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ABSTRACT

PREDEFINED DAMAGE PA TTERNS FOR LIMIT ANA LYSIS ON NON-
ENGINEERED MASONRY B UILDINGS

K-, €dmal
Master of SciengeCivil Engineering
SupervisorProf. DrMur at Adrik uj Er b

September 201978 pages

Non-engineered masonry construction still constitutes a significant percentage of
building stocks, especially in earthqugkene Mediterranean, Asian and South
American countries. It is not easy to quantify the seismic perforndribes building

type, ecause 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 welldefined structural members. However, rengineered masonry
buildings generally do not have wejuantified material properties, rigid floor
diaphragms and adequate flaorwall or wallto-wall connections in order to ensure
such a load path. Hence the o$eonventional analysis tools become meaningless or
even misleading since the seismic behavior of@agineered buildings contradicts

with the fundamentals of structural analysis and modeling, on which these analysis
tools are based on. In such cases, uke ofsimple theoretical analysewhich are
generally based onbserved performance and damage on the considered building
type, may provide a practical solution. This study aims to propose prescrplaten
damage mechanisms and crack patterns fil sod perforated masonry walls by
using the available postarthquake 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 inploiv@rbound limit analysis
solutionsin order to estimate the lateral load capacity of-angineered masonry

buildings

Keywords:Non-engineered Masonry, Limit Analysis,-plane Wall Damage, Crack
Pattern, Failure Mode
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CHAPTER 1

INTRODUCTION

1.1.Background

Masonryis 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 themany types of masonry structures, the mosbmmontype is

unreinforced masogr(URM) structurs.

URM structures have high compressive strength under axial loads, yet have little or
no tensile strength, which often leads to failure in a brittle maB&ause of their
large mass and lack of ductility, they are subjected to relgthigh 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 seismidehaviorof URM structures in rural areaamotbeaccurately estated
becausehere is no control in tleconstruction process, material properties are not
precisely known, and they are generally constructed with previous experiences in a
traditional mannerHence, they are alsconsidered as neangineered 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
laboratoryconditions. This study focuses on collecting such data for tptame

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



for simplified modeling and analysis techniques to estimate the seismic performance

of nonengineeed 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 arentajor techniques in
modeling masonry. These are heterogeneous (micro) modeling and homogeneous
(macro) modeling. Heterogeneous modeling is composed of twieshbiques 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 ModelingTechnigque®f 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 appraches, 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 tsrshould 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 modelingtechniqueis 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 arithewam

properties of masonry developing the heahatical models.

There are two common behavior types for collapse mechanisms in URM buildings:
Aweak piero and Aweak spandrel o failure
point of view, pier failure is the predominant failure type on twtdhpse 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 undgand the irplane 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 thefdtete
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 thesisstudy focuses on the development ofestablished rules regarding crack
patterns and damage propagation for URM solid or perforated walls to develop a solid
basis for simplified modeling and analysis technicfoethe estimation athe 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 hugd under seismic actions
depend on both iplane and oubf-plane behaviors. The aim of this study is to
determine predefined rules for damage pattern predictions by using simplified
techniques. Oubf-plane behavior is not considered in this study dué fact that,
interpreting this phenomenon requires much more complicated analysis and numerical

calculations than that{plane behavior.



In addition, ultimate capacities of the selected URM walls are investigated. Results of

the experimental studieseacompared with limitations given in empirical equations

as well as numerical modeling analysis results. Thus, a complete set of knowledge on
failure mechanism and 4plane behavior is gathered. The developed set of rules is
intended to be used to predicth e f ai | ure surfaces for the
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 failurbroaglt
lower-bound limit analysis. Hence this approach provides a practicaleasdnable
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 en¢ésd in below order.
Chapter 1 is about the introduction, literature survey and scope of this study.

Chapter 2focuses ormdamage observations of URM walls. Damage patterns from
different postearthquake field reports and experimental studies are investigad

categorized according to their perforation geometry.

Chapter 3 calculates ultimate strength values of URM walls by using lineaoand
linear analyses and crosschecks these results with experimental studies. Moreover,
empirical strength limits frm 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 summarysaiggiests future works in
consideration of the results obtained






CHAPTER 2

DAMAGE OBSERVATION F OR MASONRY WALLS

2.1.Introduction

In this chapter, damaged patterns of unreinforced masuealfy obtained from field

and experimental observations are examined. The main objective of this chapter is to
comprehend the iplane damage and failure modes of masonry walls and to examine
the effect of geometry, material properties, axial stress aridrggons 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 vexiterimental
observation of damage on solid masonry waltgl 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 accordirfgetodxial stress levels

(@ . The first one is defined as Al owd axi
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 ofe&story buildings belong to

the group of fAmedi umo axial stre®9®8, for
MPa.URM walls of bottom floors of threstory buildings are assumed to be under

Ahi gho axial stress, which-040dMPa.esponds t

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 fathéhdamage
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 dingensio

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 (CleRogesithe

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 wallender 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 §) of the panels is defined as the ratio of the height of the panel to its
length. It is classified in three groups: squatl(.0), normal (1.0 &2.0) and slender
(8>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 lowdioma and high.



Effects of aforementioned parameters of URM walls determine tp&ane failure
modes. In URM wall panels, there are four majoplane failure modes observed

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

- Diagonal tensioffiailure
- 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 posearthquake field investigation reports have been studied and photos of

damaged masonry structures are colldcte



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, behavichof ea
story can be considered as an individual sistiiey 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)Tasee-1 wall which
consists of a single window opening, Typavall which consists of a single door
opening, Type3 wall which consists of a single door and a single window opening,
Type-4 wall which consists of two window openings, Type&vall which consits of

more than two window openings and finally Ty@eavall 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. Typesof Perforated Masonry Walls: (a) Tyfe (b) Type2, (c) Type3, (d) Type4, (e)
Type5 and (f) Type6.
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Three major parameters are visually determined for each masonry wall: axial stress
level, material type andspect 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 singlestory stuctures or top story of mulsitory structures, axial stress level of the

wal | i s defined as @l owo. I n Table 2.1,
are presented. Wall IDs are given ashH7D as shown in Appendix A for the rest of

the cases togeer with damaged wall photos

Table2.1. Damaged Perforated Wall Photographs in Real Seismic Events

- Walltype: 1

- WallID: F1

- Axial stresdevel: Low

- Material type: Solid clay

- Reference: Javed et §£006)

- Wall type: 2

- Wall ID: F15

- Axial stresdevel: Low

- Material type: Hollow clay

- Reference: Javed et al. (2006)

11



Table 2.1(continued)

- Wall type: 3

- WallID: F23

- Axial stresdevel: Medium

- Material type: Clay

- Reference: Javed et al. (2006)

12/07/2008 1:16 pm

- Wall type: 4

- Wall ID: F29

- Axial stresdevel Low

- Material type: Stone

- Reference:Auroville Earth Insitute
(2015

- Walltype: 5

- Wall ID: F49

- Axial stresdevel Low

- Material type: Clay

- Reference: Javed et al. (2006)

12



Table 2.1(continued)

- Walltype: 6

- Wall ID: F68

- Axial stresdevel 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 effecttamage 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, propemeof 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 Damae on Solid Masonry Walls

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

the inplane 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 wall. Major parameters which lead to failure modes are observed as

aspectratiod, vertical axial stress (U0n. and

13
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In order to interpret the failure modes aneplane behavior of solid URM wall§0
different experimerat setups 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 summagd 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 oe crush) failure

4: Mixed failure modediagonal shear and rocking)

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

modes

14



Table2.2. Summary Table for Failure Modes of Different Solid Walls

s | T < = -
2l 5z || E|Elg |2 |ZF| &8 8
S| S |G| E| E|¢~|24|25| 3|2 o
£l 2 = | = |gE|g8 55| ° =
sl 2ol 5| 5|SE|a2|88| 2 | 5 2
21 8§ |21 5| © |E s |EL| €| 3 D
) é :(’ | T § S0 % L &
S1| SCB| 1| 600 | 600 | 90 | 8.44| 032 | 84 | 2
S2| SCB| 1| 600 600| 90 | 8.44| 042 54 | 1
S3| SCB| 1| 600 600 90 | 844| 017 74 | 2
Sa| SCB| 1| 600] 600 90 | 844| 024] 82 | 2
S5| SCB | 1 | 600 | 600 | 110 |10.03| 0.14 | 177 | 1
S6| SCB| 1 | 600 | 600 | 110 |10.03] 0.20 | 140 | 1 Basoenondo (2008)
S7| SCB| 1| 600 600 | 110 |10.03| 027 | 145 | 1
S8| SCB| 1| 600 600 | 110 |12.37| 014 | 126 | 1
S9| SCB| 1| 600 | 600 | 110 |12.37| 020 | 123 | 1
S10| SCB | 1 | 600 | 600 | 110 |12.37| 027 | 121 | 1
S11| SB |0.6] 4400] 2620] 320 | 3.28| 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| 037 | 20 | 2
S16|HCB1|0.4] 1600] 700 | 75 | 6.00| 032 | 20 | 4 | E'Gawadyetal (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
S19/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| 1.1] 2010 2250| 195 | 11.70] 1.58 | 145 | 4 | ' cuyand Beyer (2015)
S22/ HCB1|1.1] 2010] 2250| 195 | 9.87| 056 | 135 | 1
S23[HCB1[1.1] 2010] 2250] 195 | 9.02| 158 | 132 | 4
s24] SCB | 1.0/ 990 | 1000] 100 | 9.50| 030 | 52 | 1
S25| SCB | 0.6] 3600] 2000| 150 | 9.50 | 0.61 | 255 | 1 Lour en {1995 t
S26| HCB1|0.5] 3567| 1625| 198 | 6.40| 052 | 425 | 1
S27/HCB1]0.6] 2743] 1625| 198 | 6.40| 052 | 190 | 3 | Abrams and Shah (1992)
S28/HCB1]0.9] 1829] 1625| 198 | 6.40| 052 | 100 | 3
529 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 (198
S32/ 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)

Specimen ID

Masonry Material

R

Aspect

Length (mm)

Height (mm)

Thickness
(mm)

(fm) (Mpa)

Compres. Strength
Vertical Axial

Stress (Mpa)

Failure Mode

Referred Paper

S34

0
O
o8}

0.8

1800

1500

150

S35

HCB2

1.5

1028

1510

300

0.6

' |5 [ Lateral Load (kN)

S36

HCB2

1030

1510

300

1.19

S37

HCB2

15

1025

1514

300

1.19

S38

HCB2

15

1026

1508

300

0.6

S39

HCB1

15

989

1513

300

1.19

S40

HCB1

15

987

1511

300

1.19

S41

HCB1

15

988

1507

300

1.19

S42

HCB3

15

985

1508

300

1.19

S43

HCB3

15

985

1509

300

1.19

S44

HCB3

1.5

986

1507

300

1.19

S45

TGM

15

988

1510

300

1.19

S46

TGM

15

987

1512

300

1.19

S47

TGM

15

986

1508

300

1.19

S48

HCB2

0.7

2567

1750

297

0.59

S49

HCB2

0.7

2572

1753

297

1.19

S50

HCB2

0.7

2584

1751

297

0.89

S51

TGM

0.7

2482

1750

296

0.95

S52

TGM

0.7

2484

1750

296

0.53

S53

HCB3

0.7

2359

1600

247

0.85

S54

HCB2

0.7

2712

1820

172

2.07

S55

TGM

1.2

992

1170

300

0.94

S56

TGM

1.2

992

1170

300

1.24

S57

TGM

1.2

992

1170

300

1.55

S58

HCB3

1.2

992

1170

300

0.89

S59

HCB3

1.2

992

1170

300

1.14

S60

HCB3

1.2

992

1170

300

1.46

WWWIWIFRPRWPWWR[(APIPLWWIWIW|IW|W|W[W[W[W[W[W[W[W

Petryand Beyer(2014)
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Figure 2.4. Before and After Testing Specimen ID: S2

Figure 2.4shows a specimen that is selected froncthikected experimental data for

solid masonry walls Basoenondo (2008) . T
thickness of 90mm. Wall material is standard solid clay brick with compressive
strength £=8.44 MPaVertical axial stress on the specimen wa2WMPa. Under the

given conditions, diagonal tension failure was observed at ultimate loading

Figure 2.5. After Testing of Specimen ID: S17

Figure 2.5shows a specimen that is selected from ElGawady. €2005). The wall
has an aspect ratio &=0.4 with a thickne:

clay brick with compressive strength=4.8 MPa. Vertical axial stress on the

17



specimen was 0.29 MPa. Under the given conditions, sliding $ai#ae was

observed at ultimate loading

Figure 2.6. After Testing of Specimen ID: S25

Figure 2.6shows a specimen that is selected from Petry and Beyer (2014). The wall
has an as pectthickmessiofd95mm. Walllmaterialtislstandard hollow
clay brick with compressive strength=fl1.7 MPa.Vertical axial stress on the
specimen was 1.58MPa. Under the given conditions, mixed failure mode consisting

of diagonal shear failure and rocking faduvas 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 matiestrength seem to have a significant effect

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

Severalexperimental 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.

18



In Table 2.3, samples for each type of damaged walls are presented. Rest of the
damaged walarchive is presented in Appendix B. The wall types that are presented

in Figure 2.3 have been used to categorize the experimental data

Table2.3. Damaged Perforated Wall Photographs in Experimental Ssudie

- Walltype: 1

- WalllD: E1

- Axial stresdevel Low

- Material type: Solid clay brick

- Damage PatterrDiagonal tension failurg
observed atorner panels

- Reference: Kalaland Kabir(2012)

- Wall type: 2

- WalllD: E2

- Axial stresdevel Low

- Material type: Adobe brick

- Damage PatterrDiagonal tension failurg
observed.

- ReferenceFormicaet al. (202)

- Wall type: 3

- Wall ID: E3

- Axial stresdevel: Low

- Material type: Clay brick

- Damage PatternRocking failure is the
dominant failure mode alender fers
However, diagonal tension failure al

observed

- ReferencePaquetteaand Bruneai{2006)
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Table 23 (continued)

T TR - Wall type: 4
> = T v i i+ - Wall ID: E4
e v f - - Axial stresdevel Low
A o b - Material type: Clay brick
" I |‘ E |‘ |L .ILI "[ ‘| [J1 I ["ll\ T
e B - Damage PatterrDiagonal tension failure
[ [ [ I I | [ [ [
: = l: I“ i is the dormant failure mode at all piers
1 5 - ReferenceAbrams(1988
LT SSit i
I L1 T 4..' |‘| |‘ |‘| |‘| |‘| |‘| l1 IIJ 1 .
. [ SI_FI S N N N I e HJ I\1-L|_'_
. 'l=l—‘| |:| |:| |:| |:| |:| |:| |:| |‘| |‘| i | .
1
]
- Walltype: 5, 6
- Wall ID: E5

- Axial stresdevel Low, medium
- Material type: Solid clay brick

- Damage PatterrSliding shear failure i

the predominant failure mode at t

lowest part of bottom floor wall.

Additionally, Rocking and diagong

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

- Walltype: 6

- WallID: E6

- Axial stresdevel Low

- Material type: Clay brick

- Damage PatternPredominant failure i
sliding sheafailure. Besides this diagon
tension failure is occurred.

- Reference: Nateglaind Alemi(2008)
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Experimentabtudies listed in Table 2.3 indicate that failure modes and crack patterns
are in accordance with the pasdrthquake field observations presenteSection 2.2.
Cracks are mostly initialized from the corners of the openings and propagate towards
the edges of walls dhe corners ofdjacent openirgy Moreover, axial stress level,
material properties and aspect ratio of piers l@significant efect on failure modes.
These parameters mostly affect the orientatifocrack propagation arfdilure modes

for the unreinforced masonry walls.

The experimental studies given in Table 2.3 (E&26) have been selected for more
detailed investigation withumerical 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

Fromthe viewpoint of solid walls, rocking behavior is mostly observed in the slender
wall s where aspect ratio (@) i's greater
material quality also play an important role for rocking failure mode. When the quality

of mortar and unit is low, the failure modesliding shear rather than rocking failure
because the wall moment transfer is not completadh means structure fails before

stress transfer completeBor walls with low axial stress, diagonal tension failur

becomes a dominant failure mode before the rocking failure.

Diagonal tension behavior is mostly observed in normal or squat walls where aspect
ratio (@) i's equal or smaller than 1. 0.
brick/mortar material qality 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 weltlsre aspectart i o ( &)
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.
Stres 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 thetadjace
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 O F PROTOTYPE URM WALL S

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 stdies. 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 initalizing locations and damage modes of masonry walls are determined by
using numerical analysis for six different casesi ) that have been selected in
Section 2.3. Numerical models developed for these cases are analyzed in two steps by
using SAP2000 sbivare (CSI, 2009). In the first step, nlmear 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 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 Coulmb-Mohr failure criteria, crack initializing locations are

determined. Predominant stress states in different wall regioodtieed.
3.2.Material Modeling of Masonry

Determinatiorof 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 wich 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 fibéisérelation between the

ultimate strengtland 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 mechlgproperties, 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 sumnthasdollows:

Stressstrain curveCompressive 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 hetezogsioehavior 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 indicatetdthie 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 aciumat the

mortar type. Stress strain curve of the compression model is giveguire 3.1.

" I T T (3.2)
@ % %
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Compressive Stress ( f,,)

Parabolic variation

| Linear variation |
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Figure 3.1. Compression Material Model of Masoriy Kaushik et al. (2007)

For the tension model of masonasimplified tri-linear curveas in Figure 3.2, which

is based on Dhanasekand Haide2007) is usedThestrain at peak tensile strength
of masonry(fi) is 0.000lwhereaghe fracture strength is 0.02 MPa at a stvailue of

0.008.

Tensile Stress (MPa)

=

e
[
[

0.0001

0.008

Strain (e,.)

Figure 3.2. Tension Material Model of Masonky Dhanasekar and Haider (2007)
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In the selected experimental studiehjch 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, ftine numerical modeling stages, an iterative approach used in
these equations to get the best fit analysis results compared to the experimental results

Abovementionedstressstrain models are uséar different stress levelé\t least one

of the compressge or tensile strength valudsas already been providedn the
documentation of theelated experimental studyven in Section 2.4in caseof lack

of information in one strength valu&quation 3.2based on ASTM C55 (20)
criterion gives the ratio betwen the tensile and compressive strength of any type of

masonry.

WG QTR (3.2)

Internal friction and dilatation angl&heinternal friction angles a measure of the

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

angle is derived from Mohrés Circle.

On the other handilatation angle limits the amount of residual volumetric strain
which occurs during plastic shearing ahds considereds constant during plastic

yielding.

In the numerical modeling stage, internal friction angle for clay bricks is taken as 30
i 40 (Kawa et al. 208) whereador stonemasonry unit@s 10i 22.4 (Vasconcelos
et al. 20@) Whenthe internal friction anglés not given in the referred experimental

study.

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

considered experimental studiéiss taken as 1QChoudhury et al. 2(@).
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Elasticity modulusElastic modulus of masontyas keenprovidedin most of the

referred experimental studies. For tmes in whickelasticity modulus of masonry is

not given, below equatiofiKaushik et al. 2007) issed

Q. quTp p TETQ (3.3)

Poi s s o nFérshe expetimental studiaswhichPoi ssonbds r@ifi o of

is not givenjts value is takeras 0.2 (Mosalam et al. 2009)

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

strengtls of mortarand brickaregiven s@arately. In order to obtain the compressive
strength of masonry, provisions given in Eurocodé€2605) is used. Following

equationis used:

‘R 0,7 G (3.4)
where b , U and K basedeon expenirsental studges to determine the

compressive strength of masonrydf j andf nfare the compressive strengths of brick
unit, mortar and masonry respectivelgaushik et al. (2007) recommends these

constants as 0.32, 0.49, 0.32 respedtivel
3.3.Nonlinear Pushover Analysis ofPrototype URM Walls

In order to determine ultimaia-planelateral load capacities of the prototype URM
walls with simplified macro modeling techniques, nonlinear static pushover analysis
is used in this sectiorSix of the selected experimental studies are modesaty
SAP2000and ultimate load capacities aretained Each selected experimental study
belorgsto one of thesix prototype URMwalls with different perforation geometry
whichhave been introduced Section2.2.Considering the aim of numerical analysis,
important issue to determine the closest match for the ultimate lateral loads compared

to experinental results.
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3.3.1.Nonlinear Modeling Strategy

Six nonlinear numerical models ardeveloped Each model supersedes an
experimental study which is categorized according to perforation geometry of
masonry wallsas described in Chapter 2. For each type of masamayl, one

numerical model isleveloped

Geometric and material properties of walls are taken from related experimental
studiesWall models are constituted by shell elements in SAP2000. The shell element
is a type of area object that is used to modell $fehavior 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 foyroint numerical integratioformulation is usedstresses 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 elerents.

restraints are introduced to mode¢ bottom jointsof the wall

In all single wall experimental studies, testgps 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 Sefp
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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.
Furthermorea rigid beam is introduced to the top of the walls in numerical models
and ifvertical loadexists in the considerecexperimental study, assigned rigid frame
also distribute the vertical load equally and prevgtite stress localizations around
the loaded joints. In addition to this vertical loading,-sedfght of the masonry wall

Is automatically calculated by software.

Above diaphragm philosophy is not used for the-$gtle experiments with shaking

table test setips.

In this study, nonlinear static pushover analysis with displacement controls
performed.In the pushover analysis, modeled structure is subjected to a gravity
loading and a monotonic displacemenntroled lateral load pattern which
continuously increases through elastic and inelastic behavior until an ultimate
condition is reachedisplacements are monitoredthe top right joint of masonry
modelin in-planedirection. Pushover analysis results areesl for multiple states in

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

Analysis results are presented in $egtion Nonlinear analysis results are presented
as gaphsandformed interms of topdisplacemenfmm) versus lateral forcé&kN).

In the following subsections, egmetric properties related test -spt loading
information and material properties for each type of masonry a@tgvenbased on
thereferred stuiks

3.3.2.1.Nonlinear Pushover Analysis Results of WalModel E1

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

elasticity modulus of the masonry areen 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 dilatatioangle are taken as 4@nd 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 modete€fresented
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 witrettgerimental capacity curve
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Figure 3.4. Wall Model E1Geometric Properties
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Ultimate lateraforce 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 restd on comparable grounds in terms of ultimate strength and

displacement
3.3.2.2.Nonlinear Pushover Analysis Results of WalModel E2

Wall model E2 is based on Formica et al. (2002). The tested wakdewith clay

bricks. Bricks have 120 muhickness. Tensile strength and internal friction angle of
the masonry are given as 0.4 MPa and Bfspectively. 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 MFElasticity modulus is taken as 2500 MPa and dilatation

angle is taken as 10

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 perforatiproperties 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.
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Nonlinear pushover model analysis is perforntédure 3.7 presents the comparison

of top displacement vsus 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
compressivetsength of masonry aestimatedy using an iterative procedure in order

to obtain closeresults teexperimentastudiesHowever,according to th&igure 3.7,
calculatedesults are different from the experimental studies especially fanittze

slopes of the curvedue to the estimated material properties.
3.3.2.3.Nonlinear Pushover Analysis Results of WalModel E3

Wall model B3 is based on Paquetad Brunea2005). The tested walils madeof
stonemasonry unitsvith a low strength mortar.hickness of the bricks is 198Gm.
Compressive strength of brick and mortar are given as 109 MPa and 9.24 MPa
respectivelyThe tensile strength of the masonry is given as 0.18 MPa. [Egoation

3.4, compressive strength of masonry is calculated as MP&8For the rest of the
unknown material properties, equations giveSeéction3.2 are used. Internal friction
angle, dilatation angle and modulus of elasticity are taken ad@%&nd 5550 MPa

respectively

A gravity load of26 kN is applied to the>gerimental seup of the masonry wal”A
distributed loadf 6.37 kN/m is assigned tbetop rigid frame of model.

Geometricatlimensions and perforation properties ofuladl modelE3are presented
in Figure 3.8. In additiorthearea IDs othefinite elemenimeshare presenteth the

same figure

Nonlinear pushover model analysis is perforntadure 3.9 presents the comparison

of top displacement versus lateral force curve
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Ultimate lateral force of the nonlinear wall model E3le&termined a80 kN with a

roof displacement 0®.5 mmwhereas in the experimental study, ultimate force is 27

kKN with aroof displacement 0®.7 mm. Unfortunately, experimental and nonlinear
study results are not matching in this case. difsrence s 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 WalModel E4

Wall model H is based omAbrams(1988. The tested walls madeof solid clay
bricks. Thickness of the bricks is 2d8n. Compressive strength of bricks and mortar
are given as 16 MPa and IMPa respetively. 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 oketaty are taken as 3010, 0.18 MPa and

1395 MParespectively.

A gravity load 0f143 kNis applied to the experimental a4 of the masonry wal”A
distributed loadf 52 kN/m is assigned tinetop rigid frame of model.

Geometri@al dimensions and piration properties of theall modelE4 are presented
in Figure 3.10. In additiorthearea IDs othefinite elemenimeshare presentenh the

same figure

Nonlinear pushover model analysis is perforniteégure 3.11 presents the comparison

of top displ@ement versus lateral force curve
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According toFigure 311, nonlinearmodel results of wall model Egives an ultimate

lateral force ofL60kN with a roof displacement Gfmmwhereas in the experimental
study, ultimate force is determined as 125 kN witlh@a displacement of2.5mm.

As a result, numerical and experimental values do not have a good match for this case,
especially for displacemengapacity.

3.3.2.5.Nonlinear Pushover Analysis Results of WalModel E5

Wall model B is basedon Moonet al. (200). The tested walis madeof solid clay

bricks. Thickness of the bricks is 305 mm. Compressive strength of bricks and mortar
are given as 42 MPa and 0.3 MPaspectively. FronEquation3.4, compressive
strength of masonry is calculated as 2.68 MP& modulus of elasticity for masgn

is given as 8000 MPa. For the rest of the unknown material properties, equations given
in Section3.2 are used. Internal friction angle, dilatation angle and tensile strength are

taken as 30 10 and 0.13 MParespectively.

There was no additional griawload applied to experimental sep. The wall istested

under its own selfveight.

Geometri@al dimensions and perforation properties ofvladl modelE5are presented
in Figure 3.12. In additiorthearea IDs othefinite elemenmeshare presenteih the

same figure
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According toFigure 313, nonlinearmodel results of wall model Efivesanultimate

lateral forceof 205kN with a roof displacement &mmwhereas in the experimental
study, ultimate force is determined as 191 kN witbad displacement & mm. Based

on the equations given fBection 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 studieblowever, acording to the Figure 3.13, calculated results are
different from the rperimental studies for the initial slopes of the curves and top
displacement values due to the estimated material propefigsugh the ultimate

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

Wall model B6 is based on Nagethnd Alemi(2008).The tested waik madeof solid
clay bricks. Thickness of the bricks is 28Bn. Compressive and tensile strength of
masonry are given as 7.68 MPa and 0.M#a, respectively. For the rest of the
unknown material pyoerties, equations given 8ection3.2 are used. Internal friction
angle, dilatation angle, and modulus of elasticity are taken ag@@nd 1920 MPa
respectively.

Gravity load from the top of the wall was applied to experimentalgetherefore,7

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

Geometri@al dimensions and perforation properties ofiladl modelE6 are presented
in Figure 3.14. In additiorihearea IDs othefinite elemenmeshare presenteith the

same figure.

Nonlinearpushover model analysis is performEgyjure 3.15 presents the comparison

of top displacement versus lateral fomeve
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Figure 3.15. Wall Model E6 Nonlinear AnalysifResults

According to theFigure 315, nonlinearmodel results of wall model E§ives an
ultimate lateral force 067 kN with a roof displacement &f.5 mm wherea in the

experimental study, ultimate force is determined as 75 kN witbfadisplacement 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 expaistedies.
However, according to theFigure 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 propedtiess like the previous case, the
ultimate strength seems to be cloket 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 FEMAPI37)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
wallsin this ®ction 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 preserfedtian2 4.
3.4.1.Collapse Mechaism 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 svaike 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 4plane stiffnes®f a perforatedvall consisting of several
connected piers, the most important parameter is the pier height. In this study, Dolce
(1997) method is used to determine the
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Figure3.16.Det er mi nati on of the Effective Height,

After determination of effective heighin-plane stiffnesof each pier K) can be

calculated with the Equation 3.5.

(3.5)

where
ho = Effective height of the piemnj)

d = Length of the pierng)

3.4.1.2.Collapse Mechanism of Different Wall Types

As mentionedefore six different experimerston masonry walls have besalected
for detailed calculations. Each selected type of wall consists of different perforation
patterns. Deiéed expressions of perforation types are described in Fig8re 2.

Collapse mechanism of each wiglpe ispresented in Figure 3.1According to the
number of piers of perforated URM walls, three different collapse mechanisms can be
occurred as shown irigure 3.17
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(a) (b)

e

(©

Figure3.17. (ai 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 thém-plane stiffnesand resisted by these piers. Thus,
when all pierdhavereached to their capacitiesall collapsecanbe expecté. In this
study,spandrel contributions in collapse mechanism or ultimate capaiéiggored

and lateral strength of the wadldetermined by the summationtbe lateral strength

of piers.

3.4.2.FEMA 273 Approach for Lateral Strength Calculation

NEHRP Guidelines for the Seismic Rehabilitation of BuildingEMA 273, was
released in 1997. The major aimtbis standards to develop a technical guideline

for the seismic rehabilitation of the existing building or new elements that are added
to existing strutres. 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 strerg of the wallis determinedn two steps as follos
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Firststepidittedas A Expected Lateral Streng-tho.

joint sliding shear strength or expected rocking strength of walls. Eqa&tidrand

3.7 are given for two failure modes, respectively

@ 0 20 (3.6)
G T®Z| Z0 G’Q (3.7)
where
An = Area of net mortared/grouted sectiom),
hett = Height of resultanfor lateral force i),
L = Length of wall or pierrom),
Pce = Expected vertical axial compressive force per Equationk8(8 (
Vme = Expected begbint sliding shear strength per Equation 3ViPg@),
Vbjs = Lateral strength of wall or pier based on {&dt shear strengttklN),
Vr = Lateral rocking strength of wall or pie),
U = Factor due to end boundary conditions of wialcan be taken aB.5 for

fixed-free cantilever wall andl.Ofor fixed-fixed pier condition.

0 "Qz 0 (3.8)
™ ¥ O v ) zQ Al (3.9)
0 B
where
fa = Gravitationakcompressive force on masonry wallRa),
a = Internal friction angle of mortar jointen(degreeks

Second step of the lateral strength determination method is ealiedd o we r
Lateral Strengtho. With the Hddldxyal (toé
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crushing)are calculatedEquations 3.10 and 3.11 are given for the mentioned two

stresses respectively.

. —g (3.10)
Wns Ugg? 0p2 Y Qoa P G U4 o
S 2. D % (3.11)
Wo | 2V Qz"Q"QZ p ™ 2 Dé( o

wher, Vat and Vic defines the lateral strength of URM walls undexgonal tension
and toe crushingpilure modes, respectively.

If the lateral strength value calculated with the first step is less than the value
calculated with second step, then the unreinforced masoniyowaier can be
consi daredddr anat i o rompooants. IOthérwise,dvall or pier can be

consi déoedeas agdmpanenis| e d o

Considering the above discussiomdetal strength capacities for the perforaiéiM
walls used irthe selecte experimental studiesre calculated by using Equations 3.6
I 3.11 Material properties of masonry brick and mortar joints are presented in Table

3.1 forall six types of masonry walls.

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

calculations are presentedrigure C.1lin Appendix C
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Table3.1. Material Properties of Masonry

® 5 2=

g |8 58 |£E~ |f=8 |32&%
= B = =) 2%

[ g2 | €% | E52 S5
g 8} £ SRZ Z

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

Table3.2. Ultimate Lateral Load Capacities as per FEMA 273

Wall Wall Vs Vi Vat 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 ES 179 8 139 8
6 E6 50 2 21 2

Resuls of ultimate load calculations presentedTiable 3.2, following predominant

lateral behavior of wall types can be listed as:

Wall ID E17 force controlled
Wall ID E27 deformation controlled
Wall ID E3 7 deformation controlled
Wall ID E4 7 force controlled

Wall ID E571 deformation controlled

= =2 A 4 A -

Wall ID E61 deformation controlled

Since, experimental results for each wall specimengdaterminedin Chapter 2,

failure modes are taken from these experimentalilt® 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:

Wall ID E17 diagonal tension failure
Wall ID E27 diagonal tension faihe
Wall ID E37 rocking failure

Wall ID E47 diagonal tension failure

= =/ =42 4 -3

Wall ID E57 sliding shear failure
1 WallID E67 sliding shear failure

3.4.3.TBSC (2018 Approach for Lateral Strength Calculation

New version of Turkish BuildingSeismic Code TBSC 2018) was eleased on
February 2018. Chapter 11 ®BSC 2018 is related with the seismic behavior of

masonry structures.

TBSC 2018 also focuseon the shear capacity of the masonry walls and ultimate
diagonal sheastrength(fw) of wall or pier component of thBRM walls as per
Chapter 11.2.9 of BSC2018(Equation 3.12)

Qo Gof T 312)
where

fuk = Characteristic shear capacity of masonry walls, considering the average axial
stresses on the walPa),

fwwo = Characteristic shear capacitynsésonry walls, without considering the axial
stresse$MPa),
G = Vertical stress on wall or pier componelitRa).

To calculate the lateratrengthof masonry componen¥/f), ultimate shear stress
valuesshouldbe multiplied withcrosssectional wall areahichis under compressive

stress agivenin Equation 3.13.
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Q¢ Tos? (3.13)
Length of the compressive part of masonry or pier compohgrg §imply calculated

as follows
Qg U 5 (3.14)
where
ecc = Eccentricity of the masonmgomponen{m).
M = Design moment induced by shear loading on masonry compdamt (
N = Axial load perpendicular to shear loading on masonry compokisht (
In case of a small eccentricityc{(®® L/ 6) , l ength of compressi Vve

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

q 0 (3.15)
On the other hand, there is a large eccentricityc{e> L/6), length of compressive

part of masonry componeoan be calculated by Equation 3.16.

Small and large eccentricity cases are explainédgures 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
i 3.16. Material properties of masonry units and mortar joints are presented in Table
3.1 for each type of masonry wallSalculateddteral strength calculatiofy using

these material properti@se presented in Table J8r TBSC 2018

Table3.3. Ultimate Lateral Load Capacities as peB$C2018

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

3.4.4.Lateral Strength Calculations by Akhaveissy(2013)

A distinguishingstudy 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 compon

ultimatelateral load strength.

Study of theAkhaveissyisb ased on Mohr dés circle theory.
of the masonry component and the princip
resisting section of masonry component can be determineithidBgneans the height

(xmin) related to contribution of the vertical mortar joints to the tensile strength can be
obtained. Based on the upgsound theorem, contribution due to the horizontal

mortar joints to the shear strength can be determined asstimatrige principal plane

of Mohrdéds circle starts from |l oad applice
principal plane always from the top of the wall or pier component). Figure 3.19

presents an il lustration of Akhaveissyos
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Principal
plane

Infinitesimal element

Figure 3.19. Stress Element on the Failure Surface and The Principle Plane

Equations for the ultimate strength of masonry components are presented &s follow

0 T@@| 20 (3.17)
0g 152020 "QZ0% Gy (3.18)
where
P = Ultimate lateral force that wall safely resishj,
U = Akhaveissy coefficient to consider different wall aspect ratios, failure

pattern, staggered disposition of bricks, limited compressive strength of masonry unit
(see Figure3.19),

Pu = Resistant lateral forcé&l),

xmin = Effective length of the wallsée Equation 3.9(mm),

L = Length of wall or pier componenn(),
t = Thickness of wall or pier componemhrf),
] = Ultimate shear strengtiMPa) (it can becalculated with the help of Mohr

Coulomb criteriori See Equation 3.20
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Ft = Tensile strength of mortar joints1Pa).

‘ L op OLOA+ (3.19)
Qroe O3, H§ATz
where
q = The angle of principal planege Equation 3.20(in degreek
h = Height ofwall or pier componentgm).
_ mzOAR T (3.20)
where
Co = Vertical stress on wall or pier componeiRa).
t 6 , z0AIl (3.21)
where
C = Cohesion of the mortar jointMPa),
Ji = Friction angle of mortar jointsn(degreeps

—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. U Coefficient Curves Proposed by Al
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Considering the above discussions, lateral strength capacities for the perforated URM
walls used in the selected experimental studies areladlby using Equations 3.17

I 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

Table3.4. Ultimate Lateral Load Capacities as per Akhaveissy Approach

Wall Wall G Xmin | Pu(KN) | P (kN)

Type ID (MPa) | (mm)
1 E1l 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 iRigureC.1in Appendix C of the thesis.
3.4.5.Comparison of the Calculated Limit Strengths

In this section the ulimate lateral strength values obtained by using the limit state
approaches described in Sectiongl.B3 3.4.4, results from nonlinear analysis
described in Section 3.and the ones from experimental studies are compared as

presented in Table 3.5.

Table3.5. Comparison Table of Ultimate Lateral Loads as per Different Numerical Approaches,

Experimental and Nonlinear Analysis ResiliskN)

Wall | WallID | FEMA | TBSC | Akhaveissy Nonlinear | Experimental
Type 273 (2018 (2013) Model Study Resultg
(2997) Results
1 El 24 10.5 20 19 26
2 E2 24 11.5 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 valuesTiable 3.5 reveal thatltimate lateral load
capacities calculated withBSC (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 wallges. Since BSClimits the lateral strengthy
consideringonly 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 @state theinitial crack locations oURM walls under in
plane lateral load$n terms oftheir perforationproperties For this purpose, six
experimental studies are selected. Each selected experimental study belongs to one of

thesix perforation geomagsthathave beerategorized in Chapter 2.

Since this part of thestudy isnot related with design of masonry walls, behavior of

the wallsis examinedinder ultimate loadingonditions

Linear elasticanalysis is used in FE modeling of masonry wallsth\whe help of
linear elastianodeling, 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 andiatgissperties. Ultimate
lateral loadactingon the specimen is applied to teémericaimodel withtheaddition

of gravitational loads and its seifeight.
351.ACoul-Mdaontbr 6 Fai lonre Criter.i

Amongmany wel | accepted fail u-M@rocinterrtaler i a
frict i orempglokedrothswtody with consideration of thmasonrybehavior.

As described irSection3.2, compression and tensistrengthof masonry are quite
different from e a c h ot her . HMoltreq tilCeoaurl Yo miz a n

requirements chctual masonripehavior.
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According to Moh#Coulomb theory, the ultimate shearing stresses are directly related
with internal friction of materiallf forces due to internal frictioare considered as a
function of nominal stresses on shear planefollowing equation between ultimate

shear stress and nominal strean be written.

i ) (3.22)
Co n s tad n @0 ofithe equatiomepresent the material propertiesnaisonry.
Since masonry wall elements do not have any confinement, they can be corisidered
plane stressondition( #¥0) in out of plane direction. If the stragssdirectionl 1 0

is under tensile stress and the stiesdirection2 2f il under compmssive stress,

then the maximum shearstress ( and t he nominal :stress
pon (3.23)
G
n ” (3-24)
’ q

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

constituted

Material constants can be evaluated by using the conditions below.

" . Wwhen, T (3.26)

" . Wwhen, T
In these conditiongensile and compressive ultimate strength values of material are
gi v e na adorelpectivelyThenthe conditions given in Equation (3.26) are
substituedinto Equation (3.25)o obtain

., p ®© cwand (3.27)
., P B Cw

which leads to
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&) andgy —— (3.28)

When above constants asabstitued into Equation 3.28the following expression
whichisv a |l i d> f ® r &<f)dan lie obtained.

L N (3.29)
wh e ri@a n @ haue the same sighMaximum of these stressisthe fracture stress

andit is compared withthet | t i mat eo rsotdfthe snaterigas follows:

if o, 20, 1 AQgn , oo—1 (3.30)

If 8, <0, I ET N , or—1 (3.31)

As a result of above derivations, Coulofiohr Failure Criteria can be expressed
in Figure 3.21

A G2

Ty

Oy

N

N

Oy

Figure 3.21. CoulombMohr Failure Criteria
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3.5.2.Linear Modeling Procedure and Details

Numerical models of the masonry walls are constititgdisingof the SAP2000

software

In the numerical modeling stageollbwing properties are taken fromelated

experimental studiesnless otherwise specified
Geometric properties such:as

1 Wall dimensions
1 Wall perforation type and dimensions of openings

9 Thickness of the walls

For loading properties:

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

1 Gravity loading on wall (if any
Ultimate lateral load: Laterdbad that cause thecollapse ofthe walls are
taken frontheexperimental studies. In some studies, cyclic lateral loading was
applied.In such casesyriespective of cyclic loadingrotocol used,lateral

loads are applied to numerical mod@ls& monolithcal manner

For material properties:

1 Modulus of elasticity: In case ahissinginformation, assumptions given in
Section3.2 are taken into account for modulusetsticity ofmasonry.

f Unit weight ofmasonryit is taken as 1i®0 kN/n? (Wijanto, 2007).
Compressive and tensile strengthttugwall: In cases where these values are

not introduced, assumptions givernSaction3.2 are used.

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

this thesis study.
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In the single walkests a rigid beam (mostly constructed reinforced concretels
placedto the top of the wall in @ier 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 tahesenumericaimodels as distributed line logaeghich are assigned to rigid

frames presented in Figure 3.22.

Moreover, in the experimental saps of single walls, rigid beams are supported
vertically sothatthere will not be any differential vertical displacemeoial the walll
during lateraloading Therefore, a diaphragm constraint is assigned to the top joints

of the wallin 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.
Therefore, even after two or three steps of mesh removal procedure, remaining model

can still preserve stress distribution.

In addition to above conditions) modeling of boundary conditions at the base, pin
supports are assigned to models as shown in &2 because cof-plane
behavior is not considered in this study and using fix or pin supports will not change

the inplane behavior of wall models.
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Figure 3.22. Typical Modeling Scheme and BoundargtBils

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

Section3.5.1. The calculations are carried out by using Microgodtel spreadiseets.

In thesespread 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 CoulomiMohr stresses are normalized by ultimate material capacities for
individual shells and printed into cells with related color categorization as shown in
Table 3.6.Thisgivesthe stress distribution whiglkeache®r exceedshe failure limits

under certain lateral loading. inis study the lateral loadings are equatheultimate

load capacity of the wall.
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Table3.6. Stress Conditions and Color Categorization

Color Categorization
PT,0.54 | 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 expe
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 rel

and Tension/ Compressiono. The other

reaches its failure limit capacity, or it is still safe under its own stress condition.

Moreover, stress ratio of each shshvritten intotherelated cell.

In order to describthe stress conditions ifable3.6 in amore direct manneFigure
3.23 isgiven In Figure3.23, stress conditions are marked in the Coulefohr

failure criteron graphreferring toFigure 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 01
‘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. CoulomiMohr Failure Criteria with Stre€Sonditions
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After determination of the stress distribution of the masonry wall, overstressed (failed)
shell elements can be obtainedhich gives the crack initializing points of the

masonry wall.
3.5.3.Analysis Resultsof Linear Numerical Modeling

Numericalmodelscreated in SAP200@avebeenconstituted fosix different masonry

wall types. In thisection stati@nalysis results are presented for each type of wall.
3.5.3.1.Linear Analysis Results of WallModel E1

Perforatiorgeometry ofvall modelE1 consist®f one window opening only. Material
and geometric properties of tall modelthatis used inthe analysis are given in
Section3.3.2.1 of thisstudy.

Loadingprotocol(Figure 3.24) of the experiment is givenfakbows:

Gravity load is given as 41.2 kN in the referred experimental study. This load is
assigned to the numerical model as lihedrstributed load along the top rigid beam
as21.24 kN/m.

After application othe gravityload, cyclic lateral loading @pplied to thenumerical
model At the load value 26.1 kN, collapse of the waitiates In the numerical
modeling stage, ultimate loadbtainedfrom the experimental study is assignedie

model as linedy distributed load along the top rigid bea@s113.45 kN/m.
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V:21.24 kNim

H:13.45 kN/m
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Figure 3.24. Wall Model E1

According to the analysis results, stress condition and distribution ofathenodel

Elis calculatedStress distribution diagrawof the wall is presented in Figure 3.25.

As it can be seen frothediagramthe strength limits have been exceeded at the cross

corners of the openinghich means, cracks of the wddaveinitiated from these

corners under thgivenloadng condition
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Figure 3.25. Stress Distribution Diagrawf Wall Model E1
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3.5.3.2.Linear Analysis Results of WallModel E2

Perforation geometry ofall model E2 consiss of one door opening only. Material
and geometric properties of thall model E2hatis used intheanalysis are given in
Section3.3.2.2 of thisstudy.

Loadingprotocol(Figure 3.26) of the experiment is given as follows

Gravity load is given a87.25 kNin the referred experimental study. This load is
assigned to the numerical model as lihedrstributed load along the top rigid beam
as18 kN/m.

After application ofyravityload, monolithic lateral loading is applied to thererical
model At the load value 36.2 kN, collapse of the waltiates In the numerical
modeling stage, ultimate loadbtainedrom theexperimental study is assignedhe
model as linedy distributed load along the top rigid beasi17.4 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 efaihenodel
E2is calculatedStress distributionidgram of the wall is presented in Figure 3.27.
As it can be seen frothediagramjn top left corner of the wall and lowest left corners
of the wall piers strength limitsave been exceed&dich means, cracks of the wall
haveinitiated from these corngmundegivenloadingcondition
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Figure 3.27. Stress Distribution Diagrawf Wall Model E2

3.5.3.3.Linear Analysis Results of WallModel E3

Perforation geometry a¥all modelE3 consiss of one door and one window opening.
Material and geometric properties of thall model E3hatis used intheanalysis are

given inSection3.3.2.3 of thisstudy.
Loadingprotocol(Figure 3.28) of the experiment is given as follows

Gravityload isgiven as B KN in the referred experimental study. This load is assigned
to the numerical model as lindadistributed load along the top rigid bea@s6.37
KN/m.

After application ofgravity load, cyclic lateral loading is applied to theamerical

model At the load value 27 kN, collapse of the wailitiates In the numerical

63



modeling stage, ultimate loaibtainedirom theexperimental study is assignedie

model as linedy distributed bad along the top rigid beaas6.6 kN/m.
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Figure 3.28. Wall Model E3

2724mm

According to the analysis results, stress condition and distribution efaihenodel

E3is calculatedStress distributionidgram of the wall is presented in Figure 3.29.

As it can be seen frothediagram,n cross corners dhewindow opening and rid

beam connection at right corner of the wall strength lilm&ge been exceedebh

addition, middle pier of the wahas almosteached its strength limit in diagonal

direction. Since the linear analysis methoemsployed stresses propagatvithout

considering the nonlinedrsehavior of the nodesf the shell elements. That means,

after failing of the first shell element, stress propagation can be fully changed. Because
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Figure 3.29. Stress Distribution Diagramwf Wall Model E3

3.5.3.4.Linear Analysis Results of WallModel E4

Perforation geometry afall model E4 consiss of two window openings. Material
and geometric properties of thwall model E4thatis used intheanalysis are given in
Section3.3.2.4 of thisstudy.

Loadingprotocol(Figure 3.30) of the experiment is given as follows

Gravity load is given asl43 kN in the referred experimental study. This load is
assigned to the numerical model as lihedrstributed load along the top rigid beam
as 52 kN/m.

After application ofgravity load, cyclic lateral loading is applied to themerical
model At the load value 120 kN, collapse of the wiaitiates In the numerical
modeling stage, ultimate loambtainedfrom experimental study is assignedthe
model as linedy distributed load along the top rigid beas?3.64 kN/m.
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Figure 3.30. Wall Model E4

According to the analysis results, stress condition and distribution efaihenodel

E4 is calculatedStress distributionidgram of the wall is presented in Figure 3.31.

As it can be seen fronthe diagram, in cross corners of theopeni ngods
strength limitshave beenexceededvhich means, cracks of the walaveinitiated

from these corners undgivenloadingcondition
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Figure 3.31. Stress Distributioiagramof Wall Model E4

3.5.3.5.Linear Analysis Results of WallModel E5

Perforation geometry afall model E5 consiss of three window openings. Material

and geometric properties of thvall model ERhatis used intheanalysis are given in
Section3.3.2.5 of thisstudy.

Loadingprotocol(Figure 3.32) of the experiment is given as follows

According to the experimentaétup there is no external gravitational load applied to

the wall specim

en

In this considered studyexperimental setip is located on shake table. Cyclic lateral

loading is applied to thiest specimenrAt the load value 191 kN, collapse of the wall

initiates In the numerical modeling stage, ultimate loabtained from the

experimentalstudy is distributedntot w o

of

assumption oéquivalent earthquake load method.
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Figure 3.32. Wall Model E5

According to the analysis results, stress condition and distributitreafall model
E5 is calculatedStress distributionidgram of the wall is presented in Figure 3.33.
As it can be seen frothe diagram,in cross corners of the openings and rigidrbea
connection at right corner of the wallength limitshavebeenexceededvhich means,
cracks of the walhaveinitiated from these corners undgvenloadingcondition
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Figure 3.33. Stress Distribution Diagramwf Wall Model E5
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3.5.3.6.Linear Analysis Results of WallModel E6

Perforation geometry afall model E6 consiss of one door and 2 window openings.

Material and geometric properties of thall model E6that used in analysis are given

in Section3.3.2.6 of thisstudy:

Loadingprotocol(Figure 3.34) of the experiment is given as follows

Gravityload is given a2 kNin the referred experimental study. This load is assigned
to the numerical modeis linealy distributed load along the top rigid beasv kN/m.

Cyclic lateral loading is applied to tmeimerical model At the load value 85 kN,
collapse of the walhitiates In the numerical modeling stage, ultimate loathined

fromtheexperimerdl study is assigned to model as lingaistributed load along the

top rigid beamas24.4 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 efaihenodel

E6 is calculated (Figure 3.35). Based the stress distributiodiagram,in cross
corners of window openings and lowest left corners of the first and third piergistreng
limits havebeenexceededin 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 Diagramwf Wall Model E6

3.6.Crack Propagation Analysis

In this section crack propagation of walls istilized by using a post processing
procedureFor this purpose, stress distrilaurts and overstressed shell elements of the

walls determined iBection 3 are used.
3.6.1.Post Processing Procedure

Before describing the post processing procedure, it would be best to remjsuhtieat
the linear analysis method is performsttesses propagatwvithout considering the
nonlinearbehavior at the nodes the shell element3his means that, aftdailure of

the first shell element, stress propagation can be fully changed. Furthermore, the most
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overstressed shalmongits adjacenhshell elements will béhefirst cracked one and
after the cracking of the first shell elementencestress propagation can hgain
changed and the stress condition for the oéshe adjacent shellsanbe changed
either. Because of these reasons,dlosestrack propagatioapproach to thactual
physical behavior of the specimisremoving of the most overstressed shell element
andcontrollingthe resbf theadjacent shells whethiérthey have exceeded their limits

or not.

In accordance witBection3.5, shell elements which have reached their strength limits
are removed from the numeriaahll modd. Thiswill give a newcrackpatternfor the
masonry wall with the remaining shells. Then, under the same ultimate lateral loading,

new wall models analyzedvhich is different from classical pushover analysis

By repeating the same proceduredbleastwo or thredimes successively, the crack

propagation will benonitored in relation tthe perforation pattern of masonry wall.

Proposegrocedue resembles tthe postprocessing procedure given in most of the
past research b8aloustros et al2017) However, in contrast tthe general post
processing procedures, defined method is only used to specify the propagation of the
cracks, not to deterime the ultimate shear capacity of masonry whitlus lateral
loading on thenumericalmodelremains constarn all the steps. Moreover, thevel

of the lateral load is also irrelevantterms ofthe purpose of thianalysis procedure.

It is only agenericloadingconditionon thewall. The fow chart that represents the
procedure is given in Figure 3.36.
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Generate a
Mathematical Model

Run the linear
analysis under
ultimate loading J

Check model with
removed shell
elements. Is it enough
to determine crack
propagation?

Control each shell elements
which are exceeded Mohr-
Coulomb Failure Criteria

Remove the overstressed N .
Finalize Post Processing
shells from model

Figure 3.36. Flowchart of théPost Processing Procedure

3.6.2.Results of Post ProcessmApproach

Post processingpproactconsists ob different masonry wall types. As described in

previoussectionssame selected experimental studies are used in this parstidige

3.6.2.1.Wall Model E1

Crack pattern of thevall model Elis determined in three stepstbé post processing
procedure. Stress distributions of each step are presented insB@it@, 3.37b and
3.37¢ respectively
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Figure 3.37. Post Processing Stefis Wall Model E1

After finalization of the three steps of post processigproachcrack pattern of the

wall model Elis determined. First cracks initiate at the cross corners of the window
opening due to diagonal tension failure. Moreover, cracksiritsate at the top and
bottom corners of the wall due to shid shear failure. When further steps are utilized,
cracks at the corners of the openings progagjagonally towards the corners and the
cracks at the edges of the wall propadmrizontally.lllustration of the crack pattern

of the wall is presented in Figure 3.38. Expected crack pattern of the wall, matches
with thepattern of the considerekperimental study of Kalaéind Kabir(2012)
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Figure 3.38. Expected Crack Pattern ¥fall Model E1

3.6.2.2.Wall Model E2

Crack pattern of thevall model E2is determined in three steps of post processing
approach Stress distributions of each step are presented in EigL8@a, 3.39b and

3.39crespectively
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Figure 3.39. Post Processing Stefis Wall Model E2
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First crackinitiates at the corner of the door opening due to diagonal tension failure.
Moreover, some additional cracks occurr at the bottom of the ghigr to slicthg shear
failure. When further steps are utilized, cracks at the corner of the door pmpagat
diagonally towards the corners and the cracks at the bottom of the piers peopagat
horizontally. lllustration of the crack pattern of the wall isganted in Figure 3.40.
Expected crack pattern of the wall matches with pla¢tern of the considered

experimental study dformicaet al. (202).
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Figure 3.40. Expected Crack Pattern ¥fall Model E2

3.6.2.3.Wall Model E3

Crack pattern of thevall model E3is determined in three steps of post processing
approach Stress distributions of each step are presented in Bigufga, 3.41b and

3.41crespectively
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Figure 3.41. Post Processing Stefts Wall Model E3

First cracksnitiate at the bottom corner of the window opening and the top corner of
the door opening. Both cracks occur due to diagonal tension failure. Witkerfu
steps are utilized, additional cracks are initiated. At the top corner of the winelaw
crack pattern occsmdue to diagonal tension failure and in additionhat, right pier

stars cracking from the bottorsectiondue to slighg shear failure. Propagation of the
cracks is utilized in Figure 3.42. Expected crack pattern of the wall matches with the
pattern of the considerexkperimental study d?aquette and Brune&R005).
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Figure 3.42. Expected Crack Pattern ¥fall Model E3

3.6.2.4.Wall Model E4

Crack pattern of thevall model E4is determined in two steps of post processing
approach Stress distributions of each step are presented in Bigut8a and 3.43b

respectively
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Figure 3.43. Post Processing Stefms 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 frontheir mid heighs. Mostly diagonal tension ilare dominates the
collapse of the wall. When further steptilized, cracks propagate diagonally. Pattern

of the final crack propagation is presented in Figure 3.44. Expected crack pattern of
the wall matches with theattern of the considerezkperimatal study of Abrams
(1988)

7 [0 [ [ o[9[ [ o9 [ [ [ [ HEG I s
CRICALE] ] ri‘ri‘nfl |ﬂ‘|—|l 2 IR = IS
*, 1 i
(4 Tt
[ENRTYE Y o | ul e m ey
< AF
||| [ | | [ | o | o
[~
EIEECAET = |m |5 |5 = EEE
AMY
=
FAEEIED 7 | ms | w7 [ we | (e ||
w7 [ e | | n 301 {252 | [ | s | e o (e | ser | T
an (w2 [ [ [ [ [ [ [ooe [ [ 2z [ 200 (ot [ [ s o [aue [ [ e e | Sl s [ s
LITI[PY L/
o | 2w [ [ [ [oun [ oo [oue [ s | afipa [ ove [m [ oor [ e [ [ e [ | o TRl
s
|| 202 | e || oea |05 | e |00 | k| 200 | 290 | | | 0 | e | e | v | o | e | ee | s | e | 00 | e
T e N e A A B L Ea
wr [an | o [ [ | o [ | oo |10 [ |20 | o | om |t [ omn o [ [0 [ a7 =
Yipg
e [ | | [ [ o [ [ 2w [ [ |0 |2 | WP (o0 [0 [ o9 [ =
Ll
3}\% & o1 [ o2 [0 fo | | e w |-
| we| o | e EEN AT |
. -
w ||| | | e 1 | e 7 | 7
e
s | e | | e w | s I;;&! [} [l w (s
o | o [ s | w |15 | 1e s | 1e | e |
e [ [ o o e 1| e [ [ [ | | [ [ |t | weiwr |10 |00 | o0
m | w|e a0 u|s|u|e w | Hpls (52 [0 [ m hﬂnnln‘lll%‘i\-
o e | [ | | w e o | w |G| @ @ @m0 (||| | e
LY L.
AT AR TR F T IR AL W E
W [T [L[E (S| |E[F W T [E |V (W |5 | & |7 B |F (@02 & [H 6|8

Lateral Force Direction
_—

Figure 3.44. Expected Crack Pattern ¥fall Model E4

3.6.2.5.Wall Model E5

Crack pattern of thevall model E5 isdetermined in two steps of post processing
approach Stress distributions of each step are presented in Bigut®a and 3.45b

respectively
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Figure 3.45. Post Processing Stefis Wall Model E5

sliding shear failure is observed at the left bottom and top cighers of thepier.

Whennextstep 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 pattéma wfall matches

with thepattern of the considerexkperimental study of Moon et al. (2007)
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Figure 3.46. Expected Crack Patteof Wall Model E5

3.6.2.6.Wall Model E6

Crack pattern of thevall model E6is determined in two steps of post processing
approach Stress distributions of each step are presented in Bigutéa and 3.47b
respectively
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Figure 3.47. Post Processing Stefis Wall Model E6
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Cracks initiate from the cross corners of the openings and top and bottom of wall
pane. Mostly, diagonal tension failure dominates the collapse of the wall. However,
sliding shear failure is observed at the left bottom and top cigimers of thepier.

When thenextstep 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 thmatetis

with thepattern of the considerexkperimental study of Nategand Alemi(2008).
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Figure 3.48. Expected Crack Patteoi Wall Model E6

3.7.Discussions of Numerical Calculations

First of all, it can be concluded that determination of the material properties in
nonlinear modelinganalysisis highly importantMoreover, using macro modeling
approach instead of micro modeling approach have a significant impact on calculated
analysigesults During the nonlinear analysis stagfehis study some of the material

properties are not provided in the related experimental studies. For the missgg
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equations given in SectionZ3are used. That is why, the initial stiffnesses and top
displacementimits are significantly different than experimental results. However,
calculated ultimate lateral loaghich are used in the second stage of modelneg

generallyin reasonable limits comparéalexperimental studies

Besides that, ultimatetrength 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,concluded that thempirical
formulations of FEMA 273 andkhaveissy (2013) givéhebestresults forestimation

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 approtattowing

corclusions can be made

1 Cracksinitialize 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, cracksitialize from the corners of edges or center of
the walls.

1 Based on the calculatedresss conditions and crack propagations of wall
models E4 and E5, severe damages are observed in the Btdtgni-or the
upperstories less damage is observed at the panels that are close to load

application points andamage increaséswards load apptation 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 WALL S

4 .1.Introduction

In this chapter, a set of rulase proposed testimate thénitial crack locations as well
as their propagation®Vith the help of the knowledge up to this pointplanedamage
patternsof the perforatedJRM walls under lateral loading can be established. Major
parametershat governthe damagemodesand crack patternsf the walls are
employedn order to proposthese rules.

4.2.Classification of Field Observations

Damaged wall photos from a vast number of @sthquake reports (presented in
Chapter 2.2 and Appendix A) are classified in this chapter with regards to their
material property, material quality, axialddlevel, panel aspect ratio, description of
cracks and idealized wall damage sketch&snerical data obtained in Chapter 3 is
also used to complement field data and to determine failure modes for different

combinations of the aforementioned structusabmeters.

Classification basis and procedure asgplained in the following sectioMaterial
quality classification is based on observational stidlynber of stories above the
damaged wallss used to decidaxial loadlevel on damaged wall. Classificah is

presented in a tabular forasgiven in Appendix D.
4.3.Rulesfor Damage Patterns ofURM Walls

Following set of rules argroposed to estimate-planedamage andrackpatternsof
URM walls:
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1 Material property and quality are the most substantial paeamen sliding
shear failure of URM wallsThis parameter also defines the diagonal tension
failure type rather it is stepped type craeksere cracks follow the path of the
bed and head joints or nominal type cracks where cracks go through the brick.
In an overview on TablB.1, it can be generally concluded thatv material
quality leads to sliding shear failuie URM walls However, this is not the
only parametefor sliding shear failure. Aspect ratio and axial ldadel are
also important paranters forthedevelopment of sliding shear failure as well.

In detail, material quality consssbf two variableswhich are mortar and unit
strength Whenmortar has lesstrengththan unit, with low aspect ratio and
axial loadlevel, sliding shear failures the most common failure type on URM
walls. Besides that, lower mortstrengthwith low aspect ratio but higher axial
load level developssteppedtype diagonal tension failure. When mortar
strengthincreasesfor the same aspect ratio and axial losel, cracks
propagationchangesrom stepped type diagonal tension failurenmminal
type of diagonal tension failure.

1 Perforation geometry has a great impact on initializing and propagation of
cracks.Cracks are initiated from the stress concentratieationsat corners
of the openings and tend follow the shortespath towardsother stress
concentration points or free edges of pier¢ et i nk ajawd et 2.0 1 1
2006)

1 Onthe other handspect ratio is highlgominanto determine irplanefailure
modes of URM wallsAs mentioned irBection2.1, aspect ratio of walkhould
be investigated for each wall pandk shown inTableD.1 in Appendix D,
aspect ratios amevaluatedn threecategoriesvhich areslender( & >riimal
( 2 > & > Isquat(aIn>dslienderURM wall panelscaug URM walls to fall
under flexural / toe crushing failur&hereas, gonal shear failure and
sliding shear failur@arethe predominant failure modéor normalandsquat

URM walls, respectively.
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71 Axial loadlevel is also avery importantparametefor assessing the damage
pattern ofURM walls. As concluded in Penna et al. (2014), more sdawere
plane walldamagesare observed at the ground floors of buildindue to
increase of theaxial load In additon, ELGawady (20@) states following
interactions in URM wallsWalls 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 oEldiwal load
with low material quality, sliding shear failure is the predominant failure type
in URM walls

As mentioned above, none of taboveparameters can defiamage andarack
patternsof URM walls individually. Thereshouldbe at least two ohtee parameters
for predeterminingcrack modes. Therefore, aboygoposedrules arecombinedin
Table 4.1 agzhefir ul e s o fcragk paterrs fSinae elainage on perforated
URM walls occurson the different panelas shown in Figure 2. Table4.1is valid
for all types of perforated URM walls described $ection2.1.

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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Table4.1. SummaryTable forDamage PatteriRules of URMWalls

AxLa(aIVI;cI)ad Material Quality Aspect Ratio
FAILURE MODES < 5 - . 9 g g
T | 3|8 £ 5 5 =
N zZ
Axial Load |_High 1/3* 1/3* 3 1 1
Level Low ) 1/3* 2 2/3%% | 1/2%x | 12
Material Good | 1/3* | 1/3* 3 1 1
Quality Poor | 1/3* 2 2/3xxx | 1[2%* x| 1) 2%
Slender| 3 2/3** 3 2/3%**
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.
(U2**)Cl Af dzZNB Y2RS ™M F2NJ aD22R¢ YI GSNAI §
quality.

(W/2***)ClF Af dzNB Y2RS ™M F2NJ al AIK[E2 FEAILEAIf€
(1/3*) Failure mode 1 foéNormak andd guaté walls. Failure mode3 2 NJ & { f Sy
OHKOFFUO CFAfdzZNBE Y2RS H F2NJ at 22NE YI i
quality.

(23***)Cl Af dzZNB Y2RS H FT2RJ §¥pRBEol ERANI 6t 2

4.4. Verification Study

At the end of thighapter, a case study basedlmexperimental campaign Bypstley
and Abramgq1996) is evaluatetb verify the proposed rules folamage patterns of
URM buildings. The test structure is a twsiory 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 Tabkin
4.1.
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Figure 4.1. Window wall and oubf-plane wall of the tested structure (Costley et al. 1996)

There are two perforated walls on the tested URM buildindirection oflateral
loading setupGeonetric properties of the perforated walls of tested specimen are
presented in Figure 4t@gether with the assigned wall panels labelled as shben
walls at each story are treated individually since they are separatigdimiaphragm

floors.
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Figure 4.2. Geometric properties of Wall ID W1 and W2
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In Table 4.2, axial stredsvel, material qualitypanelaspect ratio, expected failure
modes and observed failure modes of URM panels are given. Sahbaeviations

for failure modes that used in Table 4.1 are again used in Table 4.2
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Table4.2. Comparison oExpected and Real Failure Modes of URWalls

- - . Exp_ected Observed
Wall | Wall 'g s 'g % Axial | by | Panel | Failure Failure
ID |Type| 8| 8 3| Stress | p | Aspect Mode o4 on
= s O’| grade Ratio | based on Specimen
Table 4.1
Cl1,C3| 0.6 1 1
. C2 0.4 1 1
wil Medium — 531 18 1 143
P2 1.2 1 1
~ o C4 0.8 NDE 1+2
2 © C5 0.5 2 ND
4 | 2 g c6 | 08 2 142
S| = c7 | 06 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
Cl1,C4| 15 1 1
C2,C3| 1.0 1 ND
. C5,C8| 1.1 1 1
wa.1 Medium c6.C7] 08 > ND
P1,P4| 19 3 3
P2,P3| 1.3 1 1
<« | o c9 15 1 1
2| ® cio, | ,,
5 | 2] 3 cu | ~ 1 ND
8 2 C12 15 NDE 1
C13 11 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 arpresented in Figure 4.3 and Figure 4.4, respectively.
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Figure 4.3. Expected vs. Real Damage Patterns of Wall I0. W
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Figure 4.4. Expected vs. Re@amage Patterns of Wall ID. 2V

Based on the results irable 4.2andin Figures4.3and4.4, it can be stated thidiere

is a reasonable match between the observed and expected damage and crack patterns
for the considered case study. This maaaterialquality, axial stresteveland aspect

ratio of the URM walls have great impact predictingtheir damage patternshese
parameters can be determineddiyple observationand withoutconducting any
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complicated numerical models or calculatioAs a final remark, this study proves
that it is possible to makeasonabl@redictions 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 ahe predefined assessmeuitthe inplane behavior cotURM

walls under lateral loadingnd the main goal of this thesis study is poedictthe
damage andrack formationsvith their propagations bysingobservationatlata and
without any complicated analysiStudyis conductedn three steps. In the first step,
previous studies and pesarthquake reports of URM walls are investigated. Thus, in
plane behavior of URM walls is determined. In the next stemirical approaches
based onnternational and national documents reseatcidies on URM walls are
studied. By this means, ultimate lateral strength limits based on empirical formulations
are determinedwhich is used in thenext step of the studyFinally, mathematical
modelingof URM walls is constituted. Walls with differerngerforation geometries

are modeled. With the help of both linear and-tinear modeling, ultimate lateral
strength limits and crack formations are determiridten these three steps of the
study are combined together to propose a set of rules to presltamage 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 condied work in this research, the following conclusions can be
stated regarding the development of predefined damage patterns fengioeered
URM buildings:

1 According tothe observational studies, failure of URM walls ssdrom the
stress concentratiorfocations such as correerof the openings. Then,

propagation of these cracks or in othards,failure mode is based on three
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major structuralparameters which are materigbe and quality panelaspect

ratio and axial loatevel.

Three different empiri approaches are studied for URM wallmiong three
approaches considerdeEMA 273,TBSC2018 and Akhaveissy 20L,3BSC

2018 gives the most conservative limiEar normal and squat pierSEMA

273 and Akhaveissy (2013) give almost the same limits. Mexyéor slender
piers FEMA 273 gives highly conservative limits. As a result, empirical
formulations introduced in Akhaveissy (2013) study gives the reasbnable
limits compared tcmumericalmodeling and experimental study results for
URM walls.

In this study macro modelingpproachs usedo predict the irplane behavior

of URM walls. Expecting perfectly matched results compared to experimental
studies are highly unlikely for such modeling type. However, as shown is
Chapter3, promising results arebtainedin many wall model®n ultimate
lateralload capacitiesvith the help ofhon-linear macro modelingdowever,

initial stiffnesses and ultimate top displacement results obtained from
modeling are not matching with experimental results. This mightaused
because athe 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 studyt is necessary to accdpedifferences irtop displacements

and initial stiffnesgesults sincgthe obtaired ultimate lateral load capacities
are almost matching wth 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 wallfiwiedium 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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1 The fact remains that, propagations of cracks define the failure mode of the
walls. By using macro modelindjagonal tension failure and flexural failure
can be determined while sliding shear failure cannot be determined. Sliding
shear is comprised in the mortar of masoW#thout constitution of micro
modeling, failure in mortar between units cannot be detean

1 As a final remark, this studgupportsthat it is possible to makesasonable
predictions of damage patterns for URM walls without complex modeling and

calculations.
5.2.Future Research Recommendations
Futureresearchopics regarding this studyan besuggested as follows:

1 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.

1 New numerical wall models can be constructed to enlarge the lnttse
parametric study for bettaunderstanding of the effects of the structural
parameters on crack and damage patterns.

1 This study can be used as an input to predict tHdaine lateral load capacity
of perforated URM buildings by usinigeoretical 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.

1 The results can be used in order to develop simplepeactical performance

assessment methods for a population of@ogineered 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 gtedor
masonry walls are presented in TaBld. 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.

TableA.1l. 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 (t floor),

medium (ground floor).
- Material type: Stone
- Reference: METU EERC (1995)

- Wall type: 1

- Wall ID: F5

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

- ReferenceCetinkaya (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)

107




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 §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 Institut
(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 Institut
(2017)
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Table A.1(continued)

- Wall type: 4

- Wall ID: F34

- Axial stress ratio: Medium

- Material type: Clay

- Reference: Zulfukaet 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

- ReferencePolimi (2010)
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Table A.1(continued)

- Wall type: 4

- Wall ID: F39

- Axial stress ratio: Low
- Material type: Clay

- ReferencePolimi (2010)

- Wall Type: 4

- Wall ID: F40

- Axial stresgatio: Low

- Material type: Adobe

- Reference: Auroville Earth Institut
(2017)

- Wall type: 4

- Wall ID: F41

- Axial stress ratio: Low

- Material type: Clay

- Reference: Dogangun et al. (2008)
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