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Abstract: In the new generation of design code, safety mfcires is provided in form of load and
resistance factors. Safety is measured in terntiseofeliability index. The acceptability criteriam the
selection of load and resistance factors is closet®the target reliability index which can bedatiént
depending on limit state. The paper presents eepioe to determine these factors using the comdept
Ldesign point”. The coordinates of design point aqual to factored load or factored resistance.
The required input data includes for each load comept and resistance: mean values, bias factdo (rat
of mean to nominal), standard deviation or coeffitiof variation. The procedure is demonstrated on
example of bridge design code (AASHTO) for presteelsconcrete girders, guide for evaluation of
existing bridges (AASHTO), also prestressed coecgatders, and design code for concrete buildings
(ACI 318) — reinforced beams in flexure.
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1. Introduction

A new generation of design codes and guides faluation of existing structures is based
on consideration of limit states and failure scasarContrary to the allowable stress design
(ASD) or working stress design (WSD), safety maiiginepresented by load and resistance
factors. However, the principle role of design codend guides is to make sure that the
designed or evaluated structures perform their tioncwith adequate reliability. It is
impossible to eliminate the possibility of failupet the probability of failure should be kept
at an acceptably low level. There are three impbiqaestions:

— How to measure safety?
— What is acceptable and what is unacceptableysafes|?
— How to implement the acceptable safety in engingepractice?

There is a considerable literature on structuedety and reliability. Safety can be
measured in terms of the reliability indgk,The acceptability/unacceptability criteria caarth
be expressed as a target reliability ind8x,For each limit state, the selection&fdepends
on the consequences of failure and marginal costafity, and it may involve a higher or
lower degree of subjective judgement. However aihjective of this paper is to focus on the
last bullet item, i.e. implementation of the targatability index in design codes and guides
for evaluation of existing structures. In particulde paper deals with derivation of load and
resistance factors as coordinates of the so callesign point” (Nowak and Collins 2013).

2. Limit State Function and Reliability Index

For each limit state, a structural component aainktwo states: safe when resistarRe,
exceeds the loaQ), and unsafe (failure) when load exceeds resistarmeboundary between
safe and unsafe states can be represented bynihsthte function, in a simple form such as:
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g=R-0Q=0 (1)

SinceR andQ can be considered as random variables, the pratyaififailure, Py, is equal
to probability of g being negative,

Pr=P(g<0) )

In general,R andQ can be functions of several variables such as tmad] live load,
dynamic load, strength of material, dimensionsdejirdistribution factors, and so on.
Therefore, the limit state function can be a comlmction:

g(Xll "'an) = O (3)

A direct calculation of probability of failure cae difficult, in particular when g is non-
linear. Instead, reliability indeys, can be calculated and the relationship betwgeand the
probability of failure Ps, is as follows:

Pr=®(-B) (4)
and
p=-(P) ()
where:
@ — cumulative distribution function of the standaedi normal random variable;
& —the inverse of (Nowak and Collins 2013).

There are several formulas and analytical proeedawvailable to calculage If the limit
state function is linear, and all the variablesrayamal (Gaussian), i.e.

9%y, o X)=agt St g X (6)
then
p= =2 ()
where: i
1= 9y, e tty) (8)

i — mean value of

09—, ’ 2 & O'i)2 9)

If the variables are non-normal, then Eq. 9 camsed as an approximation. Otherwise,
more accurate value ¢fcan be calculated using an iterative procedurié thie limit state
function is non-linear, then accurate results carobtained using Monte Carlo simulations
(Nowak and Collins 2013).

oi — standard deviation .

3. Design Point

The result of reliability analysis is reliabilitydex, 5. In addition, the reliability analysis
can be used to determine the coordinates of thegdepoint”, i.e. the corresponding value of
factored load for each load component and valufactbred resistance. For the limit state
function in Eg. 5, the design point is a point idimensional space, denoted B'( ..., Xn'),
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that satisfies Eq. 5, and if failure is to occtiisithe most likely combination of:X ..., Xo*
(Nowak and Collins 2013).

For example, if the limit state function is givey Eq. 3, andR andQ are normal random
variables, then the coordinates of the design momi{Nowak and Collins 2013):

R =y, (10)
R )

;

*_ ﬂO'Q
Q=u+ 11
Hq ey (11)

If RandQ are not both normally distributed thBhand Q* can be calculated by iterations.
However, a relatively wider range of design poimbiinates corresponds to the same value
of reliability index, so in practice, Eq. 10 and.Edl can be used even for non-normal
distributions.

4. Load and Resistance Factors
Consider a load and resistance factor design (DR&ibnula,

Dn+ p Ln< @R, (12)

where:D, — nominal dead loadp — dead load factot,, — nominal live loady — live load
factor,R, — nominal resistanceg— resistance factor.

Furthermore, D is factored dead loadsL is factored live load angR is factored
resistance. But the coordinates of design p@t,L* andR* correspond to factored loads
and factored resistance, respectively. Therefdne, lbad and resistance factors can be
calculated as follows,

46 = D*/ D (13)
w=L* Ly (14)
=R R, (15)

In many practical cases, to calculate load andtegge factors, the required input data for
each load component and resistance includes tlwsviiol): mean value, bias factor (mean-to-
nominal ratio) A, and standard deviatiog, or coefficient of variationy. The derivation of load
and resistance factors is demonstrated for bridgiggd code AASHTO (2014), concrete buildings
design code ACI 318 (2014), and a guide for evalnaif existing bridges (AASHTO (2011).

5. Bridge Design Code

The basic load combination for bridge load commtsénclude dead load), dead load
due to the wearing surfacBy, live load,L, and dynamic load, Each random variable is
described by its cumulative distribution functioBOF), including the mean and standard
deviation. It is also convenient to use the biatdiawhich is the ratio of mean-to-nominal
value, denoted by, and the coefficient of variatio®y/, equal to the ratio of the standard
deviation and the mean. BottandV are non-dimensional.
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The total load is a sum Bf+ Dw + (L + I). The statistical parameters of dead load that were
used in the original calibration have not beenlehgked so far (NCHRP Report 368). Therefore,
for factory-made components (structural steel amtagst/prestressed concretey 1.03 and
V =0.08. For the cast-in-place concrete; 1.05 andv = 0.10. For the wearing surface it is
assumed that the mean thickness is 3.5 in (90 nith)Aw= 1.00 andv = 0.25. The statistical
parameters for live load are taken from the reSétRP2 R19B report (2015). The ratio of mean-
to-nominal value, or bias factor for live load maés plotted vs. span length in Fig. 1 for the
average daily truck traffic (ADTT) from 250 to 10@ The mean value of the dynamic load
factor is taken as 0.10 and the coefficient ofatarn for static and dynamic live load is taken as
0.14 (NCHRP Report 368). The total load as a suseweéral components can be considered as
a normal random variable. The load carrying capagitonsidered as a product of three factors
representing the uncertainties involved in matepi@perties, dimensions/geometry and the
analytical model. The statistical parameters, Eaasor,A = 1.05, and coefficient of variation,

V = 0.075, that were used in the original calibration

The dead load facteb corresponding to the design point is shown in Eig.he calculated
live load factors are shown in Fig. 3. For mosesashe optimum live load factgdr is between
1.4 and 1.55 for ADTT = 10,000 and the range istd.B.5 for ADTT = 250. Therefore, 1.55
can be considered as a conservative value ofdag, leven for ADTT = 10,000. The resistance
factors are presented in Fig. 4 for prestressedretagirders.
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Fig. 2. Dead load factors vs. Span length for peesed concrete girders
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Therefore, the recommended new design formula is:
1.20 (D+. D,) + 1.6 (L+]) <0.85R (13)

For comparison, the design formula in the curfeh8HTO (2014) is:

1.25 (D+1.50 D)) + 1.75 (L+1) <1.00 R (14)
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Fig. 3. Live load factor vs. Span Length for Prested Concrete Girders
1.0
Es=a S ns o e e e e m s o e
0.8
<
B
]
@
& 0,6
3
=
g 04 —— ADTT=250
'z o— ADTT=1000
& o2 s ADTT=2500
) --m-- ADTT=5000
- + = ADTT=10000
0.0
0 10 20 30 40 50 60 70
Span, m

Fig. 4. Resistance Factor vs. Span Length for Reestd Concrete Girders

6. Evaluation of Existing Bridges

Evaluation of existing bridges is governed byNanual for Condition Evaluation of Bridges
(AASHTO 2011). The statistical parameters for laad resistance are assumed the same as for
new design. However, the target reliability ing@x= 2.5, while for new designs it i&r = 3.5.

The difference is due to cost of additional saf€tyincrease the reliability for a new design can
be much less expensive than to upgrade an extingture. Therefore, the load and resistance
factors are calculated for prestressed concretieigirandGr = 2.5. The results are shown in
Fig. 5 for dead load factor, Fig. 6 for live loattfor and Fig. 7 for resistance factor.
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Therefore, the recommended formula specified Yaiuation of existing bridges is:

1.20 (D+ D,) + 1.4 (L+]) < 0.90 R (15)
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Fig. 5. Dead load factor for evaluation of existhridges
For comparison, the formula specified in AASHTO is

1.25 D+ 1.50 D,, + 1.35 (L+]) < 1.00 R (16)
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Fig. 6. Live load factor for evaluation of existibgdges
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Fig. 7. Resistance factor for evaluation of exgtimidges
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7. Design Code for Concrete Structures

The statistical parameters for the design of ocgt€¥d concrete building structures can be
deifferent than for bridges. The dead load can ¢smumed the same as listed for bridges.
However, for live load the bias factdr= 1.00 and coefficient of variatiovi= 0.18. For resis-
tance representing moment carrying capacity ofisfaeed concrete beam, two cases of
reiforcement ratio are considered (Rakoczy and No2@1?2) forp = 0.60%,4 = 1.10 and
V =0.12. The resulting dead load factors are shawrig. 8, live load factors in Fig. 9 and
reistance factors in Fig. 10. Two types of disttidw are considered for resistance: normal and
lognormal. The recommended load and resistancertaate,

12D+1.6 L<09R a7)
For comparison, the current ACI 318-14 design fdenis:

12D+1.6 L<09R (18)

o
o
=]
]
&
=
]
Q
i 0.4 ——R- lognormal
]
2 0.2 —=—R- normal
0,0
0 0,1 0,2 0.3 0.4 0,5 0.6 0,7 0.8 0.9 1
D/(D+L)
Fig. 8. Dead load factor for design of concete s@am 0.6%
=
S
=]
S
&
=
g o
; 0.4 —+—R - lognormal
0 02 —&—R - normal
0,0
0 0.1 0,2 0.3 0.4 0.5 0,6 0,7 0.8 0,9 1
D/(D+L)

Fig. 9. Live load factor for design of concete beam 0.6%
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Resistance factor, ¢
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Fig. 10. Resistance factor for design of concetisp = 0.6%

8. Evaluation of Existing Concrete Structures

The statistical paramters of load and resistamceefaluation of exisitng reinforced
concrete beams in buildings are assumed the sarf@ agw design, however, the target
reliability is takengGr = 2.5, while for new designsf = 3.5. The results are shown in Fig. 11
for dead load factor, Fig. 12 for live load factord Fig. 13 for resistance factor.
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Fig. 11 Dead Load Factor for Evaluation of ExistafgReinforced Concrete Beams
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Fig. 12. Live Load Factor for Evaluation of Exigfiof Reinforced Concrete Beams
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Fig. 13. Resistance Factor for Evaluation of ERigtbf Reinforced Concrete Beams

Therefore, the recommended formula specified fealation of existing reinforced

concrete beams is:
1.2D+135L<095R (29)

9. Conclusions

In the new generation reliability-based designespdthe load and resistance factors
correspond to the coordinates of the design p®im. presented procedure results in a set of
load and resistance factors that provide a clastr the target reliability index.

The procedure is demonstrated on a prestressetleteryirder and a reinforced concrete
beam. For both components, the load and resisfantars are derived for a new design and
evaluation of existing structure.
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PRAWDOPODOBIENSTWO AWARII — WSPOLCZYNNIKI
OBCIAZEN | NOSNOSCI

StreszczenieNormy do projektowania konstrukcji oraz wytyczreeateny istnigjcych konstrukcji maj
zapewnt wymagany zapas bezpieéséwna. Dlatego bardzo vmy jest wybor wspotczynnikéw obgien

i nosnosci konstrukcji. Gldwnym celem referatu jest przesgenie procedury do obliczenia optymalnych
wspotczynnikow obeizen i nosnosci konstrukeji. Dla kadego sktadnika obgienia, iloczyn wspéiczyn-
nika obcizenia oraz wartai nominalnej tego sktadnika okgenia odpowiada najbardziej prawdopodob-
nemu przebiegowi awarii. Podobnie jest z iloczynespotczynnika nénosci oraz wartéci nominalnej
nosnoici. Teoretycznie, optymalne wspotczynniki afi@nia i n@dnosci mogy by¢ rézne dla rénych
standw granicznych, a nawet w zalesci od materiatéw, rozptosci i innych parametréw. Ze wagléw
praktycznych, wspotczynniki normowe zaokgglane a liczba rinych wspétczynnikéw powinna byak
najmniejsza. Dlatego sprawdza §ak szeroki zakres konstrukcji i by¢ adekwatny. Wyznaczanie
wspoiczynnikéw obeaizeniowych i nénosci jest przedstawione na przyktadzie normy mostaeepro-
jektowania (AASHTO), normy do oceny istrgeych mostéw (AASHTO), oraz normy do projektowania
budowli zelbetowych (ACI 318).

Stowa kluczowe:wspoditczynnik obaizenia, wspotczynnik nimosci, prawdopodobigstwo awarii, wska
nik niezawodnéci, obcizenie stale, obgkenie zmienne, rimos¢ konstrukcji, parametry statystyczne



