8(2011) 445 — 461

Latin American Journal of
Solids and Structures

www.lajss.org

Lateral strength force of URM structures based on a constitu-
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This paper presents the numerical implementation of a new Department of Civil Engineering, Faculty En-
proposed interface model for modeling the behavior of mor- gineering, Razi University, P.O. Box 67149

tar joints in masonry walls. Its theoretical framework is fully 67346, Kermanshah, lran
based on the plasticity theory. The Von Mises criterion is
used to simulate the behavior of brick and stone units. The
interface laws for contact elements are formulated to sim-
ulate the softening behavior of mortar joints under tensile
stress; a normal linear cap model is also used to limit com- ﬁef:\i,‘i’::d%irﬁqp;?%l,;2011

pressive stress. The numerical predictions based on the pro-
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posed model for the behavior of interface elements correlate
very highly with test data. A new explicit formula based on
results of proposed interface model is also presented to esti-
mate the strength of unreinforced masonry structures. The
closed form solution predicts the ultimate lateral load of un-
reinforced masonry walls less error percentage than ATC and
FEMA-307. Consequently, the proposed closed form solution
can be used satisfactorily to analyze unreinforced masonry
structures.
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1 INTRODUCTION

Masonry is the oldest building material that still finds wide use in today’s building industries.
Masonry buildings are constructed in many parts of the world where earthquakes occur. Hence,
knowledge of their seismic behavior is necessary to evaluate the seismic performance of these
types of building. Pushover analysis is commonly used to evaluate seismic performance and
to determine the capacity curve. Therefore, the capacity curve is studied in this paper.

Important new developments in masonry materials and applications have occurred in the
past two decades. Masonry is a composite material that consists of block and mortar joints.
Hence, micro-modeling is used for the detailed analysis of masonry and may include a repre-
sentation of clay bricks, mortar and the block/mortar interface, Fig. 1(a).

The primary aim of micro-modeling is to closely represent masonry using knowledge of
the properties of each constituent and the interface. The necessary experimental data must
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Figure 1 (a) Detailed micro-modeling of masonry, and (b) schematic representation of a test specimen.

be obtained from laboratory tests on the constituents and small masonry samples. Several
attempts to use interfaces for the modeling of masonry were carried out in the past decade
with reasonably simple models; see Loureno (1994) for reference [8]. In particular, gradual
softening behavior and all failure mechanisms, namely tensile, shear and compressive failure,
have not yet been fully included. Riddington and Naom, in 1994 [13], used the finite element
method to predict the ultimate compressive strength of a masonry prism. They used the bi-
linear criterion to model the behavior of a mortar joint. The cap model was not used to limit
the compressive and tensile strength of the mortar joint. Lourenco in 1996 [9] carried out
finite element analysis with the use of the non-associated flow rule. The yield surface included
the tension cut-off criterion with a compressive spherical cap model to introduce the behavior
of the mortar joint; the coulomb friction criterion was also used as a potential surface [9].
The predicted load-displacement curve was in accordance with experimental data for a low
initial vertical load on the wall. The contact elements with four nodes and triangular elements
were implemented to analyze masonry deep beams and shear masonry walls by Sutcliffe et al.
[17]. They reintroduced the yield surface used by Lourenco in [9]. They estimated the linear
approximation to the cap model instead of Lourenco’s spherical cap model for compressive
strength. The slope of the linear approximation to the cap model was less than the frictional
angle of the mortar joint. Giambanco et al. [6] implemented the tension cut-off criterion
for the tensile strength and Mohr-Coulomb criterion for the shear failure mode without the
compressive cap model. An asperity model was adopted to describe the evolution of the contact
surface shape during the loss of cohesion process and sliding. Olivirea and Lourenco developed
the model presented in [9] for cyclic loading. The limit analysis of the masonry structure was
implemented by modeling nonassociative Coulomb sliding friction [7]. Chaimoon and Attard
[4] carried out analysis of a masonry wall with the model introduced in [17]; however, they
implemented the model with different slope angles for the linear approximation to the cap
model. Shieh-Beygi and Pietruszczak [16] adopted a mesoscale approach to analyze masonry
walls. The non-associated flow rule was used in the analysis. The tension cut-off model
was approximated with three lines in the normal stress-shear stress space without using the
compressive cap model for the yield/failure surface, and a logarithmic plastic potential surface
was also employed in the analysis. They assumed the conditions at failure for both brick and
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mortar to be governed by the Mohr-Coulomb criterion. Thanoon et al. [18] implemented
the cohesion-less Mohr-Coulomb criterion to analyze interlocking mortarless block masonry
systems. Senthivel and Lourenco [15] implemented the model in [9] to analyze stone masonry
shear walls. The obtained results show good agreement with test data. Brasile et al. [2]
proposed a coarse-scale model based on an assumed stress finite element formulation. They
obtained the nonlinear behavior by assuming a set of planes on the element where the frictional
response can take place, together with the tensile and compression limit stress.

In accordance with the research above on the numerical analysis of masonry walls by the
use of micro modeling processes, the models can be divided into groups: 1) one group used the
tension cut-off model with the compressive cap model for the mortar joint and elastic behavior
of a block [7, 13, 18], 2) another group used the tension cut-off model without the compressive
cap model for the mortar joint for either the elastic-plastic behavior for block masonry [2, 16]
or the elastic behavior for block masonry [6], and 3) the final group implemented the tension
cut-off model with the compressive cap model for mortar joints and the elastic behavior of
block masonry [4, 8, 9, 11, 15, 17]. Therefore, based on these divisions, it is necessary to
investigate masonry walls with the use of the tension cut-off model with the compressive cap
model and elastic-plastic behavior for block masonry with a simple formulation. This paper
focuses on masonry walls with this aim.

2 THE INTERFACE MODEL

Masonry is a composite material that consists of units and mortar joints. A masonry wall is
constructed by laying pieces of bricks on top of each other with cohesion via mortar. The mortar
joint can be modeled by interface elements and bricks by isoparametric elements. Sliding on
mortar joints may occur for a masonry wall under a lateral force. Modeling of this phenomenon
with standard finite elements would lead to numerical ill conditioning due to the high aspect
ratios present. The idea of overcoming this problem by introducing special elements is not
new [8]. However, in this paper, the joint elements were developed by Giambanco et al. [6]
and [2, 16]. Sekiguchi [14] applied 6-noded joint elements in an elasto-viscoplasticity analysis
based on tangential and normal stiffness of joint elements related to the force-displacement
relationship. Here, a 6-noded joint element is reformulated based on tangential and normal
elasticity modules related to the stress-strain relationship, as shown in Fig. 2.
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Figure 2 Schematic representation of global and local axes of a joint element.
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The elastic stiffness matrix of a joint element is defined in the standard finite element as

K. = f BTDBAV (1)

where the B matrix is defined as )
B=—N (2)

w

The evaluation of K, in (1) can be performed as a line integral:

Ke:t_/_.ll BTDB[(g—z)2+(g—g)2]l/2d§ (3)

where ¢ is width of joint element, and D is the stress-strain matrix in the local coordinate
system. The elastic stress-strain relation is defined as

_Jdr | | Er O dy | _ _lrg _l
dg_{da}_[ 0 En]{den}_Dd€7dE_w{7“n}_wr )

Here we note that Ep and E, are tangential and normal elastic modules, respectively, in the
local coordinates of the joint element, and r is illustrated as

ax
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where the shape functions n; associated with node I are expressed in terms of the local &
coordinate as

n; = %f&(l +&6) i=1,3,4,6 (6)
n;=1-¢ 1=2,5

Irreversible discontinuous displacements occur when the stress state reaches a limit condi-
tion. In this paper, the elastic domain is defined by three convex limit surfaces intersecting
in a non-smooth fashion: the Coulomb criterion for the shear stress state, the tension cut-off
for the tensile stress state and the compression cut-off for compressive strength. The limit
functions, reported in the stress space, as shown in Fig. 3, take the following form:

O =|m|+optane - C =0
(I)IIZO'n—S(E)ZO (7)
q)[][ =0p +Fc(€) =0
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where ¢ is the internal friction angle of the contact layer, ¢ is the normal strain, C, S and F¢
are cohesion, tensile strength and compressive strength of the contact layer, respectively, and
On, Tn are the amount of normal stress and shear stress on the interface surface, respectively.

These stresses are calculated in local coordinates.

. 0P
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Figure 3 Yield condition represented in the stress space.

The stresses will be calculated for step n and iteration i+1 based on the amount of stresses

in step n and iteration i by use of the elastic predict-plastic correction as

z+10_>£- - ot +do

-n -n -n

By substituting Eq. (8) in Eq. (7), the predicted stresses are found to be

IF @],@[},@]]]SO :O.lewlo,*
-n -n
i+1 : 1 tlpx
IF @71 >0,®7<00r &7 >0 =0 =57, = |-0, tanp + C| mEw—
n
it1 - - L 7+1, _*
i+l % i+ z+
IF $;;<0,®;>0 =0 =""0,,T, —| tang0+C’| P *|
i+1 1,+1,7_>(-
IF ®7;7>0,&7<00r &7 >0 = 0 =Fo,m," =]~ tanp + C| -
irl - - 1 +1,_*
2+ * 1+ Z+
IF ®;77<0,8;>0 = o ="y, T =|-o tang0+C|

3 FINITE ELEMENT ANALYSIS

(®)

To test the effectiveness of the proposed interface laws for the solution of boundary value
problems regarding masonry walls, which are made up of blocks connected to each other by

mortar joints, the finite element method has been chosen to obtain the discretized version of

the equilibrium equations. In finite element analysis, two-dimensional 8-nodes isoparametric
elements simulating blocks and 6-nodes simulating contact elements are used for the mortar
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joints and units. For this purpose the program was in the FORTRAN language. The Von-
Mises criterion was assumed for the behavior of blocks, and the proposed yield/failure surface
was applied for the behavior of mortar joints. Three Lobatto points were considered for each
contact element, and 2*2 gauss points for the 8-nodes isoparametric elements were used to
carry out the numerical integrations. This method and the program were applied for modeling
a number of experimental tests, and two examples are considered in the following section.

3.1 Numerical Example
3.1.1 The masonry shear wall example

This example simulates the mechanical response of the masonry wall illustrated in Fig. 4.
Experimental tests on a masonry wall were carried out by Vermeltfoort et al. [19]. The wall
was made of wire-cut solid clay bricks with dimensions of 210*52*100 mm? and 10-mm thick
mortar joints and characterized by a height/width ratio of one, with dimensions of 1000*990
mm?. Two stiff steel beams at the horizontal boundaries of the test setup clamp on the top
and the bottom wall. The geometry of the model and the boundary conditions adopted are
shown in Fig. 4. At the top horizontal side of the wall, the vertical degrees of freedom are
constrained using a uniform distribution of springs of stiffness k& simulating the stiffness of the
test apparatus [6].
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Figure 4 (a) Solid masonry wall geometry and (b) boundary and loading conditions [5, 14].

The elastic properties of the bricks as well as the joint with the interface parameters
characterizing the strength properties are reported in Table 1. Fig. 5 shows the softening
behavior of mortar in tension and the behavior of mortar in compression. The behavior of
bricks is assumed to be elastic-perfect plastic. The behavior is modeled by the Von-Mises
criterion.

Here, F is the elastic modulus, E; the tangential modulus, v the Poission ratio, F, the
compressive strength, F; the tensile strength, C' the shear strength and ¢ the friction angle.

The value of the stiffness k has been previously calibrated to obtain a final collapse of the
wall for a slip type mechanism [6]. The value of the stiffness k = 9 x 10 N/cm adopted to
simulate the constraint was provided by the test apparatus. For the numerical analysis, bricks
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Table 1  Properties of brick and mortar joints (in terms of N/cm?).

Brick Mortar Joint
Ef6] ovl[6] F. E E[6] v[6] C[6] ¢[6] F. F [6]
1670000 0.15 175 O 78200 0.14 35 37° 150 25
FLA

F. =150

(a) (b)

Figure 5 (a) Compressive and (b) tensile behavior for the mortar joint used in the analysis.

are represented by plane stress continuum elements (8-noded), whereas line interface elements
(6-noded) are adopted for the joints. Each brick is modeled with 2*1 elements. The wall is
modeled by 160 8-noded isoparametric elements, 222 interface elements and 2086 degrees of
freedom. The value of error for the displacement convergence criterion is le-5. Fig. 6 shows the
comparison between the predicted load-displacement curve and the test data. The comparison
expresses significant relation between the predicted results and the test data.

60
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€ 40| Point A
@
s
S 304
[
2 204
- —o— Present work
10 4 —— Testdata [3,14]
0 T T T T T |
0 0.5 1 15 2 25 3

Lateral Displacement (mm)

Figure 6 Comparison between test data and predicted load-displacement curve.

Fig. 6 shows that the predicted ultimate load is 93.25% of the observed ultimate load, and
that the load-displacement curve obtained from analysis is in good correlation with test data.
The shear and tension failure occurred at the bottom of the wall due to a combination of shear
force and bending moment. At the top of the wall, the tensile failure occurred in the vertical
mortar and shear failure in horizontal mortar. Fig. 7 shows the failure of the wall.

The variation of shear stress for point A from Fig. 6 in the isoparametric elements and
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Figure 7 Deformed shape for the last step (Point A from Fig. 6).

interface elements is shown in Fig. 8, in the same way the variation of normal stress is shown
in Fig. 9.
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Figure 8 Distribution of shear stress for a) interface element and b) 8-noded isoparametric element with
dimensions in cm and shear stress in N/cm?.

Fig. 8 shows distribution of the shear stress in the direction of the diagonal of the wall,
BC, and the distribution of normal stress is expressed in Fig. 9. In both Fig. 8 and Fig. 9,
the width of the compressive diagonal is shown with the parameter W, which is about 60 cm
or 40% of the length of the diagonal.

3.1.2 The stone-masonry shear wall example

The irregular stone masonry with bonding mortar is representative of large stone block con-
struction, possibly in monumental buildings. The data were obtained from the ancient stone
masonry shear wall test [15]. The average compressive strength, tensile strength and Young’s
modules of the stone were 69.2 N/mm?, 2.8 N/mm? and 20200 N/mm?, respectively. The
average compressive strength of the mortar was 3.0 N/mm?. Fig. 10 and Table 2 present the
experimental stone-masonry shear wall test. The dimensions of the wall were fixed as 1000
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(b)

Figure 9 Distribution of normal stress for a) interface elements and b) 8-noded isoparametric elements with
dimensions in cm and shear stress in N/cm?2.

mm (length) * 1200 mm (height) * 200 mm (width), and the height to length ratio was 1.2.
The dimensions of the sawn stone used in the wall were 200 mm (length) * 150 mm (height) *
200 mm (width). The monotonic lateral load was carried out with a low axial pre-compression
load level of 100 kN (o = 0.5 N/mm?).

1200 mim

(a) (b)

Figure 10 The dimensions of the stone wall: a) the irregular stone wall with bonding mortar, boundary condi-
tions and initial loading, and b) modeling of the interface element.

Fig. 11 shows the softening behavior of mortar in tension and the behavior of mortar in
compression.

For the numerical analysis, stone masonry units are represented by plane stress contin-
uum elements (8-noded), whereas line interface elements (6-noded) are adopted for the joints.
Each stone masonry unit is modeled with 2*1 elements. The wall is modeled by 48, 8-noded
isoparametric elements, 60 interface elements and 1024 degrees of freedom, and the value of
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Table 2 Properties of stone units and mortar joints (in N/mm?).

Stone unit Mortar Joint
E [15] w [15] F.[15] E E [15] w [15] C [15] ¢ [15] F. [15] F;
20200 0.2 69.2 0 3.494 0.11 0.1 21.80° 3.0 0.032
F;A

F, =30

(a) (b)
Figure 11 (a) Compressive and (b) tensile behavior for mortar joints assumed in the analysis.
error for the displacement convergence criterion is le-4. Fig. 12 shows the comparison between

predicted load-displacement curve and test data. The comparison expresses close relationship
between the predicted results and test data.

40 —
35 1 A
30
2 25
T 201
o
2 151
g 10 4 ——Test data[11]
© —=— Present work
- 5
0 : ‘ ‘ ‘ ‘ ‘

0 5 10 15 20 25 30

Displacement (mm)

Figure 12 Comparison between test data and predicted load-displacement curve.

The variation of the shear stress for point A from Fig. 12 in the isoparametric elements
and interface elements is shown in Fig. 13. The variation of normal stress is shown in Fig. 14
too.

Fig. 13 shows that the maximum shear stress occurred above the diagonal of the wall, BC,
which is in accordance with the failure observed in the laboratory [15]. In Fig. 13, the width
of the compressive diagonal is shown with the parameter W, which is about 470 mm or 30%
of the length of the diagonal. The maximum normal tensile stress shows the tensile failure of
mortar joints and no crushing in the mortar joints due to compressive stress; see Fig. 14.

Therefore, in accordance with two different above boundary value problems, the width of
the compressive diagonal can be shown as a coefficient of the length of the diagonal. Also, this
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Figure 13 Distribution of shear stress for a) interface elements and b) 8-noded isoparametric elements with

dimensions in mm and shear stress in N/mm?
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Figure 14 Distribution of normal stress for a) interface elements and b) 8-noded isoparametric elements with
dimensions in mm and shear stress in N/mm?

coefficient by use of parameters in Table 1 was determined for a height/width ratio of two,
with dimensions of 100*50 cm? and the ratio of four, with dimensions of 200*50 cm?. The
thickness of the wall was 10 cm. The coefficient for the ratio two and four was determined 0.22

and 0.12, respectively. Fig. 15 shows variations of the coefficient versus different height /width
ratio of the wall. This coefficient is shown by F,.

Therefore, the resistance lateral force of unreinforced masonry wall can be determined
based on the effective width of the wall in compression. Hence, the resistance lateral force is
based on compressive axial force of the effective width, Fig. 16.

Latin American Journal of Solids and Structures 8(2011) 445 — 461



456 A.H. Akhaveissy / Lateral strength force of URM structures based on a constitutive model for interface element

0.5

Figure 15 The coefficient of compressive diagonal versus high to width ratio of wall.

P
Infinitesimal
element
o
- d
I l
1) 45°
L
P To-d
(a) (b)

Figure 16 a) compressive effective width of the wall and b) principal stress on infinitesimal element.

According to Fig. 16, the resistance lateral force is as follows:

P=Py;+ COS(H)
Py=F,Lgtog; 0q4= 27, (10)
Ty = C + 0p tan(¢)

where, C' and ¢ are the cohesive strength and the friction angle, respectively. In Eq. (10),
oo is the initial applied pressure on the top of the wall. The lateral resistance force of two
previous boundary value problems are determined based on Eq. (10), see Table 3.

The comparisons between predictions by Eq. (10) and test data in Table 3 show good
correlation. To assess the ability of the proposed formula, Eq. (10), different experimental
results were selected in Table 4.
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Table 3 Comparison of prediction by Eq. (10) and test data.

h/L o0 U 0 Ly F, t P (kN)  Test Error
(mm) (MPa) (MPa) (mm) (mm) Eq. (10) (kN) %
S 03 .35+0.7540¢ 4529 1407.2 040 100 4563 50  -8.7

% 0.5 .104-0.4000¢ 50.19 1562.1 0.30 200 36.00 38 -5.3

Table 4 Comparison between estimated ultimate lateral load by proposed method, Eq. (10), test data [10]
and ATC [1].

h/L oo U [ Lg Fy t P (kN) Test Error of Reference and
(mm) (MPa) (MPa) [10] (mm) (mm) Eq. (10) (kN) present (reported error
work % in reference)
2000 0.6 2140.8l0p 63.43 2236.1 0.22 250 76.57 72 6.3 [5] (-42.4%)
1350 0.6 2140.810p 53.47 1680.0 0.28 250 97.44 85 14.6 [5] (-26.0%)
3000 1.24  .144+0.5500 63.43 33541 022 380 206.2 185 11.4 [5] (-33.6%)
2000 0.68  .2140.8lcp 53.13 2500.0 0.29 380 251.5 227 10.8 (5] (-48.6%)

The ultimate lateral force and error percentage presented by [5] were calculated based on
ATC [1]. Table 4 shows that maximum error percentage of predicted lateral resistance force
by Eq. (10) was about 15%, however the maximum error percentage from [5] based on ATC
[1] was about 49%.

To assess the ability of the proposed formula, Eq. (10), predictions between results by Eq.
(10) and ATC and FEMA-307 [1] are compared in Table 5. The thickness for all of the walls
in Table 5 is the same as 250 mm.

Table 5 Comparison between predictions by Eq. (10) and ATC (FEMA307) [1].

h/L 00 Exos 0 Ly F, P (kN) Test Error ATC (kN),
(m) (MPa) (MPa) (mm) Eq. (10) (kN) % error%
= 1.245  0+081300 6343 3354  0.22 167 185 9.7 275, 48.6
6 . . . .
s 93 (psi) 0.0+00 2772 129 (ft) 0.64 163 (kips) 157 (kips) -3.8 177 (kips), 12.7

965({;2) 141 (psi)  0.0409 3227 11.2(ft) 058 186 (kips) 164 (kips) 13.4 186 (kips), 13.4

Comparing amount of error between prediction by ATC [1] and Eq. (10) with test data
in Table 5 shows that the predictions by Eq. (10) estimate the lateral resistance force well.
Therefore, according to Table 3 to 5, Eq. (10) may be used to estimate the lateral resistance
force of unreinforced masonry walls instead of expressed formulations in ATC and FEMA-307.

A single-story unreinforced masonry building

A full-scale single-story unreinforced masonry building tested in the laboratory by Paquette
and Bruneau [12] was chosen to validate the model. Fig 17 shows the west wall of the tested
model. The parapet of the west wall and the east wall was 254 mm tall [12].
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Figure 17 Dimensions of the west wall in mm [12].

The compressive strengths of the brick and mortar were 109 and 9.24 MPa, respectively,
and the compressive and tensile strengths of the masonry were 22.2 and 0.18 MPa, respectively
[12]. These strengths are used here for the numerical analysis of the west wall. The modulus
of elasticity of the masonry specimen was assumed to be 850 times the compressive strength
of the masonry specimen [3, 12]. The thickness of the wall was 190 mm. The gravity load,
2.4 kN/m?, was applied on the diaphragm, whose dimensions were 4091 mm * 5610 mm. Ten
wood joists were applied to the diaphragm to transmit the gravity load to the west and east
walls. The net span of the wood joist was 5310 mm [12]. Therefore, the gravity load on each
wall was 6.37 kN/m.

The Drucker-Prager criterion is used to determine the cohesion strength and the friction
angle of the mortar joints. As it is observed from Fig. 7, the failure of the mortar joint usual
is occurred in tension. Hence the tensile strength of mortar joints, i.e. 0.18 MPa, is used to
calculate the cohesion strength and the friction angle. Therefore, an infinitesimal element is
analyzed under shear stress by the Drucker-Prager Criterion to determine these parameters.
It is noticeable that the principle stress in principle stresses space in solid mechanics was the
same as the shear stress if applied stress on the element was only shear stress. Therefore,
loading on the element level is selected to be only shear stress as cyclic loading. Fig. 18 shows
shear stress — shear strain curve of the element under cyclic loading for the cohesion strength
and the friction angle equal to 0.078 MPa and 31.9 degree, respectively.

Fig. 18 shows the ultimate shear stress for element level and maximum principal normal
stress is 0.18 MPa for the cohesion strength and the friction angle equal to 0.078 MPa and
31.9 degree, respectively. It follows that, these parameters are used to determine ultimate
base shear of the building by Eq. (10). Hence, the shear strength for piers is determined in
accordance with the compressive diagonal region, Fig. 19.

The shear strength for all piers is calculated in Table 6 in accordance with Fig. 19. The
initial applied vertical stress on the top of the east wall by dividing uniform load to the
thickness is 0.0335 MPa. The ultimate shear stress is calculated based on Eq. (10) is as:

Ty = C + ogtan(¢) = 0.078 + 0.0335 * tan(31.9) = 0.0988 MPa
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Figure 19 Compressive diagonal regions for determination of the ultimate shear force.

Table 6 Predicted shear strength by Eq. (10).

Name of h/L 0 Lq Fy P (kN)

pier (mm) (mm) Eq. (10)
Window — £2 5876 1114 0255  5.45

Central 28 5715 2599 0.265  13.81
Door 25 6798 2355 0.198  6.47
> 25.73

The data analysis show the difference between the predicted shear strength of the east wall
is 25.73 kN with test data, 26 kN. The comparison between the predicted shear strength of
the east wall with test data [12] shows error about 1%. Therefore, the proposed closed form
solution, Eq. (10), can be used satisfactorily to analyze practical masonry structures similar
to those considered herein.
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4 CONCLUSION

The paper presents the numerical implementation of a new proposed interface model for mod-
eling the mechanical response of mortar joints in masonry walls. The interface laws are for-
mulated in the framework of elasto-plasticity for non standard materials with softening which
occurs in mortar joints due to applied shear and tensile stresses. Its theoretical framework is
fully based on the plasticity theory. The finite element formulation is based on eight noded
isoparametric quadrilateral elements and six noded contact elements. The Von Mises criterion
is assumed to simulate the behavior of the units. The interface laws for contact elements are
formulated to simulate the softening behavior of mortar joints under tensile stress; a normal
linear cap model is also used to limit compressive stress. The capabilities of the interface
model and the effectiveness of the computational procedure are investigated by making use of
numerical examples that simulate the response of a masonry wall tested under shear in the
presence of an initial pre-compression load. Experimental results are provided in the litera-
ture to compare with numerical analysis results. The computer predictions correlate very well
with the test data. The predicted ultimate load of the masonry wall is estimated to be about
93.25% of the ultimate load according to the test data. The width of the compressive diagonal
is about 40% of the length of the diagonal. The proposed model is applied to simulate a stone
masonry shear wall. The predicted load-displacement curve is in accordance with the observed
data, and diagonal failure is predicted with the use of the distribution of stresses in the stone
masonry wall. The width of the compressive diagonal for stone masonry shear wall is about
30% of the length of the diagonal. In addition, a closed form solution was proposed based on
the solid mechanics and the compressive effective width of the wall. The closed form solution
is better than ATC and FEMA-307 in which predicts the ultimate lateral load of unreinforced
masonry walls relatively well. Then it can be concluded that the proposed close form solution
can be used satisfactorily to analyze masonry structures similar to those considered herein.
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