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Abstract give the desired overall level of safety. The load and
resistance factors (or called partial safety factors) are
different for each type of load and resistance. Generally,
the higher the uncertainty associated with a load, the
safety, function, and performance of an engineeringhigher t.he corresppnding Ipad factor; and the higher the
system for target reliability levels and for specified time Uncertainty associated with strength, the lower the
period. As this must be accomplished under conditions ofCr'ésponding strength factor. _ ,
uncertainty, probabilistic analyses are necessary in the  DeSigners can use the load and resistance factors in
development of such probability-based design 0fllrrjlt—state equatlons.to account for uncertalntle§ 'th.at
unstiffened panels for ship structures. The load andMight not be considered properly by deterministic

resistance factor design (LRFD) format was developed inMethods without —explicitly performing — probabilistic

this paper for unstiffened panels. Partial safety factors @nalysis. For this reason, design criteria should be as

were determined to account for the uncertainties in SIMPIe as possible. Moreover, they should be developed
strength and load effects. In developing these factors,

in a form that is familiar to the users or designers and
Monte Carlo simulation was utilized to assess the should produce desired levels of uniformity in safety
probabilistic characteristics of strength models among different types of structures without departing
generating basic random variables that define the drqsﬂcally from eX|st|ng. currgnt.practlce.. There iS no
strength and substituting them in these models; and thé!Nidue format for a design criterion. A criterion can be

First-Order Reliability Method (FORM) was used to developed on a probability bases in any format. In
determine the partial safety factors based on prescribeddeneral, the basic approach to develop a reliability-based
probabilistic characteristics of load effects.  Also, Stréngth standard is first to determine the relative

strength factors were computed for a set of load factors to'€!iability of design based on current practice. ~This
meet a target reliability level. relative reliability can be expressed in terms of either a

probability of failure or a safety index. The safety index
for structural components normally varies between 2 and
6 [5]. By performing such reliability analyses for many
structures, representative values of target safety index can

; . . I reflecting the aver reliabili f curren
toward a more rational and probability-based de5|gnde selected reflecting the average reliability of current

rocedure referred to as limit states design. Such a desi nesigns. Based on these values and by using reliability
b . gn. . ganalysis again, it is possible to select partial safety factors
procedure takes into account more information than

o ) . for the | h h which i
deterministic methods in the design of structural or the loads and the strength which can be used as a basis

components. This information includes uncertainties infor developing the design requirements.
' : : For the purpose of designing code provisions, the most
the strength of various structural elements, in loads, and puTp gning P

modeling errors in analysis procedures. Probability-based > o format is the use of load amplification factors
1eling ysIS proce ' DMLY and resistance reduction factors (partial safety factors), as
design formats are more flexible and rational than

working stress formats because they provide consisten[epresimed by
levels Qf safety over various types 'of structures'.' .In PR> Zyil-i 1)
probability-based limit states design, probabilistic &

methods are used to guide the selection of strengthhere;p = the resistanc® reduction factor;y = the
(resistance) factors and load factors which account for thepartial load amplification factor; and = the Ic;ad effect

variabilities in the individual resistances and loads andIn fact, the American Institute of Steel Construction

The main objective of structural design is to insure

1: Introduction

In recent years, structural design has been movin



(AISC) and other industries in this area have
implemented this format. Also, a recommendation for the
use of this format is given by the National Institute of
Standards and Technology [4].

The First-Order Reliability Method (FORM)
commonly used to estimate the partial safety fagpasd
y for a specified target safety indgx In this paper, this
method was used to determine the partial safety factors
for simply-supported plates under uniform uniaxial
compression stress.

is

2: First-Order Reliability Method (FORM) 2.

The First-Order Reliability Method is a convenient tool
to assess the reliability of a structural system. It also
provides a means for calculating the partial safety factors
@ and y, that appear in Egq. 1 for a specified target
reliability level B. The simplicity of the First-Order
Reliability Method (FORM) stems from the fact that this
method, beside the requirement that the distribution types
must be known, requires only the first and second
moments; namely the mean values and the standard
deviations of the respective random variables. Knowledge
of the joint probability density functionPDF) of the
design basic variables is not needed as in the case of the
direct integration method for calculating the safety index
. Even if the joint PDF of the basic random variables is
known, the computation g8 by the direct integration
method can be a very difficult task.

In design practice, there are usually two types of limit
states: the ultimate limit states and the serviceability limit
state. Both types can be represented by the following
performance function:

9(X) = 9(Xy, Xz, oons Xp) (2)

in which X is a vector of basic random variableg, (X,,

..., Xp) for the strengths and the loads. The performance
function g(X) is sometimes called the limit state function.
It relates the random variables for the limit state of
interest. The limit state is defined whg(X) = 0, and
therefore, failure occurs wheX) < 0.

As indicated earlier, the basic approach to develop a
reliability-based strength standard is to determine the
relative reliability of designs based on current practice. In
order to do that, reliability assessment of existing 4.
structural components is needed to estimate a
representative value of the safety ind8x The First-
Order-Reliability Method is very well suited to perform
such a reliability assessment.  The following are 5,
computational steps, as outlined by Ayyub and McCuen
[2], for determining8 using FORM method:

1. Assume a design points” and obtain” using the
following equation:

[m]

o x-u

x0="1 "% (3)
ox

where x"=-aB, uy = mean value of the basic

random variable, angly = standard deviation of the

basic random variable. The mean values of the basic
random variables can be used as initial values for the

design points. The notatiox” and x” are used
respectively for the design point in the regular
coordinates and in the reduced coordinates.

Evaluate the equivalent normal distributions for the
non-normal basic random variables at the design point
using the following equations:

uk =x7-0 Py (X))o’ (42)
and
0")\‘< = M (4b)

fx (x%)
whereuﬁ‘< = mean of the equivalent normal
distribution, ¢y = standard deviation of the

equivalent normal distribution,xF(xD) = original

cumulative distribution function (CDF) of

evaluated at the design poingX) = original
probability density functionRDF) of X; evaluated at
the design pointp() = CDF of the standard normal
distribution, andp(l] = PDF of the standard moal
distribution.

Compute the directional cosinesiD(, i=1,2,..n)
using the following equations:

fori=1,2,..n

(®)

(6)

With ai, u% , andg’; are now known , the
following equation can be solved for the rgot
gk, ~aS% o). o Wk, —a50%B)=0 ()
Using the3 obtained from step 4, a new design point
can be obtained from the following equation:
W= ~alo}

(8)



6. Repeat steps 1 to 5 until a convergenggisf given set of load factors. This can be accomplished by

achieved. the following algorithm:

The important relation between the probability of 1. For a given value of the safety ind8x probability
failure and the safety index is given by distributions and statistics of the load variables, and the
Pr=1-9(p) 9 coefficient of variation for the strength, compute the

mean of the strengtR using the first-order reliability
2.1: Partial Safety Factors (PSF) method as outlined in the Section 2.1.

2. With the mean value f& computed in step 1, the
The first-order reliability method can be used to partial safety factopcan be revised as follows:

estimate partial safety factors such those found in the n

design format of Eq. 1. At the failure point Zyi“h

(RY, L, ..., LY)), the limit state of Eq. 1 is given by <p="'1u— (14)
_p0_0_ _,0_ R

9=R-L-.~L,=0 (10) Whereug andur are the mean values of the loads

or, in a general form and strength variables, respectively; and = 1, 2

9(X) =904, %, % )=0 (11) ’ s L

..., n, are the given set of load factors.

For a given target reliability indexB, probability

distributions and statistics (means and standard3- Example: Unstiffened Panel Under
deviations) of the load effects, and coefficient of variation .. .

of the strength, the mean value of the resistance and the Uniaxial Compression

partial safety factors can be determined by the iterative Plates are important components in ship structures, and

solution of Section 2’. namely Egs. 3 thr'ough .8' Thetherefore they should be designed for a set of failure
mean value of the resistance and the design point can be . . . "
. : ; modes such as yielding, buckling, and fatigue of critical

used to compute the required partial design safety factors . . .
connecting components. This example consider only a

as . simply-supported plate with uniaxial compressive stress
— R_ (12) of a sizea andb. The limit state for this case is given by
HR
|_iD g=F - fs—fyw (15)
Vi =— (13)
H, where F, = the strength of the plate (stressjg =
external stress due to stillwater bending, dfd =
2.2: Determination of a Strength Factor for a external stress due to wave bending. The streRgils
Given Set of Load Factors given by one of the following two cases:
1. Fora/b> 1.0
In developing design code provisions, it is sometimes 0 2
necessary to follow the current design practice to insure o—"T ifB =35
consistent levels of safety over various types of structures. 3(1-v?)B?
Calibrations of existing design codes is needed to make 92_25 125 )
the new design formats as simple as possible and to put T = B?‘—z if10 <B <35 (16)
. . . . v 0O B
them in a form that is familiar to the users or designers. 0
Moreover, the partial safety factors for the new codes (.0 ifB <10

should provide consistent levels of safety. For a given
safety index8 and probability characteristics for the
resistance and the load effects, the partial safety factoré" Fora/b< 1.0

determined by the FORM approach might be different for  F, 1

different failure modes for the same structural component. 7.~ 9Cu +0.0g 1~ O’)EH ?E <10 17)
For this reason, calibration of the calculated partial safety

factors (PSF’s) is important in orderrmintain the same ~ Where fyp=yield strength (stress) of plates length
values for all loads at different failure modes. Normally, or span of platey = distance between longitudinal
the calibration is performed on the strength fagidor a

(]

f
stiffeners, and in WhiclB:E P =8 t=
t\V E b



F, was determined to be either normal or lognormal. A
lognormal probability distribution foR was used in this

thickness of the plat& = the modulus of elasticity,
Poisson’s ratio, and

0 2 study. The strengtlr, has a mean to nominal ratio of
O—"™ B =>35 about 1.03. This ratio will be needed to revise the
0 3(1—v2)B2 resulting streng'th reduction.fa.lctor by multiplying it by
25 125 _ 1.03. The maximum and minimum strength ratios were
Cu=Gr ——% if 10 <B <35 (18) found to be 1.043, and 1.006, respectively. The
0B B maximum and minimum coefficient of variation (COV)
O of strength were found to be 0.08, and 0.04, respectively.
éo ifB <10
1.05
The probabilistic characteristics of the strengthwas S 1045
assessed based on the underlying basic random variablgss LEL, 1.04 \
that defineF,. These variables ar&, b, t, {, andE. 831035 \
Monte Carlo simulation was utilized to assess the § * 1.03
probabilistic characteristics of the strengtlk, by 1,025 } } } }
generatinga, b, t, §, , and E, and then feeding the 25 75 300 1000 5000 10000
generated values in the strength equation to olfgin Number Of Cycles
values. This process was repeated for ranges of selected
key parameters as shown in Table la. Additional
information and assumptions were needed for the 0.08
probabilistic characteristics of the basic random variables
g . : : ; ~ 0.06
This information and assumptions are provided in Table] 7
1b. Poisson’s ratio was assumed to be deterministic and g 0.04
thus, a value of 0.3 was considered in this example. O 0.02
0 f f f f
Table 1a. Ranges of Key Parameters 25 75 300 1000 5000 10000
Mean Range Number of Cycles
a/b 0.4, 0.6, 0.8, 2, 3, and 4
b/t 50, 100, and 150
t (inch) 0.25, 0.375, and 0.5 __ 001
& 0.008
Table 1b. Probabilistic Characteristics of Basic >3 0.006 H
Random Variables 8 2 0004 N\
Nominal Statistical Information Bias or Error Informatign % \
Variable] Value] Mean COJV Dist. Type Mean Std. Qev. Dist. Type ® 0.002
t(inch) 0 | 0.01563 Normal 0 1 1 1 1
b(inch) 0 0.125| Normal 25 75 300 1000 5000 10000
a(inch) 0 0.125| Normal Number of Cycles
f,o(ksi) | 34000] 35704 0.0f Normg  1.05
E(ksi) | 29500] 29504 0.06 Normd Figure 1. Effect of Simulation Cycles on Sample Mean

The above strength basic random variables were

assumed to have normal probability distributions.
results of the simulation were expressed in the form of
mean to nominal ratio df,, the coefficient of variation
(COV) of F, and the distribution type &%,. The number

of simulation cycles was set at 100 which is adequate fo

The

all practical purposes based on the charts provided in Fig
1 for a typical set of an estimated mean, coefficient of
variation, and the coefficient of variation of the sample

mean forF,.

The results of the simulation &, are

summarized in Tables 2, and 3. The distribution type for

for F,/Fy, ., COV of F,, and COV of
Sample Mean forF, /F,

3.1. Calculation of Partial Safety Factors

The partial safety factors for the limit state equation
(Eqg. 15) were developed using a target reliability in8ex
of 3.0. This equation provides a strength minus load
effect expression of the limit state. The First-Order
Reliability Method (FORM) as discussed in Section 2.1
requires the probabilistic characteristicsFof fs, andfy,.
The stillwater load effecfs is due to stillwater bending

r



that can be assumed to follow a normal distribution with atarget reliability of 3.0 are summarized in Tables 4 and 5,
coefficient of variation of 0.2. The wave load effégtis respectively, and in Fig. 2. Based on these results, the
due to waves that can be assumed to follow an extreméollowing preliminary values for partial safety factors are
value distribution (Type |, largest) with a coefficient of recommended:

variation of 0.1. The mean values of stillwater and wavesStrength reduction factorg( = 0.85(1.03) = 0.88

are considered in the study in the form of a ratio of Stillwater load factor ) =1.3
wave/stillwater loads that ranges from 1.5 to 1.7. Wave load factory) = 1.25
Table 2. Mean to Nominal Strength RatidF, /F ) Table 4. Ratios of Means for Strength/Stillwater Load
using 100 Simulation Cycles Ratios of Means for Wave/Stillwater Load
bit COV(F.) 1.5 1.6 1.7
alb t (in) = 100 150 0.04 3.43035 3.5695 3.70977
0.250 | 1.032900p  1.018001 1.024329 0.08 3.6375 3.7817 3.92f1
2 0.375 1.0384686 1.02323p4 1.0267B09
0.500 1-04158312 1.02976[9 1.0278817 Table 5. Partial Safety Factors (for COVE,) of 0.04
0.250 1.032267p 1.02492f5 1.0217597 :
3 0.375 10401574 10250572 1.0098p63 and 0.0, reSpngl:;:)\;ec)lfyl\gleansforWave/StiIIwater Load
0.500 1.041212p 1.02112B5 1.0274}01 Partial Safety Fact = 0 —
0.250 | 10431215 1.00614p6 1.0300929 artial Safety Factors ' ' '
4 0.375 1.0359757 1.02963B1  1.020356 Strenght Reduction Factop) 0.960339 0.9610719 0.961747
0.500 1.031796f 1.03513p9 1.0212485 0.863684 0.86526 0.866[9
0.250 1.031613¢ 1.03678B5 1.0379835
0.4 0.375 1.0286892 1.0322983 1.0271/185 Stillwater Load Factoryg) 1.301221  1.283616  1.267d17
0.500 1.03702p 1.0313444 1.031§72 1.28566  1.270806  1.2570p1
0.250 1.029243)7 1.02451B5 1.0282429
0.6 0.375 1.0317441 10328774 1.0324p76 Wave Load Factory) 1.32869¢  1.341832  1.352965
0.500 1.0404428 1.03172[l2 1.0346454 1.237262  1.250743  1.262827
0.250 1.023216f 1.01280p6 1.0191885
0.8 0.375 1.04028@2 1.0119087 1.0141p44
0.500 1.0397768 1.03483F6 1.020914
o o 1 & Strength Reduction Factor for In-Plane Compression
Table 3. Coefficient of Variation of Strength(F ) ]
using 100 Simulation Cycles 0.8 | . CoviFD =00
b/t 0.6 —=— COV/(Fu) = 0.0
alb t (in) 50 100 150 04, |
0.250 0.0584253  0.07908[l5  0.0694(34 : ‘ ‘ ‘
2 0.375 0.060794L  0.05104B4 0.0572B55 1.4 1.5 1.6 17 1.8
0.500 0.0527346 0.04753f3 0.0553p82 Mean Wave/Stillwater Ratio
0.250 0.0576359 0.07936p7 0.0693p33
3 0.375 0.0542866 0.05333p6 0.0585p43
0.500 0.0489141 0.05461p4 0.05115633 . .
0950 0.0668116 0.0763267 0070761 16 b. Stlllwat(?r Load Factor for In-Plane C9mpre55|on .
4 0.375 0.0600205 0.04790p2 0.0595}71 1] +88¥EE“§:8'8$
0.500 0.0556326 0.05063f2 0.0549]95 al . - u)=0.
0.250 0.070527)f 0.07444f5 0.0706$38 1.2 s -
0.4 0.375 0.0572604 0.0588016  0.053p54 1
0.500 0.0523428  0.0535P7 0.0561$29 1
0.250 0.0574048  0.0504#3 0.0485009 1.4 15 1.6 1.7 1.8
0.6 0.375 | 0.0552815 0.0557277 0.0617p11 Mean Wave/Stillwater Ratio
0.500 0.05488F 0.05761B4 0.0467$04
0.250 0.0621478 0.07015B2 0.0717]48
0.8 0.375 0.0597243 0.05174B9 0.058p96 1 c. Wave Load Factor for In-Plane Compression
0.500 0.052693p 0.04629B6 0.0591169 6
1.4
The simulation results df, were used to develop the | 12] T———-———F
i imi i ] —e—COV(Fu) = 0.0
partial sa_fety factors based on the limit state equation] , ‘ | covau)zo.ogl
The partial safety factors were computed for severall , , 15 16 17 19
selected cases that cover the assumed ranges of the Mean Wave/Stillwater Ratio

parametersa, b, t, §, and E. The ratios of means for

strength/stillwater load and the partial safety factors for aFlgure 2. Partial Safety Factors for Plates Under

Uniaxial Compression.



probabilistic characteristics of the load effects and the

simulation results of the strength were used to develop the

partial safety factors based on a linear limit state. The

partial safety factors were computed for several selected
As indicated in Section 2.2 , for a give and cases that cover the assumed ranges of key parameters

probabilistic characteristics for the strength and the loadthat define the strengf,. Based on these results and for

effects, the partial safety factors determined by the FORM2 target reliability levep of 3.0, the following values for

approach might be different for different failure modes. Partial safety factors were selected:

For this reason calibration is often needed on the strength Strength reduction factgp= 0.88

factor ¢ to maintain the same values for all load factors Stillwater load factos = 1.30

y's. The following numerical example illustrates the Wave load factogy =125

procedure of Section 2.2 for revising the strength factorThe resulting partial safety factors can be used to design

for a given set of load factors. For instance, giyer plates under uniaxial compressive stresses to meet a

1.3, v = 1.2, and the probabilistic characteristics of the Strength limit state given by the following design format:

3.2: Calculation of Strength Factor For a Given
Set of Load Factors

random variables as shown Table 6, the corresponding®u <Vsfs+y wf w (19a)
strength factorg was calculated for a target reliability or
level 3= 3.0. Using FORM as outlined in Section 2.2, 088F, <13 g+ 125, (19b)

the mean of~, was found to be 3.66. With the mean
value known , Eq. 14 gives
+
S VsHSTY Wl g3)- B+ 1219 4 o) - .91
Ur 3.66

u

Since the strength, has a mean to nominal ratio of 1.03,
this ratio was needed to revigeby multiplying it by
1.03.
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