there is sufficient
lateral restraint around the opening and adequate masonry height above the opening, then the ma-
sonry around and above the opening will behave more like a corbelled arch. In this case the lintel
spanning the opening will not experience the full weight of all the masonry above it but will only
have to support the weight of the triangular section of masonry immediately above it (Drysdale
and Hamid, 2008).

During the New Kingdom, Egyptian focus shifted away from building pyramids and to-
wards building smaller, more-elaborate tombs and temples. This change in scope led to new design
challenges to overcome. The new designs did not provide the same amount of lateral stability as
was inherent in the pyramids. Similarly, the new structures were to gradually contain more and
more usable space. The new challenge was to find new stable ways of transferring all gravity loads
downward. The Egyptians surmounted this by making another advance in masonry construction,

the use of vertical stone columns. In building the temples, chapels, and other buildings during
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this period they continued the practice of using stone lintels or triangular arches to span between
columns (Fletcher, 1996).

While the Egyptians were using hewn stone for their monumental structures, the Mesopotami-
ans devised another material that would work well for their larger structures. They discovered that
by firing their mud bricks they became substantially stronger and weathered much better. Together
with bitumen-based mortar they constructed several large edifices and ziggurats, using the fired
brick in areas subject to higher stresses. Later, the Babylonians developed this technology further
by creating glazed bricks, which they used in some of their most important buildings (Fletcher,

1996).

2.2.2 Classical

Through their trade empire, the seafaring Minoans came into contact with the Egyptian ma-
sonry technologies and architecture and spread this knowledge to the Mycenaeans in Greece. The
Greeks continued the column, lintel, and triangular arch components of the Egyptian stonework
and also incorporated the use of corbelled arches which they had previously developed. This
knowledge blossomed into new architectural styles during the Classical and Hellenistic Greek pe-
riods. Additionally, the Greeks expanded the use of stone columns by gradually making them
more slender and by using keys between column sections to align them and resist lateral shear
forces (Fletcher, 1996). A further innovation, the discovery of pozzolanic cement, created a new,
stronger mortar to be used in masonry construction (Hegemier et al., 2003; Malhotra and Mehta,
1996). Much of the Greek architecture and practice was adopted by the Romans at the outset of
Roman rule.

The Romans had a large influence on the further development and spreading of masonry
knowledge. They were skilled at incorporating existing technology from other cultures, innovating
new ones, and spreading them throughout their broad reach. The vastness of the Roman Empire
put them in contact with the masonry technologies of Mesopotamia, Egypt, and Greece (Fletcher,
1996). The first innovation of the Romans was to combine the arch technology from Mesopotamia
with the stonework and concrete technology from Greece to form large stone arches. The Romans
later improved the methods of making and using cement in construction (Malhotra and Mehta,

1996)
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Through Roman masonry technology stone masonry walls became more slender, creating
more usable space within the structure. The next step was to construct walls in an annular manner
to form hollow towers. The cross-section of a tower is efficient because the material at the ex-
tremities of the structure work as a couple to resist lateral and overturning forces. The efficiency
of the shape permitted the exterior walls to be relatively thinner compared to free-standing walls
of comparable height. The Romans constructed many notable masonry walls, cities, and towers
throughout Europe and the Near East during their rule (Drysdale and Hamid, 2008).

The Romans also made new developments in the use of the arch. Unlike previous civiliza-
tions the Romans used centering in constructing their arches and domes due to the larger scale and
their use of concrete. Roman engineers understood that a semi-circular arch was not as efficient
as a parabolic or catenary arch, but determined that the semi-circular shape was simplest to lay
out and construct. Semi-circular arches use a single, constant radius with voussoirs that are all
identically shaped. As Roman construction technology improved parabolic and catenary shapes
were used, as is evident in some of their significant later projects. In the case of all arches, vaults,
and domes, the horizontal component of the interior force causes outward thrust at the base that
must be restrained. Romans discovered that by adjoining barrel vaults perpendicular to the edges
of large domes or other vaults, the in-plane shear strength of the vault could be used to confine the
outward thrust of the much larger dome or vault (Drysdale and Hamid, 2008).

Masonry was developed further by the Byzantines who used domes in a new architectural
style. Unlike the Romans who settled with building domes over circular shaped spaces, the Byzan-
tines discovered means to construct domes over octagonal- and—Iater—square-shaped spaces by
combining portions of domes of different radii. By using pendentives they could direct the vertical
forces of a large dome into the corners of the structure and the lateral forces were resisted by ei-
ther half domes or barrel vaults. The Byzantines developed the dome further by using a catenary
shape, which enabled them to construct thin-shell vaults and domes that were thinner and lighter
(Bagenal, 1980).

European masonry took on a new form in the Medieval period with the advent of Gothic
architecture. The first defining aspect was the acceptance of the ribbed domes originally invented
by the Muslims. The Europeans took the concept of the ribbed dome and generalized it for use in

vaults (Escrig, 2006). By using ribbed vaults, the ribs could be constructed initially and the other
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portions of the vault could be constructed in sections. This decreased the quantity of centering
that was needed in constructing the vaults. Another characteristic was the use of pointed arches,
originally developed by the Byzantines, which decreased the amount of outward thrust at the base
of the arch. The combination of ribbed vaults and pointed arches led to the creation of the Gothic
vault, a characteristic feature of Gothic architecture (Bagenal, 1980).

The Gothic method of design was two dimensional. This enabled designers to more easily
understand load paths and optimize the designs to bring the materials to the limit of their stress
capacity. This understanding—coupled with the development of flying buttresses—enabled the
Gothic builders to reach astounding heights with their structures. The height and use of ribbed
vaults enabled Gothic structures to include many more windows than had previously been used in
masonry structures. Up to that period, Gothic architecture was the most luminous method that had

yet to be designed and built (Escrig, 2006).

2.2.3 Contemporary

The earliest appearance of modern reinforced masonry technology dates back to the early
nineteenth century when iron hoops were placed in the mortar joints of two brick shafts in London.
This construction technique was investigated further by several engineers throughout England.
Another advance in masonry technology that occurred soon afterward was the discovery and use
of portland cement as a cementitious agent in mortar. Both of these technologies were highly
publicized in 1851 at the Great Exposition of London. The use of reinforced masonry did not
spread to the United Stated and other nations until a century after its initial discovery in England
(Schneider and Dickey, 1994).

The deficiencies of unreinforced masonry were highly publicized after the 1933 Long
Beach earthquake in which 70 schools built of unreinforced masonry were completely destroyed.
The State of California subsequently passed laws and new building codes that prohibited the use
of unreinforced masonry (Commission, 2009; Hess, 1979). Over the next four decades, the vast
majority of research on reinforced masonry was conducted within the State of California. The reg-
ulations based on the findings from these research programs were included in the Uniform Building

Code (UBC) (Schneider and Dickey, 1994).
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The understanding of reinforced masonry during the last half century has increased through
the efforts of research institutions, both domestically and internationally. This research has been
aided by more sophisticated testing and data collection systems, the advent of Finite Element
Analysis, greater computational power, and the formation of research coalitions dedicated to the

subject.

2.3 Properties

2.3.1 Materials

Masonry Units

Concrete and clay are the two principal materials used in making masonry units. Load-
bearing clay masonry comes in two types, structural clay tile and hollow clay brick. The latter
type is distinct from the more widely known solid clay bricks that are commonly used as veneers
in many structures worldwide. The term is most frequently used for concrete masonry, particularly
most recently, is concrete masonry unit. Standards for load-bearing structural clay tile, hollow
clay brick, and concrete masonry unit are set forth in ASTM C34, ASTM C652, and ASTM C90,

respectively.

Mortar

Multiple types of mortar are used throughout the literature. The most common type of
mortar used by researchers is portland cement/lime-based mortar, which is also the most widely-
used mortar today in the United States masonry industry. Two other types, masonry cement-
and mortar cement-based mortars, are proprietary blends of portland cement, lime, and/or other
materials that come premixed in bags from the manufacturer. Earlier masonry codes restricted
these latter two mortars from use in seismic force-resisting masonry walls due to the uncertainty in
their performance at the time. Research has been carried out to study the performance of these two
mortars (Johal and Anderson, 1988) and they were found to perform equally as well as portland

cement/lime-based mortars.
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Some researchers (Meli et al., 1968; Meli and Salgado, 1969; Haach et al., 2010b) used
only portland cement-based mortar without lime in their masonry specimens. This is the case in
Latin America and some other countries where lime is not readily available or where it hasn’t
been traditionally used. Lime-less mortar has the advantage of having, in general, higher compres-
sive strength than similarly proportioned mortars with lime include. Additionally, the absence of
lime results in the mortar and concrete masonry having more similar Poisson’s ratios, increasing
material compatibility within masonry assemblages and decreasing assembly anisotropy.

In the United States, mortars are grouped into types based on their proportioning of lime
and are designated as M, S, N, and O. Compressive strength and ductility are related to the mortar
type, with the first type being the strongest and least ductile mortar and the last type being the
weakest but most ductile. Increasing the proportion of lime within mortar decreases the compres-
sive strength of the mortar but increases its ductility. The use of lime in mortar greatly increases
the workability and longevity of wet mortar by increasing its ability to retain moisture. The ease of
use helps to decrease errors in construction and reduce variability within masonry walls. Another
benefit of using lime in mortar is the ability over time for cracks in the mortar to heal through

autogenous healing.

Grout

Masonry grout is a mixture or portland cement concrete wherein the aggregate sizes are
generally limited to sizes smaller than is typically allowed in normal concrete usage. Grout must
have a high slump for it to flow down the masonry cores and fill the voids around the reinforcement.
High-slump grout is made created through the use of plasticizers within the grout mix. Grout has
several purposes within partially grouted masonry walls. The primary purpose is to transfer loads
from the masonry to the reinforcement so that the two act as a unit. The grout also serves to
cover and protect the reinforcement from corrosion, permits the full development of strength in the
reinforcing bars at splices and hooks, and adds to the net shear area of the wall, increasing shear

capacity.
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Reinforcement

Reinforcement used in masonry walls is generally made from steel, though carbon fiber
and other fibrous media are sometimes employed. While the study of other reinforcing materials
in masonry is gaining traction around the world, the widespread use of these other materials is still
years away. This study will focus solely on the two types of steel reinforcement used in masonry
construction, deformed bars and welded wire.

The deformed bars used in masonry are the same as those used in reinforced concrete
design and construction. Deformed bars come in sizes that vary from country to country; the sizes
used for each specimen are reflected in Appendix A. Deformed bars are placed vertically within
the cores of the masonry units and horizontally within bond beams and are grouted in place.

The second type of reinforcement used in masonry walls, welded wire reinforcement, con-
sists of two parallel wires that are attached together in one of two ways. In ladder-type rein-
forcement, short bars that run perpendicular to the two wires are welded onto the wires at regular
intervals. In truss-type reinforcement, a third continuous wire is bent into a zigzag shape and
welded onto the other two bars at its corners. The purposes of the central wires in each type are to
keep the two primary wires at a uniform distance apart, to keep the primary wires straight, and to
provide some lateral anchorage to the wires when they are embedded within the wall.

Both truss- and ladder-type reinforcement are used primarily as horizontal reinforcement
and are placed within the bed joints of the masonry. This reduces labor and materials by avoiding
the use of special units and grouting necessary in forming bond beams. However, the limited size
of the bed joints constrains the amount of welded wire reinforcement that can be included in the
wall. A recent study by Haach et al. (2010b) has determined that welded wire reinforcement can
be effectively used as vertical reinforcement within walls as well.

Reinforcement can be placed in masonry shear walls in two orthogonal directions, hori-
zontally and vertically. In the case of shear walls the horizontal reinforcement is also called shear
reinforcement because it is laid parallel to and is most effective in resisting the lateral in-plane
shear forces. As wall panels develop diagonal shear cracks from increasing shear forces the shear
reinforcement spans these cracks and provides means of resisting the lateral tensile forces from
one side of the crack to the other. For this reason, the two terms are used interchangeably within

the literature.
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The vertical reinforcement is sometimes called the flexural reinforcement because it resists
the tensile forces created by the overturning moment within the wall. This term can be somewhat of
a misnomer because only the vertical reinforcement nearest the ends of the wall is truly effective
in resisting the overturning moment forces within the wall (Ghanem et al., 1992, 1993). The
vertical reinforcement in the interior of the wall panel is not very effective in resisting the in-
plane moment force due to its proximity to the neutral axis. This reinforcement primarily provides
vertical confinement to the masonry and acts in resisting any out-of-plane moment forces.

The MSJC code contains provisions for prescribed reinforcement for specially reinforced
masonry shear walls. Among the prescriptions, the code requires that reinforcement be spaced no

more than 48 inches (1220 mm) in both the vertical and horizontal directions.

2.3.2 Assemblages

Masonry units are assembled in several different ways. Methods include traditional mortared
joints, so-called “dry stack” masonry, and thin-bedded joints. The remainder of this dissertation
will refer exclusively to the traditional mortared joint method which is the most common technique
used today. Since masonry assemblages are heterogeneous and anisotropic, the mechanical proper-
ties of the constituent materials cannot be directly equated to the strength of the whole assemblage.
To understand this disparity in strengths, one must look at the complex internal reactions that occur

within a masonry panel.

2.3.3 Joints

Joints are a major source of the anisotropy within masonry assemblages. Bed joints run
horizontally and are generally continuous from one end of a panel to the other. Head joints run
vertically and may or may not run continuously from the bottom to top of a masonry panel, de-
pending on the bond pattern used in laying the wall.

Running bond, the most commonly used bond pattern, is defined in the MSJC code as a
pattern in which the head joints of adjacent courses are offset by a distance of at least a fourth the
length of a masonry unit. Stack bond is defined as a bond pattern in which the head joints of each

consecutive course are aligned so that each head joint runs continuously from the bottom to top of
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the wall. By these definitions, it is possible for a wall to be laid in neither running bond nor stack
bond. In the MSJC code, walls not meeting the requirements for running bond are referred to as
“not laid in running bond.” The term stack bond is not used in the MSJC code; walls laid in stack
bond are included in the group of walls not laid in running bond.

Bed joints are mortared in one of two ways, full bedding or face shell bedding. A fully
bedded joint describes the case when the tops of both face shells and webs of the masonry units
are mortared. A face shell-bedded joint describes when only the tops of the face shells of the
masonry units are mortared. When face shell-bedded walls are partially grouted, the webs around
the grouted columns are also grouted to prevent the grout from leaking into the adjacent cores. In
partially grouted walls, the in-plane shear stresses transferred between masonry webs is insignif-
icantly small, leading to the usage of face shell bedding in a majority of cases. In circumstances
where full bedding would be necessary to provide adequate vertical bearing area within a partially
grouted wall, a fully grouted wall would generally be more practical.

When mortar is placed on a masonry unit, some of the wet cement paste is wicked into
the drier masonry unit by capillary action. Through this the bond between the mortar and masonry
becomes significantly stronger than a comparable bond between mortar and a non-porous material.
To achieve optimum bond strength between the mortar and masonry, the mortar and masonry units
must be within an acceptable range of moisture content. If the masonry unit is too wet, the mortar
will not wick into the masonry. If the masonry unit is too dry, then too much of the moisture in
the mortar will be sucked out and the cement in the mortar will not have enough water to properly
hydrate, forming a weak mortar joint. The standards for masonry and mortar moisture content are

contained in ASTM C270 (2014).

2.3.4 Prisms

Compressive strength parameters are often measured by testing a series of masonry prisms.
Masonry prisms are assemblages that are typically a half to a whole block long and multiple courses
high. Half block-long prisms are the most common, but may not be truly representative of actual
conditions in some cases since they do not contain any head joints. Prisms may be left hollow or

be fully-grouted, though grouted specimens rarely contain any vertical reinforcement. Horizontal
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confinement reinforcement is included in the bed joints in only a few unique cases to study the
confining effect of ties on masonry splitting. One such case is shown by Mayes et al. (1976b).

Masonry prisms tested under vertical compression loading will demonstrate an ultimate net
compression stress less than that of the masonry units or grout. The ultimate stress for the prism
is generally greater than that of the mortar. This phenomenon is related to the three-dimensional
stress states within the masonry prism. Masonry units, mortar, and grout each have a different
Poisson’s ratio. The masonry units have a Poisson’s ratio less than that of the mortar or grout. This
disparity in ratios results in each material expanding laterally at different rates as they are strained
in the vertical direction. These differences in lateral expansion rates induce lateral strains in the
materials because they are all jointly interconnected together.

Since the mortar has a higher Poisson’s ratio than the masonry units, the mortar seeks to
expand laterally more than the adjacent masonry units. This causes the mortar to be confined in
the two lateral directions, placing it into compression in all three coordinate directions. This tri-
dimensional compression state allows the mortar to resist greater compressive loads than it could
in a typical uniaxial compression state. This correlates to research which has determined that
masonry prism strength is not well influenced by deviations in mortar strength.

While the masonry units are confining the mortar, the mortar is inducing outward forces
on the masonry units themselves. This is further compounded by the inclusion of grout within the
masonry cells which induces further outward strains on the masonry. Masonry prisms typically fail
by cracking and spalling of the face shells instigated by the lateral tension induced within it. The
lateral tension results in prisms having lower compression strength than the masonry units alone.

For prism tests to be truly representative of actual conditions they should be at least two
courses high because the top and bottom masonry surfaces are laterally confined by the platens of
the testing machine. Prisms of three courses are more representative because the central course is
laterally unconfined from its top to its bottom, but the results from two-course prism tests can be
used by applying an adjustment factor. Taller prisms may be tested as well, but this is generally
avoided because the added costs are considered to outweigh the benefits. The results from taller
prisms are similarly adjusted to account for slenderness effects. Common failure modes in masonry
prisms include the vertical split, conical break, shear break, semi-conical break, and combinations

of these modes (ASTM C1314, 2014).
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In lieu of testing masonry prisms, the MSJC permits assemblage compressive strength to
be derived using the “Unit Strength Method.” This method allows the strength to be interpolated
from values in a table grouped by the masonry unit compressive strength and mortar type. This

method is considered by many to be overly conservative.

2.3.5 Failure Modes

Partially grouted shear walls demonstrate two distinctive failure modes: a flexural mode
and a shear mode. Both modes of failure can occur at the post-peak loading of a wall due to
the indeterminate nature of reinforced masonry walls. This is referred to in the literature as a
flexural/shear failure.

The flexural mode of failure is characterized by horizontal bed joint cracking in the bottom
courses, yielding of the vertical reinforcement, and ultimately by toe crushing. Flexure failures
have been observed to be more ductile in large part because the failure requires yielding of the re-
inforcement. The amount that the reinforcement yields before crushing commences in the masonry
toe is dependent on the quantity of vertical reinforcement. For large areas of vertical reinforcement,
the reinforcement may yield only slightly or not at all before the masonry begins to crush at the
far end of the wall. For walls with small areas of reinforcement, toe crushing is delayed and the
reinforcement will undergo large amounts of plastic yielding before toe crushing begins. In the
extreme case of plastic yielding, a rocking failure will occur when tested cyclically.

A rocking failure occurs when a continuous flexural crack forms from one end of a wall
to the opposite end, usually in one or more bed joints (Kasparik, 2009) This is precipitated by the
lack of vertical confinement inherent in the small amount of vertical reinforcement. In this case
the wall is split into two parts connected only by the vertical reinforcement. As the lateral load
reverses repeatedly the wall rocks back and forth, causing the reinforcement to yield in tension and
compression with each subsequent cycle. Ultimate failure occurs by gradual disintegration and
trituration of the mortar joint from repeated loading and by fatigue fracture of the reinforcement.
A rocking failure also results in a significant loss in lateral stiffness.

The shear mode of failure is characterized by cracking and disintegration of the interior
wall panel. In some cases the failure can occur suddenly in a brittle manner, but much research

has been conducted to determine means of increasing ductility in shear failures. Cracking occurs
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predominately as diagonal cracks proliferate within the masonry panel. However, in cases of low
vertical confinement walls may experience a sliding shear failure. A sliding shear failure occurs
when a continuous horizontal crack forms from one end of the wall to the other. The upper wall
segment slides along the bottom segment with aggregate-interlock friction and dowel action of
the vertical reinforcement acting as the only lateral force resisting mechanisms (Sveinsson et al.,
1985).

The first sign of shear failure under lateral loading occurs as a 45 degree diagonal crack
starting and spreading from the center of the wall. The diagonal cracking load is dependent on the
tensile strength of the masonry and of the orientation of stresses within the wall by the superposi-
tion of vertical axial stress. This can be observed by using Mohr’s circle to represent the biaxial
stress pattern within the wall (Mayes et al., 1976c). Axial load also increases the aggregate inter-
lock force, increasing the mechanical bond resistance and prolonging the breaking of the chemical
bonds in the cementitious material (Ghanem et al., 1992, 1993; Shing et al., 1990). Since the re-
inforcement is not engaged until the masonry cracks, it is not effective in increasing the cracking
strength of the wall panel. Many researchers have confirmed that the diagonal cracking load is not
influenced by the quantity of reinforcement (Matsumura, 1987; Schultz et al., 1998; Ghanem et al.,
1992, 1993; Shing et al., 1989; Haach et al., 2010a).

Once initial diagonal cracking has taken place within the panel, the horizontal reinforce-
ment begins resisting the lateral forces and helps to keep the crack from opening. Though not
directly operative in resisting the lateral load, it has been shown that distributed vertical reinforce-
ment is also effective in keeping the shear cracks from opening (Ghanem et al., 1992). By keeping
the diagonal crack closed, the masonry along both sides of the crack are able to transfer shear
stresses via crack friction, resulting in an increased lateral capacity beyond the diagonal cracking
load. Without adequate confinement, the diagonal crack will open and the masonry will no longer
provide resistance to the lateral load.

The load at which diagonal cracking first occurs is referred to as the cracking load. The
horizontal cracking load is not discussed in the shear literature though it is discussed in the MSJC
code when referring to flexural strength of walls. At loads beyond the diagonal cracking load

the wall, strength is provided by the horizontal reinforcement and by crack friction. As the load

23



continues to increase additional cracks begin to form in other parts of the masonry panel. These
additional cracks transfer the lateral load via the same mechanisms as the initial diagonal crack.
Shear failure initiates in one of two ways. A brittle shear failure occurs in walls that are
heavily reinforced, in which reinforcement is concentrated into small areas, or which are subjected
to large axial loads (Ghanem et al., 1992; Nolph, 2010). Brittle failure appears as a sudden crushing
of the masonry between adjacent horizontal reinforcement. Ductile shear occurs in walls that are
lightly reinforced with distributed reinforcement and subjected to axial load less than 5 percent
of the compressive strength (Ghanem et al., 1992). Ductile failure initiates as yielding of the
horizontal reinforcement and is followed by sliding along the cracked planes and ultimately by
crushing of the masonry. While a ductile shear failure is more difficult to achieve, modern research
has shown that the implementation of certain provisions can force masonry shear walls to behave

in a ductile manner (Schultz et al., 1998).

2.3.6 Shear Span Ratio

The shear span ratio is a value that has a significant influence on the failure mode of ma-
sonry panels (Matsumura, 1987; Schultz, 1996a,b; Maleki, 2008) and is mentioned by nearly every
author in the literature either directly or indirectly. The definition of the shear span ratio is the ra-
tio of the height of the inflection point to the horizontal length of the wall panel. It is frequently

represented in the code and literature by

M,
Vulw

2.1)

where

M,, = the ultimate moment demand at a particular height along the wall panel,
V., = the ultimate shear demand at the same height along the wall panel, and

l,, = the length of the wall panel.
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It is more representative to think of the shear span ratio as being represented by
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where M, /V,, and h, are the effective wall height—or the height of the inflection point.

In wall panels tested under cantilever-type loading, the effective height %, and the geometric
height h, of the wall are the same. For wall panels tested with both their top and bottom edges
fixed against rotation (i.e., fixed-fixed or reverse-curvature loading), the inflection point is located
at the mid-height of the wall and the effective height is half the geometric height. This definition of
shear span ratio permits the equations to be used with walls which have other boundary conditions

or loadings (e.g., when the top surface is only partially restrained against rotation).

2.4 Engineering Uncertainty

24.1 Development of Strength Design Theory

Prior to the implementation of strength design, structures in the United States were de-
signed using the working stress method, which employed the use of safety factors to account for
the uncertainties in loads, resistance, and models used in structural analysis. Standard-writing
committees developed and adjusted these factors over time based on their increasing experience
with existing structures, perceptions regarding the accuracy of structural analysis methods, and
engineering judgment. The intuition-based design method worked well in producing structures
for which the probability of failure was judged to be acceptably low, but they presented difficulty
to designers in quantifying performance levels, producing consistent reliability between all struc-
tures, and quantifying the likelihood of failure. These weaknesses were especially pronounced for
non-routine design situations for which there was little experience or precedence (Ellingwood and
Galambos, 1982; Ellingwood, 2000).

During the middle part of twentieth century, engineering professionals were spurred by
natural and man-made failures and public scrutiny to find means of overcoming the shortcomings
of the working stress method. The solution was to create new, probabilistic design procedures that

took advantage of the observed stochastic regularities demonstrated by structural materials and
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loads. The ACI 318 code first introduced ultimate strength design in 1963 based on ultimate limit
states of loads and resistances, as opposed to working stress of the material (MacGregor, 1983). In
1969, a consortium of engineers assembled by the American Iron and Steel Institute (AISI) and the
American Institute of Steel Construction (AISC) was charged with further developing this theory
for steel structures. The system the consortium assembled was an amalgamation of structural
analysis and reliability theory that became known as Load and Resistance Factor Design (LRFD)
(Ellingwood and Galambos, 1982; Ellingwood, 2000). The LRFD system first appeared in the
1986 version of the AISC code.

The new advances in design theory enabled U.S. code writers to standardize the load re-
quirements for structures that had previously varied between material standards. In 1979 the Na-
tional Bureau of Standards assembled a team to develop a universal set of load factors for use
in building design (MacGregor, 1983). The common load requirements were adopted into ANSI
Standard A58.1 by ballot in 1982. With the exception of the seismic and wind provisions, these
requirements—which are now published in ASCE 7 (2010)—have changed little since that time
(Ellingwood, 2000).

2.4.2 LRFD Theory

The LRFD theory is based on the requirement that

J
SRy = > 7iQim (2.3)
k=1

where

R, = the nominal strength of the structure,
¢ = the resistance (or strength reduction) factor less than unity,
QOim = the mean load effect, and

vr = the corresponding load factor equal to or greater than unity.

The left side of equation 2.3 reflects the uncertainty in the resistance (or capacity) of the structure

while the right side represents uncertainties in the loads acting on it (Ravindra and Galambos,

26



1994). Beginning with the publication of ANSI Standard A58.1 (1982), the responsibility for
specifying factors for each side of the equation has been divided between material design standards
and load standards. The left hand side of Equation 2.3 is the purview of respective material design
codes while the right hand side is defined by ASCE 7 (2010) (Ellingwood, 2000).

Resistance factors reflect the variability inherent in the mechanical properties of the mate-
rials, of variations in dimensions (tolerances), and the uncertainties in the theory underlying the
design definition of member strength. In other terms, the sources of variability come from uncer-
tainties in the material strength or stiffness, in member fabrication, and in the underlying assump-
tions used in developing the models. It is assumed that the sources of variation are independent
of each other (Ravindra and Galambos, 1994). The development of appropriated resistance factors
may also consider qualitative measures, such as the risk to occupants if the member fails without
warning, the importance of the member within the structure, and the familiarity of the designer
with the LRFD method (MacGregor, 1983; Ellingwood et al., 1980). The latter two considera-
tions are difficult to quantify objectively and do not appear to be accounted for in the resistance
factors, though the importance of a member within a structural may be incorporated into the load
factor portion (right side) of Equation (2.3) through the consideration of tributary areas and live
load reduction factors. BaZant and Yu (2006) also noted that reduction factors frequently contain a
covert component which accounts for variation resulting from formula error. This modeling-error
variation is not apparent to designers and is difficult to separate from the variation of the materials
themselves.

The probability of failure py is the probability that the load exceeds the resistance (or

strength) of a member and is represented by

pr=P[(R-0Q)<0] (2.4)

where R — Q 1s known as the safety margin (MacGregor, 1983). Assuming that R and Q are

randomly distributed, the safety margin Y has an expected value of

E(Y) = puy = pr — pg = E(R) - E(Q) (2.5
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and variance of

var(Y) = oy = 0f + 0 (2.6)
where 0'%3 is the variance of R and O'é is the variance of Q. The reliability of a structural member

is measured by the safety index S (MacGregor, 1983) which is given by

p="1r @.7)
Oy

Since the probability distributions for R and Q are unknown, the safety index only represents a
relative measure of reliability (Ravindra and Galambos, 1994).

By setting B as a constant, the structural reliability of all similar structure types becomes
fixed. Ravindra and Galambos (1994) show that by assuming £ to be constant, Equation 2.7 can

be rearranged to produce

Hg = Opg (2.8)

where 6 is the central safety factor which is given by

(2.9

Using a first order approximation for the square root term, Ravindra and Galambos (1994) are able

to combine Equations 2.8 and 2.9 to produce

exp (—aﬁ@) LR > exp (aﬁ@) 1o (2.10)
MR Ho

which is another representation of Equation 2.3. The coeflicient « is a constant chosen to minimize

the errors in the approximation. Using the above approach, the resistance factor ¢ is calculated by
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R, (2.11)

¢ = exp (—afﬁﬂ)
MR

where R, is the nominal resistance from the predictive model.

2.4.3 Uncertainty in Masonry Design

The development of LRFD design criteria has been well-documented for ASCE 7, struc-
tural steel, and reinforced concrete but review of the literature has failed to produce the proba-
bilistic rationale for for choosing the current 0.80 shear reduction factor for masonry. Ellingwood
et al. (1980) performed an analysis of strength prediction equations for several materials and de-
termined that the mean ratio of experimental to predicted strength is typically between 0.98 and
1.05 amongst various materials but provided no information on the variation of reinforced masonry
shear walls because most of the masonry information was not available at the time. Research into
the field of reliability analysis suggests that a common practice is to use a lower-bounded 90 or 95
percent confidence interval (Ellingwood et al., 1980). The MSJC (2013) specifies the use of the
fifth-percentile (i.e., 95 percent upper confidence interval) of the measured strength distribution for
steel anchor bolts but is mute for masonry shear or any other situation.

A practice presented in the literature is to use confidence intervals to account for the vari-
ation in material strengths. The use of a confidence internal in this case is statistically incorrect
because a confidence interval applies only to an estimated parameter (e.g., mean or variance) from
the sample (i.e, dataset). A confidence interval cannot be used as the basis for predicting strength
values for future structural elements. The proper tool to use in calculating reduction factors for
structural materials is to use a tolerance interval (Vardeman, 1992).

Masonry material strength frequently shows relatively high variability compared to other
building materials. Blume and Proulx (1968) suggested that a variation of about 10 percent be-
tween test and predicted strength could be attributed to the inherent variability of masonry con-
struction. The temptation may be to artificially deflate the shear strength factor for masonry shear
walls because of the variability in material strength and the severity of failure mode. However, the

shear strength equations were developed assuming static and cyclic loading conditions (TomaZevic
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et al., 1996), which is the worst-case scenario in terms of strength. Due to the nature and methodol-
ogy of masonry shear wall testing, the calculated strength is lower due to the strength degradation
that occurs with repeated loadings near the ultimate strength. In practice, the greatest load experi-
enced by a masonry shear wall will typically be applied either dynamically or monotonically, but
not both, meaning that the nominal masonry predicted strength is slightly conservative because the
worst-case scenario is not a typically load seen by structures.

In the case of seismic loading, seismic events produce shear loads that are cyclic and dy-
namic. Abrams (1988), Paulson and Abrams (1990), TomaZevi¢ and Velechovsky (1992), TomaZe-
vi¢ (2000), Tomazevic et al. (1996) , and Williams and Scrivener (1974) determined that the ap-
parent shear strength of masonry walls increases under dynamic loading due to strain rate effects.
During a seismic event, the wall undergoes both strength and stiffness degradation as load ap-
proaches the ultimate strength. Stiffness degradation in the wall causes the fundamental period of
the structure to increase and the center of rigidity to move away from the wall toward the other,
more rigid, walls. As the period of the structure lengthens the overall induced lateral forces on the
structure tend to decrease. As the center of rigidity moves away from the wall, the lateral forces
are transferred to other parallel walls, further decreasing the lateral load demand on the damaged
wall. Even in the cases where the ultimate strength is exceeded, the masonry wall will continue to
dissipate energy if the reinforcement is detailed properly. All of these properties create an inherent
conservativeness in the equation for seismic events.

In the case of gravity loads, the loads are typically applied monotonically and quasi-
statically to masonry assemblages. Dillon and Fonseca (2014a; see Appendix B) determined that
masonry shear walls loaded monotonically demonstrate an ultimate strength 19 percent greater
than when tested cyclically. The load reversals of below-peak cyclic loading, which cause grad-
uate strength degradation in cyclic masonry shear wall specimens, are absent in monotonic-type
loadings. Monotonic loading is a greater concern to designers because the failure is frequently
sudden and provides little warning. The surplus shear strength for monotonic loading creates an
additional margin of safety over the nominal structural strength. As a result, the shear strength re-
duction factor need not be unnecessarily high to account for the severity of the brittle shear failure

mode because the nominal strength equation already accounts for it.
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CHAPTER 3. PRIMER: STATISTICAL METHODS

3.1 Introduction

Least squares regression has been used by scientists and statisticians for over two centuries

as a technique to an overdetermined system of equations of the form

XB=y (3.1)
where
X € R = the matrix of predictor variables, (3.2)
B € RD " = the unknown vector of regression coeflicients, 3.3)
y € R"D = the vector of response variables, and (3.4)
m > n. 3.5)

Since few overdetermined systems are consistent, the above approximation typically has no so-
lution. The equation can be transformed by introducing the error term & which represents the

variation in the response variable y. This transformation produces the consistent equation

XB+e=y (3.6)

for which a unique solution can be determined using the method of least squares as long as the

matrix X is full rank.

3.2 History

The discovery and proof of the method of least squares forms an integral part of the de-

velopment of statistical theory. Prior to the twentieth century, the field of statistics had yet to be
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treated as a distinct field of study and was considered to be an extension and tool of the fields of
mathematics and science. The method of least squares first appeared in print in 1805 during a
time when the principal focus of mathematicians and scientists was concentrated on problems of
astronomical motions, geodesy, social sciences, meteorology, and medicine. The discovery and
proof of the method of least squares occurred at the confluence of two previously disjointed paths
of discovery, combination of observations and probabilistic inference. With the discovery and
quick acceptance of the method by a wide-spread audience in the early nineteenth century, the full

justification and understanding of the method would take another century to complete.

3.2.1 Beginning Roots in Mathematical Probability

Prior to the eighteenth century, topics of probability were limited in scope to games of
chance. By the beginning of the eighteenth century mathematicians had developed means to de-
termine a priori the probabilities for different combinations and permutations. Up to this point no
one had taken the understanding of probability and applied it to quantify the uncertainties in other
areas of study. The first work at determining probabilities a posteriori was performed by Jakob and
Nicolaus Bernoulli (Stigler, 1986).

Jakob Bernoulli (1713) wrote what would later be deemed to be the first exposition on the
mathematical theory of probability. His principal contribution to the field, Ars Conjectandi, was
posthumously published by his nephew Nicolaus Bernoulli. In the fourth section, Jakob Bernoulli
introduced his Law of Large Numbers, which postulated that as the number of observations in-
creases the uncertainty decreases, and set forth to prove it. The basis of his work was a binomial
situation in which the numbers of fertile cases r and sterile cases s were both integers. He wished

to prove (shown here in modern notation) that

(‘
P
N p

X
S8)>CP(N—_p—p>8) (3.7)

where

X = the number of observed fertile cases out of a total of N observations,

p = the unknown proportion of fertile cases (r) to total cases (r + s),
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& = an arbitrarily small number, and

¢ = an arbitrarily large number (Stigler, 1986).

In his proof, Bernoulli showed that by increasing the number of observations N to a sufficiently
large number the true proportion p = r/(r + s) can be approximated within a limit of £1/(r + s)
with a guaranteed chance exceeding c¢/(c + 1) (Bernoulli, 1713; Stigler, 1986; Hald, 1998).

In qualitative terms, Jakob Bernoulli’s work was considered a success. For the first time
in history Bernoulli proved that uncertainty in measurements can be quantified and that this un-
certainty can be made smaller by increasing the number of observations. In quantitative terms, his
work was deemed impractical for the time. The solution to his example problem of estimating the
correct proportion of fertile to sterile cases would require 25,550 observations. This prohibitively
high requirement was created by the unnecessarily high level of certainty he required for his prob-
lem (1,000 to 1). This failure was soon overcome, in part, by the later contributions of his nephew,
Nicolaus Bernoulli (Stigler, 1986).

In addition to publishing his uncle’s work, Nicolaus Bernoulli—whose work of note is pub-
lished in Montmort (1713)—built upon it by treating the same problem from the complementary
perspective. Where Jakob approached the problem by finding the number of observations needed
to meet an assumed population proportion, Nicolaus assumed that the number of observations was
fixed and set forth to determine a bound for the population proportion. Nicolaus’ reformulation to
determine a posteriori the proportion of fertile cases in the population was more typical of the prob-
lems faced by scientists and mathematicians in his day. He demonstrated his formulation through
an example in which he successfully determined an interval for the proportion of male to female
births in London (Stigler, 1986).

Abraham de Moivre would later pick up where the Bernoullis left off in attempting to
approximate the sum of symmetric binomial terms. His work culminated in 1733, after notably
substantial effort, with determining an accurate curve to approximate the binomial terms. This was

made possible only after discovering an approximation for large factorials,
2\ (1\" 1
B
n/\2 \nn
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which enabled him to transform his expression into exponential form. His curve became the first
appearance of the normal distribution curve, though de Moivre showed no intimation of under-
standing of the probability distribution function or its relation to his curve. He compared his curve
to the binomial distribution for n = 100 and concluded confidently that his approximation was
“tolerably accurate” for such a relatively small value when compared with Jakob Bernoulli’s inter-

minable value (Moivre, 1733; Stigler, 1986; Hald, 1998).

3.2.2 Three Questions and the Formation of Observational Combinations

Prior to 1750, the sentiment among the erudite class on combining and averaging data
was not very favorable. The first publication touching on the possible favorability of combining
observations appeared in 1722, when part of Roger Cotes’ work was posthumously published in
Opera Miscellanea (Cotes, 1722). In his work, Cotes observed that for observations made under
different conditions the most probably correct estimate is determined by taking the weighted mean
(i.e., the center of gravity) of the data points (Hald, 1998). Cotes’ rule, as it has been called, was
the first appearance of the theory of errors (Stigler, 1986).

In lieu of Cotes’ work, the feeling at the middle of the eighteenth century, particularly
amongst mathematicians, was that errors in observations accumulated when the observations were
combined together. Astronomers and navigators were a little more willing to average observational
data, but the practice was generally limited to instances where the observations were made under
similar conditions and where measurements were considered to have equivalent accuracy (Placket,
1958). When Thomas Simpson (1756) later published a letter applying Cotes’ Rule to a discus-
sion on errors of observations, he provided the following historical delineation of the intellectual

environment of his time:

“It is well known. . . that the method practiced by astronomers, in order to diminish the error
arising from the imperfections of instruments, and of the organs of sense, by taking the Mean of
several observations, has not been so generally received, but that some persons, of considerable
note, have been of opinion, and even publickly [sic] maintained, that one single observation,

taken with care, was as much to be relied on as the Mean of a great number.” (Simpson, 1756)
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During the eighteenth century, the three primary problems that presented particular diffi-
culty to intellectuals were 1) to account for the apparent non-periodic inequality observed in the
motions of Jupiter and Saturn (see Euler 1749), 2) to determine and mathematically model the
motions of the moon (see Mayer 1750), and 3) to determine the shape and figure of the Earth (see
Boscovich and Maire 1755). In each case, the problem was modeled mathematically subject to the
scientific constraints understood at the time. The model was then compared to the observational
data to determine the unknown variables in the equation. In all cases, the number of observations
formed more equations than there were unknowns, leading to an overdetermined system of equa-
tions. At the time there was no known means of solving an overdetermined system of equations,
nor was the intellectual climate of the mid-eighteenth century suitable for the discovery of one.

Leonhard Euler (1749) took up the challenge of accounting for the apparent nonperiodic
motions of Jupiter and Saturn. His data set included 75 observations from multiple sources span-
ning 163 years from 1582 to 1745. His model contained eight unknown parameters, two of which
he was able to derive with relative confidence. Euler tried to find and group sets of data with similar
observational conditions in an attempt to annihilate terms in his equations. Using this method he
was able to reduce his model to 21 equations. Unfortunately for Euler he was unable to find enough
situations where different sets of equations produced the same results. Due to his background and
training in mathematics, he could not bring himself to average observations together to further
reduce the number of equations. Euler arrived at his conclusions by changing the unknown vari-
able values such as to make the errors as small as possible, a rather tedious and laborious process
(Stigler, 1986).

Tobias Mayer (1750) undertook the problem of determining the librations of the moon.
Mayer’s model reduced to three unknown variables which he attempted to find using 27 observa-
tions made between 1748 and 1749. He accomplished this by grouping his observations together
into three groups and by using the mean of each group in the system of equations to solve for the
three unknowns. For the first group, he selected the nine observations that produced the largest
value for first parameter «@. He did similarly for the second group with regards to the second pa-
rameter 5. The remaining observations were formed into the final group. Mayer’s method—as
it would come to be called—was the first successful use of the mean to solve an overdetermined

system of equations. Part of Mayer’s innovation can be attributed to his willingness to combine
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similar data resulting from his backgrounds as an astronomer and mapmaker and from his use of
his own observational data (Stigler, 1986; Hald, 1998).

Roger Boscovich and Maire (1755) addressed the problem of determining the ellipticity of
the Earth. Boscovich used five measures that he felt were most likely to be accurate. Since the
equation to compute ellipticity contains only two unknowns, Boscovich solved his problem for
each combination of observations, producing ten distinct solutions. When he first tried to average
the ten pairs he judged the resulting mean to be too high. He then tried the same method again
after dropping two of the pairs because of the closeness in latitude of two of the observations. This
slightly decreased the mean computed-ellipticity and, seeing the disparity in solutions between
pairs, Boscovich concluded against the Earth being ellipsoidal (Stigler, 1986; Eisenhart, 1961).

Simpson (1756) followed de Moivre’s work on the binomial density function by looking
at the errors in observations. In his treatment of celestial bodies Simpson chose to ignore the
distribution of the observations and, assuming the mean to represent the actual position of the
body, instead focused on the distribution of the errors of the observations. In his analysis, he
hypothesized—albeit erroneously—that the error distribution was known and proportional to the
symmetric triangle distribution. Using this formulation, he continued on to rebuff the opinion that
a single good observation, “taken with care,” is as reliable as the mean of multiple observations.
The most innovative and important contribution of his 1756 analysis was in determining that the
probability of the mean error of multiple observations does not exceed that of a single observation.
In so doing, he not only proved his point but also produced the rough equivalent to that which we
today refer to as a confidence interval (Stigler, 1986; Hald, 1998).

Unsatisfied by his previous conclusions about the ellipticity of the Earth, Boscovich (1760)
published a subsequent reworking of his initial analysis using a new method of combining mea-
surements. Boscovich proposed that correction factors be added to all of the observations subject
to the conditions that the sum of all the corrections is zero and that the sum of the absolute values
of the corrections is minimum. Using his new method he was able to find an oblateness ratio for
the Earth similar to that initially proposed by Sir Isaac Newton. Given his new findings and his
confidence in his new method, Boscovich abrogated his initial conclusions from five years before.

Although he did very little in furthering the development of his method, he was the first to propose
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a procedure of fitting a line through data by minimizing a function of the residuals (Stigler, 1986;
Hald, 1998).

Johann Heinrich Lambert (1765) proposed a method similar to that of Boscovich for fit-
ting a straight line through a set a data. Lambert divided his data set into two groups with the
lowest values of the predictor variables in the first group and the highest predictor variables in the
second group. He then determined the centers of gravity for both groups and fit a regression line
through both points. He used his method in solving several problems, one of which was a study on
barometric differences between 12 points in the French mountains and sea level. Another problem
he undertook was the same that Boscovich solved, finding the ellipticity of the Earth. Using his
method, Lambert determined an oblateness ratio only slightly higher than that of Boscovich (Hald,
1998).

3.2.3 Laplace on the Two Modes of Thought

Pierre Simon Laplace was the first to encounter and work on both probability theory and
combining observations. His first workings were on probabilistic mathematics first published in
1774 and later he expanded to methods of combining observations. Laplace’s first memoir on
probability 1774 was a treatment on both the principle of inverse probability and on the choice of
mean. In his consideration of causes and events, he was able to independently find the two axioms

(provided here in modern notation)

P(A/|E) _ P(E|A)

- 3.9
P(AjIE)  P(E|A;) 59
and
P4 E) = E1AD (3.10)
%P (E4y)

where E represents an event and A; represents one of n different causes. Laplace’s second axiom
is equivalent to Bayes’ theorem given the assumption that P (4;) = 1/n, an assumption that was

commonly made in Laplace’s period (Stigler, 1986). Though Laplace did not provide a proof for
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his axioms, Laplace effectively showed that probability theory can be equally used for a posteriori
inference as well as for a priori deduction (Hald, 1998).

In his work to determine the mean that should be used for multiple data, Laplace’s work
was divided into two parts. The first objective was to determine the error curve ¢ (x). After the
error curve was known, the second objective was to establish how the mean ought to be determined.
His attempt at his first objective began by stated three assumptions which he felt the correct curve

must have:

“1...itis equally probable that any observation varies from the true value to right as to the left

[i.e., the curve is symmetric].

“2 ...the probability that the observation diverges from the true value by an infinite amount is

evidently zero.

“3 The total area under the curve should be equal to unity, since it is certain that any observation

will fall [under the curve].” (Laplace 1774, translation by the author)

The fact that there are an infinite number of functions that meet these requirements was
likely a daunting task for Laplace. He started by considering ¢ (x) o e* and from there settled

on
¢(x) = %e""'x' (3.11)

where m/2 is required such that f ¢ (x)dx = 1 (Stigler, 1986; Hald, 1998). This would later be
known as the Laplace distribution function (or double exponential distribution). When he later
started on his second objective of finding a mean, he chose the criterion to minimize the sum of the
absolute value of the difference between the chosen mean and true value. Laplace soon discovered
that his equation and criterion together generated a case where the arithmetic mean is not the
optimum value for the chosen mean, except in the case where the scale parameter m — oo (i.e.,
the uniform distribution). The difficulty of the problem coupled with his unfamiliarity with the
concept of conditional probability led Laplace to make an error in his proof (Stigler, 1986; Hald,
1998).
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Laplace held back his next publication on a new error curve until 1781. For his second

attempt he ignored the assumption of an infinite range and derived the curve

é(x) = ilog(i ' | x| < a). (3.12)
2a | x|

Compared to the difficulty of his previous curve (Laplace, 1774), the new curve was even more dif-
ficult for him to unravel. Laplace determined that for the second curve, like his first, the arithmetic
mean is not the optimum choice for the chosen mean except for the case where a — oo (again the
uniform distribution). For both curves he concluded that the posterior median is the best choice
for the chosen mean. Despite the imperfections in his 1774 and 1781 memoirs, they are notable
for containing the first examples of a two-parameter inverse probability model and being for an
impetus for his future innovations (Stigler, 1986; Hald, 1998).

Laplace would postpone further work on probability to undertake the challenge of deter-
mining the ellipticity of the Earth, initially ignoring Boscovich’s work (Laplace, 1786), but subse-
quently building off of Boscovich’s method (Laplace, 1793, 1799). Like Boscovich, Laplace also
felt that the most likely figure could be determined by applying two conditions, “1 that the sum
of the errors be zero; 2 that the sum of the errors taken with the sign + be a minimum” (Laplace,
1793). Whereas Boscovich presented his method in a verbal and geometric representation, Laplace
(1793) presented the method in analytical and algebraic forms. Laplace followed by showing that
the method solved the given problem and further demonstrated its usefulness by solving the ellip-
ticity problem two ways; one way using nine arc lengths (as Boscovich had done previous) and the
other by using thirteen pendulum lengths from different latitudes.

Laplace revisited the ellipticity problem a third and final time in 1799 after observing that
the structuring of the problem gave undue weight to the observations made at higher latitudes.
Since determination of the length per degree of latitude was made using different arc lengths from
one observation to another, Laplace felt that this would invariably affect the relative accuracy of
each observation. To correct this, Laplace weighted each observation by the length of the measured
arc (in degrees of latitude) and set forth to solve the problem, subject to the two conditions men-
tioned above, using seven arc measurements. He completed his analysis by providing an analytical

proof that this was the correct solution to the stated problem.
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The validation and publicity Laplace provided to Boscovich’s method increased its propi-
tiousness and employment within other fields, such as water flow (Prony, 1804), surveying (Puis-
sant, 1807), and cometary data (Bowditch, 1809, 1815). The development and successful use of
methods for combining data and solving overdetermined systems of equations had prepared the in-
tellectual community for the development and acceptance of the method of least squares (Stigler,

1986).

3.2.4 Confluence of the Two Paths

Adrien Marie Legendre first came into contact with observational data in 1792 after joining
the commission charged with determining the meridian quadrant length through Paris. One of his
first memoirs 1798 gives the intimation that he was familiar with the methods of Mayer, Boscovich,
and Laplace, but he had yet to discover the method of least squares. He discovered the method
while writing his 1805 memoir Nouvelles méthods pour la détermination des orbites des comeétes
(“New methods for the determination of comet orbits”) and promptly understood its potential.

Legendre began his 1805 memoir with an appendix entitled Sur la méthod des moindres
quarrés (“On the method of least squares™). In describing his new method, Legendre stated that
“there is nothing more general, more exact, or of easier application than . .. to minimize the sum of

the squares of the errors.” He further explains four points unique to his method:
“If it were possible to satisfy all equations with all errors being zero [i.e., a consistent equation],
one could equally obtain this result by [this method] . ...

“If after having determined all the unknowns. . . one judges the errors to be too large, then one
needs only to drop the equations [i.e., observations] that produce the errors. .. and to determine

the unknowns with the remaining equations .. ..

“The method by which one finds the mean of different observations is a simple case of this

method ....

“These formulae are the same by which one finds the center of gravity of several equal masses.”

(Legendre 1805, translation by the author)

He finished his memoir with an example in which he re-solved the meridian quadrant prob-

lem using the method of least squares, finding a solution very similar to that of Laplace from the
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commission’s official report (Laplace, 1799). Despite Legendre’s remarkable claims for the poten-
tial and power of his method—albeit that they were true—it was several years before true strength
of the method of least squares was formally proved by others (Stigler, 1986; Hald, 1998).

Like his predecessors, Carl Friedrich Gauss (1809) also wrote on the celestial motions
of planets. In his Theora Motu Corporum Coelestium in Sectionibus Conicis Solum Ambientium
(“The Theory of the Motion of Heavenly Bodies Moving About the Sun in Conic Sections’) Gauss
(1809) presented a section on the combination of observations. Here, he presented a solution to an
overdetermined system from a completely new perspective. He assumed that the errors between
true and measured values to be distributed such that their probabilities could be determined using
a curve ¢; (&;v). He next chose parameters to maximize Q = ¢ (€1) ¢2 (€2) ... ¢, (&) to find the
most probable combination of values for the parameters. He then noted that this could be readily
accomplished by finding the partial derivatives of ) with respect to each of the parameters, setting
the resulting equations to zero, and solving the new system of equations.

With a means in place of solving an overdetermined system of equations, Gauss used a bold
assumption to fill in the last hole he needed, a distribution curve. Like Laplace 35 years earlier, he
stated three necessary requirements for an error curve—that it be single-peaked, centered at zero,

and that the tails go to zero—then asserted that the only curve that maximizes Q is given by

h 22
ehx

¢(X)=\/E

(3.13)

where & is a positive constant. Statisticians would recognize this as the probability density function
for the standard normal distribution for the case where 7 = 1/ V2. He followed this assertion
by showing how this error distribution could reduce to the method of least squares. Though his
conclusion presented a logical departure from accepted reasoning, Gauss provided the stochastic
argument for the method of least squares that was previously missing (Stigler, 1986).

By 1810, Laplace had again returned to the subject of probability and had published a
new work (Laplace, 1810) on a new generalization of de Moivre’s limit theorem. In it, Laplace
stated that if the number of observation is large enough, then any mean or sum is approximately
normally distributed. Today this is called the Central Limit Theorem. In the paper Laplace used

his theorem to show how to deduce probabilities for cometary data being contained within a few
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specified symmetric limits. Using this technique, Laplace then performed hypothesis testing to
judge whether all comets had the same inclination.

After initially completing his 1810 memoir Laplace read Gauss’ book and, despite the
logical incongruence within it, could quickly see how his limit theorem coincided with linear
estimation. In the same publication he wrote a supplement showing how Gauss’ choice for the
error curve ¢ (x) was a better approximation and used his limit theorem to prove it. Whereas
Legendre presented the method of least squares and Gauss contributed a stochastic argument in
favor of it, Laplace provided the crowning justification to their work.

Having used the central limit theorem to lend credence to the method of least squares,
Laplace (1812) approached the problem from another angle in his Théorie analytique des proba-
bilités (“Analytical theory of probabilities”). In it he did not make any assumptions about the error
distribution and used the central limit theorem again to show that for an overdetermined system
of equations solved using least squares, the error terms are approximately normally distributed
and the total error is minimum. Laplace used an asymptotic method in his analysis such that his
conclusions are valid for any specific probability density function for an error curve (Stigler, 1986).

Over a decade later, Gauss (1823) would continue where Laplace left off with the proof
of the method of least squares. In his revised and logically correct exposition of the method, he
provided a clear and simple proof of a theorem that states that the method of least squares provides
estimates of the parameters that have minimum variance and that are unbiased. His theorem is
known today as the Gauss-Markov theorem. Additionally, Gauss provided theorems and proofs
for the unbiased estimate and variance of o->. Gauss showed, similar to Laplace, that these proper-
ties of the method of least squares are independent of the error distribution. With his final theorems
in place, the method of least squares had received full justification as the superior means of com-
bining observations and making probabilistically-based inference. Over the next century more was

learned about the method as its use spread to other disciplines (Hald, 1998).

3.2.5 Evolution

After the introduction of the method of least squares by Legendre and the groundbreaking
work performed by Gauss and Laplace, the world saw a sharp increase in the numbers of papers

being written on statistical topics. The justification of the method was met with a fervid acceptance
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in the intellectual nations of the time. As time progressed, others would critique, validate, and
continue where Gauss and Laplace left off.

The first to follow was Siméon-Denis Poisson first in 1824 and again in 1829. In both
papers Poisson (1824, 1829) continued the work of Laplace by improving on the proof of the
central limit theorem and by rewriting it such that it would have more general applicability to
a multitude of cases. He first showed that the theorem is applicable to identically distributed
variables and then he generalized the results to variables with different distributions. Through his
proofs he implicitly showed that the variance of the mean is related to the number of observations
n (Hald, 1998).

Augustin-Louis Cauchy was the first to determine a method of using residuals for estimat-
ing the number of parameters to be estimated and how to estimate them. His method (1835) can be
described as a generalization of the method of least squares, though the two are not the same. He
began his method by first reparameterizing the model y = 81x1 + S2x2 + - - - + £ to find an estima-
tor y; as a function of B; and x; assuming that all other 8 values are zero. He then computed the
residuals and if they are sufficiently small he stopped; otherwise, he continues by calculating an
estimator ¥, as a function of B, and x; following the same process. He repeated these steps until
the residuals met a certain tolerance level or he reached y,,, where m is the number of observa-
tions. After this point he back calculated the values of the estimates of the parameters ;. Cauchy
(1853a) later described how the least squares estimators could be obtained from this his y values
(Hald, 1998).

Irénée-Jules Bienaymé looked at the confidence intervals of single parameters used by
Gauss and Laplace and felt he could do better. In is paper on error probabilities, Bienaymé (1852)
determined simultaneous confidence regions for the parameters by transforming certain combina-
tions of the errors. His transformation corresponds to the y? distribution. Using his transformation
Beinaymé was able to produce confidence ellipses for multivariate situations. After having read
the paper by Cauchy (1853a) the next year, Bienaymé (1853) noted—among other things—that
Cauchy’s method produced larger errors than the method of least squares and that to produce simi-
lar results using the method would require more steps. The ensuing dispute between Bienaymé and
Cauchy about the validity of the method of least squares led Cauchy (1853b,c) to repeat Poisson’s
proof 1824; 1829 of the central limit theorem (Hald, 1998).
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Robert Leslie Ellis (1844) proved the central limit theorem another way in his paper on
the method of least squares. In his paper, Ellis criticized Laplace and Poisson for beginning their
proofs with discrete variables and for having to take limits to reduce their proofs into equations
applicable to continuous data. Ellis eliminated the need for this by starting his proof using the
Fourier integral theorem and by so doing made the proof substantially simpler. Ellis’ work was
subsequently simplified by James W. L. Glaisher (1872) who replaced Fourier’s double integral
with Dirichlet’s discontinuity factor (Hald, 1998). Deficiencies in the classical proofs of the central
limits were slowly tackled one-by-one over the following decades by Chebyshev (1887), Markov
(1900), Liapounov (1901), Mises (1919), Pélya (1920), and Lévy (1925).

Pafnuty Lvovich Chebyshev (1859, 1864, 1875) improved on Cauchy’s methodology by
presenting the first method whereby the parameters could be estimated with the method of least
squares. Chebyshev accomplished this by first orthogonalizing the data matrix. By beginning this
way he was able to compute the parameter estimates independently of each other, thereby reducing
the number of arithmetic operations that needed to be performed. Using his method one is able
to fit models of successively higher degrees to the data. The drawback of Chebyshev’s method is
that it uses continued fractions and recursion formulae, meaning that the addition of new terms
required the recalculation of the previous parameters (Hald, 1998).

Jgrgen Pedersen Gram was inspired by the work of Bienaymé and Chebyshev. Building
off of their works, Gram (1879) presented a method similar to that of Chebyshev (1875) but that
improved upon it by not requiring the recalculation of the previous parameters. Moreover, his proof
of the method was similar but simpler than originally presented by Chebyshev. Gram’s method of
orthogonalization was later represented in simpler form by Ernhard Schmidt (1907). Today the
method is known as Gram-Schmidt orthogonalization in their honor (Hald, 1998).

Francis Galton investigated the distributions of a great deal of social and anthropometric
data and determined that they “normally” follow the “law of frequency error,” and renamed the
term the “Normal distribution.” Due to his weakness in advanced mathematics, he invented ways of
graphically fitting distribution curves to data, methods that are still used today. He did this initially
(1875) by using distribution and frequency curves and later (1899) by replacing them with lines

on normal probability paper, today know as a quantile-quantile plot. Some of his investigations
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into non-normal data 1879 led him to discover the lognormal distribution and the geometric mean
(Stigler, 1986; Hald, 1998).

In his attempt to understand hereditary behavior, Galton invented his quincunx, or bean
counter, as a means of empirically observing the results that many independent disturbances had
on data distribution. Using three versions of his apparatus Galton (1877, 1889b) was able to exper-
imentally show that a mixture of normal distributions is itself normally distributed. Together with
his sweet pea study Galton (1877) used his results to describe the reversion property, which says
that the deviation of the progeny from the population mean is negatively proportional to that of the
parents (Pearson, 1921; Stigler, 1986; Hald, 1998).

Galton (1889b) later developed this idea further with anthropometric data about the heights
of men and women. He graphed his data onto a surface plot with height on the abscissa, midparent
height on the ordinate, and frequency of observation on the applicate. By drawing contours on his
plot he noticed that the contours were nearly elliptical and concentric. When smoothed, he ob-
served that all of the ellipses were centered at the means of the two parameters and that the major
and minor axes of each ellipse had the same slope, respectively. Following this and similar exper-
iments, he began to relate the parameters of the progeny to those of the parents using a new term
“regression.” Galton (1889a) soon after completed a broader investigation into the regression of
correlations for bivariate data. This study led him to discover the concept of correlation coefficients
and he expounds their uses as a means of measuring how well one variable may be correlated with

another (Pearson, 1921; Stigler, 1986; Hald, 1998).

3.2.6 Contemporary Developments

Karl Pearson followed Galton’s investigation into fitting distribution functions to data. Af-
ter two attempts at fitting data to binomial (Pearson, 1893) and normal (Pearson, 1894) distribu-
tions, Pearson (1895) introduced a four-parameter differential equation for representing probability
densities. Pearson (1900) then turned to multivariate distributions and calculated a criterion for es-
timating the probability that a theoretical distribution fits an observed distribution. This criterion is
known today as the y? test. Pearson lists three tests that could be performed using the y? distribu-

tion: goodness of fit, homogeneity of two samples, and independence within a contingency table.
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Later, Pearson (1917) expanded the use of the y? test to multivariate contingency tables (Hald,
1998, 2007).

William Sealy Gosset, more frequency known by his penname “Student,” studied statistics
under Pearson during a brief leave from his work at Guinness Brewery. Whereas most researchers
previously studied the distributions of populations and large samples, Gosset focused his efforts on
small-sample statistics. Aware that the classical probability interval became increasingly subject
to error, Gosset 1908b; 1908a proposed a new confidence interval and correlation coefficient based
upon new distributions for the sample mean and sample deviation. He proposed a new statistic z
and determined the corresponding probability integral (Hald, 1998, 2007).

R. A. Fisher continued Galton’s work on the correlation coefficient by solving the question
of finding the distribution of the correlation coefficient. Fisher (1912) solved the problem using
a yet-to-be-considered geometric approach, showing that the distribution is strongly dependent
on the number of observations and the population correlation. The results of Fisher’s work were
subsequently misinterpreted and criticized by a group of Pearson’s colleagues (Soper et al., 1917)
who argued against—what they thought that Fisher had concluded—a uniform prior probability
distribution for the correlation coefficient (Hald, 2007).

Understanding where Pearson’s team was confused with his work, Fisher (1921) set out to
clarify his earlier results and to shed further light on the problem. Using equivocatory language, he
explained the differences between the maximum likelihood estimate and posterior mode. Using a
transformation of the correlation coeflicient he was able to show that it is approximately normally
distributed. After having determined the distribution of the correlation coefficient, Fisher (1915)
expanded his work to include partial and multiple correlation coefficients. Through his work he
derived a new distribution for the multivariate coefficient of determination R%, which is known
today as the non-central y? distribution (Hald, 2007).

As an ardent follower of Gosset, Fisher understood the importance of his work and in 1915
first filled in gaps in Gosset’s proofs. He later (1925) generalized Gosset’s ideas to testing regres-
sion coeflicients and transformed Gosset’s z statistic into a new ¢ statistic. He similarly transformed
Gosset’s z-distribution to create the t-distribution, which is the form that is used today. Fisher rec-
ognized that the 7-test involved two independent distributions, the standard normal distribution and

the y? distribution. Fisher (1925) showed that the #-test may be used to test the significance of the
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difference between two means. His next goal was to find a way to perform the test for groups with
disparate variances. Fisher (1928) solved this problem by using the ratio of the two variances and
in doing so discovered the F distribution, as it is now named. Fisher showed the usefulness of the
F distribution in performing analysis of variance (ANOVA) tests, testing multivariate correlation
coeflicients, testing correlation ratios, and testing goodness of fit for a regression formula (Hald,
2007).

In addition to his mathematical additions to the statistical sciences, Fisher also contributed
many lexicographical additions to the field. In his On the Mathematical Determinations of The-
oretical Statistics, Fisher (1922) defined and explained the concepts and terms associated with
the frequency-based theory of statistics. He described three types of problems—those of specifi-
cation, estimation, and distribution— and set forth the three criteria of estimation—consistency,
efficiency, and sufficiency. Another notable change set forth by Fisher was the distinction in nota-
tion between sample and population values. Since Fisher published this paper in 1922, statisticians

have described estimates and values using his notation (Hald, 2007).

3.2.7 Normal Ratio Distribution

The first attempt at describing the distribution of the ratio of two normally distributed vari-
ables was performed by Roy C. Geary (1930). Geary determined that if x and y are two normal

variates with correlation r and means u, = u, = 0 and if

a+x
b+y

z= , (3.14)

then the transformation

bz—a

(3.15)

=
\/0'§ZZ —2ro,oyz+ 02

has a standard normal distribution provided that P (b + y < 0) ~ 0. Geary considered the condition
b > 30 to be sufficient to satisfy the latter constraint. Edgar C. Fieller began researching the
comparison of normally distributed variables while working in Karl Pearson’s group. In 1932,

Fieller wrote a paper discussing the index (or ratio X/Y) of a bivariate normal distribution (x, y)

47



(Irwin and Rest, 1961), improving on the work performed previously by Geary by eliminating the
assumption of zero means. Fieller determined the form of the probability distribution function for

the ratio W = X /Y, given by

o) = bwdw) | ( b(w) )_ o (_ b(w) )
V2rooyad(w) V1= pra(w) V1= pra(w)
N V1= p? - ( c )

nocoya’(w) 2 (1-p3?)

(3.16)

where

O')ZC - Ox0y O'% ’
12 2ppapy
C = = + —>
(O Ox0y gy
bZ _ 2
d(w) = exp w) ~ca (w) )
2 (1= p?) a*(w)
B(u) = —— ¢ 2 and
u) = —e , an
V2

O(v) = fv ¢(u) du

(notation adapted from Hinkley 1969).

David V. Hinkley (1969) examined the distribution of the ratio of two normal random vari-
ates x/y and compared the theoretical results with the assumption that P (b + y < 0) ~ 0. This
assumption is valid for cases where 0 < oy < 1, because as u, /oy, — oo (oras P (y >0) — 1)

the cumulative distribution function F(w) of W follows the limit

(3.17)

Fw) — @ (u)

oxoya(w)
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which Hinkley used to approximate F(w). Hinkley compared the approximation F*(w) to the
exact form F(w) and determined that f(w) > f*(w) for all w. He observed that F*(w) is a good
approximation of F(w) over most of the range, though the bound become slacker in the tails. He

suggested an improved approximation to F'(w) given by
F*™(w) = F*(w) —(D(——) . (3.18)

He concluded that due to the simplicity of the approximations of F(w), the Ratio distribution can

be easily facilitated in future analyses.

3.2.8 Tolerance intervals

Samuel S. (Wilks, 1941) first addressed the problem of how to calculate a range of toler-
ances for samples from a mass-produced product or part. More specifically, he investigated the
necessary sample size such that a specified portion of the population lie within two limits with
at least some minimum probability. He initially determined an approximate solution for the non-
parametric case where the distribution function is continuous but otherwise unknown to the analyst.
For the non-parametric case, Wilks determined a solution by using truncated sample ranges and he
set forth a means to calculate the minimum number of samples to take in determining the tolerance
limits for a specified probability and proportion of the population. Abraham Wald (1943) later
extended Wilk’s first method to the bivariate and multivariate data for the non-parametric case.

Wilks (1941, 1942) also determined a solution for the parametric case assuming that the
population follows the normal distribution. He determined that the portion of the population within

the interval x + ks is given by

1 f)f+ks —l(x— )2/0_2
p=— e 2\VTH dx (3.19)
V2 Jx—ks

where

X = the sample mean,
p = the unknown population mean, and
o

2 = the unknown population variance.
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For the two-sided tolerance interval, he provides a solution for k such that

k=t,,—15y(n+1)/n (3.20)

where 7,1 is the critical value for the z-distribution for which the probability is equal to p and n
is the number of samples.

Wald (1943) and Wald and Wolfowitz (1946) examined the parametric case for problems
where the population is normally distributed and where the population mean and variance are
unknown. They presented an approximate solution for the problem such that it could be determined
from tables for the normal and y? distributions. They determined the the two-tailed tolerance

interval for the normal distribution can be approximated by

X+s2, 3 (3.21)
Xin-1,1-a)
where
Zp =P(z>p),
Z = the standard normal distribution,

2 2
Xin-11-a) = P ()(n_l <1- a) , and

3—1 = the X2 distribution with n — 1 degrees of freedom.

Krishnamoorthy and Mathew (2009) give the following solution for the one-sided tolerance
interval, which they refer to as the “classical approach.” Given a continuous random variable X

with cumulative distribution function given by

Fy(u) = P(x <u) (3.22)
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and let x = (xq, x2,...,x,) be a vector of n random samples from Fy (x). A one-sided tolerance

interval of the form (—oo, U (x)] is required to satisfy the condition
PAP(x<X@®)|x)2p} = 1-a (3.23)

where

P = the proportion of the population included in the interval,
1 — @ = the confidence level

U (x) = the one-sided upper tolerance limit.

The exact-form solution for the condition shown in equation (3.23) is given by

Z
X+ Stp-1,1-a) (?p) (3.24)

where

tHn-1,1-a) = P(th-1 < 1 — @),

th_i = the ¢ distribution with n — 1 degrees of freedom,
Zp =P(z>p),and
Z = the standard normal distribution.

Hall and Sampson (1973) presented an approximate solution for deriving tolerance inter-
vals for the ratio of two independent normal distributions. They set up the problem by letting X
and Y be two independent, normally distributed variables for which the variances are unknown.
Their assumption assumed that the coefficient of variations were small, on the order of 0.05 or
less, which was necessary such that P (X <0) ~ O and P (X <0) ~ 0. Assuming that U = In X

and V = InY, they determined an approximate solution for the upper limit L such that

L =1/t exp (k su+v) (3.25)
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where s, is related to the standard deviation of U + V. The coefficients ¢; and t, are the geometric

means of samples from the X and Y populations, respectively, such that

n

n=|]x" (3.26)
i=1
and
(3.27)
=] ]y" (3.28)

where 7 is the sample size from the X population and m is the sample size from the Y population.

The variable £ is the solution to the condition

P(P(UJV < ti/ty exp (k syswy)) >p) = -« (3.29)
which is equivalent to

Pt < KV) =1-0 (330)

where

2, 2
mn (0’u + O'V)

n=————>7 and
2 2
mo;; + no;
2
(03 + ag)
0'4 0'4

u 14

+
n-1 m-1

Zhang, Mathew, and Yang (2009) solved the problem of deriving tolerance intervals for
ratios of two independent or dependent normally distributed variables by examining two cases for
the ratio X /Y. In the first case, they base their solution on an approximation of the cumulative dis-

tribution function of (X, Y)—initially used by Hinkley (1969)—by assuming that u, > 0 and that
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the coefficient of variation o /u, is small. The solution for the approximate case determined us-
ing the generalized pivotal quantity and Monte Carlo simulation. They also examined the solution
for the exact cumulative distribution function of the Normal Distribution as provided by Hinkley
(1969). For the exact case, the solution is also determined using the generalized pivotal quantity,
which appears in integral form and must be evaluated using numerical integration. Further consid-
eration of the problem of deriving tolerance limits for ratio distributions is outside of the scope of

this dissertation.

3.3 Multivariate Least-Squares Regression Theory

The linear regression equation can be represented in the algebraic form

y=PBoj+Bixi+---+ Pixi +& (3.31)
or in the matrix notation

y = XB+s, (3.32)

where

X =[j,x1,-,x¢],
Bo
B

L

y = an n-dimensional column vector of response variables known as the response vector,
J

j = an n-dimensional column vector of ones,

an n-dimensional column vector of the errors known as the error vector,

a (k + 1)-dimensional vector of regression coefficients know as the coefficient vector, and

&
B
n

= the number of observations.
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The data matrix X is an n X k + 1 matrix whose columns xi, - - - , X; are n-dimensional column
vectors of predictor variables.

The expected value (or mean), variance, and covariance are denoted by E(y), var(y), and
cov(y;, y;), respectively. Assuming that y has a probability distribution function f(y), the statistics

are given by

u=E(y) =f yvf(y) dy, (3.33)

o2 =E(y-p)’=E(y-E(y)

Y (3.34)
- [ o-E? rw @
and
oij = cov (y,-, yj) = E [Og)’i —oolli) (Yj - :“j)] (3.35)
= f_ I i = i) (v = 1) f (i) dvidyj,
respectively.

Since B and & are unknown, the method of least squares finds the estimators B and & which
are called the least-squares estimator vector and the residual vector, respectively. They are defined

as
B=XX)"XYy (3.36)
and
s-y-XB. (3.37)

The Gauss-Markov theorem states that B is the best, linear, unbiased estimator of S, with best
meaning that 8 has minimum variance among all possible linear unbiased estimators as long as

cov(y) = o*1. This condition holds true independent of the distribution of y (i.e., normality is not
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necessary to obtain the least-squares estimators). The estimated value of E(y) predicted by using

the least-squares estimator is given by
$=XB=XX'X)"'Xy. (3.38)
Substituting this value into the definition of the residual vector produces the simpler definition
E=y-9. (3.39)

The above definitions require that the matrix product X’X be nonsingular or, in other words, that
X is a full rank matrix and that n > k + 1. The former condition is met when rank(X) = k + 1,
with k£ + 1 being the number of columns of X, meaning that all of the columns of X are mutually
independent. The later condition is necessary for the definition of an overdetermined system of
equations to hold.

The variance o2 of the population is also unknown but can be estimated by using the sample
variance s2. The estimate of the variance is unbiased as long as cov(y) = o2I. The estimate is
given by:

E(c?) =s"= ﬁ (¥ —XB)’ (y-xB) . (3.40)

The coefficient of determination R% € [0, 1] is used to describe how well the regression surface
fits the data points. R? is the quotient of the regression sum of squares (SSR) and the corrected
total sum of squares (SST). The corrected total sum of squares is the sum of the regression sum of

squares SSR and the sum of squares of the errors (SSE). These relationships are given by

SSE = &&= (y-XB) (y-XB) =y [I-X X'X)"' X'] y. (3.41)
SSR = (XcB1) (XcBr) = YXB - n5”, (3.42)
SST = SSR + SSE = (y—jy) (y —j¥), (3.43)
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and

» _ SSR_ SSR :y'XB—ny2 (3.44)
SST SSR+ SSE y'y —ny? ’ '
where
I = the identity matrix,
1
y = —j'y is the mean of the response variables,
n
ﬁ 1 = (Bi1,--+, Br) is a partition of the B vector excluding the Sy row, and
X . = the data matrix in centered form.
The centered form of the data matrix is given by:
1
X, = (I——J)Xl, (3.45)
n
where X| = [x1,---,x¢], and J = jj’ is an n X n dimensional matrix of ones. Using these

definitions, the partitioned vector of least-squares estimators can be equally expressed as
Bi= (X X)) Xlry. (3.46)

Since overly-complicated models naturally have a better fit to data than simpler models, the ad-
justed coefficient of determination R2 is a metric for judging models by goodness of fit together

and ease of-use. It is defined as:

Rzz(n—l)Rz—k

3.47
a n—k-1 ( )

A complete linear model built using multivariate linear least-squares is subject to two “clas-

sical” assumptions (Rencher and Schaalje, 2008):
1. E(e)=0o0r E(y) =XB

2. cov(g) = o2 or cov(y) = oad |
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The notation of the latter assumption denotes two smaller assumptions: that the errors are ho-
moscedastic (i.e., var(g;) = 0-2) and that the errors are uncorrelated (i.e., cov(e;, & ;) = 0). Under
the normality assumption, the errors £ are independent in addition to being uncorrelated. When all
assumptions have been met, then the statistics B and s? are jointly sufficient statistics to describe
all of the information about 8 and o that can be extracted from the sample data (Rencher and
Schaalje, 2008). One of the strengths of least-squares regression is that it will always produce the
best estimators of B and &, regardless of the distributions of X or £. This strength can also be a
detriment in the hands of an inexperienced analyst because the method will still produce values if
one or more of the necessary assumptions are broken. When the classical assumptions are violated
for a set of data, methods of data transformations and data weighting can be used to correct the

violations within the data (Carroll and Ruppert, 1988).
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CHAPTER 4. META-ANALYSIS INTRODUCTION AND METHODOLOGY

4.1 Introduction

Meta-analysis is a statistical tool used to pool the findings from multiple studies together
to compute the summary effect and precision of a single or group of parameters (Borenstein and
Hedges, 2009). The summary effect is the weighted average of the effect sizes from multiple
studies for a single parameter and is analogous to the weighted mean of the individual effects from
the individual studies. The effect size (not to be confused with size effect) is a term which describes
the measure of the influence that a parameter has on a response variable.

The development of meta-analysis as a statistical tool initially took place in the 1980s and
it was further refined during the 1990s. Its usage has become standard in the fields of medicine,
education, psychology, criminology, business, and ecology. The perception within these areas of
meta-analysis’ usefulness has grown to the point that many government agencies now encourage or
require researchers to conduct a meta-analysis of previous research data before they can begin new
funded studies (Borenstein and Hedges, 2009) The use of meta-analysis (or any other advanced

statistical method) in engineering materials testing and analysis is still in its infancy.

4.2 Benefits of Meta-Analysis

The advantage of determining the summary effects through meta-analysis is that it pro-
duces more precise and statistically powerful estimates of a parameter’s effect because it is able
to evaluate several studies as a whole as opposed to examining each study individually. Statistical
power is the probability that a statistical test rejects a hypothesis that is false or identifies an effect

which actually exists (Cohen, 1988). It can similarly be denoted by

P reject Ho| Hy is false) = P (3 > 0| i > 0) (4.1)
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where

Hy = the null hypothesis,
Bi = the true effect size of a parameter, and

A

Bi = the measured (or estimated) effect size of a parameter.

Meta-analyses increase statistical power by increasing the total number of specimens in the anal-

ysis, thereby decreasing the sampling variability associated with each condition’s mean (Levin,
1998). This can be explained using the concept of confidence intervals. The width of a confidence
interval becomes narrower as the sample size increases (assuming that the added data doesn’t add
significantly more variation to the dataset), increasing the precision and statical power of the anal-
ysis. The effect sizes determined from individual studies will generally be comparable to one
another in that they measure and study the same phenomenon. The use of meta-analysis and sum-
mary effects gives researchers the added ability to understand the results of any one study in the
context of all the other studies (Borenstein and Hedges, 2009).

Another benefit of meta-analysis is the increased “generalizability” of the conclusions due
to test replication within the analysis. Many masonry shear wall test programs contain little or
no replication within their experimental design, usually due to cost, space, or other constraints
placed upon the researcher. The absence of replicates within tests provides no effective way to
gauge whether some observed effects are due to random chance or whether they represent an
effect which actually exists. One good example from the literature was Specimen 3 from Schultz
(1996a) which displayed a significantly higher experimental strength than what might be expected
by comparing plots of experimental strength versus various design variables. If two specimens
of each type had be tested, it is probable that the replicate specimen would have shown a more
characteristic strength and would have positively identified the specimen in question as an outlier.
Even more important than internal replication (i.e., replicates tested by the same researcher at
the same facility) are replications that are tested by other researchers in other facilities (so-called
external replication). External replication is able to produce “generalizability” to the population if
the conclusions between the two studies are in agreement with each other (Robinson and Levin,

1997).

59



4.3 Methodology

Meta-analysis is the foundation in the development of each of the three approaches per-
formed in this study. In the first approach the effect size investigated is the relation between the
actual and predict shear strengths using the current MSJC shear equation. In the second and third
approaches multiple effect sizes are analyzed for several design parameters to investigate their ef-
fect on shear strength. The meta-analyses for the three approaches were carried out in four parts:
1) data compilation, 2) data scrutinization, 3) data synthesization, and 4) meta-regression. The
first three analysis parts were common to the three approaches. Only the methodology in the
meta-regression step varied between the three approaches.

First, it was necessary to systematically and thoroughly review the literature for data that
could be used in developing these approaches. The earliest records of research on grouted masonry
shear walls was found to have come from the late 1960s. The records were found from a variety of
sources, including journal articles, conferences papers, technical reports, theses, and dissertations.
In several cases the data from a series of shear wall tests were reported multiple times through
various sources and in many cases the data was found in a single source. All of the specimen data
were recorded in a spreadsheet.

Second, the data was scrutinized to identify and filter which specimens should be included
within the analysis and which should not. The criteria to be used in scrutinizing the data were
decided from the objectives and scope of the analysis and included factors such as grouting, failure
mode, and completeness of data.

Third, it was necessary to synthesize the data such that the values and results would be
compatible with each other since the data were collected from multiples sources, conducted by
many different researchers using many different methods. The simplest synthesization that needed
to be performed was to convert to a common system of units. Many other areas needing synthe-
sization were identified during the data collections process. Since no previous methodology for
synthesizing masonry shear wall data was available at the outset of this study, a methodology for
standardizing the data needed to be developed for this study. The creation of the standardization
method is detailed in Appendix C and its implementation is detailed in Section 6.4.

Lastly, the process of meta-regression performed withing this study varied between each

of the three approaches analyzed in this paper. In all three approaches the response variable is the
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experimental masonry wall shear strength for each specimen. In the first approach the parameter
being investigated is the predicted shear strength using the MSJC (2013) equation and the summary
effect is the ratio of the experimental shear strength to the predicted shear strength. In the second
approach, the effects of multiple parameters are investigated where each parameter is a function
of wall design variables and there are multiple summary effects, one for the relationship of each
parameter to the experimental strength. In the third approach, the influence of several design
procedures are investigated for their effect on the summary effect, which is the correlation of the

design and experimental strengths.
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Part 11

Dataset Assembly

This part provides details into the process of data analysis used in assembling and ana-
lyzing the dataset for this study. Chapter 5 presents a literature review of the processes used by
the original researchers to test the specimens analyzed in this study. Chapter 6 details how the
dataset was assembled from the previous research studies and how the data were synthesized to
overcome incompatibilities between the difference research studies. Chapter 7 finishes Part II with
an overview of the completed dataset and its properties are shown and discussed in detail.

The completed dataset described in the part dataset contained 353 shear wall specimens, of
which 171 were fully-grouted and 182 were partially grouted. This dataset represents the largest
dataset of fully- and partially-grouted shear walls yet assembled for analysis. The specimens in
the dataset were representative of a wide array of population parameter combinations and came
from many studies distributed around the world. This dataset was the most comprehensive and

representative of all masonry parameters typical used in structural design.
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CHAPTERS. LITERATURE REVIEW: EXPERIMENTAL TESTING

5.1 Early International Tests

5.1.1 Meli, Zeevaert Wolf, and Esteva

Meli, Wolf, and Esteva (1968) performed some of the first in-plane shear tests on partially-
grouted masonry walls at La Universidad Nacional Auténoma de México. They tested 18 walls
using either cantilever or diagonal compression testing procedures. Two of the walls were con-
structed using hollow clay bricks (HCBs) and the remainder were constructed using concrete ma-
sonry units (CMUs). All of the specimens were partially-grouted. This was likely chosen because
partial grouting more closely resembles the construction of confined masonry walls which are ex-
tensively used in Mexico.

The purpose of their study was to develop methods for calculating flexural and shear
strengths and the lateral stiffness of masonry walls. Their tests examined the influence of vari-
ous vertical reinforcement ratios and vertical axial loadings on the behavior of walls subject to
repeated shear loading. They subjected each wall to twelve cycles of alternating loads. The de-
formation amplitude was kept constant for all of the loading cycles of the same wall. They chose
deformation amplitudes greater than those corresponding to the maximum shear strength. As such,
the maximum shear strength was obtained on the first cycle.

Two types of loading were carried out in this research program. In the cantilever-type
loading, equal and opposite lateral loads were applied to two diagonal corners of panel. The base
was fixed against rotation and the top of the panel was permitted to rotate normal to the plane of
the wall. In the diagonal compression-type loading, equal and opposite lateral loads were applied
to two diagonal corners of the panel. Two equal and opposite vertical loads were also applied to
the same corners as the lateral load and were oriented to resist the overturning moment generated

by the lateral load couple. They observed that diagonal cracking is primarily concentrated in the
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unreinforced panels of the walls. The presence of vertical load reduced the amount of cracking in
the walls, but did not change the cracking pattern.

They compared the results to the equations developed by Esteva (1966) for confined ma-
sonry walls. They noted that the grouted cells do not provide as much lateral strength and stiffness
as do the tie columns of a confined masonry wall. However, the effect of imposed vertical loads
appeared to be the same between the two cases. They modified Esteva’s earlier equation and pro-

posed Equation (5.1) for use with partially-grouted walls.

Vi = (0824, +0.38,) A, (5.1)

where

V, = the predicted ultimate masonry shear strength (kg/cm?),
f,, = the compressions strength of masonry,
fv = the vertical bearing stress (kg/cmz), and

A,, = the net shear area of wall.

The walls tested under the cantilever loading failed in flexure and showed a more ductile behavior
than those failing in shear.

Meli et al. observed that the addition of the first vertical load increased the shear capacity by
a factor greater than what was in the existing shear strength equations for cantilever-type loading.
In walls on which the second vertical loading was applied, no appreciable difference was found
from the first loading scenario.

Meli et al. noted that the cracking strength of the walls appeared to be governed by diagonal
tension in the wall panel, meaning that the cracking strength is independent of both the reinforce-
ment ratio and the vertical axial load. In walls with no axial load the cracking strength was very
close to the ultimate strength of the wall. In walls with axial load the strength continued to increase
with drift after initial cracking.

Meli et al. noted that the amount of vertical reinforcement seemed to have no influence on
the strength or stiffness degradation of the wall. They observed that the specimens with horizontal

reinforcement were able to maintain strength and rigidity at slightly higher drift levels. Meli et
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al. observed that no significant capacity was gained through the use of ties on the vertical rein-
forcement in the compression toe of the wall; however, they noted that it improved the behavior of
the wall under repeated cyclic loads.

Meli et al. concluded that the presence of vertical axial load is decisive in improving be-
havior under repeated cyclic loads. They observed that the deterioration of the walls under the
cantilever-type loading was marginally better than those under the diagonal compression-type load-

ing.

5.1.2 Meli and Salgado

Meli and Salgado (1969) tested 46 reinforced masonry walls under two different loading
conditions at La Universidad Nacional Auténoma de México. They tested 12 walls under lateral
cyclic loading using hollow CMUs. The remaining 34 tests were performed under monotonic
loading conditions using hollow CMUs, hollow clay bricks, or solid clay bricks. All but one of the
walls constructed with hollow masonry units were partially-grouted. The specimens using solid
clay bricks incorporated reinforcement cast into tie columns along the edges of the panel rather
than bars running through the masonry. This would be classified as confined masonry today, for
which much research has been performed outside of the United States.

The objective of their study was to observe the difference in behavior between walls of
different materials, the influence of vertical axial load, and the quantity of interior reinforcement.
The goal of their study was to propose methods to analyze and calculate the strength and stiffness of
masonry walls. All of the walls contained only vertical reinforcement. In the majority of specimens
the vertical reinforcement was limited only to the exterior cells. Five specimens included interior
reinforcement evenly spaced along the length of the wall. The walls were all constructed with one
reinforcing bar per cell. In walls with four bars in the extreme cells, the two extreme-most cells
were grouted in each jamb.

Two loading methods were used for both the monotonic and cyclic load histories. In the
cantilever-type loading, equal and opposite lateral loads were applied to two diagonal corners of the
panel. The base was fixed against rotation and the top of the panel was permitted to rotate normal
to the plane of the wall. In the diagonal compression-type loading, equal and opposite lateral loads

were applied to two diagonal corners of the panel. Two equal and opposite vertical loads were
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applied to the same corners as the lateral loads to resist the overturning moment generated by the
lateral force couple. In the case of the cyclic loading, the vertical loads on the top corners were
applied using rollers to reduce friction in the in-plane direction.

Meli and Salgado observed that increasing the amount of vertical reinforcement changed
the failure mode from a flexural to diagonal tension. Within walls with less vertical reinforcement,
flexural cracking of the bed joints dominated. Walls with higher amounts of interior reinforcement
experienced diagonal cracking through the head and bed joints along the wall diagonal. They
further observed that in these walls the quantity of vertical and horizontal reinforcement had a
negligible effect on the diagonal cracking strength. However, they concluded that axial loading
had a significant effect on the shear capacity of the wall. They observed that at values up to 20
percent of wall axial strength, the axial shear capacity increased by a factor of half the applied
axial load. Lastly, they concluded that the ultimate shear strength of the wall is minimally affected

by mortar quality, but that the cracking load is very sensitive to the mortar quality.

5.1.3 Williams and Scrivener

Williams (1971) and Williams and Scrivener (1974) tested 17 reinforced masonry walls
under in-plane shear loading. The tests were performed primarily on fully-grouted masonry walls,
but he also tested one partially-grouted wall constructed of clay brick. Williams referred to the
partially-grouted walls as being “partially filled,” hinting that the concept of partial grouting was
still relatively new at that time.

The Williams and Scrivener study was divided into two phases. The first phase investigated
the effects of cyclic loading on both hollow clay and hollow concrete masonry walls with varying
levels of axial stress and included one partially-grouted specimen. The second phase investigated
the material failure mechanisms and focused solely on fully-grouted clay specimens and included
the experimental factors of variable axial loads, vertical reinforcement ratios, and aspect ratios. All
of the wall specimens in both phases contained only vertical reinforcement.

The principle objective was to expand the understanding of masonry walls with post-elastic
cyclic loading. Prior to his research, many of the masonry wall studies were performed with
monotonically increasing loads to failure. Their tests were designed to study three responses: the

ductility capacity, the stiffness degradation and load capacity deterioration characteristics, and the
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ultimate load and failure mechanism. Williams and Scrivener observed that the partially-grouted
wall attained 83 percent of the ultimate strength of the fully-grouted wall with comparable di-
mensions and reinforcement. They also observed that the partially-grouted wall exhibited greater

stiffness degradation and load capacity deterioration.

5.2 UC-Berkeley Test Program on Masonry Piers

5.2.1 Mayes, Omote, and Clough

Mayes et al. (1976b,c) performed 17 tests on double-pier specimens consisting of eight
identical pairs and a lone unreinforced specimen. Mayes et al. chose double-pier sections to sim-
ulate, as closely as possible, the end boundary conditions of the walls (piers) in actual structures.
One pair of specimens was partially-grouted and all the remaining specimens were fully-grouted.
Their tests were some of the first in the larger masonry test program on masonry piers undertaken
at UC-Berkeley from 1975 to 1985. The remaining tests (Hidalgo et al., 1978; Chen et al., 1978;
Hidalgo et al., 1979; Sveinsson et al., 1985) were all performed using fixed-end single masonry
piers.

The purpose of their study was to investigate the effect of bearing stress, loading rate,
quantity and distribution of reinforcement, and partial grouting on the strength and deformation
properties of the masonry piers. Two cyclic loading conditions were used on each pair of walls.
The first wall of each pair was tested under a pseudo-static loading and the second was tested
under a dynamic loading. In all of the loading cases, the walls were tested with using gradually-
increasing displacement amplitudes. The pseudo-static cases used a loading frequency of 0.2 Hz
and the dynamic cases used a frequency of 3 Hz.

All of the panels were constructed from CMU blocks consisting of eight courses in running
bond. The units contained reinforcement in the end cells only. The horizontal reinforcement
distribution varied from specimen to specimen and was one of the variables under investigation in
this project. The partially-grouted specimens contained only vertical reinforcement consisting of
two #6 bars in each jamb. The ends of the piers were affixed to fully-grouted, reinforced masonry
spandrels meant to simulate the effect of coupling beams on the piers. Their specimen layout is

shown in Figure 5.1.
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Figure 5.1: Masonry double-pier specimen from Mayes et al. (1976b)

Mayes et al. compared the fully- and partially-grouted wall test results for the same re-
inforcement and bearing load values. They observed that they both showed the same ultimate
strength based on net area under the pseudo-static load. Under the dynamic loading the partially-
grouted specimen showed an 80 percent decrease in net ultimate strength compared to the fully-
grouted specimen. Mayes et al. observed that the partially-grouted piers displayed diagonal tension
and vertical splitting failure modes. These failure modes were also observed in fully-grouted piers
with large axial loadings. They noted that the effect of partial grouting on pier ductility was in-
conclusive. For the pseudo-static tests, the partially-grouted specimen’s behavior was more elasto-
plastic than that of the fully-grouted specimen. Under the dynamic loading, the initial stiffnesses
and load degradations at higher deflections were similar for the two grouting types. However, the
load capacity of the partially-grouted specimen plateaued before eventually falling off whereas that
of the fully-grouted specimen continued to climb, peaked, and then fell.

Mayes et al. noted that the fully-grouted specimens collapsed at a lateral drift of 1.0 inch

whereas the partially-grouted specimens collapsed at a drift of only 0.5 inches. The fully-grouted
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walls with higher bearing load also collapsed at a drift of 0.5 inches. It this case the partially-
grouted specimens exhibited the same failure mechanisms and ultimate drift as the fully-grouted
walls with high bearing stress. Mayes et al. concluded that the partially-grouted specimens showed
a tendency toward elasto-plastic behavior, but that the comparison between them and fully-grouted

piers was inconclusive.

5.2.2 Hidalgo, Mayes, McNiven, and Clough

Hidalgo et al. (1978) tested fourteen full-scale masonry walls with a geometric aspect ratio
of 2.0. Nine of the piers were constructed with hollow clay brick and the remaining five were
constructed as double-wythe, grouted-core walls using solid clay bricks. Three of the hollow clay
brick walls were partially-grouted and the remaining six were fully-grouted. Their tests were a part
of the larger test program on masonry piers undertaken at UC-Berkeley. The three partially-grouted
walls all contained a single #8 vertical bar in each end cell, but contained a different quantity of
horizontal reinforcement, from none to three #5 bars. All of the other variables were constant
between the tests.

Hidalgo et al. tested all of their walls using in-plane cyclic shear loading with increasing
peak displacements. All of the walls were tested in the frame shown in Figure 5.2, in which the
top and bottom of the walls remained parallel during the test. The frame subjected each wall to
double-flexure bending, locating the inflection point at the mid-height of the wall, producing a
shear span ratio of 1.0. All of the walls in each of the two test sets were subjected to the same
applied axial load. He noted, though, that the boundary conditions were slightly flexible and that
fixed-fixed boundary conditions were likely not achieved for small lateral displacements

All three of the partially-grouted specimens failed in shear due to the fixed-fixed loading
condition. Hidalgo et al. observed that the partially-grouted specimens obtained a net ultimate
shear stress 90 percent of that of the fully-grouted walls. They found that the deformational ca-
pacity of the partially-grouted walls was less than that of the fully-grouted walls at ultimate load.
They, correspondingly, displayed less-ductile behavior than their fully-grouted counterparts.

Hidalgo et al. examined and compared the hysteresis plots for the two groups. They ob-
served that stiffness degradation based on net area was similar between the two grouting types.

They surmised that stiffness degradation is independent of the grouting type for the gradually in-
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Figure 5.2: Masonry single-pier specimen from Hidalgo et al. (1978)

creasing cyclic load case. They used the hysteresis data to form displacement-EDT ratio graphs.
Comparing the graphs, they saw similarities between the two grouting groups and concluded that

energy dissipation is also independent of grouting type.

5.2.3 Chen, Hidalgo, Mayes, Clough, and McNiven

Chen et al. (1978) tested 31 masonry piers with an aspect ratio of 1.0. Eleven of the
piers were constructed with hollow concrete masonry units, thirteen were constructed with hollow
clay brick, and the remaining seven were constructed as double-wythe, grouted-core walls using
solid clay bricks. Four of their concrete masonry piers and four of their hollow clay brick piers
were partially-grouted and the remaining 23 piers were fully-grouted. Their study was the last in
the masonry piers test program at UC-Berkeley to include partially-grouted specimens. The two
subsequent tests in the series (Hidalgo et al., 1979; Sveinsson et al., 1985) tested only fully-grouted

specimens.
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Chen et al. tested all of their walls under in-plane loading using varying design parameters
and a disparate test set-up from that of Hidalgo et al. (1978) explained above. Their test set-up
produced a shear span ratio of 0.5 for their specimens. All of the specimens in each material group
were tested under the same gross bearing stress—355 psi (0.38 MPa) for the concrete masonry
group, 56 psi (0.39 MPa) for hollow clay brick group, and 42 psi (0.29 MPa) for the double-wythe,
grouted-core group. The amount of vertical and horizontal reinforcement varied between the four
partially-grouted specimens within each of the two material groups. The four combinations of
reinforcement area were the same between the two groups. The test frame included a pinned
column at both ends of the wall specimen that connected the top and bottom beams, as shown in
Figure 5.3. The two columns were designed to keep the top and bottom beams parallel during the
tests and impose fixed-end boundary constraints on the piers. Due to use of the pinned columns,

additional compressive loads were developed in the piers by the downward displacement of the top

beam as the top displaced laterally.
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Figure 5.3: Masonry shear wall test setup from Chen et al. (1978)
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Chen et al. observed that all of the piers showed a shear mode of failure; in some of the
fully-grouted specimens this was accompanied by some flexural failure as well. Part of the reason
for this was due to the additional compressive load on the piers at higher drift levels. The partially-
grouted piers achieved a lower ultimate lateral load than that of the fully-grouted specimens. Chen
et al. observed no significant difference between walls of each group for the two sizes of vertical
reinforcement used. Since the walls all failed in the shear mode, the extra vertical reinforcement
was redundant and did not affect the shear strength. Part of the reason for this redundancy was that
the additional vertical compression stress counteracted part of the tensile forces that the reinforce-
ment was intended to resist. This reduced the amount of vertical reinforcement required to force
the wall into a shear mode of failure as opposed to a flexural mode.

Chen et al. observed that the net ultimate strength of the partially-grouted concrete ma-
sonry piers was 22 percent higher than that of the comparable fully-grouted piers. In the case of
the hollow clay brick piers, the partially-grouted piers had a net ultimate stress 23 percent less than
the corresponding fully-grouted piers. Chen et al. observed that the partially-grouted concrete
masonry piers had better inelastic behavior based on net area than did the fully-grouted piers. In
the case of the hollow clay brick piers, the fully-grouted piers showed better inelastic behavior.
Within the concrete block and clay brick groups, the partially-grouted piers had a reduced defor-
mation capacity with mean values of 82 percent and 62 percent, respectively, of the corresponding
fully-grouted deformation capacity. Chen et al. did not examine how part of this may have been
attributed to the additional compressive load on the fully-grouted walls at higher drift levels de-
veloped by the pinned columns. In all but two cases, the net bearing stress was greater for the
partially-grouted piers than for the fully-grouted piers at their respective ultimate drifts, possible
causing the partially-grouted walls to behave in a more brittle manner.

Chen et al. compared the hysteresis curves of the piers and observed no difference in
stiffness degradation between the fully- and partially-grouted piers. The results for the energy
dissipation characteristics of fully- and partially-grouted walls were inconclusive. In both cases
the energy dissipation capacity increased with lateral drift due to increasing cracking and crack-
interlock friction. Chen et al. commented on the effects of the axial offset caused by the frame

columns. They noted that the problem would be resolved in future tests in the program. However,
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the effects of partial grouting were not investigated further in any of the subsequent UC-Berkeley

tests.

5.2.4 Hidalgo, Mayes, McNiven, and Clough

Hidalgo et al. (1979) tested eighteen full-scale masonry walls with a geometric aspect ratio
of 0.5. Six of the piers were constructed with hollow clay brick, six were constructed with hollow
concrete block, and the remaining six were constructed as double-wythe, grouted-core walls using
solid clay bricks. All of the tested walls were were fully-grouted. Hidalgo et al. tested all of their
walls using in-plane cyclic shear loading with increasing peak displacements. The frame subjected
each wall to double-flexure bending, locating the inflection point at the mid-height of the wall,
producing a shear span ratio of 0.25. All of the walls were tested using the same setup as Chen
et al. (see Figure 5.3) and were subject to similar downward force induced by the hinged columns
at either end of the specimen at higher lateral drifts. They observed, however, that in the case of
walls with low aspect ratio, the axial force contribution from the hinged columns did not affect the
failure mode of the specimens.

All of the twelve walls constructed with hollow brick or block contained three #7 bars, one
in each end cell and one in the center of the wall. The quantity of horizontal reinforcement varied
in each wall from none to four #6 bars in the concrete block walls and from non to five #7 bars in
the clay brick walls. All of the other variables were kept constant between the tests.

Two of the concrete block specimens displayed a combined shear and sliding failure mech-
anism and the remaining four displayed typical shear failure characterized by diagonal cracking.
Half of the six clay brick specimens displayed a combined flexural and sliding failure and the
other half displayed a shear failure mechanism. Hidalgo et al. observed that there appeared to be
a positive correlation between the amount of horizontal reinforcement and the ultimate strength.
They observed that the shear deformation in the squat piers had a greater importance to the overall

behavior of the specimens than for those with large aspect ratios.
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5.2.5 Sveinsson, McNiven, and Sucuoglu

Sveinsson et al. (1985) conducted the final stage of the masonry shear wall research pro-
gram at UC-Berkeley. They tested thirty piers, including twelve constructed with hollow concrete
block, thirteen constructed with hollow clay brick, five constructed from two wythes of solid clay
brick, with all of the walls being fully-grouted. They investigated the effect of horizontal reinforce-
ment quantity, vertical reinforcement distribution, and the effect of wire truss bed-joint reinforce-
ment. All walls had an aspect ratio of unity and a shear span ratio of 0.5. They used a test setup,
shown in Figure 5.4, similar to that of Chen et al. (1978) with a modification such that the columns
were replaced with actuators that were force-controlled. This modification enabled the specimens

to be tested under double-curvature conditions while maintaining constant axial load for all lateral

drifts.
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Figure 5.4: Masonry shear wall test setup from Sveinsson et al. (1985)

Sveinsson et al. observed a direct relationship between the failure mode of each specimen
and its strength and inelastic response characteristics. Ductile shear failures were characterized
by diagonal cracking which gradually spread throughout the wall panel with increasing horizontal
load. This gradual spreading of shear cracks was made possible by the presence of horizontal

reinforcement which enabled the tensile stresses to be transferred across the diagonal cracks. In
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cases where there was not enough horizontal reinforcement to adequately transfer the tensile forces,
the walls experienced a brittle shear failure.

They observed a combination of shear and sliding failure modes in walls with high hori-
zontal reinforcement ratios. This failure mode was characterized by diagonal cracking, crushing
of the compression toes, and sliding of the pier along the crushed bed joints. The presence of toe
crushing in the combined shear/sliding failure model differed from that in the flexure failure mode
in which the contribution of diagonal cracking is absent. Pure sliding failures were observed for
walls with higher horizontal reinforcement ratios but with relatively small quantities of vertical
reinforcement. For walls failing in the sliding mode, the cracking was generally limited to the bed
joints at the tops and bottoms of the walls, leaving the rest of the panel undamaged.

Sveinsson et al. concluded that the horizontal reinforcement cannot be fully effective if
it is not anchored around the vertical reinforcement in the end cells with a 180 degree hook or
anchored with a plate welded to its end. Specimens in which the horizontal reinforcement was
not well-anchored experienced a brittle failure immediately following the ultimate strength. They
observed that the wire truss bed-joint reinforcement was not as effective in increasing the ultimate
strength of the walls, but it improved the ductility of the walls. They observed that the equally
distributed vertical reinforcement had a negligible effect on strength for the concrete masonry and
it demonstrated inconsistent results for the clay brick specimens. They also observed no effect
of the vertical reinforcement distribution on stiffness degradation. They concluded that uniform
distribution of horizontal reinforcement improves wall ductility whereas uniformly spaced vertical

reinforcement has no effect.

5.3 US-Japan Coordinated Program on Masonry Building Research

5.3.1 Matsumura

Matsumura (1985, 1987, 1988) amalgamated masonry shear wall research data from mul-
tiple researchers and studies performed in Japan. He performed a study on 80 reinforced masonry
walls testing under in-plane shear loading to construct a model to compare the performance of
fully- and partially-grouted shear walls. The parameters he investigated included shear reinforce-

ment ratio, shear span ratio, axial stress, material strength, and grouting type. He generated a
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dataset including 57 concrete masonry and 23 brick masonry walls where the majority of the spec-
imens were full sized and the remaining were reduced scale. About two-thirds of the specimens he
included were partially-grouted and the rest were fully-grouted.

Matsumura listed two loading methods used by the Japanese in performing their shear wall
tests. In the first method, known as the “wall type loading,” the base of the walls was fully fixed
while the top of the wall was fixed to prevent rotation normal to the plane of the wall, as shown
in Figure 5.5a. In the latter method, known as the “beam type loading,” the walls were set in the
test frame on one end (i.e., the bed joints were vertical) and subjected to vertical shearing loadings

similar to those of a deep beam test, as shown in Figure 5.5b.
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The wall type loading scenario used full-sized masonry walls with reinforced concrete
beams above and below the masonry panel. The walls were loaded cyclically at the top of the
wall. In most cases, four to five loading cycles were applied before the walls completely failed.
During some of the wall type tests, a vertical actuator was used to apply a constant axial load to
the top beam. The beam type loading was used mainly as a supplementary test. It used both full-
and reduced-scale specimens, the majority of which were small. The test consisted of a single
monotonic loading and unloading cycle to find the maximum shear resistances of each test.

Matsumura (1987) concluded that the ultimate shear strength is smaller for partially-grouted
masonry walls than that for fully-grouted shear walls with the same geometry. This is expected
because the Japanese only consider gross wall area in their calculations. He also observed that
the lateral shear strength of reinforced masonry increases as the horizontal reinforcement ratio
increases, with the rate of increase in shear strength decreasing with increasing reinforcement ra-
tio. He further observed that shear strength is inversely proportional to the shear span ratio of the
wall. Lastly, Matsumura concluded that the amount of reinforcement does not influence the shear

cracking strength of the wall.

5.3.2 Okamoto, Yamazaki, Kaminosono, Teshigawara, and Hiraishi

Okamoto et al. (1987) performed a series of 35 masonry shear wall tests at the Building
Research Institute of Japan, of which 25 were constructed using concrete blocks, 6 using clay
bricks, and 3 using reinforced concrete. Two joint orientation were used: 23 masonry specimens
were tested with lateral shear forces applied parallel to the bed joint and 9 specimens were oriented
such that the lateral shear force was applied parallel to the head joints. The variables that were
varied during the testing were the axial stress, the size and spacing of the shear reinforcement,
the size of the flexural reinforcement, the shear span ratio, and the presence of spiral confining
reinforcement in the wall toe.

The purpose of there tests was to investigate how the amount of shear reinforcement, axial
stress, splices, compression toe confinement, and shear span ratio affected the shear and flexural
behaviors of masonry walls and beams. All tests specimens were tested under double-curvature
loading conditions using a test frame similar to that of Matsumura (1987) as shown in Figure 5.5a.

The walls were testing using a cyclic loading pattern with incrementally increasing amplitudes.
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Okamoto et al. (1987) observed that the maximum shear stress increased with increasing
axial load, but the relationship is not linear. They also observed that increasing the amount of
shear reinforcement increased the deformation capacity of walls and beams but did not increase
the ultimate shear strength. They observed that the use of spiral reinforcement to confine the
compression toe resulted in improved deformation capacity under large deformation amplitudes.
The concluded that the ultimate shear strength increases with decreasing shear span ratio. They
compared the performance of the beam specimens to the Architecture Institute of Japan (AlJ)
design standard for reinforced concrete beams and concluded the equation to perform well for the

beam specimens.

5.3.3 Shing, Schuller, Hoskere, Noland, Klamerus, and Spaeh

Shing et al. (1989, 1990) tested 22 masonry shear walls under in-plane cyclic loading at the
University of Colorado-Boulder and was conducted as part of the U.S.-Japan Coordinated Program
on Masonry Building Research. Their study included 16 concrete block specimens and 6 hollow
clay brick specimens, all of which were constructed at fully scale and were fully grouted. The
principal variables used in their study were the amounts of vertical and horizontal reinforcement
and the amount of axial load applied to the walls. The walls within each material group were all
constructed with the same dimensions and all walls were tested using reverse-curvature loading.

The walls were tested under drift histories patterned after those devloped by Porter (1987).
Porter developed the TCCMAR phased-sequential displacement procedure in which drift cycles
are organized into undulated sets, as shown in Figure 5.6. In each set, the drift amplitude of
each succeeding cycle gradually increases up to a peak then gradually decreases to null. Each
subsequent undulated set has a higher peak wave amplitude than the previous one. When the first
major event (FME) occurs, the drift amplitude during the event is recorded for that specimen. The
peak amplitude for each subsequent set is then determined as function of the drift at the FME.
Schultz chose masonry cracking as the FME for his tests.

The principal objective of their study was to investigate the effects of the amount of rein-
forcement, the applied axial load, and the material on the limit-state capacities of masonry shear
walls. The aim of the Shing et al. (1989, 1990) studies in the Coordinated Program on Masonry

Building Research was to evaluate the validity of the UBC design formulae in reinforced masonry
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Figure 5.6: Phased-sequential displacement procedure (Porter, 1987)

shear wall strength. They evaluated formulae for both flexure and shear shear strength, determined
that the existing UBC provision were overly simplistic, and proposed a new model for calculating
shear strength.

Shing et al. (1989, 1990) observed four of the concrete masonry specimens and four of
the clay masonry walls to be governed by flexural yeilding whereas the remaining 14 specimens
were governed be diagonal shear cracking. The observed that the full grouting of the walls cause
the diagonal cracks to propagate through the units rather than being confined to the joints. They
observed that failure of the clay masonry walls was always initiated by spalling of the face shells
from the grouted cores. They observed more brittle failures in the walls that failed in diagonal
shear cracking and in those which failed with flexural toe crushing.

Shing et al. (1990) observed no correlation between the amount of reinforcement and the
stress at the onset of diagonal cracking and concluded that they are unrelated. They observed

that the contribution of the horizontal reinforcement given by V,; = A, p, f) can overestimate the
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contribution and proposed that the factor be reduced. They concluded that the amount of vertical
reinforcement and the axial load have an influence on the shear strength by increasing the residual,

post-cracking strength of the masonry.

5.4 Portland Cement Association

5.4.1 Johal and Anderson

Johal and Anderson (1988) undertook a series of 32 tests on masonry piers under in-plane
cyclic loading. Their study included 16 tests on piers made from hollow concrete masonry units
and 16 tests on piers constructed from hollow clay bricks. In each of the specimens, only the
exterior jambs were reinforced and grouted; the remaining cells were all left ungrouted.

The purpose of their study was to evaluate the behavior of masonry piers using masonry
cement mortar compared with piers using portland cement mortar. The test parameters that Johal
and Anderson used in their experimental design were mortar type, cementitious material, cement
brand, and masonry type. Other test parameters common to partially-grouted shear wall tests (e.g.,
aspect ratio, reinforcement ratio) were held constant from specimen to specimen. Two specimens
were constructed and tested for each combination of test variables, giving 16 combinations and
32 total specimens. At least three masonry prisms were built and tested for each combination of
test variables. The mean masonry compressive strength was provided for each of the 16 groups of
masonry prisms.

Johal and Anderson applied shear loads using diagonal compression. Two compressive
struts were used, one on each side of the wall, to control rotation of the top spandrel and to prevent
in-plane axial load within the pier. Their test apparatus contained a hydraulic actuator and load cells
located within each strut. Each pier was subjected to only shear and flexural loads with fixed-fixed
end conditions. The loading scheme for the walls was load-controlled. A series of incrementally
increasing cyclic loads were applied to opposite corners of the specimen for small deformations.
As large deformations were observed for a given load level, the load was steadily increased until
the ultimate load was reached. The test was stopped after the load capacity decreased.

All of the piers experienced a shear failure mode. In most cases, cracking started at the top

of the piers and proliferated to the opposite corner of the pier. In a few cases, the cracking along
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the entire diagonal occurred suddenly and simultaneously. In most cases, the cracks primarily ran
through bed and head joints and cracking expanded into some masonry units as walls failed.

Johal and Anderson observed similar behaviors, cracking loads, and damage patterns for
walls constructed with either portland cement- or masonry cement-based mortars. Their analysis
showed that shear strength of partially-grouted masonry piers constructed with masonry cement-
based mortars compared favorably with that of piers constructed with portland cement-based mor-
tars. Additionally, they concluded than within the pier groups with similar mortar bases, the shear
strength was only minimally influenced by using Type M or Type S mortar. They concluded that
the restriction on use masonry cement in structural masonry walls in Seismic Zone Numbers 2, 3,

and 4 should be eliminated from the Uniform Building Code.

5.5 National Institute of Standards and Technology

5.5.1 Yancey and Scribner

Yancey and Scribner (1989) performed the first study into the seismic performance of re-
inforced masonry walls at the Building and Fire Research Laboratory (BFRL), a division of the
National Institute of Standards and Technology (NIST). They tested 13 walls at the NIST Tri-
Dimensional Test Facility shown in Figure 5.7. All of the walls were constructed from eight-
inch-nominal concrete masonry units and were 48 inches in length. Three of the walls did not
experience a shear mode of failure due to their large aspect ratio of 2.17 and were subsequently
not included in the report. The remaining ten walls had a aspect ratio of 1.17 (shear span ratio of
0.58 and consisted of seven courses, producing a height of 56 inches.

The purpose of their study was to determine how varying amounts and distributions of
shear reinforcement affect the in-plane shear strength of partially-grouted masonry walls. All but
one specimen were reinforced in the shear (i.e., horizontal) direction only; the remaining specimen
was unreinforced. In eight of the ten specimens a bond beam was located at the mid-height (i.e.,
fourth course) of the wall. Four of the ten specimens contained joint reinforcement, one of which
also contained a bond beam. Different sizes of reinforcement (#3, #4, or #5) were used in the bond

beams while only 9-ga. ladder-type reinforcement was used for the bed joint reinforcement.

81



Loading

Reaction Wall (N)
Jacks (N-5)

4 Top
r:Tn\\ '__-\ Crosshead
=y Lo

@ ”ﬂ:"_’/”/’

Loading

Jack (E-W)
Concrete
Bearing Beam

Vertical
Loading Jacks

Vertical Loading Jack
Stiffened Steel
Shoes (T & B)

Test Specimen

Reaction Wall (W)

Figure 5.7: NIST Tri-Dimensional Test Facility (Yancey and Scribner, 1989)
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Yancey and Scribner concluded that horizontal reinforcement was effective in increasing
the ultimate shear strength of the walls. They observed that bed joint reinforcement placed in
either every course and every-other-course is equally as effective as the other in increasing the
in-place shear strength of the wall. They also compared the use of bed joint reinforcement with
reinforced bond beams and observed that both were comparable in increasing the ultimate strength
and deflection capacity of the walls. Their single specimen with both a reinforced bond beam and
bed joint reinforcement exhibited a drift capacity twice that of the next best specimen. From the
results from their tests, Yancey and Scribner concluded that ultimate shear strength increases with
increasing horizontal reinforcement ratio. However, they observed that the relationship between

the two factors is not linear.

5.5.2 Schultz

Schultz (1996a,b) tested six partially-grouted shear walls under in-plane shear loading. All
six of his specimens were constructed from hollow concrete masonry units. He chose hollow con-
crete masonry units for his study because they have larger cells than other units of comparable size.
The walls consisted of seven courses with a bond beam constructed within the middle (i.e., fourth)
course. Only the exterior vertical cells were reinforced and grouted. The walls were tested under
drift histories patterned after the TCCMAR phased-sequential displacement procedure devloped
by Porter (1987).

The purpose of the study was to determine the influence of shear span ratio and shear
reinforcement ratio on the behavior and shear strength of partially-grouted masonry walls. The
walls were tested in the NIST Tri-Directional Testing Facility (see Figure 5.7). The walls were
tested under in-plane cyclic loads and constant axial loading. The testing actuators in the facility
were displacement controlled. This resulted in axial loads that varied slightly with the lateral drift
of the wall due to vertical expansion of the wall from Poisson’s effect. These variations were
nowhere near as significant as were those that occurred during the tests of Chen et al. (1978).

Schultz observed that the initial cracks formed along the margins of the unreinforced ma-
sonry panel due to the stress concentrations between the grouted and ungrouted masonry. For
all specimens except Wall No. 3, cracking was predominantly vertical and concentrated near the

leading jamb. Eventually, this cracking proliferated through the joint between the horizontal and
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vertical reinforcement, eroding the bond beam anchorage. The predominant cracking mode of
Wall No. 3 was inclined cracking beginning at the mid-length of the top of the wall, and progress-
ing toward the joint between the horizontal and vertical reinforcement. In this case, the cracking
within the joint itself did not occur until later in the tests and had less of an effect on the bond beam
anchorage than in the other tests.

In all of the tests, Schultz observed that the walls showed stable and gradual strength degra-
dation. He noted that strength degradation occurred more rapidly with increasing shear span ratio.
He observed that the force-displacement curves for the walls were nearly bi-linear and showed an
obvious proportionality limit. He remarked that the reinforcement did not yield, yet the curves
showed a behavior similar to that of a yielding system.

Schultz observed that increasing the shear span ratio has a negative effect on the ability of
the wall to dissipate energy (toughness). The toughness of the wall is not affected by the horizontal
reinforcement ratio. The deformation capacity, the drift at which strength falls to 75 percent of the
ultimate strength, ranged from 0.33 percent to 1.0 percent for the walls. Schultz noted that these
values are likely too low for high seismic-risk regions, but may be suitable for regions of lower
risk.

Schultz used experimental data to compare the validity of four empirical formulas for pre-
dicting wall shear strength. The equation with the least amount of variability was that developed by
Schultz’s associate Fattal (1993) at NIST. Fattal’s equation was a modification of the equation orig-
inally developed by Matsumura (1987) for partially-grouted masonry walls. Schultz determined
that the mean ratio of measured-to-estimated shear strength using Fattal’s formula was about 79
percent for all of his specimens.

Schultz observed that the shear span ratio of the walls had a distinct and inverse influence
on the ultimate shear stress capacity of the walls. Similarly, horizontally reinforcement ratio was

also shown to have small beneficial influence on the ultimate shear stress capacity of the walls.

5.5.3 Schultz, Hutchinson, and Cheok

Schultz et al. (1998) tested six reinforced masonry shear walls in the NIST Tri-Directional
Testing Facility. Each specimen contained reinforcement and grouting only in the exterior vertical

cells. Each wall was constructed of seven courses of hollow concrete masonry units using joint
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reinforcement in each bed joint. They constructed three pairs of walls of different lengths to pro-
duce three distinct shear span ratios. They used the same dimensions as the six walls previously
tested by Schultz (1996a,b). In the preceding study, each of Schultz’s specimens was horizontally
reinforced with a bond beam at mid-height.

The primary purpose of their study was to compare the behaviors of partially-grouted walls
with joint reinforcement and bond beams. The reinforcement ladders placed in the joints were
constructed from two different wire gages, with each wall within a pair receiving a different one.
The first wall in each pair contained ladders with No. 9 Gage (0.148 in. diameter) wire and the
latter contained ladders with No. 5 Gage (0.207 in. diameter) wire. This produced gross horizontal
reinforcement ratios of 0.056 percent and 0.11 percent, respectively. The second parameter studied
by Schultz:was the effect of shear span ratio on the behavior of partially-grouted masonry shear
walls.

Schultz et al. tested their specimens using the TCCMAR phased-sequential displacement
procedure explained previously. They selected the first instance of visible crack formation as
the FME from which they determined the peak amplitudes for each subsequent wave of cycles.
This was verified by identifying the first departure from a nearly linear force-displacement plot.
They observed that the test data denoting the FME from each pair of wall tests were in relatively
good agreement with each other. They observed that the lateral load at the FME was negatively
correlated with the wall shear span ratio but was independent of shear reinforcement ratio.

Examination of the force-displacement envelops revealed that none of the walls failed sud-
denly. In all cases, the walls were able to demonstrate some level of plasticity before the load
resistance steadily decreased with increasing displacement. They observed that the shear rein-
forcement ratio had an influential effect on walls being able to maintain peak load resistance with
increasingly higher displacements. They concluded that wall shear span ratio appears to be nega-
tively correlated with the ability of the wall to dissipate energy, but that horizontal reinforcement
appeared to have no effect.

Schultz et al. concluded that partially-grouted masonry with bed joint reinforcement is a
viable lateral load-resisting system for seismic design. They noted that horizontal reinforcement
ratio had greater positive effect on ultimate shear strength in the slender walls (i.e. with higher

shear span ratio). Overall, they concluded that wall performance using bed joint reinforcement
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was improved over walls with a single bond beam at mid-height tested earlier (Schultz, 1996a,b).
The walls showed stable hysteresis loops with increasing lateral drift and ample energy dissipation

capacity.

5.6 Drexel University

5.6.1 Hamid, Chaderakeerthy, and Elnawawy

Hamid et al. (1992) built and tested 15 partially-grouted masonry prisms at Drexel Uni-
versity under eccentric, out-of-plane loading. The prisms were constructed of 1/3-scale hollow
concrete masonry units. The bond wrench test method described in ASTM:C1072 (2014) was
used to measure the flexural tensile strength of the units.

The purpose of Hamid’s study was to determine the effect of grout spacing on flexural
strength for bending normal to the bed joints. Five model walls of three courses were constructed
using running bond. Each wall was grouted according to one of the five grouting conditions con-
sidered in this test. After curing, the walls were sawn into three symmetrical specimens for use in
the bond wrench test.

His ungrouted specimens failed suddenly by debonding along the bed joint. His partially-
grouted specimens failed by both mortar debonding along the bed joints and tension failure within
the grouted cells. Since the faces of the cells were tapered for each block, the failures occurred
where the grout area was minimum.

Hamid et al. calculated the tensile strength using ASTM:C1072 (2014). For the partially-
grouted specimens, Hamid calculated in moment of inertia using the face shell bedding area,
grouted area, and area of the webs adjacent to the grouted cells. He observed that the flexural
tensile strength increases non-linearly with decreasing grout spacing. His tests also indicated that
grouting is not effective for spacing greater than 32 inches on center.

Hamid et al. compared his values to those obtained in the ACI-ASCE (1988), which allows
for linear interpolation between values for fully-grouted and ungrouted masonry. The factor of
safety between the code values and the experimental value is not consistent since the experimental

relationship is not linear. Hamid et al. proposed as an empirical method to predict the average
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flexural tensile strength of partially-grouted walls given by

Jrpg) = 4-4ft(g)5;2'75 (5.2)

where

fi(pg) = the flexural strength of partially-grouted masonry,
fi(gy = the flexural strength of grouted masonry, and

sqn = the spacing of grouted cells.

Equation (5.2) is limited to spacings of 8 inches (i.e., fully-grouted) to 32 inches and cannot
be used for ungrouted masonry or for grout spacings larger than 32 inches. In an attempt to find
more universally applicable formulae, Hamid developed three more equations to be theoretically-

based and he used his experimental data to validate his results. He proposed the following equa-

tions:
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where f;(,q) 1s the flexural strength of ungrouted masonry. Equation (5.3) is to be used for 6-inch
block, equation (5.4) for 8-inch block, and equation (5.5) for 12-inch block.

Hamid et al. designed Equations (5.3), (5.4), and (5.5) to cover the typical range of values
of flexural tensile strength. Since the equations were validated solely on the data from this single
experiment, it is uncertain whether they can be universally applied. Further experimentation would
be necessary for verification and modification of the parameters. Similarly, the structure of the
equations should be combined into a single equation and simplified for codification and use by

designers.
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5.6.2 Ghanem, Hamid, Essawy, Salama, and Elmagd

Ghanem et al. (1992) and Ghanem et al. (1993) tested 14 partially-grouted walls at Drexel
University. All of the walls were constructed from 1/3-scale hollow concrete masonry units and
tested under either monotonic or cyclic lateral loads. The walls were constructed with differing
amounts of horizontal and vertical reinforcement and blocks of differing strengths and were tested
under differing levels of vertical precompression load. The purpose of their study was to study
the effects of three design parameters, horizontal and vertical reinforcement distribution and ver-
tical axial load. In their study they used reduced-scale replicas of standard masonry constituent
materials that were fabricated in-house.

Ghanem et al. observed that his walls with bars distributed throughout the wall performed
better than the walls with bars concentrated in fewer areas. In all cases, the walls contained the
same amount of reinforcement. They observed that due to the inclined cracking within the wall
panel, the horizontal reinforcement bars at the top and bottom of the wall did not have adequate
development length to fully activate their strength in resisting the shear forces. This lead Ghanem
et al. to conclude only interior horizontal reinforcement is truly effective in resisting shear and in
increasing wall ductility. They recommended that shear reinforcement be distributed throughout
the interior of the wall panel and not concentrated at the top and bottom. They further noted
that distributed vertical reinforcement is better at resisting shear and increasing ductility but that
concentrating vertical reinforcement at the ends of the wall is most effective in resisting the flexural
forces.

Ghanem et al. observed that the cracking load was the same for all walls with the same
axial load, regardless of the amount of reinforcement in each wall. He concluded that the diagonal
cracking load is independent of the amount of horizontal and vertical reinforcement. He explained
that this is because the diagonal cracking load is dependent on the tensile strength of the masonry
and of the orientation of stresses within the wall by the superposition of vertical axial stress. In-
creased axial force also increases the aggregate interlock force, increasing the shear strength of the
masonry.

Ghanem et al. observed that ultimate shear capacity increased as axial load increased.
They concluded that ultimate load is highly sensitive to the quantity of axial load applied to the

wall. They further observed that increasing axial load increased the lateral stiffness of the wall
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panels. Increasing the axial load also exhibited more brittle failure behavior with the post-peak
load capacity falling more quickly. The walls with the lowest levels of axial load failed by toe
crushing and yielding of the vertical reinforcement. The walls with the highest axial loads tended
to fail in shear. They concluded that the ductility and failure behavior of the wall are both also
sensitive to the axial load on the wall. They recommended that the axial load be less than 5 percent

of the compressive strength of the wall to avoid brittle failure.

5.6.3 Minaie

Minaie (2009) tested eight full-scale masonry shear walls at Drexel University. The walls
were tested under quasi-static, cyclic loading under displacement-controlled conditions. Four of
the walls were fully-grouted and four were partially-grouted. Two of the fully-grouted walls were
constructed of clay masonry and the other walls were constructed of concrete masonry. All of the
walls had the same aspect ratio, reinforcement pattern, and displacement loading history. Minaie
investigated and compared the effects of full and partial grouting, concrete and clay masonry,
cantilever and fixed-fixed constraints, mortar type, and axial stress on masonry walls.

Minaie tested his wall specimens using the test setup shown in Figure 5.8. Within the
partially-grouted group, he used either portland cement/lime-based mortar or masonry cement-
based mortar and applied either a vertical axial load of 100 psi or zero based on net area. For walls
with no axial loading, Minaie applied a moment load to the top of each wall to create a fixed-fixed
boundary condition and move the inflection point to the middle of the wall. Within the fully-
grouted subgroup, he used either concrete masonry units or clay masonry units bonded together
with either portland cement-lime mortar or masonry cement mortar. All of the wall specimens had
the same reinforcement design.

Minaie used 3D finite element models to model the in-plane and out-of-plane response
of this specimens. He used shell elements to model the face shell, webs, and mortal joints of
the masonry units, solid elements to model the grouted units, and beam elements to model the
reinforcement. He used the Concrete Damaged Plasticity Model from Abaqus (see also Lubliner
et al. 1989; Lee and Fenves 1998) to simulate the nonlinear response of the units, mortar, and grout.
A key parameter in the finite element analysis of concrete members that governs the hysteretic

plastic response is the dilation angle. Minaie varied the angle from 20 to 40 degrees and determined

89



1560 kN Actuator < 3860 mm (152 inf———

(350 Kips)
il [ [ W 1T T Jf [ 11
= @l
Horizontal o Vertical
Reinforcement Reinforcement

Actuator = 2640 mm (104 in)
Tiedowns
RC Foundations - Actuator
Y
Strong Floor Grouted Cells

B SR A S A A A PR R
Figure 5.8: Test setup from Minaie (2009)

that the dilation angle has a significant effect on the shape of the hysteretic loops. He compared
the simulated and experimental hysteretic responses and chose an angle of 38 degrees for use
in his models. Minaie validated the results from his finite element models with those from his
experimental tests.

The principle objective of Minaie was to establish the crucial behavioral mechanisms and
seismic vulnerabilities of reinforced masonry shear walls. Most notably, Minaie sought to bridge
the knowledge gap between partially-grouted and fully-grouted walls. He did this using both
experimental and numerical methods. Using the test parameters from each wall, he used the MSJC
shear equation to calculate the predicted shear strength for each of his test specimens and compared
them to the experimental results. He then constructed finite element models for his specimens and
compared the analytical strength, hysteretic plots, and behavior to those of the experiment.

Minaie determined that the MSJC strength design shear strength equations significantly
over-predicts the capacity of partially-grouted walls (i.e., is un-conservative). He concluded that
part of this is because the behavior of partially-grouted walls is more analogous to that of infilled
frames. The equation becomes more unconservative for partially-grouted walls as the shear wall

area increases, as the aspect ratio decreases below 1.0, and as the spacing of both the vertical and
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horizontal reinforcement increases. Conversely, the equation becomes more conservative as the
wall area decreases, as the aspect ratio increases, as the axial stress increases, and as the horizontal
reinforcement ratio increases. Minaie concluded that the equation is sufficiently accurate for fully-
grouted walls.

Minaie obtained conflicting results for the effect of mortar formulation on partially-grouted
wall shear strength. His data showed that for partial grouting, the MSJC equation over-predicts the
shear strength of walls with masonry cement-based mortar more than that of walls with portland
cement/lime-based mortar. However, examination of this test determined that an f;, value of 2,500
psi was used for the MSJC equation for both the PCL and MC walls. It is unlikely that the walls
would have the same shear strength since the MC mortar had a lower compressive strength. This
could have been verified through un-grouted prism tests, but no prisms test data (grouted or un-
grouted) could be found in his report. He concluded that mortar formulation has a negligible effect
on the strength of fully-grouted walls because the strength contribution from the grout is more
significant than that from the mortar.

Minaie (2009) concluded that the finite element model combined with the concrete damage
plasticity model is an appropriate analytical model to use in modeling the bi-directional perfor-
mance, cracking pattern, and failure modes of both fully- and partially-grouted walls. He deter-
mined that the best results were obtained by using a dilation angle of 38 degrees and that the
maximum value should be used for the damage variables at each strain level. Judging by the nar-
row scope of his research, further modeling would need to be performed on other test results to
determine whether these parameters are widely applicable to masonry walls as a whole or whether

they vary as functions of other variables.

5.7 Washington State University

57.1 Nolph

Nolph (2010) and Nolph and ElGawady (2012) tested six full-scale concrete masonry shear
walls at Washington State University. The walls were all tested under displacement controlled,
in-plane loading conditions using the test frame pictured in Figure 5.9. One of the walls was fully-

grouted and the other five were partially-grouted. All of the walls had the same aspect ratio and
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axial loading and had comparable vertical reinforcement ratios. Nolph investigated the effects of
horizontal shear reinforcement ratio, grout horizontal spacing, and partial grouting on the perfor-

mance of masonry shear walls.
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Figure 5.9: Test frame from Nolph (2010)

Nolph varied the horizontal reinforcement ratio, grout horizontal spacing, and grouting dur-
ing his tests. The horizontal reinforcement ratios investigated were 0.085 percent, 0.120 percent,
and 0.169 percent. The vertical reinforcement spacings he used were 24, 32, or 48 inches (610,
813, or 1220 mm). One fully-grouted wall was constructed using identical reinforcement parame-
ters as the partially-grouted control specimen. All walls contained a bond beam at mid-height.

Nolph constructed strut-and-tie models to investigate the validity of the method’s results
with his experimental results. In each model, the grouted reinforcement cells act as tension ties
and the ungrouted masonry act as compressions struts. ACI 318-08 states that for each strut, the
strut angle a—the angle between the strut and the horizontal ties—must be between 25 and 65
degrees. In some of the specimens, the constraints allowed two or three alternative strut-and-tie
models capable of modeling the walls. In such cases, Nolph analyzed all models and reported the
detailed results of the most conservative model.

The principle objective of Nolph was to investigate whether the MSJC strength design
equation for the shear strength of masonry walls is accurate for partially-grouted masonry walls.

Using the test parameters from each wall, he used the MSJC equation to calculate the predicted
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shear strength for each of his test specimens. He also investigated the applicability of shear strength
equations from Fattal (1993) and the New Zealand Standard (Standard Association of New Zealand
(NZS), 2004). A second objective was to analyze the effectiveness of strut-and-tie modeling in pre-
dicting the shear strength of partially-grouted masonry shear walls. After the tests were performed,
he compared the results with the predicted values from the MSJC strength design equation, the
other shear equations, and his strut-and-tie models.

Nolph determined that the MSJC equation over-predicted the shear strength of the partially-
grouted wall with 48 in. (1220 mm) grout horizontal spacing and was adequate for grout hori-
zontal spacings of 32 in. (813 mm) or less with horizontal reinforcement ratio of 0.085 percent.
He observed that the Fattal (1993) equation was fairly accurate for only one specimen, was un-
conservative for four of the specimens, and was overly-conservative for the remaining specimen.
He judged that the Fattal equation was better than the MSJC equation, but not sufficiently enough
to replace it. The NZS equation produced results that were similar to those of the MSJC. He con-
cluded that the strut-and-tie model was a good predictor of the partially-grouted walls, predicting
values within -14 percent to +8 percent of measured peak shear strength.

Nolph observed that for grout horizontal spacing of 48 inches, (1220 mm) there is a thresh-
old between 0.085 percent and 0.1 percent horizontal reinforcement ratios after which the effect
on ultimate shear strength is negligible. He observed that walls with ratios greater than this thresh-
old experienced failure of the masonry before yielding of the reinforcement. This is not ideal for
design because failure initiates quickly as brittle shear cracking and crushing of the masonry units.

Nolph observed end shell splitting in two of his specimens and similar cracking patterns in
the remaining specimens. This cracking pattern matches those characteristic of anchorage prob-
lems where the horizontal shear reinforcement are hooked around the vertical reinforcement. He
notes that a 180-degree hook in a #5 reinforcing bar barely meets the clearance criteria inside of an
8-inch (200 mm) concrete masonry block. Nolph suggests that in this case the cover requirements
may not be sufficient and that a limit on horizontal shear bar size should be considered.

Lastly, Nolph briefly comments on some evidence that during the tests, partially-grouted
specimen plane sections did not necessarily remain plane, though not enough data were gathered
to validate that claim. This claim is likely true because tests of deep beams exhibit this type of

behavior. He notes that this behavior is more characteristic of masonry infill panels.
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5.7.2 Elmapruk

Elmapruk (2010) tested six full-scale partially-grouted concrete masonry shear walls at
Washington State University (WSU). All of the wall specimens had the same aspect ratio, vertical
reinforcement ratio, and axial loading. Elmapruk investigated the effect of horizontal shear rein-
forcement ratio and the horizontal spacing of grouted flues on the performance of partially-grouted

masonry shear walls using the test setup shown in Figure 5.10.
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Figure 5.10: Test frame from Elmapruk (2010)

Elmapruk varied the horizontal reinforcement ratio and grout horizontal spacing during his
tests. The horizontal reinforcement ratios investigated were 0.127, 0.180, and 0.254 percent. The
vertical reinforcement spacing he used was 24, 32, or 48 inches (610, 813, or 1220 mm) and all
walls contained a bond beam at mid-height. Elmapruk used two control specimens to validate the
replicability of the tests. Elmapruk’s tests were similar to those of his associate Nolph (2010) at
WSU, except that his study used slightly shorter specimens.

Elmapruk constructed strut-and-tie models to investigate the validity of the method with
his experimental results. Within each model, the grouted reinforcement cells act as tension ties
and the ungrouted masonry act as compressions struts. ACI 318-08 states that for each strut, the
strut angle ¢—the angle between the strut and the horizontal ties—must be equal to or between

25 and 65 degrees. In for some of his specimens, this constraint permitted two alternative strut-
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and-tie models capable of modeling the walls. In such cases, ElImapruk constructed and analyzed
both models and compared their results to those from his tests to determine which model most
accurately represented the real-life conditions.

The principle objective of Elmapruk was to investigate whether the MSJC (2013) strength
design equation for the shear strength of masonry walls is accurate for partially-grouted masonry
walls. Using the test parameters from each wall, he used the MSJC equation to calculate the
predicted shear strength for each of his test specimens. Additionally, he calculated predicted shear
strengths using the equation proposed by Nolph (2010). His second objective was to analyze the
effectiveness of strut-and-tie modeling in predicting the shear strength of partially-grouted masonry
shear walls. After the tests were performed, he compared the results with the predicted values from
the MSJC strength design equation, the Nolph (2010) equation, and his strut-and-tie models.

Elmapruk observed that the MSJC equation significantly over-estimates the shear strength
of partially-grouted masonry shear walls. He observed that Nolph’s equation more accurately
predicted the shear strength for his specimens within —7 to +12 percent of the measured peak
shear strength. He also observed that strut-and-tie modeling was more effective, predicting values
within £20 percent. He provided no discussion as to why his analytical strut-and-tie models were
more variable than Nolph’s empirical equation. It is likely that Nolph’s equation may have applied
well to Elmapruk’s experimental data because the test materials, construction, and test setup were
similar.

Elmapruk proposed that there is a threshold for the horizontal reinforcement ratio at which
any increase in reinforcement ratio yields no increase in shear strength. For higher reinforcement
ratios, failure initiates in one of the compression struts rather than by yielding the reinforcement, as
one would expect. It appears that he based this conclusion on his strut-and-tie model analysis since
his experimental data only shows a linearly increasing regression for pj versus V,. It is possible
he validated his conclusion through visual inspection of his specimen failure modes and through
his research into the experiment work of Nolph (2010), though he did not explicitly state how his
conclusions were founded. Nolph’s tests did show decreasing shear strength for higher horizontal
reinforcement ratios.

Elmapruk observed an inverse relationship between grout horizontal spacing and lateral

shear strength. The specimens having grout spacing of 24 or 32 inches had the same peak net area
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shear stress. This means that the increase in shear strength was caused by the increase in specimen
net shear area, and that the geometry had negligible effect on the shear strength. The specimen
having a grout spacing of 48 inches had a lower peak net area shear stress because failure initiated
in the yielding of the reinforcement. Decreasing the grout horizontal spacing causes the initial
failure mode to transition from yielding of the reinforcement to crushing of the masonry, increasing

strength but decreasing ductility.

5.8 International Testing Programs

5.8.1 Tomazevi¢, Lutman, and Petkovic¢

TomaZzevicC et al. (1996) tested 16 pairs of half-scale partially-grouted hollow concrete ma-
sonry walls. The walls were constructed from seven courses with reinforcement in the exterior
cells only and horizontal reinforcement placed in every bed joint. The geometry of the walls was
designed for shear behavior, but the vertical reinforcement was designed for ductile flexure be-
havior. The purpose of the study performed by TomaZeviC et al. was to compare the influence of
the four different loading histories, of static versus dynamic loading, and of two different verti-
cal stress levels on the behavior of partially-grouted walls. The study was designed with sixteen
unique combinations of the tests parameters and each of the sixteen test conditions was replicated
on two wall specimens, for a total of 32 specimens tested.

The walls were tested using four different loading types, one monotonic and three distinct
displacement time histories, all of which were displacement-controlled. TomazeviC et al. used
three cyclic time loading histories. The first cycle loading history (procedure B) consisted of cyclic
lateral displacements grouped into three repeated amplitude cycles. The displacement amplitude
increased with each subsequent group. In the second loading history (procedure C), the loading
time history was based on that developed for TCCMAR by Porter (1987) described previously. The
last loading history (procedure D) used the simulated seismic response of a three-story masonry
building subjected to an earthquake time history during a previous experiment (TomaZevi¢ and
Velechovsky, 1992).

The static and dynamic monotonic tests were performed using loading rates of 0.033 and

80 mmy/s, respectively. The static cyclic tests (types B, C, and D) were programmed based on a
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frequency of 0.004 Hz, or a period of 250 sec. The dynamic cyclic tests were programmed based
on a frequency of 1 Hz, or a period of 1 sec. This value was chosen because it corresponds to
the natural period of vibration for a five- to six-story masonry structure in the nonlinear range of
vibration.

They observed that the stepwise-increasing cyclic loading (procedure B) produced the best
agreement with the calculated strength values for the walls. The TCCMAR and simulated seismic
loadings (procedures C and D) produced good agreement with the calculated values whereas the
monotonic loading (procedure A) produced a much larger disparity between measured and calcu-
lated results. They noted that this can be explained by the fact that the derivation of the strength
equations was made using stepwise-increasing cyclic loading tests.

Tomazevic et al. concluded that the use of different lateral load histories and procedures can
create significant differences in test results in partially-grouted masonry walls. They concluded that
cyclic loading should be used to obtain the most reliable data about the degradation of strength and
stiffness and about the energy dissipation capacity of masonry walls. They concluded that cyclic
test procedures B and C were nearly equivalent. However, strain rate and precompression load

must be taken into account to modify the test results.

5.8.2 Haider

Haider (2007) tested fifteen full-scale masonry shear walls at the Central University of
Queensland in Australia. The testing program consisted of two sets of specimens. The first set of
specimens included five pairs of partially-grouted masonry walls with each pair having a distinct
distribution of vertical reinforcement and one unreinforced specimen. The second set of specimens
included two more pairs of partially-grouted masonry walls with differing shear span ratios. All
walls were constructed from hollow clay brick with portland cement/lime-based mortar. Each
reinforced wall contained four N12 (12 mm diameter) steel bars which were grouted within their
respective cores.

The purpose of the research was to increase the understanding of the structural behavior
of wide-spaced reinforced masonry walls and to verify the prescriptive provided in the AS 3700

(2011). Haider defines wide-spaced reinforced masonry walls as partially-grouted walls in which
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the reinforcement is in the vertical direction only. Haider refers to wide-spaced reinforced masonry
walls with reinforcement only in the end cells as end-core reinforced masonry walls.

In his experimental design, Haider decided to test a single design parameter in his first
set of specimens—reinforcement distribution. He then constructed a finite element model using
micro-modeling techniques and used the experimental data to calibrate his model. The second set
of specimens was constructed and tested to validate his model for specimens of different aspect
ratios and precompression stresses. The model was then used to perform a sensitivity analysis of
the other design parameters on the behavior of wide-spaced reinforced masonry walls.

Walls were tested using either reversed-monotonic or stepwise-increasing cyclic loading.
The first wall in each of the first four pairs was tested using monotonic lateral loading. The data
from the first wall was then used to determine the cyclic loading history for the other wall in the
pair. Walls in the remaining groups were all tested using monotonic loading. All walls in the first
test group were subjected to a constant vertical axial load of 0.50 MPa. The walls in the second
test group were subjected to a vertical axial load of either 0.25 MPa or 0.04 MPa. The walls were
fixed at their bases and their tops were permitted to rotate normal to the plane of the wall.

Haider observed that aspect ratio has a large effect on shear capacity of partially-grouted
walls, but that precompression stress only has a marginal effect on shear capacity. Overall, he ob-
served that geometric properties have a greater effect on the structural behavior than the variability
in material properties. He that AS 3700 (2011) over-predicts shear capacity by 30 percent whereas
the finite element model over-predicts strength by only 3.1 percent.

His analysis showed that shear stresses were concentrated in the diagonal region of the
wall irrespective of the distribution of vertical reinforced cores in the wall for the wall with aspect
ratio of 0.84. He further showed that partial grouting introduces discontinuities to the shear flow
within the wall, but does not affect the diagonal failure planes. He found that for walls with smaller
aspect ratios, cracks tend to propagate diagonally from the corners and included horizontal cracks
between two of the intermediate reinforced cores.

Haider (2007) concluded that partially-grouted masonry walls are about 30 percent stronger
and more ductile than unreinforced walls. He observed that reinforced cores at the ends of the
wall prevent the wall from exhibiting a rocking-type failure mode. He further concluded that the

FE algorithm using macro masonry material model, the damaged plasticity concrete model, and
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the compression-disabled reinforcement bar model can be an effective numerical technique for

modeling partially-grouted masonry walls.

5.8.3 Voon

Voon and Ingham (2006) and Voon (2007) tested ten reinforced masonry walls at the Uni-
versity of Auckland, New Zealand. Two of the walls were partially-grouted and the remaining
walls were fully-grouted. Neither partially-grouted specimen contained shear reinforcement, but
both contained different amounts of vertical reinforcement. Voon and Ingham used three axially
loading conditions on the fully-grouted specimens (0, 0.25, and 0.50 MPa) but the partially-grouted
specimens were not loaded axially. The purpose of the Voon and Ingham study was to investigate
concrete masonry shear strength to assess the validity on the new shear equation in the Standard
Association of New Zealand (NZS) (2004) code. All walls were tested using stepwise-increasing

cyclic loading using the test setup shown in Figure 5.11.
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Figure 5.11: Test frame from Voon and Ingham (2006)

Voon and Ingham compared his experimental wall shear strengths to those predicted by
Standard Association of New Zealand (NZS) (2004) and NEHRP (1997). He observed that the
NEHRP (1997) equation did a better job predicting the experimental shear strengths than the 1990
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Standard Association of New Zealand (NZS) equation. In one case, the NEHRP expression over-
predicted the shear strength because it did not account for shear strength reduction in plastic hinge
regions. In the two partially-grouted walls, both equations significantly under-estimated the shear
strength. Part of the reason may stem from the New Zealander practice of only including the face

shell areas in the shear area and neglecting the areas from the grouted cores.

5.8.4 Maleki

Maleki (2008) tested fourteen half-scale masonry shear specimens at McMaster University
in Canada. Nine of the specimens were square wallettes tested using diagonal compression and five
were tested under cantilever shear conditions. The nine wallettes were divided into three groups
of three specimens each. The first group was fully-grouted, the second was partially-grouted,
and the third was ungrouted. The two reinforced groups were contained reinforcement along their
perimeters. The five cantilever walls were designed and constructed with differing aspect ratios and
reinforcement patterns. For each wall the horizontal reinforcement ratio was maintained between
0.04 and 0.05 percent.

The objective of Maleki’s study was to test the performance of partially-grouted masonry
shear walls with reinforcement spacing greater than the limits imposed by the CSA S304.1 (2004).
This was done with the intent to try to relieve some of the limitations imposed on partially-grouted
masonry. He divided his research into three sections—the development of a finite element model
for partially-grouted masonry, a study for validation of the model, and modification and use of the
model for simulation.

Maleki observed that the partially-grouted square wallettes were able to maintain their in-
tegrity after diagonal cracking. Additionally, the partially-grouted wallettes also showed some
post-cracking strength increase with peak strength slightly greater than the cracking strength. Fail-
ure initiated by crushing grouted masonry at the loaded corners. The fully-grouted and ungrouted
wallettes also experienced diagonal cracking; however, the ungrouted specimens showed a shear-
sliding failure mode whereas the grouted specimens all showed a stepped-pattern failure mode.
Unlike the partially-grouted wallettes, the fully-grouted and ungrouted wallettes showed no post-

cracking strength increase.

100



The first four walls experienced a shear mode of failure exhibited by an absence of yielding
in the vertical reinforcement. The fifth wall experienced a combined shear-flexure mode of failure
in which diagonal cracking and yielding of the vertical reinforcement were observed. Maleki
compared the measured experimental strengths to those calculated using the Canadian masonry
standard CSA S304.1 (2004) for each wall. He concluded that the CSA provisions agreed closely
with the results of his tests. For the walls that failed in the shear mode, he determined that the
calculated shear strength was less than the calculated flexural strength, confirming that shear was
the appropriate mode of failure.

Maleki (2008) observed that the shear capacity is not significantly influenced by the spacing
of the reinforcement. However, he observed that the shear capacity is very sensitive to the aspect
ratio of the wall and that they are negatively correlated. He remarked that walls with higher aspect
ratios experience greater moment forces at the base due to their greater height and moment arm.
This causes flexural deformations and stresses to have a higher participation in behavior of the

wall. He observed that the walls with lower aspect ratios exhibited greater initial stiffness.

5.8.5 Kasparik

Kasparik (2009) built and tested six reduced-scale masonry shear walls at McMaster Uni-
versity. Due to reinforcement anchorage problems in two specimens, Kasparik omitted the two
tests from his analysis and discussion. The walls were all tested under simulated earthquake con-
ditions corresponding to the 1940 EI Centro earthquake N-S component. All of the walls were con-
structed of scaled concrete masonry units and had the same aspect ratio, axial loading, and loading
procedure. Kasparik chose an shear span ratio of 1.9 to force his specimens to fail in flexure. For
this reason, his specimens contained no horizontal shear reinforcement. Kasparik investigated the
effects of vertical reinforcing pattern and ratio on the performance of partially-grouted shear walls
failing in flexure.

Kasparik grouped his walls into three types according to vertical reinforcement ratio and
distribution. The three reinforcement ratios used were 0.12 percent, 0.17 percent, and 0.20 per-
cent. All three of these ratios are less than that permitted by the Canadian masonry standard CSA
S304.1 (2004). All three groups contained reinforcement in the end cells and the second group also

contained reinforcement in the center core since it had a lower spacing of vertical reinforcement.
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Kasparik observed that, in general, the walls were all dominated by rocking-type behavior.
This initiated with the formation of a continuous horizontal crack and subsequent separation of
masonry along the bottom part of the wall. The horizontal cracks were located in a bed joint
somewhere between the first and fourth course, depending on the wall. This was undoubtedly
caused by the high shear span ratio of 1.9 used by Kasparik for his specimens. The initialization of
this flexural mode of failure increased the energy dissipation capacity of the wall specimens such
that the actuator capacity was not sufficient to induce failure in any of the specimens.

The average measured yield strengths for each of the three groups were 88, 102, and 67
percent of the calculated yield strength, respectively. He observed that stiffness degradation started
at about 0.02 percent drift for all of the wall specimens. The initial stiffness of the walls ranged
from 16 to 32 percent of the calculated stiffness for each wall. He observed that generally, the
period linearly increased as the lateral drift increased. Lastly, the ductility factors for his wall
specimens were based on an idealized bilinear curve. The ductility factors for the walls ranged
from 1.9 to 2.6.

Kasparik (2009) made no conclusions for the general behavior of partially-grouted walls.
Though not explicitly stated, the reason for this could be implicitly deduced from the fact that
none of his specimens were tested to complete failure. He recommended that further research
be conducted in which the walls are tested to failure and in which a greater number of design

parameters are tested.

5.8.6 Haach, Vasconcelos, and Lourenco

Haach et al. (2010a) tested eight half-scale masonry walls at the University of Minho in
Guimaraes, Portugal. Seven of their specimens were partially-grouted and the remaining specimen
was unreinforced. Their tests were unique from other partially-grouted masonry tests for two rea-
sons. First, they used truss-type wire reinforcement for both horizontal and vertical reinforcement.
Second, they used a custom portland cement-based mortar mix (with no lime) for both the mortar
joints and grouting the reinforcement. This mortar mix was previously developed by Haach et al.
(2007, 2010b). All tests were performed using lateral stepwise-increasing cyclic loading.

The purpose of their study was to test the use of truss-type wire reinforcement for both

horizontal and vertical reinforcement. The parameters that Haach et al. tested were vertical and
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horizontal reinforcement ratios, vertical axial load, and bond pattern using the test frame shown in
Figure 5.12. The two bond patterns investigated were interrupted running bond—where a contin-
uous vertical joint is located at each core containing vertical reinforcement—and standard running
bond. Haach et al. constructed their specimens using three-core blocks with frogged ends. This
allowed them to place the vertical reinforcement in either the center core of a block or between
two adjacent blocks in the core formed by the two frogged ends. All horizontal reinforcement was

laid in the bed joints of the walls.
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Figure 5.12: Test frame from Haach et al. (2010a)

Haach et al. observed that neither the vertical nor the horizontal reinforcement had any in-
fluence on the flexural cracking load. However, they concluded that diagonal cracking was clearly
influenced by the vertical reinforcement. The inclusion of vertical reinforcement delayed the for-
mation of diagonal cracks and lead to a 50 percent higher lateral load capacity than walls without
vertical reinforcement. The vertical reinforcement also helped prevent the opening and propagation

of horizontal flexural cracks throughout the wall panel.
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Their tests further confirmed the findings of other researchers (Shing et al., 1989; Schultz
et al., 1998) in that horizontal reinforcement has no influence on the lateral cracking load. Hori-
zontal reinforcement is not effective with horizontal cracking patterns, meaning it has no influence
in the cases of flexural or sliding-shear failures. They also observed that vertical axial load had the
most significant effect on lateral cracking load.

Haach et al. observed that the walls in this program failed predominantly in the flexural
mode. This was evident by the presence of toe crushing in the specimens and the low contribution
of the horizontal reinforcement to the lateral strength of the walls. Comparison of the experimental
and analytical lateral strengths of the walls also confirmed that the flexural mode governed. How-
ever, it should be noted that diagonal shear cracking was present in the wall panels, suggesting that
a combined flexure-shear mode of failure may have taken place.

Haach et al. (2010a) concluded that in the case of their proposed reinforced masonry sys-
tem, the bond pattern at the reinforced cores has no significant influence on the performance of the
wall. They concluded that higher values of precompression lead to overall higher lateral strength
but decrease the effectiveness of the reinforcement, leading to a more brittle failure. They con-
cluded that the effectiveness of the horizontal reinforcement is linked to the presence of vertical
reinforcement. They devised that vertical reinforcement delays the formation and propagation of
horizontal flexural cracking, enabling the wall to develop diagonal cracking and to fail more in a
shear mode than in a flexural mode.

They further remarked that that horizontal reinforcement ratio does not appear to influence
the lateral strength, but this may have been due to toe crushing in the walls not permitting the walls
to attain their full shear capacity. They concluded that horizontal reinforcement helps prevent
the localization of cracks, enabling a more distributed spreading of cracks and stresses and larger

non-linear lateral deformations.
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CHAPTER 6. DATASET ASSEMBLY

6.1 Introduction

Meta-analysis requires that the constituent data are collected and scrutinized systematically
and that they are synthesized together. Within the literature it appears that all studies reviewed
have been systematic in their design and execution, though the methodologies used in testing
the specimens and reporting the data have varied between studies. To synthesize the data is to
objectively correct for variations in measurement and reporting methodologies and choose the

criterion for weighting the individual specimens.

6.2 Data compilation

The first step in developing the three approaches for shear strength prediction was to com-
pile data from the existing field of data. This step was conducted concurrently with the literature
review. The end goal of this primary step was to collect sufficient quantitative and qualitative
data about the behavior of masonry shear walls for use in developing the three approaches for this
dissertation.

The purposes of the literature review were to understand how masonry properties affect
shear behavior and to identify potential criteria to be used in building prediction models for ma-
sonry shear strength. The literature review was primarily focused on research conducted on the
performance of masonry shear walls and reviewed the history of masonry shear wall research to
understand how researchers have arrived at the current state of knowledge in masonry shear wall
analysis and design and to understand which areas have yet to be examined. The process of re-
viewing the previous masonry shear wall research helped to clarify certain aspects of the code
equation, to understand how it was developed, and to identify its limitations and ways that it can

be improved.
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The literature review covered other ancillary topics not directly related to masonry shear
strength prediction to produce a broad knowledge base for this research program. A wide scope
is necessary to identify potential effects of other properties on masonry shear wall behavior and
performance not currently considered by the MSJC code equation. Broad knowledge of masonry
principles was necessary for the creation of standardized data reporting procedures and correction
factors for data synthesization.

Masonry shear wall research data were compiled from all available sources. As additional
research was identified through the literature review of other sources, the data from the additional
research were added to the growing collection of masonry shear wall data. Further research was
identified from searches in databases of scholarly literature. These included academic journals,
conference proceedings, theses, dissertations, and technical reports.

The data collected from each research study were gathered into a Microsoft Excel table.
Each row of the table represented the single masonry shear wall specimen and the columns of the
table represented the properties of the walls. The first approach developed herein only necessitated
that those properties required for the MSJC shear equation be collected. The open-ended nature
of the second and third approaches meant that the more wall properties that could be recorded, the
deeper and more thorough of an analysis could be performed.

The data properties and experimental strength for each specimen were extracted from the
respective research report. The data properties were primarily taken from tables listing the speci-
men details. Not all details were enumerated within the respective tables and the details missing

from the tables were extracted from diagrams, data plots, and the text itself.

6.3 Data Scrutinization

The second step was to scrutinize the initial compilation of data to select which data were
to be used in the analysis. There is no clearly defined way to determine which studies should
and should not be included in a meta-analysis; the decision relies in part on the judgment of the
researcher. Meta-analysis requires explicit mechanisms for deciding which studies to include and
which ones to exclude. The mechanisms selected for filtering the data set were the attributes of

grouting type, ultimate failure mode, sufficiency of data, and uniqueness. These attributes were
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chosen so that the data set would best represent the population of masonry shear wall failures and
to eliminate specimens that would cause foreseeable problems in the data analysis.

The first attribute examined was grouting type. Initially, this study was going to examine
only those specimens that were partially-grouted. As the history behind the current MSJC equation
was examined, it was apparent from the commentary to the 1997 NEHRP Provisions that there
was little documentation about the rationale used in assembling the current equation from two
previously proposed equations, Blondet et al. (1989) and Okamoto et al. (1987). The need to
compare the equation for both fully- and partially-grouted cases was evident to truly quantify the
difference, if any, between them.

Within this analysis, the fully-grouted walls and solid walls were treated together because
for both types the net shear area is equal to the horizontal gross cross sectional area. Similarly, the
partially-grouted and hollow (i.e., ungrouted) walls were treated together because for the two types
the net shear area is not equal to the gross area nor the net area. For purpose of classification, solid
and hollow wall definitions will follow that listed in the MSJC—that solid walls are made of units
with net area at least 75 percent of the gross area. In the case of the partially-grouted and hollow
walls, the net shear area was calculated using the recommendations in the MSJC, as outlined in
Appendix C. The practice of segregating the fully- and partially-grouted specimens is in keeping
with the conclusions made by Nolph (2010).

Further scrutinization revealed that many shear wall tests exhibited flexural failure modes.
Masonry walls failing in flexure generally exhibit greater ductility than those failing in shear, but
also fail at loads less than the shear capacity. For this reason those walls failing in flexure were
excluded from the analysis because they would artificially decrease the mean experimental-to-
predicted strength ratio, making the MSJC equation appear more unconservative. This practice
is the same as that used in the previous data analyses of Blondet et al. (1989) and Anderson and
Priestley (1992).

Relatively little has been written about the difference between sliding shear and diagonal
shear failures. The principal difference between the two is that the former tends to occur in cases
of low vertical axial load and the latter in cases of higher axial load. Due to the current gap

in knowledge concerning this subject and the present lack of a separate equation for predicting
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sliding shear capacity, this research will group both sliding and diagonal shear failures together as
non-flexural failure types and will include both in the analysis.

Some tests did not provide enough data for complete analysis because the author omitted
information required for predicting the shear strength. One common example is that many authors
either did not test masonry prisms as part of their study or they did not report the masonry prisms
strength. This was more common in older studies that took place before prism testing became
standardized, but some more contemporary tests also neglected this important detail in their re-
port. Among those papers missing masonry prism data, the vast majority included strengths of
the constituent materials. Other examples of omitted information include missing prism height-to-
thickness ratios, missing geometrical data, and missing failure modes.

It was decided that it would be better to estimate missing data (where possible) than to elim-
inate those specimens. The inclusion of a greater number of specimens increases the degrees of
the freedom in the statistical analysis, increases the breadth of the parameters studied, and makes
the sample more representative of the overall population. Since the equation consists of three
components—masonry, axial, and reinforcement—an educated estimate affecting one portion of
the equation would have only a limited effect on the overall accuracy of the whole equation for that
given specimen. Furthermore, given the large variation that is present measuring masonry material
strengths (Blume and Proulx, 1968), it was judged that estimated data determined using a regres-
sion model would likely not contain much more variation than the measured data. Those specimens
with missing parameters that were deemed to be estimable were retained whereas that that were
not were excluded from the analysis. Details of each of the parameter estimation procedures are
outlined in Appendices C and D.

As the data set was expanded, several specimens were suspected of being duplicates of
other specimens already included in the data set. This was more evident in cases where two reports
including the same author(s) listed specimens with identical identifiers. In a few cases, articles or
reports with difference authors reported the results from the same specimens. It was important to
remove the duplicate specimens from the data set so that they would not exact undue influence on
the analysis results and so that the specimens could be more accurately sub-grouped together to

determine their respective weightings.
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To identify duplicate reporting of specimens, tests from articles and reports were compared
using specimen names, dimensions, and experimental shear values to identify and eliminate dupli-
cates from the data set. In a few select cases, the reported results from a specimen were duplicated
in more than one report, but there was a discrepancy between them. If the results were published
in more than two reports, then the value that was most consistent between the papers was assumed
to be the correct value. In the situation were the results were only published in two publications,
then it was assumed that the more recent publication contained the correct values. This latter as-
sumption was based on the thought that any error in earlier publications would have be recognized

and corrected in the subsequent publication.

6.4 Data Synthesization

Meta-regression requires that disparate indices be converted to a common index before pro-
ceeding with the analysis (Borenstein and Hedges, 2009). Within the data set the principal indices
that differed between specimens were the testing, measuring, and reporting methodologies used
by the many researchers to report their findings. These differences between the data of difference
research studies can be reduced by synthesizing the data based on standardized methodologies.
This could be thought of as making the data to appear as though it had come from the same study.

Synthesization is an important step to minimize the variation in data between studies and,
hence, the total variation within this analysis. The variation within individual studies is treated
later in each analysis through the use of weighting. As no standardized methodology was available
for reporting masonry shear wall data, it was necessary to formulate standard reporting procedures
for use in this analysis. The development of these standardized procedures is detailed in Appendix
C of this paper and Dillon and Fonseca (2014b).

With standards in place, the next step was to correct the data that did not conform to the
standards. It was necessary to formulate a methodology for correcting non-conforming data to
each new standard. Methodologies were needed for prism strength estimation, inflection height,
net shear area, prism aspect ratio, shear reinforcement, loading patterns, loading rates, and experi-

mental shear strength reporting.
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6.4.1 Prism Geometry

The MSJC (2013) code equation bases the determination of f, on ASTM C1314, which
sets a standardized prism aspect ratio of two. This choice of prism aspect ratio is different from that
of other nations and is different from many American-tested specimens reported in the literature
(Korany and Glanville, 2005). In assembling the data set used in this analysis, the standardized
prism aspect ratio of five is used because research has shown that it better represents the com-
pressive strength of the masonry in the field (Boult, 1979; Hegemier et al., 1978). Apart from the
logical reasons, the use of a standard aspect ratio of five would lessen the quantity of specimens that
would need to be corrected since five was the most commonly used ratio reported in the literature.

The prism aspect ratios were compared from four standards: ASTM C1314 (2014), CSA
S304.1 (2004) Annex D, BS 5628-2 (2000) Appendix D, and AS 3700 (2011) Appendix C. Since
the ASTM standard was the only one to use a standard aspect ratio other than five, the correction
factors in ASTM were converted to the equivalent value assuming a standardized aspect ratio of
five. All four of the standards permit linear interpolation of aspect ratios for non-integer values.
The values for the four standards together with the average value are plotted in Figures 6.1a and
6.1b for ease of comparison.

A function was determined that correlated well with the mean of the four sets of correction
factors. The true mean was only piecewise differentiable and three functions would be required to
model it perfectly. It was decided that to use a continuously differentiable function with a good
fit to model the mean factor would be more than sufficiently accurate. A smooth function is also
likely to be more representative of the actual prism performance than a piecewise function.

First, the data were transformed such that the data point corresponding to an aspect ratio of
5.0 and a correction factor of 1.0 became the new coordinate origin. This was done by subtracting
the aspect ratio from 5.0 and subtracting the respective correction factors from 1.0. The three data
points away from the new origin were then transformed using the logarithmic function. The point
at the origin was omitted because the logarithm of zero is undefined and the transformation would
guarantee that the function would pass through this point. Linear regression was performed on

the three transformed data points to find two regression coeflicients. The regression model for the
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Figure 6.1: Comparison of prism correction factors
mean prism strength correction factor k£ was untransformed to produce

1.07
k=1-0.058 (5 - 7) 6.1

where % is the aspect ratio of the prism.

111



Equation (6.1) deviates from the mean correction factor from the four codes by at most
0.3 percent, is within the precision of this analysis, and produces values closest to those specified
in ASTM C1314 (2014). Other regression equations were examined, but Equation (6.1) had the

highest correlation with the mean of the factors specified in the four codes.

6.4.2 Prism strength estimation

As reported in Appendix C, there were many studies in which the prism strength was not
reported but included the strengths of the constituent materials. Currently, the underlying principles
of masonry prism behavior are fairly well understood at a qualitative level but the high variability of
prism data have made it difficult for researchers to formulate predictive equations for prism strength
based in the strengths of the constituent materials. In order for these studies to be included within
the analysis, equations were formulated to estimate prism strength from the constituent material
strengths provided by the respective researchers.

The estimation of prim strength is likely to introduce measurement error into the analysis
due to the high variability of masonry prism strengths. Including a greater number of specimens
means that a larger domain of testing parameters would be included in the analysis. A larger
domain of specimen parameters would make the results more representative of a larger portion
of the masonry shear wall population. Since the results of this analysis are intended to cover the
entire masonry shear wall population, it was judged more valuable to the analysis to analyze a
greater number of specimens by including those with estimated f,, values than to reduce possible
measurement error by excluding them.

Masonry prism tests typically demonstrate high variability, with a coefficient of variation
of 10 percent or lower considered to be good (Blume and Proulx, 1968; CSA S304.1, 2004). Much
of this variability can be attributed to defects introduced during the assembly and handling of
the prisms. The unknown measurement error introduced by estimating f, values for specimens
is assumed to be less than that of prisms because constituent material tests typically have less
variability. In fact, as better models are developed in the future to quantify the behavior of masonry
assemblages it may become more accurate and economical to estimate f, from the constituent

material properties than from testing masonry prisms.
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Any measurement error in the f, value has a reduced impact on the error of the whole
shear prediction equation. Part of this reduction comes from the use of the square root of the f;,
value. The root function has the effect of reducing any error from the term, especially at the higher
values typically used for f, . The other part is due to the fact that the f;, value is only used in
the masonry component of the shear equation. The predicted shear strengths of the axial load and

shear reinforcement components of the shear equation are unaffected by an error in the f;, value.

Data Estimation

Two linear models were developed to predict the masonry prism strengths for ungrouted
and grouted prisms, respectively. The details of how the models were developed is found in Ap-
pendix C. The selected prism strength prediction model for hollow masonry prisms is given by

f= 0636 fb0.688 fjo.317 (6.2)

m

and the model for grouted masonry prisms is given by

0.312

Fi o= 0220 (] — 00818 £ 0425 (fj 4 fb)“” (fg + fb) 6.3)

where

v = is the ratio of net to gross area,

f» = the compressive strength of the brick or block,

fj = the compressive strength of the mortar,

t = the thickness of the prism in the smallest dimension, and

f¢ = the compressive strength of the grout.

The strength values from the data set used in this study were all converted to the equivalent aspect

ratio of 2 as specified in ASTM C1314 (2014).
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6.4.3 Shear Reinforcement Area

The MSJC (2013) code specifies the contribution of the shear reinforcement to the shear

strength of the wall to be
A

Vis = 05=fd, (6.4)
s

for all reinforced masonry shear walls. Equation (6.4) has the same form as that used for reinforced
concrete but with a 0.5 factor added to the front. The NEHRP (1997) commentary noted that the
0.5 factor was an empirical factor added so that the equation would better fit the data. A detailed
discussion of this equation and the 0.5 factor is provided by Anderson and Priestley (1992) and in
Section 14.2 of this dissertation.

The A, /s portion of the equation is exactly proportional to the shear reinforcement ratio in
reinforced concrete walls where the reinforcement is equally spaced. In reinforced masonry, equal
spacing of the shear reinforcement is not always possible because it must be spaced at intervals
that are a multiple of the masonry unit height. Many experimental programs were designed such
that predetermined shear reinforcement ratios were used for different specimens. The number
of courses in the specimens was not always equally divisible by the number of reinforcement
bars needed to achieve the desired reinforcement ratio. As a result, many specimens contained
unequally spaced shear reinforcement.

During analysis of the specimens with unequal shear reinforcement spacing, the issue was
which value to use for the spacing variable s in the shear equation. The spacing is proportional to

the shear reinforcement ratio and is given by

AV Z AV

Ky h

= ot 6.5)

where p, is the shear reinforcement ratio and 7 is the specified thickness of the wall. The equalities
shown in Equation (6.5) are of particular benefit for case for when only the shear reinforcement

ratio is reported.
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6.4.4 Shear Length

Different masonry codes specify differing methods for calculating the effective shear length.
Since the first approach presented herein was to compare and, as necessary, correct the existing
MSJC masonry shear strength equation, it was necessary to use the shear length as defined by the
MSIJC code for the first approach. The MSJC defines shear length to be the entire length of the
masonry shear area in the direction of shear. Since all researchers reported the lengths of their
specimens in tabular or graphical format, there was no need to calculate or adjust shear length data
for the first approach.

The second and third approaches were less constrained in nature. The shear lengths of the
specimens were calculated using the other definitions and used in the second approach to determine
which definition best fits the experimental data. The results of this simple study are presented in

Appendix C.

6.4.5 Reported Shear Strength

In the literature, three different values have been used as the experimental shear strength of
masonry walls. One value used has been the peak loads in each of the two directions (i.e., pushing
and pulling), another has been the average of the peak load from each direction, and another has
been the ultimate load in either direction. Wall strengths from monotonic testing have been taken
as the ultimate load.

Unfortunately, many researchers reported only one of the three values though some re-
searchers reported at least the last two values. In the latter case the peak load in the weaker direc-
tion can be calculated from the ultimate and average shear loads. In light of the different values
reported, it was decided to use the average of the peak loads from the two directions for the shear
strength (Dillon and Fonseca 2014b; Appendix C).

For specimens which only the ultimate shear strength was reported, the data needed to be
adjusted to compensate for the exclusion of the peak strength in the weaker direction. A correction
factor was calculated using the data from the specimens in which both the ultimate and the average
peak shear strengths were reported. For each of these specimens, the ratio of the average peak

strength to the ultimate strength was calculated. For visualization, the histogram of the ratios
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of the average peak strength to the ultimate strength of the from the 176 specimens is shown in
Figure 6.2. The correction factor used was 0.9. Specimens that were tested monotonically are

described separately from the bidirectionally tested walls in the next section.
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Figure 6.2: Histogram of average to ultimate strength ratios

6.4.6 Loading Pattern

Researchers have used different loading patterns for testing their masonry shear wall spec-
imens, namely: monotonic, incrementally-increasing cyclic, sequential-phase displacement, and
simulated seismic. Dillon and Fonseca (2014a) explained more in-depth these different loading
patterns (see Appendix C) and showed that there is a non-significant difference in experimental
strengths between walls tested using the different cyclic loading patterns. They determined that the
monotonically tested walls exhibited an artificial increase in strength over walls tested with one of
the periodic loading patterns and further determined this increase to be statistically significant.

The shear strengths from monotonic and reversed-monotonic tests were higher than those

of cyclic tests because they did not experience cycles of strength degradation prior to their ultimate
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strength. During cyclic tests, repeated opening and closing of existing cracks and the formation
of new, more wide-spread cracking patterns occurred with increasing lateral amplitudes. As a
cyclic specimen approaches its ultimate shear strength, the strength has been reduced by the more-
widespread cracking and by repeated trituration of the aggregates along the shear cracks (Hidalgo
et al., 1979; Yancey and Scribner, 1989).

The numerical difference between monotonic and cyclic loading patterns shown in Dillon
and Fonseca (2014a) was determined through analysis on the data provided by Tomazevic et al.
(1996). The Tomazevi€ et al. study was a well-designed experiment which included two repli-
cates for each combination of variables. Other studies which used both monotonic and periodic
loading patterns were conducted by Meli et al. (1968), Woodward and Rankin (1985), and Mat-
sumura (1987). Unfortunately, these other three studies did not duplicate design variables between
the specimens that were monotonically tested with those that were not and could not be used to
determine a correction factor for monotonically tested specimens.

The data from TomaZevic€ et al. (1996) showed that monotonically tested specimens failed
at notably higher loads than similar specimens tested cyclically, resulting in a mean ratio of cyclic-
to-monotonic strengths of 0.81. The 95 percent confidence interval for this mean is bounded below
by 0.72 and above by 0.91. This interval excludes unity by a fairly large margin, denoting that the
difference is statistically significant. It should be noted that the specimens subjected to periodic
loading and high confinement stress appeared to fail in a combined flexure/shear mode whereas the
monotonically tested specimens appeared to fail predominantly in the flexural mode. The different
modes of failure suggest that the value calculated herein may not perfectly reflect the relationship
between the two loading patterns. Nevertheless, if the true value for a correction factor were
different, it would most likely be lower because the strength of the monotonically tested specimens
would have been higher if they had failed predominantly in the shear mode. Despite this potential
source of error, the correction factor of 0.81 used in this analysis represents the best estimate for

the relationship between monotonic and cyclic specimens given the limited data available.

6.4.7 Loading Rate

Masonry is subject to strain rate effects (Abrams, 1988; Paulson and Abrams, 1990; Tomaze-

vi¢ and Velechovsky, 1992; TomazeviC et al., 1996; Tomazevic¢, 2000; Williams and Scrivener,
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1974). At higher rates of strain, the strength of the masonry increases proportional to the logarithm
of the strain rate. Older studies did not specify which loading rate was used and were assumed to
have been quasi-static because they pre-dated the wide-spread usage of electronic measuring and
recording devices. In these tests the loads and displacements were read manually from dial gauges,
eliminating the possibility of using dynamic load rates.

The majority of specimens included in the data set were tested using quasi-static strain rates
while only a relatively small number were tested dynamically. Before the data could be analyzed,
the experimental shear strengths of the dynamically tested specimens needed to be adjusted to the
standardized static-equivalent strength. It was necessary to determine a correction factor for the
specimens which were tested dynamically.

Within the data set there were only twelve pairs of specimens in which the only difference
in variables was the loading rate under which the specimens were tested. These specimens were
those tested by Williams (1971), Mayes et al. (1976b), and TomaZevic et al. (1996). An initial
study of each of the three groups determined that only those from TomazeviC et al. showed a
highly statistically-significant difference between the dynamic and static tests. The lack of statis-
tical significance in the other data was attributed to the high variability of testing and recording
procedures from the older studies.

The twelve pairs of specimens from the three studies were combined to determine a mean
correction factor for the dynamically loaded specimens. The twelve dynamically tested specimens
were tested at shear strain rates within a single order of magnitude, which was deemed to be
sufficiently close for the results to be compatible. The three pairs of specimens from TomaZevic¢
et al. (1996) were given double the weighting of the specimens because TomaZevic et al. replicated
each test twice and reported the average of the two tests.

The combined, weighted mean analysis of the twelve pairs of specimens resulted in a re-
duction factor of 0.90 for the dynamically tested specimens in this data set. The statistical test
produced a P-value of 0.15 for the case of strain rate effects in masonry shear walls, which is not
quite significant by common statistical standards. However, it was determined that, in this case,
the resulting factor was representative considering the small sample size and the fact that strain

rate effects in masonry have been previously observed to exist.
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6.4.8 Scaling

Many researchers employed small-scale specimens in their experimental studies. Analysis
by Dillon and Fonseca (2014b) of the size effects in masonry concluded that the scales typically
employed by researchers for masonry shear walls were not sufficient enough to produce any no-
ticeable errors in resulting values of their analyses. They further noted that the studies would
compensate for any size effects by testing scaled masonry prisms made from the same scaled ma-
terials.

The scaled masonry shear wall research used in this analysis was scaled to its equivalent
full-scale prototype. The justification for this practice is found in Dillon and Fonseca (2014b) and
in Appendix C. The geometric (i.e., units of length) and load parameters (i.e., units of force) for
each specimen were scaled using the respective scale factor. The stress parameters for the con-
stituent materials (i.e., units of force per area) were left unchanged. In most cases the scale factor
provided by the researcher was only nominal. In each case a specific scale factor was calculated by
examining the quotient of the scaled and prototype specimen geometries. The influence of scaling
was irrelevant for the first approach because the ratio of experimental to predicted strengths was

unit-less.

6.5 Meta-Regression

Meta-regression allows data from various research studies to be analyzed together. The
benefits of meta-regression are that it allows researchers to gain the benefits of a larger pool of data,
to compensate for errors from a single study, and to increase the statistical power of the analysis.
The meta-regressions used in this analysis used weighted least squares regression techniques for
analyzing the data set. The weight for each specimen was assigned according to which subgroup

that specimen belonged and is detailed in Section 7.2.
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CHAPTER 7. DATASET GROUPINGS AND PARAMETER DISTRIBUTIONS

7.1 Summary

The procedures of data collection, scrutinization, and synthesization employed in Chapter
6 produced a dataset consisting of 353 individual specimens. This is, by far, the largest dataset of
grouted masonry shear wall specimens yet assembled for studying the behavior of shear forces in
masonry walls. A summary of the various qualitative wall attributes for the dataset is provided in
Table 7.1. The attribute that is the most evenly divided within the dataset is the type of grouting
used, where partially grouted walls account for a little over half (51%) of the specimens in the
dataset. The attribute that is the most divided within the dataset is the rate at which the walls were
loaded. The vast majority of specimens (94%) were tested under quasi-static loading due to the
extra expense and effort that is required for dynamically-loaded tests.

Most of the specimens (60%) were tested under fixed-fixed boundary conditions such that
the walls were subjected to double-curvature. It may appear that this runs counter to the claim in
Appendix C that cantilever testing is the most predominant mode of testing, but these two facts are
not in disagreement. Cantilevered walls have a higher propensity for failing in flexure compared
to walls of similar geometry tested under double-curvature conditions because the latter loading
produces shear span ratios half of that for a cantilever loading. A disproportionately larger number
of cantilever-tested walls were filtered out of the final dataset because they failed in the flexural

mode.

7.2 Specimen Groupings

The specimens were grouped together with other specimen sharing common attributes so
that the statistics of the group could be used to calculate weightings for the specimens within

each group. Common delimiters used in dividing the groups were research study, material, and
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Table 7.1: Summary of Specimen Attributes

Property Attribute Count
. Full 172
Grouting 7y - ial 181
CMU 252
Material Clay 101
Full 325
Scale Half 24
Third 4
Cantilever 141
Shape
Double-Curvature 212
Monotonic 47
Loading | Cyclic 304
Simulated Seismic 2
Quasi-static 331
Rate Dynamic 22
Shear 295
Shear/Flexure 37
Failure Sliding 13
Shear/Sliding 9
Sliding/Flexure 1
Shear/Sliding/Flexure 1

grouting. Each specimen was assigned a serial number for use in identifying the specimen. New
identifiers were created for use in this analysis because there was little to no consistency between
the identifiers used in the original studies. A unique identifier was also needed for the few cases

where two researchers from two different studies assigned the same identifier to two different

specimens.

Each identifier was constructed from a combination of ten letters and numbers. The first 4
digits were the year in which the specimen data were first published. The next 2 letters represent
the country in which the test was performed. A summary of the tests and abbreviations for each

country are given in Table 7.2. The next 2 letters represent the first two letters of the principal
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researcher’s surname. The last 2 numbers are a unique number assigned to each specimen from
that particular study. The serial numbers are non-contiguous because they were assigned before

specimens were filtered from the dataset during the scrutinization process.

Table 7.2: Summary of Specimens by Country

Country Abbrev. | Count
Australia AU 13
Canada CA 4
Japan JpP 80
Mexico MX 22
New Zealand NZ 51
Portugal PO 4
Slovenia SL 16
United States US 163

In forming the data group, the best effort was made to maintain similar attributes within
each group. The data from Matsumura (1987) consisted of such a large number of specimens that
the group was broken up further. Matsumura included data from several of his colleagues with his
own data. Japanese and English versions of his colleagues’ original research reports were found
and used to as a basis to divide the data set. The remaining Matsumura data was divided based on
the groupings already employed by Matsumura.

In a few cases, a lone specimen with a different attribute from the rest of the specimens in
that study was grouped with the rest of the data despite the attribute difference. The smallest group
that could be formed was with two specimens because at least two data values are necessary to
compute the the second central moment (i.e., variance) of the group. The options for dealing with
lone specimens was to either drop the specimen from the dataset or to add the specimen to a group
from the same study. The latter option was judged to be most beneficial to the study. In no case
was a specimen added to a group consisting of specimens from a different study. The specimen

groupings are summarized in Table 7.3.
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7.3 Distributions of Specimen Parameters

In this section, the quantitative attributes of the specimens are plotted as histograms for
each of the two grouting types. The quantitative attributes make up the input parameters used in
the shear prediction equations. Histograms were chosen because they facilitate easy visualization

of the distribution of each of the parameters in a concise format.

7.3.1 Vertical Reinforcement

Vertical reinforcement serves two primary purposed within masonry shear walls subject to
in-plane lateral loads. The first purpose of vertical reinforcement is to preclude flexural failure
of the masonry by resisting the vertical tensile forces and reducing the opening and spreading of
horizontal tensile cracks. Principles of mechanics show that the tensile stresses in the masonry
shear walls are greatest along the ends of the wall, so the exterior vertical reinforcement (in the
end cells of the wall) is most effective in resisting the flexural moment force. The interior vertical
reinforcement is not as effective because it has a smaller moment arm and is not subjected to the
same level of strain as the exterior reinforcement.

The second purpose of vertical reinforcement is to contribute to shear strength through
vertical confinement and dowel action. As shear cracks appear in the masonry panel, the vertical
confinement provided by the axial load and vertical reinforcement can help keep shear cracks
closed, increasing the friction and shear transfer across the crack. Ghanem et al. (1992) concluded
that only interior vertical reinforcement is effective in increasing the shear capacity. This is likely
due to the fact that the exterior vertical reinforcement is principally engaged in resisting the over-
turning moment of the wall.

The exterior and interior vertical reinforcement are called by different names throughout
the literature. Due to the different effects that the two types of vertical reinforcement have on
masonry shear wall behavior, herein the author will refer to the exterior vertical reinforcement as

flexural reinforcement and the interior vertical reinforcement as confinement reinforcement.
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Table 7.3: Summary of Data Groupings

’ Group ‘ Source ‘ Specimen ‘ Serial No. ‘ Material | Grouting
Muro 309 | 1968-MX-ME-09 | CMU PG
Muro 310 | 1968-MX-ME-10 | CMU PG
Muro 311 | 1968-MX-ME-11 | CMU PG
Muro 312 | 1968-MX-ME-12 | CMU PG
| Meli et al. 1968 Muro 313 | 1968-MX-ME-13 | CMU PG
Muro 314 | 1968-MX-ME-14 | CMU PG
Muro 315 | 1968-MX-ME-15 | CMU PG
Muro 316 | 1968-MX-ME-16 | CMU PG
Muro 317 | 1968-MX-ME-17 | CMU PG
Muro 318 | 1968-MX-ME-18 | CMU PG
Muro 501 | 1969-MX-ME-11 | CMU PG
Muro 504 | 1969-MX-ME-14 | CMU PG
Muro 505 | 1969-MX-ME-15 | CMU PG
Muro 506 | 1969-MX-ME-16 | CMU PG
Muro 507 | 1969-MX-ME-17 | CMU PG
. Muro 508 | 1969-MX-ME-18 | CMU PG
2 | Meliand Salgado 1969 Muro 509 | 1969-MX-ME-19 | CMU | PG
Muro 510 | 1969-MX-ME-20 | CMU PG
Muro 511 | 1969-MX-ME-21 | CMU PG
Muro 514 | 1969-MX-ME-24 | CMU PG
Muro 515 | 1969-MX-ME-25 | CMU FG
Muro 519 | 1969-MX-ME-29 | CMU PG
Wall 1 1971-NZ-WI-01 Clay FG
o Wall 2 1971-NZ-WI-02 Clay FG
3 | Williams 1971 Wall3 | 1971-NZ-WI-03 | Clay FG
Williams and Scrivener 1974 Wall 4 1971-NZ-WI-04 Clay PG
Wall 5 1971-NZ-WI-05 Clay FG
CB 1 1971-NZ-WI-06 CMU FG
4 Williams 1971 CB2 1971-NZ-WI-07 CMU FG
Williams and Scrivener 1974 CB3 1971-NZ-WI-08 CMU FG
CB 4 1971-NZ-WI-09 CMU FG
Al 1971-NZ-WI-10 Clay FG
A2 1971-NZ-WI-11 Clay FG
o Bl 1971-NZ-WI-12 Clay FG
Williams 1971 B2 1971-NZ-WI-13 | Clay FG
S Williams and Scrivener 1974 B4 1971-NZ-WI-15 Clay FG
D1 1971-NZ-WI-16 Clay FG
D2 1971-NZ-WI-17 Clay FG
Dyn 1 1971-NZ-WI-19 Clay FG
Williams 1971 Dyn 2 1971-NZ-WI-20 Clay FG
Dyn B1 1971-NZ-WI-18 Clay FG
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Table 7.3: Summary of Data Groupings (Continued)

’ Group ‘ Source ‘ Specimen ‘ Serial No. ‘ Material | Grouting
HCBL-21-1 | 1976-US-MA-01 | CMU FG
HCBL-21-2 | 1976-US-MA-02 | CMU FG
HCBL-21-3 | 1976-US-MA-03 | CMU FG
HCBL-21-4 | 1976-US-MA-04 | CMU FG
HCBL-21-5 | 1976-US-MA-05 | CMU FG
HCBL-21-6 | 1976-US-MA-06 | CMU FG
6 | Mayesetal. 1976a HCBL-21-7 | 1976-US-MA-07 | CMU FG
HCBL-21-8 | 1976-US-MA-08 | CMU FG
HCBL-21-9 | 1976-US-MA-09 | CMU FG
HCBL-21-10 | 1976-US-MA-10 | CMU FG
HCBL-21-11 | 1976-US-MA-11 | CMU PG
HCBL-21-12 | 1976-US-MA-12 | CMU PG
Al 1977-NZ-PR-05 | CMU FG
A2 1977-NZ-PR-06 | CMU FG
. A3 1977-NZ-PR-07 | CMU FG
7| Priestley 1977 Ad 1977-NZ-PR-08 | CMU FG
A5 1977-NZ-PR-09 | CMU FG
A6 1977-NZ-PR-10 | CMU FG
HCBL-11-2 | 1978-US-CH-02 | CMU PG
HCBL-11-3 | 1978-US-CH-03 | CMU FG
HCBL-11-4 | 1978-US-CH-04 | CMU FG
HCBL-11-5 | 1978-US-CH-05 | CMU PG
HCBL-11-6 | 1978-US-CH-06 | CMU FG
8 | Chenetal. 1978 HCBL-11-7 | 1978-US-CH-07 | CMU FG
HCBL-11-8 | 1978-US-CH-08 | CMU PG
HCBL-11-9 | 1978-US-CH-09 | CMU FG
HCBL-11-10 | 1978-US-CH-10 | CMU PG
HCBL-11-11 | 1978-US-CH-11 | CMU FG
HCBR-11-3 | 1978-US-CH-14 | Clay FG
HCBR-11-4 | 1978-US-CH-15 | Clay FG
HCBR-11-5 | 1978-US-CH-16 | Clay PG
HCBR-11-6 | 1978-US-CH-17 | Clay FG
HCBR-11-7 | 1978-US-CH-18 | Clay FG
9 | Chenetal. 1978 HCBR-11-8 | 1978-US-CH-19 | Clay FG
HCBR-11-9 | 1978-US-CH-20 | Clay PG
HCBR-11-10 | 1978-US-CH-21 | Clay FG
HCBR-11-11 | 1978-US-CH-22 | Clay PG
HCBR-11-12 | 1978-US-CH-23 | Clay FG
HCBR-11-13 | 1978-US-CH-24 | Clay FG
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Table 7.3: Summary of Data Groupings (Continued)

’ Group ‘ Source ‘ Specimen Serial No. ‘ Material | Grouting
HCBR-21-2 | 1978-US-HI-02 Clay FG
HCBR-21-3 | 1978-US-HI-03 Clay PG
HCBR-21-4 | 1978-US-HI-04 Clay FG
: HCBR-21-5 | 1978-US-HI-05 Clay PG
10| Hidalgo etal. 1978 HCBR-21-6 | 1978-US-HI-06 | Clay FG
HCBR-21-7 1978-US-HI-07 Clay PG
HCBR-21-8 | 1978-US-HI-08 Clay FG
HCBR-21-9 | 1978-US-HI-09 Clay FG
HCBL-12-1 1979-US-HI-01 CMU FG
HCBL-12-2 | 1979-US-HI-02 CMU FG
. HCBL-12-3 | 1979-US-HI-03 CMU FG
11| Hidalgo etal. 1979 HCBL-12-4 | 1979-US-HI-04 | CMU FG
HCBL-12-5 | 1979-US-HI-05 CMU FG
HCBL-12-6 | 1979-US-HI-06 CMU FG
HCBR-12-2 | 1979-US-HI-08 Clay FG
12 Hidalgo et al. 1979 HCBR-12-3 | 1979-US-HI-09 Clay FG
HCBR-12-4 1979-US-HI-10 Clay FG
Unit 2 1982-NZ-TH-01 | CMU PG
Unit 3 1982-NZ-TH-02 | CMU FG
Unit 4 1982-NZ-TH-03 | CMU PG
13 Thurston and Hutchison 1982 Unit 5 1982-NZ-TH-04 | CMU PG
Unit 6 1982-NZ-TH-05 | CMU FG
Unit 7 1982-NZ-TH-06 | CMU FG
Unit 9 1982-NZ-TH-08 | CMU FG
) KWw4-1 1983-JP-MA-01 CMU FG
14 Matsumura and Igarashi 1983 KW3S-1 1983-IP-MA-03 | CMU FG
Matsumura 1987 KW2-1 | 1983-JP-MA-04 | CMU | FG
CW5-2’-A2-1 | 1984-JP-IG-01 CMU PG
CW5-2’-A2-2 | 1984-JP-1G-02 CMU PG
15 Igarashi and Matsumura 1984 CW4-2°-A2 1984-JP-1G-03 CMU PG
Matsumura 1987 CW3-2’-A2 1984-JP-1G-04 CMU PG
CW2-2’-A2-1 | 1984-JP-IG-05 CMU PG
CW2-2’-A2-2 | 1984-JP-1G-06 CMU PG
Fujisawa 1985 WS1 1985-JP-FU-01 CMU FG
16 Okamoto et al. 1987 WS4 1985-JP-FU-03 CMU FG
Kaminosono et al. 1988 WS7 1985-JP-FU-05 CMU FG
Fujisawa 1985 WSRI1 1985-JP-FU-02 Clay FG
17 Okamoto et al. 1987 WSR4 1985-JP-FU-04 Clay FG
Kaminosono et al. 1988 WSR7 1985-JP-FU-06 Clay FG
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Table 7.3: Summary of Data Groupings (Continued)

’ Group ‘ Source ‘ Specimen ‘ Serial No. ‘ Material | Grouting
WS2 1985-J-MA-01 | CMU FG
WS4 1985-JP-MA-02 | CMU FG
1g | Matsumura 1985 WS5 1985-IP-MA-03 | CMU FG
Matsumura 1987 WS9 1985-JP-MA-05 | CMU | FG
WS10 1985-JP-MA-06 | CMU FG
GS2 1985-JP-YA-05 | CMU FG
Yamazaki et al. 1983 GS3 1985-JP-YA-06 CMU FG
19 | Okamoto et al. 1987 GS4 1985-JP-YA-07 | CMU FG
Isoishi et al. 1988 GSR1 1985-JP-YA-08 | CMU FG
GSR2 1985-JP-YA-09 | CMU FG
HCBL-11-13 | 1985-US-SV-01 | CMU FG
HCBL-11-15 | 1985-US-SV-02 | CMU FG
HCBL-11-17 | 1985-US-SV-03 | CMU FG
HCBL-11-18 | 1985-US-SV-04 | CMU FG
HCBL-11-19 | 1985-US-SV-05 | CMU FG
HCBL-11-20 | 1985-US-SV-06 | CMU FG
20 | Sveinsson et al. 1985 HCBL-11-21 | 1985-US-SV-07 | CMU FG
HCBL-11-22 | 1985-US-SV-08 | CMU FG
HCBL-11-23 | 1985-US-SV-09 | CMU FG
HCBL-11-24 | 1985-US-SV-10 | CMU FG
HCBL-11-25 | 1985-US-SV-11 | CMU FG
HCBL-11-26 | 1985-US-SV-12 | CMU FG
HCBR-11-15 | 1985-US-SV-13 | Clay FG
HCBR-11-17s | 1985-US-SV-15 | Clay FG
HCBR-11-19 | 1985-US-SV-16 | Clay FG
HCBR-11-20 | 1985-US-SV-17 | Clay FG
HCBR-11-21 | 1985-US-SV-18 | Clay FG
HCBR-11-22 | 1985-US-SV-19 | Clay FG
. HCBR-11-23 | 1985-US-SV-20 | Cla FG
21| Sveinsson et al. 1985 HCBR-11-24 | 1985-US-SV-21 Cla;, FG
HCBR-11-25 | 1985-US-SV-22 | Clay FG
HCBR-11-26 | 1985-US-SV-23 | Clay FG
HCBR-11-27 | 1985-US-SV-24 | Clay FG
HCBR-11-28 | 1985-US-SV-25 | Clay FG
HCBR-11-30 | 1985-US-SV-26 | Clay FG
WSR2-1 1986-JP-IG-01 | Clay FG
Igarashi et al. 1988 WSR4-1 1986-JP-1G-02 Clay FG
2 Matsumura 1987 WSRS5-1 1986-JP-1G-03 Clay FG
WSR6-1 1986-JP-IG-04 | Clay FG
WS4 1986-JP-MA-53 | Clay PG
Matsumura 1987 WS4-B 1986-JP-MA-54 | Clay PG
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Table 7.3: Summary of Data Groupings (Continued)

’ Group ‘ Source ‘ Specimen ‘ Serial No. ‘ Material | Grouting
CW2-1-1 1986-JP-MA-15 | CMU PG
CwW2-1-2 1986-JP-MA-16 | CMU PG
CW3-0-1 1986-JP-MA-17 | CMU PG
CW3-0-2 1986-JP-MA-18 | CMU PG
CW3-0-A2 | 1986-JP-MA-19 | CMU PG
CW3-0’-A3 | 1986-JP-MA-20 | CMU PG
CW3-0-A3 | 1986-JP-MA-21 | CMU PG
CW3-1° 1986-JP-MA-22 | CMU PG
CW3-1-1 1986-JP-MA-23 | CMU PG
CW3-1-2 1986-JP-MA-24 | CMU PG
CW3-1-A2 | 1986-JP-MA-25 | CMU PG
23 Matsumura 1987 CW3-1-A3 | 1986-JP-MA-26 | CMU PG
CW3-1-A4 | 1986-JP-MA-27 | CMU PG
CW3-2 1986-JP-MA-28 | CMU PG
CW3-2-A2 | 1986-JP-MA-29 | CMU PG
CW3-2-A3 | 1986-JP-MA-30 | CMU PG
Cw3-3 1986-JP-MA-31 | CMU PG
CW3-3-A2 | 1986-JP-MA-32 | CMU PG
CW3-3-A3 | 1986-JP-MA-33 | CMU PG
CW3-4-A2 | 1986-JP-MA-34 | CMU PG
CW4-1-1 1986-JP-MA-35 | CMU PG
CWw4-1-2 1986-JP-MA-36 | CMU PG
CWB3-1 1986-JP-MA-37 | CMU PG
CWB3-1’-A2 | 1986-JP-MA-38 | CMU PG
WS9-2 1986-JP-SH-01 CMU FG
WSB21 1986-JP-SH-02 CMU FG
Matsumura 1987 WSB22 1986-JP-SH-03 CMU FG
24 Shigenobu et al. 1987 WFB2 1986-JP-SH-04 CMU FG
WSB3 1986-JP-SH-05 CMU FG
WSB4 1986-JP-SH-06 CMU FG
Okamoto et al. 1987 WSNI1 1987-JP-OK-01 CMU FG
Kaminosono et al. 1988 WSN2 1987-JP-OK-02 | CMU FG
WSB1 1987-JP-OK-10 | CMU FG
Okamoto et al. 1987 WSB10 | 1987-JP-OK-11 | CMU | FG
WSR2-2 1988-JP-1G-05 Clay FG
25 WSR4-2 1988-JP-1G-06 Clay FG
Igarashi et al. 1988 WSRS-2 1988-JP-1G-07 Clay FG
WSR6-2 1988-JP-1G-08 Clay FG
WEFRS 1988-JP-1G-09 Clay FG
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Table 7.3: Summary of Data Groupings (Continued)

’ Group ‘ Source ‘ Specimen ‘ Serial No. ‘ Material | Grouting

CN-0 1988-SL-TO-01 | CMU PG
CN-14 1988-SL-TO-02 | CMU PG
CN-28 1988-SL-TO-03 | CMU PG
CN-50 1988-SL-TO-04 | CMU PG
26 TomaZevi¢ and Lutman 1988 Cv-0 1988-SL-TO-05 | CMU PG
DN-0 1988-SL-TO-09 | CMU PG
DN-14 1988-SL-TO-10 | CMU PG
DN-28 1988-SL-TO-11 | CMU PG
DN-50 | 1988-SL-TO-12 | CMU PG
DV-0 1988-SL-TO-13 | CMU PG
CM1 1988-US-JO-01 Clay PG
CM2 1988-US-JO-02 Clay PG
CM3 1988-US-JO-03 Clay PG
CM4 1988-US-JO-04 Clay PG
CM5 1988-US-JO-05 Clay PG
CM6 1988-US-JO-06 Clay PG
CP1 1988-US-JO-07 Clay PG
CP2 1988-US-JO-08 Clay PG
27 Johal and Anderson 1988 cs1 1988-US-JO-09 Clay PG
CS2 1988-US-JO-10 Clay PG
CS3 1988-US-JO-11 Clay PG
CS4 1988-US-JO-12 Clay PG
CS5 1988-US-JO-13 Clay PG
CS6 1988-US-JO-14 Clay PG
CP3 1988-US-JO-15 Clay PG
CP4 1988-US-JO-16 Clay PG
DM1 1988-US-JO-17 | CMU PG
DM2 1988-US-JO-18 | CMU PG
DM3 1988-US-JO-19 | CMU PG
DM4 1988-US-JO-20 | CMU PG
DMS5 1988-US-JO-21 CMU PG
DM6 1988-US-JO-22 | CMU PG
DP1 1988-US-JO-23 | CMU PG
DP2 1988-US-JO-24 | CMU PG
28 Johal and Anderson 1988 DS1 1988-US-JO-25 CMU PG
DS2 1988-US-JO-26 | CMU PG
DS3 1988-US-JO-27 | CMU PG
DS4 1988-US-JO-28 | CMU PG
DS5 1988-US-JO-29 | CMU PG
DS6 1988-US-JO-30 | CMU PG
DP3 1988-US-JO-31 CMU PG
DP4 1988-US-JO-32 | CMU PG
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Table 7.3: Summary of Data Groupings (Continued)

’ Group ‘ Source ‘ Specimen ‘ Serial No. ‘ Material | Grouting
Wall3 | 1988-US-SH-03 | CMU FG
Wall4 | 1988-US-SH-04 | CMU FG
Wall5 | 1988-US-SH-05 | CMU FG
Wall 6 | 1988-US-SH-06 | CMU FG
Wall 7 | 1988-US-SH-07 | CMU FG
Shing et al. 1988 Wall8 | 1988-US-SH-08 | CMU FG
29 | Shing et al. 1989 Wall9 | 1988-US-SH-09 | CMU FG
Shing et al. 1990 Wall 10 | 1988-US-SH-10 | CMU FG
Wall 11 | 1988-US-SH-11 | CMU FG
Wall 13 | 1988-US-SH-13 | CMU FG
Wall 14 | 1988-US-SH-14 | CMU FG
Wall 15 | 1988-US-SH-15 | CMU FG
Wall 16 | 1988-US-SH-16 | CMU FG
R2 1989-US-YA-02 | CMU PG
R4 1989-US-YA-03 | CMU PG
R5 1989-US-YA-04 | CMU PG
. R6 1989-US-YA-05 | CMU PG
30 Yancey and Scribner 1989 R7 1989-US-YA-06 CMU PG
R9 1989-US-YA-08 | CMU PG
RI10 1989-US-YA-09 | CMU PG
R11 1989-US-YA-10 | CMU PG
. Wall 21 | 1990-US-SH-21 | Clay FG
31| Shing etal. 1990 Wall22 | 1990-US-SH-22 | Clay FG
CW322A2 | 1991-JP-MA-01 | CMU FG
CW325A2 | 1991-JP-MA-02 | CMU FG
. CW332A2 | 1991-JP-MA-03 | CMU FG
32 Matsumura and Igarashi 1991 CW525A2 | 1991-JP-MA-04 CMU FG
CW532A2 | 1991-JP-MA-05 | CMU FG
CW538A2 | 1991-JP-MA-06 | CMU FG
SWA | 1992-US-GH-01 | CMU PG
33 Ghanem et al. 1992 SWB | 1992-US-GH-02 | CMU PG
SWA2 | 1993-US-GH-05 | CMU PG
Ghanem et al. 1993 SWA-3 | 1993-US-GH-06 | CMU | PG
Wall1 | 1994-US-BR-01 | Clay FG
34 EEEEEZ ;236Shmg 1996 Wall2 | 1994-US-BR-02 | Clay FG
Wall3 | 1994-US-BR-03 | Clay FG
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Table 7.3: Summary of Data Groupings (Continued)

’ Group ‘ Source ‘ Specimen ‘ Serial No. ‘ Material | Grouting
Wall | | 1995-NZ-BROl | CMU | FG
Wall2 | 1995-NZ-BR-02 | CMU | PG
Wall3 | 1995-NZ-BR-03 | CMU | FG
Wall4 | 1995-NZ-BR-04 | CMU | FG
45 | Brammer 1995 Wall 6 | 1995-NZ-BR-06 | CMU PG
Ingham et al. 2001 Wall 7 1995-NZ-BR-07 | CMU PG
Wall§ | 1995-NZ-BR-08 | CMU | PG
Wall 10 | 1995-NZ-BR-10 | CMU | PG
Wall 11 | 1995-NZ-BR-11 | CMU | PG
Wall 12 | 1995-NZ-BR-12 | CMU | PG
V2-BS | 1996-SL-TO-06 | CMU | PG
V2-BD | 1996-SL-TO-08 | CMU | PG
36 | TomaZevi¢ et al. 1996 V2-Ls | 1996-SL-TO-10 1 CMU PG
V2-CD | 1996-SL-TO-12 | CMU | PG
V2-DS | 1996-SL-TO-14 | CMU | PG
V2-DD | 1996-SL-TO-16 | CMU | PG
Schultz 1996a Wall3 | 1996-US-SH-02 | CMU | PG
Wall2 | 1998-US-SH-01 | CMU | PG
Wall4 | 1998-US-SH-02 | CMU | PG
37 Wall 6 | 1998-US-SH-03 | CMU | PG
Schultz et al. 1998 Wall§ | 1998-US-SH-04 | CMU | PG
Wall 10 | 1998-US-SH-05 | CMU PG
Wall 12 | 1998-US-SH-06 | CMU | PG
CAWI0-1 | 2000-JP-OH-01 | CMU | FG
CAW10-2 | 2000-JP-OH-02 | CMU | FG
38 | Ohta etal. 2000 CAWO3-1 | 2000-JP-OH-03 | CMU | FG
CAWO03-2 | 2000-JP-OH-04 | CMU FG
WSRM 1 | 2007-AU-HA-01 | Clay PG
WSRM 2 | 2007-AU-HA-02 | Clay PG
WSRM 3 | 2007-AU-HA-03 | Clay PG
, WSRM 4 | 2007-AU-HA-04 | Clay PG
39 | Haider 2007 WSRM 5 | 2007-AU-HA-05 | Clay PG
Dhanasekar 2011 WSRM 6 | 2007-AU-HA-06 | Clay PG
WSRM 7 | 2007-AU-HA-07 | Clay PG
WSRM 8 | 2007-AU-HA-08 | Clay PG
ECRM 9 | 2007-AU-HA-09 | Clay PG
11 | 2007-AU-HA-11 | Clay PG
40 Haider 2007 12 2007-AU-HA-12 Clay PG
Dhanasekar 2011 13 | 2007-AU-HA-13 | Clay PG
14 | 2007-AU-HA-14 | Clay PG
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Table 7.3: Summary of Data Groupings (Continued)

’ Group ‘ Source ‘ Specimen ‘ Serial No. ‘ Material | Grouting
Al 2007-NZ-VO-01 | CMU FG
A2 2007-NZ-VO-02 | CMU FG
Ad 2007-NZ-VO-04 | CMU FG
A5 2007-NZ-VO-05 | CMU PG
41 | Yoonand Ingham 2006 A6 2007-NZ-VO-06 | CMU PG
Voon 2007 A7 2007-NZ-VO-07 | CMU FG
A8 2007-NZ-VO-08 | CMU FG
A9 2007-NZ-VO-09 | CMU FG
A10 | 2007-Nz-vO-10 | cMU FG
N60-BI | 2007-PO-HA-02 | CMU PG
0 Haach et al. 2007 N60-B2 2007-PO-HA-03 CMU PG
Haach et al. 2010a NI150-BI | 2007-PO-HA-04 | CMU PG
N150-B2 | 2007-PO-HA-05 | CMU PG
Wall1 | 2008-CA-MA-01 | CMU PG
, Wall2 | 2008-CA-MA-02 | CMU PG
43 | Maleki 2008 Wall4 | 2008-CA-MA-04 | CMU PG
Wall5 | 2008-CA-MA-05 | CMU PG
PCL1 | 2009-US-MI-01 | CMU PG
o MC1 | 2009-US-MI-02 | CMU PG
44 | Minaie 2009 PCL2 | 2009-US-MI-03 | CMU PG
MC2 | 2009-US-MI-04 | CMU PG
- FPCL2 | 2009-US-MI-07 | Cla FG
45 | Minaie 2009 FMC2 | 2009-US-MI-08 c1a§ FG
PG127-48 | 2010-US-EL-01 | CMU PG
PG127-48i | 2010-US-EL-02 | CMU PG
PG180-48 | 2010-US-EL-03 | CMU PG
46 | Elmapruk 2010 PG254-48 | 2010-US-EL-04 | CMU PG
PG127-32 | 2010-US-EL-05 | CMU PG
PG127-24 | 2010-US-EL-06 | CMU PG
PG085-48 | 2010-US-NO-01 | CMU PG
PG120-48 | 2010-US-NO-02 | CMU PG
PG169-48 | 2010-US-NO-03 | CMU PG
47 | Nolph 2010 PG085-32 | 2010-US-NO-04 | CMU PG
PG085-24 | 2010-US-NO-05 | CMU PG
FG085-00 | 2010-US-NO-06 | CMU FG
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Flexural Reinforcement

The distributions of the flexural reinforcement ratios p are shown in Figures 7.1 and 7.2.
All but thirteen specimens between two grouting types contained flexural reinforcement in the
end cells. Those specimens with little or no flexural reinforcement relied on high axial load, low
shear span ratio, or a combination of both to prevent failure in the flexural mode. The distribution
of flexural reinforcement ratios is a little more evenly distributed for the partially grouted walls.
Since flexural reinforcement ratio is based on gross masonry area, the ratio of steel to masonry
for the partially grouted walls is higher than what is shown by the ratio. Overall, the fully- and

partially-grouted walls both have fairly similar distributions of flexural reinforcement ratios.
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Figure 7.1: Distribution of flexural reinforcement in fully-grouted specimens

Confinement Reinforcement

The distribution of the confinement reinforcement ratios p, are shown in Figures 7.3 and

7.4. The confinement reinforcement ratios are much more evenly distributed for the fully-grouted
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Figure 7.2: Distribution of flexural reinforcement in partially-grouted specimens

specimens than for the partially-grouted specimens. The partially-grouted specimens with no con-
finement reinforcement was considerably higher than those for fully-grouted specimens. This
suggests that more research is needed in the area of partially-grouted walls with higher amounts of

confinement reinforcement.

7.3.2 Shear Reinforcement

Shear reinforcement is placed horizontally in masonry shear walls to transfer shear forces
across shear cracks and to control crack propagation. Horizontal reinforcement can be placed
along the center line of the wall in grouted bond beams or can be placed near the faces of the wall
within the mortared joints. The principal limitation of joint reinforcement is the size of the wires
that can be placed within the masonry joints. There is inconsistency in the literature (Sveinsson
et al., 1985; Yancey and Scribner, 1989; Schultz et al., 1998) concerning the contribution of joint

reinforcement to ultimate shear strength, especially compared with the contribution of the bond
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Figure 7.3: Distribution of confinement reinforcement in fully-grouted specimens
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Figure 7.4: Distribution of confinement reinforcement in partially-grouted specimens
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beam reinforcement. Since this question has yet to be settled, the two horizontal reinforcement

types were investigated individually and combined.

Bond Beam Reinforcement

The distribution of the bond beam reinforcement ratios p; are shown in Figures 7.5 and
7.6. The fully-grouted specimens showed a more uniform distribution of bond beam reinforce-
ment ratios than did the partially-grouted specimens. The majority (62%) of all partially grouted
specimens contained no bond beam. A likely reason for this is due to the added complexity in
constructing a grouted bond beam in partially-grouted walls which must be cast without allowing
the grout to flow into the empty cells below it. More research is needed to investigate the behavior

of partially-grouted shear walls with bond beams.
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Figure 7.5: Distribution of bond beam reinforcement in fully-grouted specimens
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Figure 7.6: Distribution of bond beam reinforcement in partially-grouted specimens

Joint Reinforcement

The distribution of the joint reinforcement ratios p; are shown in Figures 7.7 and 7.8. It
is clear that there is a serious lack of research data available for masonry shear walls reinforced
with joint reinforcement, particularly for fully-grouted walls. In total there were only 38 specimen
(11%) which contained joint reinforcement. It is likely, due to the small number of specimens, that
the analysis will not be able to find a statistically significant factor that explains the contribution of

joint reinforcement. This is an area that requires additional testing.

All Horizontal Reinforcement

Since the number of specimens which included joint reinforcement was small, it may not
be possible to study the effects of the two types of horizontal reinforcement separately and the
combined values of both types of reinforcement may need to be used. The distribution of the
combined horizontal reinforcement ratios p,, are shown in Figures 7.9 and 7.10. The distribution of

horizontal reinforcement ratios are well dispersed for the fully-grouted specimens. The distribution
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Figure 7.7: Distribution of joint reinforcement in fully-grouted specimens
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Figure 7.8: Distribution of joint reinforcement in partially-grouted specimens
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of ratios for the partially-grouted specimens is improved over that shown in Figure 7.6 where the
number of specimens without horizontal reinforcement has dropped from 116 (62%) specimens to
92 (49%) specimens. Since the horizontal reinforcement ratio is based on gross masonry area, the

true ratios of steel to masonry area are proportionally higher than those shown.
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Figure 7.9: Distribution of horizontal reinforcement in fully-grouted specimens

7.3.3 Axial Load

The distributions of applied axial load stresses o are shown in Figures 7.11 and 7.12.
These values for axial stress were computed using the net shear areas of the specimens. There is a
higher proportion of fully-grouted specimens which included axial loading than partially-grouted

specimens.
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Figure 7.10: Distribution of horizontal reinforcement in partially-grouted specimens
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Figure 7.11: Distribution of applied axial loads on fully-grouted specimens
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Figure 7.12: Distribution of applied axial loads on partially-grouted specimens

7.3.4 Masonry Strength

The distributions of masonry characteristic strengths f, are shown in Figures 7.13 and
7.14. These values were computed from grouted and ungrouted prism tests, respectively. The
grouted prism strengths are less dispersed than the ungrouted strengths, likely due to stabilizing

effect of grouting on the prism strength.

7.3.5 Geometric Properties

Aspect Ratio

The distributions of specimen aspect ratios are given in Figures 7.15 and 7.16. The overall

distributions for the two types of grouting were fairly similar.
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Figure 7.13: Distribution of masonry strengths for fully-grouted specimens
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Figure 7.14: Distribution of masonry strengths for partially-grouted specimens

142



70

60

count

=

Figure 7.15: Distribution of aspect ratios for fully-grouted specimens

70 1

count

h
Ly

Figure 7.16: Distribution of aspect ratios for partially-grouted specimens
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Spear Span Ratio

The distributions of specimen shear span ratios are given in Figures 7.17 and 7.18. The
overall distributions for the two types of grouting were fairly similar. The majority of the shear
span ratios are equal to or less than unity because that is typically the range in which shear walls
fail in the shear mode. Figure 7.18 shows that there were three specimens with unusually high

shear span ratios failing in shear. These specimens had sufficient flexural reinforcement and axial

loading to prevent flexural failure.
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Figure 7.17: Distribution of shear span ratios for fully-grouted specimens
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Part 111

MSJC Shear Factor Modification

This part details the first analysis approach developed in this study. Chapter 8 presents a
literature review of previous studies which analyzed and suggested improvements to existing shear
equations. Chapter 9 outlines the methodology for analyzing the MSJC (2013) equation developed
from the analysis techniques used by previous researchers. Chapter 10 details the results of the
analysis and Chapter 11 provides a discussion of the modified MSJC shear equation.

This analysis was the first to validate the current MJSC grouted wall factor approach to
account for the unconservative nature of the code equation. It was performed using the largest
dataset of fully- and partially-grouted shear walls yet assembled for analysis. The analysis ob-
served that there is a difference in both the mean and coefficients of variation between fully- and
partially-grouted data. It was determined that the current grouted wall factor values in used in the
MSIJC code can be retained only if the resistance factor is lowered for partially-grouted data from

0.80 to 0.75.
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CHAPTER 8. LITERATURE REVIEW: MODEL PERFORMANCE EVALUATION

8.1 Introduction

The purpose of this section is to validate or revise the grouted wall factor method currently
in use in the MSJC (2013) code and represented by Figure 8.1. This will be done by determining
and comparing the means and variances for both partially-grouted and fully-grouted walls. Proba-
bilistic analysis will used to find the design factors to use such that the probabilities of failure for
both grouting types are the same. The design factors that will be investigated in this analysis are
the grouted wall factor y, and the shear resistance factor ¢, .

A probabilistic analysis is the most appropriate approach for determining the unconser-
vative nature of the MSJC (2013) shear equation in the case of partially-grouted walls. For the
analysis to be definitive, the sample must be representative of a large array of the different design
combinations possible in actual construction. The number of walls necessary to effectively rep-
resent the functional range of each design parameter is outside the scope of any single research
study. By amalgamating the existing data together into a single analysis, the scope of the analysis
can be sufficiently large to represent the global population of masonry shear walls. The process of

combining and analyzing data from many research studies is called meta-analysis.

8.2 Background

The most recent MSJC (2013) nominal shear strength equation is given by

M A,y
VeV = Ve H4.o - 1.75#] AmAfjp +0.25P, +0.5=2 £, 1, (8.1)
S

urw
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where ‘f”—l“ need not be greater than one. The nominal shear strength V,, is subject to the constraints

6y AT M. < 0.25 for
YoV < (8.2)
4y AmnTih M. > 1.0 for

for which the code permits designers to linearly interpolate for intermediate values of Vi/’l‘; . The
nominal shear strength is reduced by the resistance (or shear strength reduction) factor ¢, of 0.8.
The current grouting factor method assumes that the variances for fully- and partially-
grouted walls are the same and that only the means differ, as idealized in Figure 8.1. The assump-
tion that the distributions for fully- and partially-grouted wall are similar is denoted by the common
shear resistance factor ¢, shared between the two types of grouting. The means of the two distri-
butions are offset by the grouted wall factor y,, as shown in Figure 8.1. It is unknown whether the

assumption of similar variances for both types of grouting is valid because a large-scale statistical

analysis of both groups has yet to be performed.

Partially—grouted Fully-grouted

Ylg 1.|0

Veu P

pred

<

Figure 8.1: Distribution assumptions of current method
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8.3 Previous Model Performance Evaluations

8.3.1 Ellingwood, Galambos, MacGregor, and Cornell

Ellingwood et al. (1980) conducted a statistical review of the loads and load combinations
that are experienced by engineered structures over the course of their lifetime. The objective of
their study was to develop load factors and combinations for to be used for structures of all material
types incorporating the new LRFD methodology. Their recommendations were incorporated into
the 1980 revision of the ANSI Standard A58.1 Standard. Stewardship of the specifications in the
ANSI Standard A58.1 Standards was later shifted to ASCE 7 and they are currently published in
ASCE-7 (ASCE 7, 2010).

As part of their research, they provided a methodology for the selection of resistance factors
consistent with the load criteria developed in their research. This latter objective was performed
by analyzing the ratios of experimental to predicted strengths for a large number of material speci-
fication groups. The ratio of experimental to predicted strength was used because civil engineering
elements typically demonstrate a constant coeflicient of variance, meaning that the variance in-
creases with increasing element strength. Material specification groups were designated by both
material type (steel, concrete, masonry, etc.), function (flexure, column, shear wall, etc.), charac-
teristics (slender, inclusion of stirrups, stiffened flanges, presence of bracing, etc.), and limit state.
While the principal scope of their material analyses was broad rather than deep, they included
sufficient quantities of specimens in each material specification group to develop representative
parameters for the development of their load factors.

Appendix D of Ellingwood et al. (1980) details their analysis of the masonry data and in-
cludes separate groupings for clay brick and concrete masonry elements. The distinction between
masonry materials was necessary because the masonry design standards at that time were pub-
lished separately for clay brick and concrete block. The standards for brick used in the analysis
were published by BIA (1969) and those for concrete block were published by NCMA (1977).
The member types analyzed were limited to walls subjected to various combinations of flexural
and axial stresses. Their analysis resulted in the mean and coefficient of variation for the ratio of
experimental to predicted strengths for each material specification group, as shown in Tables 8.1

and 8.2. The mean ratios of experimental to predicted strengths for masonry elements were typi-
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cally in the range of 5.0 to 7.0, significantly higher than the typical range of 0.98 to 1.05 for most
other material types. The coeflicients of variation for the groups typically ranged from about 0.10
to about 0.20, which were only slightly larger than those for other structural materials. Though
their analyses did not include masonry shear walls, their results showed the highly conservative

nature of the primitive masonry strength prediction equations then employed.

Table 8.1: Brick Masonry in Compression Plus Bending (Adapted from Ellingwood et al. 1980)

Source Description of Wall n | F/F; | COV
h/t =20.5, e/t =1/3, e1/er = -1 12 | 494 | 0.073
hjt =23, e2/t =0, e1/ea =0 12 | 693 | 0.10
hjt =23, ex/t =1/6, e1/ea =0 12 | 46.96 | 0.12
hit <7, ea/t =1/6, erfex =1 91 621 |0.10
hit <7, e/t =1/3, e1/ea =1 91 587 |0.14
BIA (1969) hit =22, ex/t =1/6, e1fex =—1/2 6| 692 | 0.15
h/t =10, ex/t =1/3, ej/ex = -1 10 | 4.60 | 0.11
hjt =21, ex/t =1/3, e1/ex = -1 16 | 6.27 | 0.10
hjt =23, e/t =1/3, ej/ey = —1 15| 6.02 | 0.16
Flexure only, Single wythe, Type S, Inspected | 15 | 3.89 | 0.26
h/t =20, e/t =0 15| 9.88 | 0.12
h/t =20, e/t =1/6 141 >9 ]0.13
Monk (1969) Flexure only, Single wythe, Type S, Inspected | 29 | 3.64 | 0.20

426 | 0.18
6.25 | 0.25

2 ft X 8 ft-4 in brick — Pure compression 5.87 —

Flexure only, Multi-wythe, Type S, Inspected | 21
6
2
2 ft x 8 ft-4 in brick — Pure compression 21 754 —
2
2
2

Flexure only, Multi-wythe, Uninspected

Yokel et al. (1971) 2 ft x 8 ft-4 in brick — Pure compression 8.00 —

2 ft x 8 ft-4 in brick — Pure compression 6.58 —

Fattal and Cattaneo (1976) | 23” x 96” x 4”—Fixed ends 7.00 —
Simms (1965) Story height, Pure compression 47 | 7.34 | 0.15
Story height, Axial load, Type M, 9” wall 37 | 3.18 | 0.11
Story height, Axial load, Type M 15 | 6.23 | 0.17
Astbury and West (1969) Story height, Axial load, Type N 15| 6.58 | 0.19
Story height, e/t = 1/8, Type M 15 | 434 | 0.18
Story height, e/t = 1/8, Type N 15| 4.24 | 0.19
Curtin and Hendry (1969) | Story height, axial load, Type N 14 | 8.17 | 0.22
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Table 8.2: Concrete Masonry in Compression Plus Bending (Adapted
from Ellingwood et al. 1980)

Source Description of Wall n | F/F; | COV
8 in Unreinforced, Story height 12 | 428 | 0.17
Yokel et al. (1970) 6 in Reinforced, Story height 9| 562 | 0.13
Fattal and Cattaneo (1976) | 6 in Unreinforced, h/t = 17 10 | 6.05 | 0.10
8 in Hollow block 21 450 —
8 in Solid block 1] 4.28 —
Fattal and Cattaneo (1977) | 4 in Block-block cavity 2| 3.85 —
8 in Hollow block 2| 4.81 —
8 in Hollow block 2| 3.48 —
Hedstrom (1961) 8 in Block, 4 ft x 8 ft walls 7| 64 —
200 mm Hollow block, Story height, Type M | 9 | 4.54 | 0.15
100 mm Solid block, Story height, Type M 6| — |0.20
Read and Clements (1972) |5 1 Hollow block, Story height. Type M | 9 | — | 0.15
All data — f,, assumed as 3000 psi 38 | 425 | 0.17

8.3.2 Davis

Davis (2008) performed a comparative analysis of masonry shear strength equations from
several design standards from around the world. The dataset included 55 specimens collected
from tests conducted by Shing et al. (1990); Matsumura (1987); Sveinsson et al. (1985); Voon and
Ingham (2006). the analysis was limited to fully-grouted, reinforced masonry shear walls failing
in shear. Davis found that the mean ratio of experimental to predicted strengths for the MSJC code
equation was 1.16 with a coefficient of variation of 0.15. The study involved the performance of the
shear equations considering six variables: masonry prisms strength f; , horizontal reinforcement
contribution py, fy,, axial load o, vertical reinforcement contribution p, f, ductility factor u, and
shear span ratio h,/l,,. The conclusion that the MSJC equation was the best predictor for four of

the six variables studied and provided the best results overall.

8.3.3 Minaie

Minaie (2009) tested eight concrete masonry shear walls and compared the experimental
strengths to the strengths predicted using the 2008 edition of the MSJC code. The tests contained

both fully- and partially-grouted specimens. Minaie found that the MSJC shear equation was
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highly unconservative for partially-grouted shear walls but appeared to be reasonable for fully-
grouted walls. He concluded that the unconservative nature of the MSJC equation was due to it
being developed exclusively from fully-grouted shear wall tests.

To further validate his findings, Minaie compared his and previous experimental results
with several code shear strength equations. Minaie studied the results from 60 partially-grouted
shear wall tests in addition to the four he tested in his own research. The specimens included in
the analysis were collected from Ghanem et al. (1992, 1993), Schultz (1996a), Voon and Ingham
(2006), Matsumura (1987, 1988), Chen et al. (1978), and Hidalgo et al. (1978). The partially-
grouted wall data were organized into nine subsets and the mean and coefficient of variation were
determined for the ratios of experimental to predicted strength of the specimens within each subset.
The statistics calculated by Minaie for each partially-grouted subset are shown in Table 8.3. The
analysis showed that the MSJC shear equation was unconservative for partially-grouted masonry
shear walls. Minaie proposed four modifications to the MSJC shear equation: 1) to multiply the
shear area by A, /Ag, 2) define the net area as the face shell area, 3) limit /,, to the height of the
wall, and 4) use the unreinforced masonry shear equation. Minaie concluded that the first option

appeared to be the best modification to the code shear equation for partially-grouted walls.

Table 8.3: MSJC Equation Performance for Partially-Grouted Walls
(Adapted from Minaie 2009)

Subset n VIV COV
Minaie (2009) 4 0.44 0.10
Ghanem et al. (1992) 2 0.93 0.06
Ghanem et al. (1993) 2 0.89 0.08
Schultz (1996a) 6 0.64 0.05
Voon and Ingham (2006) 2 0.86 0.14
Matsumura (1987) 29 0.89 0.21
Matsumura (1988) 10 1.11 0.31
Chen et al. (1978) 6 1.14 0.10
Hidalgo et al. (1978) 3 0.93 0.13
Total 64 0.90 0.26
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Minaie also studied the results from 43 fully-grouted shear wall specimens collected from
Chen et al. (1978), Hidalgo et al. (1978, 1979), Sveinsson et al. (1985), Matsumura (1987, 1988),
Okamoto et al. (1987), Shing et al. (1990), Brunner and Shing (1996), and Voon and Ingham
(2006). The fully-grouted walls were organized into five subsets based on the institution where
the data were produced. The mean and coeflicient of variation were determined for the ratios of
experimental to predicted strength of the specimens within each subset. The statistics calculated
by Minaie for each fully-grouted subset are shown in Table 8.4. Minaie observed that the MSJC
equation is conservative for fully-grouted masonry shear walls but that this conservatism decreased

with increasing specimen size.

Table 8.4: MSJC Equation Performance for Fully-Grouted Walls
(Adapted from Minaie 2009)

Subset n VIV Cov
Shing et al. (1990) 9 1.29 0.11
Voon and Ingham (2006) 6 1.00 0.11
Sveinsson et al. (1985)
Chen et al. (1978) 10 1.26 0.23

Hidalgo et al. (1978, 1979)

Matsumura (1987, 1988)
Okamoto et al. (1987)

Brunner and Shing (1996) 3 1.59 0.16
Total 43 1.31 0.21

15 1.34 0.19
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CHAPTERY9. METHODOLOGY: MSJC MODEL ANALYSIS

9.1 Introduction

The purpose of this analysis is to validate or revise the grouted wall factor method currently
in use in the MSJC (2013) code. Before validation could be performed the mean and variance of the
ratio of the experimental strengths to predicted strengths needed to be computed. The mean value is
a measure of the accuracy of the predicted strengths compared to the experimental strength where
a value of unity represents a situation where the predicted values correspond well (on average)
with the experimental strengths. Values greater than unity represent a conservative case where
the experimental values are higher (on average) than the predicted strength and values less than
unity denote that the equation is unconservative. In the case of the MSJC shear equation the mean
strength is represented by the grouted wall factor y,.

The variance is a statistic denoting the precision of the predicted strengths in represent-
ing the experimental strengths. Sources of variation come from the mechanical properties of the
materials, variations in dimensions (tolerances), uncertainties in the theory underlying the design
definition of member strength, construction practices, and formula error. The effect of each source
of variance is unknown and cannot be distilled from the other sources of variation. The variance is
used as the basis of the resistance (or strength reduction) factor that is multiplied by the nominal
strength to obtain the design strength. Larger variances denote that a smaller resistance factor is

needed to account for the increased uncertainty for that particular material and member type.

9.2 Data

The preliminary steps of data scrutinization and data synthesization produced a data set
that was fit to be used in meta-regression. The specimens in the dataset were filtered to include

only those which included the shear failure model. The complete data set was partitioned into
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one group for the fully-grouted specimens (Group 1) and a second group for the partially-grouted
specimens (Group 2) so that the statistics for each type of grouting could be computed individually
and compared with the other group. More information about the data in the two groups is detailed
in Chapter 7.

This analysis included only two variables, the experimental shear strength and the strength
predicted from the full MSJC (2013) shear equation with the upper limit included. The aim of this

study was to solve the over-determined, bivariate equation

Vexp = ﬁvpred t& 9.1)

for the mean correlation 8 coefficient between the predicted shear strength v .4 and the exper-
imental shear strength v,,,. Equation (9.1) presents an issue in that the errors & would be het-
eroscedastic because it has been observed that the variance increases with increasing v 4. This

issue was overcome by transforming the equation to produce

Vexp @Vpred = B+ & 9.2)

where £ = € @ v),.¢ and @ denotes element-wise division. The experimental shear strength
was chosen for the numerator and the predicted strength for the denominator so that the resulting
fraction would produce the reduction factor needed for the mean predicted strength to equal the
experimental strength. This format is consistent with that used by Ellingwood et al. (1980) in their
analysis of the nominal values of various material strength equations.

The consequence of using the quotient of experimental and predicted strengths is that
the quotient has a normal ratio (or Gaussian quotient) distribution because it is the ratio of two
hypothetically-normally distributed variables. The actual distribution for the predicted values is
unknown because the values are the lesser of two calculated values from two separate equations
(the base equation and upper limit equation), each with a different distribution. The distribution of
the final MSJC predicted values were assumed to be normal because of the Central Limit Theorem
and the large number of values. The complex mathematics involved in describing the normal ratio

distribution are beyond the scope of this dissertation, so the data were fitted to the normal and log-
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normal distributions to determine which distribution more closely matched the actual distribution
of the data.

Hayya et al. (1975) found that for certain combinations of mean and variances, the nor-
mal ratio distribution can be approximated using a normal distribution. Since the variances of the
experimental and predicted shear values was unknown, the validity of the Hayya et al. (1975) sim-
plification could not be determined for these data. Monte Carlo analysis of several combinations of
means and variances was performed to compare how the normal ratio distribution would compare
with the normal and lognormal distributions. The results of the Monte Carlo analysis shown in
Figures 9.1, 9.2, 9.3, and 9.4 revealed that values of Gaussian Ratio probability distribution func-
tion appears to fall somewhere between those of the normal and lognormal distribution functions.
This finding suggests that either the normal or lognormal distribution would provide an appropriate
approximation to the distribution of each data group.

The difference between the actual and approximated distributions should have minimal
effect on the regression for three reasons. First, the range of the data in each of the two groups
is relatively small (less than an order of magnitude). Second, the law of large numbers should
have strong influence because the number of samples is relatively large in each data set. Lastly,
weighted regression were used to give greater influence to those studies with a smaller coefficient
of variation. In both data sets the specimens with greater weights were located near the center of
each group of data, decreasing the influence of the data at the tails of the distributions.

Since two potential distributions were available to represent the two different groups being
analyzed, it was possible that each of the two groups could be best approximated by a different
distribution. In this case the question would arise of which distribution to assume when comparing
the two data groups. This circumstance was complicated further by the introduction of weighting
into the analysis, which could influence how the data fit the two distributions and potentially change
which approximate distribution that the data group favored. These two analysis uncertainties were
overcome by analyzing the two data groups twice. The first analysis assumed an a priori lognormal
distribution for both groups of data and the second analysis assumed an a priori normal distribution
for both groups. The results from the two analyses were compared to select which distribution to

assume based on which distribution produced the overall smallest variances for both data groups.
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n,=1
o, = 0.1
M, =
o, = 0.1
0.5 1 1.5 2
(a) normal distribution
n,=1
o, = 0.1
Hy, =1
o, = 0.1
0.5 1 1.5 2

(b) lognormal distribution

Figure 9.1: Monte Carlo simulation for distributions with equal means and variances

9.2.1 Weighting Criteria

Least-squares regression assumes that the variance is the same for all data in the analysis.
All of the data in the dataset came from a multitude of studies and each study demonstrated a

different amount of variance between its specimens from other studies. This analysis overcame the
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0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 14 1.5
(a) normal distribution

0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5
(b) lognormal distribution

Figure 9.2: Monte Carlo simulation for distributions with equal means and small o~

disparities in variance through the use of weighted least-squares regression. The specimens in the
dataset were grouped together by the research study which originally performed the experimental
tests. For studies which conducted a larger number of tests, the specimens in that group were

further divided into groups with similar characteristics.
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M, =
c, = 0.1
M, = 0.8
o, = 0.1
I J
0.5 1 1.5 2 2.5
(a) normal distribution
=1
o, = 0.1
M, = 0.8
o, = 0.1
I J
0.5 1 1.5 2 2.5

(b) lognormal distribution

Figure 9.3: Monte Carlo simulation for distributions with equal variance and small u;

The goal of the analysis is to determine a model which best estimates the true model—
which is unknown. Without knowing the true model, it is not possible to calculate the residuals
and variance of the data, but these statistics can be estimated by assuming that the given model
is the true model. In performing each weighted analysis, it was assumed that the variance of the

specimens was constant within each group because the specimens within each group were tested
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M, =0.8

0 0.5 1 1.5
(a) normal distribution

0 0.5 1 1.5

(b) lognormal distribution

Figure 9.4: Monte Carlo simulation for distributions with equal variance and small z;

by the same researchers using same test setup and similar materials. By making this assumption,
the variance for the specimens for each group could be estimated directly from the residuals. The
coefficient of variation for each group was calculated by dividing its standard deviation by the

mean ratio of experimental to predicted strengths of its specimens.
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The weighting chosen to use for each specimen in this analysis was the inverse of its group’s
coefficient of variation. This weighting scheme was chosen because it would give higher weights
to those groups with lower coefficients of variation, and provide a robust weighting method that
was guaranteed to converge (Carroll and Ruppert, 1988). It was felt that those groups with lower
coeflicients of variation more accurately followed the true model and should be given higher in-
fluence in determining the model’s estimate. The weights for each group were not known initially
and it was not possible to calculate both coefficient estimates and weights explicitly. It was nec-
essary to use an iterative process to first calculate the coefficient value assuming equal weights for
all specimens, from which the residuals and weights could then be determined. The calculated
weights were then substituted back into the analysis and the process repeated until the coefficient

and weight values converged.

9.3 Analysis

The statistics for the two data group were used to verify the current MSJC equation factors
using two methods. The first method compared tolerance intervals for the two groups to determine
the lower bound for the partially-grouted group that corresponded to the same level of confidence
and population proportion as the fully-grouted group. The second method used LRFD theory to
compute a resistance factor for the partially-grouted group based on the parameters from both
groups. For this analysis the properties of the load equations employed in the formulation of the
ASCE 7 (2010) load factors were not available so the analysis was performed using a comparative
approach. Since the current MSJC (2013) equation was developed using fully-grouted data, it was
assumed that the shear resistance factor was correct for fully-grouted walls. Using this assumption
and the statistics calculated for the two data groups, the remaining properties for both groups could

be determined.

9.3.1 Tolerance Interval Method

The tolerance interval is a useful statistic that is similar to the more frequently-used con-
fidence interval. Despite the similarity, the tolerance interval is more appropriate for engineering

predictions than the confidence interval because the confidence interval considers only the sam-
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pling error while the tolerance interval considers both the sampling error and the variance of the
population. In effect, a confidence interval can show how careful the researchers were in testing
their shear wall specimens, but it gives no intimation about variance in the population of shear
walls themselves. The tolerance interval is a more versatile tool than the confidence interval be-
cause its width considers both the sampling error and the variance of the population. Part of the
increased power of the tolerance interval is because it requires one more input parameter than does
the confidence interval. Both intervals require the analyst to specify the confidence level but the
tolerance interval also requires the analyst to specify what proportion of the population should
fall within the interval. The addition of this additional parameter enables the analyst to segregate
the experimental variation from that of the materials and formula, which is a principal interest in
engineering uncertainty analysis.

Tolerance intervals were selected to compute and compare grouted wall factors y, and
resistance factors ¢, for each grouting type because they are better suited to accurately consider
the variance of the masonry shear wall population. As the number of samples increases to infinity
then the tolerance interval converges to the true population probability interval. Due to the large
number of specimens in both groups, the values calculated by the tolerance intervals would be
close to the actual values for resistance factor for each group.

The most appropriate values to use for the the confidence level and population proportion
were unknown and were back-calculated using the data from the fully-grouted data. This practice
was based on the assumption that the resistance factor for fully-grouted masonry was previously
determined to account for the appropriate level of statistical risk. The calculated confidence level
and population proportion from the fully-grouted data were then used to calculate the resistance
factor for partially-grouted walls that assumes the same level of risk as that for fully-grouted walls.
The difficulty with this method is that there were infinite combinations of confidence levels and
population proportions that produce a tolerance interval of 0.8 for the fully-grouted data. This
difficulty was rectified through the use of contour plots to compare infinite number of combinations

for each group and to select which values to use.
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9.3.2 LRFD Equation Method

The LRFD theory explained in Section 2.4.2 can be used to directly calculate resistance
factors when the distributions and statistics for the load and resistance equations are known. Since
the distributions and statics for the load equations were unknown, a similar approach to that above
was used in which the data and statistics from the fully-grouted group were used to determine the
unknown variables in Equation 2.11. The resistance factor for partially-grouted walls could then
be determined using the variables determined using the fully-grouted data. In the case of shear,

Equation 2.11 becomes

Vex
oo cos2)
My | YgVn

= exp (—aﬁﬁ)&
My /] Vg

where p, and o, are the mean and standard deviation for the ratio of experimental to predicted
strength and the value for @f is unknown. (Ravindra and Galambos, 1994) cites the use of 0.55
as a good estimate for @, but this still leaves the value for S unknown. Similar to the previous
approach, the value for a8 was determined using the data from the fully-grouted data and then
used to solve for the shear resistance factor ¢, for partially-grouted walls.

Equation 9.3 can be rearranged as

ap = ln( Hy ) Ay (9.3)

to solve for the value of af for masonry shear walls. Equation (9.3) was used to explicitly solve

for the resistance factor for partially-grouted shear walls.
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CHAPTER 10. ANALYSIS OF MSJC MODEL

10.1 Data Statistics

The unweighted data for solid and fully-grouted walls were plotted as the histogram shown
in Figure 10.1. The data appeared fairly symmetric with an unusually large data bin at about 1.05.
Two probability plots were generated for the normal and lognormal distributions, shown in Figure
10.2. Both the histograms and the probability plots revealed that the unweighted fully-grouted data
were better fit by the normal distribution.

The unweighted data for partially-grouted walls were plotted as the histogram shown in
Figure 10.3. The histogram shows a bimodal distribution with a slightly larger tail on the right
side than on the left. Neither of the two fitted-distributions show a better fit to the unweighted
partially-grouted data for the entire range of data. The two probability plots, shown in Figure 10.4,
show that the distribution of the partially-grouted data falls somewhere between the normal and
lognormal distributions.

There are at least two potential reasons that the fully-grouted data showed a more regu-
lar distribution than the partially-grouted data. First, the Monte Carlo simulations in the previous
chapters showed that the ratio distribution becomes less normal as the mean of the denominator
approaches zero. Since the mean of the partially-grouted data was lower than the mean of the
fully-grouted it would tend to deviate more from the normal distribution than the fully-grouted
data (Hayya et al., 1975). Second, the MSJC (2013) equation consists of two separate parts—
