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ABSTRACT

PREDEFINED DAMAGE PATTERNS FOR LIMIT ANALYSIS ON NON-
ENGINEERED MASONRY BUILDINGS

Icel, Cemal
Master of Science, Civil Engineering
Supervisor: Prof. Dr. Murat Altug Erberik

September 2019, 178 pages

Non-engineered masonry construction still constitutes a significant percentage of
building stocks, especially in earthquake-prone Mediterranean, Asian and South
American countries. It is not easy to quantify the seismic performance of this building
type, because the analytical and numerical methods, which have been developed so
far, generally work for engineered masonry buildings with specific design and
construction practices. For such buildings, it is easy to define the load transfer paths
through well-defined structural members. However, non-engineered masonry
buildings generally do not have well-quantified material properties, rigid floor
diaphragms and adequate floor-to-wall or wall-to-wall connections in order to ensure
such a load path. Hence the use of conventional analysis tools become meaningless or
even misleading since the seismic behavior of non-engineered buildings contradicts
with the fundamentals of structural analysis and modeling, on which these analysis
tools are based on. In such cases, the use of simple theoretical analyses, which are
generally based on observed performance and damage on the considered building
type, may provide a practical solution. This study aims to propose prescribed in-plane
damage mechanisms and crack patterns for solid and perforated masonry walls by
using the available post-earthquake field data obtained from damaged masonry

buildings and experimental data obtained from masonry specimens. These predefined



damage and crack patterns can be used as an input for lower-bound limit analysis
solutions in order to estimate the lateral load capacity of non-engineered masonry

buildings.

Keywords: Non-engineered Masonry, Limit Analysis, In-plane Wall Damage, Crack
Pattern, Failure Mode
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MUHENDISLIiK HiZMETi GORMEMIS YIGMA BiNALAR UZERINDE
LiMIT ANALIZi iICIN ONCEDEN TANIMLANAN HASAR MODELLERI

Igel, Cemal
Yiiksek Lisans, Ingsaat Miihendisligi
Tez Danigmant: Prof. Dr. Murat Altug Erberik

Eyliil 2019, 178 sayfa

Miihendislik hizmeti gormemis donatisiz yigma binalar, 6zellikle deprem tehlikesinin
yuksek oldugu Akdeniz, Asya ve Giiney Amerika iilkelerinde hala yap1 stokunun
onemli bir yiizdesini olusturmaktadir. Bu bina tipinin sismik performansint 6l¢mek
kolay degildir, ¢linkii su ana kadar gelistirilen analitik ve sayisal yontemler, genellikle
belirli tasarim ve ingaat uygulamalarina sahip miithendislik hizmeti gérmiis yapilar i¢in
gecerlidir. Bu tiir binalar igin, yiik transfer yollarini iyi tanimlanmis yapisal elemanlar
vasitasiyla tanimlamak kolaydir. Bununla birlikte, donatisiz yigma yapilari genellikle
boyle bir yiik yolunu saglamak i¢in iyi 6l¢lilmiis malzeme 6zelliklerine, rijit doseme
diyaframlarina ve yeterli doseme-duvar veya duvar-duvar baglantilarina sahip
degildir. Bu nedenle, geleneksel analiz araglarinin kullanimi, donatisiz yigma
binalarin sismik davraniglari, bu analiz araglarinin dayandigi yapisal analiz ve
modellemenin temelleriyle ¢eliskili oldugundan, anlamsiz ve hatta yaniltici hale gelir.
Bu gibi durumlarda, ¢ogunlukla gézlemlenen performansa ve diisliniilen bina
tipindeki hasara dayanan basit teorik analizlerin kullanilmasi pratik bir ¢6ziim
saglayabilir. Bu ¢alisma, hasarli duvar binalarindan elde edilen mevcut deprem sonrasi
verilerini ve duvar orneklerinden elde edilen deneysel verileri kullanarak dolu ve
delikli duvar duvarlari i¢in 6ngoriilen diizlem i¢i hasar mekanizmalarin1 ve g¢atlak

modellerini gelistirmeyi amaglamaktadir. Bu onceden tanimlanmis hasar ve gatlak

vii



dagilimlari, miithendislik hizmeti gérmemis yigma yapilarin yanal yiik kapasitesini

tahmin etmek icin alt-sinir limit analiz ¢oziimlemelerine veri olarak kullanilabilir.

Anahtar Kelimeler: Donatisiz Yigma Binalar, Limit Analiz, Diizlem I¢i Duvar

Hasarlari, Catlak Dagilimlari, Go¢me Tiirii
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CHAPTER 1

INTRODUCTION

1.1. Background

Masonry is still one of the most common construction types in the world due to the
accessibility of materials in any environment conditions, ease of application, and low
costs. Among the many types of masonry structures, the most common type is

unreinforced masonry (URM) structures.

URM structures have high compressive strength under axial loads, yet have little or
no tensile strength, which often leads to failure in a brittle manner. Because of their
large mass and lack of ductility, they are subjected to relatively high seismic actions
which lead to structural failure more often than any other types of structures. Hence,

URM structures are very vulnerable in zones of high seismicity.

The seismic behavior of URM structures in rural areas cannot be accurately estimated
because there is no control in their construction process, material properties are not
precisely known, and they are generally constructed with previous experiences in a
traditional manner. Hence, they are also considered as non-engineered structures.
Using detailed modeling and analysis approaches for assessment purposes is waste of
time and effort since the input structural parameters cannot be obtained with an
adequate degree of accuracy. In such cases, simplified and practical approaches should
be employed, but this requires a good understanding of the actual behavior under
seismic action. The only way to comprehend actual behavior is to gather and examine
field data from real structures or processed data from physical test models under
laboratory conditions. This study focuses on collecting such data for the in-plane

seismic behavior of perforated unreinforced masonry walls and develops a solid basis



for simplified modeling and analysis techniques to estimate the seismic performance

of non-engineered masonry buildings.
1.2. Literature Survey

In this section, studies regarding different modelling techniques about URM walls are

explained. Then, collapse mechanisms of URM structures are described.

Based on the study of Lourenco et al. (1995), there are two major techniques in
modeling masonry. These are heterogeneous (micro) modeling and homogeneous
(macro) modeling. Heterogeneous modeling is composed of two sub-techniques micro
modeling and simplified micro modeling (Figure 1.1).

[MODELING TECHNIQUES]|
I

([HETEROGENOUS MODELING| [HOMOGENOUS MODELING|

[MICRO MODEL | [SIMPLIFIED MICRO MODEL | [MACRO MODEL]|

Figure 1.1. Different Modeling Techniques of Masonry Walls

URM walls consist of masonry units and mortar. In micro modeling approach masonry
unit, mortar and their joint behavior at interfaces are modeled separately as shown in
Figure 1.2a. On the other hand, in macro modeling, mortar and masonry units are
modeled as a single element as shown in right of Figure 1.2b. These two modelling
techniques of URM walls have advantages and disadvantages. With the help of micro
modeling approaches, users can determine more precise results on behavior of URM
walls and ultimate limits. However, this approach consumes very significant
computational time compared to macro modeling approaches. Moreover, material

properties of mortar and masonry units should be properly defined in the beginning of



modeling stage. Despite the definition of micro modeling, macro modeling approach
is much more practical to model and obtain such results. Nevertheless, results are less

precise compared to micro modeling.

Mortar

///

Masonry unit Masonry unit and mortar interfaces Composite structure

(a) (b)
Figure 1.2. (a) Micro and (b) Macro Modelling Principles

Macro modeling technique is used in this study (Computers and Structures, 2009).
The studies by Kaushik et al. (2007), Dhanasekar and Haider (2007) and Mosalam et
al. (2009) have been investigated to determine the mechanical and non-linear

properties of masonry developing the mathematical models.

There are two common behavior types for collapse mechanisms in URM buildings:
“weak pier” and “weak spandrel” failure mechanisms (Figure 1.3). From the structural
point of view, pier failure is the predominant failure type on total collapse of structure,

therefore, it is more critical than failure in spandrels.



Pier —
Rocking

Pier Toe
Crushing

Niwiwin

Bed Joint
Sliding

Diagonal
Tension

Figure 1.3. Pier (on the right) and Spandrel (on the left) Failure Mechanism of URM Buildings

It is also essential to understand the in-plane behavior of URM walls and determine
their in-plane ultimate strength limits from the view of the international codes and
standards. Therefore, FEMA 273 (1997), Turkish Building Seismic Code (TBSC
2018: Disaster and Emergency Management Presidency, 2019) and the state-of-the-
practice study by Akhaveissy (2013) are considered. Consequently, ultimate limit

approaches of different empirical equations are assessed.
1.3. Scope and Outline of the Thesis

This thesis study focuses on the development of pre-established rules regarding crack
patterns and damage propagation for URM solid or perforated walls to develop a solid
basis for simplified modeling and analysis techniques for the estimation of the seismic
performance of unreinforced masonry buildings. In order to develop these rules, both
observed data (either from field surveys or from laboratory tests) and numerical data

(mathematical model analyses) are assessed.

Failure modes and crack propagations of URM buildings under seismic actions
depend on both in-plane and out-of-plane behaviors. The aim of this study is to
determine predefined rules for damage pattern predictions by using simplified
techniques. Out-of-plane behavior is not considered in this study due to the fact that,
interpreting this phenomenon requires much more complicated analysis and numerical

calculations than that in-plane behavior.



In addition, ultimate capacities of the selected URM walls are investigated. Results of
the experimental studies are compared with limitations given in empirical equations
as well as numerical modeling analysis results. Thus, a complete set of knowledge on
failure mechanism and in-plane behavior is gathered. The developed set of rules is
intended to be used to predict the failure surfaces for the fagades of URM structures
with only the help of observational information from the observed and numerical data

belonging to masonry walls.

Finally, the obtained set of rules can assist the estimation of lateral failure load through
lower-bound limit analysis. Hence this approach provides a practical and reasonable
tool to predict the lateral load capacity of simple URM buildings without performing

any complicated analysis.
In the following pages, details of this study are presented in below order.
Chapter 1 is about the introduction, literature survey and scope of this study.

Chapter 2 focuses on damage observations of URM walls. Damage patterns from
different post-earthquake field reports and experimental studies are investigated and

categorized according to their perforation geometry.

Chapter 3 calculates ultimate strength values of URM walls by using linear and non-
linear analyses and crosschecks these results with experimental studies. Moreover,
empirical strength limits from several international codes are determined and

compared.

Chapter 4 classifies the damage observations of field reports and gives a set of rules

for predefined damage patterns on perforated URM walls.

Chapter 5 concludes this study by giving a summary and suggests future works in

consideration of the results obtained.






CHAPTER 2

DAMAGE OBSERVATION FOR MASONRY WALLS

2.1. Introduction

In this chapter, damaged patterns of unreinforced masonry walls obtained from field
and experimental observations are examined. The main objective of this chapter is to
comprehend the in-plane damage and failure modes of masonry walls and to examine
the effect of geometry, material properties, axial stress and perforations in the wall
(i.e. the number and position of wall openings) on the considered damage and failure
modes. Masonry wall damage is discussed in three different subsections which are
titled as: field observation of damage on perforated masonry walls, experimental
observation of damage on solid masonry walls and experimental observation of
damage on perforated masonry walls. Finally, the gathered information is presented

in tabular form.

URM walls are classified as three different groups according to their axial stress levels
(o). The first one is defined as “low” axial stress with values ranging from 0.05 MPa
to 0.10 MPa, indicating walls located in one story buildings or at the top story of multi-
story buildings. URM walls at intermediate floors of three-story buildings belong to
the group of “medium” axial stress, for which the values correspond to ~0.15 - 0.25
MPa. URM walls of bottom floors of three-story buildings are assumed to be under

“high” axial stress, which corresponds to values between ~0.30 - 0.40 MPa.

Moreover, geometric properties of masonry walls have a significant effect on the
damage patterns. This particular feature is determined by introducing the aspect ratio
of the URM walls. An important issue to be mentioned here is the fact that the damage
patterns of the perforated walls are observed in different parts of the wall. Therefore,

assessment of the URM walls is performed by dividing them into predefined



imaginary panels. Aspect ratios are determined with consideration of the dimensions
of these panels. Definition of these panels in perforated walls is shown in Figure 2.1.
According to the below figure, panels are defined into three groups regarding to their
locations on the wall. These are pier (P), spandrel (S) and corner (C). Pier denotes the
panel between two openings in the horizontal alignment whereas spandrel represents
the panel between two openings in the vertical alignment. The remaining parts of the

wall are considered as corner.

Panel based modeling is used for the walls in order to distinguish areas for piers,
spandrels and in between zone which have different behavior patterns. With the help
of equilibrium conditions between panels, stress states of panels can be estimated from

expected damage and crack patterns.

Figure 2.1. Panel Definition in Perforated Walls

Aspect ratio (L) of the panels is defined as the ratio of the height of the panel to its
length. It is classified in three groups: squat (A<1.0), normal (1.0 <A<2.0) and slender
(2>2.0) panels.

Another important factor that affects the damage of the masonry walls is the material
property. This parameter is combined with the workmanship (or observed quality) of

the walls and classified into three groups as low, medium and high.



Effects of aforementioned parameters of URM walls determine the in-plane failure
modes. In URM wall panels, there are four major in-plane failure modes observed

under earthquake action or experimental studies. (Figure 2.2):

- Diagonal tension failure
- Sliding shear failure

- Rocking failure

- Toe crushing failure

(©) @

Figure 2.2. In- plane Failure Modes of Masonry: (a) Diagonal Tension, (b) Sliding Shear, (c) Rocking
and (d) Toe Crushing

2.2. Field Observation of Damage on Perforated Masonry Walls

In this section, damaged perforated walls in seismic events are examined. A vast
number of post-earthquake field investigation reports have been studied and photos of

damaged masonry structures are collected.



For all wall types, seismic behavior and failure modes of the walls are assessed as
single story wall even if they are part of a multistory structure. Since the stories of
masonry structures are separated with rigid floors and tie beams, behavior of each
story can be considered as an individual single-story structure with lower and upper
stories as the boundary.

Masonry walls are categorized into six types according to their wall opening
properties. Categorized wall type descriptions (Figure 2.3) are: Type-1 wall which
consists of a single window opening, Type-2 wall which consists of a single door
opening, Type-3 wall which consists of a single door and a single window opening,
Type-4 wall which consists of two window openings, Type-5 wall which consists of
more than two window openings and finally Type-6 wall which consists of at least
single door opening and two or more window openings. Locations and orientations of

the openings are not restricted in the categorization.

(©) I

(e) U]

Figure 2.3. Types of Perforated Masonry Walls: (a) Type-1, (b) Type-2, (c) Type-3, (d) Type-4, (e)
Type-5 and () Type-6.
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Three major parameters are visually determined for each masonry wall: axial stress
level, material type and aspect ratio together with the observed crack pattern of the
considered wall. Axial stress level of the walls is determined by the number of stories
above the inspected wall. For instance, if there is no story above the inspected wall as
in single-story structures or top story of multi-story structures, axial stress level of the
wall is defined as “low”. In Table 2.1, sample photos of each type of damaged wall
are presented. Wall 1Ds are given as F1-F70 as shown in Appendix A for the rest of

the cases together with damaged wall photos.

Table 2.1. Damaged Perforated Wall Photographs in Real Seismic Events

- Walltype: 1

- WalllD: F1

- Axial stress level: Low

- Material type: Solid clay

- Reference: Javed et al. (2006)

- Wall type: 2

- WallID: F15

- Axial stress level: Low

- Material type: Hollow clay

- Reference: Javed et al. (2006)

11



Table 2.1 (continued)

12/07/2008 1:16 pm

Wall type: 3

Wall ID: F23

Axial stress level: Medium
Material type: Clay
Reference: Javed et al. (2006)

Wall type: 4

Wall ID: F29

Axial stress level: Low

Material type: Stone

Reference: Auroville Earth Insitute
(2015)

Wall type: 5

Wall ID: F49

Axial stress level: Low
Material type: Clay
Reference: Javed et al. (2006)
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Table 2.1 (continued)

- Wall type: 6

- Wall ID: F68

- Axial stress level: Low

- Material type: Solid clay

- Reference: Auroville Earth Insitute
(2015)

Damaged walls presented in Table 2.1 show that axial stress level, material property
and aspect ratio have a significant effect on damage patterns of perforated URM walls.
Depending on the perforation geometry, crack patterns, crack initialization and crack
propagation have consistent trends. In most of the observed walls, cracks initiate from
corners of openings. Furthermore, propagation of these cracks seems to be related with
the axial stress level, material properties and geometry of the panels around the
openings. Thus, crack patterns can be roughly predicted by considering these three

parameters.
2.3. Experimental Observation of Damage on Solid Masonry Walls

It is essential to examine the in-plane behavior and the correlated damage patterns of
solid masonry walls since such walls exist in almost all of the masonry buildings.
Moreover, in-plane behavior of panels in perforated walls has lots of similarities with

the in-plane behavior of simple solid walls.

Different failure modes of unreinforced solid masonry walls have been described in
Chapter 1. As mentioned before, each failure mode occurs due to different properties
of masonry walls. Major parameters which lead to failure modes are observed as

aspect ratio (1), vertical axial stress () and compressive strength of masonry (fm).
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In order to interpret the failure modes and in-plane behavior of solid URM walls, 60
different experimental set-ups are examined. Most of the experimental studies belong
to well recognized researchers in the field. In Table 2.2, a summary list is prepared
and presented for the solid wall experimental studies. The abbreviations used in the

table can be summarized as follows. For material types,
SB: Stone block
CCB: Concrete block
SCB: Solid clay brick

HCB1/2/3: (1) Hollow clay brick without filled mortared joints, (2) Hollow
clay brick with fully mortared joints, (3) Hollow clay brick with fully mortared

joints and fine hollows

TGM: Clay tongue and groove masonry (no mortar in between)
For failure modes,

1: Diagonal tension failure

2: Slide shear failure

3: Rocking - flexural (toe crush) failure

4: Mixed failure mode (diagonal shear and rocking)

To explain the constitution of Table 2.2, three examples are given for each failure

modes.

14



Table 2.2. Summary Table for Failure Modes of Different Solid Walls

2| g || E|E 2 = '§§ = § §
S| S |5| E| E |29 %S| B | = o
El 2 |%8| | 2 |3E|l5sS|8By| = o kS
5| S |lg| 2|2 |2c|02|28| 5 | 3 =
gl 8|2 S| |F |2 |s5| 8| & ko

S | < s || & =

O

S1| SCB | 1| 600 | 600 | 90 | 844 | 032 | 84 | 2
S2 | SCB | 1| 600 | 600 | 90 | 844 | 042 | 54 | 1
S3| SCB | 1| 600 | 600 | 90 | 844 | 017 | 74 | 2
S4 | SCB | 1| 600 | 600 | 90 | 844 | 024 | 82 | 2
S5 | SCB | 1 | 600 | 600 | 110 |10.03| 014 | 177 | 1
S6 | SCB | 1 | 600 | 600 | 110 |10.03| 020 | 140 | 1 Basoenondo (2008)
S7| SCB | 1| 600 | 600 | 110 |10.03| 027 | 145 | 1
S8 | SCB | 1 | 600 | 600 | 110 |1237| 014 | 126 | 1
S9 | SCB | 1 | 600 | 600 | 110 |12.37| 020 | 123 | 1
S10| SCB | 1 | 600 | 600 | 110 |1237] 027 | 121 | 1
S11| SB |06]4400 | 2620 | 320 | 328 | 0.09 | 80 | 1 Magenes et al. (2012)
S12| CCB |0.6]3600 | 2000 | 150 | 7.61 | 0.77 | 234 | 1 Farshehi et al. (2009)
S13| CCB |0.6]3600 | 2000 | 150 | 7.61 | 0.78 | 187 | 1
S14|HCB1| 1 | 1600 1600 | 75 | 6.00 | 0.75 | 32 | 3
S15|HCB1| 1 | 1600 | 1600 | 75 | 4.80 | 0.37 | 20 | 2
S16|HCBL| 04| 1600 | 700 | 75 | 6.00 | 032 | 20 | 4 | Elcawadyetal. (2005)
S17|HCB1]0.4]1600| 700 | 75 | 4.80 | 029 | 29 | 2
S18|HCB1|1.1] 2010 | 2250 | 195 | 8.99 | 1.07 | 187 | 1
S10 | HCB1| 1.1 2010 | 2250 | 195 | 9.75 | 1.07 | 178 | 1
S20 | HCB1 | 1.1| 2010 | 2250 | 195 |12.00] 1.07 | 121 | 3
S21| HCBL| 11| 2010 | 2250 | 195 |11.70| 158 | 145 | 4 | oty andBeyer (2015)
S22 |HCB1|1.1] 2010 | 2250 | 195 | 9.87 | 056 | 135 | 1
23 |HCB1|1.1] 2010 | 2250 | 195 | 9.02 | 1.58 | 132 | 4
S24| SCB |1.0] 990 | 1000 | 100 | 950 | 0.30 | 52 | 1
s25| SCB |0.6|3600 | 2000 | 150 | 9.50 | 0.61 | 255 | 1 Lourengo et al. (1995)
S26 | HCB1| 05| 3567 | 1625 | 198 | 6.40 | 052 | 425 | 1
S27 |HCB1 |06 2743 | 1625 | 198 | 6.40 | 052 | 190 | 3 | Abramsand Shah (1992)
S28 |HCB1|0.9] 1829 | 1625 | 198 | 6.40 | 052 | 100 | 3
S29 | HCB1|0.6| 3600 | 2000 | 150 | 8.25 | 0.77 | 260 | 1
S30 | HCB1 | 0.6 | 3600 | 2000 | 150 | 8.25 | 2.38 | 454 | 4
S31 | HCB1| 0.6 3600 | 2000 | 150 | 8.25 | 0.78 | 187 | 4 |Ganz and Thurlimann (1985)
32 |HCB1|0.6| 3600 | 2000 | 150 | 8.25 | 0.77 | 247 | -
S33 | HCB1|0.6| 3600 | 2000 | 150 | 8.25 | 2.39 | 491 | 4
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Table 2.2 (continued)

a g 8 —~ — % T —~ g <3} o
- E 2| E|E |8 |282E| 3|8 §
T | = sl = | £E|cg|dbs| 2] 8 =
E| Z|B|l &£| 2 |8E|s=|8Bg| 2 | & 3
2 c S| 2| @ |- | SE|E3| ® 3 =
o o 2l = L |+ Se | 55 5 ‘T 2
n < 7 | T IS S0 & (N )
= | - 3 3 .
S34| SCB |0.8]1800 | 1500 | 150 | 9.40 - 75 3
S35|HCB2|1.5]1028 | 1510 | 300 | 4.00 | 0.6 - 3
S$36 |[HCB2|1.5]1030 | 1510 | 300 | 4.10 | 1.19 - 3
S37|HCB2|1.5]1025| 1514 | 300 | 4.10 | 1.19 - 3
S38 |HCB2|1.5]1026 | 1508 | 300 | 400 | 0.6 - 3
S39 |HCB1|1.5]| 989 | 1513 | 300 | 4.25 | 1.19 - 3
S40|HCB1|15]| 987 | 1511 | 300 | 425 | 1.19 - 3
S41|HCB1|1.5] 988 | 1507 | 300 | 4.25 | 1.19 - 3
S42 | HCB3|1.5]| 985 | 1508 | 300 | 6.26 | 1.19 - 3
S43|HCB3|1.5] 985 | 1509 | 300 | 6.26 | 1.19 - 3
S44 |HCB3|1.5| 986 | 1507 | 300 | 6.26 | 1.19 - 3
S45| TGM |1.5] 988 | 1510 | 300 | 6.26 | 1.19 - 3
S46 | TGM |1.5]| 987 | 1512 | 300 | 6.26 | 1.19 - 3
S47| TGM |1.5]| 986 | 1508 | 300 | 6.26 | 1.19 - 3 Petry and Beyer (2014)
S48 |HCB2|0.7] 2567 | 1750 | 297 | 4.21 | 0.59 - 4
S49 |HCB2|0.7] 2572 | 1753 | 297 | 410 | 1.19 - 4
S50 |HCB2|0.7] 2584 | 1751 | 297 | 4.05 | 0.89 - 4
S51| TGM | 0.7 2482 | 1750 | 296 | 4.32 | 0.95 - 1
S52| TGM |0.7]2484 | 1750 | 296 | 2.41 | 0.53 - 3
S53 |HCB3|0.7] 2359 | 1600 | 247 | 3.86 | 0.85 - 3
S54 |HCB2|0.7] 2712 | 1820 | 172 | 9.41 | 2.07 - 4
S55| TGM |1.2] 992 | 1170 | 300 | 5.53 | 0.94 - 3
S56 | TGM |1.2] 992 | 1170 | 300 | 5.64 | 1.24 - 1
S57| TGM |1.2] 992 | 1170 | 300 | 5.74 | 1.55 - 3
S58 |[HCB3|1.2| 992 | 1170 | 300 | 5.24 | 0.89 - 3
S59 |[HCB3|1.2| 992 | 1170 | 300 | 5.18 | 1.14 - 3
S60 |HCB3|1.2| 992 | 1170 | 300 | 541 | 1.46 - 3
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Figure 2.4. Before and After Testing Specimen ID: S2

Figure 2.4 shows a specimen that is selected from the collected experimental data for
solid masonry walls Basoenondo (2008). The wall has an aspect ratio A=1 with a
thickness of 90mm. Wall material is standard solid clay brick with compressive
strength fm=8.44 MPa. Vertical axial stress on the specimen was 0.42 MPa. Under the

given conditions, diagonal tension failure was observed at ultimate loading.

Figure 2.5. After Testing of Specimen ID: S17

Figure 2.5 shows a specimen that is selected from EIGawady et al. (2005). The wall
has an aspect ratio A=0.4 with a thickness of 75Smm. Wall material is standard hollow

clay brick with compressive strength fm=4.8 MPa. Vertical axial stress on the
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specimen was 0.29 MPa. Under the given conditions, sliding shear failure was
observed at ultimate loading.

v v'.‘|",

Figure 2.6. After Testing of Specimen ID: S25

Figure 2.6 shows a specimen that is selected from Petry and Beyer (2014). The wall
has an aspect ratio A=1.1 with a thickness of 195mm. Wall material is standard hollow
clay brick with compressive strength fm=11.7 MPa. Vertical axial stress on the
specimen was 1.58MPa. Under the given conditions, mixed failure mode consisting
of diagonal shear failure and rocking failure was observed at ultimate loading.

In the light of above findings, 60 different experimental studies that were examined
can assist in solid conclusions for the behavior of solid walls under lateral loadings.
Aspect ratio, vertical axial stress and material strength seem to have a significant effect

on the determination of failure modes as expected.
2.4. Experimental Observation of Damage on Perforated Masonry Walls

Several experimental studies from literature have been reviewed to investigate the
influence of major parameters (i.e. material properties, geometrical properties and

loading conditions) on damage and crack propagation of perforated masonry walls.
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In Table 2.3, samples for each type of damaged walls are presented. Rest of the
damaged wall archive is presented in Appendix B. The wall types that are presented

in Figure 2.3 have been used to categorize the experimental data.

Table 2.3. Damaged Perforated Wall Photographs in Experimental Studies

- Wall type: 1

- WallID: E1

- Axial stress level: Low

- Material type: Solid clay brick

- Damage Pattern: Diagonal tension failure
observed at corner panels.

- Reference: Kalali and Kabir (2012)

- Wall type: 2

- WallID: E2

- Axial stress level: Low

- Material type: Adobe brick

- Damage Pattern: Diagonal tension failure
observed.

- Reference: Formica et al. (2002)

- Wall type: 3

- Wwall ID: E3

- Axial stress level: Low

- Material type: Clay brick

- Damage Pattern: Rocking failure is the
dominant failure mode at slender piers.
However, diagonal tension failure also
observed

- Reference: Paquette and Bruneau (2006)
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Table 2.3 (continued)

W Ve e - Wall type: 4
L GRLZz%« | - Wall ID: E4
: :J -m"il': :L: : : - Axial stress level: Low
LT L ||
—h . o - Material type: Clay brick
" 'I‘ EI‘ IL 1LI-\[ ‘IIJ1|' [‘11\‘
. :I\_:_u: e e R - Damage Pattern: Diagonal tension failure
[ [ [ [ I | [ [ [
: = l: I“ i is the dominant failure mode at all piers.
1 5 - Reference: Abrams (1988)
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]
- Wall type: 5,6
- Wall ID: E5

- Axial stress level: Low, medium
- Material type: Solid clay brick

- Damage Pattern: Sliding shear failure is

the predominant failure mode at the

lowest part of bottom floor wall.

Additionally, Rocking and diagonal

tension failure is occurred at piers.
- Reference: Moon et al. (2007)

- Wall type: 6

- Wall ID: E6

- Axial stress level: Low

- Material type: Clay brick

- Damage Pattern: Predominant failure is
sliding shear failure. Besides this diagonal
tension failure is occurred.

- Reference: Nateghi and Alemi (2008)
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Experimental studies listed in Table 2.3 indicate that failure modes and crack patterns
are in accordance with the post-earthquake field observations presented in Section 2.2.
Cracks are mostly initialized from the corners of the openings and propagate towards
the edges of walls or the corners of adjacent openings. Moreover, axial stress level,
material properties and aspect ratio of piers have a significant effect on failure modes.
These parameters mostly affect the orientation of crack propagation and failure modes

for the unreinforced masonry walls.

The experimental studies given in Table 2.3 (E1 — E6) have been selected for more
detailed investigation with numerical modeling in Chapter 3. Moreover, there exist the
calculations for estimating the ultimate lateral load capacities of the selected
experimental studies by using the formulations obtained from several codes and
standards.

2.5. Discussion of Observations

From the viewpoint of solid walls, rocking behavior is mostly observed in the slender
walls where aspect ratio (A) is greater than 2.0. Axial stress level and brick/mortar
material quality also play an important role for rocking failure mode. When the quality
of mortar and unit is low, the failure mode is sliding shear rather than rocking failure
because the wall moment transfer is not completed which means structure fails before
stress transfer completed. For walls with low axial stress, diagonal tension failure

becomes a dominant failure mode before the rocking failure.

Diagonal tension behavior is mostly observed in normal or squat walls where aspect
ratio (L) is equal or smaller than 1.0. However, similar with the slender solid walls,
brick/mortar material quality also plays an important role for diagonal tension
behavior. As described in the above paragraph, walls with low quality of mortar/brick

material mostly fail due to sliding shear.

Sliding shear behavior is mostly observed in squat walls where aspect ratio () is
smaller than 1.0. As described above sliding shear behavior mainly initiates due to

low quality material and in some cases due to low axial stress.
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In the perforated walls, most of the failures are initiated from the corners of openings.
Stress concentrations occur around the corners of the openings due to discontinuity of
walls. It is also observed that the crack propagation tends to find the easiest path to
the closest stress concentration location such as the corner of the wall or the adjacent
opening. Pier failure generally leads to global failure and individual pier behavior is

very similar to the solid wall behavior.
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CHAPTER 3

NUMERICAL ANALYSIS OF PROTOTYPE URM WALLS

3.1. Introduction

Field or experimental observations provide invaluable data to develop predefined
damage and failure mechanisms for URM walls. However, obtained data is never a
complete set due to either limited observations in the field or economic constraints in
laboratory studies. Numerical analysis always fills the gap for required missing data.
Accordingly, in this part of the thesis, numerical analyses are employed together with
observational data to predict the failure patterns of solid or perforated URM walls.
Crack initializing locations and damage modes of masonry walls are determined by
using numerical analysis for six different cases (E1-E6) that have been selected in
Section 2.3. Numerical models developed for these cases are analyzed in two steps by
using SAP2000 software (CSI, 2009). In the first step, non-linear pushover analysis is
performed. Lateral force vs. top displacement curves are developed for URM wall
models and these curves are compared with the experimental results. Hence, the first
step of the analysis is a verification step for the prototype URM wall models. In the
second step, simplified failure analysis is performed for the same prototype wall
models. Stress distributions of the walls are obtained under ultimate lateral loading.
By employing the Coulomb-Mohr failure criteria, crack initializing locations are

determined. Predominant stress states in different wall regions are obtained.
3.2. Material Modeling of Masonry

Determination of the ultimate strength of masonry walls is still a critical phenomenon.
The most important source of the uncertainty involved is the material properties of
masonry, which cannot be completely interpreted. Interaction between mortar and

bricks, heterogeneous structure of the masonry and workmanship quality are the main
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causes which affect the overall strength of masonry from specimen to specimen.
Hence, many researchers have focused on determining the mechanical properties of
masonry and finding the best empirical equations that fit the best relation between the

ultimate strength and these mechanical properties.

Nevertheless, different from discrete modeling, nonlinear properties in continuum
modeling of masonry are the most difficult parameters to be determined. Since mortar
and bricks have different behavior, strength and mechanical properties, average values
given in literature for composite masonry element should be considered in continuum

models.

From the survey of many research studies, mechanical properties that are used in

nonlinear continuum modeling stage can be summarized as follows:

Stress-strain curve: Compressive and tensile behavior of masonry are quite different

from each other. As similar with concrete, masonry has a relatively high compressive
strength than its tensile strength. In addition, due to highly heterogeneous behavior of
the material, there are different material models proposed by different researchers for
each stress condition. In this thesis study, compression model of masonry proposed
by Kaushik et al. (2007) is used. In that study, it was indicated that the stress strain
curve for compression can be divided into two parts: the first part has a parabolic
variation which is ascending up to the peak ultimate strength point as given in
Equation 3.1. Then comes a linearly descending portion, which is a function of the

mortar type. Stress strain curve of the compression model is given in Figure 3.1.

M= 2 k- —

fo Em (£m>2 (3.1)
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Figure 3.1. Compression Material Model of Masonry by Kaushik et al. (2007)

For the tension model of masonry, a simplified tri-linear curve as in Figure 3.2, which

is based on Dhanasekar and Haider (2007) is used. The strain at peak tensile strength

of masonry (ft) is 0.0001 whereas the fracture strength is 0.02 MPa at a strain value of

0.008.

Tensile Stress (MPa)

0.0001

0.008

Strain (e,.)

Figure 3.2. Tension Material Model of Masonry by Dhanasekar and Haider (2007)
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In the selected experimental studies, which are used in numerical stage, not all of the
material properties are provided. Given equations in this section are used to determine
for these missing material properties. In fact, a range of a set of data is present in these
equations. Therefore, for the numerical modeling stages, an iterative approach used in

these equations to get the best fit analysis results compared to the experimental results.

Above-mentioned stress-strain models are used for different stress levels. At least one
of the compressive or tensile strength values has already been provided in the
documentation of the related experimental study given in Section 2.4. In case of lack
of information in one strength value, Equation 3.2 based on ASTM C55 (2017)
criterion gives the ratio between the tensile and compressive strength of any type of

masonry.

0.03 f, < f; <0.09f, (3.2)

Internal friction and dilatation angle: The internal friction angle is a measure of the

ability of the material to withstand the shear stress. Definition of the internal friction

angle is derived from Mohr’s Circle.

On the other hand, dilatation angle limits the amount of residual volumetric strain
which occurs during plastic shearing and it is considered as constant during plastic

yielding.

In the numerical modeling stage, internal friction angle for clay bricks is taken as 30
— 40" (Kawa et al. 2008) whereas for stone masonry units as 10 — 22.4" (Vasconcelos
et al. 2009) When the internal friction angle is not given in the referred experimental

study.

Furthermore, dilatation angle of masonry has not been provided in any of the

considered experimental studies. It is taken as 10" (Choudhury et al. 2015).
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Elasticity modulus: Elastic modulus of masonry has been provided in most of the

referred experimental studies. For the ones in which elasticity modulus of masonry is

not given, below equation (Kaushik et al. 2007) is used.

E, = 250~1100 * f,_ (3.3)

Poisson’s ratio: For the experimental studies in which Poisson’s ratio of masonry (vm)

IS not given, its value is taken as 0.2 (Mosalam et al. 2009).

Relation between brick and mortar strength: In some of the studies, compressive

strengths of mortar and brick are given separately. In order to obtain the compressive
strength of masonry, provisions given in Eurocode 6 (2005) is used. Following

equation is used:

f/m — Kf/ab " f/ﬁj (34)

where B, o and K are constants based on experimental studies to determine the
compressive strength of masonry. /%, /’j and f’m are the compressive strengths of brick
unit, mortar and masonry respectively. Kaushik et al. (2007) recommends these

constants as 0.32, 0.49, 0.32 respectively.
3.3. Nonlinear Pushover Analysis of Prototype URM Walls

In order to determine ultimate in-plane lateral load capacities of the prototype URM
walls with simplified macro modeling techniques, nonlinear static pushover analysis
is used in this section. Six of the selected experimental studies are modeled using
SAP2000 and ultimate load capacities are obtained. Each selected experimental study
belongs to one of the six prototype URM walls with different perforation geometry,
which have been introduced in Section 2.2. Considering the aim of numerical analysis,
important issue to determine the closest match for the ultimate lateral loads compared

to experimental results.
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3.3.1. Nonlinear Modeling Strategy

Six nonlinear numerical models are developed. Each model supersedes an
experimental study which is categorized according to perforation geometry of
masonry walls as described in Chapter 2. For each type of masonry wall, one

numerical model is developed.

Geometric and material properties of walls are taken from related experimental
studies. Wall models are constituted by shell elements in SAP2000. The shell element
Is a type of area object that is used to model shell behavior in planar and three-
dimensional structures. Material models of shell elements are defined in accordance
with Section 3.2 for both linear and nonlinear parts. In order to determine stiffnesses
of shell elements, a four-point numerical integration formulation is used. Stresses and
internal forces and moments, in the element local coordinate system, are evaluated at
the Gauss integration points and extrapolated to the joints of the elements. Pin

restraints are introduced to model the bottom joints of the wall.

In all single wall experimental studies, test set-ups are constructed with a tie beam at
the top of the walls and this rigid tie beam is supported along the length of the beam
as presented in Figure 3.3.
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Figure 3.3. Masonry Wall Experimental Set-up
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Therefore, in numerical models, top of the joints of the walls are grouped and
diaphragm constrain is assigned to this group of joints. Thus, the elevation of all
grouped joints will be kept as same during the horizontal drift of the wall.
Furthermore, a rigid beam is introduced to the top of the walls in numerical models
and if vertical load exists in the considered experimental study, assigned rigid frame
also distributes the vertical load equally and prevents the stress localizations around
the loaded joints. In addition to this vertical loading, self-weight of the masonry wall

is automatically calculated by software.

Above diaphragm philosophy is not used for the full-scale experiments with shaking

table test set-ups.

In this study, nonlinear static pushover analysis with displacement control is
performed. In the pushover analysis, modeled structure is subjected to a gravity
loading and a monotonic displacement-controlled lateral load pattern which
continuously increases through elastic and inelastic behavior until an ultimate
condition is reached. Displacements are monitored at the top right joint of masonry
model in in-plane direction. Pushover analysis results are saved for multiple states in

order to examine each step during the analysis.
3.3.2. Nonlinear Pushover Analysis Results

Analysis results are presented in this section. Nonlinear analysis results are presented
as graphs and formed in terms of top displacement (mm) versus lateral force (kN).

In the following subsections, geometric properties related test set-up, loading
information and material properties for each type of masonry walls are given based on
the referred studies.

3.3.2.1. Nonlinear Pushover Analysis Results of Wall Model E1

Wall model E1 is based on Kalali and Kabir (2012). The tested wall is made with solid
clay bricks. Brick dimensions are 105 x 50 x 28 mm. Compressive strength and

elasticity modulus of the masonry are given as 3.89 MPa and 843 MPa, respectively.
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For the rest of the unknown material properties, equations given in Section 3.2 are
used. Tensile strength of masonry is taken as 0.35 MPa. Based on the workmanship
quality, internal friction angle and dilatation angle are taken as 40" and 10,

respectively.

A gravity load of 41.2 kN is applied along the top of the masonry wall. 21.24 KN/m

distributed load is assigned to top rigid frame of model.

Geometric dimensions and perforation properties of the wall model E1 are presented
in Figure 3.4. In addition, the area IDs of the finite element mesh are presented in the

same figure.

Nonlinear pushover model analysis is performed. Figure 3.5 presents the comparison

of top displacement versus lateral force curve with the experimental capacity curve.
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Figure 3.4. Wall Model E1 Geometric Properties
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Figure 3.5. Wall Model E1 Nonlinear Analysis Results

Ultimate lateral force is determined as 19.1 KN with an ultimate roof displacement of
6mm whereas in the experimental study, ultimate force is 26.1 kN with an ultimate
roof displacement of 9 mm. As a result, both experimental and nonlinear study give
relatively close results on comparable grounds in terms of ultimate strength and

displacement.
3.3.2.2. Nonlinear Pushover Analysis Results of Wall Model E2

Wall model E2 is based on Formica et al. (2002). The tested wall is made with clay
bricks. Bricks have 120 mm thickness. Tensile strength and internal friction angle of
the masonry are given as 0.4 MPa and 30¢, respectively. For the rest of the unknown
material properties, equations given in Section 3.2 are used. Compressive strength of
masonry is taken as 3.33 MPa. Elasticity modulus is taken as 2500 MPa and dilatation

angle is taken as 10c.

A gravity load of 37 kN is applied along the top of the masonry wall. 18 kN/m

distributed load is assigned to the top rigid frame of model.

Geometric dimensions and perforation properties of the wall model E2 are presented
in Figure 3.6. In addition, the area IDs of the finite element mesh are presented in the

same figure.

31



Nonlinear pushover model analysis is performed. Figure 3.7 presents the comparison
of top displacement versus lateral force curve.
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Ultimate lateral force is determined as 36 kN with a roof displacement of 9 mm
whereas in the experimental study, ultimate force is 45.5 kN with a roof displacement
of 6.5 mm. Based on the equations given in Section 3.2, elasticity modulus and
compressive strength of masonry are estimated by using an iterative procedure in order
to obtain closer results to experimental studies. However, according to the Figure 3.7,
calculated results are different from the experimental studies especially for the initial

slopes of the curves due to the estimated material properties.
3.3.2.3. Nonlinear Pushover Analysis Results of Wall Model E3

Wall model E3 is based on Paquette and Bruneau (2006). The tested wall is made of
stone masonry units with a low strength mortar. Thickness of the bricks is 190 mm.
Compressive strength of brick and mortar are given as 109 MPa and 9.24 MPa,
respectively. The tensile strength of the masonry is given as 0.18 MPa. From Equation
3.4, compressive strength of masonry is calculated as 12.78 MPa. For the rest of the
unknown material properties, equations given in Section 3.2 are used. Internal friction
angle, dilatation angle and modulus of elasticity are taken as 15¢, 10° and 5550 MPa,

respectively.

A gravity load of 26 kN is applied to the experimental set-up of the masonry wall. A

distributed load of 6.37 kN/m is assigned to the top rigid frame of model.

Geometrical dimensions and perforation properties of the wall model E3 are presented
in Figure 3.8. In addition, the area IDs of the finite element mesh are presented in the

same figure.

Nonlinear pushover model analysis is performed. Figure 3.9 presents the comparison

of top displacement versus lateral force curve.
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Figure 3.9. Wall Model E3 Nonlinear Analysis Results

Ultimate lateral force of the nonlinear wall model E3 is determined as 50 kN with a
roof displacement of 0.5 mm whereas in the experimental study, ultimate force is 27
kKN with a roof displacement of 0.7 mm. Unfortunately, experimental and nonlinear
study results are not matching in this case. This difference is believed to occur from
the gross assumptions about mechanical properties of the specimens as mentioned in
Chapter 3.1 since it is very difficult to adopt the exact mechanical properties of

masonry material.
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3.3.2.4. Nonlinear Pushover Analysis Results of Wall Model E4

Wall model E4 is based on Abrams (1988). The tested wall is made of solid clay
bricks. Thickness of the bricks is 245 mm. Compressive strength of bricks and mortar
are given as 16 MPa and 1.5 MPa, respectively. From Equation 3.4, compressive
strength of masonry is calculated as 2.79 MPa. For the rest of the unknown material
properties, equations given in Chapter 3.2.1 are used. Internal friction angle, dilatation
angle, tensile strength and modulus of elasticity are taken as 30°, 10°, 0.18 MPa and
1395 MPa, respectively.

A gravity load of 143 kN is applied to the experimental set-up of the masonry wall. A
distributed load of 52 kN/m is assigned to the top rigid frame of model.

Geometrical dimensions and perforation properties of the wall model E4 are presented
in Figure 3.10. In addition, the area IDs of the finite element mesh are presented in the

same figure.

Nonlinear pushover model analysis is performed. Figure 3.11 presents the comparison

of top displacement versus lateral force curve.
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According to Figure 3.11, nonlinear model results of wall model E4 gives an ultimate
lateral force of 160 kN with a roof displacement of 7 mm whereas in the experimental
study, ultimate force is determined as 125 kN with a roof displacement of 12.5 mm.
As a result, numerical and experimental values do not have a good match for this case,
especially for displacement capacity.

3.3.2.5. Nonlinear Pushover Analysis Results of Wall Model E5

Wall model E5 is based on Moon et al. (2007). The tested wall is made of solid clay
bricks. Thickness of the bricks is 305 mm. Compressive strength of bricks and mortar
are given as 42 MPa and 0.3 MPa, respectively. From Equation 3.4, compressive
strength of masonry is calculated as 2.68 MPa. The modulus of elasticity for masonry
is given as 8000 MPa. For the rest of the unknown material properties, equations given
in Section 3.2 are used. Internal friction angle, dilatation angle and tensile strength are

taken as 30°, 10°and 0.13 MPa, respectively.

There was no additional gravity load applied to experimental set-up. The wall is tested

under its own self-weight.

Geometrical dimensions and perforation properties of the wall model E5 are presented
in Figure 3.12. In addition, the area IDs of the finite element mesh are presented in the

same figure.

37



P!

WWOELL

Az

4

i

136

L3 | 514

| 445

o ]

M| M

s

HI

| sl

181

152

135

i

512

428 | 421

¥2 | W3 | M

Eo )

T

oM™

442 | 43

AP

AN | RS | AT | AN
E
T

kL

M2 | W3 | | S

156 | 187

13 (M

G | S

LE]

462 | 463 | 484 | 485 | 485 | 44T | 488

1050mm

W0z

2| D | 24 | M5 | Ma

EL

wa | 0¥ | 13

s

s

o2 (2 |24 |0 || 27

[

154

EL

282 | P23 | 2M | 295 |22 | 2O

7

5

Ll

_
e ]
Ed]

a3

24 M5 | M4 | 27 | A | MF

a1

auz

2R | 22t

=11

L1}

L

LN T WL Y

A7 | 483 | &M | 485 | MBS | M4BT | 4B | 4AF | 45N | AFL

116

-
ELLY
e

L

M2 | M3

w

]

EBE | 500 | 5B | 525 | SR | 57 | M | 569

880m

wigz L

2

195 | 154 157 156 5| | A

172

& [ 1=a

3@ (33 (3 [ 235 | 6 | 3F | 3 | 3 | MR | M)

Ha

BE | 24 | Bed | M6 | 246 | 24T | 268 | MF | 2R | 2T

2

193 | 4

1 | m

1

WUInOEL

FA RN

F

A8

432 | 43D |4 | 415 | 436 | 4 | 838 | 430 | 48 | 441

A

25

w2

1=

AT | ATA | ATF | 424 | 48]

430

A

||

62 | 36 | 4 | 385 | Se | 2T | 358 | 2P | A | M

ET

%

ATe

RE]

EIE]

w Am | oaE (=)
s

s
E |

20 | 281 | 284 | Z8L |28 | AY | 208 | 20P | 28 | 2°1

3

1z | 12

o

4E2 | 453 | AEA | 455 | dGE | MEF | 4GE | &59 | 48R | &5l

1050mm

473 | T4 | 4TB

WnOz

42

wh | 167 | s

M

2

lag o m

165

142

1050mm

WWDELE

| | 2L

My

oz

412

2512 | 23 | M | 235 | M | ¥ | ZM | 2F | 248 | A

uz

L]

182 | w3 | mse

1=

128 | 2%

i

[E]

4w |4l

M2 | a3 | 3

AR |33 | 1M | S | Re | 3 ] 3@ | W | ;)

o |2 | 2w

lad | 165 | L84 | L&

13

124

a2 | 83 | M

d2 | 6

2|2 | M

42|93 |4 | 5 | 46 | 49T | & | 4P | 5B | 5B0

“e | e | am

Lo NI R L

420 | 42 | 425 | 4B | AF | 428 | 49

¥ | e | W7 | PR
3T | 3R | MW | TR

EL

A | ME | Ms | MW | MB | 3P| 28 | 351

L

6 | e | 3w | 3L

25

252 | B3 | 24 | 285 | 286 | BT | 25 | 259 | 240 | 2e0

29 | 2R | 31

EE

w3

w

¥ | # | W |

L]

2

TS520mm

Figure 3.12. Wall Model E5 Geometric Properties

Pushover Analysis
—— Experimental Results

—o— Wall Model E5

e

250

200

50
0

o
—

(N>) @340 |esane

1

10

Top Displacement (mm)

Figure 3.13. Wall Model E5 Nonlinear Analysis Results

38



According to Figure 3.13, nonlinear model results of wall model E5 gives an ultimate
lateral force of 205 kN with a roof displacement of 3 mm whereas in the experimental
study, ultimate force is determined as 191 kN with a roof displacement of 8 mm. Based
on the equations given in Section 3.2, tensile strength and internal friction angle of
masonry are estimated by using an iterative procedure in order to obtain closer results
to experimental studies. However, according to the Figure 3.13, calculated results are
different from the experimental studies for the initial slopes of the curves and top
displacement values due to the estimated material properties. Although the ultimate

strength values are close to each other.
3.3.2.6. Nonlinear Pushover Analysis Results of Wall Model E6

Wall model E6 is based on Nagethi and Alemi (2008). The tested wall is made of solid
clay bricks. Thickness of the bricks is 205 mm. Compressive and tensile strength of
masonry are given as 7.68 MPa and 0.183 MPa, respectively. For the rest of the
unknown material properties, equations given in Section 3.2 are used. Internal friction
angle, dilatation angle, and modulus of elasticity are taken as 40°, 10° and 1920 MPa,

respectively.

Gravity load from the top of the wall was applied to experimental set-up. Therefore,7

kN/m gravity load is distributed along to the rigid beam at the model.

Geometrical dimensions and perforation properties of the wall model E6 are presented
in Figure 3.14. In addition, the area IDs of the finite element mesh are presented in the

same figure.

Nonlinear pushover model analysis is performed. Figure 3.15 presents the comparison

of top displacement versus lateral force curve.
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Figure 3.14. Wall Model E6 Geometric Properties
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Figure 3.15. Wall Model E6 Nonlinear Analysis Results

According to the Figure 3.15, nonlinear model results of wall model E5 gives an
ultimate lateral force of 67 kN with a roof displacement of 4.5 mm whereas in the

experimental study, ultimate force is determined as 75 kN with a roof displacement of
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13 mm. Based on the equations given in Section 3.2, elasticity modulus is estimated
by using an iterative procedure in order to obtain closer results to experimental studies.
However, according to the Figure 3.15, calculated results are different from the
experimental studies especially for the initial slopes of the curves and top
displacement due to the estimated material properties. Just like the previous case, the
ultimate strength seems to be close, but the initial stiffness and ultimate capacity do

not match well.
3.4. Ultimate Strength of URM Walls from Empirical Formulations

Lateral strength of URM walls is calculated in accordance with FEMA 273 (1997) and
TBSC (2018). In addition to code formulae, empirical equation proposed by
Akhaveissy (2013) is also employed for the determination of lateral strength of URM
walls in this section. First the lateral strength capacity is calculated by using different
approaches and then the obtained results are compared with each other and actual

capacity values from real experimental studies that were presented in Section 2.4.
3.4.1. Collapse Mechanism of Perforated URM Walls

Strength capacity of perforated URM walls are performed by applying lateral load
from the top of masonry walls. Then the shear force is distributed into each pier
regarding to the relative rigidity. Moreover, capacities of walls are calculated with the
consideration that they all have single story masonry walls which means that collapse

of the system induced by the failure of all piers.
3.4.1.1. Calculation of Pier Stiffnesses

In order to calculate the in-plane stiffness of a perforated wall consisting of several
connected piers, the most important parameter is the pier height. In this study, Dolce

(1997) method is used to determine the effective height (h”) as shown in Figure 3.16.
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Figure 3.16. Determination of the Effective Height, h> (Dolce 1997)

After determination of effective height, in-plane stiffness of each pier (k) can be

calculated with the Equation 3.5.

(3.5)
1
k= ’ 3 ’
[4 «(M/g) +3+ (h/d)]
where:
h’ = Effective height of the pier (m)
d = Length of the pier (m)

3.4.1.2. Collapse Mechanism of Different Wall Types

As mentioned before, six different experiments on masonry walls have been selected
for detailed calculations. Each selected type of wall consists of different perforation
patterns. Detailed expressions of perforation types are described in Figure 2.3.

Collapse mechanism of each wall type is presented in Figure 3.17. According to the
number of piers of perforated URM walls, three different collapse mechanisms can be

occurred as shown in Figure 3.17.
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Figure 3.17. (a — c) Collapse Mechanism of Different Masonry Perforation Types

As a result, it is a safe assumption that the shear load on masonry walls is distributed
into piers in accordance with their in-plane stiffness and resisted by these piers. Thus,
when all piers have reached to their capacities, wall collapse can be expected. In this
study, spandrel contributions in collapse mechanism or ultimate capacities are ignored
and lateral strength of the wall is determined by the summation of the lateral strength
of piers.

3.4.2. FEMA 273 Approach for Lateral Strength Calculation

NEHRP Guidelines for the Seismic Rehabilitation of Buildings FEMA 273, was
released in 1997. The major aim of this standard is to develop a technical guideline
for the seismic rehabilitation of the existing building or new elements that are added
to existing structures. In Chapter 7 of FEMA 273, systematic rehabilitation of the
masonry structures is introduced. In this section, lower bound lateral strength of

perforated unreinforced masonry walls is calculated per Chapter 7 of FEMA 273.

In FEMA 273, lateral strength of the wall is determined in two steps as follows:
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First step is titled as “Expected Lateral Strength”. This step is based on expected bed-
joint sliding shear strength or expected rocking strength of walls. Equations 3.6 and

3.7 are given for two failure modes, respectively.

Vbjs = Vme * Ap (3.6)
where:
An = Area of net mortared/grouted section (mm?),
hett = Height of resultant for lateral force (mm),
L = Length of wall or pier (mm),
Pce = Expected vertical axial compressive force per Equation 3.8 (kN),
vme = Expected bed-joint sliding shear strength per Equation 3.9 (MPa),
Vbjs = Lateral strength of wall or pier based on bed-joint shear strength (kN),
Vr = Lateral rocking strength of wall or pier (kN),
o = Factor due to end boundary conditions of wall. It can be taken as 0.5 for

fixed-free cantilever wall and 1.0 for fixed-fixed pier condition.

Peg = fa * An (3-8)

0.75 * (C + PCE/A * tan (p) (3.9)
— n

Vme = 15
where:
fa = Gravitational compressive force on masonry wall (MPa),
0 = Internal friction angle of mortar joints (in degrees).

Second step of the lateral strength determination method is called as “Lower Bound

Lateral Strength”. With the help of this step, diagonal tension stress and flexural (toe
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crushing) are calculated. Equations 3.10 and 3.11 are given for the mentioned two

stresses respectively.

, 7 (3.10)
thzvme*An*</heff>* 1+ a/vme

3 L B f, (3.11)
Vie=axPcp* ( /heff> * (1 07 Ume)

where, Vat and Vic defines the lateral strength of URM walls under diagonal tension
and toe crushing failure modes, respectively.

If the lateral strength value calculated with the first step is less than the value
calculated with second step, then the unreinforced masonry wall or pier can be
considered as “deformation controlled” components. Otherwise, wall or pier can be

considered as “force controlled” components.

Considering the above discussions, lateral strength capacities for the perforated URM
walls used in the selected experimental studies are calculated by using Equations 3.6
—3.11. Material properties of masonry brick and mortar joints are presented in Table

3.1 for all six types of masonry walls.

Based on material properties presented in Table 3.1, capacity calculations are
performed and presented in Table 3.2. Detailed explanations and intermediate steps of

calculations are presented in Figure C.1 in Appendix C.
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Table 3.1. Material Properties of Masonry

— <
o 2 S= e
o ) == 2 23 2T
S 2% |Se |58% 2384
£ |2 g2 |ET | g2 |ess
E 8 g S 3 E
1 El 0.12 40 3.89 0.35
2 E2 0.12 30 3.33 0.40
3 E3 0.12 15 12.78 0.18
4 E4 0.25 30 2.79 0.18
5 E5 0.25 30 2.68 0.13
6 E6 0.25 40 7.68 0.18

Table 3.2. Ultimate Lateral Load Capacities as per FEMA 273

Wwall Wall Vs Vi Vit Vi

Type ID (kN) | (kN) | (KN) | (KN)
1 El 17 12 24 10
2 E2 20 20 24 22
3 E3 35 6 33 7
4 E4 71 27 76 26
5 E5 179 8 139 8
6 E6 50 2 21 2

Results of ultimate load calculations presented in Table 3.2, following predominant

lateral behavior of wall types can be listed as:

e Wall ID E1 — force controlled
e Wall ID E2 — deformation controlled
e Wall ID E3 — deformation controlled
e Wall ID E4 — force controlled
e Wall ID E5 — deformation controlled

e Wall ID E6 — deformation controlled

Since, experimental results for each wall specimens are determined in Chapter 2,

failure modes are taken from these experimental results. Thus, ultimate strength
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equations regarding to failure modes can be chosen by using these experimental

results. Obtained failure modes from experimental results are listed as:

e Wall ID E1 — diagonal tension failure
e Wall ID E2 — diagonal tension failure
e Wall ID E3 —rocking failure

e Wall ID E4 — diagonal tension failure
e Wall ID ES5 - sliding shear failure

e Wall ID E6 - sliding shear failure

3.4.3. TBSC (2018) Approach for Lateral Strength Calculation

New version of Turkish Building Seismic Code (TBSC 2018) was released on
February 2018. Chapter 11 of TBSC 2018 is related with the seismic behavior of

masonry structures.

TBSC 2018 also focuses on the shear capacity of the masonry walls and ultimate
diagonal shear strength (fu) of wall or pier component of the URM walls as per
Chapter 11.2.9 of TBSC 2018 (Equation 3.12).

ka = kao x 040 (3.12)
where:

fuk = Characteristic shear capacity of masonry walls, considering the average axial

stresses on the wall (MPa),

fio = Characteristic shear capacity of masonry walls, without considering the axial

stresses (MPa),
o = Vertical stress on wall or pier component (MPa).

To calculate the lateral strength of masonry component (Vrm), ultimate shear stress
values should be multiplied with cross-sectional wall area which is under compressive

stress as given in Equation 3.13.
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Vim = Tem * L (3.13)
Length of the compressive part of masonry or pier component (lc) is simply calculated

as follows:

ecc =M/ (3.14)
where:
€cc = Eccentricity of the masonry component (m).
M = Design moment induced by shear loading on masonry component (kNm).
N = Axial load perpendicular to shear loading on masonry component (kN).

In case of a small eccentricity (ecc < L/6), length of compressive part of masonry

component can be considered as total length of masonry component (Equation 3.15).

I.=1L (3.15)
On the other hand, if there is a large eccentricity (ecc > L/6), length of compressive

part of masonry component can be calculated by Equation 3.16.

=3y —e.) (3.16)

Small and large eccentricity cases are explained in Figures 3.18.

Lateral
Loading

Lateral
Loading

I i le
€< L/6 €. > L/6

Figure 3.18. Compressive Areas of Masonry Components Under Different Eccentricity Levels
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Considering the above discussions, lateral strength capacities for the perforated URM
walls used in the selected experimental studies are calculated by using Equations 3.12
— 3.16. Material properties of masonry units and mortar joints are presented in Table
3.1 for each type of masonry walls. Calculated lateral strength calculations by using

these material properties are presented in Table 3.3 per TBSC 2018.

Table 3.3. Ultimate Lateral Load Capacities as per TBSC 2018

Wall Type | 1 2 3 4 516
Wall ID El | E2 |E3| E4 | E5 | E6
Vo (kN) [ 105 115| 9 |225| 15| 3

3.4.4. Lateral Strength Calculations by Akhaveissy (2013)

A distinguishing study has been proposed by Akhaveissy (2013) for the determination
of in-plane limit state strength of masonry walls. Akhaveissy suggested a ratio
regarding to masonry wall or pier component’s height and its weight to predict the

ultimate lateral load strength.

Study of the Akhaveissy is based on Mohr’s circle theory. With the help of aspect ratio
of the masonry component and the principal plane of Mohr’s circle properties, shear
resisting section of masonry component can be determined. By this means the height
(xmin) related to contribution of the vertical mortar joints to the tensile strength can be
obtained. Based on the upper-bound theorem, contribution due to the horizontal
mortar joints to the shear strength can be determined assuming that the principal plane
of Mohr’s circle starts from load application point of masonry component (in our case,
principal plane always from the top of the wall or pier component). Figure 3.19

presents an illustration of Akhaveissy’s approach.
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Figure 3.19. Stress Element on the Failure Surface and The Principle Plane

Equations for the ultimate strength of masonry components are presented as follows:

P =0.88x*ax*P, (3.17)
P,=ty*L*xt+F *t*xpu, (3.18)
where:
P = Ultimate lateral force that wall safely resist (kN),
o = Akhaveissy coefficient to consider different wall aspect ratios, failure

pattern, staggered disposition of bricks, limited compressive strength of masonry unit
(see Figure 3.19),

Pu = Resistant lateral force (kN),

Xxmin = Effective length of the wall (see Equation 3.19) (mm),

L = Length of wall or pier component (mm),
t = Thickness of wall or pier component (mm),
Tu = Ultimate shear strength (MPa) (it can be calculated with the help of Mohr-

Coulomb criterion — See Equation 3.20),
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Ft = Tensile strength of mortar joints (MPa).

. { L +tan6 (3.19)
Xmin = MU (1 _ tan ) « h
where:
0 = The angle of principal plane (see Equation 3.20) (in degrees),
h = Height of wall or pier component (mm).
—1(2
6 = 0.5 = tan 1( * Tu/an) (3.20)
where:
00 = Vertical stress on wall or pier component (MPa).
T, =C+o0y*tang (3.21)
where:
C = Cohesion of the mortar joints (MPa),
0 = Friction angle of mortar joints (in degrees).

—e—q=0.3 MPa
—a—q=121 MPa

P/P,

—a&— Average

13
e
'S

T T T T T T T 1
0 0.5 1 135 2 25 3 35 4

Figure 3.20. a Coefficient Curves Proposed by Akhaveissy (2013)
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Considering the above discussions, lateral strength capacities for the perforated URM
walls used in the selected experimental studies are calculated by using Equations 3.17
— 3.21. Material properties of masonry units and mortar joints are presented in Table
3.1 for all six types of masonry walls and lateral strength calculations as per

Akhaveissy approach are presented in Table 3.4.

Table 3.4. Ultimate Lateral Load Capacities as per Akhaveissy Approach

Wall Wall Ty Xmin | Pu(KN) | P (kN)
Type ID (MPa) (mm)

1 El 0.477 579 44 20

2 E2 0.207 577 66 29

3 E3 0.129 559 89 20

4 E4 0.372 542 165 84

5 E5 0.259 184 366 163

6 E6 0.279 260 109 35

Detailed explanations and intermediate steps of calculations for Akhaveissy equations

are presented in Figure C.1 in Appendix C of the thesis.
3.4.5. Comparison of the Calculated Limit Strengths

In this section, the ultimate lateral strength values obtained by using the limit state
approaches described in Sections 3.4.1-3.4.4, results from nonlinear analysis
described in Section 3.3 and the ones from experimental studies are compared as

presented in Table 3.5.

Table 3.5. Comparison Table of Ultimate Lateral Loads as per Different Numerical Approaches,

Experimental and Nonlinear Analysis Results (in kN)

Wall | Wall ID | FEMA | TBSC | Akhaveissy Nonlinear Experimental
Type 273 (2018) (2013) Model Study Results
(1997) Results
1 El 24 10.5 20 19 26
2 E2 24 115 29 36 46
3 E3 6 9 20 50 27
4 E4 76 225 84 160 125
5 E5 179 15 163 205 191
6 E6 50 3 35 67 75
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The comparison of all the given values in Table 3.5 reveal that, ultimate lateral load
capacities calculated with TBSC (2018) gives the most conservative results. On the
other hand, ultimate lateral load capacities calculated with FEMA 273 and Akhaveissy
give almost similar results for all wall types. Since TBSC limits the lateral strength by
considering only the diagonal shear failure behavior, there is significant difference

observed when other failure modes govern the wall.
3.5. Determination of Initial Crack Locations

The aim of this step is to estimate the initial crack locations of URM walls under in-
plane lateral loads in terms of their perforation properties. For this purpose, six
experimental studies are selected. Each selected experimental study belongs to one of

the six perforation geometries that have been categorized in Chapter 2.

Since, this part of the study is not related with design of masonry walls, behavior of

the walls is examined under ultimate loading conditions.

Linear elastic analysis is used in FE modeling of masonry walls. With the help of
linear elastic modeling, the initial locations of cracks can be obtained by using failure

criteria.

Selected experimental studies which are given in Chapter 2 are modeled with fine
meshed shell elements considering their geometric and material properties. Ultimate
lateral load acting on the specimen is applied to the numerical model with the addition

of gravitational loads and its self-weight.
3.5.1. “Coulomb-Mohr” Failure Criterion

Among many well accepted failure criteria in literature, “Coulomb-Mohr or internal
friction theory” is employed in this study with consideration of the masonry behavior.
As described in Section 3.2, compression and tension strength of masonry are quite
different from each other. Hence, “Coulomb-Mohr” theory can satisfy the

requirements of actual masonry behavior.
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According to Mohr-Coulomb theory, the ultimate shearing stresses are directly related
with internal friction of material. If forces due to internal friction are considered as a
function of nominal stresses on shear plane, the following equation between ultimate

shear stress and nominal stress can be written.

T=aoc+b (3.22)
Constants “a” and “b” of the equation represent the material properties of masonry.
Since masonry wall elements do not have any confinement, they can be considered in
plane stress condition (c3=0) in out of plane direction. If the stress in direction-1 (c1)
is under tensile stress and the stress in direction-2 (c2) is under compressive stress,

then the maximum shear stress (t) and the nominal stress () can be obtain as:

LB ¢23)
2
s ‘; 03 (3.24)

By substituting these equations into Equation (3.22), following equation can be

constituted:

2b=0,(1-a)+2b=0,(1+a) (3.25)
Material constants can be evaluated by using the conditions below.

0, = o, whenao, =0 (3.26)
o, = —o,'whenao; =0
In these conditions, tensile and compressive ultimate strength values of material are
given as ou and ou’ respectively. Then the conditions given in Equation (3.26) are
substituted into Equation (3.25) to obtain:

o,(1—a) = 2b and (3.27)
o,/ (1+a)=2b
which leads to:
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ou—0y' oyuoy
a= u u, and b - uvu - (3.28)
outoy outoy

When above constants are substituted into Equation 3.28, the following expression

which is valid for 61 > 0 and o2 < 0 can be obtained.

a_% _, (3.29)
Gu o_u

where 61 and o2 have the same sign. Maximum of these stresses is the fracture stress

and it is compared with the ultimate stress (ou or ou’) of the material as follows:

if 61,62 >0, max(oy;0,) =0y, or m =1 (3.30)
If 61, 52 <0, min(oy;0,) = a,’ or % =1 (3:31)

As a result of above derivations, Coulomb-Mohr Failure Criteria can be expressed as

in Figure 3.21:

A G2

Ty

Oy

LN
N

Oy

Figure 3.21. Coulomb-Mohr Failure Criteria
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3.5.2. Linear Modeling Procedure and Details

Numerical models of the masonry walls are constituted by using of the SAP2000

software.

In the numerical modeling stage, following properties are taken from related

experimental studies unless otherwise specified:
Geometric properties such as:

e Wall dimensions
e Wall perforation type and dimensions of openings

e Thickness of the walls

For loading properties:

o Self-weight of wall: it is automatically calculated by the software according to
material unit weight and thickness of the walls.

e Gravity loading on wall (if any)

e Ultimate lateral load: Lateral load that causes the collapse of the walls are
taken from the experimental studies. In some studies, cyclic lateral loading was
applied. In such cases, irrespective of cyclic loading protocol used, lateral

loads are applied to numerical models in a monolithical manner.

For material properties:

e Modulus of elasticity: In case of missing information, assumptions given in
Section 3.2 are taken into account for modulus of elasticity of masonry.

e Unit weight of masonry: It is taken as 16—20 kN/m?® (Wijanto, 2007).

e Compressive and tensile strength of the wall: In cases where these values are

not introduced, assumptions given in Section 3.2 are used.

Numerical models for each wall type are constituted with above properties in 2D
Cartesian system (X-Z plane). Out of plane behavior is not considered in the scope of

this thesis study.
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In the single wall tests, a rigid beam (mostly constructed as reinforced concrete) is
placed to the top of the wall in order to distribute the lateral load along the wall length
and prevent local failures at the load application points. Therefore, in the numerical
models, rigid frames are introduced at the top the wall. Thus, all external loads are
applied to these numerical models as distributed line loads, which are assigned to rigid

frames presented in Figure 3.22.

Moreover, in the experimental set-ups of single walls, rigid beams are supported
vertically so that there will not be any differential vertical displacement along the wall
during lateral loading. Therefore, a diaphragm constraint is assigned to the top joints

of the wall in order to simulate this condition.

Determining the mesh size in modeling stage is an important procedure since it affects
computational time and accuracy of the structural behavior. Using coarser meshes in
the model can produce misleading results. Therefore, mesh refinement is necessary in
order to obtain the results close to the real behavior. However, it should be optimized
with consideration of the computational time. In this study, a very fine mesh size is
used by taking into consideration the post processing procedure in Section 3.6.
Therefore, even after two or three steps of mesh removal procedure, remaining model

can still preserve stress distribution.

In addition to above conditions, in modeling of boundary conditions at the base, pin
supports are assigned to models as shown in Figure 3.22 because out-of-plane
behavior is not considered in this study and using fix or pin supports will not change

the in-plane behavior of wall models.
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Figure 3.22. Typical Modeling Scheme and Boundary Details

Principal stress outputs of shell elements are exported from the model and Coulomb-
Mohr stresses are calculated for each shell element based on the equations given in

Section 3.5.1. The calculations are carried out by using Microsoft Excel spread sheets.

In these spread sheets, masonry wall views are constituted with using cells. Each cell
in the Excel sheets represents the shell element in the related numerical model. Then,
calculated Coulomb-Mohr stresses are normalized by ultimate material capacities for
individual shells and printed into cells with related color categorization as shown in
Table 3.6. This gives the stress distribution which reaches or exceeds the failure limits
under certain lateral loading. In this study, the lateral loadings are equal to the ultimate

load capacity of the wall.

58



Table 3.6. Stress Conditions and Color Categorization

Color Categorization
PT,054 | Pure Tension. Failure is not expected

Pure Tension. Failure is expected

Pure Compression. Failure is not expected

Pure Compression. Failure is expected

Tension and Compression. Failure is not expected
Tension and Compression. Failure is expected

As seen in the Table 3.6, colored cells are categorized in six parts. Three of these parts
represent the stress condition of related cell such as, “Pure Tension, Pure Compression
and Tension/Compression”. The other three represent whether the shell element
reaches its failure limit capacity, or it is still safe under its own stress condition.

Moreover, stress ratio of each shell is written into the related cell.

In order to describe the stress conditions in Table 3.6 in a more direct manner, Figure
3.23 is given. In Figure 3.23, stress conditions are marked in the Coulomb- Mohr
failure criterion graph referring to Figure 3.21.

A 02
|c‘r,o.12 ‘ Tensionand Compression. Failure is not expected
- Pure Tension. Failure is expected
- Tension and Compression. Failure is expected ‘
|PT,354| Pure Tension. Failure is not expected
Ou
./
a0 >
I”¢
Gy G
‘CTJ 0.12| Tension and Compression. Failure is not expected
- Tension and Compression. Failure is expected
Oy
‘PC, G.13| Pure Compression. Failure is not expected ‘ /
- Pure Compression. Failure is expected “7

Figure 3.23. Coulomb-Mobhr Failure Criteria with Stress Conditions
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After determination of the stress distribution of the masonry wall, overstressed (failed)
shell elements can be obtained, which gives the crack initializing points of the

masonry wall.
3.5.3. Analysis Results of Linear Numerical Modeling

Numerical models created in SAP2000 have been constituted for six different masonry
wall types. In this section static analysis results are presented for each type of wall.

3.5.3.1. Linear Analysis Results of Wall Model E1

Perforation geometry of wall model E1 consists of one window opening only. Material
and geometric properties of the wall model that is used in the analysis are given in
Section 3.3.2.1 of this study.

Loading protocol (Figure 3.24) of the experiment is given as follows:

Gravity load is given as 41.2 kN in the referred experimental study. This load is
assigned to the numerical model as linearly distributed load along the top rigid beam
as 21.24 kN/m.,

After application of the gravity load, cyclic lateral loading is applied to the numerical
model. At the load value 26.1 kN, collapse of the wall initiates. In the numerical
modeling stage, ultimate load obtained from the experimental study is assigned to the

model as linearly distributed load along the top rigid beam as 13.45 kKN/m.
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Figure 3.24. Wall Model E1

According to the analysis results, stress condition and distribution of the wall model
E1 is calculated. Stress distribution diagram of the wall is presented in Figure 3.25.
As it can be seen from the diagram, the strength limits have been exceeded at the cross
corners of the opening which means, cracks of the wall have initiated from these

corners under the given loading condition.
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Figure 3.25. Stress Distribution Diagram of Wall Model E1
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3.5.3.2. Linear Analysis Results of Wall Model E2

Perforation geometry of wall model E2 consists of one door opening only. Material
and geometric properties of the wall model E2 that is used in the analysis are given in
Section 3.3.2.2 of this study.

Loading protocol (Figure 3.26) of the experiment is given as follows:

Gravity load is given as 37.25 kN in the referred experimental study. This load is
assigned to the numerical model as linearly distributed load along the top rigid beam
as 18 kN/m.

After application of gravity load, monolithic lateral loading is applied to the numerical
model. At the load value 36.2 kN, collapse of the wall initiates. In the numerical
modeling stage, ultimate load obtained from the experimental study is assigned to the

model as linearly distributed load along the top rigid beam as 17.4 kN/m.
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Figure 3.26. Wall Model E2
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According to the analysis results, stress condition and distribution of the wall model
E2 is calculated. Stress distribution diagram of the wall is presented in Figure 3.27.
As it can be seen from the diagram, in top left corner of the wall and lowest left corners
of the wall piers strength limits have been exceeded which means, cracks of the wall

have initiated from these corners under given loading condition.
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Figure 3.27. Stress Distribution Diagram of Wall Model E2

3.5.3.3. Linear Analysis Results of Wall Model E3

Perforation geometry of wall model E3 consists of one door and one window opening.
Material and geometric properties of the wall model E3 that is used in the analysis are

given in Section 3.3.2.3 of this study.
Loading protocol (Figure 3.28) of the experiment is given as follows:

Gravity load is given as 26 kN in the referred experimental study. This load is assigned
to the numerical model as linearly distributed load along the top rigid beam as 6.37
KN/m.

After application of gravity load, cyclic lateral loading is applied to the numerical

model. At the load value 27 kN, collapse of the wall initiates. In the numerical
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modeling stage, ultimate load obtained from the experimental study is assigned to the

model as linearly distributed load along the top rigid beam as 6.6 kN/m.
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Figure 3.28. Wall Model E3

According to the analysis results, stress condition and distribution of the wall model
E3 is calculated. Stress distribution diagram of the wall is presented in Figure 3.29.
As it can be seen from the diagram, in cross corners of the window opening and rigid
beam connection at right corner of the wall strength limits have been exceeded. In
addition, middle pier of the wall has almost reached its strength limit in diagonal
direction. Since the linear analysis method is employed, stresses propagate without
considering the nonlinear behavior of the nodes of the shell elements. That means,
after failing of the first shell element, stress propagation can be fully changed. Because
of this reason, it is not completely correct to state that “all shells that have exceeded
their strength limits are cracked.” Instead, it will be more accurate to state that “cracks

initiate from the shell elements with maximum stress”.
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Figure 3.29. Stress Distribution Diagram of Wall Model E3

3.5.3.4. Linear Analysis Results of Wall Model E4

Perforation geometry of wall model E4 consists of two window openings. Material
and geometric properties of the wall model E4 that is used in the analysis are given in
Section 3.3.2.4 of this study.

Loading protocol (Figure 3.30) of the experiment is given as follows:

Gravity load is given as 143 kN in the referred experimental study. This load is
assigned to the numerical model as linearly distributed load along the top rigid beam
as 52 kN/m.

After application of gravity load, cyclic lateral loading is applied to the numerical
model. At the load value 120 kN, collapse of the wall initiates. In the numerical
modeling stage, ultimate load obtained from experimental study is assigned to the

model as linearly distributed load along the top rigid beam as 43.64 kN/m.
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According to the analysis results, stress condition and distribution of the wall model
E4 is calculated. Stress distribution diagram of the wall is presented in Figure 3.31.
As it can be seen from the diagram, in cross corners of the opening’s

strength limits have been exceeded which means, cracks of the wall have initiated

Figure 3.30. Wall Model E4

from these corners under given loading condition.
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Figure 3.31. Stress Distribution Diagram of Wall Model E4

3.5.3.5. Linear Analysis Results of Wall Model E5

Perforation geometry of wall model E5 consists of three window openings. Material
and geometric properties of the wall model E5 that is used in the analysis are given in
Section 3.3.2.5 of this study.

Loading protocol (Figure 3.32) of the experiment is given as follows:

According to the experimental setup, there is no external gravitational load applied to

the wall specimen.

In this considered study, experimental set-up is located on shake table. Cyclic lateral
loading is applied to the test specimen. At the load value 191 kN, collapse of the wall
initiates. In the numerical modeling stage, ultimate load obtained from the
experimental study is distributed into two of the floor’s rigid beams based on the

assumption of equivalent earthquake load method.
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Figure 3.32. Wall Model E5

According to the analysis results, stress condition and distribution of the wall model
E5 is calculated. Stress distribution diagram of the wall is presented in Figure 3.33.
As it can be seen from the diagram, in cross corners of the openings and rigid beam
connection at right corner of the wall strength limits have been exceeded which means,

cracks of the wall have initiated from these corners under given loading condition.
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Figure 3.33. Stress Distribution Diagram of Wall Model E5
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3.5.3.6. Linear Analysis Results of Wall Model E6

Perforation geometry of wall model E6 consists of one door and 2 window openings.

Material and geometric properties of the wall model E6 that used in analysis are given

in Section 3.3.2.6 of this study.

Loading protocol (Figure 3.34) of the experiment is given as follows:

Gravity load is given as 22 kN in the referred experimental study. This load is assigned

to the numerical model as linearly distributed load along the top rigid beam as 7 kN/m.

Cyclic lateral loading is applied to the numerical model. At the load value 85 kN,
collapse of the wall initiates. In the numerical modeling stage, ultimate load obtained

from the experimental study is assigned to model as linearly distributed load along the

top rigid beam as 24.4 KN/m.
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Figure 3.34. Wall Model E6
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According to the analysis results, stress condition and distribution of the wall model
E6 is calculated (Figure 3.35). Based on the stress distribution diagram, in cross
corners of window openings and lowest left corners of the first and third piers strength
limits have been exceeded. In addition, strength limits have also been exceeded at the
rigid beam connection at right corner of the wall. Therefore, cracks are expected to

initiate from those overstressed locations.
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Figure 3.35. Stress Distribution Diagram of Wall Model E6

3.6. Crack Propagation Analysis

In this section, crack propagation of walls is utilized by using a post processing
procedure. For this purpose, stress distributions and overstressed shell elements of the

walls determined in Section 3.5 are used.
3.6.1. Post Processing Procedure

Before describing the post processing procedure, it would be best to remind that, since
the linear analysis method is performed, stresses propagate without considering the
nonlinear behavior at the nodes of the shell elements. This means that, after failure of
the first shell element, stress propagation can be fully changed. Furthermore, the most
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overstressed shell among its adjacent shell elements will be the first cracked one and
after the cracking of the first shell element. Hence stress propagation can be again
changed and the stress condition for the rest of the adjacent shells can be changed
either. Because of these reasons, the closest crack propagation approach to the actual
physical behavior of the specimen is removing of the most overstressed shell element
and controlling the rest of the adjacent shells whether if they have exceeded their limits

or not.

In accordance with Section 3.5, shell elements which have reached their strength limits
are removed from the numerical wall model. This will give a new crack pattern for the
masonry wall with the remaining shells. Then, under the same ultimate lateral loading,

new wall model is analyzed which is different from classical pushover analysis.

By repeating the same procedure for at least two or three times successively, the crack

propagation will be monitored in relation to the perforation pattern of masonry wall.

Proposed procedure resembles to the post-processing procedure given in most of the
past research by Saloustros et al. (2017). However, in contrast to the general post-
processing procedures, defined method is only used to specify the propagation of the
cracks, not to determine the ultimate shear capacity of masonry wall. Thus, lateral
loading on the numerical model remains constant in all the steps. Moreover, the level
of the lateral load is also irrelevant in terms of the purpose of this analysis procedure.
It is only a generic loading condition on the wall. The flow chart that represents the

procedure is given in Figure 3.36.
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Figure 3.36. Flowchart of the Post Processing Procedure

3.6.2. Results of Post Processing Approach

Post processing approach consists of 6 different masonry wall types. As described in

previous sections, same selected experimental studies are used in this part of the study.
3.6.2.1. Wall Model E1

Crack pattern of the wall model E1 is determined in three steps of the post processing
procedure. Stress distributions of each step are presented in Figures 3.37.a, 3.37b and
3.37c, respectively.
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Figure 3.37. Post Processing Steps for Wall Model E1

After finalization of the three steps of post processing approach, crack pattern of the
wall model E1 is determined. First cracks initiate at the cross corners of the window
opening due to diagonal tension failure. Moreover, cracks also initiate at the top and
bottom corners of the wall due to sliding shear failure. When further steps are utilized,
cracks at the corners of the openings propagate diagonally towards the corners and the
cracks at the edges of the wall propagate horizontally. Illustration of the crack pattern
of the wall is presented in Figure 3.38. Expected crack pattern of the wall, matches

with the pattern of the considered experimental study of Kalali and Kabir (2012).
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Figure 3.38. Expected Crack Pattern of Wall Model E1

3.6.2.2. Wall Model E2

Crack pattern of the wall model E2 is determined in three steps of post processing
approach. Stress distributions of each step are presented in Figures 3.39a, 3.39b and

3.39c respectively.
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First crack initiates at the corner of the door opening due to diagonal tension failure.
Moreover, some additional cracks occurr at the bottom of the piers due to sliding shear
failure. When further steps are utilized, cracks at the corner of the door propagate
diagonally towards the corners and the cracks at the bottom of the piers propagate
horizontally. Illustration of the crack pattern of the wall is presented in Figure 3.40.
Expected crack pattern of the wall matches with the pattern of the considered

experimental study of Formica et al. (2002).
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Figure 3.40. Expected Crack Pattern of Wall Model E2

3.6.2.3. Wall Model E3

Crack pattern of the wall model E3 is determined in three steps of post processing
approach. Stress distributions of each step are presented in Figures 3.41a, 3.41b and

3.41c respectively.
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Figure 3.41. Post Processing Steps for Wall Model E3

First cracks initiate at the bottom corner of the window opening and the top corner of
the door opening. Both cracks occur due to diagonal tension failure. When further
steps are utilized, additional cracks are initiated. At the top corner of the window, new
crack pattern occurs due to diagonal tension failure and in addition to that, right pier
starts cracking from the bottom section due to sliding shear failure. Propagation of the
cracks is utilized in Figure 3.42. Expected crack pattern of the wall matches with the
pattern of the considered experimental study of Paquette and Bruneau (2006).
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Figure 3.42. Expected Crack Pattern of Wall Model E3

3.6.2.4. Wall Model E4

Crack pattern of the wall model E4 is determined in two steps of post processing
approach. Stress distributions of each step are presented in Figures 3.43a and 3.43b

respectively.
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Figure 3.43. Post Processing Steps for Wall Model E4
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Cracks initiate from the cross corners of the openings. In addition to that, middle piers
start to crack from their mid heights. Mostly diagonal tension failure dominates the
collapse of the wall. When further step is utilized, cracks propagate diagonally. Pattern
of the final crack propagation is presented in Figure 3.44. Expected crack pattern of
the wall matches with the pattern of the considered experimental study of Abrams
(1988).
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Figure 3.44. Expected Crack Pattern of Wall Model E4

3.6.2.5. Wall Model E5

Crack pattern of the wall model E5 is determined in two steps of post processing
approach. Stress distributions of each step are presented in Figures 3.45a and 3.45b

respectively.
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Figure 3.45. Post Processing Steps for Wall Model E5

Cracks initiate from the cross corners of the openings and top and bottom of wall
panel. Mostly diagonal tension failure dominates the collapse of the wall. However,
sliding shear failure is observed at the left bottom and top right corners of the pier.
When next step is utilized, cracks at the middle of the wall propagate diagonally and
top and bottom corner pier cracks propagate horizontally. Pattern of the final crack
propagation is presented in Figure 3.46. Expected crack pattern of the wall matches

with the pattern of the considered experimental study of Moon et al. (2007).
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Figure 3.46. Expected Crack Pattern of Wall Model E5

3.6.2.6. Wall Model E6

Crack pattern of the wall model E6 is determined in two steps of post processing
approach. Stress distributions of each step are presented in Figures 3.47a and 3.47b

respectively.
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Figure 3.47. Post Processing Steps for Wall Model E6
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Cracks initiate from the cross corners of the openings and top and bottom of wall
panel. Mostly, diagonal tension failure dominates the collapse of the wall. However,
sliding shear failure is observed at the left bottom and top right corners of the pier.
When the next step is utilized, cracks at the middle of the wall propagate diagonally
and top and bottom corner pier cracks propagate horizontally. Pattern of the final crack
propagation is presented in Figure 3.48. Expected crack pattern of the wall matches
with the pattern of the considered experimental study of Nateghi and Alemi (2008).
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Figure 3.48. Expected Crack Pattern of Wall Model E6

3.7. Discussions of Numerical Calculations

First of all, it can be concluded that determination of the material properties in
nonlinear modeling analysis is highly important. Moreover, using macro modeling
approach instead of micro modeling approach have a significant impact on calculated
analysis results. During the nonlinear analysis stage of this study, some of the material

properties are not provided in the related experimental studies. For the missing ones,
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equations given in Section 3.2 are used. That is why, the initial stiffnesses and top
displacement limits are significantly different than experimental results. However,
calculated ultimate lateral loads which are used in the second stage of modeling are

generally in reasonable limits compared to experimental studies.

Besides that, ultimate strength of each wall is calculated with the help of different
empirical approaches. Calculated ultimate strength limits are compared with the
experimental and nonlinear analysis results. Thus, it is concluded that the empirical
formulations of FEMA 273 and Akhaveissy (2013) give the best results for estimation
of the ultimate strength of URM walls.

Initial crack locations and their propagations can be determined with simple linear
modeling approach. As a result of the linear modeling approach, following

conclusions can be made:

e Cracks initialize from corners of the openings in perforated URM walls with
medium or slender piers. For solid walls with lower aspect ratios or perforated
walls with squat piers, cracks initialize from the corners of edges or center of
the walls.

e Based on the calculated stress conditions and crack propagations of wall
models E4 and E5, severe damages are observed in the bottom story. For the
upper stories, less damage is observed at the panels that are close to load

application points and damage increases towards load application direction.

In the following chapter, a set of rules are proposed for estimation of damage patterns
in URM walls. Above findings are used in Chapter 4 for completing the observational

studies and fill the gaps to have a complete parametric set.
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CHAPTER 4

SET OF RULES TO ESTIMATE DAMAGE PATTERNS OF URM WALLS

4.1. Introduction

In this chapter, a set of rules are proposed to estimate the initial crack locations as well
as their propagations. With the help of the knowledge up to this point, in-plane damage
patterns of the perforated URM walls under lateral loading can be established. Major
parameters that govern the damage modes and crack patterns of the walls are
employed in order to propose these rules.

4.2. Classification of Field Observations

Damaged wall photos from a vast number of post-earthquake reports (presented in
Chapter 2.2 and Appendix A) are classified in this chapter with regards to their
material property, material quality, axial load level, panel aspect ratio, description of
cracks and idealized wall damage sketches. Numerical data obtained in Chapter 3 is
also used to complement field data and to determine failure modes for different

combinations of the aforementioned structural parameters.

Classification basis and procedure are explained in the following section. Material
quality classification is based on observational study. Number of stories above the
damaged walls is used to decide axial load level on damaged wall. Classification is

presented in a tabular form as given in Appendix D.
4.3. Rules for Damage Patterns of URM Walls

Following set of rules are proposed to estimate in-plane damage and crack patterns of
URM walls:
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Material property and quality are the most substantial parameters on sliding
shear failure of URM walls. This parameter also defines the diagonal tension
failure type rather it is stepped type cracks where cracks follow the path of the
bed and head joints or nominal type cracks where cracks go through the brick.
In an overview on Table D.1, it can be generally concluded that low material
quality leads to sliding shear failure in URM walls. However, this is not the
only parameter for sliding shear failure. Aspect ratio and axial load level are
also important parameters for the development of sliding shear failure as well.
In detail, material quality consists of two variables, which are mortar and unit
strength. When mortar has less strength than unit, with low aspect ratio and
axial load level, sliding shear failure is the most common failure type on URM
walls. Besides that, lower mortar strength with low aspect ratio but higher axial
load level develops stepped type diagonal tension failure. When mortar
strength increases for the same aspect ratio and axial load level, cracks
propagation changes from stepped type diagonal tension failure to nominal
type of diagonal tension failure.

Perforation geometry has a great impact on initializing and propagation of
cracks. Cracks are initiated from the stress concentration locations at corners
of the openings and tend to follow the shortest path towards other stress
concentration points or free edges of piers (Cetinkaya, 2011, Javed et al.,
2006).

On the other hand, aspect ratio is highly dominant to determine in-plane failure
modes of URM walls. As mentioned in Section 2.1, aspect ratio of walls should
be investigated for each wall panel. As shown in Table D.1 in Appendix D,
aspect ratios are evaluated in three categories which are slender (A>2), normal
(2>X>1) and squat (1>1). Slender URM wall panels cause URM walls to fail
under flexural / toe crushing failure. Whereas, diagonal shear failure and
sliding shear failure are the predominant failure modes for normal and squat

URM walls, respectively.
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e Axial load level is also a very important parameter for assessing the damage
pattern of URM walls. As concluded in Penna et al. (2014), more severe in-
plane wall damages are observed at the ground floors of buildings due to
increase of the axial load. In addition, ELGawady (2004) states following
interactions in URM walls. Walls with low aspect ratio and high axial load
levels, nominal type of diagonal tension failure is more expected rather than
stepped type diagonal tension failure. Furthermore, in case of low vertical load
with low material quality, sliding shear failure is the predominant failure type
in URM walls.

As mentioned above, none of the above parameters can define damage and crack
patterns of URM walls individually. There should be at least two or three parameters
for predetermining crack modes. Therefore, above proposed rules are combined in
Table 4.1 as the “rules of predefined crack patterns”. Since damage on perforated
URM walls occurs on the different panels as shown in Figure 2.1, Table 4.1 is valid
for all types of perforated URM walls described in Section 2.1.

In Table 4.1, abbreviations for the failure modes can be described as follows:

1: Diagonal tension failure
2: Slide shear failure
3

: Rocking - Flexural (Toe crush) failure
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Table 4.1. Summary Table for Damage Pattern Rules of URM Walls

Axial L
xial Load Material Quality Aspect Ratio
Level
FAILURE MODES (* - = -
L z | 3 5 3 £ 5
T S 8 g 3 5 3
@ =z N
Axial Load High 1/3* 1/3* 3 1 1
Level Low 1/3* 2 2/3%* | 1/2%* | 1/2%*
Quality Poor | 1/3* 2 2/3%** | %k | [xxkk
Slender 3 2/3** 3 2/3k*
Normal 1 1/2%* 1 1/2%%* -
Aspect Ratio | Squat 1 1/2%* 1 1/2%**

(*) For crack formation in panels, refer to the conclusions on page 78 of Chapter 3.
(1/2**) Failure mode 1 for “Good” material quality. Failure mode 2 for “Poor” material
quality.

(1/2***) Failure mode 1 for “High” axial load. Failure mode 2 for “Low” axial load.

(1/3*) Failure mode 1 for “Normal” and “Squat” walls. Failure mode 3 for “Slender” walls.
(2/3**) Failure mode 2 for “Poor” material quality. Failure mode 3 for “Good” material
quality.

(2/3***) Failure mode 2 for “Low” axial load. Failure mode 3 for “High” axial load.

4.4. Verification Study

At the end of this chapter, a case study based on the experimental campaign by Costley
and Abrams (1996) is evaluated to verify the proposed rules for damage patterns of
URM buildings. The test structure is a two-story brick masonry building with door
and window openings. In the verification study, the observed damage and crack
patterns are compared with the ones estimated by using the proposed rules in Table

4.1.
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Figure 4.1. Window wall and out-of-plane wall of the tested structure (Costley et al. 1996)

There are two perforated walls on the tested URM building in direction of lateral
loading setup. Geometric properties of the perforated walls of tested specimen are
presented in Figure 4.2 together with the assigned wall panels labelled as shown. The
walls at each story are treated individually since they are separated by rigid diaphragm

floors.

2265mm 2265mm

[Rigid Floor

270mm
270mm

=
[
460mm

480mm

2180mm
2180mm

275mm _ 385mm
270mm . 385mm

=
=
o
460mm

810mm

| 385mm

7z

440mm 350mm 685mm 350mm 440mm 240mm  350mm  3425mm  400mm  3425mm  350mm  240mm

Figure 4.2. Geometric properties of Wall ID W1 and W2
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In Table 4.2, axial stress level, material quality, panel aspect ratio, expected failure
modes and observed failure modes of URM panels are given. Similar abbreviations

for failure modes that used in Table 4.1 are again used in Table 4.2.
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Table 4.2. Comparison of Expected and Real Failure Modes of URM Walls

= = , Expected Observed
Wall [Wall |5 8|5 2| Axal panel | Panel | Failure Failure
ID |Type| B 2| & S| Stress D |Aspect|  Mode Mode on
S S O’| grade Ratio | based on Specimen
Table 4.1
Cl1,C3 | 06 1 1
. C2 0.4 1 1
Wil Medium =51 b3 T 18 1 143
P2 1.2 1 1
<« | o C4 0.8 NDE 1+2
2 B C5 0.5 2 ND
41 2| 8 C6 0.8 2 142
C
O b C7 0.6 NDE 2
W1.2 Low C8 0.4 2 ND
C9 0.6 2 2
P4 1.0 NDE ND
P5 0.7 2 ND
P6 1.0 1 ND
C1,C4 15 1 1
C2,C3 1.0 1 ND
. C5, C8 1.1 1 1
w2.1 Medium 6. C7 08 > ND
P1, P4 1.9 3 3
P2, P3 1.3 1 1
o N C9 15 1 1
2 s C10, 11
5 213 C11 ' 1 ND
g | 2 C12 15 NDE 1
C13 1.1 1 1
W2.2 Low Ci14 0.8 2 2
C15 0.8 2 ND
C16 1.1 NDE ND
P5 1.9 3 ND
P6, P7 1.3 1 ND
P8 1.9 NDE ND
NDE: No damage expected based on the conclusions in Chapter 3.
ND: No damage observed. Strength limit has not been exceeded.

A sketch for comparison of expected damage patterns and real damage patterns of

URM Walls 1 and 2 are presented in Figure 4.3 and Figure 4.4, respectively.
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Figure 4.3. Expected vs. Real Damage Patterns of Wall ID. W1
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Figure 4.4. Expected vs. Real Damage Patterns of Wall ID. W2

Based on the results in Table 4.2 and in Figures 4.3 and 4.4, it can be stated that there
is a reasonable match between the observed and expected damage and crack patterns
for the considered case study. This means material quality, axial stress level and aspect
ratio of the URM walls have great impact on predicting their damage patterns. These
parameters can be determined by simple observations and without conducting any
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complicated numerical models or calculations. As a final remark, this study proves
that it is possible to make reasonable predictions of damage patterns for URM walls

without complex modeling and calculations.
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CHAPTER 5

SUMMARY AND CONCLUSIONS

5.1. Summary and Conclusions

This study is based on the predefined assessment of the in-plane behavior of URM
walls under lateral loading and the main goal of this thesis study is to predict the
damage and crack formations with their propagations by using observational data and
without any complicated analysis. Study is conducted in three steps. In the first step,
previous studies and post-earthquake reports of URM walls are investigated. Thus, in-
plane behavior of URM walls is determined. In the next step, empirical approaches
based on international and national documents research studies on URM walls are
studied. By this means, ultimate lateral strength limits based on empirical formulations
are determined, which is used in the next step of the study. Finally, mathematical
modeling of URM walls is constituted. Walls with different perforation geometries
are modeled. With the help of both linear and non-linear modeling, ultimate lateral
strength limits and crack formations are determined. Then these three steps of the
study are combined together to propose a set of rules to predict the damage and crack
patterns of perforated URM walls. The study is completed by comparing the expected
damage and crack patterns with the ones observed in an experimental campaign that

has been selected as a verification case study.

According to the conducted work in this research, the following conclusions can be
stated regarding the development of predefined damage patterns for non-engineered
URM buildings:

e According to the observational studies, failure of URM walls starts from the
stress concentration locations such as corners of the openings. Then,

propagation of these cracks or in other words, failure mode is based on three
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major structural parameters which are material type and quality, panel aspect
ratio and axial load level.

Three different empirical approaches are studied for URM walls. Among three
approaches considered (FEMA 273, TBSC 2018 and Akhaveissy 2013), TBSC
2018 gives the most conservative limits. For normal and squat piers, FEMA
273 and Akhaveissy (2013) give almost the same limits. However, for slender
piers, FEMA 273 gives highly conservative limits. As a result, empirical
formulations introduced in Akhaveissy (2013) study gives the most reasonable
limits compared to numerical modeling and experimental study results for
URM walls.

In this study, macro modeling approach is used to predict the in-plane behavior
of URM walls. Expecting perfectly matched results compared to experimental
studies are highly unlikely for such modeling type. However, as shown is
Chapter 3, promising results are obtained in many wall models on ultimate
lateral load capacities with the help of non-linear macro modeling. However,
initial stiffnesses and ultimate top displacement results obtained from
modeling are not matching with experimental results. This might be caused
because of the following reasons. Firstly, some of the material properties such
as internal friction angle, modulus of elasticity of masonry are not provided in
the related experimental studies. Therefore, these properties are determined by
using some empirical approaches. In addition, macro modeling approach is
used in this study. It is necessary to accept the differences in top displacements
and initial stiffness results since, the obtained ultimate lateral load capacities
are almost matching which is important from the aim of this study.
Determination of the crack initial locations and their propagations, linear
macro modeling is used. Consequently, it is a fact that cracks are initializing
from corners of the openings in perforated URM walls with medium or slender
piers. Solid walls with lower aspect ratios or perforated walls with squat piers,

cracks are initializing from the corners of edges or center of the walls.
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The fact remains that, propagations of cracks define the failure mode of the
walls. By using macro modeling diagonal tension failure and flexural failure
can be determined while sliding shear failure cannot be determined. Sliding
shear is comprised in the mortar of masonry. Without constitution of micro
modeling, failure in mortar between units cannot be determined.

As a final remark, this study supports that it is possible to make reasonable
predictions of damage patterns for URM walls without complex modeling and

calculations.

5.2. Future Research Recommendations

Future research topics regarding this study can be suggested as follows:

More field data can be employed due to the fact that as the used data is
enlarged, it becomes easier to draw conclusions out of it.

New numerical wall models can be constructed to enlarge the limits of the
parametric study for better understanding of the effects of the structural
parameters on crack and damage patterns.

This study can be used as an input to predict the in-plane lateral load capacity
of perforated URM buildings by using theoretical failure analyses such as limit
theorems. Stress states of panels can be estimated from the expected damage
and crack patterns. Then by using the equilibrium conditions between panels,
the lateral load capacity of the wall can be predicted.

The results can be used in order to develop simple and practical performance

assessment methods for a population of non-engineered URM buildings.
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APPENDICES

A. Field Observation of Damage on Perforated Masonry Walls Photo Archive

In this appendix, photos from field observation of seismic damage on perforated
masonry walls are presented in Table A.1l. Categorization details of the photos are
explained in Chapter 2.1. 70 different cases have been examined with adequate

number of samples from each specified wall type.

Table A.1. Damaged Perforated Wall Photographs in Real Seismic Events

- Wall type: 1

- Wall ID: F2

- Axial stress ratio: Low

- Material type: Clay brick
- Reference: Ceran (2010)

- Wall type: 1

- Wall ID: F3

- Axial stress ratio: Low

- Material type: Clay brick
- Reference: Ceran (2010)
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Table A.1 (continued)

- Wall type: 1

- Wall ID: F4

- Axial stress ratio: Low (1% floor),
medium (ground floor).

- Material type: Stone

- Reference: METU EERC (1995)

- Wall type: 1

- Wall ID: F5

- Axial stress ratio: Low (2" floor),
medium (1% floor).

- Material type: Clay brick

- Reference: Penna et al. (2014)
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Table A.1 (continued)

- Wall type: 1

- Wall ID: F6

- Axial stress ratio: Medium

- Material type: Clay brick

- Reference: Cetinkaya (2011)

- Wall type: 1

- Wall ID: F7

- Axial stress ratio: Medium

- Material type: AAC

- Reference: Jagadish et al. (2003)

- Wall type: 1

- Wall ID: F8

- Axial stress ratio: Medium

- Material type: Clay

- Reference: Building Change (2015)
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Table A.1 (continued)

- Wall type: 1

- Wall ID: F9

- Axial stress ratio: Low

- Material type: Stone

- Reference: Thakur (2007)

- Wall type: 1

- Wall ID: F10

- Axial stress ratio: Low

- Material type: Hollow clay
- Reference: EERI (2011)

- Wall type: 1

- Wall ID: F11

- Axial stress ratio: Low

- Material type: Clay

- Reference: METU EERC (1995)
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Table A.1 (continued)

- Wall type: 1

- Wall ID: F12

- Axial stress ratio: Low

- Material type: Clay

- Reference: METU EERC (1995)

- Wall type: 1

- Wall ID: F13

- Axial stress ratio: Low

- Material type: Adobe

- Reference: METU EERC (1995)

- Wall type: 1

- Wall ID: F14

- Axial stress ratio: Low

- Material type: Clay

- Reference: METU EERC (1995).
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Table A.1 (continued)

- Wall type: 2

- Wall ID: F16

- Axial stress ratio: N/A

- Material type: Clay

- Reference: Dogangun et al. (2008)

- Wall type: 2

- Wall ID: F17

- Axial stress ratio: Low

- Material type: Clay

- Reference: Building Change (2015)

- Wall type: 2

- Wall ID: F18

- Axial stress ratio: Low

- Material type: Clay Brick

- Reference: Tarque et al. (2012)
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Table A.1 (continued)

- Wall type: 2

- Wall ID: F19

- Axial stress ratio: Low

- Material type: Adobe

- Reference: Thakur (2007)

- Wall type: 2

- Wall ID: F20

- Axial stress ratio: Low
- Material type: Clay

- Reference: Malla (2015)
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Table A.1 (continued)

- Wall type: 2

- Wall ID: F21

- Axial stress ratio: Low

- Material type: Clay

- Reference: METU EERC (1995)

- Wall type: 3
- Wall ID: F22
Axial stress ratio: Low

- Material type: Clay
- Reference: METU EERC (1995)

- Wall type: 3

- Wall ID: F24

- Axial stress ratio: High

- Material type: Clay

- Reference: Elgawady (2004).

- Wall type: 3

- Wall ID: F25

- Axial stress ratio: Low
- Material type: Adobe

Reference: Auroville Earth Institute
(2017)
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Table A.1 (continued)

- Wall type: 3

- Wall ID: F26

- Axial stress ratio: Low

- Material type: Stone

- Reference: Bothara et al. (2011)

- Wall type: 3
- Wall ID: F27

Axial stress ratio: Low

- Material type: Concrete masonry
- Reference: METU EERC (1995)

- Wall type: 3

- Wall ID: F28

- Axial stress ratio: Medium

- Material type: Clay

- Reference: METU EERC (1995)

- Wall type: 3
- Wall ID: F29

- Axial stress ratio: Low

- Material type: Clay
Reference: METU EERC (1995)
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Table A.1 (continued)

- Wall type: 3

- Wall ID: F30

- Axial stress ratio: Low

- Material type: Clay

- Reference: METU EERC (1995)

- Wall type: 3

- Wall ID: F31

- Axial stress ratio: Low

- Material type: Clay

- Reference: METU EERC (1995)

- Wall type: 4

- Wall ID: F33

- Axial stress ratio: Low

Pier 1 - Material type: Clay

- Reference: Auroville Earth Institute
(2017)
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Table A.1 (continued)

- Wall type: 4

- Wall ID: F34

- Axial stress ratio: Medium

- Material type: Clay

- Reference: Zulfukar et al. (2011)

- Wall type: 4

- Wall ID: F35

- Axial stress ratio: Medium

- Material type: Clay

- Reference: Meguro et al. (2001)
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Table A.1 (continued)

- Wall type: 4

- Wall ID: F36

- Axial stress ratio: Low

- Material type: Clay

- Reference: Celep et al. (2011)

- Wall type: 4

- Wall ID: F37

- Axial stress ratio: Low

- Material type: Clay

- Reference: Celep et al. (2011)

- Wall type: 4

- Wall ID: F38

- Axial stress ratio: Low

- Material type: Clay

- Reference: Polimi (2010)
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Table A.1 (continued)

- Wall type: 4

- Wall ID: F39

- Axial stress ratio: Low

- Material type: Clay

- Reference: Polimi (2010)

- Wall Type: 4

- Wall ID: F40

- Axial stress ratio: Low

- Material type: Adobe

- Reference: Auroville Earth Institute
(2017)

- Wall type: 4

- Wall ID: F41

- Axial stress ratio: Low

- Material type: Clay

- Reference: Dogangun et al. (2008)
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Table A.1 (continued)

- Wall type: 4

- Wall ID: F42

- Axial stress ratio: Low

- Material type: Clay

- Reference: Binda et al. (2005)

- Wall type: 4

- Wall ID: F43

- Axial stress ratio: High

- Material type: Clay

- Reference: Thakur (2007)

- Wall type: 4

- Wall ID: F44

- Axial stress ratio: Medium

- Material type: Solid clay

- Reference: Beatie et al. (2007)
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Table A.1 (continued)

- Wall type: 4

- Wall ID: F45

- Axial stress ratio: Medium
- Material type: Clay

- Reference: Malla (2015)

- Wall type: 4

- Wall ID: F46

- Axial stress ratio: Low

- Material type: Clay

- Reference: METU EERC (1995)

- Wall type: 4

- Wall ID: F47

- Axial stress ratio: Low

- Material type: Clay

- Reference: METU EERC (1995)
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Table A.1 (continued)

- Wall type: 4

- Wall ID: F48

- Axial stress ratio: Low

- Material type: Adobe

- Reference: METU EERC (1995)

- Wall type: 5

- Wall ID: F50

- Axial stress ratio: Medium

- Material type: Clay

- Reference: Korkmaz et al. (2010)

- Wall type: 5

- Wall ID: F51

- Axial stress ratio: Low

- Material type: Clay

- Reference: Javed et al. (2006)
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Table A.1 (continued)

- Wall type: 5

- Wall ID: F52

- Axial stress ratio: Low

- Material type: Stone

- Reference: Elgawady (2004)

- Wall type: 5

- Wall ID: F53

- Axial stress ratio: Low

- Material type: Clay

- Reference: Bayulke (2011)

- Wall type: 5

- Wall ID: F54

- Axial stress ratio: Low

- Material type: Clay

- Reference: Zulfukar (2011)
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Table A.1 (continued)

- Wall type: 5

- Wall ID: F55

- Axial stress ratio: Low

- Material type: Stone

- Reference: Kaplan et al. (2010)

- Wall type: 5

- Wall ID: F56

- Axial stress ratio: Low

- Material type: Clay

- Reference: Karantoni et al. (1992)
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Table A.1 (continued)

- Wall type : 5

- Wall ID: F57

- Axial stress ratio: Low

- Material type: Clay

- Reference: Penna et al. (2014)

- Wall type: 5
- Wall ID: F58

Axial stress ratio: Low

- Material type: Stone
- Reference: Cetinkaya (2011)

- Wall type: 5

- Wall ID: F59

- Axial stress ratio: Medium

- Material type: Clay

- Reference: Korkmaz et al. (2010)
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Table A.1 (continued)

- Wall type : 5

- Wall ID: F60

- Axial stress ratio: Low
- Material type: Clay
Reference: Polimi (2010)

Through bolts spaced at
~400 mm

Gable collapse
due to absence
of anchorage

EELILE TR

- Wall type: 5
- Wall ID: F61
- Axial stress ratio: Low

- Material type: Clay

Reference: Dizhur et al. (2011)

- Wall type: 5

- Wall ID: F62

- Axial stress ratio: Medium (ground
floor), low (1% floor)

- Material type: Clay

- Reference: Friedman et al. (2008)
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Table A.1 (continued)

- Wall type: 5
- Wall ID: F63

- Axial stress ratio: Medium (ground

floor), low (1° floor)
- Material type: Clay
- Reference: Friedman et al. (2008)

- Wall type: 5

- Wall ID: F64

- Axial stress ratio: High (1% floor)
- Material type: Clay

- Reference: Free et al. (2008)

- Wall type: 5

- Wall ID: F65

- Axial stress ratio: Low

- Material type: Adobe

- Reference: METU EERC (1995)

125




Table A.1 (continued)

- Wall type: 5

- Wall ID: F66

- Axial stress ratio: Low

- Material type: Clay

- Reference: METU EERC (1995)

FRR

- Wall type: 6

- Wall ID: F67

- Axial stress ratio: High (1% story) and
Low (2" story)

- Material type: Clay

- Reference: Penna et al. (2014)

- Wall type: 6

- Wall ID: F69

- Axial stress ratio: Low

- Material type: Clay

- Reference: Dogangun et al. (2008)
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Table A.1 (continued)

- Wall type: 6

- Wall ID: F70

- Axial stress ratio: Medium

- Material type: Clay

- Reference: Zulfukar et al. (2011)
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B. Experimental Observation of Damage on Perforated Masonry Walls Photo
Archive

In this appendix, photos from experimental observation of damage on perforated
masonry walls are presented in Table B.1. Categorization details of the photos are
explained in Chapter 2.4. There are 14 different cases including all wall types expect

wall type 5.

Table B.1. Damaged Perforated Wall Photographs in Experimental Studies

- Wall type: 1
- Wall ID: E7

- Axial stress ratio: Low

- Material type: Hollow clay brick

- Damage Pattern: Diagonal tension crack
- Reference: Bothara et al. (2010)

[ ]
Side Window Wall

~ Direction of Shaking

- Wall type: 1

- Wall ID: E8

- Axial stress ratio: Low

- Material type: Adobe brick

- Damage Pattern: Diagonal tension crack
- Reference: Blondet et al. (2006)
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Table B.1 (continued)

Wall type: 1

Wall ID: E9

Axial stress ratio: Low

Material type: Adobe brick

Damage Pattern: Diagonal tension crack
Reference: Illampas et al. (2014)

O1sMPa| | | | | | |}
r I I i i —— —F
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= —
m—— e e

Spandrel

Pier

Wall type: 1

Wall ID: E10

Axial stress ratio: Low

Material type: Clay brick

Damage Pattern: Diagonal tension crack
Reference: Akhaveissy (2013)
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Table B.1 (continued)

Wall type: 2

Wall ID: E11

Axial stress ratio: Medium

Material type: Solid clay brick

Damage Pattern: Sliding shear damage is
observed at left pier (A<1.0). Flexural and
diagonal tension cracks are observed at
the pier (A>2.0).

Reference: Moon et al. (2005)

Wall type: 2

Wall ID: E12

Axial stress ratio: Low

Material type: Clay brick

Damage Pattern: Sliding shear damage is
observed at piers (A < 1.0).

Reference: Akhaveissy (2013)

Wall type: 3

Wall ID: E13

Axial stress ratio: Medium

Material type: Clay brick

Damage Pattern: Diagonal tension cracks
are observed at middle and right piers.
Flexural cracks dominate the left pier
(>>2.0)

- Reference: Benedetti et al. (1998)
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Table B.1 (continued)

Wall type: 3

Wall ID: E14

Axial stress ratio: Medium

Material type: Concrete brick

Damage Pattern: Diagonal tension cracks
and Flexural damage are observed at
middle and right piers. Flexural damage
dominates the left pier (A>>2.0)

Reference: Lourenco et al. (2012)

et oo 5 iy v e |
51 .1‘.1

-

Wall type: 3

Wall ID: E14

Axial stress ratio: Low

Material type: Clay brick

Failure mode: Diagonal tension cracks
are observed at middle and left piers.
Sliding shear damage dominates the right
pier (>>2.0)

Reference: Akhaveissy (2013)

Wall type: 3

Wall ID: E15

Axial stress ratio: Low

Material type: Clay brick

Damage Pattern: Diagonal tension cracks
are observed

Reference: Ali et al. (2007)
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Table B.1 (continued)

Wall type: 3,4
Wall ID: E16

Axial stress ratio: Medium, low
Material type: Clay brick
- Damage Pattern: Diagonal tension cracks

dominate the behavior
- Reference: Benedetti et al. (1996)

- Wall type: 3,4

- Wall ID: E17

- Axial stress ratio: Medium, low

- Material type: Stone brick

- Damage Pattern: Diagonal tension
cracking is the dominant behavior mode
at all piers.

- Reference: Benedetti et al. (1996)

- Wall type: 6
- Wall ID: E18

- Axial stress ratio: Low

- Material type: Hollow clay brick

- Damage Pattern: Diagonal tension cracks

Front Wall

I Direction ot Shaking £ 2 ' : - are pbserved
- Reference: Bothara et al. (2010)
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C. Ultimate Limit State Calculation Details

In Figure C.1 to Figure C.6, detailed ultimate lateral strength calculations according
to FEMA 273 (1997), TBSC (2018) and Akhaveissy (2013) are presented for each
wall ID E1 ~ E6. Calculations are based on the equations that are presented in Section
3.4.
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MASONRY WALL TYPE-1 LIMIT STRENGTH CALCULATIONS

Masonry location

Cohesion of mortar (C)
internal friction of mortar (o)
Compressive Strength (fc)
Tensile Strength(ft)

Single Story

Geometric Properties

h3
thickness

710 mm
520 mm
710 mm
490 mm
470 mm
470 mm
50 mm

Loading Properties

Vert
Hor

Mechanical Properties

0.12 Mpa
40°

3.89 Mpa

0.35 Mpa

Limit Strength Calculation-1 ( According to A.H. Akhaveissy)

——q-03MPx
—a—q=121MP1
—k—Average

0.425 Mpa
10.5 kN

Pier 1 (h/l) 116 -> o, 0.53
Pier 2 (h/1) 116 --> a, 0.53
Formulas Pier-1 Pier-2
7y = C + oytan(g) 0.477 Mpa 0.477 Mpa
0=05x@an! (gi> 33.0° 33.0°
i)
) . { L x tan(67) 461 mm 461 mm
Kipin = min
(1 —tan(8)) x 290 mm 290 mm
FU =Ty X Lxt+ f“, XX Xinin 22 kN 22 kN
P = 0.88aly 10 kN 10 kN
Vdes, =(ki/kt) *VHar 5 kN 5 kN
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MASONRY WALL TYPE-1 LIMIT STRENGTH CALCULATIONS

Limit Strength Calculation-2 ( FEMA 273)

Formulas Pier-1 Pier-2
075, .
Vme = 55 (C +f Jtang) 0.24 Mpa 0.24 Mpa
A, 35500 mm?2 35500 mm2
P(‘.'-f :.ann 15 kN 15 kN
vb_p = An X Ve 8 kN 8 kN
L
V, =09aPqg (T) 6 kN 6 kN
eff
| f
Var = VmeAnB | | (l b= ) 12 kN 12 kN
\/ Ve
Vi = aP, "‘)ﬁ _Ja__ 5 kN 5 kN
e e (ﬂ ( T0T% e
Vdes. :(ki/kt) *VHor 5 kN 5 kN
Limit Strength Calculation-3 (TBSC 2018)
Formulas Pier-1 Pier-2
for = f o+ 040 0.52 Mpa 0.52 Mpa
Vdes. :[ki/kt) *VHor 5 kN 5 kN
Md:(Pd*hl) 4 kNm 4 kNm
ecc:(Md/(PCE +selfweight] 0.28 m 0.28 m
L comp 233 mm 233 mm
A, 11643 mm?2 11643 mm?2
Vcr:[A n) *ka 6 kN 6 kN

Figure C.1. Wall Type-1 Limit Strength Calculations
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MASONRY WALL TYPE-2 LIMIT STRENGTH CALCULATIONS

S S R

Geometric Properties

11 780 mm
12 520 mm
13 780 mm
hl 770 mm
h2 550 mm
thickness 120 mm

Loading Properties

Vert 0.15 Mpa
Masonry location Intermediate Story Hor 11.5 kN
Mechanical Properties
Cohesion of mortar (C) 0.12 Mpa
internal friction of mortar (o) 30°
Compressive Strength (fc) 3.33 Mpa
Tensile Strength(ft) 0.40 Mpa
Limit Strength Calculation-1 ( According to A.H. Akhaveissy)
Pier 1 (h/l) 1.24 > o 0.50
Pier2 (h/I) 124 > a, 0.50
Formulas Pier-1 Pier-2
7y = C + optan(g) 0.207 Mpa 0.207 Mpa
0= 0.5x tan”! (ﬂ) 35.0° 3500
oy
o { L x tan(0) 547 mm 547 mm
Xpip = Min
(1~ tan(6)) x & 289 mm 289 mm
Py =1ty XLX1t+F, X1 XXy, 33 kN 33 kN
P = 0.88aP, 15 kN 15 kN
Vtes =(ki/k0) *V btor 6 kN 5.75 kN
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MASONRY WALL TYPE-2 LIMIT STRENGTH CALCULATIONS

Limit Strength Calculation-2 ( FEMA 273)

Formulas Pier-1 Pier-2
075 .
Vme =75 (C+J fang) 0.10 Mpa 0.10 Mpa
A, 93600 mm?2 93600 mm2
P(.'E :.ann 14 kN 14 kN
pr - An K Ve 10 kN 10 kN
L
V, =09aP (r) 10 kN 10 kN
eff
/ f
le L"mt’Am/j /, (l f -‘0‘ ) 12 kN 12 kN
\/ Vine
Vie = apes (1) (1~ gt 11 kN 11 kN
Vie = G0 cE (E ( —().7 ><.I}Z.:»
V ges =(ki /K ) *V or 6 kN 5.75 kN
Limit Strength Calculation-3 (TBSC 2018)

Formulas Pier-1 Pier-2
fox = F,t 040 0.46 Mpa 0.46 Mpa
V ges =(Ki /K ) *V yor 6 kN 5.75 kN
M4 =(Pys*h;) 6 kNm 6 kNm
e=(My/ (P cg +selfweight ) 0.35m 0.35m
L comp 107 mm 107 mm
A, 12890 mm2 12890 mm2

Figure C.2. Wall Type-2 Limit Strength Calculations
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MASONRY WALL TYPE-3 LIMIT STRENGTH CALCULATIONS

N

S

Geometric Properties

11

thickness

880 mm
610 mm
1410 mm
610 mm
580 mm
890 mm
950 mm
630 mm
190 mm

Masonry location Single Story

Mechanical Properties

Loading Properties

Cohesion of mortar (C) 0.12 Mpa

internal friction of mortar (¢) 15°
Masonry Compressive Strength (fc) 12.78 Mpa
Tensile Strength(ft) 0.18 Mpa

Vert 0.0335 Mpa
Hor 9 kN

Limit Strength Calculation-1 ( According to A.H. Akhaveissy)

Pier 1(h/I) 234 > o, 0.07
Pier 2 (h/I) 092 --> a, 0.46
Pier 3 (h/I) 214 > o4 0.11
Formulas Pier-1 Pier-2 Pier-3
ry = C + optan(g) 0.129 Mpa 0.129 Mpa 0.129 Mpa
0= 0.5x tan™! (ﬂ) 4130 413° 413°
oy
) . L xtan(0) 773 mm 1239 mm 510 mm
imin = MO pan(a) x4
( 250 mm 158 mm 151 mm
Py =ty XLX1+F, X1 XXy, 30 kN 40 kN 19 kN
P = 0.88aP, 2 kN 16 kN 2 kN
Ves. =(Ki/ke) *V or 1 kN 7 kN 1 kN
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B. MASONRY WALL TYPE-3 LIMIT STRENGTH CALCULATIONS

Limit Strength Calculation-2 ( FEMA 273)

Formulas Pier-1 Pier-2 Pier-3
0.75 .
Vine = ﬁ(f + ftang) 0.06 Mpa 0.06 Mpa 0.06 Mpa
A, 167200 mm2 267900 mm?2 110200 mm2
Pop = fuA, 6 kN 9 kN 4 kN
Vijs = Ap X Ve 11 kN 17 kN 7 kN
L
V, =09aPqg (/r ) 1 kN 4 kN 1 kN
off
f f
Var = VoA V’ (l Ft ) 6 kN 23 kN 4 kN
l!ﬁli’
T (| - S ) 1kN 5 kN 1kN
8 “E\ gy 0.7 X [ he
Vdes =(ki /%) *V sior 1 kN 7 kN 1 kN
Limit Strength Calculation-3 ( TBSC 2018)
Formulas Pier-1 Pier-2 Pier-3
Jox = Fop + 040 0.19 Mpa 0.19 Mpa 0.19 Mpa
Vdes. =(ki/ke) ¥V bior 1 kN 7 kN 1 kN
M4 =(P;*h;) 2 kNm 10 kNm 1 kNm
ecc=(Md/(PCE+selfweight) 0.13 m 0.62 m 0.19m
Leomp 880 mm 244 mm 295 mm
A, 167200 mm?2 46267 mm?2 55991 mm2
Vo=(A,) *fu 32 kN 9 kN 11 kN

Figure C.3. Wall Type-3 Limit Strength Calculations
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MASONRY WALL TYPE-4 LIMIT STRENGTH CALCULATIONS

Masonry location Single Story

Mechanical Properties

Geometric Properties

11 450 mm
12 600 mm
13 650 mm
14 600 mm
I5 450 mm
hl 450 mm
h2 700 mm
h3 0 mm
thickness 245 mm

Loading Properties

Cohesion of mortar (C) 0.25 Mpa Vert 0.212 Mpa
internal friction of mortar (o) 30° Hor 22.5 kN
Compressive Strength (fc) 2.79 Mpa
Tensile Strength(ft) 0.18 Mpa
Limit Strength Calculation-1 ( According to A.H. Akhaveissy)
Pier 1 (h/I) 1.81 > o 0.47
Pier 2 (h/I) 1.08 -> o, 0.69
Pier 3 (h/I) 156 --> o5 0.54
Formulas Pier-1 Pier-2 Pier-3
7y = C + optan(g) 0.372 Mpa 0.372 Mpa 0.372 Mpa
0= 0.5x tan”! (21) 37.1°0 37.1° 37.1°
1]
. L x tan(#) 340 mm 491 mm 340 mm
Hmia = MY (1~ tan(@)) x h
(I -tan 199 mm 171 mm 171 mm
Py =1y XLX1+F X1XXy, 50 kN 67 kN 49 kN
P = 0.88aP; 21 kN 41 kN 23 kN
Vges =(ki /K ) *V yor 5.9 kN 9.8 kN 6.8 kN
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B. MASONRY WALL TYPE-4 LIMIT STRENGTH CALCULATIONS

Limit Strength Calculation-2 ( FEMA 273)

Formulas Pier-1 Pier-2 Pier-3
075, .
Vine = ﬁ(c +fatang) 0.19 Mpa 0.19 Mpa 0.19 Mpa
A, 110250 mm?2 159250 mm?2 110250 mm?2
Pep =fuA, 23 kN 34 kN 23 kN
Vi = Ay X Ve 21 kN 30 kN 21 kN
L
V,=09aP: (r) 6 kN 14 kN 7 kN
eff
f f
Vi = VieAul} \/ (l \ l”) 17 kN 40 kN 19 kN
me
4 Pe ( .L 1 ——'Il" ) 6 kN 14 kN 7 kN
o = AeE 07 %0
V ges. =(Ki/k ) *V bior 4 kN 13 kN 6 kN
Limit Strength Calculation-3 ( TBSC 2018)
Formulas Pier-1 Pier-2 Pier-3
Jox = Flyo+ 0do 0.26 Mpa 0.26 Mpa 0.26 Mpa
V ges. =(Ki/k ) *V bior 4 kN 13 kN 6 kN
M4 =(P;*h;) 3 kNm 9 kNm 4 kNm
ecc:(Md/(PCE+selfweight) 0.12 m 0.26 m 0.16 m
L comp 308 mm 198 mm 207 mm
A, 75577 mm2 48622 mm?2 50748 mm2
Ve=(A,) *fu 20 kN 13 kN 13 kN

Figure C.4. Wall Type-4 Limit Strength Calculations
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MASONRY WALL TYPE-5 LIMIT STRENGTH CALCULATIONS

Masonry location

Top Story

Geometric Properties

Cohesion of mortar (C)
internal friction of mortar (o)
Compressive Strength (fc)
Tensile Strength(ft)

11 1240 mm
12 1050 mm
13 1030 mm
14 880 mm
I5 1030 mm
16 1050 mm
17 1240 mm
hl 1070 mm
h2 1200 mm
h3 1110 mm
thickness 305 mm
Mechanical Properties Loading Properties
0.25 Mpa Vert 0.016 Mpa
30° Hor 15 kN
2.68 Mpa
0.13 Mpa

Limit Strength Calculation-1 ( According to A.H. Akhaveissy)

wepr,

Pier 1 (h/1) 147 > 0.48
Pier 2 (h/l) 117 -> a, 0.58
Pier 3 (h/I) 117 > a 0.58
Pier 4 (h/I) 173 > a, 0.41
Formulas Pier-1 [Pier-2 Pier-3 Pier-4 Units
1 = C + optan(e) 0.259] 0259 0.259|  0.259|Mpa
0= 05x an"! (zi) a1 as1| a1 sl
i}
) . { L x tan(0) 1202 999 999 1202|mm
Xpin = min
(1 —tan(@)) x h 55 36 36 55|mm
-P{i =Ty X Lxt+ F, X1 X Xpin 100 83 83 100 kN
P = 0.88aPy 43 42 42 36|kN
Vses =(ki /K 0) *V 1o 2.7 4.8 4.8 2.7|kN
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B. MASONRY WALL TYPE-5 LIMIT STRENGTH CALCULATIONS

Limit Strength Calculation-2 ( FEMA 273)

Formulas Pier-1 |[Pier-2 Pier-3 Pier-4 Units
0.75 .
Ve = _S(C + fytang) 0.13 0.13 0.13 0.13|Mpa
A, 378200 314150 314150 378200{mm?2
Pegp =f.Ay 6 5 5 6/kN
V[rj.\‘ = Arr X Ve 49 41 41 49(kN
L
V,=09aPqg (.’ ) 2 2 2 2(kN
leff
[ f
Var = VmeAnfy | (1 Foe ) 35 37 37 30[kN
\/ Ve
, L fa
! 1c ‘“DCL‘ (m) (l - m) 2 2 2 2 kN
Vdes, :(ki/kt) * VHor 3 5 5 3[kN

Limit Strength Calculation-3 (TBSC 2018)

Formulas Pier-1 |Pier-2 |Pier-3  [Pier-4  |Units
Jox = Fip,+ 040 0.14 0.14 0.14 0.14|Mpa
Vies. =(ki /K ) *V o 3 5 5 3[kN
M,=(P,*h;) 5 6 6 5(kNm
e..=(My/ (P cg + selfweight ) 0.27 0.48 0.48 0.27|m
Lcomp 1048 95 95 1048|mm
A, 319777 28847 28847 319777|mm2
Var=(An) fu 44 4 4 44/kN

Figure C.5. Wall Type-5 Limit Strength Calculations
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A. MASONRY WALL TYPE-6 LIMIT STRENGTH CALCULATIONS

7

Masonry location Top Story

Mechanical Properties

Cohesion of mortar (C)

internal friction of mortar (¢)
Masonry Compressive Strength (fc)
Tensile Strength(ft)

0.25

40
7.68
0.18

Mpa
o

Mpa
Mpa

Geometric Properties

thickness

470 mm
370 mm
400 mm
620 mm
400 mm
370 mm
470 mm
1090 mm
930 mm
680 mm
205 mm

Loading Properties
0.034 Mpa

Vert
Hor

Limit Strength Calculation-1 ( According to A.H. Akhaveissy)

3 kN

Pier 1 (h/1) 248 > o 0.40
Pier 2 (h/1) 258 --> a, 0.38
Pier 3 (h/l) 2.58 --> a; 0.38
Pier 4 (h/1) 315 > a4 0.31
Formulas Pier-1 [Pier-2 Pier-3 Pier-4 Units
ty = C + optan(ep) 0.279 0.279 0.279 0.279(Mpa
0= 0.5 tan-! (2&) 33| 433 33| 433l
i)
. { L X tan(#) 442 376 376 442Imm
Xpin = MIN
(1 - tan(6)) x h 69 61 61 69|mm
Py =1y XLX1+F XXXy 29 25 25 29|kN
P = 0.88aP,, 10 8 8 8|kN
Vies. =(Ki/Ke) *V tor 0.8 0.7 0.7 0.8|kN
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B. MASONRY WALL TYPE-6 LIMIT STRENGTH CALCULATIONS

Limit Strength Calculation-2 ( FEMA 273)

Formulas Pier-1 (Pier-2 Pier-3 Pier-4 Units
0.75 .
Vie = ﬁ(C + fstang) 0.14 0.14 0.14 0.14|Mpa
A, 96350 82000 82000 96350{mm?2
Peg = faA, 3 3 3 3|kN
Vbj.x = An X Vine 13 11 11 13|kN
L
V, =09aPq; (h ) 0.6 0.5 0.5 0.5|kN
eff
[ f
Vi = VmeAnBy | (l Pt ) 6 5 5 5/kN
\/ Vine
v n”‘-lL (l— Ja ) 0.7 0.5 0.5 0.5|kN
oot (fw) 07X e ' ' ' '
Vies. =(ki/k) *V hor 0.8 0.7 0.7 0.8|kN

Limit Strength Calculation-3 (TBSC 2018)

Formulas Pier-1 |Pier-2 Pier-3 Pier-4 Units
Jor = F o+ 0do 0.20 0.20 0.20 0.20|Mpa
Vies =(ki/ke) *V bor 1 1 1 1|kN
M4=(P;*h;) 1 1 1 1|kNm
e ,.=(M 4/ (P cg+ selfweight ) 0.17 0.17 0.17 0.17|m
! comp 184 91 91 184|mm
A, 37680 18583 18583 37680|mm?2
Vor=(An) *fu 7 4 4 7|kN

Figure C.6. Wall Type-6 Limit Strength Calculations
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D. Classification of the Field Observation Table

In the Appendix D, a classification Table D.1 is prepared based on the damage
photographs of perforated URM walls presented in Section 2.2 and Appendix A. In
the classification table material type, material quality, axial stress level, aspect ratios,

damage descriptions and, failure mode of walls are given.
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