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RELIABILITY-BASED STRUCTURAL DESIGN CONCEPT
OF STEEL STRUCTURES

Lee, Joo-Sung
Dept. of Naval Architecture and Ocean Engineering

(ABSTRACT)
This paper is concerned with correlating the structural redundancy and the

structural reliability, say an attempt to link the structural safety with the
structural redundancy, A simple procedure is introduced for easy use in
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design of steel structures to achieve a balanced design with adequate
structural redundancy and still safety, Several case studies have been carried
out by applying the present procedure and the results are illustrated as the
relation between structural redundancy, component reliability and system
reliability, From this study it has been found that there is already a rough
correlation between low component reliability and high reserve strength of
structural system,

A relative simple inequality relationship between component and system
reliability and structural redundancy has been proposed. Also included is the
range of acceptable safety level which have been derived based on the past
experiences and as far as the present findings are concerned, the floating
offshore platforms as designed seem to have been over-designed, More studies
in this field would be required before applying to practical design of real
structures,

reliability index.

1, Design Code Format In its simplest form the safety
check equation can be written as:

In reliability-based design we seek

to obtain uniform or consistent szTQk < Y:ch 1)
reliabilities over the range of v

potential utilisation, In conventional

design practice there is a single which essentially relate nominal or
safety factor in the safety check characteristic values of extreme load
equation whereas, on the basis of the effects Q, and ultimate strength, Ry,
Level II reliability approach it is of the structural component, The 7's
possible to derive partial safety are the partial safety factors which
factors (PSFs) for use in safety check reflect the uncertainties in load,
equations, This provides the basis of Yfi, in as built strength, y,. and also
the Level T method for use in design the nature of the structure and the
which makes little, if any, reference seriousness of the consequences of
to statistical properties beyond those failure, 7, which is linked to socio-

necessary for defining the more
important variables such as nominal
yield stress etc, This safety checking
format with PSFs can aliow for
flexibility since they can reflect the

economic factors,

API Recommended Practice which
dominates the design of offshore
platforms in the U.S, uses the Load
and Resistance Factor Design(SRFD)

overall uncertainties in loading and format®), In this format a safety

strength as well as the overall target check equation is of the form:
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Z Yk Qki ¢sys ¢i Rl (2)

where R, is the nominal strength, Q
the nominal loading, ¢, respective
strength factor of the nominal loading
and . load factor, System factor, $sys

is also added in the partial safety
equation to represent the system
consequences of a component failure
and would be greater than unity,
However, in the present LRFD format
bsys is taken as unity,

The actual form of safety check
equation adopted by the TLP RCC in
the model code for structural design
of TLPS®@ is somewhat more complex
than Eqs. (1) and (2) and checking
for component safety is generally
done with a three term interaction
equation,

Y5 Qs+ 7qQq t74BQy
{ 1
i;ﬁ Rkl /Yin ¢sys

Ve (3

where subscripts s, q and d refer to
static, quasi-static and dynamic load
effect components and B is a
systematic modelling or bias factor for
the dynamic component, Subscripts i=1,
2, and 3 refer to the equivalent or
resolved axial, shear and pressure
load and resistance effects, %, 7, and

74 are partial safety factors for load
effects and are greater than unity, 7,
accounts for uncertainties in the
material properties, the ys are
modelling uncertainties for the three
strength components, and j; is an

interaction exponent for each of these
three strength compoonents. ¢, Is
the system factor normally less than
unity but which is taken as unity for
the present TLP model code. 7, for

socio-economic consequences of failure
has been omitted because the more
rational approach of selecting the
target reliability index from a
minimisation of total costs is preferred.
This in turn would lead to an
adjustment of all the PSFs(®),

2, Significance for Design

2.1 Redundancy Considerations

An efficient structure is one which
does not fail, has adequate but not
excessive safety and which minimises
cost, Inevitably cost is very closely
linked to safety factors(reliability
index), especially in structures whose
scantlings are governed by ultimate
strength considerations, Reliability-
based design is aimed at achieving
designs in which reliability is
uniformly distributed, But the present
component reliability-based design
approach cannot always give uniform
distribution of reliability over the
entire structure and in some cases
the design can be such that failure of
any single component causes the
structure to catastrophically collapse as
a total system. This may be due to lack
of redundancy and lack of knowledge
about the re-distribution of load effects
after failure of any component, These
facts have perhaps stimulated the need



to introduce system reliability into
design,

System performance has been
recognised as a part of structural
design thinking, A major benefit from
incorporating the system capacity into
design is the additional structural
reserve strength often found due to
design load
conditions, fabrication requirements

symmetry, multiple
and design approximations, These
additional margins should be examined
in assessing the reliability against
extreme load and accident conditions,

Specifications in recent years
recommend the designer to provide
redundancy, Additional members can
also ralse the degree of structural
redundancy. Hence, in the context of
system reliability-based design, one
should consider structural redundancy
characterised as by reserve strength
and residual strength.

For ultimate strength collapse a
four legged jacket structure which
has horizontal chords and single
diagonal or K bracings is statically
determinate and has very little
residual strength when a bracing
member is severely damaged or
removed. The only source of residual
strength is from secondary bending at
the ends of the remaining braces or
the portal action of the vertical
members, X braced systems are much
more redundant and have high
reserve strengths. Their residual
strengths will generally also be high

but this will depend on the column
slenderness of the compression braces
and will be low for slender ‘columns,
Multi-leg systems will be stronger
still in those planes where three or
more legs occur. Then, the choice as
to whether the diagonal braces are all
oriented in the same direction or are
opposed at their connections with the
legs has to be made(¥ the former
generally being preferred if the worst
environmental loading is likely to
come from one predominant direction,
If the braces are then designed to be
mostly in tension then their fatigue
design at node joints would be more
important than if they are mostly in
compression. In the latter case low
column slenderness and high punching
static strength at the node are
desirable, Reserve strength ratiog, n
in most fixed jacket structures are
sometimes less than 2.0 but probably
average around 2.5, A reserve strength
index for well-designed floating offshore
structures is recommended to be about
2.0,

2.2 Relation between Safety and
Redundancy

The system factor (often called
system partial safety factor), sy
has close correlation with structural
redundancy because the redundancy
should play a major role in choosing
the value of %y and can represent
the system consequences of a
component or member failure,

As Mosesl.8] and Faulknerdm
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stated, the system factor should
perhaps be incorporated in the safety
check equation and should be
examined alongside the more logical(in
principle) use of a system reliability
index, By, to derive all the PSFs as

the best way of including safety and
redundancy considerations in the
design process, When using the safety
check equation given as Eq, (2), ®uys
is normally greater than unity while,
when using the safety check equation
given as Eq, (3), ¢, is normally less
than unity which is, however, taken
as unity in the present codes in use,

Faulkner®) proposed a simple
procedure of calculating the system
factor, ¢ss, with the assumption that
the distributions of component
strength(or resistance) and lifetime
load effect are normal, With this
assumption the reliability index is
defined in terms of the central safety
factor as Eq. (4)

0-1

Jow s “

where Vg and Vg are COV of R and

Q. 6 =R/Q and is referred to as the
central safety factor. When reliability

p=

index, g, is given, the central safety
factor is obtained by solving Eq. (4)
ag (8):

L& \/ 1(1-BVR) (1-°Ve)
(-pVp) (5)

0 =1(B, V, Vo) =

When the sign before the root is
negative, Eq, (5) gives a trivial
solution, From Eq, (5) the central
safety factor for component, Oy, and

system, Oy, , is obtained as given Puomp

and By

Bcomp = f(Boomp » VRomnp , Vo) for component
Osys = fByys » VR,y, s VQ) for system (6)

in which By, and VRMP are component

reliability index and COV of component
resistance, and By, and Vg system
reliability index and COV of system
resistance, Then, assuming the mean
values are characteristic values, it
follows that an acceptable multiplicative
resistance partial safety factor, ¢g, is

defined by:
R*
op="J =1-Pog Vg (1)

where R* is the “design point” value
for maximum probability of failure
and ag is the representative sensitivity

parameter given as:

Vg
aR T e—————
[ v+ Vg ®

If the central safety factor for
system, 8, is defined as being n
times that for a component, i.e,, O5ys
=N oy the system reliability index,
Bsys » can be evaluated from Eq, (4)
with replacing 6 by 84 . The

representative sensitivity parameter,



%, and resistance partial safety
factor, 4>Rm , can be obtained from
Egs. (7) and (8), respectively. An
approximation to the system factor,
bsys to use with a design based on
component failure can be estimated
from:

%, 1Pmog, Vi,
Wy 1 Poomp Oy ViR,

©

¢sys =

For the ranges of n=1.05 to 3.0 and
Beomp =0, 1 to 5.0, when typical values
of VQ=O.2 and VRm,= VRm =0.15 are

1 and 2 show the
relation of B, and n to Beys @0d sy
respectively.

assumed, Figs,

The total load factor, Ay, is defined

as the ratio of the system collapse load to
the design load, that is the reserve
strengtu index®9®, Let Foomp be the ratio

of a component failure load to the design
load. The parameter, n, is defined as the
ratio of the mean system collapse Joad to
the mean component. collapse load, Thus:

(10)

and n is referred to as the reserve
strength ratio for system(or reserve
strength factor),

Consider the case when R and Q
are lognormal, Then, In R and In Q
are normal with means, Ay and Ag
and standard deviations, {y and {g,
given by®:

1,2 1.2
klenE.v'Z—CR, }\_Q=hlg-7gc

1
Lo=In(t + V) (

1
£a=ln(1 + Vi), )

The safety margin, Z=R-Q, is equivalent
to a non-dimensional form:

(12)

where ¢ is the central safety factor
and also a lognormal variate with
parameters:

0
Ay = Aoy =1n
6 ™M ~Ag 1+V12<]1 (13.a)
1+V5
Co=Catlo=Il+Vp(+VY  (13.b)

Therefore, In g is also normal with
mean, xe , and standard deviation, G
Then, the corresponding reliability
index to Eq, (12) is given by:

(14)

Assume the same value of Vg and Vg

for component and system as the case
when R and Q are normal, Then,

Ge,, ™ Cq

- (15, a)
If the central safety factor for the
system, 0g,, is defined as n times that
for a component, Boompr 85 before, the
parameter A, for system, Ay is
expressed from Eq, (13,a) as:
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-] no
Ay =ln = Iy
by 1+Ve 1 1+VR]
1+vé 1+v(22
“Inn+, (15.b)
comp

With Egs. (15) Eq. (14) gives the
system reliability index as:

My

lnn+7\.e

__ Y5

Bsys“g
eﬂyﬁ

= 3

s

omp _ In n

G

+ Boomp
(16)

That is, Bgs i8 (In n/ G,) greater than
Beomp - Eq. (16) is the relation between
the reserve strength for system and
component and system safety,

In order to evaluate the system
factor from Eq. (9), ®sys, Reomp and

Ry are assumed to have means of
] and 8., and COV of Vg, and Q

is assumed to have mean of unity
and COV of VQ.

comp

For the same ranges of n and Bump
and with the same values of Vy and

VQ as before Figs. 3 and 4 show the

relation of n and B t0 Beys and g
respectively, Comparing Figs. 3 and 4
with Figs, 1 and 2, it can be seen
that lognormal distributions of R and
Q give higher @, and especially, dsys
than for normal distributions, Moreover
$sys has a very different tendency
from that of ¢ss for normal distribut-
ions such that ¢sys increases as PBoomp
increases with lognormal distributions,
whereas it decreases when R and Q

are normal, Within practical ranges
of n=1.5 to 3.0 and and Pomp of 2.0
to 5.0 Table 1 illustrates Py and sys
when R and @ are assumed normal
and lognormal,

The above approximations have
merit, because of their simplicity,
that the relation of component and
system safety to redundancy can
easily be predicted for a structure in
the initial design stage. However, the
system factors should probably be
determined from a more rigorous
system analysis for the intact and/or
a damaged model of the structure,
One reflects the reserve strength,
while the other the residual strength,

Table 1 B4y and gy 10 Boomp

(1) when R and Q are normal

8 n=1_5 n=2.0 n=2.5 n=30
comp Bsys ¢sys ﬁsys ¢sys Bsys ¢sys Bsys ¢sys
2.0 3.46 0,71 4,280,583 478041 512034
2.5 3.860.69 459051 503040 532032
3,0 4,23 0.67 4.87.0.49 525038 55103
3.5 4:.58 0.66 5. 14 0,48 546 0.37 5,68 0,30
4.0 4,93 0.64 5.39 0,47 5,66 0.36 584029
4.5 5.26 0.64 564046 586036 6000.29
5.0 550063 588046 604036 6150.29

(2) when R and Q are lognormal

B n=1_5 n=2 0 n=2.5 n=3,0
o Bsys ¢sys Bsys ¢sys Bsys ¢sys Bsys ‘bsys
2.0 3,64 0,80 4 800,84 L 5.70 0. 82 6,43 (.80
2.5 4,14 0,90 5.30 0,86 6.200.83 6.930.82
3.0 4 64 0,92 580088 670085 743084
3.5 5,14 0.93 6.30089 7,20087 7.930.86
4.0 5.64 0.94 6,80 0.91 7.70 0,89 8.430.88
4,5 6.14 0.96 7.300.93 820091 58309
5.0 6.64 098 7.800.95 870094 9430093

—21—
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2.3 Acceptable Safety Levels

In design we should recognise that
rational safety levels must pay some
regard to the definition of safety as
applied in judicial proceedings., This
pertains to collapse of the overall
structural system when the economic
and human consequences become
significant, Nevertheless by tradition
and for convenience, specifications
have to be prepared which deal with
components, beams, columns, connect-
ions and so on, Recognising also that
formal prescribed notional safety has
very little if any correlation with
actuarial safety for most structures
the way would seem open to:

(a) Progressively lower component
notional safety levels, especially
as our knowledge of loading and
response steadily improves,

(b) Introduce system safety in design
on a consistent basis which
recognises the hierarchical type of
structure and components being
considered, the degree of residual
strength and reserve strength
present, and a start should now
be made to formalise In design
codes,

Develop a rational relation between

component and system safety., A

non-redundant structure would

need a higher safety margin than

a redundant one to achieve the

same acceptable level of damage

tolerance,

©

Of course it will always be important
to ensure that with the lowering of

component safety the probability of
fatigue or overload damage in service
is kept to an acceptable level mainly
to reduce the need for repair costs,
Nevertheless, from(a) there could be
significant scope for cost and weight
savings.

If one examines present practice,
Table 2 attempts to give the present
relation between average component
safety indices and reserve strength
ratio, n, beyond first component failure
for a variety of steel structures(9,
Some of the values are judgements to
aid discussion,

It would seem that with the exception
of Naval ships there is already a rough
correlation between low Py, and high
n(and even higher reserve strength
index A1) and it would seem there is

merit in pursuing such studies, They
might lead ultimately, for example, to
relations for use in designs as(0;

Boomp + n < 5.0 1mn
In the discussion of reference (10) a
lower value of 4.5 was suggested by
Frieze for the right hand side, and
certainly the inequality was suggested
as an upper limit, From Eq. (6) or
(16) we can obtain the reserve
strength ratio, n, given that By, and
Bsys_ That iS:

(1) when R and Q are normal, from
Eq. (6)
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f(ﬁmmp b} VRvomp 3 VQ

= (18)
f(ﬁsys ? VR”! ’ VQ)

n

function f is evalusted from Eq. (5)

(2) when R and Q are lognormal,
from Eq. (16)

n=Exp[, (Bays - Beomp)] (19

When PByys is 4.0 to 6,0, n values by
Eq (18) and (19) are plotted against
Beomp 28 shown in Fig, 5, in which the
points corresponding to various
structures of Table 2 and Eq. (17) are
also included, Comparison of Egq, (19)
to (18) shows that lognormal distributions
of R and Q may give more realistic
predictions for comparison with n
than normal distrbutions especially
for the higher By values, By reference
to Eq, (17) in Fig. 5 semi-submersibles
and the North Sea TLP seem to be
overdesigned, For floating offshore
structures, if the. allowable Bgys( piays)
is provisionally chosen to be not
greater than 6.0, well-designed
structures possibly lie within the
region determined by the inequality
equation, (17) and the following
equation derived from Eq. (19):

chnp+%£ < Psys (=say 6.0)
0

The thick solid line in Fig, 5
represents the boundary determined
by Eqgs. (17) and (20).

Table 2 Component Safety and Subsequent
System Redundancy(average
values only)

Structure Cm;ponem category Syzt.em category
Fixed Platforms 2.3 low 1.7  high
Buildings 3.0-3.5 average 1.5  average
Bridges 3.7 average | <1.2 low

4.8 high 1.2 low
Merchant Shipa 3,5-4.0 average | (1,2 low
Semi-Submersibles 54,0  high »1.5  average
North Sea TLP 4.5 high 1.5 average
Naval Ships 2.2 low 1.2 low

NAVAL SIITFS

o . 1 2 3 . s

Component Reliability Index

Fig. 5 Beomp and n

The use of n, the system strength
to component strength ratio, is
preferred rather than the more popular
reserve strength index, Ay, 00 This
is because Ap inevitably contains the
safety factor of the most critical
component within it‘and therefore
would cloud the  “high-low”
relationship which Table 2 seems to
establish, The choice of By would
then follows naturally from such



12

studies, Alternatively, a system
factor, ¢gs, could be applied in
component design as recommended by
Moses and by Faulkner®.7,

The inequality sign in Eqgs, (17) and
(19) recognises that some acceptable
safety levels may very well be lower
than these limits, and also the
passage of time would naturally
require safety levels to reduce in a
rational code. Moreover, it recognises
that perhaps the most rational safety
level should really be chosen on
economic grounds unless massive
human life were really at risk-as
they are in aircraft,

3. Discussion

The simple procedures introduced in
Section 2 may be helpful to roughly
predict the system safety level and
structural reserve and residual
strengths, and also to choose an
acceptable safety level in the design
stage. Levels of safety vary quite
widely depending on structural type
and behaviour of component in a
- structure, especially on the post-
ultimate behaviour of a failed
component, It has been suggested
that they may sensibly be linked to
the reserve strength ratio for the
system, n, and component strength,
as given by Egs, (17) and (20). It
should be pointed out that first
generation semi-submersibles and
TLP structures would appear to be
significantly overdesigned in the light
of the present studies [(see Fig. 5).
Therefore, acceptable safety levels

may be lowered than those used in
present design, and this would also
appear to be justified in the light of
service experience,
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