Formulation of P-M Interaction Diagram
by Applying Uniformly Distributed Reinforcement and

Determination of RC Pylon Sections for Target Reliability
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ABSTRACT

This paper suggests a method to determine the optimum cross sections of RC
pylons that satisfy the target reliability level. P-M interaction diagram is formulated
based on uniformly distributed reinforced concrete to generalize the strength of RC
column sections. Reliability analysis is conducted by HL-RF algorithm with gradi-
ent projection method. An optimum section that satisfies the target reliability level is
determined for one of transverse and longitudinal direction or both of them. Object
function is selected for reliability index requirement and the equation is solved by
Newton-Raphson method with reinforcement equation or regularization function.
The validity of method is demonstrated for two pylon section examples, Inchoen
Bridge and Ulsan Bridge. When the reinforcement equation and regularization func-
tion are used for finding optimum sections, respectively, it is verified that the results
are in agreement with each other under same reinforcement ratio condition. The fea-
sibility of optimum section with general rebar is checked by placing the equivalent

rebar in the cross section
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1. Introduction

Current bridge design code of Korea, Korean Highway Bridge Design Code
(Limit State Design) (KHBDC) is reliability-based load-resistance factor design
code which is based on reliability concept with statistical theory. Reliability design
concept was introduced at AASHTO LRFD Bridge Design Specification in 1995 for
the first time and also introduced in 2000 at Eurocode EN1990. Many studies about
reliability design have done in order to get the uniform reliability level in all compo-
nents of the structure.

In the design based on reliability, all components of the structure should satisfy
the target reliability level proposed in the design code. Therefore designers should
check all reliability level of components.

In the cable bridges, the pylons play an important role in the whole structure
since they deliver external loads to foundation structures. Therefore the pylon sec-
tion should be designed to ensure the target reliability level of wind load combina-
tion because the wind load combination usually dominates the pylon design.

To determine a section which secures the target reliability level, reliability analy-
sis about the pylon section should be preceded and the section is adjusted to satisfy
the target reliability. The reliability analysis method for the reinforced concrete (RC)

column section was proposed by Kim, et al. (2013).



In this study, uniformly distributed reinforced concrete (UDRC) is introduced for
generalizing the strength of RC column sections and the optimum sections are de-

termined for the equivalent UDRC column sections for target reliability index.

2. Reliability Assessment of RC pylon section.

2.1 Basic Theory of Reliability Assessment

Structural reliability theory is concerned with the rational treatment of uncertain-
ties associated with design of structures and with assessing the safety and servicea-
bility of these structures. Reliability of a structural system is defined as the probabil-
ity that the structure under consideration has a proper performance throughout its
lifetime. In other words, reliability of a structure is the probability of the structure
not to fail and reliability methods are used to estimate the probability of failure.

Thus, reliability is expressed by following:

Reliability=1- P, (2.1)

where P, is the failure probability of the structure.

Safety of a structure cannot be a deterministic value because of the uncertainties

in the load effects and strengths of structural components. Civil engineering struc-



tures are designed for loads due to environmental actions like earthquakes, snow and
wind or due to artificial actions like vehicle live load. These actions are exceptional-
ly uncertain in their manifestations and their occurrence and magnitude cannot be
treated deterministically. Strengths of structures also have uncertainties because of
the heterogeneity of material, construction error and errors in approximation of
analysis.

Variables that cannot be determined due to many different uncertainties are
called random variables. Strengths of structural components and load effects are
considered as random variables which don’t have the same values but only can be
described by possibility of having specific value. The possible values of a random
variable and their associated probabilities can be explained by mathematical func-
tion which is known as a probability distribution.

Reliability of a structure is defined as failure probability of the structure. Struc-
ture designers should verify the probability of structural failure to decide whether
the structure satisfies the design limit state. But to avoid the difficulty of calculate
the failure probability of a structure, reliability of a structure can be checked by reli-

ability index instead of failure probability. The reliability index, [, is the distance

between the mean failure function, G, from the start defined in standard deviation

units, og .



Mg G
Fig. 2.1 Probabilistic concept of reliability index

In order to assess the reliability of a structure, one should define the limit state
function of the structure. A limit state function is the function of random variables
and it defines the limit state as the criteria that determine safety or failure of the
structure. Usually the limit state function is defined such that positive values corre-
spond to safe states and negative values correspond to failure states, therefore limit
state equation is when the limit state function equals to O, see figure 2.2. A limit state

function is expressed in equation (2.2):

G(X) =S(Xs)-Q(Xy) =0 (2.2)

where G(-) denotes limit state function and X = (XS,XQ)T = (X, Xy, X, )" denotes

a vector of random variables. S and Q are strength and load effect of the structure,



X and X, are random variable vectors related to strengths and loads, respec-

tively.

G(X) <o : failure

G(x) =0 limitstate

G(X)>0: safe

XS

Fig. 2.2 Definition of limit state in random variable space

The relation between failure probability and reliability index of structure is shown in

equation (2.3).

Pi (G(X) <0) = ©(-p) =1-(B) (2.3)

where P, denotes the failure probability and  denotes reliability index.



2.2 AFOSM with gradient projection

The failure probability of a structure can be obtained by calculating the probabil-
ity that the limit state function is negative, and one can calculate it by integrating
negative section of the limit state function. Hasofer & Lind (1974) defined reliability
index as the smallest distance from the origin to the failure surface in the standard
normal space, when the random variables are independent and normally distributed.
This is illustrated in Fig. 2.3. This method is called AFOSM (Advanced First-Order

Second-Moment) (Haldar and Mahadevan, 2000).

|

V.G(X) G(X)<0

p - G(X)=0
G(X)>0

Xs

Fig. 2.3 Reliability index in standard normal space (Hasofer-Lind)




The point X" on the failure surface closet to the origin denotes most probable
failure point (MPFP). The reliability index is thus defined by the optimization prob-

lem:

Miin B* = HYHE subjectto G(X)=G(X)=0 (2.4)

(2.5) is the equation of the tangential plane which includes the point X" in standard

normal space:

G(X')+V,G(X)-(X-X) =0 2.5)

where V. is a gradient operator for standard normal variable and the first term is

to be 0 because the point X'is on the limit state equation. Distance from origin to

tangential surface B can be written:

- ViG(X")- X
[VG(X")

B (2.6)

2

where HHZ means 2-norm of vectors.

Relation of gradient between original random variable X and its equivalent stand-

ard normal variable X is shown in (2.7)



(2.7 a)
Gy (X) = G (X) (2.7b)

in denotes Jacobian when send X to X .

Solution of optimization problem (2.4) is MPFP and one could calculate it by using
iterative scheme if the limit state equation is nonlinear equation. The following
shows a first order Taylor approximation of limit state equation at previous MPFP

point in standard normal space.

G(X,,1) = G(X,) + VG (X)) (X =X,) =0 (2.8)
where K is iteration number and X, ,is MPFP in current iteration.

Atthe MPFP X, , it s seen that the following relation must be fulfilled:

Xyt = K VG (X)) (2.9)

where «,,, is undetermined coefficient and can be calculated by using the condi-

tion that point Ym is on the limit state equation. Liu & Der Kiureghian (1991)

proposed gradient projection method based on Newton-Raphson method to make

equation (2.9) always satisfy the limit state equation.



G(—k,..V5G(X,) =0 (2.10)

When the limit state equation is non-linear equation, another iterative calculation is

necessary for determination of ., .

(Kk+l) p+1 = (Kk+l)p + Ak (211)

where p+1 isthe number of inner iteration for determining x,,, and application

of (2.11) and (2.10) gives:

G(~(K)pa V5B (X) = B(~(i), - VB (X,) +2—9@ A

X 0Ok
_ _ e (2.12)
=G (—(x,,,) p 'VXG (X)) - VyG (—(Ky1) p 'VXG (X)) VXG(Xk) Ak

=0

Therefore one can obtain Ak from (2.12)

‘= G(_(Kk+1)p ’ VQG (Yk ))
VXG (—(Ky1) p’ VXG (Xk ) VQG (Xk)

(2.13)

In the inner iteration, initial value of «, ., is defined by (2.14).



_ VXG (Yk) ) Xk
V. G(X,) ViG(X,)

(Kii1)o = (2.14)
One can determine « by inner iteration (2.10) - (2.14) and then MPFP value can be

determined by outer iteration (2.9), thus the reliability index can be estimated.

2.3 Rackwitz-Fiessler transformation

One can use Hasofer & Lind method for calculation of reliability index when all
random variables are independent of each other and normally distributed. Since ran-
dom variables are not generally normally distributed, it is necessary to establish a
transformation to standardized normally distributed variables in order to determine a
measure of the reliability with non-normally distributed variables.

Rackwitz & Fiessler (1978) suggested a method for transforming a non-normal
variable into an equivalent normal variable by estimating the parameters of the
equivalent normal distribution. They assumed the cumulative distribution functions
and the probability density functions of the actual variables and the equivalent nor-

mal variables should be equal at the MPFP on the failure surface (2.5).

1 x—ps
70— eﬁl %) = fi(x) (2.15a)
Ox Ox

10



&
cp(%) = F.(x) (2.15b)

X

F and f; are the non-normal cumulative distribution and density functions of X ;
and @ and ¢ are the cumulative distribution and density function of the standard

normal variate, respectively. The mean value, ui?, and standard deviation ,cexq, of

the equivalent normal variables are shown in (2.16)

uy =X _G;qq)_l(Fi(Xi )
PG GTEY) (2.16)
" fi (%)

One can transform original MPFP into normally distributed variables by
Rackwitz-Fiessler transformation and then calculate next MPFP through inner itera-
tion. After obtaining new MPFP in normal space, it can converted to the one in orig-
inal space by reverse Rackwitz-Fiessler transformation

Non-normal variables should be transformed into normal variable and normal-

ized with expected value 0 and standard deviation 1 by (2.17), therefore Jacobian

value in (2.6a) is determined equivalent standard deviation, J, o = qui .

X, =% (2.17)

11



During the iteration procedures, iteration can be terminated when the difference
of MPFPs in every step satisfies the convergence criteria and reliability index is de-
cided by MPFP at the last step. This reliability analysis by Hasofer-Lind method
based on Rackwitz-Fiessler transformation is called Hasfer-Lind Rackwitz-Fiessler

(HL-RF) algorithm (Liu and Der Kiureghian, 1991).

3. Uniformly Distributed Reinforcement

3.1 Definition of Uniformly Distributed Reinforcement

In this study, RC column with uniformly distributed reinforcement is defined as
a concrete column which contains reinforcement all over the section. It is assumed
that rebar is separated in small pieces like powder and distributed uniformly in the
section. Therefore a general RC column section and equivalent uniformly distributed
reinforced concrete column (UDRC column) section have the same quantity of total
reinforcement. Strength of UDRC column is defined as combination of reinforce-
ment strength and concrete strength with the reinforcement ratio. It is possible to
simplify the computation to find the target section because it can be decided with

total section area and reinforcement ratio.

12



o o |:>

A, d=3" A A4, pdd,

Fig. 3.1 Equivalent uniformly distributed reinforced concrete

3.2 PMID of Uniformly Distributed Reinforced Concrete Column

When reinforced concrete members are subject to combined compressive axial
load and bending, the strength is defined by the P-M interaction diagram (PMID). A
PMID consists of several sample points which are determined by location of sec-

tional neutral axis. Axial and moment strengths at an arbitrary neutral axis & are

determined by (3.1) in general reinforced concrete member.

P :J.A GCdAg —ZC:AS’kGC‘k +ZAs,st,k
6 (0) k-1 k=1 (3 1)

M = _[Ag(é)(yp —y)o dA, _Z(yp —Yi)A KOk + Z(Vp = Yi)A KOk
k1 =]

13



(2) Definition of geometric properties

P A
(B, M) (P, M)
o h‘-“(!-)e,—‘!s Mf—l)
o ( ,-,Mff)
LN

no\\(P;H R ﬂ/fa_1 )

.
(P\'.'JM_\_.).___._“__'_’__, M

(b) Sample points of PMID
Fig. 3.2 Typical cross section of an RC column and PMID

As shown in equation (3.1), strength of general RC column section is expressed by
integration term of concrete strength from compression face to neutral axis and sum
of steel strength at every location of reinforcement. Strength of equivalent UDRC
column section is shown in (3.2). Compared to (3.1), equation (3.2) is simplified
with gross section, concrete and steel strengths because reinforcement place uni-

formly all over the section.

14



P :J.Ag(é)ochx(l—p)+J.AgcsdAxp
(3.2)
= [, Fp = NodAx(L=p) + ], (¥, —Y)o,dAxp

Here, plastic centroid coincides with centroid of area because of the uniformly dis-

tributed reinforcement.

y :chAgyc(l_p)+fyAgyc :7 :IAg ydA (33)
P oo A, (L-p)+ f,A ‘ A

9

Axial and moment strength at i-th sample point is calculated by numerical integra-

tion (3.4).

i-1
z O, k+1/2(1 p) +_ ZGS k+1/2P

k= N, %
Ag o AR o
M; zN_ (Vo = Yiew2)0cpuarnd=p) + N_ (Vp = Yie12)0s as2P (3.4)
=
_ A, & A,
=Y,P __gz Yir20c ka2 —p) +— yk+1/2(5s,k+1/2p
N, i3 N, =

Following shows the stress of steel and concrete material according to strain. Effec-

tive compression coefficient is denoted o, and is applied 0.85.

15



0Lcc fck €

{umfwa—xl—scnaa“) 0<g, <gq
GCZ

Determination coefficient of stress-strain curve is shown in (3.6)

2.0 f, <40MPa
n= 100 — f
1.2 +1.5(T°k)4 <20 f, >40MPa
0.002 f, <40MPa
€., = —
© 710,02 4 Jo —40 f, >40MPa
100000
0.0033 f, <40MPa
€., = —
“ =10.0033— Jo —40 f, >40MPa
100000

(354a)

(3.5 b)

(3.6)

Maximum compressive strain, ¢(0), and strain at y from compression face, &(y),

are shown in (3.7).

€ 0<&<h

£(0) =1, Co £>h

@a- g)gcu + zsco

dw=a—%nm)

16
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3.3 Reliability Assessment of RC pylon cross section

An important step in reliability analysis is to decide which quantities should be
modelled by random variables and to define the limit state function. As shown in Fig.
3.3 strength of RC column and load effect can be expressed on PMID. The load
point inside the P-M curve represents the structural component is in a safe state, oth-
erwise the load point outside the P-M curve means the component in a failure state.
Therefore the load point on the P-M curve is defined as limit state and PMID can be
defined as a limit state equation.

®(F,B) =0

F=(P,M)" =Cq (38)

Here, F is the internal force vector representing the load effects of external load
components, and B is the curve parameter vector of the P-M interaction diagram.

Cand g areathe load effect matrix and load parameter vector, respectively.

O(F.B) <0: failure

O(F.B)=0

{/: limit state

®(F.B) > 0: safe

Axial force

\ 4

Moment

Fig. 3.3 Limit state function of RC columns

17



For reliability analysis, one should be able to calculate sensitivity of limit state
equation, that is, derivatives of limit state equation should exist. Since derivatives of
sample points cannot be defined in (3.1) or (3.2), a curve which connects two adja-
cent points should be redefined as a continuous equation by approximating it to cu-

bic spline (Kim, et al., 2013).

P A
(R M) (P, M)
~0(P|_1, M i—l)
e (PUM)

\\(Ph—l’ M i+1)
i" splinesegment  »
’.Il

v

(PNS’MNS)._—’_-_—_——/" M

Fig. 3.4 PMID approximated by cubic spline

¢, =d,(P,M,B) =4 +bi(P_Pi)+Ci(P_Pi)2+di(P_Pi)3_M =0
et . (3.9)
®(P,M,B)= [ J®;(P,M,B,)  (i=1..,N -1

B, = (a,b,c,d)"

Load variables and strength variables are random variables which have variability by

uncertainties.

18



X=(q,s)" (3.10)

q=(DC,,DC,, DC,,DW,WS,LL,EQ,...)" (3.11)
S :(fck’ fy’ Es’ Ag ! As,l""’ As,m’ ys,l""ys,m)T (312 a)
s=(fy, T, Eq, Ay A) (3.12h)

In the equation (3.10), gand s denote load and strength parameters, respectively.

Load parameters include dead load, wind load, live load, earthquake load and etc.

Strength parameters represent material properties and geometric properties of a cross

section. Material properties include compressive strength of concrete, f,, yield

strength of the reinforcement, f, and the Young’s modulus of the reinforcement,

E, . The geometric properties consist of the gross area of a cross section and infor-

mation of reinforcement. When a RC column section has general reinforcement, in-
formation of reinforcement is the area and position of each reinforcing bar (3.6a). In
the case of UDRC column section, the information of reinforcement is the gross area
of whole reinforcement (3.6Db).

The followings are i-th segment of cubic spline and its derivatives:

gi(P)=M=a +b(P-P)+¢(P-P) +d;(P-P)’

(i=1..,N,) (3132)
g{(P)=b; +2¢,(P-P)+3d,(P-P)’ (313 b)
0/(P)=2c, +6d,(P-P) (3.13¢)
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The unknown coefficients of each spline segment are determined through the conti-
nuity requirements at the boundary between two adjacent spline segments. The coef-

ficients of each spline are defined as follow:

a, =M, (i=1..,N,) (3.14)
c=p'r (3.15)
C=(Cy,CqrnCy ) (3.15 )

2(p, + p,) P,

(3.15 b)

Puz 2(Py2+ Py,4)

r= ) (315¢)

where p,, =P, = P,_,. The coefficients ¢; are obtained by solving equation (3.15)

with (3.15 a, b, ¢). The boundary condition ¢, = Cy, =0 is imposed based on the

continuity of second derivative condition, d?g,/dP*=0 at P = P.Py, . The
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other coefficients b, (3.16) and d, (3.17) can be solved by substituting &, and c

into (3.13) and continuity conditions.

d = Y

i=1,..,N, -1
3p; ( )

(3.16)

(3.17)

The sensitivities of the limit state equation with respect to the random variables are

calculated by the direct differentiation of the P-M interaction diagram using chain-

rule.

ov] [ovoF v oBY [oF, 2B 7(00
oq |_|oFoq oBaoqg|_| oq aq oF
ov|"|owoF 0w OB || OF), 0B | 00
os OF 6s 6B 05 | 0s 0s oB

Cc’ 0

= OB+

0 _

( as)

oo

oD

B (3.18)

As the coefficients of the PMID and the internal forces are independent to the load

parameters and the strength parameters, respectively, the off-diagonal entries of ma-

trix Q is vanish. The sensitivities of P-M interaction diagram are followed:
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oo,

- 2
%= G%E)i =(bi+2ci(P Pfl+3di(P Pi)] c109)
oM
1
6(Di (P_P|)
B | (P_P)’ (3.19 b)
(P-PR)’

The sensitivities of curve parameters with respect to strength parameter are shown in

(3.20), when the total number of strength parameter is N b

OB_aBi_ da, ob, oc; 6di)T (il N)
0s os; os; 0s; 0s; os; J =4 Ne
oa; oM, .
_:—,(lzll_“,Ns)
asj asj
oc 4,0 0p
I a9,
asj P (asj as,. )
%zg[i(ag/lm _aaMi)_ Mi+1:Mi Zpi
S P CS; S| Pi S| (3.20)
_ 1 (aMi _ aMi—l)+ Mi _2M i-1 api—l]
Pis aSj asj Pis asj
ob, :(8ai+1 _8ai)i_ai+1 —8; 0p;.
os; ~0s; 0s; p p’  0s;
_l(zﬁ_'_ aCiJrl)pi _ 2Ci +Ci+1 %
3 st asj 3 st
od; 1 oc,, dci, Ciy—C op

— ( |)_ i+1 -
os; 3p; 0s; 0s; 3p; s

i j i j
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The sensitivities of axial strength and moment with respect to material parameters
and geometric parameters are followed in (3.21)

i-1

_i Z‘%c k+1/2
afck NI k=0

@ Ag \ 1665,k+1/2 p
af NI k=0 8fck

y

5P Ag \ 1685 k+1/2

N, = OE,
oP, =L
_Iz_z,Gc 4 (1 )+_Z,Gs +1/2P
8Ag |k0 k+1/2 |k0 k+1/2

R P ap _ 14

i-1
-—— + o
aAS ap 8AS N| % c,k+1/2 Z s,k+1/2

| k=0
oM, ayp y 00 1/2
: :_Pi 9 + — l_p)
afck afck p af N| kz(; i fck
oM, 0y, R Ay & 00 1,172

—=—08b+ y -2 Yis
afy afy p 8fy NI ; k+1/2 aka
1 0s

oM; ayp P+ _p g z Viors sk+1/2

6E 5ES aE N, = E,

M, &,  _ P N

_aAg :iﬂ +Yo aA N| ;ykﬂlzcc k+l/2(1 p)_N_2yk+1/265k+1/2p

-1

| k=0
oM, oM, op Y, . 5p i1 N,-1
i i _ P
8AS ap 8AS aAs p aAS NI ;ykﬂ/Z ck+l/2 N| ;}’kmzcs k+1/2
aypzo’ 8713:0’ aypzo’%zo, %:O
afck afy aES 6A ap
(3.21)
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Partial derivatives are defined as following.

0o
g [L- (-5 ] (=) i - S 2
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(3.22)

24



3.4 Comparison of Reliability Index for discrete and uniformly

distributed reinforced RC column

To check the validity of UDRC assumption as a substitution of general reinforced
concrete, the following example is considered: a simple rectangular section with
symmetrically placed reinforcing bars. Reliability analysis is carried out for example

section and for equivalent UDRC section and the results are compared.

400 mm |
- 'r‘l
A
59.1 mm
® @ ® |1
400 mm ® ® 281.1 mm
® ® ® |
59.1 mm
v i 2
[ >
59.1 mm 281.1 mm 59.1 mm

Fig. 3.5 Cross section of example RC column

The example is 400mmx400mm square section having 8-D19 rebar and the prop-

erties of load and strength are presented in table 3.1 and table 3.2.
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Table 3.1 Statistical properties of random variables in example section

Random variable ~ Nominal value  Bias factor COV  Distribution type
fex 27 MPa 1.150 0.100 Lognormal
Material 400 MPa 1.150 0.080 Lognormal
properties y
E, 200 GPa 1.000 0.060 Lognormal
es 0.0 mm 1.000 - Normal
Geometric 2,272 mm?
properties A, (p = 0.0142) 1.000 0.015 Normal
Ay 160,000 mm? 1.010 0.000 Normal
DC, 1.00 1.050 0.10 Normal
Load pa- DC, 1.00 1.030 0.08 Normal
rameters — npyy 1.00 1.000 0.25 Normal
WS 1.00 1.123 0.29 Extreme-type |

Table 3.2 External load effect of example section

Total nominal load Load effect matrix

Deterministic

effects DC, DC, DW WS values
Pq (MN) 1.05 0.40 0.50 0.10 0.05 0.00
Mq(MN-m) 0.03 0.01 0.05 -0.03 0.00 0.00

Table 3.3 presents the reliability indices and normalized MPFPs. Fig. 3.6 show the

failure points and the limit P-M interaction diagrams for the example section and

equivalent UDRC section. The x-axis and y-axis represent bending moment and axi-

al force normalized by nominal value of external load, respectively. The relative er-
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ror of two analysis result is less than 1% and UDRC section seems to represent well

the P-M interaction diagram.

50 — Nominal PMID (DC rebar)
— — Nominal PMID (UD rebar)
- — Limit PMID (DC rebar)
401 @ TNl e Limit PMID (UD rebar)
8 T~ ® Failure point (DC rebar)
S T~ [ Failure point (UD rebar)
& ~.
.83.0 7]
X
<
°
(5]
N
=20
£
[}
2
1.0 7]
0.0 T T = T
0.00 2.00 8.00 10.00

4.00 - 6.00
Normalized Bending Moment

Fig. 3.6 Nominal and limit PMIDs and MPFPs of example section

Table 3.3 Reliability index and normalized MPFP of example section

Normalized MPFP

Relia- -
rebar bility Material properties Geome'E[rile(:Sproper- Load parameters
index

DC 776 085 109 100 0.00 100 101 110 102 1.03 4.02
ub 7.72 085 110 100 - 1.00 1.01 110 101 102 4.01
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4. Optimization of pylon section for Target Reliability.

An optimum section which satisfies the target reliability level is determined by a
series of reliability analysis and updating the section steps. A column section has two
independent reliabilities in transverse and longitudinal directions. Therefore one can
decide the section for target reliability level for one direction or both of two direc-

tions as occasion demands.

4.1 General method

The equation for determination of the section which satisfies the target reliability

level is expressed as:

Bi (§) = BTi (4-1)

where BTi is the target reliability in the i-direction and S is coefficient vector about

geometric parameter. Generally one can find an optimum section by solving the
equation (4.1), and in this research uses Newton-Raphson method for solving non-

linear equations. Procedure of Newton-Raphson method is represented in (4.2).
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S,y =5, +AS

" . A " op. .~
B 6) =B, 6. +89) =B, 6+ D88~ “2)
2= () 0y -$.6.)
S

The sensitivity of reliability index with respect to geometric coefficient is obtained
by FDM (finite difference method). To calculate the finite difference, another relia-
bility index is calculated for geometric parameter which is increased by infinitesimal

values.

aBi zABi :Bi,z_Bi,l (43)
oS, AS; §,,-S;, '

j

where §j is j-th element of geometric parameters, B,, is a reliability index for
original geometric parameter §,, and B, is areliability index for §, which is
increased by AS ; from S j1- As the geometric parameters increased, the changes

of load effects also should be considered.

P,e P T
F=Cq =[ e P e } DW (4.4)
M DC DW S WS
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Among the components of the load effect matrix, dead load caused by self-weight of
the RC column and wind load affecting column are influenced by changes of the
gross area of concrete. Dead load caused by pylon self-weight is related to the size
of the gross sectional area of the column and wind load is proportional to linear scale

of the cross section.

4.2 Determination of RC pylon Sections for Uniaxial Target

reliability

The optimum RC pylon cross section for uniaxial target reliability satisfies the
target reliability in critical direction. Among transverse and longitudinal directions,
the one which has smaller reliability index for initial cross section is decided for crit-
ical direction.

The equation for determination of the section which satisfies the target reliability

in the critical direction is shown in (4.5)

B() =B+

§=(A, . A)T (45)
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Here, B, is the target reliability index in the critical direction and geometric coef-

ficient vector S consists of the gross area of concrete, A, and the gross area of

reinforcement, A,.

The optimum cross section is determined by Newton-Raphson method (4.2). The
linear scale of concrete cross section is changed with the same scale in both of trans-
verse and longitudinal directions

Since there are one equation and two unknown quantities, another equation is
needed to solve the problem. In this study, two different equations are considered.
One is the reinforcement ratio equation and the other is regularization function.

For the first method, when the additional reinforcement ratio equation is given, it
reduces one unknown guantity because the area of reinforcement can be expressed

by reinforcement ratio and the area of concrete.

B(Ag, A ) =B(Ay, pA;) =B(A;) =B+ (4.6)

Second method is to solve the equation (4.5) by using regularization function. In
this method, problem is changed to minimization problem whose object function is
equation (4.5) with regularization function. Regularization function can be set for
any constraint condition. The condition for the constraints of concrete and rein-

forcement area is adopted for the regularization function in this study.
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MinII =[B(A )-B-1> + M1 Ay r)2 Ay )2
Ay A =[B(Ag, A =B 1" + A _“)(E— :) +a(A—§— 0)°] @.7)

where A and a denote regularization coefficient and weighting factor, respective-
ly. Regularization coefficient controls the importance of the regularization term: the
solution satisfies the object function well as A becomes smaller and vice versa.
Therefore it is important to choose proper A value to get reasonable solution which
satisfies object function well and also has smaller condition number of system ma-
trix.

Equation (4.7) can be transformed in incremental form and expressed in matrix

form (4.8):
B B  M-oa) B P
0A; OA,  (AY)? 0y OA, AA
B B B B re |AA
OA, OA, oA, A, (A))°
op o), (A) @
_%(BT—[%(SK)H A (r, - Asot)
B B Ao _(Ag)k
oA, B+ B(Sk))+Ag (rg A’ )
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4.3 Determination of RC pylon Sections for Biaxial Target

reliability

The optimum RC pylon section for biaxial target reliability satisfies the target
reliability in both transverse and longitudinal directions. The equations and the un-

known quantities are followed:

B,() =B, .B,() =B,
§= (505, A)

(4.9)

where B, and B, are target reliability index in transverse and longitudinal directions,

respectively. The symbol s and s, denote linear scale of the cross section in
transverse and longitudinal directions, respectively, and the changed cross section

. 0 . ; ; 0
area is Ag = SXSyAg where the original cross sectional area is denoted Ag.

The cross section that satisfies biaxial target reliability also can be determined by
Newton-Raphson method. A difference from uniaxial case is that the linear scales of
cross section in each direction are not the same but independent of each other. Since
there are two equations and three unknown quantities, another equation is needed.
Thus, reinforcement ratio equation or regularization function could be added to

solve the problem.
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If the additional reinforcement ratio is given, the number of geometric parameter
reduced in two and the optimum cross section can be determined by solving the fol-

lowing minimization problem (4.11)

A, =pA, =ps,s, A’ (4.10)
Min = 8, (5,,5,) ~By, ) + (B, (5.05,) —By, )’ (@11

When equation (4.11) is transformed in incremental form, the matrix equation is ex-

press in (4.12).

By, ey BB 0B B,
0s, S, 0s, 0s, 08, 0s, |[As,
BBy OB By (B Bre s,
s, 05, 05, 08, s, s,

(4.12)

By B,

_ j— +_ j—

s, (Br, = B.) s, (Br, =B2)

B, B,

_ i +_ —

2, (Br, =B.) 2, (Br, =B,)

When the additional regularization condition is given, the problem turns into a min-
imization problem (4.13). The object function makes reliability indices to be equal

to target reliability indices and the regularization term constrain the area of concrete

and reinforcement.
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le\gyiyr)‘sln = (By _BTy)Z + (B _BTX)Z +7L[(1—0L)(%_ rs)z "HX(E_

t

The equation above is expressed (4.14) in incremental form.

_ o5,
(63

)2

(

By y2
as,

)"+

sym.

1
(A;)

5Ag

)

B, B,
0s, 08,

G

B

y)

{

LB By, 1 OAOA
83 os, (Ag) ds, s,
By 1 Ag
G e G,
By 2
(67‘51)
8
i (B, B+ 6Bx B, P,
AS OSX
* 9
ASYJZ %(By_ﬁy) B (ﬁr B,
" B(B ~,)+ aBX(B 5
oA, g oA, T
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r,)’1 (4.13)

@By 6By
asxaTS,
B, B, B, B
3s, oA, 0s, OA,
PBrvo e
ar) -9 |
1A A
)7 AQ(AJ W,
A oA,
) -\ —( - )7
A Ag

A
Ml-a)—
)7 '%(Aa ")

, 0B, 0B,
Gs, oA,
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5. Application and Verification

The validity of reliability analysis with the assumption of UDRC column is
demonstrated for two examples, and the optimum sections for uniaxial and biaxial
target reliability index are determined by the method introduced in paragraph 4.

The example bridges are Incheon Bridge and Ulsan Bridge which are selected as
examples of cable-stayed bridge and suspension bridge, respectively. The cross sec-
tions are selected from lower part of the pylons. As the wind load combination usu-
ally dominates in the case of pylon of cable bridges, the target reliability index is set
for 3.1 as proposed in KHBDC.

When one uses reinforcement ratio equation for finding the optimum sections,
the reinforcement ratio was set in the range of 1% to 4% as the concrete design code
proposed. If the regularization functions are added to solve the problem, weighting
factor o is changed in the range of 0 to 1. After finding the optimum sections by
two different methods, the results were compared in the reinforcement ratio range of
1% to 4%. And the reliability indices were checked after placing the general rebar in

the sections for one case of reinforcement ratio for each example.
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5.1 Incheon Bridge

Incheon Bridge is a cable-stayed bridge located in Incheon and it connects
Yeongjong Island and the mainland of Incheon. The total length is 21.38 km and the

height of pylon is 225.5 m. The pylon and the cross section of lower part is shown in

Fig. 5.1.
T
71
AR
A
225
2339935 [ 10,061 -
Y 1250/ 1
I3 Trans. (y)
55
vy Long. (x)
10| |23 ||0
43
(a) Front view of pylon (unit: m) (b) Cross section of pylon (unit: mm)

Fig. 5.1 Pylon and cross section of Incheon Bridge
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The statistical properties of pylon of Incheon Bridge are shown in Table 5.1.

Table 5.1
Statistical properties of random variables for cross section of Incheon Bridge pylon

Random variable ~ Nominal value Bias factor ~COV  Distribution type

fo 45 MPa 1.158 0.095 Lognormal
Material 400 MPa 1.150 0.080 Lognormal
properties y
E, 200 GPa 1.000 0.060 Lognormal
e 0.0 mm 1.000 - Normal
Geometric 1.46 m?
properties Aq (p = 0.0403) 1.000 0.015 Normal
A, 36.14 m? 1.010 0.000 Normal
DC, 1.00 1.050 0.100 Normal
Load pa- DC, 1.00 1.030 0.080 Normal
rameters 5y 1.00 1.000 0.250 Normal
WS 1.00 1.123 0.288 Extreme-type |

The gross area of concrete in original cross section is Ag =36.14 mz, and the

gross area of reinforcement is A, =1.46 m? with around 4% of reinforcement

ratio. The symbol €, in the Table 5.1 is position error of the rebar. Normal distribu-

tion with zero mean is assumed for position error, and the radius of each rebar is

taken as the standard deviation. Therefore the location of k-th rebar is denoted

Yox = Yox +€ Where y_ denotes the exact position of the rebar.

Table 5.2 shows the load effect of Incheon Bridge. The wind load is used for de-

sign life of 100 years and can be separated in two values, the wind load on the pylon,

38



WSp and the wind load on the other components of the bridge except the pylon,

WS

etc *

Table 5.2 Load effect of cross section of Incheon Bridge pylon

Load  Total nominal load Load effect matrix Deterministic

direction effects DC, DC, DW WS values

Py (MN) 175.18 115.87 82.05 30.42 -52.59 -0.57
Tans.
My(MN-m) 644.42 -117.77 -25.95 -2419 712091 99.41

Py (MN) 226.34 11587 8205 3042 -0.72 -1.27
Long.
Mq(MN-m) 364.27 0.00 105.05 -99.77 334.68 24.32

Table 5.3 Composition of wind load of Incheon Bridge

Load direction Total WS WS, WS
-52.59 -20.91 -31.68
Transverse
712.91 352.71 360.20
-0.72 -0.67 -0.05
Longitudinal
334.68 287.05 47.63
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5.1.1 Result of reliability analysis

14
Nominal PMID (DC rebar)
1. = = Nominal PMID (UD rebar)
1271 >~. - — Limit PMID (DC rebar)
® ~. - Limit PMID (UD rebar)
glO - ™~ "~ ® Failure point (DC rebar)
L [ Failure point (UD rebar)
S
X 87
<
oS
N 6 .
8 N
g .
S 41 \‘
2 Od
0 T T T T : T T T
0 1 2 3 4 5 6 7 8

Normalized Bending Moment

Fig. 5.2 Nominal and limit PMIDs and MPFPs of Incheon Bridge
in transverse direction

Table 5.4
Reliability index and normalized MPFP of Incheon Bridge in transverse direction

Normalized MPFP

Rebar ~eha-
type bility Material properties Geometric properties Load parameters
index
ck fy Es (es)avg. As /Ast. Ag DCP DCQ DW  Ws

DC 465 115 107 100 000 100 101 1.02 102 096 4.21

ub 461 115 107 1.00 - 1.00 101 1.02 1.02 096 4.16

The results of reliability analysis for general reinforcement (DC rebar) and uni-

formly distributed reinforcement (UD rebar) are shown in Fig. 5.2. Two of PMIDs

40



and the MPFPs coincide and the reliability index and normalized MPFPs are shown
in the Table 5.4.

Reliability analysis could not be done in longitudinal direction because the relia-
bility index was too big and it overs the significant digit of calculation. Therefore

critical direction for uniaxial target reliability was decided as transverse direction.

5.1.2 Determination of pylon section for uniaxial target reliability

Fig. 5.3 and Fig. 5.4 show the results of optimum sections for uniaxial target re-
liability by using reinforcement ratio equation and regularization function, respec-

tively. The optimum section is obtained by adjusting the original cross section by

Sa, scale for concrete and s, scale for reinforcement.
The comparison between the results of two methods is shown in Fig.5.5. The
results of two methods are in agreement with each other. That is, when the rein-

forcement ratio is decided, the optimum section for uniaxial target reliability is de-

termined for a unique solution.

41



20

Dimension scale
= =
o o
1 1

©
3
|

——3
Ag

—l—s
As

0.0 I I T T T
0.010 0.015 0.020 0.025 0.030 0.035 0.040

Reinforcement ratio p

Fig. 5.3 Dimension scale of geometric parameters for uniaxial target reliability
under given reinforcement ratio
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Reinforcement ratio p

Fig. 5.4 Dimension scale of geometric parameters for uniaxial target reliability
under given regularization function
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Fig. 5.5 Comparison of results for condition of reinforcement ratio
and regularization function

To verify the reliability indices for general reinforcement cases, reliability analy-
sis are conducted for the section that has discretely located rebar correspond to 4%
of reinforcement ratio. The location of rebar is determined on the basis of original
design section. The adjusted cross section is shown in Fig. 5.6 and limit PMIDs and
MPFPs are shown in Fig. 5.7. The reliability indices and normalized MPFPs are

summarized in the Table 5.5. The results satisfy the target reliability.
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Fig. 5.6 Optimum section for uniaxial target reliability of
4% reinforcement ratio with general rebar
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Fig. 5.7 Nominal and limit PMIDs and MPFPs for 4% reinforcement cross section
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Table 5.5 Reliability index and normalized MPFP of 4% reinforcement cross section
in transverse direction

Normalized MPFP

Relia-
Rebar bility Material properties Geometric properties Load parameters
type index

f E (es)avg' A, /Ast_ A

ck y S

DCp DCg DW WS

gt

DC 314 115 110 100 0.00 1.00 101 1.08 102 097 272

ub 310 115 110 1.00 - 1.00 101 1.03 1.02 0.97 2.68

5.1.3 Determination of pylon section for biaxial target reliability

Fig. 5.8 and Fig. 5.9 are the results of optimum sections for biaxial target relia-
bility by using reinforcement ratio equation and regularization function, respectively.
Here, transverse and longitudinal directions are denoted x and y.

For determination of the optimum section, the length of the original section is
changed by s, scale in longitudinal direction and s, scale in transverse direction.
Then the changed section is denoted A, = SXSyAgJ = Sp, Ag , Where Ag is the area of
original section and Sa, is the scale of concrete area. Since the reliability index of

original section is bigger in longitudinal direction, longitudinal linear scale s, ad-

justed smaller than transverse linear scale s, in Fig 5.8 and Fig. 5.9.
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Fig. 5.8 Dimension scale of geometric parameters for biaxial target reliability
Under given reinforcement ratio
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Fig. 5.9 Dimension scale of geometric parameters for biaxial target reliability
under given regularization function
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Fig. 5.10 Comparison of results for condition of reinforcement ratio
and regularization function

Fig. 5.10 shows the comparison between the results of two methods. The lines and
the dotted lines show the result of reinforcement ratio condition and the markers
show the result of the regularization condition. The optimum section for biaxial tar-
get reliability is determined for a unique solution, when the reinforcement ratio is

decided.
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To verify the reliability indices for general reinforcement cases, discrete rebar is
positioned for the 4% reinforcement ratio section. Fig. 5.11 shows the adjusted sec-
tion and Fig.5.12 and Fig. 5.13 are limit PMIDs and MPFPs in transverse and longi-
tudinal direction, respectively. The reliability indices and normalized MPFPs are
shown in the Table 5.6 and Table 5.7. The both of sections with discrete rebar and

uniformly distributed reinforcement satisfy the target reliability in both directions.

4,764 mm
«— —p|

Trans.(y)

9,398 mmE |

Long.(x)} :

Fig. 5.11 Optimum section for biaxial target reliability of
4% reinforcement ratio with general rebar
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= = Nominal PMID (dist. rebar)
127 - — Limit PMID (disc. rebar)
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Fig. 5.12 Nominal and limit PMIDs and MPFPs for 4% reinforcement cross section

in transverse direction

Table 5.6 Reliability index and normalized MPFP of 4% reinforcement cross section
in transverse direction

Normalized MPFP

Rebar eha-
bility Material properties Geometric properties Load parameters
type index
« fy E. (es)avg' A TA, Agt DCp DCg DW WS
DC 313 115 110 100 000 100 101 1.04 1.02 0.95 272
ub 310 1.15 1.10 1.00 - 1.00 1.01 1.04 1.02 0.95 268
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® Failure point (DC rebar)
1 Failure point (UD rebar)
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Fig. 5.13 Nominal and limit PMIDs and MPFPs for 4% reinforcement cross section
in longitudinal direction

Table 5.7 Reliability index and normalized MPFP of 4% reinforcement cross section
in longitudinal direction

Normalized MPFP

Rebar e
type bility Material properties Geometric properties Load parameters
index
« fy E. (es)avg' A TA, Agt DCp DCg DW WS
DC 313 311 113 1.11 100 000 1.00 1.01 104 1.03 0.90
ub 310 3.09 1.13 111 1.00 - 1.00 1.01 1.04 1.03 0.91
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5.2 Ulsan Bridge

Ulsan Bridge is a suspension bridge whose total length is 1.8 km and the height

of the pylon is 203 m. The pylon and the cross section of lower part are shown in Fig.

5.14. The statistical properties of pylon of Ulsan Bridge are shown in Table 5.8.

10
63
A —r
Y
203
79.8
v
A
50.2 i
d4p
Y v

(a) Front view of pylon (unit: m)

Trans. (1)

Long. (x)

I;— 5,200—>]

(b) Cross section of pylon (unit: mm)

Fig. 5.14 Pylon and cross section of Ulsan Bridge
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Table 5.8
Statistical properties of random variables for cross section of Ulsan Bridge pylon

Random variable Nominal value  Bias factor COV  Distribution type
fex 40 MPa 1.150 0.100 Lognormal
Materl_al f 400 MPa 1.150 0.080 Lognormal
properties y
E. 200 GPa 1.000 0.060 Lognormal
es 0.0 mm 1.000 - Normal
Geometric 0.51 m?
properties A, (p = 0.0195) 1.000 0.015 Normal
Ay  26.18m? 1.010 0.000 Normal
DC P 1.00 1.050 0.100 Normal
DC C 1.00 1.000 0.060 Normal
Load pa-
rameters DC g 1.00 1.030 0.080 Normal
DW 1.00 1.000 0.250 Normal
WS 1.00 1.1466 0.3206 Extreme-type |

The gross area of concrete in original cross section is A, = 26.18 m?, and the

gross area of reinforcement is A, = 0.51m* with around 2% of reinforcement ratio.

Table 5.9 shows the load effect of Ulsan Bridge. The wind load is used for design
life of 100 years and can be separated in wind load on the pylon and on the other

components of the bridge except the pylon (Table 5.10).
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Table 5.9 Load effect of cross section of Ulsan Bridge pylon

L_oad Total nominal load Load effect matrix D_e'ger_—
direc- offects ministic
tion DCp DCc DCJg DW WS values
Pq (MN) 10451 30.84 65.07 15.00 -49.29 0.06
Tans.
Mg(MN-m) 319.02 -531 -9.13 -039 -0.22 251.37 82.69
Pq (MN) 10451 30.84 65.07 1500 -1.39 -0.07
Long.
Mq(MN-m) 296.12 0.00 373.92 -329.68 -47.72 205.67 93.93
Table 5.10 Composition of wind load of Ulsan Bridge
Load direction Total WS WS p WS_etc
-49.29 -19.72 -29.58
Transverse
251.37 123.17 128.20
-1.39 -1.26 -0.14
Longitudinal
205.67 176.88 28.79
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5.2.1 Result of reliability analysis

8
Nominal PMID (DC rebar)
7 '~ . = = Nominal PMID (UD rebar)
. - — Limit PMID (DC rebar)
o . - Limit PMID (UD rebar)
o 67 . .
5 "~ ® Failure point (DC rebar)
L - [ Failure point (UD rebar)
s 57
X
- 47 .
N \
= 24 .
£’ \
S .
Z 2 /
1
0 T T T T T T T
0 1 2 3 4 5 6 7 8

Normalized Bending Moment

Fig.

5.15 Nominal and limit PMIDs and MPFPs of Ulsan Bridge

in transverse direction

Table 5.11

Reliability index and normalized MPFP of Ulsan Bridge in transverse direction

Normalized MPFP

Relia- : - : -
Rebar bility Materla}l proper Geometr_lc proper Load parameters
type . ties ties
index ©)w A
foc 1y E; s/ /AS Ay DC, DC. DC; DW WS
g st
DC 392 114 110 1.00 0.00 1.00 1.01 1.02 1.00 1.02 0.97 3.79
ub 391 114 110 100 - 100 1.01 102 1.00 1.02 0.97 3.78
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Nominal PMID (DC rebar)
= = Nominal PMID (UD rebar)

- — Limit PMID (DC rebar)

----- Limit PMID (UD rebar)

® Failure point (DC rebar)

. [ Failure point (UD rebar)

Normalized Axial Force

Normalized Bending Moment

Fig. 5.16 Nominal and limit PMIDs and MPFPs of Ulsan Bridge
in longitudinal direction

Table 5.12
Reliability index and normalized MPFP of Ulsan Bridge in longitudinal direction

Normalized MPFP

Relia- : - : -
rebar bility Materla}l proper Geometr_lc proper Load parameters
type . ties ties
index ©)w A
foc 1y E; e ' Aq DC, DC, DC; DW WS
g /Ast
DC 556 1.10 1.08 1.00 0.00 1.00 1.01 1.01 1.02 0.98 0.92 5.97
Ub 556 110 108 1.00 - 100 1.01 101 1.02 0.98 0.92 5.95

The results of reliability analysis for DC rebar and UD rebar are shown in Fig.

5.15 and Fig. 5.16 in transverse and longitudinal direction, respectively. The relative

error of reliability indices between two kinds of rebar was less than 1% and the
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magnitude of reliability index was bigger in longitudinal direction. Thus critical di-

rection is decided as transverse direction.

5.2.2 Determination of pylon section for uniaxial target reliability

Fig. 5.17 and Fig. 5.18 show the results of optimum sections for uniaxial target
reliability by using reinforcement ratio equation and regularization function, respec-

tively. Two results were in agreement with each other and it is shown in Fig. 5.19.
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(6]
!

Dimension scale
-
o
Ll

0.5

0.0 T T T T T
0.010 0.015 0.020 0.025 0.030 0.035 0.040
Reinforcement ratio p

Fig. 5.17 Dimension scale of geometric parameters for uniaxial target reliability
under given reinforcement ratio
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Fig. 5.18 Dimension scale of geometric parameters for uniaxial target reliability
under given regularization function
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Fig. 5.19 Comparison of results for condition of reinforcement ratio
and regularization function
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The results of reliability analysis for the optimum section of 2% reinforcement
ratio with discretely located rebar are shown in Fig. 5.21 and Table 5.13. The loca-
tion of rebar is determined on the basis of original design section and the reliability

index of the section satisfies the target reliability.

«— 7,724 mm

Trans. (y)

t,

Long. (x)

7,038 mm

Fig. 5.20 Optimum section for uniaxial target reliability of
2% reinforcement ratio with general rebar

Nominal PMID (DC rebar)

= = Nominal PMID (UD rebar)
- — Limit PMID (DC rebar)
----- Limit PMID (UD rebar)
®  Failure point (DC rebar)
1 Failure point (UD rebar)

Normalized Axial Force

T T T

3 4 5 6 7 8
Normalized Bending Moment

Fig. 5.21 Nominal and limit PMIDs and MPFPs for 2% reinforcement cross section
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Table 5.13 Reliability index and normalized MPFP of 2% reinforcement cross sec-
tion in transverse direction

Normalized MPFP

Relia-

Rebar bility Materla}l proper- Geometr_lc proper- Load parameters
type . ties ties
index ©) A
fox fy E e ' Aq DC, DC, DC; DW WS

g /Ast
DC 310 1.14 111 100 0.00 1.00 1.01 1.03 1.00 1.02 0.98 294

ub 310 114 111 1.00 - 1.00 1.01 1.03 1.00 1.02 0.98 2.93

5.2.3 Determination of pylon section for biaxial target reliability

The results of optimum sections for biaxial target reliability are shown in Fig.
5.22 and Fig. 5.23. Fig 5.22 is the result for the reinforcement ratio condition and
Fig. 5.23 is the one for the regularization condition. These two results are compared

in Fig 5.24 and they are in agreement with each other.
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Fig. 5.22 Dimension scale of geometric parameters for biaxial target reliability
under given reinforcement ratio
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Fig. 5.23 Dimension scale of geometric parameters for biaxial target reliability
under given regularization function
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Fig. 5.24 Comparison of results for condition of reinforcement ratio
and regularization function

Discrete rebar is positioned for the 2% reinforcement ratio section and reliability
analysis is conducted. The results show the section satisfies the target reliability in

both transverse and longitudinal directions.

Trans. (y)

L,

Long. (x)

7,744 mm {. 3

Fig. 5.25 Optimum section for biaxial target reliability of
2% reinforcement ratio with general rebar
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Nominal PMID (DC rebar)
= = Nominal PMID (UD rebar)
- — Limit PMID (DC rebar)
----- Limit PMID (UD rebar)
. ® Failure point (DC rebar)
~ . 1 Failure point (UD rebar)

Normalized Axial Force

2 3 4 5 6 1 8
Normalized Bending Moment

Fig. 5.26 Nominal and limit PMIDs and MPFPs for 2% reinforcement cross section
in transverse direction

Table 5.14 Reliability index and normalized MPFP of 2% reinforcement cross sec-
tion in transverse direction

Normalized MPFP

Relia- : - : -
R;ebar bility Maten;:asroper Geomettrilézsproper Load parameters
ype index ©)w A
fex fy E, ‘;a" /Asst Ay DC, DC. DC, DW WS

DC 311 113 112 100 000 1.00 1.01 1.03 1.00 1.02 097 295

ub 310 114 112 1.00 - 1.00 1.01 1.03 1.00 1.02 0.97 294
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Fig. 5.27 Nominal and limit PMIDs and MPFPs for 2% reinforcement cross section
in longitudinal direction

Table 5.15 Reliability index and normalized MPFP of 2% reinforcement cross sec-
tion in longitudinal direction

Normalized MPFP

Relia- - ) - )
Rebar bilit Materla_\l proper Geometr_lc proper Load parameters
type Y ties ties
index € A
fex fy Es s/ /AS Ay DC, DC. DCy, DW WS
g st

DC 311 111 112 100 000 1.00 101 1.04 102 0.98 0.93 287

ubD 310 111 112 100 - 1.00 1.01 1.04 102 098 0.93 2.86
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6. Summary and Conclusion

In this study, the concept of uniformly distributed reinforcement is introduced
for reinforced concrete pylon. PMID based on this uniformly distributed reinforce-
ment was formulated and the validity of this assumption was verified by reliability
analysis.

The strength of RC column section can be expressed by gross sectional area and
reinforcement ratio when the UDRC is applied to the section. It is useful to intro-
duce the UDRC assumption that the optimum section for target reliability level can
be determined in general form.

The optimum section can be calculated by Newton-Raphson method with the
given reinforcement ratio condition or regularization functions. When determining
the optimum sections for uniaxial target reliability, the critical direction can be de-
cided for the direction which has lower reliability level and the length of the section
is changed in the same scale in both directions. Meanwhile, the optimum sections
for biaxial target reliability are determined as the sections that satisfy the target reli-
abilities in both directions. The length of the section is changed in different scale to
find the optimum section in this case.

The results for two different additional conditions coincide in each case of two
examples. That is, the optimum section for uniaxial and biaxial reliability is deter-

mined for a unique solution under given reinforcement ratio.
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General forms of optimum sections for target reliability are determined in two
real bridge examples. It is verified that real section can be determined by placing the

rebar properly based on UDRC optimum sections.
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