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Abstract

This paper presents a micromechanical model for the analysis of mode I fracture of brick masonry. The analysis is based on a detailed
modeling of brick and mortar fracture by means of the fictitious (or cohesive) crack model. Fracture properties for brick and mortar are first
independently determined by specific tests and then are input to a numerical model in which bricks and mortar joints are treated separately.
The composite fracture model obtained in this way can accurately predict the fracture of masonry panels. © 2000 Elsevier Science Ltd. All

rights reserved.
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1. Introduction

Brick masonry is an ancient building technique, and
masonry structures constitute a large portion of buildings
around the world. During decades, the analysis of these
structures was based on rules of thumb or empirical for-
mulae, but recently, the research community has begun to
show increasing interest in more refined models. The new
approaches have partially been promoted by the problem of
degradation of historical buildings, where often, a faulty
diagnosis brings the restoration process to end by increasing
the degradation of masonry. Not less important is the need
for more efficient building techniques, especially in the
developing and third world countries of Latin America,
Asia, and Africa.

Masonry is a composite material made of brick units,
usually made from clay, and mortar joints. The large number
of variables influencing the mechanical behaviour of ma-
sonry, e.g. material properties of brick and mortar, geometry
of bricks, joint dimensions, joint arrangement, etc. forced
the early analyses to be dramatically simple; masonry was
often assumed to be isotropic elastic [1,2]. The development
of numerical techniques led to more refined models which
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separately model bricks and joints, and allow for local
failure inside these components [3,4].

Depending on the scale, the modeling of masonry struc-
tures can be performed with different levels of abstraction,
from a detailed representation of bricks and mortar [5] to a
global analysis as an isotropic or orthotropic continuum
[6,7]. The grade of refinement is directly related to the
problem being analyzed; in large structures a homogeneous
material law for the masonry composite seems appropriate
to predict deformations and structural displacements at low
and medium stress levels, whereas such an approximation
can be inadequate when assessing masonry failures. In this
case, the stress concentration induces tensile cracks propa-
gating from the existing microdefects in the mortar or at the
mortar/brick interface through the mortar beds, debonding
or breaking the bricks. The stress redistribution is then
directly influenced by the inhomogeneity of the material
at the meso-scale level, and the load and the displacements
are controlled by the way brick and mortar interact [2]. For
these situations, a detailed modeling can bring more accu-
rate predictions. This is also the case when the masonry
structure contains no more than a few units, and a contin-
uous modeling is no longer valid.

This paper presents a micromechanical model for the
analysis of mode I fracture of brick masonry. The analysis is
based on a detailed modeling of brick and mortar fracture by
means of the fictitious crack model [8], which has shown its
utility in modeling the fracture process in concrete and
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concrete-like materials when the failure mode is governed
by a single macrocrack [8§—10]. With this model as a
framework, fracture properties of brick and mortar are
independently determined by specific tests performed on
these materials, and then are input to a numerical simulation
where bricks and mortar joints are treated separately. The
result is a composite fracture model, which can predict the
behaviour of the masonry composite without resort to any
kind of fitting or tuning procedure.

To check the model, a series of fracture tests was
performed on small masonry panels under three-point bend-
ing. As will be shown later, the model can accurately predict
loads and displacements all over the test records.

The work presented here is not intended to be a small-
scale modeling of real masonry walls. With this paper, the
authors only want to emphasize that with this new approach,
based on a separate modeling of the units and the cementing
matrix, it is possible to analyze the fracture behaviour of this
kind of composite material. Further work must be done to
extend this modeling to full-scale masonry structures.

The following section describes the materials used in this
work and the tests performed. Section 3 presents the fracture
model and its numerical implementation. Finally, the results
from the model and from the experiments are compared in
Section 4, which closes the paper.

2. Materials and tests
2.1. Materials and specimens

To capture the essentials of masonry behaviour while
maintaining a reasonable experimental cost, a small-scale
model was selected. This methodology, alternative to full-
scale testing, has been widely used in masonry research since
the mid-"50s, and is helpful in understanding the interaction
between bricks and mortar joints [11]. A scale factor of 1/4
was chosen to avoid difficulties in modeling the joint
thickness, and to have a representative number of brick units
in masonry specimens. Only geometric similitude require-
ments were considered, and the micro-mortar and the solid
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Fig. 1. Grading of mortar.

Table 1

Mix proportions by weight of the model mortar

Cement Sand Silica fume Water
1 1.3 0.1 0.3

brick units used in this work were not intended to represent a
real mortar, nor real brick units, as explained before.

Small-scale bricks of 48 x 10 x 25 mm® were cut with a
diamond saw from 235 x 40 x 110 mm’ full-scale solid
units made from clay. All the units were from the same
batch to ensure homogeneous behaviour. Specimen faces
were ground during specimen preparation to guarantee
planar surfaces.

In addition to these small-scale units, cubes 33 mm in
height were sawn for compression and splitting tests, and
three sizes of prismatic specimens for fracture tests were
produced. These were standard notched beams of 16, 24,
and 32 mm depth, with span to depth ratio of 4 and notch to
depth ratio of 0.5. All the notches were 0.3 mm wide. Other
details can be found elsewhere [12].

The mortar used for masonry panels was designed to
meet similitude requirements and to assure a workable mix.
A maximum aggregate size of 0.85 mm was selected to be
compatible with the scaled-down thickness of the joints of 3
mm. The grading, shown in Fig. 1, complied with ASTM-C-
144 standard requirements for masonry mortar, but with the
particles removed whose size exceeded No. 16 sieve (1.18
mm). An ordinary Portland cement (ASTM, Type 1) was
used. To improve the mechanical performance of the mortar,
10% of Silica fume was incorporated. Table 1 gives the
proportions of the model mortar.

Prismatic specimens of 480 x 40 x 40 mm® were cast to
characterize the mortar. The cast and curing processes are
detailed in Ref. [12].

Two masonry panels were constructed with the mortar
and the small-scale units described above. Fig. 2 shows
their dimensions. Nine courses of 10 units each were used
on average to build a panel. The thickness was kept

lBeam ?q(mm) D(mm) s(mm) I(mm) B(mm)

}P-3 39 1113 460 521 25
[P4 | 39 112 460 523 25

Fig. 2. Geometry of masonry panels.
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Fig. 3. Fabrication of masonry panels.

constant, equal to that of a unit (25 mm). Fig. 3 shows two
stages of the manufacture. First, the bricks were carefully
placed on site with the aid of 3-mm diameter spacers.
Then, the mortar was poured into the joints and vibrated 10
s. Once the panels were constructed, they were stored 24 h
in a water-saturated room. After demolding, the specimens
were cured in water at 20°C until testing time. Prior to
testing, a central notch 0.3-mm wide was sawn up to 30%
of the panel depth.

2.2. Tests
Three different characterization tests were performed on

mortar and brick components: compressive strength, split-
ting strength, and fracture under three-point bending.

Table 2
Compressive and splitting strength of brick and mortar

Compressive strength, Splitting strength,

Material f. (MPa) fsr (MPa)
Brick 76.6 £ 1.5 (15) 4.66 £ 0.19 (8)
Mortar 589+ 1.9 (7) 3.32 £0.16 (5)

Mean values and standard deviations are indicated.
Values in parentheses show the number of tests.

Fig. 4. Three-point bending test of masonry panels.

The test specimens for compressive and splitting-tensile
strength were cubes 33 mm in height for the brick and 40
mm for the mortar. Mortar specimens were cut from the pre-
cast beams mentioned earlier. All the specimen faces were
ground to ensure proper loading. The compression test
followed ASTM-C-109 and ASTM-C-67 standards for
mortar and brick specimens respectively, with the only
exception of specimen size. For splitting tests, the ISO
4108 standard was used. Table 2 summarizes the results.

Three-point bending fracture tests were performed on
mortar, brick, and masonry following the RILEM TC-50-
FCM recommendation [13] with some improvements by the
authors [14—16]. During the test, load—point displacement
and crack mouth opening displacement (CMOD) were con-
tinuously recorded. Fig. 4 shows the test arrangement for a
masonry panel, and Figs. 5 and 6 display the load—displace-
ment curves recorded for brick and mortar specimens.

3. Fracture model
The failure analysis of masonry has been based mostly
on modeling techniques developed for concrete. Several

linear and non-linear fracture theories have been proposed
when the failure is governed by the development of a single
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Fig. 5. Three-point bending test of mortar beams.
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Fig. 6. Three-point bending test of brick beams.

macrocrack, one of the most promising being the cohesive-
or fictitious-crack model which gives a suitable macroscopic
modeling of the non-linear fracture processes. First intro-
duced by Hillerborg et al. [8] in 1976, it has been success-
fully used to explain many experimental results in concrete,
ceramics, and rocks. The basic properties of a cohesive
crack are reviewed in Refs. [9,10]. Previous results reported
by some authors suggest that this model can be satisfactorily
applied to bricks [17].

The cohesive crack model introduces the softening
function to simulate the microcracking and deterioration
of the material in the fracture process zone. This zone is
modeled by means of a cohesive crack, which can transfer
stress—the cohesive stress—from one face to the other.
For the simplest configuration, where a crack opens mono-
tonically loaded in mode I, the cohesive stress at a given
point ¢ is normal to the crack faces and is uniquely given
by the softening curve as a function of the crack opening at
this point w, o = f(w), as shown in Fig. 7. The softening
function relates the stress transferred between the crack
faces to the crack opening at this point, and it is considered
by hypothesis to be a material property, independent of
geometry and size.

The stress at the tip of the cohesive crack is equal to the
tensile strength of the material, f;, and decreases progres-
sively as the crack opening increases. When the crack
opening reaches the critical crack opening w,, the cohesive
stress drops to zero and a true—stress-free—crack propa-

-

linear-elastic

\ o=f(w)

stress, G

. W,
crack opening, w ¢

Fig. 7. Cohesive crack and softening function.
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Fig. 8. Softening function for the mortar.

gates. The work done to produce a unit area of true crack is
the fracture energy, G, and coincides with the area under
the softening curve.

To simplify the computations, the bulk behaviour is
commonly assumed to be linear—elastic, although this
approximation can be relaxed if necessary.

3.1. Fracture model for mortar and brick

Using the procedure proposed by the authors [16,18], a
bilinear softening function was determined from the results
of stable three-point bend tests and from the splitting tests.
The function and its main parameters for the mortar are
given in Fig. 8.

With the same procedure, a linear softening function was
determined for the brick. The function is given in Fig. 9. In
this case, a linear softening function is enough to model the
fracture of brick, as indicated by other authors [17].

3.2. Composite model

Once the two components of masonry, mortar, and brick,
were modeled by means of the fictitious crack model, they
were combined to model the fracture behaviour of the
composite. To do this, a detailed modeling of the masonry
structure was needed.

Brick
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Fig. 9. Softening function for the brick.
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Fig. 10. Modeling with interface elements.

In this work, only mode I fracture of masonry panels
under three-point bending was considered. The geometry
of the panels was already shown in Fig. 2. For the
numerical model, ideal 3 mm-width joints and 10 mm-
depth bricks were assumed, giving a total depth of 114
mm. The small difference, less than 3%, from the actual
depth of the experimental panels (111 mm) was neglected
in the modeling.

Interface elements were placed along the crack path,
simulating the properties of the constituent materials, as
sketched in Fig. 10. These elements were one-dimensional,
with a non-linear force-displacement behaviour. The inter-
face elements were attached to the nodes of the two-
dimensional finite element mesh. The force, F, acting upon
each interface element was that corresponding to the cohe-
sive stresses acting between two adjacent nodes — the
“influence zone” of the interface element. Given the sym-
metry, only a half of the panel was modeled.

The force—deflection curves for the interface elements
were determined from the cohesive softening function for
each material. The softening curves, c—w, were transformed
into the force—deflection, F—w/2, curves by assigning to the
interface element the force corresponding to its influence
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Fig. 11. Force—deflection curves for the interface elements (not to scale).
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Fig. 12. Finite element mesh for the panel.

zone, as depicted in Fig. 10. A uniform mesh with 114
elements along the crack path was used, hence, the width of
the influence zone, d, is equal to 1 mm. The resulting force—
deflection curves for brick and mortar are presented in Fig.
11. A very stiff initial behaviour in tension and compression
was introduced to enhance the convergence while maintain-
ing the precision of computations. For the same reason, a
very small (negligible) linear segment was inserted behind
the actual softening curve, hence, avoiding zero stiffness in
the fully broken elements.

The numerical problem was solved with the commercial
finite element code ANSYS® using the substructuring
technique to reduce the number of degrees of freedom. A
homogeneous linear—elastic behaviour was assumed for all
the elements outside the fracture line, with an average
elastic modulus of 22.9 MPa. This value was obtained from
a fit of the initial linear part of the test records before the
cracking started.

Finite elements in the panel were condensed in a super
element that was connected to the interface elements. This
method is highly recommended in a general non-linear
analysis where a portion of the model remains linear—elastic.

The finite element mesh used for the super element is
shown in Fig. 12. It was formed by three-node triangular
and four-node quadrilateral isoparametric elements. A plane
stress state with Poisson’s ratio of 0.2 was assumed in the
computations. Nodal points along the crack path were

1000
8004 - === Panel P3
Panel P4
= ——— Numerical prediction
o 6004 "'
E /
= 400 /’
200
e i .
0 - ?
0 0,1 0,2 0.3 0.4 0,5 0,6

Load-point displacement, 8 (mm)

Fig. 13. Load—displacement curves and numerical prediction for masonry
panels under three-point bending.
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Fig. 14. Load—CMOD curves and numerical prediction for masonry panels
under three-point bending.

connected to the interface elements except in the initial
notch zone.

4. Results and discussion

Figs. 13 and 14 show the load—displacement and load—
CMOD curves from the three-point bending tests of masonry,
and Table 3 gives the fracture energy, G, and the modulus of
elasticity, E. Fracture energy was determined by the work of
fracture method as recommended by RILEM, with special
care to eliminate any spurious energy consumption apart
from the fracture process. The modulus of elasticity was
determined from the initial load—CMOD compliance.

Tests were stable due to the CMOD control performed
during the experiments. Some minor instabilities in the post
peak zone were produced by the sudden break of brick units.
The crack propagated through the panel depth from the
notch towards the central loading point, breaking the panel
in two halves at the end of test. In the load—displacement
diagram, the panels presented a snap-back instability, as
displayed in Fig. 13.

Comparison of numerical and experimental results in
Figs. 13 and 14 reveals that the detailed fracture model
presented in this paper can accurately predict the experi-
mental records, especially when the load—CMOD curve is
considered. Since the load—deflection curve, in opposition
to the load—CMOD curve, is very sensitive to the detailed
contact between the specimen and the supports [19], which
is poorly known, the initial compliance of the load—dis-
placement curves have been fitted “ad-hoc”. This is not the
case with other displacements not under the loading points,
such as the CMOD, which justifies using the load—CMOD

Table 3
Fracture energy and modulus of elasticity of masonry panels

Modulus of elasticity, £ (GPa)
229+ 14

Fracture energy, Gy (J/m?)
455 +£2.7

Mean values and half-range are indicated.

Fig. 15. P3 and P4 specimens after testing.

curve to check the model. As mentioned earlier, this model
is based on the properties of brick and mortar measured by
independent tests, and in its present form can be applied to
any masonry structure subjected to mode I cracking.

A good approximation is also achieved if the fracture
energy of the masonry panels is estimated from the work of
fracture of the constituents, brick, and mortar. The estimated
work of fracture is obtained by multiplying the broken area
of each material by its corresponding fracture energy. The
fracture energy of masonry computed in this way is 44.8 J/
m?, close to the 45.5 J/m? measured in the tests.

It is important to note that the model presented in this
paper does not consider distributed cracking or damage in
the structure, and applies only when a macrocrack develops.
Fig. 15 shows the failed specimens where a single dominant
crack is observed that runs vertically through the mortar
beds and the brick units. This fact restricts its practical
application to relatively large masonry structures, such as
masonry walls. For medium or small masonry panels, a
more detailed analysis of brick and mortar interaction would
be required.
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