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1. Introduction

The concrete-filled steel tubes obtain the wide ap-
plication in construction practice. Eurocode 4 [1] presents
design directions and recommendations only for the mem-
bers the circle whether rectangular or square steel tubes of
which are supplied with solid concrete cores. The research
results carried out by Kvedaras et al. [2 - 4] illustrated a
great structural efficiency of tubular composite members of
annular cross-sections. The steel tubes with spun concrete
cores, for which the self-regulating resistance property is
characteristic, are economically and structurally rational
composite structures for works, equipments and buildings.
However, the structural performance and reliability of a
new type of hollow concrete-filled circular steel tubular
members are investigated not well enough.

The initial experimental data show greater than
stub members’ efficiency for slender differently loaded
structures although such results are in some contradiction
with limitation of Eurocode 4 allowance. Such and other
code features come to light in design stage and safety as-
sessment processes of new type composite structures. A
lack of experimental and theoretical research results ham-
pers the development of deterministic and probabilistic
analysis methods of composite members. In some cases it
can lead to groundless overestimation or underestimation
of the reliability of designed and executed structures.
Therefore, it is urgent matter analysing their robustness
and structural safety both by deterministic ultimate limit
state and probabilistic safety methods.

Time-variant extreme loadings of structures be-
long to persistent design situations in spite of the short
period of extreme events being much shorter than the de-
signed their working life. Using traditional deterministic
approaches, it may be impossible or difficult to give objec-
tive and quantitative parameters for composite member
reliabilities. It is expedient to base a reliability analysis on
the probabilistic concept of life span assessment [5].

Probabilistic analysis of composite structures may
be inevitable in cases when their effects of actions are caused
by extreme recurrent service and climate loads. However, an
estimation of effects of recurrent variable in time extreme
actions on long-term safety of high-reliable tubular composite
structures is connected with some methodological and
mathematical features.

The object of this paper is turning an attention of en-
gineers and researchers on the rationality of tubular composite
steel and concrete members and expedience to appraise their
long-term structural safety by the probabilistic methods.

2. Peculiarities of tubular composite members
2.1. Peculiarities of material properties

The self-regulating resistance property is charac-
teristic for the tubular composite members. Because of the
interaction between a steel tube’s and a spun concrete con-
tact surfaces occurring during coaxial compression is call-
ing an increase in compressive strength of both compo-
nents and of the robustness of the whole such composite
members (Fig. 1).

The statistically-based assessment of the increased
resistances of steel and concrete elements allows assessing
and predicting the probabilistic safety of the tubular compos-
ite structures exposed to diverse action situations.

The theoretical and experimental description of the
interaction between these components is under discussion.
Usually an approach of this description is based on the postu-
lates of the mathematical theory of elasticity and of the theory
of plasticity of small elastic-plastic deformations and takes
into account different values of Poisson’s ratio. Homologous
definition of the strain criteria allows an exact definition of the
robustness of composite steel-concrete members evaluating
their increase against the criteria determined by superposition
of the resistances of member components.

The structural behaviour of hollow concrete-filled
circular steel tubular members under axial compression is
more complicated than that of composite members with
solid concrete cores. The resistance analysis of annular
cross-section members may be based on the postulates of
the theory of plasticity. From the generalized Hooke’s law,
the normal ultimate stresses of both media — external steel
shell and internal concrete core — have to be expressed by
[6] the formula

o, =(43)E, (¢, +ve.) (1)

where E, is the secant modulus of elasticity;

&, = 0.5(52 +,[3i5§, -&’ 'j and ¢, = (0. —0.50,)/E, are

the ultimate values of longitudinal and tangential strains,
respectively.

Because of the assumed equality of biaxial stress
state in steel shell and in concrete core [6], the ultimate value
of the generalized strain ¢, =1.50, / E, will be the same for

both materials. Thus, the ultimate normal stresses of steel o,

and concrete o, defined from Eq. (1) represent the modified
values of the steel and concrete resistances
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Fig. 1 Diagramatic sketch of axial actions on the hollow composite member (a), steel tube (b) and hollow concrete core

(c): shape and dimensions of hollow cross-section (d)
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Fig. 2 Efficiency factor K (a) and ratio R, /R, (b) versus steel contribution factor & = f’ VA4, / flA,

f;l = O-ax = naf:v and j(c = O-CX = 77"'](;’ (2)

where #,=1.07 and #, =132 are the mean values of con-
straining factors as random variables values characterizing the
interaction effect of member components on its load-carrying
capacity; f, and /. are the values of steel yield and concrete
specified compressive strengths, respectively. When the
thickness of a steel tube is less than its ultimate minimum, the
critical strength f,, has to be used instead of f, According
to Lundberg and Galambos [7] and Raizer [8], the random
variables of concrete-filled tube compressive resistance com-
ponents f, and f, may be assumed as normally distributed.

2.2. Limit state criteria under axial and eccentric compression

The ultimate resistance of an annular cross-
section of composite tubular members under axial com-
pression may be introduced by the expression

R=0c,4,+0, A,

ax““a ox c:ﬂlAu+f;Ac:

=n.f,4,+n.f!4, 3)

where A4, and A, are the areas of steel and concrete cross-
sections, respectively.

The mean and variance of this resistance distribu-
tion respectively are

Rm = fam Aam + fcm Acm = nam fym Aam +}7c‘m f’cm ACln (4)

2 2 2 2 2 2 2 2 2
o R:Aamo. fa+fam6 Aa+Acmo. fc+ cmo. Ac =

= (Ao V&1, + 0 f o F A, +(f0 A, F ™0, +

Acording to the experimental investigations car-
ried out in the Department of Steel and Timber Structures
of Vilnius Gediminas Technical University, the mean and
standard deviation of the ratio of trial and calculated by
Eq. (4) resistances are: 6, =R, /R, =1.005~1.0 and

060, =0.0485~ 0.05 . These values may be treated as the

statistical parameters of additional random variables repre-
senting the resistance model uncertainty.

The rationality of tubular composite members un-
der compression demonstrates the efficiency factor
K,=R, (f A, + fC'AC) the mean value of which was

equal to 1.17 (Fig. 2).

The strength analysis of composite steel concrete
beam-columns as eccentrically loaded members is carried
out by the formula

—+2%<

u

(6)

u

where N, and M, are the ultimate values of axial internal
force and bending moment, respectively; N is an acting
axial force; e is its eccentricity.

An ultimate value of axial internal force N, as a
member ultimate resistance is

N,=n.f,4,+1.f. 4, (7)

The statistical moments of this force are calculated by Egs. (4)
and (5).

According to Kvedaras [9], the ultimate value of
bending moment M, is defined as follows
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where f, is the strength of external shell’s steel calculated
by the formula:

Jo=5LW, /W ©)

where W, W, are the elastic and plastic sectional moments
of steel tube, respectively; e, is the ultimate value of an
eccentricity of a longitudinal force N, which is close to a
radius of cross-section core.

The mean and variance of bending moments by
Eq. (8) may be calculated by the formulae

Mum = B nanz]“ym Aam (10)

2 2 2 2 2
c Mu = (BﬂamAam) c fy + (B numfym) c Aa +
+(Bf‘ymAam)26277a (11)

where B=e,W,/W is the geometrical parameter of a cross-
section as its deterministic value.

According to Eq. (6), the cross-section resistance
of hollow concrete filled steel tubular beam-columns may
be defined as

1 e
i

where the components N, by Eq. (7) and M, by Eq. (8).
3. Time-dependent safety margin

The time-dependent safety margin of particular
members (sections) may be defined as their performance
process. According to Melchers [5] and JCSS [10], the
safety margin may be expressed as a random process

Z(t) = g[X(0),0] = O, R(1) = 0,5, (1) - 6,5,(1)  (13)

where R(f), S,(t) and S, (¢) are the stochastically inde-
pendent component processes associated with resistance
and loading specific features (Fig. 3).

The compressive resistance of members is

R(t)zR fj‘v,‘,(r)dr R Ry —vt 14)

where v, (7) is the rate of resistance decrease induced by

ageing and environmental aggressive actions; the action
effects S, and S, (¢) are caused by permanent p, and vari-
able v, actions including time-variant transient episodic
and recurrent ones. The additional random variables & rep-
resent the uncertainties of calculation models including
uncertainties of their probability distributions. These vari-
ables may be modelled whether by the density functions or

simply as their means (0g,,,0,,,0,,) and standard devia-

tions (66,,60,,60,).
According to Ellingwood [11], Raizer [8] and
Eurocodes [1, 12, 13], the permanent action effect S, (¢)
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Fig. 3 Dynamic model for safety analysis of particular
members

can be described by normal distribution law. Therefore, for
the sake of design simplifications, it is expedient to present
the Eq. (13) in the form

Z(H)=R.(1)-S() (15)
where the component process
R (1) = OxR(1)-0,S (1) (16)

may be treated as the conventional member resistance
which may be modelled by normal distribution irrespective
of the fact that a distribution of the resistance R(#) by
Eq. (14) may only be close to this distribution [14];
S(@)=06,S,(¢) is the variable action effect process in-
duced by extreme service live, ambient temperature or cli-
mate actions.
The means and variances of the probability distri-
butions of random functions R, and S (Fig.2) are
R, =6,R -6 S 17

Rm**m pm*™~ pm

o’R.=0; c°'R+R.c°0, +9;m02Sp +S;m026p (18)

SV’I = 9V)7'ISV”'I (19)
¢’S=0.6"S,+5.6°0, (20)

where R, by Eq.(4), o°R by Eq.(5), S,,.0°S, and

S

tance and action effects.
The member resistance R(¢#) and permanent action

o’S, are the means and variances of member resis-

vm?

effect S, (¢), usually, represent fixed stochastic and station-

ary processes. Their numerical values are random functions
only at the beginning of the process In their other cuts, the
values of R(7) and S ,(¢) changes according to deterministic

laws.

The sustained and extraordinary components of
occupancy live loads are modelled as time-variant sto-
chastic processes. According to Rosowsky and Elling-
wood [15], the annual extreme sum v of these compo-
nents can be modelled as an intermittent rectangular wave
renewal process and described by a Type 1 (Gumbel)
distribution with the coefficient of variation ov=0.58
and mean equal to 0.47 v, , where v, is its characteristic

value. According to JCSS [10] and Vrouwenvelder [16]



recommendations, the annually recurrent short-term ex-
treme action effect S, may be assumed to be exponen-
tially distributed.

It is proposed to model the annual extreme cli-
mate (wind and snow) actions by Gumbel distribution law

with a mean equal to v, /(1+k,40v) ,where koog is the

characteristic fractile factor [8, 10, 11, 16 - 18]. The coef-
ficients or variation of wind forces and snow loads depend
on the features of geographical area and are v, =0.3-0.5
and dv, =0.5-0.7, respectively. It should be expedient to

use this distribution law for extreme stresses caused by
ambient temperature actions.

4. Structural safety prediction
4.1. Instantaneous survival probability

The time-dependent safety margin (15) may be
treated as a random sequence and written as

Z,=R,-S,, k=12 3,..,r-Lr 21
where R, =0,R, -0,S, and S, =0,S, are the con-

ventional member resistance and variable extreme ac-
tion effect at the sequence cut & the probability distribu-
tions of which are normal and exponential or of the
Type 1, respectively; r is the number of extreme action

effects during design working life 7, of the member
(Fig. 3).
When R, and S, are independent, the instanta-

neous survival probability of members at any cut & of their
safety margin sequences, assuming that they were safe at
time less than ¢, may be calculated using the formula

P, = P(Z, >0)= [ f,, (OF, (x) dv 22)

where f;, (x) is the density function of the conventional

resistance R, ;

F, (x)= exp|:—exp [M— 0.5772]} (23)

0.779%4¢ S,

is the Gumbel distribution function of the extreme action
effect S, the mean and standard deviation of which are
S, and ¢S, .

When the extreme action effect S, is distributed
by exponential law, the probability (22) may be calculated
by the analytical formula

R R ’R
P =1-®| —L" | _exp fﬂ+0.562 £ Ix
oR, oS,

R
x| 1=®| - ck,m +6Rck
oR, oS,

where the means and variances of the random functions R
and Sj are calculated from Egs. (17)-(20).
4.2. Long-term survival probability

km

24)

The time-dependent survival probability of
members as series systems may be calculated using the
numerical integration and Monte Carlo simulation meth-
ods. The cuts of the random sequences of safety margins
must be considered to be statistically dependent. How-
ever, it is more reasonable to use the unsophisticated ana-
lytical method of transformed conditional probabilities.
When the conventional resistance of members is non-
stationary process, their long-term survival probability
can be written in the form

P = P{h(Zk > 0)} ~ I:!Pk {l-t—pf__l [PL—le,

k=1 r—1

fonlt]

where p, =p(Z,,2,)=Cov (Z,,2,)/(6Z, x6Z,) is the
coefficient of auto-correlation of random safety margin
sequence cuts the transformed value of which is

Cov(Z,,Z))

(25)

and ¢Z,,06Z, are an auto-covariance and standard devia-
tions of these cuts, respectively; P, is the instantaneous
survival probability by Egs. (22) or (24).

When the member conventional resistance may be

treated as stationary process, the expression (25) obtains
the following form

r—1

P, = Pkrl:l+p21[%_lj:|
[

The probabilistic analysis of structures sub-
jected to two stochastically independent variable ex-
treme actions is presented by Kvedaras and Kudzys [19,
20]. This analysis is based on the fact that a member
failure may occur not only under joint action effects but
also when the value of one out of two actions is ex-
treme. For the practical sake, it is recommended to use
the conventional bivariate distribution of two extreme
action processes.

(26)

The survival probability of member P., may be
introduced by the generalized reliability index
p=o"'(P,) 7)

where @~'(P.) is the inverse of the standard normal dis-
tribution variable tabulated in statistics texts.

According to Eurocode 1 [12], for an ultimate
limit state design of structural members the minimum val-
ues for the reliability index during 50 years reference pe-
riod are: S, = 3.3, 3.8 and 4.3 when the reliability

classes are RC1, RC2 and RC3, respectively.
4.3. Numerical illustration

The annular cross-section of not deteriorating
composite members of reliability class RC2 is exposed to
permanent and extreme snow axial compressive forces the
characteristic values of which are: N, =900 kN and



N, =174 kN. The means and variances of these forces
are:
N,, =N, =900 kN, ¢°N,=(0.1x900)" =8100 (kN)*;
N,, =174/(1+2.592x0.5)="75.78 kN,
6>N, =(0.5x75.78)" = 1435.8 (kN).

The design axial force is:
N, =y,N, +7,Ny =1.35x900+1.5x174=1476 kN.

pk
The means and coefficients of variation of steel
and concrete cross-section areas are: A _ = 0.0042 m’;

am

84, =0.03; A, =0.024 m* 84, =0.15. The parameters of
steel and concrete strengths are:  f), = 235 MPa;
Sfom =262MPa;  &f, =0.07, n,=103 n,=107:
67,=0.05, f,=30MPa; [ =40MPa; d&f, =0.20;

n, =1.15; n, =1.32; 8n.=0.05. The probabilistic pa-
rameters of material components are: f,, =7,,f,, =
=280.4 MPa;  ¢’f, =581.8 MPa)’;  f, =n,f =
=52.8 MPa; ¢ f, = 118.5 (MPa)’.

According to Egs. (4) and (5), the mean and vari-
ance of composite member resistance in compression are:
R, =280.4 x 0.042 + 52.8 x 0.024 = 2.445 MN,

62 R = 0.0042% x 581.8 +280.4* x 1.5 x 10+ 0.024> x 118.5 +

+52.87%12.96 x 10°=0.1158 (MN)~
The design resistance of the cross-section is:

Ry =1y f A /7a + 0, S Am]7. =14T6 kKN is equal to
design axial force.

Thus, the requirement of partial factor design
R, > N, is satisfied.

The means and standard deviations of additional vari-
able are: 6,, =6,, =0,, =1.0, 66, =0.05, ¢6,=06,=0.10.
According to Egs. (17)-(20), the means and variances of random
functions R, =6,R—0,N, and N =0,N; are: R, =2.445—
—0.90=1.545kN, 6°R, =0.1158 +2.445% x 0.0025 + 0.081 +

+0.90° x 0.01 = 0.147 (kN);; N, =0.0758 kN, 6> N = 14.36 x

x 10°+0.0758% x 0.01 = 14.93x10° (kN).
According to Eq. (22), the instantaneous survival
probability of the members is: P, =0.999926. The coeffi-

cient of auto-correlation of the safety margin sequence cuts
is: p, = 1/(1+0'2N/0'2R(,)= 0.99. According to Eq. (25),
the long-term survival probability of members for 50 years
reference period is

49

p =P {1+ pi,[%—lﬂ =0.99982
k

Therefore, the reliability index g is equal to

3.57. The slight difference from the target value
B =3.80 may be explained by increased uncertainties

of spun concrete properties. Therefore, when a load-
carrying capacity of the members is verified by the de-
terministic ultimate limit state method, the partial factor
for spun concrete resistance should be increased to 1.6.

5. Conclusions

A homologous definition of the strain criteria for
the limit state versions helps us to assess the resistance of
tubular composite steel-concrete members subjected to
axial and eccentric compressive forces in a simple engi-
neering manner.

Inhomogeneity in a performance of tubular com-
posite members is caused by features of their random ro-
bustness characteristics and load effects caused by extreme
recurrent service, ambient temperature and climate actions
as intermittent rectangular wave renewal processes. There-
fore, the structural safety of these members may be objec-
tively predicted only by probability-based approaches.

It is recommended to calculate the instantaneous
and long-term survival probabilities of the members using
respectively Egs. (22), (24) and (25), (26) based on unso-
phisticated concepts of random sequences, conventional
resistances and transformed conditional probabilities. For
the sake of analysis simplifications, it is expedient to use
the Gumbel distribution not only for annular extreme cli-
mate action effects but also for stresses caused by extreme
live and ambient temperature actions.

The numerical example illustrates that it is expe-
dient to increase the partial safety factor for spun concrete
resistance to 1.6 when a load-carrying capacity of tubular
composite members is verified by the deterministic ulti-
mate limit state method.

The presented investigations on the compressive
bearing capacity and structural safety of circular steel tubes
with spun concrete will help engineers to use in practice
new pre-cast composite steel and concrete structures not
included in Eurocode 4.
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A. Kudzys, A.K. Kvedaras

VAMZDINIU KOMPOZITINIU ELEMENTU
KONSTRUKCINIO ATSPARUMO IR SAUGOS
TYRIMAS

Reziumé

Aptariamos betono pripildyty plieniniy vamzdziy
teigiamybés ir tinkamumas konstrukcijose. Analizuojamas
biitinumas istirti vamzdiniy kompozitiniy konstrukcijy eksp-
loatacing kokybe ir patikimumg. Nagrinéjamas Zziedinio
skerspjiivio naujovisky vamzdiniy elementy tvirtinimas ir
konstrukciné sauga. Nagrinéjami aSiniai ir ekscentriskai
gniuzdomy vamzdiniy kompoziciniy elementy ribinio btivio
kriterijai. Pateikta laikui bégant kintanti elementy saugos
riba ir jos komponentai kaip atsitiktinio atspario ir {raZos
procesai. Elementy iSlikties tikimybés skaiCiavimas remiasi
atsitiktinés sekos, sutartinio atspario ir transformuoty salygi-
niy tikimybiy koncepcijomis ir iliustruojamas pavyzdziu.
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A. Kudzys, A.K. Kvedaras

RESEARCH ON STRUCTURAL RESISTANCE AND
SAFETY OF TUBULAR COMPOSITE MEMBERS

Summary

An advantage and application of the concrete-
filled steel tubes in structural practice is discussed. An ur-
gency to investigate the structural performance and reli-
ability of tubular composite structures is analysed. The
robustness and structural safety of a new type of tubular
members of annular cross-sections are considered. Limit
state criteria of tubular composite members under axial and
eccentric compression are investigated. The time-
dependent safety margin of the members and its compo-
nents as random resistance and action effect processes are
presented. The survival probability analysis of the mem-
bers is based on the concepts of random sequences, con-
ventional resistances and transformed conditional prob-
abilities and illustrated by a numerical example.

A. Kymsuc, A.K. Kssamapac

NCCIEJOBAHUE KOHCTPYKIIMOHHOI'O
COINIPOTUBJIEHMA 1 BE3OITACHOCTU
TPYBYATBIX COCTABHBIX 5JIEMEHTOB

PesmomMme

OO6cyxnaroTcss JOCTOMHCTBO M HPUTOTHOCTH B
KOHCTPYKIHUSIX CTaIbHBIX TpyO 3arojHeHHBIX OETOHOM.
AHanu3upyeTcsl HEOTJI0XKHOCTb HCCIEI0BAHUS 3KCILTyaTa-
IIMOHHOTO KayecTBa M HAZEKHOCTH TPYOUaThIX COCTABHBIX
KOHCTpyKUMH. MccnenoBaHuio MOABEPraroTcs NpPOYHOCTh
U KOHCTPYKLMOHHAs OE€30IMacHOCTh HOBBIX TPyO9aThIX
3JIEMEHTOB KOJIBIIEBOTO Ce4eHHs. [3ydaroTcss KpUTepuu
MPEAEIBHOIO COCTOSIHUS TPYOUaThIX COCTAaBHBIX 3JJIEMEH-
TOB TO/IBEPTracMbIX OCEBOMY M BHELIEHTPEHHOMY CXKaTHIO.
[IpuBOAMTCS M3MEHSIONIMIACS BO BPEMCHH Tpeaen 0e30-
MACHOCTH 3JIEMEHTOB M KOMIIOHEHTOB B BUE CIy4YalHBIX
IIPOLIECCOB CONPOTHUBIECHUSA M HArpy3ku. Pacuer smemeH-
TOB Ha 0€30ITaCHOCTh OMHPAETCS Ha KOHLEMIUSAX CITydai-
HOHN IIOCIIE€A0BATEIFHOCTH, OOIIETPHHATOTO CONPOTHUBIIE-
HUSI ¥ TIPeoOpa30BaHHBIX YCIOBHBIX BEPOATHOCTEH M WII-
JIFOCTPUPYETCSI IIPUMEPOM.
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