
1 INTRODUCTION 

Walls are the most used single masonry element. 
From a structural point of view, walls are classified 
as either load bearing or non-load bearing. To this 
latter category belong closures and partitions, 
fences, parapets, and exterior wythes of multi-wythe 
walls that are subjected mainly to horizontal loads 
perpendicular to the plane of the wall (Casabbone 
1994). 

Most masonry units available can be classified in 
one of the following groups: concrete block, solid 
concrete brick, clay block, clay brick (solid or 
cored), clay tile, sand lime units or adobe units 
(Yamin & Garcia 1994). Masonry bearing walls 
with reinforced concrete slabs is of large use in resi-
dential buildings up to five stories in U.S. and Latin 
American countries (Casabbone 1994, Meli & Gar-
cia 1994, Garcia & Yamin 1994, Gallegos 1994). 
There are different masonry systems of this type of 
walls as unreinforced masonry, confined masonry or 
reinforced masonry. In the Latin American coun-
tries, masonry units, following the Spanish construc-
tion tradition, were mainly solid clay bricks and the 
walls were reinforced. The reinforcement was con-
centrated in the perimeter of the wall, embedded in 
concrete elements, giving birth to the system called 
confined masonry (Fig. 1). 

Reinforced masonry system is applied to masonry 
walls strengthened with distributed reinforcement 
along its length and height (Fig. 2). 

  
Figure 1: Confined masonry Figure 2: Reinforced masonry. 
 
In the last decades, the price of residential flats 
raised considerably in Spain. One of the conse-
quences was the reduction of the time employed in 
the building process. One of the most used construc-
tion systems for residential buildings is based on a 
skeleton of reinforced concrete or steel columns with 
reinforced concrete uni- or bidirectional slabs. Ma-
sonry walls are used as partitions. The façade is 
normally fabricated with double wythe wall with 
thermal insulation in between. The good quality and 
appearance of the ceramic masonry unit used lead to 
intensive use of this type of exterior walls without 
mortar cover or paint. The masonry wall can be built 
with totally or partially bearing over the end beams 
(Figs. 3 & 4). Also, the exterior wythe may be fabri-
cated out of the plane, which contain the end beams. 
In this case, rigid steel angle is used to support the 
wall (Fig. 5)(Adell Argilés 2003). The edge beams 
in every floor are not in the same vertical plane. The 
horizontal eccentricities between those planes are in 
the same order as wall bearing depth over the edge 
beams of the partially bearing solution. So, steel an-
gle is usually used in all the faced long to ensure the 
required bearing depth (Fig. 6)(Adell Argilés 2003). 
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Figure 3: Masonry façade 
where columns and edge 
beams are seen. 

Figure 4: Masonry façade 
where columns and edge 
beams are covered. 

 

 
Figure 5: Exterior wythe built out of the plane of the edge 
beams. 

 
Although the total bearing solution is the best, based 
on structural considerations, the last two solutions 
have the advantage of a better appearance and of 
leading to a larger effective area of the flats, which 
make these two solutions economically better in 
spite of their higher initial cost. The partial bearing 
of the wall is the most used solution in Spain. The 
masonry units are usually arranged with two thirds 
of the brick width supported on the edge beam. Di-
mensions of the customary brick units, Metric and 
DIN, are shown in figure 7 (Adell Argilés 2003, 
Hispalyt 1998). 

There are no Spanish standards for this construc-
tion system. Usually the standards NBE_FL90 
(Bearing walls) (Spanish standards 1990), NTE-FFL 
(External masonry walls of brickwork design) 
(Spanish Tecnical standards 1978) and NTE EFL 
(structural brickwork calculations) (Spanish Tecni-
cal standards 1977) are used. The first gives instruc-
tions about the properties of the mortar and masonry 
units used in bearing walls and the last two standards 
provide rules for the structural design of bearing 
walls. A considerable number of these buildings 
show cracking in different zones of the façade walls. 
As a result of the lack of standards, every construc-
tion company uses its own experience to prescribe 
the necessary recommendations to minimize the 
width and extension of the cracks. There are many 
possible load patterns that can cause such cracks. 

 
Figure 6: Horizontal gap between the vertical planes of the 
faces of the edge beams. 
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Figure 7: Spanish masonry units (dimensions in cm). 
 
As a large number of flats were constructed in a 
short period, masonry units might be used before the 
necessary curing time. Most of the expected expan-
sion in ceramic bricks develops in three or four 
years, but about 75 percent of it takes place in the 
first fifteen days after the fabrication (Adell Argilés 
2003). The total expansion values and rates depend 
strongly on the type of the used clays.  

Most of these façades were constructed without 
horizontal expansion joints. The walls are tied to 
columns with special metallic elements. The joint 
between the last row of masonry units and the edge 
beams is totally filled with mortar (Hispalyt 1998). 
This type of confinement and the volume changes of 
the masonry units due to water absorption or tem-
perature variations can cause cracking.  

  
Figure 8: Cracked panels. 



Figure 8 shows two cracked panels. Partial bearing 
of the exterior wythe generates torsion moment on 
the edge beams. Rotation of edge beams can also 
cause cracking. In the USA, brick veneer walls are 
also intensively used, but the wall is totally con-
structed out of the edge beam plane as shown in fig-
ure 5. The difference is that a horizontal expansion 
joint is left just below the steel angle that holds the 
wall (Memari et al. 2002, Drysdale et al. 1994).   

The movement of the building as a result of wind 
loads is also a possible cause of cracking, especially 
in the last floor. The authors developed special finite 
element, based on the strong discontinuity approach 
and the cohesive crack theory, that is very effective 
in the numerical simulation of cracking in quasi brit-
tle materials such as concrete and masonry The 
authors applied such element to the analysis of the 
cracks appearing in the foregoing masonry walls in 
order to have a better understanding of the cracking 
phenomena. 

2 STRATEGY OF THE WORK 

As a large number of walls were simulated, a pre-
processor program with an easy user interface was 
developed to automatize the mesh generation proc-
ess performed mainly using the ANSYS program. 
The special finite element was implemented in three 
different programs, i.e. as a user element in FEAP, 
as a special user material in ABAQUS and finally in 
an Object Oriented special purpose finite element 
code. Further details of this element can be found in 
(Sancho et al. 2004). In the study presently reported, 
the simulation was performed in two dimensions. 
The finite element is however capable of three-
dimensional analysis.  

 
a. Geometry I: One opening with tied lintel 

 
b. Geometry II: Two openings with bearing lintel 

Figure 9: Wall geometries used in the analyses. (All dimen-
sions are in mm). 

In this study, a representative panel far from the 
boundaries of the façade is considered (i.e. it is as-
sumed that there is large number of panels surround-
ing the studied panel in all directions).  In a first se-
ries of analyses, a sensitivity analysis was carried 
out for each geometry to find the best set of compu-
tational parameters (such as mesh element density, 
load increment or calculation tolerance). The corre-
sponding values were then kept constant in the re-
maining computations.  

3 INPUT DATA 

3.1 Geometric layout of the studied walls 
Two different wall geometries were studied. Figure 
9 shows the tested wall geometries. The layout was 
selected by a consulting office for a large number of 
construction companies in Spain. The two models 
have the same external dimensions but the window 
layout is different. A vertical expansion joint is as-
sumed to exist every two panels. One panel is usu-
ally studied when there is a total symmetry. In the 
last load case two panels were studied, as shown 
next, because there is no symmetry. 

3.2 Load cases 
Four different load cases were used as depicted in 
figure 10. The first case assumes imposed deflection 
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Figure 10: Load cases. 
 



 of 10 mm in the mid span of the beams with para-
bolic distribution. This is equivalent to a uniformly 
distributed load applied to the beam. The second 
case assumes a settlement of 16 mm in only one axis 
of the columns. This axis of columns is in the mid 
point between the expansion joints. In the third case, 
the settlement is applied to the two adjacent edges of 
the expansion joint. The last case is the same as the 
third but the settlement was applied to only one axis 
coinciding with an expansion joint. 

3.3 Material properties assumed in the simulation 
Every tested panel has two different materials, steel 
and bricks. Steel is used for beams, columns, lintel 
and their ties (in the first geometry). The modulus of 
elasticity of the steel is taken to be 200 GPa. There 
are many papers in the literature devoted to the be-
havior of the masonry units and mortar. Most of 
those papers deal with concrete blocks. In references 
(Beall 1993, Alcoser & Klingner 1994) it is shown 
that the overall strength of the wall depends primar-
ily on the compressive strength of the unit, and very 
little on the mortar compressive strength. Other ana-
lytical papers (Zucchini & Lourenco 2004, Lee et al. 
1996, Uva & Salerno 2005) uses the homogenization 
technique to give relations between the strength of 
the masonry unit and mortar with the overall 
strength of the wall The same concept was investi-
gated experimentally (Khalaf et al.1994, Rama-
murthy et al. 2000). As the masonry wall is a non-
homogeneous material, several works investigate the 
strength of the masonry wall at varying directions 
with the bed joint (Khattab & Drysdle 1992). From 
all mentioned papers, it can be concluded that an 
equivalent homogeneous material can be used for 
masonry walls. The equivalent strength depends on 
the strength of the unit and mortar as well as on the 
direction of the loading with respect to the bed joint 
where the strength changes by about 20 % (Khattab 
& Drysdle 1992). So, in this paper, homogenous iso-
tropic material is assumed for the masonry wall with 
modulus of elasticity of 3 GPa, fracture energy of 
100 N/m and tensile strength of 1.0 MPa. 

3.4 Boundary conditions 
For the first case of loading, the column lines coin-
cide with vertical axes of symmetry for both the 
structure and the brick wall, as shown in figure 10. 
Therefore, for this case only one panel needs to be 
analyzed. 

In the second and third cases, although there are 
two axis of symmetry along the two sides of the 
panel for the wall, there is only one axis of symme-
try for the structure, which lies at the mid point be-
tween two adjacent expansion joints. The exact 
boundary conditions of the beams at the ends which 
coincide the joints is not known exactly because of 

the unknown stiffness of the remaining part of the 
structure at both sides of the panel. To make the cal-
culation faster using the smallest possible number of 
nodes, one panel was used and two extreme condi-
tions at the end of the beam were considered: In the 
first boundary conditions, it is assumed that the 
beams were hinged at one end, and fixed in the sec-
ond. The exact condition lies in-between these two 
extreme conditions. 

The last case is like the second and third cases 
with respect to the definition of the boundary condi-
tions of the beams, but the axis of symmetry of the 
wall coincides with the line of columns on the right. 
In this case two panels were used. Fixed and hinged 
ends for the left end of the beams were considered as 
before. 

Geometry I under load case one was used to make 
the sensitivity analyses to find suitable values for the 
calculation parameters. 

3.5 Adaptation factor 
To prevent the calculation block, the program per-
mits that cracks with width lesser than αGf /ft can 
change the direction till found the correct one, where 
Gf is the fracture energy and ft is the tensile strength. 
The factor α called adaptation factor Paper (Sancho 
et al. 2005a) shows that a value of 0.2 for the adapta-
tion factor is sufficient for no blocking the calcula-
tion. This value is used in all the calculations. 

4 RESULTS 

4.1 Geometry I, load case 1 
Triangular elements were used to mesh the wall and 
special elements with embedded crack were used for 
calculation. Quadratic four-node elements were used 
to mesh the beams and the lintel. Enhanced-strain 
quadrilateral elements developed by J. Simo and 
R.L. Taylor were used for the computations, since 
this type of element allows computing the stress and 
strain in bending accurately with few elements 
across the beam depth.  

Figure 11 shows the resulting crack pattern for a 
deflection of 10 mm for a computation carried out at 
loading steps of 0.1 mm, with a tolerance of 1e-6 
and a mesh size corresponding to 2100 elements. 
Black and grey crack lines correspond to crack 
openings respectively larger and lesser than 0.02 
mm (corresponding to adaptation factor α = 0.2 
(Sancho et al. 2005a)). The wall appears to be exten-
sively cracked for a deflection at mid-span of 10 
mm; therefore in subsequent computations the mid-
span deflection was reduced to 2.5 mm.  

To increase the accuracy, the deflection step was 
reduced to 0.01 mm. The resulting crack pattern is 
shown in the upper plot in figure 12. Next, to de-



crease the time of computation, the beams surround-
ing the concrete were eliminated and the parabolic 
vertical displacements were applied directly to the 
upper and lower edges of the masonry panel. The re-
sulting crack distribution (lower plot in Fig. 12) was 
clearly different from the previous one, which dem-
onstrates that the two ways of applying the boundary 
conditions are not equivalent and that the results are 
sensitive to the computational details. Moreover, the 
time required for the last type of computation was 
longer than for the one involving the beams, despite 
that the number of degrees of freedom were less, 
which is counter-intuitive. 

Four possible sources for the observed differ-
ences were identified: 
1 The meshes used for the masonry are very simi-

lar, but not identical 
2 The horizontal displacements at the upper and 

lower edge of the masonry panel are not the same 
(in the second case the horizontal displacement is 
zero) 

3 The results are sensitive to the tolerance 
4 The results are sensitive to the step size. 

Figure 13 shows that the positions of the nodes 
for the two cases in figure 12 are actually very close. 
However, to fully avoid this problem, in all subse-
quent computations, the beam and wall are always 
meshed and then the beams are removed. 

To appropriately account for the horizontal dis-
placements along the upper and lower edges of the 
masonry, the horizontal displacement of the lower 
and upper edges of the beams were computed using 
classical beam theory and Navier’s hypothesis for 
the cross-section of the beams. Figure 14 shows the 
horizontal and vertical components of the displace-
ment at the upper and lower edges of the panel. Fig-
ure 15 shows that with this condition, the results are 
identical for computations with and without explicit 
inclusion of the beams. 

 
Figure 11: Crack pattern for geometry I, load case 1. (maxi-
mum deflection = 10 mm, deflection increment = 0.1 mm, Tol-
erance = 1e-6) Black and grey crack lines correspond to crack 
openings respectively larger and lesser than 0.02 mm. 
 

 
a. Explicit modeling of edge beams 

 

 
b. Implicit computed boundary conditions 
 
Figure 12: Crack pattern with and without edge beams. (max. 
deflection = 2.5 mm, deflection increment = 0.01 mm, Tol. = 
1e-6) 
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Figure 13: Node layout for computations with explicit model-
ing of edge beams and without beams. X, Y is horizontal and 
vertical distances to the bottom-left corner of the masonry 
panel. 
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Figure 14: Computed horizontal and vertical displacements at 
the top and bottom edges of the masonry panel (according to 
the assumed deflection of the edge beams). 

 
The influence of the step size is shown in figure 15. 
The results are essentially identical for step sizes 
equal or less than 0.01 mm, and thus the step size 
was set to that value in all subsequent calculations.  

When reducing the tolerance down to 1e-12, the 
time of computation of the panels without the beams 
was less than those with the beams, as expected. The 
explanation for this behavior is that, in the panel 
with beams, the stiffness of the concrete is much 
larger than that of the masonry and thus the unbal-
ance of nodal forces at the beginning of the step is 
larger, which means that identical relative tolerances 
(as used) correspond to larger absolute tolerances for 
the panel with beams.  

Following this analysis, in the remaining of the 
research masonry panels with imposed parabolic 
displacements including computed horizontal com-
ponents, with a step size of 0.01 mm and a tolerance 
of 1e-12 were used. 

4.2 Geometry II, load case 1 
Applying the load case 1 to the geometry II in figure 
9 with the calculation parameters defined before, the 
results shown in figure 16 are obtained. 

Figure 15 shows that for geometry I the dominant 
crack is the horizontal crack at the bottom of the ma-
sonry, while figure 16 for the geometry II shows that 
this type of crack doesn’t appear because the of the 
compressive strut connecting the bottom and top 
strips. A vertical crack appears in the middle-upper 
part that is not present in geometry I. However, the 
most open cracks are the bottom-left and bottom-
right cracks at the window corners. 

4.3 Load case 2, 3 and 4 
Computations were carried out to ascertain the 
cracking behavior of geometries I and II under load-
ings 2-4. Since the crack patterns were very similar 
for both geometries, only results for geometry I are 
given here (Figs. 17, 18 & 19). 

 
a. Explicit modeling of edge beams, step inc. = 0.01. 

 
b. Explicit modeling of edge beams, step inc. = 0.002. 

 
c. Implicit computed boundary conditions, step inc. = 0.01. 

 
d. Implicit computed boundary conditions, step inc. = 0.002. 
 
Figure 15: Crack patterns for Geometry I under load case 1  
The maximum deflection is 2.0 mm and the tolerance is 1e-12 
in all cases. 

 

 
Figure 16: Crack pattern for Geometry II under load case 1.  
(Maximum deflection 2.0 mm, step increment 0.002 mm, toler-
ance 1e-12.) 



 

 

 
Figure 17: Crack pattern for Geometry I under load case 2 

 

 

 
Figure 18: Crack pattern for Geometry I under load case 3. 
 

 
a. fixed ends. 

 
b. hinged ends. 
 
Figure 19: Crack pattern for Geometry I under load case 4. 

 

Figure 17 & 18 show the results for load case 2 and 
load case 3 respectively (As previously explained, 
two extreme boundary condition were assumed at 
the end opposite to the one experiencing the settle-
ment: fixed end (left) or hinged end (right). As can 
be seen, two diagonally opposed cracks at the win-
dow corner appear in all cases, and the exact bound-
ary conditions influence only slightly the direction 
of the crack path. 

Figure 19 shows the results for loading case 4. As 
in the previous cases, two extreme boundary condi-
tions were assumed: fixed ends (top) and hinged 
ends (bottom). The results are nearly identical in this 
case and similar to those in the loading cases 2 and 
3. 

5 CONCLUSIONS 

From the foregoing results, the foregoing conclu-
sions may be drawn 
1 Finite elements with embedded cohesive cracks 

can describe the relative complex cracking pat-
terns that arise in masonry façades, with multiple 
cracks growing simultaneously. As described 
elsewhere, this kind of elements can be essen-
tially implemented in a general-purpose finite 
element code. 

2 Careful fitting of computation parameters is re-
quired to achieve consistent results. A simple 
methodology to do so is outlined in this paper. 

3 The influence of the geometry on the crack pat-
tern is substantial only for load case 1 (excessive 
deflection of the beams). The remaining cases 2-4 
(settlement of supports) lead to similar crack pat-
terns. 

4 For the deflections or settlements in the range 
1/500 to 1/300 of the span (in the first intent of 
geometry one loaded with case one), the masonry 
appears to be fully cracked with crack openings 
of the same order of magnitude as the beam de-
flections. 

5 Although the results shown correspond to a par-
ticular set of material properties for the masonry, 
the final crack pattern is similar for any set of re-
alistic material properties (crack initiation may 
change, but the final cracks are essentially the 
same) 

6 Since allowed design values for deflections or 
settlements is usually in the range 1/500 to 1/300 
of the span, the foregoing results implie that the 
real deflections or settlements are actually much 
less than the design values in most buildings, 
since the occurrence of pathological cracking 
such as that in figures 14-17 is, fortunately, 
scarce (for the case of totally bearing panels). 
 



6 FUTURE WORK 

1 This suggests that a large scale experimental 
monitoring plan of actual settlements and deflec-
tions would be essential to correlate design values 
and actual values for deflections. 

2 Further experimental work on masonry panels in 
actual buildings (rather than laboratory-made 
panels) would be required to ascertain average 
and statistical properties of masonry façades 

3 The 2D computations must be complemented 
with 3D analysis to properly take into account the 
effect of eccentrical loading due to partial support 
of the masonry on the panels. Such extension is 
currently being carried out (Sancho et al. 2005b). 
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