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SUMMARY

Masonry has been a broadly used material since the beginning of human life. Despite its popularity, the
analysis of masonry structures is a complex task due to the heterogeneity and the non-linear material
behaviour. The need for reliable analysis procedures capable of predicting damage evolution and failure in
historical structures in order to design efficient repair and maintenance has motivated the work of many
structural analysts in this field. Here the finite element method has emerged as one of the most powerful
procedures for linear and non-linear analysis of masonry structures. The main problem pending is the
development of accurate and efficient constitutive models capable of predicting the behaviour of masonry in
the non-linear range and this has been the motivation of this work.

The constitutive model presented is based on the homogenized anisotropic elastoplasticity previously
developed by the authors. The effect of anisotropy is introduced by means of fictitious isotropic stress and
strain spaces. The material properties in the fictitious isotropic spaces are mapped into the actual anisot-
ropic space by means of a consistent fourth-order tensor. The advantage of the model is that the classical
theory of plasticity can be used to model the non-linear behaviour in the isotropic spaces.

Details of the model for masonry structures and its implementation in a general non-linear finite element
code are given. Examples of application to the analysis of some masonry structures are presented, showing
the efficiency of the model. Copyright © 1999 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Masonry is regarded as a precursor of engineering structures, and its design and analysis are often
based on simplified methods that do not adequately reflect all the complex structural mechanisms
or are over-conservative. However, there are advanced analytical techniques based on the finite
element method, such as those developed from the theories of micromodelling, macromodelling
and the theory of composites [1-4].

The present work deals with a homogenized constitutive model for the analysis of masonry
previously developed by the authors [4, 6, 9, 10-12] and followed within the Civil Engineering
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Diploma Thesis of Lopez [5]. This technique allows mesh generation in a simple manner without
the high computational cost for discretizing the bricks and joints. The model uses homogeneous
elements that intrinsically include the mechanical and geometrical properties of the different
components. Given the anisotropic nature of the material, the Space Transformation Theory,
described by Oller et al. [6], has been implemented with the objective of working with fictitious
isotropic spaces and adapting usual techniques to elasto-plastic analysis.

2. MASONRY

Masonry can be regarded as a combination of two material phases constituted by blocks, natural
or manufactured, such as bricks, and a series of mortar joints arranged irregularly (as in stone
masonry) or regularly (as in brickwork). In the latter, the joints follow the boundaries of the bricks
forming two main groups: horizontal and vertical. The present work will focus on masonry
composed of regular geometrical bricks without considering irregular blocks.

As a material, masonry has different properties depending on the direction in which the mortar
joints are oriented since they constitute its weak planes. Failure of these structures is generally
preceded by a development of large-scale cracking in the joints [13], which therefore limits their
ultimate load-carrying capacities.

The material properties are determined individually from experimental tests for each compon-
ent of the masonry.

3. BACKGROUND

Since the properties of masonry depend on the direction, numerical approximations can generally
be based on micromodels, which discretize the bricks and joints separately in a detailed manner.
On the other hand, masonry can be treated as a composite macromodel. Depending on the
desired scale, it is possible to use the following forms of modelling.

Detailed micromodelling: bricks and mortar are represented by continuous elements, while the
behaviour of the mortar-brick interface is represented by discontinuous elements.

Simplified micromodelling: the materials are represented by a continuous element where the
behaviour of the mortar joints and the interfaces are separated by discontinuities.

Macromodelling: the bricks, mortar and interfaces are globally represented by the same
element.

The model has been developed for brick walls subjected to in-plane loading [ 7], which is a most
common case in masonry. In the past, most of the analyses considered masonry as an assembly
of blocks and mortar with similar properties. Assuming isotropic and elastic behaviour for
components as well as the entire masonry was performed the analysis in order to simplify the
problem.

Another model worth mentioning is that developed by Pietruszcak [3] which considers that
a masonry panel, in the macromodelling level, could be taken as a two-phase composite
consisting of brick units crossed by two orthogonal groups of mortar joints.

Other important macromodel are that of Luccioni [2] based on the application of the
composite theory, and those of Anthoine [1] and Lourengo [8].

Copyright © 1999 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng. 46, 1651-1671 (1999)



Plate 1. Panel with gravitational and vertical uniform loags. principal stress
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4. THE PROPOSED MODEL

The model that will be presented here is based on a study of the compatibility and equilibrium of
a ‘basic cell” of masonry under different conditions of loading (see Figure 1). The main assump-
tions are:

(1) The height and depth of the structural element are large compared to its thickness, which
permits the assumption of plane stress since the loading is in-plane.

(2) Given the arrangement of the bricks and mortar joints the composite can be treated as
orthotropic.

The constitutive model is based on the formulation, for each of the deformation modes of the
basic cell (Figure 1), of the equilibrium and compatibility equations (Figure 2). These are
introduced in the constitutive equations of each material component, obtaining expressions for
the stress—strain behaviour of the composite, as well as the homogenized mechanical parameters.

4.1. Mode I equations
Mode 1 is defined as corresponding to a tension-compression stress in the x-direction.

4.1.1. Equilibrium conditions
Ohg = xorhy + omhm, = oMM, + <Om, I,

hM, = hszUL = xOm,

(1)
hL + hMl
x0 = x01L7— T x0
LhG M, he
h h
x0 = xO-MlhlGl + xO-MZhlGZ

;0; represents the homogeneous stress state in the ‘i’ direction of material ‘j°, h; represents the
height of the " material component.
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Figure 1. Notation used in the dimensions of the component elements in the basic cell
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Figure 2. Representation of the deformation modes

4.1.2. Compatibility condition
ele = xéleMz

2

xEele = ELlL + i, v,
:€; represents the homogeneous strain in the ‘” direction of material with ‘j” component, [; repres-
ents the length of %’ material component.

4.1.3. Constitutive equation (for each material component)

<O = <Ei(0;) (& — xéf)

N 3)
xYi )
<Ei(w;) b

x6i =

In equation (3) we can see that the Young’s modulus depends on the damage parameter w due to
the fact that the elastic modulus changes its value when the elastic limit is exceeded. In materials
with softening (geomaterials for example), the value of E decreases.
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4.1.4. Stress determination for each material component. Substituting (1) in (3) and then in (2),
one obtains

h(; I’lL . . hG . hL
x0 = x07— — x0L7 = x0 =x07— — x0OL7—
M th t th e th - th
. <0 hg oL hy .p
xéM, = i e xem
’ xE‘M2 th xEM2 th ’
The global deformation results from equation (2):
. xa. hG xO:L hL P
éolo=——7"Im,— 7 I, + x&m, Im, (4)
¥ xEMZ th xEM2 th ¥
G 9
ol ="T5l 4+ b+ =5 b, + R, (5)
xEL xEMl
. J . J
Y Y
xéL lL xéMl lMl

From expressions (4) and (5) results the rate of the stress in the brick material

xo'- hG .p .p . xo:L xO.-L xO: hL
E h_le + x:ﬁleM2 — nglL — x8§411M1 = ?ZL + E—lMl + E—h—le
xM, '™, x~L x~M, xH=M,; "M,
G. xEL xEM1 xEMz hMZ
xYL

- B, xEn, g, I+ <Ev cEn, b, I, + <Ev <Ewm, v, I,
C

~
X
AL

xo.- hG P P .p
X|: Ev. h le + ngz le - x'ngL — xfm1 lMl
x~M, M,

Iv. h
xOL = x0 <xA s G> + YAy (v, v, — &1 L — <év1 la,)

b xEMz h_Ml
~ J & v J
*B, *CL
. (6)
x0p = 0 BL +*CL = 6y,
From (1) there results the temporal variation of stress in mortar 2:
hg hy hg hy, . h
x' =x.__x.—=x.__x'xB__xC_
oM O T e T Vi
. (he —"BLh\ | ¢ hy,
OM, =0 —————— | — —
M I, Y hy,
xBM2 XC‘I\/I2
dez = xd xBM2 - xCM2 (7)
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4.1.5. Determination of global constitutive law for each material component. From (5) one
obtains

xd lL -p lL de lMl :p IM,
= 7 x°L, 7 e x‘SMl e
xEL lG lG xEM| lG lG

11 11 I [
xéG:xd—L< L+ Ml>+xéiL+x8’Kd1IMl
G

x6G

Eils " Ew,lo ls

[N J [N J
Y Y

*D “E

Replacing gy with its expression results in
xéG = (xd xBL + xCL)xD + xE
6 = (6B + *D) + (*C.*D + *E)

b =0 4 i L g
x¢G — x¢G —_— = L
e = bo (8)
P x/N o x XTI
e £l =*C XD + *E

4.2. Mode 2 equations

Mode 2 is defined as corresponding to a tension-compression stress in the y-direction.
Developing the constitutive equations for this mode and working as in the development of
mode 1.

4.2.1. Equilibrium conditions
yU lG = yJL : lL + yGM1lM1 = yo—leMz

I, =l = ,0 = ,0Mm,

L, I,

yU:yaL'l +y6M1'T
G G

y0 = yOMm,

where ;0; represents a homogeneous 7-stress state of the §” material component, /; represents the
length of the 7" material component.

4.2.2. Compatibililv condition
y‘éG ng 8‘L ny éMz ”Mz
y y ( O)

ng hG = J’SMI hMl + yst th

:€; represents the homogeneous strain in the 4* direction of material %", h; represents the height of
the 7’ material component.
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4.2.3. Constitutive equation (for each material component)
ydi = yEi(wi) (yéi - y'g?)
ydi

& = + &
Y yEi(wi) Y

1657

(11)

As with the previous mode, the Young’s modulus is assumed dependent of the damage

parameter w.

4.2.4. Stress determination for each material component. In the same way as for mode 1, we

obtain the brick stress as

yo'-L = ydyBL + yCL

with
'By =———>' and *CL= — & h + & hy,

Following the same way, the mortar stress results

. _ . y _ y >
yaMl - yO' BM1 CM1

with
"Byl .
YBM] = and ijM1 = yCLl—L
M,

For equilibrium conditions their results:

oM, = 0

4.2.5. Determination of global constitutive law for each material component

o h . hy
yéGg = ySLE + ySMZE
e = <:% + yé£’>% + <:2“; + yé£’>};:iz
vée = (,6'BL + yC'L)yE}iLhG yybf'MﬂhG + ys{Z—Z + 80 };1“2
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YB; h h Cr h h h
yéGzy(f( LL o M >+ LL oy gpihy gp M

yELhG yEMth yELhG g Lh_G Y MZh_G

¢ J [N J
N N
L 6
yEG

G

veG = yTG + 65 (12)
y

4.3. Mode 3 equations

The third mode corresponds to shear deformation in the XY plane. While in fact brick and
mortar have different deformations due to their different geometrical and mechanical properties,
the present formulation requires them to have the same deformation governed by the straight line
that homogenizes this behaviour (see the figure for Mode 3 in Figure 2).

As in the two previous modes, there results:

4.3.1. Equilibrium conditions

l l
I:lG:leL_i_fMlM:‘L:MlM :>'L':'L:L—L+TM£:'L:M
1 1 2 2 lG llG 2
R T '
rerl——ker'l—‘ (13a)
G G (13)

=1y, (13b)

where 7; represents the shear stress in the XY plane in the " material component.

4.3.2. Compatibility condition. Assuming that

xyyMl = xyVLa hMl = hL

where ,,y; represents the shear strain in XY plane of §” material component.
Applying displacement compatibility and assuming the previous hypothesis results in the brick
strain and the mortar 1 strain:

xy’)}M| hM1 = xy?LhL = xy’J}M| = xy’y.L
this verifies that brick strain and mortar 1 strain are the same.
xy,}}ﬁ/l, = xyy.Ml - xy?ﬁ’[, = xyV'L - xy’)jg/ll = (xyA)ji + xy’)}Ipi) - xy,)}%\)/ll

T

. _ e -p P

TMI - xyGMl xyVMl - xyGM1 < G + xy’))L - xy))M1>
xy“L

. . O, . .
TMI =1L . GM + xyGMl (xyyi - xy'yﬁlll) (14)
xy“L
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4.3.3. Constitutive equation (for each material component). Substituting (14) in (13a) results in
the temporal variation of stress in the brick

l »0M, | l
fsz_L‘i‘fL—y M]&‘i‘xyC‘;MIﬂ

(x 7{ T x ,})11\341) = sz
lG xyGL lG Y Y

la

N & €V VY b, . .
T=1L i + y M ﬂ + xyGMl ﬂ (xyylp, - xy’))ll\)/ll)
lG xyGL lG lG

lM GL
o Gy M ogp P xy
35 T xyIM, lG (xy/L xy/M|) <xyGLlL T xyG]\/Il lM1>
[\ v J N > J
BL AL
fL = 'L:AL - BLAL (15)

From (13a) one obtains

l l l
™, = T—G — TL—G = T—G —(fAL — BLAL)—L
B e, v, Iy,
lG AL lL BLAL lL
M, =T — — +
! IM1 lMl lMl
\ ~ J \ ~ J
AM, - BMl
fMl = ‘L:AM] - Bel\/[l (16)

The last expression represents the rate of the stress in mortar 1.

4.3.4. Constitutive law

T

‘L:i = xyGi(a)i) (xy‘)}i - xy%)) = xy'))i = _G
xyJi

+ Wit

4.3.5. Global compatibility equation for each element

xy'}}G hG = (xyy'L hL) + ( xyN)JMZ hMZ) = (xy’)}Ml hM, ) + (xy'y'Mz th)

. . ho .,
xny = xy’yLE + xyyMZh—G
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Introducing the constitutive equation one obtains

1
whe = 1=+ R (17)
y/G xyGG v/ G

with

ALhy hy ! . : hy, e o hm
Gg = + 2 nd = —B A4,—— + ,Ap—+xp 2
xyUG <xyGLh xyG 2h a xy/G L nyGLh x}))Lh yYM, h

4.4. Equations of mode 4

The fourth deformation mode is the one which corresponds to the deformation field out of the
plane of loading (plane XY). Since in the model we accept the plane stress hypothesis, the
deformations in the plane XZ should be limited to deformations produced by the Poisson effect.
Also, due to the fact that there are no external tangential actions associated with the planes XZ
and Y Z (plane stress hypothesis), the resultants of the shear stresses 7. and t,. integrated for all
the elements vanish. The associated distortions will be assumed to vanish.

From the figure for Mode 4 in Figure 2 it can be observed that the deformation experienced by
brick and mortar describes a curve whose slope is discontinuous at the juncture between the two
materials, due to the restriction imposed by the contact between two materials with different
properties. In the homogenized model the envelope of the deformation curves has been adopted
as representing the deformation.

In contrast to the procedure followed for the previous modes, in this case we will work
implicitly with the equations in homogeneous variable terms, taking as starting point the
expression of the Secant Constitutive Matrix in the case of orthotropy.

xEG( -1 + ysz zyVG) _ xEG(yva + szG zva) _ xEG(zva + yva zyVG) 0 0 0
D D D
_ yEG(xyVG + xzzVG zyVG) yEG( - 1 + xzVG zva) _ yEG(zyVG + xyVG zva) 0 O 0
D D D
_ zEG(xsz + xvaysz) o zEG(ysz + sznyvG) o zEG( - 1 + xva'yva) 0 0 O
- D D D
0 0 0 wGs 0 0
0 0 0 0 ,.Gg O
0 0 0 0 O szG
where
D = - 1 + xyVG yva + xzVG zxVG + ysz zva + xva ysz 2xVG + xzVG yva zva
0g = ngG

Copyright © 1999 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng. 46, 1651-1671 (1999)
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It must be pointed out that \Eg, ,Eg, .Eg, x,Gs, -xGa, y-Gg are obtained from the developments
for the previous modes.

Isolating the z component of o of the vector 65 and applying the plane stress hypothesis
results in

E E
0:= — BZ (x:VG + xvaysz)ng - Ez (szG + Ve yxVG) yeG + Bz( -1+ xvayva) G = 0
0, = Bz [ - (szG + xyVGszG)ng - (szG + sznyVG) yeG + ( -1 + xvayva)ZgG] =0
e p (xsz + xva ysz) 226G + (ysz + xszyva)ng
266 = 6G + 6G =

( -1 + xvayva)

(xsz + xva ysz)(xEE + x‘epG) + (ysz + xszyva)(yga + yng)
( —1 + xvayva)

G = ZSSG + zng

By separating the elastic and plastic components in this expression we obtain the elastic and
plastic global strains in the Z direction:

e (xsz + xyVG szG)xﬁé + (ysz + xszyva)ygé
£6 = (18)
( —1 + xvayva)

(xsz + xva ysz)x‘ng + (ysz + xzVG yva) yng

( —1 + xva yxVG)

(19)

D
z£G

4.5. Calculation of the homogeneous mechanical parameters

From the development of the constitutive model the values of the homogeneous mechanical
parameters of the masonry have been obtained. From the results presented their sensitivity to the
dimensions of the component elements (bricks and joints of mortar) can be observed.

In order to be consistent in the notation, the different geometric parameters of the model that
are used are presented in Figure 3.

s

Py
L
Py hM| Ml
47(5
g
& A
— "¢
Va W,
v P Ma e
6= 0=t
4 o g (TR
£ I = LTV
LM, [XH

Figure 3. Geometrical three-dimensional representation of a masonry element
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Below we go on to find the expressions of the mechanical parameters in explicit form from the
constitutive model.
From expression (8) the longitudinal elastic modulus in the global X direction is obtained

1
E; = 20
x=G xBL xp ( )
where
xEL lG xEM| lG xE‘MZ th
and

xEL xE‘Ml xEM2 hMl

X4 =
b xE‘MleM2 hMl ZL + xEL xEM2 th lMl + xELxE‘M1 hL ZMZ

From expression (12) the longitudinal elastic modulus in the global Y direction is obtained

1
Es = 21
e = BB G E o) + e GEw o) @y
where
AL lG hM EL EM lM
YB - J ™ and xA — Yy y 1 1
b Ey, hy, Y CEw b, e+ Ep by,

In the case of _Eg, since the behaviour is just as in the case of mode 1, the longitudinal elastic
modulus in the global Z direction is obtained

1
= 22
z~G ZBL ZD ( )
where
P — Cr n (,’Ml ’ . = ZALCMth
:Evcg  Ewco -En, hMZ
and
zA _ xELxEMl xEM2 hMl
e <Em, xEv, I, + <EL cEn, b, om, + B cEn, i ou,
From expression (17) the shear modulus in the global XY plane is obtained
Gg = ! (23)
PO (AL [(5Guhe) + /(G h)

where

xyAL — xyGL lG
xyGL lL + xyc;M1 lM,

Copyright © 1999 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng. 46, 1651-1671 (1999)
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Working in the same way for the remaining directions, we obtain the shear modulus in the global
Y X plane

1
«Gg = 24
706 = A 1) (4Gr o) + /(oG ) 24
where
yxAL _ xyGL hG
xyGL hL + xyGM1 th
Shear modulus in the global XZ plane
1
06 == 25
N (FApcL)/(x:Greg) + em,/(x:Gum,Ca) @)
where
szL lG
XZA —
t szL lL + szMilMl
Shear modulus in the global ZX plane
1
=06 = — 26
= T A (Grle) + e /(G o) (20
where
xGLeg
ZXA —
b szLcL + szMscM3
Shear modulus in the global ZY plane
1
206 =% (27)
(AL hy)/(,GLhg) + hw,/(2yGu, he)
where
zyAL _ zyGLCG
zyGLCL + xyGM3CM3
Shear modulus in the global YZ plane
1
:Gg = = 28
yee (ArcL)/(,:Greg) + em,/(2xGw,ca) (28)

where

yzGL hG

Viq =
yzGLhL + yzGMz cMz
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Since the elements are directed along the principal stresses, it is required that
w06 =ty /xEcyEg, G = tyx/yEcEc
yzGG = oy.~/yEcEc, zyGG = t;y~/EcEc
x206 = tezn/xEG-EG, GG = 0zxr/:Ec Ec

where for the case of geomaterials in the elastic range one has [2]
;=514 ;)
ijGg = 31+ vi)/iEciEc

2ijGG

T JE Ee

We therefore obtain for the different directions the corresponding Poisson’s ratios

1 (29)

v 25Gc 1 v 25xG6 1
xywWe = /—/—m — L, VG =~  —m —
’ \ xEGyEG ’ \V yEGxEG
2..G 2..G
szGzLG_la zvazLG_l
v xEGzEG vV zEGxEG
2,.G 2.,G
ysz = > g - la zyVG = S - 1
v yEGzEG \ zEGyEG

where ;v represents the homogeneous Poisson’s ratio in the ij plane.

4.6. Homogeneous plastic flow

Beyond the elastic limit, which is defined by the modified Mohr-Coulomb criterion, the
material exhibits plastic deformations. Here the stress state is represented by a point on the
defined yield surface.

The masonry presents a marked anisotropic character (in the case of the proposed model the
hypothesis of orthotropy has been assumed), while the yield criterion is defined for an isotropic
space. For this reason, and in order to use a yield criterion defined in an isotropic space, the
Theory of the Mapped Spaces is used to transform the anisotropic space into a fictitious isotropic
space in which the evolution of the yield surface when the load increases can be followed.

As the associated plasticity hypothesis is assumed, the function f(z) describing the Mohr-
Coulomb yield surface and the plastic potential g(t) coincide in the fictitious isotropic space.

Copyright © 1999 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng. 46, 1651-1671 (1999)
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The plastic yield function is expressed in the following form:
f(@) —cs(k?) >0 (30)

where f(7) is the yield function of the modified Mohr—Coulomb law, ¢g(xP?) is the cohesion of the
homogeneous material, function of the damage parameter x* [9], and 7 the stress tensor in the
fictitious isotropic space [6].

The value of the homogenized cohesion is obtained from expression (13a) developed for mode
3 of deformation of the constitutive model. It can also be obtained from equation (9) developed
for mode 2

l l

ca (k) = eL(kP) 75 + oy, (k7)™ (31)
lg Ig

The value of the damage parameter x” is assumed to be a direct sum of the plastic damage

parameters of each one of the components [9]

P P P
KP = Kp + 1M, + Knm,

In the case of homogenization techniques, unlike micromodels, the cracks are not assumed to be
localized in any particular place, in the joints or in the bricks, since the composite material is
treated as homogeneous.

When equation (30) is obeyed, the total homogeneous strain can be expressed as the sum of
elastic and a plastic component:

i€ = €6 + i€G (32)

The different components of the plastic deformation are obtained from the development present-
ed in this section.
From expression (8) the global plastic flow is obtained

ls

l l
0 = ARGkt b, — el — oefi ) + ( SRt —ZM'>
G

Due to the fact that we take a homogenized surface for the homogenized material we can write
the previous expression depending on Mohr-Coulomb plastic strain &3 |monr

I Iy,
xng = Ag(le - lL - lM,)x8?3|Mohr + < +— xnglMohr

I o
p P 1 p P
w86 = | Axl, + T AL (I 4 Iv) | <66 IMonr (33)
G
where
Ap _ xELxEMleMZhMZ lL + lMl
Y EwmxEw bl 4 cEvcEwyha b, + cEucEn, I, \cELl  <Ew,lc
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From equation (12) developed for mode 2:

™
Qs

y

h h
:A;’(—yeihL—kyef,[thl)—i-(yef Ly &b Mz)

he " ™M hg

Given the same yield surface for all the deformations as the previous case

h h
yng = Ag( —h + hMl) y8PG|Mohr + < = + M2>y8pG|Mohr

he " ho
p p 1 p hMZ P
ySG = Ay hMl + h— — Ay hL + h_ y8G|M0hr (34)
G G
where
1‘1)1)J = yELYEMl lMl hL

From equation (17) developed for mode 3

hy,

he

I

he

xyyr()} = A;’ (xyyf - xy’yll\)/l,) + xyV]Ia, + xyyij/lz

Due to the fact that we take a homogenized surface for the homogenized material we can write the
previous expression as

h
xer(’} = A!/)(xyypGlMohr - xyy?}|Mohr) + xyVIC’i |M0hr h_L + xyh))pGlMohr%
G G
hy + hy,
xy’))pG = <T> xyypG|Mohr (35)
G

where

Iy Gl hy
AP = Gy 2
P MO <GLZL + GM11M1> GLhg

From expression (19) we obtain directly

8p _ (xsz + xyVGysz)xslg} |M0hr + (szG + sznyVG)ygl()}lMohr (36)
G =
: ( —1 + xvayva)

From expressions (33)—-(36) we obtain the vector of plastic deformations in masonry model case as
a function of the vector calculated according to Mohr-Coulomb theory

S‘I()i = Mpép'Mohr (37)
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where &P |yon is the classic Mohr-Coulomb plastic flow and £g is the modified masonry plastic
flow. The transformation plastic flow tensor is expressed as

1
[Agle +<Z——A§>(ZL+ZM1)] 0 0 0
G
1 Iy
0 APhy, 4 — AP |y + 0 0
P — he he
hy +h
0 0 L
he
xzV ViV yzV VgV 0 0
—1+ xyVyxV -1+ xyVyxV

While the problem is being treated with the Mohr-Coulomb yield criterion and plastic potential,
nonetheless, the plastic flow is non-associated by virtue of orientation change effected by the
tensor MP (see (37)).

5. VALIDATION EXAMPLES
5.1. Calibration example

In order to calibrate the model the experimental results of Page [ 7] have been used. This test is
one of those most commonly used in the calibration of numerical models of masonry. Lourengo
[8] also used this test for calibrating his model, which will also be compared with the results of the
model proposed here.

The dimensions of the panel were 757 x 45-7 x 5-4 cm?, using bricks of 12:2 x 3-7 x 5-4 cm?
with joints 0-5 cm thick. The mechanical characteristics of the materials used are summarized in
Table I. The test gives values of stresses and vertical deformations in a line of gauges arranged at
18:65 cm from the baseline. The load (P) is applied with a piston and transmitted through a steel
beam over a length of 38-1 cm (see Figure 4).

Since no measurements of energies of fracture and plastic deformation in compression were
made, fracture energies of GY' = 832 and Gf = 207-36 kg/cm were assumed for the mortar

Table I. Mechanical parameters of the masonry

Property Value
Elastic modulus for loading parallel to the base line E, (in kg/cm?) 59200
Elastic modulus for loading perpendicular to the base line E, (in kg/cm?) 75500
E,/E, 1-35
In-plane Poisson ratio 0-167
Compressive strength of the brick (in kg/cm?) 362-5
Compressive strength of the mortar (in kg/cm?) 32
Internal angle of friction 30°
Elastic modulus for the mortar (in kg/cm?) 8041

Copyright © 1999 John Wiley & Sons, Ltd.

Int. J. Numer. Meth. Engng. 46, 1651-1671 (1999)



1668 J. LOPEZ ET AL.
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Figure 4. Configuration of the Page test
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Figure 5. Stress-strain curves for 20 kN

and brick, respectively. For the energy of plastic deformation in compression, values of
GM = 384 kg/cm for the mortar and G = 592 kg/cm for the brick were assumed. Large values
were chosen for these parameters in order to obtain better convergence of the constitutive
equations at high stress levels. The fundamental objective is not the simulation of the post-peak
response, and therefore, the adaptation of these values is considered to be acceptable.

The test was performed for the loads of 20, 40 and 60 kN, and the results obtained are given in
Figures 5-7. The gauges coincide with the positions of the top Gauss points of the elements in the
intermediate band and therefore the results have been used for these Gauss points.
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Figure 6. Stress-strain curves for 40 kN

The generated mesh had 72 four-node elements, each with 4 Gauss points. In order to study the
response of the model with a small number of elements, more elements were not used in the
analysis since fine meshes would not demonstrate the advantages compared with simplified
micromodels where the joints and bricks are discretized by separate elements. The usefulness of
this type of homogenization is in the ability to save on computational time and simplify the mesh
generation process.

In the following, a comparison is made between the stress states of the three tests along the line
of the gauges ([7, 8] the proposed model). A step loading process is used and the characteristic
values are determined.

It can be seen in the plots that the modelling is good with the exception of the extremes which
could have been distorted by (an experimental cause) local effects in the band of measurements or
(a numerical cause) due to the fact that the Gauss point does not coincide exactly with the
position of gauge since this is not specified. Also, the lack of adequate discretization could cause
this poor approximation. Furthermore, a methodology for the masonry behaviour is here
presented, but not a specific model for each material compounding. Due to this fact a better
approximation can be used for the mortar and brick behaviour.

Another conclusion is that the behaviour is better at high stress levels beyond the elastic
limit since the P-0 diagram, from which the energies of fracture and plastic deformation
in compression are obtained, is taken to be linear while the real law is exponentially de-
creasing.
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Figure 7. Stress—strain curve for 60 kN

5.2. Practical example

In order to see a practical example, an edification panel built with the same material of the
previous example and loaded with gravitational load plus an increased external vertical uniform
load applied at the top and the middle height is presented as shown in Plate 1. The finite element
mesh was made with 560 elements with four nodes each one.

6. CONCLUSIONS

Masonry is a composite material made up of components, such as mortar and bricks,
with different mechanical characteristics. This heterogeneity in the composition along with
the arrangement of the elements (bricks and joints) lead to a combination that is strongly
anisotropic. Variations on the joints or the loading orientation lead to different be-
haviours.

The homogenized model permits the simplified treatment of masonry. The treatment of the
geometry through structured meshes with quadrilateral elements reflects better the real arrange-
ment of the joints and bricks in the masonry. This type of mesh leads to more simple mesh
generation.
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The homogenization technique considerably reduces the time for the processes of mesh
generation and computation. The number of elements needed is much smaller than in macro-
models.

The homogenization technique is optimal for large structures where the use of individual
elements for each component is not practical for mesh generation.

The micromodels are advantageous when compared with macromodels, being efficient for
studies of local details.

The homogenized model developed here is not capable of identifying the fracture mechanisms
but can identify the damage zone, which can be associated with the type of cracking through the
analysis of the stress state of these elements.

The anisotropy of the masonry can be adequately handled through the use of the Space
Transformation Theory.

The model permits the use of joints orientated in different directions with respect to the
reference system axes.
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