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1. Introduction

Sections, bars and connections of structures be-
long to particular members for which the only possible
failure mode exists. Structural members (beams, plates,
columns, slabs) may be treated as separate systems rep-
resenting their multicriteria failure mode. They consist
of series, parallel or mixed connected stochastically de-
pendent elements. For successful ordinary and sched-
uled maintenance of the structures it is expedient to
know the revised values of residual survival probabili-
ties of particular and structural members of the existing
structures. This revision, including any correction of the
partial safety factors, may be based on the principle of
service-proven extreme actions.

Service loads and other actions of great intensity
help to convince us not to allow rough human design and
construction errors. Besides, these actions assist to some
reductions of member resistance uncertainties and to the
corrections of the survival reliability degrees of the struc-
tures. An additional new information about unfavourable
actions cannot be used in the assessment of the capacity
and serviceability of the structures, but it may be success-
fully used in the reliability prediction of members sub-
jected to infrequent extraordinary gravity and lateral (hori-
zontal) service or climate actions.

Unfavourable action effects of the members may
be treated as an effective measure in the revised reliability
predictions of the existing structures when they are con-
firmed by quality statistical information data on extraordi-
nary service and climate actions [1]. That is why it is rec-
ommended to collect this information regularly and to fix it
in observation legs. Updated statistical information may
help to refine the probability density functions of member
resistances if the new data has a small variance [2].

There are some limited attempts to transfer the
approaches of deterministic limit state design for new
structures to the existing ones. It was suggested to make
the partial load factors more exact taking into account the

inspection data, system behaviour peculiarities and risk
category extents of the existing structures [3]. This semi-
probabilistic reliability checking format cannot be ac-
knowledged as a universal method. Therefore, in design
practice it is recommended to make use of the information
on known service-proven loading situations using prob-
abilistic approaches [2, 4, 5].

In spite of rather developed up-to-date concepts of
reliability, hazard and risk theories, it is difficult to implant
the probability-based methods in structural design practice
due to the shortage of methodological approaches and ap-
plied mathematical models. The intention of the presented
paper is to introduce structural to engineers and researchers
the new practical probabilistic approaches in revised reli-
ability predictions of the particular members of existing
structures subjected not only to permanent and sustained
variable, but also to intermittent rectangular pulse actions.

2. Analysis of time-dependent structural safety

2.1. Safety margin of particular members

Particular members of the structures are generally
treated as the main design components in the probabilistic
reliability analysis. In spite of a short period of recurrent
intermittent pulse service and other actions, they belong to
persistent design situations. The safety margin as time-
dependent performance process of particular members in
persistent design situations may be expressed as

M(t)=g[0.X(1)] (M

In the context of the analysis of the revised sur-
vival probabilities of members in design practice, the proc-
ess (1) may be presented in more convenient form

M(t)=6,R-0,S,-0,5S, -0, -
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Fig. 1 Model for time-dependent reliability analysis of particular members



here S, , S, and S, are the action effects caused by
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execution (pre-use) g, and service (use) permanent g,
and sustained variable g, loads; S, (#) and S, (¢) are
s 1 92

the action effects caused by extraordinary gravity ¢, and
lateral (horizontal) ¢, actions (Fig. 1); 6. is additional

random variable representing uncertainties of models
which give the values of member resistance and action
effects. The additional random variables may be expressed
by their probability density functions or simply as their
means and standard deviations.

The design codes (ASCE 7 1995, EN 1990 2002)
ignore the presence of two different by nature action ef-
fects S, and S,, caused by the mass of structures and ot-

her permanent units depending on execution work peculi-
arities. At the same time, a nice verification of the limit
states of structures by the partial factor method can lose its
meaning due to erroneous values of permanent action ef-
fects.

According to ISO 2394 [6] and EN 1990 [7] rec-
ommendations, a Gaussian distribution law is to be used
for permanent actions. Lognormal, Weibull and gamma
distributions may be convenient for sustained variable ac-
tions. For simplicity, a Gaussian distribution may also be
used for these actions [6]. Intermittent extraordinary ser-
vice and seismic actions may be assumed to be distributed
by exponential and Gumbel distributions [8]. Climate ac-
tions may be modelled by a Type 1 extreme value distribu-
tion [2].

The maximum sum value of sustained and ex-
traordinary variable actions may be modelled by Gumbel
distribution [9]. However, for the sake of simplified but
rather exact probabilistic analysis, it is more expedient to
present Eq. (2) in the form

M(t)=R.-5(t) G)
Here
R, = ‘gRR_egISgl _HgZSgZ _aqu.\- “)

is the conventional resistance of members which may be
modelled by Gaussian distribution

S(¢) (1) (1)

is the joint action effect caused by intermittent rectangular
pulse processes of transient extraordinary actions.

=6 S

a - q

+6 S

a2 492

)

2.2. Survival probability of particular members

When structures are subjected to intermittent ex-
traordinary gravity or lateral actions, the random safety
margin process in design practice may be treated as a ran-
dom sequence. In the case of the only extraordinary action
effect, Eq. (3) may be presented as

M,=R -S,, k=12 ..n (6)

Here n =1¢,4 is the recurrence number of the ex-

traordinary action effect during the design working life of
structures ¢, , where A is the action renewal rate. The co-
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efficient of autocorrelation of random sequence cuts is:

pu =Cov(M, . M,)/(eM, xoM,) @)

where Cov(M,,M,)=¢’R, and 6M,, 6M, are their

autocovariance and standard deviations.

When the action effect (5) is caused by two sto-
chastically independent actions, three stochastically de-
pendent random sequences of safety margins should be
considered as follows

M, =R 0,5, k=12 ..n (8)
M, =R —0,8,,. k=12 ..m 9)
My, =R 0,8, 6,8, k=12 ..n,  (10)

Here the reiteration number of the coincident actions ¢,
and ¢, during the design working life ¢, may be calcu-
lated by the formula

ny =1,(d, +d,) X2, (11)
where d, and d, are durations of extraordinary actions

(Fig. 1). The coefficient of cross-correlation of the random
sequences is

o o-zRC/[(ach +o'zSi)l/2 (O'ZRC +O'ZS‘/-)1/2:| (12)

The integrated time-dependent survival probabil-
ity of particular members may be expressed as

P, =P{T>1}=PM, (1)> 0\ M,(1)>0)

N\ M,(t)> 0}~ P{M,(1)> 0} (13)

The value of P, may be calculated by rather so-

phisticated and practical method of transformed condi-
tional probabilities. When action effects of the members
are caused by one and two extraordinary actions, the long-
term survival probabilities are calculated, respectively, by
the equations

P, :P{M1(t)>0}:pklpk+(l_pk1)x

xexp[-m (1-F)] (14)
F = P{ﬂMi (t) > O}szPszPss X
><{l+p23 [é—lﬂ[lﬁ-pm (%}—lﬂ (15)

Here the coefficients of correlation p,;, by Eq. (7) and p,;,
by Equation (12); Py = O.S(p12 + pn) is the transformed

coefficient of correlation
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P = J‘fRf (x)Fs (x)dx

0

(16)



is instantaneous survival probability of the members,
where f, is density function of the conventional member

resistance by Equation (4) and Fj(x) is distribution func-

tion of the extraordinary action effects or their combina-
tions.

3. Revised survival probability of the members

3.1. Account of truncated distribution

Service actions may be treated as use-proven proof
loads [10]. According to these suggestions (Fig. 2, a), the
probability density function of revised resistance of particu-
lar members at the time ¢ may be presented in the form

_ Iz (x)FSc (x,t)
J;fR (x)FS[ (x,t)dx

o (x.0)= (17)

Here f,(x) is the primary density function; F (x) is the

cumulative distribution function of the joint action effect as

S.=0,5,+0,s, +5,) (18)

The dominator of Equation (17) is a normalizing factor of
revised density functions.
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Fig. 2 Models for instantaneous safety analysis of particu-
lar members by Hall (a) and Kudzys (b, c) using
their conventional action effect S, and conven-

tional resistance R, , respectively

The investigations [11, 12] showed that it is not
simple to adopt the presented approach in engineering
practice due to complicated probability distributions of
joint action effects. It would be better to use the revised
conventional resistance of members (Fig. 2, b) the density
function of which may be presented as follows
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where Fy(x,¢) is the distribution function of the extraordi-
nary action effect S =6.S, (¢).

When the extraordinary action effect can be ad-
mitted as the deterministic value S, , the revised density

tr>
function of conventional resistance of particular members
may be treated as a truncated one presented as

fuoy ()= Fi () [1-Fi, (5]

The mean and variance of the revised resistance

(20)

R_, may be calculated by the formulae

Rc,tr,m = Rcm + ;{‘GRC

S 2
'R, =02RC{1+4[1+&J} 1)
' oR.
Here the conversion factor of statistical moments is
S —R S —R
l — ir cm 1 _ @ ir cm 22

where ¢(e) and @(e) are density and distribution func-
tions of standard normal distributions.
When ¢, and ¢, are the design and existing

working lives, the revised survival probability of the mem-
bers during the residual service life ¢, =¢, —¢,, is

)dx

er = P{T 2 tres } = TfRC, ()C, tex) FS ()C, tms

= pub, + (1 —Pu )exp[— ”(l - P, )] (23)

Here P, is the revised instantaneous survival
probability calculated by Eq. (16); n is the recurrence num-
ber of the extraordinary action effect during the period of
time ¢, ; p,, is the coefficient of correlation of cuts of the
random sequence presented by Eq. (7). Standard deviation
of recurrent in due course extraordinary actions may be con-
sidered as constant value. Therefore, this coefficient may be
calculated by the formula

pu=1/(1+0°S/o’R,,,) (24)

where ¢”S and ¢’R_, by Equation (21) are the variances
of the action effect S =6,S, (¢) and member resistance.

When the deterministic joint action effect S,
caused by permanent, sustained and extraordinary loads is
less than the design value of member resistance
R, =R, —-3.10R,, the revised survival probability, practi-
cally, is the same as primary one and the account on trun-
cated distributions is aimless.



3.2. Account of Bayes theorem

When additional information is gathered about the
existing particular members, it might be applied to improve
the prior data on structural reliability of the members using
Bayesian statistics. According to the recommendation pre-
sented in [4, 13], the updated probability of failure can be
expressed as follows:

P{g(6,X)<0(H >0}

5 P{H >0}

=

P[g(6,X)<0|H]= (25)

where g(6,X)=M is random safety margin; H >0 is
the event of inspection or current maintenance results.
Practically, the event H >0 shows a successful withstand-
ing of particular members to service-proven extreme ac-
tions when their resistances at the time ¢, are treated as
deterministic values.

The analysis of Eq. (25) disclosed that it is diffi-
cult to get updated quantitative reliability parameters of
existing members and to present relevant partial safety
factors for deterministic design methods due to some con-
ditionality of the event H >0 and its correlation with the
event g(ﬁ,X) <0 [2,5].

When an extraordinary action effect may be
treated as deterministic proof force S, , two safety margins

o

of particular members at the time ¢, should be considered

as follows
M =06,R-6,S, +S,)-0,S, -6,S, (26)
H:Rk_gg(Sgl +ng)_0qus — Sy @7)

where R, 1is characteristic resistance of the members.

When an indispensable condition H >0 is in force, two
instantaneous survival probabilities of considered members
may be calculated as follows

©

B, =P{M >0}=] f, (x)F,

qe
0

(x)dx (28)

P,=P{H>0}=®(H,[cH) (29)
Here the conventional resistance R, is calculated by Equa-

tion (4), and standard deviation of the function H by
Eq. (27) may be presented in the following form

6H:|:O-2 (HgS81)+o-2 (QgSg2)+0'2 ((9qu5 ):I . (30)

The revised instantaneous survival probability of
existing members may be presented as

B, = Plat > )= Pl >0NH >0}
v P{H > 0}
_ Pl >0lPlH > ojm > of

P{H >0} Gl
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According to the method of transformed conditional
probabilities, Eq. (31) may be rewritten as follows

a,.za{lw(l"’kﬂ (32)

b,

where P, is the survival probability by Eq. (28)
p=p(M.H)=0cH|eM (33)

is the coefficient of correlation between the safety margins
(26) and (27).

The Eq. (32) is in force, when the probability
B, > P, . When the probability P, by Eq. (28) exceeds the

value P, by Eq. (29), the revised survival probability of
existing members is

1
P ~P|1+p —-1
kr k|: /{P” H

The revised survival probability of the members
during their residual service life is calculated by Eq. (23),
where P, is their instantaneous survival probability by
Egs. (32) or (34).

The analysis of revised survival probabilities by
the truncated distribution and Bayes theorem approaches
leads approximately to the same results.

(34)

4, Conclusions

It is rather difficult to predict or give an objec-
tive and quantitative survival probability of load-carrying
existing structures. When unfavourable service-proven
extreme service loads or climate and seismic actions were
fixed during the existing period of load-carrying struc-
tures, their structural safety may be assessed and pre-
dicted rather exactly by engineering probability-based
approaches. The revised values of survival probability of
particular members of the structures during their residual
service life may be analysed by the new conceptions
based on the truncated probability distribution and Bayes
theorem approaches.

Generally, the extreme values of action effects of
particular members of the structures are caused by inter-
mittent rectangular pulse processes of gravity and lateral
actions. Therefore, the performance processes or safety
margins of the members in design practice may be treated
as random sequences the cuts of which correspond to ex-
treme service events and situations.

It is recommended to use the principle of conven-
tional resistance of particular members and the method of
transformed conditional probabilities in the revised analy-
sis of safety margin process and residual instantaneous and
long-term survival or failure probabilities of load-carrying
structures.

The revised survival probability of particular
members of existing structures leads to the correction of
their technical service lives and allows us to avoid both
unexpected failures and unfounded premature repair costs.
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A. Kudzys
ESAMU KONSTRUKCIJU TVERMES TIKIMYBE
Reziumé

Aptariama sudaromyjy (pjuviy, strypu, jungiy) ir
struktiiriniy (sijy, plokséiy, kolony) elementy patikslinta
iStvermés tikimybé kaip patikslintas esamy konstrukeijy
patikimumo parametras. Analizuojami sudaromuyjy ele-
menty sutartiniai atspariai, saugos ribos ir tvermés tiki-
mybés. Nagrinéjama dviejy trikiyjy staciakampiy pulsi-
niy poveikiy jtaka ilgalaikei elementy tvermés tikimybei.
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Rekomenduojama S§ia tikimybe vertinti transformuoty
salyginiy tikimybiy metodu. Patikslintos elementy tver-
més per likusi eksploatacijos laikotarpi tikimybés prog-
nozavimas grindziamas nupjautinio skirstinio ir Bajeso
teoremos metodais.

A. Kudzys

SURVIVAL PROBABILITY OF EXISTING
STRUCTURES

Summary

Revised survival probability of particular (sec-
tions, bars, connections) and structural (beams, plates, col-
umns, slabs) members as a residual reliability parameter of
existing structures is discussed. The conventional resis-
tances, safety margins and time-dependent survival prob-
abilities of particular members are analysed. The effect of
two intermittent rectangular pulse action processes on a
long-term survival probability of the members is consid-
ered. It is recommended to assess this probability by the
method of transformed conditional probabilities. The re-
vised survival probability prediction of the members dur-
ing their residual service life is based on the truncated dis-
tribution and Bayes theorem approaches.

A. Kynzuc

BEPOSITHOCTb BE3OTKA3HOCTU
CYHIECTBYIOIIMX KOHCTPYKIINI

Pes3wome

OO6cyxnaercsi yTOYHEHHas BEPOSTHOCTH 0Oe30-
TKa3HOCTH COCTAaBHBIX (CEUCHHH, CTEp)KHEH, COEIUHH-
Tenel) U CTPYKTYPHBIX (OaJOK, TUINT, KOJIOHH) JIEMEHTOB
KaK YTOYHEHHBIH MapaMeTp HaJeKHOCTH CYIIECTBYIOMINX
KOHCTPYKIMH. AHaIN3UPIOTCA NPUBEICHHBIE COIIPOTUBIIE-
HUSI, TPaHUIB!I 0E30MaCHOCTH M BEPOSITHOCTH JUIUTEIHHOU
0€30TKa3HOCTH 3JIEMEHTOB. PaccmarpuBaercsi BIMSIHUE
JIBYX HMPEPBIBUCTLIX MPSAMOYTOIBHBIX MMYJLCHPYIOIUX BO3-
JIEUCTBUH HAa BEPOATHOCTh JUIUTEIHHOW O€30TKa3HOCTH
3JIEMEHTOB. PeKoMeHayeTcsl OLEHUTh NaHHYI0 BEpOSTHO-
CThb METOJIOM TpPaHC(OPMHUPOBAHHBIX YCJIOBHBIX BEpPOSIT-
HocTel. [IporHo3upoBanne yTOYHEHHOH BEpOSITHOCTH 0e3-
OTKa3HOCTH JIEMEHTOB B TEUEHHE OCTAJILHOTO MEpUOJa UX
SKCIITyaTallid OCHOBAHO HAa IOJXOJaX YCEYEeHHOTO pac-
npeneneHus 1 reopeMsl baiteca.
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