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ABSTRACT: This paper presents a continuous micro model for the prediction of the behavior of
a masonry structure. A model based on multi-laminate theory is developed to model the fracture in
unreinforced masonry. The main purpose of this paper is to develop a constitutive model for practical
applications which has few and easily measurable parameters and is capable of reproducing advanced
features of the behavior of masonry brickworks such as cohesive-frictional response (strength dependence
on confinement), dilatancy, and dilatancy control with confinement, anisotropy (inherent and induced
which is caused by cracking formation), hardening-softening and different levels of brittle behaviors.
The yield surface used in this model consists of a generalized Mohr-Coulomb yield surface together
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with a cut-off tensile. This can address both pre and post-peak behaviors. The capability of this model

is confirmed for simulating the masonry behavior under lateral loading by comparing the numerical

simulation results with experimental data in the literature..

Micro-plane model
Multi-laminate model
Induced anisotropy

Softening behavior.

1- Introduction

Generally, numerical modeling of masonry walls is
classified into three main categories including micro
modeling, macro modeling, and equivalent element. The
two latter approaches are characterized by a very low,
Nevertheless, such simplified elements usually provide a
coarse description of the real masonry element behavior [1,
2]. A masonry wall is a composite material constructed of
three main components: brick, mortar, and interface of brick-
mortar. In micro modeling, each component of the masonry
wall is modeled separately. The micro-modeling strategies
for masonry walls are summarized in three main groups:
detailed micro-modeling, simplified micro-modeling, and
continuous micro-models. The detailed micro-modeling can
only be used for small specimens due to difficulties in pre
and post-processing. The restriction of the simplified micro-
modeling is that the joint interaction with masonry units
(i.e., bricks) cannot be modeled correctly due to egregious
difference between mechanical properties of bricks and
mortar joints causing the extension of important lateral stress
of wall to the area adjacent to the joint [3, 4].

The main purpose of this paper is to develop a constitutive
model based on multi-laminate theory for practical
applications that is capable of reproducing advanced features
of the behavior of masonry brickwork. The multi-laminate
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models can simulate induced anisotropy intrinsically. Also,
the advantage of the continuous micro-models mainly
resides in its simple and efficient format that it inherits
from classical damage mechanics models. The recurrent
disadvantage of standard continuum damage models, i.c.,
their poor capability of representing the dilatant behavior of
mortar joints under shear stress states, has been overcome by
the proposed model.

2- Multi-laminate Framework

According to the multi-laminate framework, the
mechanical behavior of a material can be simplified by
assuming the body to be a combination of solid particles and
an infinite number of imaginary sliding planes which are
randomly oriented in space. The overall plastic deformation
of a body is then a result of plastic movement along these
planes [5].

The micro-level effective stress O'i'
plane is obtained using:

on each sampling

O'f:[a’, T.]T = Nio™ (1)
i ni’"i T:O_mac
N=n®nT=nl"-n®n®n )
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Fig. 1. Transformation of global stress in integration points into
local stresses on a sampling plane.
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Fig. 2. Yield and failure on a sampling plane.

Table 1. Experimental data [6] and model parameters.
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(MPa)

brick 6740 0.17

4.35 30 20 1.5

mortar 1700 0.06

0.35 40 30 0.24

Where o' is the effective stress tensor and n, is the
normal unit vector of the plane i.

To obtain the global plastic strain increment Ag” , the
contributions from all sampling planes have to be taken into
account by the transformation of the micro-level plastic
strain increment AE; and the numerical integration over
the surface of the unit sphere:

As” = [ TAgldS = [ AAT, ZdS =" AT, W, (3)

i oo ido] "

Where S denotes the surface of the unit sphere and 7;
is the transformation matrix of the sampling plane i which
contains partial derivatives of the local effective stress vector
concerning the global effective stress vector.

Yield functions are denoted as f, and f,, called deviatoric
and tension parts of the yield curve, respectively.

The yield function f, is an extended Mohr-Coulomb
criterion by introducing the mobilized friction angle ¢/ . :

' '
cmob -tan ¢mah — 0
'
tang,

eak

f,=t+0, . tang , —

(4)

P
gr,d

5
&l +4 )

mat

tan ¢, , = tan ¢+ (tan ¢, —tan¢’).
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The third part of the yield curve ft is a function of the
cut-off criterion:

fi=0,-0 (6)

!

0 =0, eXp(-h,&;) 7

3- Simulation of tests conducted by Page

To assess the performance of the proposed constitutive
model, the experimental panel tests conducted in [6] are
numerically reproduced here. The test specimen consisted of
a 360x360 mm2 panel of running bond brick masonry. The
tests were conducted for five different orientations, 0, 22.5,
45, 67.5, and 90. For each orientation, here only uniaxial
tension is considered.

4- Results and Discussion

The directional strength characteristics obtained from
numerical simulations are presented in Fig. 3 and are
compared with the data of page and another numerical
model [7-9]. Predominant failure modes are similar to those
predicted numerically. The assessment of failure load is quite
consistent with the page’s results, as shown in Fig. 3(a).
This can be due to that the sample is relatively small and the
results are significantly affected by the constraints imposed
along the boundaries.
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Fig. 3. (a) Failure envelope for uniaxial tension at different orientations of the bed joints, (b, ¢) Crack propagation pattern within
the mortar joints in specimens subjected to uniaxial tension perpendicular to the head joints, 0 =0
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Fig. 10. Benchmark study; a) tested specimen (dimensions are in mm) and b) uniaxial behavior of concrete under
tension
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Table 2. Experimental parameters for concrete tensile test (Rots 1989)
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Fig. 11. a) Comparison between presented model and experimental curve, b) Discretization of the
model and damage in displacement equal 0.1 mm
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Fig. 12. Investigation of the mesh dependency with the load — displacement curve
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Table 3. Experimental Parameters for couplet test modeling
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1 The Cupplet test (micro shear)
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Fig. 13. Failure modes for masonry sample in Pure shear

sodwe +/8 alaals 0 A0 g ouwd 3! yie— B NP S

Fig. 14. a) Mesh of the model employed for the simulations, b) damage in displacement equal 0.4 mm
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Fig. 15. Experimental — numerical comparisons of the load — displacement curves

=
&1\,

S (6,138 b i sl 1 b §oNI NP UKW

Fig. 16. Load pattern for different orientations of elastic loading
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Table 4. Experimental Parameters for page’s test modeling [41, 42]
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Fig. 17. Failure envelope for uniaxial tension at different orientations of the bed joints

sl 045 plosl )l (6 dsgly 4 siled 555 cilisee slacqs <lp
5005 &l VW S )3 oose (o Jde 5| Lol ias dasuie Cuglis
D)5 oo dunlie [FF-FY] ldize plo (gilwJdo o [FV] o sloodls b
63bj STy g (2R gl 95 (o samlie 45 45 lon
eRilejl 1 Sike jolie b ose (sloduo cgles gy (S )5 )b
@Eslofl (6550 bl 4 o o 1y o il Yo 5 (4l ol
3558 383 yokoy g5 s b diged S g8 d Slayl 4y a3 g5 b ol s
Ol 3l b gas olad Gl b 3gd o i i )5 Jlesl ]y g5pe
G @l i ledie 5 ond S Sl s (Susly
S )

2Bilef ol ¢ ysls (eoae Jao jloslitul b  SisuunS 390 asbl )3

£9AE



FAM B ¥AEA docin Ve e Jlo V) 0)loud F 0593 ¢S ool (lpos suokite & pis

+4.0e-02

+3.0e-02
+2.0e-02
+1.5e-02
+7.0e-03
+1.0e-05

[£7] a2 po b dnlio (0 g Cond s b dunyllo (W c0anlgs 553 (55130 0595005 (HudS (12 Mo 553 )3 (215 5951 VA UK

Fig. 18. Damage propagation pattern within the mortar joints in specimens subjected to uniaxial tension,
perpendicular to the head joints, ©= 0o, comparison between multi-laminate and a) Page’s test, b) shieh-
beygi et. al (2008)
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