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Abstract

:

This article focuses on the reliability analysis of the plane steel truss under fire conditions. The safety of the structure was estimated by system reliability analysis combined with First Order Reliability Method (FORM). The authors created the C++ code, which enables us to prepare the advanced probabilistic model for bearing capacity in the selected time of fire duration. Searching cut-sets for system analysis was performed in the C++ code, where stiffness matrix spectral analysis was employed. It was found that a probabilistic model has significant influence on the reliability indices. The research showed that depending on the probabilistic model, the sensitivity of the reliability index to individual variables is different.
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1. Introduction


The paper focuses on the reliability of steel plane trusses under fire conditions with the fully probabilistic model. Therefore, it combines two important issues: structural reliability and design of the structure under fire conditions. The theory of reliability analysis is now well established; there are numerous methods that can be enumerated, including, amongst others: approximation methods (FORM, SORM) [1,2,3,4], simulation methods (Importance Sampling, Monte Carlo) [5,6,7,8], artificial neural networks [9,10], Stochastic Finite Element Method (SFEM) [11,12], Adaptive Response Surfaces [13,14], or System Reliability Analysis [15,16,17,18]. The interesting approach to the management of reliability and predicting the service life of the structure is to use Markov chains [19,20,21]. All mentioned methods are widely used in many branches of technical sciences to assess the reliability of elements or structures. The reliability index of an element or structure defines its safety and can be assumed to be an alternative to a partial safety factor. The reliability index β is defined as follows:


  β = −  Φ  − 1    (   P f   )   



(1)




where Pf—probability of failure,



Φ—Laplace function.



In the paper, the authors computed the reliability of the structure using the SYSREL program [22], where the system reliability can be combined with approximation or simulation methods.



The part related to obtaining the temperature of the elements and the response of the structure under fire conditions was carried out according to Eurocode [23,24]. Many scientists focus on the reliability aspects of the structure in fire conditions. A few years ago, the probability of failure began to be considered as an alternative to the partial safety factor for the structure in accidental design situations, when a fully developed fire occurs in the building compartment [25]. One of the interesting but difficult and very wide topics is preparing fire scenarios [26,27]. Another noteworthy problem is the reliability of fire protection coatings [28]. In the following article, neither fire (fire scenarios) nor coating reliability of coatings was considered. It was assumed that the structure is under the influence of a fully developed fire and that the material characteristics of the fire protection coating are deterministic. The response of the structure under fire conditions can be very different depending on many factors. This issue with the assessment of the reliability of steel columns under fire according to the US prescriptive is discussed in [29]. The next important issue is the probabilistic character of the properties of the steel strength [30]. In [31], a comparison of different reliability methods to assess the safety of steel trusses is discussed. Both statically determinate and indeterminate structures are analyzed and the validity of system reliability analysis is demonstrated.



The presented paper focuses on the system reliability of steel structures under fire conditions. In fact, system reliability analysis, searching failure modes, or building failure paths were previously considered in many scientific works. Unfortunately, most of them are related to quite simple structures or are limited to local failure [32,33]. There are some publications about different strategies for finding failure modes in the case of large structures. Shao and Murotsu [34] reviewed typical methods, i.e., the incremental loading method, the branch-and-bound technique, or β-unzipping method. They also proposed a new selective procedure combined with a genetic algorithm. Safari [35] proposed a variant of the non-dominated sorting genetic algorithm used for multi-objective reliability optimization of series-parallel systems. The other method is the gradient tree boosting algorithm, which enables the user to evaluate the safety of steel trusses [36]. To design the structure in a more secure way, the progressive collapse and failure mechanism are willingly modelled in the last scientific papers [37]. Moreover, these methods are useful not only for the structure which is designed, but also for existing ones. It can help, for example, in the diagnosing and preservation of historical bridges [38]. In recent years, reliability methods have been used not only to assess the structural safety in the persistent design situations, but also in accidental situations, including earthquakes, downburst, or fires [39,40,41]. The last one is the topic that the authors are especially interested in. Thus, the presented article focuses on the system reliability of steel truss under fire conditions. In the presented paper, a fully probabilistic model was proposed and the special tool which enables the analysis with different probabilistic characteristics was created. In previous work, the effectiveness of searching cut-sets by stiffness matrix spectral analysis with a reduced number of elements was proven [41]. Therefore, this method is also used in the following research.




2. Materials and Methods


The method presented in the paper connects two main topics: system reliability analysis and design of the structure under fire conditions. The whole analysis was realized in the following steps:




	
Conducting FEM analysis to obtain the effect of action and bearing capacity of each structure element during fire. This task was accomplished in C++ code, according to Eurocodes.



	
Finding all possible cut-sets (author-prepared code), i.e., possible ways of transforming the structure into kinematic mechanism. This task is accomplished by spectral analysis of the stiffness matrix, which means that the matrix determinant after exclusion of some set of elements is checked. If it is equal to 0, it means that the structure is geometrically variable, so the mechanism was found.



	
Estimation of the reliability of single elements. On this basis, knowing the cut-sets, the reliability of the whole structure is estimated using the SYSREL program.








In the following subsections, the single aspects of the research are described in detail.



2.1. The Basics of the Fire Design


The basics of designing the structure under fire conditions are described in Eurocode EN 1991-1-2. If the fire behavior is not modeled by specialists in the special software for a specific building, it is allowed to use predefined fire curves. The basic fire curves are as follows: standard, hydrocarbon, and the curve of external fire. If some details of compartments such as floor and walls, and number and area of openings are known, the parametric fire curve can be used. In the presented article, the standard fire curve was applied. In this case, the temperature of fire gases is defined as follows:


   θ g  = 20 + 345 l o  g  10    (  8 t + 1  )   



(2)




where: t—time of fire duration (min).



Knowing the temperature of fire gases, it is possible to calculate the temperature of steel members. For a uniform temperature distribution in a cross section, the temperature increase Δθa,t of an insulated steel member during the time interval Δt is obtained from the following formula [24]:


                   Δ  θ  a , t   =    λ p   A p  / V  (   θ  g , t   −  θ  a , t    )     d p   c a   ρ a   (  1 + φ / 3  )    Δ t −  (   e  φ / 10   − 1  )  Δ  θ  g , t       but    (  Δ  θ  a , t   ≥ 0   i f     Δ  θ  g , t   = 0  )    



(3)




with


  φ =    c p   ρ p     c a   ρ a     d p   A p  / V  



(4)




where:



Ap/V is the section factor for steel members insulated by fire protection material, for the cross section with contour insulation, heated from each side, it is defined as the ratio of steel perimeter to steel cross-section area;



Ap is the appropriate area of fire protection material per unit length of the member (m2/m);



V is the volume of the member per unit length (m3/m);



ca is the temperature-dependent specific heat of steel (J/kgK);



cp is the temperature-independent specific heat of the fire protection material (J/kgK);



dp is the thickness of the fire protection material (m);



Δt is the time interval; it should not be more than 30 s;



θa,t is the steel temperature at time t (°C);



θg,t is the ambient gas temperature at time t (°C);



Δθg,t is the increase in the temperature of the ambient gas during the time interval Δt;



λp is the thermal conductivity of the fire protection system (W/mK);



   ρ a    is the unit mass of steel (kg/m3);



   ρ p    is the unit mass of the fire protection material (kg/m3);



The characteristic of insulation material (   ρ p   , cp, λp, dp) and unit mass of steel (   ρ a  )   according to Eurocode can be treated as temperature-independent. The dependence of specific heat of steel on temperature is described in detail in part 3.4.1. of the Eurocode [24].



The increase in the temperature of the steel elements results in the decrease of mechanical properties values, including the yield strength and Young’s modulus. The appropriate dependencies are presented in Table 1. For the intermediate values of temperature, the linear interpolation can be used.




2.2. Reliability Analysis


Before estimating the reliability of the whole structure, it is important to compute the reliability of single elements. First, the safety margin M, which is a difference between the bearing capacity (N) and the effect of action (E), should be estimated:


   M i  =  N i  −  E i   



(5)




where index i is the number of the element. The subsequent steps include the computation of the following values:




	
Standard deviation of safety margin:










   σ  M i   =    σ  N i  2  +  σ  E i  2     



(6)




where    σ  N i     and    σ  E i     are standard deviations of bearing capacity and effect of action, respectively.



	
Reliability index ti:








   t i  =    μ  M i      σ  M i      



(7)




where    μ  M i   =  μ  N i   −  μ  E i     is the expected value of the safety margin, defined as the difference between expected values of the bearing capacity (   μ  N i   )   and effect of actions (   μ  E i   )  .



It is worth noting that reliability index t corresponds to an element, while the reliability index β refers to a whole structure.



	
Probability of failure of an element:







    P   f i    = Φ  (  −  t i   )    



(8)





	
Reliability of the element:







    R i  = 1 −  P   f i      



(9)





It is essential to know reliabilities (R) of all elements in order to find reduced cut-sets, i.e., to analyze in the algorithm only these elements, that reliabilities are different from 1. This is easy to explain, when considering Equations (10) and (11). There are two basic structural systems: series (for statically determinate structures) and parallel (for some simply statically indeterminate structures). Most of the statically indeterminate structures correspond to the mixed system, but there are always some combinations of two basic systems: series and parallel ones. Thus, even in these cases, Equations (10) and (11) are useful. Equation (10) corresponds to the series system, the reliability of the whole structure is just a product of reliabilities of all elements. Therefore, it is clear that any i-th element, whose reliability is equal to 1 (Ri = 1), has no influence on the reliability of the structure.



Equation (11) corresponds to the parallel system. If the reliability of any i-th element in this system is equal to 1 (Ri = 1), then the expression in brackets equals to 0, so it has no influence on the whole sum in Equation (11)


  R =  ∏  i = 1  n   R i   



(10)






  R = 1 −  ∑  i = 1  n   (  1 −  R i   )   



(11)








2.3. System Reliability Analysis Combined with FORM


In the paper, system reliability analysis is computed with the First Order Reliability Method (FORM). Using approximation methods (such as FORM) is essential to transform the limit state function from normal space to Gaussian normal space, which simplifies mathematical operation (because the mean value equals to 1 and standard deviation equals to zero):


    g i   ( X )    ,   i = 1 ,   2 , … ,   m             →                G i   ( Z )     i = 1 ,   2 , … ,   m  



(12)







In the equation above, gi and Gi are limit state functions for the i-th elements. X and Z are vectors of random variables in appropriate spaces: original and standardized, respectively.



All the limit state functions divide the space into two parts: safe and failure areas. For few limit state functions, the total failure area is defined in different ways depending on the system type. In the case of a series system, the total failure area is the sum of individual failure areas (Figure 1a); in the case of a parallel system, this is the common part (Figure 1b).



The failure area (Ωf) and the probability of failure (Pf) of the series system are defined as follows:


   Ω f  =  ⋃  i = 1  n   {   G i   ( Z )  ≤ 0  }   



(13)






   P f  = P  [   ⋃  i = 1  n   {   G i   ( Z )  ≤ 0  }   ]   



(14)




where: n—number of elements of the series system



For the parallel system, these values are defined as follows:


   Ω f  =  ⋂  i = 1  m   {   G i   ( Z )  ≤ 0  }   



(15)






   P f  = P  [   ⋂  i = 1  m   {   G i   ( Z )  ≤ 0  }   ]   



(16)




where: m—number of parallel system elements



The failure area of the series-parallel system is defined as follows:


   Ω f  =  ⋃  i = 1  k   ⋂  j ϵ  c i      {   G i   ( Z )  ≤ 0  }   



(17)




where: ci—the index of i-th cut-sets



The equation above reduces to the parallel system formulation when k = 1 and to the series system formulation when each cut-set contains only one component. The probability of failure for the series-parallel system is equal to:


   P f  = P  [   ⋂  i = 1  k   ⋃  j ϵ  c i      {   G i   ( Z )  ≤ 0  }   ]   



(18)







For series systems, every limit state function Gi(Z) is linearized by Taylor series expansion around the design point with linear coefficient (Figure 2a):


   β i  −  α i  Z = 0  



(19)




where:



   β i  =  z i *    = 0—the distance from the origin of coordinate system to the design point    z i *   ,



   α i  =   − ∇ G  (   z i *   )    ∇ G  (   z i *   )     —normalized gradient vector in the design point



Attention should be paid to αi value, because it allows conducting the analysis according to the FORM method, and also gives information on how sensitive the structure is to changes of any design variable.



In the next step, the new coordinates Yi i = 1, 2,…, m are introduced. They are defined as the function of   Z =  [   Z 1  ,  Z 2  , … ,  Z n   ]    coordinates:


   Y i  =  α i  Z             i = 1 ,   2 ,   … , m  



(20)







Additionally, the correlation between each pair of Yi and Yj variables is described by the rij coefficient.


   r  i j   =  α i   α j T  ,             i = 1 ,   2 ,   … , m ,             j = 1 ,   2 ,   … , m  



(21)







The element failure is described as follows:


   F i  =  {   β i  ≤  Y i   }   



(22)







Therefore, the probability of series system failure is calculated according to the following formula:


  P  [   ⋃  i = 1  m   (   β i  ≤  Y i   )   ]  = 1 − P  [   ⋂  i = 1  m   (   Y i  <  β i   )   ]  = 1 −  Φ m   (  B , R  )   



(23)







   B =    [   β 1  ,  β 2  , … ,  β m   ]   T    



R—matrix of correlation coefficients    r  i j   .  



For the parallel systems, linearization is realized at the common design point, but only for active functions (Figure 2b). Active functions are those limit state functions whose value in the common design point equals zero, so they define the failure area. Functions that have no influence on determination of the failure area are neglected.



The probability of failure for a parallel system can be computed according to the following formula:


  P  [   ⋂  i = 1    m A     (   β i *  ≤  Y i *   )   ]  = P  [   ⋂  i = 1    m A     (   Y i *  < −  β i *   )   ]  =  Φ m   (  −  B *  ,  R *   )   



(24)




where:



mA—number of active limit state functions,



B*—vector of reliability indices for active functions



R*—matrix of correlation coefficients    r  i j   .  (only for active functions)




2.4. Failure Probability Bounds


Using system reliability analysis, the typical approach is to define the failure probability bounds. This is the way in which the SYSREL program estimates the reliability of the structure. For series system failure, probability bounds are defined as follows [42]:




	
First-order bound:










  max P  (   F i   )  ≤  P f  ≤   ∑   i = 1  n  P  (   F i   )   



(25)







	
Second-order bound:







    P f  =  {      ≥ P  (   F 1   )  +    ∑   i = 2  n   max  [  0 , P  (   F i   )  −    ∑   j = 1   i − 1    P  (   F i   ∩   F j   )   ]        ≤    ∑   i = 1  n   P  (   F i   )  −     ∑   i = 2  n  m a x   j < i   P  (   F i   ∩   F j   )          



(26)





In the above, F means failure event, Pf is the probability of failure for the whole system.



For parallel system failure, probability bounds are defined as follows [42]:




	
First-order bound:










  0 ≤  P f  ≤ min P  (   F i   )   



(27)







	
Second-order bound:







   0 ≤  P f  ≤  m     i , j  n  i n  {  P  [   F i   ∩   F j   ]   }    



(28)






2.5. Probabilistic Model of the Truss under Fire Conditions


Considering any type of reliability analysis, it is essential to determine the probabilistic model. It has to be decided which variables will be treated as random and which as deterministic. For random variables, the distribution types and coefficient of variation have to be defined. Different probabilistic models lead to getting different values of reliability indices. In previous research, a rather simple model had been used. Let us call this a simplified model. Now, the probabilistic model (advanced model) has been developed. In both models, it was assumed that the truss limit state function for the i-th element (gi) is defined as follows:


   g i  =  N i  −  E i   



(29)




where: Ni—bearing capacity of i-th elements, Ei—effect of action of i-th element.



In the article, it was assumed that all random variables have normal distribution.



2.5.1. The Simplified Probabilistic Model


In this model, it was assumed that the effect of action (Eff) has a coefficient of variation equal to 6%. The authors checked that during the FEM, the coefficient of variation remains practically unchanged. Thus, the coefficient of variation for the effect of action can be equated with the coefficient of variation of external load. The coefficient of variation for the bearing capacity was defined as follows:




	
The bearing capacity for the elements in tension (Nc,fi) and compression with taking into account buckling (Nb,fi) in the fire design situation is defined as follows:










     N  c , f i   = A ·  k y  ·  f y   



(30)






   N  b , f i   =  χ  f i   · A ·  k y  ·  f y   



(31)







	
Under assumptions that:



	
cross-sectional area (A) and yield strength (fy) are random variables with the coefficient of variation equal to    ν A  = 6 %   and    ν   f y    = 6 %  , respectively.;



	
the other variables in Equations (26) and (27) are deterministic.






The coefficient of variation for the bearing capacity can be estimated according to the following formula [43]:


   ν N  =    ν  f y  2  +  ν A 2    =     0.06  2  +   0.06  2    = 0.085 = 8.5 %  



(32)







In the simplified probabilistic model, the following values were assumed to be probabilistic: effect of action (   ν  E f f   = 6 % )  , cross-sectional area (   ν A  = 6 % )   and the yield strength (   ν   f y    = 6 % )  . It was assumed that all these variables have a normal distribution. In such a defined model there is no need either to use any external programs next to SYSREL nor to do any additional computations. The defined coefficients of variation for effect of actions and bearing capacity are just directly introduced to SYSREL. In the article, this easy approach was compared with a more advanced model.




2.5.2. The Advanced Probabilistic Model


Taking into account Equation (27), the bearing capacity of compressed elements, where buckling must be taken into account, depends on many other variables related to buckling coefficient, which is finally the following function:


   χ  f i   = f  (   f y  ,    k y  ,  k E  , A , E ,  I y  ,   L  )   



(33)







Previously (in the case of simplified model), the cross-sectional area (A) and yield strength (fy) were defined as random. In fact, they also influence the buckling coefficient, so this value should also be also treated as random value. Furthermore, according to authors, if one of the material characteristics or geometrical characteristics is treated as a random value, the same should be done with the other values from the appropriate groups. Thus, the simplified probabilistic model was extended by the introduction of the following random variables: Young modulus (E) and moment of inertia (Iy). The buckling coefficient also depends on the reduction factors (ky, kE), which are functions of the element temperature (Ta), which is the function of a few factors:


   T a  = f  (  A p V ,   i n s u l a t i o n   c h a r a c t e r i s t i c s  )   



(34)




where: ApV is the exposition ratio for the elements heated from each side, and it is defined as follows:


  A p V =  V A   



(35)







In the equation above, V is the perimeter of cross section; this is a consecutive random variable in the advanced probabilistic model. Finally, for this model, the following set of random variables was determined: fy, E, A, V, Iy.



Moreover, for the effect of action, the probabilistic model was extended. The effect of the action is a function of following characteristics:


  E f f = f  (   T a  ,   A , V , E  )   



(36)







Thus, in the C++ procedure for computation of action effects, a few random variables, including geometric characteristics of cross section (A,V) and Young modulus (E), were introduced. The computation indicated that for such a defined set of random variables, the temperature of elements is deterministic. The authors are aware that this is a very strong assumption, because the fire is a strongly nondeterministic process, and this process is the main source of randomness. Unfortunately, modeling the fire could not be realized easily, and taking into account such an influential factor would probably result in making impossible any comparison of proposed models. The reduction factors (ky and kE) depend on the temperature element, so it is obvious that they are also random. Furthermore, according to Eurocode they are defined in a deterministic way for a specified temperature. According to the authors, they should be treated as probabilistic, but it is very difficult to find any information about appropriate coefficients of variations.



The sets of all the random variables were generated in a random way from the range determined by the coefficient of variation. The function implemented in C++ generates the variables with homogeneous distribution. It was necessary to transform it into a normal distribution. To achieve this aim, the Box–Müller algorithm [44] was used. Assume that we have two random variables with homogeneous distribution, U1 and U2. Then, it is


  Θ = 2 π  U 1   



(37)






  R =   − 2 l n  U 2     



(38)






  X = R c o s Θ  



(39)






  Y = R s i n Θ  



(40)







The derivation is based on a property of a two-dimensional Cartesian system, where the coordinates X and Y are described by two independent and normally distributed random variables, the random variables for R2 and Θ in the corresponding polar coordinates are also independent.



To make the algorithm of the proposed method easier to understand, it is presented in the graphic form in Figure 3. First, the temperature of fire gases is computed in a deterministic way. The fire curves proposed by Eurocode are the functions that depend only on time of fire duration (t). In this form, it is difficult to take into account any randomness. The authors would like to underline that this is a strong simplification, because the fire is a highly random process. However, fire modeling was not the topic of the article. The temperature of elements was computed with the assumption that the geometric characteristics of cross-section and the thickness of insulation are deterministic. Then, computations were carried out according to a simplified and advanced model. The probabilistic and deterministic characteristics for both models are presented in Figure 3.






3. Results


Because the article focuses mainly on the description of the methods, a simple example has been chosen. The analysis of the statically indeterminate truss presented in Figure 4 was conducted. The basic assumptions were as follows: the temperature and node forces presented in the figure are the only load, the structure is made of S235 steel, elements 1–12 are made of IPE300, elements 13–25 are made of SHS 60 × 60 × 5, the vermiculite spray-applied fire insulation with a thickness of 2 cm was applied. All results presented below concern the truss in the 30th minute of fire duration.



With continued fire duration, the effect of action in elements of statically indeterminate truss increases, but the bearing capacity decreases. In the analyzed structure, the bearing capacity of external cross-braces (18 and 25 according to Figure 4) was exceeded before the 30th minute of fire duration. Therefore, it is necessary to consider the new static scheme presented in Figure 5. The digits in the truss scheme correspond to numeration of bars. To conduct the system reliability analysis, it is essential to find the so-called “cut-sets”. In the simplest way, it can be defined as the failures of single elements which lead to transforming the structure into a mechanism. In the paper, stiffness matrix spectral analysis was used to find cut-sets. In this method, all possible combinations of truss elements are removed from the stiffness matrix and its determinant is examined [41,45]. If it is equal to zero, it means the structure is geometrically variable and the cut-set was found. This method is quite time consuming when we check all possibilities, so a good idea is to limit the number of bars, for example by the method proposed in [46]. In this case, all truss elements whose reliability is equal to 1 are neglected. For the analyzed truss, reliabilities of single elements in the 30th minute of fire duration are presented in Appendix A. In Figure 5, elements in red are those bars whose reliability is different to 1, so they were taken into account during searching cut-sets. This task was realized with the usage of C++ code [46]. The searching of cut-sets was realized in the deterministic way, because according to authors, taking into account the randomness would not change the group of neglected elements (which are mostly elements intension).



The analyzed truss in the 30th minute of the duration of the fire can be transformed into a mechanism in two ways (Figure 5). The first corresponds to series systems, which means that failure of any element of the following set: 7, 8, 9, 10, 11, 12, 20, 21 will result in the failure of the whole structure. The second presented system is parallel-series, which means that the failure of the whole structure may be the result of the following elements failures: (9 AND 18) OR (10 AND 23).



In the SYSREL program where the system reliability analysis with FORM was performed, the logical model is the cut-sets representation is depicted in Figure 6.



3.1. Results for a Simplified Probabilistic Model


After introducing to the SYSREL program random variables defined according to the simplified probabilistic model, the authors got the results presented in Figure 7. The value of reliability index is marked by red frame. The lower bound is the same as upper bound; this is because the failure probability is very small, so the bounds defined in Section 2.4 are very narrow.



The great advantage of the FORM method during the reliability analysis is the opportunity to obtain the values of α coefficient for all random variables. This provides information on how large the influence of any variable changes on the structure reliability is. If α has a positive sign, it means that increasing the corresponding random variable will result in increased reliability. If α is negative, the situation is opposite: an increase in the variable’s value causes the decrease of structure reliability. In Figure 8, values of α for all random variables are presented.




3.2. Results for Advanced Probabilistic Model


In the case of the advanced probabilistic model, the coefficient of variation for bearing capacity was computed based on a previously specified set of input random variables. The results are presented in Table 2. Interestingly, the values of temperatures are almost deterministic during the whole analysis. It is the same situation in the effects of action (see Table 2). The coefficient of variation of effect of action presented in Table 2 has a special meaning. It is the results authors obtained during the computation conducted with C++ with the assumption that external loads are deterministic. It is easy to notice that additional random variables (such as modulus of elasticity or cross sectional area) have no significant influence on the FEM analysis. Therefore, the authors decided that even in the case of the advanced model, the coefficient of variation is the same for the external load and effect of action, i.e.,    ν E  = 6 %  .



It has to be clearly underlined that the research focused on randomness during the computation. It is obvious that the load applied to the structure is random and that the fire is a highly stochastic process, but it was not the subject of the article. The modeling of fire behavior is a wide and difficult issue. The external load analyzed in the example is just some kind of assumption and should not be identified as any typical type of load. The topic of different types of loads with appropriate distribution types will be developed in further works.



The results of analysis using an advanced probabilistic model are presented in Figure 9. The reliability index is marked in a red frame. The upper and lower bound are the same, because of the reson mentioned in the case of the simplified model. The diagram in Figure 10 shows α values for individual random variables.





4. Discussion


The results in case of different values of the reliability indices depend on the probabilistic model. They reach values of 4.324 and 5.013 for the simplified and advanced probabilistic models, respectively. Therefore, it is worth estimating the probabilistic characteristics of the bearing capacity using computer simulation instead of approximation according to Equation (28). In addition, a very interesting fact was found during the sensitivity analysis. Depending on the probabilistic model, the influence of bearing capacities and effects of actions for individual elements on the reliability is different (Figure 7 and Figure 9). It was also found that the input probabilistic variables (cross-section area and Young modulus) have no influence on the character of the effect of action. The process of computing the effects of action under load (including external load as the concentrated forces and forces generated under thermal load) is deterministic, but it should be clearly underlined that the load is highly probabilistic. In the paper, for simplicity of analysis and to make comparison easy, only nodal forces and thermal loads both with normal distributions were assumed. In fact, there are many types of loads, for example, wind, snow, dead load, useful load, etc. Now, it is well known what type of distribution and what characteristic should be used for each of them [47].




5. Conclusions


In the article, a specific calculation example was analyzed, but the conclusions have universal character and can be referred to for many other structures, mainly for steel trusses. The results presented in the article indicate unambiguously that the probabilistic model has a significant influence on the results of the reliability analysis. The preparation of the probabilistic model is the biggest challenge and the most difficult task during the safety analysis of a structure. It is not obvious which values should be treated as probabilistic and with which characteristics. This problem is especially evident during the analysis of the structure under fire conditions. The authors of the presented paper managed to solve the problem with the probabilistic character of the buckling coefficient of an element under fire influence. The meaning of the appropriate choice of this coefficient has already been analyzed in the paper [48]. A computer code was prepared that allows the user to obtain the ‘real’ coefficient of the variation of bearing capacity as a result of computation with any input probabilistic variables. The proposed method is an alternative method to the approximation method using Equation (28). Using the method proposed by the authors, the reliability index is lower, so the results are safer, but it is worth considering if it is not too conservative. It raises a question: Is it possible to change profiles (cross sections) and as a result to reduce the total cost of the structure? The answer is not so easy, because there are still some aspects that need to be analyzed in following work. Especially:




	
The trial to conduct the experiments to find out what the true changes of material characteristics in the steel under fire influence are.



	
The analysis of the steel truss with more types of loads with different distribution types.








In the paper, the authors used reliability analysis, connected with the FORM method, which can be easily done using special software. In this article, it was the SYSREL program. The most difficult part during system analysis is searching cut-sets, but the author-prepared C++ code enables us to find it effectively.



In summary, it should be said that system reliability analysis for truss elements can be successfully used for a structure under fire influences or in persistent design situations, but there are still some problems to solve and issues to develop. The presented paper is the part of wider research which will be continued in the nearest future. Especially, the authors are going to develop and refine the proposed algorithm. Its usefulness for another structures, including spatial trusses, will be tested.
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Appendix A


Table A1 includes some information about the analyzed truss (Figure 3 and Figure 4) in the 30th minute of fire duration, including: effects of action, bearing capacities, and reliabilities for individual members. The reliabilities of elements were computed according to Equations (2)–(6) with the assumption that the coefficient of variation of effect of action and bearing capacity are equal to 6% and 10%, respectively.
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Table A1. Effect of action, bearing capacity, and reliability of analyzed truss elements in 30th minute of fire duration.
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Element No.

	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10

	
11

	
12




	
Effect of Action (kN)

	
133

	
133

	
224

	
224

	
133

	
133

	
−167

	
−213

	
−229

	
−229

	
−213

	
−167




	
Bearing Capacity (kN) Ncfi/Nbfi

	
1264.30




	
392

	
392

	
392

	
392

	
392

	
392

	
284

	
392

	
392

	
392

	
392

	
284




	
Reliability (-)

	
1

	
1

	
1

	
1

	
1

	
1

	
0.99995

	
0.999993

	
0.99996

	
0.99996

	
0.999993

	
0.99995




	
Element No.

	
13

	
14

	
15

	
16

	
17

	
18

	
19

	
20

	
21

	
22

	
23




	
Effect of Action (kN)

	
40

	
−11

	
16

	
−12

	
40

	
−13

	
20

	
100

	
100

	
20

	
−13




	
Bearing Capacity (kN) Ncfi/Nbfi

	
251.45




	
66

	
66

	
66

	
66

	
66

	
29

	
29

	
29

	
29

	
29

	
29




	
Reliability (-)

	
1

	
1

	
1

	
1

	
1

	
0.99999995

	
1

	
0.999999998

	
0.999999998

	
1

	
0.99999995











References


	



Zhao, J.G.; Ono, T. A general procedure for first/second-order reliability method (FORM/SORM). Struct. Saf. 2014, 49, 56–64. [Google Scholar]

	



Ditlevsen, O. On the choice of expansion point in form or sorm. Struct. Saf. 1987, 4, 243–245. [Google Scholar] [CrossRef]

	



Breitung, K. 40 years FORM: Some new aspects? Probabilistic Eng. Mech. 2015, 42, 71–77. [Google Scholar] [CrossRef]

	



Wang, Y.; Hao, P.; Yang, H.; Wang, B.; Gao, Q. A confidence-based reliability optimization with single loop strategy and second order-reliability method. Comput. Methods Appl. Mech. Eng. 2020, 372, 113436. [Google Scholar] [CrossRef]

	



Sharma, M.K. Monte Carlo Simulation applications for construction project management. Int. J. Civ. Eng. Technol. 2020, 11, 88–100. [Google Scholar] [CrossRef]

	



Papaioannou, J.; Breitung, K.; Straub, D. Reliability sensitivity estimation with sequential importance sampling. Struct. Saf. 2018, 75, 24–34. [Google Scholar] [CrossRef]

	



Xiao, N.C.; Zhan, H.; Yuan, K. A new reliability method for small failure probability problems by combining the adaptive importance sampling and surrogate models. Comput. Methods Appl. Mech. Eng. 2020, 372, 113336. [Google Scholar] [CrossRef]

	



Radoń, U.; Zabojszcza, P. Stability analysis of the single-layer dome in probabilistic description by the Monte Carlo method. J. Theor. Appl. Mech. 2020, 58, 425–436. [Google Scholar]

	



Flood, I. Towards the next generation of artificial neural networks for civil engineering. Adv. Eng. Inform. 2008, 22, 4–14. [Google Scholar] [CrossRef]

	



Potrzeszcz-Sut, B.; Dudzik, A. The application of a hybrid method for identification of elastic-plastic material parameters. Materials 2022, 15, 4139. [Google Scholar] [CrossRef]

	



Liu, C.; Qin, Q. Reliability analysis of steel frame structures based on SFEM, Advances in Steel Structures (ICASS ‘96). In Proceedings of the International Conference on Advances in Steel Structures, Hong Kong, 11–14 December 1996; pp. 171–176. [Google Scholar]

	



Kamiński, M. Uncertainty analysis in solid mechanics with uniform and triangular distribution using stochastic perturbation-based Finite Element Method. Finite Elem. Anal. Des. 2022, 200, 103648. [Google Scholar] [CrossRef]

	



Winkelmann, K.; Zabuski, L.; Przewłocki, J.; Górski, J. Reliability-based stability analysis of Baltic Cliff by the combined Response Surface Method. Geotech. Geol. Eng. 2020, 38, 5549–5563. [Google Scholar] [CrossRef]

	



Tvrda, K. RSM method in probabilistic analysis of the foundation plate. Procedia Eng. 2017, 190, 516–521. [Google Scholar] [CrossRef]

	



Thoft-Christensen, P.; Baker, M.J. Structural Reliability Theory and Its Applications; Springer: Berlin/Heidelberg, Germany; New York, NY, USA, 1982. [Google Scholar]

	



Thoft-Christensen, P.; Murotsu, Y. Application of Structural Systems Reliability Theory; Springer: Berlin/Heidelberg, Germany; New York, NY, USA; Tokyo, Japan, 1986. [Google Scholar]

	



Ang, A.H.-S.; Leon, D.D.; Fan, W. Optimal reliability-based design of complex structural systems. Struct. Saf. 2021, 90, 102048. [Google Scholar] [CrossRef]

	



Lim, S.; Kim, T.; Song, J. System-reliability-based disaster resilience analysis: Framework and applications to structural systems. Struct. Saf. 2022, 96, 102202. [Google Scholar] [CrossRef]

	



Kanjilal, O.; Manohar, C.S. Markov chain splitting methods in structural reliability integral estimation. Probabilistic Eng. Mech. 2015, 40, 42–51. [Google Scholar] [CrossRef]

	



Xiao, S.; Nowak, W. Reliability sensitivity analysis based on a two-stage Markov chain Monte Carlo Simulation. Aerosp. Sci. Technol. 2022, 130, 107938. [Google Scholar] [CrossRef]

	



Gonzalez-Dominguez, J.; Sanchez-Barroso, G.; Garcia Sanz-Calcedo, J.; Sokol, M. Condition-based maintenance of ceramic curved tiles roof in Primary Healthcare building using Markov chains. J. Build. Eng. 2021, 43, 102517. [Google Scholar] [CrossRef]

	



STRUREL. Available online: http://strurel.de/ (accessed on 19 December 2022).

	



EN 1991-1-2; Eurocode 1: Actions on structures. Part 1–2: General actions-Actions on structures exposed to fire. European Committee for standardization: Bruxelles, Brussels, 2002.

	



EN 1993-1-2; Eurocode 3: Design of steel structures. Part 1–2: General rules-Structural fire design. European Committee for standardization: Bruxelles, Brussels, 2005.

	



Maślak, M. Selected aspects of failure probability assessment for fire situation. Arch. Civ. Eng. 2011, 57, 297–311. [Google Scholar] [CrossRef]

	



Nigro, E.; Bilotta, A.; Asprone, D.; Jalayer, F.; Prota, A.; Manfredi, G. Probabilistic approach for failure assessment of steel structures in fire by means of plastic limit analysis. Fire Saf. J. 2014, 68, 16–29. [Google Scholar] [CrossRef]

	



Khorasani, N.E.; Garlock, M.E.M.; Quiel, S.E. Modeling steel structures in OpenSees: Enhancements for fire and multi-hazard probabilistic analyses. Comput. Struct. 2015, 157, 218–231. [Google Scholar] [CrossRef]

	



Inerhunwa, I.; Wang, Y.C.; Su, M. Reliability analysis of intumescent coating protected steel members under the standard fire condition. Fire Saf. J. 2019, 104, 43–56. [Google Scholar] [CrossRef]

	



Qureshi, R.; Coile, R.V.; Hopkin, D.; Gernay, T.; Khorasani, N.E. Reliability assessment of the US prescriptive standard for steel columns under fire. Structures 2022, 40, 711–724. [Google Scholar] [CrossRef]

	



Machowski, A.; Maślak, M.; Pazdanowski, M. Local strength properties of steel bars as random functions. Constr. Build. Mater. 2021, 300, 124021. [Google Scholar] [CrossRef]

	



Kubicka, K.; Radoń, U.; Szaniec, W. Comparison of the reliability methods for steel trusses subjected to fire. In Proceedings of the World Multidisciplinary Civil Engineering-Architecture-Urban Planning Symposium-WMCAUS 245, Prague, Czech Republic, 12–16 June 2017. [Google Scholar]

	



Kim, D.-S.; Ok, S.-Y.; Song, J.; Koh, H.M. System reliability analysis using dominant failure modes identified by selective searching technique. Reliab. Eng. Syst. Saf. 2013, 119, 316–331. [Google Scholar] [CrossRef]

	



Caredda, G.; Porcu, M.C.; Buitrago, M.; Bertolesi, E.; Adam, J.M. Analysis local failure scenarios to assess the robustness of steel truss-type bridges. Eng. Struct. 2022, 262, 114341. [Google Scholar] [CrossRef]

	



Shao, S.; Murotsu, Y. Approach to failure mode analysis of large structures. Probabilistic Eng. Mech. 1999, 14, 169–177. [Google Scholar] [CrossRef]

	



Safari, J. Multi-objective reliability optimization of series-paralle systems with a choice of redundancy strategies. Reliab. Eng. Syst. Saf. 2012, 108, 10–20. [Google Scholar] [CrossRef]

	



Truong, V.-H.; Vu, Q.-V.; Thai, H.-T.; Ha, M.-H. A robust method for safety evaluation of steel trusses using Gradient Tree Boosting algorithm. Adv. Eng. Softw. 2020, 147, 102825. [Google Scholar] [CrossRef]

	



Liu, W.; Zeng, B.; Zhou, Z.; Zheng, Y. Theoretical study on progressive collapse of truss string structures under cable rupture. J. Constr. Steel Res. 2022, 199, 107609. [Google Scholar] [CrossRef]

	



Sangiorgio, V.; Nettis, A.; Uva, G.; Pellegrino, F.; Varum, H.; Adam, J.M. Analytical fault tree and diagnostic aids for the preservation of historical steel truss bridges. Eng. Fail. Anal. 2022, 133, 105996. [Google Scholar] [CrossRef]

	



Zheng, H.-D.; Fan, J. Prograssive collapse analysis of a truss transmission tower-line system subjected to downburst loading. J. Constr. Steel Res. 2022, 188, 107044. [Google Scholar] [CrossRef]

	



Jiang, S.; Zhu, S.; Guo, X.; Chen, C.; Li, Z. Safety monitoring system of steel truss structures in fire. J. Constr. Steel Res. 2020, 172, 106216. [Google Scholar] [CrossRef]

	



Kubicka, K.; Obara, P.; Radoń, U.; Szaniec, W. Assessment of steel truss fire safety in terms of the system reliability analysis. Arch. Civ. Mech. Eng. 2019, 19, 417–427. [Google Scholar] [CrossRef]

	



Ditlevsen, O. Narrow reliability bounds for structural systems. J. Struct. Mech. 1979, 7, 453–472. [Google Scholar] [CrossRef]

	



Biegus, A. Probabilistic Analysis of Steel Structure; Wydawnictwo Naukowe PWN: Warszawa, Poland, 1999. (In Polish) [Google Scholar]

	



Addaim, A.; Gretete, D.; Ait Madi, A. Enhanced Box-Muller method for high quality Gaussian number random number generation. Int. J. Comput. Sci. Math. 2018, 9, 287–297. [Google Scholar] [CrossRef]

	



Kłosowska, J.; Obara, P.; Turant, J. Kinematically admissible failure mechanisms for plane trusses, World Multidisciplinary Civil Engineering -Architecture-Urban Planning Symposium (WMCAUS). IOP Publ. 2017, 245, 022022. [Google Scholar]

	



Kubicka, K. The new method of searching cut-sets in the system reliability analysis of steel plane trusses. Appl. Sci. 2022, 12, 5276. [Google Scholar] [CrossRef]

	



JCSS Probabilistic Model Code. Available online: https://www.jcss-lc.org/jcss-probabilistic-model-code/ (accessed on 19 December 2022).

	



Kubicka, K.; Radoń, U. Influence of randomness of buckling coefficient on the reliability index’s value under fire conditions. Arch. Civ. Eng. 2017, 64, 173–179. [Google Scholar]








[image: Applsci 13 02647 g001 550] 





Figure 1. Failure areas for: (a) series system, (b) parallel system. 
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Figure 2. Linearization of limit state functions for: (a) series system, (b) parallel system. 
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Figure 3. The algorithm of computation.{\displaystyle \Theta = 2\pi U_{2}.\,}. 
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Figure 4. The static scheme of the analyzed truss. 
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Figure 5. The new static scheme of the analyzed truss after 30 minutes of fire duration and corresponding cut-sets. 
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Figure 6. Logical model in the SYSREL program. 
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Figure 7. Results of the reliability analysis in the SYSREL program for the simplified model. 
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Figure 8. Representative αi for random variables (simplified model). 
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Figure 9. Results of the reliability analysis in the SYSREL program for the advanced model. 
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Figure 10. Representative αi for random variables (advanced model). 
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Table 1. Reduction factors for carbon steel at elevated temperatures [24].
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Reduction Factors at Temperature θa Relative to the Value of fy or Ea at 20 °C




	
Steel Temperature θa [ °C]

	
Reduction Factor (Relative to fy) for Effective Yield Strength

	
Reduction Factor (Relative to Ea) for the Slop of the Linear Elastic Range.




	
     k  y , θ   =    f  y , θ      f y      

	
     k  E , θ   =    E  a , θ      E a      






	
20

	
1.0

	
1.0




	
100

	
1.0

	
1.0




	
200

	
1.0

	
0.9




	
300

	
1.0

	
0.8




	
400

	
1.0

	
0.7




	
500

	
0.780

	
0.6




	
600

	
0.470

	
0.31




	
700

	
0.230

	
0.13




	
800

	
0.110

	
0.09




	
900

	
0.06

	
0.0675




	
1000

	
0.04

	
0.045




	
1100

	
0.02

	
0.0225




	
1200

	
0.00

	
0.00
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Table 2. Coefficient in variations of bearing capacities according to advanced probabilistic models.
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Coefficient of Variation (%)

	
Number of Element




	
7

	
8

	
9

	
10

	
11

	
12

	
18

	
20

	
21

	
23






	
νNb,fi

	
7

	
9

	
8

	
8

	
8

	
7

	
7

	
7

	
7

	
7




	
νNc,fi

	
8

	
9

	
9

	
8

	
9

	
8

	
9

	
9

	
9

	
9




	
νE

	
0.1

	
0.1

	
0.2

	
0.3

	
0.02

	
0.1

	
0.2

	
0.8

	
0.3

	
0.4

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file8.jpg
12

v
s s
s lm» E






media/file13.png
Iy Symbolic Expressions |k Stochastic Model M Correlations sia Logical Model Wy Multiple Runs %) Results @@ Plots

Cut-Sets /... ¥ FLIM(7) % FLIM(8) % FLIM(9) % FLIM(16) % FLIM(11) % FLIM(12) % FLIM(18) % FLIM(20)
smECyt-Set: @1

==Cut-Set: 02 I
==Cut-Set: 03 I
==Cut-Set: 04 I

mmaCyt-Set: @5
maCyt-Set: @6

==Cut-Set: 07 I
==Cut-Set: 08 I

EdConditio. ..

% FLIM(2






media/file12.jpg
Becnivio.





media/file18.jpg
- Sysrel (Version 12) -
- (C) Copyright: RCP GmbH 1992-2020

- : losowosc poprawione

Comment : No comment
Transformation type : Rosenblatt
Optimization algorithm: NLPQL

Starving evaluation of Ditlevsen Bounds on final union

No.of state-function calls= 70, gradient calls= 20
CPU-time overall ~ 0.08, in St.Func.  0.00 seconds
The error indicator (IER) at the end of SYSREL was = O

Reliability analysis is finished





media/file9.png
3000

-

8 i3 9 10 11

i

4000

22 23 24 25
13 14 15 16 17 12
1/ 18 19 20 21 \&
| 5 _ 3 _ A _ 5 p _
40 kN 40 kN 40 kN 40 kN 40 kN =
4000 4000 4000 4000 . 4000






media/file14.jpg
(C) Copyright: RCP Gabi 1552-2020 -

v . : bez losowosci
Comment : No comment
Transformation type
Optimization algorichm:

4SYSREL': Linearizing CUT - SET No. 1
4SYSREL*: Linearizing CUT-SET No. 2
“SYSREL*: Linearizing CUT - SET Ko. 3
*SYSREL': Linearizing CUT - SET No. 4
*SYSREL*: Linearizing CUT-SEZT No. §
*SYSREL*: Linearizing CUT - SET Ho. €
*SYSREL': Linearizing CUT - SET No. 7
*SYSREL*: Linearizing CUT-SET No. 8

Starting evaluavion of Ditlevsen Bounds on final union

1=

No.of state-function calls= 70, gradient calle= 20
CPU-vime overall  0.08, in St.Func.  0.00 seconds
The exror indicator (IZR) at the end of SYSREL was = 0

Reliability analysis is finished





media/file20.jpg
E7
E8
E9

BEw0
E11
E12
E18
E20
E21
E23
N7
[
N9
N1O X
N1 1 y
N12
N18
N20
N21
N23 X
Sum of 221.00






media/file5.png
(a)

z,A

G3(2)=0
* QF
¥4) 7]
. Commo? de;gn
B2

oint

B3 - ‘
WO\
\

(b)





media/file15.png
EAEEREEEEEEEEEE AR EEAEEEEAEEE AR EE R R A AR RN EERK

Sysrel (Version 12)
----- (C) Copyright: RCP GmbH 1552-2020

O O O O R O O T O O O O O O O O O O

oD DR sccesveaasne : bez losowosci
Comment : No comment
Transformation type : Rosenblatt

Optimization algorithm: NLPQL

*SYSREL*: Linearizing CUT - S ET No. 1
*SYSREL*: Linearizing CUT - S ET No. 2
*SYSREL*: Linearizing CUT - S ET No. 3
*SYSREL*: Linearizing CUT - S ET No. 4
FSYSREL*: Linearizing CU T - S ET No. S
*SYSREL*: Linearizing CUT - S ET No. €
*SYSREL*: Linearizing CUT - S ET No. 7
*SYSREL*: Linearizing CUT - S ET No. 8

Starting evaluation of Ditlevsen Bounds on final union

Lower Bound Pf, L.B.-beta ,Upper Bound Pf, U.B.-beta

7.€74E-0¢ 4.324 7.€74E-0¢€ 4.324
} )
No.of state-function calls= 70, gradient calls=
CPU-time overall 0.08, in St.Func. 0.00 seconds
The error indicator (IER) at the end of SYSREL was = 0

Reliability analysis is finished

20

IER





media/file19.png
EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE AR R EEEEEw

Sysrel (Version 12)

————— (C) Copyright: RCP GmbH 1992-2020 ---—--—-

il il e ol ol il ol e ol ol ol ol el R

WO BN LG asides : losowosc poprawione
Comment : No comment

Transformation type : Rosenblatt
Optimization algorithm: NLPQL
*SYSREL*: Linearizing CUT - S ET No. 1
*SYSREL*: Linearizing CUT - S ET No. 2
*SYSREL*: Linearizing CUT - S ET No. 3
*SYSREL*: Linearizing CUT - S ET No. 4
*SYSREL*: Linearizing CUT - S ET No. 5
*SYSREL*: Linearizing CUT - S ET No. ¢
*SYSREL*: Linearizing CUT - S ET No. 7
*SYSREL*: Linearizing CUT - S ET No. 8

Starting evaluation of Ditlevsen Bounds on final union

Lower Bound Pf, L.B.-beta ,Upper Bound Pf, U.B.-beta| ,

2.€81E-07 5.013 2.€81E-07 5.013
STACIiSTicS 1N SYISREL:
No.of state—-function calls= 70, gradient calls=
CPU-time overall 0.08, in St.Func. 0.00 seconds

The error indicator (IER) at the end of SYSREL was = 0

Reliability analysis is finished

20

IER





media/file2.jpg
Giamo

B

Gd-o

(a) (b)





nav.xhtml


  applsci-13-02647


  
    		
      applsci-13-02647
    


  




  





media/file11.png
| 718 19 {1011 112[20{21





media/file6.jpg
Temperature  of fire gases Tg=A)
(deterministic)

A

Temperature ~ of elements
Ta=£ (dp.A.V 5. Cp. P, Ca. P2)
— probabilistic
Tz %5, Cp. Pp. Ca, pa -deterministic

N

‘The simplified probabilistic model
Nes=f (A, kv, £)

Nog=f (15, A, ky, £)

A fy- probabilistic

75, ky - deterministic

Eff ~ probabilistic, with predefined
coefficient of variation (6%)

‘The advanced probabilistic model
Nes~f (A kv, £)
Nos=f (15, A, ky, £)
Afy, 75 — probabilistic
75=f (f. ky. ke, A,E, Iy, L)
£. A, E, I, - probabilistic
ky ke, L - deterministic
Eff=f(Ta A.V.E)






media/file10.jpg
NG

{(oh o}
[7Hs Ho HioH1Hi2Hz0Hz21] Iﬁl





media/file7.png
Temperature of fire gases Tg={(t)

(deterministic)

A

Temperature of elements
Ta=f {dpnA:ﬁ"F:}"Fﬁ Cp- Pp: Ca. pa::l
dp. AV — probabilistic

Tz, Ap. Cp. Pp. Ca, pa -deterministic

——

,,-F"'-J
Jf,--"’

-

j-___.ﬂ-

The simplified probabilistic model
Neg=t (A, ky, &)

Nus=f (ys. A, ky. &)

A _fy- probabilistic

7a, ky - deterministic

Eff — probabilistic, with predefined
coefficient of vanation (6%)

The advanced probabilistic model
Nes=f (A, ky. £)

Nus=f (ys. A, k. &)

A fv, ya — probabilistic

it (fy. ky. ke. A E. I, L)

fv. A. E. Iy - probabilistic

kv. kg, L - determinmistic

Eff =f (Ta,A.V.E)






media/file16.jpg
E7
E8

=

E10
Ell
E12
El8
20
E21
23
N7

NS

NS

N10
NiT
N12
N18
BIN20
N21

N23 0
Sum of a2 1.00






media/file3.png
Q, - failure area

Giz)=0

(ra(2) =0

(a)

Y

Z)

Q, - failure area
Giz) =0

Z,

Gaz) =0

(b)





media/file0.png





media/file17.png
E7 -0.27

E8 -0.02

E9 0.00

E10 0.00

Ell -0.02

E12 -0.27

E18 0.00

E20 -0.00

E21 -0.00

E23 0.00

N7 0.65

N8 0.06

NS 0.00

N10 0.00

N11 0.06

N12 0.65

N18 0.00

N20 0.00

N21 0.00

N23 0.00

Sum of a2 1.00





media/file4.jpg
‘Common design
Qint





media/file21.png
E7 -0.23
E8 -0.19
E9 0.00
E10 0.00
Ell -0.19
E12 -0.23
E18 0.00
E20 -0.00
E21 -0.00
E23 0.00
N7 0.45
N3 0.46
N9 0.00
N10 0.00
Ni1 0.46
N12 0.45
N18 0.00
N20 0.00
N21 0.00
N23 0.00

Sum of a21.00






