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ABSTRACT

EARTHQUAKE RESISTAN CE ASSESSMENTAND IMPROVEMENT
FOR NON-ENGINEERED CONFINED MASONRY HOUSESIN
INDONESIA

Putrg Muhamad Abiyyu Ali
Master of ScienceCivil Engineering
Supervisor: Prof. DrAhmet Turer

April 2024, 183 pages

Local architecture and construction techniques differ based ortradéional
inheritancein each country and regiobnique construction techniques can be seen
in Tarkiye, China, Japan, Indonesia, Latin America, Africa, €kbis thesis
concentrate on the safestructural design othe selectechon-engineeredtonfined
masonryhousesandcontains development applicable strengthening techniques to
those norengineered houseBhenon-engineered housesaluatedn this thesisare

in Indonesia Southeast Asjavhere it has a tectonicallyomplex andseismically
active areathis region consists of 3 large tectonic plates and 9 enmddites. These
plates vith different movements have created subduction and fault zbaesre
continuously active. Unfortunately, masbn-engineereatonfined masonrjouses
made fronmasonry are nappropriately builtand when earthquakeccur, severe
damage or even total collapse happenslativelylow magnitude Thus, this thesis
concentrate on evaluation andgtrengthening techniga¢hat can beappliedto the
typical traditional masonry houséype while consideringhe outof-plane bending
capacity, crack generation via tensile stresses (such as openiraj thaltorners),
strengthening methods using additional colwinmels and postensioning,and
obtainability of the material which will be used to strengthen masonry fiouse
Keywords: Earthquake Resistant Design, Confined Masonry House,- Non

Engineered House
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CHAPTER 1

INTRODUCTION

1.1  Masonry HouseConstruction in Indonesia

Indonesia is located between convergence of three major-plages

Sunda Block, Pacific, and Australian Plates while there exist at least

four more minor plates that creates a complex network of around

18,000 km length active plate boundari@he tectonic plate
boundariesareshown inFigure1.1, wheretb ack fAt oot hedd curyv
indicate active subduction zones, and red lines are active. fEiks

| ocati on makes it one o f the worl dbo
countries in the world while ramg as 4" most populated country

in the world.Moreover, most of the houses built in the country were

made from masonry as the main structural materials and many of

them are considered as Rrengineered buildingswhich are

buildings that are traditionally constructed using locally available

materials without any or insufficient interference from professional

Architects or Civil Engineer in their design. Giering the

continuous use of this practice in Indonesia, reducing the collapse

risk afteran earthquakes extremely necessary to save lives either

by retrofitting methods for the existing masonry houses or applying

strengthening techniqgador the construction of the new masonry

houses.
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Figure 1.1. Tectonic plate boundaries of Indonesia and its
surroundingregion using crustal relative motion from GPS data
(blue arrows) up to 201@].

Masonry is consideredsone of the oldest construction types that are still
used in modern constructiomhe masonry term itself is applied to any
building systemghat are constructed by stacking small units of various
materials with the most common ones are stoisg, or concrete. These
small units are then combined using mortar to formsyvablumrs, beans,
domes, or arches. In addition to this, masonry is known for its fire resistance,
durability, thermal insulation and widespread availability. However,
regardingits seignic response and design propertiksited researchis
availablecompared to reinforckconcrete and steel. Thus, this thesis aims to

give additional contributiorito masonryrelated researchy focusng on a



strengthening techniquer threediverse type®f onefloor nonengineered
masonry housethat are located aAceh Provincelndonesiausng some
strengthening techniques at masonry walls to improve its earthquake
resistant capacityMoreover the retrofitting or strengthening technichet

will be applied also preferablyseseadily available materials with relatively
straightforward installatiorior these methods to be installed propeahd

effectivelydue to lack of skilled worker and limited toolsagability.

One of themasonryhousesis shown inFigure 1.2. It is constructed aa
confined masonry structure in which additional tie beams and colamens
usedand these wilincreasehe structure's lateral capacitiile keepinghe
masonry wall together under earthquakdswever, for confined masonry
structure these tie columns and tie beams are assumed to not distribute any
load and majority of the loads are resisted by the masonry.Valklng
earthquaks the wall perpendicular to thalirection of earthquake
acceleration is weaker and more flexible than the walls parallel to the
direction of shakingAdditionally, both inplane failure modes and eat-

plane failure modes are possible in whickplane failure modes occur with
shorter walls where the ratio between lateral support distance and wall
thickness is relatively smallvhile outof-plane failure modearea concern

for slender walls.



Figurel.2. One of mnrengineered masonry house front view

1.2  Materials used for Confined Masonry Construction in Indonesia

1.2.1 Clay Bricks

Bricks can be made of different materials such as clay, concrete,
adobe, or stone and can be hollow or solidnkionesia, solid clay
bricks are minly used for onestory confined masonry construction.
This brick is produced by mixing clay with water gmattingit into



brick mold. The mold has been designed according to the desired

dimension (around 20x10x5 cm).

After bricks have been shaped accordinghedesired dimensions,
they aredried under sunlightor around 27 days according to the
weather and bricksondition. After it is dy enough, it is heateid a
furnace,and it takes around 7 days to heat 50,000 clay bricks. Once
heatedadequatly, it is left outside for pproximatelyl day before it

is ready to be used.

The mechanical properties of the clay brick consisthef following
1. Compressive Strength

The ompressivestrength of masonry bricks varies based on
masonry materials, void ratio, aspect ratend production
method According to a direct compression tEgt the traditional
Clay brick methodhas the highest compressive strength value of
4.69 MPa.

2. Tensile and Shear Strength

A standard testing procedure ftihe determination of tensile
strength of masonry is not availalmendonesian codéHowever,

an experiment has been done to determine the tensile and shear
strength of traditionally made clay brick3]. This experiment
gives the tensile and shear strength of traditional clay basks
2.03 kg/cm (0.199 MPa) and 3.04 kg/ém(0.298 MPa)
respectively.



3. Flexural Strength

For checking the flexural strength of masonry, point load tests
were usedon a single clay bric2] and the average flexure
strength is found as 1.803 MPa. Moreover, a waiisisting of
bricks and mortar waassessedsing a point load test and the
average flexural strength found before the wall cracked was found
to be 0.408 MPa.

4. Modulus of Elasticity

The nodulus of elasticityd escr i bes ¢l ay brickos
deform when subjected tapplied load. For obtaining the

modulus of elasticity foclay brick cylindrical compressometer

and dial gauge was used to find longitudinal deformation when

clay brick reached 40% of its maximum compressive strength, the

result is obtaineds3201.86MPal4].

1.2.2 Mortars

Mortar is used to bind bricks togeth&his material is made froan appropriate
ratio of Portlandcement, sand, limeand water.In Indonesia the sand and
Portlandcement ratio is 3:1, while 1 bag of mortar viié mixed with 11 liters
of water. It should be noted that wet mix makes it easiappdy while dry mix
makes it hae a stronger bondthus experience is also needed when mixing
mortar. In addition to that, lime is used to accelethgehardening of mortars
and increase the strength of mortdrsthis scenariothe recommendesdand,
lime, and cement ratiis 6:2:1 One of thestandardnethods to test whether the
mortar is aasuitableviscosity is by takiga fairamount of mortar usingsmall

shovel and pting it at 90° sothe mortar mix should not fallhe @mpressive



strengthtest was done according to SNI-RB561991 [2], and the mortar

compressive strength was found as 8.UFa

1.2.3 Tie Columns and Beams

In addition to bricks and mortarshe main components of confined masonry
structure aretie columns and beams. In this thesis, tb&umn and upper beam
crosssection is15 x 15 cm with 4 pieces of 10 mm diameter steel bars for
longitudinal reinforcements and 6 mm diameter steel bars with 15 cm spacing for
stirrups. Moreoverthebottom beam crossectionis 15 x 20 cm with 4 pieces of 10

mm diameter steel bars for longitudinal reinforcements and 6 mm diameter steel bars

with 15 cm spacing for stirrups.

The primaryfunction of having confined columns and beams in this masonry house
is to enhancéhestability and integrity of masonry walls when subjected tplane

and outof-plane earthquake forces while reducthgbrittleness of masonry walls.
However, considering the damage thatcurred after the earthquakestill
significantly affects this type of masonry structure, further strengthening is deemed

necessary.

1.3  Failure Modes of Masonry Walls

1.3.1 In-Plane Failure Mechanism

In terms of inaplane action, there arthree failure mechaniss which can be
observed:

1. Sliding Shear

2. Diagonal Tension

3. Flexure
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Figurel.3. In-Plane failure mechanism of masonry wall.

Sliding shear usually occurs due to lowality mortar usage and low
magnitudeof axial load which results in the sliding dhe upper part of
the wall on the horizontal mortar joints. Moreover, it usually occutseat
upperstory of a building wherethe vertical load arelow while lateral
loadsare high.

Diagonal tension is observed to be the most common failure mechanism
of masonry wall under seismic loador in-plane failure This failure
happens due ta combination of vertical and horizontal loads where
principal tensile stresses developed in the wall suthassnsile strength

of masonry and it is characterized by aisb@peand can propagate along

mortar joints, masonry units, or both



1.3.2

In-plane fexural failure occurs when shear resistance is improvedawith
high moment to shear ratio which causles crushing of compressed
zones at the ends tifewall. It is rarely observed for masonry buildings
because othe low ratio between tensile and compressive strength of
masonry materialandstructural characterissof masonry (low moment

to shear ratig)which cause predominant shégpe behavior when

subjected to earthquake loaatsn-plane direction

Out-of-Plane Failure Mechanism

The ait-of-plane behavior of masonry wallargely depends on floer
wall connections When the walls ar@ppropriatyy connected to the
floors, out-of-plane behavior is usually not critical. Moreover, depending
on the boundary conditions, connection typasd propertiesdifferent
types of bending actiaimatleads to oubf-plane behavior are as follows:
1. Vertical Bending
2. Horizontal Bending

3. Two-way diagonal bending
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Figurel.4.Bending action type whicbause®ut-of-plane failure

[5].
Vertical bending is the most common type of-otiplanefailure, and it
occurs due to poor walb-wall connections. Furthermore, it can be assumed
that the stresstrain relationship is linear until failure (elashbattle
behavior) and section is assumed to fail when tensile strength rahehes
outermost fiberDuring this failure, the crack will start at the mid height and
base for the walls supported at both top and bottom whereas walls supported
at the bottom only will initially have crack at theseaonly

Horizontal bending occurs whea wall-to-floor connection is poor.
Moreover, since both units and mortars may faithatr ultimate statea
complex distribution of stresses between brick units and mastexpected.

In horizontal bending, there are tfialure modesshown inFigurel.4.

Two-way diagonal bending is the most complex-ofiplane behavior in
which both walito-wall and waltto-floor connections support masonry
walls. Inthetwo-way diagonal bending casthe virtual work method can be
the best solution because it performs well fifferent wall geometries,

perforations, etc[b].
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1.3.3 Failure Mechanisms of Confined Masonry Walls withNo

Diaphragm Action

Thefailure mechanism afonfinedmasonrywalls without diaphragm action
relies heavily on the stiffness and strength of the waitkout additional
stiffness that is provided by horizontal element such aswdedh cause the
walls to become more vulnerable when subjectddttwal forcesspecially

in outof-plane directiorwhich can lead tdarger deformation compared to

the walls with diaphragm actioRurthermore, confining elements such as tie
columns and tie beams have small cross sections (15 x 15 cm) with a
relatively long dimension which causes these members to be quite flexible

and cannot completely act as lateral support for masonry walls.

As a resultconfined masonry wallaithout diaphragm actiocan fail due to
overturning(crack at the base of the wall and overturning of the wall due to
excessive moments associated with lateral loads such as wind or seismic
forces)which can lead tgartial walls collapse or total collaps&loreover,

lack of anchors between tie columns and walls can cause separation and
diagonal crack at the walls at a large earthquake excifatienobserved
damage at these confined masonry houses without diaphraigm &dt be

explained in section 1.4.

1.4  Typical ObservedDamage for NorEngineered Masonry Housen

Indonesia

According tofield observations that have been ddoethe last 35 years of
postearthquakeresponse ohon-engineered confined masonry houses in
Indonesiapoth inplane and oubf-planefailure of walls cause damage or

collapse to thevalls. However, according to T. Bodf], the main causef

11



the EQ damages dominantlytheout-of-plane loadingThe following typical

damages are observed as follows:

1. For small magnitude earthquakes, the walls may stay intact; however,
especiallyfor roofs with steepslopes, it mighthave major oof tiles
dislocatiors as seen irigurel.5. Although this damage is not structural,
it may still hurt people and cause life losgdle heavy tiles fall ohmeads

of occupants.

KARANGASEM EQ, JANUARY 1, 2004 YOGYAKARTA EQ, MAY 27, 2006

Figurel.5. Roof tiles dislocatiof6].

2. Forlargerearthquake excitations, it was observed that the infill walls are
separated from the confinement columidis type of failure is
dominantly seen when there are no anchors between the infilangll
the columns. The separated infill may also start to form diagonal cracks

as it can be seen Figurel1.6.

u A

L 7 + o

s (0 ".A et ~ . 'wa.l.
PADANG PANJANG EQ, FEBRUARY16, 2004 WEST SUMATRA EQ, SEPTEMBER 30, 2009

Figurel.6. Separation and cracking of infill wall§].
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3. For large magiitude of earthquake, lack afoncrete slalat the upper
part of the wall causesubof plane &ilure ofthe masonryvallsas shown
in left figure inFigure 1.7 while the right figure show total collapse due

to out of plane failure

R R

BENGKULU EQ, SEPTEMBER 12, 2007

Figurel.7. Out of plane &ilure ofthe masonryvalls [6].

4. Openingson the walls are necessary for windows and doors addition.
However, these openings reducepilaneand outof-planeresistance of
walls because itredusé h e o v er a l-sectiomand tasisg stress 0 s s
concentrations at corners which can initiate formation of diagonal crack

as shown irFigure1.8.

/o
-~

SUKABUMI EQ, 1982 WEST SUMATRA EQ, SEPTEMBER 30, 2009

Figurel.8. Failure at corners of openinffy.

5. When subjected to both vertical and horizontal loads during earthquake

the tensile strength of masonry or mortar might be exceeded. In this case,

13



diagonal cracksan start to develop at thmasonrywall as shown in

Figurel.9.

\ o

2 L S 1 W/
LIWAEQ, FEBRUARY 16, 1994 WEST-JAVA EQ, SEPTEMBER 2, 2009

Figurel.9 Diagonal cracks in wallg].

6. For a largemagnitudeearthquakesome of thewalls which are wider,
haveinadequate mortar and brick material qualities, lack of concrete slab
and anchoconnection betweetie columns and masonry wall. Some of

the walls mightcollapsecompletely as shown iRigurel.10.

b '
SUMBAWA, NOVEMBER 25, 2007
Figurel.10. Total collapseat some of the wallg].

7. For extremely large magnitude afarthquakesn addition toworse
workmanship andtructural properties, the houses may experierted to
house collapse which is the worst failure mode of them all. The
occupants are likely to experience life and property loaseshown in
Figurel.1l

14
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MANOKWARI EQ, JANUARY 4, 2009 WEST SUMATRA EQ, SEPTEMBER 30, 2009

Figurel.11 Total housecollaps€6].

Objective and Scope

The case studsused in this thesis arpecifically the masonry houseéuilt
in Banda Aceh regiarmhe proposed strengthening technigaesexplained
in the subsequent sectiormd he main objective of this thesisare
summarized as follows:

1 Evaluate the behavior of n@angineered confined masonry
houses in Indonesia against EQ loads and wind / rain load
combinations using SAP20@&linear models.

1 Investigate the effect of strengthening techniques on the non
engineered masonry houses.

1. Posttensioning (proposed),

2. Addition of lintels,

3. Additional tie columns inside brick walls,

4. Chicken wire mesh and OSB coverifaliscussed)

1 Develop the most optimaand costefficient strengthening
technique fononengineereanasonry house

1 Provide guidelines regarding safer housing limionesian

citizens that are simple and lexost to apply

15



Furthermorethe scope of the study can be explained as follows:

1 Mesh Sensitivity Analyses of 3 house types

1 Finite Element Modeling of houses

1.

o bk~ 0N

Nominal (as built) models.

Addition of one layer of lintels

Addition of extrain-wall columns for long walls
Combination of additional lintels and additional columns
Analytical calculations forvertical posttensioning of

walls.

Application of yieldline theory to calculate wall failure (M.

Listing minimum requirements and recommendations

9 Discussion of results and conclusions

16



2.1

CHAPTER 2

LITERATURE REVIEW

Around the world, many strengthening techniques have been proposed for
both masonry buildings and masonry walls using different materials

alternatives which are proven to be effective at increasing load carrying
capacity, deformability, energy dissipatiacapacity etc. Some of the

strengthening techniques which have been done are summarize as follows:

Strengthening of Masonry Wall Using Bamboo Component

A studywasdone by using different configurations of bamboo to strengthen
masonry wall§7]. Bamboowaschosen as the material because bamboo is a
sustainable material, and it has been proved to have comparable mechanical

properties compared to conventional building materials.

The test consists of 6 unconfined masonry walls with an additional 4 confined
masonry walls including reference wall for each of them. Moreover, different
configuration of bamboos placement such as bamboo strips, bamboo ties and
bamboo mats were appliedttee walls while the walls are subjected to-pre
compression of 305 kN (equivalent to uniform pressure of 0.6 MPa) was
applied to the top of each wall through top beam using hydraulic rams. This
load can be assumed as load simulation from structural comisoaleove

the wall and located at lowermost of sitory building. In addition to this,
cyclic lateral load was also applied and increased gradually by 30 kN

increments to simulate earthquake loads.

17



2.2

From this test, it was concluded that bamboo grid reinforced cement mortar
can enhance energy dissipation capacity, deformability, and lateral load
carrying capacity while the wall strengthened with bamboo reinforcement is
superior in deformability but hasmilar lateral strength compared to other

wall strengthened with half amount of bamboo reinforcement. Moreover,
strengthening techniques using bamboo naaésalso proven to enhance

energy dissipation capacity and deformability even though it is not as
effective as bamboo grid reinforced cement mortar. Lastly, confining a
masonry wall having confined concrete end columns with bamboo bars

placed in mortar layers also has higher initial stiffness and ductility increase.

Strengthening of Masonry House WallUsing Scrap Tires

In another research, scrap tires were used to strengthened masonry house wall
[8]. in which 43 scrap tire rings from 9 different brands were used and these
tire rings were applied to 6 strip walls (4 brick walls and 2 briquette walls)

while applying post tensioning loads with both scrap tire tread ring chain and

hybrid configurations as shown kigure2.1.

i

HH

2164

(a) (b)

Figure2.1. Test configuration for strip walls where (a). Using STR Chains
and (b) Hybrid syster{8].
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2.3

From the test result, owff-plane capacity of brick and briquette walls
increased 9 and 5 times compared to original capacities, respectively.

In addition tothis, twofull scale traditional masonry houseere tested
usingatilting table and the experiment showed that capacistrehgthened

house increase 75% compares to unstrengtheame.

In-Plane Seismic Strengthening of Masonry Wallsing Rebars

Moreover, there is another research in which masonry swakre
strengthened by rebars for-ptane seismic strengthenir{§]. Different
configurations of rebars positiomere applied and irplane seismic forces
were applied using a hydraulic piston. In addition to that, this research tested
the effect of using rebars for both 2 m long single brick masonry wall and 6
m long half scale brick masonry house. From the experimeatiltimate
lateral load capacity of B long brick masonry house was increased up to 6
times compares to original value while energy dissipation capacity also
increased 10 times more than original houseaddition to that, for the 2 m
long brick URM wall, the nominal capacity of walls with combination of
vertical, horizontal, and diagonal rebar ptestsioninghas an improvement

up to 17 times original values. The comparison of ultimate load capacities

from different configurations is shown Fgure2.2.
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Figure2.2. Ultimate load capacities for different rebar
configurationd9].

In-Plane Strengthening of WallUsing Timber

In another researckimberwasused to enhance-plane shear strength and
deformation capacityf10] by comparingtypical brick wall (BW wall),
reinforced brick wall with timber (BW wall) and reinforced brick wall
strengthened with timber wadind addition ohold down anchor (BWTA

wall) as shown irFigure2.3.
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®) ® )
Figure2.3. (a) Preparation of brick masonry wall; (b) andye¥trengthened
brick masonry wall side view; (d),(e), and (f) details of strengthened
reinforced brick wall using timber; (g),(h), and (i) details of strengthened

brick masonry wall using timber and hold down andhoi.

The combination of static vertical load at the upper part of the masonry wall
and cyclic horizontal load at the top corner of the wall was applied with an
additional precompression stress of 0.2 MRawas observed that BW

wall failed at thelowest part of wall, but it camaintainits original shape

comparedo BW wall while the horizontal load capacity does not improve.
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Moreover, when BWTA wall was testedmax horizontal loadcapacity
increasedoy 22% while drift angle calculated from diagonal measurement
increasediy 4.6 timesMoreover, &perimental results show that plywood
panels can withstand diagonal tension Forces better than timber FFames.
BW-T wall, first cracks originated at bottom of wall corner and uplift occur
between lowest mortar and bottom of lowest brick, it was found that wooden
wall did not improve horizontal load of BW during cyclicload, but it
maintainedriginal shape obrick wall. ForBW-TA wall, it was not uplifted

until failure mode and recorded displacements in vertical direction were
small, as the load increase, stepped diagonal cracks are formed and vertical
cracks are formed imortar joint
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Figure2.4. Comparison of envelope curve according to horizontal load
and drift angle for wall§l1].

The horizontaload of BWTA wall is 14.8% (36.2%) higher than BW wall

in positive (negative) loading and it is 22% greater in mean result at
maximum loadThe combineeffect of timber wall and anchor started when
flexural fracture emerged. However, it was observed that there is no initial
stiffness increase after strengthening while the-dolin anchor in BWTI'A

wall can decrease the vertical tensile cracking of tHe wa
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2.5  Surface Strengthening of Masonry Wall using Mortar Cross Strips

Another strengthening technique that can be done is by surface
reinforcement, from experimental study on seismic behavior of masonry
walls strengthened by reinforced mortar cross sftif$ The dimensional
details of masonry specimens are showfigure2.5. The test consists of
three unreinforced masonry walls (URM) as reference walls and eight
masonry walls strengthened using reinforced mortar (RM) cross strips. These
eight strengthened masonry walls were differed based on mortar grade used,
strip thicknessdiameter of steel rebars, and reinforcement types (ddaktxde

or singleface strengthening).
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(a) Un-reinforced masonry wall (b) Strengthened masonry wall

Figure2.5. Dimensional details ahasonry specimens (in mm). Influence
of double face strengthening is higher on the peak load than on cracking
load[12].

Both reference walls and strengthened walls were subjected to both lateral
cyclic load and vertical load on the top fadeitially, vertical load was
applied using 1000 kN capacity actuator while the lateral cyclic load was
applied using 500 kN capacity actuator according to Chinese Code JGJ/T

23



2.6

101-2015[12], the control method consists of 4 minutes duration of reversed
force with 20 kN increment at each cycle until the first crack was observed
and displacement cyclegth incremenbf cracking displacement vaduFor

each increment in displacement cycle, three cycles of same magnitude were
applied,and the test terminated when recorded lateral force had decreased to
85% of peak loadBy usingreinforced mortar cross stripshear capacitpf

brick wall increasedy 38.2% and reinforcement ratio noted to be the key
factor to influence shear capacitiloreover, mortar cross striphave
negligible stiffness anohasscomparedo the original structure witlow cost,
minimal impactand easy constructiamhile theloadwhich can initiate crack

of strengthened wallls increased by 202P0andultimate load improved by
38.265%. In addition to thatthe influenceof double face strengthening is
higher on the peak load than on cracking ledule ductility improves 1.6

times for singleface and 2.8 times for doublace shear failure remain the
main failure of RM strengthened wallsdditionally,increasef depthwidth

ratio will decrease shear capacity and depitfth ratio has more significant

effectcomparedo strengthgrade of masonry mortar.

Partially Grouted Reinforced Clay Masonry Walls

Moreover, another research explores the possibility of strengthening brick
wall by creating holes in the brick and using vertical reinforcement
throughout the bricks and mor{as3]. 8 walls were constructed using multi
perforated clay bricks and horizontally reinforced with laegipe bedjoint
reinforcementas shown irFigure 2.6 and the test setup is shownhkigure

2.7. All walls except W3 and W6 were subjected to axial stress of 0.55 MPa
and axial stress was kept constant whileplame cyclic horizontal
displacement was applied incrementally until collapse. All tests except W8
were terminated when lateral load of th/e@men had dropped to 80% of

maximum value. For W8, after reaching its maximum strength, it is
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diagonally retrofitted with Carbon Fiber Reinforce Polymer (CFRP) strip to
observadts effectiveness in improving shear capacity of wall.
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Figure2.6. Dimensional details of masonry walls and different vertical
reinforcement configurations (all dimensions are measured in[h@ha
W1, b W2, c W3/W4, d W5, e W6/W7, and f W8.
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2.7
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Figure2.7. Experimental setup for the masonry wll3].

The study proved that as the horizontal reinforcement iratreaseslateral

capacity of walls increases especiétlysquare and slender walls. Moreover,

axial load influence becomes more relevant as aspect ratio decfaases.

the testresult it is observed that when the wall has higher horizontal

rei

nf orci

ng

bar s

t

wi ||

have

mor e

maximum resistance was negatively impacted by a significant diagonal

crack's abrupt growth in size and thickness in @inthe load directionsin

terms of drift, the average drift at maximum load increases as aspect ratio

also increases. While regarditige sheacapacity of walls, maximum lateral

load decreases when aspect ratio increddeszover, apect ratio of walls

was found to be the primary design parameter influencing stiffness

degradation.

Non-Engineered Masonry Housed~inite Element Modelling

In athesis regardingnestorynon-engineered masonry house modeled using

different typesof bricks (handmade bricks andactory-madebricks) [14].

The house was modeled using SAP2000 and the analysis results were
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2.8

compared with the experimental resulthe masonry wall was modelled as
shelkthin elemerd and load combinations which include earthquake load,
wind load, dead load and live load were applied to the confine masonry house
model. From the experimental resiilivas found that the hantdade clay

brick wall has much less compressive and tensile strength compares to
factory made brick with comparable shear strength (tmaade brick has
0.832 MPa, 0.203 MPa and 0.304 MPa of compressive strength, tensile
strengh, and shear strength respectively while factorgde brick has 12
MPa, 1.67 MPa and 0.35 MPa respectively).

From the SAP2000 analysisresult it was obtained that the maximum
principal stressfor handmadeclay brick was 0.138MPa with maximum
shear stress of 0.08MPa. These maximum principal stresses and maximum
shear stresses are less than haade brick tensile and shear capadtgr

the factorymade brick, the obtained maximum principal stresses and shear
stresswere obtained as 0.1922 MPa and 0.07225 MPa respectively. These
analyses results are less than factogde brick tensile and shear capacity
and it was concluded that the buildingn withstand the earthquake load

which mightoccurin the region.

Retrofit of Masonry Walls Using Chicken Wire Mesh

Chicken wire mesh is a retrofit technique applicable to strengthen diagonal
cracks due to diagonal shear failure after earthquake, this diagonal shear
failure occurs because of tensile strength failure at clay brick. Moreover,
chicken wire mesh is recomnubad to use for cracks larger than 5 mm up to
40% of damage at wallgl5] ,this retrofit technique is more economical
because it can be done without demolishing walls and chicken wire mesh can

be easily obtained.
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The study was done by testing compressive and tensile strength of brick wall, plaster,
and testing the tensile strength of chicken wire mesh. Moreover, the study modeled
both a single brick wall with different grid sizes of chicken wire meshaaBstory
masonry house using a finite element model. As a result, chicken wire mesh was able
to regain the initial compressive strength of brick wall by 1.5 times the initial values
and regained initial tensile strength of brick wall to its original values. Irtiaddo

that, plaster addition does not regain the initial tensile strength of brick wall but

improves its compressive strength.

An experimental study was conducted for assessment of retrofit technique using one
sided chicken wire mesh and covered by Khorasan M&r In this study,3
unstrengthead walls and 3 walls strengthened with Khorasan mortar + steel mesh
on one side were testeahd the steel mesh + 4 cm anchor application is shown in
Figure2.8.
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Figure2.8. Steel mesh and 4 cm thick Khorasan mortar applic§ti®hn

The displacements are checked using 6 displacement meters (LVDT) (k1 and k2 at
horizontal loading side, k3 at the vertical loading side, k4 diagonally while k5 and
k6 at the opposite side). From the experimental results, average peak load obtained
from failure of unreinforced wall was 33.28 kN while for strengthened wall 105.07
kN which represents 215.73% increase compared to unstrengthen wall. Furthermore,
max displacement for unreinforced wall has 23.88 mm displacement whereas the
strengthened wall has 3 mm displacement which represents a 48.82% increase
at the displacement. For the shear strength, the shear strength for unreinforced wall
was 0.25 MPa whereas the strengthened wall has 0.54 MPa which represents

118.58% increase in shear strength.
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2.9 Masonry Wall6 ®ut-of-Plane Strengthafter Retrofitted with OSB

A study comparednstrengthen wall with one sided strengthened masonry wall and
two-sided strengthened masonry wading OSBas shown irFigure2.9. Masonry

wall dimension is 1115 x 1115 x 215 mm, dhcke experimental phases were done:
experimental procedures to obtain masonry components propertiedi-pane
flexural bond strength tests andt of plane bending test by fepoint loading test

on all walls[10].
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2-sided retrofitted wall

Figure2.9. Dimension of masonry wall specimeaasd its connection layout for one

sided and twesided wallgin mm)[10].

From the experimental results, one sided OSB can increasa-plane
loading of wall by 1.4 times and two sided of masonry wall can increase out

of-plane loading by 1.8 times before initial crack occurs. Moreover, it is also
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observed that deflection capacity of doubiéed wall is higher than both

unstrengthen and orsmded wall.

For the failure pattern, it is observed that failure of the unstrengthen wall was
craclsopening at mortar jJoint at wal |l s0
application causes formation of horizontal cracks at middle third of walls

after higher load was applied and collapse occurred when the walls reached
OSB6s wultimate st rcampared tdibar-based cetrofiti on t o

techniquethe cosof applyingOSB is around 30% cheaper

2.10 Tensile Strength in Bending Comparison between Clay Brick and
Aerated Brick

The researclaimsto compare the flexural strength of clay made brick wall
andaeratedorick (made from fly ash, cemerithe, and aluminum powder)
using experimental procedurfd. The experiment was done according to
ASTM E-72 which tested the strength of panels that are used in construction.
The panel used has both width and height of 120 cm.

The flexural strength test is used to measwra | behkavior towards
perpendicular force i.eoutof-plane failure.Moreover, this researchlso
analyzed the effect of adding galvanized wire horizontally betvigén
weightbricks to both clay bricks and light weight bricks walls.

The flexural strength results are givenTiablel
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Tablel. Flexural Test Analysis Resuli2].

Flexural
load Deflection| Strength
No | Wall Type (KN) (mm) (MP3

1 | Clay Brick Wall 2.97 1.653 0.408
2 | Light BrickVall 1.718 1.369 0.42
Light Brick+1

3 | wire 1.734 1.811 0.424
Light Brick+3

4 | wire 2.235 1.875 0.546
Light Brick+5

5 | wire 1.768 1.409 0.432

The table shows that clay brigkalls canresist the highest load compared to light
weight brick and light weight bricks with additiorgadlvanizedvire. Moreover, the

test result also shows that additional wire can improve deflection capacity of the wall
but when there are too many wires added the deflection decreases. The reason for
this is excessive addition @falvanizedwire can causea significant decreas

contact area between bricks and mortar and 3 additional wires can be considered as

the optimum addition for light weight brigk].

2.11 Evaluation of Confined Masonry Houses Guidelines

Nonengineered confined masonry houses can be found in many countries with high
risk of seismic hazard. These countries include India, Mexico, Colombia, Peru,
Argentina, Japan, China, Cambodia, Indonesia[17]. The reasons why confined
masonry houses are still used in these countries despite the significant seismic
hazards are:
1. Methods and techniques used in confined masonry construction are very
similar to techniques used in unreinforced masaonstructionwhich were
the common practices before the introduction of confined masonry

construction techniques.
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2. The confined masonry house construction is only marginally expensive
compared to unreinforced masonry houses.
3. Confined masonry houses exhibit better seismic performance than

conventional unreinforced masorirguses

To ensure a proper detailing and deterr
in nonengineered confined masonry houses, guidelines have been developed

which are based oavailablecodesfrom different countriesand simplifying

complex cods @esign equations to recommendations and easily applicable

rules. However, guidelines are usually region dependent and not applicable

outside of the specified region.

Moreover shortcomings of current confined masonry housing can be categorized

into:

1. Seismic design flaws
Consist of irregular and unsymmetrical distribution of masonry walls at both
principal directions which causes torsion under earthquake and increases
lateral forces at some-lane walls. These plan irregularities are observed
in Iran, Peru, and Kyrgyzstan. In addition to that, insufficient confining
elements which consist of excessive spacing between tie coamdriack of
tie columns at some of the wall ends and intersections.

2. Construction and postonstruction
These include material quality far below the defined value in the codes, poor
workmanship, and structural components modification without consulting
experienced engineers. These shortcomings are largely observed in Chile,
Iran, and Kyrgyzstan.

3. Lack of regulation
Unfortunately, there is a majdeficit in regulation regarding the inspection

systems for confined masonry houses to adsad®/orkmanship, material
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and connection detailing which cause houses that are severely damage even

in lower magnitude earthquakes.

34



CHAPTER 3

UNSTRENGTHENED CONFINED MASONRY HOUSE
MODELING

3.1  Modelling of the Unstrengthened Confined Masonry Houses

The corresponding housaremodeled based on the engineering drawing provided
by Showbitz company,which is located at Banda Aceh city, Aceh province in
Indonesia. The first andthird houss are istory houses with 1200x900 cm
dimensions, consistingf 2 symmetrical housesith different wall configurations
The secondhouse is a smaller house with 600x800 cm dimessrath shorter
height(3.15 m)compare to the other housg8.6 m)but usinga higher roof slope
20° comparedo 10 for houses 1 and 3nitially, materials that consist @hasonry,
concrete (fotie columns andie beams)and roof materialare assigned in SAP2000

as follows:
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1. Masonrymaterial propertiesf typical clay brick in Indonesies taken from

experimental resuthat is based on Indonesian standasj.

] Material Property Data x

General Data
Material Name and Display Color
Material Type

Material Grade

Material Notes Modify/Show Notes
Weight and Mass Units.
Weight per Unit Volume . KN, m, C

Mass per Unit Volume

isotropic Property Data

Modulus Of Elasticity, E

Coefficient Of Thermal Expansion, A

Shear Modulus, G 1276658,7

(O] Switch To Advanced Property Display

Figure3.1. Masonry material properties

2. Mortarmaterial propertieghatare made from an appropriate ratio of Portland
cement, sand, lime, and water. In Indonesia, the sand and Portland cement
ratio is 3:1andthe experimental result to determine its properties is shown

in Figure3.2 [18].
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] Material Property Data X

General Data
Material Name and Display Color MORTAR
Material Type Other

Material Grade

Material Notes Modify/Show Notes...

Weight and Mass Units.

Weight per Unit Volume KN, m, C ~

Mass per Unit Volume

Isotropic Property Data

Modulus Of Elasticity, E

Poisson, U 0.15
Coefficient Of Thermal Expansion, A 1,170E-05
Shear Modulus, G 869565,2

[0 Switch To Advanced Property Display

Cancel

Figure3.2. Mortar materialproperties

Concree K-175 isused which idbased on SN2847:201919].

] wmaterial Property Data >

General Data
Material Name and Display Color Concrete (K-175 ]
Material Type Concrete

Material Grade C30/37

Material Notes Modify/Show Notes...

Weight and Mass Units.
Weight per Unit Volume 23,536 KN, m, C ~

Mass per Unit Volume 2.4

Isotropic Property Data

Modulus Of Elasticity, E 18895747
Poisson, U 02

Coefficient Of Thermal Expansion, A 1,400E-05
Shear Modulus, G 7873228,

Other Properties For Concrete Materials

Concrete C Strength, fc 14244159
Expected Concrete Compressive Strength 14244,159

() Lightweight Concrete

() Switch To Advanced Property Display

Cancel

Figure3.3. Concrete material properties
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4. Zinc is the material used for roobversand zinc will be connected with roof

trusses and purlins using nails

] material Property Data b4

General Data
Material Name and Display Color Zinc roof
Material Type

Material Grade

Material Notes Modify/Show Notes...

Weight and Mass Units.

Weight per Unit Volume KN, m, C

Mass per Unit Volume 7,002E-03

Isotropic Property Data

Modulus Of Elasticity, E 80000000
Poisson, U
Coefficient Of Thermal Expansion, A 0,017

Shear Modulus, G 30052592,

) Switch To Advanced Property Display

Cancel

Figure3.4 Zinc material properties.

After the materials arassignedthe houss are modeled using she#lementgfor
masonry and roof cover) and frame elements (for columns, beanta)sselements
for the rooj. Moreover,unstrengtheed housesare developed using SAP2000 as

follows:

1. Macro Modeling Shell Modabf House 1

The modelusesa macro modeling assumption in which masonry walls
consist of masonry materialwhile the interaction between mortar and
masonry was not considered in this modéle modebf house Js shown in

Figure3.5 andFigure3.6.
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3-D View

Figure3.5. Macro modeling of sheModelHouse 1 3D View.

39



X-YPlane@Z=0 |

Figure3.6. Macro Modeling of Shell Model House 1 Top View

2. Macro ModelingShellModel of House 2

The second house is an unsymmetrical shape housa shtirterheightbut
a higher slopecomparedo the first and third housethe model is showm
Figure3.7 andFigure3.8:
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o~

Figure3.7. MacroModeling of Shell Model House 213 View.
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| X¥Plane@Z=0 |

Figure3.8. Macro Modeling of Shell Model House 2 Top View.

3. Macro Modeling Shell Modebdf House 3

The thirdhouse issimilar to house 1 in terms of overall shape but has
different interior wall configuration. Themodel is shownn Figure 3.8 and
Figure3.9:
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3-D View

Figure3.9. Macro Modeling of Shell Model House 3aBView
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X-YPlane @ Z=0

Figure3.10. Macro Modeling of Shell Model House 3 Top View.
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3.2  Load Application

Each model'soad combinations are assigned based on SNI 1727{2020
which is anlndonesian code for determining minimum design loads and other

requiredcriteria In this code, the following loads are considered for the house:

3.21 Dead Load

Dead load is the selfieight of the house whicicludesthe weight of masonry,
mortar, zinc roof, concrete, steel hollow, and steel tr88622000 automatically

calculates this weight

3.2.2 Wind Load

Wind load is calculated according to SNI 1727:2(20] which is based on ASCE

7-16 using the following formula:

P = g*GCp- g*(GCpi)
While g iscalculated using either formula

0 = 0.613*Kg*K ,*Kz*V 2
h = 0.613*K*K *Kh*V 2

For comparison, TS49R1] has g=0.628/ 2, However, SNI code was used for
consistencyln SAP2000, the program can automatically calculate the required wind
pressure according to ASCE18. However, it isnecessaryo input the required
coefficient due to external pressure on each side of the walls and roofs. This
coefficient is obtained frorfiable2 taken from SNI 1727:202(20]:
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Table2. External Pressure Coefficient for wa0]

External Pressure Coefficient, C
surface L/B Cp
windward All
wall Values 0.8
0-1 -0.5
Leeward 2 03
wall
04 -0.2
All
Side wall Values -0.7

Table3. External Pressure Coefficient for Rof#0]

External Pressure Coefficien windward side
for Roof, Cp angle
wind direction h/L 10 15 20 25 |1 30| 35|45| 060
3 -0.7| -05| -0.3|-0.2|/-0.2|-0.2| O
00. . 0
-0.18 0 0.2| 0.3| 0.3| 03|04
perpendicular to roof -0.9| -0.7| -04]-03|-0.2|-0.2] O
top for 0.5 - 0
-0.18| -0.18 0| 0.2 0.2| 0.3|0.4
61 -1.3 -1} -0.7|-05|-0.3|-0.2| O 0
-0.18| -0.18| -0.18 0| 0.2 0.2|/04 '
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Table4. External Pressure Coefficient for Rof#0]

External Pressure Coefficient f Leeward side
Roof, Cp Angle
wind direction h/L 10 15 020
00.73 -03 -0.5 -0.6
Perpendicular to roof
top for 0.5 -0.5 -0.5 -0.6
01 -0.7 -0.6 -0.6
Horizontal
distance from
windward side Cp
0-h -0.9
Parallel to roof top for 0o0. h-2h -0.5
e >2h 0.3
o1 0-h/2 -1.3
>h/2 -0.7

Whered_bis the length of the house parallel to the wind directiBijs the length
of the house perpendicular to the wind direction édis the height from bottom to

top half of the roof.
As an example, house 1 and hoB8send load coefficients are assigned as follows:

In the models, both winds in X and Y directions are considered in the model. Wind

loads are assigned at the load pattern opticmasn inFigure3.11:
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E ASCE 7-10 Wind Load Pattern

Exposure and Pressure Coefficients.

Wind Exposure Parameters
Wind Direction Angle

Windward Coeff, Cp

Wind Coefficients

Wind Speed (mph)
Exposure Type
Topographical Factor, Kzt
Gust Factor
Directionalty Factor, Kd

Solid / Gross Area Ratio

Leeward Coeff, Cp
Case (ASCE 7-10 Fig. 27.4-8)
e1 Ratio (ASCE 7-10 Fig. 27.4-8)

€2 Ratio (ASCE 7-10 Fig. 27.4-8)

Modify/Show Exposure Widths...

Exposure Height

Cancel

Figure3.11. Wind load assignment

In addition to that, the coefficients due to external pressyj@(€applied according

to Figure3.11. For the wind in X direction. galue is taken as 0.8 for the wall side
where wind direction is coming to the wall. Since all walls' local 3 directions are
directed towardsutside,and the wind direction is directed towards the wall for the
incoming side. Thus, thep@alue for the incoming wall side is taken-8s3, and it

is assigned in SAP2000 skown inFigure3.12:
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E‘] Assign Area Wind Pressure Coefficient Loads X
Load Pattern

Load Pattern Wind X

Pressure Type
® Windward (pressure varies over height)

| Other (pressure constant over height)

Load Value

Pressure Coefficient, Cp 08

Load Distribution

To Joints

Options
® Replace Existing Loads

) Delete Existing Loads

Reset Form to Default Values |

ok | | close |

Figure3.12. Cpassignment for wind X direction at the incoming side

Moreover, for the perpendicular side of the wind direction, the value is taken as 0.7
in the outward directianThus, the gvalue is taken as 0.7.

In addition to that, for the outgoing side of the whIB should be calculated. L/B
value for X direction is calculated as:

Since 1.2 is not given in the table from Figure 21. Interpolation is done to find the

required G valug and the value is calculated as:

0 Tid) pg P
& T ¢ P
0 ™ @

This value is directed toward the outside. Thus, theallie is taken as 0.46.
For the roof, considering the X directioharooftop is parallel to the windirection,

h/L is calculated as:
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N o ™
ooy

p T
The horizontal distance dlfie roof (12 m) is more than*h (8.2 m). Thus, Cp for
wind X istaken as 0.3For wind Y, the roof top is perpendicular to wind direction

and the roof angle is 1&nd h/L is calculated as:
Q o ™
0 p T

Thus, Cp for wind Y athewindwardand leeward sides taken as 0.7 and Q.5
respectively

3.2.3 Earthquake Load

Earthquake load is determined according to SNI 1726:ZZ¥9based on ASCE-7
17. To obtain the earthquake response spectrum of the house lotteidimistry
of Infrastructure of Indonesia has provided a website to obtain the required response

spectrum. The interface of the website is shawkigure3.13:
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Desain Spektra Indonesia

Peta Google | PetaMCE; = PetaMCEp(Ss) = PetaMCEq(S;) ~ PetaCr(Cas) = PetaCe(C:) = Grafik Respon Spektra = Formula = Resource  Credits

Oiviorat B TekikPermuuman canPervnahan
Dirsorat enderdl C's arya
Kemenierion ekeiean Unum dan Perumihes Rsyet

+

 Heyboard sortuts | Weap e €2023 Googl [ Tems | eportamapeeor |

0.4

0.3

0.2 ~ —

0.1

3s
T(detik)

| ] | ] | ]
SB - Batuan SC - Tanah Keras, Batuan Lunak SD - Tanah Sedang SE - Tanah Lunak

Results: Tabel dibawah ini merupakan Parameter untuk membuat Grafik Desain Spektra Indonesia:

Kelas SD - Tanah Sedang v To(detik) Ts(detik) sds(g) sdi(g)
0.14 0.68 0.98 0.67
Rentang
T(s) value: 6
Save
PGA 0.5887 (g) bedrock
MCEG
SS MCEr 1.4695 (g) bedrock
S1 MCEr 0.5839 (g) bedrock
s 20 Detik

Figure3.13. Interface of the Indonesian Design Spectra website
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The earthquake load analysis of rengineered masonry houses uses data
from the Ministry of Infrastructure of Indonesia, athe response spectrum

is addedo SAP2000 The obtained $ S, and T values are being input into
SAP2000 ashown inFigure3.14:

H Response Spectrum ASCE 7-16 Function Definition X

Figure3.14. Response spectrum value in SAP2000

According to SNI 1726:201f2], modal combinations calculation can be
done by either SRSS (Square Root of Sum of Squares) or CQC (Complete
Quadratic Combination) metho@ihe CQC method is used for sailathas
spectral acceleration differences less than 15% for close parimteaghe

SRSS method is used for spectral acceleration differericasre than 15%

[3]. In Aceh provincethe following spectral acceleration daabtained:

T1(1seg: 0.667 g
T>(2se9:0.335¢g
T3(3sed: 0.223 g
T4(4 se¢: 0.167 g
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Spectral acceleration differences are calculated as:

T1- T2 = (0.66%0.335)/0.667 x 100% = 49.775 > 15

T2- T3 =(0.3350.223)/0.335 x 100% = 33.43 > 15

Ts- T4=(0.2230.167)/0.167 x 100% = 33.53 > 15

Considering the spectral acceleration differences are more thanti&%,
SRSS method is preferable. Thus, the load cases are assigstemivaisin
Figure3.15 andFigure3.16:

B Load Case Data - Response Spectrum X

Load Case Name Notes Load Case Type

EQX Set Def Name Modify/Show... Response Spectrum /| Design.
Modal Combination Dirgctional Combination

O cac ane fl 1, 0 sss

(0 caey

0 sess GMC 2 0, -

() Absolute — () Absolute

- Periodic + Rigid Type  SRSS

(J GHC -

() NRC 10 Percent Hoss Source

- Previous (MSSSRC1)

() Double Sum
Modal Load Case Diaphragm Eccentriciy

Use Modes from this Modal Load Case MODAL v Eccentricty Rati 0,

© Standard - Acceleration Loading

- Override Eccentricities \
(_) Advanced - Displacement Inerfia Loading Cvemie
Loads Applied
Load Type Load Name Function Scale Factor
Accel " v RSACEH v 981
hccel JU1JIRSACEH 951 [N
Modify
Delete
() Show Advanced Load Parameters
Other Parameters
Modal Damping Constant at 0,05 Modify/Show.. [ k|
Cancel

Figure3.15. Load case assignment for EQX load
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E Load Case Data - Response Spectrum X

Load Case Name Notes Load Case Type

Set Def Name Modify/Show Respanse Spectrum Design
Modsl Combination Directional Combintion
8l 5858
2 cac eucf 1 0 s
cacs
SRS!
Y Guce 0 i
_) Absolte Absokite
o Periodic « Rigid Type  SRSS
o GlC

O NRC 10 Percent Vass Source
. Previous (MSSSRC1)
") Doubie Sum

Modal Load Case Diaphragm Ecoentricty
Use Wodes rom tis Modal Load Case MODAL Excentity Risto 0,
© Standard - Acceleraton Loading
~ Override Ecceniriciies Ov
) Advanced - Displacement neria Loading -
Loads Appied
LosdType  LoadName  Functon  Scale Facior
Accel 7] RSACEH 961
2 fesacet jasi [
Moddy
Delete
) Show Advanced Load Paramelers
Other Parameters
Wodal Damping Constant &t 0,05 Wodify/Show o
ancel

Figure3.16. Load case assignment for EQY load

3.3 Load Combination

The load combinations considering earthquake effect and wind loads are
based on SNI 2847:20199] and it is given as follows:
Combination 1: 1.4D

Combination 2: 1.2D+1.6L

Combination 3: 1.2D+0.5Wx

Combination 4: 1.2D+0.5Wy

Combination 51.2D+Wx+L

Combination 6: 1.2D+Wy+L

Combination 7: 1.39D+L+EQx+0.3EQy
Combination 8: 1.39D+L+EQR.3EQy

Combination 9: 1.39DHEQx+0.3EQy

Combination 10: 1.39D+HEQx-0.3EQy

Combination 11: 1.39D+L+EQy+0.3EQx
Combination 12: 1.39D+L+EQQ.3EQX
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Combination 13: 1.39D+HEQy+0.3EQX

Combination 14: 1.39D+HEQyY-0.3EQX

Combination 15: 0.7D+EQx+0.3EQy

Combination 16: 0.7D+EQR.3EQy

Combination 17: 0.7EEQx+0.3EQy

Combination 18: 0.7EEQx-0.3EQy

Combination 19: 0.7D+EQy+0.3EQX

Combination 200.7D+EQy0.3EQx

Combination 21: 0.7EEQy+0.3EQX

Combination 22: 0.7HEQY-0.3EQX

In addition to the 22 load combinations, Envelope combinations which
include the combinations of all 22 combinations are also added to find the

maximum forces and stresses.

To calculate the coefficient of dead load from load combination 7 to load
combination 14, the following formula is used according to SNI 2847:2019
[19]:

pE T®ZY pg TRIZTRX PH W

To calculate the coefficient of dead load from load combination 15 to load
combination 22, the following formula is used according to SNI 2847:2019:
T TZY T TRZToX T
3.4  Analysis for Unstrengthened Models

3.4.1 Mesh Sendivity Analysis

In finite element analysis, determining mesh size is one of the fundamental

aspects since large mesh size can lead to inaccurate results while small mesh
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size can lead to extended computing time. Thus, eessitivityanalysis is
required to determine an ideal mesh size that is small enough to give accurate
resultswhile being large enough &horten computing time requiretio do

the mestlsensitivityanalysis, several mesh sizes at each house were modeled
and maximum axial stress at one of txals in addition tofrequency, and
period of the houseat all mesh sizesre plottedin house 1, six different
mesh sizes are modelled and the results are plotted as shBignria3.17,
Figure3.18, andFigure3.19.

Mesh SensivitiHouse 1(Axial Stress)

2.5
<N 2
e
£
215
? /_/
o —e—s11
O 1
T S22
x
<05

50x120 50x60 25x60 25x20 10x10 5x 10
Mesh Size (cm)

Figure3.17. Meshsensitivityanal ysi s of house 1 at one of
stress.

56



Mesh Sensivity House 1 (Frequency)
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Figure3.18. Meshsensitivityanalysis of house iy comparing frequency at both
majoraxes

Mesh Sensivity House 1 (Period)
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Figure3.19. Meshsensitivityanalysis of house 1 by comparing period at both
majoraxes
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From the graphs, it can be observed that the réfsulk®use Teach convergence at

10x 10 cm mesh size since the frequency, period, and maximum axial stress results
do not change significantly by reducing the mesh sizextd0 cnmwhile computing

time increasesignificantly. Thus mesh size of 10 x 10 cwill be used for house 1

at thenext step of the analysis

In house 2, four different mesh sizes are modeled and the results are plotted as shown
in Figure3.20, Figure3.21, andFigure3.22.

Mesh Sensivity House(&xial Stress
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40 x 45 40x 225 20 x 45 20x22.5
Mesh Sizécm)

Figure3.20. Meshsensitivityanal ysi s of house 2 at one of
stress.
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Mesh Sensivity House 2 (Frequency)
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15
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Frequency (Hz)
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Figure3.21.Meshsensitivityanalysis of house 2 by comparing frequency at both
majoraxes

Mesh Sensivity House 2 (Period)
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Figure3.22. Meshsensitivityanalysis of house 2 by comparing period at both
majoraxes

From the graphs, it can be observed that the results for Reeaeh convergence at
20x 45cm mesh size since the frequency, period, and maximum axial stress results

do not change significantly by reducing the mesh siz€Qx 22.5 cm while
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computing time increasggnificantly. Thus mesh size 020 x 45 cm will be used

for house2 at the next step of the analysis

In houses, five different mesh sizes are modeled and the results are plotted as shown
in Figure3.23, Figure3.24, andFigure3.25.

Mesh Sensivity House(Bxial Stress
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50 x 120 50 x 60 25x 20 10x 10 5x10
Mesh Size

Figure3.23. Meshsensitivityanal ysi s of house 3 at one of
stress.
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Figure3.24. Meshsensitivityanalysis of house 3 by comparing frequency at both
majoraxes
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Mesh Sensivity House(Beriod
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Figure3.25. Meshsensitivityanalysis of house 3 by comparing period at both
major axes.

From the graphs, it can be observed that the results for house 3 reach convergence at
25 x 20 cm mesh size since the frequency, period, and maximum axial stress results
do not change significantly by reducing the mesh size to 10 x 10 cm and 5 x 10 cm
while computing time increasgignificantly. Thus mesh size of 25 x 20 cm will be

used for house 3 at the next step of the analysis.

3.4.2 Displacement Criteria

3.421 ASCE 7-16

According to ASCE 716 [23], the deflectionformula used for story drift is
calculated as:

0 2
(] ()
According to table 12:2 from ASCE 716, the wall can be categorized as ordinary

plain masonry shear walls and @dlue can be taken &4 while the residential

house is considered at risk category 1 which has earthquake importance factor of 1
according to table 1-83 ASCE 716.
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Moreover, allowable story drift is calculated according to table 12 ff@m ASCE
7-16 given inTable5.
Table5. Allowable story driff23]

Risk Category

Structure lorll mn \"
Structures, other than masonry shear wall structures, four stories 0.025h,,° 0.020h,, 0.015h,,

or less above the base as defined in Section 11.2, with interior

walls, partitions, ceilings, and exterior wall systems that have

been designed to accommodate the story drifts
Masonry cantilever shear wall structures? 0.010A,, 0.010h,, 0.010h,,
Other masonry shear wall structures 0.007hy, 0.007hy, 0.007hy,
All other structures 0.020h,, 0.015h,, 0.010h,,

“hy, is the story height below level x.

PFor seismic force-resisting systems solely comprising moment frames in Seismic Design Categories D, E, and F, the allowable story drift shall comply with the
requirements of Section 12.12.1.1.

“There shall be no drift limit for single-story structures with interior walls, partitions, ceilings, and exterior wall systems that have been designed to accommodate
the story drifts. The structure separation requirement of Section 12.12.3 is not waived.

Structures in which the basic structural system consists of masonry shear walls designed as vertical elements cantilevered from their base or foundation support
that are so constructed that moment transfer between shear walls (coupling) is negligible.

Forunstrengthehouse 1 model, the max displacensaraticulatedare 4.92 mm and
2.93 mmin X and Y directigmespectively. Thus, according to ASCHG®:
In X direction:
.8 T PTG o W G
0 >
The story drift result is compared wiffable 5 for masonry cantilever shear wall

with risk category of 1 for residential house.
MIFQ WFocEMTTO @ A
1 ePpUBa o@ald v
In'Y direction:
0 2 TB SN
0 5
The story drift result is compared wiffable 5 for masonry cantilever shear wall

oD @ G

with risk category of 1 for residential house.
MIFQ MWFoENTO @ &
1 o @ o@aol v
The same calculatios done forall the unstrengtheed house models and the result
is tabulated inrable6.
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Table6. Displacement criteria according to ASCE&

ASCE X Axis (mm)
Max Story
Unstrengtheneq Disp drift Allowable
House 1 4.92 6.15 36 OK
House 2 3.45 4.3125 31.5 OK
House 3 4.74 5.925 36 OK
ASCE Y Axis (mm)
Max Story
Unstrengthene( Disp drift Allowable
House 1 2.93 | 3.6625 36 OK
House 2 2.19 | 2.7375 315 OK
House 3 1.95 | 2.4375 36 OK
It can be concluded froable6t hat al | imonodisgleaeam@gstanea x

below the allowable limit defined by ASCE1B.

3.4.2.2 Euro Code 8

According to section4.3.4 and4.4.3.2 in Eurocode 8 regarditige limitation of
inter-story drift [24], the displacement of the structure inddidy design seismic
action can be calculated as:
Q nzQ

Where d is the displacement based on linear analysis ftloendesign response
spectrum and(js a behavior factor given as 125]. Moreover the nonengineered
confined masonry houses can be considered as builtfiagsave brittle materials
connected to the structure and it is calculated as:

Qzu MWInYQ
v value depends on the importance classesboilding which is given at Table 4.3
in Euro Code 8 and the confined masonry houses can be categorized as importance

class II. For importance class Il, v value is recommended as 0.5.
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Forunstrengthehouse 1 model, the max displacements calculated are 4.92 mm and

2.93 mmin X and Y directigmespectively. Thus, according to Euro Code 8:

In X direction:
Q N z2Q p®ZTRC X& W &
Qzy mMWrnvQ
X P TEITMYV0O QT
oPp W a puyrauv o
In'Y direction:

Q N zQ pdZ2¢RO0 T WO G
Qzy mMWInvQ
TS WU TBITTV0 Q I T
CpWdad puytaldv
The same calculatisraredone forall theunstrengthemouse models and the result
is tabulated in Table7.

Table7. Displacement criteria according to Euro Code 8

Euro Code 8 X Axis (mm)
Max Story
Unstrengtheneq Disp drift Allowable
House 1 4.92 3.69 18 OK
House 2 3.45 2.5875 15.75 OK
House 3 4.74 3.555 18 OK
Euro Code 8 Y Axis (mm)
Max Story
Unstrengtheneq Disp drift Allowable
House 1 2.93 | 2.1975 18 OK
House 2 2.19 1.6425 15.75 OK
House 3 1.95 1.4625 18 OK
It can be concluded froable7t hat all housesd max displ acen

allowable limit defined by Eurocode 8.
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3.4.2.3 Turkish Code (TBDY 2018)

According to section 4.9.1.3 from TBDY 20126], inter-story drift can be
calculated for a case when hollow or solid fill walls made of brittle materials are not
connected with any flexible joint as follows:
Yz 3
z
50
R value is given as 3 for confined masonry structure and importance factor (1) of the

T8t Tt Al

structure is taken as 1 for residential house. Furtherraorey al ue 1 s gi ven
reinforce concrete and 0.5 for structural steel. Since the value for masonry structure
I's not given, ©® is assumed to be the sam
Is calculated as ratio of spectral acceleration at3dnd DD 2 for major period of
structures at X and Y axis.
Y 'Y'OO o
= % YOO ¢

Considering the buildings location are noTiirkiye, 5 different locations i Urkiye

with different spectral accelerations ar
the maximum allowable intestorydrift.

Table8. Averagea f or maj or period of strui

DD2 DD3 =
Teki 1.106 0.58 | 0.524412
Adana 0.73 0.304 | 0.416438
See Trabzon| 0.668 0.219 | 0.327844
Muij || 0.998 0.528 | 0.529058
Hatay 1.139 0.511 | 0.448639
AVG | 0.449278

Forunstrengthemouse 1 model, the max displacements calculated are 4.92 mm and
2.93 mmin X and Y direction, respectively. Thus, according to TBDY 2018:

In X direction:
Yz 3
zZ
-5

8t Tyl
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ozZTdC
M1 @®—— T8I TYp
PZO@TMT

inp Prdtmipo

In Y direction:
Yz 3
-5 0
gzcdo
T 1T @®——— T8I Tap
pPZo @ TT

Tt p Tast mip v

T8t Tt all

The same calculatisrare done forll theunstrengtherhouse models and the result

is tabulated inmrable9.
Table9 Displacement criteria according to TBDY 2018

TBDY 2018 X Axis
Max
Disp
Unstrengthene¢ (mm) | Calculated| Allowable
House 1 4.92 0.002105] 0.008 OK
House 2 3.45 | 0.001476| 0.008 OK
House 3 4.74 | 0.001775| 0.008 OK
TBDY 2018 Y AXxis
Max
Disp
Unstrengthene¢ (mm) | Calculated| Allowable
House 1 2.93 | 0.001254| 0.008 OK
House 2 2.19 | 0.000937| 0.008 OK

House 3 1.95 0.00073 0.008 OK

It can be concluded froable9t hat al | housesd max displ acen

allowable limit defined by TBDY 2018.
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3.4.3

Analysis of Unstrengthered House 1Model

After the moded have been designedthe required loads and load
combinations have been assignaddthe appropriate mesh size has been
determined. Analysis is doneto check whether thenmodeled houses
especially masonry wallsis the main structural elementbas enough
capacityto prevent oubf-plane failuresvhich is the main cause of damage
in nonengineered confined masonry house in IndoneBmee following
checks are done:

1. Displacement check

2. Shear Stressheck.

3. Flexural strength checkt 1-1 Axis.

4.

Flexural strength check at2Axis.

Displacement check was donesiction3.4.2 and other checks will be done
in this section. Furthermor¢he following sign conventions angsed in
SAP200027] for the analysis
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Face 3

Axis 1

j2

j4

Face 6: Top (+3 face)

Face 5: Bottom (-3 face)

i

Axis 2

Forces are per unit

of in-plane length Axis 1

Transverse Shear (not shown)

Positive transverse shear forces and
stresses acting on positive faces
point toward the viewer

in j2
STRESSES AND MEMBRANE FORCES

Stress Sij Has Same Definition as Force Fij

Axis 2

Moments are per unit

of in-plane length Axis 1

4

i iz

PLATE BENDING AND TWISTING MOMENTS

Figure3.26. Sign Convention in SAP20Qa7].

68



Furthermore, each wall is numberediifierentiate the location of each wall

better;the wall numberindor house s givenin Figure3.27:

I* ----------------- w ----------------- ? ----------------- w ----------------- -I
1 11:5 H ]liﬁ A .'
33 34 R
73 7 !
9 12 o 18 28 S
8 36 7 20 37 19 | i
10 1 21 22 9
4 1 31 35 21 23 | i
1 L u s 8
; 6 ; §
2: 6 ] i
L 8 N L
R 0 S OSSR SRR, NN 0 v J0 I 1 -

Figure3.27. House 1Brick Wall Numbering

All stresses and bending moments are considered for the envelope comhittations
takes the maximum values from #ie maximum values at each load combination

determined irsection3.3.
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Axial stress in X direction (S11) is calculated as:

|

Stress S11 Diagram - Max  (ENV - Max)

f

Figure3.28. House JAxial Stress X direction (S113eneral View(1).

* Stress S11 Diagram - Max (ENV - Max)

Figure3.29. House JAxial Stress X direction (S11) General Vi€@).
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1

[ Stress S22 Diagram - Max (ENV - Max)

Stress 522 Diagram - Max  (ENV - Max)

Figure3.30. House 1 Axial stress Y direction (S22) general Vigjv

Axial stress in Y direction (S22) is calculated as:

|

Figure3.31 House 1 Axial stress Y direction (S22) general 2y



Shear stress (S12) is calculated as:

[ Stress 512 Diagram - Max (ENV - Max) | - X

E-3

400
369
338
308,
277
245‘
215
185
154,
123
92
62

31

Figure3.32. House 1Shear Stress (S12) general view.

From the analysis result, maximum tension stress in X direction (S11) and Y
direction (S22) are tabulated at each wall.

As an example, at wall numbgthe following values arebtained.

Maximum tension stress in X direction (S11) is calculated4s90/4Pa.

Maximum tension stress in Y direction (S22) is calculate@l 685 MPa.

Maximum and minimum shear stress (S12) is calculatedl@s BPa.

To find the maximumshearstresses applietb the masonry walls, the following
formulas are usedvhich are based aheMohr Circle stress concept:

At wall 1, the maximum shear stras<alculated as
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t n&’uccun@wu ™ XL T8 TPO ©

Using the same calculation explained ahawaximum shear stress at all walis
tabulated inTable10. Moreover, considerinthe out-of-plane failure mechanism in
which the brick wall can fail due to vertical bending, the maximum bending moment
that occur at each wall is obtained from SAP2000 analysis result and the flexural
stress at each wall is calculated based on the following formula:
0Zw
" 0

M11 and M22 are checked for eot-plane failure mechanisms when calculating
flexure stres. Figure3.33 explainsdifferent failure mechanisms caused by M11 and

M22 bending momest

Figure3.33. Out-of-planefailure causd by M22 (left) and M11 (right)2]
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For M11, flexural stress is calculated by:

o 0
U -_—
PP
” Q o

(US
For M22, flexural stress is calculated by:

— ' ¢C

0z O
pPC

”

for example, at wall numbet, the following momentalues are obtained from
SAP2000:
M11: 0.764kNm/m
M22: 1.242kNm/m
Moments given from analysis are given per unit gblane length, thus
ODpp ™ @2Q T 920® C& v QL G
P

o 0
UDGE C&UWTT " _—
TUQRL WM LYL W

" <o 0P TP
(VN pC
0¢C PR TEA PR TET TBOQD G
ice 2 twoy’
i} =5 TTTH XTOUWMETOLL W
pC pC

The same calculations are doneatbbrick walls and the results are tabulatad
TablelO:

74



Table10. Flexureand Shear Stress Result fdnstrengtheedHouse 1 Model.

S12 S12 M11 M22
wall length height S11 Max | S22 Max | Max Princ. | (kNm/m | (kNm/ | , N

no (m) (m) (MP3) (MP3) (MPa | (MP3 | ) m) (MPa) | (MPa)
1 4 3.6 0.459 0.685| 0.175| 0.501 0.764 1.242| 0.458| 0.745
2 3.6 0.433 0.611| 0.288| 0.527 0.664 | 0.7533| 0.398| 0.452
3 4 3.6 1.117 1.623| 0.384| 1.135| 1.8878| 2.7646| 1.133| 1.659
4 1.75 3.6 0.237 0.148| 0.063| 0.955| 0.3428| 0.2963| 0.206| 0.178
5 3 3.6 0.711 0.958| 0.313| 0.772 1.271 1691| 0.763| 1.015
6 4 3.6 0.555 1.191| 0.224| 0.590 0.95 1.98 0.570 1.188
7 3 3.6 0.644 0.633| 0.257| 0.710 1.062 1.211 0.637 0.727
8 1.5 3.6 0.203 0.186| 0.068| 1.069| 0.3222| 0.1323| 0.193| 0.079
9 3 3.6 0.372 0.319| 0.088| 0.478| 0.6147| 0.6016| 0.369| 0.361
10 15 3.6 0.214 0.083| 0.046| 1.072| 0.5201| 0.1007| 0.312| 0.060
11 15 3.6 0.264 0.31| 0.074| 1.083| 0.2594| 0.1651| 0.156| 0.099
12 3 3.6 0.403 0.492| 0.151| 0.502 0.674| 0.862| 0.404| 0.517
13 3 3.6 0.387 0.407| 0.189| 0.490 0.608| 0.729| 0.365| 0.437
14 35 3.6 0.618 0.462| 0.121| 0.620| 0.8386| 0.823| 0.503| 0.494
15 6 3.6 0.598 0.984| 0.177| 1.341 1.039 1.787| 0.623| 1.072
16 6 3.6 0.597 0.986| 0.174| 1.340 1.038 1.791| 0.623| 1.075
17 3 3.6 0.331 0.415| 0.164| 0.447 0.529| 0.727| 0.317| 0.436
18 35 3.6 0.378 0.452| 0.144| 0.381 0.644| 0.814| 0.386| 0.488
19 1.5 3.6 0.199 0.165| 0.068| 1.069| 0.3206| 0.1338| 0.192| 0.080
20 3 3.6 0.612 0.641| 0.238| 0.682 1.08 1.14 0.648| 0.684
21 15 3.6 0.203 0.208| 0.065| 1.069 0.252| 0.1499| 0.151| 0.090
22 15 3.6 0.281 0.076| 0.052| 1.087| 0.4598| 0.1301| 0.276| 0.078
23 15 3.6 0.32 0.142| 0.094| 1.098| 0.4968| 0.2919| 0.298| 0.175
24 4 3.6 0.746 1.167| 0.366| 0.772| 1.1539| 1.9397| 0.692| 1.164
25 4 3.6 0.523 0.91| 0.189| 0.560 0.882| 1.5683| 0.529| 0.941
26 3 3.6 0.482 0.474| 0.283| 0.568 0.658| 0.7605| 0.395| 0.456
27 3 3.6 0.722 0.975| 0.321| 0.782 1.277 1.712| 0.766| 1.027
28 3 3.6 0.336 0.3103| 0.097| 0.450 0.535| 0.6458| 0.321| 0.387
29 1 3.6 0.386 0.099| 0.077| 1.356 0.669| 0.1948| 0.401| 0.117
30 1 3.6 0.302 0.156| 0.053| 1.335| 0.5452| 0.1459| 0.327| 0.088
31 15 3.6 0.378 0.148| 0.08| 1.116 0.647 | 0.2963| 0.388| 0.178
32 15 3.6 0.277 0.12| 0.112| 1.086 0.4949| 0.2919 0.297 0.175
33 0.5 3.6 0.394 0.084 | 0.043| 1.599 0.613| 0.153| 0.368| 0.092
34 0.5 3.6 0.39 0.078| 0.053| 1.598| 0.6055| 0.1529| 0.363| 0.092
35 25 3.6 0.632 1.026 | 0.202| 0.838 1.028 1481| 0.617| 0.889
36 15 3.6 0.276 0.236| 0.147| 1.086| 0.3345| 0.255| 0.201| 0.153
37 15 3.6 0.325 0.256| 0.105| 1.099| 0.3041| 0.1345| 0.182| 0.081
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Thecalculatedshear stregsandflexuralstresses are compared with shear strength
and flexural strength test resul®, which arethe following values:

Flexural Strength of Wall: 0.408 MPa

Shear Stress of Clay BricR:298MPa

If both shear and flexural stresses obtained at eaclam@@&ger or equal to flexural
strength test resultthe wall is considered safetherwisgit is considered not safe
and further strengthening will be requir@ithe result for house 1 is given Trable

11

Tablell Flexure and Shear Stresses Checked for Housesttengthead Model

Shear
S12 Flexure Flexure Check
Wall | Princ. " " Check Check (812
No | (MPa (MPa) (MPa) | (F22) (F11) Prin.)
1 0.501 0.745| 0.458| FAILURE | FAILURE | OK
2 0.527 0.452| 0.398| FAILURE | OK FAILURE
3 1.135 1.659| 1.133| FAILURE | FAILURE | FAILURE
4 0.955 0.178| 0.206| OK OK OK
5 0.772 1.015| 0.763| FAILURE | FAILURE | FAILURE
6 0.590 1.188| 0.570| FAILURE | FAILURE | FAILURE
7 0.710 0.727| 0.637| FAILURE | FAILURE | OK
8 1.069 0.079| 0.193| OK OK OK
9 0.478 0.361| 0.369| OK OK OK
10 1.072 0.060| 0.312| OK OK OK
11 1.083 0.099| 0.156| OK OK OK
12 0.502 0.517| 0.404| FAILURE | OK OK
13 0.490 0.437| 0.365| FAILURE | OK OK
14 0.620 0.494| 0.503| FAILURE | FAILURE | OK
15 1.341 1.072| 0.623| FAILURE | FAILURE | OK
16 1.340 1.075| 0.623| FAILURE | FAILURE | OK
17 0.447 0.436| 0.317| FAILURE | OK OK
18 0.381 0.488| 0.386| FAILURE | OK OK
19 1.069 0.080| 0.192| OK OK OK
20 0.682 0.684| 0.648| FAILURE | FAILURE | OK
21 1.069 0.090| 0.151| OK OK OK
22 1.087 0.078| 0.276| OK OK OK
23 1.098 0.175| 0.298| OK OK OK
24 0.772 1.164| 0.692| FAILURE | FAILURE | FAILURE
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Table 11(continued)

25 0.560 0.941| 0.529| FAILURE | FAILURE | OK
26 0.568 0.456| 0.395| FAILURE | OK OK
27 0.782 1.027| 0.766 | FAILURE | FAILURE | FAILURE
28 0.450 0.387| 0.321| OK OK OK
29 1.356 0.117| 0.401| OK OK OK
30 1.335 0.088| 0.327| OK OK OK
31 1.116 0.178| 0.388| OK OK OK
32 1.086 0.175| 0.297| OK OK OK
33 1.599 0.092| 0.368| OK OK OK
34 1.598 0.092] 0.363| OK OK OK
35 0.838 0.889| 0.617| FAILURE | FAILURE | OK
36 1.086 0.153] 0.201| OK OK OK
37 1.099 0.081] 0.182| OK OK OK

FromTablel], it can be said that wall numtset, 2, 3, 5, 6, 7,12, 13,14, 15, 16,
17, 18,20, 24, 25, 26, 27, and 35 need to be strengthened and the strengthened model
will be discussednoredetailin Chapter 4.

3.4.4 Analysis of Unstrengthered House 2 Model

Each wall is numbered as showrFigure3.34:
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Figure3.34. House 2 Brick Wall Numbering.

All stresses and bending moments are considered for the envelope
combinations It takes the maximum values froafl the maximum values at each
load combination determined in secti®:3.

Axial stress in X direction (S11) is calculated as:
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Figure3.36. House 2Axial stress X direction (S11) general vi¢R).
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Axial stress in Y direction (S22) is calculated as:
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Figure3.38. House 2 Axial stress Y direction (S22) general Vi2jv

Shear stress (S12) is calculated as:

Figure3.39. House ZShear Stress (S12) general view.

From the analysis result, maximum tension stress in X direction (S11) and Y
direction (S22) are tabulated at each wall.

As an example, at wall numb2the following values arebtained.

Maximum tension stress in X direction (S11) is calculated 3s80Pa.

Maximum tension stress in Y direction (S22) is calculate@l BB4AMPa.

Maximum and minimum shear stress (S13)akulated as 079MPa.

To find the maximum shear stresses appbedhe masonry walls, the following

formulas are usedavhich are based aheMohr Circle stress concept:
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