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ABSTRACT

The behaviour of partially grouted (PG) masonry shear walls is complex, due to the
inherent anisotropic properties of masonry materials and nonlinear interactions between
the mortar, blocks, grouted cells, ungrouted cells, and reinforcing steel. Since PG shear
walls are often part of lateral force resisting systems in masonry structures, it is crucial

that its shear behaviour is well understood, and its shear strength is accurately predicted.

This study presents the development of an artificial neural network (ANN) model for
analyzing the shear strength of PG walls. ANNs have the unique ability to address highly
complex problems and the potential to predict accurate results without a defined
algorithmic solution. By providing an ANN with a dataset of multiple inputs and
corresponding outputs, it can be trained to describe nonlinear relationships that may exist

among the variables and provide insight into the influence of each input parameter.

An experimental dataset of PG shear walls is used as input for the ANN analysis model.
It is necessary to assemble the dataset from multiple experimental studies using meta-
analysis, given that no single experimental study contains enough information to build
and validate a constitutive model for the shear strength and behaviour of PG walls. Finite
element (FE) modelling is shown to be a viable option for addressing gaps in input values
which exist in the dataset. The effect of previously unaccounted parameters in code-based
approaches is discussed, as well as the influence of different types of ANN analysis
options and input size on the model predictions. The ANN model results are compared
against currently available design codes and equations to predict the in-plane shear

strength of PG shear walls.
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1 INTRODUCTION

1.1 Background

Partially grouted (PG) concrete block shear walls are a common system to resist lateral
forces in masonry structures. Unlike fully grouted (FG) masonry, PG walls are grouted
only in locations where reinforcement bars are placed (vertically aligned cells with
vertical flexural reinforcement and/or horizontal bond beams with shear reinforcement).
As a result, they offer an economic advantage over FG walls due to reduced material and

labour costs (Dhanasekar 2011; Minaie et al. 2010).

FG wall behaviour is often approximated by treating the masonry (block, grout and
mortar) as an isotropic material, such as concrete. However, this approximation grows
increasingly inaccurate for PG walls due to its inherent anisotropy and the nonlinear
interactions that exist between mortar, blocks, grouted cells, ungrouted cells, and
reinforcing steel. Unlike FG walls, the mechanical behavior of PG walls is analogous to

infilled walls under lateral loading (Bolhassani et al. 2016; Minaie 2009).

The behaviour of PG walls under shear loading is not yet well understood. Despite
fundamental differences in behaviour between FG and PG walls, currently available
design equations are empirically formulated based on FG wall data and applies a
reduction factor to PG walls to achieve safety levels comparable to FG walls (Dillon and
Fonseca 2017). As a result, such equations often lack accuracy and consistency in shear
strength predictions. Hassanli et al. (2014) compiled a dataset of 89 PG wall specimens
and found the CSA S304.1-04 (2004) model to overestimate 24% of the specimens, with
the experimental-to-predicted ratio (Viest/Veaqic) ranging from 0.40 to 3.75. The same
study found the MSJC-2011 (2011) model to overestimate 71% of the specimens, with
the experimental-to-predicted ratio ranging from 0.35 to 1.65. Bolhassani et al. (2016)
compiled a dataset of 42 PG wall specimens and found the TMS 402/602 (2016) model
to overestimate 26% of the specimens. Minaie et al. (2010) compiled a dataset of 64 PG

wall specimens and found the experimental-to-predicted ratio standard deviations of CSA



S304.1-04 (2004), MSJC (2011), and NZS 4230 (2004) of 0.72. 0.60, and 0.63,

respectively.

The shear strength and behaviour of PG walls is dependent on variables such as the wall
geometry, level of axial load (increasing interlocking between masonry units in diagonal
cracks), ratio of net/gross area, and distribution of horizontal (increasing ductility and
energy dissipation) and vertical reinforcement (resisting shear loading at crack openings)
(Minaie et al. 2010; Voon and Ingham 2007). Various equations have been proposed by
numerous researchers to predict the in-plane shear strength of PG walls by conducting
regression analysis to determine the relative influence of these parameters. Matsumura
(1987) conducted a regression analysis using his experimental study consisting of 57
concrete masonry walls and 23 brick masonry walls to formulate a shear strength equation
as a sum of shear strength contributions from masonry, horizontal shear reinforcement,
and applied normal force. Fattal (1993b) compiled 72 PG walls to perform a regression
analysis and propose an improved version of Matsumura (1987)’s equation. Hassanli et
al. (2014) compiled dataset of 89 PG wall specimens to perform both univariate and
multivariate regression analysis and proposed an improved version of the MSJC (2011)
equation by modifying the relative influence of shear strength contributions from
masonry, horizontal shear reinforcement, and applied normal force. Dillon (2015)
compiled a dataset of 182 PG walls to also perform a multivariate linear analysis and
propose an improved version of the MSJC (2011) to include the influence of vertical steel

reinforcement.

While regression analysis is relied upon extensively for formulating predictive models,
the application of artificial neural networks (ANNSs) for pattern recognition and model
building has also demonstrated success in numerous structural engineering research
studies. In comparison to regression analysis, ANNs are particularly useful for
approximating nonlinear functions, and do not require any foreknowledge of any complex
relationships which may exist between variables. In a literature review by Paliwal and
Kumar (2009) consisting of 37 studies comparing ANN against regression analysis, 24

studies found equivalent or better predictive capacity using ANNs based on various



performance evaluation measures, such as the mean-squared error of predictions.
However, the same study reported that determining the optimal architecture of the ANN
models, such as the number of hidden neurons, was often complex and required extensive
parametric analyses. Also, a disadvantage of ANNs compared to usual regression models
is that the former does not provide an explicit interpretability of the relative importance
of each input parameter. Therefore, the study suggested that ANNs and regression
analysis should be considered not as competing methods, but as complimentary methods

for model building.

The ability for ANNs to recognize patterns relies heavily on both the number of
specimens and the quality of the input dataset for training the ANN. Since no single
experimental study for PG walls contains enough information to build and validate a
constitutive model for the shear strength and behaviour of this type of walls, it is
necessary to assemble a dataset from multiple experimental studies using meta-analysis
(Dillon and Fonseca 2014a). First, PG wall data from multiple experimental studies must
be compiled, such as its geometric, material, and loading properties; then, a set of criteria
is used to determine which PG walls are to be included or excluded from analysis; lastly,
data must be converted or “synthesized” to minimize variation between studies and
predict any missing information. This process is vital to ensure a consistent dataset for

the ANN to perform pattern recognition.

Since ANN models rely heavily on the input dataset used, it is also necessary to consider
and address gaps which may exist in the input dataset. In general, larger datasets are
beneficial for training ANN models. While additional experimental studies can address
such gaps and increase the dataset size, it is often time-consuming and costly.
Alternatively, a finite-element (FE) model validated with experimental results can be
used to generate hypothetical specimens and enlarge the dataset for ANN model

development.



1.2 Problem Statement

Due to the inherent complex behaviour of PG walls and the lack of test data, many design
codes have adopted a semi-empirical approach to predict shear strength of PG walls.
Recent studies have shown that available design expressions currently used to predict the
in-plane shear strength of PG walls are inconsistent and often non-conservative. An
improved understanding of the behaviour of PG walls under lateral loading is required to
address the limitations of current design expressions to predict the in-plane shear strength

of PG shear walls.
1.3 Objectives, Methods and Scope

The main objective of this study is to develop an analysis model for the shear strength of
PG walls using an ANN approach, with the purpose of generating an improved shear
strength model, gaining further insight into the influence of each parameter, investigate
the influence of unaccounted parameters, and improving understanding of interrelated
variables. To achieve this main objective, the following specific objectives are identified.

The methodology used to accomplish the objectives is also presented.

1. Prepare a dataset through meta-analysis suitable for developing an ANN model:
e Dataset assembly: compiling PG concrete block masonry walls exhibiting in-
plane diagonal tension shear failure from multiple experimental studies
e Dataset scrutinization: selection/inclusion criteria are discussed and applied to
determine which PG walls are to be included or excluded from analysis
e Dataset synthesization: the data is collected in a consistent manner to ensure that
the data is compatible for comparison and analysis
2. Compare the performance of currently available equations with experimental results
as a benchmark for ANN models:
e Shear strength expressions from various researchers and design codes are
discussed
e Statistical performance metrics for evaluating shear strength equations are

discussed



e Using the compiled dataset, each design expression is evaluated to compare the
experimental shear strengths with predicted shear strengths, and its performance
metrics are compared and discussed

3. Develop an ANN-based model to predict the in-plane shear strength of PG walls and
compare its performance with currently available equations:

e The effects of varying neural network architecture parameters are investigated to
produce an improved prediction output by a trained ANN

e A comparison of performance metrics between the ANN model and currently
available design expressions is discussed

e ANN:-based shear strength expressions are presented, and its performance is
evaluated in the same manner as the design expressions in objective (2).

4. Perform sensitivity analyses on trained ANN models to gain insight and improve
understanding of interrelated variables

e A sensitivity analysis is performed to gain further insight into the influence of
each parameter on the shear strength of PG walls

e Previously unaccounted parameters are investigated and discussed

e Interrelationships between variables based on the sensitivity analysis is
investigated

5. Demonstrate the potential of FE modelling for further ANN model development:
e Using the program VecTor2, develop and validate a preliminary finite-element

(FE) model of a PG wall under in-plane shear loading

The scope of the thesis is to develop an ANN-based analysis model to investigate the in-
plane shear strength and behaviour of PG concrete block masonry walls. FG walls are
not considered in this study; no attempt has been made to generate a unified analysis
model for PG and FG walls. Only PG walls governed by diagonal shear failure are
considered; walls failing in flexure, sliding shear, or the crushing of the masonry
compressive strut are not included in this study. Walls with openings are not included in
the analysis. Both bond beam and joint reinforcement has been considered as “shear

reinforcement;” no distinction has been made to study the influence of each type of



horizontal reinforcement separately. ANN-based models often produce equations that are
challenging to distill; no attempt in this study has been made to generate simplified
equations using techniques such as numerical methods. FE modelling is demonstrated as
a viable option for increasing the training dataset for ANN modelling, but no expansion

of the dataset is attempted in this study.
1.4 Organization of Thesis

The thesis is separated into six chapters:

e Chapter 1 introduces the research study and contains its objectives and scope

e Chapter 2 includes a comprehensive literature review of failure mechanisms, effect
of various parameters on the in-plane shear strength of PG walls, and presents various
design expressions currently available to predict the shear capacity of PG walls.

e Chapter 3 addresses objective (1) by presenting the meta-analysis involving dataset
assembly, data scrutinization, and data synthesization. The dataset is compiled from
26 experimental studies, each of which are described briefly. Several variants of the
dataset with varying levels of scrutinization and synthesization are generated for ANN
analysis. The distribution of specimen parameters in each dataset are presented to
provide a visual representation of potential gaps in experimental studies. Finally,
objective (2) is addressed by evaluating and discussing the performance of the design
expressions presented in Chapter 2.

e Chapter 4 introduces the fundamentals of ANNs and discusses the ANN type and
architecture used in this study (i.e. the number of neurons in the hidden layer, transfer
function, etc.). Objective (3) is addressed by presenting and discussing the results of
trained ANNSs. Objective (4) is addressed by performing a sensitivity analysis to select
the optimum ANN model and gain further insight into the behaviour of PG walls.

e Chapter 5 addresses objective (5) by presenting a FE analysis model of a PG shear
wall in the FE program VecTor2.

e Chapter 6 outlines the conclusions and recommendations based on Chapters 4 and 5.



2 LITERATURE REVIEW

2.1 Introduction

Reinforced concrete masonry block walls can be fully grouted (FG) or partially grouted
(PG). FG masonry walls are characterized by grouting every cell, whereas PG masonry
walls are characterized by having grout only in the cells containing vertical steel
reinforcement. Horizontal reinforcement can be in the form of either joint reinforcement
between courses, or bond beam reinforcement by using lintel blocks across the entire
wall. Typical PG masonry shear walls with vertical and horizontal reinforcement details

are illustrated in Fig. 2.1.
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Figure 2.1 — Typical reinforced concrete masonry block wall: (a) vertical
reinforcement; (b) joint reinforcement; (c) bond beam reinforcement (Anderson
and Brzev 2009)

The purpose of this literature review is to provide a fundamental understanding of PG
masonry walls subject to lateral loading as well as a description of the models and design

expressions available for predicting its shear resistance.



2.2 Behaviour of Partially Grouted Masonry Walls

2.2.1 Failure Modes

Masonry shear walls are typically designed to resist both gravity and lateral loads. The
mode of failure is dependent on a combination of variables, including material properties,
geometric properties, boundary conditions, loading pattern, and relative magnitude of
gravity and shear loads (Drysdale and Hamid 2005). PG masonry shear walls may fail in
flexure, sliding shear, diagonal shear, or a combination of these failure mechanisms (i.e.

flexural/shear failure). Each of the primary failure modes are illustrated by Fig. 2.2.
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Figure 2.2 — Reinforced masonry shear wall failure modes: (a) flexural; (b) sliding,
(c) shear (adapted from Voon 2007)

2.2.1.1 Flexural Failure

Flexural failure is characterized by crushing at the compression toe, yielding of the
vertical reinforcement at the tension heel, and overturning of the wall. Walls failing in
flexure exhibit higher ductility and energy dissipation largely due to the formation of a
plastic hinge at the bottom of the wall and yielding of vertical reinforcement (Dillon 2015;
Rizaee 2015). PG masonry walls are more likely to exhibit a flexural-shear failure or a

flexural failure as the aspect ratio is increased (Haider 2007).

2.2.1.2 Sliding Failure

Sliding failure occurs when mortar joints along masonry courses fails. It is characterized
by sliding of the wall along bed joints. Sliding failure in reinforced masonry walls is not

common; typical axial loads and dowel action from vertical reinforcement prevent this



mode of failure (Oan 2013; Rizaee 2015). Localized sliding failure may increase the
ductility of PG masonry shear walls with wide spaced vertical reinforcement, as long as

the overall integrity of the wall remains (Hamedzadeh 2013).

2.2.1.3 Diagonal Tension Shear Failure

Diagonal tension failure is characterized by diagonal cracking along the shear wall.
Depending on the level of axial stress, diagonal cracking can occur as either step cracking
along mortar joints or diagonal cracking across masonry units (Oan 2013). Both are

illustrated in Fig. 2.3.
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Figure 2.3 — Diagonal shear mode of failure: (a) step cracking at low axial
compressive stress; (b) diagonal cracking across masonry (adapted from Voon
2007)

Once diagonal cracking occurs, the resisting mechanism is a combination of aggregate
interlock of masonry units and grout as well as resistance provided by horizontal and
vertical reinforcement (Shing et al. 1990b). A higher axial loading can minimize crack
openings, thus increasing the contribution of aggregate interlocking to shear resistance.

This shear resisting mechanism is illustrated by Fig. 2.4.

Since the horizontal and vertical reinforcing steel is not engaged until diagonal cracking
occurs, the diagonal cracking load is independent of reinforcement ratios in either

direction (Ghanem et al. 1992; Haach et al. 2010; Matsumura 1987; Schultz et al. 1998).



Figure 2.4 — Shear Resistance Mechanism (Shing et al. 1990b)

Two types of diagonal tension failure for PG masonry walls have been documented: a
“brittle” shear failure and a “ductile” shear failure (Dillon 2015; Ghanem et al. 1992;
Sveinsson et al. 1985). A “brittle” failure is characterized by a single, wide crack at
approximately 45 degrees across the entire wall. “Brittle” shear failures are characteristic
of walls with widely spaced reinforcement and high axial stresses (Nolph 2010).
However, it is possible to design PG masonry shear walls with greater ductility and
energy dissipation. A “ductile” shear failure is achieved by using narrow spacing between
reinforcing bars, and ensuring an axial load-to-masonry compressive strength ratio of less
than 0.05 (Ghanem et al. 1992). Distributed vertical reinforcement minimizes crack
openings, allowing new cracks to form throughout the wall, while preserving the
aggregate interlocking of masonry blocks that provides shear resistance. This results in a
“ductile” diagonal shear failure governed by widening of cracks and localized crushing
of the masonry (Dillon 2015; Rizaee 2015). Typical cracking patterns of “brittle” and

“ductile” shear failures are illustrated by Fig. 2.5.
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Figure 2.5 — Modes of shear failure: (a) Brittle shear failure; (b) Ductile shear
failure (adapted from Voon 2007)

2.2.1.4 Masonry Compression Strut Shear Failure

The shear failure of PG masonry walls may also be governed by the crushing of the

masonry compressive strut. Typically, shear walls heavily reinforced with horizontal steel

are susceptible to this type of shear failure. Using a truss analogy, horizontal shear

reinforcement form tension ties, while masonry compressive struts form diagonally

between cracks, as illustrated in Fig. 2.6.
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Figure 2.6 —Truss analogy for masonry shear wall (adapted from Oesterle et al.

1984)
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Some code equations, such as the CSA S304.14 (2014), imposes an upper limit on the
maximum amount of shear that stirrups can resist and limits the shear capacity of PG
shear walls. The upper limit prevents crushing of the masonry strut by placing a limit on
the amount of horizontal reinforcement to be used in the wall, so that the mode of failure

does not shift from a flexural-shear type to a strut-crushing one.

2.2.2 Effect of Various Parameters on Shear Wall Behaviour
2.2.2.1 Effect of Masonry Compressive Strength (f,,)

Past studies have suggested that the shear strength of PG walls increases approximately
in proportion to the square root of the masonry compressive strength (Matsumura 1987;
Voon and Ingham 2006). However, more recent studies suggest that the square root
relationship loses accuracy with extremely high or low masonry compressive strength
values due its empirical derivation (Dillon 2015). It has been suggested by Morrison
(2013) that Matsumura (1987)’s study does not contain sufficient data points to conclude

a strong correlation between masonry compressive strength and PG shear strength.

The shear strength equation proposed by Shing et al. (1990) combines the vertical
reinforcement ratio with the compressive strength of masonry in a single term, and
suggests that the residual strength of masonry after cracking is influenced by the dowel
action provided by vertical reinforcement. An increase in vertical reinforcement would
enhance aggregate-interlock forces by reducing the width of crack openings, resulting in
an increase of the ultimate shear strength. Seif ElDin (2016) explains the indirect
influence of vertical reinforcement on shear strength by using the shear strength envelope

illustrated by Fig. 2.7.
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Figure 2.7 — Effect of vertical reinforcement ratio, p,,, on the in-plane shear
resistance provided by masonry (Adapted from Seif EIDin 2016)

2.2.2.2 Effect of Wall Aspect Ratio (?)

Several studies have reported that a decrease in the height-to-length aspect ratio of a PG
wall increases its shear strength (Matsumura 1988; Ramirez et al. 2015; Voon and Ingham
2006). However, most experimental studies have focused solely on aspect ratios of 1 or
less. This is in part due to the increased likelihood of PG walls to exhibit flexural-shear
failure or flexural failure as the aspect ratio is increased (Haider 2007). This is consistent
with the study by Maleki et al. (2009), which found walls with aspect ratios equal to or
less than 1.0 failed primarily in shear, while the wall tested with an aspect ratio equal to
1.5 exhibited a shear-flexure failure mode. The reduced stiffness and ultimate shear

capacity of Maleki’s walls as the aspect ratio is increased is illustrated by Fig. 2.8.

Schultz et al. (1998) also tested walls with varying height-to-length aspect ratios (0.5, 0.7
and 1.0) and found that increasing the aspect ratio increased the ultimate shear strength,
while the deformation and energy dissipation capacity of the wall decreased. A study by
Ramirez et al. (2016) also found the energy dissipation capacity to be inversely related to

the height-to-length aspect ratio.
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Figure 2.8 — Walls tested by Maleki et al. (2009) with different aspect ratios (0.5,
1.0 and 1.5) and similar bar spacing

Some design expressions include the shear span ratio instead of the height-to-length
aspect ratio. In doing so, the boundary conditions of the wall are considered without

having to include another constant to separate single curvature and double curvature

walls. The shear span ratio is typically expressed as either % (moment divided by length

M
dyV

and applied shear force), or — (moment divided by the effective depth and applied shear

force). Figure 2.9 illustrates how the shear span ratio accounts for both the height-to-

length ratio and boundary condition simultaneously.
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Figure 2.9 — Shear span ratio for (a) single curvature boundary condition and (b)
double curvature boundary condition

2.2.2.3 Effect of Vertical Reinforcement

While vertical reinforcement is typically used to increase the flexural resistance of walls,
the effect of vertical reinforcement on shear strength has not been considered in most
design equations. However, vertical reinforcement is theorized to contribute the shear
strength of PG walls through vertical confinement and dowel action (Dillon 2015). The
shear strength equation proposed by Shing et al. (1990) includes a term that accounts for
the vertical reinforcement, which was subsequently adopted in the NZS-4230 (2004)
design equation and the equation proposed by Voon and Ingham (2007). Ghanem et al.
(1992) suggested that only interior reinforcing bars should be considered for shear
resistance, since boundary bars are considered to carry the tension forces due to flexural

loads.

According to Thurston and Hutchinson (1982), vertical reinforcing steel provides shear

resistance as cracking occurs. Thus, it has been suggested that the spacing of vertical
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reinforcement is more critical than the ratio of vertical reinforcement in allowing a more
even distribution of cracks. Distributed vertical reinforcement can minimize these crack
openings, allowing the aggregate interlocking of masonry blocks to continue providing
shear resistance (Ghanem et al. 1992). Dhanasekar and Haider (2011) found that shear
walls under cyclic loading containing vertical reinforcement spaced greater than
2000 mm apart led to significant damage, whereas a spacing of less than 2000 mm
resulted in localized diagonal cracking. Conversely, an investigation by Nolph and
Elgawady (2012) found that an increase of grout horizontal spacing linearly decreased
the shear strength, as shown in Fig. 2.10.

Net cross sectional area (m2)
0.27 0.26 0.25 0.24 0.23 0.22 0.21

80 356
70 311
e
60 267
— 50 222 .
B b4
2 40 178 =
>
30 133
20 89
10 44
0 4 V_experimental —Vn_MSJC 2008 0

203 406 609 813 1016 1219 1422
Grout Spacing (mm)

Figure 2.10 — Effects of grout horizontal spacing on the shear strength of test
specimens by Nolph and Elgawady (2012)

Using a strut-and-tie model, it appears that beyond a certain threshold, decreasing the
spacing of vertical reinforcement does not necessarily increase the shear capacity of a
wall (Hassanli et al. 2014). As illustrated by Fig. 2.11, an additional steel tie in (b)
compared to (a) may not increase the ultimate strength, due to the maximum number and

width of struts that have already been developed.
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Figure 2.11 — Effect of closely spaced vertical reinforcement explained with strut
and tie models — (a) normal spaced and (b) closely spaced (adapted from Hassanli
et al. 2014)

This strut-and-tie model assumes that the shear strength is controlled by the capacity of
the masonry strut, such that any increment in tie area or number of ties cannot lead to
more shear strength. However, if the limiting element is the yielding of the tensile bar
(i.e. the shear strength is controlled by the capacity of the ties), an increased area of steel

would still be expected to increase the overall shear capacity.

2.2.2.4 Effect of Horizontal (Shear) Reinforcement

Although horizontal reinforcement can be in the form of joint reinforcement or bond
beam reinforcement, current design equations do not differentiate between them. A few
research studies have investigated the difference in horizontal reinforcement and
demonstrates that the behaviour of PG walls is dependent on which type of horizontal
reinforcement is used (Baenziger and Porter 2011; Hoque 2013; Schultz 1996; Schultz et
al. 1998; Yancey and Scribner 1989). It has been suggested by Dillon (2015) that
additional research is necessary to investigate the influence of bond beams on the shear

strength of PG walls.

Anderson and Priestley (1992) suggested that prior to diagonal cracking of a PG masonry
shear wall, the shear load is resisted entirely by masonry blocks (i.e. horizontal
reinforcement remains unstressed). Once diagonal cracking has occurred, horizontal
reinforcement is engaged as the shear capacity of the masonry decreases. The role of

horizontal reinforcement in PG shear walls is illustrated in Fig. 2.12.
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Figure 2.12 — Role of horizontal reinforcement in resisting masonry shear failure
(adapted from Voon 2007)

Compared with concrete, masonry is made up of finer aggregates, and therefore, it is
expected that the shear capacity of masonry begins to decrease with relatively smaller
crack openings. As a result, the horizontal reinforcement steel has likely not begun
yielding when the wall has reached its maximum shear capacity. Additionally, a weaker
bond exists between masonry and steel compared to concrete and steel. This phenomenon
is reflected in many design expressions limiting the efficiency of horizontal reinforcement
to about 50-60%; these expressions are discussed in further detail in the following section
of this chapter. Janaraj and Dhanasekar (2016a) have gone further to say that the inclusion
of horizontal reinforcement ratio in calculating shear strength is unjustified due to the

lack of yielding.

Schultz et al. (1998) tested PG walls containing joint reinforcement with 0.056% and
0.11% horizontal reinforcement ratios. Overall, Schultz et al. concluded that the
horizontal reinforcement ratio has a marginal influence on the ultimate shear strength.
However, the increased horizontal reinforcement had a greater benefit on shear strength

for walls with a higher height-to-length aspect ratio, as illustrated in Fig. 2.13.

Both Shing et al. (1990) and Tomazevi¢ and Lutman (1988) have suggested that
increasing the horizontal reinforcement also improves the post-cracking ductility of PG

masonry shear walls.
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Figure 2.13 — Effect of horizontal reinforcement ratio on shear strength for walls
of varying height-to-length aspect ratios (Schultz et al. 1998)

Using a simple strut-and-tie model, Hassanli et al. (2014) also comments on the
interaction of height-to-length aspect ratio and horizontal reinforcement on the shear
strength of a PG masonry shear wall. As illustrated in Fig. 2.14, horizontal reinforcement
is expected to carry a much greater proportion of the lateral load via truss action in slender

walls than in squat walls.

Although much of the experiments conducted involve a horizontal reinforcement ratio of
0-0.2%, it has been reported by several authors that horizontal reinforcement ratios above
0.2% lead to a negligible increase in ultimate strength and deformation (Elmapruk 2010;

Fattal 1993b; Haach et al. 2012; Hamid and Moon 2005; Shing et al. 1990b).
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Figure 2.14 — Simple strut-and-tie models for (a) squat, (b) square, and (c) slender
PG masonry walls (adapted from Hassanli et al. 2014)

2.2.2.5 Effect of Axial Stress

Multiple studies have found that an increase of axial load increases the ultimate shear
resistance of PG shear walls (Haach 2009; Matsumura 1988; Ramirez et al. 2015; Voon
and Ingham 2006). The cracking capacity of shear walls under lateral loading increases
with greater axial loading due to the increased compressive field that must be overcome

(Oan 2013; Voon 2007). After cracking, the resistance mechanism of PG shear walls
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includes the aggregate interlock of masonry units; thus, higher axial stresses can minimize
crack openings and increase the contribution of aggregate interlocking on shear
resistance. A strut-and-tie model by Dillon (2015) predicts that the relationship between

axial load and shear resistance is nonlinear.

However, there is a maximum amount of axial stress that will increase the shear strength
of masonry walls. Higher levels of axial stress tends to limit ductility by reducing yielding
of vertical reinforcing bars, and can lead to more severe diagonal cracking and brittle
failures (Haach et al. 2007; Tomazevic and Lutman 1996; Voon and Ingham 2006). Such
failures also tend to dissipate less energy (Haach et al. 2010). It was recommended by
Ghanem et al. (1993) that the axial load to masonry compressive strength ratio should be
less than 0.05 to prevent brittle shear failure. Beyond a certain threshold, the failure mode
of the wall becomes a “compression” failure (Page 1989). This relationship is illustrated

by Fig. 2.15.

"Shear" failure ~ "Compression" failure

T

Average Shear Stress, T

Average Normal Stress, G,

Figure 2.15 — Failure Criterion for Masonry Shear Walls (adapted from Page
1989)

2.3 Design Expressions Predicting In-Plane Shear Strength of PG Walls

Many design codes have adopted a semi-empirical approach to predict shear strength of
PG walls, due to the inherent complex behaviour of PG walls and the lack of test data.
Therefore, currently available design equations predicting the shear strength of PG walls
often rely on overly conservative reduction factors to achieve safety levels comparable to

those used in the better-understood FG walls. Currently available design equations also
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neglect the decrease of masonry shear strength in plastic hinge regions, limiting their

application to describe flexural-shear failure mechanisms (Voon and Ingham 2007).

Recent studies have shown that available design expressions currently used around the
world to predict the in-plane shear strength of PG walls are inconsistent and may be non-
conservative, and in some cases, overestimate the lateral load capacities of PG walls by
as much as three to four times (Haider 2007; Hassanli et al. 2014; Hassanli and Elgawady
2013; Janaraj and Dhanasekar 2016b; Minaie et al. 2010; Nolph and Elgawady 2012).

In one evaluation of several design expressions by Hassanli et al. (2014), a set of 89
experimental specimens were compared with the shear strength predictions of 4 different
codes: the MSJC-2011, AS 3700-2011, NZS 4230-2004 and CSA S304.1-04. The study
reveals the extent of non-conservatism that exists in these design codes and is summarized
in Table 2.1. Notably, some design expressions have underestimated the shear strength

of PG walls as frequently as 70% of the time.

Vex
Table 2.1 — Statistical comparison of test results with predicted values (V—”).

(Hassanli et al. 2014)

calc

MSJC-2011 AS 3700- NZS 4230- | CSA S304.1-
2011 2004 04

Minimum 0.35 0.28 0.50 0.40

Maximum 1.65 1.83 3.25 3.75

Average 0.86 0.79 1.49 1.36

Standard deviation 0.25 0.30 0.54 0.55

Perqentage of 'over- 71% 76% 17% 249,
predicted specimens

Despite parametric analyses performed on various design expressions, the revision of
these expressions is often challenging. Studies have reported parameter coupling:
modifying the weight of one parameter affects the weight of other parameters
simultaneously. For example, Fattal (1993b) suggests that the effectiveness of vertical

reinforcement decreases with increasing aspect ratio. Empirical formulas require
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extensive calibration to ensure adequacy in predicting the in-plane shear strength of PG

walls (Hassanli et al. 2014).

The remainder of this chapter will present various models for predicting the in-plane shear
strength of PG walls. All equations have been converted to SI units where necessary (i.e.
force in N, dimensions in mm, stress in MPa). Similar notations have been substituted
where appropriate to maintain consistency between equations. Only the nominal
predictions are considered, and thus any safety factors that may exist (e.g. ¢, and ¢ in
the Canadian CSA Standard S304.14 (2014)) have been omitted. Equations are presented
in chronological order. A summary of all design expressions comparing each term is

compiled in Section 2.3.15.

2.3.1 Matsumura (1987)

Matsumura (1987) conducted a regression analysis using his experimental study
consisting of 57 concrete masonry walls and 23 brick masonry walls to obtain the
predicted shear strength, expressed as a sum of shear stress from masonry, steel

reinforcement, and applied normal force as given in Eq. (2.1).

Up =Vp + Vs + 1 (2.1)

The shear stress from the masonry, v, is given by Eq. (2.2), which is influenced by both

. . h .
the effective flexural depth ratio, > and compressive strength of masonry.

0.76 ;
vy, = 0.875 - kyk, 7 +0.012 | (£ (2.2)
a + 0.7
where ky = 1.16(py)"?
k, = 1.0 for FG walls, 0.64 for PG concrete masonry walls
pPve = ratio of outermost wall vertical reinforcing steel
= 2% % 100
byd
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A,. = cross-sectional area of vertical reinforcing bar(s) in one side (mm?)

The shear stress from the steel shear reinforcement, vg, given by Eq. (2.3), includes a

relationship between horizontal reinforcement and the compressive strength of masonry.

v = 0.1575 - ¥8 /phfyhfr;l (2.3)

where y = factor concerning the type of reinforcement used to confine grout:
1.0 for hoop-type reinforcement in FG masonry, 0.8 for single
reinforcing bar with semi-circular hooks at the ends (180° standard
hook) in FG masonry, and 0.6 for PG masonry, regardless of

reinforcement type

6 = numerical coefficient to account for the effect of boundary
conditions in prediction of shear strength: 1.0 for double curvature

(inflection point at mid-height), and 0.6 for single curvature

The shear stress from an applied normal stress, vy, is given by Eq. (2.4).

v, = 0.1750 (2.4)

By multiplying td to each term, the original form of Matsumura’s proposed equation to

predict shear strength given by Eq. (2.5).

v, = {kukp <% + 0.012) JFi + 0.18y8.[pnfonfm + 0.20} x (0.875td)  (2.5)
oy

232 ALJ (1987)

The Architectural Institute of Japan developed an equation to evaluate the shear strength

of masonry walls, and appears in Okamoto et al. (1987) as Eq. (2.6):
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+ 180 b
Tg = |0.053p2%3 Im + 2.7 /0 wnPwe + 0.100, el (2.6)
M b d
+0.12
Vi,
where j = 0.875d
b, = equivalent wall width
pte = flexural reinforcement ratio
Ppwe = shear reinforcement ratio
own = Yyield strength of shear reinforcement
0ge = vertical axial stress
Rearranged, the shear stress of masonry walls can be evaluated using Eq. (2.7).
023 fm +17.7
= 0.0464p;s° —— + 0.08750 + 0.740 |ppfyn 27
M 012 g @7)

VL

Limited information has been retrieved in English regarding the derivation process for
the formula provided by the AlJ. Nonetheless, Eq. 2.7 is evaluated in Chapter 3 of this

thesis for its performance.
2.3.3 Shing et al. (1990)
Based on an experimental program consisting of 22 FG walls, Shing et al. (1990b)

proposed Eq. (2.8).

!

d
>Ahfyh (2.8)

= (0.166 + 0.0217p, f, )An+/ fm + 0.02170,An+/ fr + (

where d' = distance between wall edge and outermost wall vertical reinforcing

steel (mm)

Shing et al. (1990b) predicts the in-plane shear strength as a combination of masonry

compressive strength, horizontal steel reinforcement, vertical steel reinforcement, as well
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as axial compression. The horizontal reinforcement term excludes the reinforcing bars at
the top and the bottom of the wall, based on the assumption that there is an insufficient

development length to yield. The equation does not consider the shear span to depth ratio,

M . h
—, nor the wall aspect ratio, —.
Vd, L

Unlike other equations, Shing et al. (1990b) couples the axial compressive stress with the
compressive strength of masonry in the same term. Through a least-squares fit, Shing et
al. (1990b) found an increase in normalized masonry strength was with respect to the
axial compression. Also, the entire vertical steel reinforcement yield strength is

considered in contributing to the in-plane shear strength.

Since this equation was originally developed for predicting the shear strength of FG walls
and makes no distinction for PG walls, Schultz (1994) recommends that caution should
be exercised when using this formula, and suggests that the net area of PG walls should

be used for the variable A,, when used to predict the shear strength of PG walls.

2.3.4 Anderson and Priestley (1992)

Using three experimental studies on PG walls [Sveinsson et al. (1985), Matsumura (1987)
and Shing et al. (1990)], Anderson and Priestley (1992) assembled the test data and
performed a regression analysis. The empirical equation predicts the in-plane shear
strength of reinforced masonry walls as the sum of the contribution of masonry,

horizontal reinforcement, and axial compression, given by Eq. (2.9).

Vi = CapAnk[fih + 0.544, fyh% +0.250,4, (2.9)
where k = ductility coefficient factor:
= 1-220<k<1
Up = displacement ductility ratio
Cqp = 0.24 for concrete masonry
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The equation proposed by Anderson and Priestley (1992) takes the degradation and
fatigue associated with cyclic loading into account by including the ductility coefficient
factor, k. The equation also assumes that 50% of the yield capacity of horizontal

reinforcement contributes to the shear strength of the wall.

Additionally, Anderson and Priestley (1992) found that the vertical reinforcing steel did
not have a significant influence on the shear strength. Similar to the equation proposed

by Shing et al. (1990), this equation also does not consider the shear span to depth ratio,

M . h C
—> hor the wall aspect ratio, o and makes no distinction between PG and FG walls.

v

Overall, this equation was found to be non-conservative by Voon and Ingham (2007).

2.3.5 Fattal (1993)

In a study performed by Fattal (1993b), 72 PG masonry wall specimens were compiled
from three experimental programs (51 tests by Matsumura (1987), 11 tests by from Chen
et al. (1978) and 10 tests by Yancey and Scribner (1989)) to evaluate the performance of
the equation proposed by Matsumura (1987) for predicting the shear strength of masonry
walls. All the walls in his analysis had double curvature boundary conditions and were

tested under displacement controlled, reverse cyclic loading.

The analysis performed by Fattal found that the lateral strength predicted by Matsumura’s
equation (Eq. (2.8)) varied from 23% to 180% of the test specimens’ measured strengths
with a coefficient of variation of 0.31. Fattal noted that Matsumura’s equation was
especially inaccurate in predicting shear strength for walls without vertical reinforcement.
Fattal found that Matsumura’s equation underestimates effect of horizontal reinforcement
and overestimates the effect of v, when no vertical reinforcement is used and suggests

that the relative weights given to the v, and vg terms require adjustment.

The following equations for predicting the shear strength of masonry shear walls are from
a linear regression model proposed by Fattal (Fattal 1993a; b) as an improvement of the
equation proposed by Matsumura (1987). Using the same dataset, Fattal’s equation varied

from 41-146% of the test specimens’ measured strengths with a coefficient of variation
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of 0.21, demonstrating a statistical improvement compared to Matsumura’s equation. The

predicted shear strength is a sum of shear stress from masonry, steel shear reinforcement

and applied normal force, given by Eq. (2.10).

Vi = (vm + vs + 1,)bd (2.10)
The shear stress from the masonry, v,,, is given by Eq. (2.11).
0.5 ; 07
vy, = koky, TN |t 0.18| [f', fyv - (ou)™ (2.11)
(7)+0s8
The shear stress from the steel shear reinforcement, v, is given by Eq. (2.12).
Vs =Ko O-OllyFSnyh(ph)0'31 (2.12)
The shear stress from an applied normal force, v, is given by Eq. (2.13).
vy =k, 0.012f"  +0.200, (2.13)
The notation used in Equations (2.10) to (2.13) is as follows:
k, = 0.8 for PG walls, and 1.0 for FG walls (unitless)
k, = numerical coefficient specified according to type of masonry and

type of grouting (unitless): 1.0 for FG masonry, 0.8 for PG brick

masonry, and 0.64 for PG concrete masonry

6r = numerical coefficient to account for the effect of boundary

conditions in prediction of shear strength (unitless): 1.0 for fixed-

fixed (double bending) type loading, and 0.6 for cantilever (single

bending) type loading

yr = numerical coefficient specified according to type of masonry and

type of grouting (unitless): 1.0 for FG masonry, and 0.6 for PG

masonry
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2.3.6 National Earthquake Hazards Reduction Program — NEHRP (1997)

The NEHRP adopted an equation similar to the one proposed by Anderson and Priestley
(1992); however, the NEHRP equation replaces the ductility factor with the effect of shear
span to depth ratio, %, on masonry shear strength. The predicted shear strength is a sum

of shear stress from masonry, steel shear reinforcement and applied normal force, given

by Eq. (2.14).

M L
V, = 0.083 [4.0 —1.75 (ﬁ)] AnJFh + 0.544, fon -+ 0.250,4,  (2.14)
h

where 1}, is limited to

M
0.54,/fm for VL <0.25
Va(max) = M (2.15)
0.334,./fm for VL > 1.00

with linear interpolation for 0.25 < % < 1.00, and % need not be taken greater than 1.0.

2.3.7 UBC (1997)

The Uniform Building Code (UBC) (1997) uses an empirically derived formula for
predicting the in-plane shear strength of masonry walls. The nominal shear strength is
calculated as the shear strength provided by masonry combined with the shear strength

provided by horizontal reinforcement, given by Eq. (2.16).

Vi, = 0.083C4An/foh + Asnfyn < 0.334,/fh (2.16)

( 2.4 fi M <0.25

. r — .
o VL=
Cqg =428 16(M) fi 025<M<10 (2.17)
d — . . VL or U. VL . .
- M
\ 1.2 fm for ﬁ = 1.00
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Unlike most other design codes, UBC (1997) does not account for axial compression.
Additionally, UBC (1997) considers 100% yield strength of horizontal reinforcement,
whereas the CSA S304.14 (2014) considers 60% of the yield strength and 50% in the
TMS402/602 (2016). Similar to the equation given by NEHRP (1997), the shear span to

depth ratio, % is bound between 0.25 and 1. No distinction is made between PG and FG

walls.

The UBC (1997) has since been superseded by the International Building Code (IBC) in
2000. Nonetheless, the equation presented in UBC (1997) is evaluated in Chapter 3 of

this thesis for its performance.

2.3.8 NZS-4230 (2004)

The New Zealand standard for PG masonry shear walls is found in NZS-4230:2004
Section 10.3. It was formulated primarily on the research by Voon and Ingham (2001,
2002). The equation for predicting the shear strength of a wall is based on strength

provided by masonry, axial load, and reinforcing steel, and is given by Eq. (2.18).

Vi = Unbynzsd = (U + vy + Us) by nzsd (2.18)
v, < 045\ fm (2.19)

The shear stress provided by masonry, v,,, is given by Eq. (2.20).
U = (C + C3) - 0.2k\/f), (2.20)

The coefficient C;, given by Eq. (2.21) accounts for the dowel action of vertical

reinforcement.
fy
— A 221
Cy = 33p, 300 ( )

The coefficient C,, given by Eq. (2.22) accounts for the shear span ratio, %
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( 1sit M <025
IVL .
M M
C=.[—_—]',<—< 222
> =042 [4— 175 | if 025 < - <1 (2.22)
M
L 1lfﬁ>1

The shear stress provided by the axial compression stress, vy, is given by Eq. (2.23).

*

v, =09 tana < 0.1f;, (2.23)

bw.NZS

The effect of axial compression is dependent on the angle a, which is based on the
theoretical location of the compression strut. The compression strut location will vary
depending on whether single bending or double bending boundary conditions exist, as

shown in Fig. 2.16.
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— .
TT\' , Tf“i ,
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{a) Single Bending (b Double Bending

Figure 2.16 — Contribution of axial load to wall shear strength by (Voon 2007)
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The shear stress provided by the shear reinforcement, vg, is given by Eq. (2.24).

Vo = Cy ——=— 2.24
g ° bw,nzsSh ( )

The notation used in Equations (2.18) to (2.24) is as follows:

by, nzs = effective width of the wall, defined by NZS-4230 (see Fig. 2.17)

N*

Py

Cs

t — by
ductility reduction factor (unitless)

factored axial load on wall, no greater than 0.1 f;;, A/, limited to

prevent brittle shear failure (N)

angle to account for effects of double bending in walls; constant
determined from experimental testing for the stiffness degradation

(see Fig. 2.16)

YAy, _ AstAps
bywnzsd  bwnzsd

0.8 for masonry walls

While codes such as the TMS 402/602 consider the net cross-sectional area as the gross

cross-sectional area minus the area of any ungrouted cells, NZS-4230 considers only the

face shells as the net cross-sectional area to account for shear flow continuity

requirements, as shown in Fig. 2.17.

Further insight regarding the masonry shear equation in the NZS-4230 standard can be
found in Voon and Ingham (2007) and Nolph and Elgawady (2012).
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{a) In-plane shear, fully grouted wall {b) In-plane shear, partially grouted wall
b=t d=081_b =t-b,

Figure 2.17 — Effective area for shear defined by NZS-4230 (2004)
2.3.9 Eurocode 6 (2005)

Eurocode 6 (Design of masonry structures), also known as the BS EN 1996 or EC6, is
part of the set of European Standards developed by the European Committee for
Standardization. Eurocode 6 is based on two design philosophies: a “no collapse”

requirement and a “damage limitation” requirement (Tomazevic 1997).

The equation used to determine the shear strength of reinforced masonry walls is outlined
in BS EN 1996-1.1-2005 Section 6.7.2 as a combination of horizontal shear reinforcement

and masonry shear strength influenced by compressive axial loading:

A
V, = v,tL + 0.9d, S;‘f Y < 2.0tL (2.25)
h
P 2.26
U = (0.3 + 0.45) (2.26)

Notably, the shear strength of masonry is limited to 0.3 MPa by Eurocode 6. As a result
of this arbitrary value, Eurocode 6 predicts overly conservative values of shear strength
(El-Dakhakhni et al. 2013). In addition, the use of partially grouted masonry is relatively
uncommon in Europe; hence, the Eurocode 6 does not distinguish between FG and PG

walls (Oan 2013).
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2.3.10 Voon (2007)

The equation developed by Voon (2007) is based on a combination of equations by Shing
et al. (1990), Matsumura (1987), Anderson and Priestley (1992), NEHRP (1997), and
NZS 4230-1990 (1990). Voon’s equation predicts the in-plane shear strength of PG
masonry walls as a combination of masonry shear strength, axial compression, and

horizontal reinforcement:

Vo=V +V, +V, (2.27)

The shear strength provided by masonry, V},, is given by Eq. (2.28):

Vi = k(Cy + Cp)A/ frnbwd (2.28)
where k = ductility reduction factor associated with increasing ductility

displacement of the wall (refer to Fig. 2.18)

C, = coefficient to account for vertical reinforcement
= 0.022p,fyy
C, = coefficient to account for the wall aspect ratio

0.083 [4 ~1.75 %]

The ductility reduction factor, k, predicts the decrease of shear strength provided by the
masonry as the displacement ductility is increased as represented in Fig. 2.18. A similar
factor is utilized in the equation proposed by Anderson and Priestley (1992). However,
Anderson and Priestley consider a reduction in strength at a displacement ductility of
greater than 2, while Voon’s ductility reduction factor applies at values of displacement
ductility greater than 1.25. In both cases, the ductility reduction factor reduces to zero

when the displacement ductility is greater than or equal to 4.
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Figure 2.18 — Shear resisting mechanism versus masonry ductility (Voon 2007)

The coefficient to account for the influence of vertical reinforcement on the shear strength
provided by masonry, C,, is also found in the equation by Shing et al. (1990). The

coefficient to account for the influence of the shear span to depth ratio, C, is adopted
from the expression found in NEHRP (1997), where the shear span to depth ratio, %, is

also bound between 0.25 and 1. However, where the NEHRP equation considers the net
area (A,), Voon’s equation uses the total area (b,,d) in predicting the shear strength

provided by masonry.

The shear strength provided by the axial compression stress, V,, is given by Eq. (2.29):

V, =09N" tana (2.29)

where N* = factored axial load on wall, no greater than 0.1 f;;A,, limited to

prevent brittle shear failure (N)

S
I

angle formed between centers of load application and reaction (refer

to Fig. 2.16)

This term is a modification of the shear strength prediction of a diagonal compression
strut proposed by Priestley et al. (1994), with the addition of the factor 0.9 to ensure a

degree of conservatism.

The shear strength provided by the shear reinforcement, V;, is given by Eq. (2.30):
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d
v, = Ahfyhj—}ff (2.30)

where derr = effective depth of the section

= L— Zd, - ldh
d’ = distance between wall edge and outermost wall vertical reinforcing
steel
lagn = development length of shear reinforcement, and shall be taken as

20dy and 35d,, for reinforcement with f;, of 300 and 500 MPa,

respectively

In this term, Voon predicts a reduced efficiency of horizontal shear reinforcement within
the development length at each end of the wall where up to 50% of the reinforcement
yield strength can be developed. Therefore, the development length of reinforcing steel,

lan, 1s considered when calculating the shear strength contribution of shear reinforcement.

Combining V;,,, V, and V; together results in the following shear strength prediction:

d
V, = 0.8k(Cy + Cp)An/fih + 0.9N* tan a + Ahfyh;—” < 0.334,f, (231
h

The predicted shear strength is limited to a maximum of 0.334,,4/f;n, to prevent the

proposed equation from being less conservative than the NEHRP (1997) equation.

2.3.11 IMNC (2010)

The IMNC is the Mexican code for masonry structures. The equation provided for
calculating the shear resistance of masonry walls. No distinction is made between FG and
PG walls. The wall typology that is common in Mexico, however, consists of solid
masonry blocks that are bound by reinforced concrete frames (the so-called confined
masonry). Hence, the capacity predicted by this code may be better suited to fully grouted
walls. The shear resistance is predicted to be the contribution of shear strength of masonry

units, axial compression, and horizontal steel reinforcement.
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Vn = FR( 517;;114’1‘ + 3P) + FRnphfyhAT S 1'5FRU;;’I.AT (232)

6ifppfyn <
- {.2 if ppfyn = .9 (2.33)
where vy = diagonal shear resistance
= 0.25,/f,
Fr = resistance factor (Fp = 0.7)
Ar = total cross-sectional area of the wall
n = efficiency factor for horizontal reinforcement

Limited information has been retrieved in English regarding the formula provided by the
IMNC. Nonetheless, the equation presented in is evaluated in Chapter 3 of this thesis for

its performance.

2.3.12 CSA-S304.14 (2014)

CSA-S304 is the Canadian code for masonry structures. The equation provided for
calculating the shear resistance of PG masonry shear walls is described in CSA-S304.14
Section 10.10.2.1 and predicts the in-plane shear strength of partially grouted masonry
walls as a combination of masonry shear strength, axial compression, and horizontal

reinforcement given by Eq. (2.34).

d
Vi = (Wmbydy, + 0.25P,)y, + (O.6Ash fon s_:> < 0.4/fhb,dyy,  (2.34)

where Yy factor to account for partially grouted walls when calculating shear

resistance

= j—e, but not greater than 0.5 (refer to Fig. 2.19)
g
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Figure 2.19 — Wall cross-sectional area (Seif EIDin 2016)

Ae=10xby

The shear strength of masonry, v,,, is given by Eq. (2.35).

M
v, = 0.16 (2 — ),/f,;l (2.35)
Ved,
where M; = shear span to depth ratio; the value shall not be more than 1 nor less
%

than 0.25 for the concurrent factored moment and factored shear at

section under consideration
The equation provided in CSA-S304.14 (2014) is similar to the equation provided by
NEHRP (1997). Where the CSA-S304.14 equation considers 60% of the yield strength
of the horizontal reinforcement, only 50% is considered in NEHRP. The ./f,, term is

bound between 0.16,/ f,;, and 0.28,/f,;, corresponding to the limits of the shear span to

depth ratio, VM—(’;, between 0.25 and 1. CSA-S304.14 also limits the spacing of horizontal
f%

reinforcement to a maximum of 2400 mm.

2.3.13 Dillon (2015)

In an statistical analysis of data collected for both FG and PG walls, Dillon (2015)
determined best-fit parameters to perform a stepwise regression to select the best
parameters for developing a unified model for predicting the shear strength of both FG
and PG masonry walls. In analyzing the performance of several models, Dillon found that
most existing models predicting masonry wall shear strength was underfitted (i.e. models
with non-optimum values for parameter coefficients and/or omit parameters that

contribute to shear strength, such as vertical reinforcement).
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Using a multivariate linear regression of parameters identified using stepwise regression,
Dillon found that boundary vertical reinforcement does not contribute to the shear
strength of PG walls, and only confinement (interior) vertical reinforcement should be
considered. Dillon also suggested that horizontal reinforcement and confinement
(interior) vertical reinforcement are equally effective in contributing to shear strength by
resisting crack openings. The model proposed by Dillon using optimized the numerical
coefficients for the contribution of masonry units, axial compression, confinement

(interior) vertical reinforcement and shear reinforcement is given by Eq. (2.36).

Vs
v, = 0.083 (1.1 +0.9 ,\jh) JFi + 0150, +0.12[pcfye + prfyn]  (2.36)

where Pe confinement reinforcement (interior vertical reinforcement) ratio

fye = tensile strength of confinement reinforcement

2.3.14 TMS 402/602 (2016)

TMS 402/602 is the American code for masonry structures, formerly known as ACI 530,
and provides the equation for calculating the allowable shear stress of PG masonry shear
walls in Section 8.3.5.1.2. The TMS 402/602 predicts the allowable shear strength as a
combination of the strength of masonry, axial compression, and horizontal reinforcement,

given by Eq. (2.37).

v, = { 0.083 [(4.0 ~1.75 <Vlﬁv>> NI

where Ygus = 0.75 for partially grouted shear walls and 1.0 otherwise

Ashfyhdv
AnvSh

+0.250, + 0.5 (

> } Anyg, (2.37)

where V), is limited to
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. M
0.5y4,us4n fm for VL < 0.25
M M
Vingman) = 4 (0.56 - o.zzﬁ) AnfFf for 025 <7 < 1.0 (2.38)
M
| 033vgusAn/fa for oo =100

Similar to NEHRP (1997), only 50% of the yield strength of the horizontal reinforcement
is considered, compared with 60% considered by the CSA S304.14 (2014). Notably, the
TMS 402/602 partial grouting factor, denoted as y,4 ys in this thesis, is not equivalent to
the CSA S304 partial grouting factor, y,. Instead, the net shear area, A, used in TMS
402/602 is analogous to y, in CSA S304.14 (2014), the commentary in TMS 402/602
(2016) describes “the grouted shear wall factor, [y, ys], [as an additional factor] used to
compensate for [the] reduced capacity [of PG walls] until methods can be developed to

more accurately predict the performance of these elements.”
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2.3.15 Summary of Design Expressions

Table 2.2 — In-plane shear strength equations for PG walls

s 3 Shear Strength Equation
Code / § §
Author 2< Masonry Axial Stress Horizontal Steel .
=i ) (Vp) ) Vertical Steel
m s
0.1575
0.76 (
M?is;‘g‘;;‘ra (2.4) 0.875 - kyky | 77—+ 0.012 /fr;z(g) (b,d) | 0.1750(b,,d) -
Yy V8 pnfynfin) ()
fr+177
ALV (1987) | (2.6) 0.0464p, —M7+ o1z 0.08750, 0.740 /phfyh -
VL ’
Shing et al. L—2d (0.166
2.8 0.02170,A 4 A
(1990) (2.8) InAny fm < Sh snfyn +0.0217p, fyp ) Ani/ i
Anderson
and ’ d
pricstiey | 29 CapAnk [T 0.250,4, 054mfon -
(1992)
0.5 07 k,-0.012f" | k
Fattal (2.10) | koky || 7| F 0.18] [f" . fyw* (0u)" " (byd) | %o > Fm 0 051 .
(1993) (7)+0s8 +0.200, 10.011y¢8rfyn(on)*
NEHRP Mg - L
197, | @14 0.083 [4.0 ~1.75 <ﬁ)] AnFh 0.250,4, 0.5Asnfyn - -
UBC My ;
1007y | 216 0.083 [2.8 1.6 (Vf d)] ANTh Anfon )
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Shear Strength Equation

g g
Code / =
<
Author g.% Masonry Axial Stress Horizontal Steel S
ertica ce
s V) (Vy) (A)
NZS-4230 , . Aofy [(CcD)
(2004) (2.18) [(C2) - 0.2k\/fn|buwnzsd 0.9N* tan @ (Qﬁ by nzsd 020 T By wgs
Eurocode 6 | (2.25) 0.3b, L + 0.4P dy
(2005) v ¢ - 0.945nfyn s, -
Voon M . desr ;
2.27) k (0.083 [4 _ 1.75—]) JFb,d 0.9N" tan a Anfyn—LL k(0.022, £y )\ Fonbuwd
(2007) VL Sh
IMNC
(2010) (232) FR (O'SUmAT) FR (03P) FrnphfyhAT -
CSA- M
S304.14 | (2.34) [0.16 <2 7 é ) f,;lbwd,,] Yo 0.25P,y, 0.6Ashfyhs—: -
(2014) v
Dillon Vsgn - Anfyn  Ajfyj Acfye
Qois) | 236 0.083 (1.1 +09- ) A 0.15P 012 (=g + = )y 012 (=2 )L,
TMS
M Aanfond
402/602 | (2.37) 0.083 |{ 4.0 — 1.75 (2=} | /T | AnVaus 0.250,4,V4us | 0.5 Asnfyndy AnYgus -
(2016) Ved, Anosh
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3 DATASET ASSEMBLY

3.1 Introduction

Prior to performing a regression analysis to investigate the influence of various
parameters on the behaviour of PG walls, a dataset must first be assembled. However,
given that experimental research programmes are often expensive and time-consuming,
no single experimental study for PG walls contains enough information to build and
validate a constitutive model for the shear strength and behaviour of these structural
elements (Dillon and Fonseca 2014a). Therefore, it becomes necessary to assemble a

dataset from multiple experimental studies.

Meta-analysis is defined as “a quantitative, formal, epidemiological study design used to
systematically assess previous research studies to derive conclusions about that body of
research” (Haidich 2010). It can be considered “a form of survey research, in which

research reports, rather than people, are surveyed” (Lipsey and Wilson 2001).
In this study, meta-analysis is performed in three parts:

1) Dataset assembly: compiling a dataset of PG walls from experimental studies;

2) Data scrutinization: using a set of selection/inclusion criteria to determine which
parts PG walls are to be included or excluded from analysis;

3) Data synthesization: converting data to minimize variation between studies and
synthesizing or predicting missing information. The purpose of data

synthesization is to eliminate inconsistencies where possible.

Data syntheiszation is necessary due to differences in testing methodology, such as
boundary conditions, strain rate, loading patterns, and size effects, there is a lack of
consistency in reporting the shear strength of PG walls (Dillon and Fonseca 2014a). Gaps
of information also exist in some studies, such as testing apparatus details, compressive
strength of grouted and/or ungrouted masonry prisms, reinforcing steel yield strength, or

reinforcement spacings.
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Several authors such as Oan (2013) and Hassanli et al. (2014) compiled experimental
datasets to evaluate the performance of existing design equations to predict the in-plane
shear strength of PG masonry walls. Dillon (2015) compiled a dataset of FG and PG
masonry walls to perform meta-analysis. Aguilar (2013) compiled a dataset of PG wall
specimens primarily for artificial neural network analysis. While Aguilar (2013), Oan
(2013), Hassanli et al. (2014) reported to have used only engineering judgement to
assume values for missing parameters, Dillon (2015) used statistical analysis to achieve

the same goal.

The following section provides brief summaries of each experimental study that has been
used to compile the PG masonry wall dataset used in this study, highlighting the
methodology, setup, design details and material properties used in each experimental
programme. It is presented in chronological order — such that the progression of research
throughout the past several decades is documented. Then, a description of the twofold
dataset assembly process of data scrutinization and data synthesization used in this study
is discussed. A summary of the dataset is presented, along with subsets of the complete

dataset that will be used for neural network analysis in Chapter 4.

The performance of each existing design expression discussed in Chapter 2 is investigated
at the end of this chapter, providing a benchmark of existing models for comparison with

neural network based models in Chapter 4.
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3.2 Experimental Studies on the Behaviour of Partially Grouted Masonry Shear
Walls

3.2.1 Scrivener (1967)

Total Number of PG Walls in Study: 12

Loading Type: Monotonic e Varied (12.0-13.6)
Loading Rate: Quasi-Static Anet/ Agross: Varied (0.36-0.61)
Support Type: Cantilever Axial Stress: Varied (0.60-2.40)
Height: 2642 mm Flexural Reinf.: Varied*

Length: 2438 mm Vertical (Interior) Reinf.:  Varied*
Thickness: 143 mm Bond Beam Reinf.: Varied*

H/L: 1.08 Joint Reinf.: None*

*Varied reinforcement indicates varied bar sizes used for reinforcement

Scrivener tested a total of 12 PG masonry shear walls to investigate the effect of
reinforcement ratio, relative effectiveness of horizontal and vertical reinforcing, and
distribution of vertical reinforcement. The cantilever racking test used in this study is

illustrated in Fig. 3.1.

Figure 3.1 — Test setup by Scrivener (1967)

Scrivener concluded that both horizontal and vertical reinforcement provided PG shear
walls with more lateral resistance after cracking. Furthermore, evenly distributed
reinforcement patterns were found to reduce the severity of cracking in walls. However,

a limit to the influence of increased reinforcement ratio was observed; a combined
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(horizontal and vertical) reinforcement ratio of greater than 0.3% resulted only in a

marginal increase in the ultimate shear strength of PG walls.

3.2.2 Meli et al. (1968)

' m:

Anet/ Agross:
Axial Stress:
Flexural Reinf.:

Vertical (Interior) Reinf.:

Bond Beam Reinf.:
Joint Reinf.:

Total Number of PG Walls in Study: 16
Loading Type: Reverse Cyclic
Loading Rate: Quasi-Static

Support Type: Cantilever

Height: 2650 mm

Length: 3200 mm

Thickness: 150 mm

H/L: 0.83

9.66 MPa

Varied (0.68-0.72)
Varied (0-0.41)
Varied

Varied

None

Varied

Meli et al. tested a total of 18 PG shear walls. Sixteen walls were built with concrete

masonry units and 2 of which were built with hollow clay bricks. Eight specimens were

subject to diagonal compression tests, while the other 8 specimens were cantilevered and

subject to lateral loading. This experimental study investigated the effect of vertical

reinforcement ratios and axial stresses on the behaviour of PG shear walls. The cantilever

test configuration used in this study is illustrated in Fig. 3.2.

Y

Fe=rf*—Varillas de
— acero
—l

Figure 3.2 — Test setup by Meli et al. (1968)

Meli et al. observed that the cracking strength of walls was independent of both horizontal

and vertical reinforcement, while increased axial stresses led to higher cracking strength

and improved the behaviour of walls subject to reverse cyclic loading. The amount of of
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vertical reinforcement was found to have a negligible influence on the shear strength of
PG walls. Additionally, Meli et al. proposed an empirical equation predicting the flexural

and shear capacity of masonry walls based on this experimental study.

3.2.3 Meli and Salgado (1969)

Total Number of PG Walls in Study: 11

Loading Type: Monotonic fm: Varied (9.66-13.5)
Loading Rate: Quasi-Static Anet/ Agross: Varied (0.47-0.60)
Support Type: Cantilever Axial Stress: Varied (0-0.98)
Height: 2000 mm Flexural Reinf.: Varied

Length: 2000 mm Vertical (Interior) Reinf.:  Varied

Thickness: 150 mm Bond Beam Reinf.: None

H/L: 1.0 Joint Reinf: None

Meli and Salgado tested a total of 46 reinforced masonry walls, 11 of which were PG
walls subject to monotonic loading. The purpose of this experimental study was to
investigate the effect of axial stress and quantity of interior vertical reinforcement on the
behaviour of masonry walls subject to lateral loading. No horizontal reinforcement was
used in any specimens. The cantilever test configuration used in this study is illustrated

in Fig. 3.3.

Figure 3.3 — Test setup by Meli and Salgado (1969)

Meli and Salgado observed that the amount of vertical reinforcement influenced the

failure mode of masonry walls; walls with more interior reinforcement tended to fail in
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diagonal shear, whereas walls with less interior reinforcement were more likely to fail in
flexure. The cracking capacity was not influenced by the amount of reinforcement. Axial
stresses up to 20% of wall compressive strength was observed to increase the shear

strength by a factor of half the ratio of applied axial stresses to wall compressive strength.

3.2.4 Mayes et al. (1976)

Total Number of PG Walls in Study: 2

Loading Type: Reverse Cyclic fm: 16.7 MPa
Loading Rate: ~ Quasi-Static Anet/ Agross: 0.72
Support Type:  Double Curvature | Axial Stress: 1.72 MPa
Height: 1626 mm Flexural Reinf: 2#6
Length: 813 mm Vertical (Interior) Reinf.:  None
Thickness: 143 mm Bond Beam Reinf.: None
H/L: 2.0 Joint Reinf.: None

Mayes et al. built 8 pairs of masonry double-pier specimens and a single unreinforced
specimen to investigate the effect of axial stress, loading rate, quantity and distribution
of reinforcement, and effect of partial grouting on the lateral behaviour of masonry piers.
However, only one pair of identical double-piers was partially-grouted. The double-
curvature pier test configuration used in this study is intended to replicate the boundary

conditions of piers in real structures, illustrated in Fig. 3.4.
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Figure 3.4 - Test setup by Mayes et al. (1976a)
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Mayes et al. compared the behaviour of PG masonry piers with FG masonry piers, and
noted that the net ultimate shear strength is similar. The PG masonry piers were also
found to have less load degradation in comparison to its FG counterparts. The remaining
conclusions from this experimental study are drawn mostly on FG masonry piers, and

thus are not summarized here.

3.2.5 Chen et al. (1978)

Total Number of PG Walls in Study: 4

Loading Type: Reverse Cyclic f'im: 11.8 MPa
Loading Rate: = Dynamic Anet/ Agross: 0.60

Support Type:  Double Curvature | Axial Stress: Varied (0.55-0.80)
Height: 1422 mm Flexural Reinf.: Varied

Length: 1219 mm Vertical (Interior) Reinf.: None

Thickness: 193 mm Bond Beam Reinf: Varied

H/L: 1.17 Joint Reinf: None

Chen et al. tested a total of 31 concrete block masonry piers, 4 of which were partially-
grouted. The objective of this study was to investigate the effect of reinforcement ratio
and partial grouting on the performance of masonry piers. Gr. 40 and 60 steels were used
for vertical and horizontal reinforcement. The double-curvature test configuration used

in this study is illustrated in Fig. 3.5.
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Figure 3.5 — Test setup by Chen et al. (1978)
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Chen et al. observed a 22% increase in shear strength calculated using net area of FG
piers compared with PG piers. However, the hysteresis curves suggested similar stiffness
degradation behaviour between of FG and PG piers. It was also concluded that the amount

of vertical reinforcement did not significantly increase the shear strength of masonry

piers.

3.2.6 Thurston and Hutchinson (1982)

Total Number of PG Walls in Study: 3

Loading Type: Reverse Cyclic f'im: 14.2 MPa
Loading Rate: ~ Quasi-Static Anet/ Agross: 0.71
Support Type:  Double Curvature | Axial Stress: 0 MPa
Height: 2400 mm Flexural Reinf.: Varied
Length: 1600 mm Vertical (Interior) Reinf.:  Varied
Thickness: 140 mm Bond Beam Reinf: Varied
H/L: 1.5 Joint Reinf.: None

Thurston and Hutchinson tested a total of 9 masonry shear walls, 3 of which were PG
walls. The objective of this study was to investigate the effect of axial loading and
distribution of reinforcement on the performance of shear walls under inelastic loading
conditions. Notably, no axial stresses were applied to any of the PG wall specimens. The

double-curvature test configuration used in this study is illustrated in Fig. 3.6.
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Figure 3.6 — Test setup by Thurston and Hutchinson (1982)



Thurston and Hutchinson observed better inelastic performance (characterized by gradual
strength degradation) in both PG and FG shear walls reinforced with smaller bars and
closer spacing compared with walls with the same reinforcement ratio but using larger
bars spaced further apart. It was also concluded that PG walls exhibited similar ductility

but lower stiffness and strength compared with FG walls.

3.2.7 Matsumura (1987)

Total Number of PG Walls in Study: 29

Loading Type: Reverse Cyclic f'im: Varied
Loading Rate: ~ Quasi-Static Anet/ Agross: 0.71

Support Type:  Double Curvature | Axial Stress: Varied (0-1.47)
Height: 1800 mm Flexural Reinf.: Varied

Length: Varied (920-1720) | Vertical (Interior) Reinf.:  Varied
Thickness: 150 mm Bond Beam Reinf: Varied

H/L: Varied (1.05-1.96) | Joint Reinf.: None

Matsumura tested a total of 80 full-scale masonry walls in this study to investigate the
influence of vertical and horizontal reinforcement ratio, shear span ratio, axial stress,
material strength, and grouting type. Twenty-nine of the specimens were PG concrete
block masonry walls. Two test configurations were used by Matsumura: a “wall type”
loading, and a “beam type” loading, both designed to provide specimens with double-
curvature boundary conditions. The “wall type” loading had specimens subject to
horizontal shear loads, whereas the “beam type” loading had specimens laid horizontally
and subject to vertical shear loads designed for smaller specimens as supplementary tests.

Both configurations are illustrated in Fig. 3.7.

Matsumura observed the following relationships:
e v, increases approximately in proportion to the square root of masonry

compressive strength, / fn,

Un

T

Un

T

° increases in relation to the increase of the horizontal reinforcement ratio

. . . . . M
decreases inversely in relation to the increase of shear span ratio, va
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e v, increases by applying axial stress

Matsumura also concluded that horizontal reinforcement improved the shear strength of

FG walls more than PG walls.

Matsumura performed a regression analysis based on his experimental study to formulate

an equation to predict the shear strength of masonry walls, as explained in Section 2.3.1.
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Figure 3.7 — Test setup by Matsumura (1987)
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3.2.8 Tomazevi¢ and Lutman (1988)

Total Number of PG Walls in Study: 10

Loading Type: Reverse Cyclic fm: Varied
Loading Rate: ~ Quasi-Static Anet/ Agross: 0.60
Support Type:  Cantilever Axial Stress: 0.98 MPa
Height: Varied (760-1400) | Flexural Reinf.: Varied
Length: 610 mm Vertical (Interior) Reinf.: None
Thickness: 100 mm Bond Beam Reinf.: None
H/L: Varied (1.25-2.30) | Joint Reinf.: Varied

Tomazevi¢ and Lutman tested two series of 8 1/2-scale concrete block masonry walls
each, totalling 16 masonry wall specimens to investigate the effect of flexural and joint
reinforcement on the seismic performance of masonry shear walls. Each series contained
identical walls with exception to the flexural reinforcement at each end of the walls; the
“C” series used (1)10 mm bar as flexural reinforcement (p,, = 0.26%), where the “D”
series used (2)10 mm bars (p, = 0.52%). Within each series, the joint reinforcement was
varied as well as the height-to-length ratio. 10 of 16 masonry walls tested were PG

specimens.

TomaZevi¢ and Lutman observed that the joint horizontal reinforcement did not engage
until diagonal cracking occurred under shear loads, and found that the reinforcement did
not yield before each specimen failed. The effectiveness of horizontal reinforcement at
shear failure ranged from 41-66% at the ultimate shear load, and 61-83% at maximum
displacement/failure load. Nonetheless, it was concluded that wall specimens containing
horizontal joint reinforcement improved both shear capacity and ductility under seismic

conditions.
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3.2.9 Johal and Anderson (1988)

Total Number of PG Walls in Study: 16

Loading Type: Reverse Cyclic fm: Varied (7.56-9.84)
Loading Rate: ~ Quasi-Static Anet/ Agross: 0.64

Support Type:  Double Curvature | Axial Stress: None

Height: 813 mm Flexural Reinf.: #5

Length: 813 mm Vertical (Interior) Reinf.: None

Thickness: 200 mm Bond Beam Reinf: None

H/L: 1.0 Joint Reinf: None

Johal and Anderson tested a total of 14 specimens to investigate the effect of different
mortar types on the behaviour of PG shear walls under seismic loading. Four different
mortars were used: masonry cement (“Type M”), blended Portland cement and lime
(“Type M), masonry cement (“Type S”), and blended Portland cement and lime
(“Type S”). The double-curvature test configuration used in this study is illustrated in

Fig. 3.8.

4 - /8" Dia. Loading Rode

Metric Equivalent :
1in. = 25.4 mm

Figure 3.8 — Test setup by Johal and Anderson (1988)

Johal and Anderson concluded that PG masonry walls constructed with masonry cement-
based mortars performed better than PG walls constructed with Portland cement-based
mortars. The use of “Type M” or “Type S” mortars did not exhibit a significant difference

in shear strength.
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3.2.10 Yancey and Scribner (1989)

Total Number of PG Walls in Study: 13

Loading Type:
Loading Rate:
Support Type:
Height:
Length:
Thickness:
H/L:

Reverse Cyclic
Phased Sequential
Double Curvature
1422 mm

1219 mm

194 mm

1.16

e

Anet/ Agross:

Axial Stress:

Flexural Reinf.:

Vertical (Interior) Reinf.:
Bond Beam Reinf.:

Joint Reinf.:

10.1 MPa
0.54

0.74 MPa
None
None
Varied
Varied

Yancey and Scribner tested a total of 13 PG walls to investigate the effect of varying the

amount and distribution of joint and bond beam horizontal reinforcement on the

behaviour of PG shear walls. 10 of the 13 walls exhibited shear failure, with the remaining

3 failing in flexure due to the large aspect ratio of 2.17. One specimen remained

unreinforced, two specimens was reinforced exclusively with joint reinforcement, five

specimens were reinforced exclusively with one or two bond beams, and the remaining

two specimens were reinforced with both joint and bond beam reinforcements. The

double-curvature test configuration used in this study is illustrated in Fig. 3.9.

Reaction Wall (N)

loading
Jacks (N-3)

Top
Crosshead

Loading

Jack (E~W)
Concrete
Bearing Beam

Vertical
Loading Jacks

.

Reaction Wall (W)

Vertical Loading Jack
Stiffened Steel
Shoes (T & B)

Test Specimen

Bearing
Cross~Beam Assy.

Figure 3.9 — Test setup by Yancey and Scribner (1989)
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Yancey and Scribner observed that PG shear walls with joint reinforcement at every
course failed at similar loads as those with joint reinforcement at every second course. It
was also observed that PG shear walls reinforced with both joint reinforcement and a
bond beam at mid-height exhibited higher drift capacities. Overall, Yancey and Scribner
concluded that an increasing the horizontal reinforcement increased the shear capacity of

PG walls, though the relationship was not linear.

3.2.11 Ghanem et al. (1992, 1993)

Ghanem et al. tested a total of 14 1/3-scale PG walls in this study to investigate the effect
of five parameters: axial stress, block strength, lateral load, and the amount and
distribution of vertical and horizontal steel. The cantilever test configuration used in this
study is illustrated in Fig. 3.10. Two papers (Ghanem et al. 1992, 1993) were published
from the total study, each presenting a set of three walls to discuss the effect of different

parameters.

IF L LS |

(14)

| 1) 18y —I {o MTY]

|

-
o -
l {16 |
Rescllon Floor 4
Gl s Gl i il i

1-Testing Frame, 2-Jack for Axial Load, 3-Load Cell, 4-Roller Allowing Horizontal
Displacement of the Wall, 5-Load Distributing Beam, 6-Reinforced Concrete Top Beam,
7-Bracket for Lateral Load, 8-Lateral Support for Lever Arm, 9-Lever Arm (Magnefication of
Lateral Load), 10-Controlled ILVIXT, 11-Jack for Lateral Load, 12-Load Cell, 13-Servo-Valve,
[4-Shear Wall Specimen, 15-Reinforced Conerete Base Beam, 16-Steel Beam

Figure 3.10 — Test setup by Ghanem et al. (1992, 1993)
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Ghanem et al. (1992) presents the results of three walls investigating the effect of vertical
and horizontal steel reinforcement distribution on the behaviour of PG walls. Ghanem et
al. (1993) presents the results of three walls investigating the effect of axial stress on the

behaviour of PG walls.

Ghanem et al. (1992)

Total Number of PG Walls in Study: 3

Loading Type: Monotonic ' 15.37 MPa
Loading Rate: ~ Quasi-Static Anet/ Agross: 0.54
Support Type:  Cantilever Axial Stress: 0.69 MPa
Height: 920 mm Flexural Reinf.: Varied
Length: 939 mm Vertical (Interior) Reinf.:  Varied
Thickness: 48 mm Bond Beam Reinf.: Varied
H/L: 0.98 Joint Reinf: None

One of the three walls discussed in Ghanem et al. (1992) failed in flexure and was not
included in the PG shear wall dataset. Ghanem et al. (1992) concluded that increasing the
distribution of reinforcement increased the shear strength of PG walls. Additionally,
flexural vertical reinforcement (i.e. bars located in the outermost cells), while effective in

increasing the flexural strength, did not significantly increase the shear strength.

Ghanem et al. (1993)

Total Number of PG Walls in Study: 3

Loading Type: Monotonic ' 15.37 MPa
Loading Rate:  Quasi-Static Anet/ Agross: 0.54

Support Type:  Cantilever Axial Stress: Varied (0.69-1.38)
Height: 940 mm Flexural Reinf.: #5/3

Length: 940 mm Vertical (Interior) Reinf.:  #5/3

Thickness: 48 mm Bond Beam Reinf.: (3)#5/3

H/L: 1.00 Joint Reinf: None

One of the three walls discussed in Ghanem et al. (1993) failed in flexure and thus was
not included in the PG shear wall dataset. The three walls were tested under axial loadings

of 0 MPa, 0.69 MPa and 1.38 MPa. Ghanem et al. concluded that higher levels of axial
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pre-compression resulted in higher stiffness and strength, as well as a greater tendency to

exhibit shear failure in PG walls.

An increased shear cracking strength of PG walls was also attributed to higher axial
stresses, largely due to the higher shear load required to exceed the tensile cracking
capacity of masonry blocks. Ghanem et al. (1993) recommended that axial stresses on PG

walls do not exceed 5% of masonry compressive strength to avoid brittle failure.

3.2.12 Tomazevic et al. (1996)

Total Number of PG Walls in Study: 32

Loading Type:  Varied m: 5.20 MPa
Loading Rate:  Varied Anet/ Agross: 0.43

Support Type:  Cantilever Axial Stress: 0.67 MPa
Height: 760 mm Flexural Reinf.: D10

Length: 1800 mm Vertical (Interior) Reinf.: None
Thickness: 100 mm Bond Beam Reinf.: None

H/L: 0.42 Joint Reinf: 6 mm ladder

TomaZevi€ et al. built 16 pairs (total of 32) identical 1/2-scale PG masonry walls and
varied the loading type (monotonic, reverse cyclic, phased-sequential, and simulated
seismic loading) and loading rate (static, dynamic) to investigate the effect of different
loading conditions on the lateral response of masonry walls. The test configuration used
in this study was not provided in the original paper. However, TomaZevic et al. provided

the four displacement time histories used to drive the actuator, illustrated in Fig. 3.11.

Tomazevi€ et al. concluded that the loading type and rate had a significant impact on both
the strength and stiffness degradation of PG walls. Dynamically loaded specimens had
higher lateral resistances than quasi-statically loaded specimens. Specimens subject to
monotonic loading had higher lateral resistances than reverse cyclic loading. The reverse
cyclic and phased-sequential cyclic loading was concluded were considered to be more
representative of actual loading conditions experienced by masonry walls. Additionally,

Tomazevi€ et al. observed the horizontal reinforcement had stresses ranging from 30 to
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50% of the yield stress at the cracking displacement, and between 55-80% of the yield

stress at peak load.
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Figure 3.11 — Displacement Time Histories used to Drive Actuator: (a) Monotonic;
(b) Reverse Cyclic; (¢) Phased-Sequential; (d) Simulated Earthquake Response
(Tomazevic and Lutman 1996)

3.2.13 Schultz (1996)

Total Number of PG Walls in Study: 6

Loading Type: Phased-Sequential | f'i: 13.89 MPa
Loading Rate: ~ Quasi-static Anet/ Agross: Varied (0.44-0.53)
Support Type: ~ Double curvature | Axial Stress: 0.48 MPa

Height: 1422 mm Flexural Reinf.: 2#6

Length: Varied (1422-2845) | Vertical (Interior) Reinf.: None

Thickness: 195 mm Bond Beam Reinf: Varied

H/L: Varied (0.5-1.0) Joint Reinf.: None

Schultz built 6 full-scale PG masonry walls to investigate the effect of horizontal
reinforcement ratio, type of horizontal reinforcement, and height-to-length aspect ratio
on the shear strength of PG shear walls. Each wall was vertically reinforced with 2#6
(19 mm) bars in each exterior vertical cell. The horizontal reinforcement ratio was varied
by changing the bond beam reinforcement located mid-height using either 2#3 (9.5 mm)
bars or 1#4 (13 mm) bar and 1#5 (16 mm) bar (p;, = 0.051% or 0.119%, respectively).

The double-curvature test configuration used in this study is illustrated in Fig. 3.12.
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Figure 3.12 — Test setup by Schultz (1996)

Schultz concluded based on this experimental study that a decreased height-to-length
aspect ratio increased shear capacity. An increase in bond beam horizontal reinforcement

ratio was found to marginally increase shear strength.

3.2.14 Schultz et al. (1998)

Total Number of PG Walls in Study: 6

Loading Type: Phased-Sequential | f'i: 11.78 MPa
Loading Rate: ~ Quasi-static Anet/ Agross: Varied (0.44-0.53)
Support Type:  Double curvature | Axial Stress: 0.48 MPa

Height: 1422 mm Flexural Reinf.: 2#6

Length: Varied (1422-2845) | Vertical (Interior) Reinf.: None

Thickness: 195 mm Bond Beam Reinf: None

H/L: Varied (0.5-1.0) Joint Reinf: Varied

Schultz et al. built 6 full-scale PG masonry walls to investigate the effect of horizontal
reinforcement ratio, type of horizontal reinforcement, and height-to-length aspect ratio
on the shear strength of PG shear walls. Each wall was vertically reinforced with 2#6 bars
in each exterior vertical cell. The horizontal reinforcement ratio was varied by using either
9-ga (2.91 mm) ladder joint reinforcement or 5-ga (4.62 mm) ladder joint reinforcement
located in all bed joints. The double-curvature test configuration used in this study is

illustrated in Fig. 3.13.
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Figure 3.13 — Test setup by Schultz et al. (1998)

Schultz et al. (1998) concluded based on this experimental study that a decreased height-
to-length aspect ratio increased the ultimate shear stress. In comparison to the previous
study by Schultz (1996), PG walls were observed to have better stability and energy
dissipation when joint reinforcement in each bed joint is used instead of a single bond

beam located mid-height.

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

Total Number of PG Walls in Study: 2

Loading Type: Reverse Cyclic ' 17.7 MPa
Loading Rate: ~ Quasi-static Anet/ Agross: 0.74
Support Type:  Cantilever Axial Stress: 0 MPa
Height: 1800 mm Flexural Reinf.: D20
Length: 1800 mm Vertical (Interior) Reinf.:  Varied
Thickness: 140 mm Bond Beam Reinf: None
H/L: 1.0 Joint Reinf: None

Voon and Ingham tested a total of 10 masonry walls, 2 of which were PG walls. The PG
walls had no horizontal reinforcement. The vertical reinforcement spacing was varied;
while one specimen had a spacing of 400 mm (5 grouted cells), the other specimen had a

spacing of 800 mm (3 grouted cells). The objective of Voon and Ingham’s study was to
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investigate the performance of the NZS 4230-2004 (2004) equation predicting the shear
strength of masonry walls. The cantilever test configuration used in this study is illustrated

in Fig. 3.14.
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Figure 3.14 — Test setup by Voon (2007)

Voon and Ingham observed that a smaller spacings for vertical reinforcement
significantly increased the shear strength of the wall. It was also observed that the PG
walls had significantly less shear strength that FG walls, but only when the gross shear
strength was considered. The net shear strength and force-displacement envelopes of PG
walls was found to be comparable with the FG walls when no axial load was applied to

either set of specimens, as shown in Fig. 3.15.
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Figure 3.15 — Force displacement envelopes in Voon and Ingham (2006) for FG
and PG walls with no axial loading
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3.2.16 Haach et al. (2007)

m:

Anet/ Agross:
Axial Stress:
Flexural Reinf.:

Vertical (Interior) Reinf.:

Bond Beam Reinf':
Joint Reinf.:

Total Number of PG Walls in Study: 4
Loading Type: Reverse Cyclic
Loading Rate:  Quasi-static

Support Type:  Cantilever

Height: 808 mm

Length: 1200 mm

Thickness: 100 mm

H/L: 0.67

5.27 MPa

Varied (0.48-0.70)
Varied (0.5-1.25)
@5mm truss
@5Smm truss

None

@4mm truss

Haach tested a total of 5 1/2-scale masonry walls, 4 of which were reinforced PG walls.

The objective of Haach’s study was to investigate the influence of the horizontal and

vertical reinforcement and axial stress on the behaviour of PG shear walls. Truss

reinforcement was used in both horizontal and vertical directions. Since truss reinforcement

could be placed either within cells or between mortar joints, two different masonry bond

patterns were also studied. The cantilever test configuration used in this study is illustrated in

Fig. 3.16.
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Figure 3.16 — Test setup by Haach et al. (2007)

Haach concluded that higher reinforcement ratios in both horizontal and vertical

directions increase the lateral strength, energy dissipation and lateral drift of PG walls.

Increased axial stresses also increased the shear strength of PG walls but led a greater
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likelihood of brittle failure. It was found that the mortar bond type had no influence on

the shear behaviour of PG walls.

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

Total Number of PG Walls in Study: 5

Loading Type: Reverse Cyclic ' in: 11.93 MPa
Loading Rate:  Quasi-static Anet/ Agross: Varied (0.66-0.75)
Support Type:  Double curvature | Axial Stress: 0.75 MPa

Height: Varied (900-1800) | Flexural Reinf.: Varied

Length: 1800 mm Vertical (Interior) Reinf.:  Varied

Thickness: 90 mm Bond Beam Reinf.: Varied

H/L: Varied (0.5-1.0) Joint Reinf: None

Maleki built 5 half-scale PG masonry walls to investigate the performance of PG walls
with vertical reinforcement spacing beyond the maximum spacing limitation imposed by
CSA Standard S304.1 (2004). The horizontal reinforcement ratio for each wall was
0.05%, while the vertical reinforcement ratio was 0.18%. The effect of aspect ratio was
also considered. The double-curvature test configuration used in this study is illustrated

in Fig. 3.17.
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Figure 3.17 — Test setup by Maleki et al. (2009)

Maleki observed that the spacing of vertical reinforcement had no significant influence

on the shear strength of the wall. However, it was observed that a decrease in aspect ratio
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of the wall greatly increased its shear strength and wall stiffness. Maleki observed walls
with aspect ratios equal to or less than 1.0 failed primarily in shear, while the wall tested

with an aspect ratio equal to 1.5 exhibited a shear-flexure failure mode.

3.2.18 Elmapruk (2010)

Total Number of PG Walls in Study: 6

Loading Type: Reverse Cyclic ' 14.11 MPa
Loading Rate: Quasi-Static Anet/ Agross: Varied (0.45-0.53)
Support Type: Double curvature | Axial Stress: 0.10 MPa

Height: 1524 mm Flexural Reinf.: 2#6

Length: 2642 mm Vertical (Interior) Reinf.:  Varied
Thickness: 193 mm Bond Beam Reinf.: Varied

H/L: 0.58 Joint Reinf: None

Elmapruk built 6 full-scale PG masonry walls to investigate the effect of spacing between
vertical grouted cells on the strength and failure mechanism of PG shear walls. The
vertical reinforcement spacings used were 24, 32 or 48 inches. The horizontal
reinforcement ratio was varied by changing the bond beam reinforcement located mid-
height using (1)#5 bar, (1)#6 bar, or (2)#5 bars (p, = 0.085%, 0.120% or 0.169%,
respectively). The double-curvature test configuration used in this study is illustrated in

Fig. 3.18.
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Figure 3.18 — Test setup by Elmapruk (2010)
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Elmapruk observed that a decrease in grout horizontal spacing significantly increased the
shear strength of the wall. It was also observed that that horizontal reinforcement ratios
past a certain threshold led to a negligible increase in ultimate shear strength. Lastly,
Elmapruk found the MSJC (2008) design shear equation overestimated the shear strength
of PG walls by 60-91%.

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

Total Number of PG Walls in Study: 4

Loading Type: Reverse Cyclic f'im: 11.37 MPa
Loading Rate: ~ Quasi-static Anet/ Agross: 0.40

Support Type:  Varied Axial Stress: Varied (0-0.28)
Height: 2640 mm Flexural Reinf.: #6

Length: 3860 mm Vertical (Interior) Reinf.:  (2)#6
Thickness: 200 mm Bond Beam Reinf.: 3)#6

H/L: 0.68 Joint Reinf: None

Minaie built 4 full-scale PG masonry walls with identical geometric properties and
reinforcement pattern. The type of mortar, level of axial stress, and boundary conditions
were varied in this experimental study. Either Portland cement/line-based mortar or
masonry cement-based mortar was used. Two walls were tested with cantilever support
conditions, while the remaining two walls were restrained against rotation at the top. The
primary objective of this study was to determine the accuracy of MSJC (2008) in
predicting the shear strength of PG walls. The test configuration used in this study is
illustrated in Fig. 3.19.

Minaie concluded that PG masonry shear walls with vertical reinforcement behaved more
similarly to infilled masonry walls rather than FG masonry walls. He also concluded that
MSIJC (2008) was non-conservative for predicting the shear strength of PG walls due to
the empirical development of the formula, which was based on results obtained for FG

walls.
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Figure 3.19 — Test setup by Minaie (2009)

3.2.20 Baenziger and Porter (2011)

Total Number of PG Walls in Study: 10

Loading Type: Reverse Cyclic m: Varied (15.2-19.8)
Loading Rate:  Quasi-static Anet/ Agross: Varied (0.61-0.69)
Support Type:  Cantilever Axial Stress: 0 MPa

Height: 2640 mm Flexural Reinf.: Varied

Length: Varied (2850-4270) | Vertical (Interior) Reinf.:  Varied

Thickness: 193 mm Bond Beam Reinf.: Varied

H/L: Varied (0.62-0.93) | Joint Reinf.: Varied

Baenziger and Porter tested 4 sets of walls (totalling 10 walls) to investigate the effect of
varying the type of horizontal reinforcement on the lateral response of masonry walls.
Single ladder style joint reinforcement, double seismic style joint reinforcement, or bond
beam reinforcement was used in each wall. 3 sets of walls (totalling 8 walls) were PG

masonry shear walls. The cantilever test configuration used in this study is illustrated in

Fig. 3.20.

Baenziger and Porter concluded that joint reinforcement was a viable option for hozitonal
reinforcement in masonry shear walls. Furthermore, horizontal reinforcement distributed
evenly through the wall through joint reinforcement was found to provide better ductility

and crack control than concentrated horizontal reinforcement in bond beams.
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Figure 3.20 — Test setup by Baenziger and Porter (2011)

3.2.21 Nolph (2010) and Nolph and Elgawady (2012)

Total Number of PG Walls in Study: 5

Loading Type: Reverse Cyclic

Loading Rate: Quasi-Static
Support Type: Cantilever
Height: 2337 mm
Length: 2631 mm
Thickness: 194 mm
H/L: 0.89

fm:

Anet/ Agross:

Axial Stress:

Flexural Reinf.:

Vertical (Interior) Reinf.:
Bond Beam Reinf.:

Joint Reinf:

9.95 MPa
0.45

0.10 MPa
Varied
Varied
Varied
None

Nolph and Elgawady built 5 PG wall specimens to investigate the influence of vertical

reinforcement spacing and horizontal reinforcement ratio on the shear strength of PG

walls. The vertical reinforcement spacings used were 24, 32 or 48 inches. The horizontal

reinforcement ratio was varied by changing the reinforcement in the bond beam located

mid-height using (1)#5 bar, (1) #6 bar, or (2)#5 bars (p, = 0.085%, 0.120% or 0.169%,

respectively). The cantilever test configuration used in this study is illustrated in

Fig. 3.21.
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Figure 3.21 — Test setup by Nolph and Elgawady (2012)

Nolph observed that horizontal reinforcement ratios above approximately 0.085-0.1% led
to a negligible increase in ultimate strength for PG walls with a grout horizontal spacing
of 48 in. (1219 mm). Additionally, it was observed that the MSJC (2011) equation
overestimated the strength of specimens built with 48 in. grout horizontal spacing due to

the overestimation of horizontal reinforcement contribution.

3.2.22 Oan (2013)

Total Number of PG Walls in Study: 66

Loading Type: Monotonic m: Varied (11.0-17.3)
Loading Rate: ~ Quasi-static Anet/ Agross: 0.68

Support Type:  Cantilever Axial Stress: Varied (1.04-2.78)
Height: 1200 mm Flexural Reinf.: Varied

Length: 1590 mm Vertical (Interior) Reinf.:  Varied

Thickness: 190 mm Bond Beam Reinf: None

H/L: 0.75 Joint Reinf: Varied

Oan tested a total of 66 PG walls to investigate the influence of horizontal reinforcement,
vertical reinforcement, axial stress, and methods of construction on the behaviour of PG
shear walls. Duplicate specimens for each parameter combination were tested. Specimens
were loaded monotonically at a displacement rate of 0.1 mm/s. The cantilever test
configuration used in this study is based on ESECMaSE guidelines and is illustrated in
Fig. 3.22.
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Figure 3.22 — Test setup by Oan (2013)

Vertical reinforcing bars were not anchored to a concrete base beam. Reportedly, this was
done with the intention of isolating the effect of vertical reinforcement from anchorage
effects. In the absence of vertical reinforcement anchorage, two struts and two plates were

installed on each side of the wall to restrain the wall from sliding, as illustrated in
Fig. 3.23.

Figure 3.23 — Mechanical fixation at the bottom of Oan’s walls (2013)

Oan concluded that axial stress had a significant impact on the shear strength of PG walls.
An increase of axial stress from 2 MPa to 3 MPa and 4 MPa led to an average 33% and
55% increase in shear strength, respectively. Horizontal reinforcement was found to

improve ductility of the wall, although it did not improve shear strength.
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3.2.23 Hoque (2013)

Total Number of PG Walls in Study: 18

Loading Type: Varied ' 16.5 MPa
Loading Rate: ~ Quasi-static Anet/ Agross: 0.55
Support Type:  Double Curvature | Axial Stress: 2 MPa
Height: 1800 mm Flexural Reinf.: 15M
Length: 1800 mm Vertical (Interior) Reinf.: 15M
Thickness: 190 mm Bond Beam Reinf.: Varied
H/L: 1.0 Joint Reinf.: Varied

Hoque tested a total of 18 PG walls to investigate the effect of the position of bond beam,
reinforcement anchorage type in the bond beam, dowel and splice position, and variation
in load history on the behaviour of PG shear walls. The bond beam anchorage was varied
using straight ends, 90° hooks, 180° hooks, or using circular discs welded to the bar ends.
The vertical reinforcement splices were placed at the top, the bottom, or both the top and
the bottom of the wall. A total of eight different wall configurations were tested. The

vertical reinforcement pattern remained constant in all specimens.

The experimental setup is based on the ESECMaSE (2005) guidelines. Specimens were
built on steel channel sections with flexural reinforcement welded at the bottom. Vertical
loads were applied using hydraulic actuators placed on roller bearings. Horizontal loads
were applied using an I-beam placed on a cement-mortar bed at the top of the wall. The

double-curvature test configuration used in this study is illustrated in Fig. 3.24.

Hoque observed little difference in shear strength despite varying the horizontal
reinforcement. However, the cracking pattern was more distributed over the surface of
the specimens containing a bond beam, while cracks concentrated into a large X-pattern
in specimens containing joint reinforcement. It was also observed that the difference in

splice patterns did not significanly affect the shear behaviour of PG walls.
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zadeh (2013)

Total Number of PG Walls in Study: 21

Loading Type
Loading Rate:
Support Type:
Height:
Length:
Thickness:
H/L:

. Monotonic
Quasi-static
Double Curvature
1800 mm
1800 mm
90.7 mm
Varied (1.0-3.1)

m:

Anet/ Agross:
Axial Stress:
Flexural Reinf.:

Vertical (Interior) Reinf.:

Bond Beam Reinf:
Joint Reinf.:

Varied (7.3-7.9)
Varied (0.45-0.67)
Varied (0.5-2)
10M

Varied

10M

None

Hamedzadeh built 21 1/2-scale widely reinforced squat masonry walls to investigate the

effect of different methods of load application, initial axial stresses and specimens size

on the strength and behaviour of PG shear walls. The specimens were laterally loaded

with either concentrated load or distributed load. Three aspect ratios were tested; panel

walls with a height-to-length aspect ratio of 1 were assembled as either single-, double-

or triple-panel walls. A total of eight different wall configurations were tested. The

vertical reinforcement pattern remained constant in all specimens.

The experimental setup is based on the ESECMaSE (2005) guidelines, and is similar to

the setup used by Hoque (2013). The double-curvature configuration used in this study is

tllustrated in Fi

g. 3.25.
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Figure 3.25 — Test setup by Hamedzadeh (2013)

Hamedzadeh observed no significant difference in shear strength whether the specimens
were subject to a concentrated or distributed lateral load. The observed crack pattern
suggested that shear loads were mainly transferred through the grouted core at the
midspan of walls. The aspect ratio was found to have a significant effect on shear strength;
shear strength increased by 132% when the aspect ratio was decreased from 1.0 to 0.5,

and increased by 70% when the aspect ratio was decreased from 0.5 to 0.33.

3.2.25 Rizaee (2015)

Total Number of PG Walls in Study: 14

Loading Type: Reverse Cyclic m: Varied (11.9-17.9)
Loading Rate: ~ Quasi-static Anet/ Agross: 0.48

Support Type:  Double Curvature | Axial Stress: 2 MPa

Height: 1790 mm Flexural Reinf.: I5M

Length: 1790 mm Vertical (Interior) Reinf.: None

Thickness: 190 mm Bond Beam Reinf: Varied

H/L: 1.0 Joint Reinf.: None
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Rizaee built 14 full-scale specimens to investigate the influence of bond beam
reinforcement on the shear strength and behaviour of PG walls. The bond beam
reinforcement diameter, location of bond beam, and bond beam anchorage type were

varied. A total of seven different wall configurations were tested.

The experimental setup is based on the ESECMaSE (2005) guidelines, and is similar to
setups by Hoque (2013) and Hamedzadeh (2013). The double-curvature configuration
used in this study is illustrated in Fig. 3.26.
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Figure 3.26 — Test setup by Rizaee (2015)

Rizaee observed that the different anchorage conditions did not have a significant effect
on shear strength and behaviour. However, using a 15M reinforcing bar in the horizontal

bond beam resulted in better stiffness and energy dissipation than using a 10M bar.
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3.2.26 Ramirez et al. (2016)

Total Number of PG Walls in Study: 10

Loading Type: Reverse Cyclic ' 4.12 MPa
Loading Rate:  Quasi-static Anet/ Agross: Varied (0.60-0.74)
Support Type:  Cantilever Axial Stress: Varied (0-0.56)
Height: Varied (1130-1930) | Flexural Reinf: Varied

Length: Varied (990-2590) | Vertical (Interior) Reinf.:  Varied

Thickness: 140 mm Bond Beam Reinf.: None

H/L: Varied (0.44-1.95) | Joint Reinf.: Varied

Ramirez et al. tested 10 PG masonry shear walls to investigate the effect of aspect ratio,

horizontal reinforcement ratio, and axial stress on the behaviour of PG shear walls. Three
height-to-length aspect ratios were tested in this study (% = 0.44,0.97,1.95). Horizontal

reinforcement was exclusively in the form of 4.2 mm diameter ladder joint reinforcement
built into mortar joints either at each course (s, = 200 mm) or every other course (s, =
400 mm). A net axial precompression of 0.56 MPa was applied to 8 walls, while the
remaining 2 had no axial precompression. The cantilever test configuration used in this

study is illustrated in Fig. 3.27.

Ramirez et al. concluded that the height-to-length aspect ratio of the wall had the greatest
influence on the shear strength and behaviour of PG walls; a higher aspect ratio was found
to decrease shear strength. Also, horizontal reinforcement improved the shear strength of
PG walls, although it had a greater benefit to slender walls compared with squat walls.
Increasing the axial stress on PG walls also increased its shear strength, although its effect

was more pronounced on squat walls compared with slender walls.
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3.2.27 Other Studies

Several other experimental studies which have tested PG masonry shear walls have not
been included in the dataset due the unavailability of the conference paper, journal paper,
and/or thesis corresponding to the study. They have been referenced by other researchers

who have built similar datasets, and are listed below in chronological order:

e Igarashi, I. and Matsumura, A. (1984). “Effects of height—to—length ratio on shear
strength of reinforced hollow concrete block loadbearing walls.” Transactions,
Architectural Institute of Japan, 59(10), 1783—1784. (in Japanese).

e Liders, C., Hidalgo, P., & Gavilédn, C. (1985). Comportamiento Sismico de Muros de
Albariileria Armada. (Proyecto No. 70/83). Santiago: Departamento de Ingenieria
Estructural. Pontifcia Universidad Catolica de Chile. (in Spanish).

e Liiders, C., & Hidalgo, P. (1986). Influencia del Refuerzo Horizontal en el
Comportamiento sismico de muros de albariileria Armada [Influence of horizontal
reinforcement on seismic behaviour of reinforced masonry walls]. In IV Jornadas

Chilenas de Sismologia e Ingenieria Antisismica. Vifia del Mar, Chile. (in Spanish).
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e Mufoz, W. E. (1992). Estudio experimental del comportamiento de muros de
albariileria de bloques de hormigon sometidos a carga lateral alternada
[Experimental study on in-plane cyclic behaviour of reinforced concrete masonry
walls]. Memoria de Ingeniero Civil. Santiago: Universidad de Chile. (in Spanish).

e Brammer, D. R. (1995). The lateral force-deflection behaviour of nominally
reinforced concrete masonry walls. Master’s thesis, University of Auckland,
Auckland.

e Sierra, G. A. (2002). Estudio experimental de la influencia del refuerzo vertical en
muros de albariiileria armada sometidos a carga lateral alternada [Influence of
vertical reinforcement on reinforced masonry walls under cyclic lateral loading. An
experimental study]. Memoria de Ingeniero Civil. Santiago: Universidad de Chile. (in
Spanish).

e Dickie, J. and Lissel, S. (2011), "In-Plane Shear Test Method for Reinforced Concrete
Masonry and Comparison of Test Results", 9th Australasian Masonry Conference,
Queenstown, New Zealand , 15 — 18 February , 543-552.

e DICTUC (2014). Ensayo de dos muros de albariileria armada de ladrillo ceramico
perforado [Testing of two reinforced masonry walls made of hollow clay bricks].

Informe Técnico: Pontificia Universidad Catdlica de Chile. (in Spanish).
3.3 Data Scrutinization

3.3.1 Failure Mode

The current study investigates the strength and behaviour of PG masonry shear walls.
Although each experimental study in this section is focused on the shear behaviour of PG
walls, some walls were observed to fail in flexure instead of shear. Flexural failure is
characterized by higher ductility and fail at loads lower than the ultimate shear capacity.
In most cases, flexural failures were the result of a high height-to-length aspect ratio.

Walls exhibiting flexural failure were not included in the dataset.

77



3.3.2 Horizontal Reinforcement Pattern

In CSA S304.14, Section 10.15.1.4(d), it states that horizontal reinforcement is required
"where the wall is connected to roof and floor assemblies." This may be interpreted as a
requirement to provide horizontal bond beams in the bottom and top course of each wall

specimen.

10.15.1.4

Where horizontal reinforcement is required to resist in-plane shear forces, it shall be

(a) continuous along the wall length;

(b) spaced at not more than the lesser of 2400 mm or 0.57,, for bond beams, and 600 mm for joint
reinforcement;

(c) provided above and below each opening over 1200 mm high; and

(d) provided at the top of the wall and where the wall is connected to roof and floor assemblies.

Figure 3.28 — CSA S304.14 provision for horizontal reinforcement in PG walls
(adapted from CSA 2014)

However, strut-and-tie models predict that a horizontal tension tie at the bottom of the
wall would not necessarily benefit the shear strength of the wall, especially if a concrete
grade beam or concrete element exists at the base of the wall. A typical strut and tie model

of a PG shear wall is illustrated in Fig. 3.29.

Additionally, the amount of load carried by horizontal reinforcing steel is dependent on
the crack width, assuming the reinforcement has not yet reached yielding stress at the
ultimate shear capacity of the wall. The diagonal shear crack is assumed to be larger at
the top of the wall compared to the bottom in cantilevered boundary conditions
(Fig. 3.30). In this case, horizontal reinforcing bars would be expected to carry

significantly less load near the bottom of the shear wall.

When the boundary conditions restrain the top of the wall from rotation, the shear crack
is assumed to be the same along the height of the wall, as illustrated in Fig. 3.31. However,
experimental results have shown that the cracks are typically located at the bottom corners
of the wall, such as the ones obtained by Minaie (2009) illustrated in Fig. 3.32. Since
horizontal bars are expected to have very little anchorage at its ends—especially given
the severity of the cracking at these locations—they would not be expected to carry a

significant amount of loading.
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A horizontal bond beam at the bottom course exists in the design of PG walls by several
researchers (Ghanem et al. 1992, 1993; Maleki 2008; Minaie 2009), while others did not
(Elmapruk and Elgawady 2009; Nolph and Elgawady 2012; Ramirez et al. 2016; Schultz
1996; Scrivener 1967; Thurston and Hutchinson 1982; Yancey and Scribner 1989).

Maleki's (2008) wall specimens are illustrated in Fig. 3.33 as an example.

(a) Path of shear crack (b) Force distribution in stirrups

Figure 3.30 — Behaviour of horizontal reinforcement in a shear wall (Dillon 2015)
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Figure 3.31 — Role of horizontal reinforcement in resisting masonry shear failure

(Voon 2007)
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Figure 3.32 — Crack pattern in PG wall tested by Minaie (2009)
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Figure 3.33 — Maleki’s shear wall specimens (Maleki 2008)
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3.3.3 Interior Vertical Reinforcement

Only a few design expressions (Dillon 2015; Shing et al. 1990b; Standards New Zealand
2004; Voon 2007) consider the contribution of vertical reinforcement on the in-plane
shear strength of PG walls. However, Thurston and Hutchinson (1982) suggest that
vertical reinforcing steel provides shear resistance as cracking occurs. Distributed vertical
reinforcement minimizes crack openings, allowing the aggregate interlocking of masonry

blocks to continue providing shear resistance (Ghanem et al. 1992).

Ghanem et al. (1992) suggested that only interior reinforcing bars should be considered
for shear resistance, since boundary bars were considered to carry the tension forces due
to flexural loads. Dillon (2015) refers to the interior vertical reinforcing bars as
“confinement” reinforcement due to its role in minimizing diagonal cracking in masonry

walls which maintain the friction and shear transfer across cracks.

The multiple linear regression performed by Dillon (2015) found that interior vertical
reinforcement should be equally effective in resisting diagonal crack openings as
horizontal reinforcement, and neglects the influence of boundary vertical reinforcement.
As a result, the equation proposed by Dillon applies the same numerical coefficient for
predicting the influence of both horizontal and interior vertical reinforcement on the in-

plane shear strength for PG walls.

Vs
v, = 0.083 (1.1 + 0.9 Mgh> v fm +0.150, + 0.12[pcfyc + phfyh] 3.1

3.3.4 ESECMaSE Test Setup

The Enhanced Safety and Efficient Construction of Masonry Structures in Europe
(ESECMaSE) developed a method for testing unreinforced masonry walls, with its latest
standard released in 2005. However, this standard does not provide any detailing
requirements for reinforced masonry walls, and thus is not directly applicable to develop

experimental programs testing reinforced PG shear walls.
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Comprehensive studies on the structural performance of shear-critical walls made of
reinforced-concrete, such as the MCEER-09-0010 (Gulec and Whittaker 2009), and
FEMA P695 (Applied Technology Council 2009), have provided recommendations to
develop reliable testing programs. These studies have emphasized the importance of
accounting for cumulative damage effects (i.e. monotonic loading is not representative of
the cumulative damage produced by cyclic loading), the use of full-size specimens (unless
it can be shown by theory and experiment that testing of reduced-scale specimens will

not significantly affect the behavior), and the use of realistic construction details.

The experimental programme studying the behaviour of PG shear walls conducted by
Oan (2013), Hoque (2013), Hamedzadeh (2013), and Rizaee (2015) have adopted the
ESECMaSE standard, despite differences between unreinforced masonry and reinforced

masonry in both detailing and behaviour under lateral loading.

One of the biggest shortcomings of these is the loading mechanism used. The base of the
walls is mortared to a steel channel rigidly fixed to the laboratory strong floor, illustrated
by Fig. 3.34. The top of the wall is mortared to a stiff beam according to ESECMaSE,
illustrated by Figs 3.35 and 3.36. Dowels are welded to the base channel to connect the
vertical reinforcement through splices, but it is unclear how the reinforcement is not

connected to the top element. This setup was used to simulate walls in double curvature.

However, since the bars are not connected at the top, and the welded bottom dowels do
not provide a realistic development at the bottom, this setup does not capture the bar
development mechanisms found in shear walls under double curvature accurately. Rather,
such a setup appears to mimic partition walls that are rigidly connected at the top to the
slab, a form of construction not typical in Canada, where partition walls are isolated from

the floor slab.
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Figure 3.34 — Footing details in Hoque’s experimental study (Hoque 2013)

Cap beam Application of the hori-
(lower part B) zontal load via a hinge
(steel girder) (on the front- and back-

side of the wall)

N

Cement-mortar bed at the
cap of the masonry wall

Figure 3.35 — Application of horizontal load to the cap of the wall according to
ESECMaSE (2005)

Figure 3.36 — Interface between the specimen and loading beam by Hamedzadeh
(2013)

Furthermore, the lack of anchorage in vertical reinforcement into a base beam does not
reflect common practice of loadbearing masonry, especially in seismic regions. The

transmission of loads to the shear wall is achieved through concrete foundation blocks
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and concrete cap beams in milestone studies [Matsumura (1987, 1988); Minaie et al.
(2010); Schultz (1994, 1996); Schultz et al. (1998); Shing et al. (1990a)]. The use of
concrete foundation blocks and cap beams is recommended by the MCEER-09-0010
(Gulec and Whittaker 2009) and FEMA P695 (Applied Technology Council 2009)
reports as well. The ESECMaSE setup lacks these elements. As a result, specimens tested
using the ESECMaSE setup showed unusual or atypical cracking patterns, not observed

in other testing programs.

In addition, the foundation system used in the ESECMaSE setup, in which the walls are
mounted in channels that confine the wall panel, do not reflect usual construction
practices in which the blocks are mortared on a grade beam or slab which allows for some
sliding occurs under the application of loads. The response of a wall must include the
sliding mechanism as it is present in the response of real walls, but it is artificially

prevented when using the ESECMaSE setup.

Summarizing, the limitations in the test setup (unrealistic details, concerns about the
suitability of the loading protocol and testing methods, varying block sizes/strength/scale,

etc.) prevents drawing conclusions about the usefulness or significance of the results.
3.4 Data Synthesization

Data synthesization is defined as compiling experimental data from multiple researchers
using different methods in a consistent manner, ensuring that the data is compatible for
comparison and analysis (Dillon 2015). A consistent dataset is vital for using neural

networks to predict the shear strength of PG walls.

The most basic synthesization process is maintaining consistent units throughout the
dataset. Beyond unit conversion, methodologies were proposed by Dillon (2015) for
prism strength estimation, inflection height, net shear area, prism aspect ratio, shear

reinforcement, loading patterns, loading rates, and experimental shear strength reporting.
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3.4.1 Prism Geometry

Although most researchers take the average compressive strength measured from several
masonry prism tests as f;,, there is significant variability among how many blocks are in
the prism and how many tests are performed. This variation in measurement exists even
among international codes; while CSA Standard S304.14 (2014), BS 5628 (2005) and AS
3700 (2011) specify a standard aspect ratio of 5-to-1, the TMS 402/602-16 (2016)
specifies a standard aspect ratio of 2. In cases where the aspect ratio of tested prisms is

not 5-1, the CSA Standard S304.14 (2014) applies a corrective factor.

A regression model was proposed by Dillon (2015) to predict the mean prism strength
correction factor k in cases where the prism geometry had an aspect ratio other than 5
(fewer than 5 blocks) by combining four design codes. The corrective factor proposed

by Dillon for these prisms is given in Eq. (3.2):

1.07

k=1-0.058 (5 — ?> (3.2)
where h/t = aspect ratio of the prism

3.4.2 Prism Strength Estimation

The compressive strength of masonry typically exhibits a high variation relative to other
building materials; a variation of 10% from measured to predicted values is considered
reasonable (Blume and Proulx 1968). This is consistent with CSA Standard S304.14,
which limits the coefficient of variation of tested compressive strengths to a maximum of

10% if less than ten masonry prisms are tested.

Dillon (2015) suggested using a regression model to predict the compressive strength of
masonry prisms would not likely exceed the variation that would exist in measured prism
tests. Thus, in a statistical analysis performed by Dillon (2015) of 593 individual prism
tests, a model was proposed for predicting the compressive strength of hollow masonry

prisms (Eq. (3.3)) and for predicting the compressive strength of grouted masonry prisms

(Eq. (3.4)).
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fr;L — 1/0.63611‘170.688]3_0.317 (33)

fi, = t70221(1 — y)00B18 £-0425 (. fb)lm(fg + fb)°-312 (3.4)
where v = ratio of net to gross area
fp» = compressive strength of the brick or block
fi = compressive strength of the mortar
t = thickness of the prism in the smallest dimension

fa

compressive strength of the grout

In cases where the compressive strength of masonry prisms was not available from the
reference, but the constituent material strengths (compressive strength of concrete block,
mortar, and grout) were available (Haach et al. 2007; Johal and Anderson 1988; Minaie
et al. 2010; Scrivener 1967; Tomazevi¢ and Lutman 1988), the model proposed by Dillon
(2015) (Eq. 3.3 and 3.4) is used to predict both the hollow and grouted masonry prism
strength. However, where data was unavailable, the model could not be applied and the
reference was not used (Meli et al. 1968; Meli and Salgado 1969; Tomazevic et al. 1996;
Yancey and Scribner 1989).

3.4.3 Reported Shear Strength

While experimental studies using monotonic loading consistently documented the peak
shear strength, the experimental studies using reverse cyclic loading were less consistent
in reporting the shear strength. Some studies reported the average peak shear strength,
some reported the peak shear strength in each loading direction, and others reported only

the maximum shear strength obtained in one direction.

With a dataset of 176 specimens tested cyclically, Dillon (2015) generated a histogram
of average to ultimate strength ratios and calculated an mean (expected) ratio of 0.94,
illustrated in Fig. 3.37. Therefore, for studies that reported peak shear strength, a
correction factor of 0.94 was applied to the ultimate shear strength and taken as the

average shear strength of the wall.
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Figure 3.37 — Histogram of average to ultimate strength ratios (Dillon 2015)
3.4.4 Loading Pattern/Loading History

Various loading histories have been used in masonry research: monotonic, incrementally-
increasing cyclic (reverse cyclic), sequential-phased displacement, and simulated
seismic. Cyclic testing allows for the quantification of strength degradation, an important
parameter to assess structural performance, which cannot be observed through monotonic
loading. More cracks form from the repeated cycles of shear load, resulting in a lower
shear capacity compared to monotonic loading (Dillon 2015). Dhanasekar and Haider
(2011) concluded that ductility for PG masonry shear walls must be measured during

cyclic load testing to understand its seismic response.

While an analysis by Dillon and Fonseca (2014b) found no significant statistical
difference in shear strength among periodic and harmonic loading histories, the same
study reported that walls tested monotonically had higher strength (by 19%, in average)
compared to walls loaded periodically or harmonically. An earlier study by Tomazevic et
al. (1996) had confirmed a cyclic-to-monotonic strength ratio of 0.81, with a 95%

confidence interval bounded between 0.72 and 0.91.
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In this study, a correction factor of 0.81 is applied to monotonically loaded specimens in

this study to transform the strength into that of an equivalent, cyclically tested wall.

3.4.5 Loading Rate

Dynamic loading produces a higher strain rate than monotonic loading, which results in
a greater shear capacity than that obtained through quasi-static loading. A total of twelve
pairs of specimens over three studies comparing the effect of dynamic loading vs. quasi-
static loading on the shear strength of masonry walls [Williams (1971), Mayes et al.
(1976b), and Tomazevic et al. (1996)] was used by Dillon (2015) to suggest a correction
factor of 0.9 applied to monotonically loaded specimens to transform the strength into

that of an equivalent, dynamic loading tested wall.

3.4.6 Scaling

Some experimental studies have tested walls at 1/2-scale or 1/3-scale, due to the high cost
of full-scale testing. There are two main techniques to account for scaling: the Simple
Model and the Complete Model. Whereas the Complete Model includes the scaling of all
geometric, material and loading properties, the Simple Model does not scale the strength,
stress, strain, Young’s modulus, and loading rate/velocity. A comparison of the two

models is summarized in Fig. 3.38.

General Complete  Simple
Quantity equation model model
Length (L) S, = Ly/Ly S, S, o
Strain (g) S, = ep/ey 1 1
Strength (f) Se=foilu Sy, 1
Stress (o) So = fo/fu Sy !
Young's modulus (E) S;=S§,/S, S, 1
Sp. weight (I') St =T/ I’y 1 1
Force (F) Sy =518, 57 Sz
Time (1) S, = S,+/5:5./S, N
Frequency {Q) S, =1/8, 1//S,, 1/S,
Displacement (d) Sqa= 5.8, S, S
Velocity (v) S, = S,\/S,/S[ \/ﬁ 1
Acceleration (g) S, =8,/8.5 1 1/5,

Figure 3.38 — Complete Model scaling vs. Simple Model scaling (TomaZevi¢ and
Velechovsky 1992)
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In each study testing scaled specimens, the Simple Model scaling has been used over
Complete Model scaling due to difficulty in scaling material properties such as Young’s
modulus. However, based on a study by Abrams and Kreger (1982) consisting of eighteen
1/12'" scale specimens investigating the effect of scaling in reinforced concrete elements,
it was found that the strength and stiffness behaviour and energy dissipation are modeled
correctly at small scales. Though the study was not performed on masonry elements, the
similarity in material suggest that the results from the study are likely valid for masonry.
Additionally, it is argued by Dillon and Fonseca (2014a) that most size effects are taken
into account by testing reduced-scale masonry prisms. Research performed by BaZant
(1997) and Bazant and Yu (2009) on quasi-brittle materials such as concrete and masonry
suggests that the scaling factor for strength and other material properties is approximately
a function of the scale and largest aggregate size. Resultingly, no correction factors are
applied to scaled walls; rather, the equivalent full-scale form of each wall is used for

analysis.
3.5 Dataset Summary

An experimental dataset totaling 292 PG masonry shear walls was compiled from 27
independent studies. This dataset is termed “Complete” (Table 3.1) and is presented in its

entirety in Appendix A.

Five subsets of the dataset have been generated for neural network analysis, to account
for the effects of major variables. The five subsets possess generally increasing levels of
data scrutinization and synthesization as described in Section 3.3 and Section 3.4. Dataset
“A” excludes all studies in which the compressive strength of the masonry could not be
calculated, while dataset “B” excludes those specimens that were tested under monotonic
loading. Dataset “C” is a variant of dataset “B”, where the horizontal reinforcement
considered for analysis is modified based on the assumption that any bond beams at the
bottom course do not provide additional shear resistance. Dataset “D” is the same as
dataset “C” but excludes also the specimens tested using the ESECMaSE setup. Dataset
“E” is a variant of dataset “D”, in the same sense that dataset “C” is a variant of dataset

“B”. Finally, Dataset “F” is a variant of dataset “E,” where only the interior (web)
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reinforcement is considered as vertical reinforcement contributing to the shear strength

of PG walls. The dataset variations are summarized in Table 3.1, and the summary of

which studies are included in each dataset are is summarized in Table 3.2.

Table 3.1 — PG dataset variations for neural network analysis

Dataset
Description
Complete | A B C D E F
Number of specimens 292 255 | 150 | 150 | 120 | 120 | 120
Data synthesization v v v v v v v
Specimens without
sufficient information to v v v v v v
predict f, o ¢ removed
Monotoni )
onotonic specimens Y v Y v v
removed
E )
SECMaSE specimens v v v
removed
Hori 1 reinf
0r1;0nta remtforcement v v v
modified
Boundary vertical
reinforcement neglected;
. ) v
only interior vertical bars
considered
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Table 3.2 — Summary of PG Wall Datasets

Source Dataset
Complete A B,C D,E, F

Scrivener (1967) 12 12 - -
Meli et al. (1968) 10 - - -
Meli and Salgado (1969) 11 - - -
Mayes et al. (1976) 2 2 2
Chen et al. (1978) 4 4 4 4
Thurston and Hutchinson (1982) 3 3 3
Matsumura (1987) 29 29 29 29
Tomazevi¢ and Lutman (1988) 10 10 10 10
Johal and Anderson (1988) 16 16 16 16
Yancey and Scribner (1989) 10 - - -
Ghanem et al. (1992) 2 2 - -
Ghanem et al. (1993) 2 2 - -
Tomazevi€ et al. (1996) 6 - - -
Schultz (1996) 6 6 6 6
Schultz et al. (1998) 6 6 6 6
Voon and Ingham (2006) 2 2 2 2
Haach et al. (2007) 4 4 4 4
Maleki et al. (2009) 5 5 5 5
Elmapruk (2010) 6 6 6 6
Minaie et al. (2010) 4 4 4 4
Baenziger and Porter (2011) 8 8 8 8
Nolph and Elgawady (2012) 5 5 5 5
Oan (2013) 66 66 - -
Hoque (2013) 18 18 16 -
Hamedzadeh (2013) 21 21 - -
Rizaee (2015) 14 14 14 -
Ramirez et al. (2016) 10 10 10 10
# of specimens in dataset 292 255 150 120
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3.6 Distribution of Specimen Parameters

The distribution of specimen parameters is presented in Figs. 3.39 to 3.48. The purpose

of this is to present the range of data studied, as well as provide insight into the gaps

which exist within each dataset.

Some observations can be made from the distributions presented:

Almost all the samples are tested under a quasi-static loading rate; only 7 samples
from three PG wall studies (Chen et al. 1978; Tomazevic and Lutman 1996) use
dynamic loading rates, suggesting a gap in understanding the behaviour of PG walls
under dynamic loads.

The majority of walls have an area (H X L) of 5 m? or less. Although there are
currently no studies that have investigated the size effect of PG shear walls, a study
by Sarhat and Sherwood (2015) on reinforced masonry beams observed smaller shear
stress capacities and more brittle behaviour was in larger specimens due to larger
crack spacing and crack width as the effective depth of the beam is increased. In a
literature review by Minaie (2009), it was found that most experimental programs
tested walls that were smaller than masonry shear walls found in typical buildings.
Most experimental studies have focused solely on aspect ratios of 1 or less. This is
explained in part due to the increased likelihood of PGM walls to exhibit flexural-
shear failure or flexural failure as the aspect ratio is increased (Haider 2007).

Recent studies suggest that the square root relationship loses accuracy in extremely
high or low masonry compressive strength values (Dillon 2015). Most experimental
studies have built PGM walls with masonry blocks with typical strengths, but little
experimental investigation has been performed for PGM walls using high strength
masonry.

Although the majority of experiments conducted involve a horizontal reinforcement
ratio of 0-0.2%, it has been reported by several authors that horizontal reinforcement

ratios above 0.2% lead to a negligible increase in ultimate strength and deformation
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(Elmapruk 2010; Fattal 1993b; Haach et al. 2012; Hamid and Moon 2005; Shing et
al. 1990b).

The range of axial load is less when comparing dataset “A” with datasets “D”, “E”
and “F,” revealing a gap in walls tested under reverse cyclic loading with a realistic
test set-up.

Many wall specimens are exclusively reinforced in the vertical direction with
boundary vertical reinforcement, revealing a gap in walls tested with distributed
and/or interior vertical reinforcement as shown in Fig. 3.45.

The range of gross shear strength is significantly less when comparing dataset “A”
with datasets “D”, “E”, and “F”, revealing a gap in high-strength PG shear walls (v,, >

1.2 MPa) tested under reverse cyclic loading and with a realistic test set-up.
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Figure 3.39 — Distribution of loading conditions for PG wall specimens
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3.7 Evaluating the Performance of Existing Predictions

To provide a benchmark and statistical comparisons of model performance, each design
expression explained in Chapter 2 is used to predict the shear strength of PG walls in the
complete dataset. First, a brief description of the statistical performance metrics used are
presented, followed by a statistical evaluation of existing models. Further details
regarding statistical metrics can be found in Casella (1983), Chatterjee and Hadi (2006),
Dillon (2015), Eisenhauer (2003), Frost (2012), Kozak and Kozak (1995), and
Mongometry et al. (2012).

3.7.1 Mean

A mean value for the V,,, /V, ratio greater than one indicates that the predictive model

tends to overpredict the shear capacity, whereas a ratio less than one indicates the
tendency to predict non-conservative shear strengths. The sample mean formula is given

by Eq. (3.5).
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Mean =
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3.7.2 Standard Deviation

The standard deviation represents the extent of dispersion of the V., /V;, ratio from its
mean value. A mean value close to one combined with lower standard deviation values
is desirable, indicating more accurate predictions. The sample standard deviation formula

is given by Eq. (3.6).

2
Z Vexp _ Vexp
V. W (3.6)
Standard Deviation = N

3.7.3 Mean Squared Error (MSE)

The mean squared error is a measurement of the average of the squares of the errors or
residuals between the predicted and experimental values. It is often used as a performance
metric to provide an indication of both the accuracy and precision of an estimator. The

formula for mean squared error is given by Eq. (3.7).

N ~
MSE = Z &7 ;Iyi)z a7
i=1
where N = number of samples
y; = predicted (model) output
y; = experimental (observed) output
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3.7.4 Fifth Percentile

The fifth percentile of the V., /V, ratio represents the V., /V;, ratio exceeded by 95% of
the walls in the dataset. A high value of the fifth percentile of the V., /V}, ratio indicates

a more conservative prediction model.

For instance, a fifth percentile of V,,,,/V, = 1.00 indicates that 95% of shear walls in the

dataset failed at loads equal to, or higher than, the predicted shear load. A hypothetical

percentile distribution curve has been generated to illustrate this example in Fig. 3.49.
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Figure 3.49 — Hypothetical percentile distribution curve
(5% of samples exhibit V,,, <V,)

3.7.5 Residuals

Residuals are defined as the difference between the experimental (observation) value and

the corresponding prediction (model) value, given by Eq. (3.8).

e =y — i (3.8)

where e; = residual between an observation and its predicted value
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A plot of the residuals offers a visual representation of whether the model exhibits
homoscedasticity; a homoscedastic plot will exhibit minimal variation in its residuals
regardless of the magnitude of predicted value, shown in Fig. 3.50(a). Conversely, a
heteroscedastic plot of residuals exhibits non-uniform variance across the range of
predicted values. In Fig. 3.50(b), for example, the residuals plot indicates that the
predictive model is more accurate when predicting low values but becomes highly
inconsistent when predicting higher values. It is most desirable for a model to exhibit

homoscedasticity (Mongometry et al. 2012).

);a' Vi
(e) (d)

Figure 3.50 — Plot of residuals, e;, versus corresponding fitted values, ;. Patterns
for residual plots: (a) satisfactory (homoscedastic); (b) heteroscedastic; (c) double
bow; (d) non-linear (Adapted from Mongometry et al. 2012)
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3.7.6 Performance of Existing Predictions

Table 3.3 summarizes the performance metrics for the existing models. The performance
of trained neural network models is evaluated and presented in the same way in Chapter

4 for comparison.

Table 3.3 — Performance metrics for existing models

Model (Rﬁl*;) D&n St& ev Pell‘:;glhtile
Va v, V"’—i‘l”
Matsumura (1987) 0.163 2.263 1.855 0.369
AlJ (1987) 0.242 1.299 1.320 0.325
Shing et al. (1990) 0.199 0.916 0.489 0.334
Anderson and Priestley (1992) 0.139 0.782 0.316 0.469
Fattal (1993) 0.181 0.993 0.776 0.162
NEHRP (1997) 0.168 0.921 0.524 0.419
UBC (1997) 0.114 1.051 0.526 0.505
NZS-4230 (2004) 0.450 1.917 1.077 0.375
Eurocode 6 (2005) 1.218 0.972 0.896 0.191
Voon (2007) 0.113 1.073 0.531 0.527
IMNC (2010) 0.090 1.164 0.561 0.617
CSA-S304.14 (2014) 0.170 1.338 0.666 0.453
Dillon (2015) 0.110 1.505 0.684 0.793
TMS 402/602 (2016) 0.111 1.223 0.691 0.678

A plot of experimental strength vs. predicted strengths, and a plot of its residuals follows
to illustrate the predictive capacity of each model. A few observations are made from the

performance metrics and plots presented:

e The residual plots of each model reveal varying degrees of heteroscedasticity; all

models tend to over-predict walls with lower shear strength, and significantly over-
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predict walls with higher shear strength, although it is noted that there are relatively
fewer samples with higher shear strength for evaluating the models.

The model given by Eurocode 6 (2005) appears to be the worst performing model
based on both the plots and the performance metrics. This is largely due to the code
equation limiting the shear strength of masonry is limited to 0.3 MPa. It also does not
distinguish between FG and PG walls.

Although the model proposed by Matsumura (1987) has a reasonable mean-squared
error in comparison to the other models, it has a high mean V,,,,/V,, while having a
low fifth percentile V,,,/V;,. This is non-ideal, indicating a tendency to severely
overpredict shear strength, yet simultaneously being relatively under-conservative,
suggesting a large spread in V., /V;, also reflected in the high standard deviation.
The NZS-4230 (2004) has a relatively low fifth percentile, indicating a high
likelihood for it to predict unconservative shear strengths. Notably, Voon (2007)’s
study proposes an improved model based on the NZS-4230 (2004) model and exhibits
significant improvement in performance metrics.

Interestingly, the IMNC (2010) makes no distinction between FG and PG walls yet
exhibits the lowest mean-squared error out of all the models.

The model proposed by Dillon (2015) exhibits the lowest mean-squared error. Its
performance metrics and plots are very similar to those for CSA-S304.14 (2014) and
TMS 402/602 (2016), which is expected due to the similarity in the form of these
equations but with different coefficients. Notably, Dillon (2015) achieves a slightly
better prediction, perhaps due to the inclusion of vertical reinforcement contribution
to PG wall shear strength.

Overall, there is certainly room for improvement; an improved model would exhibit
lower mean-squared errors, a mean Ve, /V, closer to 1, lower Ve, /V, standard
deviation, higher fifth percentile V., /V;,. It would also exhibit homoscedasticity in

its residual plots.
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4 ARTIFICIAL NEURAL NETWORK INVESTIGATION & RESULTS

4.1 Artificial Neural Network Fundamentals

4.1.1 Introduction

The following description of ANNSs in this thesis offers only elementary components of
neural networks essential to the research conducted; it can be considered a mere
introduction to the fundamentals of neural networks. The descriptions provided are
sufficient for understanding how it can be used as a tool, as well as the advantages and
limitations of neural networks. Readers interested in more detailed explanations of ANNs
may refer to Haykin (1994), Tu (1996), Basheer and Hajmeer (2000), and Svozil et al.
(1997).

ANNs are a powerful tool to process large datasets of information and recognize
underlying patterns that may exist in the data. It is especially useful for identifying any
nonlinear relationships among variables. Through a process of “learning,” an ANN
mimics its biological counterpart by adapting synaptic weights with each new piece of

information it receives.

Feedforward backpropagation (FFBP) neural networks are a type of multilayer
perceptron network that is commonly used for engineering applications. FFBP neural
networks are favorable due to its use of non-linear transformations for function
approximations (EI-Chabib and Nehdi 2005). A simplified schematic of an FFBP neural
network is illustrated by Fig. 4.1.

A “neural network™ is best described as numerous neurons highly interconnected to one
another. The FFBP as previously described consists of three layers of neurons: an input
layer, a hidden layer, and an output layer. The number of input parameters that are fed
into the network determines the number of neurons in the input layer. The input layer
itself does not process the input value but serves as a link that propagates the values into
the neurons in the hidden layer. Hidden neurons process the input values by linearly

combining them based on a matrix of weights plus a bias. Then, a transfer function is
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applied to the linear combination computed. The transfer function is typically a non-linear

transformation such as the sigmoid function, g(x) = The output neuron then

1+e~%’
processes the values input from the hidden layer in a similar manner, computing a single
predicted output by the ANN (Adhikary and Mutsuyoshi 2006; Aguilar et al. 2016; El-
Chabib and Nehdi 2005; Elbahy et al. 2010; Garzon-Roca et al. 2013; Haykin 1994). A

single neuron process is illustrated in Fig. 4.2.
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Figure 4.1 — Feedforward backpropagation neural network architecture (Adapted
from Plevris and Asteris 2014)
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Figure 4.2 — Single neuron work (Garzon-Roca et al. 2013)

The matrix of weights and biases of a neural network are initially randomized; the neural
network is incapable of accurate predictions without training. With each data point fed
into the network, the expected output (experimental value) is compared with the
network’s predicted output, and its error is propagated backwards through the network to
adjust and fine-tune the weights and biases. In this way, the ANN’s capability to predict

the output is incrementally improved.
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The ability of an ANN to be successfully trained is highly dependent on the number of
known sets of inputs and ouputs that is processed by the network. Furthermore, the ability
of a trained ANN to make predictions is limited within the range of input variables that
was used for training. (El-Chabib and Nehdi 2005; Garzon-Roca et al. 2013; Haykin
1994; Rumelhart et al. 1986).

4.1.2 Hidden Layer and Hidden Neurons

Despite several guidelines developed to determine the optimal number of hidden neurons
in the hidden layer of an ANN, no guideline or formula has been universally agreed upon
(Karsoliya 2012; Sheela and Deepa 2013; Stathakis 2009). The number of hidden
neurons, however, has a significant effect on an ANN’s performance. While too few
hidden neurons will hinder its capacity for pattern recognition, too many hidden neurons
in the ANN can lead to an overpowered neural network that tends to overfit the data,
rendering it incapable of generalizing predictions (Haykin 1994; Tien Bui et al. 2012). A
plot comparing the influence of hidden neurons on an ANN’s ability to generalize is

illustrated in Fig. 4.3.

A

@ Training Points

A Test Points

Dependent Variable, y=f(x)

Optimum number of hidden nodes (HN)
-------- Too many HN and overfitted polynomial curve

Too few HN and best-fit regression line

h -
¥

Independent Variable, x

Figure 4.3 — Effect of hidden layer size on network generalization (Basheer and
Hajmeer 2000)
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4.1.3 Network Training, Validation and Testing

The dataset used to develop a ANN model can be divided into three subsets: a training
set, a validation set, and a testing set. Typically, the percentage ratio of training-
validation-testing is approximately 70-15-15, with no data point used in more than one

set (Haykin 1994; MathWorks 2017; Naik and Kute 2013).

4.1.3.1 Training set

The training set is utilized by the ANN to “learn” and fit the model to the data. It is
characteristically the largest of the three subsets to maximize the number of training

vectors used for adjusting the network weights and biases.

During training, the ANN will undergo iterations or “epochs” of using all the training
vectors to adjust its weights and biases. Each additional epoch increases the “fit” of the
network predictions to the training data, decreasing the mean-squared error (MSE) of the
model. While too few epochs result in underfitting and a high MSE, too many epochs
result in overtraining the network and overfitting the data points. However, observing the
MSE of the training data by itself does not provide a clear indication of whether the ANN
model has been underfit, optimized, or overfit. Instead, a validation set is used to
determine the optimum number of training epochs and prevent overfitting (Elbahy et al.

2010; Svozil et al. 1997; Tetko et al. 1995).

4.1.3.2 Validation set

An ANN capable of generalizing predictions exhibits low MSE for both the training set
and the validation set. Conversely, when an ANN is overfitting the training data, the MSE
for the training set may be virtually zero but exhibit large errors for the validation set.
Fig. 4.4 compares how validation error can be used to identify a generalized model vs. an
overfitted model. Therefore, network training is stopped at the point where the validation
set has reached its minimum MSE (Haykin 1994). This concept is known as the early-
stopping rule and is illustrated in Fig. 4.5.
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Figure 4.5 — Illustration of the early-stopping rule based on cross-validation
(Haykin 1994)
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4.1.3.3 Testing set

While the training set is used for adjusting weights and the validation set is used to select
the optimal stopping point for training, the testing set is an isolated set of data that is used
for neither training nor optimizing. Instead, the testing set provides a final measure of
performance for the ANN; similar to the validation set, an ANN predicting the testing set
with low errors is indicative of a network capable of generalization (Haykin 1994; Svozil

et al. 1997).

4.1.4 Iterative Approach to ANNs

Each time a neural network training is initiated in MATLAB’s Neural Network Toolbox,
several network parameters are randomized: the set in which each data point is assigned
(training, validation, or testing), the order in which each data point is fed into the neural
network, and the matrix of layer weights and biases. Therefore, each initialization of a

neural network in MATLAB results in a uniquely trained ANN (MathWorks 2016).

If an infinitely large dataset is available for training an ANN, then, in theory, it will
eventually develop into a successfully trained neural network by adjusting the layer
weight matrix with each new data point. However, the availability of large amounts of
data is not typical in many structural engineering applications, often due to the logistical
challenges involved with testing thousands of specimens. Since there is a limited number
of experimental results available for this study, the randomized initial layer weight matrix
becomes a critical factor in the ANN’s ability to converge and train successfully.
Therefore, one option to improve the prediction of the model is to reinitialize the ANN
training several times to achieve an optimum ANN performance. The trained ANN with

the best peformance is then used for predicting the in-plane shear strength of PG walls.

4.1.5 ANN Performance Metrics and Model Selection

The performance of existing equations was evaluated in Section 3.7.6 using several

metrics: the mean squared error, standard deviation, and 5 percentile of the Vexp/ V. The

same performance metrics are also useful for comparing neural network performance
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with other neural networks, as well as with comparing neural networks with existing

predictive models.

The determination coefficient (R?) between experimental and predicted values can also be
used as a measurement of neural network performance. R? is a statistical measurement of
how well the variation in the predicted (model) values describe the variation in the actual
(experimental) values. R? ranges in value between [0, 1], with an R? = 1 to indicate a
model with perfect fit to the data. No threshold for R? exists to classify whether a predictive
model—whether it is formulated by a neural network, regression analysis, or otherwise—
is “suitable.” Rather, a spectrum exists when examining the performance of predictive
models, and multiple statistical measurements should be considered concurrently to provide
relative comparisons of performance among models (i.e. the mean squared error, standard
deviation, 5™ percentile, and sensitivity analysis should be examined and compared in
conjunction with R?). This is consistent with the study by Garzén-Roca et al. (2013),
where a high determination coefficient along with a low mean squared error value was

used an indicator for ANN performance.

Finally, it is necessary to conduct a sensitivity analysis of trained ANN models to select
the optimum model (Shirzad et al. 2014). The sensitivity analysis can be used to
determine whether an ANN model is overfitting the data or if it has developed unrealistic
relationships among variables. Further explanation of the sensitivity analysis performed

in this study is outlined in Section 4.5.

4.1.6 Structural Applications of Neural Networks

Artificial neural networks have been used as a research tool in the field of structural
engineering in the last two decades, with satisfactory results regarding determining
reasonable correspondence between input and output data. Selected applications will be

discussed next.

Goh (1995) demonstrated the use of neural networks as a design-support tool for complex
engineering systems. Using a dataset of 45 data points, a neural network with 3 input

nodes, 3 hidden nodes, and 1 output node was trained to predict the deflection of a
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cantilevered beam with a point load at its tip. The neural network predicted with a mean

squared error of less than 0.0005 when compared with the deflection based on Euler

3
Bernoulli beam theory (i.e. y = %).

Mukherjee and Deshpande (1995) trained a neural network to predict the initial design of
reinforced concrete rectangular single span beams. Specifically, neural network can
predict the optimal area of tensile reinforcement, width, depth, cost per meter, and the
moment capacity of the beam, illustrating the potential for utilizing neural networks in

structural design.

Taha et al. (2003) developed a neural network to predict the creep of structural masonry.
Using a dataset of 47 specimens drawn from 14 testing groups, the trained neural network
with 4 input nodes and 6 hidden nodes could predict creep more accurately than the

conventional methods available.

Plevris and Asteris (2014) were successful in training a back-propagation neural network
with two hidden layers (each with 8 hidden neurons), one input layer, and one output

layer to predict masonry failure surfaces under biaxial compressive stress.
4.2 Previous Research Performed on PG Walls using Neural Networks

ANNSs have been successfully developed to address highly complex problems for a wide
spectrum of structural engineering applications. The inadequacy of current design
expressions as discussed in Section 3.7 to consistently predict the in-plane shear strength

of PG walls has prompted research with ANN-based analysis.

In a study conducted by Aguilar et al. (2016), ANNs were developed to predict the in-
plane shear strength of both FG and PG walls. The ANNs were trained with an
experimental dataset of 96 fully grouted concrete block walls, 95 partially grouted
concrete block walls, 37 fully grouted ceramic block walls and 57 partially grouted
ceramic brick walls. The determination coefficient (R?) of the correlation between
experimental values and predicted values, the mean squared-error (MSE), and the mean

and standard deviation of experimental to predicted values (Vexp / I/,}) for each trained
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ANN by Aguilar et al. (2016) are summarized in Table 4.1. It is seen that the trained
ANN for partially grouted concrete block walls did not perform as well as the ANN for
the other three typologies. An insufficient dataset size, as well as gaps of information in
the range of data used for training were given as possible reasons for the inability of the
ANN to predict the in-plane shear strength of concrete block PG walls (Aguilar et al.
2016).

Table 4.1 — ANN results from study performed by Aguilar et al. (2016)

Mean Std. Dev.
Wall Type R2 MSE Vexp Vexp
Va Vn
Fully Grouted Concrete Block 0.931 0.039 0.997 0.151
Partially Grouted Concrete Block 0.750 0.007 1.013 0.155
Fully Grouted Ceramic Block 0.952 0.024 0.985 0.089
Partially Grouted Ceramic Brick 0.848 0.007 1.005 0.152

The network architecture used by Aguilar et al. (2016) was a feedforward
backpropagation multilayer perceptron network. A sigmoid transfer function was used
for the hidden layer, and a linear (“purelin’) transfer function was used for the output
layer. The Levenberg-Marquardt algorithm is used to adjust the weights and biases during
backpropagation. 70% of the data was used to train, while 15% of the data was used to
validate, and 15% used to test the neural network. MATLAB’s Neural Network Toolbox

was used to generate and train the neural network.

The inputs in the study performed by Aguilar et al. (2016) combined design parameters
to closely parallel terms in design expressions which they found to be reliable. Ten unique
design variables were combined into 5 input variables in Aguilar’s study. It is worth
noting, however, that Adhikary and Mutsuyoshi (2006) found that an ANN with more input
neurons allowed it to achieve better training, suggesting that it may be beneficial to use

uncombined variables as neural network inputs where possible.
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4.3 Neural Network Test Matrix

In the current study, neural networks with 5 input neurons and 7 input neurons were trained.
Each neural network will be given a unique identification tag, providing information on the
dataset used for training, the number of input neurons, hidden neurons, and output neurons,

as shown in Fig. 4.6.

Dataset
Input neurons
Hidden neurons

\L— Output neurons
A-5-1-1

Figure 4.6 — Identification tag for neural networks used in this study

The 5-input (x-5-n-1) ANNSs use the same input parameters as Aguilar et al. (2016) and
thus can be used a direct comparison of performance with the results obtained in that study.
The 7-input (x-7-n-1) ANNs use seven input parameters to investigate whether there is an
improvement in performance when the neural network has more input neurons. The number
of hidden neurons (n) for each set of networks will be varied from 1 to 5 to observe the
effect of the number of hidden neurons on network performance. The network architecture
used in both 5-input and 7-input ANNs in this study applies the exact same ANN

architecture used by Aguilar et al. (2016) as described in the previous section.

The six dataset variations (datasets “A” to “F”) described in Section 3.5 are used for
training. As outlined in Chapter 3, the six subsets possess generally increasing levels of
data scrutinization and synthesization. The purpose of generating different datasets for
neural network training is to achieve a balance between having a sufficiently large dataset,
but also that the dataset contains only specimens that are appropriate and relevant for

neural network training. The test matrix used in this study is summarized in Table 4.2.
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Table 4.2 — Neural network test matrix used in this study

Number of S5-input ANNs 7-input ANNs
Dataset .
Specimens (x-5-n-1) (x-7-n-1)
Complete 292 n/a n/a
A 255 A-5-n-1 A-7-n-1
B 150 B-5-n-1 B-7-n-1
C 150 C-5-n-1 C-7-n-1
D 120 D-5-n-1 D-7-n-1
E 120 E-5-n-1 E-7-n-1
F 120 F-5-n-1 F-7-n-1

The inputs and output for the (x-5-n-1) networks and the range of each variable for each
dataset is summarized in Table 4.3. The inputs and output for the (x-7-n-1) networks and
the range of each variable for each dataset is summarized in Table 4.4. As mentioned
previously, the ability of a trained ANN to make predictions is limited within the range

of input variables that was used for training.

Table 4.3 — Range of input and output parameters developed by Aguilar et al.
(2016) for (x-5-n-1) ANN analysis

Range of parameter in each dataset
Parameter -
Aguilar et
al. (2016) A B C|D|E F
! M -1
Pl Vi (37) 2.20-14.48 1.06-15.41
[MPa]

P2 Pnfyn [MPa] 0.00-1.29 0.00-1.29
P3 Pv+/ fifyv [MPa] 0.00-0.56 0.00-1.18 0-0.84
P4 Y6/ Prnfynfm [MPa] | 0.00-2.69 0.00-3.08
P5 o [MPa] 0.00-1.47 g(;%_ 0.00-2.40 0.00-1.72
Output 0.23-
(Target) v, [MPa] 0.25-0.95 790 0.23-1.70 0.23-1.08
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Table 4.4 — Range of input and output parameters for (x-7-n-1) ANN analysis

Range of parameter in each dataset
Parameter
A B | C D E F
Input 1 | Agcateq [M?] 0.66-19.42
Input2 | M/VL [unitless] 0.250-2.295
Input3 | Aper/Agross [unitless] | 0.356-0.808 0.405-0.808
Input 4 | fineffcorrected [MPa] 4.25-22.29
Input5 | pyfyn [MPa] 0-4.84 0-3.25
Input 6 | pnfyn [MPa] 0-1.29
Input 7 Ogross [MPa] 0-2.78 0-2.00 0-1.72
?T‘;tfgft) Vmaxgross [MPa] 0.23-2.20 0.23-1.08
4.4 Results

First, the determination coefficients are examined to compare neural networks against
one another; higher values of R? are often associated with better performance. Then, the
mean squared error, mean V,y,/V;, ratio, standard deviation Vg, /V, ratio, and fifth
percentile V,,,/V;, ratio are examined to compare neural networks with one another as
well as against the performance of each existing predictive model analysed in Section
3.7.2. By considering each performance metric, the dataset and ANN architecture
combination(s) can be identified for further analysis. Table 4.5 summarizes the highest
values of R? for each network type, including the results obtained by Aguilar et al. (2016)

for comparison. Several observations can be made from these results:

e In general, the (x-7-n-1) ANNs exhibited higher values of R? compared to the
(x-5-n-1) ANNSs, suggesting better performance in the trained (x-7-n-1) ANNSs. This
is consistent with Adhikary and Mutsuyoshi (2006)’s study which found their ANN
models with 5 input neurons achieved better performance than those with 4 input

neurons.
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In general, an increased number of hidden neurons results in higher R? values. This
is expected, as increasing the number of hidden neurons increases its capacity for
pattern recognition (although the risk of overfitting also increases).

The ANNSs trained using dataset “A” had the highest R? values out of all the other
datasets. This is likely due to dataset “A” containing a significantly greater number
of specimens; while dataset “A” has 255 specimens, datasets “B” and “C” have 150,
and datasets “D”, “E”, and “F” have only 120. However, it should be noted that
dataset “A” is the only dataset in this study which includes monotonic specimens. As
mentioned previously, cyclic testing is advantageous because it allows for the
quantification of strength degradation that occurs during cyclic, repeated loading,
which cannot be observed through monotonic loading. Therefore, if the objective is
to train an ANN model to predict the shear strength of PG walls subject to cyclic
(seismic) loading, dataset “A” contains walls which are not suitable for training.

The highest R? from Aguilar et al. (2016)’s study on PG walls was 0.750, obtained
from their 5-3-1 network. Aguilar et al.’s study did not train any ANNs with greater
than 3 hidden neurons. Compared against the other (x-5-3-1) ANNSs in this study, only
the “A-5-3-1” ANN has a higher R? of 0.812. To obtain comparable values of R?
close to or exceeding 0.750, neural networks using datasets “B”, “C”, “D”, “E” and
“F” must be trained using at least 5 hidden neurons (i.e. (x-5-5-1) ANNs).

The R? values for datasets “B” and “C” are quite comparable, which is expected when
considering the vast similarity between the two datasets. As discussed previously,
dataset “C” is a variant of dataset “B”, where the horizontal reinforcement considered
for analysis is modified based on the assumption that any bond beams at the bottom
course do not provide additional shear resistance. The horizontal reinforcement
modification was applied to only 9 of 150 walls in dataset “C”. The same observation
also applies to comparing R? values for datasets “D” and “E,” where the horizontal
modification was applied to only 9 of 120 walls in dataset “E”.

While dataset “A” has significantly higher values of R? out of the 5 datasets in the
(x-5-n-1) ANNSs, the results for dataset “A” and “F” are quite comparable in the
(x-7-n-1) ANNSs. This is evident especially when comparing “A-7-5-1" and “F-7-5-1"
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networks, which have R? values of 0.909 and 0.850, respectively, suggesting that
dataset “F” is as viable of a dataset for training as dataset “A,” despite having
significantly fewer specimens.

Notably, the datasets “D”, “E” and “F” performed better than datasets “B” and C” for
both the (x-5-n-1) and (x-7-n-1) networks. In other words, the ANN models appear to
have a better predictive capacity when specimens using the ESECMaSE test setup are
removed from the overall dataset. This suggests that even though datasets “B” and
“C” contain more specimens than datasets “D”, “E”, and “F”, the shortcomings of the
ESECMaSE test setup as explained in Section 3.3.3 may be limiting the ANN from

pattern recognition and/or drawing conclusions from its results.

Table 4.6 and Table 4.7 summarize the mean squared error, mean V,,, /V,, ratio, standard

deviation V,, /V;, ratio, and fifth percentile V,,,, /V;, ratio for each network type, including

the performance of each existing predictive model. Several observations can be made

from these results:

In general, both (x-5-n-1) and (x-7-n-1) networks have a mean V,,/V;, ratio of
approximately 1, and have comparable values for MSE, standard deviation V., /V,
ratios, and higher fifth percentile V,,,, /V, ratios.

In general, an increased number of hidden neurons results in lower MSE values, lower
standard deviation V,,,/V,, ratios, and higher fifth percentile V,,/V;, ratios. As
mentioned, this is expected, as increasing the number of hidden neurons increases its
capacity for pattern recognition.

Despite low R? values for ANNs with 1 hidden neuron, they exhibit lower MSE
values, lower standard deviation V,,, /V}, ratios, and similar or higher fifth percentile
Vexp/Vy ratios when compared with the existing predictive models, suggesting ANNs

to be viable models for predicting the shear strength of PG walls.

Based on the observations made from the performance metrics, the following networks

are chosen for further analysis:
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Although dataset “F” contains the least number of specimens, its performance metrics
are comparable with dataset “A.” Therefore, dataset “F” is selected for further
analysis, since it excludes specimens tested under monotonic loading, excludes
specimens tested using the ESECMaSE test setup, the horizontal reinforcement
considered for analysis is modified based on the assumption that any bond beams at
the bottom course do not provide additional shear resistance, and only the interior
vertical reinforcement is considered. This appears to have a sound basis when the
mechanics of force transmission in the wall is considered.

Despite the (x-5-n-1) networks in this study having inferior performance metrics
compared with the (x-7-n-1) networks, “F-5-5-1" is chosen for comparison purposes
with the “5-n-1” ANNs obtained in the study by Aguilar et al. (2016).

Finally, “F-7-5-1" is chosen, investigating the network with the dataset that contains

the most representative experimental testing data and an optimal ANN architecture.
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Table 4.5 — ANN (x-5-n-1) and (x-7-n-1) performance

ANN | Aguilar| , , , , , ,
Type (;tuzlll@ R ANN R ANN R ANN R ANN R ANN R ANN R
5-1-1 | 0.504 | A-5-1-1 | 0.540 | B-5-1-1 [10:330] C-5-1-1 [10:330] D-5-1-1 | 0.386 | E-5-1-1 | 0381 | F-5-1-1 | 0.403

= 5-2-1 0.646 | A-5-2-1 | 0.742 | B-5-2-1 | 0478 | C-5-2-1 | 0.464 | D-5-2-1 | 0.503 | E-5-2-1 | 0.514 | F-5-2-1 | 0.609
i 5-3-1 0.750 | A-5-3-1 | 0.812 | B-5-3-1 | 0.640 | C-5-3-1 | 0.647 | D-5-3-1 | 0.641 | E-5-3-1 | 0.692 | F-5-3-1 | 0.717
N A-5-4-1 | 0.870 | B-5-4-1 | 0.719 | C-5-4-1 | 0.697 | D-5-4-1 | 0.742 | E-5-4-1 | 0.732 | F-5-4-1 | 0.763
wa A-5-5-1 | 0.880 | B-5-5-1 | 0.755 | C-5-5-1 | 0.735 | D-5-5-1 | 0.790 | E-5-5-1 | 0.783 | F-5-5-1 | 0.805

A-7-1-1 | 0.533 | B-7-1-1 | 0.420 | C-7-1-1 | 0.406 | D-7-1-1 | 0.481 | E-7-1-1 | 0.481 | F-7-1-1 | 0.568

) A-7-2-1 | 0.797 | B-7-2-1 | 0.651 | C-7-2-1 | 0.646 | D-7-2-1 | 0.707 | E-7-2-1 | 0.716 | F-7-2-1 | 0.767
[\# n/a A-7-3-1 | 0.859 | B-7-3-1 | 0.774 | C-7-3-1 | 0.766 | D-7-3-1 | 0.806 | E-7-3-1 | 0.801 | F-7-3-1 | 0.816
\%/ A-7-4-1 | 0.889 | B-7-4-1 | 0.814 | C-7-4-1 | 0.805 | D-7-4-1 | 0.846 | E-7-4-1 | 0.845 | F-7-4-1 | 0.842
A-7-5-1 1 0.909 | B-7-5-1 | 0.839 | C-7-5-1 | 0.838 | D-7-5-1 | 0.872 | E-7-5-1 | 0.880 | F-7-5-1 | 0.850

R?=0.000 R* = 1.000
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Table 4.6 — (x-5-n-1) ANN models compared with existing models’ performance

Heatmap
Legend

1.218

MSE

0.000

2.263

Mean
Vexp/ Vn

1.000

0.000

1.855

Std Dev
Vexp/ Vn

0.000

PG Wall Shear Strength MSE Mean Std Dev | Fifth Percentile

Model (MP2) | Vory/Vi | Verp/Van Verp/Vn
Matsumura (1987) | 0.163 |12:263 1.855 0.369
ALJ (1987) 0242 | 1.299 1.32 0.325
Shing etal. (1990) | 0.199 | 0.916 0.489 0.334

Anderson and Priestley

) 1992) 0.139 | 0.782 0316 0.469
© Fattal (1993) 0.181 | 0.993 0.776 0.162
< NEHRP (1997) 0.168 | 0.921 0.524 0.419
2 UBC (1997) 0.114 | 1.051 0.526 0.505
£ | NZS-4230 (2004) 0.45 1.917 1.077 0.375
% | Eurocode 6(2005)  [(I218%| 0.972 0.896 0.191
Voon (2007) 0.113 | 1.073 0.531 0.527
IMNC (2010) 0.090 | 1.164 0.561 0.617
CSA-S304.14 (2014) | 0.17 | 1.338 0.666 0.453
Dillon (2015) 0.11 1.505 0.684 0.793
TMS 402/602 (2016) | 0.111 | 1.223 0.691 0.678
A-5-1-1 0.043 | 1.007 0278 0.580
g A-5-2-1 0024 | 1.017 | 0223 0.659
2 A-5-3-1 0.018 | 0.997 0.202 0.693
g A-5-4-1 0.012 | 0.998 0.169 0.737
A-5-5-1 0.011 | 1.000 0.159 0.769
B-5-1-1 0.019 | 1.006 0.232 0.666
@ B-5-2-1 0.015 | 1.017 0.210 0.700
2 B-5-3-1 0010 | 1.014 0.179 0.756
= B-5-4-1 0.008 | 1.014 0.159 0.766
B-5-5-1 0.007 | 1.010 0.157 0.803
o C-5-1-1 0.019 | 0975 0.224 0.636
z C-5-2-1 0.015 | 0.995 0.213 0.696
2 C-5-3-1 0.010 | 1.021 0.182 0.768
8 C-5-4-1 0.008 | 1.015 0.170 0.745
C-5-5-1 0.007 | 1.015 0.152 0.808
D-5-1-1 0.018 | 0.995 0.234 0.605
& D-5-2-1 0.015 | 1.003 0211 0.660
2 D-5-3-1 0.011 | 1.008 0.184 0.692
= D-5-4-1 0.008 | 1.009 0.175 0.793
D-5-5-1 0.006 | 0.994 0.132 0.796
E-5-1-1 0.018 | 0.981 0.232 0.589
- E-5-2-1 0015 | 0978 0.198 0.640
2 E-5-3-1 0.009 | 1.010 0.176 0.766
8 E-5-4-1 0.008 | 1.006 0.164 0.771
E-5-5-1 0.006 | 0.994 0.145 0.804
F-5-1-1 0.018 | 1.003 0.242 0.626
o F-5-2-1 0.015 | 0.998 0.210 0.674
e F-5-3-1 0011 | 1.004 0.167 0.725
8 F-5-4-1 0.009 | 1.003 0.174 0.772
F-5-5-1 0.007 | 0.988 0.147 0.780

0.000

Fifth
Percentile

Vexp/ Va

1.000
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Table 4.7 — (x-7-n-1) ANN models compared with existing models’ performance

Heatmap
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0.000

PG Wall Shear Strength MSE Mean Std Dev | Fifth Percentile
Model MP2a) | Ver/Vy | Verp/Va Vexp/Va
Matsumura (1987) 0.163 2.263 1.855 0.369
AlJ (1987) 0.242 1.299 1.32 0.325
Shing et al. (1990) 0.199 0.916 0.489 0.334
Anderson and

) Priestley (1992) 0.139 0.782 0.316 0.469
E Fattal (1993) 0.181 0.993 0.776 0.162
EO NEHRP (1997) 0.168 0.921 0.524 0.419
o UBC (1997) 0.114 1.051 0.526 0.505
g~ NZS-4230 (2004) 0.45 1.917 1.077 0.375
5 Eurocode 6 (2005) 1.218 0.972 0.896 0.191
Voon (2007) 0.113 1.073 0.531 0.527
IMNC (2010) 0.090 1.164 0.561 0.617
CSA-S304.14 (2014) 0.17 1.338 0.666 0.453
Dillon (2015) 0.11 1.505 0.684 0.793
TMS 402/602 (2016) 0.111 1.223 0.691 0.678
A-7-1-1 0.044 1.009 0.281 0.590
g A-7-2-1 0.019 0.992 0.219 0.592
4 A-7-3-1 0.013 0.997 0.179 0.697
‘Q“ A-7-4-1 0.010 1.003 0.151 0.773
A-7-5-1 0.008 1.008 0.143 0.804
B-7-1-1 0.016 1.007 0.212 0.676
% B-7-2-1 0.010 1.005 0.161 0.733
i B-7-3-1 0.006 0.995 0.139 0.775
5 B-7-4-1 0.005 0.998 0.148 0.798
B-7-5-1 0.005 1.008 0.123 0.834
C-7-1-1 0.017 1.002 0.210 0.690
% C-7-2-1 0.010 0.996 0.162 0.742
i C-7-3-1 0.007 0.992 0.144 0.781
5 C-7-4-1 0.005 1.004 0.125 0.832
C-7-5-1 0.005 0.998 0.117 0.807
D-7-1-1 0.015 1.012 0.227 0.651
- D-7-2-1 0.009 | 1.001 | 0.166 0.727
g D-7-3-1 0.006 0.992 0.138 0.782
5 D-7-4-1 0.005 1.006 0.122 0.817
D-7-5-1 0.004 0.994 0.106 0.873
E-7-1-1 0.015 0.992 0.222 0.637
% E-7-2-1 0.008 0.994 0.166 0.755
2 E-7-3-1 0.006 1.011 0.139 0.829
‘Q“ E-7-4-1 0.005 1.003 0.121 0.802
E-7-5-1 0.004 0.993 0.105 0.838
F-7-1-1 0.013 0.984 0.196 0.645
% F-7-2-1 0.007 1.002 0.152 0.770
& F-7-3-1 0.005 1.007 0.133 0.801
‘Q“ F-7-4-1 0.005 0.998 0.126 0.772
F-7-5-1 0.004 1.013 0.129 0.839

0.000

Fifth
Percentile

Vexp/ Va

1.000
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4.5 Sensitivity Analysis

The sensitivity analysis performed in this study parallels the analysis outlined by Aguilar
et al. (2016). The in-plane shear strength of PG walls is predicted using a trained ANN
by fixing all parameters to the medium value except one. The varied parameter is tested
from the minimum value to the maximum value of that parameter found in the dataset.
Then, a plot is generated based on the ratio of the network predicted value, v,, to the
shear strength predicted by fixing all parameters to the medium value, v, .. . The
medium value is defined as the mid-point of the parameter between the minimum and

maximum values, as calculated by Eq. (4.1):

Xmedium — maxz — 4.1)

It is not uncommon for v, .. . to represent the shear strength of a hypothetical PG

shear wall, although the hypothetical specimen must be verified as having realistic

geometric and material properties.

As mentioned previously, a sensitivity analysis is necessary to select the optimum ANN
model and eliminate ANN models which may have good performance metrics but output
predictions that are contradictory to actual behaviour. An example of a sensitivity analysis
revealing an ANN which predicts negative shear strengths is illustrated by Fig. 4.7,
indicated by the negative values of v, /v, .. . An example of a sensitivity analysis
which suggests that the ANN model may be overfitting the data is illustrated by Fig. 4.8,
based on the highly irregular and nonsensical prediction of how each input influences the
shear strength of PG walls (note the many local minima and maxima that exist). Both
ANNs demonstrate that performance metrics, by itself, are inadequate for model

selection.

The optimum ANN model’s sensitivity analysis for “F-5-5-1" and for “F-7-5-1" are

presented and discussed in the next sections.
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Figure 4.7 — Sensitivity analysis demonstrating an ANN model predicting negative
values of peak shear strength
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Figure 4.8 — Sensitivity analysis suggestive of an ANN model overfitting data
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4.5.1 F-5-5-1 Neural Networks

As a point of reference, the sensitivity analyses for three typologies studied by Aguilar et
al. (2016) [“CB-FG” (Concrete block, fully grouted), “BR FG” (Ceramic brick, fully
grouted), and “BR PG” (Ceramic brick, partially grouted)] are presented in Fig. 4.9. A

sensitivity analysis for PG walls made with concrete block was not conducted by Aguilar

et al. (2016) due to the perceived low R? values obtained.
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Figure 4.9 — Sensitivity analysis for equations developed by trained 5-n-1 neural

networks in Aguilar et al. (2016): (a) Concrete block (fully grouted) walls; (b)

Ceramic brick (fully grouted) walls; (c) Ceramic brick (partially grouted) walls
(adapted from Aguilar et al. (2016))
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The sensitivity analysis input variables for the “F-5-5-1" networks are summarized in

Table 4.8.

Table 4.8 — Sensitivity analysis input variables for “F-5-5-1” networks

. Minimum Medium Maximum
Input Variable
value value value
-1

Pl S % (%) [MPa] 1.058 8.232 15.406
P2 pnfyn [MPa] 0.000 0.645 1.290
P3 po/fify» [MPa] 0.000 0.420 0.840
P4 Y8/Pnfynfm [MPa] 0.000 1.540 3.080
P5 o [MPa] 0.000 0.862 1.724

The sensitivity analysis for the optimum “F-5-5-1"" network is given in Fig. 4.11. Based
on the sensitivity analysis performed, several observations and comparisons can be made.
Each of the parameters are commented on separately to outline the behaviour of the

trained neural network in predicting the shear strength of hypothetical PG walls.

-1
P1 (,/ f X (%) ) [\/ MPa]: P1 combines the influence of the compressive strength of

masonry and the shear span ratio into one input parameter. Larger values of both f;;, and
(M/VL)™! are expected to increase the shear strength of PG walls. However, the ANN
predicts a decrease in shear strength as P/ is increased, which is inconsistent with existing

design expressions and conclusions by researchers.

However, supporting the relationship found by the ANN, a scatterplot of the compressive
strength of masonry prism and the experimental shear strength reveals a slight negative

correlation in the dataset, as illustrated by Fig. 4.10.
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Figure 4.10 — Masonry compressive strength vs. experimental shear strength

As mentioned, larger values of (M/VL)™! are expected to be attributed to higher shear
capacity, as a decrease in the height-to-length aspect ratio of a PG wall increases its shear
strength (Matsumura 1988; Ramirez et al. 2015; Voon and Ingham 2006). However, since
the ANN predicts a decrease in shear strength as P/ is increased, the sensitivity analysis
reveals that the ANN predicts the influence of the compressive strength of masonry to
have a greater impact on the shear strength on PG walls than the influence of shear span

ratio.

P2 (ph fyh) [MPa]: The ANN predicts an increase in shear strength as the horizontal
reinforcement ratio and strength are increased. This is consistent with existing design
expressions and conclusions by researchers. It has been reported by several authors that
horizontal reinforcement ratios above 0.2% lead to a negligible increase in ultimate
strength and deformation (Elmapruk 2010; Fattal 1993b; Haach et al. 2012; Hamid and
Moon 2005; Shing et al. 1990b).
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P3 (pv,/ fi fyv) [MPa]: The ANN predicts an increase in shear strength as the vertical

reinforcement ratio and strength are increased. The influence of P3 is similar in
magnitude to the influence of P2, a phenomenon that is supported by the model by Dillon
(2015) which applies the same numerical coefficient applied to both horizontal and

vertical (web) steel.

P4 (yd,/ph fyn fn’l) [MPa]: P4 combines the influence of the horizontal reinforcement

and the compressive strength of masonry into one input parameter. The ANN predicts a
decrease in shear strength as P4 is increased, contradicting existing design expression
and conclusions by researchers; an increase in the horizontal reinforcement and
compressive strength of masonry are both expected to increase the shear strength of PG
walls. However, similar to the discussion on parameter P1, the scatterplot of the
compressive strength of masonry prism and the experimental shear strength reveals a
slight negative correlation which exists in the dataset. Therefore, the sensitivity analysis
reveals that the ANN predicts the influence of the compressive strength of masonry to
have a greater impact on the shear strength on PG walls than the influence of horizontal

reinforcement.

P5 (o) [MPa]: The ANN predicts an increase in shear strength as the axial loading, P5,
on the wall is increased, which is consistent with the multiple studies which have found
that an increase of axial load increases the ultimate shear resistance of PG shear walls

(Haach 2009; Matsumura 1988; Ramirez et al. 2015; Voon and Ingham 2006).

141



1.5

P1
: —P3
Z
>ﬁ
0.5 P4
ANN F-5-5-1 (rng = 8914)
R2=0.707
MSE = 0.0087
Mean V,,,/V,=1.012 —P5
St. Dev. Vexp/Vn =0.1747
5th Percentile V,, /V = 0.7674
0 :
min max
Parameter Variation

Figure 4.11 — Sensitivity Analysis, “F-5-5-1” Network
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4.5.2 F-7-5-1 Neural Networks

The sensitivity analysis input variables for the “F-7-5-1" networks are summarized in

Table 4.9.

Table 4.9 — Sensitivity analysis input variables for “F-7-5-1” networks

Input Variable Minimum Medium Maximum

value value value
Input 1 | Agcated [M?] 0.66 10.04 19.43
Input2 | M/VL [unitless] 0.250 1.273 2.295
Input3 | Apet/Agross [unitless] 0.405 0.607 0.808
Input 4 fr;l,efflcorrected [MPa] 4.25 13.27 22.29
Input5 | pyfyy [MPa] 0.000 1.625 3.249
Input 6 | pnfyn [MPa] 0.000 0.645 1.290
Input 7 | 0gress [MPa] 0.000 0.862 1.724

The sensitivity analysis for the optimum “F-7-5-1” ANN is illustrated by Fig. 4.12. Based
on the sensitivity analysis performed, several observations can be made. Each of the
parameters are commented on separately to outline the behaviour of the trained neural

network in predicting the shear strength of hypothetical PG masonry walls.

Agcalea [m?]: The ANN predicts a decrease in shear strength as the Agea1eq (H X L) of the
wall 1s increased. This suggests that the ANN recognizes a size effect on PG shear walls;
smaller walls tend to resist lateral loading more effectively. The relative influence of this

parameter appears to be less significant than other parameters.

Although there are currently no studies that have investigated the size effect of PG shear
walls, a study by Sarhat and Sherwood (2015) on reinforced masonry beams found that
crack spacing and crack width both increase as the effective depth of the beam is
increased. As a result, smaller shear stress capacities and more brittle behaviour was
observed in larger specimens. This is explained by the reduced ability of larger cracks to
transfer shear due reduced aggregate interlocking. While the CSA S304.14 (2014) code

accounts for size effects for masonry beam design, it does not apply any size effect factors
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in masonry shear wall design. While there are currently no design expressions that
account for size effects in masonry shear walls, Minaie et al. (2010) suggest that the area

of the wall has a size effect on its in-plane shear strength.

M /VL [unitless]: The ANN predicts a decrease in shear strength as the shear span ratio
of the wall is increased. This is consistent with both existing design expressions and
experimental studies, which have found walls with a greater height-to-length ratio to lose

shear capacity and are more likely to fail in flexure.

Anet/Agross [unitless]: The ANN predicts a general increase in shear strength as the
partial grouting ratio is increased, which is consistent with existing design expressions.
According to a study by Voon and Ingham (2002), the influence of grouting on net shear
strength is insignificant. Thus, the increase in gross shear strength should be linear with
respect to the increase in the partial grouting ratio. The influence of grout spacing was
also found to have a linear relationship with the compressive strength of PG masonry
based on gross area by Hamid and Chandrakeerthy (1992). However, the neural network
is predicting a non-linear relationship between partial grouting ratio and shear strength, a

phenomenon not observed in experimental studies.

[ eff corrected IMPa]: Similar to the “F-5-5-1” ANN model, the “F-7-5-1” ANN predicts
a decrease in shear strength as the compressive strength of masonry prism is increased,
which is inconsistent with existing design expressions and conclusions by researchers.
However, as mentioned, machine learning algorithms rely heavily on the training dataset
to make predictions, and the negative correlation which exists in the dataset is the likely

explanation for the ANN behaviour (refer to Fig. 4.10).

Pvfyo [IMPa]: The ANN predicts a small increase in shear strength as the vertical
reinforcement is increased, although the sensitivity analysis suggests that the influence of
vertical reinforcement is less than the other variables. This is consistent with most design
expressions which have excluded the contribution of vertical reinforcement on the shear
strength of PG walls. However, vertical reinforcing steel is expected to provide shear

resistance as cracking occurs through dowel action of the reinforcement (Haider 2007).
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Prfyn IMPa]: The ANN predicts an increase in shear strength as the horizontal
reinforcement is increased. An increase in the horizontal reinforcement is expected to
increase the shear strength of PG walls. Additionally, the model is predicting a very
similar influence between pyf,, and p,f,, within the middle-range of parameter
variation. This is consistent with the model proposed by Dillon (2015), with the same

numerical coefficient applied to both horizontal and vertical (web) steel.

0 gross IMPa]: The ANN predicts an increase in shear strength as the axial loading on the

wall is increased, which is consistent with the multiple studies which have found that an
increase of axial load increases the ultimate shear resistance of PG shear walls (Haach
2009; Matsumura 1988; Ramirez et al. 2015; Voon and Ingham 2006). Additionally, the
model is predicting a greater influence of axial load in comparison to the vertical or
horizontal reinforcements. This is consistent with the model proposed by Dillon (2015),
with a higher coefficient applied to axial load at 0.15, in comparison to 0.12 for both the

horizontal and vertical (web) steel reinforcements.

Overall, the sensitivity analysis reveals that the ANN predicts the relative influence of
shear parameters consistent with experimental studies and design expressions. Despite
both “F-5-5-1" and “F-7-5-1” ANN models predicting a decrease in shear strength as the
compressive strength of masonry prism is increased, [ m efcorrectea may not be an ideal
parameter for predicting the shear strength of PG walls since it is dependent on the angle
of the compression strut due to the anisotropy of masonry. Rather, the tensile strength of
masonry may be more relevant than the compressive strength of a prism for studying the

diagonal tension shear failure of PG walls.
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Figure 4.12 - Sensitivity Analysis, “F-7-5-1” Network

Ascaled
[mm?2]

M/(V*L)

----- Anet/
Agross

f'mcor,eff

pefyv
[MPa]

— phfyh
[MPa]

ogross
[MPa]

146



4.6 Summary of ANN Model Performance

The results of this thesis demonstrate the potential for utilizing ANNs to address the
limitations of current design expressions to predict the in-plane shear strength of PG shear
walls. A summary of the performance metrics comparing existing PG shear wall models
with the two ANN models analysed in the sensitivity analysis is presented in Table 4.10.

Overall, the mean squared error, mean V,,,, /V;, ratio, standard deviation V;,,, /V;, ratio, and

fifth percentile V,,,, /V, ratio are all significantly improved in the ANN models.

Table 4.10 — Summary of ANN model performance in comparison with existing
PG shear wall models

PG Wall Shear Strength MSE Mean Std Dev | Fifth Percentile
Model (MPa) Vexp/ Vn Vexp/ Vn Vexp/ Vn
Matsumura (1987) 0.163 2.263 1.855 0.369
AlJ (1987) 0.242 1.299 1.32 0.325
Shing et al. (1990) 0.199 0.916 0.489 0.334
Anderson and
3 Priestley (1992) 0.139 0.782 0.316 0.469
g Fattal (1993) 0.181 0.993 0.776 0.162
§ NEHRP (1997) 0.168 0.921 0.524 0.419
o UBC (1997) 0.114 1.051 0.526 0.505
g= NZS-4230 (2004) 0.45 1.917 1.077 0.375
5 Eurocode 6 (2005) 1.218 0.972 0.896 0.191
Voon (2007) 0.113 1.073 0.531 0.527
IMNC (2010) 0.091 1.169 0.562 0.617
CSA-S304.14 (2014) 0.17 1.338 0.666 0.453
Dillon (2015) 0.11 1.505 0.684 0.793
TMS 402/602 (2016) 0.111 1.223 0.691 0.678
% F-5-5-1 (rng = 8914) 0.009 1.012 0.175 0.767
< | F-7-5-1 (rng =2224) 0.006 0.994 0.183 0.791
Heatmap Legend 1.218 MSE 0.000
2.263 Mean V., /V, 1.000 0.000
1.855 Std Dev V., Vs, 0.000 0.000 Fifth Percentile V., /V;, 1.000
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As previously explained, a plot of the residuals offers a visual representation of whether
the model exhibits homoscedasticity; a homoscedastic plot will exhibit minimal variation
in its residuals regardless of the magnitude of predicted value. The plot of residuals of
ANN models “F-5-5-1" and “F-7-5-1" (Figs. 4.13(b) and 4.14(b), respectively) reveal
that the models are exhibiting homoscedasticity. Compared existing PG wall shear
strength models, this is vastly improved; each of the existing models in this study tended
to overpredict stronger walls and under-predict weaker walls (thus exhibiting

heteroscedasticity).
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Figure 4.13 — ANN “F-5-5-1” model predictions; (a) Experimental strength vs.
Predicted strength; (b) Experimental strength vs. Residuals
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4.7 Shear Expressions Based on ANN

While it is possible to produce a formula based on the matrix of weights and biases
described in Section 4.1, it is rarely practical in the sense of using it in hand calculations
due to the complexity inherent to the use of sigmoid transfer functions and the inability
to combine sigmoid terms with one another. Additionally, the interpretability of shear
expressions based on ANNSs are often difficult due to the sigmoid terms, and the relative
influence of each parameter is not clearly represented by such formulas. For this reason,
the Neural Network Toolbox in MATLAB offers a function to output a trained neural
network as a MATLAB executable program, rather than a formula (refer to Appendix B).
Nonetheless, the following section presents explicit formulations shear strength of PG

walls for each of the ANN models developed in this study (“F-5-5-1" and “F-7-5-1").

4.7.1 General Formula

An ANN model utilizes matrices of weights and biases to predict a normalized output

value as a function of an input vector, as shown by the following formula:

Ynorm = [LW] - tanh(b; + [IW][{Xnorm}) + b, (4.2)
where YVnorm = normalized output prediction
LW = layer weight vector of size [1, # of inputs]
IW = input weight matrix of size [# of inputs, # of hidden neurons]

Xnorm = normalized inputs vector of size [1, # of inputs]

= {xlnorm’ X2norm’ ¥3norm’ "+’ xnnorm}
by = hidden layer bias vector of size [# of inputs, 1]
b, = output layer bias vector of size [1,1]

To generate the normalized inputs vector, X, ,m, €ach input variable, x;, is scaled on a
linear normalization function in the range of [—1, +1] to obtain a normalized value of the

input parameter by linear interpolation:
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ximin — ximax _ Xi — ximax
-D-1 x_ -1 (4.3)
where Xinin — Minimum value of input parameter in total dataset
Xinax — Maximum value of input parameter in total dataset
Xinorm — Normalized input parameter for ANN training
Rearranged to solve for the normalized x; . :
. (=2)(x; = Xi ) +1 “4.4)

Xi min Xi max

The output data is also normalized, so the normalized output, y,,orm must be unscaled by

the same linear normalization function to obtain the “true” predicted output, y.

Ymin — Ymax _ Y — Ymax

D=1 Yoorm—1 (%)
where Ymin = mMminimum value of output (experimental) parameter in total dataset
Vmax = maximum value of output (experimental) parameter in total dataset
Ynorm = normalized output (ANN predicted) parameter
Finally, rearranged to solve for the output y:
y = min = Ymax) Onorm = 1) - (4.6)

-2

An application example will be given in Section 4.7.4.
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4.7.2 F-5-5-1 Neural Network Model

The minimum and maximum values of input and output parameters used for

normalization is given in the following table:

Table 4.11 — Input minimum and maximum values for linear normalization

(xi) (ximin) (ximax)
! M -1
Input 1, x; | \/f x (ﬁ) [MPa] 1.058 15.406
Input 2, x, | Prfyn [MPa] 0.000 1.290
Input 3, x3 | py+/fjfyw [MPa] 0.000 0.840
Input 4, x4 | ¥6+/ Prfynfm [MPa] 0.000 3.080
Input 5, x5 | o [MPa] 0.000 1.724
Output Variable Minimum Maximum
(y ) (y min) (y max)
Output Umax,gross [MPa] 0.232 1.081
The matrices and biases used are given as follows:
—-0.5714 1.6221 2.6040 0.1556 1.1685
-1.2179 -1.1950 1.0211 -—-0.8775 1.1548
IW =1 0.6554  0.0098 0.6919 3.1815 —0.5537
0.7644 —1.5598 -—1.4824 1.0324 —2.0312
0.3864  0.7971 —2.1380 -1.8096 —2.4711
LW =[-1.6275 -0.7684 0.2860 —0.7706 —0.4390]
[ 5.9196 1
| —2.4419|
b, =|-0.2370|
[—0.2831J
—3.8519
b, = 1.3944
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4.7.3 F-7-5-1 Neural Network Model

The minimum and maximum values of input and output parameters used for

normalization is given in the following table:

Table 4.12 — Input minimum and maximum values for linear normalization

Input Variable Minimum Maximum
(x:) (Fimmin) (*imax)
Input 1, x; | Ascateq [M?] 0.66 19.43
Input 2, x, | M/VL [unitless] 0.250 2.295
Input 3, x3 | Anet/Agross [unitless] 0.405 0.808
Input 4, X, | fmeffcorrected [IMPa] 4.25 22.29
Input 5, x5 | pufyn [MPa] 0.000 4.842
Input 6, xg | Prfyn [MPa] 0.000 1.290
Input 7, x; | Ogross [MPa] 0.000 1.724
Output Variable Minimum Maximum
) (Ymin) (Ymax)
Output Umax,gross [MPa] 0.232 1.081

The matrices and biases used are given as follows:

[—0.6183 —0.6835 1.6011 -0.3643 1.1593 —0.0237 0.0430
| 1.3134 1.2532 —2.1502 -1.6223 -0.0682 -1.3960 -—1.7227|
IW=]0.0637 —1.3889 —2.4748 —0.9587 —1.2993 -0.8316 1.8284 |
0.0070 —0.9053 1.0992 —-0.9918 1.9170 1.0863 1.9599 J

0.0206 —-0.6339 0.4812 -0.4361 0.8425 —1.2191 1.0364

LW =[0.8144 -0.3618 0.3675 0.8712 —0.8893]
[ 1.5154
| 1.7618 |
b, =1-0.4254|
—0.0269J
—1.3641

b, = —0.6123
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4.7.4 Sample Calculation

The following section outlines a sample calculation using the shear expression based on
the “F-7-5-1” ANN model. The sample calculation will predict the strength of specimen
“PG254-48” from Elmapruk (2010)’s experimental study illustrated in Fig 4.15.

) SIS R T T
‘I 1 4 - 1 1
B S
& X BB T T T T
] I | BN B R 3 T
N N O |
: | I £ | [IE & 80 in.
60 in. £8 ‘ i “ 2 E H | ] (2032 mm)
(1524mm) | — 1 {
I “ S| l 1l 28in
| | o | u 4| (711.2 mm)
] C T 10 i
4in.  _ _ 48in. __ 48in. _ _  4in
(102 mm) (1219 mm) (1219 mm) (102 mm)
2 ) ) ) o ) 2
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Figure 4.15 — PG wall specimen “PG254-48” (adapted from Elmapruk (2010))

The input parameters for the wall are summarized in Table 4.13, along with the associated
normalized values mapped from [-1, 1]. The vector, {X,orm}, is comprised of the input

values in the “Normalized” column.

Table 4.13 — Normalized input values for “PG254-48”

Input Variable Min Max | PG254-48 | Normalized

(x:) (Ximin) | Fimax) | (D) Xinorm)
Input 1, x; | Agcateq [M*] 0.66 19.43 4.03 -0.6413
Input 2, x, | M/VL [unitless] 0.250 2.295 0.288 -0.9623
Input 3, x3 | Apet/Agross [unitless] | 0.405 0.808 0.450 -0.7756
Input 4, x4 | fineffcorrected [MPa] 4.25 22.29 18.49 0.5792
Input 5, x5 | Py fyv [MPa] 0.000 4.842 0.476 -0.7067
Input 6, x¢ | Pnfyn [MPa] 0.000 1.290 0.614 -0.0478
Input 7, x; | Ogross [MPa] 0.000 1.724 0.096 -0.8888
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Then, using the input matrix, [IW], layer weight matrix, [LW], and biases, by, b, for the

“F-7-5-1” neural network model, a normalized prediction is calculated:

Ynorm = [LW] - tanh(b; + [IW]{Xyorm}) + b2 4.7)

(—0.64137
—0.9263
—0.7756

b, + [IW]] 0.5792 | | + b, (4.8)
—0.7067
\ —0.0478

L—(.8888-

Ynorm = [LW] - tanh

In explicit form,

ynorm

=[0.8144 -0.3618 —0.3675 —0.8712 —0.8893]

0.6413
(r 1.5154 1 [—-0.6183 —0.6835 1.6011 —0.3643 11593 —0.0237 0.0430][—0.9263}\‘
| 1.7618 | | 13134 1.2532 —2.1502 —1.6223 —0.0682 —1.3960 —1.7227||-0.7756 (4.9)
tanhll 04254| |00637 —1.3889 —2.4748 —09587 —1.2993 —0.8316 1.8284 I05792I :
0.0269 0.0070 —09053 1.0992 -0.9918 19170 10863 1.9599 ||—0.7067]
\l—13641J 00206 —0.6339 04812 —04361 08425 —12191 1.03641|— 00478J}

0.8888
—0.6123

Voorm = —0.4055 (4.10)

Then, to obtain the predicted shear strength, y, the output, y,,r-m, must be unmapped

using the minimum and maximum output values from Table 4.12.

— (ymin - ymax)(ynorm - 1)

+ Vi 4.11)
-2
0.232 — 1.081)(—0.4055 — 1
y= ( _)2( ) + 1.081 (4.12)
y = v, = 0.4846 MPa (4.13)

In comparison to the experimental value, Vey, = 0.529 MPa, the “F-7-5-1" neural

network model outputs a vy, /v, = 1.09.
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5 FINITE ELEMENT INVESTIGATION ON PARTIALLY GROUTED
MASONRY SHEAR WALLS

5.1 Introduction

Although the results presented indicate that ANNs are a viable option to predict the in-
plane shear strength of masonry walls, there are gaps in the design variables used as input
in the dataset. Fig. 5.1 summarizes dataset “F,” highlighting the gaps which exist in
variables such as the area of wall, vertical reinforcement ratio, and shear span ratio. It has
also been mentioned previously that ANN based prediction models are dependable only
within the range of parameters used for training and should not be relied upon for
extrapolation. With the experimental strength of PG walls within dataset “F” only ranging
from 0.232 to 1.081 MPa, the ANN model developed in this study may lose accuracy in
predicting the shear strength of PG walls beyond 1.081 MPa. To address these gaps and
expand the dataset beyond the current range of parameters for future ANN development,
a FE analysis validated with experimental results can be used to generate hypothetical

specimens.

It has been argued that accurate numerical modeling of masonry through the finite-
element (FE) method can only be adequately addressed through micro-modelling of its
individual components. Micro-modelling consists of representing units, mortar in the
joints and grout as continuum elements whereas the unit-mortar interface is represented
by discontinuous elements (Bolhassani et al. 2015). However, macro-modelling of
masonry, in which all masonry components are considered to have smeared properties
has also been used with varying success (Lourengo et al. 1995).In macro-modelling, the
constitutive relationships for units, mortar, and unit-mortar interface are averaged in a
homogeneous continuum (Lourenco 2002). Macro-models of masonry structure are more
suited to estimate structural response at the global level but, predictably, are unable to

capture local failure mechanisms (Lotfi and Shing 1991; Lourengo and Rots 1997).
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Figure 5.1 — Distribution of various parameters in dataset “F”
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Formulations that combine the two approaches, such as the Disturbed Stress Field Model
(DSFM) or the two-phase masonry model developed by Maleki (2008) have been shown
to predict with satisfactory accuracy both the global and local responses of unreinforced
masonry walls (Maleki 2008), reinforced masonry walls (Facconi et al. 2013) and
partially grouted walls (Lotfi and Shing 1991). The DSFM, originally developed by
Vecchio (2000, 2001) for reinforced concrete, can combine the average macroscopic
representation of the masonry behavior with the local shear stress-slip response of mortar
joints. The study by Seif EIDin and Galal (2016) demonstrated that the DSFM, originally
used to model URM structures, can be also used to estimate the response of RM shear
walls. A satisfactory prediction of peak strength, pre-peak and post-peak load-
displacement response in fully grouted RM shear walls with a closely spaced vertical steel
rebar arrangement (<400 mm) was reported. In walls with wider spacings (>800 mm),
the DSFM approach led to a satisfactory estimation of peak shear strength only. These
results indicate that the DSFM is a promising tool to investigate the peak shear behaviour
of PG walls, the only output parameter needed in the development of an ANN analytical

database.
5.2 VecTor2 Background

The program VecTor2 was chosen to conduct the FE analysis in this study. Developed at
the University of Toronto in 1990, VecTor2 is a non-linear FE analysis program
developed for analyzing two-dimensional reinforced concrete membrane structures
modelled as an orthotropic material with smeared and rotating cracks. It is based on
Modified Compression Field Theory (MCTF) developed by Vecchio and Collins (1986),
and the Distributed Stress Field Model (DSFM) by Vecchio (2000, 2001) to predict
strength, post-peak behavior, failure mode, deflections, and cracking. Readers interested
in a more exhaustive description of the VecTor2 FE analysis program can refer to the

VecTor2 and FormWorks Manual (Wong et al. 2013).

Although VecTor2 was originally intended for reinforced concrete structures, it also has
built-in masonry settings for applying the FE analysis to reinforced masonry structures.

Masonry can be modelled in VecTor2 as a continuum with average properties where joint
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failures are smeared across the single element for sufficiently large masonry structures.
The tensile behaviour of masonry is modelled as an isotropic linear elastic material and
modelled as a continuum that may slip along the head and bed joints even when the

material is uncracked (Wong et al. 2013).
5.3 VecTor2 Model Description

A PG wall specimen tested by Maleki (2008) was used to verify the performance of the
FE analysis model. The wall chosen from Maleki (2008)’s study is “Wall 1.” The
specimen is illustrated by Fig. 5.2, and Fig. 5.3 is the experimental hysteresis loop and
envelope obtained. The following section will outline the materials, boundary conditions,
and loading conditions applied to Wall 1 in Maleki (2008)’s experimental study, as well

as how it is modelled in VecTor2.

(p = 0.00185)

D4

wiugogT

p—

Figure 5.2 — Wall 1 (Maleki 2008)
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Figure 5.3 — Wall 1 hysteresis loop with envelope outlined in green (adapted from
Maleki (2008))

5.3.1 Material Properties

Experimental Study: “Wall 17 is made of half-scale blocks and has dimensions of
1800mm x 1800mm x 90mm. Wall reinforcement consists of three horizontal D4 bars

(Apgr = 25.8 mm?) and three vertical No. 10 bars (4,4, = 100 mm?).

VecTor2: Rectangular elements are used to model the grouted and hollow masonry,
whilst truss elements are used to model the horizontal and vertical steel reinforcement.
The height and length of each rectangular element measures 45 mm x 45 mm. The hollow
masonry elements are modelled with a thickness equivalent to twice the face shell to
account for the absence of grout (51.18 mm), while the grouted masonry elements are
modelled with the thickness of the wall (90 mm). The material properties of the wall for
VecTor2 input are summarized in Table 5.1, and the VecTor2 model of “Wall 17 is

illustrated in Fig. 5.4.
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Table 5.1 — VecTor2 model properties

GEOMETRIC PROPERTIES LOADING CONDITIONS

H =1800 mm Reverse Cyclic Loading

L =1800 mm Axial Load: 121.5 kN

t =90 mm Axial Stress (Gross): 0.75 MPa
MATERIAL PROPERTIES

B Grouted Masonry
fm =26.3 MPa

€m =0.0013

fer =2.65 MPa

E,, =20000 MPa

N =0.16

O Hollow Masonry
fm =14.1 MPa

en =0.0014

for = 1.4 MPa

E,, =20000 MPa
N=0.16

B Concrete Beam*
£/ =200 MPa
£, =200 MPa

* Modelled to provide fixed support at top of wall

(double curvature)

B Horizontal Reinforcement
A =25.8 mm? (D4 Bars)
E,=198.2 GPa

E, =690.7 MPa

P =0.05%

F, =720 MPa

€sp = 3.5 me

€, =12.54 me

O Vertical Reinforcement
A =100 mm? (No. 10 Bars)
E,=201.6 GPa

E, =491.7 MPa

P =0.19%

F, =620 MPa

€Esp =29.69 me

€, = 129.66 me
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Figure 5.4 — VecTor2 model of Maleki (2008)’s PG specimen “Wall 1”
5.3.2 Boundary Conditions

Experimental Study: “Wall 1” is subject to double curvature boundary conditions. A
500 mm x 400 mm reinforced concrete base was built to simulate a fixed support at the

bottom. A steel beam was attached to the top the wall to apply a uniform lateral load.

VecTor2: To simulate the boundary conditions in VecTor2, the joints at the base are
restrained in the x and y directions with pinned supports, and a “concrete” loading beam

with 200 MPa compressive and tensile strength is modelled at the top of the wall.

5.3.3 Loading Conditions

Experimental Study: The wall was subject to constant gravity load of 121.5 kN and a
cyclic lateral displacement was applied up to 7.2 mm. Lateral load began with 0.01%

storey drift, then increased by 1.3-1.5 times the previous loading, repeating each loading
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cycle twice. The loading cycle used in Maleki (2008)’s study for Wall 1 is shown in
Fig. 5.5.
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Figure 5.5 — Loading cycle used for “Wall 1” (Maleki 2008)

VecTor2: To simulate the gravity load, a single step, monotonic, force-controlled load
case is applied by applying a gravity force of 2.9634 kN on each of the 41 nodes at the
top of the wall, simulating a distributed load of 121.5 kN on the wall.

To simulate the lateral load, a reverse cyclic, displacement-controlled load case is
activated in VecTor2 with 2 repetitions per load cycle. An initial 0.18 mm displacement
(equivalent to 0.01% storey drift) is applied with and a cyclic incremental factor of
0.72 mm. A total of 2,000 load stages are performed in VecTor2. The loading cycle used
in VecTor2 is illustrated in Fig. 5.6. It is recognized that the loading cycle simulated in
VecTor2 is not entirely identical to the experimental loading cycle, due to the

experimental loading cycle using a varied cyclic incremental factor.
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Figure 5.6 — Loading cycle used for “Wall 1” in VecTor2

The VecTor2 job description with both lateral and gravity loading cases (Case 1 and Case
2, respectively) is illustrated in Fig. 5.7.

Define Job X

Job Control l Models ] Auxiliany ]

Job Data Structure Data

Job file name: Structure file name: |Struc1

Job title: |Errter Job Title Structure title: |Enter Structure Title

Date: |Errter Date Structure type: |Plane Membrane (2-0) j
Loading Data

Load series 1D:  |ID Starting load stage no.: |1 Mo. of load stages: (2000

Activate: [V Case 1 v Case 2 [~ Case3d [~ Cased [~ Caseb
Load file name: [Cage1 [Case2 [NULL [nuLL [nuLL

Load case title: |E|'rter load case title |E|'rter load case title |Ente|' load case title |E|1ter lnad case title |E|1ter lnad case title
Initial factor: |D ||} |3 |C |C
Final factor: |D_1E |2_553-4 |C |C |C
Inc. factor: [g.18 29634 [ [0 [0

Load type: |Re\rerse Cyclic j |I'v10notonic ﬂ |I'\-10notonic J |Monotonic J |Monotonic J
Repetitions: |2 |1 |1 |1 |1
Cycic Inc. factor: [g72 o [ [0 [0
Initial Load Stage: |1 |1 |1 |1 |1

Analysis Parameters

Seed file name: |NULL Convergence critena: |Di5|3|acel'nems - Weighted A\reragsﬂ

Max. no. of iterations: lsui Analysis Mode: |Static Monlinear - Load Step j

[~ Dynamic Averaging factor: |06 Results files: |:'-\SCII Files Cnly j
Convengence limit: 1.00001 Modeling format: |Stand Alone j

OK | Cancel

Figure 5.7 — VecTor2 define job dialog
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5.4 VecTor2 Results and Discussion

The material properties and ‘Masonry Structures’ settings were modified in various
combinations to observe the response of the model. Further explanation of each of these
settings can be found in the VecTor2 and FormWorks Manual (Wong et al. 2013). The

default values in VecTor2 for masonry structures is shown in Fig. 5.8.

Masonny Structures

Principal Direction wrt x-2nds (deq) IDi
Masonny Joint 1: Thickness (mm) : I'H}i
Mazaonny Joint 2: Thickness {mm) : |1|}7
Joint Shear Strength Ratio cfmy: W
Comp Strength Ratio frocfrmy IF
Tensile Strength Ratio foofty 0.1
Blastic Modulus Ratio Empe/Emy : |F
Friction Angle (deg) 37
Strength Reduction Factor : |17

Figure 5.8 — VecTor2 masonry structures default settings

After conducting several parametric analyses, the ‘Joint Shear Strength Ratio’, the ratio
between the shear strength of the joints and the maximum compressive strength of
masonry, was observed to have the largest influence on the predicted response . The value
for the ‘Joint Shear Strength Ratio’ that provided the best fit between experimental and

analytical results was 0.03.

The relative error between measured and FE modelled peak strength is within 10%, as
summarized in Table 5.2. This range of error is typical for FE models with materials

similar to masonry, such as reinforced concrete and prestressed concrete structures.
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Table 5.2 — Comparison of experimental vs VecTor2 model

Experimental VecTor2 o
Results Wall 1 Model % Error
Pull Peak Load (kN) 96.9 93.4 3.61
u

Displacement (mm) 3.06 3.016 1.44

Peak Load (kN) 91.2 90.7 0.55
Push

Displacement (mm) 2.88 2.662 7.57

The VecTor2 model hysteresis loop with the hysteresis envelope outlined is illustrated in
Fig. 5.9. The envelope from the VecTor2 model is then layered onto the experimental
hysteresis loop and envelope for comparison in Fig. 5.10. The VecTor2 model wall
exhibits greater stiffness than the experimental result. Also, the post-peak ductility of the
VecTor2 model is comparable on the push cycle but exhibits greater ductility in the pull
cycle than the experimental result.

Drift (%)
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Figure 5.9 — Wall 1 VecTor2 model hysteresis loop with envelope outlined in red
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Figure 5.10 — Wall 1 experimental hysteresis loop envelope outlined in green with
VecTor2 model hysteresis loop envelope outlined in red (adapted from Maleki
(2008))

5.5 Summary

Overall, the results suggest that a FE analysis model is a practical option for generating
additional input data for training the ANN. However, further work on the model is
required to refine and validate the FE model prior to utilizing the model to simulate
hypothetical PG walls and increase the number of specimens for developing an ANN

model. Several improvements are suggested for further research:

e The reverse cyclic loading used in VecTor2 can be further refined to better simulate
the actual loading used in Maleki (2008)’s experimental study. Since VecTor2 only
allows users to specify a fixed value for the cyclic incremental factor, users must use
seed files to store the strain and stress history of the structure, and then continue the

analysis by loading the seed file back into VecTor2 with a different value for the

cyclic incremental factor.
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Given that the FE model used in this study is a macroscale model, it would be
expected that microscale models would be more accurate. A microscale model would
require a program besides VecTor2.

The FE model—whether microscale or macroscale—must be validated using walls
from multiple studies. In particular, the wall tested by Maleki (2008) is a PG specimen
built with a Y2-scale factor. It is recommended that a FE model is built and validated
using full scale PG specimens, such as the walls tested by Elmapruk (2010).

A more robust FE model must also be capable of modelling joint reinforcement,

which was not used in any of Maleki’s walls.
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6 CONCLUSIONS AND RECOMMENDATIONS

6.1 Summary

The objective of investigating the in-plane shear strength and behaviour of PG concrete

block masonry walls governed by diagonal shear failure was achieved by the following:

1. A meta-analysis involving dataset assembly, scrutinization, and synthesization was

performed:

e 292 PG concrete block masonry walls exhibiting in-plane diagonal tension shear

failure from 26 experimental studies was compiled

e Six datasets (“A” to “F”’) were developed with varying levels of scrutinization for

ANN analysis.

(@]

Dataset “A”: 255 specimens; excludes studies in which the compressive
strength of the masonry could not be determined or calculated

Dataset “B”: 150 specimens; dataset “A”, but also excludes specimens that
were tested under monotonic loading

Datasets “C”: 150 specimens; dataset “B”, but the horizontal reinforcement
considered for analysis is modified based on the assumption that any bond
beams at the bottom course do not provide additional shear resistance
Dataset “D”: 120 specimens; dataset “C”, but also excludes also specimens
tested using the ESECMaSE setup

Dataset “E”: 120 specimens; dataset “D”, but the horizontal reinforcement
considered for analysis is modified based on the assumption that any bond
beams at the bottom course do not provide additional shear resistance
Dataset “F”: 120 specimens; dataset “E”, but only the interior (web)
reinforcement is considered as vertical reinforcement contributing to the shear

strength of PG walls.

2. The performance of 14 currently available shear strength expressions from various

researchers and design codes are evaluated to set a benchmark for ANN-based models

170



using several statistical measurements: mean squared error, mean V,,,/V, ratio,

standard deviation V., /V, ratio, and fifth percentile V¢, /V, ratio.

The majority of the available design equations demonstrated a lack of consistency
in predictions as indicated by high values of deviation for the V,,, /V}, ratio; the
experimental-to-predicted ratio standard deviations for the CSA S304.1-04
(2004), TMS 402/602 (2016), and NZS 4230 (2004) equations were found to be
0.666. 0.691, and 1.077, respectively.

Currently available design equations were also found to predict non-conservative
predictions as indicated by low values of fifth percentile for the V., /V;, ratio; the
experimental-to-predicted ratio fifth percentiles for the CSA S304.1-04 (2004),
TMS 402/602 (2016), and NZS 4230 (2004) equations were found to be 0.453.
0.678, and 0.375, respectively.

. Various ANN models are investigated and compared against currently available

design equations:

S5-input (x-5-n-1) ANN models were generated using the following input
parameters based on the ANN models developed by Aguilar et al. (2016):

M\~ 1 -
i x (3)  [MPal, pufyn [MPal, p,\/fifyw [MPal, v8\/pnfynfm [MPal,
o [MPa].
7-input (x-7-n-1) ANN models were generated using the following input

parameters: Agcaleqa M%), M/VL  [unitless], Anet/Agross  [unitless],

fr‘:l,eff,corrected [MPa], pvfyv [MPa], phfyh [MPa], Ugross [MPa]-

The number of hidden neurons was varied from 1 to 5 for both (x-5-n-1) and
(x-7-n-1) ANN models.

The performance of ANN models is evaluated for comparison against currently
available design equations.

The experimental-to-predicted ratio standard deviations for the “F-5-5-1" and
“F-7-5-1” ANN models were found to be 0.175 and 0.183, respectively.

The experimental-to-predicted ratio fifth percentiles for the “F-5-5-1" and
“F-7-5-1” ANN models were found to be 0.767 and 0.791, respectively.
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A sensitivity analysis is performed on “F-5-5-1" and “F-7-5-1 ANN models to gain

further insight into the behaviour of PG walls.

e The sensitivity analysis reveals a size effect in PG shear walls that is previously
unaccounted for in currently available design equations

e The sensitivity analysis reveals ANN models predicting a decrease in shear
strength as the compressive strength of masonry prism is increased

e The relative influence of each parameter is revealed through the sensitivity
analysis

A preliminary finite-element (FE) model of a PG wall under in-plane shear loading

was developed and validated in VecTor2

e In general, the behaviour (i.e. peak shear load, displacement, stiffness and
degradation) of the modelled PG wall under in-plane shear strength in VecTor2
was comparable with the experimental results.

e The relative error between measured and FE modelled peak strength is within

10%, and the relative error for displacement is within 15%.

6.2 Conclusions

The results presented in this study demonstrate the potential for utilizing ANNs to address

the limitations of current design expressions to predict the in-plane shear strength of PG

shear walls. The following conclusions are made:

Dataset “F” was found to be a viable dataset for training despite having the fewest
number of specimens out of the datasets in this study, emphasizing the importance of
data scrutinization and synthesization in meta-analysis. In comparison to dataset “A”
containing 255 specimens, dataset “F” contains 120 specimens, and excludes
specimens tested under monotonic loading, excludes specimens tested using the
ESECMaSE test setup, the horizontal reinforcement considered for analysis is
modified based on the assumption that any bond beams at the bottom course do not
provide additional shear resistance, and only the interior vertical reinforcement is

considered.
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ANN models were found to have a better predictive capacity when specimens using
the ESECMaSE test setup are removed from the overall dataset, emphasizing the
importance of an appropriate test setup for testing PG masonry shear walls and
drawing conclusions from its results, whether by ANN analysis or otherwise.

The 7-input models in this study performed better than the 5-input models.
Additionally, an increased number of hidden neurons results in an improved
predictive capacity ANN models, although the risk of overfitting also increases.
Both “F-5-5-1” and “F-7-5-1” models exhibit significant improvements in all
performance metrics in comparison with current design expressions; the mean
squared error, mean V., /V, ratio, standard deviation V,,/V;, ratio, and fifth
percentile V,,,/V;, ratio are all significantly improved in the ANN models.
Additionally, the ANN models exhibit homoscedasticity in its predictions, whereas
current design expressions tend to overpredict higher strength walls more severely
than lower strength walls.

The sensitivity analysis showed that the ANN models predicted an increase in gross
shear strength as the shear span ratio (M /VL) is increased, as partial grouting ratio
(Anet/Agross) 1s increased, as the vertical reinforcement ratio and strength (py, f,) 1s
increased, as the horizontal reinforcement ratio and strength (py, fyr,) 1s increased, and
as gross axial load (04rss) 1s increased. Each of these observations are consistent
with existing design expressions and conclusions by researchers.

The sensitivity analysis revealed that the ANN models predict a decrease in shear
strength as the compressive strength of masonry prism is increased, an observation
that is inconsistent with existing design expressions. A possible explanation is that fy,
may not be an ideal parameter for predicting the shear strength of PG walls since it is
dependent on the angle of the compression strut due to the anisotropy of masonry.
The sensitivity analysis found horizontal reinforcement and interior vertical
reinforcement to have a similar contribution to the shear strength of PG walls,

consistent with the equation proposed by Dillon (2015).
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e The sensitivity analysis revealed that the ANN models in this study recognize a size
effect in PG masonry shear walls; larger walls (Agca1eq) tend to exhibit less shear
strength, a phenomenon currently unaccounted for in currently available design
expressions.

e The FE model in VecTor2 demonstrates potential for generating additional data points

for ANN analysis.
6.3 Recommendations & Future Research

The results presented in this study demonstrate the potential for utilizing ANNSs to address
the limitations of current design expressions to predict the in-plane shear strength of PG

shear walls. The following points of further research are recommended:

e ANN based prediction models are dependable only within the range of parameters
used for training and should not be relied upon for extrapolation. The range of gross
shear strength in dataset “F” range from 0.232 MPa to 1.802 MPa. Further research
is necessary to expand the range of ANN analysis and investigate how input variables
affect walls stronger than 1.8 MPa.

e Experimental studies on size effect (influence of Agc4eq) 1S Necessary to investigate
its effect on the shear strength of PG walls.

e The ANN models predict that an increase in f;,, leads to a decrease in PG wall shear
strength. It is suggested that this is due to the trend which exists in the dataset, but not
necessarily reflecting physical reality. Further studies may be required to increase the
sample size and examine the effect of f;,, on shear strength.

e Further research is required to study whether the tensile strength of masonry may be
more relevant than the compressive strength of masonry prisms for the predicting the
diagonal tension shear failure of PG walls.

e The majority of available shear equations do not consider the interaction between
variables. For example, axial loading has a greater influence on the shear strength of
PG masonry walls as the aspect ratio decreases. On the other hand, the influence of

horizontal reinforcement ratio tends to decrease when the aspect ratio decreases.
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Further insight may be obtainable by ANN models by performing additional
sensitivity analyses. The sensitivity analysis presented in this study fixes each input
parameter at the medium value; performing sensitivity analysis at different fixed
values may reveal subtleties in the interrelationships between variables.

ANN models often produce equations that are challenging to distill; further research
may involve generating simplified equations from ANN models using techniques
such as numerical methods

Further development and validation of a FE model is required to provide additional
insight on the behaviour of PG walls and potentially increase the training dataset for

ANN analysis.
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APPENDIX A: FULL DATASET

This Appendix contains tables of the full dataset used in this study. The principles of

meta-analysis and dataset assembly, including data compilation, scrutinization and

synthesization, are outlined in Chapter 3. Several values were not found or not explicitly

stated in the original source and are identified using the colour scheme outlined in

Table A.1.
Table A.1 — Legend for colour scheme used in data tables
Values that were not found in the paper and were assumed based on the
context and outside sources
Values that were not explicitly stated in the paper but were calculated
Red .
based on other provided data
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LOADING CONDITION BOUNDARY CONDITION
Wall # Experimental Study Wall ID Test Setup | Scale
Loading Type Loading Rate Support Type

1 Scrivener (1967) Cl1 Other 1 Monotonic Quasi-Static Cantilever
2 Scrivener (1967) D2 Other 1 Monotonic Quasi-Static Cantilever
3 Scrivener (1967) C10 Other 1 Monotonic Quasi-Static Cantilever
4 Scrivener (1967) Cc7 Other 1 Monotonic Quasi-Static Cantilever
5 Scrivener (1967) C8 Other 1 Monotonic Quasi-Static Cantilever
6 Scrivener (1967) C9 Other 1 Monotonic Quasi-Static Cantilever
7 Scrivener (1967) D11 Other 1 Monotonic Quasi-Static Cantilever
8 Scrivener (1967) C3 Other 1 Monotonic Quasi-Static Cantilever
9 Scrivener (1967) D12 Other 1 Monotonic Quasi-Static Cantilever
10 Scrivener (1967) D4 Other 1 Monotonic Quasi-Static Cantilever
11 Scrivener (1967) D13 Other 1 Monotonic Quasi-Static Cantilever
12 Scrivener (1967) D14 Other 1 Monotonic Quasi-Static Cantilever
13 Meli et al. (1968) Muro 309 Other 1 Reverse Cyclic Cantilever
14 Meli et al. (1968) Muro 310 Other 1 Reverse Cyclic Cantilever
15 Meli et al. (1968) Muro 311 Other 1 Reverse Cyclic Cantilever
16 Meli et al. (1968) Muro 312 Other 1 Reverse Cyclic Cantilever
17 Meli et al. (1968) Muro 313 Other 1 Reverse Cyclic Cantilever
18 Meli et al. (1968) Muro 314 Other 1 Reverse Cyclic Cantilever
19 Meli et al. (1968) Muro 315 Other 1 Reverse Cyclic Cantilever
20 Meli et al. (1968) Muro 316 Other 1 Reverse Cyclic Cantilever
21 Meli et al. (1968) Muro 317 Other 1 Reverse Cyclic Cantilever
22 Meli et al. (1968) Muro 318 Other 1 Reverse Cyclic Cantilever
23 Meli et al. (1969) Muro 501 Other 1 Monotonic Cantilever
24 Meli et al. (1969) Muro 504 Other 1 Monotonic Cantilever
25 Meli et al. (1969) Muro 505 Other 1 Monotonic Cantilever
26 Meli et al. (1969) Muro 506 Other 1 Monotonic Cantilever
27 Meli et al. (1969) Muro 507 Other 1 Monotonic Cantilever
28 Meli et al. (1969) Muro 508 Other 1 Monotonic Cantilever
29 Meli et al. (1969) Muro 509 Other 1 Monotonic Cantilever
30 Meli et al. (1969) Muro 510 Other 1 Monotonic Cantilever
31 Meli et al. (1969) Muro 511 Other 1 Monotonic Cantilever
32 Meli et al. (1969) Muro 514 Other 1 Monotonic Cantilever
33 Meli et al. (1969) Muro 519 Other 1 Monotonic Cantilever

187



LOADING CONDITION BOUNDARY CONDITION
Wall # Experimental Study Wall ID Test Setup | Scale
Loading Type Loading Rate Support Type
34 Mayes et al. (1976) HCBL-21-11 Other 1 Reverse Cyclic Quasi-Static Double Curvature
35 Mayes et al. (1976) HCBL-21-12 Other 1 Reverse Cyclic Quasi-Static Double Curvature
36 Chen et al. (1978) / Hidalgo (1978) HCBL-11-2 Other 1 Reverse Cyclic Dynamic Double Curvature
37 Chen et al. (1978) / Hidalgo (1978) HCBL-11-5 Other 1 Reverse Cyclic Dynamic Double Curvature
38 Chen et al. (1978) / Hidalgo (1978) HCBL-11-8 Other 1 Reverse Cyclic Dynamic Double Curvature
39 Chen et al. (1978) / Hidalgo (1978) HCBL-11-10 Other 1 Reverse Cyclic Dynamic Double Curvature
40 Thurston and Hutchison (1982) UNIT NO. 2 Other 1 Reverse Cyclic Double Curvature
41 Thurston and Hutchison (1982) UNIT NO. 4 Other 1 Reverse Cyclic Double Curvature
42 Thurston and Hutchison (1982) UNIT NO. 5 Other 1 Reverse Cyclic Double Curvature
43 Matsumura (1987) CW4-1-1 Other 1 Reverse Cyclic Quasi-Static Double Curvature
44 Matsumura (1987) CW4-1-2 Other 1 Reverse Cyclic Quasi-Static Double Curvature
45 Matsumura (1987) CW3-1-1 Other 1 Reverse Cyclic Quasi-Static Double Curvature
46 Matsumura (1987) CW3-1-2 Other 1 Reverse Cyclic Quasi-Static Double Curvature
47 Matsumura (1987) CW2-1-1 Other 1 Reverse Cyclic Quasi-Static Double Curvature
48 Matsumura (1987) CW2-1-2 Other 1 Reverse Cyclic Quasi-Static Double Curvature
49 Matsumura (1987) CW3-0-1 Other 1 Reverse Cyclic Quasi-Static Double Curvature
50 Matsumura (1987) CW3-0-2 Other 1 Reverse Cyclic Quasi-Static Double Curvature
51 Matsumura (1987) CW3-1' Other 1 Reverse Cyclic Quasi-Static Double Curvature
52 Matsumura (1987) CW3-2 Other 1 Reverse Cyclic Quasi-Static Double Curvature
53 Matsumura (1987) CW3-3 Other 1 Reverse Cyclic Quasi-Static Double Curvature
54 Matsumura (1987) CW3-1-A2 Other 1 Reverse Cyclic Quasi-Static Double Curvature
55 Matsumura (1987) CW3-1-A3 Other 1 Reverse Cyclic Quasi-Static Double Curvature
56 Matsumura (1987) CW3-1-A4 Other 1 Reverse Cyclic Quasi-Static Double Curvature
57 Matsumura (1987) CW3-0-A2 Other 1 Reverse Cyclic Quasi-Static Double Curvature
58 Matsumura (1987) CW3-2-A2 Other 1 Reverse Cyclic Quasi-Static Double Curvature
59 Matsumura (1987) CW3-3-A2 Other 1 Reverse Cyclic Quasi-Static Double Curvature
60 Matsumura (1987) CW3-4-A2 Other 1 Reverse Cyclic Quasi-Static Double Curvature
61 Matsumura (1987) CWB3-1'-A2 Other 1 Reverse Cyclic Quasi-Static Double Curvature
62 Matsumura (1987) CW3-0-A3 Other 1 Reverse Cyclic Quasi-Static Double Curvature
63 Matsumura (1987) CW3-0'-A3 Other 1 Reverse Cyclic Quasi-Static Double Curvature
64 Matsumura (1987) CW3-2-A3 Other 1 Reverse Cyclic Quasi-Static Double Curvature
65 Matsumura (1987) CW3-3-A3 Other 1 Reverse Cyclic Quasi-Static Double Curvature
66 Matsumura (1987) CW5-2'-A2-1 Other 1 Reverse Cyclic Quasi-Static Double Curvature
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67 Matsumura (1987) CW5-2'-A2-2 Other 1 Reverse Cyclic Quasi-Static Double Curvature
68 Matsumura (1987) CW4-2'-A2 Other 1 Reverse Cyclic Quasi-Static Double Curvature
69 Matsumura (1987) CW3-2'-A2 Other 1 Reverse Cyclic Quasi-Static Double Curvature
70 Matsumura (1987) CW2-2'-A2-1 Other 1 Reverse Cyclic Quasi-Static Double Curvature
71 Matsumura (1987) CW2-2'-A2-2 Other 1 Reverse Cyclic Quasi-Static Double Curvature
72 Tomazevic and Lutman (1988) CN-0 Other 0.5 Reverse Cyclic Quasi-Static Cantilever
73 Tomazevic and Lutman (1988) CN-14 Other 0.5 Reverse Cyclic Quasi-Static Cantilever
74 Tomazevic and Lutman (1988) CN-28 Other 0.5 Reverse Cyclic Quasi-Static Cantilever
75 Tomazevic and Lutman (1988) CN-50 Other 0.5 Reverse Cyclic Quasi-Static Cantilever
76 Tomazevic and Lutman (1988) CV-0 Other 0.5 Reverse Cyclic Quasi-Static Cantilever
77 Tomazevic and Lutman (1988) DN-0 Other 0.5 Reverse Cyclic Quasi-Static Cantilever
78 Tomazevic and Lutman (1988) DN-14 Other 0.5 Reverse Cyclic Quasi-Static Cantilever
79 Tomazevic and Lutman (1988) DN-28 Other 0.5 Reverse Cyclic Quasi-Static Cantilever
80 Tomazevic and Lutman (1988) DN-50 Other 0.5 Reverse Cyclic Quasi-Static Cantilever
81 Tomazevic and Lutman (1988) DV-0 Other 0.5 Reverse Cyclic Quasi-Static Cantilever
82 Johal and Anderson (1988) DM1 Other 1 Reverse Cyclic Quasi-Static Double Curvature
83 Johal and Anderson (1988) DM2 Other 1 Reverse Cyclic Quasi-Static Double Curvature
84 Johal and Anderson (1988) DM3 Other 1 Reverse Cyclic Quasi-Static Double Curvature
85 Johal and Anderson (1988) DM4 Other 1 Reverse Cyclic Quasi-Static Double Curvature
86 Johal and Anderson (1988) DMS5 Other 1 Reverse Cyclic Quasi-Static Double Curvature
87 Johal and Anderson (1988) DM6 Other 1 Reverse Cyclic Quasi-Static Double Curvature
88 Johal and Anderson (1988) DP1 Other 1 Reverse Cyclic Quasi-Static Double Curvature
89 Johal and Anderson (1988) DP2 Other 1 Reverse Cyclic Quasi-Static Double Curvature
90 Johal and Anderson (1988) DSI1 Other 1 Reverse Cyclic Quasi-Static Double Curvature
91 Johal and Anderson (1988) DS2 Other 1 Reverse Cyclic Quasi-Static Double Curvature
92 Johal and Anderson (1988) DS3 Other 1 Reverse Cyclic Quasi-Static Double Curvature
93 Johal and Anderson (1988) DS4 Other 1 Reverse Cyclic Quasi-Static Double Curvature
94 Johal and Anderson (1988) DS5 Other 1 Reverse Cyclic Quasi-Static Double Curvature
95 Johal and Anderson (1988) DSé6 Other 1 Reverse Cyclic Quasi-Static Double Curvature
96 Johal and Anderson (1988) DP3 Other 1 Reverse Cyclic Quasi-Static Double Curvature
97 Johal and Anderson (1988) DP4 Other 1 Reverse Cyclic Quasi-Static Double Curvature
98 Yancey and Scribner (1989) R1 Other 1 Reverse Cyclic Double Curvature
99 Yancey and Scribner (1989) R2 Other 1 Reverse Cyclic Double Curvature
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100 Yancey and Scribner (1989) R4 Other 1 Reverse Cyclic Double Curvature
101 Yancey and Scribner (1989) RS Other 1 Reverse Cyclic Double Curvature
102 Yancey and Scribner (1989) R6 Other 1 Reverse Cyclic Double Curvature
103 Yancey and Scribner (1989) R7 Other 1 Reverse Cyclic Double Curvature
104 Yancey and Scribner (1989) RS Other 1 Reverse Cyclic Double Curvature
105 Yancey and Scribner (1989) R9 Other 1 Reverse Cyclic Double Curvature
106 Yancey and Scribner (1989) R10 Other 1 Reverse Cyclic Double Curvature
107 Yancey and Scribner (1989) R11 Other 1 Reverse Cyclic Double Curvature
108 Ghanem et al (1992) SWA Other 0.33 Monotonic Quasi-Static Cantilever
109 Ghanem et al (1992) SWB Other 0.33 Monotonic Quasi-Static Cantilever
110 Ghanem et al (1993) SWA-2 Other 0.33 Monotonic Quasi-Static Cantilever
111 Ghanem et al (1993) SWA-3 Other 0.33 Monotonic Quasi-Static Cantilever
112 Tomazevic et al. (1996) V2-BS Other 0.5 Reverse Cyclic Quasi-Static Cantilever
113 Tomazevic et al. (1996) V2-BD Other 0.5 Reverse Cyclic Dynamic Cantilever
114 Tomazevic et al. (1996) V2-CS Other 0.5 Phased-Sequential Quasi-Static Cantilever
115 Tomazevic et al. (1996) V2-CD Other 0.5 Phased-Sequential Dynamic Cantilever
116 Tomazevic et al. (1996) V2-DS Other 0.5 Simulated Seismic Quasi-Static Cantilever
117 Tomazevic et al. (1996) V2-DD Other 0.5 Simulated Seismic Dynamic Cantilever
118 Schultz (1996) 1 Other 1 Phased-Sequential Quasi-Static Double Curvature
119 Schultz (1996) 3 Other 1 Phased-Sequential Quasi-Static Double Curvature
120 Schultz (1996) 5 Other 1 Phased-Sequential Quasi-Static Double Curvature
121 Schultz (1996) 7 Other 1 Phased-Sequential Quasi-Static Double Curvature
122 Schultz (1996) 9 Other 1 Phased-Sequential Quasi-Static Double Curvature
123 Schultz (1996) 11 Other 1 Phased-Sequential Quasi-Static Double Curvature
124 Schultz et al. (1998) 2 Other | Phased-Sequential Double Curvature
125 Schultz et al. (1998) 4 Other 1 Phased-Sequential Double Curvature
126 Schultz et al. (1998) 6 Other 1 Phased-Sequential Double Curvature
127 Schultz et al. (1998) 8 Other 1 Phased-Sequential Double Curvature
128 Schultz et al. (1998) 10 Other 1 Phased-Sequential Double Curvature
129 Schultz et al. (1998) 12 Other 1 Phased-Sequential Double Curvature
130 Voon and Ingham (2006) 5 Other 1 Reverse Cyclic Cantilever
131 Voon and Ingham (2006) 6 Other 1 Reverse Cyclic Cantilever
132 Haach et al. (2007) N60-B1 Other 0.5 Reverse Cyclic Quasi-Static Cantilever
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133 Haach et al. (2007) N60-B2 Other 0.5 Reverse Cyclic Quasi-Static Cantilever
134 Haach et al. (2007) N150-B1 Other 0.5 Reverse Cyclic Quasi-Static Cantilever
135 Haach et al. (2007) N150-B2 Other 0.5 Reverse Cyclic Quasi-Static Cantilever
136 Maleki et al. (2009) Wall #1 Other 0.5 Reverse Cyclic Double Curvature
137 Maleki et al. (2009) Wall #2 Other 0.5 Reverse Cyclic Double Curvature
138 Maleki et al. (2009) Wall #3 Other 0.5 Reverse Cyclic Double Curvature
139 Maleki et al. (2009) Wall #4 Other 0.5 Reverse Cyclic Double Curvature
140 Maleki et al. (2009) Wall #5 Other 0.5 Reverse Cyclic Double Curvature
141 Elmapruk (2010) PG127-48 Other 1 Reverse Cyclic Quasi-Static Double Curvature
142 Elmapruk (2010) PG127-481 Other 1 Reverse Cyclic Quasi-Static Double Curvature
143 Elmapruk (2010) PG180-48 Other 1 Reverse Cyclic Quasi-Static Double Curvature
144 Elmapruk (2010) PG254-48 Other 1 Reverse Cyclic Quasi-Static Double Curvature
145 Elmapruk (2010) PG127-32 Other 1 Reverse Cyclic Quasi-Static Double Curvature
146 Elmapruk (2010) PG127-24 Other 1 Reverse Cyclic Quasi-Static Double Curvature
147 Minaie et al. (2010) PCL 1 Other 1 Reverse Cyclic Quasi-Static Cantilever
148 Minaie et al. (2010) MC 1 Other 1 Reverse Cyclic Quasi-Static Cantilever
149 Minaie et al. (2010) PCL2 Other 1 Reverse Cyclic Quasi-Static Double Curvature
150 Minaie et al. (2010) MC 2 Other 1 Reverse Cyclic Quasi-Static Double Curvature
151 Baenziger & Porter (2011) A-1 (DR) Other 1 Reverse Cyclic Cantilever
152 Baenziger & Porter (2011) A-2 (JR) Other 1 Reverse Cyclic Cantilever
153 Baenziger & Porter (2011) A-6 (JRx2) Other 1 Reverse Cyclic Cantilever
154 Baenziger & Porter (2011) B-7 (DR) Other 1 Reverse Cyclic Cantilever
155 Baenziger & Porter (2011) B-5 (JR) Other 1 Reverse Cyclic Cantilever
156 Baenziger & Porter (2011) D-3 (DR) Other 1 Reverse Cyclic Cantilever
157 Baenziger & Porter (2011) D-4 (JR) Other 1 Reverse Cyclic Cantilever
158 Baenziger & Porter (2011) D-8 (JRx2) Other 1 Reverse Cyclic Cantilever
159 Nolph et al. (2012) PG085-48 Other 1 Reverse Cyclic Quasi-Static Cantilever
160 Nolph et al. (2012) PG120-48 Other 1 Reverse Cyclic Quasi-Static Cantilever
161 Nolph et al. (2012) PG169-48 Other 1 Reverse Cyclic Quasi-Static Cantilever
162 Nolph et al. (2012) PG085-32 Other 1 Reverse Cyclic Quasi-Static Cantilever
163 Nolph et al. (2012) PGO085-24 Other 1 Reverse Cyclic Quasi-Static Cantilever
164 Oan (2013) 1 ESECMaSE 1 Monotonic Quasi-Static Cantilever
165 Oan (2013) 2 ESECMaSE 1 Monotonic Quasi-Static Cantilever
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166 Oan (2013) 3 ESECMaSE 1 Monotonic Quasi-Static Cantilever
167 Oan (2013) 4 ESECMaSE 1 Monotonic Quasi-Static Cantilever
168 Oan (2013) 5 ESECMaSE 1 Monotonic Quasi-Static Cantilever
169 Oan (2013) 6 ESECMaSE 1 Monotonic Quasi-Static Cantilever
170 Oan (2013) 7 ESECMaSE 1 Monotonic Quasi-Static Cantilever
171 Oan (2013) 8 ESECMaSE 1 Monotonic Quasi-Static Cantilever
172 Oan (2013) 9 ESECMaSE 1 Monotonic Quasi-Static Cantilever
173 Oan (2013) 10 ESECMaSE 1 Monotonic Quasi-Static Cantilever
174 Oan (2013) 11 ESECMaSE 1 Monotonic Quasi-Static Cantilever
175 Oan (2013) 12 ESECMaSE 1 Monotonic Quasi-Static Cantilever
176 Oan (2013) 13 ESECMaSE 1 Monotonic Quasi-Static Cantilever
177 Oan (2013) 14 ESECMaSE 1 Monotonic Quasi-Static Cantilever
178 Oan (2013) 15 ESECMaSE 1 Monotonic Quasi-Static Cantilever
179 Oan (2013) 16 ESECMaSE 1 Monotonic Quasi-Static Cantilever
180 Oan (2013) 17 ESECMaSE 1 Monotonic Quasi-Static Cantilever
181 Oan (2013) 18 ESECMaSE 1 Monotonic Quasi-Static Cantilever
182 Oan (2013) 19 ESECMaSE 1 Monotonic Quasi-Static Cantilever
183 Oan (2013) 20 ESECMaSE 1 Monotonic Quasi-Static Cantilever
184 Oan (2013) 21 ESECMaSE 1 Monotonic Quasi-Static Cantilever
185 Oan (2013) 22 ESECMaSE 1 Monotonic Quasi-Static Cantilever
186 Oan (2013) 23 ESECMaSE 1 Monotonic Quasi-Static Cantilever
187 Oan (2013) 24 ESECMaSE 1 Monotonic Quasi-Static Cantilever
188 Oan (2013) 25 ESECMaSE 1 Monotonic Quasi-Static Cantilever
189 Oan (2013) 26 ESECMaSE 1 Monotonic Quasi-Static Cantilever
190 Oan (2013) 27 ESECMaSE 1 Monotonic Quasi-Static Cantilever
191 Oan (2013) 28 ESECMaSE 1 Monotonic Quasi-Static Cantilever
192 Oan (2013) 29 ESECMaSE 1 Monotonic Quasi-Static Cantilever
193 Oan (2013) 30 ESECMaSE 1 Monotonic Quasi-Static Cantilever
194 Oan (2013) 31 ESECMaSE 1 Monotonic Quasi-Static Cantilever
195 Oan (2013) 32 ESECMaSE 1 Monotonic Quasi-Static Cantilever
196 Oan (2013) 33 ESECMaSE 1 Monotonic Quasi-Static Cantilever
197 Oan (2013) 34 ESECMaSE 1 Monotonic Quasi-Static Cantilever
198 Oan (2013) 35 ESECMaSE 1 Monotonic Quasi-Static Cantilever
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199 Oan (2013) 36 ESECMaSE 1 Monotonic Quasi-Static Cantilever
200 Oan (2013) 37 ESECMaSE 1 Monotonic Quasi-Static Cantilever
201 Oan (2013) 38 ESECMaSE 1 Monotonic Quasi-Static Cantilever
202 Oan (2013) 39 ESECMaSE 1 Monotonic Quasi-Static Cantilever
203 Oan (2013) 40 ESECMaSE 1 Monotonic Quasi-Static Cantilever
204 Oan (2013) 41 ESECMaSE 1 Monotonic Quasi-Static Cantilever
205 Oan (2013) 42 ESECMaSE 1 Monotonic Quasi-Static Cantilever
206 Oan (2013) 43 ESECMaSE 1 Monotonic Quasi-Static Cantilever
207 Oan (2013) 44 ESECMaSE 1 Monotonic Quasi-Static Cantilever
208 Oan (2013) 45 ESECMaSE 1 Monotonic Quasi-Static Cantilever
209 Oan (2013) 46 ESECMaSE 1 Monotonic Quasi-Static Cantilever
210 Oan (2013) 47 ESECMaSE 1 Monotonic Quasi-Static Cantilever
211 Oan (2013) 48 ESECMaSE 1 Monotonic Quasi-Static Cantilever
212 Oan (2013) 49 ESECMaSE 1 Monotonic Quasi-Static Cantilever
213 Oan (2013) 50 ESECMaSE 1 Monotonic Quasi-Static Cantilever
214 Oan (2013) 51 ESECMaSE 1 Monotonic Quasi-Static Cantilever
215 Oan (2013) 52 ESECMaSE 1 Monotonic Quasi-Static Cantilever
216 Oan (2013) 53 ESECMaSE 1 Monotonic Quasi-Static Cantilever
217 Oan (2013) 54 ESECMaSE 1 Monotonic Quasi-Static Cantilever
218 Oan (2013) 55 ESECMaSE 1 Monotonic Quasi-Static Cantilever
219 Oan (2013) 56 ESECMaSE 1 Monotonic Quasi-Static Cantilever
220 Oan (2013) 57 ESECMaSE 1 Monotonic Quasi-Static Cantilever
221 Oan (2013) 58 ESECMaSE 1 Monotonic Quasi-Static Cantilever
222 Oan (2013) 59 ESECMaSE 1 Monotonic Quasi-Static Cantilever
223 Oan (2013) 60 ESECMaSE 1 Monotonic Quasi-Static Cantilever
224 Oan (2013) 61 ESECMaSE 1 Monotonic Quasi-Static Cantilever
225 Oan (2013) 62 ESECMaSE 1 Monotonic Quasi-Static Cantilever
226 Oan (2013) 63 ESECMaSE 1 Monotonic Quasi-Static Cantilever
227 Oan (2013) 64 ESECMaSE 1 Monotonic Quasi-Static Cantilever
228 Oan (2013) 65 ESECMaSE 1 Monotonic Quasi-Static Cantilever
229 Oan (2013) 66 ESECMaSE 1 Monotonic Quasi-Static Cantilever
230 Hoque (2013) 1A ESECMaSE 1 Reverse Cyclic Quasi-Static Double Curvature
231 Hoque (2013) 1B ESECMaSE 1 Reverse Cyclic Quasi-Static Double Curvature
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232 Hoque (2013) 2A ESECMaSE 1 Reverse Cyclic Quasi-Static Double Curvature
233 Hoque (2013) 2B ESECMaSE 1 Reverse Cyclic Quasi-Static Double Curvature
234 Hoque (2013) 3A ESECMaSE 1 Reverse Cyclic Quasi-Static Double Curvature
235 Hoque (2013) 3B ESECMaSE 1 Reverse Cyclic Quasi-Static Double Curvature
236 Hoque (2013) 3C ESECMaSE 1 Reverse Cyclic Quasi-Static Double Curvature
237 Hoque (2013) 4A ESECMaSE 1 Reverse Cyclic Quasi-Static Double Curvature
238 Hoque (2013) 4B ESECMaSE 1 Reverse Cyclic Quasi-Static Double Curvature
239 Hoque (2013) 4C ESECMaSE 1 Reverse Cyclic Quasi-Static Double Curvature
240 Hoque (2013) S5A ESECMaSE 1 Reverse Cyclic Quasi-Static Double Curvature
241 Hoque (2013) 5B ESECMaSE 1 Reverse Cyclic Quasi-Static Double Curvature
242 Hoque (2013) 6A ESECMaSE 1 Reverse Cyclic Quasi-Static Double Curvature
243 Hoque (2013) 6B ESECMaSE 1 Reverse Cyclic Quasi-Static Double Curvature
244 Hoque (2013) TA ESECMaSE 1 Reverse Cyclic Quasi-Static Double Curvature
245 Hoque (2013) 7B ESECMaSE 1 Reverse Cyclic Quasi-Static Double Curvature
246 Hoque (2013) 8A ESECMaSE 1 Monotonic Quasi-Static Double Curvature
247 Hoque (2013) 8B ESECMaSE 1 Monotonic Quasi-Static Double Curvature
248 Hamedzadeh (2013) 1A (Type A) | ESECMaSE| 0.5 Monotonic Quasi-Static Double Curvature
249 Hamedzadeh (2013) 1B (Type A) | ESECMaSE| 0.5 Monotonic Quasi-Static Double Curvature
250 Hamedzadeh (2013) 2A (Type A) [ ESECMaSE| 0.5 Monotonic Quasi-Static Double Curvature
251 Hamedzadeh (2013) 2B (Type A) | ESECMaSE| 0.5 Monotonic Quasi-Static Double Curvature
252 Hamedzadeh (2013) 3A (Type A) | ESECMaSE| 0.5 Monotonic Quasi-Static Double Curvature
253 Hamedzadeh (2013) 3B (Type A) | ESECMaSE| 0.5 Monotonic Quasi-Static Double Curvature
254 Hamedzadeh (2013) 4A (Type B) [ ESECMaSE 0.5 Monotonic Quasi-Static Double Curvature
255 Hamedzadeh (2013) 4B (Type B) | ESECMaSE| 0.5 Monotonic Quasi-Static Double Curvature
256 Hamedzadeh (2013) 4C (Type B) | ESECMaSE| 0.5 Monotonic Quasi-Static Double Curvature
257 Hamedzadeh (2013) SA (Type B) | ESECMaSE 0.5 Monotonic Quasi-Static Double Curvature
258 Hamedzadeh (2013) 5B (Type B) | ESECMaSE 0.5 Monotonic Quasi-Static Double Curvature
259 Hamedzadeh (2013) 5C (Type B) | ESECMaSE| 0.5 Monotonic Quasi-Static Double Curvature
260 Hamedzadeh (2013) 6A (Type C) | ESECMaSE| 0.5 Monotonic Quasi-Static Double Curvature
261 Hamedzadeh (2013) 6B (Type C) | ESECMaSE| 0.5 Monotonic Quasi-Static Double Curvature
262 Hamedzadeh (2013) 6C (Type C) | ESECMaSE| 0.5 Monotonic Quasi-Static Double Curvature
263 Hamedzadeh (2013) 7A (Type C) | ESECMaSE| 0.5 Monotonic Quasi-Static Double Curvature
264 Hamedzadeh (2013) 7B (Type C) | ESECMaSE| 0.5 Monotonic Quasi-Static Double Curvature
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265 Hamedzadeh (2013) 7C (Type C) | ESECMaSE| 0.5 Monotonic Quasi-Static Double Curvature
266 Hamedzadeh (2013) 8A (Type D) | ESECMaSE| 0.5 Monotonic Quasi-Static Double Curvature
267 Hamedzadeh (2013) 8B (Type D) | ESECMaSE| 0.5 Monotonic Quasi-Static Double Curvature
268 Hamedzadeh (2013) 8C (Type D) | ESECMaSE| 0.5 Monotonic Quasi-Static Double Curvature
269 Rizaee (2015) Wall 1-A | ESECMaSE 1 Reverse Cyclic Quasi-Static Double Curvature
270 Rizaee (2015) Wall 2-A | ESECMaSE 1 Reverse Cyclic Quasi-Static Double Curvature
271 Rizaee (2015) Wall 3-B | ESECMaSE 1 Reverse Cyclic Quasi-Static Double Curvature
272 Rizaee (2015) Wall 4-B | ESECMaSE 1 Reverse Cyclic Quasi-Static Double Curvature
273 Rizaee (2015) Wall 5-C | ESECMaSE 1 Reverse Cyclic Quasi-Static Double Curvature
274 Rizaee (2015) Wall 6-C | ESECMaSE 1 Reverse Cyclic Quasi-Static Double Curvature
275 Rizaee (2015) Wall 7-D | ESECMaSE 1 Reverse Cyclic Quasi-Static Double Curvature
276 Rizaee (2015) Wall 8-D | ESECMaSE 1 Reverse Cyclic Quasi-Static Double Curvature
277 Rizaee (2015) Wall 9-E ESECMaSE 1 Reverse Cyclic Quasi-Static Double Curvature
278 Rizaee (2015) Wall 10-E | ESECMaSE 1 Reverse Cyclic Quasi-Static Double Curvature
279 Rizaee (2015) Wall 11-F | ESECMaSE 1 Reverse Cyclic Quasi-Static Double Curvature
280 Rizaee (2015) Wall 12-F | ESECMaSE 1 Reverse Cyclic Quasi-Static Double Curvature
281 Rizaee (2015) Wall 13-G | ESECMaSE 1 Reverse Cyclic Quasi-Static Double Curvature
282 Rizaee (2015) Wall 14-G | ESECMaSE 1 Reverse Cyclic Quasi-Static Double Curvature
283 Ramirez et al. (2016) Ml Other 1 Reverse Cyclic Quasi-Static Cantilever
284 Ramirez et al. (2016) M2 Other 1 Reverse Cyclic Quasi-Static Cantilever
285 Ramirez et al. (2016) M3 Other 1 Reverse Cyclic Quasi-Static Cantilever
286 Ramirez et al. (2016) M4 Other 1 Reverse Cyclic Quasi-Static Cantilever
287 Ramirez et al. (2016) M5 Other 1 Reverse Cyclic Quasi-Static Cantilever
288 Ramirez et al. (2016) M6 Other 1 Reverse Cyclic Quasi-Static Cantilever
289 Ramirez et al. (2016) M7 Other 1 Reverse Cyclic Quasi-Static Cantilever
290 Ramirez et al. (2016) M8 Other 1 Reverse Cyclic Quasi-Static Cantilever
291 Ramirez et al. (2016) M9 Other 1 Reverse Cyclic Quasi-Static Cantilever
292 Ramirez et al. (2016) M10 Other 1 Reverse Cyclic Quasi-Static Cantilever
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WALL GEOMETRY PARTIAL GROUTING
Vertical Hor.
Wall # H L A t Hscaled Lscaled Ascaled tscaled dv,scaled H/L M/ (VL) Anet Agross Aﬂﬂ/ Grout Grout
[mm] | [mm] [ [mm2] |[mm]| [mm] [mm] [mm2] [mm] [mm] = = [mm] [mm] | Agos | Spacing Spacing

[mm] [mm]

1 2642 2438 | 6441277 | 143 2642 2438 6441277 143 1951 1.08 1.08 123871 | 348386 0.36 2438 2642
2 2642 2438 | 6441277 | 143 2642 2438 6441277 143 1951 1.08 1.08 159780 | 348386 0.46 2238 2642
3 2642 2438 | 6441277 | 143 2642 2438 6441277 143 1951 1.08 1.08 123871 | 348386 0.36 2438 1321
4 2642 2438 6441277 143 2642 2438 6441277 143 1951 1.08 1.08 159780 | 348386 | 0.46 2238 1321
5 2642 2438 6441277 143 2642 2438 6441277 143 1951 1.08 1.08 177735 | 348386| 0.51 1119 2642
6 2642 2438 6441277 143 2642 2438 6441277 143 1951 1.08 1.08 195689 | 348386 | 0.56 746 2642
7 2642 2438 | 6441277 | 143 2642 2438 6441277 143 1951 1.08 1.08 159780 | 348386 0.46 2238 2642
8 2642 2438 6441277 143 2642 2438 6441277 143 1951 1.08 1.08 213644 | 348386 0.61 560 2642
9 2642 2438 6441277 143 2642 2438 6441277 143 1951 1.08 1.08 213644 | 348386 0.61 560 1321
10 2642 2438 6441277 143 2642 2438 6441277 143 1951 1.08 1.08 213644 | 348386 0.61 560 660
11 2642 2438 6441277 143 2642 2438 6441277 143 1951 1.08 1.08 213644 | 348386 0.61 560 881
12 2642 2438 6441277 143 2642 2438 6441277 143 1951 1.08 1.08 213644 | 348386 0.61 560 660
13 2650 3200 | 8480000 [ 150 2650 3200 8480000 150 2560 0.83 0.83 327218 | 480000 0.68 800 2650
14 2650 3200 | 8480000 [ 150 2650 3200 8480000 150 2560 0.83 0.83 327218 | 480000 0.68 800 2650
15 2650 3200 | 8480000 [ 150 2650 3200 8480000 150 2560 0.83 0.83 327218 | 480000 0.68 800 2650
16 2650 3200 8480000 150 2650 3200 8480000 150 2560 0.83 0.83 347030 | 480000 0.72 1400 2650
17 2650 3200 | 8480000 [ 150 2650 3200 8480000 150 2560 0.83 0.83 347030 | 480000 0.72 1400 2650
18 2650 3200 8480000 150 2650 3200 8480000 150 2560 0.83 0.83 327218 | 480000 0.68 800 2650
19 2650 3200 | 8480000 [ 150 2650 3200 8480000 150 2560 0.83 0.83 347030 | 480000 0.72 1400 2650
20 2650 3200 8480000 150 2650 3200 8480000 150 2560 0.83 0.83 327218 | 480000 0.68 800 2650
21 2650 3200 8480000 150 2650 3200 8480000 150 2560 0.83 0.83 327218 | 480000 0.68 800 2650
22 2650 3200 | 8480000 [ 150 2650 3200 8480000 150 2560 0.83 0.83 327218 | 480000 0.68 800 2650
23 2000 2000 4000000 150 2000 2000 4000000 150 1600 1.00 1.00 140288 | 300000 | 0.47 1800 2000
24 2000 2000 | 4000000 | 150 2000 2000 4000000 150 1600 1.00 1.00 140288 | 300000 0.47 1800 2000
25 2000 2000 4000000 150 2000 2000 4000000 150 1600 1.00 1.00 140288 | 300000 | 0.47 1800 2000
26 2000 2000 | 4000000 | 150 2000 2000 4000000 150 1600 1.00 1.00 140288 | 300000 0.47 1800 2000
27 2000 2000 | 4000000 | 150 2000 2000 4000000 150 1600 1.00 1.00 140288 | 300000 0.47 1800 2000
28 2000 2000 | 4000000 | 150 2000 2000 4000000 150 1600 1.00 1.00 178976 | 300000 | 0.60 900 2000
29 2000 2000 | 4000000 | 150 2000 2000 4000000 150 1600 1.00 1.00 140288 [ 300000 | 0.47 1800 2000
30 2000 2000 4000000 150 2000 2000 4000000 150 1600 1.00 1.00 178976 | 300000 | 0.60 900 2000
31 2000 2000 | 4000000 | 150 2000 2000 4000000 150 1600 1.00 1.00 140288 [ 300000 | 0.47 1800 2000
32 2000 2000 4000000 150 2000 2000 4000000 150 1600 1.00 1.00 140288 | 300000 | 0.47 1800 2000
33 2000 2000 | 4000000 | 150 2000 2000 4000000 150 1600 1.00 1.00 140288 [ 300000 | 0.47 1800 2000
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WALL GEOMETRY PARTIAL GROUTING
Vertical Hor.
Wall # H L A t Hscaled Lscaled Ascaled tscaled dv,scaled H/L M/ (VL) Anet Agross Aﬂﬂ/ Grout Grout
[mm] | [mm] [ [mm2] |[mm]| [mm] [mm] [mm2] [mm] [mm] = = [mm] [mm] | Agos | Spacing Spacing

[mm] [mm]

34 1626 813 1321288 143 1626 813 1321288 143 650 2.00 1.00 83045 116129 0.72 613 1626
35 1626 813 1321288 143 1626 813 1321288 143 650 2.00 1.00 83045 116129 0.72 613 1626
36 1422 1219 1734190 193 1422 1219 1734190 193 975 1.17 0.58 141935 | 235549( 0.60 1019 1422
37 1422 1219 1734190 193 1422 1219 1734190 193 975 1.17 0.58 141935 | 235549 0.60 1019 711
38 1422 1219 1734190 193 1422 1219 1734190 193 975 1.17 0.58 141935 | 235549( 0.60 1019 1422
39 1422 1219 1734190 193 1422 1219 1734190 193 975 1.17 0.58 141935 | 235549 0.60 1019 474
40 2400 1600 | 3840000 [ 140 2400 1600 3840000 140 1280 1.50 0.75 158400 | 224000 0.71 400 1000
41 2400 1600 | 3840000 [ 140 2400 1600 3840000 140 1280 1.50 0.75 158400 | 224000 0.71 400 2400
42 2400 1600 3840000 140 2400 1600 3840000 140 1280 1.50 0.75 158400 | 224000( 0.71 400 600
43 1800 1720 3096000 150 1800 1720 3096000 150 1655 1.05 0.52 180190 | 258000( 0.70 360 400
44 1800 1720 | 3096000 [ 150 1800 1720 3096000 150 1655 1.05 0.52 180897 | 258000 0.70 360 400
45 1800 1320 2376000 150 1800 1320 2376000 150 1255 1.36 0.68 139674 | 198000 0.71 450 400
46 1800 1320 | 2376000 [ 150 1800 1320 2376000 150 1255 1.36 0.68 139420 | 198000 0.70 450 400
47 1800 920 1656000 150 1800 920 1656000 150 855 1.96 0.98 98943 138000 0.72 600 400
48 1800 920 1656000 [ 150 1800 920 1656000 150 855 1.96 0.98 08838 | 138000| 0.72 600 400
49 1800 1320 | 2376000 [ 150 1800 1320 2376000 150 1255 1.36 0.68 139071 | 198000 0.70 450 400
50 1800 1320 | 2376000 [ 150 1800 1320 2376000 150 1255 1.36 0.68 138981 | 198000 0.70 450 400
51 1800 1320 | 2376000 [ 150 1800 1320 2376000 150 1255 1.36 0.68 140462 | 198000 | 0.71 450 400
52 1800 1320 2376000 150 1800 1320 2376000 150 1255 1.36 0.68 140315 | 198000 0.71 450 400
53 1800 1320 | 2376000 [ 150 1800 1320 2376000 150 1255 1.36 0.68 139472 | 198000 0.70 450 400
54 1800 1320 2376000 150 1800 1320 2376000 150 1255 1.36 0.68 140123 | 198000 0.71 450 400
55 1800 1320 | 2376000 [ 150 1800 1320 2376000 150 1255 1.36 0.68 139765 | 198000 | 0.71 450 400
56 1800 1320 2376000 150 1800 1320 2376000 150 1255 1.36 0.68 139992 | 198000 0.71 450 400
57 1800 1370 2466000 150 1800 1370 2466000 150 1293 1.31 0.66 147458 | 205500( 0.72 450 400
58 1800 1370 2466000 150 1800 1370 2466000 150 1293 1.31 0.66 146928 | 205500( 0.71 450 400
59 1800 1370 2466000 150 1800 1370 2466000 150 1293 1.31 0.66 146911 | 205500 0.71 450 400
60 1800 1370 | 2466000 [ 150 1800 1370 2466000 150 1293 1.31 0.66 147340 | 205500 0.72 450 400
61 1800 1370 2466000 150 1800 1370 2466000 150 1293 1.31 0.66 147566 | 205500( 0.72 450 400
62 1800 1320 | 2376000 | 150 1800 1320 2376000 150 1255 1.36 0.68 139559 | 198000 0.70 450 400
63 1800 1320 2376000 150 1800 1320 2376000 150 1255 1.36 0.68 139392 | 198000 0.70 450 400
64 1800 1320 | 2376000 | 150 1800 1320 2376000 150 1255 1.36 0.68 140008 | 198000 | 0.71 450 400
65 1800 1320 | 2376000 | 150 1800 1320 2376000 150 1255 1.36 0.68 140030 [ 198000 0.71 450 400
66 1800 1970 | 3546000 | 150 1800 1970 3546000 150 1880 0.91 0.46 238829 | 295500 0.81 300 400
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WALL GEOMETRY PARTIAL GROUTING
Vertical Hor.
Wall # H L A t Hscaled Lscaled Ascaled tscaled dv,scaled H/L M/ (VL) Anet Agross Anet/ Grout Grout
[mm] | [mm] [ [mm2] |[mm]| [mm] [mm] [mm2] [mm] [mm] = = [mm] [mm] | Agos | Spacing Spacing

[mm] [mm]

67 1800 1970 3546000 | 150 1800 1970 3546000 150 1880 0.91 0.46 218837 | 295500( 0.74 300 400
68 1800 1770 3186000 | 150 1800 1770 3186000 150 1680 1.02 0.51 206811 | 265500 0.78 360 400
69 1800 1370 2466000 | 150 1800 1370 2466000 150 1280 1.31 0.66 112091 | 205500 0.55 450 400
70 1800 970 1746000 | 150 1800 970 1746000 150 880 1.86 0.93 106898 | 145500 0.73 600 400
71 1800 970 1746000 | 150 1800 970 1746000 150 880 1.86 0.93 106440 | 145500 0.73 600 400
72 760 610 463600 100 1520 1220 1854400 200 976 1.25 1.25 36400 | 61000 | 0.60 510 760
73 760 610 463600 100 1520 1220 1854400 200 976 1.25 1.25 36400 | 61000 | 0.60 510 760
74 760 610 463600 100 1520 1220 1854400 200 976 1.25 1.25 36400 [ 61000 0.60 510 760
75 760 610 463600 100 1520 1220 1854400 200 976 1.25 1.25 36400 [ 61000 0.60 510 760
76 1400 610 854000 100 2800 1220 3416000 200 976 2.30 2.30 36400 [ 61000 0.60 510 1400
77 760 610 463600 100 1520 1220 1854400 200 976 1.25 1.25 36400 [ 61000 0.60 510 760
78 760 610 463600 100 1520 1220 1854400 200 976 1.25 1.25 36400 | 61000 | 0.60 510 760
79 760 610 463600 100 1520 1220 1854400 200 976 1.25 1.25 36400 [ 61000 0.60 510 760
80 760 610 463600 100 1520 1220 1854400 200 976 1.25 1.25 36400 | 61000 | 0.60 510 760
81 1400 610 854000 100 2800 1220 3416000 200 976 2.30 2.30 36400 [ 61000 0.60 510 1400
82 813 813 660644 200 813 813 660644 200 650 1.00 0.50 103368 | 162560 0.64 400 813
83 813 813 660644 [ 200 813 813 660644 200 650 1.00 0.50 103368 | 162560 0.64 400 813
84 813 813 660644 [ 200 813 813 660644 200 650 1.00 0.50 103368 | 162560 0.64 400 813
85 813 813 660644 [ 200 813 813 660644 200 650 1.00 0.50 103368 | 162560 0.64 400 813
86 813 813 660644 200 813 813 660644 200 650 1.00 0.50 103368 | 162560 0.64 400 813
87 813 813 660644 [ 200 813 813 660644 200 650 1.00 0.50 103368 | 162560 0.64 400 813
88 813 813 660644 200 813 813 660644 200 650 1.00 0.50 103368 | 162560 0.64 400 813
89 813 813 660644 [ 200 813 813 660644 200 650 1.00 0.50 103368 | 162560 0.64 400 813
90 813 813 660644 200 813 813 660644 200 650 1.00 0.50 103368 | 162560 0.64 400 813
91 813 813 660644 200 813 813 660644 200 650 1.00 0.50 103368 | 162560 0.64 400 813
92 813 813 660644 200 813 813 660644 200 650 1.00 0.50 103368 | 162560 0.64 400 813
93 813 813 660644 200 813 813 660644 200 650 1.00 0.50 103368 | 162560 0.64 400 813
94 813 813 660644 [ 200 813 813 660644 200 650 1.00 0.50 103368 | 162560 0.64 400 813
95 813 813 660644 200 813 813 660644 200 650 1.00 0.50 103368 | 162560 0.64 400 813
96 813 813 660644 [ 200 813 813 660644 200 650 1.00 0.50 103368 | 162560 0.64 400 813
97 813 813 660644 200 813 813 660644 200 650 1.00 0.50 103368 | 162560 0.64 400 813
98 1422 1219 1734190 | 194 1422 1219 1734190 194 975 1.17 0.58 126774 | 236129 0.54 1219 1422
99 1422 1219 1734190 | 194 1422 1219 1734190 194 975 1.17 0.58 126774 | 236129 0.54 1219 1422
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WALL GEOMETRY PARTIAL GROUTING
Vertical Hor.
Wall # H L A t Hscaled Lscaled Ascaled tscaled dv,scaled H/L M/ (VL) Anet Agross Anet/ Grout Grout
[mm] | [mm] [ [mm2] |[mm]| [mm] [mm] [mm2] [mm] [mm] = = [mm] [mm] | Agos | Spacing Spacing

[mm] [mm]

100 1422 1219 1734190 | 194 1422 1219 1734190 194 975 1.17 0.58 126774 | 236129 0.54 1219 1422
101 1422 1219 1734190 | 194 1422 1219 1734190 194 975 1.17 0.58 126774 | 236129 0.54 1219 711
102 1422 1219 1734190 | 194 1422 1219 1734190 194 975 1.17 0.58 126774 | 236129 0.54 1219 711
103 1422 1219 1734190 | 194 1422 1219 1734190 194 975 1.17 0.58 126774 | 236129 0.54 1219 800
104 1422 1219 1734190 | 194 1422 1219 1734190 194 975 1.17 0.58 126774 | 236129 0.54 1219 711
105 1422 1219 1734190 | 194 1422 1219 1734190 194 975 1.17 0.58 126774 | 236129 0.54 1219 711
106 1422 1219 1734190 | 194 1422 1219 1734190 194 975 1.17 0.58 126774 | 236129 0.54 1219 711
107 1422 1219 1734190 | 194 1422 1219 1734190 194 975 1.17 0.58 126774 | 236129 0.54 1219 800
108 920 939 864147 48 2761 2816 7777322 143 2253 0.98 0.98 24429 | 44829 | 0.54 940 871
109 920 939 864147 48 2761 2816 7777322 143 2253 0.98 0.98 24429 | 44829 | 0.54 470 436
110 940 940 883224 48 2819 2819 7949016 143 2256 1.00 1.00 24452 | 44877 | 0.54 470 436
111 940 940 883224 48 2819 2819 7949016 143 2256 1.00 1.00 24452 | 44877 | 0.54 470 436
112 760 610 463600 100 1520 1220 1854400 200 976 1.25 1.25 42300 | 61000 | 0.69 510 760
113 760 610 463600 100 1520 1220 1854400 200 976 1.25 1.25 42300 | 61000 0.69 510 760
114 760 610 463600 100 1520 1220 1854400 200 976 1.25 1.25 42300 | 61000 | 0.69 510 760
115 760 610 463600 100 1520 1220 1854400 200 976 1.25 1.25 42300 | 61000 0.69 510 760
116 760 610 463600 100 1520 1220 1854400 200 976 1.25 1.25 42300 | 61000 | 0.69 510 760
117 760 610 463600 100 1520 1220 1854400 200 976 1.25 1.25 42300 | 61000 0.69 510 760
118 1422 2845 4045590 | 195 1422 2845 4045590 195 2276 0.50 0.25 242283 | 554775( 0.44 2645 700
119 1422 2032 2889504 | 195 1422 2032 2889504 195 1626 0.70 0.35 187486 | 396240 0.47 1832 700
120 1422 1422 2022084 | 195 1422 1422 2022084 195 1138 1.00 0.50 146372 | 277290 0.53 1222 700
121 1422 2845 4045590 | 195 1422 2845 4045590 195 2276 0.50 0.25 242283 | 554775( 0.44 2645 700
122 1422 2032 2889504 | 195 1422 2032 2889504 195 1626 0.70 0.35 187486 | 396240 ( 0.47 1832 700
123 1422 1422 2022084 | 195 1422 1422 2022084 195 1138 1.00 0.50 146372 | 277290 0.53 1222 700
124 1422 2845 4045590 | 195 1422 2845 4045590 195 2276 0.50 0.25 242283 | 554775( 0.44 2645 1422
125 1422 2032 2889504 | 195 1422 2032 2889504 195 1626 0.70 0.35 187486 | 396240 ( 0.47 1832 1422
126 1422 1422 2022084 | 195 1422 1422 2022084 195 1138 1.00 0.50 146372 | 277290 0.53 1222 1422
127 1422 2845 4045590 | 195 1422 2845 4045590 195 2276 0.50 0.25 242283 | 554775 0.44 2645 1422
128 1422 2032 2889504 | 195 1422 2032 2889504 195 1626 0.70 0.35 187486 | 396240 0.47 1832 1422
129 1422 1422 2022084 | 195 1422 1422 2022084 195 1138 1.00 0.50 146372 | 277290 0.53 1222 1422
130 1800 1800 3240000 | 140 1800 1800 3240000 140 1440 1.00 1.00 186000 | 252000 0.74 400 1800
131 1800 1800 3240000 | 140 1800 1800 3240000 140 1440 1.00 1.00 186000 | 252000 0.74 800 1800
132 808 1200 969600 100 1616 2400 3878400 200 1920 0.67 0.67 57000 | 120000| 0.48 800 1200
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WALL GEOMETRY PARTIAL GROUTING
Vertical Hor.
Wall # H L A t Hscaled Lscaled Ascaled tscaled dv,scaled H/L M/ (VL) Anet Agross Anet/ Grout Grout
[mm] | [mm] [ [mm2] |[mm]| [mm] [mm] [mm2] [mm] [mm] = = [mm] [mm] | Agos | Spacing Spacing

[mm] [mm]

133 808 1200 969600 100 1616 2400 3878400 200 1920 0.67 0.67 84000 | 120000| 0.70 800 1200
134 808 1200 969600 100 1616 2400 3878400 200 1920 0.67 0.67 84000 | 120000| 0.70 800 1200
135 808 1200 969600 100 1616 2400 3878400 200 1920 0.67 0.67 84000 [ 120000| 0.70 800 1200
136 1800 1800 | 3240000 90 3600 3600 | 12960000 180 2880 1.00 0.50 114372 | 162000 0.71 850 800
137 1800 1800 | 3240000 [ 90 3600 3600 | 12960000 180 2880 1.00 0.50 122016 | 162000 0.75 567 567
138 1800 1800 | 3240000 90 3600 3600 | 12960000 180 2880 1.00 0.50 106728 | 162000 0.66 1700 1700
139 900 1800 | 1620000 [ 90 1800 3600 6480000 180 2880 0.50 0.25 114372 | 162000 0.71 1700 1700
140 2698 1800 | 4856400 90 5396 3600 | 19425600 180 2880 1.50 0.75 114372 | 162000 0.71 850 867
141 1524 2642 | 4025798 | 193 1524 2642 4025798 193 2634 0.58 0.29 229677 | 510357 0.45 1219 711.2
142 1524 2642 | 4025798 | 193 1524 2642 4025798 193 2634 0.58 0.29 229677 | 510357 0.45 1219 711.2
143 1524 2642 | 4025798 | 193 1524 2642 4025798 193 2634 0.58 0.29 229677 | 510357 0.45 1219 711.2
144 1524 2642 | 4025798 | 193 1524 2642 4025798 193 2634 0.58 0.29 229677 | 510357 0.45 1219 711.2
145 1524 2642 | 4025798 | 193 1524 2642 4025798 193 2634 0.58 0.29 250322 | 510357 0.49 610 711.2
146 1524 2642 | 4025798 | 193 1524 2642 4025798 193 2634 0.58 0.29 271612 | 510357 0.53 610 711.2
147 2640 3860 | 10190400 200 2640 3860 | 10190400| 200 3088 0.68 0.68 312464 | 772000 0.40 1219 1200
148 2640 3860 | 10190400 200 2640 3860 | 10190400 200 3088 0.68 0.68 312464 | 772000 0.40 1219 1200
149 2640 3860 | 10190400 200 2640 3860 | 10190400| 200 3088 0.68 0.34 312464 | 772000 0.40 1219 1200
150 2640 3860 | 10190400 200 2640 3860 |10190400] 200 3088 0.68 0.34 312464 | 772000 0.40 1219 1200
151 2640 2850 | 7524000 | 193 2640 2850 7524000 193 2280 0.93 0.93 335806 | 550050 | 0.61 1219 1320
152 2640 2850 | 7524000 | 193 2640 2850 7524000 193 2280 0.93 0.93 335806 | 550050 0.61 1219 2640
153 2640 2850 | 7524000 | 193 2640 2850 7524000 193 2280 0.93 0.93 378838 | 550050 0.69 1219 2640
154 2640 2850 | 7524000 | 193 2640 2850 7524000 193 2280 0.93 0.93 378838 | 550050 0.69 1219 1320
155 2640 2850 | 7524000 | 193 2640 2850 7524000 193 2280 0.93 0.93 378838 | 550050 0.69 1219 2640
156 2640 4270 | 11272800| 193 2640 4270 | 11272800 193 3416 0.62 0.62 503612 | 8241101 0.61 1219 1320
157 2640 4270 | 11272800| 193 2640 4270 | 11272800 193 3416 0.62 0.62 546773 | 824110 0.66 1219 2640
158 2640 4270 | 11272800| 193 2640 4270 | 11272800 193 3416 0.62 0.62 546773 | 824110 0.66 1219 2640
159 2337 2631 | 6148647 | 194 2337 2631 6148647 194 2631 0.89 0.89 229677 | 510414 0.45 1219 1219
160 2337 2631 | 6148647 | 194 2337 2631 6148647 194 2631 0.89 0.89 229677 | 510414 0.45 1219 1219
161 2337 2631 | 6148647 | 194 2337 2631 6148647 194 2631 0.89 0.89 229677 | 510414 0.45 1219 1219
162 2337 2631 | 6148647 | 194 2337 2631 6148647 194 2631 0.89 0.89 250322 | 510414 ( 0.49 813 1219
163 2337 2631 | 6148647 | 194 2337 2631 6148647 194 2631 0.89 0.89 271612 | 510414 0.53 610 1219
164 1200 1590 | 1908000 [ 190 1200 1590 1908000 190 1272 0.75 0.75 204900 | 302100 0.68 1200 1200
165 1200 1590 | 1908000 [ 190 1200 1590 1908000 190 1272 0.75 0.75 204900 | 302100 0.68 1200 1200
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WALL GEOMETRY PARTIAL GROUTING
Vertical Hor.
Wall # H L A t Hscaled Lscaled Ascaled tscaled dv,scaled H/L M/ (VL) Anet Agross Aﬂﬂ/ Grout Grout
[mm] | [mm] [ [mm2] |[mm]| [mm] [mm] [mm2] [mm] [mm] = = [mm] [mm] | Agos | Spacing Spacing
[mm] [mm]
166 1200 1590 1908000 190 1200 1590 1908000 190 1272 0.75 0.75 204900 | 302100| 0.68 1200 1200
167 1200 1590 | 1908000 [ 190 1200 1590 1908000 190 1272 0.75 0.75 204900 [ 302100 0.68 1200 1200
168 1200 1590 | 1908000 [ 190 1200 1590 1908000 190 1272 0.75 0.75 204900 [ 302100 0.68 1200 1200
169 1200 1590 | 1908000 [ 190 1200 1590 1908000 190 1272 0.75 0.75 204900 [ 302100 0.68 1200 1200
170 1200 1590 1908000 190 1200 1590 1908000 190 1272 0.75 0.75 204900 | 302100| 0.68 1200 1200
171 1200 1590 | 1908000 [ 190 1200 1590 1908000 190 1272 0.75 0.75 204900 [ 302100 0.68 1200 1200
172 1200 1590 1908000 190 1200 1590 1908000 190 1272 0.75 0.75 204900 | 302100| 0.68 1200 1200
173 1200 1590 | 1908000 [ 190 1200 1590 1908000 190 1272 0.75 0.75 204900 [ 302100 0.68 600 1200
174 1200 1590 1908000 190 1200 1590 1908000 190 1272 0.75 0.75 204900 | 302100| 0.68 600 1200
175 1200 1590 1908000 190 1200 1590 1908000 190 1272 0.75 0.75 204900 | 302100| 0.68 600 1200
176 1200 1590 1908000 190 1200 1590 1908000 190 1272 0.75 0.75 204900 | 302100| 0.68 600 1200
177 1200 1590 1908000 190 1200 1590 1908000 190 1272 0.75 0.75 204900 | 302100| 0.68 600 1200
178 1200 1590 | 1908000 [ 190 1200 1590 1908000 190 1272 0.75 0.75 204900 [ 302100 0.68 600 1200
179 1200 1590 1908000 190 1200 1590 1908000 190 1272 0.75 0.75 204900 | 302100 0.68 1200 1200
180 1200 1590 | 1908000 [ 190 1200 1590 1908000 190 1272 0.75 0.75 204900 [ 302100 0.68 1200 1200
181 1200 1590 1908000 190 1200 1590 1908000 190 1272 0.75 0.75 204900 | 302100| 0.68 1200 1200
182 1200 1590 | 1908000 [ 190 1200 1590 1908000 190 1272 0.75 0.75 204900 [ 302100| 0.68 1200 1200
183 1200 1590 | 1908000 [ 190 1200 1590 1908000 190 1272 0.75 0.75 204900 [ 302100 0.68 1200 1200
184 1200 1590 | 1908000 [ 190 1200 1590 1908000 190 1272 0.75 0.75 204900 [ 302100( 0.68 1200 1200
185 1200 1590 | 1908000 [ 190 1200 1590 1908000 190 1272 0.75 0.75 204900 [ 302100 0.68 1200 1200
186 1200 1590 1908000 190 1200 1590 1908000 190 1272 0.75 0.75 204900 | 302100| 0.68 1200 1200
187 1200 1590 | 1908000 [ 190 1200 1590 1908000 190 1272 0.75 0.75 204900 [ 302100 0.68 1200 1200
188 1200 1590 1908000 190 1200 1590 1908000 190 1272 0.75 0.75 204900 | 302100| 0.68 1200 1200
189 1200 1590 | 1908000 [ 190 1200 1590 1908000 190 1272 0.75 0.75 204900 [ 302100 0.68 1200 1200
190 1200 1590 1908000 190 1200 1590 1908000 190 1272 0.75 0.75 204900 | 302100| 0.68 1200 1200
191 1200 1590 1908000 190 1200 1590 1908000 190 1272 0.75 0.75 204900 | 302100| 0.68 600 1200
192 1200 1590 1908000 190 1200 1590 1908000 190 1272 0.75 0.75 204900 | 302100| 0.68 600 1200
193 1200 1590 1908000 190 1200 1590 1908000 190 1272 0.75 0.75 204900 | 302100| 0.68 600 1200
194 1200 1590 | 1908000 | 190 1200 1590 1908000 190 1272 0.75 0.75 204900 [ 302100| 0.68 600 1200
195 1200 1590 1908000 190 1200 1590 1908000 190 1272 0.75 0.75 204900 | 302100| 0.68 600 1200
196 1200 1590 | 1908000 | 190 1200 1590 1908000 190 1272 0.75 0.75 204900 [ 302100| 0.68 600 1200
197 1200 1590 1908000 190 1200 1590 1908000 190 1272 0.75 0.75 204900 | 302100| 0.68 1200 1200
198 1200 1590 1908000 190 1200 1590 1908000 190 1272 0.75 0.75 204900 | 302100| 0.68 1200 1200
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WALL GEOMETRY PARTIAL GROUTING
Vertical Hor.
Wall # H L A t Hscaled Lscaled Ascaled tscaled dv,scaled H/L M/ (VL) Anet Agross Anet/ Grout Grout
[mm] | [mm] [ [mm2] |[mm]| [mm] [mm] [mm2] [mm] [mm] = = [mm] [mm] | Agos | Spacing Spacing

[mm] [mm]

199 1200 1590 | 1908000 [ 190 1200 1590 1908000 190 1272 0.75 0.75 204900 [ 302100 0.68 1200 1200
200 1200 1590 | 1908000 [ 190 1200 1590 1908000 190 1272 0.75 0.75 204900 [ 302100 0.68 1200 1200
201 1200 1590 | 1908000 [ 190 1200 1590 1908000 190 1272 0.75 0.75 204900 [ 302100 0.68 1200 1200
202 1200 1590 | 1908000 [ 190 1200 1590 1908000 190 1272 0.75 0.75 204900 | 302100 0.68 1200 1200
203 1200 1590 | 1908000 [ 190 1200 1590 1908000 190 1272 0.75 0.75 204900 [ 302100 0.68 1200 1200
204 1200 1590 | 1908000 [ 190 1200 1590 1908000 190 1272 0.75 0.75 204900 | 302100 0.68 1200 1200
205 1200 1590 | 1908000 [ 190 1200 1590 1908000 190 1272 0.75 0.75 204900 [ 302100 0.68 1200 1200
206 1200 1590 | 1908000 [ 190 1200 1590 1908000 190 1272 0.75 0.75 204900 | 302100 0.68 1200 1200
207 1200 1590 | 1908000 [ 190 1200 1590 1908000 190 1272 0.75 0.75 204900 | 302100 0.68 1200 1200
208 1200 1590 | 1908000 [ 190 1200 1590 1908000 190 1272 0.75 0.75 204900 | 302100 0.68 1200 1200
209 1200 1590 | 1908000 [ 190 1200 1590 1908000 190 1272 0.75 0.75 204900 | 302100 0.68 600 1200
210 1200 1590 | 1908000 [ 190 1200 1590 1908000 190 1272 0.75 0.75 204900 [ 302100 0.68 600 1200
211 1200 1590 | 1908000 [ 190 1200 1590 1908000 190 1272 0.75 0.75 204900 | 302100 0.68 600 1200
212 1200 1590 | 1908000 [ 190 1200 1590 1908000 190 1272 0.75 0.75 204900 [ 302100( 0.68 600 1200
213 1200 1590 | 1908000 [ 190 1200 1590 1908000 190 1272 0.75 0.75 204900 | 302100 0.68 600 1200
214 1200 1590 | 1908000 [ 190 1200 1590 1908000 190 1272 0.75 0.75 204900 [ 302100 0.68 600 1200
215 1200 1590 | 1908000 [ 190 1200 1590 1908000 190 1272 0.75 0.75 204900 [ 302100 0.68 1200 1200
216 1200 1590 | 1908000 [ 190 1200 1590 1908000 190 1272 0.75 0.75 204900 [ 302100 0.68 1200 1200
217 1200 1590 | 1908000 [ 190 1200 1590 1908000 190 1272 0.75 0.75 204900 [ 302100 0.68 1200 1200
218 1200 1590 | 1908000 [ 190 1200 1590 1908000 190 1272 0.75 0.75 204900 | 302100 0.68 1200 1200
219 1200 1590 | 1908000 [ 190 1200 1590 1908000 190 1272 0.75 0.75 204900 [ 302100 0.68 1200 1200
220 1200 1590 | 1908000 [ 190 1200 1590 1908000 190 1272 0.75 0.75 204900 | 302100 0.68 1200 1200
221 1200 1590 | 1908000 [ 190 1200 1590 1908000 190 1272 0.75 0.75 204900 [ 302100 0.68 1200 1200
222 1200 1590 | 1908000 [ 190 1200 1590 1908000 190 1272 0.75 0.75 204900 | 302100 0.68 1200 1200
223 1200 1590 | 1908000 [ 190 1200 1590 1908000 190 1280 0.75 0.75 204900 | 302100 0.68 1200 1200
224 1200 1590 | 1908000 [ 190 1200 1590 1908000 190 1272 0.75 0.75 204900 | 302100 0.68 1200 1200
225 1200 1590 | 1908000 [ 190 1200 1590 1908000 190 1272 0.75 0.75 204900 | 302100 0.68 1200 1200
226 1200 1590 | 1908000 [ 190 1200 1590 1908000 190 1272 0.75 0.75 204900 [ 302100( 0.68 1200 1200
227 1200 1590 | 1908000 [ 190 1200 1590 1908000 190 1272 0.75 0.75 204900 | 302100 0.68 1200 1200
228 1200 1590 | 1908000 | 190 1200 1590 1908000 190 1272 0.75 0.75 204900 [ 302100| 0.68 1200 1200
229 1200 1590 | 1908000 [ 190 1200 1590 1908000 190 1272 0.75 0.75 204900 | 302100 0.68 1200 1200
230 1800 1800 | 3240000 [ 190 1800 1800 3240000 190 1440 1.00 0.50 188910 | 342000 0.55 800 800
231 1800 1800 | 3240000 | 190 1800 1800 3240000 190 1440 1.00 0.50 188910 [ 342000 0.55 800 800
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WALL GEOMETRY PARTIAL GROUTING
Vertical Hor.
Wall # H L A t Hscaled Lscaled Ascaled tscaled dv,scaled H/L M/ (VL) Anet Agross Aﬂﬂ/ Grout Grout
[mm] | [mm] [ [mm2] |[mm]| [mm] [mm] [mm2] [mm] [mm] = = [mm] [mm] | Agos | Spacing Spacing
[mm] [mm]
232 1800 1800 3240000 190 1800 1800 3240000 190 1440 1.00 0.50 188910 | 342000| 0.55 800 800
233 1800 1800 | 3240000 [ 190 1800 1800 3240000 190 1440 1.00 0.50 188910 | 342000 0.55 800 800
234 1800 1800 | 3240000 [ 190 1800 1800 3240000 190 1440 1.00 0.50 188910 | 342000 0.55 800 800
235 1800 1800 | 3240000 [ 190 1800 1800 3240000 190 1440 1.00 0.50 188910 | 342000 0.55 800 800
236 1800 1800 3240000 190 1800 1800 3240000 190 1440 1.00 0.50 188910 | 342000| 0.55 800 800
237 1800 1800 | 3240000 [ 190 1800 1800 3240000 190 1440 1.00 0.50 188910 | 342000 0.55 800 800
238 1800 1800 3240000 190 1800 1800 3240000 190 1440 1.00 0.50 188910 | 342000| 0.55 800 800
239 1800 1800 | 3240000 [ 190 1800 1800 3240000 190 1440 1.00 0.50 188910 | 342000 0.55 800 800
240 1800 1800 3240000 190 1800 1800 3240000 190 1440 1.00 0.50 188910 | 342000| 0.55 800 600
241 1800 1800 3240000 190 1800 1800 3240000 190 1440 1.00 0.50 188910 | 342000| 0.55 800 600
242 1800 1800 3240000 190 1800 1800 3240000 190 1440 1.00 0.50 188910 | 342000| 0.55 800 1800
243 1800 1800 3240000 190 1800 1800 3240000 190 1440 1.00 0.50 188910 | 342000| 0.55 800 1800
244 1800 1800 | 3240000 [ 190 1800 1800 3240000 190 1440 1.00 0.50 188910 | 342000 0.55 800 1800
245 1800 1800 3240000 190 1800 1800 3240000 190 1440 1.00 0.50 188910 | 342000| 0.55 800 1800
246 1800 1800 | 3240000 [ 190 1800 1800 3240000 190 1440 1.00 0.50 188910 | 342000 0.55 800 1800
247 1800 1800 3240000 190 1800 1800 3240000 190 1440 1.00 0.50 188910 | 342000| 0.55 800 1800
248 1233 1235 1522755 91 2466 2470 6091020 181.4 1976 1.00 0.50 51073 | 112015| 0.46 1233 1235
249 1233 1235 | 1522755 91 2466 2470 6091020 | 181.4 1976 1.00 0.50 51073 | 112015| 0.46 1233 1235
250 1233 1235 | 1522755 91 2466 2470 6091020 | 181.4 1976 1.00 0.50 51073 | 112015| 0.46 1233 1235
251 1233 1235 | 1522755 91 2466 2470 6091020 | 181.4 1976 1.00 0.50 51073 | 112015| 0.46 1233 1235
252 1233 1235 1522755 91 2466 2470 6091020 181.4 1976 1.00 0.50 51073 | 112015| 0.46 1233 1235
253 1233 1235 | 1522755 91 2466 2470 6091020 | 181.4 1976 1.00 0.50 51073 | 112015| 0.46 1233 1235
254 2372 1235 2929420 91 4744 2470 11717680 181.4 1976 1.92 0.96 56480 | 112015| 0.50 1233 1235
255 2372 1235 | 2929420 [ 91 4744 2470 | 11717680 181.4 1976 1.92 0.96 56480 | 112015| 0.50 1233 1235
256 2372 1235 2929420 91 4744 2470 11717680 181.4 1976 1.92 0.96 56480 | 112015| 0.50 1233 1235
257 2372 1235 2929420 91 4744 2470 11717680 181.4 1976 1.92 0.96 56480 | 112015| 0.50 1233 1235
258 2372 1235 2929420 91 4744 2470 11717680 181.4 1976 1.92 0.96 56480 | 112015| 0.50 1233 1235
259 2372 1235 2929420 91 4744 2470 11717680 181.4 1976 1.92 0.96 56480 | 112015| 0.50 1233 1235
260 2372 760 1802720 | 91 4744 1520 7210880 | 181.4 1216 3.12 1.56 46401 68932 | 0.67 1233 760
261 2372 760 1802720 91 4744 1520 7210880 181.4 1216 3.12 1.56 46401 68932 0.67 1233 760
262 2372 760 1802720 | 91 4744 1520 7210880 | 181.4 1216 3.12 1.56 46401 68932 | 0.67 1233 760
263 2372 760 1802720 91 4744 1520 7210880 181.4 1216 3.12 1.56 46401 68932 0.67 1233 760
264 2372 760 1802720 91 4744 1520 7210880 181.4 1216 3.12 1.56 46401 68932 0.67 1233 760
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WALL GEOMETRY PARTIAL GROUTING
Vertical Hor.
Wall # H L A t Hscaled Lscaled Ascaled tscaled dv,scaled H/L M/ (VL) Anet Agross Aﬂﬂ/ Grout Grout
[mm] | [mm] [ [mm2] |[mm]| [mm] [mm] [mm2] [mm] [mm] = = [mm] [mm] | Agos | Spacing Spacing
[mm] [mm]
265 2372 760 1802720 | 91 4744 1520 7210880 | 181.4 1216 3.12 1.56 46401 | 68932 | 0.67 1233 760
266 853 760 648280 91 1706 1520 2593120 181.4 1216 1.12 0.56 35588 | 68932 | 0.52 1233 760
267 853 760 648280 91 1706 1520 2593120 181.4 1216 1.12 0.56 35588 | 68932 | 0.52 1233 760
268 853 760 648280 91 1706 1520 2593120 181.4 1216 1.12 0.56 35588 68932 0.52 1233 760
269 1790 1790 3204100 190 1790 1790 3204100 190 1432 1.00 0.50 163700 | 340100| 0.48 780 760
270 1790 1790 3204100 190 1790 1790 3204100 190 1432 1.00 0.50 163700 | 340100| 0.48 780 760
271 1790 1790 3204100 190 1790 1790 3204100 190 1432 1.00 0.50 163700 [ 340100| 0.48 780 760
272 1790 1790 3204100 | 190 1790 1790 3204100 190 1432 1.00 0.50 163700 | 340100 0.48 780 760
273 1790 1790 3204100 190 1790 1790 3204100 190 1432 1.00 0.50 163700 | 340100| 0.48 780 760
274 1790 1790 3204100 | 190 1790 1790 3204100 190 1432 1.00 0.50 163700 | 340100 0.48 780 760
275 1790 1790 3204100 190 1790 1790 3204100 190 1432 1.00 0.50 163700 [ 340100| 0.48 780 760
276 1790 1790 3204100 | 190 1790 1790 3204100 190 1432 1.00 0.50 163700 | 340100 0.48 780 760
277 1790 1790 3204100 | 190 1790 1790 3204100 190 1432 1.00 0.50 163700 | 340100 0.48 780 760
278 1790 1790 3204100 | 190 1790 1790 3204100 190 1432 1.00 0.50 163700 | 340100 0.48 780 760
279 1790 1790 3204100 | 190 1790 1790 3204100 190 1432 1.00 0.50 163700 | 340100 0.48 780 570
280 1790 1790 3204100 190 1790 1790 3204100 190 1432 1.00 0.50 163700 | 340100| 0.48 780 570
281 1790 1790 3204100 | 190 1790 1790 3204100 190 1432 1.00 0.50 163700 | 340100 0.48 780 760
282 1790 1790 3204100 190 1790 1790 3204100 190 1432 1.00 0.50 163700 | 340100| 0.48 780 760
283 1930 1990 3840700 140 1930 1990 3840700 140 1592 0.97 0.97 170668 | 278600 | 0.61 618 1930
284 1930 1990 3840700 140 1930 1990 3840700 140 1592 0.97 0.97 170668 | 278600 | 0.61 618 1930
285 1930 1990 3840700 140 1930 1990 3840700 140 1592 0.97 0.97 170668 | 278600 | 0.61 618 1930
286 1930 1990 3840700 | 140 1930 1990 3840700 140 1592 0.97 0.97 170668 | 278600 0.61 618 1930
287 1130 2590 2926700 140 1130 2590 2926700 140 2072 0.44 0.44 218542 | 362600| 0.60 607 1130
288 1130 2590 2926700 | 140 1130 2590 2926700 140 2072 0.44 0.44 218542 | 362600( 0.60 607 1130
289 1130 2590 2926700 140 1130 2590 2926700 140 2072 0.44 0.44 218542 | 362600 | 0.60 607 1130
290 1930 990 1910700 | 140 1930 990 1910700 140 792 1.95 1.95 102474 | 138600 0.74 400 1930
291 1930 990 1910700 | 140 1930 990 1910700 140 792 1.95 1.95 102474 | 138600 0.74 400 1930
292 1930 990 1910700 140 1930 990 1910700 140 792 1.95 1.95 102474 | 138600| 0.74 400 1930
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MASONRY MATERIALS

Wall # fotock | fmortar fgrout ¥ fm(gmuted) f'm(ungmuted # of courses h/t # of CODrIl_lel(illlon f'mcor(gmuted) f'mcor(ungrouted) fmcor,aff
[MPa] | [MPa] | [MPa] [MPa] y[MPa] in prism prism | tests Factor k [MPa] [MPa] [MPa]
1 14.4 199 | 315 46% 12.0 9.9 - - - 1.000 12.0 9.9 10.2
2 20.1 219 | 36.1 46% 13.6 12.4 - - - 1.000 13.6 12.4 12.6
3 14.4 199 | 315 46% 12.0 9.9 - - - 1.000 12.0 9.9 10.2
4 20.1 219 | 315 46% 13.3 9.9 - - - 1.000 13.3 9.9 10.4
5 14.4 199 | 315 46% 12.0 9.9 - - - 1.000 12.0 9.9 10.2
6 20.1 219 | 315 46% 13.3 9.9 - - - 1.000 13.3 9.9 10.4
7 14.4 199 | 36.1 46% 12.3 12.4 - - - 1.000 12.3 12.4 12.4
8 20.1 219 | 315 46% 13.3 9.9 - - - 1.000 13.3 9.9 10.4
9 14.4 199 | 36.1 46% 12.3 12.4 - - - 1.000 12.3 12.4 124
10 20.1 219 | 36.1 46% 13.6 12.4 - - - 1.000 13.6 12.4 12.6
11 14.4 199 | 36.1 46% 12.3 12.4 - - - 1.000 12.3 12.4 124
12 20.1 219 | 36.1 46% 13.6 12.4 - - - 1.000 13.6 12.4 12.6
13 - 25.8 22.0 - no info 10.3 3 3.93 - 0.938 no info 9.7 no info
14 - 23.8 21.0 - no info 10.3 3 3.93 - 0.938 no info 9.7 no info
15 - 20.9 29.4 - no info 10.3 3 3.93 - 0.938 no info 9.7 no info
16 - 15.7 14.8 - no info 10.3 3 3.93 - 0.938 no info 9.7 no info
17 - 22.8 30.6 - no info 10.3 3 3.93 - 0.938 no info 9.7 no info
18 - 214 243 - no info 10.3 3 3.93 - 0.938 no info 9.7 no info
19 - 22.0 323 - no info 10.3 3 3.93 - 0.938 no info 9.7 no info
20 - 16.1 21.0 - no info 10.3 3 3.93 - 0.938 no info 9.7 no info
21 - 21.5 22.8 - no info 10.3 3 3.93 - 0.938 no info 9.7 no info
22 - 21.7 304 - no info 10.3 3 3.93 - 0.938 no info 9.7 no info
23 - 15.2 29.3 - no info 10.3 3 3.93 - 0.938 no info 9.7 no info
24 - 204 33.1 - no info 10.3 3 3.93 - 0.938 no info 9.7 no info
25 - 25.7 13.3 - no info 14.4 3 3.93 - 0.938 no info 13.5 no info
26 - 23.1 159 - no info 144 3 3.93 - 0.938 no info 13.5 no info
27 - 24.8 18.8 - no info 144 3 3.93 - 0.938 no info 13.5 no info
28 - 204 10.6 - no info 144 3 3.93 - 0.938 no info 13.5 no info
29 - 17.6 8.1 - no info 14.4 3 3.93 - 0.938 no info 13.5 no info
30 - 17.5 11.9 - no info 14.4 3 3.93 - 0.938 no info 13.5 no info
31 - 17.7 14.5 - no info 14.4 3 3.93 - 0.938 no info 13.5 no info
32 - 24.1 232 - no info 14.4 3 3.93 - 0.938 no info 13.5 no info
33 - 11.6 12.3 - no info 14.4 3 3.93 - 0.938 no info 13.5 no info
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MASONRY MATERIALS

Wall # fotock | fmortar fgrout ¥ fm(grou&ed) f'm(ungrouted # of courses h/t # of CODrIl_lel(?tlllon f'mcor(gmu&ed) f'mcor(ungmuted) fmcor,eff
[MPa] | [MPa] | [MPa] [MPa] y[MPa] in prism prism | tests Factor k [MPa] [MPa] [MPa]
34 20.3 15.9 14.0 - 15.5 17.8 5 7.00 5 1.000 15.5 17.8 16.7
35 20.3 15.9 14.0 - 15.5 17.8 5 7.00 5 1.000 15.5 17.8 16.7
36 - 19.0 26.3 60% 11.8 10.6 5 5.00 3 1.000 11.8 10.6 11.0
37 - 19.0 26.3 60% 11.8 10.6 5 5.00 3 1.000 11.8 10.6 11.0
38 - 20.3 47.2 60% 11.8 10.8 5 5.00 3 1.000 11.8 10.8 11.1
39 - 16.0 47.5 60% 11.8 10.0 5 5.00 3 1.000 11.8 10.0 10.6
40 - - 26.0 - 14.9 16.0 3 421 4 0.955 14.2 15.3 14.9
41 - - 26.0 - 14.9 16.0 3 421 4 0.955 14.2 15.3 14.9
42 - - 26.0 - 14.9 16.0 3 4.21 4 0.955 14.2 153 14.9
43 - - 23.0 58% 16.4 9.5 3 3.93 - 0.938 15.4 8.9 13.4
44 - - 23.0 58% 27.0 15.6 3 3.93 0.938 25.3 14.6 22.1
45 - - 23.0 58% 16.4 9.5 3 3.93 - 0.938 15.4 8.9 13.5
46 - - 23.0 58% 27.0 15.6 3 3.93 - 0.938 25.3 14.6 222
47 - - 23.0 58% 16.4 9.5 3 3.93 - 0.938 15.4 8.9 13.5
48 - - 23.0 58% 27.0 15.6 3 3.93 - 0.938 25.3 14.6 223
49 - - 23.0 58% 16.4 9.5 3 3.93 - 0.938 15.4 8.9 13.5
50 - - 23.0 58% 16.4 9.5 3 3.93 - 0.938 15.4 8.9 13.5
51 - - 23.0 58% 16.4 9.5 3 3.93 - 0.938 15.4 8.9 13.5
52 - - 23.0 58% 16.4 9.5 3 3.93 - 0.938 15.4 8.9 13.5
53 - - 23.0 58% 16.4 9.5 3 3.93 - 0.938 15.4 8.9 13.5
54 - - 23.0 58% 27.0 15.6 3 3.93 - 0.938 25.3 14.6 22.2
55 - - 23.0 58% 27.0 15.6 3 3.93 - 0.938 25.3 14.6 222
56 - - 23.0 58% 27.0 15.6 3 3.93 - 0.938 25.3 14.6 22.2
57 - - 23.0 58% 14.0 8.1 3 3.93 - 0.938 13.1 7.6 11.6
58 - - 23.0 58% 14.0 8.1 3 3.93 - 0.938 13.1 7.6 11.6
59 - - 23.0 58% 14.0 8.1 3 3.93 - 0.938 13.1 7.6 11.6
60 - - 23.0 58% 14.0 8.1 3 3.93 - 0.938 13.1 7.6 11.6
61 - - 23.0 58% 14.0 8.1 3 3.93 - 0.938 13.1 7.6 11.6
62 - - 23.0 58% 27.0 15.6 3 3.93 - 0.938 25.3 14.6 22.2
63 - - 23.0 58% 14.0 8.1 3 3.93 - 0.938 13.1 7.6 11.5
64 - - 23.0 58% 27.0 15.6 3 3.93 - 0.938 25.3 14.6 22.2
65 - - 23.0 58% 27.0 15.6 3 3.93 - 0.938 25.3 14.6 222
66 - - 23.0 58% 15.2 8.8 3 3.93 - 0.938 14.3 8.3 13.1
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MASONRY MATERIALS

Wall # fotock | fmortar fgrout ¥ fm(gmuted) f'm(ungmuted # of courses h/t # of CODrIl_lel(illlon f'mcor(gmuted) f'mcor(ungmuted) fmcor,aff
[MPa] | [MPa] | [MPa] [MPa] y[MPa] in prism prism | tests Factor k [MPa] [MPa] [MPa]
67 - - 23.0 58% 15.2 8.8 3 3.93 - 0.938 14.3 8.3 12.7
68 - - 23.0 58% 15.2 8.8 3 3.93 - 0.938 14.3 8.3 12.9
69 - - 23.0 58% 15.2 8.8 3 3.93 - 0.938 14.3 8.3 11.5
70 - - 23.0 58% 15.2 8.8 3 3.93 - 0.938 14.3 8.3 12.7
71 - - 23.0 58% 15.2 8.8 3 3.93 - 0.938 14.3 8.3 12.6
72 17.4 9.3 9.3 53% 7.8 9.7 - - - 1.000 7.8 9.7 8.4
73 17.4 9.3 9.3 53% 7.8 9.7 - - - 1.000 7.8 9.7 8.4
74 17.4 9.3 9.3 53% 7.8 9.7 - - - 1.000 7.8 9.7 8.4
75 17.4 9.3 9.3 53% 7.8 9.7 - - - 1.000 7.8 9.7 8.4
76 17.4 9.3 9.3 53% 7.8 9.7 - - - 1.000 7.8 9.7 8.4
77 15.5 7.0 7.0 53% 6.5 8.1 - - - 1.000 6.5 8.1 7.1
78 15.5 7.0 7.0 53% 6.5 8.1 - - - 1.000 6.5 8.1 7.1
79 15.5 7.0 7.0 53% 6.5 8.1 - - - 1.000 6.5 8.1 7.1
80 15.5 7.0 7.0 53% 6.5 8.1 - - - 1.000 6.5 8.1 7.1
81 15.5 7.0 7.0 53% 6.5 8.1 - - - 1.000 6.5 8.1 7.1
82 19.3 15.8 21.2 53% 8.6 12.2 3 3.00 - 0.878 7.6 10.7 9.2
83 19.3 15.8 21.2 53% 8.6 12.2 3 3.00 - 0.878 7.6 10.7 9.2
84 19.3 17.2 21.2 53% 9.2 12.5 3 3.00 - 0.878 8.1 11.0 9.6
85 19.3 17.2 21.2 53% 9.2 12.5 3 3.00 - 0.878 8.1 11.0 9.6
86 19.3 196 | 212 53% 8.4 13.1 3 3.00 - 0.878 7.4 11.5 9.5
87 19.3 19.6 21.2 53% 8.4 13.1 3 3.00 - 0.878 7.4 11.5 9.5
88 19.3 223 21.2 53% 11.2 13.6 3 3.00 - 0.878 9.8 12.0 109
89 19.3 223 21.2 53% 11.2 13.6 3 3.00 - 0.878 9.8 12.0 10.9
90 19.3 17.3 21.2 53% 9.2 12.6 3 3.00 - 0.878 8.1 11.0 9.6
91 19.3 17.3 21.2 53% 9.2 12.6 3 3.00 - 0.878 8.1 11.0 9.6
92 19.3 18.1 21.2 53% 11.0 12.7 3 3.00 - 0.878 9.7 11.2 10.5
93 19.3 18.1 21.2 53% 11.0 12.7 3 3.00 - 0.878 9.7 11.2 10.5
94 19.3 19.6 21.2 53% 8.4 13.1 3 3.00 - 0.878 7.4 11.5 9.5
95 19.3 19.6 | 212 53% 8.4 13.1 3 3.00 - 0.878 7.4 11.5 9.5
96 19.3 17.9 21.2 53% 8.3 12.7 3 3.00 - 0.878 7.3 11.1 9.3
97 19.3 179 | 212 53% 8.3 12.7 3 3.00 - 0.878 7.3 11.1 9.3
98 12.5 - 10.7 52% no info no info 2 2.00 - 0.812 no info no info no info
99 12.5 - 10.7 52% no info no info 2 2.00 - 0.812 no info no info no info
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MASONRY MATERIALS

Wall # fotock | fmortar fgrout ¥ fm(gmuted) f'm(ungmuted # of courses h/t # of CODrIl_lel(illlon f'mcor(gmuted) f'mcor(ungmuted) fmcor,aff
[MPa] | [MPa] | [MPa] [MPa] y[MPa] in prism prism | tests Factor k [MPa] [MPa] [MPa]
100 12.5 - 10.7 52% no info no info 2 2.00 - 0.812 no info no info no info
101 12.5 - 10.7 52% no info no info 2 2.00 - 0.812 no info no info no info
102 12.5 - 10.7 52% no info no info 2 2.00 - 0.812 no info no info no info
103 12.5 - 10.7 52% no info no info 2 2.00 - 0.812 no info no info no info
104 12.5 - 10.7 52% no info no info 2 2.00 - 0.812 no info no info no info
105 12.5 - 10.7 52% no info no info 2 2.00 - 0.812 no info no info no info
106 12.5 - 10.7 52% no info no info 2 2.00 - 0.812 no info no info no info
107 12.5 - 10.7 52% no info no info 2 2.00 - 0.812 no info no info no info
108 19.3 15.5 31.0 - 20.0 15.9 3 445 6 0.969 19.4 15.4 15.9
109 19.3 15.5 31.0 - 20.0 15.9 3 4.45 6 0.969 19.4 15.4 16.2
110 19.3 15.5 31.0 - 20.0 15.9 3 4.45 6 0.969 19.4 15.4 16.2
111 19.3 15.5 31.0 - 20.0 15.9 3 4.45 6 0.969 19.4 15.4 16.2
112 - - - - no info 13.0 - - - 1.000 no info 13.0 no info
113 - - - - no info 13.0 - - 1.000 no info 13.0 no info
114 - - - - no info 13.0 - - - 1.000 no info 13.0 no info
115 - - - - no info 13.0 - - - 1.000 no info 13.0 no info
116 - - - - no info 13.0 - - - 1.000 no info 13.0 no info
117 - - - - no info 13.0 - - - 1.000 no info 13.0 no info
118 - 21.7 | 29.6 - 17.6 17.1 2 2.00 - 0.812 14.3 13.9 139
119 - 21.7 29.6 - 17.6 17.1 2 2.00 - 0.812 14.3 13.9 14.0
120 - 21.7 | 29.6 - 17.6 17.1 2 2.00 - 0.812 14.3 13.9 14.0
121 - 21.7 29.6 - 17.6 17.1 2 2.00 - 0.812 14.3 13.9 13.9
122 - 21.7 | 29.6 - 17.6 17.1 2 2.00 - 0.812 14.3 13.9 14.0
123 - 21.7 29.6 - 17.6 17.1 2 2.00 - 0.812 14.3 13.9 14.0
124 23.3 222 28.2 - 16.5 14.5 2 2.00 - 0.812 13.4 11.8 12.0
125 233 222 | 282 - 16.5 14.5 2 2.00 - 0.812 13.4 11.8 12.1
126 233 222 | 282 - 16.5 14.5 2 2.00 - 0.812 13.4 11.8 12.2
127 233 222 | 282 - 16.5 14.5 2 2.00 - 0.812 13.4 11.8 12.0
128 23.3 222 28.2 - 16.5 14.5 2 2.00 - 0.812 13.4 11.8 12.1
129 233 222 28.2 - 16.5 14.5 2 2.00 - 0.812 13.4 11.8 12.2
130 - - - - - - 3 421 - 0.955 - - 18.5
131 - - - - - - 3 421 - 0.955 - - 18.5
132 114 10.0 - 54% - 7.5 3 3.00 - 0.878 - 6.6 6.6
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MASONRY MATERIALS

Wall # fotock | fmortar fgrout ¥ fm(gmuted) f'm(ungmuted # of courses h/t # of CODrIl_lel(illlon f'mcor(gmuted) f'mcor(ungmuted) fmcor,aff
[MPa] | [MPa] | [MPa] [MPa] y[MPa] in prism prism | tests Factor k [MPa] [MPa] [MPa]
133 114 10.0 - 54% - 7.5 3 3.00 - 0.878 - 6.6 6.6
134 114 10.0 - 54% - 7.5 3 3.00 - 0.878 - 6.6 6.6
135 11.4 10.0 - 54% - 7.5 3 3.00 - 0.878 - 6.6 6.6
136 - 23.8 40.7 - 21.6 124 4 4.33 6 0.962 20.8 12.0 14.8
137 - 23.8 40.7 - 21.6 12.4 4 433 6 0.962 20.8 12.0 15.8
138 - 23.8 40.7 - 21.6 12.4 4 433 6 0.962 20.8 12.0 13.9
139 - 23.8 40.7 - 21.6 12.4 4 433 6 0.962 20.8 12.0 14.8
140 - 23.8 40.7 - 21.6 12.4 4 433 6 0.962 20.8 12.0 14.8
141 - 14.9 359 - 17.4 24.4 2 1.95 5 0.809 14.1 19.7 18.5
142 - 14.9 359 - 17.4 24.4 2 1.95 5 0.809 14.1 19.7 18.5
143 - 14.9 35.9 - 17.4 24.4 2 1.95 5 0.809 14.1 19.7 18.5
144 - 14.9 359 - 17.4 24.4 2 1.95 5 0.809 14.1 19.7 18.5
145 - 14.9 359 - 17.4 24.4 2 1.95 5 0.809 14.1 19.7 17.7
146 - 14.9 359 - 17.4 24.4 2 1.95 5 0.809 14.1 19.7 17.7
147 14.0 13.8 22.0 53% 8.3 9.4 2 2.00 >3 0.812 6.8 7.6 7.5
148 14.0 13.8 22.0 53% 8.3 9.4 2 2.00 >3 0.812 6.8 7.6 7.5
149 14.0 13.8 22.0 53% 8.3 9.4 2 2.00 >3 0.812 6.8 7.6 7.5
150 14.0 13.8 22.0 53% 8.3 9.4 2 2.00 >3 0.812 6.8 7.6 7.5
151 - 9.9 28.6 - 21.2 19.5 2 2.00 >3 0.812 17.2 15.8 16.1
152 - 9.9 28.6 - 17.0 17.7 2 2.00 >3 0.812 13.8 14.4 14.3
153 - 9.9 28.6 - 17.0 17.7 2 2.00 >3 0.812 13.8 14.4 14.3
154 - 9.9 28.6 - 20.5 19.2 2 2.00 >3 0.812 16.6 15.6 15.8
155 - 9.9 28.6 - 20.5 19.2 2 2.00 >3 0.812 16.6 15.6 15.8
156 - 9.9 28.6 - 20.5 19.2 2 2.00 >3 0.812 16.6 15.6 15.7
157 - 9.9 28.6 - 24.6 24.1 2 2.00 >3 0.812 20.0 19.6 19.6
158 - 9.9 28.6 - 20.5 254 2 2.00 >3 0.812 16.6 20.6 20.1
159 18.1 - 29.2 - 19.7 11.3 3 3.04 4 0.881 17.4 9.9 11.6
160 18.1 - 29.2 - 19.7 11.3 3 3.04 4 0.881 17.4 9.9 11.6
161 18.1 - 29.2 - 19.7 11.3 3 3.04 4 0.881 17.4 9.9 11.6
162 18.1 - 29.2 - 19.7 11.3 3 3.04 4 0.881 17.4 9.9 12.2
163 18.1 - 29.2 - 19.7 11.3 3 3.04 4 0.881 17.4 9.9 12.7
164 18.4 6.7 21.8 - 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
165 18.4 6.8 25.7 - 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
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MASONRY MATERIALS

Wall # fotock | fmortar fgrout fm(gmuted) f'm(ungmuted # of courses h/t # of CODrIl_lel(illlon f'mcor(gmuted) f'mcor(ungmuted) fmcor,aff
[MPa] | [MPa] | [MPa] [MPa] y[MPa] in prism prism | tests Factor k [MPa] [MPa] [MPa]
166 18.4 6.8 25.7 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
167 18.4 6.5 21.0 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
168 18.4 4.3 20.0 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
169 18.4 4.3 20.0 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
170 18.4 6.5 21.0 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
171 18.4 6.5 21.0 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
172 18.4 4.3 20.0 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
173 18.4 6.5 23.7 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
174 18.4 7.3 25.1 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
175 18.4 7.5 21.9 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
176 18.4 6.5 23.7 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
177 18.4 7.3 25.1 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
178 18.4 7.5 21.9 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
179 18.4 6.5 23.7 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
180 18.4 7.3 25.1 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
181 18.4 7.5 21.9 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
182 18.4 4.6 24.7 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
183 18.4 4.6 24.7 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
184 18.4 10.1 22.9 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
185 18.4 7.8 23.2 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
186 18.4 7.8 23.2 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
187 18.4 10.1 22.9 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
188 18.4 7.8 23.2 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
189 18.4 4.6 24.7 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
190 18.4 10.1 22.9 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
191 18.4 7.2 26.3 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
192 18.4 5.0 25.2 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
193 18.4 6.2 22.8 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
194 18.4 7.8 23.0 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
195 18.4 6.2 22.8 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
196 18.4 5.0 25.2 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
197 18.4 7.5 21.4 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
198 18.4 6.2 22.8 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
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MASONRY MATERIALS

Wall # fotock | fmortar fgrout fm(gmuted) f'm(ungmuted # of courses h/t # of CODrIl_lel(illlon f'mcor(gmuted) f'mcor(ungmuted) fmcor,aff
[MPa] | [MPa] | [MPa] [MPa] y[MPa] in prism prism | tests Factor k [MPa] [MPa] [MPa]
199 18.4 5.0 252 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
200 18.4 7.2 26.3 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
201 18.4 6.7 23.8 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
202 18.4 7.8 23.0 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
203 18.4 7.5 21.4 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
204 18.4 7.8 23.0 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
205 18.4 6.8 25.7 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
206 18.4 7.2 26.3 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
207 18.4 6.7 23.8 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
208 18.4 7.8 23.0 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
209 18.4 6.4 - 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
210 18.4 7.8 - 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
211 18.4 5.5 - 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
212 18.4 6.1 - 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
213 18.4 6.7 - 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
214 18.4 7.8 - 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
215 18.4 6.4 - 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
216 18.4 7.8 - 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
217 18.4 5.5 - 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
218 18.4 12.8 - 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
219 18.4 13.2 - 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
220 18.4 15.0 - 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
221 18.4 12.5 - 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
222 18.4 13.2 - 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
223 18.4 15.0 - 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
224 18.4 13.7 11.3 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
225 18.4 15.3 11.1 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
226 18.4 13.0 15.4 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
227 18.4 15.3 11.5 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
228 18.4 13.7 11.3 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
229 18.4 13.0 15.4 9.8 18.2 3 3.11 10 0.885 8.7 16.1 12.5
230 16.5 5.7 30.1 8.5 20.4 5 5.21 5 1.000 8.5 20.4 16.5
231 16.5 5.7 31.1 8.5 20.4 5 5.21 5 1.000 8.5 20.4 16.5
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MASONRY MATERIALS

Wall # fotock | fmortar fgrout fm(gmuted) f'm(ungmuted # of courses h/t # of CODrIl_lel(illlon f'mcor(gmuted) f'mcor(ungmuted) fmcor,aff
[MPa] | [MPa] | [MPa] [MPa] y[MPa] in prism prism | tests Factor k [MPa] [MPa] [MPa]
232 16.5 5.7 32.1 8.5 20.4 5 5.21 5 1.000 8.5 20.4 16.5
233 16.5 5.7 33.1 8.5 20.4 5 5.21 5 1.000 8.5 20.4 16.5
234 16.5 5.7 34.1 8.5 20.4 5 5.21 5 1.000 8.5 20.4 16.5
235 16.5 5.7 35.1 8.5 20.4 5 5.21 5 1.000 8.5 20.4 16.5
236 16.5 5.7 35.1 8.5 20.4 5 5.21 5 1.000 8.5 20.4 16.5
237 16.5 5.7 36.1 8.5 20.4 5 5.21 5 1.000 8.5 20.4 16.5
238 16.5 5.7 37.1 8.5 20.4 5 5.21 5 1.000 8.5 20.4 16.5
239 16.5 5.7 35.1 8.5 20.4 5 5.21 5 1.000 8.5 20.4 16.5
240 16.5 5.7 38.1 8.5 20.4 5 5.21 5 1.000 8.5 20.4 16.5
241 16.5 5.7 39.1 8.5 20.4 5 5.21 5 1.000 8.5 20.4 16.5
242 16.5 5.7 40.1 8.5 20.4 5 5.21 5 1.000 8.5 20.4 16.5
243 16.5 5.7 41.1 8.5 20.4 5 5.21 5 1.000 8.5 20.4 16.5
244 16.5 5.7 42.1 8.5 20.4 5 5.21 5 1.000 8.5 20.4 16.5
245 16.5 5.7 43.1 8.5 20.4 5 5.21 5 1.000 8.5 20.4 16.5
246 16.5 5.7 44.1 8.5 20.4 5 5.21 5 1.000 8.5 20.4 16.5
247 16.5 5.7 45.1 8.5 20.4 5 5.21 5 1.000 8.5 20.4 16.5
248 26.9 4.5 11.1 8.1 8.9 3 3.22 10 0.893 7.2 7.9 7.8
249 26.9 4.5 11.1 8.1 8.9 3 3.22 10 0.893 7.2 7.9 7.8
250 26.9 4.5 11.1 8.1 8.9 3 3.22 10 0.893 7.2 7.9 7.8
251 26.9 4.5 11.1 8.1 8.9 3 3.22 10 0.893 7.2 7.9 7.8
252 26.9 4.5 11.1 8.1 8.9 3 3.22 10 0.893 7.2 7.9 7.8
253 26.9 4.5 11.1 8.1 8.9 3 3.22 10 0.893 7.2 7.9 7.8
254 26.9 4.5 11.1 8.1 8.9 3 3.22 10 0.893 7.2 7.9 7.7
255 26.9 4.5 11.1 8.1 8.9 3 3.22 10 0.893 7.2 7.9 7.7
256 26.9 4.5 11.1 8.1 8.9 3 3.22 10 0.893 7.2 7.9 7.7
257 26.9 4.5 11.1 8.1 8.9 3 3.22 10 0.893 7.2 7.9 7.7
258 26.9 4.5 11.1 8.1 8.9 3 3.22 10 0.893 7.2 7.9 7.7
259 26.9 4.5 11.1 8.1 8.9 3 3.22 10 0.893 7.2 7.9 7.7
260 26.9 4.9 11.5 8.2 9.1 3 3.22 10 0.893 73 8.1 7.5
261 26.9 49 11.5 8.2 9.1 3 3.22 10 0.893 7.3 8.1 7.3
262 26.9 4.9 11.5 8.2 9.1 3 3.22 10 0.893 73 8.1 7.3
263 26.9 49 11.5 8.2 9.1 3 3.22 10 0.893 7.3 8.1 7.3
264 26.9 49 11.5 8.2 9.1 3 3.22 10 0.893 7.3 8.1 7.3
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MASONRY MATERIALS

Wall # fotock | fmortar fgrout ¥ fm(gmuted) f'm(ungmuted # of courses h/t # of CODrIl_lel(illlon f'mcor(gmuted) f'mcor(ungmuted) fmcor,aff
[MPa] | [MPa] | [MPa] [MPa] y[MPa] in prism prism | tests Factor k [MPa] [MPa] [MPa]
265 26.9 4.9 11.5 - 8.2 9.1 3 3.22 10 0.893 7.3 8.1 7.3
266 26.9 4.9 11.5 - 8.2 9.1 3 3.22 10 0.893 7.3 8.1 7.9
267 26.9 4.9 11.5 - 8.2 9.1 3 3.22 10 0.893 7.3 8.1 7.9
268 26.9 4.9 11.5 - 8.2 9.1 3 3.22 10 0.893 7.3 8.1 7.9
269 35.7 22.1 25.7 - 10.5 18.6 3 3.11 5 0.885 9.3 16.5 14.9
270 35.7 22.1 25.7 - 10.5 18.6 3 3.11 5 0.885 9.3 16.5 14.9
271 35.7 22.1 25.7 - 10.5 18.6 3 3.11 5 0.885 9.3 16.5 14.9
272 35.7 22.1 21.7 - 9.5 18.6 3 3.11 5 0.885 8.4 16.5 14.7
273 29.3 9.5 25.2 - 12.7 22.3 3 3.11 5 0.885 11.2 19.7 17.9
274 29.3 9.5 25.2 - 12.7 223 3 3.11 5 0.885 11.2 19.7 17.9
275 29.3 11.5 31.7 - 12.7 22.3 3 3.11 5 0.885 11.2 19.7 17.9
276 29.3 11.5 31.7 - 12.7 223 3 3.11 5 0.885 11.2 19.7 17.9
277 293 11.0 31.8 - 12.7 223 3 3.11 5 0.885 11.2 19.7 17.9
278 29.3 11.0 31.8 - 12.7 223 3 3.11 5 0.885 11.2 19.7 17.9
279 20.1 9.3 24.7 - 8.8 14.7 3 3.11 5 0.885 7.8 13.0 11.9
280 20.1 9.3 24.7 - 8.8 14.7 3 3.11 5 0.885 7.8 13.0 11.9
281 20.1 11.6 29.3 - 8.8 14.7 3 3.11 5 0.885 7.8 13.0 11.9
282 20.1 11.6 29.3 - 8.8 14.7 3 3.11 5 0.885 7.8 13.0 11.9
283 6.4 18.0 31.7 53% 5.5 6.0 1 1.00 5 0.744 4.1 4.4 43
284 6.4 18.0 31.7 53% 5.5 6.0 1 1.00 5 0.744 4.1 4.4 43
285 6.4 18.0 31.7 53% 5.5 6.0 1 1.00 5 0.744 4.1 4.4 43
286 6.4 18.0 31.7 53% 5.5 6.0 1 1.00 5 0.744 4.1 4.4 4.3
287 6.4 18.0 31.7 53% 5.5 6.0 1 1.00 5 0.744 4.1 4.4 43
288 6.4 18.0 31.7 53% 5.5 6.0 1 1.00 5 0.744 4.1 4.4 4.3
289 6.4 18.0 31.7 53% 5.5 6.0 1 1.00 5 0.744 4.1 4.4 43
290 6.4 18.0 31.7 53% 5.5 6.0 1 1.00 5 0.744 4.1 4.4 4.3
291 6.4 18.0 31.7 53% 5.5 6.0 1 1.00 5 0.744 4.1 4.4 4.3
292 6.4 18.0 31.7 53% 5.5 6.0 1 1.00 5 0.744 4.1 4.4 43
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VERTICAL REINFORCEMENT

Vertical

Wall # Interi Ac Pe Flexural A¢ Pt Av,bar Av,to[al pv fyv Pvfyv pcfyv
( ;Zir:t)\r) [mm?] | [unitless] Reinf [mm?] | [unitless] | [mma] [mm?] | [unitless] [ [MPa] | [MPa] | [MPa]

1 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
2 - 0 0.00000 (2)5/8" 396 0.00142 198 396 0.00142 285 0.405 0.000
3 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
4 - 0 0.00000 (2)5/8" 396 0.00142 198 396 0.00142 285 0.405 0.000
5 2" 127 0.00045 (2)5/8" 396 0.00142 | 127,198 523 0.00187 231 0.434 | 0.105
6 @)12" 253 0.00091 (2)5/8" 396 0.00142 | 127,198 649 0.00233 233 0.543 0.212
7 - 0 0.00000 | (2)5/8"+(2)1/2" 649 0.00233 | 127,198 649 0.00233 236 0.549 0.000
8 3)12" 380 0.00136 (2)5/8" 396 0.00142 | 127,198 776 0.00278 235 0.653 0.320
9 3)12" 380 0.00136 (2)5/8" 396 0.00142 | 127,198 776 0.00278 237 0.659 0.323
10 3)12" 380 0.00136 (2)5/8" 396 0.00142 | 127,198 776 0.00278 237 0.659 0.323
11 (3)5/8" 594 0.00213 (2)5/8" 396 0.00142 198 990 0.00355 302 1.072 0.643
12 (3)5/8" 594 0.00213 (2)5/8" 396 0.00142 198 990 0.00355 302 1.072 0.643
13 (3)#3 213 0.00055 (2)2#4 1032 0.00269 71, 129 1245 0.00324 245 0.795 0.136
14 3)#3 213 0.00055 (2)2#4 1032 0.00269 71,129 1245 0.00324 245 0.795 0.136
15 (3)#3 213 0.00055 (2)2#4 1032 0.00269 71, 129 1245 0.00324 245 0.795 0.136
16 #3 213 0.00055 2)#4 516 0.00134 71,129 729 0.00190 245 0.466 0.136
17 #3 213 0.00055 2)#4 516 0.00134 71,129 729 0.00190 245 0.466 | 0.136
18 (3)#3 213 0.00055 (2)2#4 1032 0.00269 71,129 1245 0.00324 245 0.795 0.136
19 #3 213 0.00055 )4 516 0.00134 71,129 729 0.00190 245 0.466 | 0.136
20 (3)#3 213 0.00055 (2)2#4 1032 0.00269 71,129 1245 0.00324 245 0.795 0.136
21 (3)#3 213 0.00055 (2)4#4 1032 0.00269 71,129 1245 0.00324 245 0.795 0.136
22 3)#3 213 0.00055 (2)2#4 1032 0.00269 71,129 1245 0.00324 245 0.795 0.136
23 - 0 0.00000 (2)2#5 800 0.00333 200 800 0.00333 392 1.307 0.000
24 - 0 0.00000 (2)2#5 800 0.00333 200 800 0.00333 392 1.307 0.000
25 - 0 0.00000 (2)2#5 800 0.00333 200 800 0.00333 392 1.307 0.000
26 - 0 0.00000 (2)2#5 800 0.00333 200 800 0.00333 392 1.307 0.000
27 - 0 0.00000 (2)2#5 800 0.00333 200 800 0.00333 392 1.307 0.000
28 244 258 0.00108 (2)2#5 800 0.00333 | 129,200 1058 0.00441 392 1.728 0.421
29 - 0 0.00000 (2)2#4 516 0.00215 129 516 0.00215 392 0.843 0.000
30 2)#4 258 0.00108 (2)2#5 800 0.00333 129, 200 1058 0.00441 392 1.728 0.421
31 - 0 0.00000 (2)2#5 800 0.00333 200 800 0.00333 392 1.307 0.000
32 - 0 0.00000 (2)#3 142 0.00059 71 142 0.00059 392 0.232 0.000
33 - 0 0.00000 (2)2#5 800 0.00333 200 800 0.00333 392 1.307 0.000
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VERTICAL REINFORCEMENT

Wall # \I/im.cal Ac Pe Flexural At ol A, Ay total Pv o pufyy Qe
( ;:f;‘;r) [mm?] | [unitless] Reinf [mm?] | [unitless] | [mm2] | [mm?] | [unitless] | [MPa] | [MPa] | [MPa]

34 } 0 | 0.00000 246 568 | 0.00611 284 568 | 0.00611 | 516 | 3.153 | 0.000
35 - 0 | 0.00000 246 568 | 0.00611 284 568 | 0.00611 | 516 | 3.153 | 0.000
36 ; 0 | 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 | 0.000
37 - 0 | 0.00000 #5 400 | 0.00212 | 200 400 | 0.00212 | 488 | 1.036 | 0.000
38 - 0 | 0.00000 48 1018 | 0.00540 | 509 1018 | 000540 | 477 | 2.578 | 0.000
39 - 0 | 0.00000 #8 1018 | 0.00540 | 509 1018 | 0.00540 | 477 | 2.578 | 0.000
40 D10 157 | 0.00088 D12 148 | 0.00082 | 78,113 | 305 | 0.00170 | 353 | 0.600 | 0.309
41 D16 201 | 0.00112 D16 402 | 000224 | 201 603 | 0.00337 | 454 | 1528 | 0.509
42 D16 201 | 0.00112 D16 402 | 0.00224 | 201 603 | 0.00337 | 454 | 1528 | 0.509
43 (3)29 191 | 0.00077 2D22 1549 | 0.00624 | 775 1740 | 0.00701 | 385 | 2.698 | 0.296
44 (3)99 191 | 000077 | D25&D22 1912 | 000770 | 956 2102 | 0.00847 | 385 | 3260 | 0.296
45 ()29 127 | 0.00068 2D22 1547 | 0.00822 | 774 1675 | 000890 | 385 | 3.425 | 0.260
46 (2)99 127 | 0.00068 D29 1412 | 0.00750 | 706 1539 | 0.00818 | 385 | 3.148 | 0.260
47 @9 64 | 0.00050 2D22 1549 | 0.01208 | 775 1613 | 001258 | 385 | 4842 | 0.191
48 @9 64 | 0.00050 D25 1013 | 0.00790 | 507 1077 | 0.00840 | 385 | 3232 | 0.191
49 )29 127 | 0.00068 2D22 1547 | 000822 | 774 1675 | 0.00890 | 385 | 3.425 | 0.260
50 (2)99 127 | 0.00068 2D22 1547 | 000822 | 774 1675 | 0.00890 | 385 | 3.425 | 0.260
51 (2)29 127 | 0.00068 2D22 1547 | 000822 | 774 1675 | 0.00890 | 385 | 3.425 | 0.260
52 (2)29 127 | 0.00068 (2)29 1547 | 0.00822 | 774 1675 | 0.00890 | 385 | 3.425 | 0.260
53 )29 127 | 0.00068 (3)99 1547 | 0.00822 | 774 1675 | 0.00890 | 385 | 3.425 | 0.260
54 (2)29 127 | 0.00068 2D22 1547 | 0.00822 | 774 1675 | 0.00890 | 385 | 3.425 | 0.260
55 (2)29 127 | 0.00068 2D22 1547 | 000822 | 774 1675 | 0.00890 | 385 | 3.425 | 0.260
56 (2)29 127 | 0.00068 2D22 1547 | 0.00822 | 774 1675 | 0.00890 | 385 | 3.425 | 0.260
57 (2)29 127 | 0.00066 2D22 1548 | 0.00798 | 774 1675 | 000864 | 385 | 3.325 | 0253
58 (2)29 127 | 0.00066 2D22 1548 | 0.00798 | 774 1675 | 0.00864 | 385 | 3.325 | 0253
59 (2)29 127 | 0.00066 2D22 1548 | 0.00798 | 774 1675 | 0.00864 | 385 | 3.325 | 0253
60 (2)99 127 | 0.00066 2D22 1548 | 0.00798 | 774 1675 | 0.00864 | 385 | 3325 | 0253
61 (2)29 127 | 0.00066 D19 574 | 000296 | 287 701 | 0.00362 | 385 | 1392 | 0253
62 (2)29 127 | 0.00068 2022 1547 | 000822 | 774 1675 | 0.00890 | 385 | 3.425 | 0.260
63 (2)29 127 | 0.00068 2D22 1547 | 0.00822 | 774 1675 | 000890 | 385 | 3.425 | 0.260
64 (2)29 127 | 0.00068 2022 1547 | 0.00822 | 774 1675 | 0.00890 | 385 | 3.425 | 0.260
65 (2)29 127 | 0.00068 2022 1547 | 000822 | 774 1675 | 0.00890 | 385 | 3.425 | 0.260
66 (4)29 254 | 0.00090 2022 1545 | 0.00548 | 773 1800 | 0.00638 | 385 | 2457 | 0347
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VERTICAL REINFORCEMENT

Wall # \I/im.cal Ac Pe Flexural A ol A, Ay total Pv o pufyy Pty
( ;Zir:t)\r) [mm?] | [unitless] Reinf [mm?] | [unitless] | [mma] [mm?] | [unitless] [ [MPa] | [MPa] | [MPa]

67 (4)929 254 0.00090 2D22 1545 0.00548 773 1800 0.00638 385 2.457 0.347
68 (3)99 191 0.00076 D29 1285 0.00510 643 1476 0.00586 385 2.255 0.292
69 (2)29 127 0.00066 D25 1014 0.00528 507 1141 0.00594 385 2.288 0.255
70 a9 64 0.00048 D22 774 0.00586 387 837 0.00634 385 2.442 0.186
71 9 64 0.00048 D22 774 0.00586 387 837 0.00634 385 2.442 0.186
72 - 0 0.00000 A10mm 157 0.00161 79 157 0.00161 522 0.840 0.000
73 - 0 0.00000 A10mm 157 0.00161 79 157 0.00161 522 0.840 0.000
74 - 0 0.00000 ?10mm 157 0.00161 79 157 0.00161 522 0.840 0.000
75 - 0 0.00000 ?10mm 157 0.00161 79 157 0.00161 522 0.840 0.000
76 - 0 0.00000 ?10mm 157 0.00161 79 157 0.00161 522 0.840 0.000
77 - 0 0.00000 2010mm 314 0.00322 79 314 0.00322 522 1.680 0.000
78 - 0 0.00000 2010mm 314 0.00322 79 314 0.00322 522 1.680 0.000
79 - 0 0.00000 2010mm 314 0.00322 79 314 0.00322 522 1.680 0.000
80 - 0 0.00000 2010mm 314 0.00322 79 314 0.00322 522 1.680 0.000
81 - 0 0.00000 2010mm 314 0.00322 79 314 0.00322 522 1.680 0.000
82 - 0 0.00000 #5 200 0.00154 200 200 0.00154 345 0.531 0.000
83 - 0 0.00000 #5 200 0.00154 200 200 0.00154 345 0.531 0.000
84 - 0 0.00000 #5 200 0.00154 200 200 0.00154 345 0.531 0.000
85 - 0 0.00000 #5 200 0.00154 200 200 0.00154 345 0.531 0.000
86 - 0 0.00000 #5 200 0.00154 200 200 0.00154 345 0.531 0.000
87 - 0 0.00000 #5 200 0.00154 200 200 0.00154 345 0.531 0.000
88 - 0 0.00000 #5 200 0.00154 200 200 0.00154 345 0.531 0.000
89 - 0 0.00000 #5 200 0.00154 200 200 0.00154 345 0.531 0.000
90 - 0 0.00000 #5 200 0.00154 200 200 0.00154 345 0.531 0.000
91 - 0 0.00000 #5 200 0.00154 200 200 0.00154 345 0.531 0.000
92 - 0 0.00000 #5 200 0.00154 200 200 0.00154 345 0.531 0.000
93 - 0 0.00000 #5 200 0.00154 200 200 0.00154 345 0.531 0.000
94 - 0 0.00000 #5 200 0.00154 200 200 0.00154 345 0.531 0.000
95 - 0 0.00000 #5 200 0.00154 200 200 0.00154 345 0.531 0.000
96 - 0 0.00000 #5 200 0.00154 200 200 0.00154 345 0.531 0.000
97 - 0 0.00000 #5 200 0.00154 200 200 0.00154 345 0.531 0.000
98 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
99 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
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VERTICAL REINFORCEMENT

Wall # \I/etl’tl.cal Ac Pe Flexural A¢ Pt Av,bar Av,to[al pPv fyv Pvfyv pcfyv
( ;Zir:t)\r) [mm?] | [unitless] Reinf [mm?] | [unitless] | [mma] [mm?] | [unitless] [ [MPa] | [MPa] | [MPa]

100 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
101 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
102 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
103 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
104 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
105 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
106 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
107 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
108 - 0 0.00000 2#4/3 53 0.00049 13.3 53 0.00049 443 0.219 0.000
109 #5/3 13 0.00012 #5/3 27 0.00025 13.3 40 0.00037 447 0.166 0.055
110 #5/3 13 0.00012 #5/3 27 0.00025 13.3 40 0.00037 447 0.165 0.055
111 #5/3 13 0.00012 #5/3 27 0.00025 13.3 40 0.00037 447 0.165 0.055
112 - 0 0.00000 D10 157 0.00161 78.5 157 0.00161 522 0.840 0.000
113 - 0 0.00000 D10 157 0.00161 78.5 157 0.00161 522 0.840 0.000
114 - 0 0.00000 D10 157 0.00161 78.5 157 0.00161 522 0.840 0.000
115 - 0 0.00000 D10 157 0.00161 78.5 157 0.00161 522 0.840 0.000
116 - 0 0.00000 D10 157 0.00161 78.5 157 0.00161 522 0.840 0.000
117 - 0 0.00000 D10 157 0.00161 78.5 157 0.00161 522 0.840 0.000
118 - 0 0.00000 2#6 1136 0.00256 568 1136 0.00256 1.024 0.000
119 - 0 0.00000 2#6 1136 0.00358 568 1136 0.00358 1.433 0.000
120 - 0 0.00000 2#6 1136 0.00512 568 1136 0.00512 2.048 0.000
121 - 0 0.00000 2#6 1136 0.00256 568 1136 0.00256 1.024 0.000
122 - 0 0.00000 2#6 1136 0.00358 568 1136 0.00358 1.433 0.000
123 - 0 0.00000 2#6 1136 0.00512 568 1136 0.00512 2.048 0.000
124 - 0 0.00000 2#6 1136 0.00256 568 1136 0.00256 1.024 0.000
125 - 0 0.00000 2#6 1136 0.00358 568 1136 0.00358 1.433 0.000
126 - 0 0.00000 2#6 1136 0.00512 568 1136 0.00512 2.048 0.000
127 - 0 0.00000 2#6 1136 0.00256 568 1136 0.00256 1.024 0.000
128 - 0 0.00000 2#6 1136 0.00358 568 1136 0.00358 1.433 0.000
129 - 0 0.00000 2#6 1136 0.00512 568 1136 0.00512 2.048 0.000
130 (3)D20 600 0.00298 D20 900 0.00446 300 1500 0.00744 320 2.381 0.952
131 D20 200 0.00099 D20 1300 0.00645 300 1500 0.00744 320 2.381 0.317
132 @5Smm truss 39 0.00020 @5Smm tr. 79 0.00041 39 118 0.00061 580 0.356 0.119
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VERTICAL REINFORCEMENT

Wall # \I/etl’tl.cal Ac Pe Flexural A¢ Pt Av,bar Av,to[al pPv fyv Pvfyv pcfyv
( ;Zir:t)\r) [mm?] | [unitless] Reinf [mm?] | [unitless] | [mma] [mm?] | [unitless] [ [MPa] | [MPa] | [MPa]

133 @5mm truss 39 0.00020 @5mm tr. 79 0.00041 39 118 0.00061 580 0.356 0.119
134 @5mm truss 39 0.00020 @5mm tr. 79 0.00041 39 118 0.00061 580 0.356 0.119
135 @5Smm truss 39 0.00020 @Smm tr. 79 0.00041 39 118 0.00061 580 0.356 0.119
136 #10 100 0.00039 #10 200 0.00077 100 300 0.00116 492 0.569 0.190
137 2#3 142 0.00055 #3 142 0.00055 71 284 0.00110 503 0.551 0.276
138 - 0 0.00000 #4 252 0.00097 126 252 0.00097 565 0.549 0.000
139 #10 100 0.00039 #10 200 0.00077 100 300 0.00116 492 0.569 0.190
140 #10 100 0.00039 #10 200 0.00077 100 300 0.00116 492 0.569 0.190
141 2#6 568 0.00112 2#6 1135 0.00223 284 1703 0.00335 427 1.429 0.476
142 2#6 568 0.00112 2#6 1135 0.00223 284 1703 0.00335 427 1.429 0.476
143 2#6 568 0.00112 2#6 1135 0.00223 284 1703 0.00335 427 1.429 0.476
144 2#6 568 0.00112 2#6 1135 0.00223 284 1703 0.00335 427 1.429 0.476
145 2)#6 1135 0.00223 2#6 568 0.00112 | 200, 284 1703 0.00335 427 1.429 0.953
146 3)#s 600 0.00118 2#6 1135 0.00223 284 1735 0.00341 443 1.512 0.523
147 (2)#6 568 0.00092 #6 568 0.00092 284 1136 0.00184 414 0.762 0.381
148 (2)#6 568 0.00092 #6 568 0.00092 284 1136 0.00184 414 0.762 0.381
149 (2)#6 568 0.00092 #6 568 0.00092 284 1136 0.00184 414 0.762 0.381
150 (2)#6 568 0.00092 #6 568 0.00092 284 1136 0.00184 414 0.762 0.381
151 2)#4 258 0.00059 2#6 1136 0.00258 | 129,284 1394 0.00317 461 1.460 0.270
152 2)#4 258 0.00059 2#6 1136 0.00258 | 129,284 1394 0.00317 461 1.460 0.270
153 (8)#4 1032 0.00235 #6 568 0.00129 | 129,284 1600 0.00364 461 1.676 1.081
154 (8)#4 1032 0.00235 #6 568 0.00129 | 129,284 1600 0.00364 461 1.676 1.081
155 (8)#4 1032 0.00235 #6 568 0.00129 | 129,284 1600 0.00364 461 1.676 1.081
156 (4)#4 258 0.00039 2#6 1394 0.00211 129, 284 1652 0.00251 461 1.155 0.180
157 (7)#4 903 0.00137 2#6 1136 0.00172 | 129,284 2039 0.00309 461 1.426 0.631
158 (M#4 903 0.00137 2#6 1136 0.00172 | 129,284 2039 0.00309 461 1.426 0.631
159 2#7 774 0.00152 2#7 1548 0.00303 387 2322 0.00456 438 1.997 0.664
160 2#7 774 0.00152 2#7 1548 0.00303 387 2322 0.00456 438 1.997 0.664
161 2#7 774 0.00152 2#7 1548 0.00303 387 2322 0.00456 438 1.997 0.664
162 (2)2#6 1136 0.00223 2#6 1136 0.00223 284 2272 0.00446 438 1.953 0.975
163 (3)2#5 1200 0.00235 2#6 1640 0.00321 200,284 2840 0.00458 438 2.006 1.030
164 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
165 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
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VERTICAL REINFORCEMENT

Wall # \I/etl’tl.cal Ac Pe Flexural A¢ Pt Av,bar Av,to[al pPv fyv Pvfyv pcfyv
( ;Zir:t)\r) [mm?] | [unitless] Reinf [mm?] | [unitless] | [mma] [mm?] | [unitless] [ [MPa] | [MPa] | [MPa]

166 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
167 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
168 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
169 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
170 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
171 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
172 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
173 2-15M 400 0.00166 15SM 400 0.00166 200 800 0.00331 480 1.589 0.794
174 2-15M 400 0.00166 15M 400 0.00166 200 800 0.00331 480 1.589 0.794
175 2-15M 400 0.00166 15M 400 0.00166 200 800 0.00331 480 1.589 0.794
176 2-15M 400 0.00166 15M 400 0.00166 200 800 0.00331 480 1.589 0.794
177 2-15M 400 0.00166 15M 400 0.00166 200 800 0.00331 480 1.589 0.794
178 2-15M 400 0.00166 I5SM 400 0.00166 200 800 0.00331 480 1.589 0.794
179 - 0 0.00000 0 0.00000 0 0 0.00000 0 0.000 0.000
180 - 0 0.00000 0 0.00000 0 0 0.00000 0 0.000 0.000
181 - 0 0.00000 0 0.00000 0 0 0.00000 0 0.000 0.000
182 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
183 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
184 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
185 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
186 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
187 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
188 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
189 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
190 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
191 2-15M 400 0.00166 15M 400 0.00166 200 800 0.00331 480 1.589 0.794
192 2-15M 400 0.00166 15M 400 0.00166 200 800 0.00331 480 1.589 0.794
193 2-15M 400 0.00166 15M 400 0.00166 200 800 0.00331 480 1.589 0.794
194 2-15M 400 0.00166 15M 400 0.00166 200 800 0.00331 480 1.589 0.794
195 2-15M 400 0.00166 15M 400 0.00166 200 800 0.00331 480 1.589 0.794
196 2-15M 400 0.00166 15M 400 0.00166 200 800 0.00331 480 1.589 0.794
197 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
198 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
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VERTICAL REINFORCEMENT

Wall # \I/etl’tl.cal Ac Pe Flexural A¢ Pt Av,bar Av,to[al pPv fyv Pvfyv pcfyv
( ;Zir:t)\r) [mm?] | [unitless] Reinf [mm?] | [unitless] | [mma] [mm?] | [unitless] [ [MPa] | [MPa] | [MPa]

199 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
200 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
201 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
202 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
203 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
204 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
205 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
206 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
207 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
208 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
209 2-15M 400 0.00166 15M 400 0.00166 200 800 0.00331 480 1.589 0.794
210 2-15M 400 0.00166 I5SM 400 0.00166 200 800 0.00331 480 1.589 0.794
211 2-15M 400 0.00166 15M 400 0.00166 200 800 0.00331 480 1.589 0.794
212 2-15M 400 0.00166 I5SM 400 0.00166 200 800 0.00331 480 1.589 0.794
213 2-15M 400 0.00166 15M 400 0.00166 200 800 0.00331 480 1.589 0.794
214 2-15M 400 0.00166 I5SM 400 0.00166 200 800 0.00331 480 1.589 0.794
215 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
216 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
217 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
218 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
219 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
220 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
221 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
222 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
223 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
224 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
225 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
226 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
227 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
228 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
229 - 0 0.00000 - 0 0.00000 0 0 0.00000 0 0.000 0.000
230 15M 200 0.00073 15M 400 0.00146 200 600 0.00219 450 0.987 0.329
231 15M 200 0.00073 15M 400 0.00146 200 600 0.00219 450 0.987 0.329
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VERTICAL REINFORCEMENT

Vertical

Wall # Interi Ac Pe Flexural A¢ Pt Av, e Av,to[al pv fyv Pvfyv pcfyv
( ;Zir:t)\r) [mm?] | [unitless] Reinf [mm?] | [unitless] | [mma] [mm?] | [unitless] [ [MPa] | [MPa] | [MPa]

232 15M 200 0.00073 I5M 400 0.00146 200 600 0.00219 450 0.987 0.329
233 15M 200 0.00073 15M 400 0.00146 200 600 0.00219 450 0.987 0.329
234 15M 200 0.00073 15SM 400 0.00146 200 600 0.00219 450 0.987 0.329
235 15M 200 0.00073 15M 400 0.00146 200 600 0.00219 450 0.987 0.329
236 15M 200 0.00073 15M 400 0.00146 200 600 0.00219 450 0.987 0.329
237 I15SM 200 0.00073 15SM 400 0.00146 200 600 0.00219 450 0.987 0.329
238 15M 200 0.00073 15M 400 0.00146 200 600 0.00219 450 0.987 0.329
239 I15SM 200 0.00073 15SM 400 0.00146 200 600 0.00219 450 0.987 0.329
240 15M (no splice) 200 0.00073 | 15M (no splice) 400 0.00146 200 600 0.00219 450 0.987 0.329
241 15M (no splice) 200 0.00073 | 15M (no splice) 400 0.00146 200 600 0.00219 450 0.987 0.329
242 | 15M (top splice) | 200 | 0.00073 | 15M (top splice)| 400 | 0.00146 | 200 600 | 000219 | 450 | 0987 | 0329
243 | 15M (top splice) | 200 | 0.00073 | 15M (top splice)| 400 | 0.00146 | 200 600 | 000219 | 450 | 0987 | 0329
244 15M 200 0.00073 I5SM 400 0.00146 200 600 0.00219 450 0.987 0.329
245 15M 200 0.00073 15M 400 0.00146 200 600 0.00219 450 0.987 0.329
246 15M 200 0.00073 I5SM 400 0.00146 200 600 0.00219 450 0.987 0.329
247 15M 200 0.00073 15M 400 0.00146 200 600 0.00219 450 0.987 0.329
248 - 0 0.00000 10M 200 0.00112 100 200 0.00112 458 0.511 0.000
249 - 0 0.00000 10M 200 0.00112 100 200 0.00112 458 0.511 0.000
250 - 0 0.00000 10M 200 0.00112 100 200 0.00112 458 0.511 0.000
251 - 0 0.00000 10M 200 0.00112 100 200 0.00112 458 0.511 0.000
252 - 0 0.00000 10M 200 0.00112 100 200 0.00112 458 0.511 0.000
253 - 0 0.00000 10M 200 0.00112 100 200 0.00112 458 0.511 0.000
254 10M 100 0.00056 10M 200 0.00112 100 300 0.00167 458 0.767 0.256
255 10M 100 0.00056 10M 200 0.00112 100 300 0.00167 458 0.767 0.256
256 10M 100 0.00056 10M 200 0.00112 100 300 0.00167 458 0.767 0.256
257 10M 100 0.00056 10M 200 0.00112 100 300 0.00167 458 0.767 0.256
258 10M 100 0.00056 10M 200 0.00112 100 300 0.00167 458 0.767 0.256
259 10M 100 0.00056 10M 200 0.00112 100 300 0.00167 458 0.767 0.256
260 (2)10M 200 0.00181 10M 200 0.00181 100 400 0.00363 458 1.662 0.831
261 (2)10M 200 0.00181 10M 200 0.00181 100 400 0.00363 458 1.662 0.831
262 (2)10M 200 0.00181 10M 200 0.00181 100 400 0.00363 458 1.662 0.831
263 (2)10M 200 0.00181 10M 200 0.00181 100 400 0.00363 458 1.662 0.831
264 2)10M 200 0.00181 10M 200 0.00181 100 400 0.00363 458 1.662 0.831
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VERTICAL REINFORCEMENT

Wall # \I/etl’tl.cal Ac Pe Flexural A¢ Pt Av,bar Av,to[al pPv fyv Pvfyv pcfyv
( ;Zir:t)\r) [mm?] | [unitless] Reinf [mm?] | [unitless] | [mma] [mm?] | [unitless] [ [MPa] | [MPa] | [MPa]

265 (2)10M 200 0.00181 10M 200 0.00181 100 400 0.00363 458 1.662 0.831
266 - 0 0.00000 10M 200 0.00181 100 200 0.00181 458 0.831 0.000
267 - 0 0.00000 10M 200 0.00181 100 200 0.00181 458 0.831 0.000
268 - 0 0.00000 10M 200 0.00181 100 200 0.00181 458 0.831 0.000
269 - 0 0.00000 15M 400 0.00147 200 400 0.00147 448 0.659 0.000
270 - 0 0.00000 15M 400 0.00147 200 400 0.00147 448 0.659 0.000
271 - 0 0.00000 15M 400 0.00147 200 400 0.00147 448 0.659 0.000
272 - 0 0.00000 15M 400 0.00147 200 400 0.00147 448 0.659 0.000
273 - 0 0.00000 15M 400 0.00147 200 400 0.00147 448 0.659 0.000
274 - 0 0.00000 15M 400 0.00147 200 400 0.00147 448 0.659 0.000
275 - 0 0.00000 15SM 400 0.00147 200 400 0.00147 448 0.659 0.000
276 - 0 0.00000 15M 400 0.00147 200 400 0.00147 448 0.659 0.000
277 - 0 0.00000 15M 400 0.00147 200 400 0.00147 448 0.659 0.000
278 - 0 0.00000 15M 400 0.00147 200 400 0.00147 448 0.659 0.000
279 - 0 0.00000 15M 400 0.00147 200 400 0.00147 448 0.659 0.000
280 - 0 0.00000 15M 400 0.00147 200 400 0.00147 448 0.659 0.000
281 - 0 0.00000 15M 400 0.00147 200 400 0.00147 448 0.659 0.000
282 - 0 0.00000 15M 400 0.00147 200 400 0.00147 448 0.659 0.000
283 2(22mm 760 0.00341 2010mm 157 0.00071 380, 79 917 0.00412 474 1.951 1.616
284 2(22mm 760 0.00341 2010mm 157 0.00071 380,79 917 0.00412 474 1.951 1.616
285 2(22mm 760 0.00341 2010mm 157 0.00071 380, 79 917 0.00412 474 1.951 1.616
286 2022mm 760 0.00341 20 10mm 157 0.00071 380,79 917 0.00412 474 1.951 1.616
287 20 16mm 420 0.00145 3010mm 218 0.00075 201,79 638 0.00220 474 1.042 0.686
288 20 16mm 420 0.00145 3010mm 218 0.00075 201,79 638 0.00220 474 1.042 0.686
289 20 16mm 420 0.00145 3010mm 218 0.00075 201,79 638 0.00220 474 1.042 0.686
290 2022mm 760 0.00685 1910mm 79 0.00071 380,79 839 0.00756 474 3.586 3.249
291 2022mm 760 0.00685 1910mm 79 0.00071 380, 79 839 0.00756 474 3.586 3.249
292 2(22mm 760 0.00685 19010mm 79 0.00071 380,79 839 0.00756 474 3.586 3.249
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HORIZONTAL (SHEAR) REINFORCEMENT

Wall # Bond An A modified . An .

Beam (Bond Beam) | (Bond Beam) 1‘12(;111111;‘ (Joint) o w;al Fnt r?dlﬁed .plh ph’".wld ified IV%I}’I ﬁg "

Reinf [mn?] [mm?] [mm2] [mm?] [mm?] [unitless] | [unitless] | [MPa] | [MPa]

1 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
2 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
3 (2)5/8"+(2)1/2" 649 649 - 0 649 649 0.00172 0.00172 292 0.502
4 @)12" 253 253 - 0 253 253 0.00067 0.00067 302 0.436
5 (Hr2" 127 127 - 0 127 127 0.00034 0.00034 302 0.101
6 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
7 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
8 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
9 @)12" 253 253 - 0 253 253 0.00067 0.00067 302 0.203
10 @)12" 507 507 - 0 507 507 0.00134 0.00134 302 0.405
11 (3)5/8" 594 594 - 0 594 594 0.00157 0.00157 290 0.456
12 (4)5/8" 792 792 - 0 792 792 0.00210 0.00210 290 0.608
13 - 0 0 ?2.5mm 10 10 10 0.00002 0.00002 245 0.006
14 - 0 0 ?2.5mm 10 10 10 0.00002 0.00002 245 0.006
15 - 0 0 ?2.5mm 10 10 10 0.00002 0.00002 245 0.006
16 - 0 0 ?2.5mm 10 10 10 0.00002 0.00002 245 0.006
17 - 0 0 ?2.5mm 10 10 10 0.00002 0.00002 245 0.006
18 - 0 0 - 0 0 0 0.00000 0.00000 245 0.000
19 - 0 0 - 0 0 0 0.00000 0.00000 245 0.000
20 - 0 0 ?2.5mm 10 10 10 0.00002 0.00002 245 0.006
21 - 0 0 ?2.5mm 10 10 10 0.00002 0.00002 245 0.006
22 - 0 0 ?2.5mm 10 10 10 0.00002 0.00002 245 0.006
23 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
24 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
25 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
26 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
27 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
28 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
29 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
30 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
31 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
32 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
33 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
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HORIZONTAL (SHEAR) REINFORCEMENT

Bond

An

Ah,modiﬁed

An

Wall # : )

Beam (Bond Beam) | (Bond Beam) 1‘12(;111111;‘ (Joint) An, w;al Fnt r?dlﬁed .plh ph’".wld ified IV%I}’I ﬁf,y "

Reinf [mn?] [mm?] [mm2] [mm?] [mm?] [unitless] | [unitless] | [MPa] | [MPa]
34 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
35 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
36 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
37 #5 200 200 - 0 200 200 0.00073 | 0.00073 330 0.240
38 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
39 Q)#5 400 400 - 0 400 400 0.00146 | 0.00146 330 | 0.481
40 (2)D12 226 226 - 0 226 226 0.00067 | 0.00067 353 0.000
41 - 0 0 - 0 0 0 0.00000 | 0.00000 0 0.000
42 (4)D12 452 452 - 0 452 452 0.00135 0.00135 454 0.000
43 - 192 192 - 0 192 192 0.00071 0.00071 385 0.273
44 - 192 192 - 0 192 192 0.00071 0.00071 385 0.273
45 - 192 192 - 0 192 192 0.00071 0.00071 385 0.273
46 - 192 192 - 0 192 192 0.00071 | 0.00071 385 0.273
47 - 192 192 - 0 192 192 0.00071 0.00071 385 0.273
48 - 192 192 - 0 192 192 0.00071 | 0.00071 385 0.273
49 - 0 0 - 0 0 0 0.00000 | 0.00000 0 0.000
50 - 0 0 - 0 0 0 0.00000 | 0.00000 0 0.000
51 = 192 192 - 0 192 192 0.00071 | 0.00071 385 0.273
52 - 400 400 - 0 400 400 0.00148 0.00148 385 0.570
53 - 599 599 - 0 599 599 0.00222 | 0.00222 385 0.855
54 - 192 192 - 0 192 192 0.00071 0.00071 385 0.273
55 = 192 192 - 0 192 192 0.00071 [ 0.00071 385 0.273
56 - 192 192 - 0 192 192 0.00071 0.00071 385 0.273
57 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
58 - 400 400 - 0 400 400 0.00148 0.00148 385 0.570
59 - 599 599 - 0 599 599 0.00222 0.00222 385 0.855
60 - 905 905 - 0 905 905 0.00335 | 0.00335 385 1.290
61 - 192 192 - 0 192 192 0.00071 0.00071 385 0.273
62 - 0 0 - 0 0 0 0.00000 | 0.00000 0 0.000
63 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
64 - 400 400 - 0 400 400 0.00148 | 0.00148 385 0.570
65 - 599 599 - 0 599 599 0.00222 | 0.00222 385 0.855
66 - 400 400 - 0 400 400 0.00148 | 0.00148 385 0.570
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HORIZONTAL (SHEAR) REINFORCEMENT

Wall # Bond An A modified . An .

Beam (Bond Beam) | (Bond Beam) 1‘12(;111111;‘ (Joint) o w;al Fnt r?dlﬁed .plh ph’".wld ified IV%I}’I ﬁg "

Reinf [mn?] [mm?] [mm2] [mm?] [mm?] [unitless] | [unitless] | [MPa] | [MPa]
67 - 400 400 - 0 400 400 0.00148 0.00148 385 0.570
68 - 400 400 - 0 400 400 0.00148 0.00148 385 0.570
69 - 400 400 - 0 400 400 0.00148 0.00148 385 0.570
70 - 400 400 - 0 400 400 0.00148 0.00148 385 0.570
71 - 400 400 - 0 400 400 0.00148 0.00148 385 0.570
72 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
73 - 0 0 203.1mm 15 15 15 0.00020 0.00020 323 0.064
74 - 0 0 204 .2mm 28 28 28 0.00036 0.00036 391 0.143
75 - 0 0 206mm 57 57 57 0.00074 0.00074 253 0.188
76 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
77 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
78 - 0 0 203.1mm 15 15 15 0.00020 0.00020 323 0.064
79 - 0 0 204 .2mm 28 28 28 0.00036 0.00036 391 0.143
80 - 0 0 2@06mm 57 57 57 0.00074 0.00074 253 0.188
81 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
82 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
83 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
84 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
85 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
86 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
87 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
88 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
89 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
90 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
91 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
92 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
93 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
94 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
95 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
96 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
97 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
98 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
99 - 0 0 9-ga Ladder 40 40 40 0.00024 0.00024 693 0.168
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HORIZONTAL (SHEAR) REINFORCEMENT

Bond

An

Ah,modiﬁed

An

Wall # : )

Beam (Bond Beam) | (Bond Beam) 1‘12(;111111;‘ (Joint) An, w;al Fnt r?dlﬁed .plh ph’".wld ified IV%I}’I ﬁg "

Reinf [mn?] [mm?] [mm2] [mm?] [mm?] [unitless] | [unitless] | [MPa] | [MPa]
100 - 0 0 9-ga Ladder 40 40 40 0.00057 0.00057 693 0.392
101 Q)#4 258 258 - 0 258 258 0.00094 | 0.00094 336 | 0.315
102 (35 600 600 - 0 600 600 0.00218 | 0.00218 437 | 0.953
103 (H#5 200 200 - 0 200 200 0.00145 | 0.00145 385 0.558
104 3)#s 600 600 - 0 600 600 0.00218 0.00218 374 0.814
105 (H#3 71 71 9-ga Ladder 40 111 111 0.00076 | 0.00076 0.282
106 Q2)#4, (1)#5 458 458 9-ga Ladder 40 498 498 0.00215 0.00215 341 0.734
107 (H#5 200 200 - 0 200 200 0.00145 | 0.00145 0.540
108 (2)2#4/3 53 40 - 0 53 40 0.00121 | 0.00091 443 0.535
109 (3)#5/3 53 40 - 0 53 40 0.00121 [ 0.00091 447 | 0.540
110 (3W5/3 53 40 - 0 53 40 0.00118 | 0.00089 447 | 0.529
111 (3)WH5/3 53 40 - 0 53 40 0.00118 | 0.00089 447 | 0.529
112 - 0 0 6mm Ladder 57 57 57 0.00074 | 0.00074 253 0.188
113 - 0 0 6mm Ladder 57 57 57 0.00074 0.00074 253 0.188
114 - 0 0 6mm Ladder 57 57 57 0.00074 | 0.00074 253 0.188
115 - 0 0 6mm Ladder 57 57 57 0.00074 0.00074 253 0.188
116 - 0 0 6mm Ladder 57 57 57 0.00074 | 0.00074 253 0.188
117 - 0 0 6mm Ladder 57 57 57 0.00074 0.00074 253 0.188
118 2#3 142 142 - 0 142 142 0.00051 0.00051 0.205
119 2#3 142 142 = 0 142 142 0.00051 [ 0.00051 0.205
120 2#3 142 142 - 0 142 142 0.00051 0.00051 0.205
121 1#4, 1#5 329 329 - 0 329 329 0.00119 | 0.00119 0.475
122 1#4, 1#5 329 329 - 0 329 329 0.00119 0.00119 0.475
123 1#4, 1#5 329 329 - 0 329 329 0.00119 | 0.00119 0.475
124 - 0 0 9-ga Ladder 155 155 155 0.00056 | 0.00056 0.224
125 - 0 0 9-ga Ladder 155 155 155 0.00056 0.00056 0.224
126 - 0 0 9-ga Ladder 155 155 155 0.00056 0.00056 0.224
127 - 0 0 5-ga Ladder 305 305 305 0.00110 0.00110 0.440
128 - 0 0 5-ga Ladder 305 305 305 0.00110 | 0.00110 0.440
129 - 0 0 5-ga Ladder 305 305 305 0.00110 0.00110 0.440
130 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
131 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
132 - 0 0 @4mm truss 25 25 25 0.00031 | 0.00031 580 0.180
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HORIZONTAL (SHEAR) REINFORCEMENT

Bond

An

Ah,modiﬁed

An

Wall # : )

Beam (Bond Beam) | (Bond Beam) 1‘12(;111111;‘ (Joint) An, w;al Fnt r?dlﬁed .plh ph’".wld ified IV%I}’I ﬁg "

Reinf [mn?] [mm?] [mm2] [mm?] [mm?] [unitless] | [unitless] | [MPa] | [MPa]
133 - 0 0 @4mm truss 25 25 25 0.00031 | 0.00031 580 0.180
134 - 0 0 @4mm truss 25 25 25 0.00031 | 0.00031 580 0.180
135 - 0 0 @4mm truss 25 25 25 0.00031 0.00031 580 0.180
136 (3)b4 77 52 - 0 77 52 0.00048 0.00032 744 0.355
137 (4)D3 78 58 - 0 78 58 0.00048 | 0.00036 691 0.331
138 (2)2D3 78 39 - 0 78 39 0.00048 0.00024 691 0.331
139 (2)D3 39 19 - 0 39 19 0.00048 | 0.00024 691 0.331
140 (4)D4 103 77 - 0 103 77 0.00043 0.00032 744 0.316
141 #5 400 400 - 0 400 400 0.00136 0.00136 452 0.614
142 #6 568 568 - 0 568 568 0.00193 | 0.00193 427 0.823
143 2#5 800 800 - 0 800 800 0.00272 0.00272 452 1.228
144 #5 400 400 - 0 400 400 0.00136 | 0.00136 452 0.614
145 #5 400 400 - 0 400 400 0.00136 | 0.00136 452 0.614
146 #5 400 400 - 0 400 400 0.00136 0.00136 452 0.614
147 36 852 568 - 0 852 568 0.00161 | 0.00108 321 0.518
148 (3)#6 852 568 - 0 852 568 0.00161 0.00108 321 0.518
149 3)#6 852 568 - 0 852 568 0.00161 | 0.00108 321 0.518
150 36 852 568 - 0 852 568 0.00161 | 0.00108 321 0.518
151 2)#4 258 258 - 0 258 258 0.00110 0.00110 445 0.490
152 - 0 0 (2)3/16" 470 470 470 0.00090 | 0.00090 606 0.546
153 - 0 0 (4)3/16" 941 941 941 0.00180 0.00180 606 1.092
154 )#4 258 258 - 0 258 258 0.00110 | 0.00110 445 0.490
155 - 0 0 (2)3/16" 470 470 470 0.00090 | 0.00090 606 0.546
156 Q)4 258 258 - 0 258 258 0.00110 | 0.00110 445 0.490
157 - 0 0 (2)3/16" 470 470 470 0.00090 | 0.00090 606 0.546
158 - 0 0 (4)3/16" 941 941 941 0.00180 0.00180 606 1.092
159 #5 200 200 - 0 200 200 0.00085 0.00085 438 0.372
160 #6 284 284 - 0 284 284 0.00120 0.00120 438 0.526
161 2#5 400 400 - 0 400 400 0.00169 0.00169 438 0.740
162 #5 200 200 - 0 200 200 0.00085 | 0.00085 438 0.372
163 #5 200 200 - 0 200 200 0.00085 0.00085 438 0.372
164 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
165 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
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HORIZONTAL (SHEAR) REINFORCEMENT

Wall # Bond An A modified . An .

Beam (Bond Beam) | (Bond Beam) 1‘12(;111111;‘ (Joint) o w;al Fnt r?dlﬁed .plh ph’".wld ified IV%I}’I ﬁg "

Reinf [mn?] [mm?] [mm2] [mm?] [mm?] [unitless] | [unitless] | [MPa] | [MPa]
166 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
167 - 0 0 ?3.7mm 129 129 129 0.00057 0.00057 530 0.300
168 - 0 0 ?3.7mm 129 129 129 0.00057 0.00057 530 0.300
169 - 0 0 ?3.7mm 129 129 129 0.00057 0.00057 530 0.300
170 - 0 0 ?4.9mm 226 226 226 0.00099 0.00099 560 0.556
171 - 0 0 ?4.9mm 226 226 226 0.00099 0.00099 560 0.556
172 - 0 0 ?4.9mm 226 226 226 0.00099 0.00099 560 0.556
173 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
174 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
175 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
176 - 0 0 ?4.9mm 226 226 226 0.00099 0.00099 560 0.556
177 - 0 0 ?4.9mm 226 226 226 0.00099 0.00099 560 0.556
178 - 0 0 ?4.9mm 226 226 226 0.00099 0.00099 560 0.556
179 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
180 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
181 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
182 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
183 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
184 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
185 - 0 0 ?3.7mm 129 129 129 0.00057 0.00057 530 0.300
186 - 0 0 ?3.7mm 129 129 129 0.00057 0.00057 530 0.300
187 - 0 0 ?3.7mm 129 129 129 0.00057 0.00057 530 0.300
188 - 0 0 ?4.9mm 226 226 226 0.00099 0.00099 560 0.556
189 - 0 0 ?4.9mm 226 226 226 0.00099 0.00099 560 0.556
190 - 0 0 ?4.9mm 226 226 226 0.00099 0.00099 560 0.556
191 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
192 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
193 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
194 - 0 0 ?4.9mm 226 226 226 0.00099 0.00099 560 0.556
195 - 0 0 ?4.9mm 226 226 226 0.00099 0.00099 560 0.556
196 - 0 0 ?4.9mm 226 226 226 0.00099 0.00099 560 0.556
197 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
198 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
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HORIZONTAL (SHEAR) REINFORCEMENT

Bond

An

Ah,modiﬁed

An

Wall # : )

Beam (Bond Beam) | (Bond Beam) 1‘12(;111111;‘ (Joint) An, w;al Fnt r?dlﬁed .plh ph’".wld ified IV%I}’I ﬁg "

Reinf [mn?] [mm?] [mm2] [mm?] [mm?] [unitless] | [unitless] | [MPa] | [MPa]
199 - 0 0 - 0 0 0 0.00000 | 0.00000 0 0.000
200 - 0 0 - 0 0 0 0.00000 | 0.00000 0 0.000
201 - 0 0 - 0 0 0 0.00000 | 0.00000 0 0.000
202 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
203 - 0 0 @3.7mm 129 129 129 0.00057 | 0.00057 530 | 0.300
204 - 0 0 ?3.7mm 129 129 129 0.00057 0.00057 530 0.300
205 - 0 0 @3.7mm 129 129 129 0.00057 | 0.00057 530 | 0.300
206 - 0 0 ?4.9mm 226 226 226 0.00099 0.00099 560 0.556
207 - 0 0 ?4.9mm 226 226 226 0.00099 0.00099 560 0.556
208 - 0 0 ?4.9mm 226 226 226 0.00099 0.00099 560 0.556
209 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
210 - 0 0 - 0 0 0 0.00000 | 0.00000 0 0.000
211 - 0 0 - 0 0 0 0.00000 0.00000 0 0.000
212 - 0 0 ?4.9mm 226 226 226 0.00099 | 0.00099 560 | 0.556
213 - 0 0 ?4.9mm 226 226 226 0.00099 0.00099 560 0.556
214 - 0 0 ?4.9mm 226 226 226 0.00099 | 0.00099 560 | 0.556
215 - 0 0 - 0 0 0 0.00000 | 0.00000 0 0.000
216 - 0 0 - 0 0 0 0.00000 | 0.00000 0 0.000
217 - 0 0 - 0 0 0 0.00000 | 0.00000 0 0.000
218 - 0 0 ?3.7mm 129 129 129 0.00057 0.00057 530 0.300
219 = 0 0 ?3.7mm 129 129 129 0.00057 | 0.00057 530 | 0.300
220 - 0 0 ?3.7mm 129 129 129 0.00057 0.00057 530 0.300
221 = 0 0 ?3.7mm 129 129 129 0.00057 | 0.00057 530 | 0.300
222 - 0 0 ?3.7mm 129 129 129 0.00057 0.00057 530 0.300
223 - 0 0 ?3.7mm 129 129 129 0.00057 0.00057 530 0.300
224 - 0 0 ?3.7mm 129 129 129 0.00057 0.00057 530 0.300
225 - 0 0 ?3.7mm 129 129 129 0.00057 0.00057 530 0.300
226 - 0 0 @3.7mm 129 129 129 0.00057 | 0.00057 530 | 0.300
227 - 0 0 ?3.7mm 129 129 129 0.00057 0.00057 530 0.300
228 - 0 0 3. 7mm 129 129 129 0.00057 | 0.00057 530 | 0.300
229 - 0 0 ?3.7mm 129 129 129 0.00057 0.00057 530 0.300
230 15M 600 1800 - 0 600 1800 0.00132 0.00132 450 0.592
231 15M 600 1800 - 0 600 1800 0.00132 | 0.00132 450 0.592
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HORIZONTAL (SHEAR) REINFORCEMENT

An

Ah,modiﬁed

An

Wall # : )

Beam (Bond Beam) | (Bond Beam) 1‘12(;111111;‘ (Joint) An, w;al Fnt r?dlﬁed .plh ph’".wld ified IV%I}’I ﬁg "

Reinf [mn?] [mm?] [mm2] [mm?] [mm?] [unitless] | [unitless] | [MPa] | [MPa]
232 15M 600 1800 - 0 600 1800 0.00132 0.00132 450 0.592
233 15M 600 1800 - 0 600 1800 0.00132 | 0.00132 450 0.592
234 15M 600 1800 - 0 600 1800 0.00132 | 0.00132 450 0.592
235 15M 600 1800 - 0 600 1800 0.00132 | 0.00132 450 0.592
236 15M 600 1800 - 0 600 1800 0.00132 0.00132 450 0.592
237 15M 600 1800 - 0 600 1800 0.00175 | 0.00175 450 0.789
238 15M 600 1800 - 0 600 1800 0.00175 0.00175 450 0.789
239 15M 600 1800 - 0 600 1800 0.00132 | 0.00132 450 0.592
240 - 0 0 ¥3.665mm 86 86 86 0.00028 0.00028 521 0.147
241 - 0 0 ?3.665mm 86 86 86 0.00028 0.00028 521 0.147
242 - 0 0 ?3.665mm 86 86 86 0.00028 0.00028 521 0.147
243 - 0 0 ?3.665mm 86 86 86 0.00028 0.00028 521 0.147
244 - 0 0 3.665mm 86 86 86 0.00028 | 0.00028 521 0.147
245 - 0 0 ?3.665mm 86 86 86 0.00028 0.00028 521 0.147
246 - 0 0 33.665mm 86 86 86 0.00028 | 0.00028 521 0.147
247 - 0 0 ?3.665mm 86 86 86 0.00028 0.00028 521 0.147
248 10M 100 100 - 0 100 100 0.00089 0.00089 458 0.409
249 10M 100 100 - 0 100 100 0.00089 | 0.00089 458 0.409
250 10M 100 100 - 0 100 100 0.00089 | 0.00089 458 0.409
251 10M 100 100 - 0 100 100 0.00089 | 0.00089 458 0.409
252 10M 100 100 - 0 100 100 0.00089 0.00089 458 0.409
253 10M 100 100 - 0 100 100 0.00089 | 0.00089 458 0.409
254 10M 100 100 - 0 100 100 0.00089 0.00089 458 0.409
255 10M 100 100 - 0 100 100 0.00089 | 0.00089 458 0.409
256 10M 100 100 - 0 100 100 0.00089 0.00089 458 0.409
257 10M 100 100 - 0 100 100 0.00089 0.00089 458 0.409
258 10M 100 100 - 0 100 100 0.00089 0.00089 458 0.409
259 10M 100 100 - 0 100 100 0.00089 0.00089 458 0.409
260 10M 100 100 - 0 100 100 0.00145 | 0.00145 458 0.665
261 10M 100 100 - 0 100 100 0.00145 0.00145 458 0.665
262 10M 100 100 - 0 100 100 0.00145 | 0.00145 458 0.665
263 10M 100 100 - 0 100 100 0.00145 0.00145 458 0.665
264 10M 100 100 - 0 100 100 0.00145 0.00145 458 0.665
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HORIZONTAL (SHEAR) REINFORCEMENT

An

Ah,modiﬁed

An

Wall # - .

Beam (Bond Beam) | (Bond Beam) 1‘12(;111111;‘ (Joint) An, w;al P, n;Od‘ﬁed .plh ph’".wld ified IV%I}’I ﬁg h

Reinf [mn?] [mm?] [mm2] [mm?] [mm?] [unitless] | [unitless] | [MPa] | [MPa]
265 10M 100 100 - 0 100 100 0.00145 | 0.00145 458 0.665
266 10M 100 100 - 0 100 100 0.00145 | 0.00145 458 0.665
267 10M 100 100 - 0 100 100 0.00145 | 0.00145 458 0.665
268 10M 100 100 - 0 100 100 0.00145 0.00145 458 0.665
269 15M 400 800 - 0 400 800 0.00067 0.00033 448 0.302
270 15M 400 800 - 0 400 800 0.00067 0.00033 448 0.302
271 15M 400 800 - 0 400 800 0.00067 0.00033 448 0.302
272 15M 400 800 - 0 400 800 0.00067 | 0.00033 448 0.302
273 10M 200 400 - 0 200 400 0.00034 0.00016 456 0.154
274 10M 200 400 - 0 200 400 0.00034 | 0.00016 456 0.154
275 10M 200 400 - 0 200 400 0.00034 0.00016 456 0.154
276 10M 200 400 - 0 200 400 0.00034 | 0.00016 456 0.154
277 10M 200 400 - 0 200 400 0.00034 | 0.00016 456 0.154
278 10M 200 400 - 0 200 400 0.00034 | 0.00016 456 0.154
279 10M 200 400 - 0 200 400 0.00045 | 0.00016 456 0.205
280 10M 200 400 - 0 200 400 0.00045 0.00016 456 0.205
281 10M 100 100 - 0 100 100 0.00034 | 0.00008 456 0.154
282 10M 100 100 - 0 100 100 0.00034 0.00008 456 0.154
283 - 0 0 4-204.2mm 111 111 111 0.00041 0.00041 610 0.250
284 - 0 0 4-204.2mm 111 111 111 0.00041 0.00041 610 0.250
285 - 0 0 9-204.2mm 249 249 249 0.00092 0.00092 610 0.563
286 - 0 0 9-204.2mm 249 249 249 0.00092 | 0.00092 610 | 0.563
287 - 0 0 3-204.2mm 83 83 83 0.00053 0.00053 610 0.321
288 - 0 0 6-204.2mm 166 166 166 0.00105 | 0.00105 610 | 0.641
289 - 0 0 3-204.2mm 83 83 83 0.00053 0.00053 610 0.321
290 - 0 0 4-204.2mm 111 111 111 0.00041 [ 0.00041 610 | 0.250
291 = 0 0 9-2(4 2mm 249 249 249 0.00092 | 0.00092 610 | 0.563
292 - 0 0 4-204.2mm 111 111 111 0.00041 0.00041 610 0.250
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AXIAL STRESS

EXPERIMENTAL SHEAR CAPACITY

e P Ggross Ggross/ fm Onet Vmin Vmax Vavg k k k. Vcor Vmax,gross Vinax,net
[KN] | [MPa] | [MPa] | [MPa] | [kN] | [kN] | [kN] ave | mmeno | Trate | pN [MPa] | [MPa]

1 209 0.60 | 0.059 | 1.69 - 193.1 [ 193.1 [ 0.944 [ 0.814] 1 148.4 0.43 1.20
2 508 146 | 0.116 | 3.18 - | 4688 | 468.8] 0944 | 0.814| 1 360.4 1.03 2.26
3 359 1.03 | 0.101 | 2.89 - | 3309 3309|0944 | 0.814| 1 254.4 0.73 2.05
4 448 129 | 0.123 | 2.80 - | 4137 | 413.7] 0944 | 0.814| 1 318.0 0.91 1.9
5 418 120 | 0.117 | 235 - | 386.1 | 386.1| 0944 | 0.814| 1 296.8 0.85 1.67
6 448 129 | 0.123 | 2.29 - | 4137 | 413.7] 0944 | 0.814| 1 318.0 0.91 1.62
7 486 139 | o112 | 3.04 - | 4482 4482 0944 | 0.814| 1 344.5 0.99 2.16
8 523 150 | 0.144 | 245 - | 4826 | 482.6| 0.944 | 0.814| 1 371.0 1.06 1.74
9 777 223 | 0.180 | 3.64 - | 7171 | 717.1 ] 0944 | 0.814| 1 551.2 1.58 2.58
10 837 240 | 0.191 | 3.92 - | 7722 7722 0944 | 0.814| 1 593.6 1.70 2.78
11 717 206 | 0.166 | 3.36 - | 6619 | 661.9]| 0.944 | 0.814| 1 508.8 1.46 2.38
12 837 240 | 0.191 | 3.92 - | 7722 7722|0944 | 0.814| 1 593.6 1.70 2.78
13 0 0.00 n/a 0.00 - [ 2001 [ 200.1 0944 1 1 189.0 0.39 0.58
14 196 0.41 n/a 0.60 - | 2551 | 2551|0944 1 1 240.9 0.50 0.74
15 98 0.20 n/a 0.30 - 335533550944 1 1 316.8 0.66 0.97
16 0 0.00 n/a 0.00 - 1079 | 1079 [ 0.944 | 1 1 101.9 0.21 0.29
17 0 0.00 n/a 0.00 - 124.6 | 1246 | 0.944 | 1 1 117.6 0.25 0.34
18 98 0.20 n/a 0.30 - | 2649 | 2649|0944 1 1 250.1 0.52 0.76
19 0 0.00 n/a 0.00 - 97.1 | 97.1 | 0.944 | 1 1 91.7 0.19 0.26
20 196 0.41 n/a 0.60 - | 2776 | 2776 | 0944 1 1 262.2 0.55 0.80
21 0 0.00 n/a 0.00 - | 2551 | 255.1| 0944 1 1 240.9 0.50 0.74
22 0 0.00 n/a 0.00 - | 2158 | 2158|0944 1 1 203.8 0.42 0.62
23 0 0.00 n/a 0.00 - 1618 | 161.8 [ 0.944 [ 0.814| 1 124 .4 0.41 0.89
24 49 0.16 n/a 0.35 - 1512 [ 151.2 | 0.944 | 0.814| 1 116.2 0.39 0.83
25 98 0.33 n/a 0.70 - | 2420 | 2420 0944 | 0.814| 1 186.0 0.62 1.33
26 196 0.65 n/a 1.40 - | 2908 290.8 | 0944 | 0.814| 1 223.5 0.75 1.59
27 0 0.00 n/a 0.00 - 136.4 | 136.4 | 0.944 | 0.814| 1 104.8 0.35 0.75
28 0 0.00 n/a 0.00 - | 2004 | 2004 | 0.944 | 0.814| 1 154.0 0.51 0.86
29 0 0.00 n/a 0.00 - 130.1 | 130.1 | 0.944 | 0.814 | 1 100.0 0.33 0.71
30 294 0.98 n/a 1.64 - | 3143 | 3143 0944 | 0814 | 1 2416 0.81 1.35
31 294 0.98 n/a 2.10 - | 3434 3434|0944 0814 1 264.0 0.88 1.88
32 294 0.98 n/a 2.10 - | 3229 3229|0944 | 0814 | 1 2482 0.83 1.77
33 0 0.00 n/a 0.00 - 187.5 | 187.5| 0.944 | 0.814 | 1 144.1 0.48 1.03
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AXIAL STRESS

EXPERIMENTAL SHEAR CAPACITY

e P Ggross Ggross/ fm Onet Vmin Vmax Vavg k k k. Vcor Vmax,gross Vinax,net
[KN] | [MPa] | [MPa] | [MPa] | [kN] | [kN] | [kN] ave | mmeno | Trate | pN [MPa] | [MPa]
34 200 172 | 0.103 | 2.41 - - 785 | 0944 1 1 74.1 0.68 0.87
35 200 172 | 0.103 | 2.41 - - 857 | 0.944| 1 1 80.9 0.74 0.94
36 188 080 | 0.073 | 1.32 | 1072 | 117.0 | 112.1 1 1 0.9 100.9 0.43 0.79
37 134 0.57 | 0.052 | 095 | 1957 | 220.6 | 2082 | 1 1 0.9 187.4 0.80 1.47
38 130 0.55 | 0.050 | 092 | 1588 | 168.6 | 163.7| 1 1 0.9 1473 0.63 1.15
39 139 0.59 | 0.056 | 098 | 210.0 | 223.3 | 2166 | 1 1 0.9 195.0 0.83 1.53
40 0 0.00 | 0.000 | 0.00 | 74.6 | 77.5 | 76.1 1 1 1 76.1 0.34 0.48
41 0 0.00 | 0.000 | 0.00 | 94.0 | 106.0 | 100.0 | 1 1 1 100.0 0.45 0.63
42 0 0.00 | 0.000 | 0.00 | 146.0 [ 152.0 | 1490 | 1 1 1 149.0 0.67 0.94
43 0 0.00 | 0.000 | 0.00 | 1084 | 118.7 | 113.5] 1 1 1 113.5 0.44 0.63
44 0 0.00 | 0.000 | 0.00 | 157.4 | 1574 | 1574 | 1 1 1 157.4 0.61 0.87
45 0 0.00 | 0.000 | 0.00 | 87.1 | 93.1 | 90.1 1 1 1 90.1 0.46 0.65
46 0 0.00 | 0.000 | 0.00 | 142.6 | 93.1 | 117.8| 1 1 1 117.8 0.60 0.85
47 0 0.00 | 0.000 | 0.00 | 842 | 73.1 | 787 1 1 1 78.7 0.57 0.80
48 0 0.00 | 0.000 | 0.00 | 73.1 | 73.1 | 73.1 1 1 1 73.1 0.53 0.74
49 0 0.00 | 0.000 | 0.00 | 59.4 | 574 | 584 1 1 1 58.4 0.30 0.42
50 0 0.00 | 0.000 | 0.00 | 792 | 653 | 723 1 1 1 72.3 0.37 0.52
51 0 0.00 | 0.000 | 0.00 | 101.0 | 634 | 822 1 1 1 82.2 0.42 0.59
52 0 0.00 | 0.000 | 0.00 | 1049 | 733 | 89.1 1 1 1 89.1 0.45 0.64
53 0 0.00 | 0.000 | 0.00 | 132.7 | 89.1 | 1109 | 1 1 1 110.9 0.56 0.80
54 97 049 | 0.022 | 0.69 | 1723 | 101.0 | 1366 | 1 1 1 136.6 0.69 0.98
55 194 0.98 | 0.044 | 1.39 | 1485 136.6 | 1426 | 1 1 1 142.6 0.72 1.02
56 291 147 | 0066 | 2.08 | 192.1| 1663 | 1792 1 1 1 179.2 0.91 1.28
57 97 049 | 0.042 | 0.68 | 1089 | 843 | 966 1 1 1 96.6 0.47 0.66
58 101 049 | 0.042 | 0.68 | 154.1 | 150.0 | 152.1 1 1 1 152.1 0.74 1.04
59 101 049 | 0.042 | 0.68 | 1603 | 185.0 | 1726 | 1 1 1 172.6 0.84 1.18
60 101 049 | 0.042 | 0.68 | 2487 | 141.8 | 1952 | 1 1 1 195.2 0.95 1.33
61 101 049 | 0.042 | 0.68 | 148.0 | 129.5| 1387 | 1 1 1 138.7 0.68 0.94
62 201 0.98 | 0.044 | 1.39 | 1802 | 136.6 | 1584 | 1 1 1 158.4 0.80 1.14
63 194 098 | 0.085 | 139 | 950 | 792 | 87.1 1 1 1 87.1 0.44 0.63
64 194 0.98 | 0.044 | 1.39 | 196.0 | 138.6 | 1673 | 1 1 1 167.3 0.85 1.20
65 194 0.98 | 0.044 | 1.39 | 2158 | 152.5 | 184.1 1 1 1 184.1 0.93 1.32
66 97 049 | 0.037 | 0.69 | 2925 | 230.5 | 261.5 1 1 1 261.5 0.89 1.10
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AXIAL STRESS

EXPERIMENTAL SHEAR CAPACITY

e P Ggross Ggross/ fm Onet Vmin Vmax Vavg k k k. Vcor Vmax,gross Vinax,net
[KN] | [MPa] | [MPa] | [MPa] | [kN] | [kN] | [kN] ave | mmeno | Trate | pN [MPa] | [MPa]
67 145 049 | 0.039 | 0.69 | 2394 | 224.6 | 2320 1 1 1 232.0 0.79 1.06
68 145 049 | 0.038 | 0.68 | 212.4 | 180.5| 196.5| 1 1 1 196.5 0.74 0.95
69 130 049 | 0.043 | 0.67 | 1233 | 98.6 | 111.0| 1 1 1 111.0 0.54 0.99
70 101 049 | 0.039 | 0.67 | 873 | 69.8 | 786 1 1 1 78.6 0.54 0.74
71 71 049 | 0.039 | 0.67 | 902 | 684 | 793 1 1 1 79.3 0.55 0.75
72 60 098 | 0.117 | 1.65 - 329 | 329 | 0944| 1 1 31.1 0.51 0.85
73 60 098 | 0.117 | 1.65 s 407 | 407 | 0.944| 1 1 38.4 0.63 1.06
74 60 098 | 0.117 | 1.65 - 353 | 353 | 0944| 1 1 33.4 0.55 0.92
75 60 098 | 0.117 | 1.65 - 403 | 403 | 0944 1 1 38.0 0.62 1.04
76 60 098 | 0.117 | 1.65 - 260 | 260 | 0944 | 1 1 24.6 0.40 0.67
77 60 098 | 0.139 | 1.65 - 30.1 | 30.1 | 0944 | 1 1 28.4 0.47 0.78
78 60 098 | 0.139 | 1.65 - 349 | 349 | 0944 1 1 33.0 0.54 0.91
79 60 098 | 0.139 | 1.65 - 432 | 432 10944 1 1 40.8 0.67 1.12
80 60 098 | 0.139 | 1.65 - 468 | 46.8 | 0.944| 1 1 442 0.73 1.22
81 60 098 | 0.139 | 1.65 - 20.1 | 29.1 | 0944 | 1 1 27.4 0.45 0.75
82 0 0.00 | 0.000 | 0.00 - 96.1 | 96.1 | 0.944] 1 1 90.8 0.56 0.93
83 0 0.00 | 0.000 | 0.00 - 108.5 [ 1085 0.944 | 1 1 102.5 0.63 1.05
84 0 0.00 | 0.000 | 0.00 - 1168 | 116.8 ] 0.944 | 1 1 110.3 0.68 1.13
85 0 0.00 | 0.000 | 0.00 - 186.1 | 186.1 | 0.944 | 1 1 175.7 1.08 1.80
86 0 0.00 | 0.000 | 0.00 - 1033 1033 | 0.944 | 1 1 97.5 0.60 1.00
87 0 0.00 | 0.000 | 0.00 - 106.5 | 106.5| 0.944 [ 1 1 100.5 0.62 1.03
88 0 0.00 | 0.000 | 0.00 - 1158 | 1158 | 0.944 | 1 1 109.3 0.67 1.12
89 0 0.00 | 0.000 | 0.00 - 1044 | 1044 0944 1 1 98.6 0.61 1.01
90 0 0.00 | 0.000 | 0.00 - 1137 1137 0944 1 1 107.4 0.66 1.10
91 0 0.00 | 0.000 | 0.00 - 1075 [ 107.5| 0944 1 1 101.5 0.62 1.04
92 0 0.00 | 0.000 | 0.00 - 110.6 | 110.6 | 0.944 | 1 1 104.4 0.64 1.07
93 0 0.00 | 0.000 | 0.00 - 1085 [ 1085 | 0.944 | 1 1 102.5 0.63 1.05
94 0 0.00 | 0.000 | 0.00 - 108.5 | 108.5] 0.944 | 1 1 102.5 0.63 1.05
95 0 0.00 | 0.000 | 0.00 - 1065 | 106.5 | 0.944 | 1 1 100.5 0.62 1.03
96 0 0.00 | 0.000 | 0.00 - 1044 | 1044 | 0944 | 1 1 98.6 0.61 1.01
97 0 0.00 | 0.000 | 0.00 - 1011 | 101.1 | 0.944 | 1 1 95.5 0.59 0.98
98 175 0.74 n/a 138 | 1059 [ 1223 | 114.1 1 1 1 114.1 0.48 0.90
99 175 0.74 n/a 138 | 128.6 | 156.1 | 1423 | 1 1 1 1423 0.60 1.12

234



AXIAL STRESS EXPERIMENTAL SHEAR CAPACITY

e P Ggross Ggross/ fm Onet Vmin Vmax Vavg k k k. Vcor Vmax,gross Vinax,net
[KN] | [MPa] | [MPa] | [MPa] | [kN] | [kN] | [kN] ave | mmeno | Trate | pN [MPa] | [MPa]

100 175 0.74 n/a 138 | 1419 1486 | 1452 1 1 1 1452 0.62 1.15
101 175 0.74 n/a 1.38 | 189.0 | 201.9 | 1955 1 1 1 195.5 0.83 1.54
102 175 0.74 n/a 1.38 | 1455 | 156.1 | 150.8 | 1 1 1 150.8 0.64 1.19
103 175 0.74 n/a 1.38 | 156.6 | 163.7 | 160.1 1 1 1 160.1 0.68 1.26
104 175 0.74 n/a 138 | 1192 1192 | 1192 1 1 1 119.2 0.50 0.94
105 175 0.74 n/a 138 | 161.5| 176.6 | 169.0 | 1 1 1 169.0 0.72 1.33
106 175 0.74 n/a 138 | 191.7 | 201.1 | 1964 | 1 1 1 196.4 0.83 1.55
107 175 0.74 n/a 138 | 147.7 | 171.7 | 159.7 | 1 1 1 159.7 0.68 1.26
108 31 0.60 | 0.043 | 1.27 - 245 | 245 [0.944] 0814 1 18.8 0.42 0.77
109 31 0.69 | 0.043 | 127 s 302 | 302 | 0944|0814 1 233 0.52 0.95
110 31 0.60 | 0.043 | 1.27 - 258 | 258 [ 0.944] 0814 1 19.8 0.44 0.81
111 62 138 | 0.085 | 2.53 s 343 | 343 0944|0814 1 26.3 0.59 1.08
112 120 1.97 n/a 2.84 - 451 | 451 | 0944 1 1 42.5 0.70 1.01
113 120 1.97 n/a 2.84 - 50.5 | 50.5 | 0.944| 1 1 42.9 0.70 1.01
114 120 1.97 n/a 2.84 - 492 | 492 | 0944 1 1 46.5 0.76 1.10
115 120 1.97 n/a 2.84 - 573 | 573 | 0944 1 1 48.7 0.80 1.15
116 120 1.97 n/a 2.84 - 53.8 | 53.8 | 0.944| 1 1 50.8 0.83 1.20
117 120 1.97 n/a 2.84 - 602 | 602 | 0944 1 1 512 0.84 1.21
118 267 048 | 0.035 | 1.10 - - 187.0 | 0.944] 1 1 176.6 0.32 0.73
119 191 048 | 0.035 | 1.02 - - 2450 0.944 [ 1 1 231.4 0.58 1.23
120 133 048 | 0.034 | 091 - - 133.0 [ 0944 | 1 1 125.6 0.45 0.86
121 266 048 | 0.034 | 1.10 - - 240.0 | 0.944 [ 1 1 226.6 0.41 0.94
122 177 045 | 0.032 | 0.94 - - 1920 | 0944 | 1 1 181.3 0.46 0.97
123 132 048 | 0.034 | 0.90 s - 1540 [ 0.944 | 1 1 145.4 0.52 0.99
124 265 048 | 0.040 | 1.09 - - 2613 0944 | 1 1 246.7 0.44 1.02
125 185 047 | 0.039 | 0.99 - - 2535 0944 1 1 239.4 0.60 1.28
126 130 047 | 0.038 | 0.89 - - 1759 [ 0.944 | 1 1 166.1 0.60 1.13
127 266 048 | 0.040 | 1.10 - - 2434 0944 1 1 229.8 0.41 0.95
128 188 047 | 0.039 | 1.00 - - 2703 | 0.944 | 1 1 2552 0.64 136
129 133 048 | 0.039 | 091 - - 2113 0944 1 1 199.5 0.72 1.36
130 358 142 | 0077 | 1.92 - 1430 143.0] 0944 1 1 135.0 0.54 0.73
131 145 0.58 | 0.031 | 0.78 - 93.0 | 93.0 | 0.944| 1 1 87.8 0.35 0.47
132 60 0.50 | 0.076 | 1.05 | 53.0 | 53.0 | 53.0 1 1 1 53.0 0.44 0.93
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EXPERIMENTAL SHEAR CAPACITY

e P Ggross Ggross/ fm Onet Vmin Vmax Vavg k k k. Vcor Vmax,gross Vinax,net

[KN] | [MPa] | [MPa] | [MPa] | [kN] | [kN] | [kN] ave | mmeno | Trate | pN [MPa] | [MPa]
133 60 050 | 0.076 | 0.71 | 62.0 [ 650 | 63.5 1 1 1 63.5 0.53 0.76
134 150 125 | 0.190 | 1.79 | 93.0 | 93.0 | 93.0 1 1 1 93.0 0.78 1.11
135 150 125 | 0190 [ 1.79 | 93.0 | 94.0 | 935 1 1 1 93.5 0.78 1.11
136 122 0.75 | 0.051 | 1.06 | 912 | 969 | 94.1 1 1 1 94.1 0.58 0.82
137 122 0.75 | 0.047 | 1.00 | 932 | 103.7| 985 1 1 1 98.5 0.61 0.81
138 122 0.75 | 0.054 | 1.14 | 84.4 | 96.7 | 90.6 1 1 1 90.6 0.56 0.85
139 122 0.75 | 0.051 | 1.06 | 1142 | 122.9| 1186| 1 1 1 118.6 0.73 1.04
140 122 0.75 | 0.051 | 1.06 | 79.1 | 843 | 817 1 1 1 81.7 0.50 0.71
141 49 0.10 | 0.005 | 0.21 - [ 2380 238.0] 0944 1 1 224.7 0.44 0.98
142 49 0.10 | 0.005 | 0.21 - | 2520 252.0| 0944 1 1 238.0 0.47 1.04
143 49 0.10 | 0.005 | 0.21 - | 246.0 | 246.0 | 0.944| 1 1 232.3 0.46 1.01
144 49 0.10 | 0.005 | 0.21 - | 286.0| 286.0 | 0.944| 1 1 270.1 0.53 1.18
145 49 0.10 | 0.005 | 0.20 - | 344.0 | 344.0| 0944 | 1 1 324.8 0.64 1.30
146 49 0.10 | 0.005 | 0.18 - | 400.0 | 400.0 | 0.944| 1 1 371.7 0.74 1.39
147 219 0.28 | 0.038 | 0.70 - [ 3180 318.0] 0944 1 1 300.3 0.39 0.96
148 219 0.28 | 0.038 | 0.70 - 190.0 [ 190.0 | 0.944 | 1 1 179.4 0.23 0.57
149 0 0.00 | 0.000 | 0.00 - | 2410 241.0| 0944 | 1 1 227.6 0.29 0.73
150 0 0.00 | 0.000 | 0.00 - | 2300 2300] 0944 1 1 2172 0.28 0.70
151 0 0.00 | 0.000 | 0.00 - - 2082 | 1 1 1 208.2 0.38 0.62
152 0 0.00 | 0.000 | 0.00 - - 201.1 1 1 1 201.1 0.37 0.60
153 0 0.00 | 0.000 | 0.00 - - 3256 1 1 1 325.6 0.59 0.86
154 0 0.00 | 0.000 | 0.00 - - 249.1 1 1 1 249.1 0.45 0.66
155 0 0.00 | 0.000 | 0.00 - - 2660 | 1 1 1 266.0 0.48 0.70
156 0 0.00 | 0.000 | 0.00 - - 3483 | 1 1 1 3483 0.42 0.69
157 0 0.00 | 0.000 | 0.00 - - | 4310 1 1 1 431.0 0.52 0.79
158 0 0.00 | 0.000 | 0.00 - - 4057 1 1 1 405.7 0.49 0.74
159 49 0.10 | 0.008 | 021 | 211.0 | 2340 | 2225| 1 1 1 222.5 0.44 0.97
160 49 0.10 | 0.008 | 021 | 227.0| 230.0| 2285| 1 1 1 228.5 0.45 0.99
161 49 0.10 | 0.008 | 021 | 193.0 | 2150 2040 | 1 1 1 204.0 0.40 0.89
162 49 0.10 | 0.008 | 0.20 | 258.0 | 262.0 | 260.0 | 1 1 1 260.0 0.51 1.04
163 49 0.10 | 0.008 | 0.18 | 296.0 [ 302.0 | 299.0 | 1 1 1 299.0 0.59 1.10
164 416 138 | o110 | 2.03 - 2970 297.0] 0944 0.814] 1 2283 0.76 1.11
165 416 138 | 0.110 | 2.03 - | 2781 2781 0944 | 0.814| 1 213.8 0.71 1.04
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e P Ggross Ggross/ fm Onet Vmin Vmax Vavg k k k. Vcor Vmax,gross Vinax,net

[KN] | [MPa] | [MPa] | [MPa] | [kN] | [kN] | [kN] ave | mmeno | Trate | pN [MPa] | [MPa]
166 416 138 | o.110 | 2.03 - 2759 | 2759 | 0.944 | 0.814| 1 212.1 0.70 1.04
167 416 138 | 0.110 | 2.03 - 270.1 | 270.1 | 0.944 | 0.814| 1 207.6 0.69 1.01
168 416 138 | 0.110 | 2.03 - 261.1 | 261.1 | 0.944 | 0.814| 1 200.7 0.66 0.98
169 416 138 | 0.110 | 2.03 - 2722 | 2722|0944 | 0.814| 1 209.2 0.69 1.02
170 416 138 | 0.110 | 2.03 - 2574 | 2574 0944 | 0.814| 1 197.9 0.65 0.97
171 416 138 | 0.110 | 2.03 - 2659 | 2659 | 0.944 | 0.814| 1 204.4 0.68 1.00
172 416 138 | 0.110 | 2.03 - 259.4 | 259.4 | 0.944 | 0.814| 1 199.4 0.66 0.97
173 416 138 | 0.110 | 2.03 - 275.1 | 275.1| 0.944 | 0.814| 1 211.5 0.70 1.03
174 416 138 | 0.110 | 2.03 - 281.5 | 281.5| 0.944 | 0.814| 1 216.4 0.72 1.06
175 416 138 | 0.110 | 2.03 - 2784 | 2784 0944 | 0.814| 1 214.0 0.71 1.04
176 416 138 | 0.110 | 2.03 - 2787 | 278.7| 0.944 | 0.814| 1 214.2 0.71 1.05
177 416 138 | 0.110 | 2.03 - 287.6 | 287.6 | 0.944 | 0.814| 1 221.1 0.73 1.08
178 416 138 | 0.110 | 2.03 - 2789 | 278.9 | 0.944 | 0.814| 1 214.4 0.71 1.05
179 236 0.78 | 0.063 | 1.15 - 149.5 | 149.5 | 0.944 | 0.814| 1 114.9 0.38 0.56
180 236 0.78 | 0.063 | 1.15 - 1469 | 146.9 | 0.944 | 0.814| 1 112.9 0.37 0.55
181 236 0.78 | 0.063 | 1.15 - 1572 | 1572 | 0.944 | 0.814| 1 120.8 0.40 0.59
182 628 208 | 0.167 | 3.06 - 384.4 | 3844 | 0.944 | 0.814 | 1 295.5 0.98 1.44
183 628 208 | 0.167 | 3.06 - 346.6 | 346.6 | 0.944 | 0.814 | 1 266.4 0.88 1.30
184 628 208 | 0.167 | 3.06 - 419.6 | 419.6 | 0.944 | 0.814| 1 322.5 1.07 1.57
185 628 208 | 0.167 | 3.06 - 3479 | 3479 | 0.944 | 0.814 | 1 267.4 0.89 1.31
186 628 208 | 0.167 | 3.06 - 337.1| 337.1| 0944 | 0.814| 1 259.1 0.86 1.26
187 628 208 | 0.167 | 3.06 - 390.1 | 390.1 | 0.944 | 0.814 | 1 299.9 0.99 1.46
188 628 208 | 0.167 | 3.06 - 384.2 | 3842|0944 | 0814 1 295.3 0.98 1.44
189 628 208 | 0.167 | 3.06 - 362.3 | 3623 | 0.944 | 0.814 | 1 278.5 0.92 1.36
190 628 208 | 0.167 | 3.06 - 325.0 | 325.0 | 0.944 | 0.814 | 1 2498 0.83 1.22
191 628 208 | 0.167 | 3.06 - 338.4 | 3384|0944 | 0814 1 260.1 0.86 1.27
192 628 208 | 0.167 | 3.06 - 356.0 | 356.0 | 0.944 | 0.814 | 1 273.6 0.91 1.34
193 628 208 | 0.167 | 3.06 - 373.9 | 373.9 | 0.944 | 0.814 | 1 287.4 0.95 1.40
194 628 2.08 | 0.167 | 3.06 - 360.4 | 360.4 | 0.944 | 0.814 | 1 277.0 0.92 1.35
195 628 208 | 0.167 | 3.06 - 349.7 | 349.7 | 0.944 | 0.814 | 1 268.8 0.89 1.31
196 628 2.08 | 0.167 | 3.06 - 377.8 | 377.8 | 0.944 | 0.814 | 1 290.4 0.96 1.42
197 353 1.17 | 0.094 | 1.72 - 1864 | 186.4 | 0.944 | 0.814| 1 1433 0.47 0.70
198 353 117 | 0.094 | 1.72 - 199.8 [ 199.8 | 0.944 | 0.814| 1 153.6 0.51 0.75
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AXIAL STRESS EXPERIMENTAL SHEAR CAPACITY

e P Ggross Ggross/ fm Onet Vmin Vmax Vavg k k k. Vcor Vmax,gross Vinax,net

[KN] | [MPa] | [MPa] | [MPa] | [kN] | [kN] | [kN] ave | mmeno | Trate | pN [MPa] | [MPa]
199 353 1.17 | 0.094 | 1.72 - 2155 | 21550944 | 0.814| 1 165.6 0.55 0.81
200 839 278 | 0223 | 4.09 - 4595 | 459.5 | 0.944 | 0.814| 1 353.2 1.17 1.72
201 839 278 | 0223 | 4.09 - 403.5 | 403.5| 0.944 | 0.814| 1 310.2 1.03 1.51
202 839 2.78 | 0223 | 4.09 - 433.6 | 433.6 | 0.944 | 0.814| 1 333.3 1.10 1.63
203 839 278 | 0223 | 4.09 s 4146 | 4146 | 0944 | 0.814| 1 318.7 1.05 1.56
204 839 278 | 0223 | 4.09 - 393.8 | 393.8 | 0.944 | 0.814 | 1 302.7 1.00 1.48
205 839 278 | 0223 | 4.09 s 402.0 | 402.0 | 0.944 | 0.814| 1 309.0 1.02 1.51
206 839 278 | 0223 | 4.09 - 437.0 | 437.0 | 0.944 | 0.814| 1 335.9 1.11 1.64
207 839 278 | 0223 | 4.09 - 3933 | 3933|0944 | 0814 1 302.3 1.00 1.48
208 839 278 | 0223 | 4.09 - 4257 | 4257 0944 | 0.814| 1 327.2 1.08 1.60
209 839 278 | 0223 | 4.09 - 4236 | 423.6 | 0.944 | 0.814| 1 325.6 1.08 1.59
210 839 278 | 0223 | 4.09 - 400.9 | 400.9 | 0.944 | 0.814| 1 308.2 1.02 1.50
211 839 278 | 0223 | 4.09 - 4059 | 4059 | 0.944 | 0.814| 1 312.0 1.03 1.52
212 839 278 | 0223 | 4.09 - 4103 | 4103 0.944 | 0.814| 1 315.4 1.04 1.54
213 839 278 | 0223 | 4.09 - 436.8 | 436.8 | 0.944 | 0.814| 1 335.8 1.11 1.64
214 839 278 | 0223 | 4.09 - 4434 | 44340944 | 0.814| 1 340.8 1.13 1.66
215 471 1.56 | 0.125 | 2.30 - 231.1 | 231.1 | 0.944 | 0.814| 1 177.6 0.59 0.87
216 471 156 | 0.125 | 2.30 - 250.8 | 250.8 | 0.944 | 0.814| 1 192.8 0.64 0.94
217 471 156 | 0.125 | 2.30 - 2372 | 2372 0.944 | 0.814| 1 182.3 0.60 0.89
218 315 1.04 | 0084 | 154 - 1864 | 186.4 | 0.944 | 0.814| 1 1433 0.47 0.70
219 315 1.04 | 0.084 | 1.54 - 2173 | 217.3 | 0.944 | 0.814| 1 167.0 0.55 0.82
220 315 1.04 | 0084 | 154 - 208.0 | 208.0 | 0.944 | 0.814| 1 159.9 0.53 0.78
221 315 1.04 | 0.084 | 1.54 - 210.1 | 210.1 | 0.944 | 0.814| 1 161.5 0.53 0.79
222 315 1.04 | 0084 | 154 - 2067 | 206.7 | 0.944 | 0.814| 1 1589 0.53 0.78
223 315 1.04 | 0084 | 154 - 2120 | 212.0 | 0.944 | 0.814| 1 163.0 0.54 0.80
224 608 201 | 0.161 | 2.97 - 350.7 | 350.7 | 0.944 | 0.814 | 1 269.6 0.89 1.32
225 608 201 | 0.161 | 2.97 - 323.1| 323.1| 0944 | 0814 1 2484 0.82 121
226 608 2.01 0.161 | 2.97 - 339.2 | 3392 | 0.944 | 0.814| 1 260.7 0.86 1.27
227 608 201 | 0.161 | 2.97 - 320.4 | 3204 | 0.944 | 0814 1 246.3 0.82 1.20
228 608 2.01 0.161 | 2.97 - 334.6 | 334.6 | 0.944 | 0814 | 1 257.2 0.85 1.26
229 608 201 | 0.161 | 2.97 - 3332 | 3332|0944 | 0814 1 256.1 0.85 1.25
230 684 200 | o121 | 3.62 | 189.0 | 2296 | 2296 1 1 1 229.6 0.67 1.22
231 684 200 | 0.121 | 3.62 | 225.6 | 227.1 | 227.1 1 1 1 227.1 0.66 1.20

238



AXIAL STRESS

EXPERIMENTAL SHEAR CAPACITY

e P Ggross Ggross/ fm Onet Vmin Vmax Vavg k k k. Vcor Vmax,gross Vinax,net

[KN] | [MPa] | [MPa] | [MPa] | [kN] | [kN] | [kN] ave | mmeno | Trate | pN [MPa] | [MPa]
232 684 200 | 0.121 | 3.62 | 250.7 | 254.1 | 254.1 1 1 1 254.1 0.74 1.35
233 684 200 | 0.121 | 3.62 | 224.7 | 2324 | 2324 | 1 1 1 2324 0.68 123
234 684 200 | 0121 | 3.62 | 233.5| 2514 | 2514 1 1 1 251.4 0.74 1.33
235 684 200 | 0.121 | 3.62 | 225.6 | 2463 | 2463 | 1 1 1 246.3 0.72 1.30
236 684 200 | 0121 | 3.62 | 160.1| 168.6 | 168.6| 1 1 1 168.6 0.49 0.89
237 684 200 | 0121 | 3.62 | 195.0 | 236.8 | 236.8| 1 1 1 236.8 0.69 1.25
238 684 200 | 0.121 | 3.62 | 230.8 | 250.5 | 250.5| 1 1 1 250.5 0.73 1.33
239 684 200 | 0121 | 3.62 | 186.7 | 1946 | 1946 | 1 1 1 194.6 0.57 1.03
240 684 200 | 0.121 | 3.62 | 2049 | 208.1 | 208.1 1 1 1 208.1 0.61 1.10
241 684 200 | 0.121 | 3.62 | 208.0 | 2185 | 2185 | 1 1 1 218.5 0.64 1.16
242 684 200 | 0.121 | 3.62 | 202.0 | 2049 | 2049 | 1 1 1 204.9 0.60 1.08
243 684 200 | 0.121 | 3.62 | 209.5| 2133 | 2133 | 1 1 1 213.3 0.62 1.13
244 684 200 | 0121 | 3.62 | 1757 177.7 | 177.7] 1 1 1 177.7 0.52 0.94
245 684 200 | 0.121 | 3.62 | 180.7 | 190.0 | 190.0 | 1 1 1 190.0 0.56 1.01
246 684 200 | 0.121 | 3.62 - | 2303 2303] 0944 0814 1 177.0 0.52 0.94
247 684 200 | 0.121 | 3.62 - | 2358 2358 0944 | 0.814| 1 1813 0.53 0.96
248 56 0.50 | 0.064 | 1.10 - 547 | 547 [ 0944 ] 0814 1 42.0 0.38 0.82
249 56 0.50 | 0.064 | 1.10 - 51.6 | 51.6 | 0.944] 0.814 | 1 39.7 0.35 0.78
250 56 0.50 | 0.064 | 1.10 - 382 | 382 |0.944| 0814 1 29.4 0.26 0.57
251 56 0.50 | 0.064 | 1.10 - 46.0 | 46.0 | 0.944 | 0.814| 1 35.4 0.32 0.69
252 56 0.50 | 0.064 | 1.10 - 427 | 427 | 0944 0814 | 1 32.8 0.29 0.64
253 56 0.50 | 0.064 | 1.10 - 44.0 | 440 | 0944 0814 | 1 33.8 0.30 0.66
254 56 0.50 | 0.065 | 0.99 - 108.0 [ 108.0 | 0.944 | 0.814| 1 83.0 0.74 1.47
255 56 0.50 | 0.065 | 0.99 - 103.0 [ 103.0 | 0.944 | 0.814| 1 79.2 0.71 1.40
256 56 0.50 | 0.065 | 0.99 - 105.0 [ 105.0 | 0.944 | 0.814| 1 80.7 0.72 1.43
257 224 200 | 0258 | 3.97 - 96.0 | 96.0 | 0.944| 0814 1 73.8 0.66 1.31
258 224 200 | 0258 | 3.97 - 955 | 955 (0944 0814 1 73.4 0.66 1.30
259 224 200 | 0258 | 3.97 - 131.0 [ 131.0 | 0.944 | 0.814| 1 100.7 0.90 1.78
260 34 0.50 | 0.067 | 0.74 - 1973 | 1973 | 0.944 | 0.814| 1 151.7 2.20 3.27
261 34 0.50 | 0.069 | 0.74 - 1688 | 168.8 | 0.944 | 0.814| 1 129.7 1.88 2.80
262 34 0.50 | 0.069 | 0.74 - 184.0 | 184.0 | 0.944 [ 0.814| 1 141.4 2.05 3.05
263 138 200 | 0275 | 2.97 - 180.0 [ 180.0 [ 0.944 | 0.814| 1 138.4 2.01 2.98
264 138 200 | 0275 | 2.97 - 185.0 | 185.0 | 0.944 | 0.814| 1 1422 2.06 3.06
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AXIAL STRESS

EXPERIMENTAL SHEAR CAPACITY

e P Ggross Ggross/ fm Onet Vmin Vmax Vavg k k k. Vcor Vmax,gross Vinax,net

[KN] | [MPa] | [MPa] | [MPa] | [kN] | [kN] | [kN] ave | mmeno | Trate | pN [MPa] | [MPa]
265 138 200 | 0275 | 2.97 - 108.0 [ 108.0 [ 0.944 [ 0.814| 1 83.0 1.20 1.79
266 34 0.50 | 0.063 | 0.97 - 25.1 | 25.1 0944|0814 1 19.3 0.28 0.54
267 34 0.50 | 0.063 | 0.97 - 23.1 | 23.1 | 0944|0814 1 17.8 0.26 0.50
268 34 0.50 | 0.063 | 0.97 - 30.6 | 30.6 | 0.944| 0.814| 1 235 0.34 0.66
269 680 200 | 0.134 | 4.16 | 2320 273.0 | 273.0| 1 1 1 273.0 0.80 1.67
270 680 200 | 0.134 | 4.16 | 276.0 | 327.0 | 327.0| 1 1 1 327.0 0.96 2.00
271 680 200 | 0.134 | 4.16 | 276.0 | 346.0 | 346.0 | 1 1 1 346.0 1.02 2.11
272 680 200 | 0.136 | 4.16 | 282.0 | 334.0 | 3340 | 1 1 1 334.0 0.98 2.04
273 680 200 | 0.112 | 4.16 | 216.0| 232.0 | 232.0| 1 1 1 232.0 0.68 1.42
274 680 200 | 0.112 | 4.16 | 191.0] 2150 | 2150 1 1 1 215.0 0.63 1.31
275 680 200 | 0.112 | 4.16 | 208.0 | 244.0 | 2440 | 1 1 1 244.0 0.72 1.49
276 680 200 | 0.112 | 4.16 | 217.0 | 223.0 | 223.0| 1 1 1 223.0 0.66 1.36
277 680 200 | 0.112 | 4.16 | 214.0 | 226.0 | 226.0 | 1 1 1 226.0 0.66 1.38
278 680 200 | 0.112 | 4.16 | 184.0| 213.0 | 213.0| 1 1 1 213.0 0.63 1.30
279 680 200 | 0.168 | 4.16 | 180.0 | 211.0 | 211.0| 1 1 1 211.0 0.62 1.29
280 680 200 | 0.168 | 4.16 | 206.0 | 209.0 | 209.0 | 1 1 1 209.0 0.61 1.28
281 680 200 | 0.168 | 4.16 | 175.0 | 2150 | 215.0 | 1 1 1 215.0 0.63 1.31
282 680 200 | 0.168 | 4.16 | 206.0 | 230.0 | 230.0| 1 1 1 230.0 0.68 1.41
283 156 056 | 0.130 | 091 | 211.7 | 221.1 | 2164 | 1 1 1 216.4 0.78 127
284 156 0.56 | 0.130 | 091 | 1963 | 220.9 | 2086 | 1 1 1 208.6 0.75 1.22
285 156 0.56 | 0.130 | 091 | 283.6 | 303.1 | 2934 | 1 1 1 293.4 1.05 1.72
286 156 0.56 | 0.130 | 0.91 | 291.6 | 308.3 | 299.9 | 1 1 1 299.9 1.08 1.76
287 203 0.56 | 0.130 | 0.93 | 290.1 | 3164 | 3032 | 1 1 1 303.2 0.84 1.39
288 203 0.56 | 0.130 | 0.93 | 3304 | 3424 | 3364 | 1 1 1 336.4 0.93 1.54
289 0 0.00 | 0.000 | 0.00 | 199.9 [ 221.8 | 2108 | 1 1 1 210.8 0.58 0.96
290 78 0.56 | 0.132 | 0.76 | 992 | 1003 | 99.8 1 1 1 99.8 0.72 0.97
291 78 0.56 | 0.132 | 0.76 | 116.5 | 141.7 | 129.1 1 1 1 129.1 0.93 1.26
292 0 0.00 | 0.000 | 0.00 | 98.4 [ 999 | 99.2 1 1 1 99.2 0.72 0.97
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APPENDIX B: MATLAB CODE

There are several MATLAB programs that have been used to perform the neural network
analyses and sensitivity analyses. Appendix B will present all MATLAB programs and
functions used, as well as brief explanations on how they have been used to perform

neural network analysis.
MATLAB R2017a (Academic License) has been used for this study.
B.1 Neural Network MATLAB Function

Most of the MATLAB code remains unchanged throughout the entire study, with
exception to slight modifications necessary to adjust the input dataset and number of
hidden neurons. The code will be presented with highlighted portions where these

modifications are made. The following program will perform the following:

1. Load the dataset “A” (1oad ('PG-A-7-n-1"))

a. The file ‘PG-A-7-n-1.mat’ must contain two matrices: x and t.

b. x is the input matrix with size [Number of input variables x Number of
specimens], where each column represents a single wall specimen, and each row
represents an input variable.

c. t is the output (target) matrix with size [1 x Number of specimens], where each

column represents a single wall specimen and its experimental shear strength.

¥ Variables - x

Mame Yalue
X i
t 1x255 double
0 7x235 double I .
X 7255 double
1 2 2

1 6.4413e+08 6.4413e+00 64413 h_'d
2 1,0833 1.0823 1. . .
! 0.3556 0.4586 0.
4 10,2315 12.5007 10, o 1x235 double
5 0 0.4043 1 > =
: : LI 0.4259 1.0344 0.73
7 0.6003 14579 1

Figure B.1 - MATLAB input variables for NN analysis
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2. Train 10,000 different “A-5-1-1"" neural networks (for i = 1:10000)

a.

Users may decide to train more than 10,000 neural networks by changing the

number of iterations in the “for” loop

The MATLAB function net=fitnet (hiddenSizes) will Iinitiate
MATLAB’s Neural Network Toolbox and begin training a function fitting neural
network when the code train (net) is run. More information on MATLAB’s

Neural Network Toolbox can be found here:

The MATLAB function rng (seed) will seed the random number generator;
doing so will allow users to replicate the neural network result by using the same
value for seed prior to training the neural network. More information on the rng

function can be found here:

3. Save the performance metrics for each trained network in a .mat file (save (' PG-2-

7-1-1_1-10000"))

a.

b.

In this example, 10,000 neural networks are trained. The “A” matrix saved in the
.m file will be a [10,000 x 7] matrix, with each row representing a single trained
neural network, and each column representing a performance metric.

Users are encouraged to import this data into an Excel spreadsheet, where results

can be sorted to select which networks will be used for further analysis.

A E c D E F G
mg - R |~ R® <!/ mse ~ mear~ std | - 5th |~
5632 0.888061 0.738652 0.006272 1.006225 0.154498 0.824187
4558 0.887208 0.787139 0.006332 0.99308% 0.139291 0.766771
6627 0.879637 0.773761 0.00672 1.001221 0.165411 0.747682

1856 0.879042 0772713 0.006759 1.0102%9 0.147422 0.76886
2641 DLRTRTAL (LT72227 0.ON0ATRI 1.00857 0147 0778027

Figure B.2 — Excel spreadsheet with MATLAB output
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function [A]=PG A 7 1 1()
for i = 1:10000
[r, meansquarederror,
fifthp] runnetwork (i) ;

’

1
r:

’

14

4=1i-0;
A(j,1)
A(3,2)

A (3, 3)=rsquared;

(j, 4)=meansquarederror;
(3, 5)=meanvalue;
(7, 6)=standarddev;

=

A(3,7)=fifthp;
end

o
°

save ('PG-A-7-1-1 1-10000")
end

function [r, meansquarederror,

fifthp] runnetwork (i)

load ('PG-A-7-n-1")

o

o

hiddenLayerSize 1;

net = fitnet (hiddenLayerSize
WB getwb (net) ;

rng (1) ;

o

o

Setting the sample size

o

°

meanvalue,

o o\ o0 o o°

o° oo

o

Sa

meanvalue,

) 7

Run the network i times
rsquared, standarddev,

Record the index for "A" matrix
Record the rng

Record the correlation
coefficient

Record the determination
coefficient

Record the mean squared error
Record the mean of v _exp/v n
Record standard deviation
v_exp/v_n

Record the fifth percentile of
v_exp/v_n

ve all variables

rsquared, standarddev,

o

°

Load the input and
output (target) dataset

Create network for curve fitting

o
o

Number of hidden neurons
Use MATLAB's NN Toolbox

o
o

oe

Initialize the RNG so that
results can be duplicated

net.divideFcn = 'dividerand'; Split data randomly
net.divideMode = 'sample';

net.divideParam.trainRatio = 70/100; % 70-percent training
net.divideParam.valRatio = 15/100; % 15-percent validation
net.divideParam.testRatio = 15/100; % 15-percent testing
net = train(net,x,t); % Train the network

y = net(x); % Save the network

[m,b, r]=postreg(t,y);

vexp = t;

oe

Use "postreg" to output the
correlation coefficient

Obtain the experimental values
of shear strength

Obtain the network predicted
values of shear strength
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e = vexp-vn; % Calculate the errors for each
specimen

ratio = vexp./vn; % Calculate the ratios for each
specimen

meansquarederror = mse(e); % Calculate the mean squared error

meanvalue = mean(ratio); % Calculate the mean v _exp/v n
ratio

rsquared = r"2; % Calculate the determination
coefficient

standarddev = std(ratio); % Calculate the standard deviation
of the v exp/v n ratio

fifthp = prctile(ratio,5); % Calculate the fifth percentile
of the v _exp/v_n

end

B.2 Generate MATLAB Neural Network Function

Once a neural network is trained, MATLAB has a built-in function to automatically
generate a  function  for  simulating a  trained neural  network,

genFunction (net, pathname). It will generate a .m program like the following:

To view generated function code: edit ANN A 7 5 1 12&2

For examples of using function: help ANN &4 7 5 1 1262

Figure B.3 - MATLAB genFunction Output

In the example above, the function output = ANN A 7 5 1 1262 (input) will

take an input variable containing 7 parameters, and outputs the neural network prediction

of shear strength.

To use the code, users must first define a matrix rngs, which should contain the rng
values associated with the neural networks that they are interested in. They must be listed
in a [rngs x 1] column matrix. Users can identify which rng values that they are

interested in by sorting the Excel spreadsheet as shown in Section B.1.
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Then, the following code will allow users to automatically generate as many trained
neural network MATLAB programs as needed, which will then be used for sensitivity
analysis. Users must change the number of hidden layers in the code, as well as the

function name to correspond to the dataset and number of input variables.

function GenerateANNFunctions (rngs)

hiddenlayers = 5;
) ;

n = size(rngs,1

for 1 = 1:n
network = TEST ANN ONE (rngs (i), hiddenlayers);
genFunction (network, strcat ('ANN A 7 ',num2str (hiddenlayers),' 1 ',
num2str (rngs(i))))

end

Additionally, the function TEST ANN_ONE must be in the same folder directory for the
code to work. Users will have to ensure that the loaded dataset corresponds to the neural

networks that they wish to train by modifying the highlighted line below.

function [net] = TEST ANN ONE (index,hiddenlayers)
load('PG-A-7-n-1")

hiddenlLayerSize = hiddenlayers;
net = fitnet (hiddenlLayerSize);
WB = getwb(net);

rng (index) ;

net.divideFcn = 'dividerand';
net.divideMode = 'sample';
net.divideParam.trainRatio = 70/100;
net.divideParam.valRatio = 15/100;
net.divideParam.testRatio = 15/100;

net = train(net,x,t);

MATLAB should then generate the following output:
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» GenerateANMNFunctions (rngs)

MATLAE function generated: ANN A 7 5 1 2053.m

To wiew generated function code: edit ANH & 7 5 1 2053

For examples of using function: help ANN & 7 5 1 2053

MATT.AR Tinchion ogenerated: ANN A 7 5 1 5423 . m

Figure B.4 - MATLAB inputs and output for GenerateANNFunctions (rngs)

The ANN functions should also appear in the ‘Current Folder’:

Current Folder

Mame

£ ANN_A_7 5.1 5422.m

Figure B.S - MATLAB ANN functions generated into the current folder

B.3 Sensitivity Analysis MATLAB Function

The code used for sensitivity analysis must be used in conjunction with Microsoft Excel.
It also requires that MATLAB ANN functions are generated for the ANN that will
undergo sensitivity analysis (see Section B.2). First, the MATLAB function is presented,
followed by the Excel spreadsheet.

Most of the MATLAB code remains unchanged throughout the entire study, with
exception to slight modifications necessary to adjust the input dataset and number of
hidden neurons. The code will be presented with highlighted portions where these

modifications are made. The following program will perform the following:

1. Load the dataset “A” (1oad (' PG-E-7-n-1.avg'))
a. The file ‘PG-A-7-n-1.avg.mat’ must contain three matrices: maxvec, minvec
and avg.
b. maxvec is a column matrix with size [Number of input variables x 1], where each

row represents the input variable’s maximum value used for training.
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c. minvec is a column matrix with size [Number of input variables x 1], where each

row represents the input variable’s minimum value used for training.

d. medvec is a column matrix with size [Number of input variables x 1], where each

row represents the input variable’s medium value used for training. (Recall:

medium = 0.5*(max + min))

Maxvec

Maxvec minvec

1 7x1 double - Tx1 double

1
2
E
1

|

e. In this example, the input variables for ANN “E-7-n-1" are used:

-

r Maxvec

1 7x1 double

minvec

medwvec

1 1 2
22051 0.2439
0.8082 0.4047
222830 4.2508
43418 ! 0
12398 0
17237, 0

B R

IR T LR

1 2

1.2725
0.6065
13.2604
24209
0.6449
0.8618

Figure B.6 - MATLAB input variables for sensitivity analysis

Table B.1 - Input variables used for sensitivity anlaysis

IR pie xiabIe Minimum Medium Maximum

value value value
Input 1 | Agcateq [M?] 0.66 10.04 19.43
Input2 | M/VL [unitless] 0.250 1.273 2.295
Input 3 | Apet/Agross [unitless] 0.405 0.607 0.808
Input 4 fr;l,eff’corrected [MPa] 4.25 13.27 22.29
Input5 | pyfyy [MPa] 0.000 2.421 4.842
Input 6 | pnfyn [MPa] 0.000 0.645 1.290
Input 7 | 0gress [MPa] 0.000 0.862 1.724

The code should run the same number of iterations as the number of inputs. In this

example, the sensitivity analysis will be run on an “E-7-5-1" network, so 7 “for” loops

must be run (for i = 1:7). Users may modify this as necessary.
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a. Users must specify which ANN they are interested in performing the sensitivity

accordingly.  (Ensure = that the MATLAB  generated  function
b. First, the ANN function is used to predict the shear strength of the hypothetical

PG wall where all input variables are fixed at its medium value, v,, .. (MPa).

c. With each iteration, a different input variable is selected for variation from its
minimum value to its maximum value in 101 steps (0-100%, varied at 1%
increments).

3. When run, the code will output a single matrix of with size [101 x (3)*(Number of

input variables)]. This matrix will need to be

ans

o 101x21 double

1 2 3 4
1 0.8013 1.0070 0.2
2 B4829e+05 0.8022 1.0081 0.2
3 1.0359e+06 0.8031 1.0092 0.2
4 1.2236e+06 0.8040 1.0103 0.3

Figure B.7 - MATLAB output matrix for sensitivity analysis

a. The first column contains the first input variables’ variation from 0-100% at 1%
increments. In this example, the medium values for each input variable are used
except Agcaled> Where Agealeq = 0.66 m? to 19.43 m?.

b. The second column contains the predicted shear strength, v, (MPa) using the
medium values for each input variable are used except Agcajeq, Where Agcaleq =
0.66 m? to 19.43 m?.

c. The third column contains the ratio of v, /vy, .. .

d. Columns 4-6 are similar to columns 1-3, but for the second variable (in this
example M/VL). Columns 7-9 are similar to columns 1-3, but for the third

variable, and so on.
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Users can then import this data into an Excel spreadsheet, where results of the

sensitivity analysis can be interpreted.

a. A scatterplot is generated in Excel, with the parameter variation on the x-axis,

and the ratio of v, /v, . for each variable on the y-axis.

% Ascaled[mm2] vmax vn/vn_mec|
0 660643.84 0.801283 1.006974
1 848293.4016 0.802165 1.008082
2 1035942.963 0.803055 1.009201

Figure B.7 — MATLAB output matrix imported into Excel

function [A]=sensitivityanalysis{()

close all
load ('PG-E-7-n-1-avg.mat')

for 1 = 1:7

j = 1;

testvec=medvec;
minvar=minvec (1) ;
maxvar=maxvec (1) ;

testvec (i)=minvar;

vnmedium=ANN E 7 5 1 44662 (medvec) ;

while testvec (i) <= 1.0001*maxvar

k = 3*i;
,k=2) = testvec(i);
( +k-1) = ANN E 7 5 1 44662 (testvec);
A(j,k) = ANN E 7 5 1 44662 (testvec) /vnmedium;

if A(§,k) <0

clc
disp('error, negative prediction')
$return
end
jo=3 4L
testvec (i) = testvec(i)+0.01* (maxvar-minvar);
end

end
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APPENDIX C: NOTES ON LINEAR REGRESSION

C.1 Linear Regression

Simple linear regression uses an optimized linear function to model the relationship

between a response variable and a single predictor variable.

Y=0F0+F1X+¢ (C.1)
where Y = response variable
Bi = model regression coefficients or parameters
X = predictor variable
€ = random disturbance or error

Multiple linear regression uses an optimized linear function to model the relationship

between a response variable and multiple predictor variables
Y=ﬁo+ﬁ1X1+32X2+"'+ﬁpo+€ (C2)

The [; parameters are estimated using ordinary least squares, minimizing the sum of
squares of the vertical distances from each point to the linear regression model. The
coefficient of determination, R?, is a statistical measurement of the total variation in the
predicted values are described by the variation in the actual values. The coefficient of
determination has a range between [0,1], and is often used to measure the goodness-of-

fit of the model, where R? = 1 indicates a model with perfect fit to the data.

Although statisticians have defined the coefficient of determination in different ways over
the past century, the most commonly used definition of R? is presented in Eq. (C.3)
(Chatterjee and Hadi 2006; Lee Rodgers and Alan Nicewander 1988). The coefficient of
determination formula is only valid for simple and multiple regressions when the fitted
function is linear and the function is optimized by ordinary least squares (Blomquist 1980;

Young 2000).
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SSR SSE

Rzzmzl_ﬁ (C.3)
where R? = coefficient of determination
SSR = regression sum of squares
= 25— 97
SST = total sum of squares
= 20 —9)?
SSE = residual sum of squares
= X —9)?
This definition of R? is dependent on the following inequality:
SST = SSE + SSR (C4)
The inequality presented in Eq. (C.4) is derived by the following set of equations:
n n
D 0i=97 =) (0= 90+ G~ PP (€3)
i=1 i=1

Zn:(yl' —y)? = Zn:(yl' - 9% + Zzn:(yi - 9)@:i -y + Zn:(f’i —¥)? (C.6)
i=1 i=1 =1 i=1

n
SST = SSE + ZZ(yi —9)@; —y) + SSR (C.7)

=1

However, when the linear regression model is optimized by ordinary least squares, the
sum of the residuals must equal to zero. Consequently, the covariance between the

residuals and the fitted values to equal to zero (Eisenhauer 2003).
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}}w—ﬁXﬂ—@=0 (C.8)
i=1

C.2 Regression Through the Origin (RTO)

Regression through the origin (RTO) uses an optimized linear function to model the
relationship between a response variable and a single predictor variable, setting the

y-intercept () equal to zero.

Y=p.X+e (C.9)

The coefficient of determination for RTO is calculated differently, due to the inequality
given by Eq. (C.8) not equalling zero when there is no constant in the regression.
Additionally, if Eq. (C.3) is used to calculate the coefficient of determination for RTO,
negative values may result. Therefore, the formula used to calculate the coefficient of

determination for RTO is given as follows:

, SSRy SSE,
= =1- C.10)
0~ ST, SST, (C.
where R3 = coefficient of determination (regression through the origin)
SSR,y = regression sum of squares
2
= Z(ylo)
SST, = total sum of squares

LO?

SSE, = residual sum of squares

= Z(Yi - f’io)z
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This definition of R3 is dependent on the following inequality:

SST, = SSE, + SSR, (C.11)

The inequality presented in Eq. (C.11) is derived by the following set of equations:

Z(yi -0)? = Z[(Yi ~91,) + 9ig — 0)]° (C.12)

n
i=1

Z(yi)z = Z(yi —9,)" + ZZ(% ~3i)Fip = 0) + 2()%)2 (C.13)
i=1 1 i=1 i=1

i=

n
SSTy = SSEy+2 ) (vi = 1) (9t,) + SR, (C.14)

=1

However, when the regression through the origin model is optimized by ordinary least
squares, the sum of the residuals must equal to zero. Consequently, the cross-product term

equal to zero (Eisenhauer 2003):

z(yi —9)@:) =0 (C.15)
i=1
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