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1 Introduction 

1.1 Background and problem statement 
The global ductility of dissipative steel frame structures is a key issue in seismic design. The 

global behavior highly depends on the local ductility of structural members and joints under 
cyclic loading, what can be studied by experiments and/or numerical simulations. The 
experimental investigation of these dissipative elements is the typical and most accurate way to 
explore the structural behavior, however, it is very expensive and time consuming. By the 
development of computational software/hardware background the hysteretic behavior can be 
studied by numerical simulations, too.  

The numerical simulation has several important features, which are essential for high 
precision calculations: (i) an appropriate steel material model, where all the important 
phenomena of the cyclic plasticity are considered; (ii) accurate approximation of the geometrical 
nonlinearity, which is able to describe the local and global stability of plate element and 
structural members; and (iii) the consideration of contact problems, which are essential in some 
dissipative devices. 

1.2 Aims and research strategy 
Three modelling level can be defined for dissipative structure: (i) modeling on material level; 

(ii) modeling on component level, which is a smaller separated part of the dissipative zone; and 
(iii) modeling of the whole dissipative zones. The aim of the research is the development of a 
numerical simulation environment, where dissipative structures can be modelled on the 3rd level. 
To reach this aim the research strategy has four steps based on each other: (i) exploration of 
material behavior; (ii) numerical approximation based on the material behavior; (iii) 
investigation of plate elements under cyclic loading; and (iv) element level description. 

The basis of the dissipative behavior is the cyclic plasticity of structural steel which have been 
studied since 1960’s. Although there are several publication in the scientific literature [1-3], the 
hardening behavior under more complex load history (e.g. effect of small loading amplitudes, 
preloaded, memory protocol), however, have not been completely explored so far. Therefore a 
cyclic experimental program on structural steel is designed, and a comprehensive exploration on 
steel plasticity is performed on different steel grades of European fabricators. 

Several material models have been developed in the last few decades since the first anisotropic 
hardening model was published by Mroz in 1967 [4]. In the 1970’s the bounding surface model 
was published by Popov and Krieg [5] that can follow the whole cyclic process, with the 
modification of the hardening modulus, and Chaboche published a two-surface-model for 
metallic materials [6]. Motivated by these early studies [7-9], many researchers proposed 
improved material models, although some important elements of steel plasticity (e.g.  
disappearance of yielding plateau, memory behavior) have not been handled completely. In 
order to implement all the relevant components of the steel cyclic behavior in computational 
models, an appropriate cyclic steel material model is developed and implemented to ANSYS [10] 
finite element program. 

The plate buckling behavior of cross-section elements is essential in plastic design thus it 
determines the local ductility of the structural element. The European standards [11, 12] give 
some regulations to ensure the sufficient inelastic capacity of steel members based on the 
slenderness of the plate elements in cross-sections. The classification system, however, does not 
consider the effect of the degradation caused by the cyclic loading, and a general comprehensive 
study of cyclic plate buckling phenomena have not been completed so far. By the developed 
simulation environment, a component level analysis of cyclic plastic plate buckling is performed. 
Using this plate model a parametric study is completed, and evaluated, and the important 
characteristic of plate cyclic buckling behavior is concluded. 

The developed computational model is aimed to be applied in element level, therefore the 
restrained cyclic buckling of the steel core of steel-concrete Buckling Restrained Braces (BRB) 
are examined, and a complex 3D model is developed. The numerical model is validated by 
experiments, and the governing behavioral parameters are identified. 



 

2 Low cyclic steel material experiment 

One of the major objective of the thesis is the exploration of the relevant features of the cyclic 
steel plasticity, particularly that attributions which have not been examined in the technical 
literature. Most of the research investigated American or Asian steel materials [2, 3, 13, 14], 
therefore the current investigation focuses on the most common European steel grades (S235-
S460).  

2.1 Experimental program 
In order to minimalize the unfavorable stability problem of the standardized sample [15], a 

new specimen geometry is proposed based on numerical simulations. The experiments are strain 
controlled, where an optical extensometer is used. Almost 100 samples are investigated. 

The steel behavior is analyzed using 22 different load paths as follows: symmetric asymmetric 
and preloaded increasing protocols, symmetric and asymmetric decreasing protocols, constant 
protocols with different amplitudes and mean strain levels, and special memory protocols. The 
proposed load paths are designed for determining all the important components of cyclic steel 
behavior, especially the following features have been investigated deeply: Bauschinger effect, 
cyclic hardening, disappearance of yielding plateau, low cycle fatigue, memory and fading 
behavior. The experimental observations are summarized in the following sections.  

2.2 Components of cyclic steel behavior 

2.2.1 Cyclic hardening 
The cyclic steel behavior shows combined hardening, and the ultimate stress under cyclic 

hardening is significantly larger than the monotonic case (fu.cyc ≥ fu.mon). 65-70% of the total 
cyclic hardening appears after the first cycle, additional 10-12% appears in the second cycle, and 
in the further 4-6 cycles it gradually decreases, and finally the shake down of the cyclic hardening 
occurs. Fig. 1 shows the first load path, and the subsequent additional cyclic hardening (S235 J0 
is highlighted). 

The kinematic component develops in relatively small strain amplitude and its characteristic 
does not change at larger strain level. The isotropic component depends on the strain amplitude 
and it can show hardening and softening behavior, too. The hardening behavior primarily 
depends on the strain range instead of maximum strain, furthermore the strain accumulation 
has also effect on the results. The best approximation is given by Eq. (1). 

 A description of the cyclic hardening is developed, using three components: (i) isotropic 
hardening component, which depends on the maximum strain level (∆σisomax), and it develops 
under a few load cycles; (ii) additional isotropic hardening component (∆σaccum), which depends 
on the accumulated plastic strain and always increases; and (iii) kinematic hardening 
component (∆σkin), which gradually increases between 0 and 1.5-2% strain level, and after this 
threshold its characteristic does not change. Δσisomax and Δσaccum are illustrated in Fig. 2. 

 
Fig. 1. Cyclic hardening under different strain levels.  Fig. 2. Investigation of isotropic hardening. 
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C−3−1 (strein path: constant 2%)
C−3−2 (strein path: constant 4%)
C−1−1 (strein path: increasing: 1 cycle/strain range)
C−1−3 (strein path: increasing: 5 cycle/strain range)



 

2.2.2 Bauschinger effect and disappearance of yielding plateau 
The Bauschinger effect is the reduction of the yield surface after the load reversal during a 

monotonic load path, and it depends on the investigated steel and fabrication process [16]. It 
scatters in a large range with a large variance and the following results are observed: σB.235=76% 
fy.norm, σB.355=65% fy.norm, σB.460=59% fy.norm, where σB is the normalized reduced elastic stress. 

 The elastic cycle does not influence the plateau zone, a small amount of plasticity, however, 
is noticeable during the cyclic loading. If the virgin material is received a small amplitude of 
plasticity, (εpl=0-2.5‰) and then the load direction reversed, the plateau disappears in the zone 
from zero up to the maximum plastic strain received earlier, but when the plastic strain exceed 
the maximum level at the opposite direction, the yield plateau appears again. If the plastic range 
of the hysteretic loop is larger than this limit, the plateau disappears. 

2.2.3 Memory behavior 
Considering the increasing load paths, the cyclic steel behavior is determined by the 

maximum plasticity of the steel, primarily by the maximum strain range (q). Decreasing or 
preloaded protocols, however, show that, the effect of the larger amplitudes gradually 
disappears from the stress-strain relationship. It is similar to the cyclic hardening, it shows 
nonlinear tendency but it needs much more cycles to evolve (Fig. 3). 

The effect of the strain amplitudes less than 1% on fading behavior is negligible, while it does 
not have effect on the stress-strain curve at large straining. Under certain conditions, the effect 
of the preloading can disappear. When the strain amplitudes is not smaller than 60% of the 
maximum, the difference between the preloaded and un-preloaded curves can disappear if 
sufficient number of cycles are applied, the shake down of this fading condition, however, 
requires much more cycles than the hardening behavior. The proportion of isotropic and 
kinematic hardening can change during cyclic softening, although the major part of it is 
isotropic, and the fading behavior is not sensitive to the asymmetry. 

2.2.4 Low cycle fatigue evaluation and anisotropy effect of rolling direction 
Generally, the materials belongs to lower strength, are more ductile, and their low cyclic 

fatigue behavior are more favorable. The investigated steel materials under smaller plastic 
loading (±2%) resisted 160-200 cycles before the first ruptures occurred, and the failure modes 
are clearly related to material without out-of-plane deformation. When larger strain level is 
applied (±4%), the specimens that loaded by positive mean strains do not buckled, while the 
specimens under negative straining buckled several times. Under higher strain levels (±8-12%) 
the probability of the buckling is increased, showing significant out-of-plane deformations. Fig. 
4 shows the experimental results and the fitted line of Coffin-Manson model [17]. 

The hot-rolling procedure can cause some anisotropy in steel material behavior, the 
normalization process, however, may fade this phenomenon. The investigated S235 J0+AR 
material shows 2-3% additional hardening in perpendicular direction, which is primarily 
isotropic hardening, caused by the accumulation of plastic strain. 

 
Fig. 3. Effect of preloading on the yield surface.         Fig. 4. Low cyclic fatigue life for S235 and S355. 
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3 Cyclic steel material model development 

Various complex material models are proposed with different limits, advantages and 
disadvantages (CMISO. CNLISO, PRESCOM, PRESCOM Memory). The more complex 
PRESCOM Memory model is developed in order to describe all the relevant component of the 
cyclic steel plasticity. It is an efficient and accurate way for modeling complex 3D problem; this 
model can describe the yielding plateau, the transitional behavior at low strain range, the cyclic 
hardening, the two types of isotropic hardening, (Δσisomax, Δσaccum), the fading phenomenon, and 
it neglects the irrelevant small amplitudes. 

3.1 Strategy of development 
The four investigated steel material models (CMISO, CNLISO, PRESCOM, PRESCOM 

Memory) are combined models. The kinematic part of the models is a Chaboche model with 5 
Frederick-Armstrong formulas [18], and the isotropic part is nonlinear [19] or multilinear. The 
CNLISO and CMISO models are developed as a simple model combination, and these models 
are further developed with a parameter refreshing algorithm. The novel advanced models are 
named PRESCOM models (Parameter REfreshed and Strain COntrolled combined Chaboche 
Model with isotropic hardening). Two types of PRESCOM models are developed:  

- PRESCOM model, in which three parameter sets are primarily defined (monotonic, 
cyclic and transitional) to describe all types of steel behavior. In the transitional state the 
parameter updating algorithm determines the constants of Chaboche model, and the 
isotropic model does not change. This configuration is appropriate when the monotonic 
and cyclic ultimate stresses are not different significantly, for example the steel materials 
of the experiment in [2].  

- PRESCOM Memory model is developed to increase the accuracy of the PRESCOM 
model. Not only the parameters of the Chaboche model are updated, but also the 
multilinear isotropic model. In this model only two parameter sets are applied: a 
monotonic which describes the monotonic steel behavior, and a complex which considers 
both cyclic and transitional states. This model considers the fading memory behavior of 
the steel, too. 

3.2 PRESCOM model 
The basic idea of the PRESCOM model is a parameter refreshing algorithm, which is shown 

in Fig. 5. At the beginning of the loading, the monotonic parameter set is used. After a load step, 
the relevant plastic strain is evaluated, and the material model constants are updated by the 
following way: if the value of the plastic strain is zero, the parameter set is kept monotonic, if it 
is greater than a pre-defined limit (εEQW2), the cyclic parameter set is loaded and if it is in between 
0 and εEQW2, the behavior can be characterized by the transitional parameters, using the function 
of relevant plastic strain given in Section 2.2.1.  

 
Fig. 5. Algorithm of the parameter updating in the PRESCOM model. 



 

If the new relevant strain is greater than the previous one, the parameter set of the model is 
updated using the above procedure. If the relevant strain does not change, the parameters 
remain the same. The PRESCOM model uses a virtual yield stress (fy.num), which refers to the 
decreased yield surface. The hardening rate of the model increases and at the transitional range 
the model parameters are updated to reach the appropriate stress level when the strain 
amplitudes reach the maximum. The following parameters of the Chaboche model are updated: 
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where C is the initial hardening modulus of the FA model, ϒ is the recovery parameter, β, α, 
αL are material constants.  

3.3 PRESCOM Memory model 
The PRESCOM Memory is developed to increase the accuracy of the original PRESCOM 

model. The major difference is the calculation of the isotropic hardening model parameters. Two 
types of stress-strain relationship must be considered: (i) Isomax-curve, which is the stress-
strain relationship between the isotropic hardening (∆σisomax) and the relevant plastic strain 
(εRPL), is the input curve of the model; and (ii): MISO table, which is the stress-accumulated 
strain (σtot-p) curve of the multilinear isotropic hardening model. In order to follow the steel 
plasticity, the MISO table is updated by an interpolation algorithm based on Isomax-curve. 

The fading model has to consider several aspects of the previous load history: (i) the effect of 
the fading applies under more cycles than the hardening, (ii) it is not sensitive to the asymmetry, 
(iii) proportional to the cycle number and the characteristic is nonlinear, and (iv) neglects the 
small amplitudes. 

In order to describe the fading behavior the state variable of the PRESCOM model in Eq. (1) 
is modified in the following way:  

 
RPL.fad RPLi

Fε ε= ⋅

 

where Fi  considers the fading.    (3) 

Fi is calculated from the previous fading level Eq. (4), and considers the actual load amplitude. 
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act
/F q q∆ =     (4) 

∆F represents the ratio between the actual and maximum strain range, αfad describes the 
fading quantity (the recommended value based on the experiments is αfad =7/8), and ρ considers 
the relative size of the actual amplitude. 

The agreement between the experiment and the PRESCOM Memory model is good, this 
model follows the experimental results better in the cases of preloaded and decreasing protocols. 
The implemented parameter updating algorithm of the isotropic model produces appropriate 
behavior. The illustration of the calibrated results is shown in Fig. 6. 

 
Fig. 6: Comparison of the PRESCOM Memory model and test results (S235 J0) for different cyclic loading histories:  

(a) decreasing protocol (C-2-1); (b) memory protocol: (C-5-3). 
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4 Cyclic buckling analysis of steel plate elements 

The cyclic plate buckling of steel plate elements have essential role in the seismic design of 
dissipative steel structures. The strain distribution, the aspect ratio, the boundary conditions, 
and the width-to-thickness ratio fundamentally determine the behavior of steel plates under 
inelastic loading. Cyclic plasticity can increase the sensitivity of buckling, therefore the plate 
behavior under cyclic loading should be separately investigated. The assessment of these 
phenomena under monotonic loading are considered in Eurocode 3 [11], and the standard 
proposes the cross-section classification methodology. The applicability of plate elements in 
dissipative zones is standardized in Eurocode 8 [12]. These recommendations, however, based 
on the conventional classification system, and they cannot consider the relevant cyclic effects. 
Therefore there is a need for an alternative cross-section classification system for the cyclic cases, 
which takes into consideration the complex cyclic stability phenomenon of the different plate 
elements in a steel structural member. 

As the first step of this development the inelastic cyclic plate behavior is explored and 
evaluated as a base of the subsequent classification. A finite element model is developed and 
verified to analyze the cyclic buckling behavior. On this basis an extended numerical study is 
completed, considering the influencing parameters of the buckling phenomenon.  

4.1 Numerical study program 
In Fig. 7/c the applied finite element model is shown, quadratic mesh, and serendipity 

elements are used. The implemented SHELL281 element is appropriate for modeling 
moderately thick shell structures, thus it is governed by the first-order shear-deformation theory 
(usually referred to as Mindlin-Reissner shell theory [20]). During the convergence study, the 
effect of the element size is also evaluated, and as a result, the side is divided into 20 elements. 
The applied boundary conditions of the simply supported plates (Fig 7/a) are the followings: all 
sides are fixed in out-of-plane direction, in in-plane direction, however the side, which is 
perpendicular to the load direction is free. By this boundary condition it is possible to avoid the 
stiffening effect of membrane loads, which is closer to the behavior of the plate element in the 
cross-sections. Fig. 7/b shows the studied un-stiffened plate. 

 
Fig. 7. (a) Stiffened plate; (b) un-stiffened plate; (c) numerical model. 

The loading is applied by displacement control, and the protocol of the hysteretic loading is 
according to the regulations of [21] (proportional increasing cyclic load, 5 cycles at 25%, 5 cycles 
at 50% and 10 cycles at 100% of the design displacement level). Seven loading amplitudes are 
studied (εamp=0.01, 0.015, 0.02, 0.025, 0.03, 0.035, 0.04) with five different strain distributions.  

4.2 Cyclic plate buckling behavior 
Fig. 8 illustrates the buckling behavior of the stiffened plates under uniform loading. The plate 

elements show deteriorating behavior: the out-of-plane deformation increases, while the 
normalized resistance decreases. The illustrated steel plates belong to different classes: in Fig. 
8/a the result of a class 4 plate is shown, and in Fig. 8/b and 8/c class 1 plates are presented. It is 
also clearly seen that the cyclic behavior is significantly differ, furthermore the difference 
between the two class 1 plates is also essential: the more slender the plates, the lower the energy 
dissipation and resistance.  



 

As a general deduction of simulations, the cyclic degradation is increased by the increase of 
slenderness and the failure mode is the increase of out-of-plane deformations. The peak point of 
strain distribution and the amplitude of deformation are moderated in the case of thicker plates, 
resulted in favorable cyclic behavior.  

 
Fig. 8. Out-of-plane deformation of stiffened plate under uniform loading (maximum strain level εamp=2%);  

(a) b/t=45; (b) b/t=33; (c) b/t=11. 

4.2.1 Parametric study of stiffened plates 
Significant decrease in the evaluated parameters (dissipated energy ratio, rigidity ratio, and 

resistance ratio ηan, ξan εan) is observed in the range of class 1 plates, this reduction is more than 
the reduction of the further class ranges. The stiffness ratio of the plates are sensitive to the 
stability problem and it does not show strictly decreasing tendency. Table 1 summarizes the 
normalized parameters of a class 1 plate, where the slenderness is equal to the threshold value of 
class 1. Significant reduction in cyclic parameters is observed as the loading level increases 
(therefore it is important to consider the relevant strain level εamp). The Eurocode-based 
recommendation of the slenderness limits does not result the same normalized values, the most 
unfavorable behavior is shown under the uniform load case. 

Table 1. Cyclic degradation of stiffened plate element at the threshold slenderness of class 1. 

 Cyclic degradation at the treshold slenderness of class 1. [%] 

strain dist. ψ=-1 ψ=-0.5 ψ=0 ψ=0.5 ψ=1 

εamp εan ηan ξan εan ηan ξan εan ηan ξan εan ηan ξan εan ηan ξan 

1% 56 64 53 77 71 78 62 56 45 55 52 42 52 47 31 
2% 39 53 50 62 55 67 46 43 36 43 42 37 40 39 29 
3% 29 44 63 52 46 53 40 37 27 37 38 28 36 36 15 
4% 27 48 49 44 42 73 36 34 18 36 35 14 31 33 21 

4.2.2 Parametric study of un-stiffened plates  
Significant decrease in the evaluated parameters can also be observed, although comparing to 

the stiffened results, the degradation of the investigated plate elements is moderated. The 
degradation of the cyclic parameters in the range of the class 2 is relatively small, and the stiffness 
ratio does not show regular decreasing tendency either. In Table 2 the results of the buckling 
behavior are shown, where the plate slenderness is equal to the threshold value of the class 1. 
Under smaller loading amplitude, moderated degradation applies (approximately 80-82% for 
ηan, εan), although at larger strain level these values become smaller (57-53%).  

Table 2. Cyclic degradation of un-stiffened plate element at the threshold slenderness of class 1. 

 
Cyclic degradation at the treshold slenderness of 

class 1. [%] 

strain dist. ψ=0 ψ=0.5 ψ=1 

εamp εan ηan ξan εan ηan ξan εan ηan ξan 

1% 93 94 99 87 86 69 80 82 58 
2% 70 68 59 74 73 80 69 68 25 
3% 63 61 52 66 64 41 61 59 20 
4% 57 57 33 59 58 31 57 53 18 



 

5 Numerical modeling of Buckling Restrained Brace 

BRBs are typically used as diagonal bracing members of steel braced frames designed for 
dissipative behavior and lateral load resistance under seismic action [22]. The complex cyclic 
restrained buckling behavior of the BRB devices is usually studied by experimental tests. The 
numerical analysis is rarely applied, the restrained behavior of the core plate requires advanced 
tools, such as modeling of cyclic steel plasticity with combined hardening, cyclic concrete 
behavior, plastic buckling, contact and friction. In the frame of the current research an advanced 
3D solid FEM model of Buckling Restrained Brace (BRB) is developed with the purpose of 
explore mechanical properties of the device. The model is calibrated by experiments, and based 
on the numerical BRB model, a parametric investigation is performed, with the purpose to study 
the effect of main structural parameters. 

5.1 Buckling Restrained Brace model development 
The numerical model is developed in Ansys environment [10]. In the geometry model solid 

finite elements are applied for the representation of each element of the BRB. The used steel 
material model is the PRESCOM model, detailed in Section 3, and the concrete material model 
is a William-Warnke model. The interaction between the concrete and steel core is also modelled 
with special, displacement dependent friction model.  

5.1.1 Low cyclic fatigue evaluation 
The fatigue behavior of the steel core is essential for predicting the capacity of the plastic 

deformations. In the model the phenomenon under significant plastic deformation is treated by 
the strain-life method. Due to the fatigue evaluation the cumulative damage of the member is 

determined in each load step, using the modified Manson-Halford [23] formula, Eq. (5).   
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where ∆p is the increment of the accumulated plastic strain during a load path;  εfꞌ, σfꞌ, c are 

material constants, Cf is the cycle number to failure, σxm(εm) takes into consideration the mean 

stress effect and a is the weight of the mean stress effect. The mean stress σxm(εm) is calculated 

by the plastic strain conditions, where εm is the plastic mean strain of the hysteretic loop. 

5.1.2 Geometry model 
In the FE mesh serendipity type solid element (SOLID186, SOLID65) and quadratic mesh 

are used, resulting in the most accurate solution of a given element size. In order to reduce 
computation time and improve numerical convergence, a symmetry plane is defined and only 
half of the BRB is modelled. The subassembly structure is not considered in the model, the core 
is modelled up to the collar, and the casing is supported at the line of collars (Fig. 9). During the 
simulation it is observed that the constant friction coefficient does not describe the friction 
phenomenon properly. The sliding distance is relatively large caused by the accumulation of 
cycles and the repeated loading. The increase of friction is caused by the abrasion mechanism of 
concrete and the graveling of steel, therefore a friction model is developed which dynamically 
updates the friction coefficient µ, which is controlled by the sliding distance (Eq. 6). 

 
Fig. 9. Symmetry conditions and modelled parts. 



 

 
SLIP 0 µ SLIP MAX

( )u E uµ µ µ= + ≤         (6) 

where µ0 is the initial value of friction, Eµ is the hardening parameter, µMAX is the maximum 
value of the friction and uSLIP is the accumulated sliding distance. 

5.2 Analyses and results 
Invoking the developed numerical model, numerical analysis series is completed in order to 

study the BRB behavior (buckling of the core, force-displacement relationship, stress and strain 
distribution, damage mechanism and low cycle fatigue). 

5.2.1 Cyclic behavior, strain distribution 
The response of BRB member is very similar to the pure material model behavior at the 

tension side of the hysteresis loops. Special and important behaviors, however, is observed on 
the compression side, as shown in Fig. 10: pinching effect – resulting in additional resisting – 
can be observed in the experiments, due to the friction. The experimentally observed 
phenomenon can be followed by the numerical model, too.  

In the core of BRB the plastic strain distribution is not uniform along the length. Peak plastic 
deformation under compression is measured at the end of the yielding zone of the core, while the 
positive plastic deformation is concentrated at the middle of the core. The reason is that the 
biggest compressive force occurs under the necking zone, at the end of the yielding zone (dark 
blue in Fig. 11), what is decreased by the friction forces along the yielding zone. Larger normal 
forces produce larger plastic strain at the end of the yielding zone. The contact surfaces are 
separated during tension, and the axial force (and also positive plastic strain) of the core is 
uniform. This means that some additional compression plastic strain remains at the end of the 
yielding zone, causing the separation of the positive and negative plastic strains after a whole 
load cycle. This phenomenon can be observed by the stress-strain path of the core from the end 
and the middle of the yielding zone (Points A and B in Fig. 11). 

       
Fig. 10. Behavior of BRB.   Fig. 11. Plastic strain distribution in the core, stress-strain curves  

              at the end and in the middle of the core. 

5.2.2 Contact forces 
Significant contact forces appear between the core and the support due to the buckling. Fig. 

12 compares the friction stresses caused by the contact forces in the cases of the CEW500 and 
CEW800 specimens.  

 
Fig. 12. Friction stresses in the core due to buckling and sticking. 
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The friction mechanisms are different for the two specimens. In the case of CEW500 the ratio 
of the core is only 1:1.25, causing buckling and friction around both axes. In the case of CEW800 
the accumulation of negative plastic strain results in contraction of the device. Evaluating the 
plastic strain the contraction is approximately 5%, which causes larger increase in the larger 
cross-section sides, than the space available in regard to air gap size. This can cause the sticking 
of the core resulting in additional friction. This phenomenon strengthens itself and it is observed 
in the experiments and numerical analyses too. The findings call attention on the importance of 
the appropriate size of air gap. 

5.3 Parametric investigations 
A parametric investigation is performed based on a new geometry specifically designed for 

the study of the effect of air gap configuration and the yielding length. For the analysis, the 
standardized EN 15129 protocol was used. Some factors belong to copyright holders and thus 
quantitative results are confidential. 

5.3.1 Parametric air gap investigation 
The first parametric study focuses on the tendency of the change of the compression 

adjustment factor (β) and the cumulative damage of the device, due to the change of the air gap 
size. Based on the parametric study it can be observed, that moderate air gaps are appropriate, 
because that case the amplitude of buckling are rather limited, consequently the contact forces 
and frictions are also moderated. Relatively small air gaps, however, may cause the jam of core, 
due to the transverse contraction. At the optimal configuration of the investigated geometry, a 
uniform strain distribution is observed (with a minimum plastic strain of 3%), resulting low 
pinching effect (β=1.07) and damage level (D=0.23), accompanied by minimal transverse 
contraction. When the air gap sizes are too large the minimum plastic strain may increase to 8% 
resulting larger compression adjustment factor (β=1.30) and damage level (D=0.33). The 
parametric investigation showed, that air gaps, which proportional to the cross-section side 
ratio, are favorable to use. In this case, equivalent free transverse contraction can form in both 
directions. Based on the parametric investigation the above factors may highly depend on the 
design displacement, the Poisson’s ratio as well as the size of the core. 

5.3.2 Yielding length and rigidity 

The plastic length of this type of plastic damper is also an important design parameter. In [24] 
the effect of the length reduction on BRBs is investigated, because in this BRB can utilize the 
high ductility capacity of the steel material. Based on the developed model a parametric 
investigation is performed on the effect of the yielding length (Table 3). 

Table 3. Result of yielding length investigation. 

 Yielding length [mm] 
 1000 2000 3000 

Cumulative damage: D [-] 0.88 0.29 0.16 

Strain hardening adjustment factor: ω [-] 1.49 1.38 1.32 

Compression strength adjustment factor: β [-] 1.23 1.19 1.15 

Strain level: εamp [-] 4% 2% 1.33% 

Although the cross-sectional area of the devices are equal, the normal stiffness of these BRBs 
are also larger, which essential in global behavior, too. According to expectations the cumulative 
damage of the BRB with shorter yielding length is higher than the other devices, which caused 
by the larger straining, and this higher strain level also caused additional strain hardening. It is 
important to note, however, that the fatigue failure does not apply on the design displacement 
level in neither investigated cases. The compression strength adjustment factor is also increased 
at plate core with shorter yielding length, despite the fact, the number of contact points between 
the core and casing are less. Note that during the parametric study only the yielding length is 
changed, the air gap size is equal. As it is discussed in Section 5.3 the appropriate air gap size 
depends on the design displacement and this phenomenon should be considered in the further 
parametric investigations. 
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7 New scientific results 

7.1 New scientific results in English 
 

Thesis I 

 
I designed and completed a novel uniaxial cyclic plastic steel experimental program on structural 
steel material of European grades: S235 J0, S355 J2 and S460 NL. I obtained the following new 
scientific results: 
I/a I completed a comprehensive numerical study to design the cyclic material program by the 

application of the numerical model detailed in Thesis II. Based on the results I proposed a 
new cyclic test specimen, and I evaluated the effect of the used geometry on the cyclic 
stress-strain results. 

I/b I performed an experimental program on 64 cyclic and 32 monotonic specimens. I 
investigated steel grades that are previously not or only partly studied under cyclic loading 
conditions. I applied various load histories recommended by previous studies and 
standards, and I designed novel load paths for the experimental investigation of the 
memory behavior of steel. 

I/c I evaluated the experimental results considering the components of steel plasticity 
phenomenon. I characterized qualitatively and quantitatively the Bauschinger effect, the 
disappearance of the yielding plateau, and the low cyclic fatigue behavior. I separated the 
isotropic and kinematic parts of the cyclic hardening, and I developed a new approach for 
isotropic hardening that contains a maximum plastic strain dependent, and an 
accumulated strain dependent component. I proposed a strain variable – termed relevant 
plastic strain: εRPL=max(qmax, εpl.MAX) – by which the cyclic behavior of steel can be more 
accurately modeled. 

I/d I used the developed novel load protocols for evaluating the memory behavior of steel. I 
explored and characterized qualitatively and quantitatively the previously not identified 
components of the fading plasticity phenomenon of steel material. 

 
Related publications: [BV11], [BV13] 
 
Thesis II 

 
I developed two Chaboche-based material models with parameter refresh and strain control 
features, which I implemented in the ANSYS finite element program. These are termed as 
PRESCOM and PRESCOM Memory models (Parameter REfreshed and Strain controlled 
COMbined Chaboche-based models). I achieved the following new scientific results: 
II/a I developed a parameter refreshed algorithm that can describe the cyclic material behavior 

by changing the material parameters continuously in the function of the state variable, 
which is the relevant plastic strain. The algorithm can describe the transitional state from 
the monotonic to cyclic states. Using the algorithm I developed the Chaboche-based 
PRESCOM cyclic steel material model that can follow the main characteristics of 
monotonic and cyclic behavior, such as the combined hardening, the disappearance of the 
yielding plateau, the saturation of the Bauschinger effect, and the ratcheting effect. 

II/b To capture the experimentally observed decreased hysteretic loops I improved the 
PRESCOM model to PRESCOM Memory model that can take into account the two types 
of isotropic strain hardening, and the fading behavior. I validated the model by own 
experimental results, based on the novel protocols detailed in Thesis I/b. 

II/c  I proposed a simplified approach for determining the cyclic hardening model parameters 
based only on monotonic test results, and I developed a new calibration method for the 
numerical models. 

 
Related publications:  [BV1], [BV4], [BV7], [BV8] 



 

 
 
Thesis III 

 
I developed, validated and applied a computational model for the analysis of cyclic plate buckling. 
I investigated this phenomenon by using the material model detailed in Thesis II. I performed a 
parametric study to investigate the effect of plate slenderness, load amplitude, and strain 
distribution on degradation. I evaluated the results and gave the qualitative and quantitative 
tendencies of the cyclic buckling of plate elements. I concluded that the plate buckling resistance is 
lowered by cyclic loading compared to the monotonic case. Class 1 plate elements per Eurocode 3 
may show significant cyclic degradation, even if the performance is appropriate under monotonic 
conditions. 
 
Related publications: [BV1], [BV2], [BV6] 
 
Thesis IV 

 
I developed a numerical model for the restrained cyclic buckling phenomena of the steel core 
element of Buckling Restrained Braces (BRB). Using the model I completed extensive analyses on 
different features of BRBs. The new scientific results are the follows: 
IV/a I developed a computational model for concrete filled BRB that can describe the cyclic 

buckling restrained behavior of the steel core. I applied advanced modeling tools: 
PRESCOM material model, novel cyclic fatigue evaluation method, and cyclic hardening 
contact/friction model, considering the deterioration of the concrete-steel surfaces. 

 IV/b  I analyzed the important characteristics of the BRB device, and I identified the governing 
parameters. I explored and gave explanation of the unfavorable pinching effect, the fatigue 
capacity of the steel core, and the separation of the positive and negative plastic strains. 

IV/c Based on the parametric investigation I highlighted some important geometrical questions 
of BRB design: (i) I drew attention to the importance of the appropriate air gap size and; 
(ii) I demonstrated the effect of the yielding length reduction on the capacity of the BRB 
device.  

  
Related publications: [BV3], [BV5], [BV9], [BV10], [BV12] 
 



 

7.2 New scientific results in Hungarian 
 
I.  Tézis 

Megterveztem és kidolgoztam egy új ciklikus képlékeny anyagkísérleti programot, mellyel európai 
gyártóktól származó szerkezeti acélanyagok vizsgálatait hajtottam végre (S235 J0,  
S355 J2, S460 NL). Az anyagkísérleti vizsgálatok során az alábbi új tudományos eredményeket 
értem el. 
I/a Számítógépes szimulációval megterveztem az anyagkísérleti programot a II. tézisben 

bemutatott anyagmodell alkalmazásával. Egy új ciklikus anyagkísérleti próbatestet 
javasoltam, melynek viselkedése kedvezőbb nagy képlékeny alakváltozások esetén, mint a 
korábban alkalmazottak. Meghatároztam a próbatest geometriájának a feszültség-
alakváltozás görbére gyakorolt hatását. 

I/b Végrehajtottam egy átfogó kísérleti programot 64 ciklikus és 32 monoton próbatest 
alkalmazásával. Olyan, Európában gyártott szerkezeti acélokat vizsgáltam, amelyeken 
idáig nem, vagy csak részben hajtottak végre ciklikus anyagkísérletet. A vizsgálataim során 
számos terhelési protokollt elemeztem, melyeket más szerzők és a vonatkozó szabványok 
is ajánlanak, ugyanakkor új terhelési protokollokat is terveztem, melyek segítségével az 
acél terheléstörténettől függő viselkedése jobban feltárható.  

I/c Kiértékeltem a kísérleti eredményeket, az acélanyag ciklikus képlékenyedésének fontos 
elemeire koncentrálva. A vizsgált acélanyagokra megállapítottam a Bauschinger-hatás 
mértékét, a folyásplató eltűnésének mechanizmusát, valamint a kisciklusú fáradási 
viselkedést. Elkülönítettem a kinematikus és az izotrop keményedést, meghatároztam a 
kinematikus keményedés legfontosabb jellemzőit, valamint egy új leírási mód segítségével 
megállapítottam, hogy az izotrop keményedésnek két komponense van: (i) maximális 
alakváltozási szinttől függő, illetve (ii) halmozódó képlékeny alakváltozástól függő 
keményedés. A vizsgált jelenségeket minden esetben számszerűsítettem. Javaslatot tettem 
egy alakváltozási változóra, amelyet releváns alakváltozásnak neveztem el: εRPL=max(qmax, 

εpl.MAX). 
I/d  Az új típusú terhelési protokollok alapján megállapítottam az acélanyag terheléstörténettől 

függő viselkedését, kvalitatív és kvantitatív módon kiértékeltem a korábban nem definiált 
komponenseit az acélanyag ún. felejtő viselkedésének. 

 
Kapcsolódó publikációk: [BV11], [BV13] 
 
II. Tézis 

 
Új ciklikus képlékeny acél anyagmodelleket dolgoztam ki, amelyeket PRESCOM (Parameter 
REfreshed and Strain controlled COmbined Chaboche model with isotropic hardening) és 
PRESCOM Memory modelleknek neveztem el. Ezeket ANSYS végeselemes környezetbe 
implementáltam, és az I. tézisben bemutatott kísérleti eredmények alapján kalibráltam. Az új 
tudományos eredményeimet az alábbiakban foglalom össze. 
II/a Kidolgoztam egy paraméterfrissítő algoritmust, amely az anyagmodell paramétereinek 

folytonos változtatásával le tudja írni az acélanyag viselkedését az I. Tézisben bemutatott 
releváns alakváltozás segítségével. A paraméterfrissítő algoritmus alapján kidolgoztam a 
Chaboche modell családba tartozó PRESCOM anyagmodellt, amely figyelembe tudja 
venni az acél anyag tiszta monoton és ciklikus viselkedése mellett az átmeneti állapotot is. 
Az anyagmodell az alábbi fontos ciklikus képlékeny jelenségeket tudja követni: kombinált 
keményedés, folyásplató eltűnése, Bauschinger-hatás és ciklikus képlékeny kúszás. 

II/b A PRESCOM modell továbbfejlesztésével kidolgoztam a PRESCOM Memory 
anyagmodellt, amely figyelembe tudja venni az izotrop keményedés két komponensét és az 
anyag felejtő viselkedését, így tetszőleges egytengelyű terheléstörténetekre alkalmazható. 



 

II/c  Javaslatot tettem egy egyszerűsített eljárásra, mellyel a ciklikus keményedés paraméterei 
meghatározhatók a monoton vizsgálatok eredményei alapján, és kidolgoztam a numerikus 
modellekhez alkalmazható kalibrációs eljárást. 

 
Kapcsolódó publikációk: [BV1], [BV4], [BV7], [BV8] 
 
III. Tézis 

 
Kidolgoztam, validáltam és alkalmaztam egy numerikus modellt ciklikus képlékeny 
lemezhorpadási feladatok elemzésére, melyben a II. Tézisben bemutatott anyagmodellt 
használtam. Végrehajtottam egy paraméteres vizsgálatot és megállapítottam a 
lemezkarcsúságnak, a terhelés amplitúdójának és eloszlásának a hatását. A numerikus 
eredményeket kvalitatív és kvantitatív módon kiértékeltem, és leírtam a lemezelemek ciklikus 
képlékeny stabilitási viselkedését. Megállapítottam, hogy ciklikus terhelés során a képlékeny 
stabilitásvesztés zömök, 1. keresztmetszeti osztályba tartozó lemezek esetén sokkal kisebb 
alakváltozási szinten jelenik meg, mint monoton terhelés alatt, és ezek a lemezek jelentős ciklikus 
degradációt mutatnak annak ellenére, hogy a monoton viselkedésük kielégítő. 
 
Kapcsolódó publikációk: [BV1], [BV2], [BV6] 
 
IV. Tézis 

 
Kidolgoztam egy numerikus modellt kihajlás ellen megtámasztott merevítő rúd (BRB – Buckling 
Restrained Brace) acél magjának numerikus szimulációjához. A modell segítségével 
végrehajtottam egy részletes szimulációs programot, amely során az elem viselkedésének 
legfontosabb komponenseit feltártam. Ennek során az alábbi új tudományos eredményeket értem 
el. 
IV/a Kidolgoztam egy végeselemes modellt betonnal kitöltött kihajlás biztos merevítőrudak 

szimulációjához, amely le tudja írni az acélmag ciklikus képlékeny viselkedését és 
korlátozott amplitúdójú stabilitási jelenségeit. A numerikus modellbe számos fejlett 
szimulációs eszközt építettem be, többek között a saját fejlesztésű, II. Tézisben bemutatott 
PRESCOM anyagmodellt, egy új kisciklusú fáradási modellt, valamint a felületek 
érdességének változását leíró, az érintkezési felületek elmozdulástól függő kontakt 
modellt. 

IV/b Részletesen elemeztem a BRB viselkedését, és meghatároztam a karakterisztikáját 
legjobban befolyásoló paramétereket. Feltártam és jellemeztem a BRB-nél tipikusan 
jelentkező kedvezőtlen ún. „pinching effect” okait, az acél mag fáradási élettartamát, 
valamint a pozitív és negatív képlékeny alakváltozások szétválásának mechanizmusát. 

IV/c Paraméteres vizsgálat alapján javaslatot tettem a BRB tervezésében figyelembeveendő 
fontos részletekre: (i) igazoltam a megfelelő légrés megválasztásának fontosságát; és (ii) 
kimutattam az elem képlékeny hosszának hatását. 

 
Kapcsolódó publikációk: [BV3], [BV5], [BV9], [BV10], [BV12] 
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