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1. Relevance of the topic 

 Most of the buildings in Budapest were built at the turn of the 19th and 20th centuries, 

when the city experienced a period of rapid growth, leaving us with elegant apartment buildings 

in the city centre. In addition to these, buildings from the mid-19th century onwards are also 

common, which present additional difficulties, as the building industry was less regulated in 

this period and more varied buildings were constructed, typically with mixed masonry, which 

further complicates the analysis of the structure. The modernisation of such buildings not only 

raises energy issues, but also the question of compliance with current standards. One such 

standard is the resistance of load-bearing structures to seismic loads, which was not tested by 

the builders of the day, nor is it an integral part of today's civil engineering practice to test our 

historic structures for such loads. Their investigation may also be important because it is highly 

likely that a large part of Budapest's building stock would not be able to withstand an earthquake 

with a standard probability of occurrence. 

2. Seismic analysis 

 Generally speaking, although these older buildings can withstand normal loads, such as 

payloads or meteorological loads, their seismic resistance is rather doubtful, as the builders of 

the time did not design for such loads without adequate professional experience, as earthquakes 

are not particularly common in the area.  

Table1 .: Seismic analysis types 

Structural behaviour/ 

Type of stress 
Static Dynamic 

Flexible Substitute load method  Response spectrum analysis 

Non-linear Pushover method Non-linear time analysis 

 In general, Table 1 summarizes the different calculation methods for earthquake frame, 

which depends on the elasticity or non-linearity of the calculation and the application of static 

or dynamic loads. The simplest method is to apply a substitute load, whereby the accelerations 

due to the earthquake are simply replaced by the force obtained by multiplying the mass of the 

structure by the force distributed along its height. The method that best approximates reality is 

the Non-Linear Temporal Analysis Method (NLTHA), which places the acceleration loads of a 

real earthquake on the structure as a function of its variation with time. The most important 

behaviour represented for masonry structures is its non-linear behaviour, i.e. its plasticity when 

approaching failure, leading to weakening of the whole structure. This behaviour is well 

followed by the pushover analysis. In this case, the building is first loaded up to its maximum 

load-bearing capacity in a given increment, at which point the reduced elastic modulus of the 

material weakened by the increased loads is taken into account, producing a relaxation curve. 

When the stiffness matrix of the structure is no longer able to equilibrate with more external 

loads, the force-driven loading stops and then becomes displacement-driven. At this point, the 

displacement increment due to the load carried by the elements that are out of load bearing 

decreases the value of the external load to keep the structure in equilibrium, and the shear 

displacement diagram of the building reaches the landing branch [1]. 
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 There are several methods to evaluate and perform the pushover analysis, some, like 

3DMacro used in this research, only consider the first, most relevant deflection shape, while 

other methods consider several shapes and summarize them in a given way to increase the 

accuracy [2]. In this thesis, I have used a program with the N2 [3] evaluation method, which 

consists of three main steps. The first one is based on the pushover analysis mentioned above, 

where the external load on the multi-degree-of-freedom (MDOF) system is increased up to the 

load capacity. Then, an equivalent single degree of freedom system (SDOF) is generated as a 

function of the peak displacement and the capture shear force determined here (Figure 1). 

Finally, the maximum displacement and the plasticity limit are determined on the simplified 

single degree of freedom system. The maximum roof displacement determined here can be 

compared with the maximum displacement imposed on the building 

 

Figure1 .: pushover analysis basis [4] 

2.1 Testing of historic buildings for seismic effects 

 Since we are dealing with existing structures, any analysis for a building is difficult, 

since it is usually necessary to model geometry with accumulated inaccuracies and to provide 

an approximation for unknown material quality.  

Several examples can be found in the literature on this topic, as seismic scaling has 

recently received increasing attention, partly because regions of higher seismic activity in 

Europe coincide with regions where more historical masonry structures are found. Geometry 

can be determined by simple surveys or even by creating a point cloud that can be used later to 

create an accurate geometric model [5]. There are several options for determining the material 

quality of existing masonry, ranging from visual field inspections to non-destructive or 

destructive testing procedures. To obtain more accurate results, a myriad of non-destructive 

methods have been developed over the years, from the classical Schmidt hammer, ultrasonic or 

other methods based on sound propagation velocity, to the truly surprising wall radar, which 

can serve as input parameters even for tomography-based flaw detection (internal cracking) 

methods [6]. In addition, even the direct load bearing capacity of the wall can be measured 

using flat-jack hydraulic pumps from below, or the wall section can be loaded and deformation 

measured in a controlled manner from above [7]. The most accurate method is usually to take 

a core sample and test it in the laboratory, but as masonry is often made of stone and held 
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together by weak lime mortar, the sample taken with a core drill will fall apart before the 

compression test. To overcome this, and to avoid costly, machine-intensive field tests, various 

visual methods have been developed based on practical experience [8], one such approximation 

is the use of the Masonry Quality Index (MQI) [9]. The method developed here is based on 

many years of empirical observations and theoretical behaviour of the wall, and uses these to 

approximate the compressive strength, elastic modulus and shear load capacity of the wall. The 

final MQI value thus determined is associated with minimum and maximum values (Figure 2), 

which may be taken as a minimum or as an average depending on the thoroughness of the tests 

carried out on the masonry. Because of the correlation of the values shown here, the method is 

also included in the Italian supplement to the Eurocode. 

 

 

Figure2 .: Minimum and maximum values of compressive strength values for masonry according to MQI [10] 

 Even after defining the input parameters, we have several options to continue our 

verification method. Since the structures to be modelled are mostly composed of load-bearing 

masonry, this makes the modelling rather difficult, as the nonlinear orthotropic behaviour of 

masonry is difficult to reproduce. In general, there are 3 modelling options (Figure 3), which 

decrease in complexity from left to right. The first method is the micro-model, which separately 

represents both the mortar connecting the masonry units and the masonry units according to 

their exact geometry [11], [12]. The intermediate method is the creation of a meso-model, which 

models only the masonry units as a body and the mortar as a surface connection between the 

bricks, with a given surface connection model [13], [14]. This method is also quite 

computationally demanding, since each element has several degrees of freedom, between 

which, moreover, connections are established and broken. The most commonly used software 

for this modelling approach is 3DEC. The most commonly used method is the use of a macro-

model, since the masonry is then approximated as a continuous continuum in which 

homogenously combines the common properties of each element. For this purpose, several 

numerical constitutive models have been developed [15], [16], which usually model orthotropic 

non-linear material properties. Both this and the macro model are usually applied using a finite 

element method, on which most market software is based. The seismic control itself is usually 

implemented at the research level, so accurate models are achieved using software requiring 
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complex equations and high computational power, such as Ansys [17], Abacus [18], [19] or 

SAP2000 [17], [20]. In everyday engineering practice, the use of the above mentioned software, 

both in terms of computational complexity and computational capacity requirements, is beyond 

the resources available in a general design task.  

 

Figure3 .: modelling possibilities for masonry structures [21] 

 For this reason, an attempt has been made to develop modelling methods of lower 

complexity, which can now be applied in everyday life, and this method has become macro-

element modelling, where the masonry is divided into separate quadratic zones and their 

deformation and stress state are investigated by the software. 

2.2 Introduction to 3DMacro 

 The above-market software available today generally uses the finite element method to 

calculate the stresses on the structure. In particular cases, however, this method does not give 

the best and most economical approximation to the problem under consideration. In the analysis 

of masonry structures, great emphasis should be placed on the anisotropic behaviour of the 

masonry, which and its inhomogeneous behaviour, which is difficult and computationally 

demanding with finite elements. Instead, on demand, a simpler and more realistic model has 

been developed by Calió et al [22], which has significantly reduced the computational capacity 

required to model masonry. Figure 4 represents the underlying macro element of the model, 

into which the masonry is typically divided by the wall openings. 
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Figure4 .: Basic macro element a) at rest b) deformed element [22] 

 Continuity between each element is provided by springs connecting the element 

boundaries. The springs perpendicular to the surface can be arranged in any density, but 

obviously an increased number of springs implies a higher computational demand. These spring 

characteristics are modelled by the normal direction of the wall with respect to the elastic 

modulus of the wall and its geometry. The shear direction behaviour is generated by the 

tangential direction spring under the influence of a Mohr-Coulomb failure criterion. To follow 

the wall behaviour more accurately, a linear elastic - perfectly ductile material model is used 

for the springs, whose failure depends on the shear, compressive and tensile resistance of the 

masonry. The diagonal springs in the wall panel are used to illustrate the deformation of the 

macro-element, where basically the behaviour also follows the Mohr-Coulomb law and the 

value of the spring depends on the sheared surface and the shear modulus of the masonry 

(Figure 5). 

 
Figure5 .: a) just spring b) spring cracked in tension c) shear spring [22] 

  The resulting macro-element is able to model the typical in-plane failure modes of 

masonry, summarized in Figure 6 below. Moving from left to right, during the first failure mode, 

the springs along the contour may fail in tension, in which case they can still absorb pressure, 

since the wall can still absorb pressure after the opening crack. In the case of a compression 

failure, however, the wall can no longer take any additional load, so the plasticising springs are 

also out of the force game for good. 
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Figure6 .: in-plane failure modes of a wall a) pull/compression b) shear diagonal failure c) sliding [22] 

 Intermediate failure is caused by the ductility of diagonal springs, which in reality causes 

the masonry elements to slip and shear on each other, a very common failure mode in seismic 

actions. The final, third, modelled failure mode is shear at the base of the wall, where a spring 

parallel to the plane of the wall plasticises and allows large deformations.  

3. Comparison of 3DMacro with AxisVM at elementary level 

For subsequent modelling, it is important to compare the results obtained by 3DMacro 

with known programs, so that we have a proper, validated model and a good understanding of 

how the software works. However, this comparison is a difficult task, because 3DMacro uses 

the macro elements described above and reproducing them with AxisVM software is a rather 

difficult task. 

3.1 3DMacro model 

 As the software is designed for seismic scaling in the first place, it is already possible to 

set several earthquake parameters in the default settings, such as the earthquake intensities for 

mild damage, severe damage and total destruction. For this purpose, I used the aggregated 

European earthquake ground acceleration map of ESHM20 [23] and the location was defined 

in Budapest, the resulting accelerations are summarized in Table 2. 

 

 

 

Table2 .: Accelerations for design boundary conditions 

Boundary condition Ground acceleration - a(g) [g] 
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Minimum damage DL (100-year return) 0,025 

Serious damage SD (475-year return) 0,125 

Total loss NC (2500 year return) 0,21 

 

 In addition to these, the material quality of the structure was determined using a rather 

poor termite masonry characteristic, which are summarized in Table 3 below. The program also 

takes into account the factor of safety for determining the material quality of the existing 

structure, which is also included in the Italian supplement to the Eurocode [24], hence reducing 

the assumed strengths. 

 

Table3 .: Masonry material quality 

Masonry Modulus of 

elasticity 

[MPa] 

Shear 

modulus 

[MPa] 

Compressive 

strength [MPa] 

Shear strength 

[MPa] 

Tensile strength 

[MPa] 

Specific 

gravity 

[kN/m3] 

Natural 

stone 

690 230 0,74 0,0148 0,037 19 

 

 The geometry of the wall was first modelled as a simple wall with a width and height of 

3 m and a thickness of 60 cm. The program modelled the bracing with a parametrically specified 

foundation, which is also represented as a 3D element, as illustrated in Figure 7.  

 

Figure 7.77 .: 3D model of masonry 

 The analysis was run in a direction parallel to the plane of the wall, in which the force 

distribution was assumed to be proportional to the modal mass distribution, without random 

extremity, and additional displacement calculations were also performed. As a result, the 

software first performed a pushover analysis to produce an equivalent single degree of freedom 

(SDOF) element, for which it determined the period time, plasticity displacement and other 

parameters that can be used in the verification and are collected in Table 4 below. 
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Table4 .: Parameters of a single degree of freedom system 

Modal mass [kg] 
Periodic time 

[s] 
Plasticization [mm] 

Maximum basic shear force 

[kN] 

5163,2 0,0785 0,879 42,28 

 

 Then, for the seismic boundary conditions according to Eurocode 2007 [21], the target 

displacement values are determined and compared with the building displacement capacity 

values. The software plots this on a bilinear capacity curve, which also indicates each standard 

failure requirement and the response of the structure at the given seismic level (Figure 8). 

 

Figure8 .: seismic analysis of a 3x3 m wall 

3.2 AxisVM - "macro-model" 

To understand the 3DMacro modelling, I first built the macro element used by the 

program, described in section 2.2, in the AxisVM program (Figure 10). Geometrically 

corresponding to the element used in the other program, I set the frame to have several orders 

of magnitude increased bending stiffness, cross-sectional area and bending stiffness to be 

treated as a practically rigid body. This was specifically necessary because it is not possible to 

link springs or supports to actual rigid bodies in the program. I then created articulated point-

to-point connections at the corners of the frame, as in the other model, to create a deformable 

frame. The stiffness of the frame was provided by two independent diagonal springs. The 

bracing was similarly modelled with non-linear springs. 

Determining the spring characteristics is key to creating a suitable equivalent model, so 

the spring characteristics used by 3DMacro were determined from the paper [18] defining the 

theory for both the springs in the contact planes, diagonal and at the bracing. 

 

Diagonal spring: 
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Limiting force: 

Vertical spring characteristics: 

 

Spring pitch circle: 

 

Specific spring stiffness: 

 

Plasticity under compression: 

 

Plasticity in tension: 

Shear in wall plane: 

 

Specific spring stiffness: 

 

Plasticity in shear: 
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 In the vibration test, the first vibration shape showed the expected laterally deflected 

shape (Figure 9), and then the pushover load was again generated in the direction of the wall 

plane, and the unit force distribution was again in the modal participation of the mass. 

  

     Figure10 .: AxisVM macro-element first vibration shape 

 The pushover capacitance curve 

generated by AxisVM is similar to the one 

generated by 3DMacro, but there are 

differences in numerical values. The initial 

linear elastic increasing displacement is 

still present, which depends primarily on 

the diagonal spring stiffness. 

Subsequently, it is no longer able to absorb 

additional tensile forces when the support 

springs are exhausted,  

The test was carried out up to the maximum displacement determined in 3DMacro, at which 

point the program indicates that the wall will finally fail. In keeping with the similarity, 

relatively similar parameters were obtained as a result of the pushover analysis as for the 

3DMacro model. For the displacement control, I similarly selected one of the upper nodes of 

the model and ran the analysis at a slower rate of 100 iteration steps, so that on average, the 

displacements increased by 0.1 mm per iteration step, to which the model could now run down. 

Despite the high stiffnesses, quite large bending deformations were produced in the model, but 

this could only have a small effect on the results, as it was not the displacement of these points 

that was recorded. In addition, numerical errors due to high stiffnesses and large displacements 

can sometimes occur. 

Table5 .: AxisVM macro-element pushover parameters 

 

  

Modal mass [kg] Period time [s] Plasticization [mm] 
Maximum base shear force 

[kN] 

5172,8 0,09102 0,702 27,50 

Figure9 .: AxisVM pushover curve 
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3.3. AxisVM - "continuum model" 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 In this model (Figure 12), I similarly tracked the exact geometry of the wall, but here 

instead of a diagonal spring, I defined the wall's own non-linear material properties, an input 

parameter that was not changed from the 3DMacro model. Unfortunately, however, the 

nonlinear behaviour cannot be handled at the continuum level by the AxisVM pogram, so I 

defined edge hinges in addition to the nonlinearisation of the bracing. I defined the 

characteristics of the hinge in the same way as the previous macro-element, the only difference 

being the specificity of the springs. In the same way, I defined the upper left heel point as the 

control point for the analysis and used small steps to run the pushover analysis. 

 
Figure11 .: AxisVM continuum model first 

oscillation shape 

 This run had a similar result in 

nature, the first oscillation shape was 

the same x-direction shift (Figure 11), 

although with a significantly lower 

frequency value, i.e. in principle the 

Since in the AxisVM software, besides the material nonlinearity, its degradation (stiffness 

reduction) could only be replaced by a nonlinear inclusion of the support. I calculated its spring 

deflections as specified in the 3DMacro documentation based on the following 

recommendation from the literature [18]. 

Vertical spring characteristics: 

Shear in wall plane: 

Figure12 .: AxisVM continuum model pushover analysis results 
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model is quite flexible. The pushover 

curve here is also  

is bilinear in nature, however, as the displacement increases, the resulting base shear force can 

increase slightly but further. The results of the analysis are summarized in Table 6 below. 

Table6 .: Pushover analysis parameters for the AxisVM continum model 

 

3.4. Comparison of results of elementary models 

 The different modelling options can be compared with each other in several ways. One 

mode is the nature of the failure, mentioned earlier, which is most clearly illustrated by 

3DMacro, which has a separate display mode for each failure mode (Figure 13). The figure 

shows from left to right the exit of each spring of the discrete element from the force play after 

the limit stress. First, the tensile stiffness of the wall is depleted for a given length at the pull-

side bracing, followed by a slight decrease in stiffness. The larger displacements are due to the 

plasticization of the diagonal spring of the wall, symbolized by the second image, at which 

point the long plateau of the pushover groove is created. The complete failure is illustrated in 

the last figure, when the diagonal spring reaches its maximum elongation, thus exhausting its 

deformation capacity. These complex failure modes cannot be accurately modelled in all cases 

with a finite element program other than AxisVM, for example, the spring characteristics can 

only be given as a monotonic increasing function, so the material degradation cannot always be 

accurately tracked. And in the case of a continuum model, the applied edge hinge cannot track 

the plasticity of the structure in the same way as the macro element can. 

 

Figure13 .: Steps in masonry failure 

Table7 .: Comparison of numerical models 

 

Modal mass [kg] Period time [s] Plasticization [mm] 
Maximum base shear force 

[kN] 

5172,5 0,0968 0,475 22,43 

Model: 

Modal 

mass 

[kg] 

Variance: Period time 

[s] 

deviation: Plasticization 

[mm] 

deviation: Maximum 

base shear 

force [kN] 

deviation: 

3DMacro  5163,2 0,0785 0,879 42,28 

AxisVM - 

macro 5172,8 -0,185% 0,09102 -16% 0,702 20% 27,5 35% 

AxisVM - 

continuum 5172,5 -0,18% 0,09680 -23% 0,475 46% 22,43 47% 
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 The deviation of the individual sub-results is summarised in Table 7, where the modal 

masses are still similar, but the larger deviations of the period time are due to larger stiffness  

differences in periodicity result in higher stiffness differences. The resulting plasticity 

mechanism also develops at different offsets. As with mass fractionation, the resulting 

maximum base shear force is determined with smaller variations between modes. 

 Basically, comparing Figures 8, 9 and 11, the failure in each model shows similar 

characteristics, so the difference may be due to the spring characteristics defined. There are also 

differences in this, as the spring stiffnesses used in the recommendation do not fully match the 

stiffnesses used by the program. The larger discrepancy in the continuum model is primarily 

due to the fact that the failure of both the 3DMacro and the macro element AxisVM models is 

caused by the final plasticity of the diagonal spring. It is not possible to model this phenomenon 

in AxisVM software, for which there is a warning when performing pushover analysis of an 

element with a nonlinear material model. Furthermore, the edge joints used for the continuum 

model typically have more brittle characteristics than if the wall were coupled with separate 

springs. 

In addition, the AxisVM program is not specific to such calculations so the finite 

element errors mentioned earlier may occur due to large stiffnesses and, in some cases, infinitely 

large displacements following plasticization. 

3.5 Comparison of results from other models 

 In addition to the simplest elementary models, masonry models with other parameters 

were also compared in order to detect similarities and differences between the programs. In 

both cases, I used the same material parameters as in the previous models for continuity and 

did not change the way the analyses were performed. 

 First, I examined a double slender wall with an enclosure size of 3 m x 6 m x 0.6 m. 

This had a larger plateau, more visible in the AxisVM (Figure 15), and the higher mass resulted 

in a higher base shear force in the structure, but the curve characteristics were similar in nature 

to the previous ones. And already here, based on the 3DMacro program, there was a higher 

utilization in the seismic load check (Figure 16). 

 

 

Figure14 .: pushover curve of 3x6m wall in AxisVM  Figure15 .: 3x6m wall pushover curve in 3DMacro 



15 

 

 By comparing the two methods (Table 7), it can be seen that the modal mass did not 

change with the larger size, but a larger overestimation is seen for the period time and the 

plasticity. On the other hand, for the maximum base shear force, we only see a difference 

between the two models at the previous level. 

Table8 .: 3x6 m high wall comparison 

Model: 
Modal 
mass [kg] difference: 

Period time 
[s] deviation: 

Plasticization 
[mm] deviation: 

Maximum base 
shear force [kN] deviation: 

3DMacro  9020,3 0,1773 4,54 62,85 

AxisVM  9273,9 -2,81% 0,328 -85% 6,389 -41% 51,25 18% 
 

 The other type of wall was the masonry weakened by breakthrough, which is of 

particular interest because 3DMacro (Figure 17) divides the original wall into concave 

elements, so that the masonry is modelled with several discrete elements, in this case 8. I 

compared this to a single-element wall in AxisVM, and to an Axis model where I also used 

edge joints to split the masonry to model edge ductility (Figure 16). 

 

Figure16 .: AxisVM breached wall results 

 

 

 

 

 

 

 

Figure17 .: 3DMacro perforated wall results 
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 The results here also showed the same flattening curve characteristics, however, there 

were differences in the values of the most important parameters. Modal masses and plasticity 

shifts were determined with similar accuracy as for the unbroken wall, although the period times 

differed by about 10% more. The base shear forces also deviate to a larger extent from those 

calculated by 3DMacro, amounting to only 2/3 of the latter. 

Table9 .: Comparison of shear loaded walls 

Model: 

Modal mass 
[kg] deviation: 

Periodic 
time [s] deviation: 

Plasticization 
[mm] deviation: 

Maximum base 
shear force [kN] deviation: 

3DMacro  4214,2 0,08173 1,22 37,59 

AxisVM - 1pcs battery 4475,4 -6,20% 0,1061 -30% 0,633 48% 19,33 49% 

AxisVM - 8pcs battery 4307,4 -2,21% 0,104 -27% 0,626 49% 18,48 51% 

  

4. Summary 

 Since in engineering practice we often deal with the inspection and strengthening of 

existing buildings, it is important to reduce uncertainties and increase safety. In our country, the 

use of pushover analysis is not yet widespread, but it is precisely for the inspection of such 

structures that it could be applied. The high computational demand of the analysis is a major 

obstacle to the diffusion of this computational method, but some target software, such as 

3DMacro, is able to use specially developed macro-elements that significantly reduce the 

computational demand of the model. This is important because the softer sofver developed for 

this purpose is assumed to calculate the desired values more accurately, as shown above. Of 

these, perhaps the most important in engineering practice is the base shear force, which 

represents the total earthquake load on the structure. Based on this, we rather under-

dimensioned our masonry structures with AxisVM software, as the minimum difference 

between the base shear forces given by the two software was 15%.  
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