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Abstract. The paper is aimed at the analysis of the influence of partial safety factors on the reliability of designing steel 
members. The reliability assessment of a steel member is based on extensive experimental research on real material and 
geometric characteristics evaluated by samples obtained from frequently manufactured products. Material and geometric 
characteristics are random variables represented by histograms during the probabilistic assessment of reliability. The 
random variability of structural dimensions and of material characteristics does not present the only source of uncertainty 
present during design according to standards. The reliability of steel structures design is also dependent on the partial 
safety factor values, which are specified by the design standards. Partial safety factors are basic indicators, which deter-
mine structural dimensions in relation to loading. The probabilistic assessment of reliability is performed as a parametric 
study in the first part of the numerical analysis. The probability of failure is analysed in dependence on values of partial 
safety factors of material, permanent loading and long time variable loading. Partial safety factors are considered as fuzzy 
numbers with triangular membership functions in the second part of the numerical analysis. Membership functions of 
failure probability are evaluated using the general extension principle. The most important results are then summarised 
and additional applications of the verifications of limit states design criteria are described. 
Keywords: steel, structure, design, reliability, random, fuzzy, member, imperfection, simulation. 

 
1. Introduction 

Common design procedures utilised during the de-
sign of real load bearing steel structures are based on the 
limit state methodology. Valid normative criteria emanat-
ing from the static respectively dynamic analysis of a 
model of the real structural system are verified when 
assessing of the reliability of steel structures. 

The current Eurocode approach is based on the par-
tial safety factor method, which represents basic calibra-
tion characteristics of structural design reliability. Partial 
safety factor values cannot be verified without knowledge 
of the real properties of load bearing structural members. 

For this purpose material and geometric characteris-
tic are monitored [1–3] and probabilistic assessments of 
steel members reliability are performed. An integral part 
of reliability analysis is the sensitivity analysis determin-
ing which variables the monitored output is most sensi-
tive to and which it is not sensitive to [4, 5]. According to 
our understanding, probabilistic and sensitivity studies 
represent an important tool for the development and veri-
fication of more sophisticated but yet simple and lucid 
provisions utilised in steel design practice. 

The aforementioned approaches, however, only en-
able the quantification of uncertainties, which are of ran-
dom character and for which information on the statistical 
characteristics from measurements on ample samples is  
 

available. A number of factors influencing reliability 
however are not of random character. Lately apart from 
classical stochastic methods other alternative approaches 
to the representation of uncertainty of model prediction, 
which include vagueness, non–specificity and conflict, 
are more frequently utilised. They are investigated within 
the framework of five theories, within which the appara-
tus for their quantification is developed (the crisp set 
theory, fuzzy set theory, probability theory, theory of 
possibilities and the Dempster–Shafer theory) [6–14]. 
The basic theory with elaborately worked out rules is the 
fuzzy set theory. The implementation of alternative ap-
proaches in the analysis of uncertainty in design is dis-
cussed in the conclusion of the presented paper. 

 
2. Probabilistic study of tensile member 

The probabilistic evaluation of the design procedure 
of a steel profile IPE 140 of grade S235 under tension is 
performed as an illustration. 
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where Rd is design resistance calculated according to 
EUROCODE 3 [15], An is the nominal sectional area, fy,k 
is the characteristic value of material yield strength and 
γM – the material safety factor. 
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For the elaboration of the parametric study a simpli-
fied problem of tensile member loaded by permanent load 
combined with single variable load is considered [16]:  
 kQkGd γγ QGF ⋅+⋅= . (2) 

It was assumed that the structure is designed for 
maximum exploitation (economic design), ie Fd = Rd. The 
simplified loading case according to (2) will be consid-
ered. The material partial safety factor γM was chosen as 
the first calibration quantity. The partial safety factors of 
loading γG and γQ were chosen as further calibration 
quantities. 

If the partial safety factors γG and γQ are known, 
characteristic values Gk and Qk can be determined ac-
cording to (3) in dependence on the chosen ratio δ, which 
is given as: 
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For permanent action, the Gaussian probability dis-
tribution will be assumed, the characteristic value of 
which, Gk, is also the mean value. The variation coeffi-
cient 0.1 was assumed according to [16]. For variable 
action, the Gumbelian distribution with mean value 
mQ = 0.6 Qk and standard deviation SQ = 0.21 Qk was 
considered. 

The analysis of the member reliability is based on 
the condition that the random load-carrying capacity R is 
greater than the effects of external forces F, expressed by 
the sum of partial effects G, Q: 
 QGR +> , (4) 

where R is the load-carrying capacity of tensile member: 
 yfAR ⋅= . (5) 

Histograms of the random sectional area A and yield 
strength fy obtained from experimental research were 
published in [1]. The yield strength has the following 
statistical characteristics: mean value 297.3 MPa, stan-
dard deviation 16.8 MPa, skewness 0.32 and kurtosis 
2.54. The values were obtained from the evaluation of 
562 samples obtained from a third of the flange. This is 
the standard procedure prescribed by the standards for 
quality control of metallurgical products. Due to non–
zero skewness and kurtosis, the histogram cannot be ap-
proximated by the Gaussian probability distribution. The 
Hermite four parametric distribution, which takes into 
account the influences of skewness and kurtosis, provides 
a better approximation of the histogram. 

The random sectional area has the following pa-
rameters: mean value 1681 mm2, standard deviation 
53.2 mm2, skewness –0.215 and kurtosis 3.076. 

In view of the non–zero values of skewness and kur-
tosis of the yield strength and sectional area the realisa-
tions of these variables were simulated from experi-
mentally obtained histograms utilising the Monte Carlo 
simulation method. 5 million simulation runs of this 
method were used. The probability that (4) is not fulfilled 
was evaluated. 

 
 
 

3. Parametric probabilistic analysis 

Three variants of partial safety factor values γ were 
considered in the parametric study. 

 1) 15.1;1γM ∈ , γG = 1.35, γQ = 1.5. 

 2) γM = 1.0, 35.1;1γG ∈ , γQ = 1.5. 

 3) γM = 1.0, γG = 1.35, 65.1;1.1γQ ∈ . 

Values γM=1.0, γG=1.35, γQ=1.5 are values listed in 
standards [15, 16]. Results of the probabilistic study are 
depicted in Figs 1–3.  

 

 
 

Fig 1. Failure probability Pf versus partial safety factor γM 

 
Only failure probabilities Pf for δ>0.3 are depicted 

in Fig 1. Failure probabilities Pf pro parameters δ ≤ 0.3 
are very low and thus insignificant and attest reliable 
design of the member. Reliability of design is determined 
by comparing obtained values with the so–called target 
value given by the standard [16] for reliable design as  
Pfd = 7.2E-5.  

The non-linear behaviour of failure probability ver-
sus partial safety factor γM in Fig 1 is very interesting. 
Reliable design Pf < 7.2E-5 for all δ )1;0∈  values is 

secured provided that γM > 1.1. For light steel structures 
for which δ < 0.8 (majority of real structures), it can be 
stated that the partial safety factor γM = 1.0 guarantees 
sufficiently satisfactory design reliability. 

It is evident from Fig 2 that reliable design 
Pf < 7.2E-5 is guaranteed by )55.0;15.0∈δ . It is unsafe 

in the event that δ approaches zero and γG approaches 1. 
Partial safety factor γG for commonly occurring structures 
should not be lower than approximately 1.1. The design 
could otherwise be very unsafe. 

It is apparent from Fig 3 that for δ < 0.8 (which 
holds for majority of light steel structures) a sufficiently 
reliable design is guaranteed by the partial safety factor  
γQ = 1.5. The non-linear behaviour of failure probability, 
which increases rapidly with decreasing partial safety 
factor γQ value, is interesting. 
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Fig 2. Failure probability Pf versus partial safety factor γG 
 

4. Fuzzy probability analysis 

For purposes of the quantification of the influence of 
partial safety factors on the failure probability partial 
safety factors were considered as fuzzy numbers with 
linear membership functions (Figs 4–6). Each partial 
safety factor is assigned a linear degree of membership 
representing input information for the quantification of 
the dependence of Pf versus γ. Fuzzy number supports are 
assumed similarly as in preceding parametric analysis 

)15.1;0.1γM ∈ , )35.1;0.1γG ∈ , )65.1;1.1γQ ∈ . 

The fuzzy analysis was performed separately for 
each input fuzzy number γM, γG, γQ utilising the general 
extension principle [17]. 

The extension principle may be illustrated on fuzzy 
number γ ⊆ R. Let γ be a convex fuzzy number with 
membership function μ1 and let it be defined by the func-
tion Pf = f(γ). The degree of membership μ2 of fuzzy 
number Pf can then be evaluated according to (6): 
 ( ) ( ).1f2

f

γμ=μ

P

P V  (6) 

The result is fuzzy number Pf, containing elements 
with degree of membership μ2 obtained as the supremum 
of all γ for which Pf  =  f(γ) holds [17]. 

 
 
Fig 3. Failure probability Pf versus partial safety factor γQ 

 

 
 

Fig 4. Fuzzy number of partial safety factor γM 

 

 
 

Fig 5. Fuzzy number of partial safety factor γG 
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Fig 6. Fuzzy number of partial safety factor γQ 

 

 
 

Fig 7. Fuzzy numbers of failure probability due to γM 

 

 
 
Fig 8. Fuzzy numbers of failure probability due to γG 
 

 
 
Fig 9. Fuzzy numbers of failure probability due to γG 
 
Fuzzy numbers of failure probabilities correspond-

ing to the fuzzy number of partial safety factor γM, (Fig 4) 
are depicted in Fig 7. It is evident that with decreasing 
δ the support of the fuzzy number decreases, as does the 
kernel value of failure probability. 

Fuzzy numbers of failure probabilities correspond-
ing to the fuzzy number of partial safety factor γG, (see 
Fig 5) are depicted in Figs 8, 9. The output fuzzy number 
for δ = 1 (purely variable load) is a singleton, because the 
partial safety factor of permanent load action γG has no 
influence on the value of variable load. In the case of    
δ = 0 (permanent load) the failure probability is signifi-
cantly influenced by the fuzzy uncertainty of factor γG. 
This is apparent from the nonlinear behaviours and sup-
port sizes. 

 

 
 
Fig 10. Fuzzy numbers of failure probability due to γQ 
 
Fuzzy numbers of failure probabilities correspond-

ing to the fuzzy number of partial safety factor γQ (see Fig 
6) are depicted in Fig 10. It is evident that with decreas-
ing δ the support of the fuzzy number decreases, as does 
the kernel value of failure probability. 

It is apparent from Figs 7–10 that the output mem-
bership functions are non-linear despite linear input mem-
bership functions (Figs 4–6). Differences in obtained 
failure probabilities point out the need for further calibra-
tion of partial safety factors. 

 
5. Conclusions 

Eurocode creation has achieved significant success 
and acknowledgement even outside the European context. 
Before long member countries of CEN will design struc-
tures according to a unified methodology. The intended 
high degree of unification of alternative approaches has 
however not been achieved yet. The Eurocodes will even-
tually become valid normative standards and the current 
standards of individual member countries will be can-
celled. Increase in reliability and structural durability and 
also an increase in material consumption can be expected 
in the Czech Republic. Further refinement of Eurocodes 
and desired unification of currently alternative ap-
proaches is expected. 

The verification of partial safety factors using reli-
ability analysis methods was presented in the paper. So 
far reliability is significantly unbalanced. Probabilistic 
assessment of reliability pointed out the need for further 
calibration of partial safety factor values. Limitation to 
purely probabilistic methods is misleading. Very effective 
implementation of all available methods of the general 
uncertainty theory is feasible in reliability analysis [6–
14].  
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Fuzzy analysis was applied to the quantification of 
the influence of changes in partial safety factors to 
changes in failure probabilities in the presented paper. 
Practically output membership functions were nonlinear 
in all cases. 

The presented study pertaining to the simplest case 
of tensile loading can be applied to more complex loading 
cases [18, 19]. In the case of axial compression it is nec-
essary to analyse the ultimate limit state of slender mem-
bers utilising the geometric non-linear solution with 
provisions for the influence of initial geometric imperfec-
tions of member axis [20]. The limit state is even more 
complicated for thin-walled structures with regard to 
problems of loss of stability due to buckling [21–23]. The 
assessment of reliability of frame structures in the event 
that system imperfections have an influence on their load 
carrying capacity is difficult and complicated. Each frame 
structure (apart from some exceptions) is atypical and the 
statistical characteristics of system imperfections and 
their correlation cannot be obtained from experimental 
research. A number of questions remain unanswered in 
probabilistic assessment of reliability such as: what den-
sity function to use (Gauss, lognormal etc), the correla-
tion between input random variables etc. 

Utilisation of probabilistic analysis requires the as-
signment of exclusively objective statistical information, 
which however is frequently unavailable. During struc-
tural design, information on statistical characteristics of 
eventual loading is absent. Imprecision (fuzziness) of 
information on the random initial imperfections and their 
correlations present a further source of uncertainty. In the 
event that precise information is unavailable, the model 
presents a source of vague (fuzzy) uncertainty, which 
may significantly transcend the stochastic uncertainty in 
complex systems. 

It is pertinent to the discordance between relevance 
and precision, which was first pointed out by Prof Zadeh 
when he formulated the so–called principle of incompati-
bility [24]: “As the complexity of the system increases, 
our ability to formulate precise and yet significant judg-
ments about its behaviour decreases, until a threshold is 
reached, beyond which precision and relevance become 
practically mutually exclusive characteristics”. 

In this context it is necessary to contemplate as to 
where the relevant degree of precision of methods for 
design of structural load bearing structures lays. Despite 
the fact that solutions of current standards, which are 
based on the partial safety factor methods (limit states), 
are not from the point of reliability verification always 
unambiguously progressive, it will not be displaced from 
the field of practical application and common design 
methods for some years. The significance of probabilistic 
studies is clearly seen especially in the verifications and 
calibrations of indicators of reliability of EUROCODE 
standards. 

 
The paper was elaborated under the research pro-

jects MSM 0021630519, GAČR 103/07/1067 and Junior 
Research Project AVCzR KJB201720602. 
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DALINIŲ SAUGOS KOEFICIENTŲ ĮTAKA PLIENO KONSTRUKCIJŲ PROJEKTINIAM PATIKIMIMUI – 
TIKIMYBĖS IR FUZI TIKIMYBĖS ĮVERTINIMAS   

Z. Kala 

S a n t r a u k a  

Straipsnyje nagrinėjama dalinių saugos koeficientų įtaka patikimumui projektuojant plieninius elementus. Plieninio 
elemento patikimumo įvertinimas remiasi realios medžiagos ir geometrinių charakteristikų išsamiais dažniausiai gami-
namų produktų eksperimentiniais tyrimais. Medžiaga ir geometriniai parametrai yra atsitiktiniai dydžiai, charakterizuo-
jami histogramomis įvertinant patikimumą. Atsitiktinė konstrukcijos dimensijų ir medžiagos parametrų variacija 
veikiama ne vienintele stochastiškumo priežastimi projektuojant pagal standartus. Patikimumas projektuojant plienines 
konstrukcijas priklauso nuo dalinių saugos koeficientų, parenkamų remiantis projektavimo standartais. Daliniai saugos 
koeficientai yra indikatoriai, lemiantys apkrautos konstrukcijos dimensijas. Pirmuoju konstrukcijos analizės etapu jos 
patikimumas nustatomas parametriškai. Suirimo tikimybė analizuojama atsižvelgiant į dalinius saugos veiksnius, skirtus 
medžiagai, nuolatinėms ir ilgalaikėms apkrovoms. Daliniai saugos koeficientai išreiškiami trikampėmis narystės funkci-
jomis, naudojamomis antrame konstrukcijos analizės etape. Suirimo tikimybės narystės funkcijos nustatomos naudojant 
bendrąjį išskleidimo principą. Pateikiami pagrindiniai rezultatai, apibendrinimai ir taikymas norint patikrinti projekti-
nius ribinių būvių kriterijus.  

Reikšminiai žodžiai: plienas, konstrukcija, patikimumas, atsitiktinis dydis, fuzi analizė, netikslumas, modeliavimas. 
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