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ABSTRACT  

A num ber of studies have been carried outwith the aim of determining the behavior of masonry structures 

under different loading conditions. Among theseloadings, seismic forces are the firstand the most important types  

come to mind due to theirdevastating effect s (in-plane effect, out-of plane effect, etc.) onmasonry structures. In this 

study , lab scale experimentsmentioned in the literaturehave been investigated to figure out the behavior of masonry  

structures against inertial forces. The experimental methods and results incidental to these studies are referred. 

Some studies on the shaking table are presented to determine the damage distribution of the whole structure. 

Keywords: Masonry structures; Lab scale test, In-plane and Out-of-plane behavior. 

˃˒ʭˁʺʥɯ˄˃ʨʭʬʭˁʶ˞ɯʺʶ˅˄ʶ˓ˁ˙ːɯˆ˃˃˅ˋʱʭˁʶʷɯ˄˅ʶɯʨ˃ʴʬʭʷˆˈʨʶʶɯˆʭʷˆˀʶ˓ʭˆʺʶːɯ 

ˆʶʿˆɯ˄˃ˀ˃˗˚˝ɯʿʥʧ˃˅ʥˈ˃˅ˁ˙ːɯˀʥˆ˖ˈʥʧˁ˙ːɯ˛ʺˆ˄ʭ˅ʶˀʭˁˈ˃ʨ 

˅ʭʴ˝ˀʭ 

ʧ̧̍̄ɯ̒̓̑˳˸˷˸̧̏ɯ̬̓˷ɯ̄̔̔̍˸˷̑˳˰̏̄̅ɯ̔ɯ̠˸̨̫̍ɯ̑̒̓˸˷˸̍˸̬̏̄ɯ̒̑˳˸˷˸̬̏̄ɯ̡̧̞̈̄̓̒̄̏ɯ̗̔̑̑̓˼˸̏̄̅ɯ̒̓̄ɯ̓˰̂-

̡̧̞̍̄̏ɯ̗̔̍̑˳̬̞̄ɯ̏˰˴̗̓˼˸̬̏̄ȭɯˆ̓˸˷̄ɯ̩̖̞̄ɯ̏˰˴̗̓̂̑̈ɯ̔˸̡̅̔̎̄˸̔̈̄˸ɯ̧̔̄̍ɯ̬˳̬̫̖̬̍̔ɯ˴̍˰˳̧̏̎̄ɯ̄ɯ̏˰̄˲̑̍˸˸ɯ˳˰˼-

̧̏̎̄, ̧̖̈̑̑̓˸ɯ̞̒̓̄̑˷̬̖ɯ̏˰ɯ̗̎ɯ̄̂-̂˰ɯ̞̄ɯ̓˰̗̤̖̂̓̄˸̨̧̞̍̏ɯ˳̑̂˷˸̖̅̔˳̄̅ȹ̩̝̝˸̖̈ɯ˳ɯ̖̒̍̑̔̈̑̔̄Ȯɯ̩̝̝˸̖̈˳̏˸̒̍̑̔-

̖̈̑̔̄ɯ̄ɯ̖ȭɯ˷ȭȺɯ̏˰ɯ̡̧̈̄̓̒̄̏˸ɯ̗̔̑̑̓˼˸̬̏̄ȭʨɯ̩̖̑̎ɯ̄̔̔̍˸˷̑˳˰̏̄̄ɯ˲̧̍̄ɯ̒̓̑˳˸˷˸̧̏ɯ̍˰˲̑̓˰̧̖̑̓̏˸ɯ̎˰̤̖̔˰˲̧̏˸ɯ

̩̈̔̒˸̓̄̎˸̧̖̏Ȯɯ̧̗̬̗̖̒̑̎̏˸ɯ˳ɯ̖̍̄˸̓˰̖̗̓˸Ȯɯ˷̬̍ɯ˳̧̬̔̏˸̬̏̄ɯ̒̑˳˸˷˸̬̏̄ɯ̡̧̞̈̄̓̒̄̏ɯ̗̔̑̑̓˼˸̏̄̅ɯ̒̓̄ɯ˳̑̂˷˸̖̅̔˳̄̄ 

̄̏˸̧̠̞̓̄̑̏̏ɯ̔̄̍ȭ˄̓̄˳̑˷̬̖̬̔ɯ̩̈̔̒˸̓̄̎˸̖̏˰̨̧̍̏˸ɯ̎˸̖̑˷̧ɯ̄ɯ̓˸̨̗̖̂̍˰̧̖Ȯɯ̖̬̥̑̏̑̔̄˸̬̔ɯ̈ɯ̩̖̄̎ɯ̄̔̔̍˸˷̑˳˰-

̬̏̄ȭ̎ɯ˄̓˸˷̖̔˰˳̍˸̧̏ɯ̏˸̧̖̈̑̑̓˸ɯ̄̔̔̍˸˷̑˳˰̬̏̄ɯ̒̑ɯ˳̄˲̓˰̠̗̄̑̏̏̑̎ɯ̖̗̔̑̍Ȯɯ˷̬̍ɯ̑̒̓˸˷˸̍˸̬̏̄ɯ̓˰̖̔̒̓̑̔̓˰̏˸̬̏̄ 

̒̑˳̓˸˼˷˸̬̏̄̒̑ɯ˳̔˸̗̎ɯ̗̔̑̑̓˼˸̫̏̄ȭ 

ʺ̡̫̍˸˳̧˸ɯ̔̍̑˳˰ȯ ʺ̡̧̄̓̒̄̏˸ɯ̗̔̑̑̓˼˸̬̏̄Ȱɯʿ˰˲̑̓˰̧̖̑̓̏̅ɯ̎˰̤̖̔˰˲̧̏̅ɯ̖˸̖̔Ȯɯ˄̑˳˸˷˸̏̄˸ɯ˳ɯ̖̒̍̑̔̈̑̔̄ɯ

̄ɯ˳̏˸ɯ̖̒̍̑̔̈̑̔̄ȭ 
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ÔċıËċÙȭ!ÜɯàĹÒÓ̪ÙɯÈÙÈÚċÕËÈɯÚÌàÚÔÐÒɯØĹÝÝ̪Ó̪ÙɯÒ̪Ù×ÐñØÜĀÜÓÈÙċÕÈɯÖÓÈÕɯËÈĀċËċÊċɯÛ̪ÚÐÙÓ̪ÙÐÕ̪ɯÎġÙ̪ɯȹÔĹÚÛ̪ÝÐË̪ɯÛ̪ÚÐÙȮɯÍ̪áÈËÈ 

Û̪ÚÐÙɯÝ̪ɯÚȭȺɯ̪ÚÈÚɯÝ̪ɯ̪ÕɯÝÈÊÐÉÐËÐÙȭ!ÜɯÛ̪ÛØÐØÈÛËÈȮɯÈÛÈÓÌÛɯØĹÝÝ̪Ó̪Ù̪ɯÔ̪ÙÜáɯØÈÓÈÕɯÒ̪Ù×ÐñɯÎÜÙĀÜÓÈÙċÕɯËÈÝÙÈÕċıċÕċɯÈàËċÕÓÈı-

ËċÙÔÈØɯĹñĹÕɯ̪Ë̪ÉÐààÈÛËÈɯØÌàËɯÖÓÜÕÈÕɯÓÈÉÖÙÈÛÖÙÐàÈɯÔÐØàÈÚÓċɯÌÒÚ×ÌÙÐÔÌÕÛÓ̪ÙɯÈ×ÈÙċÓÔċıËċÙȭ!ÜɯÛ̪ËØÐØÈÛÓÈÙÓÈɯÉÈĀÓċɯ

ÌÒÚ×ÌÙÐÔÌÕÛÈÓɯÔÌÛÖËÓÈÙɯÝ̪ɯÕ̪ÛÐÊ̪Ó̪ÙɯÛ̪ØËÐÔɯÌËÐÓÔÐıËÐÙȭ0ÜÙĀÜɯĹáÙ̪á̪Ë̪Ó̪ÙÐÕɯàÈàċÓÔÈÚċÕċɯÛ̪àÐÕɯÌÛÔ̪ÒɯĹñĹÕɯÝÐÉÙÈÛġÙ 

ÔÈÚÈɯĹá̪ÙÐÕË̪ɯÉ̪áÐɯÛ̪ËØÐØÈÛÓÈÙɯÛ̪ØËÐÔɯÌËÐÓÔÐıËÐÙȭ 

 ñÈÙɯÚġáÓ̪Ùȯ Ò̪Ù×ÐÊɯÉÐÕÈÓÈÙċȰɯ+ÈÉÖÙÈÛÖÙÐàÈɯÔÐØàÈÚÓċɯÛÌÚÛȮɯ/ÓÈÕÌɯÝ̪ɯÖÍÍ-×ÓÈÕÌɯËÈÝÙÈÕċıȭ 

 

In troduction  

Masonry structures have been started to build since ancient times. Masonry temples, 

mosques and government buildings that were built in old times and still existing prove this 
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knowledge. It is known that many of these masonry structures were con structed by the 

experiences of the builders, without regard to any regulations or principles. However, in the 

recent period, regulations about design principles of masonry structures and evaluation of 

behavior during the earthquake have been established. They are being tried to be developed. 

In Turkey and most of other countries, many experimental, analytical and numerical studies 

have been carried out both for the evaluation and development of these regulations and for 

the investigation of the earthquake behavior of old masonry structures. In this study, 

experimental works are usually included. Also, some analytical and numerical results have 

also been included to make comparisons. The studies usually examine out-of-plane, in-plane 

and damage distribution b ehaviors during the earthquake. In -plane behavior, which is 

behavior in the earthquake direction, has been studied by many researchers. Within the 

scope of this study, only four studies were considered. In Magenes and Calvi (1992), an expe-

rimental program  on seismic behaviors of old brick walls was presented. Shear and compression 

tests on full-scale walls had done extensive research on the basic material mechanical para-

meters. The relationship of aspect ratio and different failure modes to a wall shear strength 

were discussed. Morever, Magenes and Calvi (1997) handled the problems of evaluation of 

strength, deformability, and energy dissipation capacity of unreinforced brick masonry walls , 

within the context of seismic assessment of existing buildings. Tomazevic and Klemenc (1997) 

investigated the seismic behavior of confined walls. To develop method for modeling the seismic  

behavior of confined walls, test results of walls with a h/l ratio 1.5 and 1:5 scale were used. 

The last study about in-plane behavior Parisi and Augenti (2012) intended at providing a 

simplified methodology to assess the effects of irregularities on the in plane seismic capacity 

of unreinforced masonry (URM) walls with openings. Also, out -of plain behavior, which is 

behavior in the dir ection perpendicular to earthquake direction, has been studied by many 

researchers. In this study, only three studies were considered. Griffith et al. (2004) tested fourteen 

unreinforced brick masonry walls. The test program included static, free -vibration , and dynamic 

tests using harmonic support, impulse support, and earthquake support motion. Besides, 

Lonhoff et al. (2017) and Abrams et al. (2017) made a literature review and made some sug-

gestions for out of plane behavior of masonry structures. To prov ide a comprehensive overview 

of out of plane behavior, these two journals are selected. Furthermore, shanking table tests 

conducted by Yi et al. (2006) and Lourenço et al. (2013) have been examined to make inferences 

about the behavior and damage distribut ion of the whole structure under seismic forces. 

In -Plane Behavior  

Material properties are the most important parameter in the behavior of masonry structures.  

For in-plane behavior, the material properties as well as the vertical loads and geometry of the 

wall become important. Taking these variables into account, Magenes and Calvi (1992) conduc-

ted 5 full scale tests and preliminary experiments of bricks, mortar, mortar joints and wallets. 

5 full scale walls having a width d = 1.5 m and a thinckness t = 0.38 m, with a height h of 2 m 

(three walls) and 3 m (two walls). The purpose was to perform one preliminary monotonic 

test, and to explore two values of aspect ratio and two values of nominal vertical compression  

ÚÛÙÌÚÚɯϦÔɯȹƔȭƘɯÈÕËɯƕȭƖɯ,/ÈȺȭɯ3ÏÌÚÌɯÞÈÓÓÚɯÞÌre tested with the system shown in Figure 1. As a 

result of the experiments different failure modes were observed.  

6ÈÓÓɯ,(ƕÔɯÈÕËɯ,(ƕȮɯÏɯǻɯƖɯÔȮɯϦÔɯǻɯƕȭƖɯ,/Èȭɯ6ÈÓÓɯ,(ƕÔɯÞÈÚɯÛÌÚÛÌËɯÔÖÕÖÛÖÕÐÊÈÓÓàȮɯÞÈÓÓɯ

MI1 cyclically. The maximum horizontal load corresponded t o the first diagonal crack, and 



Evaluation of Masonry Structures Behavior Under Seismic Forces Via Laboratory Scale Experiments  

5 

decreased rapidly to a lower value. The failure mode concerned mainly the mortar beds, 

ÞÐÛÏɯÚÓÐÎÏÛɯËÈÔÈÎÌɯÐÕɯÛÏÌɯÉÙÐÊÒÚȭɯ6ÈÓÓɯ,(ƖȮɯÏɯǻɯƖɯÔȮɯϦÔɯǻɯƔȭƘɯ,/Èȭɯ3ÏÌɯÍÐÙÚÛɯÍÈÐÓÜÙÌɯÞÈÚɯËÜÌɯ

to a shear sliding mechanism located at the top mortar layer, with an apparent friction 

coefficient between 0.57 and 0.65. Thanks to the axial load increment the horizontal load also 

increased up to the formation of diagonal cracks. The post peak behaviour was similar to 

case MI1. Wall MI3, h = 3 m, ϦÔɯǻɯƕȭƖɯ,/Èȭɯ3ÏÌɯÍÈÐÓÜÙÌɯÔÖËÌɯÐÕÝÖÓÝÌËɯÚÜÉ-vertical cracks 

started in the central area of the panel, with extensive brick damage. The cracks extended 

slowly, cycle after cycle, with a correspondent gradual strength deterioration. Wall MI4, h = 3 

ÔȮɯϦÔɯǻɯ0.4 MPa. The mortar joints collapsed, allowing the formation of two wide diagonal 

cracks. The increment of the vertical load was in this case critical to avoid a flexural failure. 

The overall cyclic behavior seems to be strongly affected by the different failure mechanisms. 

Figure 1. Test setup of Magenes and Calvi. 

 

The horizontal load and horizontal displacement plots for all walls are shown in Table 1. 

Besides, the horizontal and vertical load plots of all the walls are shown in Table 1. 

As can be understood from Table 1, while WI4 is failed wall with the greatest displacement  

at the lowest load, WI1 is failed wall with the lowest displacement at the greatest load.  During  

the experiment the vertical load was not kept constant due to the motion of the wal l plane, 

but this condition is recorded and shown in Table 1. Considering this information, the follo -

wing deductions can be made; 

¶ Shear strength is directly proportional to vertical stress. In other words, a masonry wall 

has higher shear strength at lower floors. 

¶ In constant wall thickness, wall height and shear strength are inversely proportional. So, 

the more slender walls (h/d = 2) have shown apparently a shear strength sensibly lower 

than the squatter walls (h/d = l.34), for the same axial action. it is possible to overcome 

the shear strength in floors which are used for commercial purposes and whose floor 

height is higher than the other floors.  
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Table 1. Properties of walls and test results 

Walls h(m) t(m) Ϧv(MPa) Load Type Horz. Load -Dispalcement Horz. Load -Vertical Load 

MI1m - MI1 2 0.38 1.2 Mono Cyclic  

  

MI2 2 0.38 0.4 Cyclic 

  

MI3 3 0.38 1.2 Cyclic 

  

MI4 3 0.38 0.4 Cyclic 

  

Besides these inferences, the collapse modes of the walls are also important. Magenes and 

Calvi (1992) encountered two different failure modes of the walls in their experiments;  

¶ In a lower axial action, frictional failure of the mortar joints, and  

¶ In a higher axial action, tensile cracking of bricks. 

After five years, again, Magenes and Calvi (1997) proposed three failure modes: rocking 

failure, shear cracking and sliding. On the other hand, Parisi and Augenti divided the sliding 

mechanism into two parts: bed-joint sliding and stair -stepped sliding. In -plane mechanisms 

of Parisi and Augenti is shown in Table 2. Also, Table 2 provides some formulations and ex -

planations of the failure mechanisms. An application for ɼ ɾ πȢπς and same support type 

(fixed-fixed) is shown in Figure 2. Here, it is also possible to see the importance of the slender-

ness ratio. 

Until now, unreinforced plain masonry structures have been studied. However, there 

are also confined walls in masonry structures. Tomazevic and Klemenc (1997) examined the 

seismic behavior of these walls. Confined masonry walls is shown in Table 3. with h/l ratio 

1.5, made at 1:5 scale, were tested under seismic lateral load and vertical load.  
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Table 2. Some information about failure models  

 

Failure 

Mode  

Image of  

failure mode  

Lateral strength  

corresponding  

failure mode  

Ulti mate strength and meaning  

of symbols  

rocking 

failure  

 

 

 

 

Nd, axial force 

 

ὔd , normalized to the ultimate axial force  

lo, distance between the section where  

the flexural capacity is attained  

and the contraflexure point  

 

, ratio between diagonal shear strength at  

zero confining stress and uniaxial  

compressive strength of masonry 

 

p, shear stress distribution factor 

 

, ratio between sliding shear strength at  

zero confining stress and uniaxial  

compressive strength of masonry 

‘, fictitio us friction coefficient equal to 0.4 

diagonal 

tension 

cracking 

 

 

bed-joint 

sliding  

 

 

stair-stepped 

sliding  

 

 

 

Figure 2. Limit strength domains of (a) squat macroelement and (b) slender macroelement under fixedɬfixed conditions.  

 

 

In this part  of the study, only the confined effect has been taken into consideration since 

the other variables have been evaluated before. As a result of the tests, load-displacement 

graphs and failure modes are given in Table 3. This figure shows that; confined wall s show a 

much better behavior than plain walls. With this information, the in -plane behavior part of 

the masonry structures under seismic forces is completed. Now, out-of-plane behavior of 

masonry structures, which is more critical than the in -plane behavior, will be discussed 

under seismic forces. 
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Table 3. Information about dimensions of walls and test results.  

Observed Situation  Confined Masonry Wall  Plain Wall  
Some Informations and 

Results 

Dimensions  

and instrumentation  

of walls  

  

380/240/38 mm model walls, 

either confined at the 

vertical borders of the wall 

with 20/38 mm RC tie-

columns(specimens AH) or 

without tie -columns 

(specimens BH) 

Typical lateral  

load-displacement 

 hysteresis loops 

   

Typical walls after  

 lateral resistance test 

  

Single diagonal crack 

developed in the case of 

walls BH, leading to a 

sudden collapse along a 

clearly formed diagonal 

failure plane at much 

smaller displacement 

amplitudes than in the case 

of confined masonry 

specimens. Typical outlook 

of specimens AH and BH 

just before, or during 

collapse, is shown in here. 

Out -Of -Plane Behavior  

Out-of-plane behavior has attracted much attention in the past. Nevertheless, there is a 

general lack of alignment of which aspects of the seismic response that a structural model 

should reflect.  

Figure 3. Test rig configuration of Griffith et al.  
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In this structural model, there are many subjects and variables to be questioned such as 

boundary conditions, slenderness of wall, axial stress, modeling of corners, different actions 

of walls, openings, effects of in-plane damage and type of analysis. In the scope of this study, 

some publications have been discussed in order to reveal these situations. Griffith et al. 

(2004) conducted out-of-plane experiments with the system shown in Figure  3. Summary of 

key earthquake excitation test results for 110 mm (thickness) walls are given in Table 4. 

Table 4. Test Results According to Some Earthquake Scenarios 

Scenarios Displacement-time graphs Test Results (110 mm Walls) (ϦV =0) 

4 x Nahini  

 

 
 

 

0.66 x El Centro 

 

0.8 x Pacoima Dam 

 

Lönhoff et al. (2017) evaluated analytical and numerical approaches obtained as experi-

mental results. Four different analytical models are shown in Figure 4. The comparison between 

these analytical models and the numerical model is made in Figure 5. From Lönhoff et al. (2017), 

the following deduction can be made; there is no agreement for out-of-plane behavior and 

new analytical and numerical models should be developed by conducting new experimental 

studies. 

Figure 4. Analytical models: (a) Paulay; (b) Griffith; (c) DIN EN 1996; (d) KTA2201.33. 
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Figure 5. Comparison of the maximum accelerations from analytical and numerical analyses  

 

Abrams et al. (2017) reviewed a number of studies in the literature and made a review of 

out-of-plane. The work is quite extensive. However, only a summary is given by way of Table 1.  

Table 1.Brief information about Abrams et al. (2017) study  

Variables Some Figure About Out-of-Plane Behavior Some informations 

Boundary  

conditions  

 

 

Ground motion along X.  

 

As Sf grows, behavior of fixed - 

fixed support is approached.  

 

 

Walls span 

horizontally  

As well as  

vertically  

 

Ground motion along X.  

 

Three- 

dimensional  

effects 

 

three-dimensional damage  

patterns may include damage  

to corners or wall intersections  

(this has been commonly  

observed as a result of  

strong ground shaking)  

Actions 

 

different inertial actions  

occur during the earthquake  

Axial stress 

 

A special case where a lack  

of vertical stress can be  

significant is when an out -of- 

plane thin wall acts with  

orthogonal return walls that  

do not resist vertical stress. 
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Corners 

 

Corners damage will influence 

strength and behavior of an out - 

of-plane wall since the stiffness  

of the edge boundary condition  

is decreased, or even worse,  

the edge condition collapses. 

Openings 

 

Ground motion along X  

 

Effects of openings on out-of- 

plane failure mechanism:  

(a) without openings, (b) with  

central window (c) with central  

door and (d) with eccentric door 

Effects of  

previous in -plane 

 damage 

 

 

step 1: Ground motion along Z  

step 2: Ground motion along X  

 

previous in -plane damage  

changes out-of-plane  

behavior significantly.  

Damage To The Whole Structure And Results  

Lourenço et al. (2013) and Yi et al. (2006) tested masonry structures under seismic forces 

via shaking table and analytical model. Some of the damages and cracks obtained in these 

studies are shown in Figure 6. For the whole masonry structure, different results and 

supports output can be observed when considering cracks and breaks from Figure 6. 

Figure 6. Damage patterns involving corners in an unreinforced concrete -block building, (Lourenço et al. 2013), 

(b) cracking at base of left-hand flanged wall can alter the boundary condition (ad apted from Yi et al. 2006). 

  

As a result, masonry structures are exposed to different effects during the earthquake, 

such as out-of-plane and in-plane. These effects have been explored many times with lab-

scale experiments by researcher. Similar comments are made as a result of the experiments. 

However, there are various doubts as to whether these results are very close to each other 

and can be made a general rule. Nevertheless, when the experimental studies are examined, 

it is evident that masonry struc tures are more fragile against the out-of-plane effect that they 

are exposed to during the earthquake. In addition, tensile forces during the in -plane effect 

often encourage the wall to failure.  
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