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STANY GRANICZNE: NOSNOSC CZY UZYTKOWALNOSC?

ULTIMATE OR SERVICEABILITY LIMIT STATES?

Streszczenie Nowa generacja norm projektowych jest oparta naasta granicznych. Wspotczynniki ohzén

i nosnosci s ustalane poprzez kalibracje i analiiezawodnéci konstrukcji. Metody obliczania niezawodico
zostaly opracowane dla standéw granicznychénogei dlatego jest potrzeba wypracowania obliczania
niezawodnéci dla standw granicznychzytkowalndici. W referacie przedstawiono propozycje kalibrawi
przyktadzie stanu granicznego e¢gbraz rozwarcia rys (dekompres;ji).

Abstract New generation of design codes is based on limiest Load and resistance factors are determined in
the reliability-based calibration. However, theiabllity analysis procedures are available for ditenate limit
states and, therefore, there is a need to devetagtigal tool for calibration of the serviceabilitiynit states.
The paper present such a procedure and it isrlfiest for SLS-deflection and SLS-decompression.

1. Introduction

The notion of limit state is fundamental in the LRBesign code. A limit state is defined
as the boundary between acceptable and unaccegtatit/]mance of the structure or its
component. However, for any structure or structamahponent, there can be many different
limit states. For example, the limit states forrastressed concrete beam include the moment
carrying capacity, shear capacity, torsion capaeihd also deflection, tensile stress at the
bottom, and cracking among others.

The AASHTO code [1] is calibrated but for the sgdn(ultimate) limit states of moment
carrying capacity and shear capacity [2] with th@tlstate function in the simple form,

g=R-Q 1)

where R = resistance (load carrying capacity) arrd IQad effect (sum of dead load, live
load and dynamic load).

Both R and Q can be treated as random variabldstivi statistical parameters assessed
from load survey, material tests, etc. It was assithat R and Q are uncorrelated random
variables. Furthermore, R was treated as congtaithe and Q was calculated as the extreme
expected value in the economic lifetime of bridige, 75 years. The major time varying load
component is live load. The extreme 75 year livadlovas obtained by extrapolation of the
distribution function obtained in the truck survepresenting a two week heavy traffic.
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The ultimate limit states (ULS) represent the baugef the load carrying capacity [2] and
acceptable performance. Exceeding the strength Biaie results in a collapse or failure,
an event that should not occur any time duringitee@me of the structure. Therefore, there is
a need for an adequate safety margin expressedrim 6f a target reliability indexr.

For bridge girders, the target reliability is takas)Br = 3.5 [3].

The service limit states (SLS) represent the boyndbdesirable performance. When the
SLS is exceeded, the result can be a need forrrepagplacement of components, repeated
exceeding of SLS can lead to deterioration and teradlg collapse or failure (ULS). ULS
absolutely cannot be exceeded as it can resultatahfailure and collapse. In general, SLS
can be exceeded but the frequency and magnitudetbdxe within limits.

Therefore, consideration of service limit stategunees a different input data than ULS.
In ULS, the limit state function is defined withdwariables, R and Q (see Eg. 1), where R =re-
sistance (constant in time) and Q = extreme loBatie$pecified in the code. In case of SLS:

» The definition of resistance can be very difficult.

» Acceptable performance can be subjective (fultdyele analysis is required).

» Resistance and load effects can be and often arelated.

* Load is to be considered as a function of timecidlesd by magnitude and frequency

of occurrence.

* Resistance and loads can be strongly affected Bjitgwof workmanship, operation

procedures and maintenance

* Resistance can be a subject to changes in timejyntmg not only deterioration, with

difficult to predict initiation time and time-vamnyg rate of deterioration (e.g. corrosion,
accumulation of debris, cracking)

* Resistance can depend on geographical locatiomdtdi, exposure to industrial

pollution, exposure to salt as deicing or proxintdythe ocean)

An example of the difficulties in the approach tioSScan be treatment of cracking in the
design of prestressed precast concrete girdersdd@sign codes limit occurrence of the tensile
stress at the bottom of the girder. However, ewrafproperly designed girder, the proba-
bility of exceeding the tensile strength of coneret very high. Under heavy traffic, there is
50% probability that the crack will open once eviawy weeks. Frequent opening of the crack
can facilitate penetration of salt water (pumpicgan) and corrosion of prestressing strands.
In the development of the Ontario Highway Bridgesiga Code (Lind and Nowak 1978),
predecessor to the AASHTO LRFD Code, it was dectdlatopening of the crack once every
three weeks is acceptable, with the probabilith@¥, but more often than that is not accep-
table. Therefore, the limit state function was falated as in Eq. 1, but with R = decom-
pression moment for concrete and Q = maximum tivesek moment due to trucks, and in the
design formula, R = mean decompression moment are iean maximum three week
moment. The mean values were used because of jlitybab occurrence = 50%, which
corresponds t@r = 0.

2. Ultimate Limit States

Examples of the ultimate limit states include:
* Moment carrying capacity of a beam

» Shear capacity of a beam

» Tensile strength of a cable

» Torsional capacity of a beam

» Overall bucking capacity of a column
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» Local bucking of the flanges or web

» Loss of stability of the structure

The reliability analysis starts with the formulatiof a limit state function also known as a
performance function. In a special case, when tieeteof all loads can be represented by one
variable, Q, and the resistance of the structuneatso be represented by one variable, R, then
the limit state function, g(R, Q), can be expresasdin Egq. 1. In a case when random
variables R and Q are independent, the probalofitgilure, P, , and reliability indexf3, can

be defined as:

P; =Prob(R-Q<0) = +fo fo (x) CFR(x)dx (@)

B=-o7(p) )

where® is the standard normal distribution functidg(x) is the probability density function

of load andF;(x) is the cumulative function of resistance. In gahdrowever, the limit state
function is a function of many variables (load caments, influence factors, resistance
parameters, material properties, dimensions, aisaljactors, etc.). Consequently, the
computations using Eg. 2 become very complex. Toerethe probability of failure can be
determined indirectly by calculation of the religigiindex, £, and then from Eq. 3:

P, = (- 5) (4)

The available procedures vary with regard to aagyreequired input data and computing
cost. Parameters dR and Q, or even the limit state functiog, can also be obtained by

Monte Carlo simulations [2].

3. Serviceability Limit States

The major service limit state problems are relaedunction and maintenance of the
structure. The LRFD service limit states includeils on:

* live-load deflection,

» cracking of reinforced-concrete components,

» tensile stresses of prestressed-concrete components

» compressive stresses of prestressed-concrete cemgon

» permanent deformations of compact steel components,

« slip of slip-critical friction bolted connections,

» settlement of shallow and deep foundations,

» gradual degradation of steel (corrosion)

» gradual degradation of concrete (alka-silica reati
among others. Some of these service limit statgsralate to a specified design life; others
do not. Many are presently very deterministic, saslfsome owners’ wish to limit the tensile
stresses in prestressed-concrete components toeeastrack-free component. This service
limit state could be calibrated to achieve a cerfaibbability of a crack-free component, but
this calibration includes a service life only iretletermination of the live-load the component
must resist, for example, a 75-year live load.
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For bridges, the serviceability can be affectedbbiyige bearings, joints, water drainage
and steel coating. The current practice indicated their performance can be strongly
dependent on:

» Design parameters (dimensions, material propekm@m#ections)

» Type and model (joint, bearing, drainage systegeglstoating)

» Location (winter/freeze-and-thaw cycles, urbaniuiradustrial pollution, exposure to

salt water)

» Traffic volume and magnitude

* Quality of workmanship (construction, operation,im@nance)

» Correlation between bearing, joint, drainage systating (no-joint, leaking joint) and

other parameters.

The designer has control over the first two itenss{gn parameters and selection of the type
and model). Based on the past practice, the desiare make assumptions with regard to
location characteristics and traffic parameters.weler, the prediction of the quality
of workmanship involves a considerable degree afettainty, and yet it has a significant
impact on the long term performance. The last itdma,development of correlations, requires
a considerable data base. In the proposed studyawailable information will be collected
and utilized to develop the interaction modelstha considered items and parameters.

The formulation of the limit state function for SLS much more complex than for the
ULS. In many cases, the occurrence of load excgedtimresistance is not unaccepted as long
as it does not occur frequently. Therefore, thguescy of occurrence, or return period, has to
be considered. If the limit state function can derfulated in terms of load and resistance, the
actual limit state can be the critical frequencyofurrence or critical return period.

4. Target Reiability for ULSvs. SLS

The reliability analysis can be performed for bathS and SLS using similar procedure
and formulas. This analysis will lead to determratof the probability of exceeding the
formulated limit state. For ULS, the acceptablebatulity level is very small, as failures are
not tolerated during the economic life time of #tructure. For SLS, the probability can be as
high as 50% for some limit states, because it isracquestion of return period (or frequency
of occurrence) rather than the load exceedingehbistance.

In general, the consequences of exceeding SLSraoceder or even orders of magnitude
smaller that those associated with ULS. Therefareacceptable probability of exceeding a
SLS is much higher than for ULS. If the targetabliity index for ULS ispr = 3.5 to 4.0,
then for SLSBr=0to 1.0.

The load and resistance factors are determinetkidlibration process, with the objective
of maintaining closeness to the target reliabilibdex. The calibration procedure for
Serviceability Limit States (SLS) is different théor Ultimate Limit States (ULS). For ULS
the procedure was presented in the available titexae.g. [4] or [2]. For SLS, the procedure
will be demonstrated for SLS-deflection and SLSedaepression for prestressed concrete
girders.
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5. Calibration for SL S-Deflection

For SLS, the limit state function can be formulatsdshown in Eq. 1. For the SLS of
deflection, R can represent the maximum acceptdbfeection, and Q can represent the
deflection caused by loads. The corresponding ddsignula can have a format similar to

W (Lh+1) <oR, (5)

where L, and |, are deflections due to nominal live load and nahidynamic load,
respectively, and Rrepresents the maximum allowable nominal deflectlamad and resis-
tance factors are selected so that the correspgndlilability index is close to the target value,
or that the probability of exceeding the maximuniowéble deflection does not exceed
the target value. However, it is acceptable thantaximum allowable deflection be exceeded
during the life time of the bridge (75 years). Tdueestion is how often can it be exceeded?
This can be formulated two ways:

* in terms of frequency — how many times per cetiane period?

* in terms of return period — what is the mean peabtime between occurrences of

such events?

In addition, the selection of ;Rnvolves a considerable degree of subjective juslgm
The actual role of the SLS of deflection is to pdevadequate stiffness to the bridge as
excessive vibration can lead to gradual deterionatind limitation of ability to carry the
traffic. Therefore, the following procedure is bgiteveloped for SLS of deflection.

Sep 1 Representative Components and Structures
Representative components and structures will betiiiled and selected to be considered
in the development of code provisions for the SL&Kextion.

Sep 2 Load Model
For each considered component and structure, valuésad components will be deter-

mined, including nominal values as well as theisiaal parameters for loads as random
variables. The parameters of time-varying load$ kel determined for various time periods.
The analysis will be performed for various traffiarameters (ADTT, legal loads, multiple
presence, traffic patterns). The truck database imtlude the available sources including
recent weigh-in-motion (WIM) data. The load freqaies will serve as a basis for determi-
nation of acceptability criteria in Step 4.

Sep 3 Actual Deflections

For each considered component and structure, theladeflections will be calculated
using advanced (linear) finite element method (FEMie calculations will be performed for
single lane loaded, two adjacent lanes loaded,name lanes loaded if applicable (see Fig.1
to Fig.3). The results will serve as a basis ferdievelopment of probability density functions
(PDF) of deflection, representing values of deftecttvs. frequency of occurrence. It is
expected that these PDF’s will be structure-speaifid strongly site-specific.

The PDF type can be assumed as normal, and forcemdidered case, there will be two
parameters defined: the mean (or bias factor) aedficient of variation. Bias factor is the
ratio of the mean-to-nominal value, and coefficiefitvariation is the ratio of standard
deviation and the mean value.
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Fig. 1. Model of the Bridge

Deflections Due to Lane Loads

Girder #1 Girder #2 Girder #3 Girder #4 Grder #5 Grder #6
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-0.10 4

—0—#1 Lane Loaded
-0.15 4
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-0.25

Fig. 2. Deflections at Midspan due to Lane Loads

Deflections Due to HS20 Truck

Grder#1 Grder#2 Grder#3 Grder#4 Grder#5 Grder#6

0.00 -
-0.05
0.10
0.15 4
—0—#1 Lane Loaded
-0.20 4 —0-#2 Lane Loaded
025 —A—#3 Lane Loaded

Fig. 3. Deflections at Midspan due to HS-20 Trucks

Sep 4 Acceptability Criteria
Establishing the acceptability criteria and thisamethe selection of two items:
« The maximum allowable deflection limit for the catered representative components
and structures.
e The minimum return period (or maximum frequency) docurrence of the maximum
allowable deflection limit.
This is the most difficult task in this calibratiofihe deflection limit is not only subjective
(different expert can have a different opinion)t ltus unrealistic to formulate the limit as a
deterministic boundary. Instead, it is propose@xpress the maximum allowable deflection
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limit in terms of a probability density function [0FF) that is to be obtained by plotting the
deflection limit vs. the corresponding allowableduency of occurrence. The important is
only the upper tail of the distribution (heavy tkag

The PDF type can be assumed as normal, and forceemdidered case, there will be two
parameters defined: the mean (or bias factor) aedficient of variation. Bias factor is the
ratio of the mean-to-nominal value, and coefficiefitvariation is the ratio of standard
deviation and the mean value.

Sep 5 Reliability Analysis

The limit state function is as shown in Eqg. 2, wRhrepresenting the deflection limit
(Fig. 1) and Q representing the load effect (déf@¢ frequency, determined in Step 3.
The reliability indices can be determined using kMog&arlo method (Nowak and Collins
2000). Reliability indices will be calculated forvade range of considered components and
structures (identified in Step 1).

Sep 6 Target Reliability Index for Deflection
The target reliability depends on:

* What are the consequences of exceeding the coedidienit state? What happens when
the deflection limit is exceeded too often?

* What is the cost of reducing the deflection limWhat are the gains of increasing the
deflection limit?

* What is the reliability index corresponding to SafSieflection in the current design code?

The resulting reliability indices obtained in Stepvill be reviewed and they will serve as a

basis for the selection of the target reliabilitgex for deflection.

Sep 7 Load and Resistance Factors for Deflection
This is the final step of the calibration proceduv&arious sets of load and resistance
factors will be considered, taking into considerati
» Closeness to the target reliability index
» User-friendly code format (reduced number of ddfdr load and resistance factors,
simplified structural analysis)
* Minimized departure from the current practice
» Load and resistance factors rounded to the ne@u®st
As a final check, the reliability analysis will heerformed for representative structures
redesigned using the selected live load factorrastance factor. The results will be plotted
and compared with the reliability indices obtaimebr to calibration.

5. Calibration for SL S-Decompression

The design of prestressed concrete bridge girdarsually governed by the tension limit at
the bottom of the concrete girder. It is assumed the girder will crack when a very heavy
truck occurs on the bridge, and once concreteadsked the crack opens each time decom-
pression moment is exceeded. The reliability amaigsperformed to determine the reliability
index for SLS-decompression.

Pre-tensioned girder bridges with spans from 12m36mn are considered, with six
AASHTO types shown in Fig.4. The deck is assumeet00 mm thick with 1.8m spacing
between the girders and with 75mm wearing surfaibe. girders are designed according to
the AASHTO Code [1]. The analysis is limited toenor girders. Live load is HL93 loading,
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which is a superposition of a 35 Ton truck and gouamly distributed load of 9.3 kN/m. It is
assumed that for SLS-decompression, no tensilsssiseallowed in the girder. The girder
distribution factors are taken from the AASHTO C¢ile

, Bl
Bl 02 |
M ' |
D3 . —
D2 i N (]
k; p ,-”JH b
D1
L B6
! B =
Ds
Dg D35
D
22 ]
Type I-IV Type V-VI

Fig. 4. AASHTO I-Girders [5]

For the considered girders, the decompression mbmesimulated using Monte Carlo
procedure. The resulting cumulative distributiomdtions (CDF) for the decompression
moment are plotted on the normal probability pajsee Figures 6-9). Obtained CDF'’s are
then analyzed together with the processed WIM fitata Oregon to determine the number of
decompressions.

The design formula specified by AASHTO (2007) fduSSdecompression is following:

U =10(DC + DW)+ 08(LL + IM )+ 1L.OWA + 1L.0FR (6)

where:

DC — dead load effect

DW — wearing surface load effect

LL — live load effect

IM — dynamic load allowance effect

WA — water load and steam pressure load effect

FR — friction load effect

First step in the design procedure is to deternuted load demand. Dead load included
the weight of the girder itself, weight of the slabd wearing surface. Live load effects are
calculated based on HL93 loading:

M = (M Truck +M Lane +033M Truck)l:GDF (7)

max

M. :16(2 L +%(21— 45a) —17.5)

(8)
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_ 2 _ 2
M L = 008(L% - 40?) ©)
336
a=———
144+ 0.64L (10)
06 02 K
GDF = omz{gij Gj ( ; 3j

Assumed theoretical model of the girder geometrg #me stress distribution at the
decompression stage is presented in the Figur@éd&sign equation for the considered case
can be expressed as follows:

- _ Pf _ Pf emytg + (M dg + Mds)ytg + (M dw + 0.3M LL )yic

Ay g g e (12)

where:
P; — prestressing force after all losses,
Ay —gross cross-section area,
yig — distance from the center of gravity of the girttethe top fiber of the girder,

lg — moment of inertia of the girder,

Ic —moment of inertia of the composite section,

yic — distance from the center of the gravity of tbeposite section to the top fiber of
the girder,

Mgy — dead load moment due to the girder weight,

Mgs — dead load moment due to the weight of the slab,
Maw — dead load moment due to the wearing surface,
M. — dead load moment due to live load.

b,
t.
U —
. ——
i —
H- t- t
L.t i~ Lo =
e
U
L Lo
by

Fig. 5. Theoretical Model for Decompression Moment

141



Referaty problemowe

The amount of necessary reinforcement was simpgiyulzded by rearrangement of the
equation 12:

_ My + Mg _ Mpw +08M
o S Sy
_ fps _ fps BEm
A S"g (13)

Decompression moment can be expressed as:

M — Pflc +Pfemytg|c_(Mdg+Mds)ytg|c_
o Agyic Igyic Igyic

(14)

Decompression moments were simulated with the Naio procedure for all considered
bridges. Table presents the statistical paramet#ened from the analyses.

Table 1: Statistical Parameters of the Decompraddioment

Type Span [ft] Bias \%
I 40 1.25 0.11
[ 60 1.28 0.12
1 80 131 0.14
v 90 1.35 0.15
Vv 100 1.36 0.15
Vi 120 1.40 0.17

New traffic data, was used to generate the cunwaladistribution functions of the live
loads. Previously calculated moment ratios weretiplidd by the moment due to the HL93
load corrected for two lanes by girder distributi@ctor and plotted on normal probability
paper together with the distributions of decompoesmoments. Figures 6 to 9 present CDF’s
of live load and decompression moments plottedttmyeon normal probability paper.

From the generated CDFs the values of standamthalovariables were found
corresponding to different bending moments, dependn the span length and the type of the
girder. Table summarizes all the ranges of momientaded in the analysis.

Here it needs to be clearly stated, that despéddbt that both distributions are shown in
one figure, and both are plotted versus standamhalovariable, the interpretation and
meaning of the vertical coordinate is different éaich distribution. As mentioned before, the
relationship between the standard normal variahdethe probability is following:

D(Z2)=p (15)

where p is probability an@(x) is the cumulative distribution function of the sdand normal
distribution. In case of CDF for the decompressiooment, the i-th pair aZ(i) andM(i) is
interpreted as the probability that the decompoessnoments will be smaller thav(i).
This distribution expresses the variability of tjieder resistance due to material properties,
dead loads, prestressing force and it is time iaddent. The statistical parameters depend on
the design, workmanship and the quality of materiahe cumulative distribution function of
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the live load effect, in this case maximum bendet@racterizes time dependent variability of
the traffic load. The&Z(i) andM(i) pairs are interpreted as the probabilities ofuo@nce of a
truck generating moment that is smaller or equaifg. Knowing the truck volume (ADTT)
on the particular road it is then possible to eaterhow many trucks will generate moment
that exceed®(i) in the investigated return period.

Table 2: Considered Moment Intervals.

Girder Type Span|[ft] M [k-ft] Step [f-ft]

I 40 300-800 5
[ 60 450-1000 5
I 80 450-1500 5
v 90 550-2000 10
Vv 100 550-2320 10
\4 120 550-2680 10

In this study it was decided to use a one montirmgberiod. For each moment interval the
number of trucks heavier than M(i) was calculated a

N = p[30[ADTT (16)

where p is the probability of occurrence of a traekising moment that is higher thisigi).
Five different average daily truck traffic volumegre assumed for the analyses 1000, 2000,
3000, 4000 and 5000 trucks. Numbers of trucks wsotted versus the probability of
occurrence of decompression moment not less tWén. In other words the vertical
coordinate indicates the probability that the numdfedecompressions is less or equal to the
number specified by the horizontal coordinate. Fegul2 to 17 present the resulting curves
for all the analyzed girders and spans.

Span 40 ft

Sdatndard Mormal Yariable
[}
i

__4 ............ ............ ............ _, ......... |_ i\'.-eLDad Mumenta ]
' : ; Decompression Maoment

5 i 1 1 T T T
0 100 200 300 400 500 GO0 700
Morment [kips ]

Fig. 6. Cumulative Distribution Functions for Lit®@ad and Decompression Moments — Span 40 ft
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Span BO f
5 T T I T '

.....................................................................................

Sdatndard Mormal Wariahle
—_

B e L T LTI I PP
SN R -------------- -------------- e LiveLoad Moments
: Decompression Moment
-5 1 1 1 I I
o 200 400 BO0 800 1000 1200

Mament [kips fi]

Fig. 7. Cumulative Distribution Functions for Lit®ad and Decompression Moments — Span 60 ft
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Fig. 8. Cumulative Distribution Functions for Lit®ad and Decompression Moments — Span 80 ft
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Span 90 ft
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i | 1
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Fig. 9. Cumulative Distribution Functions for Lit®ad and Decompression Moments — Span 90 ft
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Fig. 10. Cumulative Distribution Functions for Litead and Decompression Moments — Span 100 ft
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Span 120 ft
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Fig. 11. Cumulative Distribution Functions for Litead and Decompression Moments — Span 120 ft

Mumber of Decnmpressmns for Different ADTT - Span 40 ft
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Fig. 12. Number of Decompressions vs. Reliabilitgtdx for Different ADTT — Span 40 ft
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Fig. 17. Number of Decompressions vs. Reliabilitgtex for Different ADTT — Span 120 ft

5. Conclusions

The approach to ultimate limit states and servid#abimit states is considered. The new
generation of design codes is developed in thabidilly-based calibration process, which has
been focused on the ULS so far. There is now a iggpwmeed to develop calibration
procedures for SLS.

The major difference is formulation of the limitag# function for ULS and SLS is the
difficulty of selecting the acceptability criterilor SLS. These criteria are usually very
subjective.

There are considerable differences in consequenicegceeding the limit state between
ULS and SLS. Therefore, the target reliability oel are also very different. For ULS, the
targetp can be about 3—4, while for SLS they can be asaleW.

In the new generation of design codes, the loadresidtance factors are determined in the
reliability-based calibration procedures. The calilon procedures for ULS is available in
literature but not for SLS. Therefore, a procedgreresented for SLS-deflection and SLS-
decompression.

The reliability analysis for SLS-decompression esmwnstrated on typical pre-tensioned
concrete girders.
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