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1 Introduction  

In today’s international and Hungarian engineering practice, the global spatial rigidity of 

buildings with cast-in-situ reinforced concrete pier framing is mostly ensured by connected or 

independent wall bracing systems. In general design practice, braced walls are cast-in-situ 

reinforced concrete walls for the most part. The impact of brick masonry infills of reinforced 

concrete frames is generally disregarded: they are generally considered as secondary non-

load-bearing structures. A reinforced concrete frame is designed to bear general horizontal 

and vertical loads at a safety level as prescribed in the standards currently used for design; 

structural elements of masonry infill, ensuring considerable extra load capacity, are neglected. 

In the course of dimensioning for earthquake impact, more and more in the limelight today, 

elements to increase load bearing capacity to counter horizontal impacts and to enhance 

structural ductility are increasingly emphasized. In the past few decades, researchers in 

countries with earthquake hazards (Turkey, Japan, countrien in South America) have mostly 

discussed the problem in detail (Murty, Jain, 2000; Baran, Sevil, 2010); on the contrary, there 

have been relatively few research initiatives in the subject in Hungary as earthquakes there are 

rare and of lower intensity.  

Chapter 8 of the Eurocode standard series ”theoretically” considers non-dimensioned infill 

masonry walls to be non-structural elements. At the same time, masonry infills have an 

enormous impact on the global dynamic response of the entire building and new forms of 

destruction may occur in frames dimensioned without infills (e.g. destruction by shearing of 

frame columns due to shearing stress caused by the transversal stiffening effect of filler 

walls). Chapter 4.3.6 of EC8 ”Supplementary measures applicable to masonry infilled 

frames” – MSZ EN 1998-1:2008 enforces requirements on high-ductility (DCH) frames 

working together with infills within a rather limited scope of application.  

2 Aim of research  

In everyday engineering practice, masonry infilled RC frames are generally dimensioned 

using the ”traditional” method of equivalent diagonal struts. This method can be qualified as 

highly approximative as it describes connections between load forces and the displacements 

of the entire stiffening structure in a linear manner. This way the final value of displacement 

can be approximated, but the behaviour of the stiffening system is not modelled with 

appropriate accuracy. The ultimate objective of this research is to develop modelling and 

dimensioning procedures of various levels of complexity and software demand, to be able to 

describe the behaviour of masonry infilled RC frames more accurately and to complete actual 

design more precisely in case of both uniaxial and cyclic lateral loads. In order to be able to 

achieve this fairly complex and comprehensive ultimate objective, several research tasks built 

on each other were required to be performed in a systematic manner: 

I. Conduct laboratory experiments in a reduced scale, conforming to the current trend 

of research, in cases of both monotonically increasing unidirectional and cyclically 

changing horizontal top loading, in order to describe the behaviour of the masonry 

infill and the RC frame and to have an insight into various phases of behaviour.  

II. Develop new numerical models of different architectures and degrees of 

complexity to specify on the traditional method of substitutive slanting diagonal 

members.  

III. Compare the results of the numerical models developed with the results of 

laboratory experiments; verify numerical models in case of uniaxial monotonically 
increasing quasi-static loads. Review the applicability of the requirements of the 

Eurocode 6 standard on general brick walls to the case of infill walls; make 

suggestions as required for applicability.  
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IV. Compare the results of the numerical models developed with the results of 

laboratory experiments; verify numerical models in case of cyclically changing 
quasi-static loads both in terms of direction and extent. Review the applicability of 

the requirements of the Eurocode 6 standard on general brick walls to the case of 

infill walls; make suggestions for cases of cyclic loading as required for 

applicability.  

V. Finally: describe cyclically accumulating damage to the stiffening structure in case 

of a complete loading history; specify dimensioning algorithm, whereby 

connections between external horizontal forces and top displacements can be 

described with adequate accuracy.  

3 Cognition of the behaviour of masonry infilled RC frames  

Attention was first drawn to the significance of the considerable horizontal stiffening effect 

of infill masonries in buildings after the American Empire State Building (New York, USA) 

was erected. After storms with wind speeds of nearly 90 km/h, almost transversal cracks on 

the walls of premises between floors 29 and 41 were coupled with so-called ”contour cracks” 

(Rathburn 1938). Various measurements were conducted to clarify the issue, and it was 

concluded that global building stiffness had been considerably changed by infill walls wedged 

for load transfer (Rathburn 1938). The author of the first publications on masonry infilled RC 

frames was Polyakov (1957, 1960). To summarize the results of small-scale and large-scale 

experiments, Polyakov divided the behaviour of the infill masonry wall and the frame 

embracing it into three (3) stages (Figure 1). Initially in stage I, the infill and the frame are 

not detached from each other as a result of relatively small loads and they form a ”quasi” 

monolithic system (Figure 1/a). The end of stage I is indicated by the appearance of so-called 

”contour cracks” (Figure 1/b), when the frame and the infill are separated from each other, 

starting from the corners. In stage II, the thin crack opens more and more as the horizontal 

load increases and the length of cleavage also increases simultaneously, consequently the 

infilled frame ”falls apart” to its separate components which still continue to interact with 

each other. Simultaneously, although appearing a little bit later, transversal cracking occurs in 

the infill as a result of the increasing horizontal force (Figure 1/c), along which the walling is 

destroyed, thus reaching stage III defined by Polyakov, namely the collapse.  

   
 a) Stage I b) Stage II c) Stage III 

Figure 1. Stages of behaviour of masonry infilled RC frames according to Polyakov  

3.1 Classic model of substitutive compressed slanting diagonal members  

Polyakov’s investigations were followed by Holmes (1961), proposing to substitute the 

brick wall by a slanting, linearly elastic compressed diagonal strut (Figure 2), whose material 

properties corresponded to those of the masonry and its width was taken into consideration at 

one third of the length of the diagonal line.  
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Figure 2. Scheme of equivalent compressed slanting diagonal strut  

Smith (1966), as well as Smith and Carter (1969) specified the width of the equivalent 

diagonal strut in function of the stiffness ratio of the frame and the infill; this provides a 

relatively precise approximation to the maximum force to be taken up by the compressed 

slanting diagonal strut for practical engineering dimensioning. At the same time, this does not 

mean that it should yield satisfactory results to describe deformations of the bracing system 

and for cases lower than the horizontal force associated with the destruction of the wall. The 

cross-sectional dimensions of the substitutive slanting diagonal strut can be calculated as 

follows (Smith 1966, Smith és Carter 1969): 

a������ = 0.175	(λ	h���)��.�	d 

λ = 	 �E������	b� 	sin(2β )4EIh��#
$

 

where ainfill is the width of the substitutive diagonal strut, λ is a stiffness parameter, hcol 

is the level height of reinforced concrete columns on the static truss determined by the 

median lines of the frame girders, Einfill is the Young’s modulus of the wall, bw is the 

thickness of the wall, βs is the angle of the compressed slanting diagonal strut with the 

horizontal, E is the Young’s modulus of the reinforced concrete frame, I is the moment 

of inertia of the reinforced concrete column, , hinf is the height of the wall, and d is the 

length of the diagonal member.  

3.2 Today’s numerical research  
A number of analytical and numerical models have been published in the international 

literature using softwares for scientific and everyday engineering design (Das, D. et al. 2004; 

Dukuze, 2000; Asteris, 2003, 2008; Lourenço et al., 2006; Puglisi et al., 2009; Koutromanos 

et al., 2011; Fiore et al., 2012) for cases of monotonically increasing uniaxial horizontal 

quasi-static versus cyclic loading. In his research works, Asteris (2003, 2008) uses the 

substitutive model of diagonal struts defined by Smith. Nevertheless, by refining the material 

properties and stress vs. deformation diagrams of the equivalent diagonal strut, results are 

only supplied for the top displacements of the entire stiffening structure in case of uniaxial 

loading. Baran és Sevil (2010), Puglisi et al. (2009) és Perera (2005) also apply the equivalent 

model of diagonal struts in their research, but already for cases of cyclic horizontal loading. In 

addition to substitutive diagonal members, finite elements to simulate non-linear behaviour 

are integrated into the model to take cyclic damage due to cyclic loading into consideration. 

However, the limitations of the equivalent model of diagonal struts are clearly indicated by 

the fact that it can only be used for modelling the external response of the bracing system and 

not for local damage and behaviour. In each case, components – built in the models – to 

simulate plastic deformation are selected from the component specifications of the scientific 

software used, with no general modelling procedure or algorithm specified. Tasnimi és 

Mohebkhah (2011) construct one single compressed diagonal member of the classic 

equivalent model of diagonal struts by integrating several diagonal members. Modelling can 

take into consideration the impact of orifices in the masonry infill. A disadvantage is that the 
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authors examine steel-structured frames only in terms of uniaxial loading. Braz-Cesar et al. 

(2008) also build up a model of the filler wall from several components and even insert a 

component to model plastic deformation. They use different models to produce a cover force 

vs. displacement diagram of a one-storey stiffened RC frame subject to cyclic loading, but 

they only examine concrete components – the frame. The so-called ”strut-and-tie” (STM) 
model presented by Lourenço et al. (2006) represents a transition between the classic 

substitutive model of diagonal struts and models using surface components. An essential 

feature is that a planar or spatial mesh is formed using short struts. When the forces in the 

struts caused by external horizontal forces reach their characteristic value of the tensile force, 

then the strut concerned is ”cut through” (the finite element is deleted) and the calculation 

cycle is performed (run) again. Thus the model can be used for tracing cracking in addition to 

the external response of the stiffening system. The procedure presented was described by the 

authors in case of a stiffened steel-structured frame. A major disadvantage of this procedure is 

that subsequent runs designed for identical external forces result in a ”saw-tooth” type 

external force vs. top displacement diagram, which can only be taken as an envelope figure of 

actual behaviour. The model – as published – is not suitable for modelling cyclic loading. In 

their research, Das et al. (2004), Dukuze (2000), and Pina-Henriques and Lourenço (2004) 

basically designed micro-models to model brick walls. These models apply surface and body 

elements. Their research is not intended to model walls as infills; and they are of rather 

limited use for practising engineers by reason of their complexity and software demand. Their 

results achieved, including substitution of the masonry by a substitutive continuum, are really 

important and usable in further research in general masonries and in engineering practice. 

Research by Hao et al. (2002) modelled masonry infills and RC frames by surface elements, 

making the macro-model applicable for describing cyclic damage by a damage function 

defined on energy concept. The authors fail to compare the modelling procedure presented 

with experimental results: they only establish the applicability of the model by taking general 

material properties into account. Perera (2005) describes cyclically accumulating degradation 

by a damage function determined on a similar energy concept, but by using a classic 

equivalent model of diagonal strut. The numerical results are compared with test results. 

Calculation results for the entire loading history are relatively appropriate in the initial stage 

of behaviour: they can be treated as an envelope figure. Afterwards, however, they show large 

differences compared to actual behaviour. Numerical results by Koutromanos et al. (2011) are 

in good correlation with the measurement results of the tests performed by them in respect of 

the beginning and destruction stages of behaviour. Local damage to both RC structures and 

masonry infills can be followed. Cyclic degradation is described by a damage function. 

However, the results published fail to provide a proper approximation in the (interim) stage of 

behaviour – during the expected use – of the structure.  

3.3 Experimental research today  

Experimental testing of horizontally loaded, masonry infilled steel (Mehrabi et al., 1996; 

Seah, 1998; Tasnimi, Mohebkhah, 2011) and RC frames (Murty, Jain, 2000; Baran, Sevil, 

2010) is also widespread. Each of the laboratory experiments published recently have been 

designed to verify the numerical FE models developed. In the course of experiments 

conducted by Smith and contemporaries, many cases at a M=1:1 scale, the appearance of 

contour cracks and the first transversal tracks was described together with various local and 

global forms of destruction in case of uniaxial horizontal loading. In case of experiments 

conducted since then, descriptions of the full structural response of masonry infilled frames 

has been increasingly highlighted, and the experimental observation of characteristic cracking 

and damage and behavioural features has been relegated to the background.  
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e course of the latest scientific experiments, actually visible and observable structural 

behaviour in response to cyclic loading has not been recorded. Koutromanos et al. (2011) 

specify the external horizontal force vs. top displacement diagram and i

, damage) without attempting to describe the behaviour. 

provide a numerical analysis of the measurement results of the tests 

performed but fail to observe the actual behaviour of the structure. 

characteristic of the structure is (partly) described on the basis of finite element calculation 

and measurement results, without analyzing its actual physical appearance. 

between the ”point set” of measurement and observable behaviour are not explored. The 

”route” of cracks forming in the wall is not tracked down. In their laboratory experim

Tasnimi és Mohebkhah (2011) already recorded the observable spread of cracking, but failed 

with other measurement results.  

ory experiment programme  
laboratory test series of 15 specimens was designed and conducted in order to 

investigate the behaviour of two-storey, one-bay masonry infilled RC frames 

cts. In line with international research trends, the test series was intended to 

analyze the behaviour of masonry infilled frames in response to the impact of earthquakes, 

impacts of cyclically changing directions, particularly in case of loads of

greater intensity, respectively, than the external horizontal top force associated with the so

of the masonry infill (Baran, Sevil, 2010). The first step was to conduct 

laboratory tests of specimens loaded by uniaxial top loads. Our aim was to define, from a 

practical viewpoint, the actual physical phenomenon at the ”yield point”. The 

arrangement of cyclic top loading – both in terms of direction and volume –

n the basis of the laboratory test results of masonry infilled RC frames subject to 

monotonically increasing uniaxial lateral loading. Based on publications also using case 

, two masonry mortars of different compressive stren

but of identical make were used.  

In the test arrangements shown in Figure 3, two-storey, one-bay RC frames were fixed to a 

stiff flooring by supplementary steel structures. Both changing horizontal top loading 

constant forces to load frame columns centrically were generated by hydraulic presses 

-structured loading frame.  

Figure 3. Test arrangements  
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easurement results of uniaxial loading  

behaviours of the 6 specimens subjected to unidirection

by a top displacement vs. external horizontal force diagram 

with masonry mortar M3 b) with masonry mortar M10 
4. Characteristic force vs. displacement diagrams  

relatively rigid behaviour is followed by the appearance of so-called contour cracks, 

masonry stiffness as cracks in the wall are produced.
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force diagram (Figure 4). 
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taken up by the structure until collapse does not increase, but rather wall stiffness reduces 

rapidly as the yield point of the wall is reached and the wall slides, with the load ratio of the 

frame to increase considerably. Although as a result of higher wall stiffness reinforced 

concrete frames suffer smaller displacements than frames with weaker infills until the yield 

point is reached, quicker and more brittle destruction occurs after the yield point of the wall, 

meaning that the reinforced concrete frame becomes less ductile as a result of a stronger 

masonry infill.  

4.3 Loading schedule in case of cyclic loading  
The load history was determined in advance on the basis of the external horizontal top 

force associated with the yield point defined by the series of experiments of loading by 

uniaxial, monotonically increasing force. In order to examine the states prior to the emergence 

of the phenomenon and following yield point, respectively, the external horizontal force to be 

achieved in each load cycle was determined to be smaller or greater than the force to cause the 

yield point of the masonry.  

Some of the actual load histories applied for specimens are shown in Figure 6: 

 
Figure 6. Characteristic load histories of cyclic loading  

4.4 Measurement results of cyclic loading  

Characteristic behaviours of the 6 specimens subjected to loading from cyclically changing 

directions can also be best described by a top displacement vs. external horizontal force 

diagram (Figure 7). 
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Figure 7. Force vs. displacement diagrams of cyclic loading  

It can be stated that the behaviour preceding the yield point of the masonry infill, that is, 

formation of the cracking scheme, considerably deviates from the behaviour to characterize 

the phase over the yield point. In case of cyclic impacts lower than the external horizontal 

force associated with the yield point, plastic deformations accumulating in subsequent load 

steps are significantly smaller than in the behavioural stage to follow yield point. Prior to the 

yield point of the masonry infill, slower degradation and destruction can be observed as a 

result of forces of nearly identical volume and cyclically changing in direction, which can be 

characterized most expressively by the value of horizontal top displacement accumulating in 

subsequent cycles. Furthermore, it can be observed that horizontal top displacements 

associated with identical external load intensity prior to the yield point of the wall are 

considerably – about 30-40% – smaller in case of specimens produced by using less strenght 

mortar. In terms of practical dimensioning for cyclic behaviour, reaching and / or exceeding 

the yield point of the masonry infill is of prime importance on account of the quicker 

expansion of accumulating deformations.  

5 Numerical tests for uniaxial loading  
FE models compiled by commercially available softwares are presented, which describe 

the behaviour masonry infilled RC frames more accurately in case of monotonically 

increasing uniaxial horizontal loading. Numerical results are verified by the results of 

laboratory tests presented in the previous points. The simplest one is the ”Equivalent diagonal 
strut model”, in which the infill wall is substituted by a compressed diagonal strut in the 

manner described above. Another modelling option presented is a so-called ”Mesh surface 
model”, where the masonry infill is substituted by disc elements. Finally, a so-called 

”Suggested sophisticated model” is introduced, where the brick blocks and masonry mortar 

constituting the infill wall are modelled separately. Connections between the reinforced 

concrete frame and the masonry infill are modelled by spring and contact elements.  

Bricks are substituted by orthotropic shell elements, and the masonry mortar to rejoint 

vertical and horizontal clearances by equivalent compressed diagonal struts. (Figure 8).  

 
Figure 8. Scheme of perpendicular and slanting diagonal members to substitute for the masonry mortar layer  
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Based on literature research and Eurocode 6 requirements on non-reinforced masonries, it 

is recommended to use a new modified σ-ε diagram to calculate the horizontal displacements, 

associated with the serviceability limit state of masonry infilled RC frames subject to 

monotonically increasing uniaxial lateral loads and the external force vs. top displacement 

relationship. Using the formula for the yield point by Hamid and Drysdale (1980) and Seah 

(1998) and taking into consideration Eurocode 6 requirements, the modified bilinear σ-ε 

diagram proposed for horizontal displacement calculations is shown in Figure 9.  

 
Figure 9. Proposed bilinear σ-ε diagram 

5.1 Comparison of numerical and experimental results  

In numerical calculations, first the material properties specified on the basis of general 

Eurocode 6 requirements on non-reinforced masonries and then those measured in the 

laboratory were taken as a basis, which were later on modified by considerations found in the 

course of literature research. Finally, dimensioning was also performed according to the stress 

vs. deformation diagram proposed by us. The numerical results yielded were compared with 

the results of laboratory tests (Figure 10). 
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Figure 10. Comparison of experimental and numerical force - displacement diagrams  

Descriptions, by numerical models, of two-storey one-bay reinforced concrete frames were 

in fairly good correlation with experimental results. Particularly acceptable calculation results 

in conformity with experimental results were managed to be provided for the initial stiffness 

of the RC frame, the yield point of the infill masonry, as well as for the external horizontal 

forces and top displacements associated with destruction by using the modelling procedures 

applied and the proposed bilinear material model. At the same time, the „Equivalent diagonal 
strut model” and the ”Mesh surface model” are not recommended to be used with the 

material properties proposed by Eurocode 6 as there is a fairly great difference of top 

displacements – exceeding 40% – upon verification of numerical results after yield point. The 

orthotropic shell model (Mesh surface model), defined by the proposed bilinear material 

properties and literature considerations, yields fairly approximative and acceptable results to 

describe the horizontal response of masonry infilled RC frames if used together with the 

frame vs. masonry connection model presented. The numerical results of the ”Suggested 
sophisticated model” approached experimental curves the best. The difference between 

calculated and experimental force vs. displacement curves was 15% below the yield point of 

the infill masonry and only 10% over it.  

6 Numerical tests for cyclically changing loading in terms of direction  

In case of cyclically changing loading in terms of direction, accumulating plastic 

deformations appear in the entire stiffening system in each cycle. Below and over the yield 

point, increases – ”creeping” – of plastic deformations must be expected in both stages of 

behaviour, although at different speeds in case of cyclic loading.  

6.1 3D modelling procedure  

The ANSYS software developed for scientific purposes was used to generate a 

geometrically and materially non-linear 3D finite element model to model irreversible plastic 

deformations (Figure 11). 

 
Figure 11. General structure of 3D FE model  
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The applicability limit of the model depends on the convergence of the numerical 

calculation, therefore acceptable results were managed to be yielded only for behaviour 

preceding the yield point.  

6.1.1 Comparison of numerical and experimental results  

The top displacements of masonry infilled RC frames could be interpreted only in the 

phase to precede the yield point. The model could not describe the ensuing robust cyclic 

damage by reason of errors of calculation convergence.  

Results of the calculation procedure are also illustrated at characteristic points of local 

damage (Figure 12). 

 

Figure 12. Numerical body model, crack scheme and local experimental damage compared  

The external horizontal force - top displacement diagrams resulting from advanced FE 

analysis were compared with experimental results (Figure 13). 

 

Figure 13. Comparison of experimental and numerical results  

Description of the behaviour of two-storey one-bay reinforced concrete frames by 

numerical models was in a fairly good correlation with experimental results; however, due to 

a convergence error occurring before the loosening point the modelling procedure and thus 
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the usability of the model is unfortunately limited. Particularly interesting stages of behaviour 

cannot be investigated by it at all and it cannot be used for actual cyclic or earthquake 

investigations. Although the model extremely accurately describes the stage of behaviour 

delimited by initial – and thus standard – deformations, and local damage as well as drawn 

cracks can also be examined very precisely, neither the model nor the results can be used for 

modelling the targeted cyclic behaviour because it is indispensable to describe actual 

behaviours beyond standard yield limits to this end.  

6.2 Modified 2D modelling procedure  

The ”Suggested sophisticated model” described above and the bilinear σ-ε diagram 

proposed for calculating horizontal displacements of the masonry infill followed horizontal 

displacements fairly well; however, irreversible plastic deformations could not be calculated 

directly by the model.  

Plastic deformations were produced as the difference between two ”run results”. Purely 

linearly elastic results must be subtracted from existing numerical results. Elastic 

deformations are recommended to be approximated by using two substitute Young’s 

moduluses. In case of release of load before the yield point emerges, the initial Young’s 

modulus of Eurocode 6 for masonry (Esec) can be used, and afterwards the initial Young’s 

modulus of the proposed bilinear material model (Einfill-β). 

6.2.1 Cyclic degrading, crumbling  

Basic damage mechanics considerations based on literature research (Puglis et al., 2009b, 

Perera et al., 2005; Hao et al., 2002) are taken as a basis for taking into account cyclic 

degradation in each cycle. Equivalent substitution of the masonry infill by a continuum model 

is an accepted solution in the literature (Lourenço et al. 2006, Asteris 2003; 2008). As the 

contiguous cracking scheme appears at the yield point, the masonry is practically split along a 

continuous line (crack). This behaviour can also be tracked by the model defining the mortar 

layer by equivalent diagonal struts: creeping between brick courses can be shaped, therefore 

structural behaviour can be described by an FE model as well. This way, the results yielded 

will follow the behaviour of separated parts as well. Taking all this into account, a general 

unit of volume element of the continuum can be specified in the phase preceding the yield 

point of the masonry infill, where the damage %&→ attached to the normal n of an excised 

surface A thereof can be stated as follows:  

%&→ =	()(  

where A is the area of the intersection of one surface and Ad is 

the effective area of all microcracks and microvoids defined 

previously, see Figure 14:  
Figure14. Damage to volume element  

The value of the damage variable %&→ is 0 in case of an intact element and 1 in case of a 

totally damaged material. By assuming an isotropic material and isotropic damage, the value 

of the damage variable associated with a normal n of any direction can be stated as %&→ with 

good approximation, therefore the degree of damage can be defined by a scalar D in all 

directions: 

%&→ 	≅ % 

Assuming that Cauchy stresses can be substituted by real stresses to describe the behaviour 

of intact and damaged materials (Puglisi et al. 2009b, Perera et al., 2005; Hao et al., 2002), 
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then the linearly elastic behaviour of a damaged (in this case crashing) materials can be stated 

as follows, using the damage parameter:  + = (1 − %)	-	(./0/ −	.12) 
By using this, the modelling procedure presented above can be made suitable for 

describing structural responses to cyclic lateral loads by selecting the damage variable. An 

energy concept is used to describe connections between plastic deformations and damage 

(Calvi et al. 2004; Madan et al., 2008; Perera, 2005). In case of an external force V and a 

plastic top displacement δpl
 , the external potential energy associated with a general interim 

state can be stated as follows:  

-(312) = 	4 5(312)	6312789
�  

And the external potential energy associated with damage is:  

-(3:;<) = 	4 5(312)	6312=
�  

Therefore, the damage D of the structure can be stated as below:  

% =	 -(312)-(3:;<) 
In this case, the expression above practically means the area below external force vs. 

displacement diagrams / their quotient. A bilinear material model used to determine 

deformations in monotonic uniaxial lateral load cases does not supply sufficiently accurate 

results of external force vs. total structural displacement for calculating the damage parameter 

(D) on the energy concept, so the calculable external potential energy significantly differs 

from the one to be calculated on the basis of experimental results. A new trilinear σ-ε diagram 

is proposed to be taken into consideration to calculate the damage parameter of masonry 

infilled RC frames subject to cyclic horizontal loading in the load section of calculations 

(Figure 15). 

 
Figure 15. Proposed trilinear σ-ε diagram for cyclic loading  

A substitute function f(D) dependent on the damage parameter was defined to describe 

damage by comparing the results of FE models subject to cyclic experiments and uniaxial 

loading in order to describe total structural degradation along the cycles:  

>(%) = 	12	(1 − ?�@AB ) 
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6.2.2 Comparison of numerical and experimental results in case of cyclic loading 
Flow chart 16 below shows the course of modelling cyclic behaviour:  

 
Figure 16. Flow chart of modelling cyclic behaviour  

In view of the load history, the horizontal force vs. top displacement diagram attached to 

the maximum horizontal top force of each cycle can be produced for cases of monotonic 

uniaxial loading, therefore modified material properties can be calculated on the basis of the 

damage parameter associated with the given external force. Changes in the initial Young’s 

modulus, pertaining to cycles from the point of view of calculations, are shown in Figure 17.  

 
Figure 17. Tendencies of Young’s modulus by taking cyclic damage into account  

Any ”current” force vs. displacement diagram pertaining to an interim cycle ”i” can be 

calculated by ”amassing” – multiplying – partial degradations belonging to previous cycles:  

1 − >(%)C =	D(1 − >(%)E)
C�F
EGF

 

A comparison of numerical and experimental results in respect of the complete load history 

is shown in Figure 18.  

 
Figure 18. Comparison of experimental and numerical force vs. displacement diagrams in case of cyclic loading  
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Through the use of trilinear material properties proposed for load phases, various Young’s 

modulus used at reloading and the damage function introduced, descriptions of two-storey 

one-bay RC frames by the ”Suggested sophisticated model” were in fairly good correlation 

with experimental results. Particularly adequate calculation results in conformity with 

experimental results were managed to be provided for the envelope curve describing the 

cyclic behaviour of infill masonry. Both laboratory experiments and numerical results show 

that reaching the yield point of infill masonry is of great importance in terms of the collective 

behaviour of the entire structure. It could be observed during laboratory experiments that 

considerable damage to RC frames occurred after the appearance of the continuous diagonal 

corner-to-corner crack in the infill masonry. It is after reaching the yield point of the walling 

that irreversible structural damage to the RC frame (may) occur, leading to the destruction of 

the entire stiffening unit. From the viewpoint of practical dimensioning for cyclic loading, this 

means that before this point of behaviour, the RC structure does not suffer any considerable 

irreversible damage, so it can also be considered as a limit of design. In this stage, the already 

cracked masonry infill can be removed and reconstructed forthwith by ensuring the stability 

of the RC frame.  

7 New scientific results  

Thesis I  

Based on a series of designed and completed laboratory experiments, consisting of 15 

experimental specimens of ~M=1:3 reduction, I defined the ”yield point” of the masonry 

infill from the practical point of view for cases of top horizontal loading, both uniaxial and 

cyclically changing in terms of direction; such ”yield point” means the appearance of a 

continuous diagonal corner-to-corner crack near the compressed transversal zone of the 

masonry.  
a) I pointed out that the ”yield point” of the masonry infill clearly divides stage II 

(state to follow the appearance of contour cracks), defined between the appearance of 

contour cracks in infilled RC frames as a result of horizontal forces and their 

destruction, into two separable phases of behaviour. Before the yield point, diagonal 

cracks are not corner-to-corner, while afterwards they are continuous from corner to 

corner.  

b) I demonstrated that by increasing the stiffness of the masonry infill, the 

magnitude and stiffness of the external horizontal top force taken up by the 

masonry infilled RC frame only increases up to the yield point of the masonry 

infill; in case of identical frame design, the force attached to collapse does not 

increase; after yield point, the entire structure is observably collapsed increasingly 

rapidly, with no considerable reserves generated; destruction becomes more rigid 

after yield point, and the ductility of the infilled frame is reduced.  

c) I pointed out that in terms of practical dimensioning for cyclic behaviour, 
reaching and / or exceeding the yield point of the masonry infill is of prime 

importance on account of the quicker expansion of irreversible plastic deformations.  

Related publications: [1] and [4] 
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Thesis II  

I developed two modelling procedures – within the boundaries of applicability of 2D FE 

softwares used in everyday engineering practice – to describe horizontal displacements of 

masonry infilled cast-in-situ reinforced concrete frames in case of monotonic increasing 

uniaxial lateral external loading, whose accuracy was verified by experimental results.  

a) In order to describe the non-linear behaviour of the connection between the 

masonry infill and the RC frame I developed a connection model to be 

produced by the serial connection of a spring and a contact element and by 

applying an intermediate fictitious spring element.  

b) Based on general Eurocode 6 requirements on non-reinforced masonries with loads 

perpendicular to the longitudinal joint and recommendations by the literature, I 

defined an orthotropic masonry infill to demonstrate that the stage of 

behaviour following the yield point of the infill cannot be modelled properly 

based on general Eurocode 6 requirements in case of horizontal loading. 

c) I created a modelling procedure where the masonry mortar and brick blocks 

were taken into account individually. I demonstrated that the model is suitable 

for describing horizontal displacements of masonry infilled RC frames.  

d) I defined equivalent normal stiffnesses of the model to substitute mortar, 
consisting of equivalent diagonal struts (slanting and perpendicular to wall 

joints), by a closed formula:  

 A� =	 #IJ∙ℓL∙MLNO#PJ ;  
FQL =	 RLQP	MLNO 	 [ℓL.T	ℓL.U

ℓLA 	2	(1 + νX) −	 ℓL.TA
ℓLA	ℓL.U] 

 (Y =	ℓC,< ∙ [C\] − (C ∙ ℓ^,_
ℓ^ ;  -Y =	 `a	ℓ^.b	c^&def  

Related publications: [2] and [3] 

Thesis III  

Using the numerical models formulated in Thesis II, I presented a proposal to modify 

the elasto-plastic design stress vs. deformation diagram of Eurocode 6 referring to non-

reinforced masonries in respect of the masonry infill, in order to determine horizontal 

displacements of masonry infilled reinforced concrete frames loaded by monotonically 

increasing uniaxial horizontal forces. By neglecting the relatively small, perfectly plastic 

phase over the yield point of the infill, I defined a monotonous linearly decreasing yielding 

phase up until damage. I defined the yield point of infill masonry in function of the 
characteristic value of the compressive strength (fk) applicable to Eurocode 6 non-

reinforced masonries by using the formulas of Hamid and Drysdale (1980) and Seah (1998):  >C\]C22�g = 0,7 ∗ >E 

I stated the strain value εu= 0,018 of damage based on the recommendation of Baran and 

Sevil (2010) on masonries built from general brick blocks. I determined the value εεεε1= 0,002 

pertaining to the yield point in compliance with Eurocode requirements. On the basis 

thereof, the bilinear σσσσ-εεεε diagram proposed for calculations of the deformation responses of 

the complete structure – that is, horizontal displacements – is as follows:  

 
Related publication: [3] 
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Thesis IV  

I created a modelling procedure for describing the horizontal displacements of compact 

small-sized masonry infilled cast-in-situ reinforced concrete frames in cases of 

horizontal loading of cyclically changing directions, whose accuracy was verified by 

experimental results.  

a) The following trilinear σσσσ-εεεε diagram is proposed to be taken into consideration 

for calculations of the horizontal displacement of the entire structure:  

 
b) For the approximative modelling of reloads, I propose to use the Eurocode 6 

requirement for non-reinforced masonries in the phase preceding the yield point 

of the masonry infill, and after it the initial Young’s modulus of the bilinear σσσσ-εεεε 

diagram described in Thesis II.  
c) By way of the modelling procedure I demonstrated the limit of cyclic behaviour 

to be the instance when the largest relative top displacement in the cycle reaches 

the displacement associated with the maximum force to be calculated by 

monotonic uniaxial loading.  

Related publications: [4] and [5] 

Thesis V  

In order to describe the horizontal displacements of compact small-sized brick masonry 

infilled cast-in-situ reinforced concrete frames, I defined a function to substitute cyclic 

damage by using experimental and numerical results, whereby stiffness reduction by 

horizontal external loading of cyclically changing directions can be described using a 

damage parameter (D) defined on an energy concept:  

a) The following is the function f(D) to substitute damage, stated using the damage 

parameter (D) defined by applying the external horizontal force vs. horizontal 

displacement functions generated by monotonic uniaxial loading and the trilinear σσσσ-

εεεε diagram defined in Thesis IV: 

>(%) = 	12	(1 − ?�@AB ) 
b) In the knowledge of load history, the stiffness reduction associated with the 

given cycle can be specified directly from the values of the function to 

substitute damage defined for previous cycles: 

1 − >(%)C =	D(1 − >(%)E)
C�F
EGF

 

Related publications: [4] and [5] 
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