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Abstract. In order to study the unilateral contact effects (i.e. separation, sliding) between the 
lintels of reinforced concrete over the openings and the masonry wall, a parametric non-
linear dynamic analysis was done. The nonlinear behaviour of the masonry is modelled by 
means of appropriately modified elastoplastic laws. Different values of the friction coefficient, 
various designs forthe roof and the horizontal plates at the first floor and various earthquakes 
are considered. From the analysis it is shown that the influence of this reinforcement on the 
dynamic response of masonry structures depends on many parameters like the magnitude of 
the ground motion and the friction coefficient of the interface between the lintels and the ma-
sonry. The positive effects of contact mechanisms can be reduced in case of a strong motion 
where  topical relief in parallel with stress concentration to other places appear. 
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1 INTRODUCTION 
The application of various strengthening methods on existing masonry structures leads to 

changes of the existing structure and the need of cooperation between materials with different 
mechanical behaviour. This could be critical in some cases of dynamic loads like seismic ex-
citations. The cooperation of the new materials and general the new structural elements with 
the old masonry depends on the way of construction and the degree of connection between 
them. If full connection does not exist partial contact phenomena are developed which are re-
sponsible for the beneficial aseismic behaviour. 

The dynamic response of masonry structures depends on the non-linearity of both the ma-
sonry and the material used for the strengthening. By using an elastoplastic model for the ma-
sonry the computed plastic deformation  indicates the degree of the developed damages. The 
comparison of the analytical results with the existing damages is used for modelling verifica-
tion. Comparison of the results of the non-linear dynamic response analysis of the structure 
before and after the application of strengthening techniques, provide us with the evaluation of 
the strengthening method effectiveness.  

The replacement of old wooden beams with lintels of reinforced concrete over the open-
ings to a masonry wall is widely used technique. A lintel is a structural member placed over 
an opening in a wall. In the case of a brick masonry wall, lintels may consist of reinforced 
brick masonry, brick masonry arches, precast concrete or structural steel shapes. Regardless 
of the material chosen for the lintel, its prime function is to support the loads above the open-
ing, and it must be designed properly. To eliminate the possibility of structural cracks in the 
wall above these openings, the structural design of the lintels should not involve the use of 
"rule-of-thumb" methods, or the arbitrary selection of structural sections without careful 
analysis of the loads to be carried and calculation of the stresses developed. Many of the 
cracks which appear over openings in masonry walls are due to excessive deflection of the 
lintels resulting from improper or inadequate design. 

In this work the influence of the horizontal reinforced concrete lintels on the mechanical 
behavior of a typical masonry wall is studied, by taking into account contact effects (i.e. sepa-
ration and sliding) between lintels and the masonry wall. The nonlinear behaviour of the ma-
sonry is modelled be means of appropriately modified elastoplastic laws and different values 
of the friction coefficient, various designs of the roof and the horizontal plates at the first floor 
and various earthquakes loads are considered. Some results of the parametric non-linear dy-
namic analysis are presented in this paper. 

2 UNILATERAL FRICTIONAL CONTACT ANALYSIS 
Several computational methods have been developed for modeling and analysis of histori-

cal masonry structures [1, 2]. The possibility that some separation appears between two parts 
of a structure coming into contact is known as the unilateral contact phenomenon. This is a 
typical variable-structure nonlinearity, which involves either-or decisions in the  mechanical 
model. The frictional stick-slip nonlinearity is an analogous phenomenon. Both problems be-
long to the area known as nonsmooth mechanics [3, 4].  

Unilateral contact along interfaces is a suitable model for nonlinear analysis of masonry 
structures [5, 6]. A number of potential interfaces at the boundaries of the lintels and the ma-
sonry wall, are defined and along these interfaces separation and frictional effects are consid-
ered. The actual state at each point of the interface will be found after the solution of the 
problem. In case of unilateral contact and friction, several empirical or semi-empirical algo-
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rithms have been proposed and modern general-purpose finite element software (like the 
MARC [7] which is used for this study) can be used for the solution of real-life problems. 

Frictional contact interfaces also has been used to a finite element micromodel in order to 
study the dissipated friction energy at the frame-infill interface of the infilled frames, under 
varying lateral loading [8].  

The numerical objective is to calculate the mechanical response of the bodies, to apply 
suitable constraints to avoid penetration and to apply appropriate boundary conditions for the 
friction behavior. The Coulomb friction model is used and the computation of Coulomb fric-
tion can be based on either nodal stresses or nodal forces. For the solution of the contact prob-
lem the direct constraint method is used in the following application. In this procedure, the 
motion of the bodies is tracked and when contact occurs, direct constraints are placed on the 
motion using boundary conditions, both kinematic constraints on transformed degrees of free-
dom and nodal forces. The constraint imposed ensure that penetration does not occur. In our 
model these constraints are modeled by the definition of tying relations for displacement 
components of the contacting nodes.  

3 FINITE ELEMENT MODELING  

3.1 Geometry of the models 
A masonry wall including reinforcing elements from reinforced concrete material (lintels) 

over the door or window openings was considered. The finite element model with its dimen-
sions is shown in Figure 1.  
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Figure 1: The finite element model of the masonry wall with the reinforced concrete lintels. 

The following load cases were considered: the weight of the mass, a vertical pressure at the 
level of the first floor (simulating the loads which are transferred to the wall from the horizon-
tal slab) and a vertical pressure at the top level (simulating the loads of the roof). A displace-
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ment history according to the earthquake of Kobe (1996) was considered at the applied base 
movement of the wall (fig. 2) in the out of plane direction (perpendicular to the wall). Since 
the earthquake excitation was strong enough, two load cases were considered: 

First the real data of displacement was applied but the analysis was done for the first 10 sec, 
Second the whole history was applied but after multiplication of the displacement values with 
a factor 0.25, in order to see the influence of contact mechanism for a non strong excitation.  

-0.20

-0.15

-0.10

-0.05

0.00

0.05

0.10

0.15

0.20

0 10 20 30 40 5t[sec]

u g
[m

]

0

Kobe hor. disp.
PGD=0,17m

 
Figure 2: Displacement history of Kobe earthquake data. 

3.2 Material Model  
As it is well known the masonry or the stone wall is composed of materials with brittle 

mechanical behaviour, small to zero strength to tension, and is in a lot of cases non homoge-
neous. Although each component of a masonry wall has its own specific mechanical charac-
teristics, they are all expected to act together as an homogeneous structural material. In the 
past a number of theories have been developed in order to represent the mechanical behavior 
of this composite material which consists of stones and mortar in between, with high com-
pression and low tension strength.  

In case of an earthquake, the structure will be subjected to a series of cyclic horizontal ac-
tions, which will often cause high additional bending and shear stresses in structural walls, 
exceeding the range of the elastic behaviour. The nonlinearity of the material appears for ex-
ample if the stress-strain relationship or constitutive equation is nonlinear. 
Thus, for the nonlinear analysis of the examined models, in addition to the elastic material 
constants (Young's modulus and Poisson's ratio), the yield stress and the hardening slopes 
were included. These last two constants deal with the inelastic (plastic) material behavior by 
the definition of a stress-strain curve which is described from two branches, the first one 
which corresponds to the elastic region of the material and the second one to the plastic region.  

The magnitude of the yield stress is generally obtained from a uniaxial test but since the 
stresses in a structure are usually multiaxial, a yield condition must be used for measurement 
of yielding of the mutliaxial state of stress. The yield condition can be dependent on all stress 
components, on shear components only, or on hydrostatic stresses. In our application the 
Mohr-Coulomb material model was used which describe elastic-plastic behavior based on a 
yield surface that exhibits hydrostatic stress dependence. Such behavior is observed in a wide 
class of soil and rock-like materials.  

The material data (elastic properties) of the masonry are as follows: Young's modulus E= 
8820 MPa, Poisson's ration ν= 0.15 and Density 1700 Kg/m3 . The material has been consid-
ered as homogeneous and isotropic, the numerical values have been chosen on the basis of 
compression tests performed on specimens. Also a damping equal to 5% was considered. For 
masonry two cases were examined: first the Mohr-Coulomb model developed by Drucker and 
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Prager has been used with isotropic hardening and for the plasticity the initial yield stress is 
assumed to be equal to 228.523 kPa. As a second case failure criteria based on maximum 
stresses have been used. Particularly, the following considerations were done: maximum ten-
sile stress = 880 kPa, maximum compressive stress=8.8 MPa and maximum shear stress=198 
kPa. 

The material data used for the description of the elastic properties of the shotcrete are as 
follows: Young's modulus E= 27406 MPa, Poisson's ration ν= 0.20 and Density 2400 Kg/m3.  

3.3 Finite element models 
The finite element method was used on a three - dimensional, solid model of the wall. 

Solid finite elements have been used for the analysis In order to consider the unilateral contact 
effects in our analysis, the lintels were separated from the wall and were connected with uni-
lateral frictional interfaces. The criterion about crack initiation - opening is based on the nor-
mal stresses which are developed at the outer nodes of the contact bodies. The yield limit was 
considered equal to 0.1Mpa.  

The following three models, with different contact and friction conditions were examined: 
Model 1: Fixed conditions were considered between the masonry wall and the lintels.  
Model 2: Contact conditions with friction coefficient equal to 0.4,  between the masonry wall 
and the lintels were considered. 
Model 3: Contact conditions with friction coefficient equal to 0.6,  between the masonry wall 
and the lintels were considered. 

4 RESULTS 
In the case with the elastoplastic material model, the estimation of the region with plastic 
strain is an indication of failure and crack development. The contours of the equivalent plastic 
strain, for the two load cases, are given in figure 3 and 4 respectively.  

 

  
Figure 3: Equivalent plastic strain at time 48sec (First load case), for Model 1 (left) and Model 2 (right). 

In a previous work [10], it was shown from a static analysis with a suitable earthquake 
equivalent loading, that the consideration of the unilateral effects reduces the plastic strains in 
the masonry wall. In the present investigation, which is based on dynamic analysis, it is 
shown that the horizontal reinforced concrete lintels, is able to eliminate the plastic strain in 
the case with the non strong earthquake (fig. 3), something which doesn’t happened in case 
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with the strong excitation (fig. 4, the analysis of the first 10 sec and for the recorded values of 
the displacement).   

 
Figure 4: Equivalent plastic strain at time 48sec (First load case), for Model 1 (left) and Model 2 (right). 
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Figure 5: History of equivalent plastic strain of node I (first load case). 
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 Figure 6: History of equivalent plastic strain of node I (second load case). 
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The same notice is shown in the figures 5 and 6 where the history of equivalent plastic 
strain and for a node at the level of the lower openings (node I, fig. 1), are given. The histories 
of total plastic strain energy for the two load cases are shown in figure 7 and 8. The same con-
clusion is given from the analysis considering failure criteria and calculating the correspond-
ing failure index (fig. 9), which indicates the region where the stresses are over the maximum 
allowable level.  
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Figure 7: History of plastic strain energy (First load case). 
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Figure 8: History of plastic strain energy (Second load case). 

5 CONCLUSIONS  
The horizontal reinforced concrete lintels, reduce the plastic strains when contact and fric-

tion effects exist between them and the masonry wall for not strong excitation. In opposite for 
strong excitations stress concentrations appear at different places. The energy dissipation 
mechanism which work in the case of  small displacements would leads to negative results 
when the sliding movements between the lintels and the masonry goes beyond some limits. 

 7



Maria E. Stavroulaki, Vagelis B. Liarakos 

Further investigation is needed about this mechanism  and its behaviour under various seismic 
excitations.  

 

Figure 9: Failure index at time 48sec (First load case), for Model 1 (left) and Model 2 (right). 
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