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ABSTRACT

This paper is an extended summary of Ref. /1/, toc which the reader isasked to refer to
for further details,

The Load and Resistance Factor Design ({LRFD) format (Eg. {02)), which is a generic form
of most current mechanical and structural design criteria, is assumed@ to be appropriate for
load combination purposes. Attention is focussed on the fact that whilst load factorsare
calibrated by suitable procedures these procedures have raised certain problems which are
examined.

A new calibration methodology is formulated and the relevant operative aspects are
discussed. In this approach, the structure is designed to have a high reliability under
permanent and quasi-permanent loads. Consistent degrees of safety for different design
situations are achieved by calibrating the combination factors to be applied to the short-

duration lcads. Some numerical applications are finally performed.

This work was ruppcrted by the Italian National Research Council (CNR} and by the

Italian Ministry cf Public Instruction (MPI).
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1, Introduction

During the last decade the problem of the combination of time-varying stochastic loads
acting upon a structure has been treated in great depth.

State-of-the-art papers on this topic have been presented at some recent international
conferences (/2/ and /3/ among others) where the developments of Refs, /4/ to /1B/ are
summarized,

The objective of these theoretical developments is to consistently account for load and
structure uncertainties in the design of structural components. "For practical reasons, this
goal of probabjlistic design has to be achieved within the deterministic framework of current
design criteria®/19//20/. BAll theoretical results must therefore be translated into
suggestions for a Load and Resistance Factor Design (LRFD) format /21/, i.e, for the generic
form of most current design criteria /22//23//24/. The problem of translating probabilistic
load combination concepts into partial safety factors has been dealt with in Ref, /25//21/
/23//24//27//28/.

The current policy of calibrating safety factors for insuring consistent reliability for
all the design situations is criticized and some undesired features of the results of
present calibration procedures are emphasized., This paper puts forward for censideration
the concept of differential safety levels. This methodological appreoach provides a set of
calibrated locad safety factors which are in agreement with the factors adopted by present

criteria of structural design, Some numerical examples illustrate this result.

2, Load ccombination

It is sujitable, if one wishes to consider the problems of linear and non-linear structural
mechanics in the same theoretical context, that the lcad combination is investigated in the
spacean of the n loads,an being a sub-space of the Euclidean spacejﬁm of all the m design
variables.

For example: let two be the number of the loads on a structure and let Ql and Q2 denote
these loads, The failure of the structure is defined by the achievement of a limit state,
Suppose that the points W(ql,qz), Al(ql,O) and Az{ofqz)ofFig,l.are checked and found to be
points of the safety domain ID of the structure (i.e. the lcads Ql =4q, and Q2 =4, do nect
activate any mode of failure when they act separately or together) , As the safety domain I

is generally convex (except for some limit-states including member stability}, the belonging

to D of W, Al and A2 means that the actual safety domain certainly contains the
set_ZD1 of boundary Pl, ﬂﬁ being defined in Fig, la). By contrast, if the points Al, A2, Bl
and B2 are checked and found to be points of I, the actual safety domain certainly contains

the set102 of boundary F2. The setlD2 is defined in Fig. 1b)} and is contained intolDl.
Present semiprobabilistic design criteria /21//22/ conceive the safety verifications as
the comparison of a factored resistance with a factored load combination or load effect (Lcad
and Resistance Factor Design {LRFD) format) /23//24/. Here the lcoads are not defined by
their nominal values (Qni) but by their design values (Qdi). According to Ref. /21/, these
desicn values are the product of a suitable partial safety factor YQi and the 95% fractile
QKi of the distribution of the random variable Qi' The design value UD of the generalized
resistance with which the load effect U(YQiQi} must be compared is its lower characteristic

value UK (i.e., the 5% fractile) multiplied by a suitable resistance factor YR 571:
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UlYg Q¢ Y, Qor-n.) €U =y U (1)
Q1 1 Q"2 — D R K

where U(.} denotes the limit state functicn. For structure with deterministic properties
subject to two loads, eg. (2} requires that the safety verifications are performed in the
points Al, W and A2 with q, and 4, = the design values le and de of the loads. The safety
of the other points of_lh is ensured by the convexity of the boundary PD of I,

The same LRFD format allows for the fact that the simultaneous occurrence of more actions

with their design value is an unlikely event by substituting eq. (2} with

Y <u (2)

O lvpDy - YQOQKD' YQIwongl""’ YQr_iwo(r—i}QKr_l D

where Yo = load factors; D, = characteristic dead load; . = characteristic time-

¥
varying loagiover a given refer:nce periecd (f.i. 50 years); woil= load combination factor
(woi < 1); r = number of time-varying loads, The symbol QKO denotes the principal variable
load of the combination; any individuval time-varying lcad must be rotated in eqg. {(2), each
load taking the position of the principal variable load. Therefore, eq. (2} means a system
of inequalities as QKO must be rotated into the r values QKi and the number of time-varying
loads in combination must be increased from 1 to r. For a structure with deterministic
properties subject to two time-varying loads, eq. (2) requires therefore that the safety
verifications are performed in the points Al‘ A2, Bl and B2 with qi and qé = the factored
design values woi le and woz de of the loads, The safety of the other points of_E)2 is
ensured by the convexity of TD’

The uncertainty of both the loads and structural properties is allowed for in the LRDF
formats, Extension of the above considerations to this case is possible by bearing in mind
that eqs, (1) and (2} check that the load effect on the l.,h.s, is lower than the factored
characteristic value of the resistance on the r.h.s,, Therefore, for YR = 1, the points Al, W
and A2 if Fig. la) and the points Al, Az, B1 and B2 of Fig. 1b) are checked to be point of
the region E% having as the boundary the contour surface FK of the CPF for which PF(Qi)= S%.
Thus,EH and_E)2 can be regarded as a set of points certainly contained in_Ek instead of in the
deterministic safety domain 7); and moreover alsc in the case of a structure with random

properties eq. (1) expresses verifications in the points Al' W and A, and eq. (2) in the

2
A B, and B,.

point A ar By 2

1

3. Values of the load factors

The load facters should be chosen on the basisz of consistency with general desired
reliability levels, statistical data and the selected safety checking format /23/,
Consistency is attained in Refs./19//25/ and /28/ by designing the structures to achieve the
target limit-state probability Pe The associated reliabilities will deviate from the target
reliability (1 - pfo) given that the set of lcad factorsare constant for several design
Situations. The optimal set will be therefore selected which minimizes the extent of this
deviation /25//21/.

Some paradoxical situations which arise from the policy of insuring consistent levels of
safety for all different design situations will be considered in some detail; i.e.: 1) the

value of the load factors depends on the number of lcads in combination; 2) the load factor
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on a time-varying load in combination increases with its uncertainty and consequently the
load factors of the other loads in combination decrease independently of the importance of
that load in the load combination.

The first statement is a direct consequence of the considerations that I or_Ek must be
increased in size as the number of loads acting upon the structure increases., TFor example,
let a deterministic structure be subject to two loads Q1 and Q2 and let the verificaticns (2)
be conducted in the point A (YQ QK :Q), Wl z(yb QK ' Yo QKZ) and A, {0, YQ QK )} of Fig. 1.
Furthermore one can assume that these verlflcatlons 1nvolve the follow1ng equatlon

Prob[(Q, «,)eP, (9,,Q))] =1 - oz =X, (3

whereAEB is the target reliability. The introducticn of a third load Q3 involves that safety
L3 1 ¥ 1 r : |
has to be checked in the points AI(YQ o ,0,00, AZ(O,YQ Qe L0, Wl,Z(YQ QKI’YézQK ,0),
T - T 1 ]
A3 (0,0 ’YQ3QK3) r Wl .3 (YQlQKl 0 'YQ3QK3) ' WZ ,3 (0 rYQzQKz 'YQ3QK3) and X (‘leQKl IYQ2QK2| YQ3QK3) (see
Fig. 2) with /28/

4

(4)
Yo, > Yo,

and v, > ¥
2 9
so that

L

prob[(Q,,0,,05)eP; (9,/9,.29)] =1 - pr_ I (5)

Note that also YQl is greater than the load factor which applied to Q K, insures pf for
the structure subject only to Qi' A consequence of eg. {4) is that present policy of
calibrating the load factors leads to the selection of one set of load factors for all likely
combinations of loads /21//25/. That is more, by using present calibration processes,the re—
sults Y

21
characterized by the higher uncertainty. Necessarlly then YZ is much greater than YQ and
1

and YQ could be much leower than YQ and YQ when Q3 is the time-varying load

YQ2 .e. the safety must be mainly checked against the load apparently more dangerous. But
this result does not take into account that also low values of Q3 may cause the activation of
the modes of failure relevant to Ql and Q2 when added tc high values of Q1 and Qz. The
deviation from the target value of the reliability associated with the resulting design
becomes therefore more and more significant. A calibration policy capable of avoiding the
inconsistencies referred to above is given in the next section. This approach is founded on
the proposal of differential safety levels for different design situations, The use of
differential target reliability in past practice has already been recognized /21/. The
levels of reliability implied by the use of current design standards and specifications have
been estimated in Ref, /20/: Bo = 3,0(pfo = 1,35 10“3) is the target value of the reliability
index g /26/ for load combinations involying only gravity 1oads, By = 2 5(pf = 6.21 10"3)
for those involving additive wind and BO = 2‘0(pf0 = 4,01 10~ } for those comblnatlons
involving earthguake loads. These different levels of target reliability, however have only

be used in the context of the calibration process proposed by Ref. /25/. In the next section,

attention is focussed on the margins of target reliability between different designsituations.

4. An approach to the calibration of the load combination factors

The conclusion reached by the considerations summarized in Fig. 2 lead to the fact that
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the adding of one load upon a structure causes the relevant reliability to decrease. Therefore,
if one whishes to maintain the same design against a first set of load when an additional

action is introduced, one must startwith a design whose reliability is higher than the target

value (1 - pfo). That can be done according to past practice, in which all loads are
enhanced by the same factor independently of their uncertainty. o
i
Starting with a very reliable design under permanent loads (say pg = Iﬁ—g-, with N = 10 to

20 = the maximum number of load on the structure), must not be increased as the number

¥
of loads is increased: the only effect is that the sagéty margin is reduced. Moreover, to
perform the verification (1) in the point Al' wi,j defined in this way ensures that the actual
safety domain I or the region.Ek surely contains the prism.Dl(Qi) of Fig. 2b) (for i=1,2,3).
This prism can therefore be employed as approximate definition of ¥ or of the CPF in order
to obtain a conservative estimation of the prcbability of failure of the structure,

The same policy can also be followed in order to state the load factors associated with
the long-duration (or guasi-permanent) acticns (i.e. the load which can be described with
square-wave Poisson processes with verysmallarrival rate and very long duration of each
cccurrence}: in-this case one assumes Uy = 1 in eq. (2). Thus, the global probability of
failure P increases to the value Pey, and the margin to pfo is further reduced,

One additional short-duration action on the structure can then use the margin (pfo-pfu)_
This margin should be divided in several parts if several short-duration loads act on the
structure. OCnce YQll YQZ and YQ3 have been selected in such a way that (prl+pr +pf )<pfo
the load combination factors ¢bi are the only factors to be calibrated. In-this“casé’the
scheme in Fig. !b) is adopted, On the basis of this consideration, the calibration of the
load combination factors woi may be suitably performed according te the following procedure.
Let us approximate the boundary FK of the region.Ek of the structure by the boundary r2 of
a region of the type of_ID2 in Fig, 1b). The surface F2 is assumed to be formed by the three
orthonormal planes Hi

Q. =

Y. Q, =T (6)
i Qi K,

X
i
and by an obligue plane £ of suitable direction cosines /1/. Then the CPF of the structure
is modelled by a set of idealized contour lines, each line being formed by planes paralleles
to the ones of Fz, For any idealized contour line Pr(Qi) = p, the distances ", and £ from

the eorigin of the planes Hi and I respectively are given by

P.o(m}) =p
s {7)
PE(E) = p

The functions Pn_(ﬁi) and PE(E) are predefined cumulative distribution functions with a
given equal value of the coefficient of variation 5R and 5% fractile WK and XKE' where X
is presently unknown and E' is given.

The probabilities of failure of a structure subject to loads with characteristic values
QKi can now be calculated by the convolution integrals of the probability density function of
the relevant loads with the CPF expressed by eg. (7}. Successive iterative analyses permit
cne to determine the walue X; E' for which the probability of failure becomes equal to its
relevant target value,

It can be shown /1/ that X; is independent of the wvalues QKi which are used in the

— 6 — M2s2*



calculations. Therefore, one estimation of X; is sufficient, there are not deviations from
the target reliability and hence no coptimization over different design situations is required

by the approach here formulated. Once XE has been determined, the intersection of the

relevant plane E with the planes Hi gives the six points BJ(Q1'Q2)‘ B2(Q1,Q2), Bl(Ql’QS)'

B,.{Q.,0.), B, (@,,0,} of Fig. 3. One of the cocrdinates of these points is y_ 0, , while the
27173 17=2m=3 Q" Ky

other two must be read QKl = wonQjQKj and QKZ = ¢OIYQ1QK1.

5. Numerical examples and conclusions

The numerical examples have been developed for a structure acted by a live load (L) by an
earthquake excitation (E} and by the actions of snow (S) and wind (W), The probability of
failure of the structure when these lcads do not act on it is assumed to be much lower than
Ps.- The probabilistic definition of the actiomsis given in Table I, where § = coefficient of
variation ©f the waximum over 50 years; v = mean rate of arrival per year; d = average
duration, in days, ©f each occurrence.’ The load safety factors YL' E'YS and YW have been
taken equal to 1.5 and the characteristic values of the loads are the 95% fractiles of the
ditributions of the maximum over 50 years. The conditional probability of failure has its
plane with distance from the origin with normal distribution and coefficient of variation
5R = 5% or 10%,

The results of Table II show a large dependence of the lcad combination factors on the
properties of the stochastic processes which model the loads. The simplicity of the
calibration procedure proposed in Section 3 and the modest amount of calculations required,
however, make it possible to propose the use of this approach not only for code purposes but
also in current practice, It can be employed, in fact, as a preliminary study having as the

objective the determination of the load combinations which one must consider in structural

analyses,
Table I - Probabilistic definiticn Table Il -~ Some results obtained by the calibration
of the actions procedure proposed in this paper
Type of load | L E W s ais P Yoi
s R fo; L,E W 3
£ CDF Ext.I Ext.I Ext,I Ext.I L .52 B-03 - .049 . 049
Type o (max) (max) (max) {max) syl W |19 E-03] 040 - .050
s 25 E-03 | .049 .050 -
cov of the 0.00
. P L0015
max "over fo
50 years GQi 25% 703 18.6% 20% L |52 mec3 _ 199 _199
val a0l 5 W .19 E~03 | .199 - . 200
mean arriva | s |.25 B-03| .199  _200 -
rate v, 0.002
i P. . 5
|per year| 12 2 24 6 £,
. L .32 E-03 - .040 .040
mean duration solioe| ® |13 B-03 | .040 - .040
of each 0110% e 16 B-03 | .04C .040 .
occurrence
0.0025
4, | days| 2 7E-4 1 1-20 Pfo
E .36 E-02 - .050 .049
W .19 B-03 | .050Q - .050
201 58 S .25 g-03 ] .049 .049 -
= 0.0075
O
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according to the calibration process 2 2
proposed in Section 4,
2
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