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Abstract. The attention of engineers is turned to the application of precast spun concrete columns reinforced by high-
strength steel bars for office and administrative buildings. The paper discusses a possibility of using the reliability index
approach to designing beam-columns of building frames and analyses resistance criteria for beam-columns of annular
cross sections as compression members with bending moments and bending members with compressive forces. First and
second order effects of beam-columns are considered. The article also presents time-dependent resistance safety margin
and its stationary equivalent and investigates the unsophisticated applied models for probability-based design of frame
beam-columns. The design of a beam-column of the braced frames is illustrated providing a numerical example.
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1. Introduction

The economically and structurally rational precast spun
concrete columns reinforced by longitudinal high-
strength steel bars uniformly distributed throughout their
annular cross sections may be treated as sustained beam-
columns of office and administrative buildings (Kudzys
and Kliukas 2009). High-strength reinforcing steel bars
increase the ductility and capacity of eccentrically loaded
columns due to the redistribution of ultimate compressive
stresses of steel and concrete components of beam-
columns (MacGregor 1988; Kudzys et al. 1993; Kliukas
et al. 2010; Zidonis 2009; Juocevidius and Vaidogas
2010).

The Standards EN 1990 (2002) in Europe and
ASCE/SEI 7-05 (2006) in the USA require that the load
carrying structures of buildings shall be designed with the
appropriate degrees of reliability. However, these stand-
ards are based on limit state concepts and respectively on
the methods of partial safety factors design and load and
resistance factors design. Therefore, some contradictions
in reliability approaches presented in these Standards and
the International Standard 1SO 2394 (1998) on the relia-
bility for structures exist. Practically, the reliability de-
gree of load-carrying structures designed by various na-
tive semi-probabilistic and full-probabilistic limit state
concepts can be markedly different in their values. This
difference depends on the conditionality of mechanical
and statistical uncertainties evaluated and integrated in
design models.

The quantitative reliability indices of particular
members (sections) and structural members (columns,

beams) may be objectively defined and predicted only by
full-probabilistic approaches and models. However, the
recommendations and directions devoted to the issues of
design features of probability-based approaches presented
in the design codes of reinforced concrete structures Eu-
rocode (EN 1992-1 2004) and ACI Committee 318-05
(2005) are not fully formulated. Therefore, any possibility
of engineering and wish for an objective prediction of the
probabilistic parameters of building structures, including
beam-columns, are rather hardly interpreted and used in
design practice (Vaidogas and Juocevi¢ius 2008; Jan-
kovski and Atkocitinas 2008).

In spite of the fairly developed concepts of probabil-
istic reliability design, it is difficult to apply probability-
based approaches in structural safety predictions both of
complicated and not complicated members and their sys-
tems. These approaches may be acceptable to building
engineers only under the indispensable condition that the
probabilistic performances of members may be consid-
ered in design practice using unsophisticated and easy
perceptible manners.

The main task of this paper is to present new meth-
odological formats on the probability-based reliability
predictions of the beam-columns of reinforced concrete
frames subjected to recurrent single and joint extreme
service and climate actions. The paper considers the pos-
sibility of using reliability index design approaches based
on the transformed conditional intersection in engineering
practice and failure probabilities of members and the
stationary processes of their resistance safety margins
using equivalent recurrent extreme service actions instead
of their sustained and extraordinary components.
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2. Resisting Compressive Forces and Bending Moments
2.1. Compression with a Bending Moment

Beam-columns are represented in design state taking into
account their particular members (normal sections). There-
fore, the survival probabilities of beam-columns may be
objectively assessed and predicted only knowing mechani-
cal and statistical parameters of their normal sections.

Modelling the stress-strain state of spun concrete
beam-columns must assess the structural features of an-
nular cross sections reinforced by high-strength steel
bars. According to the interaction diagram Ng —Mpg of
eccentrically compressed spun concrete members, seg-
ments AB and B—C characterize their fully and partially
compressed cross sections (Fig. 1).

Concentrical force N, R

Bending moment Ap

Fig. 1. Interaction N — Mg diagram of eccentrically loaded
annular cross sections

When the action effects of building structures are
provoked only by gravity loads, beam-columns are under
compression with a small bending moment. Modelling
strain and stress distributions in concrete and high-
strength steel bars and the bearing capacity of eccentrical-
ly loaded sections may be based on a plain cross-section
hypothesis and bi-linear concrete strain-stress relation
(Fig. 2).

When eccentricity ratio e/r; <1.0, the ultimate in-
ternal resisting compressive force of annular cross sec-
tions may be expressed as

Rn =Ng z(kcfccAc +kscscAs)rs/(e+rs)!

1)
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where the response factors characterizing contributions of
concrete and steel components to the ultimate resistance
of beam-columns are defined as

ke =1-(0.3¢/r,)/(1+10p), )
@)

foe = Oeetn fo =(1—0.1Ngp /N )0.85-1.7p)fc, (4)

ks =1-0.34¢e/rg ,

is the compressive strength of spun concrete in beam-
columns the cylinder strength of which is f.; Ng and

Ngp are the applied total force and its quasi-permanent
component;

®)

is ultimate compressive stress in reinforcing bars;
p=A;/A; is reinforcement ration; A., Ay and ry are
geometrical parameters taken from Fig. 2.

The mean and variance of response Ry by Eq. (1) are

Rnm = (kcm feemPem + ksmcscmAs)rs /(em + rs) , (6)
2 2
GZRN :(aR—NJ czfcc+[6R—Nj c
2 2 2
(2RNJ ozcsc+(—a§'\'j 62e+(—aRNj 62p+
SR € Jm P )
2 (—6RNJ (—aRN] oA, x6p+
oA ) op ),

e )\ P iy

feem and oy, are taken from

oy =452(1.36+4p) MPa,

()

where k¢,
Egs. (2)-(5);

8f, =0.088+0.00003(70— fgy ),

ksm '

®)
df e = (52 f + o.osz)”2 , 62 fop = (8f oo x feem)® (9)
8A~ 8l =(1.2—1, )/[150(r, — )], 6°A, =(3Ax Ay, (10)

62650 = (6Gsc X G:scm)2 = (0-105 x c;scm)z , (11)
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Fig. 2. Modelling strain and stress distributions in concrete and high strength steel bars based on a plain cross-section hypothesis



Journal of Civil Engineering and Management, 2010, 16(4): 451-461 453

Jec Jse

Jst

Fig. 3. Modelling stresses in concrete and steel bars based on their simplified plastic distributions

e, by Eq. (35), o2e by Eq. (36),

om = A/ A o%p=(n /a2 Fa2a,.  (12)

It must be noted that the coefficient of variation in spun
concrete strength in thin-walled members increases and is

/2
equal to of. = (62 fe +8° fcr)l where components &f,
and of, indicate the effects of concrete mix quality and
reinforcement presence on its value.

2.2. Bending with Compressive Forces

According to Vadliga (1979), the ultimate internal resist-
ing bending moment My of the beam-columns of annu-

lar cross sections (Fig. 3) may be plastic and expressed as
Ry = Mg =1.2r (A g + Ng )x
|:1_ ASI fSt + NE j| ) (13)
Afec+ As(fst + fsc)

For design practice, the mean of this resistance may
be written in the form

Rmm =TomTam/Tim » (14)
where
Tim = Aom feem + As (Fstm + fscm), (15)
Tam =125 (A fom + Nem), (16)
Tam = Aemfeem+ As fsom = NEm (17)

when f.., is defined from Eq. (4); fgm =500 MPa,
fsem =600 MPa; Ng, is joint compressive force pro-

voked by service and climate actions.
The variance of resistance by Eq. (13) is expressed as

2
Tlm

2
2 Tom(Tim =T 2 2 .
6“Ry :{ 2nTim Sm)} X(Acmo' fee + foemo ™A +

2
2 2 Ton(1.2r Ty =T 2
ASO' fsc)+{AS 3m( T52 im Zm):| G fst+
Im

2
Tim

where Kg,, Kk and oy, are taken from

Egs. (2)-(5); 6°f,, by Eq. (9); 6°A; by Eq. (10);

o? fs = (6fs % fstm )2 , o’ fse = (afs x fscm)2 - (19

sm? fccm

12
where  &fy = (62 fs1 +82 fso when  components
ofy =0.09 and ofs, =0.12 define statistical deviations

and uncertainties of right-angled epures of steel bar
stresses.

3. First and Second Order Effects

The first order mean value of the eccentricity of the ap-
plied total compressive force Ng, isequal to

€om = Mogm/Nem (20)

but not less as r, /15 and 20 mm (EN 1992-1 2004).

The second order eccentricity of this force may be
expressed as a magnification of the first order eccentricity
resulting from linear-elastic analysis with redistribution in
which the internal moments are modified with external actions
and without a more explicit calculation of rotation capacity
(EN 1990 2002; Kargaudas and Adamukaitis 2010).

According to EN 1992-1 (2004), the additional ac-
tion effects of reinforced concrete beam-columns may be
estimated by the flexural stiffness method. This stiffness
of slender compression elements with constant cross sec-
tions may be represented as

(El) = K E,l, +Els, (21)
where
K¢ =0.25/1+ D Mog/Mog ), (22)

is the factor for effects of cracking and creep defor-
mations on the overall behaviour of members; Mg and
Mog are bending moments caused by permanent and
total actions; & =1.2-2.0 is the basic creep coefficient of
concrete the value of which depends on its strength class
and dimensions of a cross section of members; E., Eg
and I., Ig are the tangent module of elasticity and the

second moments of the areas of concrete and steel bars.
The mean and variance of flexural stiffness by
Eq. (21) may be expressed as

(EI )m =KemEemlem + Esls (23)
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62(E| )= (KcmEcm)z"zlc + (Kcmlcm)ZGZEc +

(Ecmlcm)ZGZKc’ (24)
where

Kem = 0-25/(1+ QMOGm/MOEm)’ (25)

oK, = [(0-25®M ocm)/ (Mogm + @MOGm)Z]Z x

(62N +02Ng ), (26)

Ecm = 20(0.1f ¢ >3, (27)

6°E, =(0.15E,, )%, (28)

lem =l15 i )/4, (29)

6?1, =(1.20—1,)/[150(r, — 1y )] (30)
I = n(r;‘2 - rszl) 4, (31)

Buckling resistance Ng =2 (El)/12 can be used

as a mechanical parameter in the second order analysis of
members the mean and variance of which are

NBm = 71:(El)m/lgm ) (32)
o’Ng =26 (E1)/12, + [27:2 (EI )m/lg]zczlo, (33)

where (El),, and oZ(EI) are defined by Egs. (23) and
(24); lom =0.75ng and |y, =hg are the effective length

of the columns of buildings with in situ and precast floor
beams; hy is a storey height of a building.

For beam-columns without transverse loads, the se-
cond order eccentricity may be defined by the equation

2

e=go|lt — Lo Jc : (34)
(Ng/Ng -1)

where parameter ¢ =8-12 depends on the distribution of

moments and nz/c is normally a reasonable simplifica-
tion. Therefore, the mean and variance of this eccentricity

are
1
en =€gm| ————— |, 35
" Om(l_NEm/NBmJ ( )

2
cze:|:NE¢e0m2‘| 0'2NB T
(NBm - NEm)

2
{—N 5o 2} o?Ng, (36)
(NBm - NEm)

where Ngp, cZNB and Ngq, czNE are the statistics

of buckling resistance and the total compressive force of
a beam-column.

Design limit states of beam-columns include their
loss of equilibrium and large deformations leading them
to the second order effects. The model of the structural
response of beam-columns reinforced by high-strength
steel bars may be based on linear-elastic (Fig. 2) and non-
linear (plastic) (Fig. 3) resistances.

4. Resistance Safety Margins

According to probability-based approaches, the resistance
safety margin of the particular members of the beam-
columns of buildings is a non-stationary resistance per-
formance process presented as:

Z(t) = g[X(t), 6] =0rR -0 Eg —0q Eq_(t)—
0q, Eq, (1) —6¢|Eg @37

where X(t) and 0 are the random vectors of basic and

additional variables representing mechanical parameters
and their model uncertainties. These parameters include
resistance Ry by Eq.1 or Ry by Eg. (13) and action

effects Eg, Eq , Eq ., E¢ caused by permanent, G,

floor sustained, Qg, and extraordinary, Q., live loads

and climate actions (snow, S, wind, W , loads) (Fig. 4).

Live floor loads vary in time and space in a random
manner (JCSS 2000). The sustained part of these loads in
civil and engineering buildings contains the weight of
furniture and heavy equipments respectively. An intermit-
tent extraordinary load represents all kinds of live floor
loads which are not covered by the sustained load. It is
caused by the crowded rooms during special events and
by mobile equipment during processes in civil and engi-
neering buildings respectively.

The probability distribution of resistance, R, and
permanent action effect, Eg, of reinforced concrete

members is close to normal distribution (Ramsay et al.
1979; Bamnyra 1979; Ellingwood 1981; ISO 2394 1988;
EN 1990 2002; EN 1992-1 2004; JCSS 2000). According
to these international standards, Gaussian or lognormal
distributions may be assumed for sustained actions and
Weibull, gamma or exponential distributions may be used
for extraordinary actions representing non-stationary
processes.

Analogically to traditional standard approaches of de-
sign codes, the probability-based design needs simplifica-
tions of safety margin processes of particular members.

The annular extreme sum of sustained and
extraordinary live action effects may be modeled as a
stationary rectangular wave renewal process described by
Type 1 (Gumbel) distribution (Rosowsky and Ellingwood
1992). The mean and coefficient of variation as well as
variance in this process may be defined as

Eom =Eqm(ti) + Eqm(ti) =Eqm(tj) + Eqm(tj) =

E E
%k Q| (38)

+
Q, Q,
1+ k0.956EQS 1+ k0_956EQe
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Fig. 4. Actual (a) and applied (b) models for a time-dependent safety analysis of particular members

E (2E +6°E )”2
9 Y c
6E = Q = Qs Qe =

EQm EQm
[(5EQS X EQsm)2 + (6EQe * EQem)z]Uz (39)
Eom |
o’Eq = (6Eq x Eqn “0)

where Eq and Eq are the characteristic (nominal)

values of live load components; k8§5 and k8§5 are the

characteristic fractile of their probability distributions;
oEq, and oEq, are the coefficients of variation in these

components.
When Eq , =18.55kN, 8Eq =09, Eq m =12.0kN,

dEq =0.5, Eqm =18.55+12.0=30.55 kN
EQk =65 kN, then according to Eqg. (39), the coefficient

and

of variation in the stationary extreme floor action, Eq, is
equal to

8Eq = [(18.55 x0.9Y +(12.0x0.5)? ]“2 /3055-0.58.

Values Egn =0.47Eq¢ and 8Eqg =0.58 were su-

ggested by Rosowsky and Ellingwood (1992).

Gumbel cumulative distribution is quite appropriate
for the annual extreme snow and wind loads (Ellingwood
1981; JCSS 2000; Vrouwenvelder 2002). The mean valu-
es, coefficients of variation and variances in these load
effects may be expressed as

Eqn = Eg/ (1+ kg_gsaEs), 3E,=03-0.7, (41)
Ewm = Evi/ (1+ k(V,Y%aEW), 8E, =0.2-05, (42)

62E = (3 x Eq (43)

6°Ey, = (3, x Eym ) - (44)

Besides, a coincidence of annual extreme wind and snow
loads is impossible. However, the recurrence number of
joint extreme floor and climate action effects during the
working life t, of beam-columns may be defined as

NQ,cl :tn(dQ "'dcl)}‘chl )
d =ds =14-28 days and

d.) =d,, =8-12 hours are the durations of extreme ac-

(45)

where dg =1-3 days,

tion effects; Lg =1and A¢ =1 are their renewal rates.
Therefore, nos =2.06-4.25 and ng,, =0.18-0.48.

Thus, extreme events arise from extraordinary floor
and climate conditions that usually are not considered
explicitly in the limit state design of buildings. The mean
and variance of stationary bivariate annual extreme action
effects are

Ecm =Eom + Esm O Ecm = Egm + Ewm, (46)

GZEC :GZEQ +62E5 or GZEC ZGZEQ +0'2EW ) (47)

where Eqy,, 6°Eq, Esp, 6°Eg, Eypand o’Ey, are

defined by Egs. (38), (40), (41), (43), (42) and (44).
The combination of short episodic annual extreme
action effects of beam-columns belongs to exceptional
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events when their magnitude can be considerable but the
probability of the occurrence of which is small and rela-
ted to the working time of load-carrying structures. These
action effects help us with rewriting the non-stationary
safety margin by Eq. (37) in the stationary form

Z=0gR—-0gEg —0gEq — 0 Ec) =Rc —Ec, (48)
where
Rc =0rR-6GEG , (49)
is the conventional resistance of beam-columns,
Ec =0gEq +0¢Eq) O Ec =0gEq or Ec =0y Ey,  (50)

is conventional extreme action effects described by Gum-
bel distribution law.

In design practice of beam-columns, additional va-
riables 6 ; may be represented by their probability densi-
ty functions or simply as their means and standard devia-

tions, 0;, and ¢9; (see Section 6).
The means and variances of conventional parame-
ters R, and E. of beam-columns may be defined as

Rem =OrmRm —OemEcm. (51)
6°R, = 04,,6°R+R2620R +0gm6°Eg +
E&mo’0s , (52)
Ecm =6gmEgm *+6ci,mEci,m « (53)
0°E; = 0§m0°Eq + E§m6°0q + 05 m6 Eq) +
ECZmeZGd ' (54)

where R, by Eq.(6) or (14);
Ecm=Mck =Ngke; Eom by Eq.(38), o’Eq by

EGm = NGk or

Eq. (40); E¢m by Eq. (41) or (42), GZEC| by Eq. (43) or
(44).

5. Instantaneous and Long Term Survival
Probabilities

When extreme action effects are caused by two stochasti-
cally independent variable actions, a failure of beam-
columns may occur not only in the case of their coinci-
dence but also when the value of one out of two effects is
extreme. Therefore, three stochastically dependent re-
sistance safety margins should be considered as follows:

ZkQ :RC_EQKQ s kQ =1 2, ... nQ, (55)
chl = RC - ECchl s kCI =1 2, ..., Nel » (56)
Zk = RC — EQ,CLkQ,d , kQ,Cl =1 2, ..., nQ,C| . (57)

The instantaneous survival probability of beam-
columns may be represented by the convolution integral as

Qul

P(Sk) =P(Rc > Ec)= [ fr (Fg ()dx,  (58)
0

where fRC (X) is the density function of their convention-
al resistance.

Ren =0r RN —On NG OF Rom =6g, Ry =6 Mg -

ECITI —X

Fe  (X) =exp| —ex
e ) p[ p(0.77946EC

—0.5772ﬂ . (59)

is the cumulative distribution function for their conven-
tional action effect N¢ =E)NQ Ng +6n, N or
MC :eMQMQ +9Mcl MCl .

The stochastically dependent instantaneous survival
probabilities by Eq. (58) of beam-columns exposed to the
interrupted extreme action effects form series systems
with ng, ng and ng ¢ elements. It is impossible to
avoid the complicated intersections of recurrent survival
events characterized by these elements. Therefore, the
estimation of the long term safety of structures is connec-
ted with some methodological and mathematical impro-
vements.

Improved computational methods are based on im-
portance and conditional sampling procedures (Mori and
Ellingwood 1993), direction simulation approaches (Dit-
levsen 1997), the variable-complexity approach (Burton
and Hajela 2003) and equivalent extreme-value events (Li
et al. 2007). These improvements help researchers with
reducing  sophisticated computational  procedures.
However, they are inconvenient for structural designers
and therefore not effective to translate them into everyday
design reality.

The prediction of the long term survival probability
of beam-columns may be based on the concept of trans-
formed conditional probabilities (Kudzys and LukoSevi-
¢iené 2009; Kudzys et al. 2010). Since the model of a
series system consists of equireliable and equicorrelated
elements, the long term survival probability of a beam-
column may be presented as

n-1
P(Tztn):P”(Sk){1+pf<‘|[%k)—lﬂ . (60)

where P(Sy) is defined by Eq. (58); pp| is the correlation
factor of a series system the bounded index of which is

0.5 2 0.5py
45 ] 1-P2(Sy) 6
1-0.98py 1—Pn(Sk)

X= P(Sk)[

The coefficient of system element correlation is

_Cov(zy,2y) _ 1
6Z, x6Z; l+62Ec/62Rc

: (62)

where o%E, is defined by Egs. (54) and ¢°R., — by
Eqg. (52).
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The prediction of the probabilistic reliabilities of
beam-columns should be based on the reliability index
approach. Their generalized reliability index may be int-
roduced as

ﬁ(T 2t, ) = (I)il[P(T 21, )] ’ (63)

where ®(e) is the cumulative distribution function of
standard normal distribution tabulated in statistic texts;
P(T >t,) is probability defined by Eq. (60). For persis-
tent design situations during t, =50 years, the target
value of reliability index Br(T >t,) for the beam-

columns of residential, office and public buildings is
equal to 3.8 (EN 1990 2002).

When the action effects of beam-columns are pro-
voked only by permanent loads, G, the resistance safety
margin of these structural members may be expressed as
Z =R =0gR—-0gEg . In this case, the reliability index
of beam-columns may be defined as

pe =@ [P(Rc > 0)]=Rom/oRc .

where the statistics of their conventional resistance, R,
is defined by Eqgs. (51) and (52).

(64)

6. Numerical Ilustration
6.1. The Parameters of Analysis

Consider the reliability indices By and ), of the spun
concrete beam-column of the braced two-storied frames of
Reliability Class RC2 (Fig.5) designed by directions EN
1990 (2002) and ASCE/SEI 7-05 (2006), (Kudzys and Kliu-
kas 2009).

The means and variances of compressive forces and
the first order bending moments are as follows:

Ngm = Ngx =612 kN, 6°Ng =(0.1x612)° =3745 (kN)?

Mogn = 28.8 KNm, 6°Mog =(0.1x28.8)* =8.29 (kNm)?

457

Nom =0.47Ng =30.55 kN, 6°N, =(0.58x30.55)° =
314 (kNm)?

Mogm =7.64 KN, 6°M o =(0.58x7.64)° = 19.64 (kNm)*;
Ngm = Ngi /(L+ Ko 0g8Ng ) =12.19 kN;

6°Ng = (0.5x12.19)* = 37.2 (kN)%;

M osm = 1.52 kKNm, Mg = (0.5x1.52)” = 0.58 (kNm)?;

Ng, =612 + 30.55 + 12.2 = 654.75 kN, 6°N =3745 +
314 + 37.2 = 4096.2 (kN)%;

Mg, =28.8 + 7.64 + 1.52 = 37.96 kNm, 6°My =8.29 +
19.64 + 0.58 = 28.51 (kNm)Z.

The geometrical parameters of the beam-column can
be expressed as

lom =3.0m, 8l, =0.1, ¢°l, = (0.1x3.0) = 0.09 m?,

r, =015m, r,, =009 m, r, =0.12m, A, =0.04524 n?’,
As =0.00181 m* (162512), A, =0.0434 m?;

pm =00417, 1, =7(rf — 1t )/4 =346x10° m",
I =n(rd —rd)/4=13x10° m",

8A, ~ 8l = (1.2 —r,)/[150(r, — 1y )] = 0.1167,

62 A, =(0.1167x0.0434)?= 25.65x10 ° m",

6’1 = (0.1167x346x107°)? = 0.00163x10° m?,
6’p= (A%/Afm) 62A, =24.65x10°°.

The parameters of spun concrete C50/60 are given by
fy =50 MPa, a, =0.85—-1.7p,, =0.779,

Olem =1—0.1Ngp /Ng, =0.9065, f, =58 MPa,

YL LNy R
G+ Qg
e _——
Gy Q=Q+ Q.
b4 4 D AL LT LY
( Nc}l) < < < Ng
7777 77 777 TOT 2T 7L 7J77'
a) b) c)

Fig. 5. Compressive forces Ng, Ng and Ng caused by permanent (a) and variable extreme floor (b) or snow (c) loads
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of, =0.088+3(70 - fy )* x107° =0.10,

of . =(0.10%+ 0.08%)"?=0.128;

foom = OlogmOp fom =40.96 MPa,

6% fy = (8 x fon )? = 27.49 (MPa)%

Eem =20 (0.1f, )% =33.89 GPa, 6%E, =(0.15x33.89)%=
25.84 (GPa)>.

The parameters of reinforcing high-strength cold
worked bars are

foox =800 MPa, G, = 452(1.36 + 4p,, ) = 690 MPa,
620, =(0.105x690)% = 5249 (MPa),

of =(0.09% +0.12%) = 0.15, fg, =500 MPa,

62y =(0.15x500)% = 5625 (MPa)?, f.., =600 MPa,
o2 f,. =(0.15x600) = 8100 (MPa)>.

The statistics of additional random variables are:
Onm =Oum = 1.0 and 60, =0.05, 60y, ~0.10 for

action effects and 6g ,, =0.99, o6y =0.08 and
Brym =1.0, 6bg, =0.14 for the resistance of the com-
pression and flexural members of the analysed annular
Cross sections.

6.2. Second Order Effects

According to Egs. (25) and (26), the mean and variance
of the stiffness factor are

Kem = 0.25/(1+1.7 x 28.8/37.96) = 0.1092

6°K = [(0.25><1.7 x 28.8)/(37.96 +1.7x 28.8)2] ? x
(8.29 + 28.51) = 9659 x 10°°.

Therefore, the statistics of the effective flexural stiffness
of a beam column considering Egs. (23) and (24) are

(El),,, =0.1092 x 3.389 x 10" x 3.46 x 10+ 2-10° x
1.3 x 10°= 3.88 MN?’,

62 (El) =(0.1092 x 3.389 x 10%)*x 0.163 x 108+
(0.1092 x 3.46 x 10 x 0.2584 x 10°+

(3.389 x 10% x 3.46 x 10 %)*x 9659 x 10 8=
0.07247 (MNm?)?,

According to Egs. (32) and (33), the mean and vari-
ance of buckling load are

Ng, =’ x3.88/3.02 = 4.255 MN,

62Ny = 2 x0.07247/3.02 + (22 x3.88/3.0°
0.09=0.8037 (MN).
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The first order mean value of the eccentricity of
joint compressive force is

€om = 37.96/654.75 = 0.058 m.

Thus, the statistics of the second order eccentricity
according to Egs. (35) and (36) are

e, = 0.058[1/(1—0.6547/4.255)] = 0.06855 m,

2 0.6547 x 0.058
G €= >
(4.255 - 0.6547)

4.255%0.058
(4.255-0.6547)

2
} 0.8037 +

}4.096 x107° =8.384x107% m2

6.3. Beam-Column as a Compression Member

The mean values of the response factors of member com-
ponents taking into account Egs. (2) and (3) are

Kem =1-0.3x0.06855/(0.12x1.417) = 0.8791,
Kgm =1—0.34x 0.06855/0.12 = 0.8058.

Then, according to Eqgs. (6) and (7), the mean and
variance of beam-column resistance are

Ry = Ngy = (0.8791x0.0434x40.96+0.8058x0.00181x
690)0.12 / (0.06855+0.12) = 1.6351 MN,

6?Ry, = (0.8791x0.0434x0.6364)°x27.49+(0.8791x40.96x

0.6364)°x25.65x10%+(0.8058x0.00181x
0.6364)*x5249+(40.96x0.0434x1.2117+1.34x
690x0.00181)3.3754)%x 8.384x10 *+
(1.6782+0.9656)°x24.65x10%+2(0.1161x
0.01488+0.06725x0.01488)=0.04122 (MN)?.

According to Egs. (51)—(54), the means and vari-
ances of conventional resistance, Rgy , and extreme ac-
tion effects are

Ren = 0.99x1.6351-1.0x0.612=1.0067 MN,

6°Rey = 0.99°x0.04122+1.6351%x0.0064+1.0°x3745x10 °+
0.612°x0.0025=0.06222 (MN)?;

Ngm = 1.0x0.03055=0.03055 MN,
6°Ng = 1.0°%3.14x10 *+0.03055°x0.0025=316x10 ° (MN)?;
N, = 1.0x0.0122=0.0122 MN,

6°Ng =1.0°x37.2x10°+0.0122%x0.0025=38x10"° (MN)?;

Ngsm =0.03055+0.0122=0.04275 MN,

6°Ngs =316x10 *+38x10 °=354x10° (MN)’.
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According to Eq. (62), the coefficients of the corre-
lation of the cuts of safety margins Zqy , Zgy and Zggy

are pg =0.99495, pg =0.9994 and pog =0.99434.

The reliability parameters of beam-columns are pre-
sented in Table 1. Because coefficients
PQ ~Ps *pPgs *1, index By =3.78 may be treated as

the basic parameter the value of which is close to target
reliability index B, =3.80 (EN 1990 2002).

6.4. Beam-Column as a Bending Member

According to Egs. (15), (16) and (17), the means of bend-
ing resistance components are

Ty, =0.0434x40.96+0.0181(500+600)=3.7687 MN,
T, =1.2x0.12(0.00181x500+0.6547)=0.2246 MNm,
T = 0.0434x40.96+0.00181x600-0.6547=2.209 MN.

Thus, according to Egs. (14) and (18), the mean and
variance of beam-column resistance are

Rym = Mgn = 0.2246 x 2.209/3.7687 =0.1316 MNm,

6’R, = [0.2246 (3.7687 - 2.209)/3.76872] “x

(0.0434%x27.49+40.96°%25.65x10 °+0.00181%x
8100)+ [0.00181x2.209(1.2x0.12x 3.7687—
0.2246) / 3.7687°]°x5625+[(1.2x0.12x
2.209-0.2246) / 3.7687]°x4096x10 °=
121.4x10°° (MNm)?.

The statistics of the second order bending moment
components from Egs. (53) and (54) are

Mg, = 1.0x0.612x0.06855=0.04195 MNm;
6°M =(0.10x0.04195)?=17.6x10 ® (MNm)?,

6%(0y Mg ) =1.0°x17.6x10 °+0.04195°x0.01=
35.2x10 ® (MNm)?;

Table 1. Parameters of beam-columns as compression members
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M om = 1.0x0.03055x0.06855=0.002094 MNm,
6°Mg, =(0.58x0.002094)?=1.475x10 ° (MNm)?,

62 (019 Mg ) = 1.0 1.475x107°+0.002094%<0.01=
1.518x10° (MNm)%;
M gpy = 1.0x0.0122x0.06855=0.000836 MNm,

6°Mg =(0.50x0.000836)°=0.174x10"° (MNm)?,

6%(0y M ) = 1.0°%0.174x10 °+0.000836°x0.01=
0.181x10°° (MNm)%;

M gsm =1.0x0.002094+0.000836=0.00293 MNm,

62 (00 M gs ) = 1518x10°°+0.181x10 °=1.699x10°° (MNm)’.

According to Eq. (62), the coefficients of the corre-
lation of the cuts of safety margins Z,y , Zgy and

Zaosm are  pqg =0.99697, ps =0.99964  and

The reliability parameters of beam columns are pre-
sented in Table 2. The reliability indices are very close to
their values given in Table 1. Because the eccentricity
ratio of compressive force e/r, = 0.06855/0.12 = 0.57<1,

the considered beam-column may be treated as a comp-
ression member the generalized reliability index of which
is equal to 3.78 (see Table 1).

It is called reader’s attention to the values of the re-
liability indices of beam-columns exposed only to perma-
nent compressive forces and bending moments. Accor-
ding to Eq. (64), the reliability indices of the considered
beam-columns are equal to

Boy =1.0067/1/0.06222 = 4.04,
Bey = 0.08965/4/0.00469 =4.03.

Renm 6°Rey Extreme | Recurrent Nem 6°Nc P(Rey > Ne)b | P(T>t,) | Bu(T >t,)
by 51, | by(s2) | O | MM by (53) | by (se) Y (58) by (60) | by (63)
MN (MN)? Y (45) MN (MN)?
Q 50 0.030 55 316x10°° 0.999 952 0.999 921 3.78
1.0067 0.068 60 S 50 0.012 20 38x10°° 0.999 966 0.999 963 3.97
Q+S 4.25 0.042 75 354x107° 0.999 942 0.999 932 3.82
Table 2. Parameters of beam-columns as bending members
Remm | 6?Rey Extreme | Recurrent Mem 6*M¢ PRem >Mc) | P(T=t,) | Bu(T >t,)
by 61 | by(s2), | “UO | MM | by(3). | by (sa), by (58) by (60) | by (63)
MNm (MNm)? y (45) MN (MN)?
Q 50 0.002 09 1.518x107° 0.999 957 0.999 938 3.84
0.089 65 | 0.000 496 S 50 0.000836 | 0.181x107° 0.999 967 0.999 965 3.98
Q+S 4.25 0.002 93 1.699x107° 0.999 949 0.999 944 3.86
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These values exceed the generalized reliability
index By (T >t,)=3.78 not much. It shows that the

variable actions of residential, office and public low rise
buildings with reinforced concrete floors may only slight-
ly decrease the structural safety of columns.

7. Conclusions

The resistance concept of spun concrete beam-columns
may be based on their ultimate resisting compressive
force or resisting bending moment values. Therefore, the
structural safety of these members may be assessed and
predicted by the generalized reliability index By (T >t,)

or By (T >1,) from Eq. (63) respectively.

The non-stationary time-dependent resistance safety
margin of building beam-columns is closely related to
their action effects provoked both by live floor and cli-
mate actions. Instead of the sustained and extraordinary
components of live floor loads, it is expedient to use their
annual extreme sums in probabilistic design practice. The
mean and variance of joint annual extreme action effects
are expressed by Eqgs. (38) and (40). Live and climate
(wind and snow) annual extreme actions effects modelled
by Type 1 (Gumbel) distribution help engineers with
expressing the resistance safety margin of building beam-
columns as a stationary process.

The reliability levels of beam-columns designed by
limit state and probability-based approaches were compa-
red. Regardless of methodological features, both limit
state design methods EN 1990 and ASCE/SEI 7-05 lead
to the same design results and are confirmed by the relia-
bility index values. The reliability index approach based
on the transformed conditional probability concept opens
quite realistic design formats in the long term structural
safety prediction of beam-columns and other structural
members.
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TIKIMYBINIS SIJINIU KOLONU IS CENTRIFUGUOTOJO BETONO PROJEKTAVIMAS
A. Kudzys, R. Kliukas
Santrauka

Atkreiptas inzinieriy démesys j didZiastiprio plieno strypais armuoty sijiniy kolony i§ centrifuguotojo betono naudojima
jstaigy ir administraciniuose pastatuose. Aptarta galimybé projektuojant pastato rémo sijines kolonas taikyti patikimumo
indekso btida. Analizuojamas sijiniy kolony kaip lenkiamai gniuzdomy ir gniuzdomai lenkiamy ziedinio skerspjiivio ele-
menty atspario kriterijus. Nagrinéjamos sijiniy kolony pirmosios ir antrosios eilés jrazos. Pateiktas laike kintantis ribinés
saugos atsparis ir jo stacionarusis ekvivalentas. Tyrin¢jamas nesudétingas taikomasis modelis rémo sijiniy kolony ti-
kimybiniam projektavimui. Skaitiniu pavyzdZziu iliustruojamas stabilizuojamy rémy sijinés kolonos projektavimas.

ReikS§miniai ZodZiai: centrifuguotasis betonas, rémai, antrosios eilés jraZos, ribiné atspario sauga, patikimumo indekso
skaiCiavimas.
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