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ABSTRACT 

EARTHQUAKE RESISTAN CE ASSESSMENT AND IMPROVEMENT  

FOR NON-ENGINEERED CONFINED MASONRY  HOUSES IN 

INDONESIA  

 

 

 

Putra, Muhamad Abiyyu Ali 

Master of Science, Civil Engineering 

Supervisor: Prof. Dr. Ahmet Türer 

 

 

April 2024, 183 pages 

 

 

Local architecture and construction techniques differ based on the traditional 

inheritance in each country and region. Unique construction techniques can be seen 

in Türkiye, China, Japan, Indonesia, Latin America, Africa, etc. This thesis 

concentrates on the safe structural design of the selected non-engineered confined 

masonry houses and contains development of applicable strengthening techniques to 

those non-engineered houses. The non-engineered houses evaluated in this thesis are 

in Indonesia, Southeast Asia, where it has a tectonically complex and seismically 

active area; this region consists of 3 large tectonic plates and 9 smaller plates. These 

plates with different movements have created subduction and fault zones that are 

continuously active. Unfortunately, most non-engineered confined masonry houses 

made from masonry are not appropriately built, and when earthquakes occur, severe 

damage or even total collapse happens at relatively low magnitude. Thus, this thesis 

concentrates on evaluation and strengthening techniques that can be applied to the 

typical traditional masonry house type while considering the out-of-plane bending 

capacity, crack generation via tensile stresses (such as opening wall at the corners), 

strengthening methods using additional columns-lintels and post-tensioning, and 

obtainability of the material which will be used to strengthen masonry houses.  

Keywords: Earthquake Resistant Design, Confined Masonry House, Non-

Engineered House 
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ÖZ 

ENDONEZYAôDA M¦HENDĶSLĶK HĶZMETĶ ALMAMIķ KUķATILMIķ 

YIĴMA EVLERĶN DEPREME KARķI DAYANIKLI 

DEĴERLENDĶRĶLMESĶ VE GELĶķTĶRĶLMESĶ 

 

 

 

Putra, Muhamad Abiyyu Ali 

Yüksek Lisans, Ķnĸaat M¿hendisliĵi 

Tez Yöneticisi: Prof. Dr. Ahmet Türer 

 

 

Nisan 2024, 183 sayfa 

 

Her ¿lke ve bºlgede yerel mimari ve inĸaat teknikleri, o ¿lkenin ve bºlgenin 

geleneksel mimari mirasēna dayalē olarak farklēlēklar gºsterir. T¿rkiye, ¢in, Japonya, 

Endonezya, Latin Amerika, Afrika gibi farklē ¿lkelerde benzersiz inĸaat teknikleri 

görülebilir. Bu tez, se­ilmiĸ yerel m¿hendislik hizmeti almamēĸ kuĸatēlmēĸ yēĵma 

evlerin depremlere dayanēklē g¿venli yapēsal tasarēmē ele almakta ve uygulanabilir 

g¿­lendirme tekniklerini geliĸtirmektedir. Bu kapsamda deĵerlendirilen yerel evler, 

aktif fay hatlarēna sahip tektonik olarak karmaĸēk ve sismik olarak aktif bir bºlge 

olan G¿neydoĵu Asya'da yer alan Endonezya'da bulunmaktadēr. Maalesef, ­oĵu 

yerel yapē uygun ĸekilde inĸa edilmemekte ve depremler meydana geldiĵinde d¿ĸ¿k 

büyüklüklerde bile ciddi hasar veya tam çökme meydana gelmektedir. Bu nedenle, 

bu tez, tipik geleneksel mimaride tuĵla yēĵma ev t¿r¿ne uygulanabilecek 

deĵerlendirme ve g¿­lendirme teknikleri ¿zerine odaklanmaktadēr; d¿zlem-dēĸē 

eĵilme, duvar kºĸelerinde a­ēlma, ­ekme gerilme yoluyla ­atlak oluĸma, ek duvar i­i 

ince kolon, lento ve ard-germe kullanarak g¿­lendirme yºntemleri, ve taĸ evleri 

g¿­lendirmek i­in kullanēlacak malzemenin elde edilebilirliĵi de dikkate 

alēnmaktadēr. 

 

Anahtar Kelimeler: Depreme Dayanēklē Tasarēm, ¢evrelenmiĸ Tuĵla Yēĵma Ev 
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LIST OF SYMBOLS  

 

SYMBOLS 

 

P  Design wind pressure (N/m^2) 

q Incoming wind velocity pressure (qz) measured at height z or other 

wall/roof velocity pressure (qh) measured at height h (N/m2) 

 

qi Velocity pressure to evaluate the positive/negative internal pressure 

on all surfaces. The value is conservatively taken as (qh) measured at 

a height h (N/m2) 

 

G  Coefficient factor due to wind blow (taken as 0.85) 

 

Cp  Coefficient due to external pressure 

 

(GCpi) Coefficient due to internal pressure (for a fully closed building the 

value is taken as 0.18) 

V  Base wind velocity (taken as 40 m/s) 

Kd  Coefficient due to wind direction factor (taken as 0.85) 

Kzt   Coefficient factor due to topography factor 

Kz/Kh  Coefficient factor due to velocity pressure 

ůx   Axial stress in X direction (S11) (MPa) 

ůy   Axial stress in Y direction (S22) (MPa) 

Űxy   Shear stress (S12) (MPa) 

ůmax   Max axial stress (MPa) 

ůmin   Min axial stress (MPa) 

Űmax   Max principal Shear stress (MPa) 

M11  Max bending moment applied to the wall along 1-1 plane (kNm) 

M22  Max bending moment applied to the wall along 2-2 plane (kNm) 

T  Thickness of wall (m) 

L  Length of wall (m) 

H  Height of wall (m) 

ʎ   Flexural tensile strength at 1-1 Plane (MPa) 
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 ʎ   Flexural tensile strength at 2-2 Plane (MPa) 

ɿ   Deflection at the required location based on elastic analysis. 

Ie  Importance factor based on section 11.5.1 ASCE 7-16 

Cd  Deflection amplification factor based on table 12.2-1 ASCE 7-16 
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        CHAPTER 1 

 

 

1 INTRODUCTION  

1.1 Masonry House Construction in Indonesia 

Indonesia is located between convergence of three major plates- the 

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 boundaries. The tectonic plate 

boundaries are shown in Figure 1.1, where black ñtoothedò curves 

indicate active subduction zones, and red lines are active faults. This 

location makes it one of the worldôs most seismically active 

countries in the world while ranking as 4th 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 non-engineered buildings, which are 

buildings that are traditionally constructed using locally available 

materials without any or insufficient interference from professional 

Architects or Civil Engineer in their design. Considering the 

continuous use of this practice in Indonesia, reducing the collapse 

risk after an earthquake is extremely necessary to save lives either 

by retrofitting methods for the existing masonry houses or applying 

strengthening techniques for the construction of the new masonry 

houses. 
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Figure 1.1. Tectonic plate boundaries of Indonesia and its 

surrounding region using crustal relative motion from GPS data 

(blue arrows) up to 2016 [1]. 

 

Masonry is considered as one of the oldest construction types that are still 

used in modern construction. The masonry term itself is applied to any 

building systems that are constructed by stacking small units of various 

materials with the most common ones are stone, clay, or concrete. These 

small units are then combined using mortar to form walls, columns, beams, 

domes, or arches. In addition to this, masonry is known for its fire resistance, 

durability, thermal insulation, and widespread availability. However, 

regarding its seismic response and design properties, limited research is 

available compared to reinforced concrete and steel. Thus, this thesis aims to 

give additional contribution to masonry-related research by focusing on a 
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strengthening technique for three diverse types of one-floor non-engineered 

masonry houses that are located at Aceh Province Indonesia using some 

strengthening techniques at masonry walls to improve its earthquake-

resistant capacity. Moreover, the retrofitting or strengthening technique that 

will be applied also preferably uses readily available materials with relatively 

straightforward installation for these methods to be installed properly and 

effectively due to lack of skilled worker and limited tools availability. 

 

One of the masonry houses is shown in Figure 1.2. It is constructed as a 

confined masonry structure in which additional tie beams and columns are 

used and these will increase the structure's lateral capacity while keeping the 

masonry wall together under earthquakes. However, 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 walls. During 

earthquakes, the wall perpendicular to the direction of earthquake 

acceleration is weaker and more flexible than the walls parallel to the 

direction of shaking. Additionally, both in-plane failure modes and out-of-

plane failure modes are possible in which in-plane failure modes occur with 

shorter walls where the ratio between lateral support distance and wall 

thickness is relatively small, while out-of-plane failure modes are a concern 

for slender walls.  
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Figure 1.2. One of non-engineered 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 solid. In Indonesia, solid clay 

bricks are mainly used for one-story confined masonry construction. 

This brick is produced by mixing clay with water and putting it into 
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brick mold. The mold has been designed according to the desired 

dimension (around 20x10x5 cm). 

 

After bricks have been shaped according to the desired dimensions, 

they are dried under sunlight for around 2-7 days according to the 

weather and bricks' condition. After it is dry enough, it is heated in a 

furnace, and it takes around 7 days to heat 50,000 clay bricks. Once 

heated adequately, it is left outside for approximately 1 day before it 

is ready to be used. 

 

The mechanical properties of the clay brick consist of the following: 

1. Compressive Strength 

 

The compressive strength of masonry bricks varies based on 

masonry materials, void ratio, aspect ratio, and production 

method. According to a direct compression test [2], the traditional 

Clay brick method has the highest compressive strength value of 

4.69 MPa. 

 

2. Tensile and Shear Strength 

 

A standard testing procedure for the determination of tensile 

strength of masonry is not available in Indonesian code. However, 

an experiment has been done to determine the tensile and shear 

strength of traditionally made clay bricks [3]. This experiment 

gives the tensile and shear strength of traditional clay bricks as 

2.03 kg/cm2 (0.199 MPa) and 3.04 kg/cm2 (0.298 MPa), 

respectively. 
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3. Flexural Strength 

 

For checking the flexural strength of masonry, point load tests 

were used on a single clay brick [2] and the average flexure 

strength is found as 1.803 MPa. Moreover, a wall consisting of 

bricks and mortar was assessed using 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 modulus of elasticity describes clay brickôs resistance to 

deform when subjected to applied load. For obtaining the 

modulus of elasticity for clay 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 obtained as 3201.86 MPa [4]. 

1.2.2 Mortars  

Mortar is used to bind bricks together. This material is made from an appropriate 

ratio of Portland cement, sand, lime, and water. In Indonesia, the sand and 

Portland cement ratio is 3:1, while 1 bag of mortar will be mixed with 11 liters 

of water. It should be noted that wet mix makes it easier to apply while dry mix 

makes it have a stronger bond; thus, experience is also needed when mixing 

mortar. In addition to that, lime is used to accelerate the hardening of mortars 

and increase the strength of mortars. In this scenario, the recommended sand, 

lime, and cement ratio is 6:2:1. One of the standard methods to test whether the 

mortar is at a suitable viscosity is by taking a fair amount of mortar using a small 

shovel and putting it at 90° so the mortar mix should not fall. The compressive 
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strength test was done according to SNI 03-2156-1991 [2], and the mortar 

compressive strength was found as 8.167 MPa. 

1.2.3 Tie Columns and Beams 

In addition to bricks and mortars, the main components of confined masonry 

structures are tie columns and beams. In this thesis, the column and upper beam 

cross-section is 15 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. Moreover, the bottom beam cross-section is 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 primary function of having confined columns and beams in this masonry house 

is to enhance the stability and integrity of masonry walls when subjected to in-plane 

and out-of-plane earthquake forces while reducing the brittleness of masonry walls. 

However, considering the damage that occurred after the earthquake still 

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 in-plane action, there are three failure mechanisms which can be 

observed: 

1. Sliding Shear 

2. Diagonal Tension 

3. Flexure 
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Figure 1.3. In-Plane failure mechanism of masonry wall [5]. 

 

Sliding shear usually occurs due to low-quality mortar usage and low 

magnitude of axial load, which results in the sliding of the upper part of 

the wall on the horizontal mortar joints. Moreover, it usually occurs at the 

upper story of a building where the vertical loads are low while lateral 

loads are high. 

 

Diagonal tension is observed to be the most common failure mechanism 

of masonry walls under seismic load for in-plane failure. This failure 

happens due to a combination of vertical and horizontal loads where 

principal tensile stresses developed in the wall surpass the tensile strength 

of masonry and it is characterized by an X-shape and can propagate along 

mortar joints, masonry units, or both. 
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In-plane flexural failure occurs when shear resistance is improved with a 

high moment to shear ratio which causes the crushing of compressed 

zones at the ends of the wall. It is rarely observed for masonry buildings 

because of the low ratio between tensile and compressive strength of 

masonry materials and structural characteristics of masonry (low moment 

to shear ratio), which cause predominant shear-type behavior when 

subjected to earthquake loads at in-plane direction. 

1.3.2 Out-of-Plane Failure Mechanism 

The out-of-plane behavior of masonry walls largely depends on floor-

wall connections. When the walls are appropriately connected to the 

floors, out-of-plane behavior is usually not critical. Moreover, depending 

on the boundary conditions, connection types, and properties, different 

types of bending action that leads to out-of-plane behavior are as follows: 

1. Vertical Bending 

2. Horizontal Bending 

3. Two-way diagonal bending 
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Figure 1.4.Bending action type which causes out-of-plane failure 

[5].  

Vertical bending is the most common type of out-of-plane failure, and it 

occurs due to poor wall-to-wall connections. Furthermore, it can be assumed 

that the stress-strain relationship is linear until failure (elastic-brittle 

behavior) and section is assumed to fail when tensile strength reaches the 

outermost fiber. During 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 the base only. 

 

Horizontal bending occurs when a wall-to-floor connection is poor. 

Moreover, since both units and mortars may fail at their ultimate state, a 

complex distribution of stresses between brick units and mortars is expected. 

In horizontal bending, there are two failure modes, shown in Figure 1.4. 

  

Two-way diagonal bending is the most complex out-of-plane behavior in 

which both wall-to-wall and wall-to-floor connections support masonry 

walls. In the two-way diagonal bending case, the virtual work method can be 

the best solution because it performs well for different wall geometries, 

perforations, etc.) [5]. 
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1.3.3 Failure Mechanisms of Confined Masonry Walls with No 

Diaphragm Action 

The failure mechanism of confined masonry walls without diaphragm action 

relies heavily on the stiffness and strength of the walls without additional 

stiffness that is provided by horizontal element such as slab which cause the 

walls to become more vulnerable when subjected to lateral forces especially 

in out-of-plane direction which can lead to larger deformation compared to 

the walls with diaphragm action. Furthermore, 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 result, confined masonry walls without diaphragm action can 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 to partial walls collapse or total collapse. Moreover, 

lack of anchors between tie columns and walls can cause separation and 

diagonal crack at the walls at a large earthquake excitation, the observed 

damage at these confined masonry houses without diaphragm action will be 

explained in section 1.4.   

1.4 Typical Observed Damage for Non-Engineered Masonry House in 

Indonesia 

According to field observations that have been done for the last 35 years of 

post-earthquake response of non-engineered confined masonry houses in 

Indonesia, both in-plane and out-of-plane failure of walls cause damage or 

collapse to the walls. However, according to T. Boen [6], the main cause of 
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the EQ damage is dominantly the out-of-plane loading. The following typical 

damages are observed as follows: 

 

1. For small magnitude earthquakes, the walls may stay intact; however, 

especially for roofs with steep slopes, it might have major roof tiles 

dislocations as seen in Figure 1.5. Although this damage is not structural, 

it may still hurt people and cause life losses if the heavy tiles fall on heads 

of occupants. 

 

Figure 1.5. Roof tiles dislocation [6]. 

 

2. For larger earthquake excitations, it was observed that the infill walls are 

separated from the confinement columns. This type of failure is 

dominantly seen when there are no anchors between the infill wall and 

the columns. The separated infill may also start to form diagonal cracks 

as it can be seen in Figure 1.6. 

 

Figure 1.6. Separation and cracking of infill walls [6]. 
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3. For larger magnitude of earthquake, lack of concrete slab at the upper 

part of the wall causes out of plane failure of the masonry walls as shown 

in left figure in Figure 1.7 while the right figure show total collapse due 

to out of plane failure. 

 

Figure 1.7. Out of plane failure of the masonry walls [6]. 

4. Openings on the walls are necessary for windows and doors addition. 

However, these openings reduce in-plane and out-of-plane resistance of 

walls because it reduces the overall wallsô cross-section and cause stress 

concentrations at corners which can initiate formation of diagonal crack 

as shown in Figure 1.8. 

 

Figure 1.8. Failure at corners of openings [6]. 

 

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

the tensile strength of masonry or mortar might be exceeded. In this case, 
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diagonal cracks can start to develop at the masonry wall as shown in 

Figure 1.9. 

 

Figure 1.9 Diagonal cracks in walls [6]. 

 

6. For a large magnitude earthquake, some of the walls which are wider, 

have inadequate mortar and brick material qualities, lack of concrete slab 

and anchor connection between tie columns and masonry wall. Some of 

the walls might collapse completely as shown in Figure 1.10. 

 
Figure 1.10. Total collapse at some of the walls [6]. 

7. For extremely large magnitude of earthquakes in addition to worse 

workmanship and structural properties, the houses may experience total 

house collapse, which is the worst failure mode of them all. The 

occupants are likely to experience life and property losses as shown in 

Figure 1.11. 
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Figure 1.11. Total house collapse [6]. 

1.5 Objective and Scope 

The case studies used in this thesis are specifically the masonry houses built 

in Banda Aceh region. The proposed strengthening techniques are explained 

in the subsequent sections and the main objectives of this thesis are 

summarized as follows: 

¶ Evaluate the behavior of non-engineered confined masonry 

houses in Indonesia against EQ loads and wind / rain load 

combinations using SAP2000 as linear models. 

¶ Investigate the effect of strengthening techniques on the non-

engineered masonry houses. 

1. Post-tensioning (proposed), 

2. Addition of lintels, 

3. Additional tie columns inside brick walls,  

4. Chicken wire mesh and OSB covering (discussed). 

¶ Develop the most optimal and cost-efficient strengthening 

technique for non-engineered masonry houses. 

¶ Provide guidelines regarding safer housing for Indonesian 

citizens that are simple and low-cost to apply. 
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Furthermore, the scope of the study can be explained as follows: 

¶ Mesh Sensitivity Analyses of 3 house types. 

¶ Finite Element Modeling of houses 

1. Nominal (as built) models. 

2. Addition of one layer of lintels.  

3. Addition of extra in-wall columns for long walls. 

4. Combination of additional lintels and additional columns. 

5. Analytical calculations for vertical post-tensioning of 

walls. 

¶ Application of yield-line theory to calculate wall failure (Mcr). 

¶ Listing minimum requirements and recommendations 

¶ Discussion of results and conclusions. 
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CHAPTER 2 

 

 

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 dissipation capacity etc. Some of the 

strengthening techniques which have been done are summarize as follows:  

2.1 Strengthening of Masonry Wall Using Bamboo Component 

A study was done by using different configurations of bamboo to strengthen 

masonry walls [7]. Bamboo was chosen 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 applied to the 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 components above 

the wall and located at lowermost of six-story building. In addition to this, 

cyclic lateral load was also applied and increased gradually by 30 kN 

increments to simulate earthquake loads. 
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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 has similar lateral strength compared to other 

wall strengthened with half amount of bamboo reinforcement. Moreover, 

strengthening techniques using bamboo mats are also 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. 

2.2 Strengthening of Masonry House Wall Using 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 in Figure 2.1. 

 

Figure 2.1. Test configuration for strip walls where (a). Using STR Chains 

and (b) Hybrid system [8]. 
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From the test result, out-of-plane capacity of brick and briquette walls 

increased 9 and 5 times compared to original capacities, respectively. 

In addition to this, two-full scale traditional masonry houses were tested 

using a tilting table and the experiment showed that capacity of strengthened 

house increase 75% compares to unstrengthened one. 

2.3 In -Plane Seismic Strengthening of Masonry Wall Using Rebars 

Moreover, there is another research in which masonry walls were 

strengthened by rebars for in-plane seismic strengthening [9]. Different 

configurations of rebars position were applied and in-plane 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 experiment, the ultimate 

lateral load capacity of 6 m 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 house. In addition to that, for the 2 m 

long brick URM wall, the nominal capacity of walls with combination of 

vertical, horizontal, and diagonal rebar post-tensioning has an improvement 

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

from different configurations is shown in Figure 2.2. 
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Figure 2.2. Ultimate load capacities for different rebar 

configurations [9]. 

 

 

2.4 In -Plane Strengthening of Wall Using Timber 

In another research, timber was used to enhance in-plane shear strength and 

deformation capacity [10] by comparing typical brick wall (BW wall), 

reinforced brick wall with timber (BW-T wall) and reinforced brick wall 

strengthened with timber wall and addition of hold down anchor (BW-TA 

wall) as shown in Figure 2.3. 
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Figure 2.3. (a) Preparation of brick masonry wall; (b) and (c) unstrengthened 

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 anchor [10].  

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 pre-compression stress of 0.2 MPa. It was observed that BW-T 

wall failed at the lowest part of wall, but it can maintain its original shape 

compared to BW wall while the horizontal load capacity does not improve. 
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Moreover, when BW-TA wall was tested, max horizontal load capacity 

increased by 22% while drift angle calculated from diagonal measurement 

increased by 4.6 times. Moreover, experimental results show that plywood 

panels can withstand diagonal tension Forces better than timber Frames. For 

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-T during cyclic load, but it 

maintained original shape of brick wall. For BW-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 in mortar joint. 

 

 
 

Figure 2.4. Comparison of envelope curve according to horizontal load 

and drift angle for walls [11]. 

 

The horizontal load of BW-TA wall is 14.8% (36.2%) higher than BW wall 

in positive (negative) loading and it is 22% greater in mean result at 

maximum load. The combined effect 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 hold-down anchor in BW-TA 

wall can decrease the vertical tensile cracking of the wall.  
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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 strips [12]. The dimensional 

details of masonry specimens are shown in Figure 2.5. 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 thickness, diameter of steel rebars, and reinforcement types (double-face 

or single-face strengthening). 

 

 
Figure 2.5. Dimensional details of masonry 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 face. Initially, 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 
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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 cycles with increment of cracking displacement value. For 

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 load. By using reinforced mortar cross strips, shear capacity of 

brick wall increased by 38.2% and reinforcement ratio noted to be the key 

factor to influence shear capacity. Moreover, mortar cross strips have 

negligible stiffness and mass compared to the original structure with low cost, 

minimal impact and easy construction while the load which can initiate crack 

of strengthened walls increased by 20.1-42% and ultimate load improved by 

38.2-65%. In addition to that, the influence of double face strengthening is 

higher on the peak load than on cracking load while ductility improves 1.6 

times for single-face and 2.8 times for double-face shear failure remain the 

main failure of RM strengthened walls. Additionally, increase of depth-width 

ratio will decrease shear capacity and depth-width ratio has more significant 

effect compared to strength grade of masonry mortar. 

2.6 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 mortar [13]. 8 walls were constructed using multi-

perforated clay bricks and horizontally reinforced with ladder-type bed-joint 

reinforcement as shown in Figure 2.6 and the test setup is shown in Figure 

2.7. All walls except W3 and W6 were subjected to axial stress of 0.55 MPa 

and axial stress was kept constant while in-plane cyclic horizontal 

displacement was applied incrementally until collapse. All tests except W8 

were terminated when lateral load of the specimen 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 

observe its effectiveness in improving shear capacity of wall.  

 

Figure 2.6. Dimensional details of masonry walls and different vertical 

reinforcement configurations (all dimensions are measured in mm) [13] a 

W1, b W2, c W3/W4, d W5, e W6/W7, and f W8. 
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Figure 2.7. Experimental setup for the masonry walls [13]. 

The study proved that as the horizontal reinforcement ratio increases, lateral 

capacity of walls increases especially for square and slender walls. Moreover, 

axial load influence becomes more relevant as aspect ratio decreases. From 

the test result, it is observed that when the wall has higher horizontal 

reinforcing bars it will have more distributed crack pattern. Moreover, wallsô 

maximum resistance was negatively impacted by a significant diagonal 

crack's abrupt growth in size and thickness in one of the load directions. In 

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

also increases. While regarding the shear capacity of walls, maximum lateral 

load decreases when aspect ratio increases. Moreover, aspect ratio of walls 

was found to be the primary design parameter influencing stiffness 

degradation. 

2.7 Non-Engineered Masonry House Finite Element Modelling 

In a thesis regarding one story non-engineered masonry house modeled using 

different types of bricks (hand-made bricks and factory-made bricks) [14]. 

The house was modeled using SAP2000 and the analysis results were 
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compared with the experimental results. The masonry wall was modelled as 

shell-thin elements 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 result it was found that the hand-made clay 

brick wall has much less compressive and tensile strength compares to 

factory made brick with comparable shear strength (hand-made brick has 

0.832 MPa, 0.203 MPa and 0.304 MPa of compressive strength, tensile 

strength, and shear strength respectively while factory-made brick has 12 

MPa, 1.67 MPa and 0.35 MPa respectively). 

 

From the SAP2000 analysis result it was obtained that the maximum 

principal stress for hand-made clay brick was 0.136 MPa with maximum 

shear stress of 0.0542 MPa. These maximum principal stresses and maximum 

shear stresses are less than hand-made brick tensile and shear capacity. For 

the factory-made brick, the obtained maximum principal stresses and shear 

stress were obtained as 0.1922 MPa and 0.07225 MPa respectively. These 

analyses results are less than factory-made brickôs tensile and shear capacity 

and it was concluded that the building can withstand the earthquake load 

which might occur in the region. 

2.8 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 recommended to use for cracks larger than 5 mm up to 

40% of damage at walls [15] ,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 mesh and a 3-story 

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. In addition to 

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 Mortar [16]. In this study, 3 

unstrengthened walls and 3 walls strengthened with Khorasan mortar + steel mesh 

on one side were tested and the steel mesh + 4 cm anchor application is shown in 

Figure 2.8. 
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Figure 2.8. Steel mesh and 4 cm thick Khorasan mortar application [16]. 

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 35.53 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 Wallôs Out-of-Plane Strength after Retrofitted with OSB 

A study compared unstrengthen wall with one sided strengthened masonry wall and 

two-sided strengthened masonry wall using OSB as shown in Figure 2.9. Masonry 

wall dimension is 1115 x 1115 x 215 mm, and three experimental phases were done: 

experimental procedures to obtain masonry components properties, out-of-plane 

flexural bond strength tests and out of plane bending test by four-point loading test 

on all walls [10]. 

 

 

 

Figure 2.9. Dimension of masonry wall specimens and its connection layout for one-

sided and two-sided walls (in mm) [10]. 

From the experimental results, one sided OSB can increase out-of-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 



 

 

31 

 

observed that deflection capacity of double-sided wall is higher than both 

unstrengthen and one-sided wall.  

 

For the failure pattern, it is observed that failure of the unstrengthen wall was 

cracks opening at mortar joint at wallsô middle height while the OSB 

application causes formation of horizontal cracks at middle third of walls 

after higher load was applied and collapse occurred when the walls reached 

OSBôs ultimate strain. In addition to that, compared to fiber-based retrofit 

technique, the cost of applying OSB is around 30% cheaper. 

 

2.10 Tensile Strength in Bending Comparison between Clay Brick and 

Aerated Brick 

The research aims to compare the flexural strength of clay made brick wall 

and aerated brick (made from fly ash, cement, lime, and aluminum powder) 

using experimental procedures [2]. 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 measure wallsô behavior towards 

perpendicular force i.e. out-of-plane failure. Moreover, this research also 

analyzed the effect of adding galvanized wire horizontally between light 

weight bricks to both clay bricks and light weight bricks walls. 

The flexural strength results are given in Table 1 
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Table 1. Flexural Test Analysis Results [2]. 

No Wall Type 
load 
(kN) 

Deflection 
(mm) 

Flexural 
Strength 
(MPa) 

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

3 
Light Brick+1 
wire 1.734 1.811 0.424 

4 
Light Brick+3 
wire 2.235 1.875 0.546 

5 
Light Brick+5 
wire 1.768 1.409 0.432 

 

The table shows that clay brick walls can resist the highest load compared to light 

weight brick and light weight bricks with additional galvanized wire. 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 of galvanized wire can cause a significant decrease in 

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

the optimum addition for light weight brick [2]. 

2.11 Evaluation of Confined Masonry Houses Guidelines 

Non-engineered 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 etc. [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 masonry construction which 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 masonry houses. 

To ensure a proper detailing and determination of each memberôs cross section 

in non-engineered confined masonry houses, guidelines have been developed 

which are based on available codes from different countries and simplifying 

complex codesô design 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 in-plane 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 columns and lack of 

tie columns at some of the wall ends and intersections. 

2. Construction and post-construction. 

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 major deficit in regulation regarding the inspection 

systems for confined masonry houses to assess bad workmanship, material, 
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and connection detailing which cause houses that are severely damage even 

in lower magnitude earthquakes. 
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CHAPTER 3 

 

 

3 UNSTRENGTHENED CONFINED MASONRY HOUSE 

MODELING  

3.1 Modelling of the Unstrengthened Confined Masonry Houses 

The corresponding houses are modeled based on the engineering drawing provided 

by Showbitz company, which is located at Banda Aceh city, Aceh province in 

Indonesia. The first and third houses are 1-story houses with 1200x900 cm 

dimensions, consisting of 2 symmetrical houses with different wall configurations. 

The second house is a smaller house with 600x800 cm dimensions with shorter 

height (3.15 m) compared to the other houses (3.6 m) but using a higher roof slope 

20° compared to 10° for houses 1 and 3). Initially, materials that consist of masonry, 

concrete (for tie columns and tie beams), and roof materials are assigned in SAP2000 

as follows: 
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1. Masonry material properties of typical clay brick in Indonesia is taken from 

experimental result that is based on Indonesian standard [18]. 

 

 

Figure 3.1. Masonry material properties. 

2. Mortar material properties that are made from an appropriate ratio of Portland 

cement, sand, lime, and water. In Indonesia, the sand and Portland cement 

ratio is 3:1 and the experimental result to determine its properties is shown 

in Figure 3.2 [18]. 
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Figure 3.2. Mortar material properties. 

 

 

3. Concrete K-175 is used which is based on SNI 2847:2019 [19]. 

 
Figure 3.3. Concrete material properties. 
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4. Zinc is the material used for roof covers and zinc will be connected with roof 

trusses and purlins using nails. 

 

 

Figure 3.4 Zinc material properties. 

After the materials are assigned, the houses are modeled using shell elements (for 

masonry and roof cover) and frame elements (for columns, beams, and truss elements 

for the roof). Moreover, unstrengthened houses are developed using SAP2000 as 

follows: 

 

1. Macro Modeling Shell Model of House 1 

 

The model uses a macro modeling assumption in which masonry walls 

consist of masonry materials while the interaction between mortar and 

masonry was not considered in this model. The model of house 1 is shown in 

Figure 3.5 and Figure 3.6. 
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Figure 3.5. Macro modeling of shell Model House 1 3-D View. 
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Figure 3.6. Macro Modeling of Shell Model House 1 Top View 

 

2. Macro Modeling Shell Model of House 2 

 

The second house is an unsymmetrical shape house with a shorter height but 

a higher slope compared to the first and third houses; the model is shown in 

Figure 3.7 and Figure 3.8: 
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Figure 3.7. Macro Modeling of Shell Model House 2 3-D View. 
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Figure 3.8. Macro Modeling of Shell Model House 2 Top View. 

 

3. Macro Modeling Shell Model of House 3 

 

The third house is similar to house 1 in terms of overall shape but has a 

different interior wall configuration. The model is shown in Figure 3.8 and 

Figure 3.9 :  
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Figure 3.9. Macro Modeling of Shell Model House 3 3-D View 
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Figure 3.10. Macro Modeling of Shell Model House 3 Top View. 
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3.2 Load Application 

Each model's load combinations are assigned based on SNI 1727:2020 [20], 

which is an Indonesian code for determining minimum design loads and other 

required criteria. In this code, the following loads are considered for the house: 

3.2.1 Dead Load 

Dead load is the self-weight of the house which includes the weight of masonry, 

mortar, zinc roof, concrete, steel hollow, and steel truss. SAP2000 automatically 

calculates this weight. 

3.2.2 Wind Load 

Wind load is calculated according to SNI 1727:2020 [20] which is based on ASCE 

7-16 using the following formula: 

 

P = q*GCp - qi*(GCpi) 

While q is calculated using either formula: 

 

qz = 0.613*Kd*K zt*Kz*V 2 

qh = 0.613*Kd*K zt*Kh*V 2 

 

For comparison, TS498 [21] has q=0.625*V 2; However, SNI code was used for 

consistency. In SAP2000, the program can automatically calculate the required wind 

pressure according to ASCE 7-16. However, it is necessary to input the required 

coefficient due to external pressure on each side of the walls and roofs. This 

coefficient is obtained from Table 2 taken from SNI 1727:2020 [20]: 
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Table 2. External Pressure Coefficient for wall. [20] 

External Pressure Coefficient, Cp 

surface L/B Cp 

windward 

wall 

All 

Values 0.8 

  

Leeward 

wall 

  

0-1 -0.5 

2 -0.3 

Ó4 -0.2 

Side wall 

All 

Values -0.7 

 

 

Table 3. External Pressure Coefficient for Roof. [20] 

External Pressure Coefficient 

for Roof, Cp 

windward side 

angle 

wind direction h/L 10 15 20 25 30 35 45 Ó60 

perpendicular to roof 

top for Ó 10Á 

Ó0.25 
-0.7 -0.5 -0.3 -0.2 -0.2 -0.2 0 

0.01*ɗ 
-0.18 0 0.2 0.3 0.3 0.3 0.4 

0.5 
-0.9 -0.7 -0.4 -0.3 -0.2 -0.2 0 

0.01*ɗ 
-0.18 -0.18 0 0.2 0.2 0.3 0.4 

Ó1 
-1.3 -1 -0.7 -0.5 -0.3 -0.2 0 

0.01*ɗ 
-0.18 -0.18 -0.18 0 0.2 0.2 0.4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

47 

 

Table 4. External Pressure Coefficient for Roof. [20] 

External Pressure Coefficient for 

Roof, Cp 

Leeward side 

Angle 

wind direction h/L 10 15 Ó20 

Perpendicular to roof 

top for Ó 10Á 

Ó0.25 -0.3 -0.5 -0.6 

 

0.5 -0.5 -0.5 -0.6 
 

 

Ó1 -0.7 -0.6 -0.6 
 

 

  

Horizontal 

distance from 

windward side Cp 

 

Parallel to roof top for 

all ɗ 

Ò0.5 

0-h -0.9  

h-2h -0.5  

>2h -0.3  

Ó1 
0-h/2 -1.3  

>h/2 -0.7  

 

Where óLô is the length of the house parallel to the wind direction, óBô is the length 

of the house perpendicular to the wind direction and óhô is the height from bottom to 

top half of the roof. 

 

As an example, house 1 and house 3 wind 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 option as shown in Figure 3.11: 
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Figure 3.11. Wind load assignment. 

 

In addition to that, the coefficients due to external pressure (Cp) are applied according 

to Figure 3.11. For the wind in X direction. Cp value 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 towards outside, and the wind direction is directed towards the wall for the 

incoming side. Thus, the Cp value for the incoming wall side is taken as -0.8, and it 

is assigned in SAP2000 as shown in Figure 3.12 : 
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Figure 3.12. Cp assignment 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 direction. Thus, the Cp value is taken as 0.7. 

In addition to that, for the outgoing side of the wall, L/B should be calculated. L/B 

value for X direction is calculated as: 

 

ὒ

ὄ

ρς

ρπ
ρȢς 

 

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

required Cp value, and the value is calculated as: 

 

ὅ πȢυ

πȢσ πȢυ

ρȢς ρ

ς ρ
 

ὅ πȢτφ 

 

This value is directed toward the outside. Thus, the Cp value is taken as 0.46. 

For the roof, considering the X direction of a rooftop is parallel to the wind direction, 

h/L is calculated as: 
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Ὤ

ὒ

σȢφ πȢυ

ρπ
πȢτ 

 

The horizontal distance of the roof (12 m) is more than 2*h (8.2 m). Thus, Cp for 

wind X is taken as 0.3. For wind Y, the roof top is perpendicular to wind direction 

and the roof angle is 15° and h/L is calculated as: 

  
Ὤ

ὒ

σȢφ πȢυ

ρπ
πȢτ 

 

Thus, Cp for wind Y at the windward and leeward sides is taken as 0.7 and 0.5, 

respectively.  

3.2.3 Earthquake Load 

Earthquake load is determined according to SNI 1726:2019 [22], based on ASCE 7-

17. To obtain the earthquake response spectrum of the house location, the Ministry 

of Infrastructure of Indonesia has provided a website to obtain the required response 

spectrum. The interface of the website is shown in Figure 3.13: 
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Figure 3.13. Interface of the Indonesian Design Spectra website 
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The earthquake load analysis of non-engineered masonry houses uses data 

from the Ministry of Infrastructure of Indonesia, and the response spectrum 

is added to SAP2000. The obtained Ss, S1, and T values are being input into 

SAP2000 as shown in Figure 3.14: 

 

 

Figure 3.14. Response spectrum value in SAP2000 

According to SNI 1726:2019 [22], modal combinations calculation can be 

done by either SRSS (Square Root of Sum of Squares) or CQC (Complete 

Quadratic Combination) method. The CQC method is used for soil that has 

spectral acceleration differences less than 15% for close periods whereas the 

SRSS method is used for spectral acceleration differences of more than 15% 

[3]. In Aceh province, the following spectral acceleration data is obtained: 

 

T1 (1 sec): 0.667 g 

T2 (2 sec): 0.335 g 

T3 (3 sec): 0.223 g 

T4 (4 sec): 0.167 g 
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Spectral acceleration differences are calculated as: 

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

T2- T3 = (0.335-0.223)/0.335 x 100% = 33.43 > 15 

T3- T4 = (0.223-0.167)/0.167 x 100% = 33.53 > 15 

Considering the spectral acceleration differences are more than 15%, the 

SRSS method is preferable. Thus, the load cases are assigned as shown in 

Figure 3.15 and Figure 3.16: 

 

 
Figure 3.15. Load case assignment for EQX load. 
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Figure 3.16. Load case assignment for EQY load. 

3.3 Load Combination 

The load combinations considering earthquake effect and wind loads are 

based on SNI 2847:2019 [19] 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 5: 1.2D+Wx+L 

Combination 6: 1.2D+Wy+L 

Combination 7: 1.39D+L+EQx+0.3EQy 

Combination 8: 1.39D+L+EQx-0.3EQy 

Combination 9: 1.39D+L-EQx+0.3EQy 

Combination 10: 1.39D+L-EQx-0.3EQy 

Combination 11: 1.39D+L+EQy+0.3EQx 

Combination 12: 1.39D+L+EQy-0.3EQx 
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Combination 13: 1.39D+L-EQy+0.3EQx 

Combination 14: 1.39D+L-EQy-0.3EQx 

Combination 15: 0.7D+EQx+0.3EQy 

Combination 16: 0.7D+EQx-0.3EQy 

Combination 17: 0.7D-EQx+0.3EQy 

Combination 18: 0.7D-EQx-0.3EQy 

Combination 19: 0.7D+EQy+0.3EQx 

Combination 20: 0.7D+EQy-0.3EQx 

Combination 21: 0.7D-EQy+0.3EQx 

Combination 22: 0.7D-EQy-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]: 

ρȢς πȢςz Ὓ ρȢς πȢςz πȢωχ ρȢσω 

 

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: 

πȢω πȢςz Ὓ πȢω πȢςz πȢωχ πȢχ 

3.4 Analysis for Unstrengthened Models 

3.4.1 Mesh Sensitivity 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, mesh sensitivity analysis is 

required to determine an ideal mesh size that is small enough to give accurate 

results while being large enough to shorten computing time required. To do 

the mesh sensitivity analysis, several mesh sizes at each house were modeled 

and maximum axial stress at one of the walls in addition to frequency, and 

period of the houses at all mesh sizes are plotted. In house 1, six different 

mesh sizes are modelled and the results are plotted as shown in Figure 3.17, 

Figure 3.18, and Figure 3.19. 

 

 

Figure 3.17. Mesh sensitivity analysis of house 1 at one of wallôs maximum axial 

stress. 
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Figure 3.18. Mesh sensitivity analysis of house 1 by comparing frequency at both 

major axes. 

 

 

 
Figure 3.19. Mesh sensitivity analysis of house 1 by comparing period at both 

major axes. 
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From the graphs, it can be observed that the results for house 1 reach convergence at 

10 x 10 cm mesh size since the frequency, period, and maximum axial stress results 

do not change significantly by reducing the mesh size to 5 x 10 cm while computing 

time increase significantly. Thus, mesh size of 10 x 10 cm will be used for house 1 

at the next step of the analysis. 

 

In house 2, four different mesh sizes are modeled and the results are plotted as shown 

in Figure 3.20, Figure 3.21, and Figure 3.22. 

 

 

Figure 3.20. Mesh sensitivity analysis of house 2 at one of wallôs maximum axial 

stress. 
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Figure 3.21.Mesh sensitivity analysis of house 2 by comparing frequency at both 

major axes. 

 
Figure 3.22. Mesh sensitivity analysis of house 2 by comparing period at both 

major axes. 
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computing time increase significantly. Thus, mesh size of 20 x 45 cm will be used 

for house 2 at the next step of the analysis. 

In house 3, five different mesh sizes are modeled and the results are plotted as shown 

in Figure 3.23, Figure 3.24, and Figure 3.25. 

 

 
Figure 3.23. Mesh sensitivity analysis of house 3 at one of wallôs maximum axial 

stress. 

 
Figure 3.24. Mesh sensitivity analysis of house 3 by comparing frequency at both 

major axes. 
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Figure 3.25. Mesh sensitivity analysis 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 increase significantly. 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 

3.4.2.1 ASCE 7-16 

According to ASCE 7-16 [23], the deflection formula used for story drift is 

calculated as: 

‏
ὅ z‏

Ὅ
 

According to table 12.2-1 from ASCE 7-16, the wall can be categorized as ordinary 

plain masonry shear walls and Cd value can be taken as 5/4 while the residential 

house is considered at risk category 1 which has earthquake importance factor of 1 

according to table 1.5-2 ASCE 7-16. 
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Moreover, allowable story drift is calculated according to table 12.12-1 from ASCE 

7-16 given in Table 5. 

Table 5. Allowable story drift [23] 

 
 

For unstrengthen house 1 model, the max displacements calculated are 4.92 mm and 

2.93 mm in X and Y direction, respectively. Thus, according to ASCE 7-16: 

In X direction: 

‏
ὅ z‏

Ὅ

υ
τ τzȢως

ρ
φȢρυ άά 

The story drift result is compared with Table 5 for masonry cantilever shear wall 

with risk category of 1 for residential house. 

πȢπρzὬ πȢπρzσφππσφ άά 

‏ φȢρυ άά σφ άά ὕὑ 

In Y direction: 

‏
ὅ z‏

Ὅ

υ
τ ςzȢωσ

ρ
σȢφφ άά 

The story drift result is compared with Table 5 for masonry cantilever shear wall 

with risk category of 1 for residential house. 

πȢπρzὬ πȢπρzσφππσφ άά 

‏ σȢφφ άά σφ άά ὕὑ 

The same calculation is done for all the unstrengthened house models and the result 

is tabulated in Table 6. 
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Table 6. Displacement criteria according to ASCE 7-16 

ASCE X Axis (mm)   

Unstrengthened 

Max 

Disp 

Story 

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)   

Unstrengthened 

Max 

Disp 

Story 

drift Allowable   

House 1 2.93 3.6625 36 OK 

House 2 2.19 2.7375 31.5 OK 

House 3 1.95 2.4375 36 OK 

 

It can be concluded from Table 6 that all housesô maximum displacements are 

below the allowable limit defined by ASCE 7-16. 

3.4.2.2 Euro Code 8 

According to sections 4.3.4 and 4.4.3.2 in Eurocode 8 regarding the limitation of 

inter-story drift [24], the displacement of the structure induced by design seismic 

action can be calculated as: 

Ὠ ή Ὠz 

Where dc is the displacement based on linear analysis from the design response 

spectrum and qd is a behavior factor given as 1.5 [25]. Moreover, the non-engineered 

confined masonry houses can be considered as buildings that have brittle materials 

connected to the structure and it is calculated as: 

Ὠ ὺz πȢππυzὬ 

v value depends on the importance classes of a building 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 II, v value is recommended as 0.5. 
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For unstrengthen house 1 model, the max displacements calculated are 4.92 mm and 

2.93 mm in X and Y direction, respectively. Thus, according to Euro Code 8: 

 

In X direction: 

Ὠ ή Ὠz ρȢυz τȢως χȢσψ άά 

Ὠ ὺz πȢππυzὬ 

χȢσψzπȢυ πȢππυzσφππ 

σȢφω άά ρψ άά ὕὑ 

 

In Y direction: 

Ὠ ή Ὠz ρȢυz ςȢωσ τȢσωυ άά 

Ὠ ὺz πȢππυzὬ 

τȢσωυzπȢυ πȢππυzσφππ 

ςȢρω άά ρψ άά ὕὑ 

The same calculations are done for all the unstrengthen house models and the result 

is tabulated in          Table 7. 

         Table 7. Displacement criteria according to Euro Code 8 

Euro Code 8 X Axis (mm)   

Unstrengthened 

Max 

Disp 

Story 

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)   

Unstrengthened 

Max 

Disp 

Story 

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 from Table 7 that all housesô max displacements are below the 

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 2018 [26], 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: 

‗z
Ὑ ɝz

Ὅz Ὤ
πȢππψz‖ 

R value is given as 3 for confined masonry structure and importance factor (I) of the 

structure is taken as 1 for residential house. Furthermore, ə value is given as 1 for 

reinforce concrete and 0.5 for structural steel. Since the value for masonry structure 

is not given, ə is assumed to be the same as reinforce concrete. In addition to that, ɚ 

is calculated as ratio of spectral acceleration at DD-3 and DD-2 for major period of 

structures at X and Y axis. 

‗
Ὓ Ὕ ὈὈ σ

Ὓ Ὕ ὈὈ ς
 

Considering the buildings location are not in Türkiye, 5 different locations in Türkiye 

with different spectral accelerations are used and the average ɚ is used to calculate 

the maximum allowable inter-story drift. 

Table 8. Average ɚ for major period of structures. 

  DD2 DD3 ‗ 

Sae 

Tekirdaĵ 1.106 0.58 0.524412 

Adana 0.73 0.304 0.416438 

Trabzon 0.668 0.219 0.327844 

Muĵla 0.998 0.528 0.529058 

Hatay 1.139 0.511 0.448639 

   AVG 0.449278 

 

For unstrengthen house 1 model, the max displacements calculated are 4.92 mm and 

2.93 mm in X and Y direction, respectively. Thus, according to TBDY 2018: 

In X direction: 

‗z
Ὑ ɝz

Ὅz Ὤ
πȢππψz‖ 
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πȢττωz
σz τȢως

ρz σφππ
πȢππψzρ 

πȢππρψτπȢππψ ὕὑ 

 

 

 

In Y direction: 

‗z
Ὑ ɝz

Ὅz Ὤ
πȢππψz‖ 

πȢττωz
σz ςȢωσ

ρz σφππ
πȢππψzρ 

πȢππρπωπȢππψ ὕὑ 

 

The same calculations are done for all the unstrengthen house models and the result 

is tabulated in Table 9. 

Table 9 Displacement criteria according to TBDY 2018 

TBDY 2018 X Axis   

Unstrengthened 

Max 

Disp 

(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 Axis   

Unstrengthened 

Max 

Disp 

(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 from Table 9 that all housesô max displacements are below the 

allowable limit defined by TBDY 2018. 
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3.4.3 Analysis of Unstrengthened House 1 Model 

After the models have been designed, the required loads and load 

combinations have been assigned, and the appropriate mesh size has been 

determined. Analysis is done to check whether the modeled houses, 

especially masonry walls as the main structural elements, has enough 

capacity to prevent out-of-plane failures which is the main cause of damage 

in non-engineered confined masonry house in Indonesia. The following 

checks are done: 

1. Displacement check. 

2. Shear Stress check. 

3. Flexural strength check at 1-1 Axis. 

4. Flexural strength check at 2-2 Axis. 

Displacement check was done in section 3.4.2, and other checks will be done 

in this section. Furthermore, the following sign conventions are used in 

SAP2000 [27] for the analysis. 
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Figure 3.26. Sign Convention in SAP2000 [27]. 
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Furthermore, each wall is numbered to differentiate the location of each wall 

better; the wall numbering for house 1 is given in Figure 3.27: 

 
Figure 3.27. House 1 Brick Wall Numbering 

 

All stresses and bending moments are considered for the envelope combinations. It 

takes the maximum values from all the maximum values at each load combination 

determined in section 3.3.  
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Axial stress in X direction (S11) is calculated as: 

 

 
Figure 3.28. House 1 Axial Stress X direction (S11) General View (1). 

 

 
Figure 3.29. House 1 Axial Stress X direction (S11) General View (2). 
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Axial stress in Y direction (S22) is calculated as: 

 

 
Figure 3.30. House 1 Axial stress Y direction (S22) general view (1). 

 

 
 

Figure 3.31. House 1 Axial stress Y direction (S22) general view (2). 
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Shear stress (S12) is calculated as: 

 

 
 

Figure 3.32. House 1 Shear 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 number 1 the following values are obtained. 

Maximum tension stress in X direction (S11) is calculated as 0.459 MPa. 

Maximum tension stress in Y direction (S22) is calculated as 0.685 MPa. 

Maximum and minimum shear stress (S12) is calculated as 0.175 MPa. 

To find the maximum shear stresses applied to the masonry walls, the following 

formulas are used, which are based on the Mohr Circle stress concept: 

 

†
„ „

ς
†  

 

At wall 1, the maximum shear stress is calculated as: 
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†
πȢτυωπȢφψυ

ς
πȢρχυ πȢςπψ ὓὖὥ 

 

Using the same calculation explained above, maximum shear stress at all walls is 

tabulated in Table 10. Moreover, considering the 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: 

„
ὓ ώz

Ὅ
 

 

M11 and M22 are checked for out-of-plane failure mechanisms when calculating 

flexure stress. Figure 3.33 explains different failure mechanisms caused by M11 and 

M22 bending moments. 

 
 

Figure 3.33. Out-of-plane failure caused by M22 (left) and M11 (right) [2] 
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For M11, flexural stress is calculated by: 

„
ὓρρz

ὸ
ς

Ὤz ὸ
ρς

 

For M22, flexural stress is calculated by: 

„
ὓςςz

ὸ
ς

ὰz ὸ
ρς

 

 

for example, at wall number 1, the following moment values are obtained from 

SAP2000: 

M11: 0.764 kNm/m 

M22: 1.242 kNm/m 

Moments given from analysis are given per unit of in-plane length, thus: 

ὓρρ πȢχφτzὬ πȢχφτzσȢφ ςȢχυπτ Ὧὔά 

„
ὓρρz

ὸ
ς

Ὤz ὸ
ρς

ςȢχυπτz
πȢρ
ς

σȢφz πȢρ
ρς

τυψ ὯὖὥπȢτυψ ὓὖὥ 

ὓςς ρȢςτςzὰ ρȢςτςzτ τȢωφψ Ὧὔά 

„
ὓςςz

ὸ
ς

ὰz ὸ
ρς

τȢωφψz
πȢρ
ς

τz πȢρ
ρς

χτυ ὯὖὥπȢχτυ ὓὖὥ 

The same calculations are done to all brick walls and the results are tabulated in 

Table 10: 
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Table 10. Flexure and Shear Stress Result for Unstrengthened House 1 Model. 

wall 
no 

length 
(m) 

height 
(m) 

S11 Max 
(MPa) 

S22 Max 
(MPa) 

S12 

Max 
(MPa) 

S12 

Princ. 
(MPa) 

M11 

(kNm/m
) 

M22 

(kNm/
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 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 1.691 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 1.5 3.6 0.214 0.083 0.046 1.072 0.5201 0.1007 0.312 0.060 

11 1.5 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 3.5 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 3.5 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 1.5 3.6 0.203 0.208 0.065 1.069 0.252 0.1499 0.151 0.090 

22 1.5 3.6 0.281 0.076 0.052 1.087 0.4598 0.1301 0.276 0.078 

23 1.5 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 1.5 3.6 0.378 0.148 0.08 1.116 0.647 0.2963 0.388 0.178 

32 1.5 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 2.5 3.6 0.632 1.026 0.202 0.838 1.028 1.481 0.617 0.889 

36 1.5 3.6 0.276 0.236 0.147 1.086 0.3345 0.255 0.201 0.153 

37 1.5 3.6 0.325 0.256 0.105 1.099 0.3041 0.1345 0.182 0.081 
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The calculated shear stresses and flexural stresses are compared with shear strength 

and flexural strength test results [2], which are the following values: 

Flexural Strength of Wall: 0.408 MPa 

Shear Stress of Clay Brick: 0.298 MPa 

If both shear and flexural stresses obtained at each axis are larger or equal to flexural 

strength test results, the wall is considered safe; otherwise, it is considered not safe 

and further strengthening will be required. The result for house 1 is given in Table 

11. 

Table 11. Flexure and Shear Stresses Checked for House 1 Unstrengthened Model 

Wall 

No 

S12 

Princ. 

(MPa) 

„  

(MPa) 

„  

(MPa) 

Flexure 

Check 

(F22) 

Flexure 

Check 

(F11) 

Shear 

Check 

(S12 

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 

 

From Table 11, it can be said that wall numbers 1, 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 discussed more detail in Chapter 4. 

3.4.4 Analysis of Unstrengthened House 2 Model 

 Each wall is numbered as shown in Figure 3.34: 
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Figure 3.34. House 2 Brick Wall Numbering. 

 

All stresses and bending moments are considered for the envelope 

combinations. It takes the maximum values from all the maximum values at each 

load combination determined in section 3.3.  

Axial stress in X direction (S11) is calculated as: 
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Figure 3.35. House 2 Axial Stress X Direction (S11) General View (1). 

  

 

 

 

 
Figure 3.36. House 2 Axial stress X direction (S11) general view (2). 
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Axial stress in Y direction (S22) is calculated as: 

 

  
Figure 3.37. House 2 Axial stress Y direction (S22) general view (1). 
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Figure 3.38. House 2 Axial stress Y direction (S22) general view (2). 

 

Shear stress (S12) is calculated as: 

 

  
Figure 3.39. House 2 Shear 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 number 2 the following values are obtained. 

Maximum tension stress in X direction (S11) is calculated as 0.358 MPa. 

Maximum tension stress in Y direction (S22) is calculated as 0.114 MPa. 

Maximum and minimum shear stress (S12) is calculated as 0.079 MPa. 

To find the maximum shear stresses applied to the masonry walls, the following 

formulas are used, which are based on the Mohr Circle stress concept: 

 










































































































































































































