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Abstract. The usability of precast spun concrete members of annular cross-sections as pier shafts for road bridges and
footbridges is discussed. The probability distribution of traffic loads is considered, their coefficient of variation is speci-
fied. First and second-order load effects for shafts of braced and bracing piers are analysed. The modeling of resisting
compressive forces and bending moments of eccentrically loaded spun concrete shafts is considered. The features of
mechanical properties of compressed spun concrete specimens reinforced by cold worked high-strength steel bars are
presented. A simplified but fairly exact analysis of pier shafts under persistent situations by limit state and probability-
based approaches is provided. A design of tubular shafts of braced piers using semi-probabilistic and probabilistic reli-

ability verifications is illustrated by a numerical example.
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1. Introduction

Precast spun (centrifugally cast) concrete shafts of an-
nular cross-sections reinforced by steel bars uniformly
distributed throughout their parameters and having high
microcracking and low creep parameters satisfy economi-
cal, constructive and aesthetical requirements for bridges.
The economically and structurally effective spun concrete
shafts allow engineers to design and erect prefabricated
piers subjected to vertical and horizontal forces. There-
fore, they may be successfully used in construction prac-
tice of piers of short-span road bridges and footbridges.
In some cases, it is expedient to use high-strength rein-
forcing steel bars increasing a bearing capacity of slender
shafts exposed to compression with a small bending mo-
ment (Kudzys et al. 1993).

Multiple-span bridges may consist of one or few brac-
ing piers and a large number of braced piers. The braced
and bracing piers with tubular shafts may be treated as be-
ing isolated members fixed at their foundation which must
also be fixed in the ground. The braced piers with movable
bearings are almost free at their top and are assumed not
to contribute to the overall horizontal stability of multiple-
span bridges. The precast spun concrete shafts may be suc-
cessfully used as bracing piers subjected to bending mo-
ments caused by vertical and horizontal forces. Therefore,
the bracing piers should be fixed at their top.

The recommendations and directions presented in
codes and standards for design and detailing rules of con-
crete structures EN 1992-1:2004 Eurocode 2: Design of Con-
crete Structures — Part 1: General Rules and Rules for Build-
ings and ACI 318-99:1999 Building Code Requirements for
Structural Concrete are not fully formulated. In some cases,
it hampers the development of analysis methods of spun
concrete structures. Undoubtedly, the analysis of bearing
capacity and structural safety of eccentrically loaded spun
concrete piers under compression with a bending moment
or bending with a compressive force has some character-
istic features. Therefore, their design in a simple and easily
perceptible manner is desirable by design engineers.

Contemporary design codes for bridge structures pre-
scribe reliability verification methods exposed in limit state
concepts. However, the reliability level of spun concrete piers
designed by these concepts may differ considerably. The ac-
tual reliability level of piers may be defined only by prob-
ability-based concepts and approaches. However, for practi-
cal sake, the methodological and mathematical features of
probabilistic approaches should be unsophisticated.

The object of this paper is stimulating the highway
and structural engineers to use effective precast spun con-
crete shafts in bridge engineering and simplified but fairly
exact semi-probabilistic and probabilistic approaches in
their design practice.
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2. Destroying load effects
2.1. First order effects

The destroying compressive forces and bending moments
of pier shafts are caused by permanent and transient loads
of persistent situations. They may be grouped into vertical
(gravity) and horizontal actions (Fig. 1b, c).

The permanent gravity forces

Ng=Ngi + Ng,

are caused by self-weight of structures, G;, and roadway
surfacing weight, G,. The coefficients of variation of per-
manent loads are:

5G, =~0.10
and

8G, ~0.25

(Charnecki, Nowak 2008; Eamon, Nowak 2004). The value
N, also depends on propping of precast members of con-
tinuous beams (Kudzys et al. 2007).

The variable gravity, N, and horizontal braking, Q;
live forces are caused by heavily-loaded trucks, cars and spe-
cial vehicles. The forces Q; may include temperature, con-
crete shrinkage and wind components. It is assumed that
these horizontal forces act in longitudinal direction and are
spread out over the entire pier cap of bracing piers.

The static, Qy, and dynamic, Qg,, live loads of road
girder bridges were investigated by Eamon and Nowak
(2004) and Charnecki and Nowak (2008). It was deter-

mined that the coefficient of variation of static live loads,
8Qy;, varies from 0.11 to 0.14-0.18 for a single and two
heavily loaded trucks and the mean value of a dynamic
factor may be taken as

Qdiﬂ:o.w or 0.10

st,m

with the coefficient of variation, 8Qg;,, equal to 0.80. The
coeflicient of variation of live loads and forces for road
girder bridges may be expressed as:

Qdin,m

st,m

dQ,, +

6Qdin
0Q=

(1)

Q .
+ din,m

Qst,m

For new bridges, the dynamic factor may be equal to 0.25
or 0.15. Thus, 8Q by (1) can be introduced from 0.23 to
0.26 and may be taken equal to 0.25 or 0.30, when conse-
quences of failure can be medium or high, respectively.

According to European Standards, the reliability veri-
fication of bridge structures is based on the limit state con-
cept used in conjunction with partial factor methods. Us-
ing these design approaches, the multiplication factor, K,
should be applied to unfavourable actions using its value
equal to 1.0 or 1.1, when consequences of failure may be
medium or high, respectively, as it is recommended by EN
1990:2002 Eurocode: Basis of Structural Design.
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Fig. 1. Modelling of cross-sections (a) and eccentricities for spun concrete shafts of braced (b) and bracing (c) piers
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According to ENV 1991-3:1995 Eurocode 1 - Part 3.
Basis of Design and Actions on Structures. Traffic Loads on
Bridges, the design values of load forces are equal to

Ngg=1.35(Ngy + Kp Ny,
Q= 1.35Kp Qo

where Ng, Noi and Qy are their characteristic values.

According to EN 1992-2:2005 Eurocode 2: Design of
Concrete Structures — Concrete Bridges — Design and Detail-
ing Rules recommendations, the flexural stiffness of pier
shafts with constant cross-sections may be represented as
follows:

EI=KE,, (2)
where
0.3
K, = — (3)
1+0.50—9C
OE

is the factor for effects of quasi-permanent loads, cracking
and creep of concrete, where @ = 1.2-2.0 - the basic creep
coeflicient of concrete whose value depends on its strength
class, dimensions of cross-sections of pier shafts and envi-
ronmental conditions;

MOG = NGeo and MOE = Ql]’l + NEeO

are the 1% order bending moments caused by permanent
and total actions. For braced piers, the horizontal force

Q=0
and
Mog _ Ne
Moy Ng

E. - the modulus of elasticity of a concrete;

4 4
(1)

=1, y

is the moment of inertia of a cross-section, where r, and
r, — the radii of annular cross-section circles (Fig. 1a).

The mean value of the modulus of elasticity of a spun
concrete may be defined by:

E.,, = 20(0.1f,,)*3, (4)

where f,,, - the mean value of concrete cylinder strength,
MPa; JCSS 2000 Probabilistic Model Code - Part 1: Basis of
Design suggests the coefficient of variation

SE, = 0.15.

The coeflicients of variation of cross-sectional area,
A, and moment of inertia, I, of members may be deter-
mined by:
1.2—0.5(1’2 +r1)

A=5] =
oA =3l 150(r, —1,)

(5)

According to EN 1992-1:2004, the design stiftness of shafts,
(EI) 5, may be calculated from Eq (2), where

M
706 and E,
OE

are substituted by

M
—96d and E, = Eon

OFd 1.2°

The mean and variance of a flexural stiffness may be
presented as:

(EI)m = KcmEchm’ (6)

c*(EI) = (E,L,)*0*K, +
(Kcmlm)zczEc + (KcmEcm)ZGZI’ (7)

where the component statistics are:

0.3
Koy =———3—— (8)

1+0.50 - 0¢m

OEm

2
0.150M,
GZKC - oGm 5 X
(Mog,, +0.50M,,)

(GZMOE +(52MOG); ©)
o’E, = (BE X E,)” = (0.15E,,,)%; (10)
o’ = (81 x I,,)* with 81 by Eq (5). (11)

According to EN 1992-2:2005 directions, the 1** order
eccentricity of a compressive force

NEZNG+NQ

of piers (Fig. 1) may be given by:

ey =e;+ ey, (12)
where
0.005h
e = >0.00167h
Jh
and
h
e, =——
400

are the inclination of in situ and precast piers, respectively,
due to their geometrical imperfections;

[4 22220mm
sh 15

is the shift of a bearing due to its movement or execution
imperfections.
2.2. Second-order effects for braced piers

The buckling load of a shaft of braced piers may be ex-
pressed in terms of EI by Eq (2) and given by:
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2
n“El
B=— (13)
Iy
Its design value, mean an variance follow from:
nchdEchm
BT, (14)
lOm
nchmEchm 2 nchmEchm
Ny, = 2—(1+36 lo) ~——amanm - (15)
0om 0om
5 2
o’Ny = (%J G’E, +
lOm
2 2 2 2
L chmEm 021+ 2n Kc;nEchm Gzlo +
lOm lOm
g 1)
i
[%J o’K,, (16)
lOm
where the parameters E,,, by Eq (4),
E
E ==
“@ 12

K., - by Eq (8); 6°K, - by Eq (9); 6°E, - by Eq (10); 6°T -
by Eq (11);
lom = h
and
c?ly = (8] x h)* = (0.1h)*.

Due to geometric imperfections, a buckling failure of
a shaft under perfectly concentric compression is not a rel-
evant limit state of piers. According to EN 1992-1:2004, a
buckling load can be used as a parameter in their 2" order
analysis assuming that the 2™ order bending moment has
a sine-shaped distribution. For braced piers (Fig. 1b), the
2" order eccentricity of the applied compressive force N

is defined as:
2
¢ {NB +[“ —IJNE}
%

e= , 17
N,-N, (17)

where N - by Eq (13); ¢, = 8 for a constant 1* order bend-
ing moment. The design value, mean and variance of a 2"
order eccentricity may be written as follows:

2
T
(o]
0

e;= , (18)
NBd _NEd

e, = g(&l,...,in )m +0.52[g?‘§] 0%, =

2
€| Npy + 7_1 Ny,
0

, (19)
NBm - NEm
2
NEmeOTC2
C
o’e= L —— | O’Ny+
(NBm _NEm)
2
NBmeOTc2
C
——| o’Np, (20)
(NBm _NEm)

where N4, Nj,, and 62Ny - given by Egs (14)-(16):
Ngg=1.35(Ng + KpNog),
Ngm = Ngm + Noms
6°Np = 6*Ng + GZNQ.

2.3. Second-order effects for bracing piers

The second-order eccentricity of the applied compressive
force N (Fig. 1c) is of the form:

e=ey+eygteygteg =

h3
Q)+(§’?. (1)

+ 2 (N +N,
e 40

O 2BV C

Its design value, mean and variance are as follows:

eh* Ny,
2(Er1),

Qldh3
S(21),

e;=¢e, (22)

e =g(Ent) +0.52[%J L, +

m

3
ZZ(ﬁ)m COV(&;‘@J‘) =

+ leh3 ,
(a1,

e,h’ Ny,
2(E1)

€ (23)

2 2 2 2
Ge=0C"eyg+0 ey, +0 ey +

de de
—_— . 24
z[aNo Jm[an] oo Y

m

For bracing piers, the total destroying moment and its
design value are expressed as:

MEZMG+MQ=NG€+NQ€+ th, (25)
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Mg, = Ngaeq+ Nogeq + Quh. (26)
where NGd = 1'35NGk’ NQd = 1'35KF1NQk7 Qld = 1-35KFlQlk-

3. Resisting compressive forces and bending moments
3.1. Compression with a bending moment

The compressive strength of spun concrete in bridge piers
may have the form

ch = accszck’ (27)

where the sustained load factor is expressed as:

N M
o, =1-01—% or o, =1-01—2%,  (28)
E OE

and the strength factor is defined by:

k, =&=0.85—1.7p, (29)

ck
where

is the reinforcement ratio (Fig. 1a); f4 — characteristic cylin-
der strength, MPa. The coefficient of variation of this strength
may be expressed by the Eq

8f.=0.088 + 3(70 - fx)* x 107, (30)

where f is in MPa (Kudzys, Kliukas 2008).

The ultimate compressive stresses in reinforcing steel
bars of concentrically and eccentrically loaded shafts of
braced and bracing piers, respectively, may be defined as:

o', = 452(1.18 + 4p) (MPa), (31)
o, = 452(1.36 + 4p) (MPa). (32)

According to test data, these values were not more
as yield strength f, and 800 MPa for hot rolled and cold
worked steel bars, respectively, and were close to the stress-
es calculated by Hussaini et al. (1993) recommendations.
The standardized second central moment of ultimate com-
pressive stresses may be expressed as

8¢/, =060, =0.105.

The shafts of braced piers, usually, are under compres-
sion with a small bending moment. The modelling of strain
and stress distribution in concrete and high-strength steel
of eccentrically loaded shafts may be based on a plane cross-
section hypothesis and bi-linear concrete strain-stress rela-
tion when the conventional strain of concrete at its peak
stress is equal to 0.5¢, (Fig. 2).

When the eccentricity ratio

e
—<1,
s

the response factors, characterizing an extent of the intel-
ligent use of the compressive resistance of concrete and re-
inforcement cross-sections, may be calculated by the fol-

lowing Eqs:
k :Ncl(ycl+rs)_Nc2(yc2+rs):
‘ fCCACrS
0.30e
- r,(1+10p)’ (3)
ks=Nsc(ysc-’-rs')_Nst(rs_yst)z1_0.34£) (34)
G, Ar T,

scTTs's N

where f,, - given by Eq (27); o, - by Eq (31).

Using the response factors k, and k,, given by Eqs (33)
and (34), the resisting compressive force Ny or the resist-
ance Ry of eccentrically loaded shafts of annular cross-sec-
tions of braced piers may be presented in the form:

(kA S +kAG)r,

Ry =Np = ., ; (35)
N

where f,. - given by Eq (27), o7, - given by Eq (31), e - de-
fined by Eq (17).
According to the partial safety factors design (PSFD),
the design value of this resistance can be considered as:
(kcd A\: fccd + ksd Ascgcd )rs

Ry = Ngg = _— , (36)
d S

Fig. 2. The modelling of strain and stress distribution in the concrete and high-strength reinforcement of braced piers
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where
k= 0.3¢, )
od r,(1+10p,,)’
e
k,=1-034-%;
rS
f _ O{‘ccdefck
d - >
CCe ’YC
and
’ ;cm

Gscd =
s

with safety factors for materials

Y.=15
and
vs=1.15

recommended by EN 1992-1:2004; e, - given by Eq (18).
The statistics of resistance Ry may be presented in the
forms:

R ~ (kcmAcmfccm + ksmAsG;cm )rs (37)
Nm em + rs 4

2 2
oR oR
o’Ry = [%Jm o’f. +(E]m GA, +
IR 2 o’c’ +(8—R)2 o’e+
G, . * \oe),
2
aRY aR ) (R
= Al | £ oa
(3p)m6 Pr l(achm(apLG P

B_R 8_R 66 O (38)
aGSC o, ap . sc p >

where the variances of random variables of this resistance
are:

szcc = (Sfcc Xfccm)zs
o?A. = (BA x A,,)?

where 8A - defined by Eq (5);

o’c, =(0.10507,,)’;

scm

o’e - given by Eq (20),

2
A
o’p=| —=| ¢’A,.
Afm

The standardized 2™ central moment of concrete
strength in compression zones of shafts may be defined as:
1

8, =(82£., + 82 £, )2 =0.145,

where its components

8., =867, ~0.105
and
5fd =0.08-0.12=0.10

as the coeflicients of variation define the ultimate defor-
mations of a spun concrete and the error of its bi-linear
stress-strain relation. The values presented in braces of Eq
(38) may be omitted if the approx coefficient of variation

8f..=0.16
is applied.
3.2. Bending with a compressive force

According to Vadluga (Bapryra 1985), the ultimate bend-
ing moment My, of shafts of annular cross-sections (Fig. 3)
reinforced by hot-rolled steel bars could be expressed as
follows:

M, =1.2rS(ASf$t+N)(1—E):
T
Af,+N
- = . (39)
Acfcc+As(fst+fsc)}

121, (A, f, + N){l

Fig. 3. The modelling of stress distribution in the reinforcement

and concrete of bracing piers

The characteristic strength of reinforcement in ten-
sion, fy, and compression, f,, should be not more as f;
and 500 MPa, respectively. The compressive strength of
concrete, f., is given by Eq (27). When a high-strength
cold worked steel is used, its mechanical parameters may
be defined as:

fum =500 MPa,

futk = 0.9f 4 = 450 MPa,
fiom =600 MPa,

fick = 0.9 cpn = 540 MPa.

For design practice, Eq (39) may be rewritten in the form:

_LT

My T (40)

where
Tl = Acfcc + As(f;t +fsc); (41)
T,=12r(Af; + N); (42)
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T,=Afo+Af, - N. (43)

The design value of resisting moment, My, may be
calculated by Eq (40) using the design values of strength
of materials

fyk
St = feed =—1 15 <435MPa

for hot-rolled steel bars and

ok

=25k — 390 MPa,
faa 1.15
fsck
=I5k _ 470 MPa
fied 1.15

for cold worked reinforcement.

The statistics of resistance Ry, = My of pier shafts un-
der bending with concentrical compressive force may have
the forms:

Ran 2m 3m’ (44)

with the parameters

fccm = accmernfcm)

j;tm andfscm’

2
T, (T, —T.
LX)

1m

2 2 2.2
fccmc AC+ASG fsc)+

2
A3T3m (1'2rsTlm _TZm) %
Ty

2
1.2r.T, —T.
G2fsz+|: s ;m 2m:| GZNE (45)

1m

with the following variances of variables:
fec = (O X foam)’
G?A. = (A, X Ap)>s
*fie = (8f X fiem)®>
’fie = (8f X foum)®,
6°Np = >N + GZNQ.

The coeflicients of variation of steel strengths f;; and
f.c may be modelled as:

1

8f, = (82 £, + 82 £, )? =0.10,

where the components

8., =0.06
and
8f,, ~0.08

define their statistical uncertainties and the errors of right-
angled epures.

The indispensable reliability level may not be achieved
for strongly reinforced members under compression
(Holicky, Markova 2007). The appropriate level of struc-
tural quality and reliability of piers and other members of
bridges may be obtained only using probabilistic design
approaches.

4. Probability-based design
4.1. Reliability index and model uncertainties

The generalized reliability index as a standard reliability
measure of bridge members may be defined as:

=P, (46)

where P, — the survival probability of a member and
®!(e) — the inverse Gaussian distribution. For columns
designed by limit state approaches, this index is between
3.3 and 5.0. Its value increases significantly when a rein-
forcement ratio increases and a compressive strength of
concrete decreases (Diniz 2005).

According to EN 1990:2002, the target reliability in-
dex, B, of structural members may be selected from 3.3
to 4.3 depending on their failure consequence classes. For
eccentrically loaded reinforced concrete columns (beam-
columns) and piers, the index Py must be not less than
3.5. The failure of a pier can be more brittle compared to
the failure of bridge span members and have influence on
their structural safety. Therefore, this index may be select-
ed equal to 4.0 (Nowak, Szerszen 2003; Szerszen, Nowak
2003; Szerszen et al. 2005). This value corresponds to the
survival probability of pier shafts, P, equal to 0.999968.

Usually both the resistance of a pier shaft and its ac-
tion effects may be treated as stationary random process-
es. The safety margin of shafts of braced and bracing piers
may be defined, respectively, as their performances of the
forms:

ZN(t) = g[eN,XN(t)] = GRNRN - GNNG - GNNQ(t), (47)

Z(t) = g0 X ()] =
OrmRyr — OpM - 0 Mo(2), (48)

where the components of the vector 6 of additional ran-
dom variables, as professional factors, represent the uncer-
tainties of design models in transformation of the vector
X(t) of variables into resisting and destroying action ef-
fects (Melchers 1999).

According to Ellingwood (1981), Melchers (1999),
ENV 1991-3:1995, EN 1990:2002, JCSS 2000 and ISO
2394:1998 General Principles on Reliability for Structures,
the probability distributions of concrete shaft resistance Ry
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or Ry, and permanent action effect N or M are close to a
normal distribution.

An application of a lognormal distribution is conven-
tional for loads due to the road traffic consisting of the sum
of a number of identically distributed independent lorries,
cars and special vehicles. A stationary lognormal process is
used by Bhattacharya (2008) in his investigations of bridge
extreme loads. Thus, the probability distribution of live
load effects may be treated as a lognormal one as it is rec-
ommended by ISO 2394:1998, Eamon and Nowak (2004).
According to JCSS 2000, Holicky and Markova (2007), the
means and standard deviations of the uncertainties of ac-
tion effects for columns may be defined as:

eNm = eMm = 10,

The additional uncertainties of shaft resistances, rep-
resenting the ratio between their actual and predicted val-
ues, may be expressed by its mean, 65,,, and standard devi-
ation, 6Oy. According to test data determined by Vadluga
(Bapgmyra 1985), Kudzys and Kliukas (2008), these statis-
tics may be defined as:

eRNm = 099, GORN =0.08

and
eRMm = 102, GGRM =0.08

for the shafts of braced and bracing piers, respectively. The
standard deviation
60z =0.06 - 0.08

is recommended by Szerszen et al. (2005) as statistical param-
eter for reliability analysis of eccentrically loaded columns.

4.2. Survival probabilities

For the sake of simplified but fairly exact probabilistic
analysis of pier shafts, it is expedient to present Eqs (47)
and (48), respectively in the form:

ZNZRCN_NC or ZMZRCM_MC’ (49)
where

Ren=0pnRy - ONNG or Reyy=OpryRay - OyMg  (50)
are the conventional resistances of shafts and
NC=9NNQ OI'MC=9MMQ (51)

are the action effects caused by live loads of road bridg-
es. The parameters Ry and Ng, Reys and M of the safety
margins by Eqs (49) are statistically independent variables.
The statistics of components of these safety margins may
be expressed as:

RCNm = eRNmRNm - eNmNGm’ (52)

2 Y 2 2 2
0 Ry =0xnmO Ry + Ry;O Ogy +

e?\TmGZI\IG +Ném029N’ (53)
NCm = eNmNQm’ (54)

6°N¢ =63,,0°Nq +Ng,,6°0,, (55)
RCMm = eRMmRMm - eMmMGWZ’ (56)

2 _n2 2 2 2
6°Reps = OrpimS Ryr + R3O Oppr +

03,0° M, + M, 6°0,,, (57)

My, = eMm]VIQm = eMm(NQmem + leh)’ (58)

o’M. =0’ (BMMQ): (eMmNQm )2 cle+
(Bymen ) N +(0,,h) 62Q +20%, e, h X

Mm*~m Mm*~m

ON,0Q, + (NQmem + szh)2 6°0,,. (59)

The survival probabilities of pier shafts may be calcu-
lated by the Eqs:

Poni = PByy1) = _[fRCN (X)Ey,. (x) dx, (60)
0

Povy =PBn) = | fr, (OFy, () dx,  (61)
0

where f, , fp are the density functions of normally dis-
CN CM
tributed variables Ry and Rey, given by Eq (50) and Fy, , Fy,
C
are the cumulative distribution functions of lognormalfy dis-
tributed live action effects N and M expressed by Eq (51).
5. Numerical example

5.1. The parameters of design

The precast spun concrete shafts of annular cross-sections
of braced piers are subjected to permanent, G, sustained,
G,, and live, Q, loads. The characteristic values of gravity
compressive forces are presented as:

Ner = Neix + Neog = 1.08 + 0.38 = 1.46 (MN)

and
Ngi = 1.82 MN.

According to Eurocode recommendations, the partial
safety factors are:

Yr=Y6=Yq= 135
Yc=1.5,
vs = 1.15.
The multiplication factor for actions

KFl = 1.0
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(for medium consequences of failure).
The statistics and design values of forces are as fol-
lows:
N, = 1.46 MN,

6°Ng = (0.1Ngy,)* + (0.25Ng,,,)* = 0.0207 (MN)?,

N Nok  _ 1.82
A" 14 9,050Q  1+1.82%0.25

=1.25(MN),

6”Ng = (8Q x Ng,)* = (0.25 x 1.25)* = 0.0977 (MN)?,
Ngy = Noi + Noy = 1.46 + 1.25= 2.71 (MN),
o*Ny = 0.0207 + 0.0977 = 0.1184 (MN)?,
Ngg = 1.35 x 146 = 1.971 (MN),
Noa = 1.35 x 1.82 = 2.457 (MN),
Ngg=1.971 + 2.457 = 4.428 (MN).
The parameters of pier shafts are as follows:
h=1l;=61m,
dly=0.1,
6%y = (0.1 x 6.1)*> =0.372 m?,

r,=0.30m,
ry=0.20 m,
r,=0.25m,

A, =0.00502 m? (166220 S800),

A, =0.152 m?

AS
P == =003,

cm
n(0.304 - 0.204)
=1, =—
4
1.2-r
8A. =81=———2-=0.0633,
150(1’2 -1 )

G°A.=92.6 x 10 m?,

=0.005105m?,

oI =0.104 x 10°° m®,

A
6’p=—1G"A. =4.37x10"".
cm
According to Eq (12), the 1% order eccentricity
6.1 0.30
ey = ——+——=0.03525 (m).
400 15

The parameters of the concrete C50/60 are given by:

fx = 50 MPa,

fom =58 MPa,
o =1-0.1220 2 0046,
e 2.71
Ky = 0.85 - 1.7 x 0.033 = 0.794,
frem = 0.946 x 0.794 x 58 = 43.56 (MPa),
8f.. = 0.16,
o*f.. = (0.16 x 43.56)* = 48.57 (MPa)?,
E,, =20(0.1 x f.,,)*? = 33.89 (GPa),

G’E, = (0.15 x 33.89)* = 25.84 (GPa)’,

33.89
Ecd = 7 =28.24 (GPa),

1.971
Opgg =1=0.1 =22 = 09555,

ok
foq = —cd2m=ck ek _ 55 59 (MPa),
Y

c

O =1.5.

The parameters of reinforcing high-strength bars are
defined as follows:

f()'zk =800 MPa,

0/, = Ol = 452(1.18+ 4x0.033) = 593 (MPa),

593
6, =—"=5157(MPa),
sd =115 (MPa)

4
scm

s267, =(0.105%593)° =3877 (MPa)’.
The statistics of additional random variables are:
eNm = 10,

GGN =0.10
and
g,y = 0.99,

o0z = 0.08.

5.2. Limit state design

The design value of buckling load for pier shafts by Eq (14)
is defined as:

Ny =1 - 1971
1+0.5x1.5——

4.428

0.005105

28240 >— =8.60 (MN).
6.1

According to Eq (18), the 2™ order eccentricity is:

2
8.60+ (T; - 1)4.428

8.60—4.428

e; =0.03525 =0.0812 (m).
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In this case, the design values of shaft response fac-
tors by Eqs (33) and (34) are expressed as follows:

0.0812
kg =1-0. =0.927,
0.25x(1+10x0.033)
0.0812
ko =1-0.34 =0.890.
0.25

According to Eq (36), the design resisting force of
shafts is presented as:

Np; =(0.927x0.152x25.29+
0.25

0.0815+0.25 -
4.423 (MN) = N, (= 4.428 (MN)).

0.890x%0.00502 % 515.7)

It shows that the analysed precast spun concrete
shafts are suitable for bridge braced piers. However, when
the consequences of failure may be high (K, = 1.1), the
compressive force N,; = 4.674 MN is inadmissibly more
than Ny, = 4.354 MN.

5.3. Probability-based design
According to Eq (8), the stiffness factor

0.3
Kon = 1.46

1+0.5%X1.5—
2.71

=0.214.

Therefore, the statistics expressed by Eqs (15) and
(16) are presented as:

0.005105

Ny, =7*0.214 X 33890 ——=9.806 (MN),
6.1

>Ny =0.0837 x 10 x 25.84 x 10+
3.69 x 10° x 0.104 x 107° +
10.33 x 0.372 + 2105 x 71.6 10°° = 6.543 (MN)2.

The statistics of 2" order eccentricity by Egs (19) and
(20) are:

9.806+0.2337 x2.71

e, =0.03525
9.806 —2.71

=0.0519 (m),
2
o | 2.71%0.03525%x1.2337

Ce= 2
(9.806-2.71)
2

6.543 +

9.806x0.03525x1.2337

- 0.1184 =44.33%x107° (m?).
(9.806—2.71)

The mean values of response factors by Eqs (33) and
(34) are:
0.0519

k,, =1-03————=0.953,
0.25x1.33

0.0519
k. =1-0.34
sm 0.25

=0.929.

Then, according to Eqs (37) and (38), the statistics of
resistance Ry = Ny are:

Ry, =(0.953x0.152 X 43.56 +0.929 X
0.25

0.00502 X 593) ————
0.0519+0.25

=7.517 (MN),
%Ry = 0.0144 x 48.57 + 1182 x 92.6 x 107% +
14.93 x 107° x 3877+ 1102 x 43.5 x 107° = 0.914 (MN)>2.

According to Eqs (52), (53) and (54), (55), the means
and variances of conventional resistance, Ry, and destroy-
ing variable live force, N, are:

Rycm =0.99 x 7.517 - 1.0 x 1.46 = 5.982 (MN),

6°Ryc = 0.99% x 0.914 + 7.517% x 0.0064 +
1.0 x 0.0207 + 1.46% x 0.01 = 1.30 (MN)?,

Nep = 1.0 x 1.25 = 1.25 (MN),
6°Nc = 1.0% x 0.0977 + 1.25% x 0.01 = 0.1133 (MN)2.

Thus, according to Eqs (60) and (46), the survival
probability and reliability index of pier shafts are equal to

Py, = 0.999954
and
BNI = 391

It shows that their structural safety is sufficient and
constructive solution is effective, i.e.

Bn1 =PBr (= 4.0).

When the consequences of failure may be high and
8Q = 0.30, the reliability index of analysed piers By, = 3.79
may be to small.

5.4. On acceptability of probability distribution laws

The data given in Tables 1 and 2 show, that all design vari-
ables Ry, N and N, or R, M and M, cannot be adequately
modelled only by the normal or lognormal distribution laws.
It may lead designers to an overestimation of predicted re-
liability indices of shafts. As it is shown, case 1 of probabil-
ity distribution laws for the components of safety margins of
considered pier shafts corroborated its acceptability in prob-
ability-based analysis of bridge piers.

6. Conclusions

The design features of economically reasonable precast
spun concrete pier shafts depend on constructional solu-
tion of braced and bracing piers of road bridges and foot-
bridges. The analysis of load-carrying capacity and struc-
tural reliability of pier shafts of annular cross-sections
reinforced by steel bars uniformly distributed throughout
their perimeter may be determined by unsophisticated
semi-probabilistic and probability-based concepts and ap-
proaches demonstrated in this paper. They may stimulate
engineers having min appropriate skills to use full proba-
bilistic approaches in design practice more courageously.
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Table 1. The reliability indices for the shaft of a braced pier

Forces Mean,  Variance, Case 1 Case 2 Case 3
MN (MN)? Distribution B Distribution Bra Distribution Bus
0xNy = OzRy 7.442  1.2578 Normal Normal Lognormal
ONNG 1.460  0.0420 Normal 3.91 Normal 3.98 Lognormal 4.85
OnNg 1.250  0.1133 Lognormal Normal Lognormal
Table 2. The reliability indices for the shaft of a bracing pier (Kudzys and Kliukas, 2008)
Forces Mean, Variancze, Case 1 Case 2 Case 3
MN (MN) Distribution B Distribution Bz Distribution B
OrMp =0xMy 9492 09119 Normal Normal Lognormal
0, Mg 0.318  0.0030 Normal 3.93 Normal 4.88 Lognormal 4.08
0, Mg 3.034  0.6680 Lognormal Normal Lognormal

For shafts of annular cross-sections of braced and
bracing piers, the 2" order eccentricities of destroying
forces may be expressed in a simple and easily perceptible
manner. It is expedient to analyse the eccentrically loaded
spun concrete shafts of braced and bracing bridge piers as
the columns under compression with a bending moment
and under bending with a compression force, respectively.

The objective assessment of structural safety level for
bridge pier shafts may be introduced only by reliability index
B using proper distributions for the components of their safety
margins. The data presented in this paper corroborated that
alognormal distribution is to be used for variable live actions
and a Gaussian distribution may be used for the joint values
of permanent effects and shaft resistances. For spun concrete
shafts of piers, the target reliability index 31 may be selected
equal to 4.0, as it is recommended by the investigators in the
USA for eccentrically loaded reinforced concrete columns.
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