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ABSTRACT

The behaviour of partially grouted masonry shear walls is complex due to their anisotropic nature
and the nonlinear interactions between blocks, mortar, grouted cells, ungrouted cells and steel
reinforcement. Currently available code- and research-based shear strength equations give highly
variable results when predicting the in-plane shear strength of partially grouted masonry. It is
crucial to develop a greater understanding in this area, as sudden shear failures of masonry walls

can lead to catastrophic losses of human life and property.

This study presents the development of several new in-plane shear strength models for partially
grouted masonry walls using stepwise regression and model trees. Stepwise regression allows the
number of input variables to be reduced from a large pool of candidates to an appropriate subset
for predicting the output variable. It does so by identifying the most significant input variables
while eliminating interdependencies between variables that are included in the regression. Model
trees split data into groups of similar data so that nonlinear functions can be represented using
piecewise linear approximation. In this study, model trees used stepwise regressions as those linear

approximations.

The models were generated using data compiled from 292 experimentally tested partially grouted
masonry shear walls. The data was synthesized and scrutinized to minimize variation between
studies and eliminate inconsistencies. The data was also used to test the performance of 17 existing

code- and research-based shear strength equations.
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Both the stepwise regressions and model trees were found to significantly outperform existing
code- and research-based shear strength models. The stepwise regressions generally performed
slightly better than the model trees, however it was shown that the potential of model trees is
significant, and it was suggested that the benefits of model trees may be more apparent with a
larger dataset. Five models, including 3 stepwise regression and 2 model trees, were selected as
the proposed models. It was found that, of the variables studied, the most significant ones for
estimating the shear strength of partially grouted masonry walls are the axial load, wall geometry,

compressive strength of mortar, and area of interior vertical reinforcement.
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1 INTRODUCTION

1.1 Background

Reinforced masonry shear walls are commonly used in multi-storey masonry buildings to provide
lateral stability against loads such as those caused by wind and earthquakes. Partially grouted (PG)
masonry walls differ from fully grouted (FG) walls in that they are grouted only in locations where
reinforcement bars are placed (either vertical reinforced columns or horizontal bond beams, or
both). Due to the associated reductions in material and labour, PG walls offer an economic
advantage over FG walls (Dhanasekar, 2011; Hassanli et al., 2014; Bolhassani et al., 2016a).
However, recent studies have found that current design equations give highly variable results in
terms of accuracy when predicting the in-plane shear strength of PG masonry (Dillon and Fonseca,

2017a; Hudson et al., 2019).

While FG walls subjected to shear behave similarly to reinforced concrete, the behaviour of PG
walls under in-plane shear loads is not well understood (Haider, 2007; Dhanasekar, 2011). Many
of the expressions used to predict the in-plane shear capacity were initially derived using data
exclusively from FG masonry shear wall tests (Minaie et al., 2010; Dillon and Fonseca, 2017a).
Several researchers have compiled datasets of PG walls to evaluate the performance of existing
shear strength expressions. Their findings show that many of these expressions, when applied to
PG walls, are unconservative on average (Haider, 2007; Minaie et al., 2010; Dhanasekar, 2011,
Hassanli et al., 2014; Bolhassani et al., 2016b). Overpredictions of shear capacity may lead to
incorrect prediction of failure modes (Minaie et al., 2010). Masonry failures occur often even under
moderate lateral loading, causing significant loss of lives and property (Dhanasekar, 2011). To
compensate for the high variability of shear strength predictions, most codes apply severe
reduction factors, leading to estimated factors of safety ranging from 1.75 to 5.29 (Dickie and
Lissel, 2009). For example, the CSA S304-14 (2014) design shear strength equation was found to
be highly conservative by Oan (2013) and Dillon and Fonseca (2017a).



Researchers have noted that, unlike FG walls, PG shear walls behave similar to in-filled frames
(Minaie et al., 2010; Bolhassani et al., 2016b). Variables which are commonly accepted as
contributing to shear strength include wall geometry, level of axial load, ratio of net to gross area,
and distribution of horizontal and vertical reinforcement (Matsumura, 1987; Fattal, 1993a; Haider,
2007). Numerous researchers have proposed equations to predict the in-plane shear strength of PG
walls using regression analysis to determine the influence of these parameters (Matsumura, 1987;
Fattal, 1993b; Oan, 2013; Hassanli et al., 2014; Dillon, 2015). A few researchers have attempted
to use Artificial Neural Networks (ANNs) to achieve greater prediction accuracy (Aguilar et al.,
2016; Hung, 2018). Still, international standards have vastly different methods for predicting the
in-plane shear strength of masonry, showing a lack of consensus on the matter of analytical

prediction (Dickie and Lissel, 2009).

To be practical as a design equation, a model must give accurate results while maintaining
appropriate levels of complexity and transparency. So far, regression analysis has had limited
success in predicting the in-plane shear strength of PG masonry walls. Although ANNs exhibit
impressive accuracy in modeling nonlinearities inherent in PG shear wall behaviour, they are often
overly complex and lack interpretability (Hung, 2018). Few researchers have made use of stepwise
regression and none have attempted to use model trees to represent the behaviour of masonry shear
walls, techniques which can produce accurate equations without sacrificing interpretability and
simplicity. Dillon (2015) used stepwise regression to assist with selecting variables for his
proposed equation, however he limited the potential variables that could be selected to a relatively

small set, and he didn’t use stepwise regression to build his final model directly.

Stepwise regression allows for many possible input variables to be considered simultaneously, and
then a smaller subset of input variables is objectively selected to be in the model. Model trees split
data into similar groups, accounting for nonlinearities in a simple and interpretable way.
Combining the techniques of stepwise regression with model trees has been shown to be an
effective solution for complex modeling problems, capable of achieving high prediction accuracies

(Mohsenijam, 2019).



Due to the time and expense involved in testing masonry walls, no one study contains enough data
to build a model to predict the in-plane shear strength of PG walls (Dillon and Fonseca, 2014a).
As aresult, it is necessary to compile a dataset using the results of multiple experimental studies.
To ensure data from different studies are compatible with each other, data must be scrutinized, by
determining which specimens to include or exclude, and synthesized to minimize variation

between studies and estimate missing values.

1.2 Problem Statement

The in-plane shear behaviour of PG masonry walls is complex, and historical prediction methods
have failed to adequately capture this behaviour. Current design equations used to predict the in-
plane shear strength of PG masonry walls are unreliable and may lead to designs that are overly
conservative or unsafe. To address the shortcomings of these equations, an improved
understanding of PG wall behaviour and alternate methods of generating new prediction models

are needed.

1.3 Objectives, Methods and Scope

The main objective of this study is to develop an improved model to predict the in-plane shear
strength of PG masonry walls using stepwise regression. A broad set of raw variables is selected,
which extends beyond those which have been considered in previous design expressions, so that
parameters that influence shear strength can be identified. Competing definitions of variables are
considered simultaneously to identify the best ones. The possibility of using model trees is also
investigated, to see whether model trees combined with stepwise regression can produce a viable

analysis model.

The methods used to achieve the objectives are as follows.
1. Prepare a dataset
a. Assemble a database by compiling PG concrete block masonry walls exhibiting in-

plane shear failure



b.

Data scrutinization is performed by creating and applying a set of
selection/inclusion criteria to ensure experimental results are comparable while
making use of the largest amount of data possible

Rigorous data synthesization is performed to ensure consistency in the variables

used

2. Evaluate the performance of existing code- and research-based equations with

experimental results

a.

b.

Discuss expressions from researchers and design codes

Identify appropriate statistical performance indicators to evaluate and compare the
performance of prediction equations

Evaluate the performance of each expression using the experimental data and

statistical performance indicators

3. Develop new models using stepwise regression and model trees

a.

Use as wide a range of input variables as possible to identify any important
variables that have previously not been accounted for

Use multiple definitions of individual variables to determine which ones are the
best

Refine dataset as needed to improve models

Generate models of various levels of complexity for comparison purposes
Compare all generated models and select a few optimum models based on accuracy,
simplicity, and transparency

Compare optimum (proposed) models with existing code- and research-based

equations

The scope of this thesis is to develop a model to predict the in-plane shear strength of PG concrete

block masonry walls, using stepwise regression and model trees. FG walls and unreinforced

masonry (URM) walls are not considered in this study, nor are walls constructed from clay bricks.

Walls with openings and double pier specimens are not considered. Only walls failing in diagonal



shear are considered; walls with failure dominated by flexure, sliding shear and crushing of the

masonry compressive strut are out of the scope of this study.

1.4 Organization of Thesis

This thesis is composed of seven chapters:

Chapter 1 introduces the research study as well as the objectives and scope.

Chapter 2 discusses the literature review, including a review of failure mechanisms, the
effects of various parameters on PG walls, and a review of existing expressions for
predicting the shear strength of PG walls. It also explains stepwise regression and model
trees.

Chapter 3 introduces the experimental studies.

Chapter 4 explains the dataset assembly, scrutinization and synthesization that were
performed, explains how raw and transformed variables were selected and summarizes the
distribution of specimen parameters.

Chapter 5 presents the models generated in this study.

Chapter 6 compares the generated models to select a few proposed models, and then
compares those proposed models to existing expressions. Insights are made regarding the
behaviour of PG walls.

Chapter 7 gives the conclusions and recommendations based on Chapter 6.



2 LITERATURE REVIEW

2.1 Introduction

Masonry is a composite construction material capable of carrying compressive loads, however it
has a relatively low capacity to carry tension and shear (Tomazevi¢, 2009). Reinforced concrete
masonry walls are composed of several constituent materials: concrete blocks, also known as
Concrete Masonry Units (CMUs), mortar, grout, and steel reinforcement. Mortar is typically
placed in the horizontal (bed) joints and vertical (head) joints between blocks. In the case of Fully
Grouted (FG) walls, all the vertical cells in a wall are filled with grout, whereas Partially Grouted
(PG) walls are typically grouted only in the cells which contain vertical reinforcement.
Unreinforced Masonry (URM) also exists and is characterized by an absence of grouting and steel

reinforcement.

Horizontal reinforcement may be in the form of joint reinforcement or bond beam reinforcement.
Joint reinforcement may be of ladder type or truss type and is placed between horizontal courses
of masonry in the bed joints. Bond beam reinforcement typically consists of standard deformed
steel bars, which are placed in grouted courses built with blocks that allow the placement of
reinforcement. For PG walls, a barrier, such as a fine plastic net, is used to prevent the grout from
falling into the courses below (Minaie et al., 2010). A typical PG masonry wall with vertical and

horizontal reinforcement is illustrated in Figure 2.1.
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Figure 2.1 - Typical PG masonry wall showing: (a) vertical reinforcement, (b) joint

reinforcement and (¢) bond beam reinforcement (Anderson and Brzev, 2009)

Unlike other structural materials like concrete or steel that behave in an isotropic manner, masonry
exhibits orthotropic behaviour due to the mortar joints acting as planes of weakness (Haider, 2007;
Hamedzadeh, 2011). In ungrouted masonry prisms, both the deformation and strength of
specimens are related to the bed joint orientation, while in grouted prisms, the effect of anisotropy
is less pronounced due to the presence of grout, which acts as an isotropic material (Hamedzadeh,
2011). Due to the non-homogeneity and anisotropy of masonry, the behaviour is complex

(Tomazevic, 2009).

The in-plane shear behaviour of masonry in general is not fully understood (Dhanasekar, 2011).
In FG walls, shear is resisted largely through aggregate interlock in the grout, dowel action of
vertical reinforcement and the tensile action of horizontal reinforcement, with no significant
contribution from the mortar joints (Shing et al., 1990; Dhanasekar, 2011). For URM walls, shear
is resisted largely through deformation in the mortar bed joints, and ultimate shear capacity is
influenced by the mortar strength, the axial stress, and the aspect ratio (Haider, 2007; Dhanasekar,

2011). PG masonry walls, on the other hand, behave similarly to in-filled frames, and can be
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thought of as a “mixed” system consisting of reinforced core elements and unreinforced masonry
panels spanning between the cores (Minaie et al., 2010; Dhanasekar, 2011; Bolhassani et al.,
2016b). While FG and URM walls can be designed safely using the provisions in most design
standards, safe designs may not always be achieved for PG walls, and as a result further research

is urgently needed to examine the in-plane behaviour of PG masonry walls (Dhanasekar, 2011).

The purpose of this literature review is to provide background information on PG masonry walls
subject to lateral loading, explain the equations which are currently available to predict PG wall

shear resistance and provide an overview of the statistical methods that were used in analysis.
2.2 Behaviour of Partially Grouted Shear Walls Subjected to In-Plane Lateral Loading

2.2.1 Failure Modes

The main failure modes for a masonry shear wall are flexure, sliding shear and diagonal shear
(Figure 2.2). Often, masonry walls exhibit mixed modes of failure involving more than one of
these modes (Dhanasekar, 2011; Oan, 2013). Walls failing in a combined flexure-shear mode
exhibit higher lateral load resistance than those that fail due to flexure only (Haider, 2007).

Compression failure is also possible.
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Figure 2.2 - Failure modes for masonry walls subjected to in-plane lateral loads: (a)

flexural, (b) sliding, and (c) shear (Voon, 2007)



Both sliding shear failure and diagonal shear failure are brittle, meaning that the wall cannot
maintain stability for long after the maximum lateral strength is reached (Rizaee, 2015). Brittle
failures can be quite sudden, often leading to catastrophic loss of life and property, while ductile
failures allow building occupants more time to escape. Flexural failures are more ductile, making
them the preferred failure mode (Voon, 2007; Oan, 2013; Rizaee, 2015). To ensure that masonry
walls are safe, walls are designed in a manner such that shear failure does not occur (Hamedzadeh,

2013).

2.2.1.1 Flexural Failure

Flexural failures tend to exhibit high ductility and energy dissipation, largely because this type of
failure requires yielding of the reinforcement (Dillon, 2015; Rizaee, 2015). Flexural resistance can

be estimated with reasonable accuracy using simple flexural theory (Hamedzadeh, 2013).

Flexural failure is characterized by horizontal bed joint cracking in the bottom courses, yielding
of the vertical reinforcement at the tension heel, overturning of the wall, and buckling of the
vertical reinforcement and crushing of the masonry at the compression toe (Hamedzadeh, 2013;
Dillon, 2015; Rizaee, 2015; Hung, 2018). For walls with large amounts of vertical reinforcement,
the reinforcement may yield only slightly or not at all prior to crushing of the masonry at the toe
(Dillon, 2015). On the other hand, walls with small amounts of vertical reinforcement will
experience extensive plastic yielding of the reinforcement before toe crushing begins (Dillon,
2015). Flexural failure occurs most often in relatively slender walls, with aspect ratios greater than
1.5 (Haider, 2007; Rizaee, 2015). They are more likely to occur in walls with insufficient vertical

reinforcement that are subjected to low axial stresses (Oan, 2013).

2.2.1.2 Sliding Failure

Sliding shear failure occurs when the lateral load exceeds the friction between the mortar and the
masonry units and the dowel action of the vertical reinforcement (Hamedzadeh, 2013; Rizaee,
2015). Axial load also contributes by increasing the friction between the mortar and the units
(Hamedzadeh, 2013). This type of failure is characterized by sliding of the wall along bed joints

(Hung, 2018). Sliding shear failure is not common in reinforced masonry, as typical axial loads
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and amounts of vertical reinforcement, along with adequate mortar quality, are able to prevent
sliding failure (Oan, 2013; Rizaee, 2015). In URM walls, however, seismic events may cause this
type of failure at the top levels of masonry buildings, due to low axial stresses (Tomazevic, 2009).
Sliding failure may also become significant in situations where there is a low friction coefficient,
such as when friction breakers or waterproof membranes are used or when the wall is positioned

on a smooth finished slab (Voon, 2007).

2.2.1.3 Diagonal Shear Failure

Diagonal shear failure, also known as diagonal tension shear failure or simply shear failure, occurs
when the principal tensile stress exceeds the tensile strength of the masonry units or mortar joints
(Hamedzadeh, 2013). This type of failure occurs in walls with relatively high axial loading,
particularly in the case of squat walls (Oan, 2013; Rizaee, 2015).

Diagonal shear failure is characterised by the formation of a diagonal crack along the shear wall,
which spreads from the centre of the wall (Voon, 2007; Hamedzadeh, 2013; Dillon, 2015). This
crack may follow a stepped pattern through the head and bed joints, a diagonal path passing
through the masonry units, or a combination of the two (Figure 2.3). The cracking pattern depends
on the strength of the masonry units and the mortar, as well as the level of axial load (Tomazevic,
2009; Oan, 2013; Rizaee, 2015). High axial stresses increase the chances that the crack will pass
through the units (Hamedzadeh, 2013).
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Figure 2.3 - Diagonal shear cracks: (a) in stepped formation and (b) passing through units

and joints (adapted from Voon, 2007)

The reinforcement is not engaged until cracking initiates, after which point the wall strength is
provided by the horizontal and vertical reinforcement and by aggregate interlock (Shing et al.,
1990; Dillon, 2015). Distributed vertical reinforcement keeps the cracks from opening, allowing
for additional shear stress transfer through crack friction beyond the initial cracking load (Dillon,
2015). Similarly, the axial load also contributes to post-cracking shear strength by increasing

aggregate-interlock force (Ghanem et al., 1992; Dillon, 2015).

Diagonal shear failure can be either brittle or ductile. With adequate reinforcement, distributed
throughout the wall and properly anchored, it is possible to increase wall ductility (Hamedzadeh,
2013; Dillon, 2015; Rizaee, 2015). The stresses are redistributed across the wall and the horizontal
reinforcement resists the lateral load in the cracked zone, preventing the initial crack from further
widening (Hamedzadeh, 2013). Instead, new cracks form throughout the wall and localized
crushing of the masonry at severely cracked portions of the wall leads to a complete loss of strength
(Voon, 2007; Hamedzadeh, 2013; Dillon, 2015; Rizaee, 2015). However, if the reinforcement is
not well distributed or axial loads are high, the failure will be brittle (Dillon, 2015). This type of

failure is characterized by one major diagonal crack (or, in the case of reverse-cyclic loading, a
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major X-shaped diagonal crack pair) and sudden crushing of the masonry between adjacent
horizontal reinforcement (Voon, 2007; Dillon, 2015, Rizaee, 2015). Both types of diagonal shear

failure are illustrated in Figure 2.4.
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Figure 2.4 - Cracking patterns associated with diagonal shear failure: (a) brittle failure and

(b) ductile failure (adapted from Voon, 2007)
2.2.1.4 Masonry Compressive Strut Shear Failure

Compressive failure, though rare in masonry walls, occurs under axial loads that are high enough
to exceed the compressive strength of the masonry units (Oan, 2013). Shear walls that are heavily
reinforced with horizontal steel are also susceptible to this type of failure (Hung, 2018). It is

characterized by the formation of vertical cracks parallel to the compressive strut (Oan, 2013).

2.2.2 Effects of Wall Properties on Behaviour

Although failure modes are agreed upon, international standards have very different methods for
predicting the in-plane shear strength of masonry (Dickie and Lissel, 2009). Existing code- and

research-based models differ in terms of parameter choice and overall form, showing a lack of

12



consensus on shear resisting mechanisms (Dillon, 2015). Wall properties that are generally
considered to contribute to shear strength include masonry compressive strength, axial load, aspect
ratio and horizontal reinforcement. Some researchers have found that vertical reinforcement also
contributes to the shear strength of masonry, while others have found the opposite. Details of how

all these variables are theorized to affect shear strength are discussed in the following sections.

2.2.2.1 Effect of Masonry Compressive Strength

Matsumura (1987) suggested that shear strength of masonry walls increases approximately in
proportion to the square root of the masonry compressive strength. This relationship appears in
many of the available shear strength expressions for PG walls, and is often assumed to be empirical
(Dillon, 2015). However, Hassanli et al. (2014) have suggested that masonry tensile strength is
represented by the square root of the masonry compressive strength. Compared with strut-and-tie
modeling, Dillon (2015) found that the square root relationship has the tendency to over-predict
the masonry strength component for very low and high values of f,;,. However, these extreme
strength values are uncharacteristic for masonry, particularly in the case of low compressive
strength values. Researchers have noted that increasing the value of f,;, causes some shear strength
equations to produce increasingly unconservative predictions (Hassanli et al., 2014; Bolhassani et
al., 2016b). This finding suggests that, for the typical range of compressive masonry strength, the
effect is overestimated in the provisions of these codes (Hassanli et al., 2014). For walls with high
masonry compressive strength, cracks in mortar layers usually govern the failure, so it may be

appropriate to limit the contribution from f,;, (Hassanli et al., 2014).

It has been suggested that until initial cracking, all of the shear load is carried by the masonry, after
which point the shear carried by the masonry across the crack is reduced (Anderson and Priestley,
1992). Shing et al. (1990) suggested that the residual strength of masonry depends on the amount
of vertical steel as well as the applied axial stress, as both enhance aggregate-interlock forces by
resisting crack opening. As a result, the shear strength equation proposed by Shing et al. (1990)
combines the vertical reinforcement ratio and the axial stress with the compressive strength of

masonry.
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2.2.2.2 Effect of Axial Load

Many researchers have concluded that axial load increases the ultimate shear resistance (Meli and
Salgado, 1969; Matsumura, 1987; Okamoto et al., 1987; Haach, 2009; Voon and Ingham, 2006;
Oan, 2013). Ramirez et al. (2016) found that this effect is more pronounced in squat walls.
Increasing axial load increases the shear capacity by preventing the principal stresses from reaching
the tensile damage limit (Hamedzadeh, 2013). Larger lateral force is required to overcome the
compressive field produced by the larger axial load, which delays initial cracking (Voon, 2007).
After cracking, shear is resisted in part by aggregate-interlock forces, which are increased by axial

stresses that minimize crack openings (Shing et al., 1990).

Fattal (1993a) found that within the limits of 0 to 1.8 MPa, ultimate strength increases linearly
with increasing axial stress. The strut-and-tie model developed by Dillon (2015) predicts that the
relationship between axial load and shear capacity is non-linear, particularly as the strength of the
masonry decreases. Hassanli et al. (2014) used univariate regression analysis and multivariate
regression analysis to assess the performance of the Canadian, American, Australian and New
Zealander shear strength equations on PG wall data. While univariate regression analysis indicated
that the expressions did not have significant bias towards the level of axial stress, multivariate
regression analysis showed that all four expressions underestimate the effect of axial stress. This
contradiction reveals that the effect of axial stress cannot be completely isolated as it is inter-

related with other parameters (Hassanli et al., 2014).

Increasing axial load decreases wall ductility, characterized by a decrease in lateral deformations
and dissipation of energy (Voon and Ingham, 2006; Haach, 2009). High levels of axial stress
reduce the yielding of vertical reinforcing bars, leading to more severe diagonal cracking and
brittle failures (Hung, 2018). The axial load also affects failure mode, as noted earlier. Walls with
low axial loading have a greater tendency to fail in flexure, and as axial load is increased the failure
mode transitions to a combined flexure-shear mode, then to shear-dominated behaviour (Dillon,
2015). If the axial load exceeds a certain threshold, the failure mode will change to compression

(Page, 1989; Hamedzadeh, 2013).
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2.2.2.3 Effect of Wall Aspect Ratio / Shear Span Ratio

Many researchers have found that decreasing the height-to-length aspect ratio of masonry walls
leads to an increase in shear strength (Matsumura, 1988; Fattal, 1993a; Voon and Ingham, 2006;
Hamedzadeh, 2013, Ramirez et al., 2016). In other words, the more squat the wall is, the higher
the shear strength will be. Walls having a greater aspect ratio have a more vertically inclined
compressive strut, which carries less force and hence leads to a lower shear capacity (Hassanli et
al., 2014). Shear stress based on net wall area, on the other hand, has been observed to increase

with increasing aspect ratio (Schultz, 1996; Schultz et al., 1998).

Most studies of shear strength have focused on aspect ratios of 1 or less (Hung, 2018). This is in
part because in slender walls failure is dominated by flexure (Haider, 2007). Maleki et al. (2009)
found that walls having an aspect ratio of 1 or less experienced a shear dominated failure, while a
wall with an aspect ratio of 1.5 exhibited mixed shear-flexure failure. Ramirez et al. (2016) also

found that energy dissipation capacity was higher for walls with lower aspect ratios.

Dillon and Fonseca (2017b) stated that the consensus amongst researchers is that shear strength
has a better correlation with the shear span ratio than to aspect ratio. Many shear strength
expressions reflect this by including the shear span ratio instead of the aspect ratio, expressed as
M /VL or a variation. Unlike the aspect ratio, the shear span ratio accounts for the increase in
stiffness provided by double curvature as opposed to cantilever boundary conditions. The shear
span ratio accounts for both the aspect ratio and the boundary conditions simultaneously, as

illustrated by Figure 2.5.
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Figure 2.5 - Shear span ratio for (a) cantilever boundary conditions and (b) double

curvature boundary conditions (Hung, 2018)

Dillon (2015) observed during the development of his proposed shear strength equation that a

better fit to the experimental data was achieved when the inverse of the shear span ratio was used.

2.2.2.4 Effect of Horizontal Reinforcement

While it is widely accepted that horizontal reinforcement contributes to shear strength (Matsumura,
1987, Tomazevi¢ and Lutman, 1988; Voon and Ingham, 2006), the increase in shear strength is
not proportional to the amount of reinforcement added (Yancey and Scribner, 1989). Researchers
have reported that horizontal reinforcement ratios above 0.2% provide a negligible increase in
shear strength (Fattal, 1993b; Elmapruk, 2010; Nolph and ElGawady, 2012). Hassanli et al. (2014)
provided a possible explanation for this phenomenon: in highly reinforced walls, the steel does not

yield, and shear strength is governed by the formation of large cracks through which the force
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cannot pass. As a result, increasing the amount of reinforcement past a certain threshold does not
increase the shear strength. Many shear strength expressions, including the CSA S304-14 equation,
the Blondet et al. and Anderson and Priestley models, the TCCMaR equation and the AS 3700
(Australian code) equation, overestimate the influence of horizontal reinforcement (Hassanli et al.,

2014; Dillon, 2015).

Horizontal reinforcement does not contribute to shear strength until after cracking has initiated
(Shing et al., 1990; Oan, 2013). This is illustrated by the finding of Fattal (1993a) that the cracking
strength of PG masonry is not significantly affected by increasing the horizontal reinforcement
ratio in the range of 0 to 0.34%. Prior to diagonal cracking, the shear load is resisted mainly by the
masonry (Anderson and Priestley, 1992). Dillon (2015) hypothesized that, rather than being
involved directly in resisting shear loads, the horizontal reinforcement works similarly to vertical
reinforcement by keeping diagonal cracks closed. This enables the transfer of stresses through
truss action and aggregate friction, and since diagonal cracks typically form at a 45° angle,
horizontal and vertical reinforcement are presumed to be equally effective in restricting cracking

(Dillon, 2015).

Due to the finer aggregates (compared with concrete), it is expected that the shear capacity of
masonry decreases with smaller crack openings, meaning the horizontal reinforcement likely has
not begun yielding when the wall reaches its maximum shear capacity (Hung, 2018). Janaraj and
Dhanasekar (2016) studied the influence of increasing horizontal reinforcement in a bond beam at
mid-height of a masonry wall modeled using FEM and found that the maximum tensile stress in
the reinforcement was only 30% of the yield strength. They considered the contribution of
horizontal reinforcement to the in-plane shear strength to be negligible (Janaraj and Dhanasekar,

2016).

Hoque (2013) studied PG masonry walls using different types of horizontal reinforcement
anchorage, noting that there was no significant effect on the shear strength, presumably because
the bars did not yield. Rizaee (2015) performed a similar study and, using strain gauges at various

locations on the horizontal reinforcement, found that reinforcement in PG walls can reach yield
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and is more likely to do so when 180° hooks are provided, as opposed to other types of anchorage.
The majority of the walls were reinforced with bond beams in the top and middle courses, and the
measured strains in the bars in the top course were significantly lower, with none of the selected
locations on the top bars yielding. There was still no significant difference in the performance of
the walls, and it was concluded that the effect of bar size on the performance of the walls is more

pronounced than the end anchorage (Rizaee, 2015).

Researchers have reported that walls with increased horizontal reinforcement exhibit improved
post-cracking ductility and energy-dissipation capability (Tomazevi¢ and Lutman, 1988; Shing et
al., 1989). It has also been found that increasing the amount of horizontal reinforcement can change

the failure mode to flexure (Thurston and Hutchison, 1982; Shing et al., 1990).

Some researchers have reported that horizontal reinforcement results in greater benefits for slender
walls (Schultz, 1998; Ramirez et al., 2016). Using strut-and-tie theory, Hassanli et al. (2014)
explained this phenomenon by stating that as a wall becomes more slender, the shear load transfer
mechanism shifts from a direct strut (path 1 in Figure 2.6) to a truss action through horizontal

reinforcement (path 2).
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Figure 2.6 - Strut-and-tie models for (a) squat, (b) square, and (c) slender PG masonry

walls (adapted from Hassanli et al., 2014)

Oan (2013) found no significant effect on the shear strength of PG masonry walls with joint
reinforcement, however the walls tested by Oan were all squat walls (H/L=0.63). In fact, using

larger diameter joint reinforcement resulted in lower shear strengths, which was attributed to the
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reduced bond between the mortar and masonry units due to the relatively high diameter of

reinforcement in the joint (Oan, 2013).

Current design equations do not differentiate between bond beam and joint reinforcement, however
researchers have studied the differences between these two types of reinforcement. Fattal (1993a)
and Yancey and Scribner (1989) observed that the contribution of joint reinforcement to shear
capacity and deflection were comparable to that of bond beam reinforcement. Schultz et al. (1998)
found that vertical cracks between the grouted vertical cells and the adjacent ungrouted masonry
dominated walls with bond beams, while walls with joint reinforcement exhibited more inclined
cracking. They surmised that the joint reinforcement bridged the vertical cracks and prevented
interruption of stress flow (Schultz et al., 1998). Baenziger and Porter (2011) found that walls with
distributed joint reinforcement had comparable or better shear capacity, better crack control, and
better ductility than walls with concentrated bond beam reinforcement. Hoque (2013) found that
cracking in walls with bond beams was more distributed and deformation was smaller compared
to walls with joint reinforcement, which exhibited X-pattern cracking. These findings are
significant, because the use of joint reinforcement in place of bond beams allows for substantial

construction cost savings (Fattal, 1993a).

Oan (2013) investigated two different methods of joint reinforcement placement: embedded and
dry. The embedded method involves placing mortar on the masonry unit face shells, embedding
the joint reinforcement in the mortar, then covering the reinforcement in mortar. The dry placement
method, which is typically used in industry to save time, consists of placing joint reinforcement
directly on the dry face shell, followed by the mortar (Oan, 2013). It was concluded that the method

of joint reinforcement placement did not affect the shear strength significantly (Oan, 2013).
2.2.2.5 Effect of Vertical Reinforcement

Vertical reinforcement is frequently used to increase the flexural resistance of masonry walls.
Since the tensile stresses are greatest at the end of the wall, the exterior vertical reinforcement is

most effective in resisting flexural moment force (Dillon, 2015). The interior vertical

reinforcement is not as effective in flexure due to a smaller moment arm and reduced level of strain
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compared to the exterior reinforcement (Dillon, 2015). While the effect of vertical reinforcement
on flexural strength of masonry is well known, the effect on shear strength is not agreed upon. This
is reflected in contradicting findings by different researchers, and by the absence of a vertical

reinforcement term in many existing code- and research-based shear strength expressions.

Chen et al. (1978) found that increasing vertical reinforcement from two No. 5 bars to two No. 8
bars had no noticeable effect on the shear behaviour of FG walls. It should be noted, however, that
the vertical reinforcement was located in the exterior cells of the walls; no interior vertical
reinforcement was used. Oan (2013) found that vertically reinforced walls showed no change in
the shear strength or ductility of PG walls, as compared with vertically unreinforced walls.
However, they pointed out that normally the vertical steel would be embedded in a concrete base
beam, causing the bars to bend at their bases under lateral loading, and thus contributing to the
resistance of the wall through dowel action (Oan, 2013). The vertical bars in the walls tested by

Oan were not embedded in this manner.

Anderson and Priestley (1992) assembled a dataset of 65 FG walls to fit an equation to the data
and found that the contribution of the vertical reinforcement was insignificant. The Technical
Coordinating Committee on Masonry Research (TCCMaR) investigated whether to include a
contribution of vertical reinforcement in the shear strength equation they developed, and found
that the equation did not perform as well when a vertical reinforcement parameter was included
(NEHRP, 1997a). Both the CSA and TMS shear strength equations for masonry are based off the
TCCMaR equation, and consequently neither includes a vertical reinforcement term (Dillon and

Fonseca, 2017b).

Dillon and Fonseca (2017b) pointed out flaws in the methodology used by Anderson and Priestley
and the TCCMaR in developing their models, and reanalyzed both models using the same data
from the original studies. They concluded that in the case of the Anderson and Priestley dataset,
the vertical reinforcement did not contribute to the overall wall shear strength (Dillon and Fonseca,
2017b). However, in the case of the TCCMaR study, there was a statistically significant

contribution from the vertical reinforcement (Dillon and Fonseca, 2017b).
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Scrivener (1967) found that vertical and horizontal reinforcement are equally effective in
providing crack control and increased shear strength. Shing et al. (1990) also found that the vertical
reinforcement has an influence on the shear strength, which they explained by saying that it helps
to resist crack opening, thereby enhancing aggregate-interlock forces. Ghanem et al. (1992) found
that distributed vertical reinforcement increases shear strength, while concentrating the vertical
steel at the ends increases the flexural strength of the wall with little increase in shear strength.
Hassanli et al. (2014) compiled a database of experimental results from 89 PG walls and found
that shear strength equations in current design codes overestimate the shear strength of PG walls
as vertical reinforcement spacing increases. Dillon (2015) explained that vertical reinforcement
contributes to shear strength through confining crack openings and dowel action (Figure 2.7). He
suggested that the finding of Ghanem et al. (1992) that only interior vertical reinforcement is
effective in increasing shear capacity is because the exterior vertical reinforcement is principally
engaged in resisting the overturning moment of the wall (Dillon, 2015). Ba Rahim et al. (2019)
studied the effect of interior vertical reinforcement on the shear strength of PG masonry walls

using FEM and concluded that it does contribute to the shear strength.

Figure 2.7 - Illustration of dowel action of vertical reinforcement (Hassanli and ElGawady,

2013)

Matsumura (1987) included a contribution from the exterior vertical (flexural) reinforcement in
his equation. Shing et al. (1990) included a term to account for vertical reinforcement in their
equation. The same term was subsequently adopted in the NZS 4230:2004 (2004) and Voon and
Ingham (2007) equations. Dillon (2015) and Hung (2018) also included vertical reinforcement
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terms in their shear strength models. Hassanli et al. (2014) affirmed that the vertical reinforcement
spacing plays a significant role in the shear strength of PG walls, and this effect should be

accounted for in design expressions.

The spacing of vertical reinforcement may be more critical than the amount (Hassanli et al., 2014).
Elmapruk (2010) found that decreasing the spacing between vertical cells greatly improved shear
strength. Similarly, Nolph and ElGawady (2012) found that increasing the spacing between
vertical grouted cells caused a decrease in shear strength. However, Maleki et al. (2009) used three
different spacings of horizontal and vertical reinforcement in PG walls and observed that the
overall response of the walls was not sensitive to the reinforcement spacing. They also found that

widely spaced reinforcement improved wall ductility (Maleki, 2008).

The effect of vertical reinforcement spacing in PG walls can be explained using strut-and-tie
theory. In walls with widely spaced vertical reinforcement, the shear force cannot be transferred
along the wall using intermediate reinforcement in the same way as closely spaced reinforcement
(Figure 2.8). Instead, vertical cracks form due to tension forces that are not being carried by
reinforcement, and the wall shear capacity is reduced compared to code predictions (Hassanli et

al., 2014).
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Figure 2.8 - Effect of vertical reinforcement spacing in PG walls (a) with closely spaced
reinforcement, and (b) with widely spaced reinforcement (adapted from Hassanli et al.,

2014)

While the size of vertical reinforcement has a negligible impact on construction costs, the cost of
grouting can be high (Fattal, 1993a). Therefore, from an economic standpoint, it may not always
be practical to decrease the spacing between vertically reinforced cells to achieve higher shear

strengths.

Similar to horizontal reinforcement, the ability of vertical reinforcement to increase PG wall shear
strength is likely limited. Scrivener (1967) noted that shear strength increased as the quantity of
horizontal and vertical reinforcement increased from zero up to approximately 0.3% of the gross
cross-sectional wall area. Further increase of reinforcing percentage did little to increase the shear
strength. This can be explained through strut-and-tie theory: when vertical reinforcement spacing
is reduced beyond a certain point, the number and width of compressive struts cannot be increased

and the shear strength does not improve (Hassanli et al., 2014). This is illustrated in Figure 2.9.

24



Vsrtical Steel
(Tie) ™\

Vertical Steel
(Tie)

Additional Vertical
Steel N

oy yyi
,,,,,,,,,,,,,

Figure 2.9 - Effect of vertical reinforcement spacing of PG walls with (a) normally spaced
reinforcement, and (b) very closely spaced reinforcement (adapted from Hassanli et al.,

2014)

The strut-and-tie model in Figure 2.9 is based on the assumption that the shear strength is
controlled by the capacity of the masonry strut, such that increasing the amount or size of ties

cannot increase the shear strength (Hung, 2018).

2.2.2.6 Effects of Other Wall Properties

Mortar is responsible for the uniform distribution of stresses, correction of irregularities of blocks
and accommodation of deformations due to thermal expansion and shrinkage (Haach, 2009). In
FG masonry, cracks pass through the blocks more than the joints (Hassanli et al., 2014). Shing et
al. (1990) referred to this fact as reason to believe that mortar joints had little influence on the
shear strength of the FG walls they tested. In PG walls, however, the mortar typically plays the
role of weak layers that are vulnerable to cracking (Hassanli et al., 2014). For walls with high
masonry compressive strength, cracks in mortar layers usually control the failure, meaning that the

contribution of f,;, may be less in PG walls than it is in FG walls (Hassanli et al., 2014).

Hoque (2013) stated that the material properties of the mortar that influence the structural
performance of masonry are compressive strength, bond strength and elasticity, workability, and

water retention, with the compressive strength of mortar being less important than the other
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properties. The workability of mortar is of particular importance because it directly influences the
workmanship, which can influence the mechanical properties of masonry considerably (Haach,
2009). Oan (2013) attributed lower shear strengths to reduced bond between mortar and masonry
units due to increased joint reinforcement diameter. TomaZevi¢ and Lutman (1988) noted that
masonry units and mortar must be of adequate quality, and reinforcement bond and anchorage

conditions must be sufficient for the reinforcement to be effective.

Woodward and Rankin (1985) tested 17 URM walls and found that the effect of block and mortar
strength on shear strength was very small at low axial stress (0.69 MPa). At high axial stress (2.76
MPa) the effect of increasing material strength became significant and led to increased shear
strength (Woodward and Rankin, 1985). They noted that there is an interaction between the block
and mortar strengths, such that wall behaviour may not be adequately predicted by considering the

two independently.

Haach et al. (2007) found that bond pattern had no effect on the behaviour of PG masonry walls.

2.3 Existing Expressions Predicting In-plane Shear Strength of PG Masonry Walls

The following section gives an overview of existing code- and research-based expressions for
predicting the in-plane shear strength of PG masonry walls. The equations listed in this section
will be used as a benchmark to assess the performance of the models generated in the present
study. By no means is this an exhaustive list of existing code- and research-based shear strength
expressions, but it seeks to provide some history of the development of some of the existing code-
and research-based equations, with a focus on equations used in North America. Some of the
equations were developed exclusively for PG walls, while others were developed based on a
combination of PG and FG wall data, and some were developed based solely on FG wall data. The
full details of how each equation was derived are not provided, but additional information can be
found in the original studies. Dillon (2015) also provides helpful commentary and insights on many

of the equations presented herein.
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Note that some of the variable symbols have been changed to maintain consistency in this study.
Where imperial units were used in the original equations, they have been converted to metric units.
Strength reducing factors have been omitted to allow for investigation of the unfactored shear

resistance.

2.3.1 Matsumura (1987)

Matsumura (1987) developed a shear strength model based on the results of his experimental study
of 80 masonry walls, 57 of which were concrete masonry walls while the remaining 23 were brick
masonry walls. Of the 57 concrete masonry walls, 28 were PG walls. Matsumura’s tested walls
were all reinforced with flexural reinforcement. Where horizontal reinforcement was
present, it was in the form of bond beams. More information about this experimental study

is provided in Chapter 3.

Matsumura built his equation in a piecewise manner by examining the influence of each parameter
individually, adding them to the equation one by one (Dillon, 2015). The equation expresses shear
strength as a sum of contributions from masonry, steel reinforcement and the applied axial force,

as given in Equation (2.1).

0.76
V, = 0875t [k | e+ 0.012 | [Fhugr| + (01875 o fynfouor
Hio7

d 2.1)

+ 0.204,

where k, = 1.0 for FG walls, 0.8 for PG brick masonry walls, 0.64 for PG concrete
masonry walls
0.3
ky = 1.16(pys)
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pvf

Pn

Ah,bar
Sh

Ogr

= ratio of outermost vertical reinforcement steel
A
= 2 %100
td
= cross-sectional area of vertical reinforcing bar(s) in one side (mm?)

= effective wall length, taken as the distance from the extreme compression fibre

to the centroid of the flexural tension reinforcement

= ungrouted prism strength, based on gross area (MPa)

= factor that accounts for the type of reinforcement used to confine grout; 1.0 for
hoop-type reinforcement in FG masonry, 0.8 for a single reinforcing bar with
semi-circular hooks at the ends in FG masonry, and 0.6 for PG masonry,

regardless of reinforcement type (Matsumura, 1988)

= factor that accounts for the effect of boundary conditions; 1.0 for double

curvature and 0.6 for single curvature

= horizontal reinforcement ratio

_ Ah,bar
tsp

area of a single horizontal bar (mm?)

spacing of horizontal bars (mm)

= axial stress applied to the wall, based on gross area (MPa)

Fattal (1993b) pointed out that this equation cannot predict the strength of unreinforced walls,

because it makes no provision for the effect of the compressive strength of masonry on shear

capacity in the absence of reinforcement. It also produces overly conservative strength estimates

for walls in which only horizontal reinforcement is used (Fattal et al., 1993b).
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2.3.2 AlJ (1987)

The Architectural Institute of Japan developed a shear strength equation for masonry walls, which
appears in Okamoto et al. (1987). Information available on this equation in English is limited, so

the derivation process is unknown. The equation is provided here as Equation (2.2).

0.23 Jm +17.65 ted
V, = [0.053p,7 Wt 0.10,,; + 0.8456 |ppfyn EAnet (2.2)
o7+ 0.12
VL
where p,¢ = flexural reinforcement ratio
_ Ayf bar
ted

2 = shear span ratio
VL

=1<-<3

VL

Onet = net axial stress (MPa)
Pn = shear (horizontal) reinforcement ratio

— Anbar

Spt

fyn = yield strength of shear reinforcement
te = “equivalent width of wall” (mm)
t = wall thickness (“width”) (mm)
d = effective wall length (mm)
L = wall length (mm)
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Okamoto et al. (1987) provided the AlJ equation in terms of stress, so all the terms have been
multiplied by A, to get the equivalent shear strength. Okamoto et al. (1987) also did not specify
whether the axial stress referred to should be calculated based on gross or net area, however this
multiplication by A,,,; means that Equation (2.2) essentially uses axial load, P, instead of axial
stress. Note that some coefficients were adjusted to convert the equation from units of kg/cm? to

MPa. Reinforcement ratios were converted from percentages to unitless values.

2.3.3 UBC (1988)

The Uniform Building Code (UBC) uses an empirically derived formula to predict the in-plane
shear strength of masonry walls. The nominal shear strength is calculated by adding the

contributions of the masonry and the horizontal reinforcement (Equation (2.3)).

Vo = 0.083C4Anet/ fin + AnetPnfyn (2.3)
where C, = masonry shear strength coefficient, which is obtained from Equation (2.4)
Aot = net area of masonry section (mm?)
fm = compressive strength of masonry at 28 days (MPa)
Pn = ratio of shear (horizontal) reinforcement to the area
fyn = yield strength of reinforcement (MPa)
( 2.4 f M < 0.25
. or ;==0.
Cqs =128 16(M> fi 025<M<10 24
d = . . Vd or u. Vd . .
M
\ 1.2 for vd > 1.0
where d = distance from extreme compression fiber to centroid of tension reinforcement

(mm)
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In the 1988 version of the UBC, the following upper limit was provided, with interpolation allowed

for intermediate values:

M
0.50Ac\F, for 7 <025

v, < e (2.5)
0.3340\/f; for 7> 1.00

where A, = effective area of masonry (mm?), taken as the lesser of the minimum bedded

area or the minimum cross-sectional area

Unlike most other design equations, the UBC equation does not account for the effects of axial
load on shear strength. It also does not apply a reduction to the contribution of horizontal

reinforcement.

This equation has since been superseded by UBC (1997) and by the International Building Code
(IBC) in 2000.

2.3.4 Blondet et al. (1989)

Blondet et al. (1989) developed two models for predicting the in-plane shear strength of masonry
walls built with CMUs. The models were developed on experimental data from tests done at UC
Berkeley, consisting only of FG walls (Dillon and Fonseca, 2017b). The first model, referred to
by Blondet et al. (1989) as “Method A”, is given as Equation (2.6).

M
<5.0 - 2.5—) Fr Ao if pr < 0.2%

v, = ‘]’\f (2.6)
(6.0 - 3.0—) FrA . ifpy = 0.2%
Vd
where % = “aspect ratio of the wall”
<1
fm = masonry compressive strength (psi)
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Pn = horizontal reinforcement ratio

The second model, “Method B”, was developed based on the assumption that the ultimate shear
strength is equal to the sum of contributions from the masonry and the horizontal reinforcement.
The masonry shear strength was assumed to be equal to the cracking shear strength, while the
horizontal reinforcement was assumed to be 50% effective, as it was thought that only the

horizontal shear in the centre of the wall was effective in resisting shear. Method B is given here

_ 2 Vero0
Vo = Vero t+ 1—5 + O-Sphfyh Apet (2.7)

where v = average shear cracking strength of the masonry at zero axial load

(35+1.752) /Fm

average axial stress (psi)

as Equation (2.7).

(o

fyn = yield strength of horizontal reinforcement (psi)

The TCCMaR model was based off of Method 2 (Equation (2.7)) as well as the Anderson and
Priestley (1992) model. Hence, Equation (2.7) is referred to as the Blondet model. It should be
noted that both models developed by Blondet et al. (1989) use imperial units.

2.3.5 Shing et al. (1990)

Shing et al. (1990) tested 22 FG masonry walls and, based on the results, proposed a new shear
strength equation (Equation (2.8)).

4

d
- 1) Ah,barfyh (2-8)

V, = (0.166 + 0.0217p, £, ) Aneey/ fi + 0.0217P [} + <
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where p,

Anet

Sh

Ah,bar

the ratio of vertical steel

Avt
Lt

total area of vertical steel (mm?)

wall length (mm)

wall thickness (mm)

net horizontal cross-sectional area (mm?)

compressive strength of masonry at the age of 28 days (MPa)
axial load (N)

the distance from the extreme vertical steel to the edge of the wall (taken as

47=101.6 mm for 16 long blocks)

spacing of the horizontal reinforcement (mm)

= area of a horizontal reinforcing bar (mm?)

Shing et al. (1990) suggested that a 45° crack would not permit adequate development lengths for

horizontal reinforcement in the top and bottom courses to develop tensile resistance. Because the

equation was developed purely based on FG wall data, A,.; used by Shing et al. (1990) would

have been no different from the gross area of the walls. Schultz (1994) suggested that in this

equation, the product of the vertical reinforcement ratio and the wall area should be equal to the

total area of vertical steel. However, Shing et al. (1990) clearly defined the area to be multiplied

by the vertical reinforcement ratio as the “net horizontal area.”

2.3.6 Anderson and Priestley (1992)

Anderson and Priestley (1992) took data from three studies, two of which tested FG walls

exclusively (Sveinsson et al., 1985; Shing et al., 1990) while the other study tested both PG and
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FG walls (Matsumura, 1987). Although Anderson and Priestley did not clearly identify which of
the Matsumura walls were included in their database, other researchers have indicated that they
only used FG wall data to develop their equation (Dillon and Fonseca, 2017b). Anderson and
Priestley started with an assumed shear strength equation form consisting of contributions from
the masonry, axial load, vertical reinforcement, and horizontal reinforcement. The assumed

equation form is given by Equation (2.9).

Vo = by % kykoy/fnLt + by % P+ by * Ayfyy + by # Ah,barfyh% (2.9)

where k; = the aspect ratio coefficient

ko = the ductility coefficient

fm = masonry compressive strength (MPa)

L = wall length (mm)

t = wall thickness (mm)

P = axial load (N)

A, = area of vertical steel in the middle third of the wall (mm?)

fyv = yield strength of the vertical reinforcement (MPa)

Appar = areaof horizontal steel (mm?) at a spacing of s;, (mm)

fyn = yield strength of the horizontal reinforcement (MPa)

d = distance from the compression face to the extreme tension bar (mm)

They then determined the coefficients by, b,, b; and b, by fitting the equation to the compiled test
data, using an iterative trial-and-error approach (Dillon and Fonseca, 2017b). There was not

sufficient data to determine the coefficients k; and k,, so they were removed from the final model.
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For walls built using concrete blocks, Anderson and Priestley (1992) found the best fit to be

expressed as given in Equation (2.10).

d
V, = 0.24,/fLt + 0.25P + 0.5 pqr fon - (2.10)
h

Anderson and Priestley (1992) noted that, unexpectedly, the vertical reinforcement had a
coefficient of 0 in the best-fit model. Dillon and Fonseca (2017b) reanalyzed the model using
multivariate regression and new data and still found the contribution of the vertical reinforcement
parameter to be insignificant. However, in other models reanalyzed by Dillon and Fonseca
(2017b), the contribution of the vertical reinforcement was significant, which suggests that the

form of the equation affects the significance of variable contributions.

2.3.7 Fattal (1993)

Fattal (1993b) complied data from 72 PG masonry shear walls. Of those walls, 51 were tested by
Matsumura (1987), 11 were tested by Chen et al. (1987), and the remaining 10 were tested by
Yancey and Scribner (1989). PG walls built with concrete blocks and clay bricks were both
included in the dataset. Fattal (1993b) altered the equation by Matsumura (1987) to improve it,
using the compiled data to compare the performance of the two equations. The equation proposed

by Fattal (1993b) is given by Equation (2.11).

0.5

Vo = |koky | ——+0.18 /f,;lprgV +0.011k,y8 fynppt + 0.012k, fn
—+0.8
L

2.11)

+ 0.204,0ss | Lt

where k, = areduction factor for PG masonry

0.8 for PG walls, 1.0 for FG walls
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fyw

Pv

fyh

Pn

Ogross

1.0 for FG walls, 0.8 for PG brick masonry walls, 0.64 for PG concrete

masonry walls

height of wall (mm)

length of wall (mm)

compressive strength of masonry prism (MPa)

yield strength of the vertical reinforcement (MPa)

total vertical reinforcement ratio

Ay
Lt

thickness of wall (mm)

coefficient accounting for the type of masonry and amount of grout; 1.0 for FG

masonry and brick masonry, 0.6 for PG concrete masonry

coefficient to account for the effect of boundary conditions; 1.0 for walls with

inflection point at mid-height (double curvature), 0.6 for cantilever walls

yield strength of the horizontal reinforcement (MPa)

horizontal reinforcement ratio

Ap
Spt

“nominal” axial stress on wall, based on gross wall area (MPa)

Based on the data from the 72 PG walls, the strength values predicted by Equation (2.11) varied

from 41% to 146% of measured strength values, with 68% falling within the £20% range (Fattal,

1993b). This was an improvement over the Matsumura (1987) equation, which had strength
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predictions varying from 23% to 180% of measured values, with only 46% falling within the £20%
range (Fattal, 1993b).

2.3.8 TCCMaR (1997)

The masonry shear strength equation found in the 1997 edition of the National Earthquake Hazards
Reduction Program (NEHRP) recommended provisions was developed by the Technical
Coordinating Committee on Masonry Research (TCCMaR). The 1997 NEHRP Provisions
commentary states that the TCCMaR equation is a combination of the Blondet et al. (1989) and
Anderson and Priestley (1992) equations (NEHRP, 1997a). For the masonry component, the
Blondet form was used, as previous research had concluded that the M/VL ratio should be included
in this term (NEHRP, 1997a). Since there was little difference in the values used to account for
the vertical load contribution, it was decided to use the more simplified form of Anderson and
Priestley. The shear strength equation developed by TCCMaR is provided in section 11.7.3 of
NEHRP (1997b) and here as Equation (2.12).

M L
V, = 0.083 [4.0 ~1.75 (ﬁ)] Anee/Fih + 0.54 par fon -+ 0.25P (2.12)
h

where V,, 1s limited by

( - M

0.54,06/ i for VL < 0.25

M - M

Vo <93 (0.56 —-0.22 ﬁ) Apeir fmn for 0.25 < VL < 1.0 (2.13)

M

\ 0.334,0¢+/ for VL > 1.00

and % = shear span depth ratio, which need not be taken greater than 1
Apet = net cross-sectional area of the masonry (mm?)
fm = specified compressive strength of the masonry (MPa)
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Appar = area of (horizontal) shear reinforcement (mm?)

fyn = yield strength of shear reinforcement (MPa)

L = length of member in direction of shear force (mm)

Sh = spacing of shear reinforcement (mm)

P = axial load on the masonry section due to unfactored design loads (N)

In Equation (2.12), the coefficient of 1.75 appears to have been taken directly from the Blondet et
al. equation, while the coefficient of 0.25 was taken directly from the Anderson and Priestley
equation (NEHRP, 1997a; Dillon and Fonseca, 2017b). The coefficient of 0.5 was the same for
both studies. With three of the four coefficients assigned, the value of the remaining coefficient
(4.0) seems to have been derived from the data (Dillon and Fonseca, 2017b). This method of
assigning coefficient values was criticized by Dillon and Fonseca (2017b), who pointed out that
because the form of the TCCMaR differed from those of the previous models, new coefficients
should have been derived. Using values other than those determined through least squares
regression introduces additional modeling error into the predictions made by the model (Dillon

and Fonseca, 2017b).

The issue of whether to include the contribution of vertical reinforcement was investigated by the
TCCMaR, using two different forms of a vertical steel parameter and an assumed coefficient of
0.25 (NEHRP, 1997a). They found that their equation did not perform as well when either vertical
reinforcement parameter was included as compared to when no vertical reinforcement parameter
was included (NEHRP, 1997a). This methodology was not suitable for determining whether to
include the parameters; an analysis of variance to determine the statistical significance of the
vertical reinforcement terms would have been more appropriate (Dillon and Fonseca, 2017b).
Dillon and Fonseca (2017b) reanalyzed the TCCMaR model using the same data and found the

vertical reinforcement contribution to be statistically significant at the o = 0.10 level.
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2.3.9 NTC-2004

NTC-2004 is the standard for design and construction in Mexico City, and is used in most regions
of Mexico (Alcocer et al., 2003). The shear strength equation for reinforced masonry is found in

section 6.4 of NTC-2004. The nominal shear strength according to NTC-2004 (2004) is calculated
using Equation (2.14).

Vi = 0.5V 447055 + 0.3P + npnfynAgross (2.14)
where the first two terms are limited as shown in Equation (2.15).

0.5V Agross + 0.3P < 1.5 Agross (2.15)

and vy, = design diagonal shear resistance (MPa), obtained through diagonal
compression tests of wallettes (2.8.2.1 of NTC-2004), or using the following

equation:

) {0.35 < 025V if fmortar 2 12.5
0.25 < 0.25./f5  if fmortar = 12.5

fn = design compressive strength of masonry (MPa), see 2.8.1.1 of NTC-2004
_ _fmmx
1+2.5¢cy
fmmx = average ungrouted compressive strength of masonry prisms (MPa), based on

gross area and a height-to-thickness ratio of 4 to 1 (correction factors for
different height-to-thickness ratios are provided in Table 2.5 of NTC-2004; the

correction factor for a height-to-thickness of 5 to 1 is 1.05)

Cm = coefficient of variation of the compressive resistance of masonry prisms,

which shall not be taken as less than 0.15 (taken as 0.15 in the present study)

Agross = gross cross-sectional area of the wall (mm?)
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P = vertical load, taken as positive in compression (N)

Ph = horizontal reinforcement ratio; joint ladder reinforcement is not considered to

be effective under seismic loads

_ Anbar
Sht
Appar = area of horizontal steel (mm?) placed at a spacing of s, (mm)
t = wall thickness (mm)
fyn = specified yield stress of horizontal reinforcement (MPa)
< 600 MPa
n = efficiency factor for horizontal reinforcement, given by Equation (2.16)

n = {0.6 if ppfyn < 0.6

0.2 ifpufyn = 09 (2.16)

In Equation (2.16), linear interpolation is allowed for values of py fy, between 0.6 and 0.9.

NTC-2004 has since been superseded by the 2017 version of the code. The shear strength equation
is identical in both versions, except that the calculation of 77 is more complex in the 2017 version.
Although bond beam reinforcement is not used in masonry construction in Mexico, it will be

included in calculations of pj, to evaluate the performance of Equation (2.14).

2.3.10 NZS 4230:2004

The New Zealand code equation for in-plane shear strength of masonry walls is found in section
10.3.2.2 of NZS 4230:2004. It was formulated largely based on research by Voon and Ingham
(2002). The equation is given here as Equation (2.17):

84
%‘”fy terrd + 0.9P; tana @.17)
e

0
V, =0.2/fL(CL + Cy) +
ffSh
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An upper limit is included to avoid critical shear failures (Equation (2.18)).

Vi < 0.45\/fterrd (2.18)

A limit on the contribution of the axial stress term is also included, to prevent excessive

dependence on this term in relatively squat masonry (Equation (2.19)).

where f,

specified compressive strength of masonry (MPa), which may be determined
by testing prisms with a minimum of 3 courses, based on gross area and

normally at 28 days

coefficient to account for the dowel action of vertical steel when longitudinal

steel in excess of the minimum value of 0.07% is used (Equation (2.20))
coefficient to account for the shear span ratio (Equation (2.21))

design axial load in compression (N) at given eccentricity, limited to prevent

brittle shear failure

0-1f1r,lAgross

effective web width (mm); equal to wall thickness for FG walls
2t¢¢ for PG walls
face shell thickness (mm)

distance from extreme compression fibre to centroid of longitudinal tension

reinforcement (mm)
0.8L for walls

wall length (mm)
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a = angle between lines of axial load action and resulting reaction (Figure 2.10
g g g
Appar = area of shear (horizontal) reinforcement within a distance s;, (mm?)
= lower characteristic yield strength of reinforcement (MPa); the value of yield
y y g y
strength below which not more than 5% of production tests in each size falls
Sh = spacing of horizontal reinforcement in vertical direction (mm)

The coefficient C; is calculated as follows:

C, = 33pvf—y for p, = 0.07% (2.20)
300
where p, = the vertical reinforcement ratio
— AV
N teffd
A, = total vertical reinforcement area

The coefficient C, is calculated as follows:

( 15 it 2 025
. 1 VL .
C—<O42[4 175M] 'f025<M<1 (2.21)
2 = . . VL 1 . _VL_ .
M
. 1 1fﬁ>1

The following figure is provided to explain the definition of .
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(2)

Figure 2.10 - Contribution of axial force to masonry shear strength for (a) single curvature

and (b) double curvature (adapted from Voon, 2007)

In Figure 2.10, “a” denotes the depth of equivalent rectangular stress block, measured in mm.

2.3.11 Eurocode 6 (2005)

The European code equation for in-plane shear strength of masonry walls is given in section 6.7.2

of EN 1996-1-1 (2005), also known as Eurocode 6. For masonry walls in which the perpend (head)

joints do not satisfy the requirements of section 8.1.5(3) so as to be considered as filled, the shear

strength is predicted by Equation (2.22):

Vi = 0.5f,k0tL + 0.4P + 0.94,f,, < 2.0tL (2.22)
which is limited by
0.5f k0 + % < 0.045f} or fyir (2.23)
where fro = 1is the characteristic initial shear strength of masonry under zero compressive

stress (MPa), to be determined from tests in accordance with EN 1052-3 or EN
1052-4, or from the values given in Table 3.4 of EN 1996-1-1 (2005)
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f yh
fo

fvlt

0.20 for general purpose mortar and standard CMUs
wall thickness (mm)
wall length (mm)

the design compressive load perpendicular to the shear, using the appropriate

load combination
total area of horizontal shear reinforcement
design strength of the reinforcement

the normalized compressive strength of the masonry units, which is either
given by the manufacturer or obtained by converting the compressive strength

using EN 772-1, Annex A

a limit to be found in the National Annex of a given country, if it is to be used

Notably, the initial shear strength of masonry value (0.20) given in Table 3.4 of EN 1996-1-1

(2005) is an arbitrarily low value. As a result, Eurocode 6 predicts overly conservative values of

shear strength (El-Dakhakhni et al. 2013). In addition, Eurocode 6 does not distinguish between

FG and PG walls, likely because the use of PG masonry is uncommon in Europe (Oan, 2013).

2.3.12 Voon and Ingham (2007)

Voon and Ingham (2007) proposed an equation that echoed the form of the TCCMaR (1997)

equation, while adding a term proposed by Shing et al. (1990) to account for the contribution of

vertical reinforcement, and taking ideas from Priestley et al. (1994). The equation developed by

Voon and Ingham (2007) is given here as Equation (2.24).

M
o=k (o.ozzp,,fy,, +0.083 [4 —1.75 ﬁ]) JFitd + 0.9P, tana

(2.24)

derr
+ Ah,barfyh
Sh
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The lowest of the upper limits used by the TCCMaR (Equation (2.25)) was adopted by Voon and

Ingham (2007) to ensure that their equation would be as conservative as the TCCMaR equation.

where k

Pv

V, < 0.33/ frhAnet (2.25)
ductility reduction factor (Figure 2.11)
vertical reinforcement ratio

yield strength of vertical reinforcing steel (MPa)

shear span ratio

025<M<10
25sorst

masonry compressive strength (MPa)
wall width (mm)

distance from extreme compression fibre to the centroid of longitudinal tension

reinforcement, or 0.8L for walls (mm)

factored axial compressive load (kN)

angle formed between centres of load application and reaction (Figure 2.10)
area of a single horizontal reinforcement bar (mm?)

yield strength of horizontal reinforcing steel (MPa)

effective depth of section (mm)

L—2d — 1l

distance between wall edge and outermost vertical reinforcement (mm)
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=L-d
Lan = development length of shear reinforcement (mm)

= 20d, for reinforcement with a yield strength of 300 MPa; 35d, for
reinforcement with a yield strength of 500 MPa

Sh = spacing of horizontal reinforcement (mm)
Aot = net cross-sectional area (mm?)

The value of k is determined using the relationship shown in Figure 2.11.

A
1.0

0.75 \
k \
0.50

Y

135 2 3 4

Displacement Ductility, p

Figure 2.11 - Relationship between ductility and masonry shear resisting mechanism

(Voon, 2007)
2.3.13 CSA S304-14 (2014)

The Canadian code equation for in-plane shear strength of masonry walls is given in section

10.10.2.1 of CSA S304-14 (2014), and here as Equation (2.26):

M d
v, = (0.16 <2 -7, £v> Jatd, + 0.25P> Vg + 0.6An parfon s—: < 0.4/fhtd,y,  (2.26)
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My _

where Vidy = shear span to depth ratio (unitless), taken as not more than 1 and not less than
0.25 for the concurrent factored moment, My, and factored shear, Vy, at the
section under consideration
025 < <4
T Ved, T
fm = compressive strength of masonry normal to the bed joint at 28 days (MPa)
t = wall thickness (mm)
d, = effective depth (mm), which need not be taken as less than 0.8 times L
P = axial compressive load on the section under consideration (N)
Yo = factor to account for partial grouting; 1.0 for FG masonry
= et < 0.5 otherwise
Lt
Appar = cross-sectional area of horizontal reinforcement (mm?)
fyn = yield strength of horizontal reinforcement (MPa)
Sh = spacing of horizontal reinforcement (mm)
< {34;(10 MM for bond beams

< 600 mm for joint reinforcement

For squat walls with H/L < 1, the upper limit may be increased as provided in section 10.10.2.2
(Equation (2.27)).

V, < 0.4/fhtdyy,[2 — H/L] (2.27)

where H = height of the wall (mm)
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L = length of the wall (mm)
and 05<7<1

The CSA equation was developed based on the TCCMaR equation, meaning that all the errors
present in the TCCMaR equation have been carried over to this equation (Dillon and Fonseca,

2017b).

2.3.14 Dillon (2015)

Dillon (2015) assembled a dataset of 172 FG and 181 PG masonry walls built using either CMUs
or clay bricks. He considered several potentially influential parameters that combined measured
variables, some of which were from other existing code- and research-based models while others
were created “using logic and the theory of mechanics” (Dillon, 2015). Various forms of each
parameter were included, which varied in terms of which variables were included as well as which
variable definitions were used. In total, 48 potential parameters were considered in 5 categories:
masonry, axial load, interior vertical reinforcement, bond beam reinforcement, and joint

reinforcement.

Stepwise regression was used to narrow the pool of candidate parameters to a smaller set, and then
various models were assembled using one parameter from each category. Model coefficients were
selected using least squares regression. An optimum model was selected on the basis of model
performance and simplicity, however the ability of the model to describe the nominal shear
strength equally well for both grouting types was prioritized over how well the model fit the data.
Two slightly different versions of the same equation were created, one of which was fitted to FG
wall data while the other was fitted to PG wall data. The version for PG walls is given by Equation
(2.28).
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where

Vs
V, = 0.083 (1.1 +0.9 %) Apo/fih +0.15P

Avi,bar

fyvi

(2.28)

+ 0.12 IML + <Ahbb,barfyhbb n Ahj,barfyhj) Hl

Svi Shbb Shj

ratio of ultimate shear demand to ultimate moment demand (mm")

average spacing between vertically grouted cells (mm)

net shear area of wall (mm?), which is defined as the sum of the areas of the

face shells, the grouted cores, and webs adjacent to the grouted cores
compressive strength of the masonry

applied vertical axial load

= area of confinement (interior vertical) reinforcement (mm?)

Ahbb,bar =

fynbp
Shbb
Apjpar
fynj

Shj

= tensile strength of confinement reinforcement (MPa)

average spacing of confinement reinforcement (mm)
area of bond beam reinforcement (mm?)
tensile strength of bond beam reinforcement (MPa)

average spacing of bond beam reinforcement (mm)

= area of joint reinforcement (mm?)

= tensile strength of joint reinforcement (MPa)

spacing of joint reinforcement (mm)

geometric height of the wall (mm)
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This model includes contributions from three types of reinforcement: interior vertical
reinforcement, bond beam reinforcement and joint reinforcement. It was assumed that the

coefficients for all three reinforcement types should be the same (Dillon, 2015).

The shear strength is limited by Equation (2.29):

1 L—a a
0.8fmates; o+ Arf, (d —3)

V, < M, (2.29)
Vu
where ters = the shear thickness of the wall, taken as t for FG walls and taken as the total

face shell thickness for PG walls

a = the length of the compression block, as determined using Equation (2.30)
Acf,
A p 4 —&y¢ L)
a=< hy+P+ =g (2.30)
0.8/ mtess

Dillon’s model showed minor improvement over other existing code- and research-based
equations, possibly due to the inclusion of a term accounting for vertical reinforcement (Hung,
2018). Dillon (2015) also developed strut-and-tie models for 116 FG and PG walls, 10 of which
contained openings, and found that these models outperformed his proposed equation, particularly

in the case of PG walls.

Although the analysis done by Dillon (2015) made use of stepwise regression, it failed to take
advantage of the full capabilities of this technique because stepwise regression was not used to
generate the final models. The main advantage of stepwise regression is its ability to identify an
appropriate subset of input parameters for predicting the output variable. By subjectively deciding
which parameters to include, Dillon neglected the possibility that a simpler form of the shear
strength equation may be able to achieve the same or almost the same level of accuracy. He also

did not explore all of the possible variables which may contribute to shear strength. The amount
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of data which is now available, and the power of stepwise regression make for an ideal opportunity

to explore new possibilities, including those which have been previously ignored by researchers.

2.3.15 Bolhassani et al. (2016)

Bolhassani et al. (2016b) developed a shear strength model for PG walls based on modified

infilled-frame mechanism (Equation (2.31)).

where ng

tesr

fnu

Vo= (ng —1) [t * terp fu €OS 6 + UPip iy + Tp

M ] 2.31)

is the number of vertical grouted cells

>2

unit thickness (mm)

effective wall thickness (mm); equal to the unit thickness in FG masonry,

otherwise it is equal to the thickness of face shells
ungrouted masonry compressive strength (MPa)
angle of inclination of the compressive strut

coefficient of friction (taken as 0.25 by Bolhassani et al. (2016b))

= axial load in the infill panel (kN)

Vi .
PAinfin txteff |fmu SN 6

(mg—D)(Ainfin+1.54vgc) ng—1

axial load (kN)

= area of a single infill panel (mm?), or the length of the wall between grouted

cells, including half of the interior cell length, multiplied by the wall thickness
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Avgc

gc

Esteel

E grout

My

H

area of a single vertical grouted cell, including vertical steel (mm?)

Agc +AS (Esteel _ 1)

grout

area of a single grouted cell minus the area of steel, including face shells, outer

web, and half of the inner web (mm?)

area of vertical steel in a single grouted cell (mm?)

= modulus of elasticity of steel (MPa)

= modulus of elasticity of “concrete” (MPa)

plastic moment (N*mm)

wall height (mm)

This equation is described as being best applicable to walls with vertical and horizontal grout

spacing over 1.2 m, whereas the shear strength of walls with smaller grout spacing can be estimated

well enough using the TMS equation (Bolhassani et al., 2016b).

2.3.16 TMS 402/602-16 (2016)

The American code equation for in-plane shear strength of masonry walls is given in section

9.3.4.1.2 of TMS402/602-16 (2016), and here as Equation (2.32):

M
v, = { [0.083 £ <4.o ~1.75 ﬁ> +0.5 (

Ah,barfyhl‘

)l Aper + 0.25P }yg,us (2.32)
Anvsh

The shear strength is limited by Equation (2.33).
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and —

Yg,us

Anpar

fyh

Sh

Anet

IA

M
0.5v4,usAnetv fm for VL < 0.25

M M
(0.56 —0.22 ﬁ) VousAnery/frn for 0.25 < 7L <10 (2.33)
M
0.33Yg,usAnecy/ ok for -2 1.00

maximum moment at the section under consideration divided by the shear

force times length, which shall be taken as a positive number and need not be

taken greater than 1.0

specified compressive strength of masonry (MPa)

0.75 for PG walls, 1.0 otherwise

axial load, considered positive for compressive axial loads (N)
actual depth of a member in direction of shear considered (mm)
cross-sectional area of (horizontal) shear reinforcement (mm?)
allowable tensile or compressive stress in reinforcement (MPa)

net shear area (mm?); for members without flanges, net shear area is equal to

the net cross-sectional area
spacing of horizontal reinforcement (mm)

net cross-sectional area of a member (mm?)

Like the CSA equation, the TMS equation was developed from the TCCMaR equation, and all the

associated errors have been carried over to it (Dillon and Fonseca, 2017b). Because PG walls can

produce lower shear strengths than those predicted by the TCCMaR equation, the grouting factor

was added to compensate for this effect until more accurate methods can be developed

(TMS 402/602-16, 2016).
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2.3.17 Hung (2018)

Hung (2018) compiled a database of 292 PG masonry walls built with CMUs. Data synthesization
and scrutinization were then performed, resulting in several smaller datasets that included different
numbers of specimens based on various combinations of inclusion criteria. From these datasets,
several Artificial Neural Networks (ANNs) were generated and one was selected based on criteria
of accuracy and representativeness of the data used to train the model. The selected ANN used 7
input parameters and 5 hidden layers, and showed major improvement in accuracy over that of
conventional code equations, with a reported R? value of 0.850 (Hung, 2018). The selected ANN,
identified by Hung as F-7-5-1, is given by Equations (2.34) to (2.37).
_ Ymin = Ymax) Onorm — 1)

vn,gross - _2 + ymax

(2.34)

Ynorm = [LW] - tanh(b; + [IW]{Xp0rm}) + b, (2.35)

[X1,n0rm]
X2norm
x3,n0rm
Xnorm = | Xa,norm (2.36)
X5,norm
x6,n0rm

-x7,norm-

—2(x;: — x:
xi,norm — ( )( L l,max) + 1 (237)

Ximin — Ximax

where vy, gross = estimated gross shear stress (MPa)

=
Lt
U = nominal shear strength (kN)
L = wall length (mm)
t = wall thickness (mm)
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w

Lw

b,

—0.6183
1.3134
0.0637
0.0070
0.0206

[0.8144

1.5154
1.7618
—0.4254
—0.0269
—1.3641

—0.6123

—0.6835
1.2532
—1.3889
—0.9053
—0.6339

—0.3618

1.6011

—2.1502
—2.4748

1.0992
0.4812

0.3675 0.8712

—0.3643
—1.6223
—0.9587
—0.9918
—0.4361

1.1593
—0.0682
—1.2993

1.9170

0.8425

—0.8893]

—0.0237
—1.3960
—0.8316
1.0863
—-1.2191

0.0430
—-1.7227
1.8284
1.9599
1.0364

The definition of each of the input variables, x; through x,, as well as the corresponding minimum

and maximum values, is given in Table 2.1. The minimum and maximum values of the output are

also provided in Table 2.1.

Table 2.1 - Input/output minimum and maximum values for linear normalization (adapted

where A

from Hung, 2018)
Input Variable Minimum Maximum
(x i) (x i,min) (x i,max)
x; |A(@m?) 0.66 19.43
x, | M/VL (unitless) 0.250 2.295
X3 | Anet/Agross (unitless) 0.405 0.808
Xy | finers (MPa) 4.25 22.29
Xs pvfyv (MPa) 0 4.842
Xe | Pnfyn (MPa) 0 1.290
X7 | Ogross (MP2) 0 1.724
Output Variable Minimum Maximum
(y ) (y min) (y max)
y Umax,gross (MPa) 0.232 1.081

wall area

Hx*L
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H = wall height (mm)

L = wall length (mm)
M .
oL = shear span ratio
A . .
—net. = ratio of net to gross cross-sectional wall area
Agross
Agross = gross cross-sectional wall area (mm?)
= Lx*t
t = wall thickness (mm)
fmerr = effective masonry strength (MPa); weighted average of ungrouted and grouted
prism strengths using the standard aspect ratio of 5:1
— Avifyvi+Avffyvf
Pofyv 0.8Lt
Ay = total area of interior vertical reinforcement (mm?)
fyvi = yield strength of interior vertical reinforcement (MPa)
Ays = total area of flexural (outer vertical) reinforcement (mm?)
fyvr = yield strength of flexural reinforcement (MPa)
_ Anbbfynbb+Anjfynj
Prfy yh He
Appp = total area of horizontal bond beam reinforcement (mm?)
fynpp = Yield strength of bond beam reinforcement (MPa)
Apj = total area of horizontal joint reinforcement (mm?)

56



fynj = yield strength of joint reinforcement (MPa)

Ogross = gross applied axial stress (MPa)
_ P
Agross
P = applied compressive axial stress (N)

Section 4.7.4 of Hung (2018) provides a sample calculation that illustrates how this ANN can be
used to predict the shear strength of a PG wall.
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2.3.18 Summary of Design Expressions

Table 2.2 - Summary of existing code- and research-based shear strength equations for PG masonry walls

Shear Strength Contribution
Code /
Author Masonry Axial Stress Horizontal Steel Vertical Steel
(Vm) (Vp) (Vsh) (st)
Matsumura 0.76 , , . .
(1987) 0.875td | kyky g+ 0.012 | |frugr 0.175td - a4 | 0.1575td " ¥S | pnfynfmu,gr included in V,,
—-+0.7
d
fm +17.65 t.d
0.23 Lle® t.d ted . .
AIJ (1987) 0-053py" 47 To1s L Anet 0.10pec 7 Aner | 08456 /phfyh:—LAnet included in ¥,
vL "
UBC (1988) 0.083C A neev/ fm - AnetPrfyn -
Blondet et al. VeroO
(1989) Viro + 5 Anet 0:5PnfynAnet ]
Shing et al. - L—2d -
(1990) (0-166Anet + 0-0217P)\/ fm Sh -1 Ah,barfyh (0-0217pvfyv)Anet fm
Anderson d
and Priestley 0.24./fLt 0.25P 0.54n par fyn s -
(1992)
0.512 || —5— |+ 0.18| £ 071t
Fattal (1993 H Infyv (o) 0.20P 0.005285 £, (py) 3 included in 1,
I + 0.8 y
+ 0.0096f,,
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Shear Strength Contribution

Code /
Author Masonry Axial Stress Horizontal Steel Vertical Steel
(Vm) (Vp) (Vsh) (st)
TCCMaR M L
0.083 [4.0 ~175 (—)] N 0.25P 0.54 d :
(1997) L )| Anety fm nparfyn 5
NTC-2004 0.5 Agross 0.3P NonfynAgross ]

NZS 7 Ah,barfy 7
4230:2004 Cz 0.2y fintersd 0.9 tan & 08—==d Cy+ 02/ fterrd
E“(rz"gggf 6 0.5fpkotL 0.4P 0.94nfyn ;

Voon and
M)\ — ey ;
Ingham k(0.083]4 - 175 ) Ve 0.9 tana Anbarfyn— k(0.022p,fy)/Fntd
(2007)
CSA S304- 016(2 - My \/Ftd]/ 0.25Py, 0.64 f ﬁ -
14 (2014) ’ Vid, m-=vig : g OAnparfyn sh
012 Ahbb,barfyhbb

Dillon Vsgy ave) . Shbb Avi,barfyvi

0.083(1.1+09————)A ! 0.15P 012 ———1L

(2015) (11+09525) a7 s Ahj,barfyhj) Y 5ot

shj
Bolhassani et - 4M,,
al. (2016) (ng -1 (t “terf fmu COS 6 + H ) (ng — DpPinrin - -
TMS
M A L
402/602-16 0.083 (4.0 ~1.75 ﬁ> FrAnecYous 0.25Py,us | 0.5 <'ja7{”> ApetYgus -
(2016) nvSh
M Anet !
Hung (2018) A, vy Agross and fm,eff Ogross phfyh pvfyv
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2.4 Statistical Methods

Yu et al. (2006) stated that the ultimate goal of model selection is to choose the model which will
perform the best on future testing data, meaning that the goal is to achieve a good generalization.
To reach this goal in the context of predicting the in-plane shear strength of PG masonry walls, a
methodology was used which had not been previously employed to solve this problem. Using
stepwise variable selection and model trees, this study aims to generate several new shear strength
models which are accurate and precise, yet simple enough to be used in design by practicing
engineers. The performance of the generated equations will then be compared to existing code-

and research-based models using statistical parameters.

2.4.1 Stepwise Variable Selection

The main challenge of developing a prediction model is selecting an appropriate input variable set
(Mohsenijam and Lu, 2016). Without enough input variables, the model will be unable to capture
the patterns in the data (Yu et al., 2006). On the other hand, increasing the number of inputs beyond
a certain point will not only increase the model complexity, it will increase prediction error and
worsen the model performance (Gardner et al., 2016). When too many variables are used, the
model begins to fit itself to the noise in the training data, in addition to fitting itself to the

underlying patterns of the data (Yu et al., 2006).

Variable selection methods allow the number of input variables to be reduced to an appropriate
subset for predicting the output (Mohsenijam and Lu, 2016). Stepwise regression is one such
method. It identifies significant input variables while eliminating multicollinearity
(interdependencies) between variables, or cases where an input variable does not need to be
included in the model because it could be explained by other input variables (Leung et al., 2001;
Mohsenijam and Lu, 2016). Figure 2.12 illustrates how stepwise regression reduces potential input

variables to an appropriate subset while eliminating multicollinearities.
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(a) (b)

Figure 2.12 - Contrasting (a) multicollinearity between X1, X2 and X3 and (b) almost no

multicollinearity

In Figure 2.12 (a), all three of the input variables X; and X> and X3 explain a significant portion
of the output variable Y, however multicollinearities exist between the input variables because
they are highly correlated to each other. Figure 2.12 (b) shows what happens if the variable X is
removed: the multicollinearities are eliminated, and only a small amount of the combined

explanatory power of the variables is lost. This is what stepwise regression is designed to achieve.

Mohsenijam and Lu (2016) provide the following explanation of the stepwise regression
procedure. In the first step, the variables are separated into two sets: a selected set, and an ignored
set, with all the variables beginning in the ignored set while the selected set is left null. Next,
correlation coefficients are determined to measure the association between each of the ignored
variables and the output variable. The ignored variable with the highest correlation is moved from
the ignored set to the selected set. This selected set is then used to formulate the regression model.
To assess the significance of the variables in the resulting regression model, a partial F-test is

performed. If a variable is not significant, meaning that its p-value is higher than a predetermined
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exclusion value (for example 0.05), it is removed from the regression model and returns to the
ignored set. In a particular iteration, if the ignored variable with the highest correlation does not
satisfy the required level of significance (the inclusion threshold), it is not added to the selected

set, and the stepwise procedure ends (Mohsenijam and Lu, 2016).

Stepwise regression offers important advantages over traditional regression methods. Unlike the
methods used to develop existing empirical research-based shear strength equations, stepwise
regression does not require the form of the equation to be assumed by the researcher. This
eliminates much of the guesswork involved in the empirical equation derivation process. The ease
of testing different combinations of input variables also eliminates constraints on how many

variables can be investigated in analysis (Dillon, 2015).

One weakness of the automated stepwise regression procedure is the inability to eliminate certain
terms from consideration for logical reasons when another term has already been selected (Dillon,
2015). This limitation can be overcome by manually removing terms when it is not logical to
include them or by adjusting the inclusion and exclusion p-value thresholds. Preference is given
to the latter method, as the manual removal of one term may change the optimum set that would
be selected based on variable p-values. In other words, removing one term manually might increase
the p-value of a variable in the ignored set, or decrease the p-value of a variable in the selected set,
such that the remaining variables in the selected set are not what would have been chosen using

stepwise regression.

2.4.2 Model Trees

Model Trees (MT) are an extension of Regressions Trees. The latter use a tree structure with
constant values at the end of each branch, while in place of a constant value on each leaf, MTs
have regression models (Frank et al., 1998). MTs split data so that similar samples are clustered
together and can be approximated by the same multiple linear regression (Mohsenijam, 2019). In
other words, MTs find local linearities in the data, allowing them to represent an unknown,
nonlinear function using piecewise linear approximation (Quinlan, 1992; Frank et al., 1998). This

is illustrated by Figure 2.13.

62



Output Variable

b
1 V2 v3  Input Variable

Figure 2.13 - Model tree representation of a non-linear data trend (adapted from

Mohsenijam, 2019)

Although the one-dimensional case depicted in Figure 2.13 is rare, as most predictive models
include more than one input variable, it serves as a good illustration of how a MT uses piecewise
linear functions to represent a nonlinear trend in data. Figure 2.14 shows the corresponding model

tree structure.

PROBLEM
DOMAIN

R1 | X1<V3,X1<V1

R2 | X1<V3,XI>VI, X1<V2
R3 | X1<V3, XI>VI, X1>V2
R4 | XI>V3

Figure 2.14 - Model tree structure example (adapted from Mohsenijam, 2019)
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MTs can produce models with higher accuracy than commonly applied multiple linear regression
methods, and they can provide more insightful models than those produced by ANNs (Quinlan,
1992; Frank et al., 1998; Mohsenijam, 2019).

Model trees were first developed by Quinlan (1992), who used a methodology called M5. Wang
and Witten (1996) then improved upon this method, developing the M5’ methodology.
Mohsenijam (2019) used this M5’ methodology to define rules for clustering samples, while
implementing stepwise regression using Ordinary Least Squares (OLS) method at the resulting
leaves to eliminate redundant input variables and calculate equation coefficients. The combination
of MTs and stepwise regression was then validated on a large building information model dataset
from the structural steel fabrication industry. The resulting MT was well aligned with industry
knowledge and outperformed a linear regression, a stepwise regression, and an ANN in terms of
predictive accuracy (Mohsenijam, 2019). A similar methodology is used to generate MTs in the

present study, and is described in detail in Chapter 5.

2.4.3 Model Comparison

Estimation error consists of three components: bias, variance, and noise (Yu et al., 2006). Bias can
be defined as the learning error for the algorithm of choice (Mohsenijam, 2019). A model with
high bias oversimplifies the problem being studied (Mohsenijam, 2019). Variance is the sensitivity
of the model to the training data and represents the model’s prediction performance on new cases
(Mohsenijam, 2019). Noise in data originates from measurement tools, data collection errors and
human errors (Mohsenijam, 2019). Noise is unavoidable and difficult to reduce but is generally
small. Thus, the estimation error is roughly equal to the sum of the squared bias and variance (Yu

et al., 2006).

The concepts of bias and variance can be illustrated using a dart board (Figure 2.15). Low bias
(accuracy) is achieved when the points hit the true value on average, while low variance (precision)

is achieved when the points are relatively close together.
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Low Variance High Variance
(High Precision) (Low Precision)

Low Bias y
(High Accuracy)
*
x
» X /%
High Bias
(Low Accuracy)

Figure 2.15 - Visualization of variance vs. complexity

As model complexity increases, bias decreases, and variance increases (Geman et al., 1992; Yu et
al., 2006). An oversimplified model cannot capture the underlying patterns in the data no matter
how much data is available, leading to underfitting, or high bias (Yu et al., 2006). Such a model
would perform poorly both on training and testing data. On the other hand, if a model is overly
complex, it memorizes some of the noise in the data as well as the underlying patterns, resulting
in overfitting, or high variance (Yu et al., 2006). A complex model can fit a range of data patterns,
not because it is the true model, but because it is flexible enough to absorb random error in the
data (Myung and Pitt, 1997; Myung, 2000). It succeeds in fitting the observed data very well
despite having large errors for each parameter, because the errors cancel each other out in order to
fit the observed data (Myung, 2000). Such a model may fit the training data very well, but it will
perform poorly on testing data, indicating a weak generalization (Myung, 2000; Yu et al., 2006).
This is illustrated in Figure 2.16.
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. Model | (n=2, 79.57) | |« Model 2 (n=3, 96.07)

Figure 2.16 - Effect of model complexity on the model’s ability to fit data, where n is the
number of parameters used in each model. Percentage of variance accounted for by each

model is shown in parentheses (Myung and Pitt, 1997)

In Figure 2.16, Model 1 underfits to the data, meaning that it is overly simple and is not able to
capture the patterns in the data as well as Model 2. Model 3 has four more parameters than Model
2, significantly increasing the level of complexity and the flexibility of the model, however it only
provides a 2.5% improvement in fit to the data. Model 4 contains 20 parameters, the same number
as the data points, and even “tells us more than the data do” (Myung and Pitt, 1997). A complex
model will fit an observed data set better than a simple model, even if the latter generated the data
(Myung, 2000). This illustrates the danger of overfitting: although Model 4 fits the data perfectly,
it fits only one data set and will generalize poorly to new data, as will Model 3 (Myung and Pitt,

1997).

As demonstrated by this example, there is a trade-off between bias, variance, and complexity
through which the optimal complexity that minimizes the total error can be found (Yu et al., 2006).

This trade-off is illustrated in Figure 2.17.
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Figure 2.17 - Trade-off between bias, variance and complexity (Yu et al., 2006)

There is an inverse relationship between complexity and generalizability; simple models
generalize better to new data sets than do complex models (Myung, 2000). This is one reason why,
when choosing between two or more models having equal total error, the simplest model should
be selected. In addition, acceptance of a model for inclusion in a design standard to be used
frequently by practicing engineers is prerequisite on the model being simple (Dillon, 2015). Thus,
a more complex model should only be favored if it decreases the total error enough to justify the

additional complexity (Myung and Pitt, 1997).

2.4.4 Performance Indicators

Several different statistical indicators were considered as possible performance indicators to
compare existing code- and research-based shear strength expressions with the ones generated in
this study. Mohsenijam (2019) and Dillon (2015) both used the Akaike Information Criteria (AIC)
and Bayesian Information Criteria (BIC) in model selection. However, models can only be
compared using these metrics when they have been fitted to the same data set (Burnham and
Anderson, 1998). In the current study, different datasets were used to develop various models,

ruling out the possibility of using AIC and BIC.

Various performance indicators have been used by researchers in developing shear strength models

for masonry. Fattal (1993b) provided minimum and maximum values of V;,/V;,,. as well as the
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percentage falling within the range of 0.8-1.2 range. to compare the performance of the Fattal
equation with that of the Matsumura equation. NEHRP (1997a) used mean, standard deviation,
and variance of V., /V,, to compare the TCCMaR equation with other existing code- and research-
based expressions. Minaie et al. (2010) used minimum, maximum, average, and standard deviation
of Vexp/Vi as performance indicators to compare existing shear strength expressions with a
modified version of the MSJC (2008) equation (a previous version of the TMS 402/602-16
equation). They also provided the percentage of specimens with V,,,/V,<l, to quantify the
percentage of unconservative predictions, and the percentage of specimens with V., /$V;,<1, to
quantify potentially unsafe predictions. Hassanli et al. (2014) used minimum, maximum, average,
standard deviation, and variation of V,,,/V,, to compare existing code-based equations with a
proposed modified version of the MSJC (2011) equation. They also provided a percentage of over-
predicted (unconservative) specimens. Dillon (2015) compared existing code- and research-based
models with his generated model using RMSE, R?, and mean and standard deviation of residuals.
Aigular et al. (2016) used MSE, R?, as well as average, standard deviation, and 5" percentile of
Vexp/Vn as performance indicators to compare existing code-based expressions with their
generated ANNs. Bolhassani et al. (2016b) created a histogram of V,,,/V, values and plotted
Vexp/ Vi, against various equation variables to evaluate the TMS (2016) equation. Hung (2018) used
MSE, as well as average, standard deviation, and fifth percentile of V¢, /V, to evaluate his ANN

compared to previously developed code- and research-based shear strength equations.

The use of Ve, /V;, measures is widespread in masonry literature, as is the use of RMSE or MSE,
and R%. The Vexp/Vy, measures have the advantage of being relatively easy to understand. R? is also

a commonly used statistic that is familiar to many people, however it has several limitations that
make it inadequate to use on its own. These performance indicators will be used to evaluate the
new models and to compare them with existing code- and research-based shear strength

expressions, and are explained in the following sections.
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2.4.4.1 R? and Adjusted R?

The coefficient of determination (R?) is commonly used in statistics to evaluate the fit of prediction
models. R? measures the degree of association along the “best” line relating the two variables, but
when one variable is predicting the other, what is really important is the degree of association
along the line of identity (Sheiner and Beal, 1981). Hence, R? can often be misleading and give
overly optimistic results if it is used as the sole performance indicator. It also depends heavily on
the number of observations, giving higher values when there is a higher number of observations.

R? can be calculated using Equation (2.38).

I I

R — NYYyi =2V XV 2.38)
\/Nzyf - (Z)A’i)z\/NZin - (Z}’i)zl
where N = number of samples in dataset
Vi = experimental (observed) output
Vi = analytical (fitted) output

R? is also lacking in the fact that it does not account for the complexity of a given model. Adjusted
R? is a modified version of R? that penalizes models with higher numbers of parameters. Thus, it

offers a small improvement over R2. Adjusted R? can be calculated using Equation (2.39).

(1-R*)H(N-1)
AdjR?>=1-— 2.39
dj N_p= (2.39)
where N = the number of observations (data points)

the number of parameters in the model, including the constant

=
|
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2.4.4.2 Root Mean Squared Error (RMSE)

Both the Mean Squared Error (MSE) and the Root Mean Squared Error (RMSE) are measures of
variance, meaning that they indicate the level of precision of the prediction model (Sheiner and
Beal, 1981). RMSE is the square root of the MSE, and has the same units as the model output

variable. It can be calculated using Equation (2.40).

RMSE = (2.40)

where y; = experimental (observed) output
Vi = analytical (fitted) output
N = number of samples in dataset

As is apparent from Equation (2.40), RMSE will always give a positive value. As this value is a

measure of error, the closer it is to zero, the lower the error.

2.4.43ME

Mean prediction error (ME) is a measure of bias, meaning that it indicates the level of accuracy of

the prediction model. ME can be calculated using Equation (2.41).

N A
Yi — Vi
ME = 2.41
PR (2.41)
=1
where y; = experimental (observed) output
Vi = analytical (fitted) output

=
|

number of samples in dataset
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Unlike RMSE, ME may be negative or positive, indicating whether there is a systematic
component of the prediction error; a biased model will produce predictions that are typically either
too high or too low (Sheiner and Beal, 1981). A negative value of ME indicates that the fitted
values tend to overestimate the observed values, while a positive value of ME indicates that the

fitted values tend to underestimate the observed values.

2.4.4.4V .y, /V, performance indicators

Vexp/Vn 1s the ratio between the experimental shear strength (the value obtained during testing)
and the analytical shear strength (the value predicted by a given equation). A value of V,, /V;, of
one indicates the ideal situation, where the equation predicts shear strength perfectly. A value of
Vexp/Vy, greater than one indicates that the equation underpredicts the shear strength, while a value

less than one indicates that the equation overpredicts the shear strength.

The average V., /V,, value helps to identify whether there is equation bias. If the average value of
Vexp/Vy is greater than one, the equation underpredicts the shear strength on average (conservative
predictions). If the average value of V;,, /V, is less than one, the equation overpredicts the shear

strength on average (unconservative predictions).

Minimum and maximum values of V., /V;, help to establish the range of variation of the prediction

model. In general, if the range is high, the standard deviation will also be high because the data

points are more spread out.

The standard deviation is a measure of the extent of dispersion of 1, /V;, from its mean. A low
standard deviation is desirable, as it indicates a smaller spread of data around the mean and higher
model precision. Combined with an average V,xp/V;, value close to 1, which indicates high model
accuracy, a low standard deviation of V., /V;, is evidence that the predictive model is performing

well. The sample standard deviation formula is used, as given in Equation (2.42).
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2
Z Vexp _ Vexp
v, v, (2.42)
N

o= —1

where o = standard deviation of V,x, /V,
% = average value of V., /V,,

N = number of samples in dataset

The fifth percentile of V., /V;, represents the value of V., /V;, exceeded by 95% of the specimens
in the dataset (Hung, 2018). The higher the fifth percentile of V,,,/V;, is, the more conservative

the prediction model is.

Most design codes apply reduction factors when calculating the strength of structural materials,
adding a greater degree of conservatism to reduce the probability of failure. The percentage of
reduced shear strength estimates that are smaller than (or greater than) the experimental shear
strength serves as an estimate of how often the design equation would produce conservative (or

unconservative) predictions.

2.4.5 Complexity Metrics

Complexity has been defined as the flexibility inherent in a model that enables it to fit diverse
patterns of data (Myung and Pitt, 1997). Often complexity is measured simply as the number of
parameters, or “degrees of freedom”, in a given model (Yu et al., 2006). However, this simplistic
measurement ignores an often-neglected dimension of model complexity: the functional form, or

the way in which parameters are combined in the model equation (Myung and Pitt, 1997).

Because the functional form is crucial in determining the model complexity in the present study,
a method for quantifying complexity that accounts for model form and can be easily implemented

is needed. Generalized Degrees of Freedom (GDF) was originally proposed by Ye (1998) and can
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be used as a measure of model complexity for models of various forms (Hauenstein et al., 2018).

GDF can be calculated as shown in Equation (2.43).

_ i<1 Cov(y;, 9:)
Var(e)

GDF (2.43)

where N = the number of observations
Cov(¥;,y;) = covariance of the fitted values with respect to the observed values

2L i) @i—P)

N-1
Vi = the i™ observed value
y = the average observed value
Vi = the i fitted value
y = the average fitted value
Var(e) = variance of the error

— YL (ei—e)?

N-1

e = the error of the i specimen

=i~V
e = the mean error

2.4.6 Model Verification

The validity of a model formulated using Ordinary Least Squares (OLS) must be verified by
checking the assumptions listed below (Mohsenijam, 2019).

1. There variance of the error is constant (homoscedasticity)
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2. There is no perfect linear dependence between input variables (no collinearity)
3. The errors follow a normal distribution (normality of the error term)

4. The errors are serially independent (no autocorrelation)

Autocorrelation is the dependence of errors between serial observations over time (Mohsenijam et
al., 2016). Because time is not an important variable in the present study, the serial dependence
check does not apply and will not be performed. The other three assumptions are explained in the

following sections and were used to verify the proposed models (Chapter 6).
2.4.6.1 Heteroscedasticity
The first assumption is violated when the variance of the error terms differs across observations

(Mohsenijam, 2019). This violation is termed heteroscedasticity and can be visually inspected

using residual plots.

Residuals are the difference between the experimental (observed) valued and the corresponding

analytical (fitted by the model) value, given by Equation (2.44).

e =y — Ji (2.44)
where y; = experimental (observed) output
Vi = analytical (fitted) output

When plotted against the fitted values, residuals exhibiting homoscedasticity (satisfactory variance
of the error) can be contained in a horizontal band, as illustrated in Figure 2.18(a) (Montgomery
et al., 2012). Figure 2.18(b) illustrates an example of heteroscedasticity in which the model is
accurate when predicting low values but becomes highly inconsistent when predicting higher

values.
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(a) (b)

Figure 2.18 - Residual plots showing: (a) homoscedasticity and (b) heteroscedasticity
(adapted from Montgomery et al., 2012)

The proposed models will be checked for heteroscedasticity through visual inspection of the
residual plots.

2.4.6.2 Multicollinearity

The variance inflation factor (VIF) is one of the most widely used rules for diagnosing the presence
of multicollinearity (Yoo et al., 2014). The VIF of each input variable, X;, in a model is determined
by forming an OLS regression with X; as the dependent variable, while all other variables are

considered as input variables (Mohsenijam, 2019). The OLS regression has the form shown in

Equation (2.45).
Xi = a0+a1X1+a2X2+"‘+aka+e (245)

The R? value of the regression is determined, and then VIF is calculated using Equation (2.46).

VIF; = (2.46)

1—R?

L

where VIF; = VIF of the i input variable, X;
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R? = coefficient of determination for the OLS regression with X; as the dependent

variable (Equation (2.38))

As the degree of multicollinearity increases, VIF becomes larger; it is generally accepted that a

VIF value greater than 10 may be harmful (Yoo et al., 2014).

2.4.6.3 Normality of the error term

The normality of the error terms can be checked using the Anderson-Darling test (D’ Agostino and

Stephens, 1986), as shown in Equation (2.47).

A2 = N — Z 2l = L0 F(e) +1In(1 = Fley s )] (2.47)
i=1
where A? = the Anderson-Darling statistic
N = the sample size
F = cumulative distribution of the errors
e; = regression error of the i™ observation

Full details of the test procedure can be found in D’ Agostino & Stephens (1986).
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3 EXPERIMENTAL DATA FROM THE LITERATURE

3.1 Introduction

To develop a new expression for predicting the in-plane shear strength of PG masonry walls
through statistical analysis, an extensive amount of data is needed. Due to constraints of time and
expense, no single experimental study of PG walls contains sufficient data to build or validate such
a model (Dillon and Fonseca, 2014a; Hung, 2018). As a result, models generated using statistical

analysis require data compiled from multiple experimental studies.

Several researchers have taken similar approaches. Oan (2013) and Hassanli et al. (2014) compiled
experimental datasets to evaluate the performance of existing code- and research-based design
equations in predicting the in-plane shear strength of PG masonry walls. Aguilar (2013) and Dillon
(2015) conducted analyses by compiling datasets of FG and PG walls made of concrete blocks and
clay bricks. In the case of Aguilar (2013), the objective was to obtain an ANN for each of the four
distinct masonry types. Dillon (2015) used automated and stepwise regression techniques to
generate a unified prediction model for both FG and PG walls. Hung (2018) compiled a dataset of
PG walls built with concrete blocks, which he used to develop an ANN to predict the in-plane

shear strength of PG masonry walls.

Once compiled, the data can then be synthesized and scrutinized to make them compatible with
each other. This was an important step in the studies by Dillon (2015) and Hung (2018), which
will be treated in Chapter 4. This chapter will introduce the experimental studies from which the
data was compiled for analysis in the present study. The studies are presented in chronological

order.

3.2 Experimental Studies Compiled

Because FG walls and walls made of clay bricks are outside the scope of this study, only studies
that tested PG walls made of concrete blocks were included in the database compilation. The

selected studies were chosen because they focused on the shear behaviour of masonry walls.
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Data were collected from published works such as theses, conference papers and journal papers.
In some cases, multiple works published on the same study contained conflicting data. In these
cases, the most consistent value was used wherever possible, otherwise values from a journal paper
or conference paper were prioritized over those from the thesis, due to the high levels of scrutiny
these papers undergo. Where variables of interest were not reported by a researcher, assumptions

were made for the missing values. These assumptions are described in detail in Appendix A.

3.2.1 Scrivener (1967)

Total Number of PG Walls in Study: 11 USA
Loading Type: Monotonic fmeff 15.1 - 19.4 MPa
Loading Rate: Quasi-Static Anet/Agross 0.36-0.62
Boundary Conditions: Cantilever Net Axial Stress 1.09 -2.51 MPa
Scale: 1 Gross Axial Stress 0.39 - 1.55 MPa
Panel Height: 2438 mm Flexural reinf., p, ¢ 0-0.19 %
Length: 2438 mm Interior Vertical reinf., p,; 0-0.17%
Thickness: 143 mm Joint reinf., pp; 0%

H/L: 1 Bond Beam reinf., pppp 0-0.23 %

Scrivener tested 12 masonry walls, of which 11 were partially grouted while 1 was unreinforced.
The variables that were studied were horizontal and vertical reinforcement ratios and placement

of vertical reinforcement. The test setup used is illustrated in Figure 3.1.

LORDS

Figure 3.1 - Test setup used by Scrivener (1967)
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Prior to applying each increment of lateral load, a vertical load sufficient to balance the overturning
moment of the lateral load was applied (Scrivener, 1967). For analysis purposes in the present
study, the axial load was taken as the axial load that was applied at the point of ultimate shear

stress, which was estimated as described in Appendix A.

Scrivener (1967) concluded that vertical and horizontal reinforcement are equally effective in
resisting cracking and increasing shear strength. Above a combined (horizontal and vertical)
reinforcement ratio of 0.3% (based on gross area of the wall, taken as wall height multiplied by
thickness), adding reinforcement increased shear strength only marginally. Evenly distributing
vertical reinforcement delayed the onset of severe cracking compared to walls with vertical

reinforcement concentrated in the jambs (Scrivener, 1967).

One of the walls tested by Scrivener (wall D4) was reportedly too strong to fail in shear using the

given test setup. As a result, this wall failed in a predominantly flexural mode (Scrivener, 1967).

3.2.2 Meli et al. (1968)

Total Number of PG Walls in Study: 10 Mexico
Loading Type: Reverse Cyclic fmeff 9.2-10.6 MPa
Loading Rate: Quasi-Static Anet/Agross 0.54 -0.62
Boundary Conditions: Cantilever Net Axial Stress 0-0.66 MPa
Scale: 1 Gross Axial Stress 0-0.41 MPa
Panel Height: 2650 mm Flexural reinf., p, ¢ 0.11-0.21 %
Length: 3200 mm Interior Vertical reinf., p,; 0.01 - 0.04 %
Thickness: 150 mm Joint reinf., pp; 0-0.01%
H/L: 0.83 Bond Beam reinf., pyp 0 %

Meli et al. (1968) tested 18 PG walls in total, 8 of which were subjected to diagonal compression
tests while the remaining 10 walls were tested as cantilever walls subject to lateral loading. The
variables of interest were the amount of interior vertical reinforcement and the applied axial load.
Two of the walls had closed stirrups placed at 80 mm spacing to enclose the vertical jamb

reinforcement. The cantilever test setup is illustrated in Figure 3.2.
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Figure 3.2 - Test setup used by Meli et al. (1968)

Meli et al. (1968) found that increasing axial load reduced the deterioration of the walls. The

presence of stirrups confining jamb reinforcement also improved wall behaviour in terms of

deterioration.

3.2.3 Meli and Salgado (1969)

Total Number of PG Walls in Study: 10 Mexico
Loading Type: Monotonic frme ff Unknown
Loading Rate: Quasi-Static Anet/Agross 0.47 - 0.60
Boundary Conditions: Cantilever Net Axial Stress 0-2.1 MPa
Scale: 1 Gross Axial Stress 0-0.98 MPa
Panel Height: 2000 mm Flexural reinf., p, ¢ 0.05-0.27 %
Length: 2000 mm Interior Vertical reinf., p,; 0-0.08%
Thickness: 150 mm Joint reinf., pp; 0%

H/L: 1 Bond Beam reinf., py;p 0 %

Meli and Salgado (1969) tested 46 masonry walls, 19 of which were monotonically tested PG

walls built with hollow concrete blocks. Of those 19 walls, several failed predominantly in flexure

while a few others experienced local failures, leaving 10 walls that failed in shear. The studied
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variables were the effect of axial load and the quantity of interior vertical reinforcement. The setup

used is illustrated by Figure 3.3.

Figure 3.3 - Test setup used by Meli and Salgado (1969)

Meli and Salgado (1969) noted that if the quantity of vertical reinforcement in jambs was high, the
failure mode was diagonal shear. They also observed that shear strength increased as axial load
increased. For values up to 20% of the compressive strength of the wall, the shear resistance

increased by an increment of half of the applied axial load (Meli and Salgado, 1969).

Meli and Salgado (1969) stated that blocks from two different fabricators were used to build the
walls, however no value of compressive strength of either type of block was provided. Average

ungrouted prism strengths were provided, however no grouted prism strengths were reported.

3.2.4 Mayes et al. (1976)

Total Number of PG Walls in Study: 2 USA
Loading Type: Reverse Cyclic fme ff 16.7 MPa
Loading Rate: Varied Anet/Agross 0.72
Boundary Conditions: Double Curvature | Net Axial Stress 2.41 MPa
Scale: 1 Gross Axial Stress 1.72 MPa
Panel Height: 1626 mm Flexural reinf., p, ¢ 0.49 %
Length: 813 mm Interior Vertical reinf., p,,; 0%
Thickness: 143 mm Joint reinf., pp; 0%

H/L: 1.17 Bond Beam reinf., py;p None
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Mayes et al. (1976) tested 17 double pier masonry walls, 2 of which were PG while the rest were
FG walls. The walls were constructed in identical pairs (except for one FG wall which was unique)
with one of each pair being tested dynamically while the other was tested under pseudo-static

conditions. The test setup used is illustrated in Figure 3.4.
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Figure 3.4 - Test setup used by Mayes et al. (1976)

Mayes et al. (1976) observed that piers failing in shear had higher ultimate strengths when tested
dynamically as compared to the equivalent statically tested walls. They noted that the net ultimate

shear strength of the PG masonry piers was similar to that of the equivalent FG walls (Mayes et
al., 1976).
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3.2.5 Chen et al. (1978)

Total Number of PG Walls in Study: 3 USA
Loading Type: Reverse Cyclic fmeff: 13.0 - 14.8 MPa
Loading Rate: Dynamic Anet/Agross: 0.43 -0.61
Boundary Conditions: Double Curvature | Net Axial Stress: 0.90 - 1.87 MPa
Scale: 1 Gross Axial Stress: 0.55-0.79 MPa
Panel Height: 1422 mm Flexural reinf., p: 0-043 %
Length: 1219 mm Interior Vertical reinf., p,;: 0%
Thickness: 194 mm Joint reinf., pp;: 0%

H/L: 1.17 Bond Beam reinf., py;p: 0-0.15%

Chen et al. (1978) tested a total of 31 masonry shear walls built from either hollow concrete blocks,

hollow clay bricks or solid clay bricks. Of the 11 walls built with hollow concrete blocks, 3 were

PG while 1 was unreinforced and the remaining 7 were FG walls. In addition to investigating these

3 types of masonry and the effect of grouting, the study explored the effects of varying amounts

of vertical and horizontal reinforcement. The test setup is illustrated in Figure 3.5.
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Figure 3.5 - Test setup used by Chen et al. (1978)
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Chen et al. (1978) observed that, for walls built with concrete blocks, net ultimate shear stress was
about 22% higher for PG walls than for the FG equivalent walls. Chen et al. (1978) also observed
that increasing the area of vertical steel made no significant difference in the ultimate shear
strength of the different wall types tested, concluding that this was because the shear strength of
masonry walls is not influenced by the vertical steel. However, it should be noted that Chen et al.
(1978) only used flexural vertical reinforcement in their tests; they did not include interior vertical
reinforcement in any of the tested walls. Walls with horizontal reinforcement had equal or greater

strength than corresponding walls with no horizontal reinforcement (Chen et al., 1978).

3.2.6 Thurston and Hutchison (1982)

Total Number of PG Walls in Study: 3 New Zealand
Loading Type: Reverse Cyclic fmeff: Unknown
Loading Rate: Quasi-Static Anet/Agross: 0.71
Boundary Conditions: Double Curvature | Net Axial Stress: 0 MPa
Scale: 1 Gross Axial Stress: 0 MPa
Panel Height: 2400 mm Flexural reinf., p,s: 0.07-0.18 %
Length: 1600 mm Interior Vertical reinf., p,;:  0.07 - 0.09 %
Thickness: 140 mm Joint reinf., pp,;: 0%

H/L: 1.5 Bond Beam reinf., pyp: 0-0.13%

Thurston and Hutchison (1982) tested 8 masonry walls, 3 of which were PG while the rest were
FG walls. One of the FG walls was tested, then repaired using epoxy grout injection and tested
again 6 days later. The study was designed to investigate the effects of axial load, extent of
grouting, and size and distribution of reinforcement, as well as the effectiveness of repair by epoxy
grout injection. No axial loads were applied to the PG specimens, however. The test setup is

illustrated in Figure 3.6.

84



QMITTED: BUCKLING FRAMES
VERTICAL LCAD JACKS
CHANNEL CN SIDES OF TOP BEAM STRONGBACK |.

N\, 2
LOAD PIN T&‘—W—I—;

KYDRAULIC JACKS
NTS

HYDRAULIC JACH

STRONGBACK 2

MAX ALLOWASLE
l ( ] FORCE =% 630kN
| T G
-
: ‘r | ' J;Lf I
| g (i |
‘ I : ;T : |
i TO MEASURE LOAD @ | | 3 J J 1 =
| $ @l I Te$
{ i+ ® | l ©
LA soTTOM_| [ ‘ }
I L—B BEAM | |
T S . : : : : ~

Figure 3.6 - Test setup used by Thurston and Hutchison (1982)

Thurston and Hutchison (1982) concluded that PG walls exhibit similar ductility to that of FG
walls, however they have significantly reduced strength and stiffness compared to FG walls. It was
observed that closely spaced small diameter reinforcement leads to better inelastic performance
than similar quantities of reinforcement in the form of larger bars at greater spacings (Thurston

and Hutchison (1982).

The mortar compressive strength was given as a range of over 10 MPa, however no specific values

of fmortar Were given. Ungrouted prism strength was also not reported.
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3.2.7 Matsumura (1987)

Total Number of PG Walls in Study: 29 Japan
Loading Type: Reverse Cyclic fmeff: Unknown
Loading Rate: Quasi-Static Anet/Agross: 0.61 -0.64
Boundary Conditions: Double Curvature | Net Axial Stress: 0-2.35 MPa
Scale: 1 Gross Axial Stress: 0-1.47 MPa
Panel Height: 1800 mm Flexural reinf., p,s: 0.28-1.12%
Length: 920 - 1970 mm Interior Vertical reinf., p,;:  0.05-0.10 %
Thickness: 150 mm Joint reinf., pp;: 0%

H/L: 0.91 -1.96 Bond Beam reinf., pypp: 0-0.30%

Matsumura tested 55 masonry walls. Of those 55 walls, there were 31 PG walls built with concrete
blocks, which all failed in shear except for 2 walls which failed in flexure. Matsumura also tested
25 specimens laid horizontally in a “beam type” loading configuration, as supplementary tests.
Variables of interest were vertical and horizontal reinforcement ratios, shear span ratio, axial
stress, material strengths and type of grouting. The test setup for the regular loading configuration

is illustrated in Figure 3.7.
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Figure 3.7 - Test setup used by Matsumura (1987)
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Matsumura (1987) concluded that shear stress is approximately proportional to the square root of
masonry prism strength (\/m). Shear stress increased as axial stress increased, and as the
horizontal reinforcement ratio increased, while increasing shear span ratio caused a decrease in
shear stress. Matsumura also formulated an equation to predict the in-plane shear strength of

masonry walls based on his experimental study, as described in Section 2.3.1.

Although Matsumura did provide diagrams for 4 FG walls detailing the configuration of horizontal
and vertical reinforcement, no such diagrams were provided for any of the PG walls. The ratio of
flexural reinforcement and ratio of horizontal reinforcement was provided for each wall, but the
ratio of interior vertical reinforcement was not reported, so this information must be assumed
(Appendix A). In addition, the concrete blocks used in the study contained 3 void cells (Figure
3.8), as opposed to the 2-celled blocks which are typical in North American masonry.

Standard Unit for
Unit Bond beam

Figure 3.8 - Concrete blocks used by Matsumura (1987) for PG walls

Large ranges were provided for the compressive strength of blocks and compressive strength of
mortar, but no specific values of f;;ck OF fnortar Were reported. Ungrouted prism strength values

were provided for each wall, but no grouted prism strength values were provided.
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3.2.8 TomaZevi¢ and Lutman (1988)

Total Number of PG Walls in Study: 10 Yugoslavia
Loading Type: Reverse Cyclic fmeff: 8.0-9.5 MPa
Loading Rate: Quasi-Static Anet/Agross: 0.60
Boundary Conditions: Cantilever Net Axial Stress: 1.65 MPa
Scale: 0.5 Gross Axial Stress: 0.98 MPa
Panel Height: 760 - 1405 mm Flexural reinf., p,s: 0.26 - 0.52 %
Length: 610 mm Interior Vertical reinf., p,;: 0%
Thickness: 100 mm Joint reinf., pp,;: 0-045%
H/L: 1.25-2.30 Bond Beam reinf., pypp: 0%

Tomazevi¢ and Lutman (1988) tested a total of 16 PG masonry walls. Half of the walls were 760

mm in height while the other half were 1405 mm in height. In both the short walls group and the

tall walls group, the same 4 horizontal reinforcement ratios (0, 0.12, 0.22 and 0.45%) and the same

2 vertical reinforcement ratios (0.26 and 0.52%) were used. TomaZevi¢ and Lutman (1988) noted

that for the taller walls which had horizontal reinforcement, the shear resistance of the walls

improved such that they failed in flexure. This accounts for 6 of the tested walls, leaving 10 walls

that failed in shear. The test setup was not illustrated in detail, however the configuration used was

provided (Figure 3.9).
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Figure 3.9 - Test configuration used by TomaZevi¢ and Lutman (1988)




Tomazevi¢ and Lutman (1988) concluded that vertical and horizontal reinforcement improved the
seismic behaviour of the walls. Horizontal reinforcement improved shear capacity and ductility,
causing vertical reinforcement to yield in some walls and changing the failure mode from shear to
flexure. Tomazevi¢ and Lutman (1988) also observed that the horizontal joint reinforcement acted
in tension after wall cracking was initiated, however the horizontal reinforcement did not yield.
This was attributed to the loss of bond between mortar and reinforcement, as well as crushing of
concrete masonry blocks not allowing full development of the tension capacity of the horizontal
reinforcement. The effectiveness of the horizontal reinforcement ranged from 41-66% at the
ultimate shear load, and from 61-83% at the maximum displacement (failure load). Tomazevi¢ and
Lutman (1988) noted that masonry units and mortar must be of adequate quality, and reinforcement

bond and anchorage conditions must be sufficient for the reinforcement to be fully activated.

3.2.9 Johal and Anderson (1988)

Total Number of PG Walls in Study: 16 USA
Loading Type: Reverse Cyclic fmeff: 9.2-11.0 MPa
Loading Rate: Quasi-Static Anet/Agross: 0.66
Boundary Conditions: Double Curvature | Net Axial Stress: 0 MPa
Scale: 1 Gross Axial Stress: 0 MPa
Panel Height: 813 mm Flexural reinf., p,s: 0.25%
Length: 813 mm Interior Vertical reinf., p,;: 0%
Thickness: 194 mm Joint reinf., pp,;: 0 %

H/L: | Bond Beam reinf., py;p: 0%

Johal and Anderson (1988) tested 32 PG masonry walls, 16 of which were constructed using
concrete block while the rest were constructed with hollow clay block. The study investigated the
use of Type M and S mortars of two categories: masonry cement and Portland cement lime.
Specimens were minimally reinforced and partially grouted so that the shear strength would be
influenced primarily by the mortar (Johal and Anderson, 1988). The test setup is illustrated in
Figure 3.10.
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Figure 3.10 - Test setup used by Johal and Anderson (1988)

Johal and Anderson (1988) found that the shear strength of masonry walls constructed with
masonry cement-based mortars were similar to those of masonry walls constructed using Portland
cement-based mortars. They recommended the elimination of restrictions on the used of masonry
cement from the Uniform Building Code. They also noted that shear strength was not influenced

significantly by the use of Type M or Type S mortar.

3.2.10 Yancey and Scribner (1989)

Total Number of PG Walls in Study: 9 USA
Loading Type: Reverse Cyclic feff: Unknown
Loading Rate: Quasi-Static Anet/Agross: 0.54
Boundary Conditions: Double Curvature | Net Axial Stress: 1.38 MPa
Scale: 1 Gross Axial Stress: 0.74 MPa
Panel Height: 1422 mm Flexural reinf., p,s: 0%
Length: 1219 mm Interior Vertical reinf., p,;: 0 %
Thickness: 194 mm Joint reinf., pp,;: 0-0.01%
H/L: 1.17 Bond Beam reinf., py;p: 0-0.03 %
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Yancey and Scribner tested a total of 13 walls, 3 of which failed in flexure. Of the 10 walls failing
in shear, 1 was unreinforced while the remaining 9 were PG walls. The objective of the study was
to determine the effect of varying the amount and distribution of horizontal reinforcement. Two
specimens were reinforced with joint reinforcement, five specimens were reinforced with bond
beams and the remaining two specimens had both joint and bond beam reinforcement. The test

setup is illustrated in Figure 3.11.
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Figure 3.11 - Test setup used by Yancey and Scribner (1989)

Yancey and Scribner (1989) concluded that increasing horizontal reinforcement increases shear

strength, however not proportionally to the amount of reinforcement added. They observed that
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bed joint reinforcement placed in alternating courses was as effective in increasing shear strength

as bed joint reinforcement placed in each course (Yancey and Scribner, 1989).

Neither the compressive strength of mortar, nor grouted and ungrouted prism strengths were

reported.

3.2.11 Ghanem et al. (1992, 1993)

Total Number of PG Walls in Study: 4 USA
Loading Type: Monotonic fmeff: 14.9 - 15.1 MPa
Loading Rate: Quasi-Static Anet/Agross: 0.45-0.49
Boundary Conditions: Cantilever Net Axial Stress: 1.39 - 2.79 MPa
Scale: 0.33 Gross Axial Stress: 0.69 - 1.38 MPa
Panel Height: 920 mm Flexural reinf., p: 0.08 - 0.12 %
Length: 939 mm Interior Vertical reinf., p,;: 0-0.04 %
Thickness: 48 mm Joint reinf., pp;: 0 %

H/L: 0.98 Bond Beam reinf., pppp: 0.12-0.13 %

Ghanem et al. tested a total of 14 PG masonry walls to study axial compression, block strength,
lateral load and the amount and distribution of vertical and horizontal steel. Two papers were
published from the study, each of them presenting 3 of the specimens from the full study (Ghanem
et al., 1992; Ghanem et al., 1993). Of the 6 specimens in these two papers, 4 failed in shear while

the remaining 2 failed in flexure. The test setup is illustrated in Figure 3.12.
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Figure 3.12 - Test setup used by Ghanem et al. (1992)
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Ghanem et al. (1992) concluded that the distribution of horizontal and vertical reinforcement

controlled the failure mode of the walls. When reinforcement was distributed throughout the wall,

the shear strength increased, while concentrating vertical steel at the wall ends increased the

flexural strength with little increase in shear strength. Distributing the horizontal steel also

improved wall ductility (Ghanem et al., 1992). On the other hand, increasing axial stress decreased

wall ductility and changed the failure mode from flexure to shear (Ghanem et al., 1993). The onset

of diagonal cracking was delayed by increasing axial stress (Ghanem et al., 1993).

3.2.12 TomazZevic et al. (1996)

Total Number of PG Walls in Study: 32 Slovenia
Loading Type: Varied frers: Unknown
Loading Rate: Varied Anet/Agross: 0.69
Boundary Conditions: Cantilever Net Axial Stress: 2.84 MPa
Scale: 0.5 Gross Axial Stress: 1.97 MPa
Panel Height: 760 mm Flexural reinf., p,s: 0.26 %
Length: 610 mm Interior Vertical reinf., p,;: 0%
Thickness: 100 mm Joint reinf., pp,;: 0.07 %
H/L: 1.25 Bond Beam reinf., pyp: 0 %
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Tomazevi€ et al. (1996) tested 32 concrete masonry walls, consisting of 16 pairs of identical walls.
Only the average results, including shear strength, was reported for each pair of walls. To
investigate the influence of different loading conditions, the loading type was varied. Eight walls
each were tested under monotonic, reverse cyclic, phased-sequential and simulated seismic
loading. In each group of 8 walls, 4 were tested statically, while 4 were tested dynamically. Two
vertical load levels were used: 60 kN and 120 kN. The four displacement time histories used to

drive the actuator are illustrated in Figure 3.13.
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Figure 3.13 - Displacement time histories used: (a) monotonic, (b) reverse cyclic, (c)

phased-sequential & (d) simulated earthquake (Tomazevic et al., 1996)

The researchers concluded that loading type and rate had a significant impact on the observed
strength and stiffness degradation of the walls (Tomazevic et al., 1996). They recommended that
the cyclic character of seismic loads should be simulated, noting that the reverse cyclic and phased-
sequential loading procedures used in the study were adequate for this purpose (Tomazevic et al.,
1996). They also suggested that test results should be modified when dynamic loading is applied,

to account for the increase in observed shear strength (Tomazevic et al., 1996).
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Tomazevi€ et al. (1996) noted that “predominant flexural behavior” was observed, however the
ultimate behavior of the walls was more brittle at the higher axial load level. For this reason, only

the 6 wall pairs exhibiting brittle failure are considered to have failed in shear. The strength

properties of constituent materials and grouted prism strength were not reported.

3.2.13 Schultz (1996)

Total Number of PG Walls in Study: 6 USA
Loading Type: Phased-Sequential | fmers: 13.9 - 14.0 MPa
Loading Rate: Quasi-Static Anet/Agross: 0.44 -0.53
Boundary Conditions: Double Curvature | Net Axial Stress: 0.90 - 1.10 MPa
Scale: 1 Gross Axial Stress: 0.45 - 0.48 MPa
Panel Height: 1422 mm Flexural reinf., p,s: 0.20-0.41 %
Length: 1422 - 2845 mm Interior Vertical reinf., p,;: 0%
Thickness: 195 mm Joint reinf., pp;: 0%

H/L: 0.5-1 Bond Beam reinf., pypp: 0.05-0.12 %

Schultz (1996) tested 6 PG masonry walls to determine the influence of horizontal reinforcement
ratio and height-to-length ratio on shear strength and wall behaviour. The walls each had 2#6
(19 mm) bars in the exterior vertical cells, while horizontal reinforcement consisted of a bond
beam at mid-height. The bond beam reinforcement was either 2#3 (9.5 mm) bars or 1#4 (13 mm)
bar and 1#5 (16 mm) bar for reinforcement ratios of 0.051% and 0.119%, respectively. The test

setup used in this study is illustrated in Figure 3.14.
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Figure 3.14 - Test setup used by Schultz (1996)

Walls with increasing height-to-length ratio showed a decrease in shear strength, however Schultz
(1996) found that increasing height-to-length ratio increased ultimate shear stress (based on net
wall area). Increasing the horizontal reinforcement ratio caused a modest increase in ultimate shear
stress. One of the walls did not follow either of these trends, however, and was considered to be

“out of character” for the series of shear wall tests (Schultz, 1996).

3.2.14 Schultz et al. (1998)

Total Number of PG Walls in Study: 6 USA
Loading Type: Phased-Sequential | fin . Fr 12.0 - 12.2 MPa
Loading Rate: Quasi-Static Anet/Agross: 0.44 -0.53
Boundary Conditions: Double Curvature | Net Axial Stress: 0.89 - 1.10 MPa
Scale: 1 Gross Axial Stress: 0.47 - 0.48 MPa
Panel Height: 1422 mm Flexural reinf., p: 0.20-0.41 %
Length: 1422 - 2845 mm Interior Vertical reinf., p,;: 0%
Thickness: 195 mm Joint reinf., pp,;: 0.06-0.11 %
H/L: 0.5-1 Bond Beam reinf., pypp: 0 %
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Like the Schultz (1996) study, the Schultz et al. (1998) study tested 6 PG masonry walls to
determine the influence of horizontal reinforcement ratio and height-to-length ratio on shear
strength and wall behaviour. This time, joint reinforcement was used, to investigate the effect of
horizontal reinforcement type. The walls each had 2#6 (19 mm) bars in the exterior vertical cells,
while horizontal reinforcement consisted of a ladder joint reinforcement at every course. Joint
reinforcement was either 9-gauge (3.76 mm) or 5-gauge (5.26 mm) ladder reinforcement for
reinforcement ratios of 0.056% and 0.110%, respectively. Vertical loads were maintained only
approximately constant (Schultz et al., 1998). The test setup used in this study is illustrated in
Figure 3.15.
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Figure 3.15 - Test setup used by Schultz et al. (1998)

Again, it was found that increasing height-to-length ratio (increasing wall slenderness) increased
ultimate shear stress (Schultz et al., 1998). Increasing the horizontal reinforcement ratio caused a
modest increase in ultimate shear stress. Unlike the Schultz (1996) study, the ladder-reinforced

walls were not dominated by vertical cracks adjacent to the grouted jamb cells (Schultz et al.,
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1998). Schultz et al. (1998) theorized that the bed joint reinforcement served to bridge the vertical

cracks and prevent interruption of stress transfer throughout the wall.

3.2.15 Voon and Ingham (2006), Voon (2007)

Total Number of PG Walls in Study: 2 New Zealand
Loading Type: Reverse Cyclic fme fr Unknown
Loading Rate: Quasi-Static Anet/Agross: 0.74
Boundary Conditions: Cantilever Net Axial Stress: 0 MPa
Scale: 1 Gross Axial Stress: 0 MPa
Panel Height: 1800 mm Flexural reinf., p: 0.25%
Length: 1800 mm Interior Vertical reinf., p,;:  0.12-0.37%
Thickness: 140 mm Joint reinf., pp,;: 0%

H/L: | Bond Beam reinf., pypp: 0 %

Voon and Ingham (2006) tested 10 masonry walls, 2 of which were partially grouted while the rest
were fully grouted. The two PG walls were reinforced vertically only, one with 5-D20 bars at 400
mm and the other with 3-D20 bars at 800 mm. The test setup used in this study is illustrated in
Figure 3.16.
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Figure 3.16 - Test setup used by Voon (2007)

Voon and Ingham (2006) observed that the PG walls had significantly lower shear strength than

the FG walls, however their net shear strengths were comparable. The PG wall with smaller
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vertical reinforcement spacings had significantly higher shear strength than the one with only 3

vertical bars (Voon and Ingham, 2006).

No information about compressive strengths of constituent materials or prisms was reported,

except for the grouted prism strength.

3.2.16 Haach et al. (2007, 2010)

Total Number of PG Walls in Study: 4 Portugal
Loading Type: Reverse Cyclic fmeff: 7.71 - 9.94 MPa
Loading Rate: Quasi-Static Anet/Agross: 0.37
Boundary Conditions: Cantilever Net Axial Stress: 1.37 - 3.42 MPa
Scale: 0.5 Gross Axial Stress: 0.5 -1.25 MPa
Panel Height: 808 mm Flexural reinf., p: 0.07 %
Length: 1200 mm Interior Vertical reinf., p,;: 0.03 %
Thickness: 100 mm Joint reinf., pp;: 0.09 %
H/L: 0.67 Bond Beam reinf., pypp: 0 %

Haach et al. (2007) tested 5 masonry walls, 4 of which were partially grouted while the remaining
wall was unreinforced. The objective of the study was to investigate the effect of axial load and
bond pattern (stacked and running bond). Truss reinforcement was used in both the horizontal and

vertical directions, and 3-cell concrete masonry blocks were used (Figure 3.17).
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Figure 3.17 - Three-cell blocks used by Haach et al. (2007)

The mortar was also used as grout, which was used to fill the central cell of the block, where

vertical reinforcement was placed. The test setup is illustrated in Figure 3.18.
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Figure 3.18 - Test setup used by Haach et al. (2010)

Haach et al. (2007) found that the bond pattern made no difference in the behaviour or ultimate
shear capacity of the walls. Increased axial stresses led to an increase in shear strength, however it
also led to more brittle failures. Haach et al. (2007) attributed the lower axial stiffness of one wall
to the fact that the mortar used in this wall had a lower compressive strength. They noted, however,
that the lower strength of mortar seemed to have no influence on the lateral behaviour of the wall

(Haach et al., 2007).

3.2.17 Maleki (2008), Maleki et al. (2009)

Total Number of PG Walls in Study: 5 Canada
Loading Type: Reverse Cyclic frme ffe 19.0 - 19.9 MPa
Loading Rate: Quasi-Static Anet/Agross: 0.41-0.48
Boundary Conditions: Cantilever Net Axial Stress: 1.55-1.80 MPa
Scale: 0.47 Gross Axial Stress: 0.74 MPa
Panel Height: 945 - 2655 mm Flexural reinf., p: 0.09-0.16 %
Length: 1800 mm Interior Vertical reinf., p,;: 0-0.09 %
Thickness: 90 mm Joint reinf., pp,;: 0%

H/L: 0.53 - 1.48 Bond Beam reinf., py;;: 0.04 - 0.05%
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Maleki et al. (2009) tested 5 PG masonry walls to investigate the performance of PG walls with
larger bar spacing than allowed in the seismic requirements of CSA S304.1-04. Three different
reinforcement spacings and three different aspect ratios were used, while horizontal reinforcement
ratio and total vertical reinforcement ratio remained approximately equal for all the walls. The test

setup is illustrated in Figure 3.19.
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Figure 3.19 - Test setup used by Maleki et al. (2009)

Strong Floor

It was observed that PG masonry shear walls with widely spaced reinforcement provide relatively
ductile behaviour (Maleki, 2008). The overall response of the walls was not sensitive to the
reinforcement spacing, however it was sensitive to the aspect ratio. The four walls with aspect
ratios equal to or less than 1.0 failed primarily in shear, indicated by the lack of vertical bar yielding
before the peak load was reached. The fifth wall, which had an aspect ratio of 1.5, was
characterized as having a mixed shear-flexure failure mode, with yielding of vertical reinforcement

and diagonal cracking both observed (Maleki et al., 2009). Maleki et al. (2009) concluded that the
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Canadian masonry design standard underestimates the energy dissipation ability of masonry walls

in general.

3.2.18 Elmapruk (2010)

Total Number of PG Walls in Study: 6 USA
Loading Type: Reverse Cyclic fmefs: 15.5-16.3 MPa
Loading Rate: Quasi-Static Anet/Agross: 0.48 - 0.58
Boundary Conditions: Double Curvature | Net Axial Stress: 0.16 - 0.20 MPa
Scale: 1 Gross Axial Stress: 0.10 MPa
Panel Height: 1422 mm Flexural reinf., p: 0.22 %
Length: 2642 mm Interior Vertical reinf., p,;:  0.11-0.12%
Thickness: 194 mm Joint reinf., pp;: 0 %

H/L: 0.54 Bond Beam reinf., pppp: 0.07-0.15 %

Elmapruk (2010) tested 6 PG masonry walls with varying horizontal reinforcement ratios and

vertical reinforcement spacing. Vertical reinforcement spacings of 24, 32 and 48 inches were used.

Horizontal reinforcement ratios were varied by using either 1#5, 1#6 or 2#5 bars (for ppp, values

of 0.73%, 0.10% or 0.15 %, respectively) in the bond beam at mid-height of the wall. The test

setup is illustrated in Figure 3.20.
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Figure 3.20 - Test setup used by Elmapruk (2010)

Elmapruk (2010) found that decreasing the spacing between vertically grouted, reinforced cells

greatly improved the shear strength of the walls. It was also noted that there seems to be a threshold
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horizontal reinforcement ratio above which increasing the amount of reinforcement does not
improve the shear strength of the walls. Elmapruk (2010) also found that the MSJC (2008) equation
for PG masonry shear walls was highly unconservative, overestimating the shear strength of the

tested walls by as much as 91%.

Several inconsistencies in the descriptions of tested walls provided by Elmapruk (2010) were

discovered and are discussed in detail in Appendix A.

3.2.19 Minaie (2009), Minaie et al. (2010)

Total Number of PG Walls in Study: 4 USA
Loading Type: Reverse Cyclic fmefs: 7.2 -9.4 MPa
Loading Rate: Quasi-Static Anet/Agross: 0.47
Boundary Conditions: Varied Net Axial Stress: 0-0.7 MPa
Scale: 1 Gross Axial Stress: 0-0.33 MPa
Panel Height: 2438 mm Flexural reinf., py: 0.08 %
Length: 3861 mm Interior Vertical reinf., p,;: 0.08 %
Thickness: 194 mm Joint reinf., pp,;: 0%

H/L: 0.63 Bond Beam reinf., pypp: 0.12 %

Minaie et al. (2010) tested 4 PG walls with identical geometric properties and the same
reinforcement pattern, with the objective of assessing the accuracy of the MSJC (2008) shear
strength and seismic design provisions for PG masonry walls. Test variables consisted of mortar
type (masonry cement or Portland cement lime), axial stress level (0 or 0.7 MPa) and boundary
conditions (double curvature or cantilever). The test setup used in this study is illustrated in Figure

3.21.
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Figure 3.21 - Test setup used by Minaie et al. (2010)

Minaie et al. (2010) found that the tested PG walls behaved similarly to in-filled frames. They
concluded that the MSJC shear strength expression is unconservative for PG masonry, possibly

because it was derived empirically, based exclusively on FG shear wall test data (Minaie et al.,

2010).

3.2.20 Baenziger and Porter (2011)

Total Number of PG Walls in Study: 8 USA
Loading Type: Reverse Cyclic feff: 13.9 - 19.8 MPa
Loading Rate: Quasi-Static Anet/Agross: 0.56 - 0.65
Boundary Conditions: Cantilever Net Axial Stress: 0 MPa
Scale: 1 Gross Axial Stress: 0 MPa
Panel Height: 2438 mm Flexural reinf., p,s: 0.14-0.25 %
Length: 2845 - 4267 mm Interior Vertical reinf., p,;:  0.05 - 0.06 %
Thickness: 194 mm Joint reinf., pp,;: 0-0.18%
H/L: 0.57 - 0.86 Bond Beam reinf., pypp: 0.05-0.11 %

Baenziger and Porter (2011) tested 10 walls, 8 of which were PG while 2 were FG. The primary
objective of the study was to compare walls constructed using conventional bond beam
reinforcement with walls constructed using joint reinforcement. All walls were reinforced

horizontally with top and bottom bond beams and either joint reinforcement in each bed joint
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(single ladder style or double seismic style joint) or a bond beam at mid-height. The test setup is

illustrated in Figure 3.22.

Figure 3.22 - Test setup used by Baenziger and Porter (2011)

Baenziger and Porter (2011) concluded that joint reinforcement can provide the required capacity
and ductility to serve as primary shear reinforcement in PG walls. In fact, the walls with evenly
distributed joint reinforcement provided better crack control than the walls with reinforcement

concentrated in bond beams (Baenziger and Porter, 2011).

3.2.21 Nolph (2010), Nolph and ElGawady (2012)

Total Number of PG Walls in Study: 5 USA
Loading Type: Reverse Cyclic fmeff: 11.6 - 12.8 MPa
Loading Rate: Quasi-Static Anet/Agross: 0.48 - 0.58
Boundary Conditions: Cantilever Net Axial Stress: 0.17-0.20
Scale: 1 Gross Axial Stress: 0.10
Panel Height: 2235 mm Flexural reinf., p: 0.22-0.30%
Length: 2631 mm Interior Vertical reinf., p,;:  0.15-0.24 %
Thickness: 194 mm Joint reinf., pp,;: 0%

H/L: 0.85 Bond Beam reinf., pyp: 0.05 - 0.09 %

Nolph and ElGawady (2012) tested 5 PG walls to quantify the effects of horizontal reinforcement
ratio and spacing between vertical grouted cells. The horizontal reinforcement ratio was varied by

using either 1#5, 1#6, or 2#5 bars in the bond beam at mid-height, for py;;, values of 0.05%, 0.07%
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and 0.09%, respectively. Vertical reinforcement spacings of 1219 mm, 813 mm or 610 mm were

used. The test setup used is illustrated in Figure 3.23.
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Figure 3.23 - Test setup used by Nolph and ElGawady (2012)

Like Elmapruk (2010), Nolph and ElGawady (2012) concluded that there appears to be a
maximum horizontal reinforcement ratio above which no additional shear capacity is achieved.
Based on their study, this threshold value is estimated to be 0.1% for specimens with vertical
grouted cells spaced at 1219 mm. It was also observed that the MSJC shear equation overestimated
the strength of the 3 walls with 1219 mm spacing between vertical grouted cells, particularly as

horizontal reinforcement increased (Nolph and ElGawady, 2012).

3.2.22 Oan (2013)

Total Number of PG Walls in Study: 51 Canada
Loading Type: Monotonic feff: 12.5-19.1 MPa
Loading Rate: Quasi-Static Anet/Agross: 0.68
Boundary Conditions: Cantilever Net Axial Stress: 2.02 - 4.08 MPa
Scale: 1 Gross Axial Stress: 1.37-2.76 MPa
Panel Height: 1000 mm Flexural reinf., py: 0-0.13 %
Length: 1600 mm Interior Vertical reinf., p,;: 0-0.13%
Thickness: 190 mm Joint reinf., pp,;: 0-0.10%
H/L: 0.63 Bond Beam reinf., pypp: 0%
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Oan tested 22 sets of 3 identical walls, of which 5 sets (15 walls) were ungrouted, for a total of 51
PG walls. The parameters studied were net axial stress level (2, 3 or 4 MPa), type of reinforcement
(none, vertical reinforcement, horizontal reinforcement or both), amount of horizontal
reinforcement (either 3.7 mm or 4.9 mm ladder reinforcement) and method of laying joint
reinforcement (dry or embedded). For the dry placement method, joint reinforcement was placed
directly on the dry face shell of the mortar, followed by the mortar. For the embedded method, the
mortar was first placed on the face shell of the masonry, then the joint reinforcement was
embedded in the mortar, followed by another layer of mortar. The test setup used in this study,
which was based on the ESECMaSE guidelines, is illustrated in Figure 3.24.

spreader Beam ‘ ‘

‘ Roller

Lscl

LsC2 ] i ] | ‘ | Lsc4
SG2

LSC3 . |

| LSCS
LSC6 ‘ ‘ LSCT

Figure 3.24 - Test setup used by Oan (2013)

Oan (2013) observed that increasing the axial stress led to significant increases in shear resistance
of the walls. Although the joint reinforcement improved wall ductility, it was not found to increase
shear strength. In fact, the findings of Oan (2013) suggest that the larger diameter joint
reinforcement (4.9 mm diameter) decreased the shear strength of the walls tested at 2 MPa axial
load level, due to reduced bond between the mortar and the masonry units. Vertical reinforcement
had no effect on shear strength or ductility of the walls, however it should be noted that the vertical
bars were not embedded in a concrete base beam as is typical of most masonry wall tests. In such

cases, as the wall deforms laterally the vertical bars bend at their base, allowing them to contribute
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to the resistance of the wall (Oan, 2013). The method of joint reinforcement placement showed no

statistically significant difference in resulting values of shear strength (Oan, 2013).

The use of replicates of each wall was deemed essential for obtaining reliable results, because
significant differences in results of duplicate walls were observed (Oan, 2013). It was also found

that the Canadian code was very conservative in predicting the shear strength of the walls.

3.2.23 Hoque (2013)

Total Number of PG Walls in Study: 18 Canada
Loading Type: Varied fmeff: 16.6 MPa
Loading Rate: Quasi-Static Anet/Agross: 0.58
Boundary Conditions: Double Curvature | Net Axial Stress: 2.05-2.17 MPa
Scale: 1 Gross Axial Stress: 1.20 - 1.26 MPa
Panel Height: 1800 mm Flexural reinf., p,s: 0.12 %
Length: 1800 mm Interior Vertical reinf., p,;: 0.06 %
Thickness: 190 mm Joint reinf., pp;: 0-0.03 %
H/L: 1.0 Bond Beam reinf., pppp: 0-0.12%

Hoque (2013) tested 8 sets of PG walls: 6 sets of 2 identical walls, and 2 sets of 3 identical walls,
for a total of 18 walls. The variables of interest were bond beam location and anchorage conditions
(straight ends, 180° hooks, 90° hooks or circular discs welded to the bar ends), presence of dowels
at the top and bottom of the walls, and differences in loading protocol (monotonic or reverse cyclic

lateral load and variable or constant axial load). The test setup, which was based on the

ESECMaSE (2005) guidelines, is illustrated in Figure 3.25.
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Figure 3.25 - Test setup used by Hoque (2013)

All of the walls except for the fifth set were constructed with dowels welded to the steel base beam.
The two walls belonging to the fifth set had no mechanical connection to the base beam. The sixth
set was provided with additional dowels at the top, which were welded to a steel plate connected
to the capping beam. All the walls, except for two belonging to the eighth set, were subjected to
reverse cyclic lateral loading. The eighth set of walls was monotonically loaded in the lateral
direction. To maintain zero moment at wall mid-height, the axial load applied by each of the two
vertical actuators varied throughout the tests (Hoque, 2013), except for one set of walls. The two
walls belonging to the seventh set had constant vertical load applied by both vertical actuators

throughout the test.

Hoque (2013) found that there was no significant difference in shear strength due to changes in
bond beam anchorage and suggested that this might be due to insufficient stress in the bar. Using
smaller reinforcement was suggested as a way of achieving sufficient stress to exceed the bond
strength between the grout and reinforcement (Hoque, 2013). The lack of dowels in some walls,
and additional dowels at the top of other walls, also resulted in no significant changes in wall
behaviour or strength (Hoque, 2013). It was observed that the monotonically loaded walls had
shear strength values about 7% higher than equivalent cyclically loaded walls (Hoque, 2013).
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Hoque (2013) noted that there was a significant decrease in shear strength for the seventh set of
walls, which had constant vertical loading. This was attributed to the fact that, for the wall sets
with variable axial load, the vertical load in a given actuator sometimes reached very high values.
For analysis purposes in the present study, the axial load was taken as the total axial load that was

applied at the point of ultimate shear stress. This value was estimated as described in Appendix A.

3.2.24 Hamedzadeh (2013)

Total Number of PG Walls in Study: 21 Canada
Loading Type: Monotonic fmeff: 7.0 - 7.2 MPa
Loading Rate: Quasi-Static Anet/Agross: 0.43 -0.50
Boundary Conditions: Double Curvature | Net Axial Stress: 0.96 - 3.23 MPa
Scale: 0.48 Gross Axial Stress: 0.48 - 0.96 MPa
Panel Height: 760 - 1235 mm Flexural reinf., p: 0.09 -0.26 %
Length: 853 - 2372 mm Interior Vertical reinf., p,;: 0-0.09 %
Thickness: 90.7 mm Joint reinf., pp,;: 0%

H/L: 0.32-1.0 Bond Beam reinf., pyp;: 0-0.15%

Hamedzadeh (2013) tested 8 sets of PG walls: 3 sets of 2 identical walls, and 5 sets of 3 identical
walls, for a total of 21 walls. Variables of interest were initial axial stress, aspect ratio, interface
between specimen and the steel loading beam (mortar or fiberboard) and method of lateral load
application (point load or uniformly distributed load). The test setup, which was based on the

ESECMaSE (2005) guidelines, is illustrated in Figure 3.26.
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Figure 3.26 - Test setup used by Hamedzadeh: (a) first four walls, (b) remaining walls
(adapted from Hamedzadeh, 2013)

For the first four walls, lateral load was applied directly to the wall (Figure 3.26 (a)). Either mortar
or fiberboard was used as the interface between the steel capping beam and the wall, such that the
only difference between the two wall sets was the distribution of the axial load over the wall due
to the different interface materials. For the remaining 17 walls, lateral load was applied through a
pin connection located at middle height of the steel capping beam (Figure 3.26 (b)), with mortar

as the interface material.

Hamedzadeh (2013) observed that the different initial axial stresses did not influence the shear
capacity of the walls. This is because the axial load varied throughout the tests, with peak axial
loads being similar between different walls. The specified initial stress was applied to each wall,
and then axial actuators were placed in displacement control, such that axial stress increased in
proportion to shear stress throughout the tests. Hamedzadeh (2013) noted that because the axial
load varied throughout the tests, the axial load corresponding to the ultimate shear stress was used
for the purpose of evaluating design equations. In the same way, axial loads corresponding to

ultimate shear stresses are used in the present study for analysis purposes, and were determined as

111



explained in Appendix A. The data acquisition system malfunctioned during testing of the first

wall, so a design value of axial load was not available for this wall (Hamedzadeh, 2013).

Hamedzadeh also observed that shear capacity greatly increased as aspect ratio decreased. The
differences in interface materials and lateral load application did not affect wall shear strengths

significantly (Hamedzadeh, 2013).

3.2.25 Rizaee (2015)

Total Number of PG Walls in Study: 14 Canada
Loading Type: Reverse Cyclic fmeff: 11.6 - 17.4 MPa
Loading Rate: Quasi-Static Anet/Agross: 0.59
Boundary Conditions: Double Curvature | Net Axial Stress: 2.02 - 2.39 MPa
Scale: 1 Gross Axial Stress: 1.20 - 1.42 MPa
Panel Height: 1800 mm Flexural reinf., p,s: 0.12 %
Length: 1800 mm Interior Vertical reinf., p,;: 0.06 %
Thickness: 190 mm Joint reinf., pp,;: 0%

H/L: 1.0 Bond Beam reinf., pppp: 0.03-0.12 %

Rizaee (2015) tested 7 sets of 2 identical PG walls, for a total of 14 walls. Variables of interest
were bond beam reinforcement size (one 15M or 10M bar each bond beam), bond beam location
and bond beam anchorage type (straight ends, 180° hooks, 90° hooks or circular discs welded to
the bar ends). The test setup, which was based on the ESECMaSE (2005) guidelines, was the same
test setup used by Hoque (2013), and is illustrated by Figure 3.27.
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Figure 3.27 - Test setup used by Rizaee (2015)

As was done in the study by Hoque (2013), to maintain zero moment at wall mid-height, the axial
load applied by each of the two vertical actuators varied throughout the tests (Rizaee, 2015). For
analysis purposes in the present study, the axial load was taken as the total axial load that was

applied at the point of ultimate shear stress. This value was estimated as described in Appendix A.

Rizaee (2015) concluded that the increasing bond beam bar size improves the performance of
walls, in terms of strength, stiffness and energy dissipation, more than adjusting end anchorage.
Reducing the bond beam bar size did not increase the effectiveness of anchorage or the amount of
yielding of the rebar at critical locations (Rizaee, 2015). Changing the location of bond beams to
lower in the wall improved energy dissipation and ductility, possibly because this moved more of
the reinforcement to the cracked zone of the wall (Rizaee, 2015). There was not any significant
difference in the performance of the various anchorage types, however reinforcement was more

likely to reach yield with 180° hooks than with 90° hooks or with circular discs welded to the ends.
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3.2.26 Ramirez et al. (2016)

Total Number of PG Walls in Study: 10 Chile
Loading Type: Reverse Cyclic fmeff: 7.1-7.5 MPa
Loading Rate: Quasi-Static Anet/Agross: 0.71 - 0.81
Boundary Conditions: Cantilever Net Axial Stress: 0-0.79 MPa
Scale: 1 Gross Axial Stress: 0-0.56 MPa
Panel Height: 1000 - 1800 mm Flexural reinf., p,s: 0.11-0.55%
Length: 990 - 2590 mm Interior Vertical reinf., p,;: 0.06 %
Thickness: 140 mm Joint reinf., pp,;: 0.04 -0.10 %
H/L: 0.39-1.82 Bond Beam reinf., pypp: 0%

Ramirez et al. (2016) tested 10 PG masonry walls to study the effect of aspect ratio, horizontal
reinforcement ratio and axial stress on the behaviour of PG shear walls. Three aspect ratios were
used, and ladder joint reinforcement was placed either at each course or every second course. Eight
of the walls were subjected to a net axial compression of 0.79 MPa, while the other 2 walls had no

axial load applied. The test setup is illustrated in Figure 3.28.
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Figure 3.28 - Test setup used by Ramirez et al. (2016)

Ramirez et al. (2016) observed that shear strength (expressed in this study as net shear stress

divided by the square root of compressive strength of the masonry prism) decreased as aspect ratio
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increased, with only two exceptions. Aspect ratio was also found to be the predominant influence
on stiffness degradation, with shorter walls experiencing greater stiffness degradation than slender
walls (Ramirez et al., 2016). Shear strength increased as the horizontal reinforcement ratio
increased, more so for moderately slender and slender walls than for squat walls. Shear strength
also increased as axial compression increased, particularly for the squat walls (Ramirez et al.,

2016).
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4 DATASET ASSEMBLY

4.1 Introduction

Following data compilation, the assembled database was synthesized and scrutinized to minimize
variation between studies, approximate missing values and eliminate inconsistencies. Similar data
synthesization and scrutinization steps were performed by Dillon (2015) and Hung (2018) prior to

analysis to improve database consistency.

In the following section, data synthesization will be defined and explained in the context of the
current study. Then, data scrutinization will be defined and explained. The variables and datasets

used in the present study will be described and the distribution of variables will be presented.

4.2 Data Synthesization

Data synthesization is defined as converting data to minimize variation between studies and
estimating missing information (Hung, 2018). This step was necessary due to differences in the
testing methodologies used by various researchers. Some of these differences include reported
shear strength, loading pattern, loading rate and scaling. Many studies omitted information
regarding material properties, and this information had to be estimated where possible. These
variations and omissions were addressed through the correction factors developed by Dillon

(2015), as well as estimation techniques, which are explained in the following section.

4.2.1 Reported Shear Strength

Some researchers reported peak shear strength values in both directions (push and pull), while
others only reported the average peak shear strength. Others provided only the maximum shear

strength (the highest in either the push or pull direction).

Wall strength may differ significantly between the push and pull directions due to imperfections
in wall construction and lack of exact symmetry. Taking the shear strength as the maximum value

of the two directions is unconservative, while using the minimum may be overly conservative. For

116



this reason, the average of shear strength in both directions is considered the best representation of

the behaviour of a given wall.

Because the models developed in the present study were designed to predict the average peak shear
strength, those studies which reported only the maximum shear strength required a correction
factor to compensate for the exclusion of the peak strength in the weaker direction. Using data
from 176 specimens, Dillon (2015) proposed a correction factor to reduce the shear strength in
cases where only the maximum shear strength was provided. The correction factor chosen by
Dillon (2015) was 0.94. The histogram generated by Dillon (2015) to obtain this correction factor

is provided as Figure 4.1.
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Figure 4.1 - Histogram of average to ultimate strength ratios (adapted from Dillon, 2015)
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It should be noted that Dillon (2015) used data from both partially grouted and fully grouted
masonry walls, made with CMUs and with clay bricks. It is unknown how much of the data used

to obtain this correction factor was data from PG masonry walls built using CMUs.

4.2.2 Loading Pattern

The walls in the database were tested using various loading patterns: monotonic, reverse cyclic,
sequential-phase displacement and simulated seismic. Tomazevi¢ et al. (1996) noted that
monotonically tested walls have higher shear strengths and larger ultimate displacements than their
cyclically tested counterparts, due to less severe strength and stiffness degradation. When
comparing shear strengths between walls tested using different cyclic loading patterns (reverse
cyclic, sequential-phased displacement or simulated seismic), there is no significant difference

(Dillon and Fonseca, 2014b).

Tomazevi€ et al. (1996) tested 32 equally sized and reinforced, half-scale PG masonry walls using
both monotonic and periodic loading patterns, of which 8 were tested monotonically. Although a
few other studies have used both monotonic and cyclic loading patterns, these studies did not
duplicate design variables between monotonically and cyclically tested walls (Dillon, 2015). As a

result, they could not be used to determine a correction factor for monotonically tested specimens.

Using the data from TomazeviC et al. (1996), Dillon (2015) determined that the mean ratio of
cyclic-to-monotonic strength was 0.81, with a 95% confidence interval bounded below by 0.72
and above by 0.91. Dillon (2015) noted that the monotonically tested specimens appeared to fail
predominantly in flexure. However, if this led to Dillon’s value being farther from the true value
for a correction factor, it would most likely be higher than the true value (Dillon, 2015). This is
because the predominantly flexural failure indicates that the shear strengths of the monotonically
tested specimens were higher than the loads at which they failed. Thus, if the true shear strengths
of the monotonically tested walls could be obtained accurately, they would be higher than the
reported strength values. To correct the true shear strengths to those of equivalent cyclically tested

walls, the correction factor would need to be lower.
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Hoque (2013) also tested two monotonically loaded walls and compared them with equivalent
cyclically loaded walls that had been tested by Dickie & Lissel (2010). It was noted that the
strength of the monotonically loaded walls was about 7% higher than the cyclically loaded ones

(Hoque, 2013).

Although this is an issue that clearly requires future research, the correction factor of 0.81
represents the best estimate for the relationship between monotonic and cyclic specimens currently
available (Dillon, 2015). The correction factor is applied to monotonically loaded specimens to

transform the shear strength to that of a cyclically tested wall.

4.2.3 Loading Rate

Dynamic loading produces a greater shear capacity than that obtained through static loading due
to strain-rate effects in the masonry materials and the steel reinforcement (TomaZevi€ et al., 1996).
A small number of the specimens were tested dynamically and required a correction factor to

convert the associated shear strength values to those of equivalent statically tested walls.

Dillon (2015) compared data of twelve pairs of specimens from three different studies (Williams,
1971; Mayes et al. 1976; Tomazevic et al, 1996) in which the influence of the loading rate was
investigated. As a result of this analysis, Dillon (2015) proposed a correction factor of 0.9 for

dynamically tested specimens.

4.2.4 Block Geometry

Detailed information on the geometry of CMUSs, such as the actual length of blocks and thickness
of face shells, was assumed where not provided by researchers. If clues were given by the
researcher, such as providing enough information on their method of calculating A4,,,; to allow for
back-calculation of face shell thickness, then this information was used. Where no clues were
given, it was assumed that the researcher used standard CMUs according to the country of testing.

Details of these assumptions are provided in Table 4.1.
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Table 4.1 - Assumed block dimensions according to country of experimental study

Country Block Block height,  Block length, Face shell
thickness actual actual thickness
(mm) (mm) (mm) (mm)
Canada 190 190 390 32%
193.7 193.7 396.9 31.8
USA
142.9 193.7 396.9 25.4
Mexico 150 200* 390 25.4
Japan 150 190 390 30.0

*these assumed values were not used in the database as other information was available

The values in Table 4.1 were obtained from specifications or product catalogues from the
respective countries (Boehmers, 2005; National Concrete Masonry Association, 2012; Angelus
Block Co., Inc., n.d.; JR. Blocks, n.d.; Hoei Company Ltd., n.d.). In two cases (Matsumura, 1987;
Baenziger and Porter, 2011), an initial assumption was made for the face shell thickness of blocks,
which was then adjusted to achieve better agreement between provided and estimated values of

Apee. The adjusted values of tf¢ for these two studies were 35.0 mm and 38.1 mm, respectively.

4.2.5 Compressive Strength of Blocks

A few researchers (Scrivener, 1967; Chen et al., 1978; Haach et al., 2007) provided the
compressive strength of the masonry blocks based on gross block area. In these cases, the net

compressive strength of masonry blocks was estimated using Equation (4.1).

Pblock _ fblock,gr * Ablock,gr _ fblock,gr

block = = 4.1

¢ Ablock,n U * Ablock,gr v ( )

where fpock = average compressive strength of the masonry block (MPa), based on net block
area

Pyiock = axial load applied to the block (N)

Aplockn = net area of masonry block (mm?)
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fpiock,gr = compressive strength of the masonry block (MPa), based on gross block area
Apiock,gr = gross area of masonry block (mm?)

v = ratio of net to gross area of masonry block

In cases where the researchers did not indicate whether the compressive strength of the masonry

blocks was based on net or gross area, it was assumed to be based on net area.

4.2.6 Prism Strength Estimation

Reporting of the compressive strength of masonry materials is often inconsistent in PG masonry
wall studies. Some researchers only report the compressive strength of ungrouted prisms, others
only provide the compressive strength of grouted prisms and some provide both. If sufficient
information on the constituent materials strengths (compressive strength of concrete blocks,
mortar, and grout) is provided, both the grouted and ungrouted prism compressive strengths can

be estimated using the equations proposed by Dillon (2015).

As Dillon (2015) points out, the estimation of prism strength is likely to introduce measurement
error into the analysis due to the high variability of masonry prisms strengths. However, masonry
prism tests typically exhibit high variability, with a coefficient of variation of 10 percent
considered to be acceptable (Blume and Proulx, 1968, as cited in Dillon, 2015; CSA S304-14,
2014). This variability can be attributed in large part to defects introduced during the assembly
and handling of the prisms. Because constituent material tests typically have less variability than
prism tests, Dillon (2015) suggested that the measurement error introduced by estimating f;,, values

is likely to be smaller than the variation that would exist in measured prism tests.

Based on a statistical analysis of over 500 prism tests, Dillon (2015) developed two linear models
to predict masonry prism strengths for ungrouted and grouted prisms. The model for predicting

the prism strength for ungrouted masonry prisms is given by Equation (4.2).

r _ .,0.636 £0.688 £0.317
fmu =v block Jmortar (4~2)
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The model for predicting prism strength of grouted masonry prisms is given by Equation (4.3).

fn,‘tg = t~0221(1 — v)o.oslsfb—lg.cizs(fmormr + fblock)lm(fgrout + fblock)0-312 (4.3)
where finy = ungrouted prism strength (MPa)
fmg = grouted prism strength (MPa)
v = ratio of net to gross area, which is taken as reported by the researcher or by

dividing gross prism strength by net prism strength
foiock = compressive strength of concrete block (MPa)
fmortar = compressive strength of mortar (MPa)
t = thickness of the prism in the smallest dimension (mm)

fgrour = compressive strength of the grout (MPa)

4.2.7 Prism Geometry

There is significant variability in the number of blocks in prisms used by researchers to determine
fm,» despite the fact that prism strength decreases with increasing aspect ratio (Boult, 1979). Hamid
et al. (1978) tested 146 concrete block masonry prisms and concluded that two-block high prisms
do not accurately represent f,;, (as cited in Dillon, 2015). For two-course prisms, the lateral
confinement effect due to the end plates artificially enhances the compressive strength (Dillon,
2015). This effect is minimized in taller prisms as the plate confinement is localized at the ends of
the specimen. Accidental eccentricity is another probable source of variation on prism strength,
becoming more pronounced as the height of the prism increases (Dillon, 2015). Boult (1979)
observed that the decrease in compressive strength became negligible for prism heights between

five and twelve courses.

To obtain equivalent values of f,,, it is important to account for differences in height-to-thickness

ratios of prisms. Research has shown that the standardized prism aspect ratio of five best represents
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the compressive strength of masonry in the field (Hegemier et al., 1978, as cited in Dillon, 2015).
This is also the standard aspect ratio used in CSA S304-14 (2014) Annex D.

Dillon (2015) compared correction factors from four standards: ASTM Cl1314 (2014),
CSA S304.1-04 (2004), BS 5628-2 (2000) and AS 4700 (2011). The latter three standards use the
standard aspect ratio of five and Dillon (2015) converted the correction factors in ASTM to the
equivalent values assuming the standard aspect ratio of five. He then determined a function which

correlated well with the mean of the four sets of correction factors. The function is given by

Equation (4.4).

1.07
k=1-0058(5-7) (44)
where k = the correction factor to account for the h/t ratio of the prism
h = height of the masonry prism (mm)
t = thickness of the masonry prism (mm)

Equivalent values of prism strength with the aspect ratio of five are obtained by multiplying the

uncorrected value of f,, or fing by k.

4.2.8 Scaling

Due to limitations related to space, cost, and capacity of loading devices, it is not always practical
to test full-scale specimens (Hamedzadeh, 2013). One solution to these problems is to build a
reduced-scale model of the desired full-scale prototype. Out of the 292 PG masonry walls compiled

for the present study, 50 were small-scale walls. Scales used were either one-half or one-third.

Scaled modeling of structures consists of reducing the dimensions of a specimen proportionally
by the same scale (Hamedzadeh, 2013). Other quantities such as force, time and frequency must
also be scaled down. Depending on the type of model sought, material properties such as modulus

of elasticity, stiffness and density should also be scaled down (Hamedzadeh, 2013).
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There are two main approaches that can be used to relate the model and prototype properties. The
first approach is complete model similarity, in which special model materials are manufactured
such that their properties are the scaled versions of prototype material properties (Tomazevic¢ and
Velechovsky, 1992). The second approach is simple model similarity, in which prototype materials
are used for the construction of the reduced-scale models (Tomazevi¢ and Velechovsky, 1992).
Because of the difficulty associated with scaling the material properties, most experimental studies
use a simple model approach (Hamedzadeh, 2013). Tomazevi¢ and Velechovsky (1992) pointed
out that when prototype materials are used compensations are usually needed to meet the
requirements of similar mass distribution and similar working stress level (the ratio between the
axial stress and the compressive strength of the masonry). The scale factors for model similarity

in both the cases of complete and simple models are given in Table 4.2.

Table 4.2 - Scaling factors for complete and simple reduced-scale models (TomaZevi¢ and

Velechovsky, 1992)

General Complete  Simple
Quantity equation model maodel
Length (L) S, = Lo/l s, S,
Strain (g) 8, = éplEy 1 1
Strength (f) 5, = fo/tu S 1
Stress (a) 5y = folfu S |
Young's modulus (E)  Sg = 8,/8, 3, 1
Sp. weight (I') Sp =TTy 1 1
Force (F) 8y =518, 5; St
Time (t) S, = S./5:5./8; NAP
Freguency (£2) S, = 1/5, llf’w-‘{'_c?,_ /5,
Displacement {d) 8, = 8,5, S S
Velocity (v) S, = S./8,/8, V8L |
Acceleration (a) Sa = 87/5.8¢ 1 /8,

One of the problems with reduced-scale models is the commonly observed size effect: specimens
of smaller size generally exhibit higher strength and a greater scatter of data compared with their

prototype counterparts (Maleki, 2008). Although size effects are not fully understood, it is
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important to take them into consideration, otherwise unconservative estimates of prototype
behaviour may be made (Long, 2006). Additionally, reducing the physical dimensions of the model
changes the effects of many parameters, such as bond between reinforcement and mortar or grout
and adhesion between mortar and masonry units, on the overall behaviour of the structure
(Tomazevi¢ and Velechovsky, 1992; Long, 2006). This limits the reduction of size of masonry
models; Tomazevi¢ and Velechovsky (1992) suggested limiting the scale to one-fifth in order to
achieve reliable models built using prototype materials. In general, reduced-scale models exhibit
fewer cracks than do prototype structures, in part because the tensile strength of concrete as a

percentage of the compressive strength is higher in model concrete (Long, 2006).

On the other hand, Janaraj and Dhanasekar (2016) pointed out that reduced-scale masonry walls
can accommodate a greater number of bed joints than full-scale specimens, and failure modes are
better represented in specimens with more bed joints. Thus, reduced-scale specimens may provide
better representations of real-world masonry wall failure modes. Reduced-scale testing also allows
for post-peak behaviour of the walls to be captured, which is not possible to the same degree with

full-scale walls due to stability concerns (Long, 2006).

4.2.8.1 Case Study: Long (2006)

Although no studies comparing the shear behaviour of reduced-scale PG walls with full-scale
prototypes could be located, a study comparing the shear strength of reduced-scale FG walls with
their full-scale counterparts does exist. Long (2006) tested two half-scale FG masonry walls
(47.4% scale walls) that were designed to exhibit shear-dominated failure at McMaster University.
She then compared the results with those from full-scale prototypes that had been tested previously

at the same university (El-Dakhakhni et al., 2013).

During testing of both the reduced-scale walls and the prototype walls there were issues with
incomplete filling of cells with grout, due to the use of a coarse grout. The reduced-scale walls had
slightly different material properties and reinforcement ratios from the prototype walls. The blocks
used in the reduced-scale walls were also geometrically simpler than the full-scale blocks. The

wall properties are given in Table 4.3.
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Table 4.3 - Model and prototype properties (adapted from Long, 2006)

Wall fm  Length Height A, p,  Spacing  pp o
(MPa) (mm) (mm) (mm?) (%) (mm) (%)  (MPa)

1 Model 18.3 950 950 71 0.83 380 0.08 1
Prototype | 154 2000 2000 300 0.79 800 0.08 1
) Model 18.3 1430 950 100 1.17 380 0.08 0
Prototype | 154 3000 2000 500 1.32 800 0.08 0

Despite the differences between the model and prototype walls, both model walls showed good
agreement with the prototype walls in terms of shear strength. Based on the length scale factor of
0.474, the scale factor for a point load is S = S? = 0.474? = 0.225 (Long, 2006). This scale
factor was used to scale up the shear strength of the model walls and compare them to the prototype

walls, as shown in Table 4.4.

Table 4.4 - Shear strength of model and prototype walls (adapted from Long, 2006)

Shear Strength (kN) Percentace
Wall | Model Model | (o/g)
(unscaled) (scaled) yP °
1 114.7 509.8 408.4 +24.8
2 204.0 906.7 828.9 +9.4

Long (2006) also tested two reduced-scale walls designed to fail in flexure and compared them
with equivalent full-scale walls that had previously been tested by Shedid (2006). Long (2006)
observed that there was better similarity between reduced-scale model and prototype walls
designed to fail in flexure than there was between the model and prototype walls that were designed
to fail in shear. This was attributed to size effects related to cracking that were more significant in

the walls failing in shear due to diagonal cracking.

4.2.8.2 Treatment of Scaling

From the limited amount of literature that is currently available on the topic, it is clear that further
research is needed to investigate the reliability of reduced-scale PG masonry walls to predict the

in-plane shear strength of their full-scale counterparts. It is recommended that a correction factor

similar to the ones proposed by Dillon (2015), as discussed in 4.2.1,4.2.2,4.2.3,4.2.6 and 4.2.7,
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should be developed through statistical analysis to account for size effects. However, the findings
of Long (2006) suggest that reduced-scale masonry walls can be used to predict the shear strength
of prototype walls with reasonable accuracy. In addition, the number of scaled walls in the datasets
used for analysis in the present study is low compared to the number of full-scale walls in these

datasets (19-20% reduced-scale walls).

None of the studies using scaled specimens from which data has been collected attempted to
achieve complete models, therefore the simple model scaling factors in Table 4.2 are used to scale
wall properties in the analysis datasets. Geometric properties, such as wall height, length, and
thickness, are scaled by a factor of S;. Areas and forces, such as reinforcement areas, axial load,
and shear load, are scaled by a factor of SZ. Material strengths, such as yield strength of
reinforcement and compressive strength of blocks, mortar, and grout, are scaled by a factor of 1.
Unitless variables, such as reinforcement ratios, and measures of stress, such as axial stress and

shear stress, are scaled by a factor of 1.

4.2.9 Varying Axial Load

Although most researchers used constant axial load in their testing, a few used variable axial
loading schemes (Scrivener, 1967; Hoque, 2013; Hamedzadeh, 2013; Rizaee, 2015). This was
done primarily to maintain zero moment at the centre (or another location) of the wall. In the latter

three studies, this was done to achieve double curvature (fixed-fixed) boundary conditions.

For these studies, the ultimate axial load (occurring concurrently with the ultimate shear strength)
was estimated and used in the compiled database. Details of how the ultimate axial load was

calculated for these studies can be found in Appendix A.

4.3 Data Scrutinization

Following data synthesization, scrutinization was performed. Data scrutinization is defined as
using a set of selection criteria to determine which specimens should be included in analysis and

which ones should be excluded (Hung, 2018). The variation present in the database that could not
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be mitigated through synthesization was removed through scrutinization. Where missing variables

were needed in analysis and could not be synthesized, these specimens were also removed.

4.3.1 Failure Mode

The experimental studies from which data was retrieved were primarily focused on the shear
behaviour of masonry walls, however some of the tested walls failed in flexure. In most cases,
walls failing in flexure were not included in the initial database of 292 walls. However, one of the
walls tested by Scrivener (1967), which was included in the initial database, was reported to have

failed in a predominantly flexural mode. This wall was removed from the final datasets.

One of the walls tested by Meli et al. (1969) that was included in the initial dataset was reported
to have experienced a local failure. Additionally, one of the walls tested by Rizaee (2015) failed
like an unreinforced masonry wall due to technical problems that arose during testing.

Consequently, both walls were removed from the final datasets.

4.3.2 Wall Type

The present study focuses on the shear strength of single pier, PG walls. Of the 292 walls in the
initial database, 17 were unreinforced (Scrivener, 1967; Chen et al., 1978; Oan, 2013). Because
URM walls are out of the scope of this study, these walls were excluded from the final datasets.
There were also 2 double pier walls tested by Mayes et al. (1976). Because double pier specimens

are out of the scope of this study, these two walls were also removed.

4.3.3 Block Type

Two of the studies (Matsumura, 1987; Haach et al., 2007) used 3-cell blocks instead of the 2-cell
blocks that are common in North American masonry. Although efforts were made to synthesize
the data from these studies with the rest of the data, it was decided to exclude both studies from
the final datasets. The blocks used by Haach et al. (2007) posed a particular challenge for
synthesization, as the middle cells were smaller than the outer cells (Figure 3.17), making it

impractical to use transformations involving the ratio of grouted to ungrouted cells. The same
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transformations would have been relatively straightforward for the Matsumura (1987) specimens,

however this study failed to report some of the variables under investigation in the present study.

4.3.4 Completeness of Reported Data

The data acquisition system used by Hamedzadeh (2013) malfunctioned during the testing of one
wall, leading to faulty results of axial loads. Because there was no way to determine the correct

value of axial load for this wall, it was removed from the final datasets.

Six of the studies (Meli et al., 1969; Thurston & Hutchison, 1982; Matsumura, 1987; Yancey &
Scribner, 1989; Tomazevic et al., 1996; Voon & Ingham, 2006) did not report enough information
for values of both f;,, and fi,,, to be determined. As a result, the 60 walls from these studies were
excluded from Datasets VA and VC (see Section 4.5 for more information on the data included in

each of these datasets).

Several studies (Ghanem et al., 1992; Ghanem et al., 1993; Schultz, 1996; Elmapruk, 2010;
Baenziger and Porter, 2011; Nolph and ElGawady, 2012) failed to report enough information for
one or more of fpiocks> fmortar @nd v to be determined. The 29 walls from these studies were

excluded from Dataset VA.

4.4 Dataset Assembly

According to Dillon (2015), the first step of building and testing potential regression models is to
determine which parameters to use in constructing the models. This step is not as important in
common statistical analyses because they frequently use the experimental parameters directly in
the model building process. However, empirical modeling in engineering is different because the
parameters that influence the predicted value are often combinations of multiple variables (Dillon,
2015). Additionally, consistency is needed among all the parameters in the equation in order to

relate them to some physical mechanism (Dillon, 2015).
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The following section will explain the definitions used in the present study for variables that are
often given distinct definitions by different researchers. Then the complete lists of variables used

in analysis will be presented and explained.

4.4.1 Variable Definitions

4.4.1.1 Height of Masonry & Lateral Loading

Although many researchers applied lateral load to a capping beam made of concrete or steel, others
applied lateral loading directly to one or two courses of the masonry wall. In such cases, the height
of the wall was defined in this study as the height of the masonry panel, not including the laterally

loaded course and any courses above it.

For purposes of calculating effective height accounting for boundary conditions, such as to
calculate the shear span depth ratio as required in the CSA equation, the height from the base of
the wall to the point of lateral load application was used. In the case of a concrete or steel capping
beam, the height of the lateral load would be taken as half of the height of the capping beam added
to the height of the wall. In cases where the lateral load was applied to one or two courses of
masonry, the height of the lateral load was taken to the middle of the loaded course or courses.

The effective height was then obtained as shown in Equation (4.5).

Hy,  for single curvature

> Hy, for double curvature

where H,¢r = effective height of the wall (mm)

Hy height of the point of lateral load (mm)

For the reasoning behind this equation, refer to Section 2.2.2.3.

4.4.1.2 Modified Bond Beam Reinforcement

Many of the tested walls in the database included a bond beam in the top course, the bottom course

or both. However, there is uncertainty regarding whether reinforcement located at the top or bottom
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of the wall is effective in resisting shear. Dillon (2015) stated that the horizontal bars in the top
and bottom quarters of the wall do not contribute to resisting the lateral load because of insufficient
anchorage. This is reflected in the shear strength models developed by Blondet et al. (1989) and
Shing et al. (1990), who hypothesized that only the reinforcement in the middle half of the wall

contributes to shear strength.

To evaluate this theory, three versions of the total bond beam reinforcement term are included in
the analysis: one with no modification, one that is modified to neglect bond beam reinforcement
in the top course, and one that is modified to neglect bond beam reinforcement in the bottom
course. The number of walls in the database with bottom course bond beam reinforcement was not

large enough to justify applying the two modifications simultaneously.

4.4.1.3 Vertical Reinforcement

As discussed in Section 2.2.2.5, many existing code- and research-based shear strength expressions
do not include any contribution from the vertical reinforcement, however several researchers have
found that vertical reinforcement contributes to shear strength (Scrivener, 1967; Shing et al., 1990;
Ghanem et al., 1992; Hassanli et al., 2014; Dillon, 2015; Ba Rahim et al., 2019). Some have
suggested that only the interior vertical reinforcement is effective in increasing shear capacity

(Ghanem et al., 1992; Dillon, 2015).

In order to study the influence of both the flexural (jamb) and interior vertical reinforcement, these
two types of reinforcement were treated separately in the current study. In most of the experimental
studies, flexural reinforcement was only included in the outermost cells of the tested walls,
however a few walls had flexural reinforcement in two outer cells (Meli et al., 1968; Meli and
Salgado, 1969, Baenziger and Porter, 2011). In this study, any vertical reinforcement located
within 15% of the wall length away from the wall edge is considered as flexural reinforcement. In
these cases, the spacing between the flexural bars is neglected when calculating the average

spacing of vertical reinforcement.

131



4.4.1.4 Yield Strength

Because the yield strength of steel reinforcement often differed between the four types of
reinforcement used (interior vertical, flexural, bond beam and joint reinforcement), four different
yield strength variables were used for each specimen (fyyi, fyvr, fyne and fypj, respectively).
Only one of the experimental studies reported varying yield strengths within the same category of
steel (Scrivener, 1967). In this case, there were two different yield strengths reported for the
flexural steel category of the same wall, so a weighted average was used as f,,,r. This was done
by multiplying the reinforcement ratio of each bar by the corresponding yield strength and then

dividing this value by the total reinforcement ratio.

4.4.1.5 Reinforcement Ratios and Spacings

The literature presents different methods of calculating the reinforcement ratio. The two main
methods are done either based on total reinforcement area and gross wall area or based on a single
bar and the spacing of reinforcement. However, equal spacing of bond beam reinforcement is not
always possible because it must be spaced at intervals that area multiple of the masonry unit height
(Dillon, 2015). Vertical reinforcement is not always spaced evenly either. Thus, either average or
maximum spacing values could feasibly be used in the calculation of reinforcement ratios. Average
spacings provide a good representation of the total reinforcement present, while maximum
spacings offer a “weakest link” approach, where the least reinforced portion of the wall is thought

to govern the behaviour.

In the present study, both approaches to considering reinforcement were utilized in the analysis by
including total reinforcement terms as well as single-bar terms for each of the vertical interior,
bond beam and joint reinforcements. No differentiation was made between joint and bond beam
reinforcement spacings, because Dataset VA did not include any specimens containing both types
of horizontal reinforcement and Dataset VC only included 5 such specimens. For the single-bar
terms, both the average spacings and maximum spacings were used prior to implementation of the
stepwise variable selection procedure. In the case of joint reinforcement there was no difference

between the average and maximum spacings for any of the specimens, so only the average
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horizontal spacing was used. Spacings were calculated neglecting the space between the outermost
bars and the edge of the wall when these were in the top/bottom course or outermost vertical cells.

For further details on the terms included in analysis, see Sections 4.4.2 and 4.4.3.

When reinforcement ratios are used in the present study without decomposing them in terms of
steel areas and wall geometries or reinforcement spacing, the values are overall reinforcement
ratios. In other words, they represent total reinforcement areas divided by the gross horizontal or

vertical area of the wall.
4.4.1.6 Net Area of Masonry Wall, 4,,.,
Researchers use various methods to calculate the net area of their walls and few of them explain

how they perform this calculation. To ensure consistency, it was decided to calculate the net area

of all walls in the database using the same method (Equation (4.6)).

Anor = ny * %”t + (L g Lz_b> 2ts5) 4.6)
where At = net area of masonry wall (mm?)
ng = number of grouted cells in wall
Ly = actual length of concrete block (mm)
t = wall thickness (mm)
L = wall length (mm)
trs = face shell thickness (mm)

This method of calculating A, 1s derived assuming that mortar bedding was placed only on the
face shells and webs adjacent to grouted cells. This is the type of bedding that is used by most

researchers.
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Where the researchers provided values of A,,.¢, these were compared with the values calculated
using Equation (4.6) to ensure agreement between the provided and estimated values. All the

calculated values of A,,.; were found to be within 15% of the values provided by the researchers.

Two of the studies (Matsumura, 1987; Haach et al., 2007) used 3-cell masonry blocks, meaning
that A,.; could not be calculated using Equation (4.6). For these walls, A,,.; was calculated as

explained in Appendix A.

4.4.1.7 Effective Prism Strength

Because prisms can be either grouted or ungrouted, for PG walls it is useful to convert the
compressive strength of both prism types to a weighted value based on the portion of grouted and

ungrouted area in the wall. This weighted average of f;, and f, is termed effective prism

strength, or f,, . ¢, and can be calculated using Equation (4.7).

Ly Lp\ ¢
Mg B e+ (L= ) fi 4.7
fme ff = I
where ng = number of grouted cells in wall

Ly = actual length (as opposed to nominal length) of concrete block (mm)

,{w = grouted prism compressive strength (MPa), based on a prism h/t ratio of 5
o = ungrouted prism compressive strength (MPa), based on a prism h/t ratio of 5
L = total length of masonry wall (mm)

4.4.2 Raw Variables

Prior to commencing the data analysis, it was necessary to identify the raw variables in the
database. A raw variable can be measured directly, without any mathematical operations or
transformations being applied. The purpose of this step is to identify a basic set of inputs that may

influence the shear strength of PG masonry walls.
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Based on the available data, a total of 34 raw variables were selected (Table 4.5).

Table 4.5 - Raw variables

Variable  Units Definition

H mm  Wall height

Hers mm  Effective wall height, dependent on support conditions

L mm  Wall length, in direction of applied shear force

t mm  Wall thickness

H,, mm  Actual height of CMU blocks

Ly mm  Actual length of CMU blocks

trs mm  Face shell thickness of CMU blocks

ng - Number of grouted cells

ng - Total number of grouted and ungrouted cells

d mm Distance from extreme compression fibre to the centroid of tension
reinforcement, taken as L minus % of the nominal block length

friock MPa Compressive strength of CMU blocks

frmortar MPa Compressive strength of mortar

forout MPa Compressive strength of grout

fmg MPa Compressive strength of grouted masonry prism* with h/t = 5

fru MPa Compressive strength of ungrouted masonry prism* with h/t = 5

Ay mm? Total area of interior vertical reinforcement

Ays mm? Total area of flexural (outer vertical) reinforcement

Ayibar mm?  Area of one interior vertical reinforcement bar

Avf bar mm?  Area of flexural (outer vertical) reinforcement in one jamb

fywi MPa Yield strength of interior vertical reinforcement

fyvr MPa Yield strength of flexural (outer vertical) reinforcement

Sy, max mm  Maximum spacing of interior vertical reinforcement
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Variable  Units Definition

Sv,ave mm  Average spacing of interior vertical reinforcement
Anpp mm? Total area of bond beam reinforcement

Apbbm mm? Modified" total area of bond beam reinforcement
Anbbm2 mm? Modified* total area of bond beam reinforcement
Apj mm? Total area of joint reinforcement

Appppar ~ mm~  Area of one bond beam reinforcement bar

Anjpar mm?  Area of one joint reinforcement ladder

fynbb MPa Yield strength of bond beam reinforcement
fynj MPa Yield strength of joint reinforcement

Shmax mm  Maximum spacing of horizontal reinforcement
Shave mm  Average spacing of horizontal reinforcement
P kN  Axial compressive load

*corrected as outlined in Section 4.2.6
"modified to neglect the area of bond beam steel located in the bottom course of the walls (4.4.1.2)
‘modified to neglect the area of bond beam steel located in the top course of the walls (4.4.1.2)

The raw variables defined in Table 4.5 are referred to as Group R in analysis.

It should be noted that the variables shown in Table 4.5 do not represent an exhaustive list of all
the raw variables that could possibly be used to describe the behaviour of PG masonry shear walls.
These are simply the variables that are relatively easy to measure and are generally reported by
researchers. Other unaccounted for variables may also influence the shear strength of PG masonry
walls, such as humidity and temperature. Although it is not possible to account for all the variables

that may influence shear strength, the widest range of raw variables available has been selected.

4.4.3 Transformed Variables

A transformation is any mathematical operation that is applied to a raw variable, such as squaring
or multiplying with another raw variable. A simple multiple linear regression may not be able to

adequately capture the behaviour of PG masonry walls without any transformations applied to the
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variables. Including transformations in a dataset allows for non-linearities to be considered in the
analysis and potentially included in the generated models. Transformations are also needed to

achieve consistent units within a generated equation.

Two groups of transformed data were used in analysis: a group of transformations with consistent
units of kN, and a group that includes all the raw and transformed variables, regardless of units.
The first group is referred to as Group T, because it consists mainly of transformed variables;
Group T contains 38 transformations and 1 raw variable, P. The second variable group is referred

to as Group RT, because it includes both raw variables and transformed variables.

The axial load is included in Group T because it is the only raw variable in Table 4.5 that has units
of kN, and the axial load has been found by many researchers to contribute to shear strength (Meli
and Salgado, 1969; Matsumura, 1987; Okamoto et al., 1987; Haach, 2009; Voon and Ingham,
2006; Oan, 2013). Transformations with consistent units are desirable in a shear strength model
because they relate the contribution of individual raw variables to a mechanical process (Dillon,
2015). Many of the raw variables, such as the yield strengths of the various types of reinforcement,
have little meaning unless they are combined with other variables, such as the corresponding area
of steel. Using consistent units also makes it easier to compare the relative contribution of equation

terms, increasing equation interpretability.

It should be noted that the transformed variables in Group T that involve a square root technically
do not have units of kN. It is common in existing code- and research-based shear strength equations
for a term including the square root of masonry compressive strength to appear, leading to this
inconsistency in units. This inconsistency exists because it has been observed that the shear
strength of masonry walls increases approximately in proportion to the square root of the masonry
compressive strength (Matsumura, 1987). The inclusion of equivalent transformed variables that
use either the masonry compressive strength (or, similarly, the compressive strength of mortar) or
the square root of this variable allows both possible transformations to be considered as candidates.

The more significant term can then be chosen through stepwise variable selection.

The parameters included in Group T are shown in Table 4.6.
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Table 4.6 - Transformations belonging to Group T

Block strength

Torock (Lpt)V * 1y, fpiock (Lpt)V

Mortar strength

fmortartst ’ fmortartstb > fmortartszb

Mortar tensile
strength

fmortar

Fblock

v fmortartst >

fm effAnet

Grout strength

fgroutAcell * ng > fgroutAcell

Ungrouted prism

Fraa(trsl) (1=22) s frutys » 1m) (1 -22)

strength
Grouted prism

strength fmg gross ( ) fmg(lm * 1) ( )
Effective prism , ;

Streng{)h fm,efngross ) fm.effAnet

Flexural Avs fyvr
reinforcement Aprfyvr & oy < 0.02% , Ayr fyvr + Avifyvi & Py + Pvi < 0.02%
Interior vertical A Avibarfyvil  AvibarfyviL AviparfyviH

vif yvi >

reinforcement

Sy,ave Sy,max Sy,max

Joint reinforcement

Apj barfyh]
A —hjbar’ yaj—
h]fyh] ’ Sh,ave

Anbb fynvy > Anbb,mfynvp > Anbb,m2fynbp

Bond beam
reinforcement Anbb,parf ynvbl  Anbbbarfyrbpl
Sh,ave Sh,max
. Anet
Axial load P, Px-—
gross
Shear span depth M, £ M, £ M, £ M 4 £
ratio vLgrossimeff > Sinet/meff o Ogross |[Jmeff o Onet [Jmeff

Inverse of shear
span depth ratio

VL VL VL VL
ﬁAgrossfr;l,eff > ﬁAnetfr;l,eff > ﬁAgross /fr;l,eff > ﬁAnet ’fr;l,eff

Acell

The transformed variables that appear in Table 4.6 are defined as follows.

= estimated area of a single cell of a block (mm?)

1-v
= Lpt==
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Agross = gross wall area (mm?)

= Lt
Aot = net wall area (mm?), which is calculated according to Equation (4.6)
f,;l,eff = effective prism strength (MPa), which is calculated according to
Equation (4.7)
Pof = flexural reinforcement ratio
= s
Lt
Pvi = interior vertical reinforcement ratio
Avi

Lt

% = The shear span depth ratio
— Herr
L
ny = The number of blocks. For 2-cell blocks:
=g
2
v = The ratio of net to gross area for a masonry block/prism
_ fmg
Frw

The other variables that make up the parameters shown in Table 4.6 are the raw variables that were

defined in Table 4.5.
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The transformations in Table 4.6 are a combination of parameters designed to imitate terms from
existing code- and research-based equations (Chapter 2) and new parameters that attempt to

account for the potential influence of variables which have been excluded from previous equations,

such as fblocka fmortar and fgrout'

The findings of previous researchers (Section 2.2.2) have also been incorporated into the
transformations included in Table 4.6. The creation of new horizontal reinforcement variables that
do not account for reinforcing above the level of 0.2% was explored, to employ the observation
that horizontal reinforcement ratios above this level provide a negligible increase in shear strength.
However, it was found that only 1 specimen had bond beam reinforcement in excess of 0.2% and
only 4 specimens had joint reinforcement in excess of 0.2% for both Dataset VA and Dataset VC.
The number of specimens with flexural reinforcement and total vertical reinforcement above 0.2%
was much higher, at 71 and 95 for Dataset VC and 51 and 73 for Dataset VA, respectively. For
this reason, reinforcement variables transformations that do not account for flexural reinforcement

and total vertical reinforcement above 0.2% were included in Group T.

Hassanli et al. (2014) noted that in PG walls mortar usually plays the role of weak layers vulnerable
to cracking. They suggested that one way to account for this effect is to incorporate a compressive
strength reduction factor, defined as the tensile strength of mortar divided by the tensile strength
of the concrete block. Following this suggestion, two transformations were included which attempt
to approximate the tensile strength of mortar by taking the square root of f,ortar- One of these

transformations includes a division by the square root of f;;ock-

Dillon (2015) observed during the development of his proposed equation that the model provided
a better fit to the experimental data when the inverse of the shear span ratio was used instead of
simply using the shear span ratio directly. Based on this observation, four terms were included in

Group T which used the inverse of the shear span ratio in place of the shear span ratio.

Group RT includes the raw variables shown in Table 4.5 and the transformed variables shown in
Table 4.6. There are also 17 additional transformed variables that are included in Group RT, which

are listed in Table 4.7.
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Table 4.7 - Additional transformations included in Group RT

Anet
Grouted area Anet » 7> Acenr
gross
. M VL
Shear span ratio —,—
VL M

Masonry prism properties | v, f, ‘l’;l,e rf

Vertical reinforcement | Py; » Puf 5 Pvi + Por

Horizontal reinforcement | Pupp > Phbbm » Phj > Prob + Phj
n
g

Other transformations® | Opet > Tgross » e

*These transformations were added to Group RT during model
tree generation, and hence were not considered in the stepwise
regression analysis. Additionally, ng/n; was not included in
Group RT prior to splitting the data for MT generation, hence
this transformation was not considered as a possible splitting
candidate.

The transformed variables that appear in Table 4.7 that have not been defined previously are as

follows.

Phbb = bond beam reinforcement ratio

Anbb
Ht

Pnppm = bond beam reinforcement ratio, modified to neglect bond beam reinforcement

in the bottom course of walls

Anbbmod
Ht

Phj = joint reinforcement ratio

Anj
Ht

The additional transformations listed in Table 4.7 were added to the database primarily to facilitate
calculations of the transformations from Group T. As such, they are not intended to provide an

exhaustive list of possible transformations, nor were they selected based on presumptions
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regarding the contributions to the shear strength of PG masonry walls that they may make. Rather,
they were included in analysis to demonstrate which variables are deemed the most important in
predicting shear strength of PG masonry walls through the stepwise variable selection procedure.
Including these additional transformations also has the potential to allow for comparisons between

models including different types of variables.

Group RT is a combination of the variables from Table 4.5, Table 4.6 and Table 4.7. As noted
above, 3 of the additional transformations from Table 4.7 were added after the stepwise regression
analysis had been completed. The variable P is included in both Table 4.5 and Table 4.6, so this
variable should not be counted twice when adding up the number of variables included in Group
RT. In total, this group had 86 variables for the stepwise regression analysis, 88 variables for the

splitting of MTs, and 89 variables for the stepwise model analysis of MT branches.

4.5 Summary of Datasets

Two main datasets were used in analysis: Dataset VA and Dataset VC. The former includes all the
variables considered in analysis, while the latter only includes conventional variables. Depending

on which variable groups are included, 3 subsets of both datasets can be formed.

Data group VA-R contains all 34 of the raw variables listed in Table 4.5, including variables that
are not found in any of the existing code- and research-based shear strength equations, namely
foiocks fmortar and fyroue. These variables may not always be readily available to a designer. Data
group VA-T includes all of the transformations from Group T (Table 4.6) and Data group VA-RT
includes all of the raw and transformed variables from Group RT (Table 4.5, Table 4.6 and Table
4.7). Because the VA data groups all include some form of the variables fyiock, frmortar a0d fgrouts

these data groups only contain wall specimens for which all of those variables were reported (a

total of 176 walls).

Data group VC-R only contains the 31 conventional raw variables that are commonly found in
existing code- and research-based shear strength equations. It does not include the variables fp;0ck,

fmortar and fgroye. Data groups VC-T and VC-RT exclude all of the transformations that involve
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the variables fyiock> fmortars fgrout» V and Ace. Because they exclude those variables, the VC

data groups can include more wall specimens than the VA data groups, for a total of 205 walls.

Table 4.8 summarizes the differences and similarities between the six data groups used in analysis.

Table 4.8 - Differences between PG wall data groups

All variables | Conventional
included variables only
Raw variables VAR VC-R
only
Transfqrmat10n§ with VAT VC-T
consistent units*
Raw and ‘Fransformed VART VC-RT
variables

*Includes one raw variable, P

In addition to the main datasets described here, expanded versions of both Dataset VA and Dataset
VC were created over the course of analysis, which included more variables than the ones listed

in this chapter. The expanded datasets are described in detail in Chapter 5.

Table 4.9 summarizes the number of specimens from each study that are included in Datasets VA
and VC. The individual walls included in each dataset, and which ones were used for training and

testing, are identified in Appendix B.
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Table 4.9 - Summary of PG wall datasets composition

Dataset

Source

Complete VA VC
Scrivener (1967) 12 10 10
Meli et al. (1968) 10 10 10
Meli et al. (1969) 11 0 0
Mayes et al. (1967) 2 0 0
Chen et al. (1978) 4 3 3
Thurston and Hutchison (1982) 3 0 0
Matsumura (1987) 29 0 0
Tomazevi¢ and Lutman (1988) 10 10 10
Johal and Anderson (1988) 16 16 16
Yancey and Scribner (1989) 10 0 0
Ghanem et al. (1992) 2 0 2
Ghanem et al. (1993) 2 0 2
Tomazevic et al. (1996) 6 0 0
Schultz (1996) 6 0 6
Shultz et al. (1998) 6 6 6
Voon and Ingham (2006) 2 0 0
Haach et al. (2007) 4 0 0
Maleki et al. (2009) 5 5 5
Elmapruk (2010) 6 0 6
Minaie et al. (2010) 4 4 4
Baenziger and Porter (2011) 8 0 8
Nolph and ElGawady (2012) 5 0 5
Oan (2013) 66 51 51
Hoque (2013) 18 18 18
Hamedzadeh (2013) 21 20 20
Rizaee (2015) 14 13 13
Ramirez et al. (2016) 10 10 10
Total number of specimens in dataset 292 176 205
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4.6 Distribution of Variables

The distribution of specimen variables is presented here to identify the range of data studied, and
to provide insights as to what gaps exist within the literature and within the datasets used for

analysis.

Application of the models generated in this study to new data is contingent on the new data falling
within the range of data used to develop these models. Using the models on new data that falls
outside this data range would be extrapolation, resulting in greater uncertainty as to the accuracy
of the model predictions. Table 4.10 gives the acceptable range into which new data should fall
for the generated models to make valid predictions. This table provides minimum, maximum,
average, and standard deviations of selected variables for both Dataset VA and Dataset VC.
Additionally, the table provides unscaled maximum values that were calculated neglecting any
specimens from the datasets that were tested as small-scale walls. This is done to give an accurate
representation of the true maximum and average values obtained for properties such as height and

length, without any scaling.
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Table 4.10 - Minimum, maximum, average and standard deviation of wall properties of Datasets VA and VC

Dataset VA Dataset VC
Min Max Ul;\s/[c:;ed Average ls)t;lil:g:; Min Max Ul;\s/[c;ied Average ls)teililg:;:;
H (mm) 813 5649 2650 1633 737 813 5649 2650 1689 725
Hefr (mm) 711 5690 2750 1445 744 711 5690 2750 1509 779
L (mm) 813 4973 3861 2082 1068 813 4973 4267 2178 1045
H/L 0.320 2.30 1.82 0.850 0.308 0.320 2.30 1.82 0.836 0.295
t (mm) 140 200 195 183 18.1 140 200 195 184 18.0
Hj (mm) 190 200 197 192 2.67 190 200 197 192 2.59
Ly (mm) 390 400 397 392 3.38 390 400 397 393 3.51
trs (mm) 25.4 41.3 41.3 34.2 3.81 254 41.3 41.3 34.0 3.86
ng 0 7 7 3.37 1.20 0 8 8 343 1.30
ng 4 25 19 10.3 5.37 4 25 21 10.6 5.25
Ao (mm?) 103276 434898 348487 214493 77806 103276 511652 511652 222950 82948
Anet/Agross 0.356 0.810 0.810 0.601 0.0902 0.356 0.810 0.810 0.590 0.0909
fpiock (MPa) 6.36 35.7 35.7 19.7 6.02 6.36 35.7 35.7 19.6 5.87
fmortar (MPa) 4.30 25.8 25.8 12.0 6.78 4.30 25.8 25.8 12.3 6.62
fgroutr (MPa) 7.00 47.5 47.5 23.1 7.70 7.00 47.5 47.5 24.2 7.85
v 0.495 0.640 0.640 0.531 0.045 0.495 0.640 0.640 0.531 0.044
fr;Lg (MPa) 6.38 14.5 14.5 9.12 2.05 6.38 19.9 19.9 10.1 3.31
fmu (MPa) 6.44 20.8 20.4 13.9 4.75 6.44 20.8 20.4 13.9 4.49
fr;l,eff (MPa) 6.97 19.9 19.4 12.0 3.53 6.97 19.9 19.8 12.4 348
P (kN) 0 1405 839 406 291 0 1405 839 364 293
Ogross (MPa) 0 2.76 2.76 1.11 0.78 0 2.76 2.76 0.987 0.792
Onet (MPa) 0 4.08 4.08 1.82 1.15 0 4.08 4.08 1.64 1.18
A,; (mm?) 0 879 594 177 219 0 1200 1200 208 250
Ayipar (mm?)* 71 453 284 214 115 71.0 453 387 214 111
Dyi 0 0.00170  0.00170  0.000410  0.000458 0 0.00235  0.00235 0.000456 0.000502
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Dataset VA Dataset VC
Min Max Ul;\s/[c:;ed Average ls)t;lil:g:; Min Max Ul;\s/[c;ied Average ls)teililg:;:;
Ay (mm?) 0 1257 1136 500 350 0 1548 1548 582 401
Ay par (Mm?)* 127 584 568 277 122 127 697 697 302 142
Pvs 0 0.00549  0.00549  0.00150  0.00125 0 0.00549  0.00549  0.00160  0.00122
fyvi (MPa)* 245 503 480 428 76.4 245 503 480 431 69.1
fyvr (MPa)* 245 565 488 433 72.7 245 565 488 433 66.5
Spmax (MM)* 396 3638 2642 1078 619 396 3638 2642 1122 609.9
Spave (MM)* 396 3638 2642 1049 637 396 3638 2642 1079 629.6
Appp (mm?) 0 792 792 123 195 0 792 792 150 198
Appp m (mm?) 0 792 792 114 182 0 792 792 128 178
Apppmz (mm?) 0 792 792 59.4 139 0 792 792 91.3 156
Appp par (mm?)* | 87.8 440 396 257 136 71.0 440 400 248 121
Phbb 0 0.00227  0.00227  0.000327  0.000531 0 0.00227  0.00227  0.000401  0.000538
Apj (mm?) 0 1357 304 78.5 173 0 1357 855 82.0 185
Apj par (mm?)* 9.82 226 43.5 35.5 37.1 9.82 226 71.3 36.4 36.3
Phj 0 0.00446  0.00110  0.000324  0.000618 0 0.00446  0.00181  0.000309 0.000606
fybp (MPa)* 290 744 456 454 99.2 290 744 456 449 81.2
fyj (MPa)* 245 610 610 494 115 245 610 610 502 115
Shmax (MM)* 200 3638 1321 743 695 200 3638 1321 767 663
Sh,ave (MM)* 200 3638 1219 723 690 200 3638 1219 750 659
Vexp (KN) 78.0 667 383 240 108 78.0 667 431 242 104

*Zero values ignored in calculating minimum, average and standard deviation values
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To further illustrate the distribution of the main specimen variables and the data gaps that are

present, Figures 4.2 through 4.7 are provided.
120
100
80
60

40

Number of Specimens

20

Reverse Cyclic Monotonic Phased-Sequential

m Dataset VA = Dataset VC

Figure 4.2 - Distribution of loading types
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Figure 4.3 - Distribution of loading rate
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Figure 4.4 - Distribution of support type
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Figure 4.5 - Distribution of scale
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Figure 4.6 - Distribution of scaled wall area
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Figure 4.8 - Distribution of shear span ratio
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Figure 4.9 - Distribution of effective masonry prism strength
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Figure 4.10 - Distribution of compressive block strength

152



a Lh
< h O h O

o

Number of Specimens
e I S JRLYS TR ¥'S TN N
Lh Lh

o

= Lh

Number of Specimens
— [ (%) = Ln N -]
= = = = = = =

o

5 5o 5 5
\'\'59”:1?“'59“:13\'

II|| | .
,\Q{‘;’J o)

"')’l‘,jz..l_ .
Vv SN N N SN S G PR

Compressive Strength of Mortar, £, (MPa)

m Dataset VA Dataset VC

Figure 4.11 - Distribution of compressive strength of mortar
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Figure 4.12 - Distribution of compressive strength of grout
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Number of Specimens
(=) [#s]
= =

[ T
o O

0-0.1 0.1-0.2 0.2-0.3 0.3-04 0.4-0.5
Horizontal Reinforcement Ratio, p;, (%)

o

m Dataset VA Dataset VC

Figure 4.14 - Distribution of horizontal reinforcement ratio (based on wall height)
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Figure 4.16 - Distribution of net axial stress
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Figure 4.17 - Distribution of average net shear stress

4.6.1 Observed Gaps

Several observations can be made from the distributions presented in this section.

1.

Almost all the specimens were tested under a quasi-static loading rate; in both Dataset
VA and Dataset VC, only three dynamically tested specimens are included. All three
specimens are from the study by Chen et al. (1978). This suggests a need for further
research in dynamic testing of PG masonry shear walls.

The number of reduced-scale walls in both datasets is relatively small (20% for Dataset
VA and 19% for Dataset VC), which is favourable considering the limited amount of
research available comparing the shear strength of reduced-scale walls with full-scale
prototypes.

Most of the tested walls have an area of 5 m? or less. This is not be representative of

typical buildings and reflects a continued gap in the literature (Minaie, 2009). In fact,
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close to half of the specimens with areas above 5 m? are reduced-scale models with areas
that are much smaller than 5 m2.

Most of the tested walls have aspect ratios of 1 or less. This is likely due to the tendency
of masonry walls to fail in flexure at higher aspect ratios (Haider, 2007).

Limited experimental investigation has been performed on PG masonry walls built using
high strength blocks, mortar, or grout.

Although several researchers have reported that increasing horizontal reinforcement
ratios above 0.2% leads to negligible increases in shear strength, very few of the database
walls have horizontal reinforcement ratios above 0.2%. This makes it difficult to study

the effect of high horizontal reinforcement ratios using statistical analysis.
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5 GENERATED MODELS

5.1 Introduction

Using the datasets described in Chapter 4, several stepwise regressions and model trees were
generated and assessed for accuracy, precision, complexity, robustness, and interpretability. The
methodology used is described in the following section, and then the resulting models are

presented. Model comparison and selection of proposed models is done in Chapter 6.

5.2 Model Generation Procedure

Several datasets including different variable groups were used, as described in Chapter 4, to allow
for investigation of various combinations of input variables. Dataset VA includes all possible input
variables while Dataset VC includes only those input variables which are considered to be
conventional, as they are generally available to designers and most of them are commonly used in
existing code- and research-based shear strength equations for PG walls. The division of variables
into the groups R, T and RT allowed for models to be generated using only raw or transformed

variables, or both. Group T is made of variables with consistent units of kN.

For each dataset, 25% of the wall specimens were randomly selected and reserved for testing.
Following model generation, each model was tested using the reserved 25% of the data to allow
for model validation. The walls included in each dataset, as well as those selected for training and

testing, are identified in Appendix B.

Based on the generated models, a few additions were made in the datasets over the course of the

analysis. These additions are described in detail in Sections 5.3.3 and 5.4.

The following sections describe the model generation procedure in more detail for both stepwise

regressions and model trees.
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5.2.1 Stepwise Regressions

As explained in Section 2.4.1, stepwise regression allows the number of input variables to be
reduced to an appropriate subset for predicting the output (Mohsenijam and Lu, 2016). It does this
by identifying significant input variables while eliminating interdependencies between variables,
or cases where an input variable does not need to be included in the model because it could be
explained by other input variables (Leung et al., 2001; Mohsenijam and Lu, 2016). This is done
objectively, without the researcher’s opinions influencing the selection of variables from the

candidates provided.

Stepwise regression models were generated in MATLAB (2018) using the function “stepwiselm”.
Intercepts were not allowed for any of the generated models. Model generation was done
iteratively by adjusting variable inclusion and exclusion p-value thresholds (PEnter and PRemove)
until a suitable number of terms was reached, so while many models were generated, only a few
are presented in this chapter. The stepwise regression models selected for investigation were those
that consisted of no more than 6 equation terms. This requirement ensures that selected models are
not overly complex (although a few complex models were generated for comparison purposes, as
discussed in Section 5.2.2) and reduces the chances of illogical variable relationships due to noise
cancellation. Efforts were made to obtain at least one model with no illogical relationships for each
variable group (R, T and RT) from both Dataset VA and Dataset VC. Following equation
generation, each of the selected models was tested using the reserved 25% of the data. The selected

models are presented in Section 5.3.

Stepwise regression facilitates testing different combinations of input variables, thus eliminating
constraints on how many variables can be investigated (Dillon, 2015). All the variables that are

present in the training data provided to the program are considered in the analysis.

The stepwise regressions generated were categorized into 4 types, shown in Table 5.1, depending

on which variable groups were included in the training data.
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Table 5.1 - Types of stepwise regressions generated

Model Type Description

RS Stepwise regression using the raw variables from Group R

TS Stepwise regression using the variables with consistent units from Group T
RTS Stepwise regression using the raw and transformed variables from Group RT
RTSi Same as RTS, but interactions are also allowed

The model types listed in Table 5.1 allow for models of varying degrees of complexity to be
generated, and for different groups of variables to be considered. The variables belonging to each
of the 3 groups are listed in Sections 4.4.2 and 4.4.3. The RS models are simple linear regressions
that contain no transformations, which makes them useful for comparison purposes. If a model
containing transformations cannot outperform an RS model, it is difficult to justify the
transformations. The RS models are also valuable because they are free of the assumptions
required to create transformed variables. The RS models generated in the present study were found
to generally perform quite well, in some cases outperforming the TS models. The TS models are
of particular interest, however, as they contain only variables from Group T, which are designed

to use consistent units, as would be expected in a typical code equation.

The RTSi model type differs from the RTS type in that it allows the program to add interactions
between variables outside of the ones built into Group RT. Interactions in this context means that
one variable (raw or transformed) is multiplied by another. RTSi models allow for more
transformations to be potentially added to the models, allowing more non-linearities to appear in
models. Because the interactions are chosen by the program based solely on the significance of the
interaction compared to the other variables, the transformations may not have any physical
meaning. For example, a TSi model may include a term that multiplies the axial load by the yield
strength of bond beam reinforcement. Most of the RTSi models that were generated during analysis

were identical to their RTS counterparts, meaning that the possible interactions were not
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significant enough to be included in the models. The RTSi models that did include interactions

contained too many terms for them to be considered as useful models.

5.2.2 Additional Regression Models

In addition to the model types listed in Table 5.1, a few more prediction models were generated
that do not make use of stepwise variable selection. These models were generated using the

MATLAB function “fitlm” and were of 4 types, as shown in Table 5.2.

Table 5.2 - Additional regression models generated

Model Type Description

N Naive predictor (average of training set output)
RA Regression including all variables from Group R
TA Regression including all variables from Group T

RTA Regression including all variables from Group RT

The model types shown in Table 5.2 were generated for the purpose of comparison with the
stepwise regressions and model trees, and to illustrate the dangers of overfitting and underfitting.
Unlike the model types in Table 5.1, these models were allowed to include intercepts. The models

in Table 5.2 are discussed further in the following sections.

5.2.2.1 Naive Predictor

Model type N is the simplest possible prediction model and is referred to by Sheiner and Beal
(1981) as the “naive predictor” because it makes the same prediction in all circumstances. It is a
constant value—the average of the experimental values of shear strength from the training data
set, which underfits the data. One model of this type was generated from Dataset VC (Model VC-
N), and one was generated from Dataset VA (Model VA-N), with the values being 243.78 kN and
243.63, respectively. The performance indicators of VC-N and VA-N serve as a benchmark for

any other models generated using the same data; if the generated models do not perform better
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performance indicators of VC-N are given in Table 5.3.

than the naive predictor, then the models may not be of any value (Sheiner and Beal, 1981). The

Table 5.3 - Performance indicators for VC-N

Training  Testing
GDF 0

R? 0 0

Adjusted R? 0 0
RMSE (kN) 107 93.7
ME (kN) -0.00248 -8.79
Average 1.00 0.964
N Min 0.320 0.348
3 Max 2.73 2.49
Sy Std. Dev. 0.439 0.386
5th Percentile | 0.411 0.408

Performance indicators for VA-N are given in Table 5.4.

Table 5.4 - Performance indicators for VA-N

Training  Testing
GDF 0

R? 0 0

Adjusted R? 0 0
RMSE (kN) 105 114
ME (kN) 0 -16.1
Average 1.00 0.934
N Min 0.348 0.320
3 Max 2.74 2.50
N Std. Dev. 0.433 0.470
5th Percentile | 0.411 0.404

The performance of the two naive predictors is similar, with relatively high values of RMSE and

standard deviation of Ve, /V,.

162



5.2.2.2 Overly Complex Models

The RA, TA and RTA models do not use stepwise variable selection, so they include a large
number of variables. In fact, these models will include all the variables present in the training data
set, although they may assign a coefficient of 0 to some of the variables as the number of equation
terms becomes larger and larger. This is generally the case for RTA models, which may have up

to 87 terms, including the intercept.

These overly complex models generally perform well on training data but show poor
generalization when tested on new data, an indication of overfitting. They are not useful as
practical models for the shear behaviour of PG masonry walls, however they are useful in

illustrating overfitting and in making comparisons with other models.

One model each of the RA, TA and RTA types was generated using Dataset VA. These models all
contain a large number of terms, so the equations for these models will not be provided, but the
performance indicators are presented here. The overly complex model VA-RA consists of 35 terms

and has the performance indicators shown in Table 5.5.

Table 5.5 - Performance indicators for VA-RA

Training  Testing
GDF 23.9

R? 0.960 0.786

Adjusted R? 0.946 -0.0239
RMSE (kN) 21.1 63.1
ME (kN) 0 5.30
Average 1.00 1.00

NS Min 0.749 -0.955
3 Max 170 2.02
0 Std. Dev. 0.113 0.414
5th Percentile | 0.832 0.757

VA-RA shows obvious signs of overfitting, as the model performs very well on the training data,

while the performance worsens severely for the testing data. The RMSE and standard deviation of
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Vexp/Vy are relatively low for the training data, while the testing values of both of these indicators

are three to four times larger.

VA-TA consists of 40 terms and has the performance indicators shown in Table 5.6.

Table 5.6 - Performance indicators for VA-TA

Training  Testing
GDF 32.2
R? 0.970 0.837
Adjusted R? 0.957 -0.751
RMSE (kN) 18.2 47.7
ME (kN) 0 -4.01
Average 1.00 1.00
NS Min 0.718 0.693
3 Max 1.68 2.77
Ny Std. Dev. 0.103 0.303
Sth Percentile | 0.859 0.730

Like VA-RA, the model VA-TA shows significant overfitting as made evident by the increase in

values of RMSE and standard deviation of V,,,,/V;, from training to testing data.

VA-RTA consists of 63 terms and has the performance indicators shown in Table 5.7.

Table 5.7 - Performance indicators for VA-RTA

Training  Testing
GDF 62.2
R? 0.984 0.0172
Adjusted R? 0.970 3.22
RMSE (kN) 13.2 234647
ME (kN) 0 21809
Average 1.00 0.68
NS Min 0.806 -0.015
3 Max 1.39 1.72
Ny Std. Dev. 0.070 0.483
5th Percentile | 0.894 -0.003
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VA-RTA is an extreme case of overfitting. Out of the three overly complex models tested, it has

the lowest values of RMSE and standard deviation of V¢, /V, for training data, while it has the

largest values for both of these performance indicators when measured on testing data. In fact,
some of the values of V,, calculated using VA-RTA on the testing data were negative. This
illustrates the danger of using an overly complex model to predict the shear strength of PG masonry
walls—the model performs deceptively well on the data that was used for training because it
models the noise in the data. But when the model is used on new data, as Myung (2000) would

say, “the conspiracy falls apart.”

The performance of these overly complex equations will be compared to that of the existing code-

and research-based shear strength equations and the proposed models in Chapter 6.

5.2.3 Model Trees

Model trees were generated in two main steps. First, the M5PrimeLab toolbox was used in
MATLAB (2018) to generate an initial model tree (Jekabsons, 2016a). This was done using the
functions “m5pbuild” and “mSpparams” with the default input arguments, except for the following
(value used is indicated in brackets): minimum leaf size (30), smoothing (15). The minimum leaf
size controls the number of observations that must be grouped together for a new branch to be
formed. The default value for smoothing is 0, which disables smoothing and produces regressions
trees (Jekabsons, 2016b). This is essentially the naive predictor, but with one constant on each
branch of a tree. When enabled, smoothing tries to compensate for sharp discontinuities occurring
between adjacent tree branches (Jekabsons, 2016b). The larger the smoothing value, the more
pronounced this effect becomes. Because different values of smoothing do not affect the structure
of the tree or the splitting values, adjusting the “smoothingK” input argument has no effect on the

MTs developed in this study.

Based on the initial tree generated by M5PrimeLab, branch splitting values were determined and

rounded to more practical values. The analyzed dataset was then split manually in accordance with
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these splitting values. Each data group was analyzed individually in MATLAB using the function
“stepwiselm” to obtain several models, the same way as was described in Section 5.2.1. RS, TS,
RTS and TSi models with less than six terms were generated for each branch. An optimum model
was selected for each branch based on criteria of accuracy, simplicity and whether the model
contained any illogical relationships. Then the final model tree was assembled by adding all the

branch models to the tree structure. The completed MTs are presented in Section 5.3.4.

5.2.4 Model Naming

In the present study, each generated model is given a unique name to identify it. The model name
identifies the overall model type, regression type(s) and dataset and variable group(s) used to
generate the model, as well as the model iteration. The model naming used for stepwise regressions

is shown in Figure 5.1.

Regression type
(Tables 5.1 & 5.2)

Dataset

-RS2
f

Iteration

Figure 5.1 - Naming used for stepwise regression models

Here, iteration refers to the number of iterations of inclusion/exclusion thresholds made to reach
the model. Although models with the same iteration number often have the same PEnter and

PRemove values and models generally become less complex with each successive iteration, this
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is not always the case. The iteration number simply refers to the order in which models were

generated.

The model naming used for model trees is shown in Figure 5.2.

Regression type

Splitting  ples 5.1 & 5.2)
data group

Dataset 1 l
v

I Iteration

Model _ NIT_VA -rt3:RTS1 Ts3 RS3

Tree , :
Number of J WJ W—/

Left Middle Right

b h
FAnehes branch branch branch

Figure 5.2 - Naming used for model trees

5.3 Results - Generated Shear Strength Models

The following sections present the stepwise regressions and model trees generated in the present
study. For stepwise regressions, only those which include a maximum of 6 terms are presented.
The inclusion and exclusion p-value thresholds used to generate each model are listed, as well as

the performance indicators of each model.

R? and Adjusted R? values indicate the quality of fit of the model; the closer the values are to 1,
the better the fit. Adjusted R? differs from R? in that it penalizes models of higher complexity
based on the number of terms in the model. As discussed in Section 2.4.4.1, these indicators can

be misleading in some cases, so they will not be relied on for model selection purposes.
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RMSE and ME are measures of error: the lower the values, the lower the error is. RMSE is a
measure of accuracy and is always positive, while ME is a measure of bias that can be positive or
negative. Because ME is calculated by taking the average of observed values minus fitted values,
a positive value of ME indicates the average value by which the model underestimates the shear
strength. Conversely, a negative value of ME indicates the average value by which the model

overestimates the shear strength.

Similarly, the average value of V., /V, is an indication of model bias. A value above 1 indicates
that the model underestimates the shear strength on average (conservative) while a value below 1
indicates that the model overestimates the shear strength on average. Minimum and maximum
values of V,,, /V, provide the range of overestimation and underestimation of the model. Standard
deviation of V,x,/V;, indicates the spread of Vg, /V, values for the given model, hence a low
standard deviation combined with an average value of V,,, /V;, that is close to 1 is favourable. The
fifth percentile of V,,,, /V, is the value of V,,,, /V;, exceeded by 95% of the walls in the dataset. A

high value of the fifth percentile of V., /V;, indicates a more conservative model.

GDF is an estimate of model complexity that facilitates comparisons between different model
types. The higher the GDF is, the more complex the model is. During analysis, it was observed
that the GDF tends to underestimate the complexity of models when it is calculated based on
testing data, due to the high variance of errors. For this reason, GDF was calculated based on
training data only. It should be noted that the GDF depends on the data provided; calculating the
GDF of the same model based on two different sets of data would result in two different values of
GDF. As such, GDF is not a perfect measure of complexity; it was observed that some of the
differences in complexity between similar models were not well reflected by comparing the

calculated GDF values.

For example, VC-RTS4 and VC-TSS5 are very similar to each other. Both consist of two terms:

one term is a raw variable, P, while the other term is a transformed variable. In the case of VC-
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RTS4, the transformed variable is simply A,.;, while for VC-TSS5, the transformed variable is
fme frAnet- Logic dictates that the model with the higher number of variables should be more

flexible and more complex, however this is not reflected in the GDFs of the models; VC-RTS4
has a GDF of 3.27 while VC-TS5 has a GDF of 2.47. Despite this finding, the GDF values were

observed to generally reflect the differences in complexity of various models relatively well.

Further information on the performance indicators used in the present study, as well as the

equations used to calculate them, can be found in Section 2.4.4.

For raw variables, standard units of mm, mm? and MPa were used, except for the variable P, which
was measured in kN. The transformed variables from Group T were multiplied by each other such

that each term had units of kN (except for those terms which include a square root).

Selection of the proposed models and comparison with the existing code- and research-based shear

strength expressions is done in Chapter 6.

5.3.1 Stepwise Regressions Generated - Dataset VA

Several stepwise regressions were generated which were permitted to include any variables,
regardless of whether these variables had been used in previously developed shear strength

expressions.

5.3.1.1 VA-RS2

VA-RS2 was generated using the p-value inclusion and exclusion thresholds shown in Table 5.8.

Table 5.8 - Inclusion and exclusion thresholds used to generate VA-RS2

PEnter PRemove

0.0049 0.1

p-value
threshold

The equation for VA-RS2 is given here as Equation (4.1).
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V, = —0.0205H + 0.0337L + 6.00 £orear + 0.0917A4,; + 0.289P (5.1)

The performance indicators for VA-RS2 are shown in Table 5.9.

Table 5.9 - Performance indicators for VA-RS2

Training  Testing
GDF 7.34

R? 0.880 0.900
Adjusted R? 0.876 0.889
RMSE (kN) 36.5 37.6
ME (kN) 0.293 -10.6
Average 1.00 0.953
N Min 0.478 0.598
3 Max 1.54 146
Sy Std. Dev. 0.160 0.179
5th Percentile | 0.775 0.752

5.3.1.2 VA-RS3

VA-RS3 was generated using the p-value inclusion and exclusion thresholds shown in Table 5.10.

Table 5.10 - Inclusion and exclusion thresholds used to generate VA-RS3

PEnter PRemove

0.0009 0.001

p-value
threshold

The equation for VA-RS3 is given here as Equation (5.2).
V, = 0.0211L + 5.34f0rtar + 0.1064,,; + 0.29P (5.2)

The performance indicators for VA-RS3 are shown in Table 5.11.
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Table 5.11 - Performance indicators for VA-RS3

Training  Testing
GDF 6.53
R? 0.871 0.904
Adjusted R? 0.868 0.897
RMSE (kN) 37.9 383
ME (kN) -1.18 -15.3
Average 0.992 0.929
o Min 0.477 0.598
B Max 1.61 1.38
N Std. Dev. 0.164 0.174
Sth Percentile | 0.789 0.682

5.3.1.3 VA-TS2

VA-TS2 was generated using the p-value inclusion and exclusion thresholds shown in Table 5.12.

Table 5.12 - Inclusion and exclusion thresholds used to generate VA-TS2

PEnter PRemove

0.0049 0.005

p-value
threshold

The equation for VA-TS2 is given here as Equation (5.3).

Vo = 0.26P + 0.258 mortartrsly + 0.222v/ Frnortartysk + 0.0147 fy o rAnet

u (5.3)
+ 0-459Avifyvi - 0-281Avi,barfyvi S—

vi,max

It is not logical for the Ay; f; —"_ term to have a negative coefficient, as the correlation of this

Svi,ave

term with the shear strength is expected to be positive. The presence of the term A,; f,,; multiplied

by a positive coefficient is likely an indication that these two terms are cancelling noise from each

other.

The performance indicators for VA-TS2 are shown in Table 5.13.
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Table 5.13 - Performance indicators for VA-TS2

Training  Testing
GDF 9.13
R? 0.901 0.914
Adjusted R? 0.897 0.903
RMSE (kN) 33.0 343
ME (kN) -0.193 -8.1
Average 1.00 0.969
o Min 0.514 0.637
3 Max 1.86 1.48
N Std. Dev. 0.157 0.167
Sth Percentile | 0.820 0.706

5.3.1.4 VA-TS3

VA-TS3 was generated using the p-value inclusion and exclusion thresholds shown in Table 5.14.

Table 5.14 - Inclusion and exclusion thresholds used to generate VA-TS3

PEnter PRemove

0.0009 0.001

p-value
threshold

The equation for VA-TS3 is given here as Equation (5.4).

Vi, = 0.278P + 0.296 frnortartisky + 0.197\ FrnortartssL + 0.903A,;f,

L VL (5.4)
= 0.463Ay; par fyvi ———+ 0.00769 - fro o Aner

vi,ave

Similar to VA-TS2, it is not logical for the Ay;fyy; S; term to have a negative coefficient. The
vi,ave

presence of the term Ay, f,,,; multiplied by a positive coefficient may indicate noise cancelation.

The performance indicators for VA-TS3 are shown in Table 5.15.
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Table 5.15 - Performance indicators for VA-TS3

Training  Testing
GDF 9.75

R? 0.906 0.915
Adjusted R? 0.902 0.904
RMSE (kN) 323 344
ME (kN) 0.670 -6.16
Average 1.01 0.979
o Min 0.576 0.680
B Max 1.87 1.61
N Std. Dev. 0.157 0.168
Sth Percentile | 0.806 0.739

5.3.1.5VA-TS4

VA-TS4 was generated using the p-value inclusion and exclusion thresholds shown in Table 5.16.

Table 5.16 - Inclusion and exclusion thresholds used to generate VA-TS4

PEnter

PRemove

p-value
threshold

1E-05

2E-05

The equation for VA-TS4 is given here as Equation (5.5).

V, = 0.305P + 0.508+/ frmoreartysL (5.5)

The performance indicators for VA-TS4 are shown in Table 5.17.
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Table 5.17 - Performance indicators for VA-TS4

Training  Testing
GDF 6.05

R’ 0.853 0.872
Adjusted R? 0.852 0.869
RMSE (kN) 41.3 44.0
ME (kN) 3.39 -7.0
Average 1.08 1.05
o Min 0.474 0.597
3 Max 3.23 2.03
N Std. Dev. 0.319 0.342
Sth Percentile | 0.766 0.660

5.3.1.6 VA-TSS

VA-TS5 was generated using the p-value inclusion and exclusion thresholds shown in Table 5.18.

Table 5.18 - Inclusion and exclusion thresholds used to generate VA-TSS

PEnter PRemove

9E-05 0.0001

p-value
threshold

The equation for VA-TSS is given here as Equation (5.6).
Vi = 0.296P + 0.255f 01 tartrsly + 0.2914/ frnortartysL + 0.2094,; fy; (5.6)

The performance indicators for VA-TS5 are shown in Table 5.19.
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Table 5.19 - Performance indicators for VA-TS5

Training  Testing
GDF 7.67

R? 0.884 0.895
Adjusted R? 0.882 0.887
RMSE (kN) 35.8 38.9
ME (kN) 0.105 -9.8
Average 1.01 0.970
o Min 0.539 0.645
3 Max 2.03 1.58
N Std. Dev. 0.169 0.187
Sth Percentile | 0.795 0.745

5.3.1.7 VA-RTS3

VA-RTS3 was generated using the p-value inclusion and exclusion thresholds shown in Table

5.20.

Table 5.20 - Inclusion and exclusion thresholds used to generate VA-RTS3

PEnter

PRemove

p-value
threshold

0.0009

0.001

The equation for VA-RTS3 is given here as Equation (5.7).

V, = 0.296P + 0.0002824 0, + 0.0746 foreartysL (5.7)

The performance indicators for VA-RTS3 are shown in Table 5.21.
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Table 5.21 - Performance indicators for VA-RTS3

Training  Testing
GDF 6.18

R? 0.857 0.876
Adjusted R? 0.855 0.870
RMSE (kN) 40.1 42.9
ME (kN) 1.83 -10.3
Average 1.05 1.01
o Min 0.444 0.557
B Max 2.82 1.77
N Std. Dev. 0.260 0.278
Sth Percentile | 0.782 0.663

5.3.2 Stepwise Regressions Generated - Dataset VC

Several stepwise regressions were generated which were only permitted to include conventional

variables. Most notably, Dataset VC does not include any form of the variables f,;ock> finortar and

fgrout-

5.3.2.1 VC-RS3

VC-RS3 was generated using the p-value inclusion and exclusion thresholds shown in Table 5.22.

Table 5.22 - Inclusion and exclusion thresholds used to generate VC-RS3

PEnter PRemove

p-value
threshold

0.0009

0.001

The equation for VC-RS3 is given here as Equation (5.8).

Vi, = 0.0568L + 5.18f;%; + 0.1754, 1 par — 0.06575, gpe + 0.23P (5.8)

Here the negative coefficient in front of s,, 4, 1s logical because as vertical bar spacing increases,

one would expect to see a decrease in shear strength.
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The performance indicators for VC-RS3 are shown in Table 5.23.

Table 5.23 - Performance indicators for VC-RS3

Training  Testing
GDF 4.89

R? 0.840 0.823
Adjusted R? 0.836 0.807
RMSE (kN) 43.0 41.1
ME (kN) -2.23 -6.10
Average 0.99 1.00
NS Min 0.514 0.576
3 Max 1.66 2.10
N Std. Dev. 0.193 0.231
Sth Percentile | 0.658 0.768

5.3.2.2 VC-TS1

VC-TS1 was generated using the p-value inclusion and exclusion thresholds shown in Table 5.24.

Table 5.24 - Inclusion and exclusion thresholds used to generate VC-TS1

PEnter PRemove

0.05 0.1

p-value
threshold

The equation for VC-TS1 is given here as Equation (5.9).

n
V, = 0.187P + 0.0514f;, ,t(1000mm) n—g +0.1114, fyu;
t

M [ VL [
+0.108 / foprAnec +0.0514— / FrnvefrAnet

The shear span ratio % is expected to be negatively correlated with the shear strength, so it is not

(5.9)

logical for the term % frme srAnet t0 appear with a positive coefficient. Note that the presence of
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the % ’ fme £rAner term indicates that there is likely noise cancellation occurring between the two

terms.

The performance indicators for VC-TS1 are shown in Table 5.25.

Table 5.25 - Performance indicators for VC-TS1

Training  Testing
GDF 5.00

R? 0.829 0.830
Adjusted R? 0.825 0.815
RMSE (kN) 44.2 39.8
ME (kN) 0.962 0.269
Average 1.02 1.03
N Min 0.490 0.691
3 Max 2.06 1.95
Sy Std. Dev. 0.225 0.226
5th Percentile | 0.742 0.771

5.3.2.3 VC-TS2

VC-TS2 was generated using the p-value inclusion and exclusion thresholds shown in Table 5.26.

Table 5.26 - Inclusion and exclusion thresholds used to generate VC-TS2

PEnter PRemove

0.0049 0.005

p-value
threshold

The equation for VC-TS2 is given here as Equation (5.10).

1 Tlg M r
V= 0.186P +0.04797;,,£(1000mm) _£ + 0117 o Anet

VL [
+ 0.0581ﬁ fm,effAnet

(5.10)
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As with VC-TS2, it is not logical for the term fm effAnet to appear with a positive coefficient.

The % / fme £rAnet term may be attempting to cancel noise from the shear span ratio term.

The performance indicators for VC-TS2 are shown in Table 5.27.

Table 5.27 - Performance indicators for VC-TS2

Training  Testing
GDF 4.63
R? 0.820 0.829
Adjusted R? 0.817 0.818
RMSE (kN) 45.2 39.9
ME (kN) 0.529 -3.18
Average 1.01 1.01
N Min 0.469 0.686
3 Max 2.09 1.91
Sy Std. Dev. 0.227 0.223
5th Percentile | 0.731 0.754

5.3.2.4VC-TS4

VC-TS4 was generated using the p-value inclusion and exclusion thresholds shown in Table 5.28.

Table 5.28 - Inclusion and exclusion thresholds used to generate VC-TS4

PEnter PRemove

1E-05 2E-05

p-value
threshold

The equation for VC-TS4 is given here as Equation (5.11).

M VL
Vi = 0.190P +0.156 /fm e fAnee +0.0621 - /fmeff Aner (5.11)
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As with VC-TS1 and VC-TS2, it is not logical for the term % frme £ Aner to appear with a positive
coefficient. The % ’ fme srAnet term is likely attempting to cancel noise from the shear span ratio

term.

The performance indicators for VC-TS4 are shown in Table 5.29.

Table 5.29 - Performance indicators for VC-TS4

Training  Testing
GDF 4.42

R? 0.807 0.820
Adjusted R? 0.804 0.813
RMSE (kN) 48.2 44.0
ME (kN) 4.41 -1.33
Average 1.06 1.06
NS Min 0.427 0.689
3 Max 2.07 2.64
Ny Std. Dev. 0.268 0.328
Sth Percentile | 0.741 0.741

5.3.2.5 VC-TSS

VC-TSS5 was generated using the p-value inclusion and exclusion thresholds shown in Table 5.30.

Table 5.30 - Inclusion and exclusion thresholds used to generate VC-TSS

PEnter PRemove

2E-12 SE-12

p-value
threshold

The equation for VC-TSS is given here as Equation (5.12).

Vo = 0.256P + 0.0520f1, o/ Anet (5.12)

The performance indicators for VC-TSS5 are shown in Table 5.31.
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Table 5.31 - Performance indicators for VC-TS5

Training  Testing
GDF 247

R? 0.692 0.680
Adjusted R? 0.690 0.673
RMSE (kN) 62.3 58.9
ME (kN) 7.91 -2.99
Average 1.14 1.12
Ny Min 0.639 0.595
3 Max 2.63 3.38
Ny Std. Dev. 0.410 0.508
Sth Percentile | 0.736 0.723

5.3.2.6 VC-RTS3

VC-RTS3 was generated using the inclusion and exclusion thresholds shown in Table 5.32.

Table 5.32 - Inclusion and exclusion thresholds used to generate VC-RTS3

PEnter PRemove

0.0009 0.001

p-value
threshold

The equation for VC-RTS3 is given here as Equation (5.13).

V, = 0.000649A,,, — 0.383t + 8.19f;,, + 0.237P (5.13)

The negative coefficient in front of the variable t is not logical, as increasing the thickness of a PG

shear wall should increase the shear strength of the wall.

The performance indicators for VC-RTS3 are shown in Table 5.33.
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Table 5.33 - Performance indicators for VC-RTS3

Training  Testing
GDF 4.46

R? 0.816 0.826
Adjusted R? 0.813 0.815
RMSE (kN) 45.7 433
ME (kN) 0.0552 -7.79
Average 1.04 1.04

Ny Min 0.446 0.643
3 Max 1.90 2.94
N Std. Dev. 0.269 0.372
Sth Percentile | 0.713 0.730

5.3.2.7VC-RTS4

VC-RTS4 was generated using the inclusion and exclusion thresholds shown in Table 5.34.

Table 5.34 - Inclusion and exclusion thresholds used to generate VC-RTS4

PEnter PRemove

1E-05 2E-05

p-value
threshold

The equation for VC-RTS4 is given here as Equation (5.14).
V, = 0.000794A4,,,; + 0.184P (5.14)

The performance indicators for VC-RTS4 are shown in Table 5.35.
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Table 5.35 - Performance indicators for VC-RTS4

Training  Testing
GDF 3.27

R? 0.762 0.798
Adjusted R? 0.760 0.793
RMSE (kN) 52.1 47.2
ME (kN) 0.903 -12.0
Average 1.02 0.987
o Min 0.445 0.510
B Max 1.63 2.14
N Std. Dev. 0.227 0.244
Sth Percentile | 0.610 0.689

5.3.3 Stepwise Regressions Generated - Dataset VCe

Over the course of analyzing Dataset VC, it was observed that the shear span ratio and inverse

: M VL , , .
shear span ratio terms = fm,effAner and i fm,efsAnet frequently appeared together (Sections

5.3.2.2, 5.3.2.3 and 5.3.2.4) and seemed to be cancelling noise from each other. It was also

observed that the term f, , £fAner Was more significant than either of these terms, however it was

removed by the stepwise regression procedure after the addition of the shear span ratio and inverse
shear span ratio terms. Decreasing the inclusion threshold sufficiently resulted in a 2-term model

without either of the shear span ratio terms (Section 5.3.2.5).

Based on these findings, a new variable, / fm,effAnet> was added to Group T and subsequent

models were generated. This expanded version of Dataset VC is referred to as Dataset VCe.

5.3.3.1 VCe-TS1

VCe-TS1 was generated using the p-value inclusion and exclusion thresholds shown in Table 5.36.
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Table 5.36 - Inclusion and exclusion thresholds used to generate VCe-TS1

PEnter PRemove

0.05 0.1

p-value
threshold

The equation for VCe-TSI is given here as Equation (5.15).

V, = 0.207P + 0.161 /f,,g,effAnet +0.172A4yfyi + 0.1284, 1 fyr — 0.144, £,

VL [
+0.0229~ ot Anet

where 4, f,, = Avifyvi + Avsfyvr

(5.15)

Litfof  0.0002
Lt

Unlike VC-TS1, which used the same PEnter and PRemove variables (Section 5.3.2.2), this model
doesn’t include both shear span ratio terms. However, this model is still illogical because of the

negative coefficient in front of the A4, f,,, term. It is also impractical to have a limit for one of the

vertical reinforcement terms, but not for the others.

The performance indicators for VCe-TS1 are shown in Table 5.37.
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Table 5.37 - Performance indicators for VCe-TS1

Training  Testing
GDF 4.99

R? 0.829 0.806
Adjusted R? 0.823 0.784
RMSE (kN) 443 44.5
ME (kN) 1.73 -1.04
Average 1.04 1.07
o Min 0.587 0.630
3 Max 1.96 2.78
N Std. Dev. 0.261 0.348
Sth Percentile | 0.734 0.693

5.3.3.2 VCe-TS2

VCe-TS2 was generated using the p-value inclusion and exclusion thresholds shown in Table 5.38.

Table 5.38 - Inclusion and exclusion thresholds used to generate VCe-TS2

PEnter PRemove

0.0049 0.005

p-value
threshold

The equation for VCe-TS2 is given here as Equation (5.16).

VL
V, = 0.21P + 0.155 /f,;l,effAnet +0.07414vp fyup +0.0195-= |fr o Anee  (5.16)

The performance indicators for VCe-TS2 are shown in Table 5.39.
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Table 5.39 - Performance indicators for VCe-TS2

Training  Testing
GDF 4.43
R? 0.811 0.801
Adjusted R? 0.807 0.789
RMSE (kN) 46.5 45.2
ME (kN) 1.90 -4.86
Average 1.04 1.04
o Min 0.521 0.559
3 Max 1.96 2.54
N Std. Dev. 0.247 0.310
Sth Percentile | 0.682 0.692

5.3.3.3 VCe-TS3

VCe-TS3 was generated using the p-value inclusion and exclusion thresholds shown in Table 5.40.

Table 5.40 - Inclusion and exclusion thresholds used to generate VCe-TS3

PEnter PRemove

0.0009 0.001

p-value
threshold

The equation for VCe-TS3 is given here as Equation (5.17).

VL
V, = 0.194P + 0.179 /f,;l,effAnet +0.0228-+ /fril,effAnet (5.17)

The performance indicators for VCe-TS3 are shown in Table 5.41.
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Table 5.41 - Performance indicators for VCe-TS3

Training  Testing
GDF 4.30

R? 0.803 0.811
Adjusted R? 0.801 0.804
RMSE (kN) 48.2 44.8
ME (kN) 3.97 -5.09
Average 1.07 1.05

o Min 0.538 0.639
B Max 2.17 2.67
N Std. Dev. 0.283 0.326
Sth Percentile | 0.709 0.719

5.3.3.4 VCe-TS5

VCe-TS5 was generated using the p-value inclusion and exclusion thresholds shown in Table 5.42.

Table 5.42 - Inclusion and exclusion thresholds used to generate VCe-TSS

PEnter PRemove

1E-05 2E-05

p-value
threshold

The equation for VCe-TS5 is given here as Equation (5.18).

V, = 0.211P + 0.214 /fT;l_effAnet (5.18)

The performance indicators for VCe-TS5 are shown in Table 5.43.
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Table 5.43 - Performance indicators for VCe-TS5

Training  Testing
GDF 3.34

R? 0.763 0.786
Adjusted R? 0.761 0.781
RMSE (kN) 52.1 46.0
ME (kN) 1.70 -8.74
Average 1.04 1.02
o Min 0.517 0.633
3 Max 2.04 2.56
N Std. Dev. 0.270 0.317
Sth Percentile | 0.710 0.714

5.3.4 Model Trees Generated

MT branch models were selected first on the basis of logic, so that models exhibiting illogical

relationships between the input variables and the shear strength were not considered for

implementation in the MTs. Among the branches with logical relationships, those with the best

performance indicators were selected for implementation in the MTs.

5.3.4.1 MT-VA-rt3:RTS1-TS3-RS3

The model tree structure of MT-VA-rt3:RTS1-TS3-RS3 is shown in Figure 5.3.
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P <450 kN
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TS3

P > 450 kN

RS3

Figure 5.3 - Model tree structure of MT-VA-rt3:RTS1-TS3-RS3

MT-VA-rt3:RTS1-TS3-RS3 was generated using the p-value inclusion and exclusion thresholds

shown in Table 5.44.

Table 5.44 - Inclusion and exclusion thresholds used for MT-VA-rt3:RTS1-TS3-RS3

p-value Left Middle Right
threshold | Branch Branch Branch

PEnter 0.05 0.0009 0.0009
PRemove 0.1 0.001 0.001

The equation for MT-VA-rt3:RTS1-TS3-RS3 is given here as Equation (5.19).

0.167t + 0.668\/ FrnortartysL

Vo =1 0.501/FrorcartssL + 0.519P

Anet

gross

0-461fybb - 0.06315h‘ave + 0.417P

if P < 450 & fyroutAcennty < 1000

if P < 450 & fyroutAcenny > 1000 (5.19)
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The performance indicators for MT-VA-rt3:RTS1-TS3-RS3 are shown in Table 5.45.

Table 5.45 - Performance indicators for MT-VA-rt3:RTS1-TS3-RS3

Training  Testing
GDF 8.58

R? 0.893 0.879
Adjusted R? 0.888 0.859
RMSE (kN) 34.7 42.7
ME (kN) 1.76 -12.4
Average 1.01 0.956
N Min 0.480 0.424
3 Max 1.69 1.48
N Std. Dev. 0.154 0.197
Sth Percentile | 0.818 0.656

5.3.4.2 VA-rt3:TS1-TS3-TS2

The model tree structure of MT-VA-rt3:TS1-TS3-TS2 is shown in Figure 5.4.
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TS1 TS3

TS2

Figure 5.4 - Model tree structure of MT-VA-rt3:TS1-TS3-TS2

The performance indicators for MT-VA-rt3:TS1-TS3-TS2 are shown in Table 5.46.

Table 5.46 - Inclusion and exclusion thresholds used for MT-VA-rt3:TS1-TS3-TS2

p-value Left Middle Right
threshold | Branch Branch Branch

PEnter 0.05 0.0009 0.0049
PRemove 0.1 0.001 0.005

The equation for MT-VA-rt3:TS1-TS3-TS2 is given here as Equation (5.20).

Va

n
0.55/ Forear trsL. + 0.205 fts (1000mim) (1 _ n—g) if P < 450 & fyroueAcennty < 1000

t

A
0.501y/FnortartysL + 0.519P —° if P < 450 & fyroutAcenty > 1000

gross

0.311P + 0.493/ frortartysL if P > 450
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The performance indicators for MT-VA-rt3:TS1-TS3-TS2 are shown in Table 5.47.

Table 5.47 - Performance indicators for MT-VA-rt3:TS1-TS3-TS2

Training  Testing
GDF 7.47

R? 0.880 0.876
Adjusted R? 0.875 0.859
RMSE (kN) 36.6 42.7
ME (kN) 1.01 -12.6
Average 1.01 0.960

N Min 0.480 0.481
3 Max 1.85 1.48
N Std. Dev. 0.158 0.196
Sth Percentile | 0.815 0.688

It was observed that neither of the MTs generated using Dataset VA were able to outperform the
stepwise regressions generated using the same dataset, and the models generated using Dataset
VA performed better than those generated using Dataset VC. For these reasons, it was decided that

no MTs would be generated using Dataset VC.

5.4 Investigation on the Influence of Horizontal Reinforcement

As was discussed in Section 2.2.2.4, it is widely accepted that horizontal reinforcement contributes
to shear strength (Matsumura, 1987, Tomazevi¢ and Lutman, 1988; Voon and Ingham, 2006).
Almost all the existing code- and research-based equations presented in Chapter 2 contain a term
to account for this contribution. However, none of the models presented in the previous sections
(5.3.1 to 5.3.4) include a term accounting for the area of either bond beam or joint reinforcement.
Additional analysis was undertaken to investigate this issue and attempt to produce an equation
that includes the contribution of horizontal reinforcement so that the performance could be

compared with the other generated models.

This section differs from the rest of Section 5.3 in that the models presented are not all stepwise

regressions; some of the models were multiple linear regressions using the MATLAB function
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“fitlm”. In addition, some of the models presented contain more than 6 terms, as it was not possible
to obtain stepwise regressions that included a term with the area of horizontal reinforcement with

fewer terms.

Due to the high number of models that were generated, not all the models that were generated in
this stage of the analysis are presented. Focus is placed on those models which included some form
of the horizontal reinforcement area. A few models which did not include any horizontal

reinforcement term are also presented, to illustrate the reasoning behind the analysis steps.

5.4.1 First Expansion of Dataset VA - Dataset VAe

To create more candidate variables that included the area of horizontal reinforcement, three new
input variables that combine the contribution of bond beam and joint reinforcement were added to
Dataset VA to create Dataset VAe. This expansion also included the raw variables that related to

the horizontal reinforcement. The added variables are shown in Table 5.48.

Table 5.48 - Variables added to create Dataset VAe

Total horizontal reinforcement | Apfyn » Anmfyn > Anmafyn

Raw areas of horizontal

. A A A Api A Api
reinforcement hbb > “*hbb,m > {*hbb,m2 > ‘1hj > {1hbb,bar > {*hj,bar

Several variables were also removed from the dataset to reduce noise cancellation. The variables
considered as candidates for each model will be indicated along with the other details regarding

how the models were generated.

5.4.1.1 VAe-rTS2

VAe-rTS2 was generated using the input variable candidates shown in Table 5.48 as well as those
shown in Table 4.6. It should be noted that although a few raw variables are included in Table

5.48, this model was not generated using all of the raw variables included in Data Group RT.
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VAe-rTS2 was generated using the p-value inclusion and exclusion thresholds shown in Table
5.49.

Table 5.49 - Inclusion and exclusion thresholds used to generate VAe-rTS2

PEnter PRemove

0.02 0.021

p-value
threshold

The equation for VAe-rTS2 is given here as Equation (5.21).

Vo = 0.239P — 0.0571 fy1ock (Lpyt)V + 0.452 frortartisLy + 0.0298f o pAner

Ay; H
+ 04264, fi — 0.348M +0.124A, mfyn

Syimax (5.21)
VL [
+ 0.024ﬁ fm,effAnet

Although this model contains a horizontal reinforcement term, it is a relatively complex model as
it contains 8 terms, most of which are transformed variables. There are some signs of noise

Avi,barf vi
d Z2ariyvt

. .- . H . .
cancellation between the positive and negative A,; terms (Ay; f,,; an ) and an illogical

Svi,;max
negative coefficient appearing before the fj,ckAner term. It is not possible to remove these
illogical relationships by adjusting the PEnter and PRemove thresholds without also removing the

Ap,mfyn term, as this is the least significant variable in the model.

The performance indicators for VAe-rTS2 are shown in Table 5.50.
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Table 5.50 - Performance indicators for VAe-rTS2

Training  Testing
GDF 11.3
R? 0.918 0.900
Adjusted R? 0.915 0.887
RMSE (kN) 30.2 36.5
ME (kN) 0.392 -3.4
Average 1.01 0.989
o Min 0.529 0.658
B Max 1.91 1.47
N Std. Dev. 0.150 0.159
Sth Percentile | 0.812 0.746

5.4.1.2 VAe-F2-TS3

The data used to generate this model is distinguished from Dataset VAe because several of the
variables were removed, in an attempt to force a reduction in model noise. The variables that were
not removed were selected based on the ones that were included in VAe-rTS2 through the stepwise
selection procedure. None of the horizontal reinforcement terms were removed. The variables used

as input candidates for VAe-F2-TS3 are shown in Table 5.51.
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Table 5.51 - Input variable candidates used to generate VAe-F2-TS3

Mortar strength fmortartrsLp
Effective prism '
strength Jm.egyAnet
Flexural Avs fyvr
reinforcement

Avffyvf & Pvf < 0.02%, Avffyvf + Avifyvi & Pvf t+ pyi = 0.02%

Interior vertical
reinforcement

Avifyvi

Joint reinforcement

Anif. AnjbarSynjL
nifoni , —2o2 Yl
JIy > Sh,ave

Bond beam
reinforcement

Anbb,parfynbbl  AnbbparfynbbL

Anbp fynob »

Sh,ave Sh,max

Anppmfynvb > Anbbm2fynvb

Total horizontal
reinforcement

Ahfyh > Ah,mfyh > Ah,mzfyh

Axial load

A
P,P* net

Agross

Inverse of shear
span depth ratio

VL
ﬁAnet /fr;l,eff

VAe-F2-TS3 was generated using the p-value inclusion and exclusion thresholds shown in Table

5.52.

Table 5.52 - Performance indicators for VAe-F2-TS3

PEnter PRemove

0.1 0.2

p-value
threshold

The equation for VAe-F2-TS3 is given here as Equation (5.22).

V, = 0.238P + 0.387 fmortartrsLy + 0.0123f o rpAner + 01814, fyi

+ 0.0000741

" ) VL (5.22)
M+0.00293ﬁ\/?eﬁ’4n“
Sh,ave
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This equation is an improvement over the previous one, as it does not include any illogical
relationships. In terms of horizontal reinforcement, it only includes a contribution from the joint
reinforcement. The contribution of the horizontal reinforcement is still relatively low, however, as
the maximum value of this term is 25.9 kN while the average is 3.5 kN for both training and testing

data.

The performance indicators for VAe-F2-TS3 are shown in Table 5.53.

Table 5.53 - Performance indicators for VAe-F2-TS3

Training  Testing
GDF 3.38

R? 0.846 0.889
Adjusted R? 0.840 0.874
RMSE (kN) 56.6 49.5
ME (kN) 32.32 24.2
Average 1.14 1.100

N Min 0.707 0.742
B Max 1.81 2.04
N Std. Dev. 0.205 0.213
Sth Percentile | 0.891 0.874

In this case the GDF seems to underestimate the complexity of the model. This was taken into

account in selection of the optimum models.

5.4.2 Forced Series - Dataset VAe

The next series of generated models is characterized by a great deal of forcing. The models in this
section were not generated using stepwise regression; they were generated using an assumed set
of input variables, similar to what has been done for many of the existing code- and research-based
equations. Hence, the variables considered as candidates for input are no different from the
variables included in the following models, and PEnter and PRemove thresholds were not used.
The assumed input variable sets were chosen based on the variables that were selected by the

stepwise variable selection procedure for VAe-rTS2.
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Because the horizontal reinforcement term was relatively insignificant compared to the other input
variables, the number of input candidates was reduced one at a time so that the relative explanatory

power of the horizontal reinforcement term would gradually increase.

5.4.2.1 VAe-F3-TA

The input variables for VAe-F3-TA were selected by reducing Dataset VAe to the 5 most

significant variables and adding the term Ap 0afyn. The equation for VAe-F3-TA is given here

as Equation (5.23).

Vo = 0.249P + 0.41 fnortartssly + 0.0114 1 o rrAnee + 0.177 Ay fyi

VL [ (5.23)
+ 0002814 mfy +0.0278 / FrnefrAnet

The horizontal reinforcement term was assigned a very low coefficient; the maximum value of this
term is 1.0 kN while the average is 0.2 kN for both training and testing data. The reason for this is
that Ap, moafyn €xplains little of the output variable that is not already explained by the other input
variables. This is confirmed by performing a stepwise regression using the 6 variables from
Equation (5.23) with PEnter=0.1 and PRemove = 0.2. The resulting model, VAe-F3-TS, contains
all of the variables except for Ap, ;04 fyn and the coefficients change very little from those in VAe-

F3-TA (Equation (5.24)).

Vo = 0.249P + 0.411 fruoreartpsly + 0.0114f7 o ¢ rAner + 0.177 Ay fyi

VL [ (5.24)
+0.0278-— / FrrverrAnet

The performance indicators for VAe-F3-TA are shown in Table 5.54.
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Table 5.54 - Performance indicators for VAe-F3-TA

Training  Testing
GDF 7.02

R? 0.878 0.897
Adjusted R? 0.879 0.899
RMSE (kN) 36.8 37.4
ME (kN) -1.07 -8.24
Average 0.993 0.960
o Min 0.614 0.693
B Max 1.59 1.72
N Std. Dev. 0.170 0.188
Sth Percentile | 0.784 0.755

5.4.2.2 VAe-F4-TA

The input variables for VAe-F4-TA were selected by reducing Dataset VAe to the 4 most

significant variables and adding the term Ay ;oqfyn. The equation for VAe-F4-TA is given here

as Equation (5.25).
Vi = 0.279P + 0.487 frnortartrsly + 0.195A,;fyp; + 0.01124,, 1 fyn

VL [ (5.25)
+0.0289 - | ferrAnet

Reducing the number of input variables increased the significance of the horizontal reinforcement
term slightly, however the coefficient for this term is still relatively low; the maximum value of

this term is 3.8 kN while the average is 0.9 kN for both training and testing data.

The performance indicators for VAe-F4-TA are shown in Table 5.55.
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Table 5.55 - Performance indicators for VAe-F4-TA

Training  Testing
GDF 6.64

R? 0.869 0.881
Adjusted R? 0.870 0.884
RMSE (kN) 38.1 39.8
ME (kN) -0.262 -5.93
Average 1.00 0.971
o Min 0.613 0.679
3 Max 1.65 1.86
N Std. Dev. 0.178 0.205
Sth Percentile | 0.773 0.763

5.4.2.3 VAe-F5-TA

The input variables for VAe-F5-TA were selected by reducing Dataset VAe to the 3 most

significant variables and adding the term Ay ;oqfyn. The equation for VAe-F5-TA is given here

as Equation (5.26).

VL
Voo = 0.282P + 0474 foreartysky + 0.0245Apmfyp + 0.0404 - / FrerfAnee  (5.26)

Again, reducing the number of input variables increased the significance of the horizontal
reinforcement term, however the coefficient for this term is still relatively low; the maximum value

of this term is 8.4 kN while the average is 2.1 kN for both training and testing data.

The performance indicators for VAe-F5-TA are shown in Table 5.56.
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Table 5.56 - Performance indicators for VAe-F5-TA

Training  Testing
GDF 5.77

R? 0.854 0.868
Adjusted R? 0.855 0.871
RMSE (kN) 40.3 41.4
ME (kN) -0.186 -4.40
Average 1.00 0.971
o Min 0.644 0.675
3 Max 1.65 1.85
N Std. Dev. 0.185 0.207
Sth Percentile | 0.752 0.748

5.4.2.4 VAe-F6-TA

The input variables for VAe-F6-TA were selected by reducing Dataset VAe to the 2 most

significant variables and adding the term Ay, fyn (fm.e ffAnet 18 more significant when the terms
fmortartssLpy and % \/%Anet are not included). The equation for VAe-F6-TA is given here as
Equation (5.27).

Vo = 0.233P + 0.0479 1 o rrAnet + 0.225Ap i fyn (5.27)

The contribution of the horizontal reinforcement term is more significant in this case; the
maximum value of this term is 77.3 kN while the average is 18.9 kN for both training and testing

data.

The performance indicators for VAe-F6-TA are shown in Table 5.57.
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Table 5.57 - Performance indicators for VAe-F6-TA

Training  Testing
GDF 2.44
R? 0.689 0.769
Adjusted R? 0.692 0.774
RMSE (kN) 61.1 57.1
ME (kN) 6.59 -1.52
Average 1.14 1.12
o Min 0.593 0.553
3 Max 3.67 231
N Std. Dev. 0.466 0.460
Sth Percentile | 0.713 0.676

5.4.3 Second Expansion of Dataset VA - Dataset VAee

To create more candidate variables that included the area of horizontal reinforcement, several new
input variables that combine the contribution of bond beam and joint reinforcement were added to

Dataset VA to create Dataset VAee. The added variables are shown in Table 5.58.

Table 5.58 - Variables added to create Dataset VAee

Total horizontal
reinforcement

Ahfyh s Ah,mfyh s Ah,mzfyh
Apifowi + A s Avifovi + Anifoni
Combined interior vlfym hbbfyhbb mfyvl h]fyh]
vertical and horizontal Avifyvi + Ahbb,mzfyhbb 5 Avifyvi + Ahbb,mfyhbb
reinforcement
Avifyvi + Ahfyh 5 Avifyvi + Ah,mfyhbb ) Avifyvi + Ah,mzfyh

Ah,barfth Ah,barfth Ah,barfth Ah,barfth

Individual horizontal bars

K Sh,max ’ Sh,ave ’ Shmax ’ Sh,ave
at average/maximum
spacings Anbb,barfynbpH ’ Anbb,barfynbpH ’ AnjparfynjH
Sh,max Sh,ave Sh,ave

Several variables were also removed from the dataset to reduce noise cancellation. The variables
considered as candidates for each model will be indicated along with the other details regarding

how the models were generated.
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5.4.3.1 VAee-TS3

VAee-TS3 was generated using the input variable candidates shown in Table 5.58 as well as those
shown in Table 4.6. This model was generated using the p-value inclusion and exclusion thresholds

shown in Table 5.59.

Table 5.59 - Inclusion and exclusion thresholds used to generate VAee-TS3

PEnter PRemove

0.02 0.03

p-value
threshold

The equation for VAee-TS3 is given here as Equation (5.28).

Vo = 0.244P — 0.0727 forock (Lpt)V + 0472 fraortartysLy + 0.0242f, o pAner

AvibarfyviH
0.531(A4,;fv,; + 4 - 0443 ——
+ ( vifyvi + h,mfyh) Spimax (5.28)
A L VL
— 0000334 2mparfynk | 6403 VE /f,;l of fAnet
Sh,max M '

This model shows several instances of illogical relationships and noise cancelation, however it is

not possible to remove these issues by adjusting the PEnter and PRemove thresholds.

The performance indicators for VAee-TS3 are shown in Table 5.60.
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Table 5.60 - Performance indicators for VAee-TS3

Training  Testing
GDF 11.73

R? 0.921 0.879
Adjusted R? 0.918 0.863
RMSE (kN) 29.6 39.9
ME (kN) -0.051 -0.7
Average 1.01 1.003
o Min 0.514 0.640
B Max 2.01 1.42
N Std. Dev. 0.152 0.171
Sth Percentile | 0.813 0.729

5.4.3.2 VAee-F1-2-TS2

This model was generated using a great deal of forcing to reduce the model noise. The variables

used as input candidates for VAee-F1-2-TS2 are shown in Table 5.61.

Table 5.61 - Input variable candidates used to generate VAee-F1-2-TS2

Axial load / Material strengths | P, fmortartrsLp f,;l,effAnet

Reinforcement / Shear span ratio | Apmfyn » Avifyvi + Anmfyn s % / fmeffAnet

VAee-F1-2-TS2 was generated using the p-value inclusion and exclusion thresholds shown in

Table 5.62.

Table 5.62 - Inclusion and exclusion thresholds used to generate VAee-F1-2-TS2

PEnter

PRemove

p-value
threshold

0.012

0.013

The equation for VAee-F1-2-TS2 is given here as Equation (5.29).
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Vo = 0.245P + 0.389 frmoptartysly + 0.0118f opAner

VL [ (5.29)
+ 0.0854(Ayifyvi + Anmfyn) + 0.0311 -+ fmeffAnet

This model was essentially forced to include the combined contribution of the interior vertical
reinforcement and horizontal reinforcement, because no separate term was included to account for

the interior vertical reinforcement. If the interior vertical reinforcement term A,; fy,; is included,

with PEnter=0.5 and PRemove=0.6, the resulting model is as shown in Equation (5.30).

Vo = 0.249P + 0411 fruoreartysky + 0.0114fp orpAner + 0.177Ayi fymi

VL [ (5.30)
+ 0-0278ﬁ fm,effAnet

Of course, sufficiently high values of PEnter and PRemove would lead to the inclusion of the
horizontal reinforcement term. However, the coefficient for the horizontal reinforcement term
would be very low, as was seen in Sections 5.4.2.1 to 5.4.2.4. Such a model was generated and is

shown in Equation (5.31).

Vo = 0.249P + 0.410 froreartpsly + 0.0114f7 o ¢ rAner + 0.177 Ay fyi

VL [ (5.31)
+0.00281 45 fyp, + 0.0278 - / FrnverrAnet

The performance indicators for VAee-F1-2-TS2 are shown in Table 5.63.
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Table 5.63 - Performance indicators for VAee-F1-2-TS2

Training  Testing
GDF 6.58
R? 0.873 0.891
Adjusted R? 0.874 0.894
RMSE (kN) 37.7 38.1
ME (kN) -1.56 -7.59
Average 0.990 0.959
o Min 0.622 0.643
3 Max 1.63 1.75
N Std. Dev. 0.174 0.186
Sth Percentile | 0.782 0.718

5.4.4 Raw Stepwise Models

A few stepwise models were generated using raw variables to evaluate the influence of the raw

areas of horizontal steel on the performance of the generated models. The raw variables were

expanded on with additional horizontal reinforcement terms, while other raw variables were

removed to reduce model noise.

5.4.4.1 VAe-F1-RS1

The variables used as input candidates for VAe-F1-RS1 are shown in Table 5.64.

Table 5.64 - Input variable candidates used to generate VAe-F1-RS1

Geometric properties

HaHeffaLadataHbaLbath

Material strengths / Axial load

g, Mg, foiock » fmortar » fgrout , fnllg , fu s P

Anpp > Anbbm > Anvb,mz2 > Anj > Avi > Avs

Horizontal / Vertical Steel

Sv,max ) Sv,ave ) Sh,max 5 Sh,ave

Appp + Anj > Anpbm + Anj > Anbpm2 + Anj

Ah + Avi ) Ah,m + Avi ) Ah,mz + Avi

VAe-F1-RS1 was generated using the p-value inclusion and exclusion thresholds shown in Table

5.65.
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Table 5.65 - Inclusion and exclusion thresholds used to generate VAe-F1-RS1

PEnter PRemove

0.1 0.15

p-value
threshold

The equation for VAe-F1-RS1 is given here as Equation (5.32).

V, = —0.022H + 0.285L — 0.25d — 1.24f,0ck + 6.29Fmortar + 0.09114,;

(5.32)
+0.288P

This model does not include any contribution from the horizontal reinforcement, and it contains
some illogical relationships (negative coefficients for variables d and fy;,cx). The performance

indicators for VAe-F1-RS1 are shown in Table 5.66.

Table 5.66 - Performance indicators for VAe-F1-RS1

Training  Testing
GDF 7.80

R? 0.888 0.891
Adjusted R? 0.889 0.893
RMSE (kN) 35.2 39.3
ME (kN) -0.71 -11.5
Average 1.00 0.95
N Min 0.441 0.552
B Max 1.63 1.41
N Std. Dev. 0.149 0.179
5th Percentile | 0.798 0.751

5.4.4.2 VAe-F1-2-RS3

All of the variables shown in Table 5.64 were used as input candidates for VAe-F1-2-RS3 except

for the variable A,,;, which was removed to force the model to use a horizontal reinforcement term.

VAe-F1-2-RS3 was generated using the p-value inclusion and exclusion thresholds shown in Table
5.67.
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Table 5.67 - Inclusion and exclusion thresholds used to generate VAe-F1-2-RS3

PEnter PRemove

0.005 0.007

p-value
threshold

The equation for VAe-F1-2-RS3 is given here as Equation (5.33).
V, = —0.0279H + 0.0386L + 6.00f,,0rtar + 0.0475(4,; + Ap) + 0.289P (5.33)

The performance indicators for VAe-F1-2-RS3 are shown in Table 5.68.

Table 5.68 - Performance indicators for VAe-F1-2-RS3

Training  Testing
GDF 7.00
R? 0.875 0.896
Adjusted R? 0.874 0.894
RMSE (kN) 37.1 37.7
ME (kN) 0.0283 0.0336
Average 1.00 0.952
N Min 0.496 0.612
3 Max 1.57 1.47
N Std. Dev. 0.162 0.165
5th Percentile | 0.773 0.676

6 DISCUSSION

6.1 Introduction

In this chapter, the best models are selected from those that were generated in Chapter 5. The
proposed models are validated, and model checks are performed to ensure that the assumptions of
the OLS regression method are satisfied. The proposed models are compared against the existing
code- and research-based shear strength expressions that were introduced in Chapter 2. The

performance of the proposed models is evaluated with the reduction factors from CSA S304-14
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applied and compared with that of the CSA shear strength equation. Finally, observations are made

regarding the generated models and the proposed models in particular.

6.2 Comparison of Generated Models

To assist with the selection of proposed models, error plots were produced for both Dataset VA
and Dataset VC that compare the estimated variance and bias of the generated models according
to model complexity. The estimated variance and bias are taken as the RMSE and ME,

respectively, both calculated based on testing data. Model complexity is estimated using GDF.

Note that the models which were identified in Chapter 5 as including illogical variable
relationships were not included in the error plots, to ensure that an illogical model would not be

selected as an optimum model.

6.2.1 Dataset VA

Models that were generated using Dataset VA, which includes all of the raw variables, were

grouped together for comparison purposes.

As discussed in Section 2.4.3 and illustrated in Figure 2.17, there is a trade-off between bias,
variance and complexity. Bias generally decreases with increasing model complexity, while
variance generally increases with increasing model complexity. These trends can be observed in

Figure 6.1 and Figure 6.2, respectively.
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Figure 6.1 - Bias as a function of complexity for models generated using Dataset VA
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Figure 6.2 - Variance as a function of complexity for models generated using Dataset VA
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In both figures, the point with a GDF of 0 represents VA-N, the naive predictor generated using
Dataset VA. This point appears to be an outlier in Figure 6.2, because VA-N had very high values
of RMSE despite being the simplest possible prediction model. VA-RTA was not included in any
of the plots, as the values of RMSE and ME were so high that including it changed the scale of the
plots so significantly as to make it difficult to see the trends of the other models. VA-RA and VA-
TA are represented by the two points on the right side of the plots.

In Figure 6.3, bias and variance are combined by adding RMSE and ME to obtain an estimate of

total model error and determine which models minimize both RMSE and ME.

140
}

120 + @ Bias + Variance

100 +

80 1 MTs
60 +

Error (kN)

l'é)' o

40 +

20 +

I L A B B |
0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00
Complexity (GDF)

Figure 6.3 - Estimated total error as a function of complexity for models generated using

Dataset VA
The circled models are those which minimize bias and variance: VA-RS2 and VA-TSS5.

The models indicated by the arrows are the model trees MT-VA-1rt3:RTS1-TS3-RS3 and MT-VA-
rt3:TS1-TS3-TS2. As shown in Figure 6.3, both MTs perform well relative to the other generated
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models, however they are outperformed slightly by VA-RS2 and VA-TSS5. It is possible that the
benefits of using MTs would be more visible with a larger amount of data, as the MT structures
would be less constrained by the imposed minimum leaf number. There is still value in comparing
the performance of MT-VA-rt3:RTS1-TS3-RS3 and MT-VA-rt3:TS1-TS3-TS2 to that of the
existing code- and research-based shear strength expressions to evaluate the potential of this

modeling method.

6.2.2 Datasets VC and VCe

Datasets VC differs from Dataset VA in that it does not include the variables fy0ck> fortar> and
fgrout- Because Dataset VCe is the extended version of Dataset VC, the models generated from

both versions of Dataset VC are grouped together in this section.

In the following plots, VA-RA, VA-TA and both models trees generated using Dataset VA are
included despite not having been generated using Dataset VC, for comparison purposes. Figure
6.4 shows the downward trend in bias with increasing model complexity and Figure 6.5 shows the

upward trend in variance with increasing model complexity.
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Figure 6.5 - Variance as a function of complexity for models generated using Datasets VC

and VCe

As with Dataset VA, the models generated using Dataset VC show the same general trends in bias
and variance. In both figures, the point with a GDF of 0 represents VC-N, the naive predictor
generated using Dataset VC. As was the case with VA-N in Figure 6.2, this point appears to be an
outlier in Figure 6.5 because VC-N had very high values of RMSE despite being the simplest

possible prediction model.

In Figure 6.6, bias and variance are combined by adding RMSE and ME to obtain an estimate of

total model error and determine which models minimize both RMSE and ME.
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Figure 6.6 - Estimated total error as a function of complexity for models generated using

Datasets VC and VCe

The circled models are those which minimize bias and variance: VC-RS3, VCe-TS2 and VCe-
TS3.

VCe-TS2 and VCe-TS3 are similar in terms of model form and performance (Sections 5.3.3.2 and
5.3.3.3). Both equations include the same 3 terms, except that VCe-TS2 includes an additional
term, Ay ¢ fyyr. All the performance indicators were close for both equations. However, VCe-TS2
is clearly the most complex of the two models, and the small increase in model precision is not

enough to justify the increase in complexity.

6.2.3 Datasets VAe and VAee

Datasets VAe and VAee are the extended versions of Dataset VA that were used to investigate the
influence of horizontal reinforcement on shear strength (Section 5.4). Because the horizontal

reinforcement terms would not normally have appeared in the models based on the significance of
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the variables, the models generated using Datasets VAe and VAee are not considered to be

optimum models. They are investigated in this section for comparison purposes only.

In the following plots, VA-N, VA-RA, and VA-TA are included for comparison purposes. Figure
6.7 shows the downward trend in bias with increasing model complexity and Figure 6.8 shows the

upward trend in variance with increasing model complexity.
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Figure 6.7 - Bias as a function of complexity for models generated using Datasets VAe &

VAee
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Figure 6.8 - Variance as a function of complexity for models generated using Datasets VAe

& VAee

As with the other datasets, the models generated using Dataset VAe show the same downward
trend in bias. The upward trend in variance is less visible, partly because of a few outliers. The
point with a GDF of 0 represents VA-N, the naive predictor generated using Dataset VA. As was
the case in Figure 6.2, this point appears to be an outlier in Figure 6.8 because VA-N had very
high values of RMSE despite being the simplest possible prediction model. It was also noted in
Chapter 5 that the model VAe-F2-TS3 had a deceptively low value of GDF (3.38). The complexity

of this model would be more accurately reflected in a GDF value closer to 7.

In Figure 6.9, bias and variance are combined by adding RMSE and ME to obtain an estimate of

total model error and determine which models minimize both RMSE and ME.
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Figure 6.9 - Estimated total error as a function of complexity for models generated using

Datasets VAe & VAee

In Figure 6.9, the circled models are those which minimize bias and variance: VAe-F3-TA, VAe-
F4-TA, VAe-F5-TA, VAee-F1-2-TS2 and VAe-F1-2-RS3. As noted previously, none of these
models is an optimum model. However, further investigation of some of these models will be
performed for comparison purposes. The first three of the five models include only a very small
contribution from the horizontal reinforcement, but the goal of this step of the analysis was to
develop models that include a significant contribution from the horizontal reinforcement. For this

reason, only VAee-F1-2-TS2 and VAe-F1-2-RS3 are investigated further in the following section.

6.2.4 Model Validation and Selection of Proposed Models

Using data for testing from the same studies used to train the models decreases the amount of
variation between the testing and training sets. The method used to test the generated models is

not the ideal way to illustrate the ability of the models ability to generalize to new data, however
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the limited amount of data available is not conducive to reserving entire studies for testing

purposes.

To further validate the selected models, they were tested using the experimental results of two
walls (A2 and B2) tested by Ba Rahim (2020). Both walls were cantilevered and experienced a
predominantly shear failure. The preliminary data from Ba Rahim (2020) is shown in Table 6.1.

Table 6.1 - Properties of walls tested by Ba Rahim (2020)

Variable A2 & B2 Variable A2 B2
H (mm) 2600 A, (mm?) 200
Hejy (mm) 28507 Ayipar (mm?) 200
L (mm) 2600 Pvi 0.000405
H/L 1.00 Ay (mm) 400
t (mm) 190 Ay par (Mm?) 200
H, (mm) 190 Pvr 0.000810
Ly, (mm) 390 fyvi (MPa) 400
trs (mm) 32 fyvr (MPa) 400
Ng 3 Sy, max (mm) 1200
ng 13 Sy, ave (MM) 1200
Ay (mm?) 240110 Appp (mm?) 300 100
Anet/Agross 0.486 Ahbb,m (mmz) 300 100
foiock (MPa) 17.5% Anppmz (mm?) 200 0
fmortar (MPa) 10* Ahbb,bar (mmZ) 100 100
fgrout (MPa) 27.5% Phbb 0.000607  0.000202
v 0.486 Apj (mm?) 0 126
fmg (MPa) 16.8% Apj par (mm?) 0 21
fmu (MPa) 20.2 Phj 0 0.000255
fm,err (MPa) 19.4 fyppr (MPa) 400 400
P (kN) 960+ fy; (MPa) - 530
O-gross (MPa) 1.94 Sh,max (mm) 1200 2400
Onet (MPa) 4.00 Sh,ave (MmM) 1000 400
Vexp (KN) 423% 425%

*taken as the average of the strength range provided by Ba Rahim (2020)
texceeds the maximum unscaled value recorded in Dataset VA

}exceeds the maximum unscaled value recorded in both Dataset VA and Dataset VC

219




In Table 6.1, the Sp, 14, value given for wall B2 is the spacing of the single bond beam, since this
wall contained both bond beam and joint reinforcement. A few of the values (Heff, f'mg, P and
Vexp) €xceeded the range of unscaled data used to train the models (Table 4.10), however none of

them were greatly in excess of the appropriate ranges.

The estimates calculated using the models are compared with the observed shear strength for both

walls in Table 6.2.

Table 6.2 - Performance of selected models on walls tested by Ba Rahim (2020)

Wall A2 B2
Model V,, (kN) Vexp/ Va Vi (kKN) Vexp/ 4
VA-RS2 390.1 1.09 390.1 1.09
VA-TSS5 409.3 1.03 409.3 1.04
MT-VA-1rt3:RTS1-TS3-RS3 521.6 0.812 559.5 0.760
MT-VA-rt3:TS1-TS3-TS2 428.3 0.988 428.3 0.993
VC-RS3 411.7 1.03 411.7 1.03
VCe-TS2 2323 1.82 2323 1.83
VCe-TS3 208.3 2.03 208.3 2.04
VAee-F1-2-TS2 385.9 1.10 384.8 1.10
VAe-F1-2-RS3 365.3 1.16 365.3 1.16
Observed Shear Strength,
Vo (KN) 423.3 425.1

It is observed that the nominal shear strength values determined using VCe-TS2 and VCe-TS3
were overly conservative for both walls. As discussed previously, VAee-F1-2-TS2 and
VAe-F1-2-RS3 are not considered to be optimum models. Based on these results, models VA-RS2,
VA-TS5, MT-VA-rt3:RTS1-TS3-RS3, MT-VA-rt3:TS1-TS3-TS2 and VC-RS3 were selected as

the proposed models.

6.2.5 Model Verification

The assumptions used in modeling listed in Section 2.4.6 were verified as described in the

following sections.
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6.2.5.1 Checking for Homoscedasticity
To verify that the variance of the error is constant, residual plots were generated for each of the

proposed models (Figures 6.10 to 6.14).
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Figure 6.10 - Residual plot for VA-RS2
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Figure 6.12 - Residual plot for MT-VA-rt3-RTS1-TS3-RS3
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These plots show that the proposed models demonstrate homoscedasticity, meaning that the

variance of the error is constant, as assumed.

6.2.5.2 Checking for Multicollinearity

The OLS regressions used for testing were generated using the full datasets (without dividing into
training and testing data). For MTs, one OLS regression was generated for each of the branches

for VIF testing. The VIF test results for each of the investigated models are shown in Table 6.3 to
Table 6.7.

Table 6.3 - VIF test results for VA-RS2

Variable VIF
H 2.03

L 3.29
fmortar 1.68
Ay 2.12

P 2.30

Table 6.4 - VIF test results for VA-TS5

Variable VIF
P 2.05
fmortartstb 2.37

\/fmortartfsl‘ 2.14

Avifyvi 1.99
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Table 6.5 - VIF test results for MT-VA-rt3-RTS1-TS3-RS3

Branch 1 Branch 2 Branch 3
Variable VIF Variable VIF | Variable VIF
t 1.12 1/j",,mrtmt]ch 1.02 fybb 3.27
A
Vmortartysl 112 | P el 1.02 | Spave 3.39
gross
P 1.10

Table 6.6 - VIF test results for MT-VA-rt3-TS1-TS3-RS3

Branch 1 Branch 2 Branch 3
Variable VIF Variable VIF Variable VIF
vV fmortartst 1.00 \/fmortartfsl' 1.02 P 1.00
n A
Frutys(000mm) (1=22) 100 | P25 102 | [Froreartyel 100
ng gross

Table 6.7 - VIF test results for VC-RS3

Variable  VIF
L 1.84
fmg 1.34
Avf,bar 2.40
Sy ave 2.56
P 1.54

Because all the VIF values are relatively low and not in excess of 10, there is no significant
multicollinearity in the proposed models, and the models satisfy the assumption of no perfect linear
dependence between input variables. This is expected, as stepwise regression is designed to

remove multicollinearities (Mohsenijam, 2019).
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6.2.5.3 Checking for Normality of Error

Mohsenijam (2019) stated that the normality assumption is critical when the sample size is small
(less than 100 observations). Because there is sufficient data in both datasets used to generate the

models, checking the normality of the error term can be neglected.

6.2.6 Performance of Proposed Models

The performance of the proposed models, based on testing data, is compared in Table 6.8.

Table 6.8 - Performance of proposed models

Model RMSE ME Average Std. dev.
% N N VeV Vep/Wa
VA-RS2 37.6 -10.6 0.953 0.179
VA-TS5 38.9 9.83 0.970 0.187
MT-VA-rt3:RTS1-TS3-RS3 | 42.7 124 0.956 0.197
MT-VA-rt3:TS1-TS3-TS2 42.7 -12.6 0.960 0.196
VC-RS3 41.1 -6.10 1.00 0.231

Because neither VCe-TS2 nor VCe-TS3 had an acceptable performance when tested using the data
from Ba Rahim (2020), no equation with only conventional variables and consistent units is

provided.

6.2.7 Calculation Examples

To illustrate how the stepwise regressions and MTs are to be used in calculations, as well as how

units should be handled for RS and TS models, the following calculation examples are provided.

6.2.7.1 Meli et al. (1968) Wall 309

The properties of “Muro 309, which was tested as a cantilever wall by Meli et al. (1968), are
provided in Table 6.9.
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Table 6.9 - Selected properties of Muro 309

H (mm) 2650 Ayi (mmz) 213
L (mm) 3200 | Apfper (mm?) 127
t (mm) 150 fyvi (MPa) 245
L, (mm) 390* fyvr MPa) 245
tfs (mm) 25.4%* Sv,ave (mm) 650
ng 7 fypp (MPa) -
ng 16 Sh,ave (mm) 410
Aot (mmz) 297968* 1% 0.57
fmortar (MPa) 25.8 fr;Lg (MPa) 11.8%
fgrout (MPa) 22.0 fmu (MPa) 9.66*
Vexp (KN) 189.0* P (kN) 0

*assumed/calculated values
The shear strength estimation according to VA-RS2 is as shown in Equations (4.1) to (6.3).
V, = —0.0205H + 0.0337L + 6.00f,,0rtar + 0.0917A4,,; + 0.289P (6.1)
V, = —0.0205 * 2650 + 0.0337 * 3200 + 6 * 25.8 + 0.0917 * 213 + 0.289 * 0 (6.2)
V, = =543+ 107.8 4+ 154.8 + 19.5 + 0 = 227.8kN (6.3)

The shear strength estimation according to VA-TSS is as shown in Equations (5.6) to (6.6).

V, = 0.296P + 0.255 forcartssly + 0.291y Fnorcartysk + 0.209Ay:f, (6.4)

V, = 0.296 * 0 + 0.255(25.8 * 25.4 * 390)N + 0.291(V25.8  25.4 * 3200)N 63)
+0.209(213 * 245)N '

V. =0+ 65.2 + 120 + 10.9 = 196.2kN (6.6)

The shear strength estimation according to VC-RS3 is as shown in Equations (5.8) to (6.9).

V,, = 0.0568L + 5.18f;5; + 0.1754,/ par — 0.06575, gpe + 0.23P (6.7)
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V, = 0.0568 * 3200 + 5.18 * 11.8 + 0.175 x* 127 — 0.0657 * 650 + 0.23 * 0 (6.8)
V, =181.8 + 65.3 + 22.2 —42.7 + 0 = 222.4kN (6.9)

The shear strength is estimated according to MT-VA-rt3:RTS1-TS3-RS3 by first determining
which branch of the tree to use (Equation (5.19)).

0.167t + 0.668+/ frmorcartysL if P < 450 & fyroutAcennty < 1000
v, =

A

0.501y/ fmoreartysL + 0.519P 2 " if P < 450 & fyrourAcennty > 1000 (6.10)
gross

0.461f,pp — 0.0631sp, gpe + 0.417P if P > 450

Because P < 450, it is necessary to determine the value of fg,oytAcenny from Equation (6.11).

1-v 1-0.57
foroutAceunty = fyrout (th > )ng = [22.0 (390 x 150 * T) 7] N

= 1937kN

(6.11)

Because fyroutAcenny > 1000, the shear strength is estimated as shown in Equations (6.12) and

(6.13).

_ fqnet
V= 0.501y frnortartssL + 0.519P (6.12)
gross
V, = 0.501(V25.8 * 25.4 * 3200)N + 0.519(0) = 206.8kN (6.13)

The branching of MT-VA-rt3:TS1-TS3-TS2 is the same as that of the previous MT, so the middle

branch is used again to estimate the shear strength (Equation (5.20)).
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Va

n
0.55 Forear trsL. + 0.205 it (1000mim) (1 - n—g) ifP < 450 & fyyoueAcentty < 1000
t
(6.14)

Anet
0.501y/finortartrsL + 0.519P ——

gross

0.311P + 0.493/ frortartysL

if P < 450 & fyroutAcennty > 1000

if P > 450

The middle branches of both MTs are identical, such that the shear strength estimation according

to MT-VA-rt3:TS1-TS3-TS2 is as shown in Equations (6.12) and (6.13).

6.2.7.2 Rizaee (2015) Wall 2-A

The properties of “Wall 2-A”, which was tested under double curvature by Rizaee (2015), are
provided in Table 6.10.

Table 6.10 - Selected properties of Wall 2-A

H (mm) 1800 A,; (mm?) 200

L (mm) 1800 | Apfpar (mm?) 200

t (mm) 190 fyvi (MPa) 448

Ly (mm) 390 fyvr (MPa) 448
tps (mm) 37.75% | Syave(mm) 800

ng 3 fypp (MPa) 448

ng 9 Sh,ave (mm) 850
Aner (mm?)  202882.5% v 51.8*
fmortar (MPa) 22.1 fnllg (MPa) 10.3*
fgrour (MPa) 25.7 fu (MPa) — 16.5%
Vexp (KN) 302%* P (kN) 476*

*assumed/calculated values

The shear strength estimation according to VA-RS2 is as shown in Equations (6.15) to (6.17).

V, = —0.0205H + 0.0337L + 6.00 forear + 0.0917A4,; + 0.289P

229




V, = —0.0205 x 1800 + 0.0337 * 1800 + 6 * 22.1 + 0.0917 * 200 + 0.289

(6.16)
x 476

V, =—-369+60.7 +132.6 + 18.3 + 137.6 = 312.2kN (6.17)

The shear strength estimation according to VA-TSS is as shown in Equations (6.18) to (6.20).

V, = 0.296P + 0.255 finorcartrsky + 0.291y froreartysL + 0.2094,; fyi (6.18)
V, = 0.296 * 476kN + 0.255(22.1 * 37.75 * 390)N
(6.19)
+0.291(v22.1 * 37.75 * 1800)N + 0.209(200 * 448)N
V, = 140.9kN + 83.0kN + 93.0 + 18.7 = 335.5kN (6.20)

The shear strength estimation according to VC-RS3 is as shown in Equations (6.21) to (6.23).
V, = 0.0568L + 5.18f;;,5 + 0.175A, ¢ par — 0.06575s,, 4,0 + 0.23P (6.21)
I, = 0.0568 x 1800 + 5.18 x 10.3 + 0.175 = 200 — 0.0657 * 800 + 0.23 x 476 (6.22)
V, =102.2 +53.4 4+ 35.0 — 52.6 + 109.5 = 247.6kN (6.23)

The shear strength is estimated according to MT-VA-rt3:RTS1-TS3-RS3 by first determining
which branch of the tree to use (Equation (6.24)).

0.167t + 0.668/FrnorcartysL if P < 450 & froutAcennty < 1000

A
Vo =2 0.501\/ FrnorartssL + 0.519P —° if P < 450 & froucAceuny > 1000 (6.24)

gross

0.461f,, — 0.06315, gpe + 0.417P if P > 450

Because P > 450, the shear strength is estimated as shown in Equations (6.25) to (6.27).

Vi, = 0.461f,p, — 0.0631sy, gy + 0.417P (6.25)

230



V, = 0.461 * 448 — 0.0631 * 850 + 0.417 * 476 (6.26)
V, = 206.5 — 53.6 + 198.5 = 351.3 kN (6.27)

The shear strength is estimated according to MT-VA-rt3:TS1-TS3-TS2 by first determining which
branch of the tree to use (Equation (6.28)).

Va
n
0.55 Fnorear trsL. + 0.205 it (1000mim) (1 - n—g) ifP < 450 & fyyoueAcentty < 1000
t
) . (6.28)
= 0.501 Frmorear tysl. + 0.519P —1<E if P < 450 & fyroucAcennty > 1000
gross
0.311P + 0493,/ FroreartysL if P > 450

Because P > 450, the shear strength is estimated as shown in Equations (6.29) to (6.31).

Vy, = 0.311P + 0.493\/friortartssL (6.29)
V, = 0.311 = 476kN + 0.493(v/22.1 * 37.75 x 1800)N (6.30)
V, = 148.0kN + 157.5kN = 305.5kN (6.31)

6.3 Comparison with Existing Code- and Research-Based Models

The performance of the existing code- and research-based shear strength equations that were

discussed in Chapter 2 was evaluated so that they could be compared to the proposed models.

6.3.1 Performance of Existing Code- and Research-Based Models

In evaluating the existing code- and research-based shear strength equations, every effort was
made to follow the original variable definitions as closely as possible. In some cases where variable
definitions were unclear, multiple possibilities were tested to find the option that produced the best

equation performance. Otherwise, assumptions were made.
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For cases where the code or researcher did not specify a definition of f,;, to apply, fi e £r Was used.

This assumption was made for the AlJ (1987), UBC (1988), Blondet et al. (1989), Shing et al.
(1990), Anderson and Priestley (1992), Fattal (1993b), TCCMaR (1997), NZS 4230:2004, Voon
and Ingham (2007), CSA S304-14 (2014), Dillon (2015), and TMS 402/602-16 (2016) models.

For cases where the code or researcher did not specify whether to use the maximum or average
spacing of horizontal reinforcement, both variables were used to calculate V,, and the more
favourable option was selected. This applies to the Matsumura (1987), AIJ (1987), Shing et al.
(1990), Anderson and Priestley (1992), Fattal (1993b), TCCMaR (1997), NTC-2004,
NZS 4230:2004, Voon and Ingham (2007), CSA S304-14 (2014), and TMS 402/602-16 (2016)
models. For most of these equations, the equation performance was either the same or slightly
better when the maximum horizontal reinforcement spacing was used. Thus, the maximum spacing
definition was used for all the equations except for one, the Matsumura (1987) model. For this
model, the performance was slightly better when the average horizontal reinforcement spacing was
used. In all cases, the difference in performances was small (no more than a 3 kN difference in
RMSE and ME values), which is explained in part because only 45 of the 205 tested walls had

Shmax values that differed from the s, 4, values.

Masonry walls in Mexico do not normally use bond beam reinforcement, so three versions of the
horizontal reinforcement term were used for the NTC-2004 model. One only considered joint
reinforcement to be effective in resisting shear, one considered both types of reinforcement using
average bond beam spacing, and one considered both types of reinforcement using maximum bond
beam spacing. The performance of the equation was best when both types of reinforcement were

included, while the definition of spacing used made little difference to the equation performance.

For cases where the code or researcher did not specify what definition of pj, to use, an overall
reinforcement ratio based on total reinforcement area and gross wall area was used. This applies

to the UBC (1988) and Blondet et al. (1989) models. For the Shing et al. (1990) model, it was
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observed that the horizontal reinforcement term gave a slightly negative value for three of the

tested walls. For these walls, the contribution of the horizontal reinforcement term was taken as 0.

Because the variable t, in the AIJ (1987) model was described by Okamoto et al. (1987) simply
as the “equivalent width of wall,” two definitions of this variable were tested. For the first
definition it was assumed that t, should be taken as the wall thickness, while for the second
definition it was assumed that t, should be taken as 2 times the face shell thickness. Because the
former definition produced much lower error values when implemented in the A1J (1987) equation,

t. was taken as the wall thickness.

In the case of the Dillon (2015) model, it was observed that the upper limit provided was
detrimental to the accuracy of the equation. Some of the maximum values of V;, predicted by the
upper limit were negative when the flexural reinforcement was included in calculating the value
of a. As aresult, the equation produced negative values when considering the upper limit. In these
cases, the upper limit was ignored. An alternative version of the upper limit was tested in which
the flexural reinforcement was neglected in calculating a. The equation performance improved
slightly when using this modified upper limit, and no negative shear strengths were predicted. The

best equation performance was achieved by ignoring the upper limit completely.

Bolhassani et al. (2016) provided limited information on how to use their proposed equation. In
particular, the methodology used to calculate the plastic moment, M,,, is unclear. From the example
values provided by Bolhassani et al. (2016), it seems that M,, depends on the area of flexural
reinforcement and possibly the area of exterior grouted cells. In testing this equation, M,, was taken
as the yield strength of the flexural reinforcement multiplied by the plastic section modulus of this
reinforcement. The resulting values of M,, are significantly lower than the ones provided by

Bolhassani et al. (2016), suggesting that this assumption is overly conservative. Overall, this

equation was found to be conservative, with an average V., /V;, value of 1.70, so a more accurate

calculation of M,, would likely improve the equation performance.

233



To ensure that the ANN developed by Hung was implemented correctly in the program used to
test its performance, the implementation was tested using the example calculation from Section
4.7.4 of Hung (2018). It was found that Hung’s recorded value of 0.476 for x5 is incorrect, as it
did not lead to the correct value of X5 o (-0.7067). When the value of -0.7067 was used for
X5 norm and the values of x4, x5, x3, x4, xg and x; were used as reported in Table 4.13 of Hung
(2018), a value of vy, g5 0f 0.484 MPa was obtained, which is in close agreement with the value

provided by Hung.

The sensitivity to provided data of the ANN generated by Hung (2018) can be illustrated by
investigating “Wall #5” tested by Maleki et al. (2009). This is one of the walls that Hung (2018)
used to generate his ANN. If the value of gross axial stress for this wall is changed from its actual
value of 0.74 MPa to a value of 0.2 MPa or less, the ANN produces a negative estimate of I/,. The
fact that the ANN produces such an unrealistic shear strength estimate because of a change in the
value of a single variable shows a lack of model robustness and may indicate that the model is

overfitting.

6.3.2 Summary of Performance of All Models

The performance of the existing code- and research-based equations that were discussed in Chapter
2 is illustrated in Table 6.11 and compared with that of the proposed equations that were generated
in the present study. The performance of the naive predictor generated using Dataset VC (VC-N)

is also provided as a benchmark, for comparison purposes.
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Table 6.11 - Performance of existing code- and research-based shear strength equations

and newly generated shear strength equations

Model RMSE ME Vesxp/Vn

(kN)  (kN) | Average Std.dev. Min  Max
2 AlJ (1987) 952  56.0 1.71 1.10 0.440 6.41
.2 | UBC (1988) 108  55.7 1.64 0.807 0.428 5.04
% TCCMaR (1997) 107  -55.8| 0.893 0315 0395 2.67
< | NTC-2004 949 331 1.50 0.893  0.388 6.37
2 | NZS 4230:2004 118  93.0 1.81 0.723  0.786 5.70
"o | Eurocode 6 (2005) 175 -97.2 1.51 1.73 0.278 11.2
B | CSA S304-14 (2014) 89.8 29.8 1.41 0.722 0485 5.61
© | TMS 402/602-16 (2016) 75.0 18.5 1.19 0419  0.527 3.56
| Matsumura (1987) 119 105 2.41 1.74 0.760 124
.2 | Blondet et al. (1989) 226 -201 | 0.559 0.137  0.264 1.28
% Shing et al. (1990) 123 -27.5 1.04 0.370  0.303 290
< | Anderson and Priestley (1992) 311 258 | 0.532 0.182 0210 1.49
2 | Fattal (1993) 130 -58.5| 0.979 0467 0326 3.50
2 Voon and Ingham (2007) 80.5 -12.3 | 0.979 0.267 0349 1.97
£ | Dillon (2015) 923 652 1.51 0.672  0.725 4.66
2 | Bolhassani et al. (2016) 106 84.2 1.70 0.609 0951 4.51
~ Hung (2018) 118  -46.4 1.02 0.719  0.290 7.39
S VA-RS2 37.6  -10.6 | 0.953 0.179  0.598 1.46
§ 3 2 | VA-TSS 389 983 | 0.970 0.187  0.645 1.58
=z %8 VA-rt3:RTS1-TS3-RS3 | 42.7 -124| 0.956 0.197 0424 148
T | £ & | VAt3:TS1-TS3-TS2 427  -12.6 | 0.960 0.196 0481 148
E VC-RS3 41.1  -6.10 1.00 0.231 0.576  2.10
= | Naive predictor, VC-N 93.7 -8.79| 0.964 0.386 0348 2.49

The performance indicators of the existing code- and research-based equations were calculated
based on the data from Dataset VC, which contains 205 walls in total, however several of the
equations could not be tested on all 205 walls due to the absence of needed data. The Matsumura
(1987), NTC-2004, and NZS 4320:2004 models were tested on 193 walls, while the Bolhassani et
al. (2016b) model was tested on 191 walls and the Eurocode 6 (2005) model was tested on 185
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walls. The models generated in the present study were tested on the testing data for the dataset that

was used to generate the model.

Of the existing code- and research-based shear strength equations, the TMS (2016) and Voon and
Ingham (2007) equations had the best performance on the data. The RMSE and ME error values
for both are lower than those of the other existing code- and research-based equations, the standard
deviations of V;,, /V;, are relatively low and the average values of V., /V, are close to 1. Although
the Blondet et al. (1989) and Anderson and Priestley (1992) models have much lower standard
deviations of V,, /V;,, the average values of V,,,, /V;, for these models are close to 0.5, indicating a

high bias. These models tend to overestimate the shear strength.

The proposed models from the present study all vastly outperform the existing code- and research-
based shear strength equations, as indicated by the low error values and low standard deviations
of Voxp/Vy. The RMSE values of the proposed models are approximately half those of the TMS
(2016) and Voon and Ingham (2007) equations, indicating that the variance of the proposed models
is much lower. The ME values of the proposed models are comparable to that of the Voon and
Ingham equation and close to two times lower than that of the TMS (2016) equation. The average
values of Ve, /V, are close to 1, indicating low bias. The low standard deviations of V,y,/V,
indicate a relatively small spread of shear strength estimates around the average value, meaning

that the V., /V;, values of all the tested walls are relatively close to 1.

Most of the existing code- and research-based equations have higher RMSE values than the naive
predictor, meaning that they fail to estimate shear strength with greater precision than if the average
shear strength value was used as the estimate for each wall. The naive predictor is the simplest
possible shear strength model, one which makes the same prediction in all circumstances, so the
fact that most of the existing code- and research-based equations do not outperform it puts the
merit of these equations into question (Sheiner and Beal, 1981). However, it should be noted that

the naive predictor was generated using Dataset VC while the existing code- and research-based
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equations were generated using different data. There is some overlap in most cases, however slight
differences should be expected in the overlapping data due to the use of different variable
definitions. As pointed out by Dillon (2015), the principal reason for one model to perform better
than another may be that it was developed using the same dataset used to test the models. The
performance indicators are expected to vary somewhat between different datasets used for testing.
The performance indicators also vary depending on the assumptions made regarding how to use
the equations while testing them. The best way to compare all the models would be to test them
on a large, representative dataset that was not used to train any of the models. Nevertheless, the

results are promising thus far.

Notably, the performance of the ANN developed by Hung (2018) is significantly worse than what
was observed by Hung (Table 6.12).

Table 6.12 - Performance of ANN “F-7-5-1” observed by Hung (2018) compared to results
of testing on Dataset VC

MSE Vexp/Wn
(MPa?) Average Std. dev.
Reported by Hung (2018) | 0.009 0.994 0.183
Tested on Dataset VC 0.0784 1.02 0.719

This illustrates the danger of using ANNs in estimating the shear strength of PG walls; the
performance on the training data is excellent, but it generalizes poorly to previously unseen data
(either training data that has been modified slightly or new data). This may indicate that the ANN
is overfitting. The ANN performed particularly poorly on data that was not included in the datasets

used to train it (such as the walls tested by Oan, 2013).

6.3.3 Performance and Residual Plots of Proposed Models

The performance plots of the proposed models are presented here and compared to the performance

plots of several existing code- and research-based equations. The residual plots of the selected
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existing code- and research-based equations are also provided, for comparison with the residual

plots of the proposed models (Section 6.2.5.1).

VA-RS2 is provided as a simple, yet accurate shear strength prediction model for PG masonry
walls. It does not include any transformations, and as a result the input variable units are not

consistent. The performance of this model is illustrated in Figure 6.15.
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Figure 6.15 - Performance of VA-RS2

In Figure 6.15, and in subsequent plots of analytical shear strength against experimental shear
strength, each point represents a wall from the dataset under investigation. The red line represents
the ideal scenario, where fitted shear strength values are exactly equal to the observed shear

strength values. Points above this line overestimate the shear strength while points below this line
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underestimate the shear strength. The closer the points are to the red line, the better the

performance of the model.

VA-TSS is provided as an alternative to VA-RS2. The input variables have consistent units of kN
for VA-TSS. The performance of this model is shown in Figure 6.16.
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Figure 6.16 - Performance of VA-TSS
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Although the proposed stepwise regressions outperform the model trees generated using Dataset
VA, the model trees were selected for further investigation to evaluate their potential as a modeling

method for PG masonry shear walls.

The performance of MT-VA-rt3:RTS1-TS3-RS3 is illustrated in Figure 6.17.
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Figure 6.17 - Performance of MT-VA-rt3:RTS1-TS3-RS3
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The performance of MT-VA-rt3:TS1-TS3-TS2 is illustrated in Figure 6.18.
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Figure 6.18 - Performance of MT-VA-rt3:TS1-TS3-TS2
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VC-RS3 is provided as an alternative model that uses only conventional input variables, which
was generated using Dataset VC. Most notably, the variable f,,,rtqrr» Which appears in all of the
proposed models that were generated from Dataset VA, was not allowed to appear in this model.

VC-RS3 is relatively accurate and simple and contains input variables with inconsistent units.

The performance of VC-RS3 is shown in Figure 6.19.
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Figure 6.19 - Performance of VC-RS3

These figures show that the proposed models perform well in estimating the shear strength of PG
walls. As illustrated in the residual plots for these models (Section 6.2.5.1), all five exhibited

homoscedasticity, satisfying the OLS assumption of constant variance of the error.
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For comparison, performance plots and residual plots, based on the data from Dataset VC, are
provided for four existing code- and research-based shear strength models that are relevant to
North American structural design (CSA S304-14, 2014; TMS 402/602-16, 2016; Dillon, 2015;
Hung, 2018). The performance and residual plots of the Voon and Ingham (2007) equation are
also presented, as the Voon and Ingham (2007) and TMS (2016) equations had the best overall

performances among the existing code- and research-based shear strength equations.

The performance of the CSA S304-14 (2014) shear strength equation is shown in Figure 6.20.
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Figure 6.20 - Performance of the CSA S304-14 shear strength equation

The residual plot for this equation is shown in Figure 6.21.
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Figure 6.21 - Residual plot for the CSA S304-14 shear strength equation
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The performance of the TMS 402/602-16 (2016) shear strength equation is shown in Figure 6.22.
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Figure 6.22 - Performance of the TMS 402/602-16 (2016) shear strength equation

The residual plot for this equation is shown in Figure 6.23.
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Figure 6.23 - Residual plot for the TMS 402/602-16 (2016) shear strength equation
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The performance of the Dillon (2015) shear strength equation is shown in Figure 6.24.
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Figure 6.24 - Performance of the Dillon (2015) shear strength equation

The residual plot for this equation is shown in Figure 6.25.
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Figure 6.25 - Residual plot for the Dillon (2015) shear strength equation
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The performance of the Hung (2018) shear strength model is shown in Figure 6.26.
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Figure 6.26 - Performance of the Hung (2018) shear strength model

The residual plot for this model is shown in Figure 6.27.
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Figure 6.27 - Residual plot for the Hung (2018) shear strength model
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The performance of the Voon and Ingham (2007) shear strength equation is shown in Figure 6.28.
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Figure 6.28 - Performance of the Voon and Ingham (2007) shear strength equation

The residual plot for this equation is shown in Figure 6.29.
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Figure 6.29 - Residual plot for the Voon and Ingham (2007) shear strength equation

The spread of shear strength estimates is much larger for these existing code- and research-based
equations than it is for the proposed equations. Additionally, the residual plots of these equations
all show some degree of heteroscedasticity, meaning that the variance of the error is not constant

as it should be.

6.3.4 Factored Shear Strength

To evaluate the level of conservatism of the proposed models in a design scenario, the reduction
factors ¢,, = 0.6 and 5 = 0.85 from CSA S304-14 were applied to the masonry and steel terms
in the models, respectively. The performance of the factored shear strength models is presented in
this section, as well as that of the factored CSA S304-14 shear strength equation, for comparison

purposes.

The models with reduction factors applied are shown in Table 6.13.
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Table 6.13 - Proposed models and CSA shear strength equation with reduction factors

applied
Model Factored Shear Strength Equation
VA-RS2 V, = @y (—=0.0205H + 0.0337L + 6.00 f,0rqr + 0.289P) + 0.0917 Ay
VA-TS5 | V= ¢ (0.296P + 0.255finoreartssly + 0.291y frnortartssl) + 0.20905A,: fymi
VC-RS3 Vi = 0,,(0.0568L + 5.18f, + 0.23P) + ¢5(0.175A,f par — 0.06575, 4pe)
MT-VA- P (0.167¢t + 0.668./ froreartssl) if P < 450 & Fypoye < 1000
A
it3:RTSI- | V. =1 o, (0.5011/fm0rtartst +0.519P— net > if P < 450 & Fypgyc > 1000
gross
TS3-RS3 05(0.461f,,, — 0.06315p gpe) + 0.417¢,, P if P > 450
MT-VA- [(pm <0.55 FnortartrsL + 0.205f;h,t;(1000mm) (1 —~ %)) if P < 450 &Fypgy; < 1000
t
:TS1- =
rt3:TS1 " Om (0.501,/fm0mrtst +0.519P ﬂ) if P < 450 & Fjp 0 > 1000
TS3-TS2 gross
®m(0.311P + 0.493\/fruortartssL) if P > 450
Mf 7 dy
CSA V. =¢n|0.16(2— 7 d \fmtdy, + 0.25P |y, + 0.6<psAhfth—

fYv h

S304-14

< 0.4/ fimtdyyg

where Fypoue

= fgroutAcellng

The performance of each of the models listed in Table 6.13 is summarized in Table 6.14. For the

proposed models, the performance indicators were calculated based on testing data. The CSA

equation was tested on Dataset VC.
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Table 6.14 - Performance of models with reduction factors applied

Model RMSE  ME Verp/ Vi

(kN) (kN) Average Std. dev. Min Max
CSA S304-14 129 107 2.27 1.23 0.748 9.34
VA-RS2 95.2 80.5 1.55 0.297 0.984 243
VA-TSS 95.1 81.1 1.59 0.316 1.08 2.57
VA-rt3:RTS1-TS3-RS3 93.2 79.6 1.57 0.330 0.707 2.46
VA-rt3:TS1-TS3-TS2 99.8 83.5 1.60 0.327 0.802 2.47
VC-RS3 109 96.1 1.75 0.450 1.04 3.60

The overly conservative nature of the CSA S304-14 shear strength equation is evident in the high
average and maximum Vg, /V;, values. At the same time, despite the conservative values of
reduction factors used, the factored CSA shear strength equation is unconservative in some cases,
as evidenced by the minimum value of V¢, /V;, of 0.748. It appears that the number of unsafe PG
shear wall designs made using VA-RS2, VA-TSS5 or VC-RS3 would be lower than the number
made using the CSA shear strength equation. The large spread of the factored CSA equation causes
it to be overly conservative in most cases, while it produces unconservative estimates in a few

cascs.

The percentage of conservative shear strength estimates produced by each of the models is

presented in Table 6.15.

Table 6.15 - Percentage of conservative shear strength estimates produced by the factored

models
Dataset
Model Training  Testing
CSA S304-14 - 94.1%
VA-RS2 99.2% 97.7%
VA-TSS 98.5% 100%
VA-rt3:RTS1-TS3-RS3 | 99.2% 97.7%
VA-rt3:TS1-TS3-TS2 99.2% 97.7%
VC-RS3 98.7% 100%
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Overall, it appears that all the proposed models are safer, more economic alternatives to the
CSA S304-14 shear strength equation. It should be remembered, however, that these equations

require further testing using new data for validation purposes.

The performance of the factored CSA S304-14 shear strength equation is illustrated by Figure
6.30.

700 —
® CSA S304-14 (reduced)

600 L ——Observed = Predicted
‘5500 —+ .
=Y)]
=
[<%]
S 400 +
n
§ ° e o® o
= 300 + [ ) ™
= ® q 0 ®
8 .. 0g © [} ® Py
=200 e o o
[<P] [ o
; S Seh 7T

100 + °

£y Ty
1‘0
0 ! o 1 | I | } I

0 100 200 300 400 500 600 700
Observed Shear Strength (kN)

Figure 6.30 - Performance of the factored CSA S304-14 equation
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The performance of VA-RS2 with the reduction factors applied is illustrated by Figure 6.31.
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Figure 6.31 - Performance of VA-RS2 with reduction factors applied
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The performance of VA-TSS5 with the reduction factors applied is illustrated by Figure 6.32.
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Figure 6.32 - Performance of VA-TSS with reduction factors applied
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The performance of VA-rt3:RTS1-TS3-RS3 with the reduction factors applied is illustrated by
Figure 6.33.
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Figure 6.33 - Performance of MT-VA-rt3-RTS1-TS3-RS4 with reduction factors applied
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The performance of VA-rt3:TS1-TS3-TS2 with the reduction factors applied is illustrated by

Figure 6.34.
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Figure 6.34 - Performance of MT-VA-rt3:TS1-TS3-TS2 with reduction factors applied
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The performance of VC-RS3 with the reduction factors applied is illustrated by Figure 6.35.
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Figure 6.35 - Performance of VC-RS3 with reduction factors applied
6.4 Engineering Significance of Model Parameters

6.4.1 General Observations

By comparing the generated equations from Chapter 5, the following observations can be made:
e The models generated using Dataset VA generally performed better than the models
generated using Dataset VC. The main difference between these datasets was the inclusion
of the variables fyiock> fmortar and fyroue in Dataset VA, while Dataset VC only included

conventional variables. All the models generated using Dataset VA included some form of
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the variable f,,,ortar, Which suggests that including the contribution of the mortar improves
the model fit. This finding will be discussed in greater depth in Section 6.4.3.

All the models generated using Dataset VC (except for VC-RTS4) included some form of
either firng OF f, o ¢ A correlation analysis of Dataset VA reveals that fir,; and finorear are
positively correlated to each other (correlation coefficient=0.630), however f, .rr and
fmortar are very weakly correlated to each other (correlation coefficient=0.0923). The
presence of f,; in the VC models may be due to the high correlation of this variable with
fmortar» but the same cannot be said of f;;, , Ff-

The RS models, which consisted of raw variables with inconsistent units, generally
performed better than the TS models, which consisted of transformed variables with
consistent units. This suggests that the raw variables may better capture the behaviour of
PG masonry shear walls than the transformed variables with consistent units that were
considered. There are likely better possible transformations that could be used, but
discovering them empirically requires a tedious trial and error process.

In terms of model structure, VC-TS5 and VCe-TS5 are almost identical, except that the

term fi, orrAnee is replaced in VCe-TS5 by / fmefrAnes- Overall, VCe-TS5 performed

better than VC-TS5. This suggests that the square root of f;;, , 7 brovides a better model fit

and supports the conclusion made by Matsumura (1987). A relatively low number of
different transformations including the square root of f,, . 77 were used in the datasets, so

similar transformations should be investigated to find which ones are most beneficial for

improving model fit.

The appearance of the term % frme ffAnet in models VCe-TS1, VCe-TS2 and VCe-TS3

instead of the % / fm,effAnes term supports the finding of Dillon (2015) that use of the

inverse shear span ratio provides a better model fit than using the direct shear span ratio.
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e Different definitions of the variables appear in the various generated models. Hence, the
investigation of modified horizontal reinforcement terms, average bar spacing compared
with maximum bar spacing and total reinforcement terms compared with single-bar terms
was inconclusive. This is partially due to the limited amount of data available—the number
of walls that had different values of Ay, and Appp,m Was relatively low, for example.

e No terms related to the horizontal reinforcement appeared in any of the stepwise
regressions unless they were forcefully included. This suggests that the form of the
generated models is such that the contribution horizontal of reinforcement is less
significant than the variables that were consistently included in the stepwise regression

models. This finding will be discussed in more detail in Section 6.4.4.

6.4.2 Observations on Proposed Models

The proposed models are summarized in Table 6.16.

Table 6.16 - Summary of proposed stepwise regressions and model trees

Model Equation
VA-RS2 V, = —0.0205H + 0.0337L + 6.00 f,norrar + 0.0917A4,; + 0.289P
VA-TS5 V, = 0.296P + 0.255 foreartrsly + 0.291y FroreartssL + 0.2094,: v
VC-RS3 V, = 0.0568L + 5.18f, + 0.175A, 7 yar — 0.06575, gpe + 0.23P
MT.VA. 0.167t + 0.668\/froreartysk  if P < 450 & fyroueAcenny < 1000
A
rt3:RTS1- |V, =10.501y/ fnoreartssl + 0.519P I 2L ifP < 450 & fyroutAcenny > 1000
TS3-RS3 gross )
0.461f,, — 0.06315}, qye + 0.417P if P > 450
n .
MT-VA 0.55y/ Frmorcart;sL + 0.205 iyt s (1000mm) (1 - n—i) ifP < 450 & f,roueAcentty < 1000
rt3:TS1- | W= 0.501y/FmorcartysL + 0.519P;1L” if P < 450 & f,youtAceuny > 1000
TS3-TS2 gross
0.311P + 0.493/ FrorcartssL if P> 450

By comparing the proposed models shown in Table 6.16 the following observations can be made:
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e All the proposed models included the variable P. This is consistent with the findings of
numerous researchers that increasing axial load increases shear resistance (Meli and
Salgado, 1969; Matsumura, 1987; Okamoto et al., 1987; Haach, 2009; Voon and Ingham,
2006; Oan, 2013).

e Other than the middle branch of both MTs, all of the proposed models used P rather than

pZret This suggests that a better model fit is achieved using P as a raw variable instead

gross
of including it in a transformation. More transformations using P should be investigated to
verify this finding.

e All the proposed models include a geometry related variable (H or L). This reflects the
importance of aspect ratio in determining shear strength, which has been observed by many
researchers (Matsumura, 1988; Fattal, 1993a; Voon and Ingham, 2006; Hamedzadeh,
2013, Dillon, 2015; Ramirez et al., 2016)

e All the proposed models generated using Dataset VA included some form of the variable

fmortar- Those which considered transformations included a term with +/ fy0rtqr- This

suggests that the relationship of shear strength with the compressive strength of mortar is

better represented using +/ finortar-

e Both of the VA models include terms related to the interior vertical reinforcement. This is
consistent with the findings of several researchers that interior vertical reinforcement has
a positive influence on shear strength (Ghanem et al., 1992; Dillon, 2015; Ba Rahim et al.,
2019).

By investigating the model trees, the following observations can be made:

e When axial load is low and the strength and area of grouting is low, the contribution of
mortar is more important. MT-VA-rt3:TS1-TS3-TS2 also suggests that the ungrouted

prism strength is more important in this case.
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e As the strength and area of grouting increases, the strength of mortar becomes less
important. This is consistent with the observation that mortar joints are more important in
PG walls than in FG walls (Shing et al., 1990; Hassanli et al., 2014).

e As the axial load increases, the strength of mortar becomes less important. This can be
explained considering that more of the lateral force is carried by the aggregate-interlock
forces as the axial load becomes greater and crack openings are reduced.

e As the strength and area of grouting increase, the axial load becomes more important. This
can be attributed to the fact that increasing the amount of grouting leads to more aggregate-

interlock forces that are increased by axial stresses that minimize crack openings (Shing et

al., 1990).

These findings are significant. In particular, the finding that the compressive strength of mortar
contributes to the shear strength and the observation that the horizontal reinforcement terms were
not significant are deserving of further discussion. These topics will be addressed in the following

sections.

6.4.3 Contribution of Mortar

The inclusion of fy,ortqr 1S ground-breaking in that it has not been done in any of the existing
code- and research-based expressions that were investigated in Chapter 2. This could be partly
because many of those expressions were developed using FG wall data exclusively. As noted by
Shing et al. (1990), in FG masonry cracks pass through the blocks more than the joints, and thus
the mortar joints are thought to have little influence on the shear strength of FG walls. In PG walls,
however, cracks pass through the mortar joints more frequently because the mortar typically plays

the role of weak layers (Hassanli et al., 2014).

Hoque (2013) identified mortar bond strength as one of the material properties of mortar that
influences the structural performance of masonry, stating that the compressive strength of mortar

is less important. Oan (2013) attributed lower shear strengths of PG walls to a reduced bond
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between mortar and masonry units. Although the compressive strength of mortar may not be the
best variable to quantify the contribution of mortar to shear strength, it is possible that there is a
correlation between f,,,,tq and the bond strength of mortar, which would explain the consistent
appearance of f,,,,rtqr 10 the generated models. Woodward and Rankin (1985) found that at high
axial stress, increasing the compressive strength of mortar led to noticeable increases in the shear

strength of URM walls. This is an area that requires further research.

6.4.4 Contribution of Horizontal Reinforcement

The absence of the horizontal reinforcement term in most of the generated models is unexpected,
as almost all the existing code- and research-based equations include a contribution from the
horizontal reinforcement. However, researchers have noted that many of these equations
overestimate the contribution of the horizontal reinforcement (Hassanli et al., 2014; Dillon, 2015).
Unlike the other existing code- and research-based equations, the shear strength model developed

by Bolhassani et al. (2016b) included no horizontal reinforcement term.

Several researchers have observed that increasing the amount of horizontal reinforcement has
inconsistent effects on the shear strength of masonry walls. Shing (1990) found that increasing the
amount of horizontal bond beam reinforcement can prevent shear failure in FG masonry walls and
significantly improves the post-cracked ductility of shear-dominated walls. However, the influence
of the amount of horizontal reinforcement was inconsistent, and it was found that doubling the
amount of horizontal reinforcement will not necessarily lead to a substantial increase in shear
strength (Shing, 1990). Schultz et al. (1998) observed increases in ultimate shear stress of 20%
and 7% for PG walls with aspect ratios of 1 and 0.7, respectively, when horizontal joint
reinforcement was increased from 0.056 to 0.11%. However, the same increase in joint
reinforcement led to a 7% decrease in shear strength for walls with aspect ratios of 0.5 (Schultz et
al., 1998). Haach et al. (2010) found that varying the percentage of horizontal joint reinforcement
did not seem to improve the lateral strength of their PG walls. One of their tested walls with a

horizontal reinforcement ratio of 0.053% presented higher lateral strength than an equivalent wall
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with a horizontal reinforcement ratio of 0.094% (Haach et al., 2010). Oan (2013) found that
increasing joint reinforcement diameter resulted in lower shear strengths, which was attributed to

the reduced bond between the mortar and masonry units.

Other researchers have noted that horizontal reinforcement does not lead to any noticeable increase
in the shear strength of masonry walls. Medeiros et al. (2013) developed a macro Finite Element
Model (FEM) of several lightweight concrete block masonry walls reinforced horizontally with
joint reinforcement that had been experimentally tested previously. Although the horizontal
reinforcement caused greater distribution of cracking, greater ductility and a reduced width of the
localised diagonal crack, both the experimental results and the FEM showed that the horizontal
reinforcement did not have a noticeable contribution to the lateral peak load (Medeiros et al.,
2013). Janaraj and Dhanasekar (2016) studied the contribution of horizontal reinforcement to in-
plane shear strength using a homogenized macro FEM of a two-storey PG wall. They found that
varying the level of reinforcement in the middle horizontal bond beam of the wall from 0.03% to
0.48% led to no increase in shear strength and concluded that shear strength contribution from the

horizontal reinforcement was negligible.

Further, if the horizontal reinforcement term should be included in the generated equations, then
one would expect the effectiveness of the equations to vary with respect to the horizontal
reinforcement ratio. Hassanli et al. (2014) determined that several code-based equations
overestimate the contribution of horizontal reinforcement to the shear strength of PG masonry
walls. They illustrated this using plots of V., /V;, as a function of horizontal reinforcement ratio

multiplied by yield strength (Figure 6.36).
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Figure 6.36 - Effect of horizontal reinforcement on V,,,/V,, of the CSA S304.1-04 shear

strength equation (adapted from Hassanli et al., 2014)

Similar plots are provided for each of the proposed models (Figures 6.37 to 6.41).
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Figure 6.37 - Effect of horizontal reinforcement on V,,,,/V, of VA-RS2
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Figure 6.38 - Effect of horizontal reinforcement on V,,/V, of VA-TSS
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Figure 6.39 - Effect of horizontal reinforcement on V,,,/V,, of VC-RS3
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Figure 6.40 - Effect of horizontal reinforcement on V,,,/V,, of MT-VA-rt3-RTS1-TS3-RS3
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Figure 6.41 - Effect of horizontal reinforcement on V., /V, of MT-VA-rt3-TS1-TS3-TS2
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Figure 6.38 and Figure 6.39 show that the proposed models VA-TS5 and VC-RS3 do not show
any significant change in values of V,,,, /;, as the amount and strength of horizontal reinforcement
increases. The other three proposed models show slight upward trends (Figure 6.36, Figure 6.37,
Figure 6.40 and Figure 6.41), however the associated R? values are quite low. These plots confirm
that the proposed models are able to capture the behaviour of PG shear walls very well, even

without considering any contribution from the horizontal reinforcement.

It should be noted that the addition of the horizontal reinforcement term does not worsen the
performance of the generated models that included it (such as VAee-F1-2-TS2 and VAe-F1-2-
RS3), as compared with those that did not. This is because the addition of a parameter to a linear
regression cannot make the correlation worse, it can only improve the correlation or have no effect
(Rencher and Schaalje, 2008; Dillon, 2015). The correct method to judge whether a parameter
should be included is through inspection of the parameter’s p-value, to verify if it is statistically
significant (Dillon, 2015). The horizontal reinforcement terms were initially omitted from the
stepwise regressions due to relatively low statistical significance, meaning that they should not be
included in the models. The contribution of the horizontal reinforcement may be significant in

existing code- and research-based equations because of the assumed forms of these equations.
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7 CONCLUSIONS AND RECOMMENDATIONS

71

Summary

The objective of this study to develop an improved model to predict the in-plane shear strength of

PG masonry walls was achieved according to the steps that follow.

1.

Data were compiled, scrutinized, and synthesized to ensure consistency in the raw variables
used and two datasets (Dataset VA and Dataset VC) were generated.
a. Dataset VA consists of 176 PG walls and contains all 34 of the raw variables

b. Dataset VC consists of 205 PG walls, contains only 31 conventional raw variables,

and does not include the raw variables fy1ock> fmortar a0d fgrout

The performance of 17 existing code- and research-based shear strength expressions were

evaluated using the data in Dataset VC.

The existing code-based equations generally showed high errors and a lack of
consistency in predictions as indicated by high values of standard deviation of
Vexp/Vn. The Voyp/V;, standard deviations for the CSA S304-14 (2014) and
TMS 402/602-16 (2016) equations were found to be 0.722 and 0.419, respectively.
The existing research-based equations also showed high errors and a lack of
consistency in predictions. The V., /V, standard deviation for the Dillon (2015)
equation was found to be 0.672.

The performance of the ANN developed by Hung (2018) was significantly worse
than what was observed by Hung. The standard deviation of V,,,/V, reported by
Hung (2018) was 0.183 while the one calculated based on the data in Dataset VC
was 0.719.

. Most of the existing code- and research-based equations were found to be overly

conservative for nominal shear strength models. When reduction factors were
applied to the CSA equation, the average V;, /V;, value increased from 1.41 to 2.27,

with the maximum V,,,/V, value being 9.34. Even with this high degree of
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conservatism, the factored CSA equation overestimated the shear strength of 6% of

the walls from Dataset VC.

3. Several new models were generated using stepwise regression and model trees integrated

with stepwise regression.

a.

A wide range of variables was used in Dataset VA to permit identification of
important variables, even if these had previously not been accounted for in existing
code- and research-based equations. Dataset VC was used to generate models with
only conventional input variables.

25% of the data in each dataset was reserved for testing the generated models, to
assess their performance on unseen data.

The generated models were narrowed down to those which contained only logical
relationships, and 5 models were selected as the proposed models based on
accuracy, precision, and simplicity.

The proposed models all outperformed the existing code- and research-based
equations, as demonstrated by relatively low error values and V,y,/V;, standard
deviation values. The V,,,, /V;, standard deviation values of the stepwise regressions
generated using Dataset VA were 0.179 and 0.187, while the standard deviation of
Vexp/ Vi, for the stepwise regression generated using Dataset VC was 0.231. The
standard deviation of V,,,/V;, for the MTs generated using Dataset VA were 0.196
and 0.197.

After applying the reduction factors from the CSA S304-14 (2014) code to the
proposed models, they all showed reasonable levels of conservatism with average
Vexp/Vy, values in the range of 1.55 to 1.75. The percentage of overestimated shear
strength values was less than 3% for all the proposed models with reduction factors

applied.
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7.2 Conclusions

The results presented in this study demonstrate the ability of stepwise regression to produce models

that are accurate and precise while selecting an appropriate, simple input variable set. The use of

MTs also shows great potential for producing accurate shear strength estimates, as the MTs

generated in this study showed improved performance over the existing code- and research-based

equations. The following conclusions were made:

All the proposed models included the variable P. This is consistent with the findings of
numerous researchers that increasing axial load increases shear resistance (Meli and
Salgado, 1969; Matsumura, 1987; Okamoto et al., 1987; Haach, 2009; Voon and Ingham,
2006; Oan, 2013).

As the strength and area of grouting increase, the axial load becomes more important. This
can be attributed to the fact that increasing the amount of grouting leads to more aggregate-
interlock forces that are increased by axial stresses that minimize crack openings (Shing et
al., 1990).

All the proposed models include a geometry related variable (H or L). This reflects the
importance of aspect ratio in determining shear strength, which has been observed by many
researchers (Matsumura, 1988; Fattal, 1993a; Voon and Ingham, 2006; Hamedzadeh,
2013, Dillon, 2015; Ramirez et al., 2016).

Both of the proposed stepwise regressions generated using Dataset VA include terms
related to the interior vertical reinforcement. This is consistent with the findings of several
researchers that interior vertical reinforcement has a positive influence on shear strength
(Ghanem et al., 1992; Dillon, 2015; Ba Rahim et al., 2019).

The models generated using Dataset VA generally performed better than the models
generated using Dataset VC. The main difference between these datasets was the inclusion
of the variables fyiock> fmortar and fgroyue in Dataset VA, while Dataset VC only included

conventional variables. All the models generated using Dataset VA included some form of
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the variable fi,ortqr» Which suggests that including the contribution of mortar improves

the model fit.

e The VA models frequently included a term with /fiortar- This suggests that the

relationship of shear strength with the compressive strength of mortar is better represented

using / fmortar-

e As the strength and area of grouting increases, the strength of mortar becomes less
important. This is consistent with the observation that mortar joints are more important in
PG walls than in FG walls (Shing et al., 1990; Hassanli et al., 2014). Also, as the axial load
increases, the strength of mortar becomes less important. A possible explanation is that
more of the lateral force is carried by the aggregate-interlock forces as the axial load
becomes greater and crack openings are reduced.

e No terms related to the horizontal reinforcement appeared in any of the selected stepwise
regressions until steps were taken to force the inclusion of the horizontal reinforcement
terms. This suggests that the form of the generated models is such that the contribution
horizontal of reinforcement is less significant than the variables that were consistently

included in the stepwise regression models.

The inclusion of f,,ortqr 1S ground-breaking in that it has not been done in any of the existing
code- and research-based equations that were investigated. Although research in this area is
limited, Woodward and Rankin (1985) observed that, at high axial stress, increasing the

compressive strength of mortar led to increased shear strength.

Although the absence of the horizontal reinforcement term in most of the generated models is
unexpected, it is not altogether inconsistent with findings of other researchers. Some have found
that increases to the amount of horizontal reinforcement leads to inconsistent effects on the shear
strength of masonry walls (Shing, 1990; Schultz et al., 1998; Haach et al., 2010). Others have
suggested that horizontal reinforcement does not lead to any noticeable increase in the shear

strength of masonry walls (Medeiros et al., 2013; Janaraj and Dhanasekar, 2016).
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The models generated in this study are subject to certain limitations:

The models are only dependable within the range of variables that were used for training
and cannot be confidently used for extrapolation. The range of experimental shear strengths
was 78 to 667 kN including scaled-up values or 78 to 383 kN (for Dataset VA) and 78 to
431 kN (for Dataset VC) considering only unscaled values.

Approximately 20% of the walls in both datasets were reduced-scale walls. Some of the
maximum values of variables (such as the maximum shear strength of 667 kN) are scaled-
up versions of the reduced-scale wall properties. As such, these values may be less reliable
than the values obtained from full-scale walls. There is a limited amount of research
available on the effectiveness of modeling full-scale masonry shear walls using reduced-
scale models. The only study that could be located that compared the shear strength of
reduced-scale masonry walls with full-scale prototypes was a study that investigated FG
masonry. This is an area where further research is needed, particularly in the case of PG
walls.

Although the proposed models significantly outperform the existing code- and research-
based equations, it has been noted that the principle reason that one model outperforms
another may be that it was generated from the same dataset used to test the models (Dillon,
2015). The models generated in this study were tested using 25% of the datasets which was
randomly reserved prior to model training, however with such a limited amount of data,
this is a relatively low amount of testing data. The proposed models should be validated
with additional data to ensure that they generalize well to new data. Additionally, data from
new studies would likely add variation due to differences in testing methodologies used by

different researchers.

7.3 Recommendations

The difficulty of scrutinizing and synthesizing the data used in this study highlights the

need for researchers to be thorough and specific in their reporting on experimental studies.
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Variables such as frortar> foiock and fgroue are frequently not reported, are sometimes
given as a range, or are given as a single value for several different walls. This makes it
difficult to determine the influence of these variables on the behaviour of masonry walls.
Standard methods for testing f;,,0rtqr Should be developed, and a synthesization method
should be developed to account for the differences in testing methodologies used in
previous experiments.

The effects of fi,0rtar Should be studied further in experimental studies to validate the
conclusions made in this study. It may also be valuable to study other properties of mortar
that may influence the shear behaviour of PG walls, such as mortar bond strength.

The effects of horizontal reinforcement should be studied further in experimental studies
to validate the conclusions made in this study.

More data is needed to further validate the proposed models, as well as improve upon them.
Additional data may also lead to improved results from MTs, as the MT structures would
be less constrained by the imposed minimum leaf number.

Hung (2018) pointed out that most existing shear strength equations do not consider the
interaction between variables. For example, the influence of the axial load on shear strength
increases as the aspect ratio decreases. MTs may be helpful in representing some of these
interactions by applying logic and engineering judgement to the choice of variables used
for MT splitting.

Similar data analyses should explore more options for transformations that may better
represent the behaviour of PG shear walls. In particular, more transformations involving

the square root of f;,o¢qr OF the square root of f,, . 75 may be beneficial.

Applying techniques such as K-fold cross validation may lead to model improvements

without the need for significant additions of data.
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APPENDIX A: DATABASE ASSUMPTIONS

This appendix provides further information about key assumptions made in the data compilation
step of the study. The full details of all assumptions made for each individual study are not
provided. Only those assumptions which required extensive study of the experimental studies, or

extensive calculations, are explained here.

A.1 Corrections and General Assumptions

A.1.1 Matsumura (1987)

Matsumura (1987) did not provide any information on what vertical and horizontal reinforcement
was used in the PG walls he tested, or how it was spaced throughout the walls. As a result, these
details had to be assumed based on the flexural reinforcement and horizontal reinforcement ratios
that he provided. It was assumed that standard Japanese steel reinforcing bars were used. No
interior vertical reinforcement ratios were provided, so it was assumed that the number of interior
vertical bars in each wall was equal to the number of blocks (lengthwise) minus one, and that one

D10 bar was used in each grouted cell.

Because Matsumura (1987) used 3-cell blocks to construct their PG walls, A,.; could not be
determined in the same way that was done for the 2-cell walls in the database. Based on the figures
provided by Matsumura showing the blocks, it was assumed that the 3 cells were all equal in size.

Thus, A, was calculated using Equation (A.1).
Ly Ly
Aper = 1y Zt + (L —ny Z) * 2t (A.1)
A.1.2 Haach et al. (2007)

Because Haach et al. (2007) used 3-cell blocks to construct their PG walls and only the middle
cells were grouted, A,,.; could not be determined in the same way that it was calculated for the 2-

cell walls in the database. Instead, A,.; was calculated using Equation (A.2).
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Aner = NgLyect + (L — ngLyyee) * 2t5s (A.2)

Here L,,.. represents the centre-to-centre distance between the middle webs, which was taken as

27 mm for the blocks used by Haach et al.
A.1.3 Elmapruk (2010)

There are several mistakes in Table 2.1 of Elmapruk (2010). These mistakes were identified prior

to compiling the corrected data with the data from other studies.

The identification of horizontal bars in Table 2.1 of Elmapruk (2010) contradicts what was stated
on page 12: “For specimens PG180-48 and PG254-48... 1#6 (D 19) and 2#5 (D 16) were used,
respectively.” Elmapruk (2010) stated that the first three digits in the specimen name (for example,
180 for PG180-48) corresponded to the horizontal reinforcement ratio multiplied by 10°. Based on
this information, the correct horizontal reinforcement of PG180-48 and PG254-48 was identified
by calculating the reinforcement ratio of both walls. This was done by dividing the total
reinforcement area by the height from the base of the wall to the middle of the top reinforcing bar
(60 in) multiplied by the wall thickness (8 in). It was found that the reinforcement of 2#5 bars
corresponds to the reinforcement ratio of approximately 0.254% (meaning this is the reinforcement
of PG254-48) while the reinforcement of 1#6 bar corresponds to the reinforcement ratio of 0.180%
(and thus corresponds to wall PG180-48).

The corrected Table 2.1 is shown here as Table A.1, with corrections in bold font.
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Table A.1 - Corrected distribution of vertical and horizontal reinforcement (adapted from

Elmapruk, 2010)
Cell No. | PG 127-48 | PG 254-48 | PG 180-48 | PG 127-32 | PG 127-24 | PG 127-481
1 2 No. 6 2 No. 6 2 No. 6 2 No. 6 2 No. 6 2 No. 6
4 1 No. 5
5 1 No. 6
7 2 No. 6 2 No. 6 2 No. 6 1 No. 5 2 No. 6
9 1 No. 6
10 1 No. 5
13 2 No. 6 2 No. 6 2 No. 6 2 No. 6 2 No. 6 2 No. 6
pv % 0.332 0.332 0.332 0.332 0.332 0.332
Spacing
n. (mm) 48 (1219) 48 (1219) 48 (1219) 32 (813) 24 (610) 48 (1219)
pn % 0.127 0.254 0.180 0.127 0.127 0.127
HR 1 No. 5 2 No. 5 1 No. 6 1 No. 5 1 No. 5 1 No. 5

A.2 Variable Axial Loading

A few of the experimental studies used variable axial loading during the testing of PG masonry
walls. In these cases, the axial load at the point of ultimate shear strength was determined as

described in the following sections and used as the axial load for a given wall.

A.2.1 Scrivener (1967)
Scrivener (1967) stated the following:

Racking load was increased from zero in 4000 1b. increments until failure, which was taken
to be the maximum load that could be applied to and held by the wall. At each increment
and prior to applying the racking load, a vertical load, just sufficient to balance the
overturning moment of the racking load about the toe of the wall, was applied. The

geometry of the set-up was such that the ratio of horizontal to vertical load was 0.9.
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To determine the axial load that corresponds to the ultimate shear strength of these walls, the

loading scheme used by Scrivener was investigated (Figure A.1).

P

}

V—

L ? .
' L '\toe

Figure A.1 - Wall loading scheme used by Scrivener (1967)

From this figure, the summation of moments about the toe of the wall is as shown in Equation

(A.3).
ZM = —-VH + PL (A.3)
Because all the walls tested by Scrivener (1967) have the same height and length, the axial load

of these walls for any value of V can be determined using Equation (A.4).

VH 104 in
L 96 in v 08V A4)
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A.2.2 Hoque (2013)
Hoque (2013) states:

Loads applied at the top of the wall were varied in such a way as to ensure zero bending
moment at the mid-height centre of the wall. The total applied vertical load remains
constant at N = N1 + N2 with N1 and N2 varying dependent on the specimen being tested
and the applied horizontal load. The determination of N1 and N2 is done in real time during

the test to counter the moment due to the horizontal load.
Thus, the equations used to determine N; and N, are Equations (A.5) and (A.6).
N; + N, = 409 kN (A.5)

VH
M = N181 - Nzez = T (A6)

Here e; and e, are both equal to 0.5 m. Hoque also states: “for the seventh set the load in both

vertical actuators was held constant rather than being variable to maintain zero moment at the

middle of the wall.”

Based on this information, it is apparent that as the horizontal load increases, the difference
between the vertical loads of the two actuators becomes greater until one of them becomes
negative. In other words, one actuator will apply a compressive load higher than the total of 204.5
while the other is (theoretically) in tension. However, the actuators are on rollers, and are not
capable of acting in tension. Therefore, the load applied by the actuator that should theoretically

be in tension is 0 kN in reality.

The uncorrected values of peak shear strength in push and pull directions (V,y,;, and V,,,,,) were
first used to determine corresponding values of N; and N, using Equations (A.5) and (A.6). The

corresponding axial loads (P,,;,, and P, ) were then determined by adding N; and N, if both were
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positive. If either one was negative, then it was taken as 0 in determining the corresponding axial
load. The average peak axial load in either direction (push or pull) was then calculated by taking
the average of P,,,;, and Py, This value, P,,,, is the value that was used in the compiled database

(Table A.2).

Table A.2 - Axial load values used for walls tested by Hoque (all values given in kN)

Wall Vmin Nl NZ Pmin Vmax Nl NZ Pmax Pave
1A 189 375 34 409 230 411 -2 411 410.1
1B 226 408 | 409 227 409 0 409 409.0
2A 251 430 -21 430 254 433 -24 433 431.7
2B 225 407 2 409 232 414 -5 414 411.3
3A 234 415 -6 415 251 431 -22 431 422.7
3B 226 408 1 409 246 426 -17 426 417.6
3C 160 349 60 409 169 356 53 409 409.0
4A 195 380 29 409 237 418 -9 418 413.3
4B 231 412 -3 412 251 430 -21 430 421.1
4C 187 373 36 409 195 380 29 409 409.0
SA 205 389 20 409 208 392 17 409 409.0
5B 208 392 17 409 219 401 8 409 409.0
6A 202 386 23 409 205 389 20 409 409.0
6B 210 393 16 409 213 396 13 409 409.0

TA* 176 205 205 409 178 205 205 409 409.0

7B* 181 205 205 409 190 205 205 409 409.0
8A - - - - 230 412 -3 412 411.8
8B - - - - 236 417 -8 417 416.7

*walls 7A and 7B had constant axial load in both actuators

A.2.3 Rizaee (2015)

Rizaee (2015) used the same loading protocol as Dickie and Lissel (2011) and Hoque (2013).
Rizaee states that Dickie and Lissel used a total load of 409 kN (equivalent to 2 MPa net stress).
The axial load was not kept constant for any of Rizaee’s walls, however, so the same procedure
discussed in Section 0 must be used to calculate the axial loads at the point of ultimate shear

strength.
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For Groups A and B of Rizaee’s walls, the goal was to maintain zero moment at the centre of the
wall. However, as Rizaee points out, this method ignores the additional moment arm of 225 mm
between the point of lateral load application (on a steel beam) and the top of the wall. He also
points out that a problem arises when the horizontal load exceeds a critical value of 227.2, when
one of the vertical actuators should theoretically go into tension to maintain zero moment at the
desired location. He notes that the vertical actuators are not capable of applying a tensile force to

the wall, so instead one actuator applies a higher compressive load while the other applies no load.

This implies one of two things: the actuator in compression (already exceeding 409 kN) must exert
a higher load to maintain zero moment at the centre, or else there will be a small moment at the
centre which is not balanced because the second actuator exerts no force. The latter case was

assumed.

For Rizaee’s Groups C through G, this problem was avoided by considering the additional 225
mm moment arm, and by changing the location of zero moment to a point 485 mm above the centre
of the wall. This changes the critical horizontal load to 320 kN. Since none of the walls exceeded

a shear strength of 320 kN, walls in groups C through G all have a total axial load of 409 kN.

For the walls belonging to Groups A and B, the axial loads corresponding to the ultimate shear

strength were calculated using the procedure described in section 0 (Table A.3).

Table A.3 - Axial load values used for Rizaee’s walls belonging to Groups A and B (all

values given in kN)

Wall Vmin Nl NZ Pmin Vmax Nl NZ Pmax Pave
1-A 232 413 -4.30 413 273 450 -41.2 450 432
2-A 276 453 -43.9 453 327 499 -89.8 499 476
3-B 276 453 -43.9 453 346 516 -107 516 484
4-B 282 458 -49.3 458 334 505 -96.1 505 482
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A.2.4 Hamedzadeh (2013)

Hamedzadeh (2013) stated that, because the axial load varied during the tests, the axial load

corresponding to the ultimate shear was used for the purpose of design.

For this study, the axial load at peak shear strength is estimated using the ratios given in Table 6-9

of Hamedzadeh (2013). These values represent “the ratio between the axial and shear stresses at

the peak point” (Hamedzadeh, 2013), and are shown along with the axial load corresponding to

ultimate shear strength in Table A.4.

Table A.4 - Axial load values used walls tested by Hamedzadeh (all values given in kN)

Wall %4 Ratio P
1A 54.7 - -
1B 51.6 1.67 86.2
2A 38.2 1.61 61.5
2B 46 1.52 69.9
3A 42.68 1.83 78.1
3B 44 1.67 73.5
4A 108 1.68 181.4
4B 103 1.78 183.3
4C 105 1.81 190.1
5A 96 1.69 162.2
5B 95.52 1.98 189.1
5C 131 1.72 225.3
6A 197.3 1.62 319.6
6B 168.8 1.25 211.0
6C 184 1.23 226.3
TA 180 1.66 298.8
7B 185 1.61 297.9
7C 148 1.49 220.5
8A 25.1 1.55 38.9
8B 23.1 1.6 37.0
8C 30.6 1.52 46.5
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APPENDIX B: FULL DATABASE

This appendix consists of several tables containing the full database used in this study. The data
was synthesized and scrutinized as described in Chapter 4. The tables show the unscaled (actual)

wall properties; prototype values can be obtained using the process outlined in Section 4.2.8.2.

Note that some of the cells have been left blank for studies that were not included in Dataset VA
or Dataset VC, as these studies were not investigated as thoroughly as those that were used in the

data analysis.

Several values were not found or not explicitly stated in the original sources and had to be assumed.

These values are identified using the colour scheme shown in Table B.1.

Table B.1 - Colour scheme used in database

Black | Values taken directly from the source papers

Blue Values that were calculated based on information given in the source papers
Values that were assumed based on information provided in the source papers
Red Values that were assumed based only on engineering judgement

Green | Indicates that the wall belongs to the testing data

The VA and VC columns indicate which walls were included (Y) and which walls were not
included (N) in Dataset VA and Dataset VC, respectively. In these columns, a green “Y” indicates

that the wall was part of the testing data group for the given dataset.

The full list of walls used for model testing is provided in Table B.2.
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Table B.2 - Walls used for model testing

Dataset VA Dataset VC
3 76 170 236 5 95 176 230 263
5 78 175 246 7 97 182 234 266
8 80 183 256 8 108 186 236 270
9 84 184 263 14 111 190 237 275
13 87 185 265 21 119 196 238 279
14 90 204 267 72 126 203 239 287
15 94 209 273 73 138 205 247 289
16 97 211 274 77 147 208 253
17 136 225 279 84 149 224 255
39 140 229 282 85 166 225 258
72 147 230 292 89 170 228 259

The full database is given in the tables that follow.
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Wall DATASET LOADING / BOUNDARY CONDITIONS
4 va | ve Experimental Study Wall ID Scale Loading T Loading S ¢T
oading Type Rate upport Type

1 N N Scrivener (1967) Cl 1 Monotonic Quasi-Static Cantilever
2 Y Y Scrivener (1967) D2 1 Monotonic Quasi-Static Cantilever
3 Y Y Scrivener (1967) C10 1 Monotonic Quasi-Static Cantilever
4 Y Y Scrivener (1967) C7 1 Monotonic Quasi-Static Cantilever
5 Y Y Scrivener (1967) C8 1 Monotonic Quasi-Static Cantilever
6 Y Y Scrivener (1967) C9 1 Monotonic Quasi-Static Cantilever
7 Y Y Scrivener (1967) D11 1 Monotonic Quasi-Static Cantilever
8 Y Y Scrivener (1967) C3 1 Monotonic Quasi-Static Cantilever
9 Y Y Scrivener (1967) D12 1 Monotonic Quasi-Static Cantilever
10 N N Scrivener (1967) D4 1 Monotonic Quasi-Static Cantilever
11 Y Y Scrivener (1967) D13 1 Monotonic Quasi-Static Cantilever
12 Y Y Scrivener (1967) D14 1 Monotonic Quasi-Static Cantilever
13 Y Y Meli et al. (1968) Muro 309 1 Reverse Cyclic Cantilever
14 Y Y Meli et al. (1968) Muro 310 1 Reverse Cyclic Cantilever
15 Y Y Meli et al. (1968) Muro 311 1 Reverse Cyclic Cantilever
16 Y Y Meli et al. (1968) Muro 312 1 Reverse Cyclic Cantilever
17 Y Y Meli et al. (1968) Muro 313 1 Reverse Cyclic Cantilever
18 Y Y Meli et al. (1968) Muro 314 1 Reverse Cyclic Cantilever
19 Y Y Meli et al. (1968) Muro 315 1 Reverse Cyclic Cantilever
20 Y Y Meli et al. (1968) Muro 316 1 Reverse Cyclic Cantilever
21 Y Y Meli et al. (1968) Muro 317 1 Reverse Cyclic Cantilever
22 Y Y Meli et al. (1968) Muro 318 1 Reverse Cyclic Cantilever
23 N N Meli et al. (1969) Muro 501 1 Monotonic Cantilever
24 N N Meli et al. (1969) Muro 504 1 Monotonic Cantilever
25 N N Meli et al. (1969) Muro 505 1 Monotonic Cantilever
26 N N Meli et al. (1969) Muro 506 1 Monotonic Cantilever
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Wall

DATASET

LOADING / BOUNDARY CONDITIONS

4 va | ve Experimental Study Wall ID Scale Loading Type L(E:ti:g Support Type
27 N N Meli et al. (1969) Muro 507 1 Monotonic Cantilever

28 N N Meli et al. (1969) Muro 508 1 Monotonic Cantilever

29 N N Meli et al. (1969) Muro 509 1 Monotonic Cantilever

30 N N Meli et al. (1969) Muro 510 1 Monotonic Cantilever

31 N N Meli et al. (1969) Muro 511 1 Monotonic Cantilever

32 N N Meli et al. (1969) Muro 514 1 Monotonic Cantilever

33 N N Meli et al. (1969) Muro 519 1 Monotonic Cantilever

34 N N Mayes et al. (1976) HCBL-21-11 1 Reverse Cyclic Quasi-Static | Double Curvature
35 N N Mayes et al. (1976) HCBL-21-12 1 Reverse Cyclic Dynamic Double Curvature
36 N N Chen et al. (1978) HCBL-11-2 1 Reverse Cyclic Dynamic Double Curvature
37 Y Y Chen et al. (1978) HCBL-11-5 1 Reverse Cyclic Dynamic Double Curvature
38 Y Y Chen et al. (1978) HCBL-11-8 1 Reverse Cyclic Dynamic Double Curvature
39 Y Y Chen et al. (1978) HCBL-11-10 1 Reverse Cyclic Dynamic Double Curvature
40 N N Thurston and Hutchison (1982) UNIT NO. 2 1 Reverse Cyclic Double Curvature
41 N N Thurston and Hutchison (1982) UNIT NO. 4 1 Reverse Cyclic Double Curvature
42 N N Thurston and Hutchison (1982) UNIT NO. 5 1 Reverse Cyclic Double Curvature
43 N N Matsumura (1987) CW4-1-1 1 Reverse Cyclic Quasi-Static

44 N N Matsumura (1987) CW4-1-2 1 Reverse Cyclic Quasi-Static

45 N N Matsumura (1987) CW3-1-1 1 Reverse Cyclic Quasi-Static

46 N N Matsumura (1987) CW3-1-2 1 Reverse Cyclic Quasi-Static

47 N N Matsumura (1987) CW2-1-1 1 Reverse Cyclic Quasi-Static

48 N N Matsumura (1987) CW2-1-2 1 Reverse Cyclic Quasi-Static

49 N N Matsumura (1987) CW3-0-1 1 Reverse Cyclic Quasi-Static

50 N N Matsumura (1987) CW3-0-2 1 Reverse Cyclic Quasi-Static

51 N N Matsumura (1987) CW3-1' 1 Reverse Cyclic Quasi-Static

52 N N Matsumura (1987) CWwW3-2 1 Reverse Cyclic Quasi-Static
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DATASET
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4 va | ve Experimental Study Wall ID Scale Loading Type L(;;:lti:g Support Type
53 N N Matsumura (1987) CW3-3 1 Reverse Cyclic Quasi-Static

54 N N Matsumura (1987) CW3-1-A2 1 Reverse Cyclic Quasi-Static

55 N N Matsumura (1987) CW3-1-A3 1 Reverse Cyclic Quasi-Static

56 N N Matsumura (1987) CW3-1-A4 1 Reverse Cyclic Quasi-Static

57 N N Matsumura (1987) CW3-0-A2 1 Reverse Cyclic Quasi-Static

58 N N Matsumura (1987) CW3-2-A2 1 Reverse Cyclic Quasi-Static

59 N N Matsumura (1987) CW3-3-A2 1 Reverse Cyclic Quasi-Static

60 N N Matsumura (1987) CW3-4-A2 1 Reverse Cyclic Quasi-Static

61 N N Matsumura (1987) CWB3-1'-A2 1 Reverse Cyclic Quasi-Static

62 N N Matsumura (1987) CW3-0-A3 1 Reverse Cyclic Quasi-Static

63 N N Matsumura (1987) CW3-0'-A3 1 Reverse Cyclic Quasi-Static

64 N N Matsumura (1987) CW3-2-A3 1 Reverse Cyclic Quasi-Static

65 N N Matsumura (1987) CW3-3-A3 1 Reverse Cyclic Quasi-Static

66 N N Matsumura (1987) CW5-2'-A2-1 1 Reverse Cyclic Quasi-Static

67 N N Matsumura (1987) CW5-2'-A2-2 1 Reverse Cyclic Quasi-Static

68 N N Matsumura (1987) CW4-2'-A2 1 Reverse Cyclic Quasi-Static

69 N N Matsumura (1987) CW3-2'-A2 1 Reverse Cyclic Quasi-Static

70 N N Matsumura (1987) CW2-2'-A2-1 1 Reverse Cyclic Quasi-Static

71 N N Matsumura (1987) CW2-2'-A2-2 1 Reverse Cyclic Quasi-Static

72 Y Y Tomazevic and Lutman (1988) CN-0 0.5 Reverse Cyclic Quasi-Static Cantilever
73 Y Y Tomazevic and Lutman (1988) CN-14 0.5 Reverse Cyclic Quasi-Static Cantilever
74 Y Y Tomazevic and Lutman (1988) CN-28 0.5 Reverse Cyclic Quasi-Static Cantilever
75 Y Y Tomazevic and Lutman (1988) CN-50 0.5 Reverse Cyclic Quasi-Static Cantilever
76 Y Y Tomazevic and Lutman (1988) CV-0 0.5 Reverse Cyclic Quasi-Static Cantilever
77 Y Y Tomazevic and Lutman (1988) DN-0 0.5 Reverse Cyclic Quasi-Static Cantilever
78 Y Y Tomazevic and Lutman (1988) DN-14 0.5 Reverse Cyclic Quasi-Static Cantilever
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79 Y Y Tomazevic and Lutman (1988) DN-28 0.5 Reverse Cyclic Quasi-Static Cantilever
80 Y Y Tomazevic and Lutman (1988) DN-50 0.5 Reverse Cyclic Quasi-Static Cantilever
81 Y Y Tomazevic and Lutman (1988) DV-0 0.5 Reverse Cyclic Quasi-Static Cantilever
82 Y Y Johal and Anderson (1988) DM1 1 Reverse Cyclic Quasi-Static | Double Curvature
83 Y Y Johal and Anderson (1988) DM2 1 Reverse Cyclic Quasi-Static | Double Curvature
84 Y Y Johal and Anderson (1988) DM3 1 Reverse Cyclic Quasi-Static | Double Curvature
85 Y Y Johal and Anderson (1988) DM4 1 Reverse Cyclic Quasi-Static | Double Curvature
86 Y Y Johal and Anderson (1988) DMS5 1 Reverse Cyclic Quasi-Static | Double Curvature
87 Y Y Johal and Anderson (1988) DM6 1 Reverse Cyclic Quasi-Static | Double Curvature
88 Y Y Johal and Anderson (1988) DP1 1 Reverse Cyclic Quasi-Static | Double Curvature
89 Y Y Johal and Anderson (1988) DP2 1 Reverse Cyclic Quasi-Static | Double Curvature
90 Y Y Johal and Anderson (1988) DSI 1 Reverse Cyclic Quasi-Static | Double Curvature
91 Y Y Johal and Anderson (1988) DS2 1 Reverse Cyclic Quasi-Static | Double Curvature
92 Y Y Johal and Anderson (1988) DS3 1 Reverse Cyclic Quasi-Static | Double Curvature
93 Y Y Johal and Anderson (1988) DS4 1 Reverse Cyclic Quasi-Static | Double Curvature
94 Y Y Johal and Anderson (1988) DS5 1 Reverse Cyclic Quasi-Static | Double Curvature
95 Y Y Johal and Anderson (1988) DS6 1 Reverse Cyclic Quasi-Static | Double Curvature
96 Y Y Johal and Anderson (1988) DP3 1 Reverse Cyclic Quasi-Static | Double Curvature
97 Y Y Johal and Anderson (1988) DP4 1 Reverse Cyclic Quasi-Static | Double Curvature
98 N N Yancey and Scribner (1989) R1 1 Reverse Cyclic Quasi-Static | Double Curvature
99 N N Yancey and Scribner (1989) R2 1 Reverse Cyclic Quasi-Static | Double Curvature
100 | N N Yancey and Scribner (1989) R4 1 Reverse Cyclic Quasi-Static | Double Curvature
101 N N Yancey and Scribner (1989) R5 1 Reverse Cyclic Quasi-Static | Double Curvature
102 | N N Yancey and Scribner (1989) R6 1 Reverse Cyclic Quasi-Static | Double Curvature
103 N N Yancey and Scribner (1989) R7 1 Reverse Cyclic Quasi-Static | Double Curvature
104 | N N Yancey and Scribner (1989) R8 1 Reverse Cyclic Quasi-Static | Double Curvature
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4 va | ve Experimental Study Wall ID Scale Loading Type L(E:ti:g Support Type
105 | N N Yancey and Scribner (1989) R9 1 Reverse Cyclic Quasi-Static | Double Curvature
106 | N N Yancey and Scribner (1989) R10 1 Reverse Cyclic Quasi-Static | Double Curvature
107 | N N Yancey and Scribner (1989) R11 1 Reverse Cyclic Quasi-Static | Double Curvature
108 N Y Ghanem et al (1992) SWA 0.33 Monotonic Quasi-Static Cantilever
109 | N Y Ghanem et al (1992) SWB 0.33 Monotonic Quasi-Static Cantilever
110 | N Y Ghanem et al (1993) SWA-2 0.33 Monotonic Quasi-Static Cantilever
111 N Y Ghanem et al (1993) SWA-3 0.33 Monotonic Quasi-Static Cantilever
112 N N Tomazevic et al. (1996) V2-BS 0.5 Reverse Cyclic Quasi-Static Cantilever
113 N N Tomazevic et al. (1996) V2-BD 0.5 Reverse Cyclic Dynamic Cantilever
114 N N Tomazevic et al. (1996) V2-CS 0.5 Phased-Sequential | Quasi-Static Cantilever
115 N N Tomazevic et al. (1996) V2-CD 0.5 Phased-Sequential Dynamic Cantilever
116 N N Tomazevic et al. (1996) V2-DS 0.5 Simulated Seismic | Quasi-Static Cantilever
117 N N Tomazevic et al. (1996) V2-DD 0.5 Simulated Seismic Dynamic Cantilever
118 N Y Schultz (1996) 1 1 Phased-Sequential | Quasi-Static | Double Curvature
119 N Y Schultz (1996) 3 1 Phased-Sequential | Quasi-Static | Double Curvature
120 N Y Schultz (1996) 5 1 Phased-Sequential | Quasi-Static | Double Curvature
121 N Y Schultz (1996) 7 1 Phased-Sequential | Quasi-Static | Double Curvature
122 N Y Schultz (1996) 9 1 Phased-Sequential | Quasi-Static | Double Curvature
123 N Y Schultz (1996) 11 1 Phased-Sequential | Quasi-Static | Double Curvature
124 Y Y Schultz et al. (1998) 2 1 Phased-Sequential | Quasi-Static | Double Curvature
125 Y Y Schultz et al. (1998) 4 1 Phased-Sequential | Quasi-Static | Double Curvature
126 Y Y Schultz et al. (1998) 6 1 Phased-Sequential | Quasi-Static | Double Curvature
127 | 'Y Y Schultz et al. (1998) 8 1 Phased-Sequential | Quasi-Static | Double Curvature
128 Y Y Schultz et al. (1998) 10 1 Phased-Sequential | Quasi-Static | Double Curvature
129 Y Y Schultz et al. (1998) 12 1 Phased-Sequential | Quasi-Static | Double Curvature
130 N N Voon and Ingham (2006) 5 1 Reverse Cyclic Cantilever
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131 N N Voon and Ingham (2006) 6 1 Reverse Cyclic Cantilever
132 N N Haach et al. (2007) N60-B1 0.5 Reverse Cyclic Quasi-Static Cantilever
133 N N Haach et al. (2007) N60-B2 0.5 Reverse Cyclic Quasi-Static Cantilever
134 N N Haach et al. (2007) N150-B1 0.5 Reverse Cyclic Quasi-Static Cantilever
135 N N Haach et al. (2007) N150-B2 0.5 Reverse Cyclic Quasi-Static Cantilever
136 Y Y Maleki et al. (2009) Wall #1 0.47 Reverse Cyclic
137 Y Y Maleki et al. (2009) Wall #2 0.47 Reverse Cyclic
138 Y Y Maleki et al. (2009) Wall #3 0.47 Reverse Cyclic
139 Y Y Maleki et al. (2009) Wall #4 0.47 Reverse Cyclic
140 Y Y Maleki et al. (2009) Wall #5 0.47 Reverse Cyclic
141 N Y Elmapruk (2010) PG127-48 1 Reverse Cyclic Quasi-Static
142 N Y Elmapruk (2010) PG127-481 1 Reverse Cyclic Quasi-Static
143 N Y Elmapruk (2010) PG180-48 1 Reverse Cyclic Quasi-Static
144 N Y Elmapruk (2010) PG254-48 1 Reverse Cyclic Quasi-Static
145 N Y Elmapruk (2010) PG127-32 1 Reverse Cyclic Quasi-Static
146 N Y Elmapruk (2010) PG127-24 1 Reverse Cyclic Quasi-Static
147 Y Y Minaie et al. (2010) PCL 1 1 Reverse Cyclic Quasi-Static Cantilever
148 Y Y Minaie et al. (2010) MC 1 1 Reverse Cyclic Quasi-Static Cantilever
149 Y Y Minaie et al. (2010) PCL 2 1 Reverse Cyclic Quasi-Static | Double Curvature
150 Y Y Minaie et al. (2010) MC 2 1 Reverse Cyclic Quasi-Static | Double Curvature
151 N Y Baenziger & Porter (2011) A-1 (DR) 1 Reverse Cyclic Cantilever
152 N Y Baenziger & Porter (2011) A-2 (JR) 1 Reverse Cyclic Cantilever
153 N Y Baenziger & Porter (2011) A-6 (JRx2) 1 Reverse Cyclic Cantilever
154 N Y Baenziger & Porter (2011) B-7 (DR) 1 Reverse Cyclic Cantilever
155 N Y Baenziger & Porter (2011) B-5 (JR) 1 Reverse Cyclic Cantilever
156 N Y Baenziger & Porter (2011) D-3 (DR) 1 Reverse Cyclic Cantilever
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157 N Y Baenziger & Porter (2011) D-4 (JR) 1 Reverse Cyclic Cantilever
158 N Y Baenziger & Porter (2011) D-8 (JRx2) 1 Reverse Cyclic Cantilever
159 | N Y Nolph et al. (2012) PG085-48 1 Reverse Cyclic Quasi-Static

160 N Y Nolph et al. (2012) PG120-48 1 Reverse Cyclic Quasi-Static

161 N Y Nolph et al. (2012) PG169-48 1 Reverse Cyclic Quasi-Static

162 | N Y Nolph et al. (2012) PG085-32 1 Reverse Cyclic Quasi-Static

163 N Y Nolph et al. (2012) PG085-24 1 Reverse Cyclic Quasi-Static

164 | Y Y Oan (2013) 1 1 Monotonic Quasi-Static Cantilever
165 | Y Y Oan (2013) 2 1 Monotonic Quasi-Static Cantilever
166 | Y Y Oan (2013) 3 1 Monotonic Quasi-Static Cantilever
167 Y Y Oan (2013) 4 1 Monotonic Quasi-Static Cantilever
168 Y Y Oan (2013) 5 1 Monotonic Quasi-Static Cantilever
169 Y Y Oan (2013) 6 1 Monotonic Quasi-Static Cantilever
170 Y Y Oan (2013) 7 1 Monotonic Quasi-Static Cantilever
171 Y Y Oan (2013) 8 1 Monotonic Quasi-Static Cantilever
172 Y Y Oan (2013) 9 1 Monotonic Quasi-Static Cantilever
173 Y Y Oan (2013) 10 1 Monotonic Quasi-Static Cantilever
174 Y Y Oan (2013) 11 1 Monotonic Quasi-Static Cantilever
175 Y Y Oan (2013) 12 1 Monotonic Quasi-Static Cantilever
176 Y Y Oan (2013) 13 1 Monotonic Quasi-Static Cantilever
177 Y Y Oan (2013) 14 1 Monotonic Quasi-Static Cantilever
178 Y Y Oan (2013) 15 1 Monotonic Quasi-Static Cantilever
179 N N Oan (2013) 16 1 Monotonic Quasi-Static Cantilever
180 N N Oan (2013) 17 1 Monotonic Quasi-Static Cantilever
181 N N Oan (2013) 18 1 Monotonic Quasi-Static Cantilever
182 Y Y Oan (2013) 19 1 Monotonic Quasi-Static Cantilever
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183 Y Y Oan (2013) 20 1 Monotonic Quasi-Static Cantilever
184 Y Y Oan (2013) 21 1 Monotonic Quasi-Static Cantilever
185 Y Y Oan (2013) 22 1 Monotonic Quasi-Static Cantilever
186 | Y Y Oan (2013) 23 1 Monotonic Quasi-Static Cantilever
187 | Y Y Oan (2013) 24 1 Monotonic Quasi-Static Cantilever
188 | Y Y Oan (2013) 25 1 Monotonic Quasi-Static Cantilever
189 | Y Y Oan (2013) 26 1 Monotonic Quasi-Static Cantilever
190 | 'Y Y Oan (2013) 27 1 Monotonic Quasi-Static Cantilever
191 Y Y Oan (2013) 28 1 Monotonic Quasi-Static Cantilever
192 | Y Y Oan (2013) 29 1 Monotonic Quasi-Static Cantilever
193 Y Y Oan (2013) 30 1 Monotonic Quasi-Static Cantilever
194 | Y Y Oan (2013) 31 1 Monotonic Quasi-Static Cantilever
195 | Y Y Oan (2013) 32 1 Monotonic Quasi-Static Cantilever
196 | Y Y Oan (2013) 33 1 Monotonic Quasi-Static Cantilever
197 N N Oan (2013) 34 1 Monotonic Quasi-Static Cantilever
198 N N Oan (2013) 35 1 Monotonic Quasi-Static Cantilever
199 N N Oan (2013) 36 1 Monotonic Quasi-Static Cantilever
200 Y Y Oan (2013) 37 1 Monotonic Quasi-Static Cantilever
201 Y Y Oan (2013) 38 1 Monotonic Quasi-Static Cantilever
202 Y Y Oan (2013) 39 1 Monotonic Quasi-Static Cantilever
203 Y Y Oan (2013) 40 1 Monotonic Quasi-Static Cantilever
204 Y Y Oan (2013) 41 1 Monotonic Quasi-Static Cantilever
205 Y Y Oan (2013) 42 1 Monotonic Quasi-Static Cantilever
206 Y Y Oan (2013) 43 1 Monotonic Quasi-Static Cantilever
207 Y Y Oan (2013) 44 1 Monotonic Quasi-Static Cantilever
208 Y Y Oan (2013) 45 1 Monotonic Quasi-Static Cantilever
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209 Y Y Oan (2013) 46 1 Monotonic Quasi-Static Cantilever
210 | Y Y Oan (2013) 47 1 Monotonic Quasi-Static Cantilever
211 Y Y Oan (2013) 48 1 Monotonic Quasi-Static Cantilever
212 | Y Y Oan (2013) 49 1 Monotonic Quasi-Static Cantilever
213 Y Y Oan (2013) 50 1 Monotonic Quasi-Static Cantilever
214 | Y Y Oan (2013) 51 1 Monotonic Quasi-Static Cantilever
215 | N N Oan (2013) 52 1 Monotonic Quasi-Static Cantilever
216 | N N Oan (2013) 53 1 Monotonic Quasi-Static Cantilever
217 | N N Oan (2013) 54 1 Monotonic Quasi-Static Cantilever
218 N N Oan (2013) P2-55 1 Monotonic Quasi-Static Cantilever
219 N N Oan (2013) P2-56 1 Monotonic Quasi-Static Cantilever
220 N N Oan (2013) P2-57 1 Monotonic Quasi-Static Cantilever
221 N N Oan (2013) P2-58 1 Monotonic Quasi-Static Cantilever
222 N N Oan (2013) P2-59 1 Monotonic Quasi-Static Cantilever
223 N N Oan (2013) P2-60 1 Monotonic Quasi-Static Cantilever
224 Y Y Oan (2013) P2-61 1 Monotonic Quasi-Static Cantilever
225 Y Y Oan (2013) P2-62 1 Monotonic Quasi-Static Cantilever
226 Y Y Oan (2013) P2-63 1 Monotonic Quasi-Static Cantilever
227 Y Y Oan (2013) P2-64 1 Monotonic Quasi-Static Cantilever
228 Y Y Oan (2013) P2-65 1 Monotonic Quasi-Static Cantilever
229 Y Y Oan (2013) P2-66 1 Monotonic Quasi-Static Cantilever
230 Y Y Hoque (2013) 1A 1 Reverse Cyclic Quasi-Static | Double Curvature
231 Y Y Hoque (2013) 1B 1 Reverse Cyclic Quasi-Static | Double Curvature
232 Y Y Hoque (2013) 2A 1 Reverse Cyclic Quasi-Static | Double Curvature
233 Y Y Hoque (2013) 2B 1 Reverse Cyclic Quasi-Static | Double Curvature
234 | Y Y Hoque (2013) 3A 1 Reverse Cyclic Quasi-Static | Double Curvature
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235 | Y Y Hoque (2013) 3B 1 Reverse Cyclic Quasi-Static | Double Curvature
236 Y Y Hoque (2013) 3C 1 Reverse Cyclic Quasi-Static | Double Curvature
237 | Y Y Hoque (2013) 4A 1 Reverse Cyclic Quasi-Static | Double Curvature
238 | 'Y Y Hoque (2013) 4B 1 Reverse Cyclic Quasi-Static | Double Curvature
239 | Y Y Hoque (2013) 4C 1 Reverse Cyclic Quasi-Static | Double Curvature
240 | Y Y Hoque (2013) 5A 1 Reverse Cyclic Quasi-Static | Double Curvature
241 Y Y Hoque (2013) 5B 1 Reverse Cyclic Quasi-Static | Double Curvature
242 | Y Y Hoque (2013) 6A 1 Reverse Cyclic Quasi-Static | Double Curvature
243 Y Y Hoque (2013) 6B 1 Reverse Cyclic Quasi-Static | Double Curvature
244 | Y Y Hoque (2013) TA 1 Reverse Cyclic Quasi-Static | Double Curvature
245 | Y Y Hoque (2013) 7B 1 Reverse Cyclic Quasi-Static | Double Curvature
246 | Y Y Hoque (2013) 8A 1 Monotonic Quasi-Static | Double Curvature
247 | Y Y Hoque (2013) 8B 1 Monotonic Quasi-Static | Double Curvature
248 N N Hamedzadeh (2013) 1A (Type A) | 0.477 Monotonic Quasi-Static
249 Y Y Hamedzadeh (2013) 1B (Type A) | 0.477 Monotonic Quasi-Static
250 Y Y Hamedzadeh (2013) 2A (Type A) | 0.477 Monotonic Quasi-Static
251 Y Y Hamedzadeh (2013) 2B (Type A) | 0.477 Monotonic Quasi-Static
252 Y Y Hamedzadeh (2013) 3A (Type A) | 0.477 Monotonic Quasi-Static
253 Y Y Hamedzadeh (2013) 3B (Type A) | 0.477 Monotonic Quasi-Static
254 Y Y Hamedzadeh (2013) 4A (Type B) | 0.477 Monotonic Quasi-Static
255 Y Y Hamedzadeh (2013) 4B (Type B) | 0.477 Monotonic Quasi-Static
256 Y Y Hamedzadeh (2013) 4C (Type B) | 0.477 Monotonic Quasi-Static
257 Y Y Hamedzadeh (2013) SA (Type B) | 0.477 Monotonic Quasi-Static
258 Y Y Hamedzadeh (2013) 5B (Type B) | 0.477 Monotonic Quasi-Static
259 Y Y Hamedzadeh (2013) 5C (Type B) | 0.477 Monotonic Quasi-Static
260 Y Y Hamedzadeh (2013) 6A (Type C) | 0.477 Monotonic Quasi-Static
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Wall DATASET LOADING / BOUNDARY CONDITIONS

4 va | ve Experimental Study Wall ID Scale Loading T Loading S ¢T

oading Type Rate upport Type

261 Y Y Hamedzadeh (2013) 6B (Type C) | 0.477 Monotonic Quasi-Static
262 Y Y Hamedzadeh (2013) 6C (Type C) | 0.477 Monotonic Quasi-Static
263 Y Y Hamedzadeh (2013) 7A (Type C) | 0.477 Monotonic Quasi-Static
264 Y Y Hamedzadeh (2013) 7B (Type C) | 0.477 Monotonic Quasi-Static
265 Y Y Hamedzadeh (2013) 7C (Type C) | 0.477 Monotonic Quasi-Static
266 Y Y Hamedzadeh (2013) 8A (Type D) | 0.477 Monotonic Quasi-Static
267 Y Y Hamedzadeh (2013) 8B (Type D) | 0.477 Monotonic Quasi-Static
268 Y Y Hamedzadeh (2013) 8C (Type D) | 0.477 Monotonic Quasi-Static
269 | N N Rizaee (2015) Wall 1-A 1 Reverse Cyclic Quasi-Static | Double Curvature
270 | Y Y Rizaee (2015) Wall 2-A 1 Reverse Cyclic Quasi-Static | Double Curvature
271 Y Y Rizaee (2015) Wall 3-B 1 Reverse Cyclic Quasi-Static | Double Curvature
272 | Y Y Rizaee (2015) Wall 4-B 1 Reverse Cyclic Quasi-Static | Double Curvature
273 Y Y Rizaee (2015) Wall 5-C 1 Reverse Cyclic Quasi-Static | Double Curvature
274 | Y Y Rizaee (2015) Wall 6-C 1 Reverse Cyclic Quasi-Static | Double Curvature
275 | Y Y Rizaee (2015) Wall 7-D 1 Reverse Cyclic Quasi-Static | Double Curvature
276 | Y Y Rizaee (2015) Wall 8-D 1 Reverse Cyclic Quasi-Static | Double Curvature
277 | Y Y Rizaee (2015) Wall 9-E 1 Reverse Cyclic Quasi-Static | Double Curvature
278 | Y Y Rizaee (2015) Wall 10-E 1 Reverse Cyclic Quasi-Static | Double Curvature
279 | Y Y Rizaee (2015) Wall 11-F 1 Reverse Cyclic Quasi-Static | Double Curvature
280 | Y Y Rizaee (2015) Wall 12-F 1 Reverse Cyclic Quasi-Static | Double Curvature
281 Y Y Rizaee (2015) Wall 13-G 1 Reverse Cyclic Quasi-Static | Double Curvature
282 | Y Y Rizaee (2015) Wall 14-G 1 Reverse Cyclic Quasi-Static | Double Curvature
283 Y Y Ramirez et al. (2016) Ml 1 Reverse Cyclic Quasi-Static Cantilever
284 | Y Y Ramirez et al. (2016) M2 1 Reverse Cyclic Quasi-Static Cantilever
285 Y Y Ramirez et al. (2016) M3 1 Reverse Cyclic Quasi-Static Cantilever
286 | Y Y Ramirez et al. (2016) M4 1 Reverse Cyclic Quasi-Static Cantilever
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287 | Y Y Ramirez et al. (2016) M5 1 Reverse Cyclic Quasi-Static Cantilever
288 | Y Y Ramirez et al. (2016) M6 1 Reverse Cyclic Quasi-Static Cantilever
2890 | Y Y Ramirez et al. (2016) M7 1 Reverse Cyclic Quasi-Static Cantilever
290 | Y Y Ramirez et al. (2016) MS 1 Reverse Cyclic Quasi-Static Cantilever
291 Y Y Ramirez et al. (2016) M9 1 Reverse Cyclic Quasi-Static Cantilever
292 | Y Y Ramirez et al. (2016) M10 1 Reverse Cyclic Quasi-Static Cantilever
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I WALL GEOMETRY PARTIAL GROUTING
YWH B O He L€ B Lt d | Aw Awl
[mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] & ' [mm] | [mm?]  Agross EOM VEvAve Sghmax Sghave
1 2438 2540 2540 2438 143 254 0 12 2388 | 123871 0.36 2438 2438 2642 2642
2 2438 2540 2540 2438 143 254 2 12 2388 | 160413 046 2438 2235 2642 2642
3 2438 2540 2540 2438 143 254 0 12 2388 | 123871 0.36 2438 2438 1016 813
4 2438 2540 2540 2438 143 254 2 12 2388 | 160413 046 2235 2235 1321 1219
5 2438 2540 2540 2438 143 254 3 12 2388 | 178684 0.51 1219 1118 1321 1219
6 2438 2540 2540 2438 143 254 4 12 2388 | 196955 0.57 813 745 2642 2642
7 2438 2540 2540 2438 143 254 2 12 2388 | 160413 0.46 2235 2235 2642 2642
8 2438 2540 2540 2438 143 254 5 12 2388 | 215226 0.62 813 745 2642 2642
9 2438 2540 2540 2438 143 254 5 12 2388 | 215226 0.62 813 745 1321 1219
10 2438 2540 2540 2438 143 254 5 12 2388 | 215226 0.62 813 745 1016 813
11 2438 2540 2540 2438 143 254 5 12 2388 | 215226 0.62 813 745 813 610
12 2438 2540 2540 2438 143 254 5 12 2388 | 215226 0.62 813 745 1016 813
13 2650 2750 2750 3200 150 254 7 16 3100 | 297968 0.62 800 650 2650 2650
14 2650 2750 2750 3200 150 254 7 16 3100 | 297968 0.62 800 650 2650 2650
15 2650 2750 2750 3200 150 254 7 16 3100 | 297968 0.62 800 650 2650 2650
16 2650 2750 2750 3200 150 254 5 16 3100 | 259280 0.54 1400 1300 2650 2650
17 2650 2750 2750 3200 150 254 5 16 3100 | 259280 0.54 1400 1300 2650 2650
18 2650 2750 2750 3200 150 254 7 16 3100 | 297968 0.62 800 650 2650 2650
19 2650 2750 2750 3200 150 254 5 16 3100 | 259280 0.54 1400 1300 2650 2650
20 2650 2750 2750 3200 150 254 7 16 3100 | 297968 0.62 800 650 2650 2650
21 2650 2750 2750 3200 150 254 7 16 3100 | 297968 0.62 800 650 2650 2650
22 2650 2750 2750 3200 150 254 7 16 3100 | 297968 0.62 800 650 2650 2650
23 2000 2100 2100 2000 254 4 10 1900 | 178976 0.60 1800 2000
24 2000 2100 2100 2000 254 4 10 1900 | 178976 0.60 1800 2000
25 2000 2100 2100 2000 254 4 10 1900 | 178976 0.60 1800 2000
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I WALL GEOMETRY PARTIAL GROUTING
YWH B O He L€ B Lt d | Aw Awl

[mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] & ' [mm] | [mm?]  Agross EOM VEvAve Sghmax Sghave

26 2000 2100 2100 2000 254 4 10 1900 | 178976 0.60 1800 2000

27 2000 2100 2100 2000 254 4 10 1900 | 178976 0.60 1800 2000

28 2000 2100 2100 2000 254 6 10 1900 | 217664 0.73 900 2000

29 2000 2100 2100 2000 254 4 10 1900 | 178976 0.60 1800 2000

30 2000 2100 2100 2000 254 6 10 1900 | 217664 0.73 900 2000

31 2000 2100 2100 2000 254 4 10 1900 | 178976 0.60 1800 2000

32 2000 2100 2100 2000 254 4 10 1900 | 178976 0.60 1800 2000

33 2000 2100 2100 2000 254 4 10 1900 | 178976 0.60 1800 2000

34 1626 0 813 143 83045 613 1626

35 1626 0 813 143 83045 613 1626

36 1422 1830 915 1219 194 197 397 41.3 0 1168 | 100645 043 1219 1219 1422 1422

37 1422 1830 915 1219 194 197 397 41.3 2 6 1168 | 144748 0.61 1067 1067 711 711

38 1422 1830 915 1219 194 197 397 41.3 2 6 1168 | 144748 0.61 1067 1067 1422 1422

39 1422 1830 915 1219 194 197 397 41.3 2 6 1168 | 144748 0.61 1067 1067 508 474

40 2400 0 1600 140 158400 0.71 400 1000

41 2400 0 1600 140 158400 0.71 400 2400

42 2400 0 1600 140 158400 0.71 400 600

43 1800 2475 1238 1720 150 190 390 5 1655 | 159400 0.62 400 350 600 600

44 1800 2475 1238 1720 150 190 390 5 1655 | 159400 0.62 400 350 600 600

45 1800 2475 1238 1320 150 190 390 4 1255 | 123600 0.62 400 333 600 600

46 1800 2475 1238 1320 150 190 390 4 1255 | 123600 0.62 400 333 600 600

47 1800 2475 1238 920 150 190 390 3 855 87800 0.64 300 300 600 600

48 1800 2475 1238 920 150 190 390 3 855 87800 0.64 300 300 600 600

49 1800 2475 1238 1320 150 190 390 4 1255 | 123600 0.62 400 333 0 0

50 1800 2475 1238 1320 150 190 390 4 1255 | 123600 0.62 400 333 0 0
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WALL GEOMETRY PARTIAL GROUTING
W He Lt B Lt Cd | A A
[mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] & ' [mm] | [mm?]  Agross EOM VEvAve Sghmax Sghave

51 1800 2475 1238 1320 150 190 390 4 1255 | 123600 0.62 400 333 600 600
52 1800 2475 1238 1320 150 190 390 4 1255 | 123600 0.62 400 333 600 600
53 1800 2475 1238 1320 150 190 390 4 1255 | 123600 0.62 400 333 600 600
54 1800 2475 1238 1320 150 190 390 4 1255 | 123600 0.62 400 333 600 600
55 1800 2475 1238 1320 150 190 390 4 1255 | 123600 0.62 400 333 600 600
56 1800 2475 1238 1320 150 190 390 4 1255 | 123600 0.62 400 333 600 600
57 1800 2475 1238 1370 150 190 390 4 1293 | 127100 0.62 400 333 0 0

58 1800 2475 1238 1370 150 190 390 4 1293 | 127100 0.62 400 333 600 600
59 1800 2475 1238 1370 150 190 390 4 1293 | 127100 0.62 400 333 600 600
60 1800 2475 1238 1370 150 190 390 4 1293 | 127100 0.62 400 333 400 400
61 1800 2475 1238 1370 150 190 390 4 1293 | 127100 0.62 400 333 600 600
62 1800 2475 1238 1320 150 190 390 4 1255 | 123600 0.62 400 333 0 0

63 1800 2475 1238 1320 150 190 390 4 1255 | 123600 0.62 400 333 0 0

64 1800 2475 1238 1320 150 190 390 4 1255 | 123600 0.62 400 333 600 600
65 1800 2475 1238 1320 150 190 390 4 1255 | 123600 0.62 400 333 600 600
66 1800 2475 1238 1970 150 190 390 6 1880 | 184700 0.63 400 360 600 600
67 1800 2475 1238 1970 150 190 390 6 1880 | 184700 0.63 400 360 600 600
68 1800 2475 1238 1770 150 190 390 5 1680 | 162900 0.61 400 350 600 600
69 1800 2475 1238 1370 150 190 390 4 1280 | 127100 0.62 400 333 600 600
70 1800 2475 1238 970 150 190 390 3 880 91300 0.63 300 300 600 600
71 1800 2475 1238 970 150 190 390 3 880 91300 0.63 300 300 600 600
72 760 860 860 610 100 100 200 20 2 6 560 36400 0.60 510 510 760 760
73 760 860 860 610 100 100 200 20 2 6 560 36400 0.60 510 510 760 760
74 760 860 860 610 100 100 200 20 2 6 560 36400 0.60 510 510 760 760
75 760 860 860 610 100 100 200 20 2 6 560 36400 0.60 510 510 760 760
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WALL GEOMETRY PARTIAL GROUTING
W He Lt B Lt Cd | A A

[mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] & ' [mm] | [mm?]  Agross EOM VEvAve Sghmax Sghave
76 1405 1505 1505 610 100 100 200 20 2 6 560 36400 0.60 510 510 1405 1405
77 760 860 860 610 100 100 200 20 2 6 560 36400 0.60 510 510 760 760
78 760 860 860 610 100 100 200 20 2 6 560 36400 0.60 510 510 760 760
79 760 860 860 610 100 100 200 20 2 6 560 36400 0.60 510 510 760 760
80 760 860 860 610 100 100 200 20 2 6 560 36400 0.60 510 510 760 760
81 1405 1505 1505 610 100 100 200 20 2 6 560 36400 0.60 510 510 1405 1405
82 813 1422 711 813 194 194 397 32 2 4 762 | 103276 0.66 610 610 813 813
83 813 1422 711 813 194 194 397 32 2 4 762 | 103276 0.66 610 610 813 813
84 813 1422 711 813 194 194 397 32 2 4 762 | 103276 0.66 610 610 813 813
85 813 1422 711 813 194 194 397 32 2 4 762 | 103276 0.66 610 610 813 813
86 813 1422 711 813 194 194 397 32 2 4 762 | 103276 0.66 610 610 813 813
87 813 1422 711 813 194 194 397 32 2 4 762 | 103276 0.66 610 610 813 813
88 813 1422 711 813 194 194 397 32 2 4 762 | 103276 0.66 610 610 813 813
89 813 1422 711 813 194 194 397 32 2 4 762 | 103276 0.66 610 610 813 813
90 813 1422 711 813 194 194 397 32 2 4 762 | 103276 0.66 610 610 813 813
91 813 1422 711 813 194 194 397 32 2 4 762 | 103276 0.66 610 610 813 813
92 813 1422 711 813 194 194 397 32 2 4 762 | 103276 0.66 610 610 813 813
93 813 1422 711 813 194 194 397 32 2 4 762 | 103276 0.66 610 610 813 813
94 813 1422 711 813 194 194 397 32 2 4 762 | 103276 0.66 610 610 813 813
95 813 1422 711 813 194 194 397 32 2 4 762 | 103276 0.66 610 610 813 813
96 813 1422 711 813 194 194 397 32 2 4 762 | 103276 0.66 610 610 813 813
97 813 1422 711 813 194 194 397 32 2 4 762 | 103276 0.66 610 610 813 813
98 1422 0 1219 194 126774  0.54 1219 1422
99 1422 0 1219 194 126774 0.54 1219 1422
100 | 1422 0 1219 194 126774  0.54 1219 1422
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YWH B O He L€ B Lt d | Aw Awl
[mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] & ' [mm] | [mm?]  Agross EOM VEvAve Sghmax Sghave

101 | 1422 0 1219 194 126774 0.54 1219 711

102 | 1422 0 1219 194 126774 0.54 1219 711

103 | 1422 0 1219 194 126774 0.54 1219 800

104 | 1422 0 1219 194 126774 0.54 1219 711

105 | 1422 0 1219 194 126774 0.54 1219 711

106 | 1422 0 1219 194 126774  0.54 1219 711

107 | 1422 0 1219 194 126774 0.54 1219 800

108 920 1022 1022 939 47.8 8.5 2 14 906 19974  0.45 871 871 874 874

109 920 1022 1022 939 47.8 8.5 3 14 906 22012  0.49 470 436 432 432

110 920 1022 1022 939 47.8 8.5 3 14 906 22012 0.49 470 436 432 432

111 920 1022 1022 939 47.8 8.5 3 14 906 22012  0.49 470 436 432 432

112 760 0 610 100 42300  0.69 510 760

113 760 0 610 100 42300 0.69 510 760

114 760 0 610 100 42300  0.69 510 760

115 760 0 610 100 42300 0.69 510 760

116 760 0 610 100 42300  0.69 510 760

117 760 0 610 100 42300 0.69 510 760

118 | 1422 2032 1016 2845 195 194 396 337 2 7 2794 | 242283 044 2642 2642 711 711

119 | 1422 2032 1016 2032 195 194 396 33.7 2 7 1981 | 187486 0.47 1829 1829 711 711

120 | 1422 2032 1016 1422 195 194 396 337 2 7 1371 | 146372 0.53 1219 1219 711 711

121 1422 2032 1016 2845 195 194 396 33.7 2 7 2794 | 242283 044 2642 2642 711 711

122 | 1422 2032 1016 2032 195 194 396 337 2 7 1981 | 187486 0.47 1829 1829 711 711

123 | 1422 2032 1016 1422 195 194 396 33.7 2 7 1371 | 146372 0.53 1219 1219 711 711

124 | 1422 2032 1016 2845 195 194 396 33.7 2 7 2794 | 242283  0.44 2642 2642 1422 1422

125 | 1422 2032 1016 2032 195 194 396 33.7 2 7 1981 | 187486 0.47 1829 1829 1422 1422
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126 | 1422 2032 1016 1422 195 194 396 337 2 7 1371 | 146372 0.53 1219 1219 1422 1422
127 | 1422 2032 1016 2845 195 194 396 33.7 2 7 2794 | 242283 044 2642 2642 1422 1422
128 | 1422 2032 1016 2032 195 194 396 337 2 7 1981 | 187486 0.47 1829 1829 1422 1422
129 | 1422 2032 1016 1422 195 194 396 33.7 2 7 1371 | 146372 0.53 1219 1219 1422 1422
130 | 1800 1800 140 186000 0.74 400 1800
131 | 1800 0 1800 140 186000 0.74 800 1800
132 808 948 948 1200 100 93 200 16 3 1150 | 43908 0.37 500 500 808 808
133 808 948 948 1200 100 93 200 16 3 1150 | 43908 0.37 500 500 808 808
134 808 948 948 1200 100 93 200 16 3 1150 | 43908 0.37 500 500 808 808
135 808 948 948 1200 100 93 200 16 3 1150 | 43908 0.37 500 500 808 808
136 | 1800 1820 1820 1800 90 90 185 15.5 3 19 1755 | 72173 0.45 855 855 855 855
137 | 1800 1820 1820 1800 90 90 185 15.5 4 19 1755 | 77630 0.48 570 570 570 570
138 | 1800 1820 1820 1800 90 90 185 15.5 2 19 1755 | 66715 041 1710 1710 1710 1710
139 945 965 965 1800 90 90 185 15.5 3 19 1755 | 72173 0.45 855 855 855 855
140 | 2655 2675 2675 1800 90 90 185 15.5 3 19 1755 | 72173 0.45 855 855 855 855
141 1422 1524 762 2642 194 31.8 3 13 2591 | 245236 0.48 1219 1219 7112 711.2
142 | 1422 1524 762 2642 194 31.8 3 13 2591 | 245236 0.48 1219 1219 711.2 711.2
143 | 1422 1524 762 2642 194 31.8 3 13 2591 | 245236 0.48 1219 1219 7112 711.2
144 | 1422 1524 762 2642 194 31.8 3 13 2591 | 245236 0.48 1219 1219 711.2 711.2
145 | 1422 1524 762 2642 194 31.8 4 13 2591 | 271068 0.53 812.8 &12.8 711.2 7112
146 | 1422 1524 762 2642 194 31.8 5 13 2591 | 296900 0.58 609.6 609.6 711.2 7112
147 | 2438 2642 2642 3861 31.8 4 19 3810 | 348487 0.47 1219 1219 1200 1168
148 | 2438 2642 2642 3861 31.8 4 19 3810 | 348487 0.47 1219 1219 1200 1168
149 | 2438 2642 1321 3861 31.8 4 19 3810 | 348487 0.47 1219 1219 1200 1168
150 | 2438 2642 1321 3861 31.8 4 19 3810 | 348487 0.47 1219 1219 1200 1168
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151 | 2438 2540 2540 2844.8 193.7 38.1 4 14 2794 | 310020 0.56 1219 881 1219 1168
152 | 2438 2540 2540 2844.8 193.7 38.1 4 14 2794 | 310020 0.56 1219 881 203 203
153 | 2438 2540 2540 2844.8 193.7 38.1 6 14 2794 | 356642 0.65 1016 745 203 203
154 | 2438 2540 2540 2844.8 193.7 38.1 6 14 2794 | 356642 0.65 1016 745 1219 1168
155 | 2438 2540 2540 2844.8 193.7 38.1 6 14 2794 | 356642 0.65 1016 745 203 203
156 | 2438 2540 2540 4267.2 193.7 38.1 6 21 4216 | 465029 0.56 1219 813 1219 1168
157 | 2438 2540 2540 4267.2 193.7 38.1 8 21 4216 | 511652 0.62 1219 732 203 203
158 | 2438 2540 2540 4267.2 193.7 38.1 8 21 4216 | 511652 0.62 1219 732 203 203
159 | 2235 2337 2337 2631 193.7 31.8 3 13 2535 | 244563 0.48 1219 1219 1118 1118
160 | 2235 2337 2337 2631 193.7 31.8 3 13 2535 | 244563 0.48 1219 1219 1118 1118
161 | 2235 2337 2337 2631 193.7 31.8 3 13 2535 | 244563 0.48 1219 1219 1118 1118
162 | 2235 2337 2337 2631 193.7 31.8 4 13 2535 | 270395 0.53 813 813 1118 1118
163 | 2235 2337 2337 2631 193.7 31.8 5 13 2535 | 296227 0.58 610 610 1118 1118
164 | 1000 1200 1200 1600 190 4 8 1500 | 205600 0.68 600 466.7 1200 1200
165 | 1000 1200 1200 1600 190 4 8 1500 | 205600 0.68 600 466.7 1200 1200
166 | 1000 1200 1200 1600 190 4 8 1500 | 205600 0.68 600 466.7 1200 1200
167 | 1000 1200 1200 1600 190 4 8 1500 | 205600 0.68 600 466.7 1200 1200
168 | 1000 1200 1200 1600 190 4 8 1500 | 205600 0.68 600 466.7 1200 1200
169 | 1000 1200 1200 1600 190 4 8 1500 | 205600 0.68 600 466.7 1200 1200
170 | 1000 1200 1200 1600 190 4 8 1500 | 205600 0.68 600 466.7 1200 1200
171 | 1000 1200 1200 1600 190 4 8 1500 | 205600 0.68 600 466.7 1200 1200
172 | 1000 1200 1200 1600 190 4 8 1500 | 205600 0.68 600 466.7 1200 1200
173 | 1000 1200 1200 1600 190 4 8 1500 | 205600 0.68 600 466.7 1200 1200
174 | 1000 1200 1200 1600 190 4 8 1500 | 205600 0.68 600 466.7 1200 1200
175 | 1000 1200 1200 1600 190 4 8 1500 | 205600 0.68 600 466.7 1200 1200
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[mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] & ' [mm] | [mm?]  Agross EOM VEvAve Sghmax Sghave
176 | 1000 1200 1200 1600 190 4 8 1500 | 205600 0.68 600 466.7 1200 1200
177 | 1000 1200 1200 1600 190 4 8 1500 | 205600 0.68 600 466.7 1200 1200
178 | 1000 1200 1200 1600 190 4 8 1500 | 205600 0.68 600 466.7 1200 1200
179 | 1000 1200 1200 1600 190 0 8 1500 | 112000 0.37 1600 1600 1200 1200
180 | 1000 1200 1200 1600 190 0 8 1500 | 112000 0.37 1600 1600 1200 1200
181 | 1000 1200 1200 1600 190 0 8 1500 | 112000 0.37 1600 1600 1200 1200
182 | 1000 1200 1200 1600 190 4 8 1500 | 205600 0.68 600 466.7 1200 1200
183 | 1000 1200 1200 1600 190 4 8 1500 | 205600 0.68 600 466.7 1200 1200
184 | 1000 1200 1200 1600 190 4 8 1500 | 205600 0.68 600 466.7 1200 1200
185 | 1000 1200 1200 1600 190 4 8 1500 | 205600 0.68 600 466.7 1200 1200
186 | 1000 1200 1200 1600 190 4 8 1500 | 205600 0.68 600 466.7 1200 1200
187 | 1000 1200 1200 1600 190 4 8 1500 | 205600 0.68 600 466.7 1200 1200
188 | 1000 1200 1200 1600 190 4 8 1500 | 205600 0.68 600 466.7 1200 1200
189 | 1000 1200 1200 1600 190 4 8 1500 | 205600 0.68 600 466.7 1200 1200
190 | 1000 1200 1200 1600 190 4 8 1500 | 205600 0.68 600 466.7 1200 1200
191 | 1000 1200 1200 1600 190 4 8 1500 | 205600 0.68 600 466.7 1200 1200
192 | 1000 1200 1200 1600 190 4 8 1500 | 205600 0.68 600 466.7 1200 1200
193 | 1000 1200 1200 1600 190 4 8 1500 | 205600 0.68 600 466.7 1200 1200
194 | 1000 1200 1200 1600 190 4 8 1500 | 205600 0.68 600 466.7 1200 1200
195 | 1000 1200 1200 1600 190 4 8 1500 | 205600 0.68 600 466.7 1200 1200
196 | 1000 1200 1200 1600 190 4 8 1500 | 205600 0.68 600 466.7 1200 1200
197 | 1000 1200 1200 1600 190 0 8 1500 | 112000 0.37 1600 1600 1200 1200
198 | 1000 1200 1200 1600 190 0 8 1500 | 112000 0.37 1600 1600 1200 1200
199 | 1000 1200 1200 1600 190 0 8 1500 | 112000 0.37 1600 1600 1200 1200
200 | 1000 1200 1200 1600 190 4 8 1500 | 205600 0.68 600 466.7 1200 1200
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201 | 1000 1200 1200 1600 190 4 8 1500 | 205600 0.68 600 466.7 1200 1200
202 | 1000 1200 1200 1600 190 4 8 1500 | 205600 0.68 600 466.7 1200 1200
203 | 1000 1200 1200 1600 190 4 8 1500 | 205600 0.68 600 466.7 1200 1200
204 | 1000 1200 1200 1600 190 4 8 1500 | 205600 0.68 600 466.7 1200 1200
205 | 1000 1200 1200 1600 190 4 8 1500 | 205600 0.68 600 466.7 1200 1200
206 | 1000 1200 1200 1600 190 4 8 1500 | 205600 0.68 600 466.7 1200 1200
207 | 1000 1200 1200 1600 190 4 8 1500 | 205600 0.68 600 466.7 1200 1200
208 | 1000 1200 1200 1600 190 4 8 1500 | 205600 0.68 600 466.7 1200 1200
209 | 1000 1200 1200 1600 190 4 8 1500 | 205600 0.68 600 466.7 1200 1200
210 | 1000 1200 1200 1600 190 4 8 1500 | 205600 0.68 600 466.7 1200 1200
211 | 1000 1200 1200 1600 190 4 8 1500 | 205600 0.68 600 466.7 1200 1200
212 | 1000 1200 1200 1600 190 4 8 1500 | 205600 0.68 600 466.7 1200 1200
213 | 1000 1200 1200 1600 190 4 8 1500 | 205600 0.68 600 466.7 1200 1200
214 | 1000 1200 1200 1600 190 4 8 1500 | 205600 0.68 600 466.7 1200 1200
215 | 1000 1200 1200 1600 190 0 8 1500 | 112000 0.37 1600 1600 1200 1200
216 | 1000 1200 1200 1600 190 0 8 1500 | 112000 0.37 1600 1600 1200 1200
217 | 1000 1200 1200 1600 190 0 8 1500 | 112000 0.37 1600 1600 1200 1200
218 | 1000 1200 1200 1600 190 0 8 1500 | 112000 0.37 1600 1600 1200 1200
219 | 1000 1200 1200 1600 190 0 8 1500 | 112000 0.37 1600 1600 1200 1200
220 | 1000 1200 1200 1600 190 0 8 1500 | 112000 0.37 1600 1600 1200 1200
221 | 1000 1200 1200 1600 190 0 8 1500 | 112000 0.37 1600 1600 1200 1200
222 | 1000 1200 1200 1600 190 0 8 1500 | 112000 0.37 1600 1600 1200 1200
223 | 1000 1200 1200 1600 190 0 8 1500 | 112000 0.37 1600 1600 1200 1200
224 | 1000 1200 1200 1600 190 4 8 1500 | 205600 0.68 600 466.7 1200 1200
225 | 1000 1200 1200 1600 190 4 8 1500 | 205600 0.68 600 466.7 1200 1200
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YW m He L ¢ Lt Cd | A A
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226 | 1000 1200 1200 1600 190 4 8 1500 | 205600 0.68 600 466.7 1200 1200
227 | 1000 1200 1200 1600 190 4 8 1500 | 205600 0.68 600 466.7 1200 1200
228 | 1000 1200 1200 1600 190 4 8 1500 | 205600 0.68 600 466.7 1200 1200
229 | 1000 1200 1200 1600 190 4 8 1500 | 205600 0.68 600 466.7 1200 1200
230 | 1800 2025 1013 1800 190 190 390 3 9 1700 | 199116 0.58 800 800 900 850
231 | 1800 2025 1013 1800 190 190 390 3 9 1700 | 199116 0.58 800 800 900 850
232 | 1800 2025 1013 1800 190 190 390 3 9 1700 | 199116 0.58 800 800 900 850
233 | 1800 2025 1013 1800 190 190 390 3 9 1700 | 199116 0.58 800 800 900 850
234 | 1800 2025 1013 1800 190 190 390 3 9 1700 | 199116 0.58 800 800 900 850
235 | 1800 2025 1013 1800 190 190 390 3 9 1700 | 199116 0.58 800 800 900 850
236 | 1800 2025 1013 1800 190 190 390 3 9 1700 | 199116 0.58 800 800 900 850
237 | 1800 2025 1013 1800 190 190 390 3 9 1700 | 199116 0.58 800 800 700 600
238 | 1800 2025 1013 1800 190 190 390 3 9 1700 | 199116 0.58 800 800 700 600
239 | 1800 2025 1013 1800 190 190 390 3 9 1700 | 199116 0.58 800 800 700 600
240 | 1800 2025 1013 1800 190 190 390 3 9 1700 | 199116 0.58 800 800 1800 1800
241 | 1800 2025 1013 1800 190 190 390 3 9 1700 | 199116 0.58 800 800 1800 1800
242 | 1800 2025 1013 1800 190 190 390 3 9 1700 | 199116 0.58 800 800 1800 1800
243 | 1800 2025 1013 1800 190 190 390 3 9 1700 | 199116 0.58 800 800 1800 1800
244 | 1800 2025 1013 1800 190 190 390 3 9 1700 | 199116 0.58 800 800 1800 1800
245 | 1800 2025 1013 1800 190 190 390 3 9 1700 | 199116 0.58 800 800 1800 1800
246 | 1800 2025 1013 1800 190 190 390 3 9 1700 | 199116 0.58 800 800 1800 1800
247 | 1800 2025 1013 1800 190 190 390 3 9 1700 | 199116 0.58 800 800 1800 1800
248 | 1045 1140 570 1233 90.7 90.8 186.1 16.3 2 13 1187 | 51008 0.46 1140 1140 1235 1235
249 | 1045 1140 570 1233 90.7 90.8 186.1 16.3 2 13 1187 | 51008 0.46 1140 1140 1235 1235
250 | 1045 1140 570 1233 90.7 90.8 186.1 16.3 2 13 1187 | 51008 0.46 1140 1140 1235 1235
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251 | 1045 1140 570 1233 90.7 90.8 186.1 16.3 2 13 1187 | 51008 0.46 1140 1140 1235 1235
252 | 1235 1437 719 1233 90.7 90.8 186.1 16.3 2 13 1187 | 51008 0.46 1140 1140 1190 1190
253 | 1235 1437 719 1233 90.7 90.8 186.1 16.3 2 13 1187 | 51008 0.46 1140 1140 1190 1190
254 | 1235 1437 719 2372 90.7 90.8 186.1 16.3 3 25 2326 | 93546 043 1140 1140 1190 1190
255 | 1235 1437 719 2372 90.7 90.8 186.1 16.3 3 25 2326 | 93546 043 1140 1140 1190 1190
256 | 1235 1437 719 2372 90.7 90.8 186.1 16.3 3 25 2326 | 93546 043 1140 1140 1190 1190
257 | 1235 1437 719 2372 90.7 90.8 186.1 16.3 3 25 2326 | 93546 043 1140 1140 1190 1190
258 | 1235 1437 719 2372 90.7 90.8 186.1 16.3 3 25 2326 | 93546 043 1140 1140 1190 1190
259 | 1235 1437 719 2372 90.7 90.8 186.1 16.3 3 25 2326 | 93546 043 1140 1140 1190 1190
260 760 962 481 2372 90.7 90.8 186.1 16.3 4 25 2326 | 98952 0.46 760 760 714.6 714.6
261 760 962 481 2372 90.7 90.8 186.1 16.3 4 25 2326 | 98952 0.46 760 760 714.6 714.6
262 760 962 481 2372 90.7 90.8 186.1 16.3 4 25 2326 | 98952 0.46 760 760 714.6 714.6
263 760 962 481 2372 90.7 90.8 186.1 16.3 4 25 2326 | 98952 0.46 760 760 714.6 714.6
264 760 962 481 2372 90.7 90.8 186.1 16.3 4 25 2326 | 98952 0.46 760 760 714.6 714.6
265 760 962 481 2372 90.7 90.8 186.1 16.3 4 25 2326 | 98952 0.46 760 760 T714.6 714.6
266 760 962 481 853 90.7 90.8 186.1 16.3 2 9 807 38620 0.50 760 760 714.6 714.6
267 760 962 481 853 90.7 90.8 186.1 16.3 2 9 807 38620 0.50 760 760 714.6 714.6
268 760 962 481 853 90.7 90.8 186.1 16.3 2 9 807 38620 0.50 760 760 714.6 714.6
269 | 1800 2025 1013 1800 190 190 390 3 9 1700 | 202883 0.59 800 800 900 850
270 | 1800 2025 1013 1800 190 190 390 3 9 1700 | 202883 0.59 800 800 900 850
271 | 1800 2025 1013 1800 190 190 390 3 9 1700 | 202883 0.59 800 800 900 850
272 | 1800 2025 1013 1800 190 190 390 3 9 1700 | 202883 0.59 800 800 900 850
273 | 1800 2025 1013 1800 190 190 390 3 9 1700 | 202883 0.59 800 800 900 850
274 | 1800 2025 1013 1800 190 190 390 3 9 1700 | 202883 0.59 800 800 900 850
275 | 1800 2025 1013 1800 190 190 390 3 9 1700 | 202883 0.59 800 800 900 850
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276 | 1800 2025 1013 1800 190 190 390 3 9 1700 | 202883 0.59 800 800 900 850
277 | 1800 2025 1013 1800 190 190 390 3 9 1700 | 202883 0.59 800 800 900 850
278 | 1800 2025 1013 1800 190 190 390 3 9 1700 | 202883 0.59 800 800 900 850
279 | 1800 2025 1013 1800 190 190 390 3 9 1700 | 202883 0.59 800 800 700 600
280 | 1800 2025 1013 1800 190 190 390 3 9 1700 | 202883 0.59 800 800 700 600
281 | 1800 2025 1013 1800 190 190 390 3 9 1700 | 202883 0.59 800 800 800 850
282 | 1800 2025 1013 1800 190 190 390 3 9 1700 | 202883 0.59 800 800 800 850
283 | 1800 1930 1930 1990 140 190 390 4 10 1890 | 199950 0.72 597 597 1930 1930
284 | 1800 1930 1930 1990 140 190 390 4 10 1890 | 199950 0.72 597 597 1930 1930
285 | 1800 1930 1930 1990 140 190 390 4 10 1890 | 199950 0.72 597 597 1930 1930
286 | 1800 1930 1930 1990 140 190 390 4 10 1890 | 199950 0.72 597 597 1930 1930
287 | 1000 1130 1130 2590 140 190 390 5 13 2490 | 257625 0.71 598 598 1130 1130
288 | 1000 1130 1130 2590 140 190 390 5 13 2490 | 257625 0.71 598 598 1130 1130
289 | 1000 1130 1130 2590 140 190 390 5 13 2490 | 257625 0.71 598 598 1130 1130
290 | 1800 1930 1930 990 140 190 390 3 5 890 | 112275 0.81 396 396 1930 1930
291 | 1800 1930 1930 990 140 190 390 3 5 890 | 112275 0.81 396 396 1930 1930
292 | 1800 1930 1930 990 140 190 390 3 5 890 | 112275 0.81 396 396 1930 1930
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Wall

MASONRY MATERIALS

# of

fbluck fmortar f, rout Prism Corr.
* | MPal  [MPa] (MPa] " Pmga  Poua - courses =, ptor, k. Tme Fmo e
in Prism

1 22.8 19.9 31.5 62% 12.6 16.3 - - 1 12.6 16.3 16.3
2 30.0 21.9 36.1 62% 14.5 20.4 - - 1 14.5 20.4 19.4
3 22.8 19.9 31.5 62% 12.6 16.3 - - 1 12.6 16.3 16.3
4 22.8 19.9 31.5 62% 12.6 16.3 - - 1 12.6 16.3 15.7
5 22.8 19.9 31.5 62% 12.6 16.3 - - 1 12.6 16.3 154
6 22.8 19.9 31.5 62% 12.6 16.3 - - 1 12.6 16.3 15.1
7 30.0 21.9 36.1 62% 14.5 20.4 - - 1 14.5 20.4 19.4
8 22.8 19.9 31.5 62% 12.6 16.3 - - 1 12.6 16.3 14.8
9 30.0 21.9 36.1 62% 14.5 20.4 - - 1 14.5 20.4 18.0
10 30.0 21.9 36.1 62% 14.5 20.4 - - 1 14.5 20.4 18.0
11 30.0 21.9 36.1 62% 14.5 20.4 - - 1 14.5 20.4 18.0
12 30.0 21.9 36.1 62% 14.5 20.4 - - 1 14.5 20.4 18.0
13 12.3 25.8 22.0 0.57 12.6 10.3 3 3.93 0.938 11.8 9.7 10.6
14 12.3 23.8 21.0 0.57 11.9 10.3 3 3.93 0.938 11.1 9.7 10.3
15 12.3 20.9 29.4 0.57 11.7 10.3 3 3.93 0.938 11.0 9.7 10.2
16 12.3 15.7 14.8 0.57 8.6 10.3 3 3.93 0.938 8.1 9.7 9.2
17 12.3 22.8 30.6 0.57 12.5 10.3 3 3.93 0.938 11.7 9.7 10.3
18 12.3 21.4 24.3 0.57 11.4 10.3 3 3.93 0.938 10.7 9.7 10.1
19 12.3 22.0 32.3 0.57 12.3 10.3 3 3.93 0.938 11.6 9.7 10.2
20 12.3 16.1 21.0 0.57 9.3 10.3 3 3.93 0.938 8.7 9.7 9.3
21 12.3 21.5 22.8 0.57 11.3 10.3 3 3.93 0.938 10.6 9.7 10.0
22 12.3 21.7 30.4 0.57 12.1 10.3 3 3.93 0.938 11.3 9.7 10.4
23 - 15.2 29.3 0.57 - 10.3 3 3.93 0.938 - 9.7 -
24 - 20.4 33.1 0.57 - 10.3 3 3.93 0.938 - 9.7 -
25 - 25.7 13.3 0.57 - 14.4 3 3.93 0.938 - 13.5 -

325




Wall

MASONRY MATERIALS

# of

fblock fmortar f rout Prism COI’I’.
# | (MPa] [MPa] [MPa| v Pugu  Fmua - courses = p tor, k me Pou P
in Prism

26 - 23.1 15.9 0.57 - 14.4 3 393 0.938 - 13.5 -
27 - 24.8 18.8 0.57 - 14.4 3 3.93 0.938 - 13.5 -
28 - 20.4 10.6 0.57 - 14.4 3 393 0.938 - 13.5 -
29 - 17.6 8.1 0.57 - 14.4 3 3.93 0.938 - 13.5 -
30 - 17.5 11.9 0.57 - 14.4 3 393 0.938 - 13.5 -
31 - 17.7 14.5 0.57 - 14.4 3 3.93 0.938 - 13.5 -
32 - 24.1 23.2 0.57 - 14.4 3 393 0.938 - 13.5 -
33 11.6 12.3 0.57 14.4 3 3.93 0.938 13.5

34 20.3 15.9 14.0 - 15.5 17.8 5 7.00 1 15.5 17.8 16.7
35 20.3 15.9 14.0 - 15.5 17.8 5 7.00 1 15.5 17.8 16.7
36 21.4 19.0 26.3 58% 9.2 14.8 5 5.00 1.000 9.2 14.8 14.8
37 21.4 19.0 26.3 58% 9.2 14.8 5 5.00 1.000 9.2 14.8 13.0
38 21.4 20.3 473 58% 13.1 15.1 5 5.00 1.000 13.1 15.1 14.5
39 21.4 16.0 47.5 58% 11.2 14.0 5 5.00 1.000 11.2 14.0 13.1
40 - - 26 - 14.9 16.0 3 4.21 0.955 14.2 15.3 14.9
41 - - 26 - 14.9 16.0 3 4.21 0.955 14.2 15.3 14.9
42 - - 26 - 14.9 16.0 3 4.21 0.955 14.2 15.3 14.9
43 - - 58% - 16.4 3 393 0.938 - 15.4 -
44 - - 58% - 27.0 3 393 0.938 - 253 -
45 - - 58% - 16.4 3 393 0.938 - 15.4 -
46 - - 58% - 27.0 3 393 0.938 - 253 -
47 - - 58% - 16.4 3 393 0.938 - 15.4 -
48 - - 58% - 27.0 3 393 0.938 - 253 -
49 - - 58% - 16.4 3 3.93 0.938 - 15.4 -
50 - - 58% - 16.4 3 393 0.938 - 154 -
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MASONRY MATERIALS

Wall f f f, # of Prism Corr
block mortar rout .
# | (MPa] [MPa] [MPa| v Pugu  Fmua - courses = p tor, k me Pou P
in Prism
51 - - 58% - 16.4 3 393 0.938 - 154 -
52 - - 58% - 16.4 3 393 0.938 - 154 -
53 - - 58% - 16.4 3 393 0.938 - 154 -
54 - - 58% - 27.0 3 393 0.938 - 253 -
55 - - 58% - 27.0 3 393 0.938 - 253 -
56 - - 58% - 27.0 3 393 0.938 - 253 -
57 - - 58% - 14.0 3 393 0.938 - 13.1 -
58 - - 58% - 14.0 3 393 0.938 - 13.1 -
59 - - 58% - 14.0 3 393 0.938 - 13.1 -
60 - - 58% - 14.0 3 393 0.938 - 13.1 -
61 - - 58% - 14.0 3 393 0.938 - 13.1 -
62 - - 58% - 27.0 3 393 0.938 - 253 -
63 - - 58% - 14.0 3 393 0.938 - 13.1 -
64 - - 58% - 27.0 3 393 0.938 - 253 -
65 - - 58% - 27.0 3 3.93 0.938 - 253 -
66 - - 58% - 15.2 3 393 0.938 - 14.3 -
67 - - 58% - 15.2 3 3.93 0.938 - 14.3 -
68 - - 58% - 15.2 3 393 0.938 - 14.3 -
69 - - 58% - 15.2 3 3.93 0.938 - 14.3 -
70 - - 58% - 15.2 3 393 0.938 - 14.3 -
71 - - 58% - 15.2 3 3.93 0.938 - 14.3 -
72 17.4 9.3 9.3 60% 7.7 10.5 - - 1 7.7 10.5 9.5
73 17.4 9.3 93 60% 7.7 10.5 - - 1 7.7 10.5 9.5
74 17.4 9.3 9.3 60% 7.7 10.5 - - 1 7.7 10.5 9.5
75 17.4 9.3 9.3 60% 7.7 10.5 - - 1 7.7 10.5 9.5
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MASONRY MATERIALS

# of

fblock fmortar f rout Prism COI’I’.
# | (MPa] [MPa] [MPa| v Pugu  Fmua - courses = p tor, k me Pou P
in Prism
76 17.4 9.3 9.3 60% 7.7 10.5 - - 1 7.7 10.5 9.5
77 15.5 7.0 7.0 60% 6.4 8.8 - - 1 6.4 8.8 8.0
78 15.5 7.0 7.0 60% 6.4 8.8 - - 1 6.4 8.8 8.0
79 15.5 7.0 7.0 60% 6.4 8.8 - - 1 6.4 8.8 8.0
80 15.5 7.0 7.0 60% 6.4 8.8 - - 1 6.4 8.8 8.0
81 15.5 7.0 7.0 60% 6.4 8.8 - - 1 6.4 8.8 8.0
82 19.3 15.8 19.3 53% 8.61 12.2 3 3.10 0.885 7.6 10.8 9.2
83 19.3 15.8 19.3 53% 8.61 12.2 3 3.10 0.885 7.6 10.8 9.2
84 19.3 17.2 19.3 53% 9.23 12.5 3 3.10 0.885 8.2 11.1 9.7
85 19.3 17.2 19.3 53% 9.23 12.5 3 3.10 0.885 8.2 11.1 9.7
86 19.3 19.6 19.3 53% 8.41 13.1 3 3.10 0.885 7.4 11.6 9.5
87 19.3 19.6 19.3 53% 8.41 13.1 3 3.10 0.885 7.4 11.6 9.5
88 19.3 22.3 19.3 53% 11.2 13.6 3 3.10 0.885 9.9 12.0 11.0
89 19.3 22.3 19.3 53% 11.2 13.6 3 3.10 0.885 9.9 12.0 11.0
90 19.3 17.3 19.3 53% 9.23 12.6 3 3.10 0.885 8.2 11.1 9.7
91 19.3 17.3 19.3 53% 9.23 12.6 3 3.10 0.885 8.2 11.1 9.7
92 19.3 18.1 19.3 53% 11 12.7 3 3.10 0.885 9.7 11.3 10.5
93 19.3 18.1 19.3 53% 11 12.7 3 3.10 0.885 9.7 11.3 10.5
94 19.3 19.6 19.3 53% 8.41 13.1 3 3.10 0.885 7.4 11.6 9.5
95 19.3 19.6 19.3 53% 8.41 13.1 3 3.10 0.885 7.4 11.6 9.5
96 19.3 17.9 19.3 53% 8.34 12.7 3 3.10 0.885 7.4 11.2 9.3
97 19.3 17.9 19.3 53% 8.34 12.7 3 3.10 0.885 7.4 11.2 9.3
98 12.5 - 10.7 52% - - 2 2.00 0.812 - - -
99 12.5 - 10.7 52% - - 2 2.00 0.812 - - -
100 12.5 - 10.7 52% - - 2 2.00 0.812 - - -
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MASONRY MATERIALS

# of

fblock fmortar f, rout Prism Corr.
* | MPal  [MPa] (MPa] " Pmga  Poua - courses =, ptor, k. Tme Fmo e
in Prism

101 | 125 : 10.7 52% : : 2 2.00 0.812 : g :
102 | 125 - 10.7 52% - - 2 2.00 0.812 - - -
103 | 125 : 10.7 52% s s 2 2.00 0.812 . . :
104 | 125 - 10.7 52% - - 2 2.00 0.812 - - -
105 | 125 - 10.7 52% - - 2 2.00 0.812 - - -
106 | 12.5 - 10.7 52% - - 2 2.00 0.812 - - -
107 | 125 - 10.7 52% - - 2 2.00 0.812 - - -
108 | 193 15.5 31.0 - 13.8 15.9 3 4.45 0.969 134 154  15.1
109 | 193 15.5 31.0 - 13.8 15.9 3 4.45 0.969 134 154 149
110 | 193 15.5 31.0 - 13.8 15.9 3 4.45 0.969 134 154 149
111 | 193 15.5 31.0 - 13.8 15.9 3 4.45 0.969 134 154 149
112 - - - - - 13.0 - - 1.00 - 13.0 -
113 - - - - - 13.0 - - 1.00 - 13.0 -
114 - - - - - 13.0 - - 1.00 - 13.0 -
115 - - - - - 13.0 - - 1.00 - 13.0 -
116 - - - - - 13.0 - - 1.00 - 13.0 -
117 - - - - - 13.0 - - 1.00 - 13.0 -
118 - 21.7 29.6 51% 17.6 17.1 2 2.00 0.812 143 139 139
119 - 21.7 29.6 51% 17.6 17.1 2 2.00 0.812 143 139 140
120 - 21.7 29.6 51% 17.6 17.1 2 2.00 0.812 143 139 140
121 - 21.7 29.6 51% 17.6 17.1 2 2.00 0.812 143 139 139
122 - 21.7 29.6 51% 17.6 17.1 2 2.00 0.812 143 139 140
123 - 21.7 29.6 51% 17.6 17.1 2 2.00 0.812 143 139 140
124 | 233 222 28.2 51% 16.5 14.5 2 2.00 0.812 134 11.8 12,0
125 | 233 222 28.2 51% 16.5 14.5 2 2.00 0.812 134 11.8 1211
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MASONRY MATERIALS

# of

fblock fmortar f, rout Prism Corr.
* | MPal  [MPa] (MPa] " Pmga  Poua - courses =, ptor, k. Tme Fmo e
in Prism

126 233 22.2 28.2 51% 16.5 14.5 2 2.00 0.812 13.4 11.8 12.2
127 233 22.2 28.2 51% 16.5 14.5 2 2.00 0.812 13.4 11.8 12.0
128 233 22.2 28.2 51% 16.5 14.5 2 2.00 0.812 13.4 11.8 12.1
129 23.3 22.2 28.2 51% 16.5 14.5 2 2.00 0.812 13.4 11.8 12.2
130 - - - - 18.5 - 3 421 0.955 - - -
131 - - - - 18.5 - 3 421 0.955 - - -
132 26.3 3.82 3.82 46% 7.7 8.9 3 3.00 0.878 6.8 7.8 7.71
133 26.3 7.11 7.11 46% 8.9 10.8 3 3.00 0.878 7.8 9.5 9.35
134 26.3 8.62 8.62 46% 94 11.5 3 3.00 0.878 8.2 10.1 9.94
135 26.3 7.72 7.72 46% 9.1 11.1 3 3.00 0.878 8.0 9.7 9.60
136 21.4 37.6 51.2% 12.4 21.6 4 433 0.962 11.9 20.8 19.4
137 21.4 37.6 51.2% 12.4 21.6 4 433 0.962 11.9 20.8 19.0
138 21.4 37.6 51.2% 12.4 21.6 4 433 0.962 11.9 20.8 19.9
139 21.4 37.6 51.2% 12.4 21.6 4 433 0.962 11.9 20.8 19.4
140 21.4 37.6 51.2% 12.4 21.6 4 433 0.962 11.9 20.8 19.4
141 - 14.9 35.85 56.3% 24.47 17.49 2 1.99 0.811 19.9 14.2 15.5
142 - 14.9 35.85 56.3% 24.47 17.49 2 1.99 0.811 19.9 14.2 15.5
143 - 14.9 35.85 56.3% 24.47 17.49 2 1.99 0.811 19.9 14.2 15.5
144 - 14.9 35.85 56.3% 24.47 17.49 2 1.99 0.811 19.9 14.2 15.5
145 - 14.9 35.85 56.3% 24.47 17.49 2 1.99 0.811 19.9 14.2 15.9
146 - 14.9 35.85 56.3% 24.47 17.49 2 1.99 0.811 19.9 14.2 16.3
147 13.8 25.8 22.0 53% 12.1 11.4 2 2.00 0.812 9.8 9.2 9.4
148 13.8 12.6 22.0 53% 8.0 9.1 2 2.00 0.812 6.5 7.4 7.2
149 13.8 25.8 22.0 53% 12.1 11.4 2 2.00 0.812 9.8 9.2 9.4
150 13.8 12.6 22.0 53% 8.0 9.1 2 2.00 0.812 6.5 7.4 7.2
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MASONRY MATERIALS

# of

fblock fmortar f, rout Prism Corr.
* | MPal  [MPa] (MPa] " Pmga  Poua - courses =, ptor, k. Tme Fmo e
in Prism

151 - 9.5 19.7 - 19.5 21.2 2 2.00 0.812 15.8 17.2 16.9
152 - 9.7 23.7 - 17.7 17.0 2 2.00 0.812 14.3 13.8 13.9
153 - 8.8 32.5 - 19.2 20.5 2 2.00 0.812 15.6 16.6 16.2
154 - 10.8 38.6 - 24.1 24.6 2 2.00 0.812 19.5 20.0 19.8
155 - 8.8 32.5 - 19.2 20.5 2 2.00 0.812 15.6 16.6 16.2
156 - 10.8 18.3 - 17.7 17.0 2 2.00 0.812 14.3 13.8 13.9
157 - 8.8 32.5 - 19.2 20.5 2 2.00 0.812 15.6 16.6 16.2
158 - 9.7 38.6 - 24.1 20.5 2 2.00 0.812 19.5 16.7 17.7
159 18.1 - 29.2 52.0% 19.7 11.3 3 3.05 0.881 17.4 9.9 11.6
160 18.1 - 29.2 52.0% 19.7 11.3 3 3.05 0.881 17.4 9.9 11.6
161 18.1 - 29.2 52.0% 19.7 11.3 3 3.05 0.881 17.4 9.9 11.6
162 18.1 - 29.2 52.0% 19.7 11.3 3 3.05 0.881 17.4 9.9 12.2
163 18.1 - 29.2 52.0% 19.7 11.3 3 3.05 0.881 17.4 9.9 12.8
164 18.4 6.7 21.8 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 12.5
165 18.4 6.8 25.7 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 12.5
166 18.4 6.8 25.7 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 12.5
167 18.4 6.5 23.7 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 12.5
168 18.4 7.3 25.1 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 12.5
169 18.4 7.5 21.9 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 12.5
170 18.4 4.6 24.7 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 12.5
171 18.4 4.6 24.7 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 12.5
172 18.4 10.1 22.9 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 12.5
173 18.4 7.2 26.3 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 12.5
174 18.4 5.0 25.2 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 12.5
175 18.4 6.2 22.8 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 12.5
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Wall

MASONRY MATERIALS

# of

fbluck fmortar f, rout Prism Corr.
* | MPal  [MPa] (MPa] " Pmga  Poua - courses =, ptor, k. Tme Fmo e
in Prism
176 18.4 7.2 26.3 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 12.5
177 18.4 6.7 23.8 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 12.5
178 18.4 7.8 23 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 12.5
179 18.4 6.1 - 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 16.1
180 18.4 7.8 - 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 16.1
181 18.4 5.5 - 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 16.1
182 18.4 6.5 21 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 12.5
183 18.4 43 20 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 12.5
184 18.4 4.3 20 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 12.5
185 18.4 6.5 23.7 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 12.5
186 18.4 7.3 25.1 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 12.5
187 18.4 7.5 21.9 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 12.5
188 18.4 7.8 23.2 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 12.5
189 18.4 7.8 23.2 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 12.5
190 18.4 10.1 22.9 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 12.5
191 18.4 7.8 23 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 12.5
192 18.4 6.2 22.8 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 12.5
193 18.4 5.0 25.2 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 12.5
194 18.4 7.5 21.4 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 12.5
195 18.4 7.8 23 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 12.5
196 18.4 6.8 25.7 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 12.5
197 18.4 6.1 - 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 16.1
198 18.4 6.1 - 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 16.1
199 18.4 7.8 - 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 16.1
200 18.4 6.5 21 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 12.5
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Wall

MASONRY MATERIALS

# of

fblock fmortar f, rout Prism Corr.
* | MPal  [MPa] (MPa] " Pmga  Poua - courses =, ptor, k. Tme Fmo e
in Prism

201 18.4 6.5 21 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 12.5
202 18.4 4.3 20 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 12.5
203 18.4 6.5 23.7 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 12.5
204 18.4 7.3 25.1 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 12.5
205 18.4 7.5 21.9 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 12.5
206 18.4 7.8 23.2 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 12.5
207 18.4 4.6 24.7 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 12.5
208 18.4 10.1 22.9 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 12.5
209 18.4 7.5 21.4 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 12.5
210 18.4 6.2 22.8 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 12.5
211 18.4 5.0 25.2 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 12.5
212 18.4 7.2 26.3 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 12.5
213 18.4 6.7 23.8 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 12.5
214 18.4 7.8 23 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 12.5
215 18.4 6.1 - 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 16.1
216 18.4 7.8 - 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 16.1
217 18.4 5.5 - 49% 9.82 18.22 3 3.11 0.885 8.7 16.1 16.1
218 18.4 12.8 - 49% 10.60 21.60 3 3.11 0.885 94 19.1 19.1
219 18.4 13.2 - 49% 10.60 21.60 3 3.11 0.885 94 19.1 19.1
220 18.4 15.0 - 49% 10.60 21.60 3 3.11 0.885 94 19.1 19.1
221 18.4 12.5 - 49% 10.60 21.60 3 3.11 0.885 94 19.1 19.1
222 18.4 13.2 - 49% 10.60 21.60 3 3.11 0.885 94 19.1 19.1
223 18.4 15.0 - 49% 10.60 21.60 3 3.11 0.885 94 19.1 19.1
224 18.4 13.7 18.4 49% 10.60 21.60 3 3.11 0.885 94 19.1 14.4
225 18.4 15.3 18.2 49% 10.60 21.60 3 3.11 0.885 9.4 19.1 14.4
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Wall

MASONRY MATERIALS

# of

fblock fmortar f, rout Prism Corr.
* | MPal  [MPa] (MPa] " Pmga  Poua - courses =, ptor, k. Tme Fmo e
in Prism

226 18.4 13.0 24.5 49% 10.60 21.60 3 3.11 0.885 9.4 19.1 14.4
227 18.4 15.3 18.4 49% 10.60 21.60 3 3.11 0.885 94 19.1 14.4
228 18.4 13.7 18.4 49% 10.60 21.60 3 3.11 0.885 9.4 19.1 14.4
229 18.4 13.0 24.5 49% 10.60 21.60 3 3.11 0.885 94 19.1 14.4
230 16.5 5.7 24.2 50% 8.7 20.4 5 5.21 1 8.65 20.4 16.6
231 16.5 5.7 24.2 50% 8.7 20.4 5 5.21 1 8.65 20.4 16.6
232 16.5 5.7 24.2 50% 8.7 20.4 5 5.21 1 8.65 20.4 16.6
233 16.5 5.7 24.2 50% 8.7 20.4 5 5.21 1 8.65 20.4 16.6
234 16.5 5.7 24.2 50% 8.7 20.4 5 5.21 1 8.65 20.4 16.6
235 16.5 5.7 24.2 50% 8.7 20.4 5 5.21 1 8.65 20.4 16.6
236 16.5 5.7 24.2 50% 8.7 20.4 5 5.21 1 8.65 20.4 16.6
237 16.5 5.7 24.2 50% 8.7 20.4 5 5.21 1 8.65 20.4 16.6
238 16.5 5.7 24.2 50% 8.7 20.4 5 5.21 1 8.65 20.4 16.6
239 16.5 5.7 24.2 50% 8.7 20.4 5 5.21 1 8.65 20.4 16.6
240 16.5 5.7 24.2 50% 8.7 20.4 5 5.21 1 8.65 20.4 16.6
241 16.5 5.7 24.2 50% 8.7 20.4 5 5.21 1 8.65 20.4 16.6
242 16.5 5.7 24.2 50% 8.7 20.4 5 5.21 1 8.65 20.4 16.6
243 16.5 5.7 24.2 50% 8.7 20.4 5 5.21 1 8.65 20.4 16.6
244 16.5 5.7 24.2 50% 8.7 20.4 5 5.21 1 8.65 20.4 16.6
245 16.5 5.7 24.2 50% 8.7 20.4 5 5.21 1 8.65 20.4 16.6
246 16.5 5.7 24.2 50% 8.7 20.4 5 5.21 1 8.65 20.4 16.6
247 16.5 5.7 24.2 50% 8.7 20.4 5 5.21 1 8.65 20.4 16.6
248 26.9 4.43 12.23 51.2% 7.15 7.93 3 3.22 0.893 6.38 7.08 7.0
249 26.9 443 12.23 51.2% 7.15 7.93 3 3.22 0.893 6.38 7.08 7.0
250 26.9 4.43 12.23 51.2% 7.15 7.93 3 3.22 0.893 6.38 7.08 7.0
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Wall

MASONRY MATERIALS

# of

fblock fmortar f rout Prism COI’I’.
# | (MPa] [MPa] [MPa| v Pugu  Fmua - courses = p tor, k me Pou P
in Prism

251 26.9 443 12.23 51.2% 7.15 7.93 3 3.22 0.893 6.38 7.08 7.0
252 26.9 443 12.23 51.2% 7.15 7.93 3 3.22 0.893 6.38 7.08 7.0
253 26.9 443 12.23 51.2% 7.15 7.93 3 3.22 0.893 6.38 7.08 7.0
254 26.9 4.43 12.23 51.2% 7.15 7.93 3 3.22 0.893 6.38 7.08 7.0
255 26.9 4.43 12.23 51.2% 7.15 7.93 3 3.22 0.893 6.38 7.08 7.0
256 26.9 4.43 12.23 51.2% 7.15 7.93 3 3.22 0.893 6.38 7.08 7.0
257 26.9 4.43 12.23 51.2% 7.15 7.93 3 3.22 0.893 6.38 7.08 7.0
258 26.9 4.43 12.23 51.2% 7.15 7.93 3 3.22 0.893 6.38 7.08 7.0
259 26.9 4.43 12.23 51.2% 7.15 7.93 3 3.22 0.893 6.38 7.08 7.0
260 26.9 4.85 11.22 51.2% 7.39 8.15 3 3.22 0.893 6.60 7.28 7.2
261 26.9 4.85 11.22 51.2% 7.39 8.15 3 3.22 0.893 6.60 7.28 7.2
262 26.9 4.85 11.22 51.2% 7.39 8.15 3 3.22 0.893 6.60 7.28 7.2
263 26.9 4.85 11.22 51.2% 7.39 8.15 3 3.22 0.893 6.60 7.28 7.2
264 26.9 4.85 11.22 51.2% 7.39 8.15 3 322 0.893 6.60 7.28 7.2
265 269 4.85 11.22 51.2% 7.39 8.15 3 3.22 0.893 6.60 7.28 7.2
266 26.9 4.85 11.22 51.2% 7.39 8.15 3 322 0.893 6.60 7.28 7.1
267 269 4.85 11.22 51.2% 7.39 8.15 3 3.22 0.893 6.60 7.28 7.1
268 26.9 4.85 11.22 51.2% 7.39 8.15 3 322 0.893 6.60 7.28 7.1
269 35.7 22.1 25.7 51.8% 11.7 18.6 3 3.11 0.885 10.3 16.5 14.5
270 35.7 22.1 25.7 51.8% 11.7 18.6 3 3.11 0.885 10.3 16.5 14.5
271 35.7 22.1 25.7 51.8% 11.7 18.6 3 3.11 0.885 10.3 16.5 14.5
272 35.7 22.1 21.7 51.8% 10.6 18.6 3 3.11 0.885 9.3 16.5 14.1
273 29.3 9.5 25.2 51.8% 14.1 22.3 3 3.11 0.885 12.5 19.7 17.4
274 293 9.5 25.2 51.8% 14.1 22.3 3 3.11 0.885 12.5 19.7 17.4
275 29.3 11.5 31.7 51.8% 14.1 22.3 3 3.11 0.885 12.5 19.7 17.4
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Wall

MASONRY MATERIALS

# of

fbluck fmortar f, rout Prism Corr.
* | MPal  [MPa] (MPa] " Pmga  Poua - courses =, ptor, k. Tme Fmo e
in Prism

276 29.3 11.5 31.7 51.8% 14.1 22.3 3 3.11 0.885 12.5 19.7 17.4
277 29.3 11 31.8 51.8% 14.1 22.3 3 3.11 0.885 12.5 19.7 17.4
278 29.3 11 31.8 51.8% 14.1 22.3 3 3.11 0.885 12.5 19.7 17.4
279 20.1 9.3 24.7 51.8% 9.78 14.7 3 3.11 0.885 8.65 13.0 11.6
280 20.1 9.3 24.7 51.8% 9.78 14.7 3 3.11 0.885 8.65 13.0 11.6
281 20.1 11.6 29.3 51.8% 9.78 14.7 3 3.11 0.885 8.65 13.0 11.6
282 20.1 11.6 29.3 51.8% 9.78 14.7 3 3.11 0.885 8.65 13.0 11.6
283 6.36 18.0 31.7 64% 11.0 8.65 1 1 0.744 8.20 6.44 7.1
284 6.36 18.0 31.7 64% 11.0 8.65 1 1 0.744 8.20 6.44 7.1
285 6.36 18.0 31.7 64% 11.0 8.65 1 1 0.744 8.20 6.44 7.1
286 6.36 18.0 31.7 64% 11.0 8.65 1 1 0.744 8.20 6.44 7.1
287 6.36 18.0 31.7 64% 11.0 8.65 1 1 0.744 8.20 6.44 7.1
288 6.36 18.0 31.7 64% 11.0 8.65 1 1 0.744 8.20 6.44 7.1
289 6.36 18.0 31.7 64% 11.0 8.65 1 1 0.744 8.20 6.44 7.1
290 6.36 18.0 31.7 64% 11.0 8.65 1 1 0.744 8.20 6.44 7.5
291 6.36 18.0 31.7 64% 11.0 8.65 1 1 0.744 8.20 6.44 7.5
292 6.36 18.0 31.7 64% 11.0 8.65 1 1 0.744 8.20 6.44 7.5
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VERTICAL REINFORCEMENT

Wall Vertical

. . Avi,bar Avf,bar Av fyvi fyvf Sv,max Sv,ave
# (I;t:il;llgr) Ayi Flexural Reinf. Avt [mm?| [mm?! [mm? [MPa] [MPa] [mm] [mm]
1 - 0 - 0 0 0 0 0 0 0 0
2 - 0 5/8" 396 0 198 396 0 290 2235 2235
3 - 0 - 0 0 0 0 0 0 0 0
4 - 0 5/8" 396 0 198 396 0 285 2235 2235
5 (12" 127 5/8" 396 127 198 523 302 285 1219 1118
6 2)12" 253 5/8" 396 127 198 649 302 285 745
7 - 0 5/8"+1/2" 649 0 325 649 0 295
8 3)12" 380 5/8" 396 127 198 776 302 285 813 745
9 (3)1/2" 380 5/8" 396 127 198 776 302 290 813 745
10 3)12" 380 5/8" 396 127 198 776 302 290 813 745
11 (3)5/8" 594 5/8" 396 198 198 990 290 290 813 745
12 (3)5/8" 594 5/8" 396 198 198 990 290 290 813 745
13 33 213 (2)244 1016 71 127 1229 245 245 800 650
14 (3)#3 213 (2)2#4 1016 71 127 1229 245 245 800 650
15 (3)#3 213 (2)2#4 1016 71 127 1229 245 245 800 650
16 #3 71 2)#4 508 71 127 579 245 245 1400 1300
17 #3 71 2)#4 508 71 127 579 245 245 1400 1300
18 (3)#3 213 (2)2#4 1016 71 127 1229 245 245 800 650
19 #3 71 2)#4 508 71 127 579 245 245 1400 1300
20 (3)#3 213 (2)2#4 1016 71 127 1229 245 245 800 650
21 (3)#3 213 (2)4#4 1016 71 127 1229 245 245 800 650
22 (3)#3 213 (2)2#4 1016 71 127 1229 245 245 800 650
23 - 0 (2)2#5 796 0 199 796 0 392 1400 1400
24 - 0 (2)2#5 796 0 199 796 0 392 1400 1400
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VERTICAL REINFORCEMENT

Wall Vertical

. . Avi,bar Avf,bar Av fyvi fyvf Sv,max Sv,ave
# (I;t:il;llgr) Ayi Flexural Reinf. Avt [mm?| [mm?! [mm? [MPa] [MPa] [mm] [mm]
25 - 0 (2)2#5 796 0 199 796 0 392 1400 1400
26 - 0 (2)2#5 796 0 199 796 0 392 1400 1400
27 - 0 (2)2#5 796 0 199 796 0 392 1400 1400
28 2)#4 254 (2)2#5 796 127 199 1050 392 392 600 467
29 - 0 (2)2#4 508 0 127 508 0 392 1400 1400
30 2)#4 254 (2)2#5 796 127 199 1050 392 392 600 467
31 - 0 (2)2#5 796 0 199 796 0 392 1400 1400
32 - 0 2)#3 142 0 71 142 0 392 1400 1400
33 - 0 (2)2#5 796 0 199 796 0 392 1400 1400
34 - 0 2#6 568 568 0 516 1626
35 - 0 2#6 568 568 0 516 1626
36 - 0 - 0 0 0 0 0 0 0 0
37 - 0 #5 400 0 200 400 0 488 1067 1067
38 - 0 #8 1020 0 510 1020 0 477 1067 1067
39 - 0 #8 1020 0 510 1020 0 477 1067 1067
40 D10 157 D12 148 305 275 353 800
41 D16 201 D16 402 603 454 454 800
42 D16 201 D16 402 603 454 454 800
43 (3)D10 213 2D22 1548 71 1761 400 350
44 (3)D10 213 D13&D32 1896 71 2109 400 350
45 (2)D10 142 2D22 1548 71 1690 400 333
46 (2)D10 142 D16&D25 1420 71 1562 400 333
47 D10 71 2D22 1548 71 1619 300 300
48 D10 71 D25 1020 71 1091 300 300
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VERTICAL REINFORCEMENT

Wall Vertical
. . Avi,bar Avf,bar Av fyvi fyvf Sv,max Sv,ave
# (Igteeil;llgr) Ayi Flexural Reinf. Avr [mm?| [mm?! [mm? [MPa] [MPa] [mm] [mm]
49 (2)D10 142 2D22 1548 71 774 1690 385 385 400 333
50 (2)D10 142 2D22 1548 71 774 1690 385 385 400 333
51 (2)D10 142 2D22 1548 71 774 1690 385 385 400 333
52 (2)D10 142 2D22 1548 71 774 1690 385 385 400 333
53 (2)D10 142 2D22 1548 71 774 1690 385 385 400 333
54 (2)D10 142 2D22 1548 71 774 1690 385 385 400 333
55 (2)D10 142 2D22 1548 71 774 1690 385 385 400 333
56 (2)D10 142 2D22 1548 71 774 1690 385 385 400 333
57 (2)D10 142 2D22 1548 71 774 1690 385 385 400 333
58 (2)D10 142 2D22 1548 71 774 1690 385 385 400 333
59 (2)D10 142 2D22 1548 71 774 1690 385 385 400 333
60 (2)D10 142 2D22 1548 71 774 1690 385 385 400 333
61 (2)D10 142 D19 568 71 284 710 385 385 400 333
62 (2)D10 142 2D22 1548 71 774 1690 385 385 400 333
63 (2)D10 142 2D22 1548 71 774 1690 385 385 400 333
64 (2)D10 142 2D22 1548 71 774 1690 385 385 400 333
65 (2)D10 142 2D22 1548 71 774 1690 385 385 400 333
66 (4)D10 284 2D22 1548 71 774 1832 385 385 400 360
67 (4)D10 284 2D22 1548 71 774 1832 385 385 400 360
68 (3)D10 213 D29 1290 71 645 1503 385 385 400 350
69 (2)D10 142 D25 1020 71 510 1162 385 385 400 333
70 D10 71 D22 774 71 774 845 385 385 300 300
71 D10 71 D22 774 71 774 845 385 385 300 300
72 - 0 @10mm 157.1 0.0 78.5 157.1 0 522 510 510
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VERTICAL REINFORCEMENT

Wall Vertical

. . Avi,bar Avf,bar Av fyvi fyvf Sv,max Sv,ave
# (I;t:il;llgr) Ayi Flexural Reinf. Avt [mm?| [mm?! [mm? [MPa] [MPa] [mm] [mm]
73 - 0 ?10mm 157.1 0.0 78.5 157.1 0 522 510 510
74 - 0 ?10mm 157.1 0.0 78.5 157.1 0 522 510 510
75 - 0 ?10mm 157.1 0.0 78.5 157.1 0 522 510 510
76 - 0 D10mm 157.1 0.0 78.5 157.1 0 522 510 510
77 - 0 2010mm 314.2 0.0 78.5 314.2 0 522 510 510
78 - 0 2010mm 314.2 0.0 78.5 314.2 0 522 510 510
79 - 0 2010mm 314.2 0.0 78.5 314.2 0 522 510 510
80 - 0 2010mm 314.2 0.0 78.5 314.2 0 522 510 510
81 - 0 2010mm 314.2 0.0 78.5 314.2 0 522 510 510
82 - 0 #5 400 0 200 400 0 414 609.6 609.6
83 - 0 #5 400 0 200 400 0 414 609.6 609.6
84 - 0 #5 400 0 200 400 0 414 609.6 609.6
85 - 0 #5 400 0 200 400 0 414 609.6 609.6
86 - 0 #5 400 0 200 400 0 414 609.6 609.6
87 - 0 #5 400 0 200 400 0 414 609.6 609.6
88 - 0 #5 400 0 200 400 0 414 609.6 609.6
89 - 0 #5 400 0 200 400 0 414 609.6 609.6
90 - 0 #5 400 0 200 400 0 414 609.6 609.6
91 - 0 #5 400 0 200 400 0 414 609.6 609.6
92 - 0 #5 400 0 200 400 0 414 609.6 609.6
93 - 0 #5 400 0 200 400 0 414 609.6 609.6
94 - 0 #5 400 0 200 400 0 414 609.6 609.6
95 - 0 #5 400 0 200 400 0 414 609.6 609.6
96 - 0 #5 400 0 200 400 0 414 609.6 609.6
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VERTICAL REINFORCEMENT

Wall Vertical
. . Avi,bar Avf,bar Av fyvi fyvf Sv,max Sv,ave
# (I;t:il;llgr) Ayi Flexural Reinf. Avt [mm?| [mm?! [mm? [MPa] [MPa] [mm] [mm]
97 - 0 #5 400 0 200 400 0 414 609.6 609.6
98 - 0 - 0 0 0 0 0
99 - 0 - 0 0 0 0 0
100 - 0 - 0 0 0 0 0
101 - 0 - 0 0 0 0 0
102 - 0 - 0 0 0 0 0
103 - 0 - 0 0 0 0 0
104 - 0 - 0 0 0 0 0
105 - 0 - 0 0 0 0 0
106 - 0 - 0 0 0 0 0
107 - 0 - 0 0 0 0 0
108 - 0 2#4/3 53.2 0.0 26.6 53 0 443 871 871
109 #5/3 18.6 #5/3 37.3 18.6 18.6 56 447 447 470 436
110 #5/3 18.6 #5/3 37.3 18.6 18.6 56 447 447 470 436
111 #5/3 18.6 #5/3 37.3 18.6 18.6 56 447 447 470 436
112 - 0 D10 157.1 157 0 522 410
113 - 0 D10 157.1 157 0 522 410
114 - 0 D10 157.1 157 0 522 410
115 - 0 D10 157.1 157 0 522 410
116 - 0 D10 157.1 157 0 522 410
117 - 0 D10 157.1 157 0 522 410
118 - 0 2#6 1136 0 568 1136 0 414 2642 2642
119 - 0 2#6 1136 0 568 1136 0 414 1829 1829
120 - 0 2#6 1136 0 568 1136 0 414 1219 1219
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VERTICAL REINFORCEMENT

Wall Vertical
. . Avi,bar Avf,bar Av fyvi fyvf Sv,max Sv,ave
# (I;t:il;llgr) Ayi Flexural Reinf. Avt [mm?| [mm?! [mm? [MPa] [MPa] [mm] [mm]
121 - 0 2#6 1136 0 568 1136 0 414 2642 2642
122 - 0 2#6 1136 0 568 1136 0 414 1829 1829
123 - 0 2#6 1136 0 568 1136 0 414 1219 1219
124 - 0 2#6 1136 0 568 1136 0 414 2642 2642
125 - 0 2#6 1136 0 568 1136 0 414 1829 1829
126 - 0 2#6 1136 0 568 1136 0 414 1219 1219
127 - 0 2#6 1136 0 568 1136 0 414 2642 2642
128 - 0 2#6 1136 0 568 1136 0 414 1829 1829
129 - 0 2#6 1136 0 568 1136 0 414 1219 1219
130 (3)D20 942 D20 628 1570 318 318 400
131 D20 314 D20 628 942 318 318 800
132 J5mm truss 393 J5mm tr. 78.5 39 39 118 580 580 500 500
133 J5Smm truss 393 Jd5mm tr. 78.5 39 39 118 580 580 500 500
134 D5mm truss 393 J5mm tr. 78.5 39 39 118 580 580 500 500
135 @5mm truss 39.3 O5mm tr. 78.5 39 39 118 580 580 500 500
136 #10 100 #10 200 100 100 300 492 492 855 855
137 2#3 142 #3 142 71 71 284 503 503 570 570
138 - 0 #4 258 0 129 258 0 565 1710 1710
139 #10 100 #10 200 100 100 300 492 492 855 855
140 #10 100 #10 200 100 100 300 492 492 855 855
141 2#6 568 2#6 1136 284 284 1704 427 427 1219 1219
142 2#6 568 2#6 1136 284 284 1704 427 427 1219 1219
143 2#6 568 2#6 1136 284 284 1704 427 427 1219 1219
144 2#6 568 2#6 1136 284 284 1704 427 427 1219 1219
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VERTICAL REINFORCEMENT

Wall Vertical
. . Avi,bar Avf,bar Av fyvi fyvf Sv,max Sv,ave
# (I;t:il;llgr) Ayi Flexural Reinf. Avt [mm?| [mm?! [mm? [MPa] [MPa] [mm] [mm]
145 2)#6 568 2#6 1136 284 284 1704 427 427 812.8 812.8
146 (3)#5 600 2#6 1136 200 284 1736 452 427 609.6 609.6
147 2)#6 568 #6 568 284 284 1136 414 414 1219 1219
148 (2)#6 568 #6 568 284 284 1136 414 414 1219 1219
149 2)#6 568 #6 568 284 284 1136 414 414 1219 1219
150 (2)#6 568 #6 568 284 284 1136 414 414 1219 1219
151 (2)#4 258 2#6 1136 129 568 1394 449 449 1219.2 880.5
152 2)#4 258 2#6 1136 129 568 1394 449 449 1219.2 880.5
153 (2)#4 258 2#6, 1#4 1394 129 697 1652 449 449 1016.0 745.1
154 2)#4 258 #6, #4 826 129 413 1084 449 449 1016.0 745.1
155 (2)#4 258 #6, #4 826 129 413 1084 449 449 1016.0 745.1
156 (4#4 516 2#6 1136 129 568 1652 449 449 1219.2 812.8
157 (4)#4 516 2#6, 1#4 1394 129 697 1910 449 449 1219.2 731.5
158 (4)#H4 516 2#6, 1#4 1394 129 697 1910 449 449 1219.2 731.5
159 2#7 774 2#7 1548 387 387 2322 439 439 1219 1219
160 2#7 774 2#7 1548 387 387 2322 439 439 1219 1219
161 2#7 774 2#7 1548 387 387 2322 439 439 1219 1219
162 (2)2#6 1136 2#6 1136 284 284 2272 439 439 813 813
163 (3)2#5 1200 2#6 1136 200 284 2336 439 439 610 610
164 - 0 - 0 0 0 0 0 0 0 0
165 - 0 - 0 0 0 0 0 0 0 0
166 - 0 - 0 0 0 0 0 0 0 0
167 - 0 - 0 0 0 0 0 0 0 0
168 - 0 - 0 0 0 0 0 0 0 0
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VERTICAL REINFORCEMENT

Wall Vertical
. . Avi,bar Avf,bar Av fyvi fyvf Sv,max Sv,ave
# (I;t:il;llgr) Ayi Flexural Reinf. Avt [mm?| [mm?! [mm? [MPa] [MPa] [mm] [mm]
169 - 0 - 0 0 0 0 0 0 0 0
170 - 0 - 0 0 0 0 0 0 0 0
171 - 0 - 0 0 0 0 0 0 0 0
172 - 0 - 0 0 0 0 0 0 0 0
173 2-15M 400 15M 400 200 200 800 480 480 600 466.7
174 2-15M 400 15M 400 200 200 800 480 480 600 466.7
175 2-15M 400 15M 400 200 200 800 480 480 600 466.7
176 2-15M 400 15M 400 200 200 800 480 480 600 466.7
177 2-15M 400 15M 400 200 200 800 480 480 600 466.7
178 2-15M 400 15M 400 200 200 800 480 480 600 466.7
179 - 0 0 0 0 0 0 0 0 0
180 - 0 0 0 0 0 0 0 0 0
181 - 0 0 0 0 0 0 0 0 0
182 - 0 - 0 0 0 0 0 0 0 0
183 - 0 - 0 0 0 0 0 0 0 0
184 - 0 - 0 0 0 0 0 0 0 0
185 - 0 - 0 0 0 0 0 0 0 0
186 - 0 - 0 0 0 0 0 0 0 0
187 - 0 - 0 0 0 0 0 0 0 0
188 - 0 - 0 0 0 0 0 0 0 0
189 - 0 - 0 0 0 0 0 0 0 0
190 - 0 - 0 0 0 0 0 0 0 0
191 2-15M 400 15M 400 200 200 800 480 480 600 466.7
192 2-15M 400 15M 400 200 200 800 480 480 600 466.7
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VERTICAL REINFORCEMENT

Wall Vertical
. . Avi,bar Avf,bar Av fyvi fyvf Sv,max Sv,ave
# (I;t:il;llgr) Ayi Flexural Reinf. Avt [mm?| [mm?! [mm? [MPa] [MPa] [mm] [mm]
193 2-15M 400 15M 400 200 200 800 480 480 600 466.7
194 2-15M 400 15M 400 200 200 800 480 480 600 466.7
195 2-15M 400 15M 400 200 200 800 480 480 600 466.7
196 2-15M 400 15M 400 200 200 800 480 480 600 466.7
197 - 0 - 0 0 0 0 0 0 0 0
198 - 0 - 0 0 0 0 0 0 0 0
199 - 0 - 0 0 0 0 0 0 0 0
200 - 0 - 0 0 0 0 0 0 0 0
201 - 0 - 0 0 0 0 0 0 0 0
202 - 0 - 0 0 0 0 0 0 0 0
203 - 0 - 0 0 0 0 0 0 0 0
204 - 0 - 0 0 0 0 0 0 0 0
205 - 0 - 0 0 0 0 0 0 0 0
206 - 0 - 0 0 0 0 0 0 0 0
207 - 0 - 0 0 0 0 0 0 0 0
208 - 0 - 0 0 0 0 0 0 0 0
209 2-15M 400 15M 400 200 200 800 480 480 600 466.7
210 2-15M 400 15M 400 200 200 800 480 480 600 466.7
211 2-15M 400 15M 400 200 200 800 480 480 600 466.7
212 2-15M 400 15M 400 200 200 800 480 480 600 466.7
213 2-15M 400 15M 400 200 200 800 480 480 600 466.7
214 2-15M 400 15M 400 200 200 800 480 480 600 466.7
215 - 0 - 0 0 0 0 0 0 0 0
216 - 0 - 0 0 0 0 0 0 0 0
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VERTICAL REINFORCEMENT

Wall Vertical
. . Avi,bar Avf,bar Av fyvi fyvf Sv,max Sv,ave
# (I;t:il;llgr) Ayi Flexural Reinf. Avt [mm?| [mm?! [mm? [MPa] [MPa] [mm] [mm]

217 - 0 - 0 0 0 0 0 0 0 0
218 - 0 - 0 0 0 0 0 0 0 0
219 - 0 - 0 0 0 0 0 0 0 0
220 - 0 - 0 0 0 0 0 0 0 0
221 - 0 - 0 0 0 0 0 0 0 0
222 - 0 - 0 0 0 0 0 0 0 0
223 - 0 - 0 0 0 0 0 0 0 0
224 - 0 - 0 0 0 0 0 0 0 0
225 - 0 - 0 0 0 0 0 0 0 0
226 - 0 - 0 0 0 0 0 0 0 0
227 - 0 - 0 0 0 0 0 0 0 0
228 - 0 - 0 0 0 0 0 0 0 0
229 - 0 - 0 0 0 0 0 0 0 0
230 15M 200 15M 400 200 200 600 450 450 800 800
231 15M 200 15M 400 200 200 600 450 450 800 800
232 15M 200 15M 400 200 200 600 450 450 800 800
233 15M 200 15M 400 200 200 600 450 450 800 800
234 15M 200 15M 400 200 200 600 450 450 800 800
235 15M 200 15M 400 200 200 600 450 450 800 800
236 15M 200 15M 400 200 200 600 450 450 800 800
237 15M 200 15M 400 200 200 600 450 450 800 800
238 15M 200 15M 400 200 200 600 450 450 800 800
239 15M 200 15M 400 200 200 600 450 450 800 800
240 | 15M (no splice) 200 15M (no splice) 400 200 200 600 450 450 800 800
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VERTICAL REINFORCEMENT

Wall Vertical
. . Avi,bar Avf,bar Av fyvi fyvf Sv,max Sv,ave
# (I;t:il;llgr) Ayi Flexural Reinf. Avt [mm?| [mm?! [mm? [MPa] [MPa] [mm] [mm]
241 | 15M (no splice) 200 15M (no splice) 400 200 200 600 450 450 800 800
242 | 15M (top splice) 200 15M (top splice) 400 200 200 600 450 450 800 800
243 | 15M (top splice) 200 15M (top splice) 400 200 200 600 450 450 800 800
244 15M 200 15M 400 200 200 600 450 450 800 800
245 15M 200 15M 400 200 200 600 450 450 800 800
246 15M 200 15M 400 200 200 600 450 450 800 800
247 15M 200 15M 400 200 200 600 450 450 800 800
248 - 0 10M 200 0 100 200 0 458 1140 1140
249 - 0 10M 200 0 100 200 0 458 1140 1140
250 - 0 10M 200 0 100 200 0 458 1140 1140
251 - 0 10M 200 0 100 200 0 458 1140 1140
252 - 0 10M 200 0 100 200 0 458 1140 1140
253 - 0 10M 200 0 100 200 0 458 1140 1140
254 10M 100 10M 200 100 100 300 458 458 1140 1140
255 10M 100 10M 200 100 100 300 458 458 1140 1140
256 10M 100 10M 200 100 100 300 458 458 1140 1140
257 10M 100 10M 200 100 100 300 458 458 1140 1140
258 10M 100 10M 200 100 100 300 458 458 1140 1140
259 10M 100 10M 200 100 100 300 458 458 1140 1140
260 2)10M 200 10M 200 100 100 400 458 458 760 760
261 (2)10M 200 10M 200 100 100 400 458 458 760 760
262 2)10M 200 10M 200 100 100 400 458 458 760 760
263 (2)10M 200 10M 200 100 100 400 458 458 760 760
264 2)10M 200 10M 200 100 100 400 458 458 760 760
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VERTICAL REINFORCEMENT

Wall Vertical
. . Avi,bar Avf,bar Av fyvi fyvf Sv,max Sv,ave
# (I;t:il;ll;)r) Ayi Flexural Reinf. Avt [mm?| [mm?! [mm? [MPa] [MPa] [mm] [mm]
265 (2)10M 200 10M 200 100 100 400 458 458 760 760
266 - 0 10M 200 0 100 200 0 458 760 760
267 - 0 10M 200 0 100 200 0 458 760 760
268 - 0 10M 200 0 100 200 0 458 760 760
269 15M 200 15M 400 200 200 600 448 448 800 800
270 15M 200 15M 400 200 200 600 448 448 800 800
271 15M 200 15M 400 200 200 600 448 448 800 800
272 15M 200 15M 400 200 200 600 448 448 800 800
273 15M 200 15M 400 200 200 600 448 448 800 800
274 15M 200 I15M 400 200 200 600 448 448 800 800
275 15M 200 15M 400 200 200 600 448 448 800 800
276 15M 200 I15M 400 200 200 600 448 448 800 800
277 15M 200 15M 400 200 200 600 448 448 800 800
278 15M 200 I15M 400 200 200 600 448 448 800 800
279 15M 200 15M 400 200 200 600 448 448 800 800
280 15M 200 I15M 400 200 200 600 448 448 800 800
281 15M 200 15M 400 200 200 600 448 448 800 800
282 15M 200 15M 400 200 200 600 448 448 800 800
283 2010mm 157 1922mm 760 79 380 917 474 474 597 597
284 2010mm 157 1922mm 760 79 380 917 474 474 597 597
285 2010mm 157 1922mm 760 79 380 917 474 474 597 597
286 2010mm 157 1922mm 760 79 380 917 474 474 597 597
287 3010mm 236 1016mm 402 79 201 638 474 474 597.7 597.7
288 3010mm 236 1016mm 402 79 201 638 474 474 597.7 597.7
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VERTICAL REINFORCEMENT
Wall Vertical
Ayi A A fyvi f, S S
# . . . vi,bar vf,bar v yvi yvf V,max v,ave
(I;t:il;ll;)r) Ayi Flexural Reinf. Avt [mm?| [mm?! [mm? [MPa] [MPa] [mm] [mm]
289 3010mm 236 1916mm 402 79 201 638 474 474 597.7 597.7
290 1910mm 79 1922mm 760 79 380 839 474 474 396 396
291 1910mm 79 1922mm 760 79 380 839 474 474 396 396
292 1910mm 79 1922mm 760 79 380 839 474 474 396 396
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HORIZONTAL (SHEAR) REINFORCEMENT

Wall

Bond Beam Anbb Anbbm  Anbb,m2 . . A Anbbbar  Anjbar An Sh,max Sh,ave
# Reinf mm? [mm? [mm? OCmtRenf o mm? mmY mmy ™ Y mm]  [mm
1 - 0 0 0 - 0 0.0 0 0 0 0 0 0
2 - 0 0 0 - 0 0.0 0 0 0 0 0 0
3 (2)5/8"+(2)1/2" 649 649 649 - 0 324.6 0 649 291.6 0 1016 812.8
4 2-1/2" 253 253 253 - 0 2534 0 253 302 0 1321 1219
5 (12" 127 127 127 - 0 126.7 0 127 302 0 1321 1219
6 - 0 0 0 - 0 0.0 0 0 0 0 0 0
7 - 0 0 0 - 0 0.0 0 0 0 0 0 0
8 - 0 0 0 - 0 0.0 0 0 0 0 0 0
9 2-1/2" 253 253 253 - 0 2534 0 253 302 0 1321 1219
10 (2)2-1/2" 507 507 507 - 0 2534 0 507 302 0 1016 812.8
11 (3)5/8" 594 594 594 - 0 197.9 0 594 290 0 812.8 609.6
12 (2)2-5/8" 792 792 792 - 0 3959 0 792 290 0 1016 812.8
13 - 0 0 0 ?2.5mm 58.9 9.82 58.9 0 245 410 410
14 - 0 0 0 22.5mm 58.9 9.82 58.9 0 245 410 410
15 - 0 0 0 2.5mm 58.9 9.82 58.9 0 245 410 410
16 - 0 0 0 92.5mm 58.9 9.82 58.9 0 245 410 410
17 - 0 0 0 2.5mm 58.9 9.82 58.9 0 245 410 410
18 - 0 0 0 - 0.0 0.00 0.0 0 0 0 0
19 - 0 0 0 - 0.0 0.00 0.0 0 0 0 0
20 - 0 0 0 ?2.5mm 58.9 9.82 58.9 0 245 410 410
21 - 0 0 0 2.5mm 58.9 9.82 58.9 0 245 410 410
22 - 0 0 0 ?2.5mm 58.9 9.82 58.9 0 245 410 410
23 - 0 0 0 - 0 0 0 0 0 0 0
24 - 0 0 0 - 0 0 0 0 0 0 0
25 - 0 0 0 - 0 0 0 0 0 0 0
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HORIZONTAL (SHEAR) REINFORCEMENT

Wall
Bond Beam Anbb Anbbm  Anbb,m2 . . Apj Anbbbar  Anjbar Ay Sh,max Sh,ave

# Reinf mm? [mm? [mm? OCmtRenf o mm? mmY mmy ™ Y mm]  [mm
26 - 0 0 0 - 0 0 0 0 0 0 0
27 - 0 0 0 - 0 0 0 0 0 0 0
28 - 0 0 0 - 0 0 0 0 0 0 0
29 - 0 0 0 - 0 0 0 0 0 0 0
30 - 0 0 0 - 0 0 0 0 0 0 0
31 - 0 0 0 - 0 0 0 0 0 0 0
32 - 0 0 0 - 0 0 0 0 0 0 0
33 - 0 0 0 - 0 0 0 0 0 0 0
34 - 0 0 0 - 0 0 0 0 0 0
35 - 0 0 0 - 0 0 0 0 0 0
36 - 0 0 0 - 0 0 0 0 0 0 0 0
37 #5 200 200 200 - 0 200 0 200 330 0 711 711
38 - 0 0 0 - 0 0 0 0 0 0 0 0
39 (2)#5 400 400 400 - 0 200 0 400 330 0 508 474
40 (2)D12 226 226 226 - 0 113 0 226 353 0 2000
41 - 0 0 0 - 0 0 0 0 0 0 0
42 (4)D12 452 452 452 - 0 113 0 452 454 0 800
43 213 213 213 - 0 0.0 213 600 600
44 213 213 213 - 0 0.0 213 600 600
45 213 213 213 - 0 0.0 213 600 600
46 213 213 213 - 0 0.0 213 600 600
47 213 213 213 - 0 0.0 213 600 600
48 213 213 213 - 0 0.0 213 600 600
49 0 0 0 - 0 0.0 0 0 0
50 0 0 0 - 0 0.0 0 0 0
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HORIZONTAL (SHEAR) REINFORCEMENT

Wall
Bond Beam Anbb Anbbm  Anbb,m2 . . Apj Anbbbar  Anjbar Ay Sh,max Sh,ave

# Reinf [mm? [mm? [mm? O°ntReinf [mniz] [mm?] [mjmz] mmy ™ N mm) [mm]
51 213 213 213 - 0 0.0 213 600 600
52 387 387 387 - 0 0.0 387 600 600
53 600 600 600 - 0 0.0 600 600 600
54 213 213 213 - 0 0.0 213 600 600
55 213 213 213 - 0 0.0 213 600 600
56 213 213 213 - 0 0.0 213 600 600
57 0 0 0 - 0 0.0 0 0 0
58 387 387 387 - 0 0.0 387 600 600
59 600 600 600 - 0 0.0 600 600 600
60 800 800 800 - 0 0.0 800 400 400
61 213 213 213 - 0 0.0 213 600 600
62 0 0 0 - 0 0.0 0 0 0
63 0 0 0 - 0 0.0 0 0 0
64 387 387 387 - 0 0.0 387 600 600
65 600 600 600 - 0 0.0 600 600 600
66 387 387 387 - 0 0.0 387 600 600
67 387 387 387 - 0 0.0 387 600 600
68 387 387 387 - 0 0.0 387 600 600
69 387 387 387 - 0 0.0 387 600 600
70 387 387 387 - 0 0.0 387 600 600
71 387 387 387 - 0 0.0 387 600 600
72 - 0 0 0 - 0.0 0.0 0.0 0 0 0 0
73 - 0 0 0 203. 1lmm 90.6 15.1 90.6 0 323 100 100
74 - 0 0 0 204.2mm 166.3 27.7 166.3 0 391 100 100
75 - 0 0 0 2(6mm 339.3 56.5 3393 0 253 100 100
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HORIZONTAL (SHEAR) REINFORCEMENT

Wall
Bond Beam Anbp Appbm  Anbb,m2 . . A Anbbpar  Anjpar An Sh,max Sh,ave
# Reinf [mm? [mm? [mm? O°ntReinf [mniz] [mm?] [mjmz] mmy ™ N mm) [mm]
76 - 0 0 0 - 0.0 0.0 0.0 0 0 0 0
77 - 0 0 0 - 0.0 0.0 0.0 0 0 0 0
78 - 0 0 0 203. 1mm 90.6 15.1 90.6 0 323 100 100
79 - 0 0 0 204 2mm 166.3 27.7 166.3 0 391 100 100
80 - 0 0 0 206mm 339.3 56.5 339.3 0 253 100 100
81 - 0 0 0 - 0.0 0.0 0.0 0 0 0 0
82 - 0 0 0 - 0 0 0 0 0 0 0
83 - 0 0 0 - 0 0 0 0 0 0 0
84 - 0 0 0 - 0 0 0 0 0 0 0
85 - 0 0 0 - 0 0 0 0 0 0 0
86 - 0 0 0 - 0 0 0 0 0 0 0
87 - 0 0 0 - 0 0 0 0 0 0 0
88 - 0 0 0 - 0 0 0 0 0 0 0
89 - 0 0 0 - 0 0 0 0 0 0 0
90 - 0 0 0 - 0 0 0 0 0 0 0
91 - 0 0 0 - 0 0 0 0 0 0 0
92 - 0 0 0 - 0 0 0 0 0 0 0
93 - 0 0 0 - 0 0 0 0 0 0 0
94 - 0 0 0 - 0 0 0 0 0 0 0
95 - 0 0 0 - 0 0 0 0 0 0 0
96 - 0 0 0 - 0 0 0 0 0 0 0
97 - 0 0 0 - 0 0 0 0 0 0 0
98 - 0 0 - 0 0.0 0 0 0 0
99 - 0 0 9-ga Ladder 40 13.3 40 0 693 406.4
100 - 0 0 9-ga Ladder 40 13.3 40 0 693 203.2
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HORIZONTAL (SHEAR) REINFORCEMENT

Wall
Bond Beam Anbb Anbbm  Anbb,m2 . . A Anbbpar  Anjpar An Sh,max Sh,ave

# Reinf mm? [mm? [mm? OCmtRenf o mm? mmY mmy ™ Y mm]  [mm
101 2)#4 258 258 - 0 0.0 258 336 0 0
102 (35 600 600 - 0 0.0 600 439 0 0
103 (D#5 200 200 - 0 0.0 200 385 0 0
104 (35 600 600 - 0 0.0 600 374 0 0
105 (D#3 71 71 9-ga Ladder 40 13.3 111 693 406.4
106 (2)#4, (1)#5 458 458 9-ga Ladder 40 13.3 498 341 693 203.2
107 (D#5 200 200 - 0 0 200 0
108 (2)2#4/3 53 27 27 - 0 13.3 0 53 443 0 874 874
109 (3)#5/3 56 37 37 - 0 18.6 0 56 447 0 432 432
110 (3)#5/3 56 37 37 - 0 18.6 0 56 447 0 432 432
111 (3)#5/3 56 37 37 - 0 18.6 0 56 447 0 432 432
112 - 0 0 0 6mm Ladder 57 28.3 57 0 253 100
113 - 0 0 0 6mm Ladder 57 28.3 57 0 253 100
114 - 0 0 0 6mm Ladder 57 28.3 57 0 253 100
115 - 0 0 0 6mm Ladder 57 28.3 57 0 253 100
116 - 0 0 0 6mm Ladder 57 28.3 57 0 253 100
117 - 0 0 0 6mm Ladder 57 28.3 57 0 253 100
118 2#3 142 142 142 - 0 71 0 142 414 0 711 711
119 2#3 142 142 142 - 0 71 0 142 414 0 711 711
120 2#3 142 142 142 - 0 71 0 142 414 0 711 711
121 1#4 & 1#5 329 329 329 - 0 329 0 329 414 0 711 711
122 1#4 & 1#5 329 329 329 - 0 329 0 329 414 0 711 711
123 1#4 & 1#5 329 329 329 - 0 329 0 329 414 0 711 711
124 - 0 0 0 9-ga Ladder 155 22.2 155 203.2 203.2
125 - 0 0 0 9-ga Ladder 155 22.2 155 203.2 203.2
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HORIZONTAL (SHEAR) REINFORCEMENT

Wall
Bond Beam Anbb Anbbm  Anbb,m2 . . A Anbbbar  Anjbar An Sh,max Sh,ave
# Reinf mm? [mm? [mm? OCmtRenf o mm? mmY mmy ™ Y mm]  [mm
126 - 0 0 0 9-ga Ladder 155 22.2 155 203.2 203.2
127 - 0 0 0 5-ga Ladder 304 43.5 304 203.2 203.2
128 - 0 0 0 5-ga Ladder 304 43.5 304 203.2 203.2
129 - 0 0 0 5-ga Ladder 304 43.5 304 203.2 203.2
130 - 0 0 0 - 0 0 0 0 0 0
131 - 0 0 0 - 0 0 0 0 0 0
132 - 0 0 0 D4mm truss 75.4 25.1 75 0 580 303 303
133 - 0 0 0 D4mm truss 75.4 25.1 75 0 580 303 303
134 - 0 0 0 D4mm truss 75.4 25.1 75 0 580 303 303
135 - 0 0 0 D4mm truss 75.4 25.1 75 0 580 303 303
136 (3)D4 77 52 52 - 0 25.8 0 77 690.7 0 855 855
137 (4)D3 78 58 58 - 0 19.4 0 78 743.7 0 570 570
138 (2)2D3 78 39 39 - 0 19.4 0 78 743.7 0 1710 1710
139 (2)D3 39 19 19 - 0 19.4 0 39 743.7 0 855 855
140 (4)D4 103 77 77 - 0 25.8 0 103 690.7 0 855 855
141 #5 200 200 200 - 0 200 0 200 452 0 711.2 711.2
142 #5 200 200 200 - 0 200 0 200 452 0 711.2 711.2
143 #6 284 284 284 - 0 284 0 284 427 0 711.2 711.2
144 2#5 400 400 400 - 0 400 0 400 452 0 711.2 711.2
145 #5 200 200 200 - 0 200 0 200 452 0 711.2 711.2
146 #5 200 200 200 - 0 200 0 200 452 0 711.2 711.2
147 2)#6 568 284 568 - 0 284 0 568 414 0 1219 1168
148 (2)#6 568 284 568 - 0 284 0 568 414 0 1219 1168
149 2)#6 568 284 568 - 0 284 0 568 414 0 1219 1168
150 (2)#6 568 284 568 - 0 284 0 568 414 0 1219 1168

355




HORIZONTAL (SHEAR) REINFORCEMENT

Wall
Bond Beam Anbb Anbbm  Anbb,m2 . . Apj Anbbbar  Anjbar Ay Sh,max Sh,ave
# Reinf mm? [mm? [mm? OCmtRenf o mm? mmY mmy ™ Y mm]  [mm
151 (2)2#4 516 258 516 - 0 258 0 516 445 0 1219 1168
152 (1)2#4 258 0 258 (2)3/16" 428 258 35.6 686 445 606.4 203.2 203.2
153 (1)2#4 258 0 258 (4)3/16" 855 258 71.3 1113 445 606.4 203.2 203.2
154 (2)2#4 516 258 516 - 0 258 0 516 445 0 1219 1168
155 (1)2#4 258 0 258 (2)3/16" 428 258 35.6 686 445 606.4 203.2 203.2
156 (2)2#4 516 258 516 - 0 258 0 516 445 0 1219 1168
157 (1)2#4 258 0 258 (2)3/16" 428 258 35.6 686 445 606.4 203.2 203.2
158 (1)2#4 258 0 258 (4)3/16" 855 258 71.3 1113 445 606.4 203.2 203.2
159 #5 200 200 200 - 0 200.0 0 200 439 0 1118 1118
160 #6 284 284 284 - 0 284.0 0 284 439 0 1118 1118
161 2#5 400 400 400 - 0 400.0 0 400 439 0 1118 1118
162 #5 200 200 200 - 0 200.0 0 200 439 0 1118 1118
163 #5 200 200 200 - 0 200.0 0 200 439 0 1118 1118
164 - 0 0 0 - 0 0.0 0 0 0 0 0
165 - 0 0 0 - 0 0.0 0 0 0 0 0
166 - 0 0 0 - 0 0.0 0 0 0 0 0
167 - 0 0 0 D3.7mm 107.5 21.5 108 0 530 200 200
168 - 0 0 0 3. 7mm 107.5 21.5 108 0 530 200 200
169 - 0 0 0 D3.7mm 107.5 21.5 108 0 530 200 200
170 - 0 0 0 ?4.9mm 188.5 37.7 189 0 560 200 200
171 - 0 0 0 ?4.9mm 188.5 37.7 189 0 560 200 200
172 - 0 0 0 ?4.9mm 188.5 37.7 189 0 560 200 200
173 - 0 0 0 - 0 0.0 0 0 0 0 0
174 - 0 0 0 - 0 0.0 0 0 0 0 0
175 - 0 0 0 - 0 0.0 0 0 0 0 0
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HORIZONTAL (SHEAR) REINFORCEMENT

Wall
Bond Beam Anbb Anbbm  Anbb,m2 . . A Anbbbar  Anjbar An Sh,max Sh,ave
# Reinf mm? [mm? [mm? OCmtRenf o mm? mmY mmy ™ Y mm]  [mm
176 - 0 0 0 ?4.9mm 188.5 37.7 189 0 560 200 200
177 - 0 0 0 ?4.9mm 188.5 37.7 189 0 560 200 200
178 - 0 0 0 ?4.9mm 188.5 37.7 189 0 560 200 200
179 - 0 0 0 - 0 0.0 0 0 0 0 0
180 - 0 0 0 - 0 0.0 0 0 0 0 0
181 - 0 0 0 - 0 0.0 0 0 0 0 0
182 - 0 0 0 - 0 0.0 0 0 0 0 0
183 - 0 0 0 - 0 0.0 0 0 0 0 0
184 - 0 0 0 - 0 0.0 0 0 0 0 0
185 - 0 0 0 3. 7mm 107.5 21.5 108 0 530 200 200
186 - 0 0 0 3. 7mm 107.5 21.5 108 0 530 200 200
187 - 0 0 0 3. 7mm 107.5 21.5 108 0 530 200 200
188 - 0 0 0 24.9mm 188.5 37.7 189 0 560 200 200
189 - 0 0 0 ?4.9mm 188.5 37.7 189 0 560 200 200
190 - 0 0 0 ?4.9mm 188.5 37.7 189 0 560 200 200
191 - 0 0 0 - 0 0.0 0 0 0 0 0
192 - 0 0 0 - 0 0.0 0 0 0 0 0
193 - 0 0 0 - 0 0.0 0 0 0 0 0
194 - 0 0 0 ?4.9mm 188.5 37.7 189 0 560 200 200
195 - 0 0 0 ?4.9mm 188.5 37.7 189 0 560 200 200
196 - 0 0 0 ?4.9mm 188.5 37.7 189 0 560 200 200
197 - 0 0 0 - 0 0.0 0 0 0 0 0
198 - 0 0 0 - 0 0.0 0 0 0 0 0
199 - 0 0 0 - 0 0.0 0 0 0 0 0
200 - 0 0 0 - 0 0.0 0 0 0 0 0
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HORIZONTAL (SHEAR) REINFORCEMENT

Wall
Bond Beam Anbb Anbbm  Anbb,m2 . . A Anbbbar  Anjbar An Sh,max Sh,ave
# Reinf mm? [mm? [mm? OCmtRenf o mm? mmY mmy ™ Y mm]  [mm

201 - 0 0 0 - 0 0.0 0 0 0 0 0
202 - 0 0 0 - 0 0.0 0 0 0 0 0
203 - 0 0 0 3. 7mm 107.5 21.5 108 0 530 200 200
204 - 0 0 0 3. 7mm 107.5 21.5 108 0 530 200 200
205 - 0 0 0 3. 7mm 107.5 21.5 108 0 530 200 200
206 - 0 0 0 24.9mm 188.5 37.7 189 0 560 200 200
207 - 0 0 0 ?4.9mm 188.5 37.7 189 0 560 200 200
208 - 0 0 0 24.9mm 188.5 37.7 189 0 560 200 200
209 - 0 0 0 - 0 0.0 0 0 0 0 0
210 - 0 0 0 - 0 0.0 0 0 0 0 0
211 - 0 0 0 - 0 0.0 0 0 0 0 0
212 - 0 0 0 24.9mm 188.5 37.7 189 0 560 200 200
213 - 0 0 0 ?4.9mm 188.5 37.7 189 0 560 200 200
214 - 0 0 0 ?4.9mm 188.5 37.7 189 0 560 200 200
215 - 0 0 0 - 0 0.0 0 0 0 0 0
216 - 0 0 0 - 0 0.0 0 0 0 0 0
217 - 0 0 0 - 0 0.0 0 0 0 0 0
218 - 0 0 0 3. 7mm 107.5 21.5 108 0 530 200 200
219 - 0 0 0 D3.7mm 107.5 21.5 108 0 530 200 200
220 - 0 0 0 3. 7mm 107.5 21.5 108 0 530 200 200
221 - 0 0 0 3. 7mm 107.5 21.5 108 0 530 200 200
222 - 0 0 0 3. 7mm 107.5 21.5 108 0 530 200 200
223 - 0 0 0 D3.7mm 107.5 21.5 108 0 530 200 200
224 - 0 0 0 3. 7mm 107.5 21.5 108 0 530 200 200
225 - 0 0 0 3. 7mm 107.5 21.5 108 0 530 200 200
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HORIZONTAL (SHEAR) REINFORCEMENT

Wall
Bond Beam Anbb Anbbm  Anbb,m2 . . A Anbbbar  Anjbar An Sh,max Sh,ave
# Reinf mm? [mm? [mm? OCmtRenf o mm? mmY mmy ™ Y mm]  [mm

226 - 0 0 0 3. 7mm 107.5 21.5 108 0 530 200 200
227 - 0 0 0 3. 7mm 107.5 21.5 108 0 530 200 200
228 - 0 0 0 3. 7mm 107.5 21.5 108 0 530 200 200
229 - 0 0 0 3. 7mm 107.5 21.5 108 0 530 200 200
230 15M 400 400 200 - 0 200 0 400 450 0 900 850
231 15M 400 400 200 - 0 200 0 400 450 0 900 850
232 15M 400 400 200 - 0 200 0 400 450 0 900 850
233 15M 400 400 200 - 0 200 0 400 450 0 900 850
234 15SM 400 400 200 - 0 200 0 400 450 0 900 850
235 15M 400 400 200 - 0 200 0 400 450 0 900 850
236 15SM 400 400 200 - 0 200 0 400 450 0 900 850
237 15M 400 400 200 - 0 200 0 400 450 0 700 600
238 15M 400 400 200 - 0 200 0 400 450 0 700 600
239 15M 400 400 200 - 0 200 0 400 450 0 700 600
240 - 0 0 0 23.665mm 86 0 21.5 86 0 520.8 400 400
241 - 0 0 0 23.665mm 86 0 21.5 86 0 520.8 400 400
242 - 0 0 0 23.665mm 86 0 21.5 86 0 520.8 400 400
243 - 0 0 0 23.665mm 86 0 21.5 86 0 520.8 400 400
244 - 0 0 0 23.665mm 86 0 21.5 86 0 520.8 400 400
245 - 0 0 0 23.665mm 86 0 21.5 86 0 520.8 400 400
246 - 0 0 0 23.665mm 86 0 21.5 86 0 520.8 400 400
247 - 0 0 0 23.665mm 86 0 21.5 86 0 520.8 400 400
248 - 0 0 0 - 0 0 0 0 0 0 0 0
249 - 0 0 0 - 0 0 0 0 0 0 0 0
250 - 0 0 0 - 0 0 0 0 0 0 0 0
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HORIZONTAL (SHEAR) REINFORCEMENT

Wall
Bond Beam Anbp Appbm  Anbb,m2 . . A Anbbpar  Anjpar An Sh,max Sh,ave
# Reinf [mm? [mm? [mm? O°ntReinf [mniz] [mm?] [mjmz] mmy ™ N mm) [mm]
251 - 0 0 0 - 0 0 0 0 0 0 0 0
252 10M 100 100 0 - 0 100 0 100 458.2 0 1190 1190
253 10M 100 100 0 - 0 100 0 100 458.2 0 1190 1190
254 10M 100 100 0 - 0 100 0 100 458.2 0 1190 1190
255 10M 100 100 0 - 0 100 0 100 458.2 0 1190 1190
256 10M 100 100 0 - 0 100 0 100 458.2 0 1190 1190
257 10M 100 100 0 - 0 100 0 100 458.2 0 1190 1190
258 10M 100 100 0 - 0 100 0 100 458.2 0 1190 1190
259 10M 100 100 0 - 0 100 0 100 458.2 0 1190 1190
260 10M 100 100 0 - 0 100 0 100 458.2 0 714.6 714.6
261 10M 100 100 0 - 0 100 0 100 458.2 0 714.6 714.6
262 10M 100 100 0 - 0 100 0 100 458.2 0 714.6 714.6
263 10M 100 100 0 - 0 100 0 100 458.2 0 714.6 714.6
264 10M 100 100 0 - 0 100 0 100 458.2 0 714.6 714.6
265 10M 100 100 0 - 0 100 0 100 458.2 0 714.6 714.6
266 10M 100 100 0 - 0 100 0 100 458.2 0 714.6 714.6
267 10M 100 100 0 - 0 100 0 100 458.2 0 714.6 714.6
268 10M 100 100 0 - 0 100 0 100 458.2 0 714.6 714.6
269 15M 400 400 200 - 0 200 0 400 448 0 900 850
270 15M 400 400 200 - 0 200 0 400 448 0 900 850
271 15M 400 400 200 - 0 200 0 400 448 0 900 850
272 15M 400 400 200 - 0 200 0 400 448 0 900 850
273 10M 200 200 100 - 0 100 0 200 456 0 900 850
274 10M 200 200 100 - 0 100 0 200 456 0 900 850
275 10M 200 200 100 - 0 100 0 200 456 0 900 850

360




HORIZONTAL (SHEAR) REINFORCEMENT

Wall
Bond Beam Anbb Anbbm  Anbb,m2 . . A Anbbbar  Anjbar An Sh,max Sh,ave
# Reinf mm? [mm? [mm? OCmtRenf o mm? mmY mmy ™ Y mm]  [mm

276 10M 200 200 100 - 0 100 0 200 456 0 900 850
277 10M 200 200 100 - 0 100 0 200 456 0 900 850
278 10M 200 200 100 - 0 100 0 200 456 0 900 850
279 10M 200 200 200 - 0 100 0 200 456 0 700 600
280 10M 200 200 200 - 0 100 0 200 456 0 700 600
281 10M 100 100 100 - 0 100 0 100 456 0 900 900
282 10M 100 100 100 - 0 100 0 100 456 0 900 900
283 - 0 0 0 4-2004 2mm 111 27.7 111 0 610 400 400
284 - 0 0 0 4-2004.2mm 111 27.7 111 0 610 400 400
285 - 0 0 0 9-2004.2mm 249 27.7 249 0 610 200 200
286 - 0 0 0 9-204.2mm 249 27.7 249 0 610 200 200
287 - 0 0 0 3-204.2mm 83 27.7 83 0 610 400 400
288 - 0 0 0 5-204.2mm 139 27.7 139 0 610 200 200
289 - 0 0 0 3-204.2mm 83 27.7 83 0 610 400 400
290 - 0 0 0 4-2004.2mm 111 27.7 111 0 610 400 400
291 - 0 0 0 9-2004.2mm 249 27.7 249 0 610 200 200
292 - 0 0 0 4-2004.2mm 111 27.7 111 0 610 400 400
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AXIAL STRESS EXPERIMENTAL SHEAR STRENGTH
W; i P Ogross Onet V min Vmax Vavg Vexp
kav kmono krate

[kN] [MPa]  [MPa] [kN] [kN] [kN] ¢ [kN]

1 134.929 0.39 1.09 - 125 0.9443 0.814 1 96
2 327.686 0.94 2.04 - 302 0.9443 0.814 1 233
3 231.307 0.66 1.87 - 214 0.9443 0.814 1 164
4 289.134 0.83 1.80 - 267 0.9443 0.814 1 205
5 269.859 0.77 1.51 - 249 0.9443 0.814 1 191
6 289.134 0.83 1.47 - 267 0.9443 0.814 1 205
7 313.229 0.90 1.95 - 289 0.9443 0.814 1 222
8 337.323 0.97 1.57 - 311 0.9443 0.814 1 239
9 501.166 1.44 2.33 - 463 0.9443 0.814 1 356
10 539.717 1.55 2.51 - 498 0.9443 0.814 1 383
11 462.615 1.33 2.15 - 427 0.9443 0.814 1 328
12 539.717 1.55 2.51 - 498 0.9443 0.814 1 383
13 0 0 0 - 200 0.9443 1 1 189
14 196 0.41 0.66 - 255 0.9443 1 1 241
15 98.1 0.20 0.33 - 336 0.9443 1 1 317
16 0 0 0 - 108 0.9443 1 1 102
17 0 0 0 - 125 0.9443 1 1 118
18 98.1 0.20 0.33 - 265 0.9443 1 1 250
19 0 0 0 - 97 0.9443 1 1 92
20 196 0.41 0.66 - 278 0.9443 1 1 262
21 0 0 0 - 255 0.9443 1 1 241
22 0 0 0 - 216 0.9443 1 1 204
23 0 0.00 0.00 - 159 0.9443 0.814 1 122
24 49.05 0.16 0.27 - 148 0.9443 0.814 1 114
25 98.1 0.33 0.55 - 237 0.9443 0.814 1 182
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AXIAL STRESS

EXPERIMENTAL SHEAR STRENGTH

Wall
# P Ogross Onet V min Vmax Vavg Kk Kk Kk Vexp
av. mono rate

[kN] [MPa]  [MPa] [kN] [kN] [kN] ¢ [kN]
26 196.2 0.65 1.10 - 285 0.9443 0.814 1 219
27 0 0.00 0.00 - 134 0.9443 0.814 1 103
28 0 0.00 0.00 - 197 0.9443 0.814 1 151
29 0 0.00 0.00 - 128 0.9443 0.814 1 98
30 294.3 0.98 1.35 - 308 0.9443 0.814 1 237
31 2943 0.98 1.64 - 337 0.9443 0.814 1 259
32 294.3 0.98 1.64 - 317 0.9443 0.814 1 243
33 0 0.00 0.00 - 184 0.9443 0.814 1 141
34 200.2 1.72 2.41 - - 78 0.9443 1 1 74
35 200.2 1.72 2.41 - - 86 0.9443 1 0.9 73
36 187.7 0.79 1.87 107 117 112 1 1 0.9 101
37 134.3 0.57 0.93 196 221 208 1 1 0.9 187
38 129.9 0.55 0.90 159 169 164 1 1 0.9 147
39 138.8 0.59 0.96 210 223 217 1 1 0.9 195
40 0 0.00 0.00 74.6 77.5 76 1 1 1 76
41 0 0.00 0.00 94 106 100 1 1 1 100
42 0 0.00 0.00 146 152 149 1 1 1 149
43 0 0 0 108.4 118.7 114 1 1 1 114
44 0 0 0 157.4 157.4 157 1 1 1 157
45 0 0 0 87.1 93.1 90 1 1 1 90
46 0 0 0 142.6 93.1 118 1 1 1 118
47 0 0 0 84.2 73.1 79 1 1 1 79
48 0 0 0 73.1 73.1 73 1 1 1 73
49 0 0 0 594 57.4 58 1 1 1 58
50 0 0 0 79.2 65.3 72 1 1 1 72
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AXIAL STRESS

EXPERIMENTAL SHEAR STRENGTH

Wall
# P Ogross Onet V min Vmax Vavg Ko Kmono Krate Vexp
[kN] [MPa]  [MPa] [kN] [kN] [kN] ¢ [kN]
51 0 0 0 101.0 63.4 82 1 1 1 82
52 0 0 0 104.9 73.3 89 1 1 1 89
53 0 0 0 132.7 89.1 111 1 1 1 111
54 97.0 0.49 0.78 172.3 101.0 137 1 1 1 137
55 194.0 0.98 1.57 148.5 136.6 143 1 1 1 143
56 291.1 1.47 2.35 192.1 166.3 179 1 1 1 179
57 100.7 0.49 0.79 108.9 84.3 97 1 1 1 97
58 100.7 0.49 0.79 154.1 150.0 152 1 1 1 152
59 100.7 0.49 0.79 160.3 185.0 173 1 1 1 173
60 100.7 0.49 0.79 248.7 141.8 195 1 1 1 195
61 100.7 0.49 0.79 148.0 129.5 139 1 1 1 139
62 194.0 0.98 1.57 180.2 136.6 158 1 1 1 158
63 194.0 0.98 1.57 95.0 79.2 87 1 1 1 87
64 194.0 0.98 1.57 196.0 138.6 167 1 1 1 167
65 194.0 0.98 1.57 215.8 152.5 184 1 1 1 184
66 144.8 0.49 0.78 2394 224.6 232 1 1 1 232
67 144.8 0.49 0.78 230.5 218.7 225 1 1 1 225
68 130.1 0.49 0.80 212.4 180.5 196 1 1 1 196
69 100.7 0.49 0.79 148.0 143.9 146 1 1 1 146
70 71.3 0.49 0.78 87.3 69.8 79 1 1 1 79
71 71.3 0.49 0.78 90.2 68.4 79 1 1 1 79
72 60 0.98 1.65 - 32.9 0.9443 1 1 31
73 60 0.98 1.65 - 40.7 0.9443 1 1 38
74 60 0.98 1.65 - 353 0.9443 1 1 33
75 60 0.98 1.65 - 40.3 0.9443 1 1 38
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AXIAL STRESS EXPERIMENTAL SHEAR STRENGTH
W; i P Ogross Onet V min Vmax Vavg Vexp
kav kmono krate
[kN] [MPa]  [MPa] [kN] [kN] [kN] ¢ [kN]
76 60 0.98 1.65 - 26.0 0.9443 1 1 25
77 60 0.98 1.65 - 30.1 0.9443 1 1 28
78 60 0.98 1.65 - 349 0.9443 1 1 33
79 60 0.98 1.65 - 43.2 0.9443 1 1 41
80 60 0.98 1.65 - 46.8 0.9443 1 1 44
81 60 0.98 1.65 - 29.1 0.9443 1 1 27
82 0 0 0 - 96 0.9443 1 1 91
83 0 0 0 - 108 0.9443 1 1 102
84 0 0 0 - 117 0.9443 1 1 110
85 0 0 0 - 186 0.9443 1 1 176
86 0 0 0 - 103 0.9443 1 1 97
87 0 0 0 - 106 0.9443 1 1 100
88 0 0 0 - 116 0.9443 1 1 109
89 0 0 0 - 104 0.9443 1 1 98
90 0 0 0 - 114 0.9443 1 1 107
91 0 0 0 - 107 0.9443 1 1 101
92 0 0 0 - 111 0.9443 1 1 104
93 0 0 0 - 108 0.9443 1 1 102
94 0 0 0 - 108 0.9443 1 1 102
95 0 0 0 - 106 0.9443 1 1 100
96 0 0 0 - 104 0.9443 1 1 98
97 0 0 0 - 101 0.9443 1 1 95
98 174.8 0.74 1.38 105.9 122.3 114 1 1 1 114
99 174.8 0.74 1.38 128.6 156.1 142 1 1 1 142
100 174.8 0.74 1.38 141.9 148.6 145 1 1 1 145
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AXIAL STRESS

EXPERIMENTAL SHEAR STRENGTH

Wall
# P Ogross Onet V min Vmax Vavg Ko Kmono Krate Vexp
[kN] [MPa]  [MPa] [kN] [kN] [kN] ¢ [kN]
101 174.8 0.74 1.38 189.0 201.9 195 1 1 1 195
102 174.8 0.74 1.38 145.5 156.1 151 1 1 1 151
103 174.8 0.74 1.38 156.6 163.7 160 1 1 1 160
104 174.8 0.74 1.38 119.2 119.2 119 1 1 1 119
105 174.8 0.74 1.38 161.5 176.6 169 1 1 1 169
106 174.8 0.74 1.38 191.7 201.1 196 1 1 1 196
107 174.8 0.74 1.38 147.7 171.7 160 1 1 1 160
108 30.9 0.69 1.55 - 24.5 0.9443 0.814 1 19
109 30.9 0.69 1.40 - 30.2 0.9443 0.814 1 23
110 30.9 0.69 1.40 - 25.8 0.9443 0.814 1 20
111 61.8 1.38 2.81 - 34.3 0.9443 0.814 1 26
112 120 1.97 2.84 - 45.05 0.9443 1 1 43
113 120 1.97 2.84 - 50.45 0.9443 1 1 43
114 120 1.97 2.84 - 49.23 0.9443 1 1 46
115 120 1.97 2.84 - 57.26 0.9443 1 1 49
116 120 1.97 2.84 - 53.78 0.9443 1 1 51
117 120 1.97 2.84 - 60.19 0.9443 1 1 51
118 267 0.48 1.10 - - 187 1 1 1 187
119 191 0.48 1.02 - - 245 1 1 1 245
120 133 0.48 0.91 - - 133 1 1 1 133
121 266 0.48 1.10 - - 240 1 1 1 240
122 177 0.45 0.94 - - 192 1 1 1 192
123 132 0.48 0.90 - - 154 1 1 1 154
124 265 0.48 1.09 - - 261.3 1 1 1 261
125 185.4 0.47 0.99 - - 253.5 1 1 1 254
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AXIAL STRESS

EXPERIMENTAL SHEAR STRENGTH

Wall
# P Ggross Onet V min Vmax Vavg Kk Kk Kk Vexp
av. mono rate
[kN] [MPa]  [MPa] [kN] [kN] [kN] ¢ [kN]
126 130.2 0.47 0.89 - - 175.9 1 1 1 176
127 265.5 0.48 1.10 - - 243.4 1 1 1 243
128 187.6 0.47 1.00 - - 270.3 1 1 1 270
129 133.2 0.48 0.91 - - 211.3 1 1 1 211
130 357.5 1.42 1.92 - 143 0.9443 1 1 135
131 145.3 0.58 0.78 - 93 0.9443 1 1 88
132 60.0 0.5 1.37 52.73 52.75 52.7 1 1 1 53
133 60.0 0.5 1.37 62.09 65.18 63.6 1 1 1 64
134 150.0 1.25 3.42 92.98 93.22 93.1 1 1 1 93
135 150.0 1.25 3.42 93.28 93.8 93.5 1 1 1 94
136 120 0.74 1.66 91.2 96.9 94.1 1 1 1 94
137 120 0.74 1.55 93.2 103.7 98.5 1 1 1 98
138 120 0.74 1.80 84.4 96.7 90.6 1 1 1 91
139 120 0.74 1.66 114.2 122.9 118.6 1 1 1 119
140 120 0.74 1.66 79.1 84.3 81.7 1 1 1 82
141 48.928 0.10 0.20 223 253 238 1 1 1 238
142 48.928 0.10 0.20 250 254 252 1 1 1 252
143 48.928 0.10 0.20 203 289 246 1 1 1 246
144 48.928 0.10 0.20 281 291 286 1 1 1 286
145 48.928 0.10 0.18 331 357 344 1 1 1 344
146 | 48.928 0.10 0.16 370 430 400 1 1 1 400
147 243.9 0.33 0.7 312 318 315 1 1 1 315
148 243.9 0.33 0.7 177.2 190 183.6 1 1 1 184
149 0.0 0.00 0 240.4 241 240.7 1 1 1 241
150 0.0 0.00 0 224.6 230 227.3 1 1 1 227
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AXIAL STRESS

EXPERIMENTAL SHEAR STRENGTH

Wall

# P Ggross Onet V min Vmax Vavg Kk Kk Kk Vexp
av. mono rate

[kN] [MPa]  [MPa] [kN] [kN] [kN] ¢ [kN]
151 0 0 0 - - 208.2 1 1 1 208
152 0 0 0 - - 201.1 1 1 1 201
153 0 0 0 - - 325.6 1 1 1 326
154 0 0 0 - - 249.1 1 1 1 249
155 0 0 0 - - 266.0 1 1 1 266
156 0 0 0 - - 348.3 1 1 1 348
157 0 0 0 - - 431.0 1 1 1 431
158 0 0 0 - - 405.7 1 1 1 406
159 49.286 0.10 0.20 211 234 221.8 1 1 1 222
160 | 49.286 0.10 0.20 227 230 227.7 1 1 1 228
161 49.286 0.10 0.20 193 215 202.9 1 1 1 203
162 | 49.286 0.10 0.18 258 262 260.0 1 1 1 260
163 49.286 0.10 0.17 290 302 295.0 1 1 1 295
164 416 1.37 2.02 - 297.0 0.9443 0.814 1 228
165 416 1.37 2.02 - 278.1 0.9443 0.814 1 214
166 416 1.37 2.02 - 275.9 0.9443 0.814 1 212
167 416 1.37 2.02 - 270.1 0.9443 0.814 1 208
168 416 1.37 2.02 - 261.1 0.9443 0.814 1 201
169 416 1.37 2.02 - 272.2 0.9443 0.814 1 209
170 416 1.37 2.02 - 257.4 0.9443 0.814 1 198
171 416 1.37 2.02 - 265.9 0.9443 0.814 1 204
172 416 1.37 2.02 - 2594 0.9443 0.814 1 199
173 416 1.37 2.02 - 275.1 0.9443 0.814 1 211
174 416 1.37 2.02 - 281.5 0.9443 0.814 1 216
175 416 1.37 2.02 - 278.4 0.9443 0.814 1 214
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AXIAL STRESS

EXPERIMENTAL SHEAR STRENGTH

Wall

# P Ggross Onet V min Vmax Vavg Kk Kk Kk Vexp
av. mono rate

[kN] [MPa]  [MPa] [kN] [kN] [kN] ¢ [kN]
176 416 1.37 2.02 - 278.7 0.9443 0.814 1 214
177 416 1.37 2.02 - 287.6 0.9443 0.814 1 221
178 416 1.37 2.02 - 278.9 0.9443 0.814 1 214
179 236 0.78 2.11 - 149.5 0.9443 0.814 1 115
180 236 0.78 2.11 - 146.9 0.9443 0.814 1 113
181 236 0.78 2.11 - 157.2 0.9443 0.814 1 121
182 628 2.07 3.05 - 384.4 0.9443 0.814 1 295
183 628 2.07 3.05 - 346.6 0.9443 0.814 1 266
184 628 2.07 3.05 - 419.6 0.9443 0.814 1 323
185 628 2.07 3.05 - 347.9 0.9443 0.814 1 267
186 628 2.07 3.05 - 337.1 0.9443 0.814 1 259
187 628 2.07 3.05 - 390.1 0.9443 0.814 1 300
188 628 2.07 3.05 - 384.2 0.9443 0.814 1 295
189 628 2.07 3.05 - 362.3 0.9443 0.814 1 278
190 628 2.07 3.05 - 325.0 0.9443 0.814 1 250
191 628 2.07 3.05 - 3384 0.9443 0.814 1 260
192 628 2.07 3.05 - 356.0 0.9443 0.814 1 274
193 628 2.07 3.05 - 373.9 0.9443 0.814 1 287
194 628 2.07 3.05 - 360.4 0.9443 0.814 1 277
195 628 2.07 3.05 - 349.7 0.9443 0.814 1 269
196 628 2.07 3.05 - 377.8 0.9443 0.814 1 290
197 353 1.16 3.15 - 186.4 0.9443 0.814 1 143
198 353 1.16 3.15 - 199.8 0.9443 0.814 1 154
199 353 1.16 3.15 - 215.5 0.9443 0.814 1 166
200 839 2.76 4.08 - 459.5 0.9443 0.814 1 353
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AXIAL STRESS

EXPERIMENTAL SHEAR STRENGTH

Wall
# P Ogross Onet V min Vmax Vavg Kk Kk Kyat Vexp
[kN] [MPa]  [MPa] [kN] [kN] [kN] " none e [kN]
201 839 2.76 4.08 - 403.5 0.9443 0.814 1 310
202 839 2.76 4.08 - 433.6 0.9443 0.814 1 333
203 839 2.76 4.08 - 414.6 0.9443 0.814 1 319
204 839 2.76 4.08 - 393.8 0.9443 0.814 1 303
205 839 2.76 4.08 - 402.0 0.9443 0.814 1 309
206 839 2.76 4.08 - 437.0 0.9443 0.814 1 336
207 839 2.76 4.08 - 393.3 0.9443 0.814 1 302
208 839 2.76 4.08 - 425.7 0.9443 0.814 1 327
209 839 2.76 4.08 - 423.6 0.9443 0.814 1 326
210 839 2.76 4.08 - 400.9 0.9443 0.814 1 308
211 839 2.76 4.08 - 405.9 0.9443 0.814 1 312
212 839 2.76 4.08 - 410.3 0.9443 0.814 1 315
213 839 2.76 4.08 - 436.8 0.9443 0.814 1 336
214 839 2.76 4.08 - 443 4 0.9443 0.814 1 341
215 471 1.55 4.21 - 231.1 0.9443 0.814 1 178
216 471 1.55 4.21 - 250.8 0.9443 0.814 1 193
217 471 1.55 4.21 - 237.2 0.9443 0.814 1 182
218 315 1.04 2.81 - 186.4 0.9443 0.814 1 143
219 315 1.04 2.81 - 217.3 0.9443 0.814 1 167
220 315 1.04 2.81 - 208.0 0.9443 0.814 1 160
221 315 1.04 2.81 - 210.1 0.9443 0.814 1 161
222 315 1.04 2.81 - 206.7 0.9443 0.814 1 159
223 315 1.04 2.81 - 212.0 0.9443 0.814 1 163
224 608 2.00 2.96 - 350.7 0.9443 0.814 1 270
225 608 2.00 2.96 - 323.1 0.9443 0.814 1 248
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AXIAL STRESS

EXPERIMENTAL SHEAR STRENGTH

Wall
# P Ggross Onet V min Vmax Vavg Ko Kmono Krate Vexp
[kN] [MPa]  [MPa] [kN] [kN] [kN] ¢ [kN]
226 608 2.00 2.96 - 339.2 0.9443 0.814 1 261
227 608 2.00 2.96 - 320.4 0.9443 0.814 1 246
228 608 2.00 2.96 - 334.6 0.9443 0.814 1 257
229 608 2.00 2.96 - 333.2 0.9443 0.814 1 256
230 410.1 1.20 2.06 189.0 229.6 209.3 1 1 1 209
231 409 1.20 2.05 225.6 227.1 226.4 1 1 1 226
232 431.7 1.26 2.17 250.7 254.1 252.4 1 1 1 252
233 411.3 1.20 2.07 224.7 232.4 228.6 1 1 1 229
234 422.7 1.24 2.12 233.5 251.4 242.5 1 1 1 242
235 417.6 1.22 2.10 225.6 246.3 236.0 1 1 1 236
236 409 1.20 2.05 160.1 168.6 164.4 1 1 1 164
237 413.3 1.21 2.08 195.0 236.8 215.9 1 1 1 216
238 421.1 1.23 2.11 230.8 250.5 240.7 1 1 1 241
239 409 1.20 2.05 186.7 194.6 190.7 1 1 1 191
240 409 1.20 2.05 204.9 208.1 206.5 1 1 1 207
241 409 1.20 2.05 208.0 218.5 213.3 1 1 1 213
242 409 1.20 2.05 202.0 204.9 203.5 1 1 1 203
243 409 1.20 2.05 209.5 213.3 211.4 1 1 1 211
244 409 1.20 2.05 175.7 177.7 176.7 1 1 1 177
245 409 1.20 2.05 180.7 190.0 185.4 1 1 1 185
246 411.8 1.20 2.07 - 230.3 0.9443 0.814 1 177
247 416.7 1.22 2.09 - 235.8 0.9443 0.814 1 181
248 | unknown - - - 54.7 0.9443 0.814 1 42
249 86 0.77 1.69 - 51.6 0.9443 0.814 1 40
250 62 0.55 1.21 - 0.9443 0.814 1 29
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AXIAL STRESS

EXPERIMENTAL SHEAR STRENGTH

Wall
# P Ogross Onet V min Vmax Vavg Ko Kmono Krate Vexp
[kN] [MPa]  [MPa] [kN] [kN] [kN] ¢ [kN]
251 70 0.63 1.37 - 0.9443 0.814 1 35
252 78 0.70 1.53 - 42.68 0.9443 0.814 1 33
253 73 0.66 1.44 - 44.0 0.9443 0.814 1 34
254 181 0.84 1.94 - 0.9443 0.814 1 83
255 183 0.85 1.96 - 103 0.9443 0.814 1 79
256 190 0.88 2.03 - 105 0.9443 0.814 1 81
257 162 0.75 1.73 - 96 0.9443 0.814 1 74
258 189 0.88 2.02 - 95.52 0.9443 0.814 1 73
259 225 1.05 2.41 - 131 0.9443 0.814 1 101
260 320 1.49 3.23 - 197.3 0.9443 0.814 1 152
261 211 0.98 2.13 - 168.8 0.9443 0.814 1 130
262 226 1.05 2.29 - 184 0.9443 0.814 1 141
263 299 1.39 3.02 - 180 0.9443 0.814 1 138
264 298 1.38 3.01 - 185 0.9443 0.814 1 142
265 221 1.03 2.23 - 0.9443 0.814 1 114
266 39 0.50 1.01 - 25.1 0.9443 0.814 1 19
267 37 0.48 0.96 - 23.1 0.9443 0.814 1 18
268 47 0.60 1.20 - 30.6 0.9443 0.814 1 24
269 432 1.26 2.13 232 273 252.5 1 1 1 253
270 476 1.39 2.35 276 327 301.5 1 1 1 302
271 484 1.42 2.39 276 346 311 1 1 1 311
272 482 1.41 2.37 282 334 308 1 1 1 308
273 409 1.20 2.02 216 232 224 1 1 1 224
274 409 1.20 2.02 191 215 203 1 1 1 203
275 409 1.20 2.02 208 244 226 1 1 1 226
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AXIAL STRESS

EXPERIMENTAL SHEAR STRENGTH

Wall
# P Ogross Onet V min Vmax Vavg Ko Kmono Krate Vexp
[kN] [MPa]  [MPa] [kN] [kN] [kN] ¢ [kN]
276 409 1.20 2.02 217 223 220 1 1 1 220
277 409 1.20 2.02 214 226 220 1 1 1 220
278 409 1.20 2.02 184 213 198.5 1 1 1 199
279 409 1.20 2.02 180 211 195.5 1 1 1 196
280 409 1.20 2.02 206 209 207.5 1 1 1 208
281 409 1.20 2.02 175 215 195 1 1 1 195
282 409 1.20 2.02 206 230 218 1 1 1 218
283 156.0 0.56 0.78 211.7 221.1 216.4 1 1 1 216
284 156.0 0.56 0.78 196.3 220.9 208.6 1 1 1 209
285 156.0 0.56 0.78 283.6 303.1 293.4 1 1 1 293
286 156.0 0.56 0.78 291.6 308.3 299.9 1 1 1 300
287 203.1 0.56 0.79 290.1 316.4 303.2 1 1 1 303
288 203.1 0.56 0.79 330.4 342.4 336.4 1 1 1 336
289 0.0 0 0.00 199.9 221.8 210.8 1 1 1 211
290 77.6 0.56 0.69 99.2 100.3 99.8 1 1 1 100
291 77.6 0.56 0.69 116.5 141.7 129.1 1 1 1 129
292 0 0 0.00 98.4 99.9 99.2 1 1 1 99
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