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INTRODUCTION

Masonry is one of the oldest construction materials which is

presently in use. Thirty per cent of the world current population

lives in a home of unbaked earth, which is one unreinforced

masonry type. These structures are extremely vulnerable during

earthquakes and their collapse is one of the main causes of casu-

alties during these events. Thus, it is necessary to evaluate its

seismic performance and eventually devise countermeasures .

Masonry varies worldwide, not only due to the different char-

acteristics of its components, brick and mortar, but also to

different construction practices. The great variability of the

material together with limited economic resources make it difficult

to carry out experimental studies for all types of existing masoffy.

The numerical approach is a powerful tool to overcome this situ-

ation.

There are three approaches for the numerical modeling of

masoffy structures: detailed micro modeling, simplified micro

modelingt'2), and macro modeling3/).In this study, simplified micro

modeling is adopted because it allows a degree of detail sufflcient

to discuss masonry wlnerability and to design countermeasures.In

this approach, mortar and brick properties are combined. In spite

of this, the brick affangement is kept as an input variable of the

analysis. Thus, walls with discontinuities, such as windows and

door openings, can be analyzed.

The analysis is performed with the Applied Element Method

(AEM) because it can simulate structural behavior from early

stages of loading until total collapse. The feature that makes this

technique especially suitable for masonry analysis is that it can fol-

low crack formation and propagation without any crack location

presumption. The general formulation of the AEM is discussed

elsewheres). Only the issues directly related to masonry modeling
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are presented in this paper. Further details may be found in

Mayorcau).

APPLIED ELEMENT METHOD FOR MASONRY MODELING

Two types of springs are needed: brick and brick-mortar

spring, to model masonry in the AEM. The former connects ele-

ments inside a single brick whereas the later connects elements

belonging to different bricks and therefore includes the mortar

interface.

The brick spring stiffness is calculated following the formula-

tion presented in Tagel-Din and Megurot) as it connects elements

of identical materials. For the brick-mortar springs, on the other

hand, equivalent normal and shear stiffness are considered
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assulning a systenl of brick and mortar springs arranged in senes

as shown in Figurc l.The cquivalent stiffness is:

l   α 一カ   ル

冨冴
=tX′
Xご+tX′Xグ・……………………………・(1)

l   α ―カ    ルーーー=― +―
粕 θ9 G b× ′xご G″

x′×グ

where E, and G, arc the brick Young and shear modulus, simi-

larly E*and G^for the mortar and r is the element thickness. Other

symbols are shown in Figure 1.

MATERIAL MODEL

Modeling masonry components separately is not applicable to

the approach adopted in this study. For the simplified micro mod-

eling, the interaction between components must be reflected in the

constitutive law. Five failure types are observed in masonry

walls: (1) joint debonding, (2) sliding along the bed or head joints,

(3) cracking of units under direct tension, (4) diagonal tensile

cracking of the units under high compression and shear, and (5)

"masomy crushing", which is actually splitting of bricks.It is clear

that (1) and (2) should be reflected in the brick-mortar springs and

(3) and (4), in the brick springs. To include (5) without consider-

ing the interaction between mortar and brick explicitly, a

compression cap limiting the brick-spring compression stresses

may be includedl).

The three phenomena relevant to the brick mortar springs can be

considered in the framework of plasticity. Each failure mode is

associated with one failure surface as shown in Figure 2. In the

present study, the inclusion of the compression cap was considered

unnecessary. In unreinforced masonry houses subjected to seismic

excitations, the structure boundary and loading conditions seldom

cause masoffy compression failure. Tension and shear sliding are

dominant in the behavior.

The failure surfaces used for the tension cut-off and Coulomb

friction are simplifications of the ones proposed in Lourengot). The

tension cut-off yield function is given by:

whereJ is the bond strength, K' the relevant hardening para-

meter, and Gj,the Mode I fracture energy.

For the Coulomb friction criterion, the yielding function is:

. f r ( c , r c r ) = l " l -  o t a n { - - ,  . . . . . . . ( S )

and the yielding value is:
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ス(σ,κl)=σ一員 (3)
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value is given by:

ε[一:テJ,穐≦手
0 ,t>生

(4)

(6)

where c is the joint cohesion, Kr, the relevant hardening para-

meter, Gl ,the Mode II fracture energy, and Q,the friction angle.

The non-associated flow rule is:

c z = l r l - c . .  . . . . . . ( T )

Although mortar interfaces exhibit dilatancy when sheared, this

effect is not taken into account in the present model.

The cohesion and tension softening are assumed coupled and

the composite yielding surface is assumed to isotropically soften,

i.e. the yielding surfacesf, andf, shrink simultaneously towards

the origin and reach it concurrentlyl). Although there is no exper-

imental data conflrming this supposition, it is reasonable to

assume that the tension and cohesion strengths are related and the

degradation in one results in the degradation of the other.

The phenomena relevant to the brick spring is modeled using

the following expression for the brick failure envelopet):

z r 0-55

" f u * [  " f , )  = r  , ^ \
n-V\)  

- r  "  " " ' (8)

wheref andf,are the principal compression and tensile stress-

es, respectively, and/ u and f , are the uniaxial compression and

tensile strengths, respectively.The spring principal stresses were

calculated using the approach presented elsewheres).

MODEL VALiDAT10N

In ordcr to test thc model ability to simulate the behavior of

walls,the tests camed out within the scope ofthe CUR pЮject8)

were used,This testing program was extensively instmlnented andFigure 2 Brick-mortar spring yield surface
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t h e  m a t e五a l  u n i f o n n i t y  w a s  g i v e n  e s p e c i a l  a t c n t i o n。口h e  s P c c i m e n

d i l n e n s i o n s  a r c  s h o w n  i n  F i g u r e  3 . T t t  w r a l l  w i d t h  w a s  1 0 0 m m  a n d

the rnortar thickness,1011m.

At irst,thc wall was subjeCted to a vertical preload,P,while the

(a) Wall specimen dimensions (b) Experimental crack patterns

Figure 3 Masonry wall dimensions (in mm) and crack pattern8)

Deformation [mm]

Figure 4 Force deformation curve
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upper horizontal beam was kept horizontal. After application of the

vertical load, the upper beam was fixed and the shear test started.

In order to keep the horizontality of the upper beam, the vertical

load was adjusted. This loading and boundary conditions are hard-

ly observed in the reality. However, for the purpose of verifying

the numerical technique, this dataset was chosen.

Two cases from the experimental program were simulated. The

summary of the simulation conditions are shown in Table 1. The

brick modulus of elasticity was obtained experimentally while the

mortar modulus of elasticity was adjusted to fit the initial stiffness

of the observed force-displacement curve.

In order to study the effect of the mesh refinement on the simu-

lation results, two meshes, namely Pattern I and II, were

considered for Case 1. Figure 4 shows the force deformation

curves obtained in the simulation. The analysis results for the two

considered patterns did not change considerably. However, the

computational time was directed influenced. More elements

implied more degrees of freedom increasing the stiffness maffix

size and bandwidth.

In general, the simulation agrees very well with the first portion

of the experimental curve. However, the agreement decreases in

the later portion. The reason for this is that the compression cap

was not included in the numerical model of the brick mortar

spring. Due to the experimental boundary conditions, a diagonal

compression sffut develops along the loaded diagonal as the hor-

Table 1. Masonry material properties used in the analysis

Caseｐ
朧

Eb

kN/mm2

Em

(kN/mm句

ft

OT/_2) Ⅳ_2

G G」I
tanφ

(Nxmm/mm')

1 170.0 0.25 0.018 0.125 0.75

170.0 0.16 0.22 0,018 0.050
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Figure 5 Deformed shape for different mesh refinements (Scale factor = 30)
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Figure 6

izontal deformation increases. Without the cap, the compression

stresses in this region are unlimited. As a consequence, the shear

strength from the friction mechanism is also unbounded.

Three mechanisms govern the masonry shear strength depend-

ing of the magnitude of the normal compression stresses. With

relatively low stresses, the shear friction is predominant. As the

stresses increase, the diagonal cracking of the units controls the

behavior. For large normal stresses, the masonry crushing is crit-

ical. The first two mechanisms, which are dominant in structures

subjected to seismic actions, were well captured by the model.

Figure 5 shows the deformed shapes for the two considered

meshes. No major difference in the crack location is distin-

guished. The simulated crack pattern agrees well with the

experimentally observed shown in Figure 3.

Figure 6 shows the shear stress distribution at two stages of the

wall loading, before and after the diagonal crack. At first, there are

only two cracks at the lower and upper most mortar layer and

therefore stresses have been released in this zone. The rest of the

wall, however, behaves fairly continuous. The compressed diago-

nal is clearly observed. As the deformation increases, the

diagonal crack occurs. As a result, the applied load is transferred

along two compression sffuts on both sides of the crack while

stresses along the cracked interface are released.

CONCLUSIONS

The paper presents an extension of the Applied Element

Method (AEM) for the analysis of unreinforced masonry struc-

tures. Two types of spring, i.e. brick and brick-mortar spring, were

considered to model the masonry anisotropy.In the framework of

elastoplasticity, a simplified constitutive model for masonry was

adapted and implemented. The model was validated with shear

wall experiment data. A good agreement was found in the force

t26

deformation curve and crack pattern.

Although a compression cap to limit the compression sffesses in

the brick mortar spring is not included in the formulation, the

model suffices for the evaluation of masonrv seismic vulnerabili-

ty and countermeasure design.

(Manuscript received, October 14, 2003)
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