
Ŕ periodica polytechnica

Civil Engineering
56/1 (2012) 25–34

doi: 10.3311/pp.ci.2012-1.03
web: http://www.pp.bme.hu/ci

c© Periodica Polytechnica 2012

RESEARCH ARTICLE

Different FEM models of reinforced
concrete frames stiffened by infill
masonry for lateral loads
István Haris / Zsolt Hortobágyi

Received 2011-10-19, revised 2011-11-11, accepted 2012-12-12

Abstract
The aim of the paper is to introduce how to model more accu-

rate masonry infilled reinforced concrete frames with commer-
cially available FEM software. We developed some numerical
models. One question is how to model the infill masonry for
monotonic increasing lateral load? Three different numerical
models were investigated. The simplest model is the equivalent
diagonal strut model, where the masonry wall is replaced by a
compressed diagonal strut. The next model is the orthotropic
surface model, where the masonry wall is taken into account as
a membrane or shell surface. Between the RC frame and the
boundary of the surface are modelled with special spring and
contact elements. The last model is called “suggested sophisti-
cated model”, where the bricks and the mortar layers are sep-
arately modelled. The brick is taken into consideration as an
orthotropic membrane element, while the mortar layers are sub-
stituted with short perpendicular and diagonal equivalent com-
pressed struts. In case of all models small displacements are
assumed. We give the necessary data to the material properties
in accordance with Eurocode 6. In this paper “only” one nu-
merical example is presented to demonstrate the operability of
the different models. In the next step the practical usability and
the verification with experiment results of the different models
will be presented in another article.
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1 Introduction
In Hungarian engineering practice, the global horizontal stiff-

ness of buildings with reinforced concrete frames is ensured
mostly by so-called connected or individual stiffening wall sys-
tems. Filling reinforced concrete frames with infill masonry
serving as partitions are very common. In structural design, such
infill masonry walls are considered as non-load bearing, non pri-
mary structural elements. Only the concrete skeleton is assumed
to carry horizontal and vertical loads. Stiffening walls are mostly
realized in the form of cast-in-situ reinforced concrete walls in
Hungary. However, the infill masonry walls resist loads and re-
duce deformations too. Understanding the behaviour the ma-
sonry infilled concrete frames will help the structural engineers
to have more realistic and useful structural solutions.

This article presents three different finite element modelling
methods – taking practical aspects into consideration – of the
infill masonry walls for lateral loads according to Eurocodes.

2 Historical review
Many analytical and experimental studies have been pub-

lished during the last 50-60 years. All of the articles show that
infilled concrete frames have greater stiffness and strength com-
pared to unfilled frames. Otherwise due to changes in stiffness
and mass, dynamic characteristic/response of the whole struc-
ture, buildings also change (Magenes, Pampanin 2004; Bell,
Davidson 2001; Puyol et al. 2008; Dincel 2009). The infill ma-
sonry has an effect on both global and local failure modes, new
and unexpected (compared by the unfilled frames) and neglected
failure modes could be appeared (Shing, Mehrabi 2002).

After Polyakov’s investigations (1957) Holmes (1961) re-
placed the infill masonry by an equivalent compressed diago-
nal strut, which is between the loaded corners of the concrete
skeleton, made of the same material, and having the width 1/3
of the diagonal length. Smith (1962, 1966) and Smith at al.
(1969) related the width of the equivalent strut to in the ratio of
the stiffness of the infill and the bare frame. This method will
be examined in this article according to Eurocode 6 (MSz-EN
1996-1-1:2009). Mainstone (1971, 1974) replaced the theoreti-
cal equations with empirical relations.
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Because of the elastic theories could not exactly represent the
real behaviour of the infilled concrete frames, from the 70’s in
order to specify the methods the attention principally was paid to
theories of plasticity (Wood 1978; May 1981; Dawe et al. 1989).
Finally Saneinejad and Hobbs (1995) published a re’sume’ arti-
cle included the main results, which are taken the pillar of this
theme by nowadays researchers.

Using the standard models, which were determined by Shing
and Mehrabi (2002), the strength of the infilled concrete frame
could be calculated relative easily and quickly. The most com-
mon five different failure modes (Fig. 1) of the one-storey, one-
bay infilled concrete frames, and each of the belonging ultimate
load carrying capacities were defined. The lowest one is the ef-
fective ultimate load carrying capacity.

Fig. 1. Failure modes of the one-bay, one-storey infilled concrete frames
(Shing and Mehrabi 2002)

By analytical and numerical results in most cases Failure 2
and 5 (Fig. 1) are dominating in case of using “weak” and in
“strong” infill masonry (Fig. 2).

Fig. 2. Elementary frame forces (Shing és Mehrabi 2002)

Special attention has been nowadays given to the examina-
tion of the lateral cyclic horizontal loading, especially the seis-
mic vulnerability of the masonry infilled concrete frames. By
the evolution of the softwares using in structural design process
many analytical and numerical models and results (Lourenço et
al. 2006, Puglisi et al. 2009) were published in the interna-
tional scientific literature. Above all many experimental results
also were presented in connection with the masonry infilled steel
frames (Seah 1998; Tasnimi, Mohebkhah 2011) and concrete
frames (Murty, Jain 2000; Braz-Cesar et al. 2008, Baran, Sevil
2010).

3 Equivalent compressed strut model
Stiffening walls are characteristically dimensioned for hori-

zontal actions (e.g.: wind loads, earthquake effect). When pro-
ducing an equivalent compressed strut model, cast-in-situ rein-
forced concrete structures (pillars, beams) are taken into consid-
eration with their actual geometric and material characteristics
in the calculation, whereas infill masonries are modelled by a
so-called equivalent diagonal compressed strut (Fig. 3).

Fig. 3. Interpretation of an equivalent diagonal compressed strut

The horizontal actions are reduced to the nodes specified
along the respective floor slab levels; then the stresses are de-
termined in the compressed diagonal strut, which is supported
by hinges at both ends. The static scheme of the model is shown
in Fig. 4, and of course small displacements are assumed:

Fig. 4. Static scheme of equivalent compressed strut model

The cross-sectional parameters of this equivalent strut could
be calculated with the following formulas (Smith 1962, 1966,
Smith and Carter 1969):

ain f ill = 0.175(λhcol)
−0.4d (1)

λ =
4

√
Ein f illbw sin(2βs)

4E I hin f
(2)

where ain f ill is the effective width of the equivalent diagonal
strut, λ is a dimensionless parameter, hcol is the height of the
concrete column between the centrelines of the beams in one
storey, d is the diagonal length of the infill masonry, Ein f ill is
the Young’s modulus of the infill, bw is thickness of the masonry,
βs is the angle of the diagonal see on Fig. 4, E is the Young’s
modulus of the concrete column, I is the moment of inertia of
the concrete column, hin f is the height of the infill masonry.

The material characteristics must always be specified in ac-
cordance with the rules of the applicable standard. Nowadays
in Hungary this standard is the EN 1996 Eurocode 6: Design
of masonry structures (Dulácska 2009). The specifications for
unreinforced masonries are the followings:

• determination of the characteristic compressive strength (us-
ing general purpose mortar):

fk = K f 0.7
b f 0.3

m (3)
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where the value of K depends on the density of the used
mortar and the type of the masonry units, fb is the normal-
ized compressive strength of the masonry units in N/mm2, fm

is the specified compressive strength of the general purpose
mortar in N/mm2.

• the secant Young’s modulus of the masonry for use in the
structural analysis for compression in perpendicular to bed
joint:

Esec = 1000 fk (4)

• for the calculations relating to the serviceability limit state a
secant modulus is suggested:

Ein f ill = 0.6Esec (5)

• the shear modulus:

Gin f ill = 0.40Ein f ill (6)

These formulas are quite compacts, we just need to specify
the material data of the masonry infill. Since the infill masonry
is diagonally compressed when the infilled frame is loaded lat-
erally, El-Dakhakhni et al. (2003) made an assumption that the
compression properties in the diagonal direction are the neces-
sary material properties. Because of the masonry infill wall is
anisotropic, another assumption was made by considering the
anisotropic infill as orthotropic. The Young’s modulus in diag-
onal (βs = β) (see on Fig. 4) direction shall be calculated with
Formula (7):

1
Ein f ill.β

=
1

Ein f ill.0
cos4 β +

1
Ein f ill.90

sin4 β

+

[
−

2ν0−90

Ein f ill.0
+

1
Gin f ill

]
cos2 β sin2 β

(7)

where Ein f ill.0 and Ein f ill.90 are Young’s modulus of the in-
fill masonry in the direction to parallel and perpendicular to
the mortar bed joints, ν0−90 is Poisson’s ratio, Gin f ill is shear
modulus. Ein f ill.0 could be taken as half of Ein f ill.90, and
ν0−90 = 0.25.

The assumption that compressive strength of the infill ma-
sonry is different to according to the angle of the diagonal forces
was investigated by Hamid and Drysdale (1980) and finally the
value of the ultimate strength of the infill masonry in the direc-
tion β, fin f ill−β was suggested to calculate with Formula (8):

fin f ill−β = 0.7 fin f ill−90 (8)

Substitute fin f ill−90 by fk (3):

fin f ill−β = 0.7 fk (9)

In case of non-linear finite element analysis Saneinejad and
Hobbs (1995) suggested that the secant stiffness of the infilled
frames at the peak load let be half of the initial stiffness. This

suggestion can be adapted to the calculation of the Young’s mod-
ulus in Formula (10):

Ein f ill−peak = 0.5Ein f ill.β (10)

It is advantageous that above mentioned calculation could be
performed easily.

Perhaps the major disadvantage of this model is that although
the equivalent compressed diagonal strut can be defined by non-
linear material characteristics, still only axial forces can be gen-
erated in the strut, therefore the tension perpendicular to the
pressure (Poisson’s effect) cannot be examined in the brick wall.
Furthermore, the connection between the reinforced concrete
frame and the brick wall cannot be modelled at all; only an ideal
joint can be taken into account, which may significantly differ
from the real behaviour.

4 Mesh surface model
The reinforced concrete frame can be modelled by several

types of linear (one dimensional) elements; however, it is ex-
pedient to apply elements capable to take shear deformations
into consideration as well.The infill masonry wall is modelled
either by plane stress membrane elements in the state of planar
deformation, or by plane shell elements in accordance with its
actual location with the assumption of small deformations.

In order to model the connection between the reinforced con-
crete frame and the brick wall we defined springs demonstrating
nonlinear behaviour along the edges of connection as well as
contact elements (Haris, Hortobágyi 2007). By reason of the
easier specification of stiffness characteristics, it is advisable to
define a regular FEM mesh distribution which is even along the
contact elements (Fig. 5). For the more sophisticated results at
corner regions, where the local failure modes will be evolved in
the masonry, the contact connections can be concentrated by the
mesh refine (Fig. 5).

Fig. 5. Mesh design

In order to be able to model the connection between the steel
reinforced concrete frame and the masonry wall, a spring and a
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contact element are aligned ’serially’ as in Fig. 6. A fictitious
weak spring support of the lateral displacement of the node be-
tween the ’serially connected’ elements is required so that the
stiffness matrix of the structure should not become singular.

Fig. 6. Static scheme of connection model

The contact element is designed to make a connection be-
tween the reinforced concrete structural element and the brick
wall. These elements work together only to the impact of pres-
sure. In the present case, it is a property of the FEM software
applied that the nonlinearity of the behaviour of the contact el-
ement means that it cannot take up tension, but to the impact of
compression it demonstrates perfect linear elasticity(Fig. 7).

Fig. 7. Behaviour of contact element

The spring element ensures the control of the upper limit
value of resistance generated along the contact area in a form
that the element can be uniquely associated with the design
value of load bearing (FRd) (Fig. 8).

Usually the behaviour of the spring is specified with a spring
constant (ρ), what can be calculated with Formula (11):

ρspring = Em
tin f ill`spring

vmortar
(11)

Fig. 8. Joint behaviour of the contact and spring elements

where Em is the Young’s modulus of bed mortar, approximately
(it is estimation in accordance with EC) could be substituted
with Ein f ill; see in (5), tin f ill is the thickness of the infill ma-
sonry could be replaced with 0.8bw; see in (2), `spring is the
distance between spring elements in the FEM model, vmortar

is the thickness of the mortar between the brick elements and
concrete skeleton.

Thereby the spring element can be used for modelling the fail-
ure of node connections, meaning that after reaching the load
bearing capacity of a connection element (FRd), the next contact
elements will be loaded effect to the increasing external lateral
load.

The fictitious weak spring supports the node between the
above mentioned spring and contact elements. It is required so
that the stiffness matrix of the structure should not become sin-
gular, so its spring constant could be a numerically small value,
but larger, than 0.

The characteristic values of the used materials of the given
infill masonry shall be calculated according to the applicable
standard with orthotropic behaviour, in this case according to the
Eurocode 6, see in Chapter 3, Formula (5) and (6), see Fig. 9.

Fig. 9. Orthotropic shell elements according to EC6

Of course, as it was mentioned in the previous chapter,
the material characteristics of the infill masonry could not be
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enough correct to represent the real deformations of the infilled
frame, so the suggestions need to be taken into consideration as
well as it was presented in the previous chapter.

In case of doubt the numerical values of the material charac-
teristics can be determine with the help of experimental results
(Fódi, 2011).

5 Suggested sophisticated model
The infill masonry panel can be modelled by modelling each

brick elements and mortar layers. In the calculations small dis-
placements are assumed. Brick elements used in nowadays con-
struction practise in Hungary in good approximation could be
taken into consideration with orthotropic model. The real or-
thotropic characteristic values of the brick element can be rel-
ative easily measured (Fódi, 2011), at any rate definitely easier
than measuring the whole masonry. The common used mortar in
Hungary shall be modelled approximately as a weak concrete.

In order to assemble a more sophisticated FEM model, the
brick elements and the mortar layers shall be modelled sepa-
rately, this method is called “Suggested sophisticated model” in
this paper. At the followings we give a method how an infill
masonry could be modelled in details.

First of all we have to mention that the connectors, which
were introduced in the previous chapter, will be used in this
model too.

A brick element could be taken into consideration as an or-
thotropic shell element or more than one shell elements, so it is
sufficient to take the Young’s modulus and the strengths in two
perpendicular directions and the Poisson’s ratio (Fig. 10). These
main data could be usually found in the Manufacturer’s Manual,
but often only one of the these two different directions is given,
the perpendicular one must be calculated approximately as the
half of the other one.

Fig. 10. Orthotropic shell model of each brick elements

Before modelling, take a review of the behaviour of the mortar
layers. In good approach the mortar could only transmit com-
pression and shear forces inside the infill masonry, because the
transmitted tension forces could be as big as the adhesion is be-
tween the masonry unit and mortar or the tensile strength related
to contact surface between mortar and brick.

The joint behaviour of the masonry unit and the mortar layer
is considerably nonlinear, the mortar layer could not be mod-
elled with another shell finite elements with the common FEM

softwares used in the designer’s practice. To model the nonlinear
connection between the brick element and the mortar layer, such
as shell finite elements should be used are only work for com-
pression, which is very difficult and make the whole model so
complicated and non-usable in everyday practice. So the mortar
layers shall be modelled with equivalent compressed struts. But
only normal stiffness could be integrated into a strut element,
namely a Young’s modulus (E) and a cross-sectional area (A).
Contrarily the mortar layer has shear strength too, so near the
strut, which is perpendicular to the longitudinal direction of the
bed mortar layer, another finite element, a slanting strut must be
used too (Fig. 11).

Fig. 11. Equivalent normal and slanting struts modelling the mortar layer

We can see on Fig. 11, that well distinct sections could be
defined in the mortar layer. But in one elementary cell, which
can be marked off freely between the brick elements, the same
material characteristic values, (E A) normal stiffness could not
be used at both struts, because both compression and shear
strengths have to be ensured. For clear this problem, examine
the behaviour of an elementary cell. The target is to define the
normal stiffness (E A) of both the perpendicular and the slanting
strut.

Fig. 12. Equivalent normal and slanting struts, modelling the mortar layer

First of all define the equilibrium state of an elementary cell:∑
Fi,x : Ai fmd cos α = fνd`i,xνin f (12)∑
Fi,z : Ai fmd sin α + A j fcd = fcd`i,xνin f (13)

where Ai and A j are the cross-sectional area of the equivalent
struts, fmd is the design value of the compression strength of
the mortar, fvd is the design value of the shear strength of the
mortar, vin f is the thickness of the wall, see `i and `i,x ; `i,z on
Fig. 12, Si and S j are the normal forces in the strut.
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Find Ai from Equation (12) and A j from Equation (13):

Ai =
fνd`iνin f

fmd
(14)

A j = `i,xνin f − Ai
`i,z

`i
(15)

Substitute Equation (14) into Equation (15):

A j = `i,xνin f −
fνdνin f `i,z

fmd
(16)

Using Equation (14) and (16) both of the equivalent struts’
cross-sectional areas can be calculated.

The deformations of the original compressed and sheared ele-
mentary cell must be equal to the deformations of the equivalent
strut model, see Fig. 13.

Fig. 13. Compatibility condition

The compatibility condition is the following:

1mortar = 1struct (17)

In the main directions:

1m,x = 1s,x and 1m,z = 1s,z (18)

To calculate each of the equivalent Young’s modulus of the
struts Unit Force Method is used:

Fig. 14. Compatibility condition in direction “x”

First in local direction “x” (Fig. 14):

γ `i,z = tan2(α)`i,z
1

E j A j
+

1
cos2 α

`i
1

Ei Ai
(19)

γ is the following, when the horizontal force F equals 1:

γ =
1

Gmνin f `i,x
(20)

where Gm is the shear modulus of the mortar.
Than in local direction “z” (Fig. 15):

1
νin f

`i,z

`i,x

1
Em

= `i,z
1

E j A j
(21)

Fig. 15. Compatibility condition in direction “z”

where Em is the Young’s modulus of the mortar.
Using the connection between the shear and Young’s modulus

of the mortar:

Gm =
Em

2(1 + νm)
(22)

The equivalent Young’s modulus of each strut can be calcu-
lated by Formula (23) and (24)

E j =
Em`i,xνin f

A j
(23)

1
Ei

=
Ai

Emνin f

[
`i,z`i,x

`3
i

2(1 + νm) −
`3

i,z

`3
i `i,x

]
. (24)

In Formula (14); (16); (23) and (24) all of the parameters are
computable if the geometrical and the material data of the infill
masonry are known. So the equivalent normal stiffness (Ei Ai

and E j A j ) of the struts can be calculated by Eurocode 6, either
the masonry unit’s material characteristics are.

6 Brief introduction to the FEM software applied
The procedures presented can be used by practicing engineers

to examine the joint behaviour and load bearing capacity of the
two different structural components by any FEM software.

Therefore our aim is to complete the calculation using com-
mercially available software in a way to approximate reality bet-
ter.

In the present case, modelling was performed using the FEM
software AxisVM 11.

The software applies isoparametric plain quadrilateral (8/9-
node) or triangular (6-node) elements to model surfaces. Their
shape functions are of the second degree. 3-node rib elements
are recommended for modelling linear elements as they also take
the shear deformations into account in the calculations.

It is important to note, however, that any other commercially
available FEM software can be used to complete the procedures
presented; the software is only required to have these types of
finite elements.

7 Results
The modelling procedures are presented on a structure (see

Fig. 16) on the basis of a current experimental research, which
is under construction at BME Laboratory in Hungary, using the
software mentioned in the previous section.
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(a) Construction plan of the RC frame (b) FEM model of the RC frame

Fig. 16. Geometry of the investigated structure

Modelling of the concrete frame and the connection nodes
was defined as specified in Chapter 4 with the following material
data, see in Tab. 1 and 2:

Tab. 1. Classifications of the designed concrete and steel

Used materials Classifications

Concrete C20/25 fck= 20 N/mm2

Steel reinforcement S500B fyk= 500 N/mm2

Tab. 2. Classifications of the designed mortars

Classification of mortar Compr. strength fm [N/mm2]

Baumit M30 (M3) 3

The used masonry unit is the so-called “classic” solid small
brick with dimensions 6.5*12*25 cm, and each of the elements
were cutted into three uniform pieces to take into consideration
the scale of the RC test frame (Fig. 17).

The mean compressive strength of the masonry unit (data of
the factory) is fk= 10 N/mm2. The normalized compressive
strength of the cutted units (6.5*12*8) was calculated by EC6,
that is fb= 8.57 kN/mm2. The average thickness of both mortar
layers is 3.5 mm, and the whole surface is covered with mortar.

The static test loading of the one-bay, two-storey reinforced
concrete (RC) frames are consisted lateral uniaxial, monotonic
increasing loading (V ) at the top beam of the frame besides con-
stant (100 kN) vertical load applied on both columns (Fig. 18).

The suggested sophisticated model was built up by the spec-
ifications were introduced in Chapter 5 in accordance with the
above mentioned material data. The same parameters were used
in every calculation.

The models (see Fig. 19) of the FEM calculations and the
results of the nonlinear calculations are presented below, see in
Fig. 20, 21, and 22. All of the calculations were made according
to the Eurocode 6.

The value of the horizontal displacements at the top of the
frame is seen in Tab. 3:

Tab. 3. Displacement at the top of the RC frame from the different models

Type of model Force [kN] Displacements at the top

of the frame [mm]

Equivalent strut model

100

9,144

Mesh surface model 11,052

New suggested model 18,703

As it can see in Tab. 3 the calculated top displacements are
very far to each other. At top lateral load V=100 kN, the result
of the calculated top displacement using the suggested sophis-
ticated model is twice bigger than in the case of the equivalent
strut model.

To determine which model gives the more accurate results
an experimental research must be made, which is under prepar-
ing at BME Laboratory in Hungary. The next step to verify the
suggested sophisticated model and in the same time to develop
a usable stress-strain relationship wherewith the non-linear be-
haviour of the masonry could be taken into consideration.

8 Conclusions
Three different finite element models - taking practical as-

pects into consideration - of the masonry infilled reinforced con-
crete frames were introduced in this article according to the Eu-
rocode 6:

• the “classic” equivalent compressed diagonal strut model by
the main rules of material characteristics of masonry of Eu-
rocode 6, which were specified with the nowadays science
publications,

• a mesh surface model with membrane or shell finite elements,
and with a new method to be able to model the connection
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(a) 6.5*12*25 cm (b) 6.5*12*8 cm

Fig. 17. The “classic” solid small brick in Hungary

(a) Loading scheme of the test frame (b) Static loads in the FEM model

Fig. 18. Loading system

(a) Equivalent strut model (b) Mesh surface model (c) Suggested sophisticated model

Fig. 19. Different models

between the steel reinforced concrete frame and the masonry
infill,

• a new suggested sophisticated model, in what the masonry
units and the mortar layers were defined with different finite
elements. A new method was introduced to replace the mortar
layer with two compressed strut. The equivalent normal (E A)
stiffnesses of the struts were defined in compact formulas (See
Formula (14), (16), (23) and (24)).

With these modelling techniques and methods can be exam-
ined:

• the compressive and the tensile stress of the infill masonry
wall,

• the length of the compression zone and the gap between the
infill masonry and the RC frame,

• furthermore, more accurate deformations (in the small dis-
placements domain) of the reinforced concrete frame as well.

Otherwise the results which were presented through the nu-
merical example showed quite big difference in the top dis-
placements, but it was expected. Because of the simplicity of
the equivalent strut model and also using the mentioned mate-
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(a) Equivalent strut model (b) Mesh surface model (c) Suggested sophisticated model

Fig. 20. Horizontal displacements [mm]

(a) Mesh surface model (b) Suggested sophisticated model

Fig. 21. Principal force n2

(a) Mesh surface model (b) Suggested sophisticated model

Fig. 22. Principal force directions

rial data in accordance with EC are not able to describe the be-
haviour of a such as considerably complex structure. Neither the
non-linearity of the infill masonry, nor the local failure modes
are not able to be modelled with equivalent strut model.

The verification of the models is needed, that’s why an exper-
imental study is going to be starting soon at the laboratory of
BME.
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9 Objective of further research
Modelling according to the presented procedures was per-

formed using a FEM software developed for practising structural
engineers.

Further research is required; however we must surely be per-
formed by a FEM software developed for scientific use in order
to be able to define more detailed and much more accurate mod-
els.

Experimental results are needed to verify the presented mod-
elling methods, also specify the useful characteristic values of
the material properties of the masonry unit and the mortar.
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