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Abstract: In this paper the in-plane non-linear behavior of reinforced masonry brick walls is investigated
analytically and experimentally. For experimental work, a full scale reinforced masonry brick wall is vertically and
laterally loaded up to failure. The wall is displaced considerably before being collapsed. The yielding of tensile
reinforcements and the considerable displacement of the wall indicate high ductility and a good cooperation
of vertical reinforcements. In this study a micro-model is used to assess the behavior of reinforced masonry
shear walls. The bricks, mortar, their interface and reinforcements, are assumed as four separate elements in this
model. The behavior of bricks and mortar is assumed to obey a special plastic-damage model having a yield
function with different behavior in compression and tension. Also the behavior of the interface between mortar
and masonry brick is assumed to obey the coulomb friction model. Experimental results are in good agreement
with analytical ones.
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INTRODUCTION longitudinal and shear reinforcement and the aspect ratio.

Masonry walls are composite structural materials the tensile yielding of vertical reinforcement and crushing
which in their basic form consist of masonry units and of masonry at critical wall sections. This is generally the
mortar. Although masonry walls can carry substantial preferred mode, as flexural failure is ductile and is effective
loads in compression, its load bearing capacity for tension in dissipating energy in conjunction with reinforcement
and shear developed when subjected to seismic loads is yielding. In this mode of failure the masonry panel can
relatively low. During an earthquake, apart from the rock  like  a  rigid body (in cases of low vertical loads).
existing gravity loads, horizontal racking loads are The second type is shear failure, which is characterized by
imposed on walls. The unreinforced masonry behaves as diagonal tensile cracking. Reinforced masonry shear wall
a brittle material. Hence if the stress state within the wall panels that fail predominantly in shear mode usually
exceeds masonry strength, brittle failure occurs, followed exhibit less ductility, characterized by more rapid strength
by possible collapse of the wall and the building. degradation soon after maximum strength are attained.
Therefore unreinforced masonry walls are vulnerable to The third type is sliding shear failure. Walls with poor
earthquakes and should be confined and/or reinforced shear strength and panels with low aspect ratio loaded
whenever possible. Lateral resistance and ductility of predominantly with horizontal forces can exhibit this
plain masonry walls can be improved by reinforcing the failure mechanism.
masonry with steel. Reinforcing bars can be placed To find ways to determine the in-plane lateral loading
horizontally in the bed joints and embedded with mortar. capacity of reinforced masonry wall and to favor the onset
Vertical reinforcing bars can be placed in hollow block of flexural failure, many experimental and theoretical works
masonry cells. have been carried out (Sameer, et al. [1], Voon and

Three modes of failure can be identified in reinforced Ingham [2], Tomazevic, et al. [3]). It is demonstrated that
masonry shear wall panels subjected to in-plane loading the shear strength of reinforced wall depends on several
depending on the loading condition, the amount of factors   such  as  the  amount  of  longitudinal   and  shear

One is flexural type of failure, which is characterized by
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reinforcement, applied axial stress, dowel action of vertical A  non-linear  analysis  is performed by the
steel, arching of masonry, interlocking of crack surfaces application of explicit formulae. The verification of this
and strength of used masonry. The effectiveness of each modeling is carried out by comparing the numerical and
factor is reported to be different in various studies. For experimental results of the tested reinforced masonry
example, some researchers in contrary to others have shear wall.
observed that the shear strength of a wall panel is not
directly proportional to the amount of horizontal Experimental Program
reinforcements present but they only improve the ductility Construction  System:  The experimental program
of shear-dominated wall panels and effectively inhibit the involved testing of a full-scale reinforced pocket cavity
opening diagonal cracks (Matsumura [4], Shing, et al. [5], masonry cantilever wall under vertical and monotonic
Priestley [6]). So more research works are necessary. lateral loading. In this construction, bricks are placed in

In this paper, the in-plane non-linear behavior of such a way that a space of 105×105 mm between them is
reinforced masonry brick walls is investigated left for placing vertical reinforcements and mortar so that
experimentally. In this study also a micro-model is used to a better cohesion is achieved. The dimension of the wall
assess the behavior of reinforced masonry shear walls. In is 248cm length, 275cm height and 30.5cm thickness. The
experimental work, one of EC6 [7] suggested methods wall is built of solid clay bricks (200×100×50 mm ) and of
namely the reinforced pocket type wall which is common 10mm thick mortar made of 1:6 cement to sand ratio by
for engineered structural masonry construction is used. volume. The diameter of vertical reinforcements is 14 mm
This type of construction increases the speed and the with a space of 305 mm between them. The reinforcements
accuracy of the work. It also causes the bending are anchored at both ends by embedding them in the top
resistance of the wall to be increased due to a better and bottom concrete beams. The horizontal
cooperation of vertical reinforcement so that the ductility reinforcements are 12 mm diameter with a space of 300 mm
of the wall is improved. A single-story reinforced masonry between them. The bed joint reinforcements are placed at
wall panel with this type of construction was tested under each five rows and are tied to the vertical reinforcements
vertical and lateral loading in order to evaluate its (Fig. (1)).
behavior and in-plane shear capacity. 

The micro-model used assumes that bricks, mortar, Material Properties: Samples of the reinforcement used
their interface and reinforcement are four separate in  wall construction  were  taken  for  tensile   testing.
elements. Here, the behavior of bricks and mortar is The average yield strength (f ) for the horizontal and
assumed to obey the plastic-damage model having vertical steel were found to be 350, 400 MPa, respectively.
different behavior in compression and  tension. This The average modulus of elasticity of the horizontal and
model has already been used for concrete. For bricks and vertical steel (E ) was also 195, 180GPa (Fig. (2a)),
mortar,  a  specific yield function using multiple damage respectively. The modulus of elasticity of the brick, mortar
(or hardening) variables in compression and tension is and masonry were determined by compression tests
used. The behavior of the interface between mortar and according to the EC6 [7]. The elastic modulus is defined
masonry brick is assumed to obey the coulomb friction as a secant modulus at service load condition. This load
model. Von Misses criterion is used for reinforcements. level corresponds to 1/3 of maximum vertical load. 
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Fig. 1: The method of building the reinforced masonry wall
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Fig. 2: Stress-Strain relationship for all materials

Ten brick samples were loaded in compression machine, specimens were subjected to vertical uniformly
according to ASTM-C67 [8] to obtain their mechanical
properties. Using the stress-strain curves obtained from
compression tests illustrated in Fig. (2b), the average
modulus of elasticity (E ) and the average compressiveb

strength (f ) of samples were evaluated as 135MPa andcb

9.28MPa, respectively. Five 50mm mortar cube specimens
were taken from each mortar mix and tested for
compressive strength according to the ASTM C-109-1992
[8]. Using the stress-strain curves obtained from
compression tests illustrated in Fig. (2c), the average
modulus of elasticity (E ) and the average compressivemo

strength (f ) of samples were evaluated as 795MPa andcmo

9.36MPa, respectively. It should be noted that the mortar
is stiffer than bricks. Although this contradicts to the
most realistic masonry walls in other countries, the
authors have found that this is true for most Iranian made
mortar and bricks. The tensile strength of brick (f ) andtb

mortar (f ) is approximately  and  of theirtmo

compressive strength, respectively using various
references (Berto, et al. [9], Lourenco and Jan [10],
Massart, et al. [11], Gabor, et al. [12], Massart, et al. [13]).
In order to evaluate the compressive strength of masonry
units, five 3-course masonry prisms were tested according
to  ASTM   C-1314-2000   [8].   Using    universal    testing

distributed load while increasing top controlled
displacement until failure (Fig. (3a)). The average prism
compressive strength (f ) was 4.26MPa and modulus ofcm

elasticity (E ) was 207MPa (Fig. (2d)). According to them

EC 8 [8], the ratio between the tensile and compressive
strength (f , f ) of any type of masonry variestm cm

between  . 

Shear strength of masonry is defined as a
combination of initial shear strength under zero
compressive loads and the increase due to compressive
stresses perpendicular to the shear plane. Initial shear
strength at zero compressive is denoted as (c). This
property is determined according to BS EN 1052-3:2002
[14] by testing five triplet specimens such that only shear
stresses develop in the mortar to masonry unit contact
planes. A minimum acceptable value of (c) is 0.03 MPa.
The value of the brick-mortar interface bond strength
(mortar shear bond strength) was found to be 0.3 MPa.
The average values of angle of friction ( ) from five prism
samples were obtained when they were loaded up to
fracture using various constant compression forces
together with increasing shear forces (Fig. (3b)). The
value of average angle of friction of the mortar joint was
found to be 13°. EC6 [7] suggests a value of 22° for this
angle.
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Fig. 3: Compression and Shear Tests of Brick Prisms

Fig. 4: Test setup and instrumentation with  LVDTs  (linearly  variable  displacement

Test Setup and Instrumentation: The test setup is shown sides  of  the  wall,  at  the  top  and  at  the  height of
in Fig. 4, primarily consisting of a reinforced concrete 200cm from the footing, were measured  by  instruments
footing and horizontal hydraulic jack providing a 1 to 4 (Fig. 4). 
horizontally shear force to the top of the wall through a The vertical displacement at the edge of top of the
horizontal concrete beam (herein called the loading beam) wall and the out of plane displacement of the wall were
and vertical hydraulic jack that provided a vertically load measured by instrument 5and 6 respectively. The base
to the top of the wall through the loading beam. uplift was monitored by instrument 7. 
Horizontal concrete beam distributes the lateral and Six   strain   gages   were   used   to   measure  the
vertical concentrated loads uniformly. The capacity of strain  induced  in  the vertical and horizontal
each hydraulic jack is 1500 KN in compression. These reinforcement as shown in figure 4, 6. A data-logger
hydraulic jacks were fixed to a frame which was designed system was used to display, monitor and record the load
so that the maximum deformation under a prospective and displacement and strain measurements in real time
maximum load would be negligible. The load measurement during the test.
was carried out by installing two load cells placed in line
with  the central axes of the panel and connected to a Testing Procedure: The wall under test was firstly
data-logger system. When the masonry wall specimen is subjected to a vertical uniformly distributed load of 250kN
loaded, a vertical pressure along its loaded surface causes under load control condition at the rate of 25 kN/min.
friction between the frame and the vertically hydraulic Then a monotonically increasing horizontal force was
jack. This reduces the lateral displacement. The effect of applied to the top beam under load control condition at
such restraint may result in an increase of the apparent the rate of 15 kN/min until cracking appeared. This loading
strength of the test specimen. To minimize this effect, was continually increased up to the threshold of collapse
roller bearings are placed between the vertically acting under displacement  control  condition  at  the   rate  of
jack and the frame (Fig. 5). 1.5 mm/min.

Fig. 5: Roller bearings placed between the vertically
acting jack and the frame

The  reinforced  masonry  wall   was  instrumented

transducers).   The   lateral   displacements   at   both
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Fig. 6: Sticking the stain gages to the reinforcements

Fig. 7: Stresses induced in the reinforcement under vertical and lateral loads

Failure Mode: The vertical load of 250 kN which induces change in the wall. This load also did not induce
compressive stress equal to approximately  of the

actual compressive strength to the masonry in the
horizontal cross section of the wall did not cause any

considerable stress in the reinforcement (Fig. 7(a)). Up to
a horizontal load of 120 kN no sign of damage was
observed and it seems that the wall behaved linearly. The
maximum  displacement of the wall at this stage was 3mm.
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Fig. 8: The process of the wall failure under lateral loading

Fig. (9). Displacement under lateral loading 

As the load was increased, small vertical cracks appeared recorded  to  be  20  mm.  As the  load  was  increased to
in the units at the compressed corner (Fig. 8(a)). At this 250  kN, the  splitting  of  bricks  in  the  compressive
stage the slope of P-  diagram is reduced (Fig. (9a)) and corner happened without being crushed (Fig. (8c), (8d)).
the stress rate in the reinforcements is suddenly increased Ultimately,  at  a  displacement  of   60   mm,   the  wall
(Fig. (7b)). As the tests continued, vertical cracks were failed because of some chipping of units due to local
developed in the units at the compressed corners and buckling  of  reinforcement  in  this   zone   and  crushing
characteristic diagonally oriented shear cracks also of the units in compressive zone and also the
developed  in  the  middle  part  of  the  wall (Fig.  (8b)). development of diagonal cracks in the central part of the
The maximum horizontal displacement at this stage was wall (Fig. (8e), (8f)).
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DISCUSSION masonry and mortar (f ) are equal to their tensile strength

Because the top part of the wall cannot rotate during the wall is calculated, (V =120.1KN) It is observed
loading, so the model shown in Fig. (10a) is used. Since towards reaching this load, that the rate of horizontal
the wall is composed of three materials (the masonry, the displacement at the top part of the  wall  and  the  stress
mortar embedding the vertical reinforcement and the at   the   extreme   tensile   reinforcement   is  increased
vertical reinforcement), the elastic modulus (E) and the (Fig. (7b),(9a)). As shown in fig. (10a), the displacement at
moment of inertia (I) of this compound section are the top of the wall ( ) in linear range is calculated as
calculated in linear range before cracking (Fig. (10b)). below:
During applying the lateral load and assuming to have the
compound section under bending (Fig. (10c)), the stress (1)
at the tensile reinforcement at the point of strain gage
location  is  calculated  before  cracking.  This  is  added
to  the initial  stress  caused  by  vertical load   to    find Using various references (Berto, et al. [9], Lourenco
the total  numerical stress in the tensile reinforcement. and Jan [10], Massart, et al. [11], Gabor, et al. [12],
The corresponding experimental stresses are found by Massart, et al. [13]), the Poisson’s ratio of the masonry is
using readings of strain gages. As it can be observed assumed to be 0.2. Then the P-  diagram is drawn for the
from fig. 7(d), there is a good correlation between elastic range (Fig. (9b)), which is in good agreement with
experimental and calculation results. As the horizontal experimental results. In the elastic range, the displacement
load is increased, the masonry under tension starts to due to shear is more than that of bending but as plastic
crack. By   assuming   that   the  stresses  in  the  extreme range develops the effect of bending increases.

t

(f ), the cracking load corresponding to the first crack intm

cracking

Fig. 10: The modeling of the wall and the distribution of stresses in the transverse cross section duo to flexural moment
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Fig. 11: Strain in the extreme tensile steel under lateral
loading

As the lateral load exceeds V , the cracked zonecracking

progresses and the moment of area decreases. When the
whole tension zone is cracked, by assuming that the strain
in transverse cross section to be linear and that the
compressive stress in masonry (f ) to be less thanc

compressive strength (f ), the stress at the tensilecm

reinforcement at the point of strain  gage  location (f )is

(Fig. (10d)) is calculated. When the horizontal load lies
between the load corresponding to initial cracking and
that of full cracking, the moment of inertia (I) of compound
section and the stresses in the materials are calculated at
each stage. The comparison between the calculated and
experimental  stresses in the reinforcement is shown in
Fig. (7d). As the whole tension zone is cracked, by
increasing the lateral load, the stress distribution in the
compressive zone becomes nonlinear. In this case, the
previous  method  of  calculation  is  not  valid  any  more.
At this stage, the splitting of bricks in the compressive
corner happens and the vertical compression
reinforcement buckles due to decrease in their
confinement. Soon after, the vertical extreme tensile
reinforcement and shear reinforcement in the middle of the
wall start to yield and the wall reaches its lateral capacity.
In other words, until the vertical compression
reinforcement does not buckle; the vertical tensile
reinforcement and shear reinforcement behave linearly
(Fig. (7b)).

As the loading is continued, other layers of the
vertical  compression  reinforcement  start   to   buckle
(Fig. (7c)). The yielding of tensile and horizontal
reinforcements and the considerable displacement of the
wall indicate high ductility and a better cooperation of
vertical reinforcements. But by comparing the strains in
the vertical extreme tensile reinforcement in two cases, i.e.
when the nonlinear stage starts and when the wall
collapses, it is found that the ductility of the wall can be
increased and so the lateral capacity of the wall can be
enhanced (Fig. 11). This can be done by preventing the

buckling of vertical reinforcement or by increasing the
horizontal reinforcements in the middle of the wall.

The Suggested Modeling: To assess the behavior of
reinforced masonry shear walls, a micro-model is used
assuming steel, bricks, mortar and their interface as four
separate elements. In this model, the behavior of bricks
and mortar is assumed to obey the plastic-damage model
developed by Lee and Fenves [15]. Since mortar and brick
similar to concrete, behave differently in tension and
compression and also because under the application of
reversal loads, their strength in non-linear region is
reduced due to cracking and crushing, therefore the model
used for concrete can also be suggested for these
materials. Also in the model, the difference between the
degradation of the elastic stiffness in tension and
compression tests is taken in to account. The yield
function proposed by Lubliner et al. [16] that was
modified using multiple damage (or hardening) variables
by Lee and Fenves [15] is used for bricks and mortar. In
this function, the difference in behavior of the materials
used under tension and compression is taken into
account. Details of the framework for this plastic-damage
model and purposed yield condition are given below.

Brick and Mortar Model: In the incremental theory of
plasticity, the strain tensor  is decomposed into the
elastic part  and the plastic part . The stress-strainel pl

relations for bricks and mortar are governed by scalar
damaged elasticity:

(2)

Where  is the initial or undamaged elastic stiffness of

the material and K is the degraded or damaged elasticel

stiffness; and k is the scalar stiffness degradation
variable, which can take values in the range from zero to
one  for undamaged  material  to fully damaged material.
k is denoted as k  and k  for uniaxial tensile andt c

compressive case respectively. These parameters are
assumed to be functions of the equivalent plastic strains.

(3)

Generally  damaged states are specified
independently by two hardening variables which are
referred to as equivalent plastic strains in tension

and  equivalent   plastic   strains   in   compression .



0 0
and

t tpl pl pl pl
t t c cdt dt= =∫ ∫    

0(1 ) ( )pl
t t t tk E= − − 

0(1 ) ( )pl
c c c ck E= − − 

max

max

1 ˆ( , ) ( 3 ( )
1

ˆ ) ( ) 0

pl pl

pl
c

F q p= − +
−

− − − ≤

 



p
q

max
ˆ

( )pl

( )( ) (1 ) (1 )
( )

pl
pl c c

pl
t t

= − − +



t c

max
ˆ 0≤

max 1 2 3
ˆ ˆ ˆ ˆ= ≥ =

max 1 2 3
ˆ ˆ ˆ ˆ= = ≥ 1 2 3

ˆ ˆ ˆ, ,

TM
c

CM

q
q

=

3
2 3c
+

=
+

3(1 )
2 1

c

c

−
=

−

2
3

World Appl. Sci. J., 19 (8): 1182-1193, 2012

1190

Fig. 12: Response of masonry to uniaxial loading: (a) in tension; (b) in compression

It is  assumed  that  the  micro  cracking and crushing in (7)
the quasi-brittle materials like brick or mortar are
represented by increasing values of the hardening
variables. These variables control the evolution of the Where  and  are the effective tensile and
yield surface and the elastic stiffness degradation. They
are also referred to the dissipated fracture  energy
required   to   generate   micro-cracks. The equivalent
plastic strains could be evaluated by

respectively. As shown

in Fig. 12, when the bricks or mortar specimens are
unloaded from any point on the strain softening branch of
each stress-strain curve, the unloading response is
observed to be weakened, that is the elastic stiffness of
the   material   appears   to   be   damaged   (degraded).
The degradation of the elastic stiffness is significantly
different in tension and compression tests. If E  is the0

initial  (undamaged) elastic modulus of material, the
stress-strain relations under uniaxial tension and
compression loading are as follow:

(4)
(5)

Yield Condition: The plastic damage model uses a yield
condition based on the yield function proposed by
Lubliner et al. [16]. This function is modified by Lee and
Fenves [15] and hence it takes the following form:

(6)

Where  and  are dimensionless material constants,
is the effective hydrostatic pressure,  is the Von Mises
equivalent effective stress and  (the algebraically

maximum eigenvalue of ) is the maximum principal
stress. The function  in this equation is given by:

compressive stresses, respectively.The coefficient  can
be determined from the initial equibiaxial and uniaxial
compressive yield stresses and according to Lee and
Fenves [15], it is limited to 0 0.5. The coefficient
would be only considered when  for triaxial

compression stress state. This coefficient can be
determined by comparing the yield conditions along the
tensile and compressive meridians. By definition, the
tensile meridian (TM) is the locus of stress states
satisfying the condition   and the

compressive meridian (CM) is the locus of stress states
such that   where  are the

eigenvalue of the effective stress tensor and if 

is assumed then the constant  is given byc

and hence  . According to Lubliner et al. [16],

the value of  does not seem to be contradicted byc

experimental evidence. For quasi-brittle materials like
concrete the general value of  is  from which  wouldc

be 3. Typical yield surfaces for plane stress state are
shown in Fig. 13.

Unit-mortar Interface Model: The interface between
mortar and brick is modeled using coulomb friction model
which is based on maximum shear and normal stress
applied to the interface. The standard coulomb friction
model assumes that if the equivalent frictional stress ( )
is less than the critical stress ( ) two materials sustaincrit

the   same   shear   stress  and  no  relative  motion occurs.



( )maxmin . ,crit p c= +

.t e
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c
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Fig. 13: Yield surfaces in plane stress 

The critical stress is proportional to the contact pressure
p, (  = µ.P+c). Friction coefficient µ and coefficient of
cohesion (c) for isotropic materials is supposed to be
same in all directions. It is possible to put a limit on the
critical stress ( ):max

(8)

If the equivalent stress  reaches the  critical  stress
(  = ), slip can occur.eq crit

Reinforcements are considered as linear elements
embedded in mortar and Von Misses criteria are used for
nonlinear analysis. To validate the suggested model, the
wall under test is modeled and analyzed. The results of
numerical analyses are compared with the results of tested
masonry wall. The control test data contain horizontal or
vertical displacements during all states of behavior up to
failure. Comparison was carried out between the failure
progress and displacement history. Numerical model was
analyzed using material elastic (young modulus and
poison ratio) and plastic properties (stress-strain diagram,
strength and other plasticity parameters). Some of these
material properties were obtained experimentally and some
evaluated numerically. Parameters k , k ,  and  arec t

needed for non-linear state of behavior. However, as the
monotonic load (no load reversal) was applied, the
parameters k  and k  are not needed and only  and  arec t

needed for the analysis. As it is difficult to experimentally
obtain the plasticity parameters needed for non-linear
analysis, their values are chosen with this view that
mortar and bricks behave approximately the same as that
of concrete. Also the published Poisson’s ratio values for
bricks and mortar from other sources are used and not
obtained experimentally here (Berto, et al. [9], Lourenco
and  Jan   [10],   Massart,  et  al.  [11],  Gabor,  et  al.  [12],

Table 1: Mechanical properties of tested masonry
Brick Mortar Prism

f (MPa) 9.28 9.36 4.26c

f (MPa) 0.46 0.23 0.17t
a a

E (MPa) 135 795 207
0.15 0.2 0.2a a a

Interface Element 13°
c (MPa) 0.3

 value with  are typical values retrieved from various sources [9-13]a a

Table 2: Mechanical properties of tested reinforcements
f (MPa) E (GPa)y

Horizontal steel 350 195
Vertical steel 400 180

Table 3: Mechanical properties of interface element
Angle of friction c (MPa)

Interface Element 13° 0.3

Table 4: Plasticity parameters for nonlinear analysis
Brick Mortar

cb b cn m

1.0 0.00 0.95 0.04

Massart, et al. [13]). Table 1-4 provide the average value
of mechanical properties of tested sample and its
plasticity parameters.

A non-linear analysis is performed by the application
of explicit formulae and the central difference method.
This is a very simple explicit step-by-step method;
however it is only conditionally stable and will blow up if
the time step is not made short enough. It is clear that
more effective methods are available, but this method is
the simplest procedure and so it is used. By adopting a
shorter time step, it can be used to obtain a satisfactory
representation of the input and the response. In order to
satisfy the convergence of analysis, the time increment of

t should be less than t ,cr

(9)

Where l  = 0.7-0.9, l  is the smallest element dimension,i e

, E is elastic modulus of the material and  is

density of the material used. For numerical analysis,
rectangular meshes are adopted and plane stress 4-node
bilinear finite elements are used. The bricks and mortar
mesh sizes are assumed to be 50mm and 10mm
respectively. With these sizes the requirement of eqn(9)
is satisfied. The assumed loading in analyzes is similar to
the loading in experimental work. 
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Fig. 14: Comparison between numerical and experimental results

Modeling Results: The analysis of stress distribution and  the   ultimate   loads   coincide   well   with  each
during loading shows that non-linear behavior begins at other  (Fig.  (14d)).  The  observed  differences  are
50% of ultimate load in the edge of the masonry panel relatively  small  and  are  in  the  range  of  usual  values
under compression (Fig. (14a)). Also, we remark that with found in the literature and show the capability of
increasing the load, the plastic deformation in this zone modeling to forecast the non-linear behavior of the
and slipping in the center of the panel develop (Fig. 14b)). reinforced masonry wall. 
Thus, failure of the wall is caused by the development of
strain  in  the  center  of  the  panel  and  progress of CONCLUSION
plastic deformation in the compression zone (Fig. (14c)).
The masonry wall has generally a ductile behavior and so The in-plane non-linear behavior of reinforced
the failure does not appear to happen suddenly. In order masonry brick walls is investigated analytically and
to evaluate the modeling efficiency for the global experimentally. For experimental work, the wall was
response, load-displacement diagram for the top of the vertically and laterally loaded up to failure and these
wall is drawn (Fig. (14d)). By analyzing this diagram, it is results were observed:
observed that the masonry panel has a quasi-elastic
global behavior up to about 50% of ultimate load. At this The good correlation between the experimental and
point, a change of  the  global  stiffness  which  causes the calculated stress and displacement values
the degradation  of  mechanical   properties   is  noticed. indicates that the assumed compound section for the
At 85% of ultimate load, a large change of the global reinforced masonry walls is correct. 
stiffness causing the start of the  failure  can  be  seen. By assuming that the stress in the extreme masonry
The  experimental  load-displacement  diagram  has  the and mortar are equal to their ultimate tensile strength,
same  shape  as the diagram obtained by the modeling. the cracking load corresponding to the first crack in
The shape of the curve for the elastic and plastic domains the wall can be calculated accurately. 
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This study shows that after the wall cracked, 3. Tomazevic, M., M. Lutman and V. Bosiljkov, 2005.
increasing the lateral load causes the crack zone to Robustness of hollow clay masonry units and
propagate and also the stress distribution in the seismic behavior of masonry walls. Construction and
compression zone becomes nonlinear. At this stage, Building Materials.
the splitting of bricks in the compressive corner 4. Matsumura, A., 1998. Shear strength of reinforced
happens and due to decrease in the vertical masonry walls. Proc. 9  World Conf. on Earthquake
compression reinforcement confinement, they buckle. Engineering, 7: 121-126.
After buckling of the vertical compression 5. Shing,   P.B.   Schuller   and   V.R.   Hoskere,   1990.
reinforcement, the vertical extreme tensile In-plane resistance of reinforced masonry shear
reinforcement and shear reinforcement in the middle walls. J. Structural Engineering, 116(3): 619-640.
of the wall start to yield and the wall reaches its 6. Priestley, M.J.N., 1980. Seismic design of masonry
lateral capacity. buildings background to the draft masonry design
The yielding of tensile and horizontal reinforcements code DZ 4210. Bulletin of the New Zealand National
and the considerable displacement of the wall Society for Earthquake Engineering, 13(4): 329-346.
indicate high ductility and a good cooperation of 7. Structural Masonry Desingn to EUROCODE 6, 2008.
vertical reinforcements. 8. ASTM INTERNATIONAL standards worldwide,
The wall failure shows that the sliding shear mode of 2009.
failure is prevented by increasing the horizontal 9. Luisa Berto, Anna Saetta, Roberto Scotta and Renato
reinforcement in the middle of the wall together with Vitaliani, 2004. Shear behaviour of masonry panel:
preventing the buckling of the vertical reinforcement. Parametric FE analyses. J. International J. Solids and
This increases the lateral bearing capacity of the wall. Structures, 41: 4383-4405. 

In this study a micro-model is used to assess the interface model for analysis of masonry structures. J.
behavior of reinforced masonry shear wall. In using this Engineering Mechanics, 123(7): 660-668. 
model, the following pointes are observed: 11. Massart, T.J., R.H.J. Peerlings and M.G.D. Geers,

This model has the benefit that the tensile and damage-induced anisotropy in brick masonry.
compressive behavior of bricks and mortar and the European J. Mechanics A/Solids, 23(7): 719-735.
specifications of interface element and 12. Gabor, A., E. Ferrier, E. Jacquelin and P. Hamelin,
reinforcements would be easily considered in the 2005. Analysis and modeling of the in-plane shear
analyses. Also the strength reduction in non-linear behavior of hollow brick masonry panels.
region due to cracking and crushing can be Construction and Building Materials.
accounted for. 13. Massart, T.J.,  R.H.J.  Peerlings,  M.G.D.  Geers  and
Results show that the proposed model is capable to S. Gottcheiner,  2005.  Mesoscopic  modeling of
recognize the localized cracking and the failure mode failure   in      brick     masonry     accounting   for
of the reinforced masonry walls. Also this model three-dimensional effect. Engineering Fracture
calculates the lateral bearing capacity of the Mechanics, 72: 1238-1253.
reinforced masonry walls accurately. 14. BS Code of practice for use of masonry. Materials
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