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Peculiarities of sustainable reliability predictions for load-carrying structures of 

buildings, construction and civil engineering works are discussed. The quantitative 
probabilistic parameters of the structural safety and durability of members and their systems 
are formulated and applied. A new strategy for probability-based quality predictions of 
sustainable structures is presented. The safety prediction is meant for particular members 
(sections, connections) exposed to action effects. Contrary to this prediction, the durability 
issues for whole structural members (slabs, beams, columns, walls) as auto-systems 
representing their multi-criteria failure mode are considered. The methods of conventional 
resistance and transformed conditional probability design in practical calculations of 
reliability parameters of sustainable structures and works are presented. It is recommended to 
calibrate the target reliability index of sustainable structures considering not only the 
consequences of failure of the members but also their functional working classes. 

 
Introduction.  Coating materials may effectively slow down steel or concrete corrosion and wood 

purefaction processes, but they cannot be acknowledged as everlasting protective measures for structures 
exposed to aggressive environmental conditions. Besides, these materials cannot preserve the structure 
form degradation due to mechanical injuries caused by wind storms, avalanches and earthquake motions. 
Therefore, the design on durability of structures is indispensable in up-to-date sustainable construction. 

Irrational structural solutions and unexpected damages or accidents are categorically inadmissible 
for sustainable buildings. Dangerous failures may be caused not only by irresponsibility of designers and 
builders, but also due to the absence of perfectly and fully formulated recommendations and directions 
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presented in design and construction codes. Traditionally, the structural design of buildings and works is 
based on their performance, safety and cost factors. However, it is more expedient to base sustainable 
structural engineering on new models including the integrated life cycle design [1].  

Design codes must help engineers to found and construct rational structures requiring small 
quantities of resources and being distinguished by excellent technical and economical properties. However, 
many structural engineers and researchers doubt the durability of deteriorating structures and works 
designed by the available deterministic methods of partial safety factors (in Europe) or load and resistance 
factor (in the USA and other countries). Shortcomings of the deterministic methods are obvious since it is 
inadmissible to disregard changes in probability distributions of member resistances and action effects 
during the design working life of structures. 

A wide range of applied durability issues of deteriorating steel, concrete and wood structures can be 
neither formulated nor solved by the deterministic analysis methods. Only probabilistic approaches allow 
us to assess all uncertainties caused by inherent random variabilities, insufficient data and/or impressive 
knowledge of structural performance parameters. The probabilistic parameters obtained enable us to make 
an easier and more accurate assessment and selection of optimal concepts and economical decisions of 
buildings. 

Ravesloot et al. [2] defined the sustainability of buildings as the creation of technology that ensures 
the same environmental quality for future generations. However, it may be translated into practice using 
the sustainable reliability prediction of structures. The sustainable structural design of buildings may be 
better apprehensible when the strategies for structural reliability prediction are formulated and applied. The 
sustainable durability prediction of structures must consider all extreme situations which are likely to occur 
during both pre-use and use (service) lives. Besides, the time-dependent quality of structures may be 
closely defined only by quantitative durability parameters using available probabilistic approaches, 
concepts and methods [3, 4, 5]. 

In spite of rather developed modern concepts, approaches and methods of reliability, hazard and risk 
theories, it is difficult to implement the probability-based methods in design practice. It may be explained 
by the absence of unsophisticated and rather easily apprehensible recommendations and computational 
algorithms in the sustainable durability prediction of structures. The intention of this paper is to 
recommend some new strategies and methodological approaches on the probabilistic integrated safety and 
durability prediction in sustainable structural design practice. 

 
Safety margin process of members. Particular members as starting design objects of load-carrying 

structures are physically impalpable (cross-) sections and butts. Dangerous stresses of particular members 

are caused by permanent g , sustained )(1 tq  and extraordinary )(2 tq  live, snow )(ts  and wind )(tw  loads 

and other actions. All service loads which do not belong to sustained actions may be treated as 
extraordinary live load components. An overloading of members during severe service and climate actions 
may provoke a failure of structures. Therefore, the  requirements of design codes should be satisfied at all 
sections along structural members (beams, slabs, columns). 

According to Rosowsky and Ellingwood [6], the annual extreme sum of sustained and extraordinary 
occupancy live action effects )()()(

21
tStStS qqq +=  can be modeled as an intermittent process and 

described by a Type 1 (Gumbel) distribution with the coefficient of variation 58.0=qSδ , characteristic qkS  

and mean 
qkqm SS 47.0=  values.  

It is proposed to model the annual extreme climate (wind and snow) action effects by Gumbel 

distribution law with the mean values equal to ( )wwkwm SkSS δ98.01+=  and ( )ssksm SkSS δ98.01+=  [4, 7, 8, 9, 

10, 11]. The coefficients of variation of wind and snow loads depending on the feature of a geographical 
area are equal to 4.02.0 −=wδ  and 7.03.0 −=sδ . Presented data allow us to model extreme service and 
climate action effects as intermittent rectangular wave renewal processes. These time-variant 
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intermittentaction effects belong to persistent design situations in spite of the short period of extreme 
events being much shorter than the design working life of structures. 

According to probability-based approaches (design level III), the time-dependent safety margin as 
the performance of deteriorating particular members may be presented as follows: 

[ ] ( ) ( ) ( )tStStSStRtgtZ wwqqqqggR θθθθθ −−−−==
2211

)()(,)( Xθ                              (1) 

where θ  is the vector of additional variables characterizing uncertainties of models which give the values 

of resistance R , permanent gS , sustained 
1qS  and extraordinary 

2qS  service or snow and extreme wind 

wS  action effects of members (Fig. 1, a). This vector may represent also the uncertainties of probability 

distributions of basic variables. 
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Fig. 1. Real (a) and conventional (b) models for safety analysis of particular members (sections) 
 of deteriorating structure 

 
Probability distributions of material properties are close to a Gaussian distribution [4, 7, 8, 12]. 

Therefore, a normal distribution or a log-normal distribution may be convenient in resistance analysis 

models [4, 9, 13, 14]. The permanent action effect gS  can be described by a normal distribution law [4, 8, 

11, 13, 15]. Thus, for the sake of design simplifications, it is expedient to present the expression (1) in the 
form: 

                         )()()( tStRtZ c −=                                                                (2) 

where the component process 

                   ggRc StRtR θ−θ= )()(                                                             (3) 

may be considered as the conventional resistance of members which may be modeled by a normal 
distribution; 

 [ ])()()( tStStS wwqq θ+θ=                                                          (4) 

            [ ])()()( tStStS wwss θ+θ=                                                          (5) 
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are the joint processes of two annual extreme action effects when floor and roof structures, respectively, 
are under consideration. The components in square brackets belonging to the wind action effect are used in 

design analysis of redundant systems. The action effect )(tSs  in Equation (5) is caused by extreme snow 

loads. 
 

Survival probability of particular members. It is expedient to divide the service life cycle of 

deteriorating particular members into the initiation, int , and propogation, prt , periods of time [9]. The 

member resistance process is: 

                          )()( . tRtR indl ϕη=                                                           (6) 

where inR  is its resistance at the initiation period the value of which may be revised using data of extreme 

execution loads and engineering (site) inspection measures [16]; indlindl RR .,. =η  is the factor of latent 

defects; )(tϕ  is the resistance degradation function [17]. 

When variable action effects may be treated as rectangular renewal pulse processes, the time-
dependent safety margin (2) may be expressed as the finite rank random sequence as follows: 

    kckk SRZ −= , nnk ,1...,,2,1 −=                                                  (7) 

There                                                               ggkRck SRR θθ −=                                                    

(8) 

     wkwqkqk SSS θθ += or wkwsksk SSS θθ +=                                            (9) 

are the resistance and action effect of members at k-th cut of this sequence; 2 is the number of sequence 

cuts as critical events (situations) during design working life, nt , of members (Fig. 1), where λλ t1=  is a 

mean renewal rate of these events per unit time when their return period is λt . 

In design practice it is expedient to use the conventional bivarite distribution function of two 
independent extreme action effects. The mean and variance of this function may be respectively calculated 
by the formulae: 

             kmmkmmkm SSS 2211 θθ +=                                                       (10) 

2
22

22
22

21
22

11
22

1
2 θσσθθθ kmkmkmkmk SSSSS +++= σσσ                         (11) 

When ckR  and kS  are statistically independent, the instantaneous survival probability of the 

member at k-th extreme event, assuming that it was safe at the events 1, 2, …, 1−k , is: 

     { } dxxFxfSR
kck SRkckk )()(

0
∫∞=>= PP                                      (12) 

where )(xf
ckR  and )(xF

kS  are the density and cumulative distribution functions of ckR  by (8) and kS  by 

(9), respectively. 
The cuts of random sequences of safety margins of members must be considered statistically 

dependent. The time-dependent survival probability of members may be calculated by Monte Carlo 
simulation and the numerical integration methods. However, it is more reasonable to use the method of 
transformed conditional probabilities. When the resistance is a non-stationary process, the partial survival 
probability of members may be written in the form: 
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where kP  is the instantaneous survival probability by (12); ( ) ( )lklkkl ZZZZCov σσ ×= ,ρ  is the factor 

of auto-correlation of rank sequence cuts the transformed value of which is 

( ) ( )1... 11,1...1, −++=
−−

kkkkkk ρρρ ; ( )lk ZZCov ,  and kZσ , lZσ  are the auto-covariance and standard 

deviations of these cuts; 

( )[ ] 2/13/1
1...1,98.01/5.4 ρρ

−
−= kkkk PX                                             (14) 

is the bond index of this factor. 
When the member resistance may be treated as a stationary process, the expression (13) obtains the 

following form: 
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Survival probability of structural members. Contrary to the traditional structural safety analysis, 

time-dependent safety prediction issues should be considered not for particular members (sections, 
connections), but for structural members (slabs, beams, columns, walls) as auto-systems representing their 
multi-criteria failure mode due to various actions and responses of their components (Fig. 2). 

Foundation piles may lose their bearing capacity like geotechnical supports or compression columns 
(Fig. 2, a). Only reaching the limit states in both bars of two-bar hangers means the failure of auto-systems 
(Fig. 2, b). Continuous beams have two normal and one oblique design sections as particular members 
representing the mixed auto-systems (Fig. 2, c). 
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Fig. 2. Structural auto-systems: a) single pile, b) two-bar hanger, c) continuous beam 

 
According to the method of transformed conditional probabilities, the total survival probability of 

structural members as series, parallel and mixed systems (Fig. 2) may be respectively calculated by the 
Equations: 
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where 2/1P  and par/3P  are the greater value from the probabilities 1P , 2P  and 3P , parP ; 

( ) 2313221,3 ρρρ +=  is the transformed coefficient of correlation. 
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According to the concept of performance service period [18], not only the performance, but also the 
survival probability value of particular members are time dependent random variables. In this case, a 
probabilistic design of structural auto-systems on sustainable safety and durability are, to a large extent, 
similar. 

According to international design codes and standards, the reliability differention of structures is 
based on their consequences classes (CC) by considering the human life, economic, social and 
environmental consequences of failure or malfunction. The reliability classes RC1, RC2 and RC3 are 
associated with three consequences classes CC1, CC2 and CC3. However, the methodology of sustainable 
durability predictionrequires to take into account repair and replacement abilities of structural members. 
Therefore, the three functional working classes FC1, FC2 and FC3 of members must be considered. The 

functional working life ft  of structures is the time at which they can still be suitable for service with repair 

and/or adaptations [19]. Easily repairable or replaceable members belong to the class FC1. The members of 
the class FC2 require a great deal of effort in erection, repair and replacement technologies. Irreparable 
members can be ascribed to the class FC3 the durability requirement and relevant target reliability index 
for which must be the highest (Fig. 3). 

 

P P
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t t t t
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a) b) c)

P P

min
min

min
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Fig. 3. Models for durability design of members the functional working classes of which are FC1 (a),  
FC2 (b) and FC3 (c) 

Table I 

Target reliability index minβ  of structural members for a 50-year reference period 
Functional working class Consequences class 

FC1 FC2 FC3 
CC1 3.1 3.3 3.8 

CC2 3.3 3.8 4.3 

CC3 3.8 4.3 4.7 

 
The target reliability index minβ , as basis in sustainable durability and safety predictions, must be 

related to the consequences and functional working classes of structural members (Table 1). The values 
presented in the Eurocode EN 1990 [13] correspond to the members of the functional working class FC2. It 
is expedient to correct these directions. Besides, the index minβ  may be reduced for existing or overloaded 

structures under construction since premature failures cannot be any longer caused by rough human design 
and construction errors. The comparison of members with different technical service lives allows designers 
to achieve a higher quality and economy of structures. 

 
Conclusions. The time-dependent reliability prediction, as one of the main design tasks in structural 

engineering, is indispensable in order to guarantee time-dependent performance of structures and works. 
The strategy of this prediction should be based on the concepts of the integrated safety prediction of 
particular members (sections, connections) and the total survival probability prediction of structural 
members (slabs, beams, columns, walls) as auto-systems representing their multicriteria failure mode. For 
the sake of simplifications of probabilistic time-dependent safety analysis of particular members exposed 
to extreme action effects, it is recommended to use their conventional resistances and safety margin 
sequences with correlated cuts. The partial and total time-dependent survival probabilities of members may 
be calculated by the unsophisticated method of transformed conditional probabilities. 
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The probability-based methodology represents quite a realistic way to reveal the sustainability of 
members and their technical service life as the main durability parameter of deteriorating sustainable 
structures. The presented methodology of design on time-dependent reliability helps engineers to 
determine rational structural solutions and balancing reliability of sustainable structures fulfilling 
recommendations of design codes and standards. The target reliability indices of sustainable structures 
must be calibrated taking into account not only their consequences but also functional working classes.  
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