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Abstract—During Gorkha Earthquake 2015, most of 
unreinforced masonry buildings were partially or fully 
collapsed. Unreinforced brick masonry buildings 
(URBM), have relatively high compressive strength but 
low tensile strength. Its lateral load carrying capacity is 
relatively low by which it is highly vulnerable to 
earthquake. In this paper a brief study of the capacity 
of URM walls on the basis of slenderness ratio is carried 
out and a limiting slenderness value is suggested in 
reference with literature reviews. It is observed that 
slenderness ratio affects stability of URM walls during 
an earthquake and hence is an appropriate parameter 
to address out-of–plane stability. Increment of 
slenderness ratio showed the decrement of the load 
carrying capacity of URM walls. The paper also 
suggests the value of slenderness ratio of URM wall 
shall be within 9 to 20. 
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eccentricity, slenderness ratio, out-of-plane 

I. INTRODUCTION 
Unreinforced brick masonry (URBM) has been the 

principal construction material for buildings in Nepal 
for a long time. Bricks most commonly used in Nepal 
are of size 230mm × 110mm × 55mm. Unreinforced 
brick masonry has high compressive strength but is 
much lower in tensile or shearing strength. Hence, the 
lateral load resisting capacity of masonry construction 
is low.  

In an earthquake, the heavy mass of masonry walls 
contributes to high earthquake forces. Inertial forces 
are the product of the mass of an object and the 
acceleration of its motions; thus, heavier the buildings, 
higher the forces they are shaken with.  

Unreinforced masonry buildings perform poorly in 
earthquake. The walls aligned along the direction of 
seismic load are subjected to in-plane forces and the 
walls perpendicular to the loads to out-of-plane forces. 
The walls perpendicular to the lateral loads have much 
lesser resistance compared to the walls along the 
direction. The concrete if present, floor acts as a rigid 
floor diaphragm in its own plane. Hence the lateral 
forces acting are distributed to walls in accordance to 
their stiffness. The loads distributed are transmitted 
through shearing action to the foundation. Due to 
heavy mass of masonry wall leading to high inertial 

forces, poor connection between the walls and 
diaphragms be separated from roof leading to the 
collapse of the building. Unreinforced masonry is 
weak in resisting such lateral forces. (FEMA, 774) 

The study highlights the need for enhancement of 
the research on the URM buildings behavior under 
earthquake loading. The extensive studies with the 
action of the tests and researches of URM have 
focused on in-plane walls. Although walls 
perpendicular to the direction of earthquake are not 
the direct path to the loads, they need to be able to 
resist the force exerted. Since URM walls have low 
tensile strength, slender masonry walls are vulnerable 
to out-of-plane failure and belongs to one of the most 
controlling modes of failure Out of plane failures are 
most vulnerable in case of masonry during 
earthquake. It causes greatest risk to the safety of 
people inside and outside of the building as it causes 
collapse of the walls leading to partial or complete 
collapse of the building. Here this study focuses on the 
effect of slenderness ratio, eccentricity of load on the 
stability of URM wall. 

II. NEED TO STUDY 
Seismic activities in Nepal are very frequent, 

which are caused by the continental collision of Indian 
plates and Eurasian plates. On 25th April 2015, an 
earthquake of moment magnitude Mw 7.8 with a focal 
depth of <15km struck about 80km northwest of the 
capital, Kathmandu (USGS 2015). The earthquake 
caused thousands of deaths as well as damaged a huge 
number of buildings. The large scale of damage has  
indicated that the study and research of the general 
practice of building construction in Nepal and the 
assessment of their capacity of such buildings are 
necessary to understand.  

Brick masonry is one of the most popular 
construction materials in developing countries like 
Nepal. Unreinforced masonry structures normally 
have high compressive strength by which there are 
strong in gravity loads but are very weak in tensile 
strength i.e. lateral forces causing are high vulnerable 
in earthquakes. During earthquakes, in plane forces 
cause sliding or shearing whereas out-of-plane causes 
bending leading to flexural strain.  

KEC Conference
__________________________________________________________________________________________

209KECConference2019, Kantipur Engineering College, Dhapakhel Lalitpur

 

 
 

 

 

The need to investigate the URM buildings is 
substantiated from  the following reasons: 

• A substantial number of URM buildings are still 
being built in the areas which are considered 
seismically active areas causing a potential threat to 
life safety of people residing in such places during a 
relatively high intensity earthquake. Despite the huge 
practice of RCC buildings in urban areas, URM 
buildings are unavoidable. There is necessity to 
understand the seismic performance of unreinforced 
brick masonry buildings. 

• According to the review of the available existing 
research work in URM in Nepal, it is found that most 
of the research work are directed towards RCC frame 
structures of reinforced masonry structure and a little 
or no effort has been drawn towards a typical URM 
buildings despite the fact such buildings fill many 
parts of the country and still such buildings are in 
practice. 

• In Nepal, there has not been much study in 
unreinforced masonry structure and also lacks 
appropriate codal provisions for URM buildings. 

• Most of the existing buildings in Nepal are URM 
buildings. It is imperative that a research on seismic 
vulnerability of the existing masonry buildings is 
necessary to mitigate the risk. 

Hereby, it has become imperative that a thorough 
research work in URM be undertaken and a system of 
procedures be defined to provide a guideline for the 
new construction of URM buildings in seismically 
active region.  

III. LITERATURE REVIEW 
According to (Ferreira, Costa 2014), the seismic 

behavior of an unreinforced masonry structure can be 
vewied by the simple, but critical, features one of 
which is the restricted slenderness of the walls which 
is responsible for out of plane stability of the wall [1]. 

(Derakhshan, Ingham, & Griffith, 2010) 
performed a set of time-history analyses on several 
unreinforced masonry (URM) walls with various 
slenderness ratios to study the out-of-plane behavior 
of unreinforced walls on the basis of slenderness ratio. 
Thirteen wall models were considered of height 3000 
mm to 7000 mm and three storey such that most of the 
houses in News land were covered. Three wall  

properties height, thickness, and overburden for 
thirteen models were considered. An overburden ratio 
was also considered for ground floors. Thirty ground 
motion records were considered. Maximum 
displacements of the walls were observed in each of 
nearly 18,000 incremental time history analyses. The 
analysis showed that the wall slenderness ratio 
influenced out-of-plane stability of wall. Higher the 
slenderness ratio, higher was the vulnerability. Hence 
it was confirmed that slenderness ratio is an 
appropriate parameter for the prediction of  out-of-
plane stability. The effect of slenderness ratio is 
shown in Fig. 1 [2]. 

Fig. 1. Effects of wall slenderness ratio, average from all records 
[2] 

 An extensive research was undertaken in USA and 
a report, ABK Topical Report 04 was published by 
(ABK Joint Venture 1981). According to the report an 
experimental program conducted on unreinforced 
masonry (URM) walls subjected to dynamic out-of-
plane motions to check on the capacity of URM walls 
to resist the collapse due to dynamic out of plane 
motions and thereby to provide data to build out the 
guidelines and criteria. The Full-scale component tests 
on URM walls subjected to dynamic, out-of-plane 
motions were conducted on 20 wall specimens 
subjected to 194 dynamic test sequences. The wall 
prototypes experimented included 3 Wythe common 
brick, clay block, and concrete block. A constant axial 
load was applied along with the dynamic controlled 
lateral displacement histories. The failure occurred at 
the mid-height leading to collapse of the wall after the 
cracks at the mid-height and near base. The URM wall 
prototypes were 6 ft wide and 10 to 16 ft (3.0 to 4.9 
m) high with height-to-thickness ratios (H/T) of the 
walls from 14 to 25. The parameters altered in the 
wall specimens were thickness, height, unit weight, 
overburden weight and input motions such that it 
covered various exterior walls and bearing wall. The 
tests produced valuable data for establishing bounds 
on the resistance of URM walls to collapse when 
subjected to dynamic out of-plane motions.  The 
research report also states that the information 
obtained in these dynamic tests is believed to be 
applicable in all seismic zones within the United 
States and since the geographic United States spans 
the total range of seismic intensity the information 
gained can be utilized outside its boundary [3]. 

 The guidelines were provided by (Kariotis et. al, 
1981) based on the results obtained from the extensive 
research by ABK, in accordance with the three 
seismic hazard levels of the 1978 ATC provisions 
based on effective peak accelerations of 0.1, 0.2, and 
0.4 g.The full-scale testing experimental data along 
with analytical model was considered to determine the 
dynamic stability of fully anchored unreinforced walls 
subjected to out-of- plane motions. One of the 
parameters that affected stability among others was 
height/thickness (H/T) ratio of the wall in the storey 
under consideration as shown in Fig. 2. Based on the 
results allowable H/T ratios of walls with minimum 
quality  mortar  for  several  types  of  buildings  were  
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principal construction material for buildings in Nepal 
for a long time. Bricks most commonly used in Nepal 
are of size 230mm × 110mm × 55mm. Unreinforced 
brick masonry has high compressive strength but is 
much lower in tensile or shearing strength. Hence, the 
lateral load resisting capacity of masonry construction 
is low.  

In an earthquake, the heavy mass of masonry walls 
contributes to high earthquake forces. Inertial forces 
are the product of the mass of an object and the 
acceleration of its motions; thus, heavier the buildings, 
higher the forces they are shaken with.  

Unreinforced masonry buildings perform poorly in 
earthquake. The walls aligned along the direction of 
seismic load are subjected to in-plane forces and the 
walls perpendicular to the loads to out-of-plane forces. 
The walls perpendicular to the lateral loads have much 
lesser resistance compared to the walls along the 
direction. The concrete if present, floor acts as a rigid 
floor diaphragm in its own plane. Hence the lateral 
forces acting are distributed to walls in accordance to 
their stiffness. The loads distributed are transmitted 
through shearing action to the foundation. Due to 
heavy mass of masonry wall leading to high inertial 

forces, poor connection between the walls and 
diaphragms be separated from roof leading to the 
collapse of the building. Unreinforced masonry is 
weak in resisting such lateral forces. (FEMA, 774) 

The study highlights the need for enhancement of 
the research on the URM buildings behavior under 
earthquake loading. The extensive studies with the 
action of the tests and researches of URM have 
focused on in-plane walls. Although walls 
perpendicular to the direction of earthquake are not 
the direct path to the loads, they need to be able to 
resist the force exerted. Since URM walls have low 
tensile strength, slender masonry walls are vulnerable 
to out-of-plane failure and belongs to one of the most 
controlling modes of failure Out of plane failures are 
most vulnerable in case of masonry during 
earthquake. It causes greatest risk to the safety of 
people inside and outside of the building as it causes 
collapse of the walls leading to partial or complete 
collapse of the building. Here this study focuses on the 
effect of slenderness ratio, eccentricity of load on the 
stability of URM wall. 

II. NEED TO STUDY 
Seismic activities in Nepal are very frequent, 

which are caused by the continental collision of Indian 
plates and Eurasian plates. On 25th April 2015, an 
earthquake of moment magnitude Mw 7.8 with a focal 
depth of <15km struck about 80km northwest of the 
capital, Kathmandu (USGS 2015). The earthquake 
caused thousands of deaths as well as damaged a huge 
number of buildings. The large scale of damage has  
indicated that the study and research of the general 
practice of building construction in Nepal and the 
assessment of their capacity of such buildings are 
necessary to understand.  

Brick masonry is one of the most popular 
construction materials in developing countries like 
Nepal. Unreinforced masonry structures normally 
have high compressive strength by which there are 
strong in gravity loads but are very weak in tensile 
strength i.e. lateral forces causing are high vulnerable 
in earthquakes. During earthquakes, in plane forces 
cause sliding or shearing whereas out-of-plane causes 
bending leading to flexural strain.  
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substantiated from  the following reasons: 

• A substantial number of URM buildings are still 
being built in the areas which are considered 
seismically active areas causing a potential threat to 
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relatively high intensity earthquake. Despite the huge 
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Hereby, it has become imperative that a thorough 
research work in URM be undertaken and a system of 
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new construction of URM buildings in seismically 
active region.  

III. LITERATURE REVIEW 
According to (Ferreira, Costa 2014), the seismic 

behavior of an unreinforced masonry structure can be 
vewied by the simple, but critical, features one of 
which is the restricted slenderness of the walls which 
is responsible for out of plane stability of the wall [1]. 

(Derakhshan, Ingham, & Griffith, 2010) 
performed a set of time-history analyses on several 
unreinforced masonry (URM) walls with various 
slenderness ratios to study the out-of-plane behavior 
of unreinforced walls on the basis of slenderness ratio. 
Thirteen wall models were considered of height 3000 
mm to 7000 mm and three storey such that most of the 
houses in News land were covered. Three wall  

properties height, thickness, and overburden for 
thirteen models were considered. An overburden ratio 
was also considered for ground floors. Thirty ground 
motion records were considered. Maximum 
displacements of the walls were observed in each of 
nearly 18,000 incremental time history analyses. The 
analysis showed that the wall slenderness ratio 
influenced out-of-plane stability of wall. Higher the 
slenderness ratio, higher was the vulnerability. Hence 
it was confirmed that slenderness ratio is an 
appropriate parameter for the prediction of  out-of-
plane stability. The effect of slenderness ratio is 
shown in Fig. 1 [2]. 

Fig. 1. Effects of wall slenderness ratio, average from all records 
[2] 

 An extensive research was undertaken in USA and 
a report, ABK Topical Report 04 was published by 
(ABK Joint Venture 1981). According to the report an 
experimental program conducted on unreinforced 
masonry (URM) walls subjected to dynamic out-of-
plane motions to check on the capacity of URM walls 
to resist the collapse due to dynamic out of plane 
motions and thereby to provide data to build out the 
guidelines and criteria. The Full-scale component tests 
on URM walls subjected to dynamic, out-of-plane 
motions were conducted on 20 wall specimens 
subjected to 194 dynamic test sequences. The wall 
prototypes experimented included 3 Wythe common 
brick, clay block, and concrete block. A constant axial 
load was applied along with the dynamic controlled 
lateral displacement histories. The failure occurred at 
the mid-height leading to collapse of the wall after the 
cracks at the mid-height and near base. The URM wall 
prototypes were 6 ft wide and 10 to 16 ft (3.0 to 4.9 
m) high with height-to-thickness ratios (H/T) of the 
walls from 14 to 25. The parameters altered in the 
wall specimens were thickness, height, unit weight, 
overburden weight and input motions such that it 
covered various exterior walls and bearing wall. The 
tests produced valuable data for establishing bounds 
on the resistance of URM walls to collapse when 
subjected to dynamic out of-plane motions.  The 
research report also states that the information 
obtained in these dynamic tests is believed to be 
applicable in all seismic zones within the United 
States and since the geographic United States spans 
the total range of seismic intensity the information 
gained can be utilized outside its boundary [3]. 

 The guidelines were provided by (Kariotis et. al, 
1981) based on the results obtained from the extensive 
research by ABK, in accordance with the three 
seismic hazard levels of the 1978 ATC provisions 
based on effective peak accelerations of 0.1, 0.2, and 
0.4 g.The full-scale testing experimental data along 
with analytical model was considered to determine the 
dynamic stability of fully anchored unreinforced walls 
subjected to out-of- plane motions. One of the 
parameters that affected stability among others was 
height/thickness (H/T) ratio of the wall in the storey 
under consideration as shown in Fig. 2. Based on the 
results allowable H/T ratios of walls with minimum 
quality  mortar  for  several  types  of  buildings  were  
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quality mortar for several types of buildings were 
ascertained which is provided in Table I  [4]. 

 

 

Fig. 2. Unreinforced masonry wall stability criteria [4] 

ascertained which is provided in Table I  [4]. 

(ASCE 41, 2007) Seismic Rehabilitation Standard 
also provides guidelines for permissible H/T ratios. A 
rigid body numerical model, regulated to full-scale 
shake table tests, was used to determine the H/T 
limits. The guidelines states that for life safety and 
collapse prevention, stability need not be checked for 
walls spanning vertically with a height-to thickness 
(H/T) ratio less than that given in Table II. It also 
further specifies to refer ABK 1984 for further 
information on evaluation of stability of unreinforced 
masonry wall out-of-plane [5]. 

(Sharif et al, 2007) performed rigid body rocking 
analysis using commercially available software 
Working Model (Knowledge and Revolution) along 
with the shake table tests of  the  walls  and  compared  

TABLE I.  ALLOWABLE H/T RATIO OF URM WALLS WITH 
MINIMUM QUALITY MORTAR [4] 

Wall Types Crosswalls All Other Buildings 
Walls of one storey 
buildings 

20 14 

First-storey walls of 
multistorey buildings 

20 20 

Walls in top storey of 
multistorey buildings 

14 9 

All other walls 20 15 

TABLE II.  PERMISSIBLE H/T RATIOS FOR URM OUT-OF-
PLANE WALLS [5] 

Wall Types Sx1  ≤  
0.24 g 

0.24 g < Sx1  
≤ 0.37 g 

Sx1  > 0.37 
g 

Walls of one 
storey buildings 

20 16 13 

First-storey walls 
of multistorey 
buildings 

20 18 15 

Walls in top storey 
of multistorey 
buildings 

14 14 9 

All other walls 20 16 13 

the relative displacements at crack from WM analysis 
to the results obtained from full-scale shake table tests 
as shown in Fig 3. The results indicated that WM 
adequately represent the out-of-plane rocking 
response of URM wall. For further evaluation of 
ASCE 41 height-to-thickness (H/T) ratio limits for 
out-of-plane URM walls, the model was extended for 
further Working Model analysis of URM walls with 
varying H/T ratios. To change H/T ratio of wall in the 
model, h was kept constant at 4.25 meters and 
thickness was changed. Eighty different ground 
motion inputs were used from different types of sites 
(varying from soft to hard and stiff). For those input 
motions where collapse was observed, the smallest 
H/T ratio producing collapse of the wall was recorded. 
The average of the H/T ratios producing collapse for 
different considered crack heights was taken as the 
collapse limit, H/Tcol. The probability of collapse of 
the wall for each H/T limit set by ASCE 41, was 
obtained [6]. 

This  paper has concluded that : 

• The H/T limits specified in ASCE 41 for walls 
with limited overburden are less than the mean minus 
one standard deviation results for H/Tcol. 
Unreinforced masonry wall stability criteria [6]. 

• Walls satisfying the H/T limits in ASCE 41 will 
have a probability of collapse less than 8%, regardless 
of site class or ground motion intensity. [6]. 

The research carried out by (Sandoval.et al , 2011) 
on a ¼ scale experiment in laboratory of a total of 36 
brick masonry walls with uniformly distributed 
vertical loads to study the load carrying capacity and 
the response of masonry walls from the point of view 
of varying slenderness ratio and load eccentricities. 
Both the upper and the lower hinges were located to 
cause the same eccentricity at both ends. The 
eccentricities provided were of e =0, e = t/6 and e = 
t/3, where t is the wall thickness. Walls with 
slenderness of 6.8, 12.6, 18.7 and 25.6 were tested.  
All the specimens were tested with a 200 kN capacity 
testing machine under displacement control until the 
collapse. It was observed that along with  the  increase 

 

Fig. 3. Working model and full scale test comparison [6] 
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in slenderness ratio, the capacity of the wall decreased 
as shown in Fig 4. The decrease in strength increased 
with the increment of loading eccentricities. The loss 
of observed load capacity is observed upto 40% for 
slenderness 6.8 and upto 70% for slenderness 25.6, for 
the eccentricity t/6 compared with null eccentricity. 
On the basis of these results it can be stated that 
increment in slenderness ratio and loading 
eccentricities adversely affect the capacity of masonry 
walls [12]. 

Along with the experimental tests, numerical 
analyses were performed with the micro-model 
proposed by Lourenço and Rots performed employing 
DIANA software. The model assigns elastic behavior 
to the units whereas masonry inelastic behavior is 
transferred to the joints. A 2D plane stress condition 
was assumed, using interface elements to simulate the 
behavior of joints under tension. The analyses were 
carried out by means of a direct displacement control 
and considering the geometric non-linearity. Similar 
results were obtained beside some unavoidable 
differences which is shown in Fig 5 [12]. 

(Bernet, Gill and Roca, 2014) attempted to formulate 
a practical approach to calculate the load bearing 
capacity of an unreinforced brick masonry under 
eccentric axial load. After the formulation of an 
analytical method of calculation considering second 
order bending effects, the results were compared with 
the experimental data for the authentication of the 
analytical approach which is presented Fig 6. The 
experiment involved 18 unreinforced eccentrically 
loaded walls under large eccentricities and 16 walls 
with small eccentricities of the load .Among the other 
three calculation procedures (Eurocode-6 (EC-6), 
Southwell Plot method, ACI-530), the herein 
proposed method is more accurate than ACI-530 or 
the FEM for the most slender walls, whereas the 
numerical model is better than the other two for the 
moderate slender wall  and the standard ACI-530 
provides the better accuracy for the less slender walls. 
On the basis of the analysis of the outcomes of the 
study in the paper it can be concluded that there lacks 
a simple, practical and accurate analytical method to 
calculate the load-bearing capacity of unreinforced 
brick masonry walls subjected to eccentric axial loads 
and slenderness of the walls [13]. 

  

Fig. 4. Wall compressive stress against slenderness ratio [12] 

Fig. 5. Comparison between numerical and experimental ultimate 
capacities [12] 

 

Fig. 6. Results of the different calculation methods considered in 
the research (except Southwell Plot) compared with the 
experimental results (average values from two walls for each 
case) and absolute value of the relative error for each case 
[13] 

IV. CODAL PROVISIONS 
According to (Bangladesh National Building 

Code, 2015) for a wall, slenderness ratio shall be the 
ratio of effective height to effective thickness or 
effective length to effective thickness whichever less 
is. In case of a load bearing wall, slenderness ratio 
shall not exceed 20 [7]. 

According to (Pakistan code, 2007) for a wall, 
slenderness ratio shall be effective height divided by 
effective thickness or effective length divided by the 
effective thickness, whichever is less. In case of a load 
bearing wall, slenderness ratio shall not exceed 27 in 
cement mortar and 20, 13 in lime mortar for upto 2 
and exceeding 2 stories respectively [8]. 

According to (Indian Code, 1995) for a wall, 
slenderness ratio shall be effective height divided by 
effective thickness or effective length divided by the 
effective thickness, whichever is less. In case of load 
bearing wall, slenderness ratio shall not exceed 27 in 
cement mortar and 20, 13 in lime mortar for upto 2 
and exceeding 2 stories respectively [9]. 

According to (Euro code, 2005) the slenderness 
ratio of a masonry wall shall be obtained by dividing 
the value of the effective height hct by the value of the 
effective thickness, tcf' and the slenderness ratio of the 
masonry wall should not be greater 27 than when 
subjected to mainly vertical loading [10]. 
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(ASCE 41, 2007) Seismic Rehabilitation Standard 
also provides guidelines for permissible H/T ratios. A 
rigid body numerical model, regulated to full-scale 
shake table tests, was used to determine the H/T 
limits. The guidelines states that for life safety and 
collapse prevention, stability need not be checked for 
walls spanning vertically with a height-to thickness 
(H/T) ratio less than that given in Table II. It also 
further specifies to refer ABK 1984 for further 
information on evaluation of stability of unreinforced 
masonry wall out-of-plane [5]. 

(Sharif et al, 2007) performed rigid body rocking 
analysis using commercially available software 
Working Model (Knowledge and Revolution) along 
with the shake table tests of  the  walls  and  compared  

TABLE I.  ALLOWABLE H/T RATIO OF URM WALLS WITH 
MINIMUM QUALITY MORTAR [4] 

Wall Types Crosswalls All Other Buildings 
Walls of one storey 
buildings 

20 14 

First-storey walls of 
multistorey buildings 

20 20 

Walls in top storey of 
multistorey buildings 

14 9 

All other walls 20 15 

TABLE II.  PERMISSIBLE H/T RATIOS FOR URM OUT-OF-
PLANE WALLS [5] 

Wall Types Sx1  ≤  
0.24 g 

0.24 g < Sx1  
≤ 0.37 g 

Sx1  > 0.37 
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Walls of one 
storey buildings 

20 16 13 

First-storey walls 
of multistorey 
buildings 

20 18 15 

Walls in top storey 
of multistorey 
buildings 

14 14 9 

All other walls 20 16 13 

the relative displacements at crack from WM analysis 
to the results obtained from full-scale shake table tests 
as shown in Fig 3. The results indicated that WM 
adequately represent the out-of-plane rocking 
response of URM wall. For further evaluation of 
ASCE 41 height-to-thickness (H/T) ratio limits for 
out-of-plane URM walls, the model was extended for 
further Working Model analysis of URM walls with 
varying H/T ratios. To change H/T ratio of wall in the 
model, h was kept constant at 4.25 meters and 
thickness was changed. Eighty different ground 
motion inputs were used from different types of sites 
(varying from soft to hard and stiff). For those input 
motions where collapse was observed, the smallest 
H/T ratio producing collapse of the wall was recorded. 
The average of the H/T ratios producing collapse for 
different considered crack heights was taken as the 
collapse limit, H/Tcol. The probability of collapse of 
the wall for each H/T limit set by ASCE 41, was 
obtained [6]. 

This  paper has concluded that : 

• The H/T limits specified in ASCE 41 for walls 
with limited overburden are less than the mean minus 
one standard deviation results for H/Tcol. 
Unreinforced masonry wall stability criteria [6]. 

• Walls satisfying the H/T limits in ASCE 41 will 
have a probability of collapse less than 8%, regardless 
of site class or ground motion intensity. [6]. 

The research carried out by (Sandoval.et al , 2011) 
on a ¼ scale experiment in laboratory of a total of 36 
brick masonry walls with uniformly distributed 
vertical loads to study the load carrying capacity and 
the response of masonry walls from the point of view 
of varying slenderness ratio and load eccentricities. 
Both the upper and the lower hinges were located to 
cause the same eccentricity at both ends. The 
eccentricities provided were of e =0, e = t/6 and e = 
t/3, where t is the wall thickness. Walls with 
slenderness of 6.8, 12.6, 18.7 and 25.6 were tested.  
All the specimens were tested with a 200 kN capacity 
testing machine under displacement control until the 
collapse. It was observed that along with  the  increase 

 

Fig. 3. Working model and full scale test comparison [6] 
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in slenderness ratio, the capacity of the wall decreased 
as shown in Fig 4. The decrease in strength increased 
with the increment of loading eccentricities. The loss 
of observed load capacity is observed upto 40% for 
slenderness 6.8 and upto 70% for slenderness 25.6, for 
the eccentricity t/6 compared with null eccentricity. 
On the basis of these results it can be stated that 
increment in slenderness ratio and loading 
eccentricities adversely affect the capacity of masonry 
walls [12]. 

Along with the experimental tests, numerical 
analyses were performed with the micro-model 
proposed by Lourenço and Rots performed employing 
DIANA software. The model assigns elastic behavior 
to the units whereas masonry inelastic behavior is 
transferred to the joints. A 2D plane stress condition 
was assumed, using interface elements to simulate the 
behavior of joints under tension. The analyses were 
carried out by means of a direct displacement control 
and considering the geometric non-linearity. Similar 
results were obtained beside some unavoidable 
differences which is shown in Fig 5 [12]. 

(Bernet, Gill and Roca, 2014) attempted to formulate 
a practical approach to calculate the load bearing 
capacity of an unreinforced brick masonry under 
eccentric axial load. After the formulation of an 
analytical method of calculation considering second 
order bending effects, the results were compared with 
the experimental data for the authentication of the 
analytical approach which is presented Fig 6. The 
experiment involved 18 unreinforced eccentrically 
loaded walls under large eccentricities and 16 walls 
with small eccentricities of the load .Among the other 
three calculation procedures (Eurocode-6 (EC-6), 
Southwell Plot method, ACI-530), the herein 
proposed method is more accurate than ACI-530 or 
the FEM for the most slender walls, whereas the 
numerical model is better than the other two for the 
moderate slender wall  and the standard ACI-530 
provides the better accuracy for the less slender walls. 
On the basis of the analysis of the outcomes of the 
study in the paper it can be concluded that there lacks 
a simple, practical and accurate analytical method to 
calculate the load-bearing capacity of unreinforced 
brick masonry walls subjected to eccentric axial loads 
and slenderness of the walls [13]. 

  

Fig. 4. Wall compressive stress against slenderness ratio [12] 

Fig. 5. Comparison between numerical and experimental ultimate 
capacities [12] 

 

Fig. 6. Results of the different calculation methods considered in 
the research (except Southwell Plot) compared with the 
experimental results (average values from two walls for each 
case) and absolute value of the relative error for each case 
[13] 

IV. CODAL PROVISIONS 
According to (Bangladesh National Building 

Code, 2015) for a wall, slenderness ratio shall be the 
ratio of effective height to effective thickness or 
effective length to effective thickness whichever less 
is. In case of a load bearing wall, slenderness ratio 
shall not exceed 20 [7]. 

According to (Pakistan code, 2007) for a wall, 
slenderness ratio shall be effective height divided by 
effective thickness or effective length divided by the 
effective thickness, whichever is less. In case of a load 
bearing wall, slenderness ratio shall not exceed 27 in 
cement mortar and 20, 13 in lime mortar for upto 2 
and exceeding 2 stories respectively [8]. 

According to (Indian Code, 1995) for a wall, 
slenderness ratio shall be effective height divided by 
effective thickness or effective length divided by the 
effective thickness, whichever is less. In case of load 
bearing wall, slenderness ratio shall not exceed 27 in 
cement mortar and 20, 13 in lime mortar for upto 2 
and exceeding 2 stories respectively [9]. 

According to (Euro code, 2005) the slenderness 
ratio of a masonry wall shall be obtained by dividing 
the value of the effective height hct by the value of the 
effective thickness, tcf' and the slenderness ratio of the 
masonry wall should not be greater 27 than when 
subjected to mainly vertical loading [10]. 
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According to (British code, 2003) the slenderness 
ratio should not exceed 27, except in the case of walls 
less than 90 mm thick, in buildings of more than two 
storey, where it should not exceed 20. A lateral 
support may be provided along either a horizontal or a 
vertical line, depending on whether the slenderness 
ratio is based on a vertical or horizontal dimension 
[11].  

V. CONCLUSION 
On the basis of the study it is observed that 

slenderness ratio affects stability of URM walls during 
an earthquake and hence is an appropriate parameter 
to address out-of –plane stability. Based on literature 
reviews, slenderness ratio of wall is determined to be 
13 to 20 for ground floor and first storey and 9 to 14 
for top storey. 

It is also concluded that increase in slenderness 
ratio and loading eccentricity decreases the load 
carrying capacity of masonry wall and  that there lacks 
a simple, practical and accurate analytical method to 
calculate the load-bearing capacity of unreinforced 
brick masonry walls subjected to eccentric axial loads 
and slenderness of the walls. The complexity of this 
problem indicates the necessity of further study. 
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Abstract—Colors are the elements of human visual
perception that portray the vivid liveliness of the cre-
ation. This perception of color is so diverse that there
is no perfect color combination for a given artifact.
Colorization is a generic term used to describe a com-
puterized process for adding color to black and white
pictures, or motion graphics. Digital Image Colorization
is the colorization process applied to still image artifacts.
Although people have controversial views about the artis-
tic value of colorization, it is no doubt that colorization
of monochrome artifacts enhances the visual effects.

Colorization is basically a mapping between the inten-
sity values and the chrominance values with no ’correct’
but plausible solution. Inspired by the current trends in
deep learning, we propose a colorization framework that
utilizes both the local and global features for colorization.
Global features include the color rarity of each color
class in the quantized ab plane calculated over the
whole dataset. We have also implemented a custom
loss function suitable for this purpose. We tackle the
colorization by treating it as a multi-class classification
by determining the probabilities of colors in the color
gamut and combining the probabilities to a specific
color. We have successfully implemented the method
to various types of images ranging from legacy b&w
images to modern images (having colored versions of
their grayscale counterparts).

Index Terms—colorization, convolutional neural net-
work, annealed mean, probability distribution, class
rebalancing, grayscale

I. INTRODUCTION

Colorization is the art of adding color to a
monochrome artifact. Digital Image Colorization is
such process applied to digital images. This process
has long been recognized as a laborious and tedious
task. Despite recent advances in this field for the
automation of the task, a considerable amount of
manual effort is still required in many cases to achieve
a plausible colorization result.
The technique of colorization is not new. Ironically,
hand coloring of photographs is as old as photography
itself. It was practised in the motion pictures in the
early 1900s by French Company Pathe, where many
films were colored by hand. It was widely practised for
filmstrips in the 1930s. Computer assisted process was

first introduced by Wilson Markle in 1970 for adding
color to black and white movies [1].
There are mainly two techniques for image coloriza-
tion [2].

1) Scribble Based Colorization
In this method, the user draws color scribbles
on the monochrome image and the system per-
forms colorization based on the user input colors.
It works on the fact that regions with similar
intensities have the same color. This method
requires extensive user effort with near-accurate
color scribbles, so it is time-consuming.

2) Example Based Colorization
Example-based methods use a reference image to
learn the color characteristics of the input image.
Authors in [3] segment the example image and
determine for each pixel which example segment
it should learn its color from. This is done auto-
matically using a robust supervised classification
scheme that analyzes the low-level feature space
defined by small neighborhoods of pixels in the
example image. Example-based colorizations can
be further divided into two categories based on
the source of the reference image:

a) Colorization using user-supplied example(s):
This method requires the user to provide a
suitable reference image. Welsh et. al. [4]
employ the pixel intensity and neighbourhood
statistics to find a similar pixel in the reference
image and then transfer the color of the
matched pixel to the target pixel.

b) Colorization using web-supplied example(s):
To release user’s burden of finding a suitable
image, Liu et. al [5] and Chia et. al. [6] utilize
the massive image data on the Internet. Liu
et al. compute an intrinsic image using a set
of similar reference images collected from the
Internet. This method is robust to illumination
difference between the target and reference
images, but it requires the images to contain

An Efficient Automatic Digital Image
Colorization Method Using Convolutional

Neural Network
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