Reliability assessment of
alternative Eurocode and South
African load combination
schemes for structural design
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The basic European standard for design of buildings and other engineering works, EN
1990 ‘Basis of structural design’, provides alternative design procedures and parameters
for which national choice is allowed. One of the most important decisions relates to the
fundamental combinations of actions for persistent and transient design situations. It
appears that the reliability of structural members, designed according to the alternative
combination rules provided in EN 1990, may vary considerably.

In the presented study probabilistic methods of structural reliability are used
to identify characteristic features of alternative combination rules and to propose a
new efficient rule. The reliability performance of the present South African load and
combination factors are compared to the alternative schemes.

It is confirmed that although the minimum level of reliability is achieved for the
alternative load combination schemes, levels of reliability and consistency vary
considerably over a limited but representative range of design situations. It is also shown
that reliability of reinforced concrete members depends on the structural configuration.

INTRODUCTION AND BACKGROUND
Aligning national structural design codes of
practice to international standards is moti-
vated largely by professional and academic
considerations. Commercial concerns recently
provided a strong material motivation for
international harmonisation of structural
design standards in the context of contin-
ued integration of the global economy. The
strongest driver for such harmonisation, how-
ever, is the sharing of technological advances
by participating national industries.

Conversion of South African structural
design codes of practice to limit states design
during the last few decades (Kemp et al 1987;
Milford 1988; SABS 1989; SABS 1992) is an
illustration of national benefits derived from
international technological development. The
limited resources available for the future devel-
opment of structural design codes in South
Africa make it essential to carefully consider
international development in this field and
adapt advances efficiently into local practice.

The most notable recent development
of international structural design standards
is the establishment of Eurocode, such as
outlined for instance by Gulvanessian (2003).
The extensive degree of harmonisation that is
being achieved across a wide range of national
structural design practices, provision for an
extended range of structural types and the
various structural materials is captured in
Eurocode EN 1990 ‘Basis of structural design’
(CEN 2002). Such harmonisation could only
have been achieved by improving the rational
basis of design and utilising an extended reli-
ability framework to provide for the wider
range of design situations to be considered
(Gulvanessian et al 2002).

Consideration of Eurocode as reference
to future South African code development is

not only justified as a measure of improved
international harmonisation and providing a
coherent technological base for the process of
advancing the scope and standard of South
African codes: The fact that the British codes,
which traditionally served as reference to South
African codes, are being replaced by Eurocode
makes this a logical course of action. The tran-
sition from British codes to Eurocode can also
serve as a model to South African efforts.

Structural design functions to
relate actions and resistance

The reliability basis for designing the range of
structures, structural materials, safety and func-
tional requirements and the actions to which
these facilities are exposed form a vital frame-
work for a coherent suite of structural design
standards. The design functions which relate
actions and combinations of actions with
structural resistance or functional perform-
ance in turn translate the conceptual reliability
framework into practical design procedures.

Alternative design functions and related
partial safety factors for load combinations are
provided in EN 1990 in order to accommo-
date the range of design practices of Eurocode
member states and to allow for nationally
determined levels of reliability. However, the
alternative design functions and parameters
also result in significantly different design
results and levels of reliability. The selection
of appropriate design functions and calibra-
tion of nationally determined parameters is
therefore an important task for any national
regulatory authority.

The extended range of design functions
allowed for in EN 1990 also accommodate the
present practice for load combination schemes
and partial safety factors used in the South
African Loading Code, and thereby removes
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a critical source of incompatibility between
South African structural design codes and
Eurocode, as evaluated by Kemp et al (1998).
The reliability performance of the alternative
design schemes of Eurocode and its compari-
son of South African practice is therefore a
key consideration in evaluating the future use
of Eurocode as reference to South African code
development activities.

Scope of paper

This paper considers and evaluates the alterna-
tive design functions and load combination
schemes provided for in Eurocode EN 1990
(CEN 2002). The evaluation is done in terms
of attaining a level of reliability better than the
target value, to be achieved consistently across
a limited range of design conditions which are
representative of practical design situations.
For this purpose the resistance of two struc-
tural concrete elements are used. Furthermore,
an innovative load combination scheme is
proposed to improve some of the limitations
of the EN 1990 design functions. The South
African design functions, which agree in for-
mat with one of the EN 1990 alternatives but
use different partial factors, are then compared
with the other design functions.

Probabilistic models of basic variables are
specified, taking into account principles pro-
vided in ISO standards (ISO 1998; ISO 2001)
and recommendations of the Joint Committee
on Structural Safety (JCSS 1996; JCSS 2001).
Time variant random properties of actions are
approximated using the simplified Turkstra
(1970) rule. Results of the reliability analyses
are compared using available software prod-
ucts (Petschacher 1997; RCP Munich 1999), a
specialised program intended for calibration
purposes (JCSS 2003) and own products devel-
oped using MATLAB and MATHCAD software.

Applied probabilistic methods of structural
reliability are used to identify characteristic fea-
tures of each combination rule and to formu-
late general recommendations. Newly obtained
results concerning reinforced concrete struc-
tures extend findings of earlier studies con-
cerning members made of different materials
(SAKO 1999; Holicky & Markova 2000; 2003).
It appears that the reliability of structures,
designed according to the alternative combina-
tion rules, may vary considerably. The opti-
mum combination rule should comply with
a required reliability level (say the reliability
index 3,8 for a 50-year time period) and should
provide uniform distribution of reliability with
different ratios of variable and the total load.

The combination rules presently applied
in South Africa (Ter Haar et al 2001) and their
application to concrete resistance calibration
(Ter Haar & Retief 2002; Retief et al 2002)
are considered. General recommendations
are based on probabilistic analysis of basic
concrete members. It appears that further cali-
bration concerning more complicated types
of concrete members is needed and possible
future studies are proposed.

FUNDAMENTAL LOAD
COMBINATIONS

Alternative design schemes

In the following analysis the combination of
three actions is considered: permanent action
G, imposed load Q (leading) and wind W
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(accompanying). The EN 1990 design procedure
(CEN 2002) for the fundamental combination
of these loads in permanent and transient
design situation introduces three alterna-

tive procedures denoted here as A, B and C.
Assuming linear behaviour of structural mem-
bers, actions G, Q and W and their characteris-
tic values G,, Q, and W, denote generally appro-
priate load effects (not the original actions).

Design Scheme A

Considering the formula (6.10) in EN 1990,
the design value of action effect E_ is given

in terms of the partial factors y,, v, and y,, for
actions G, Q and W respectively (for EN 1990
partial factors for both variable actions are
equal, y, = v,) and the combination factor y as

Ed:YGGk+}/QQk+yWWWWk 1

Design Scheme B

An alternative procedure is provided in EN
1990 by twin expressions (6.10a) and (6.10b)
where the combination factor y is also applied
to Q in the first expression and a reduction
factor & is applied to the permanent action in
the second expression

Edz}l(le+lel/(2Qk+yWWWWk 2
EazfyaGk+7QQk+7w'//ka 3

The less favourable action effect from (2) and
(3) should be considered.

Design Scheme C

In addition, EN 1990 allows further modifica-
tion of the alternative B simplifying equation
(2) by considering permanent loads only.
Thus the load effect is then the less favourable
action effect resulting from (3) and the simple
relationship E, = y, G,.

Design Scheme D

In addition to the Eurocode combinations A, B
and C, combination D is considered here as a
modification of the combination A, consider-
ing the original partial factor of permanent
load y, = 1,35 and a reduced partial factor of
variable actions 7, given as

Y%=1+05% 4)

Here the parameter y denotes the ratio of vari-
able actions Q +W, to the total load G, +Q,+W,
given as

2= QAW/(G+Q+W) &)

Note that the parameter y is often applied to
investigate load effects under various intensi-
ties of variable and permanent actions. A
realistic range of y from 0,1 to 0,6 is found for
structures in practice. However, in some spe-
cial cases the load ratio y may be very low if
not zero (eg for underground garages or where
geotechnical loads play a prominent role).

If the leading action in equations (1) and
(2) is wind W, then instead of reducing the
wind action W by the factor y,, the imposed
load Q should be reduced by an appropriate
factor y;,

Range of applicability
For a given design value of the load effect E;
the characteristic values of individual actions

G,, Q, W, can be expressed using variables y
and the ratio k = W,/Q, of the accompanying
action W, to the main action Q,, as follows:

E

Gk - Ely, + ([V/Q]yQ +kly wlyw)x /
¢ 1+k)1-x) (6a)
__xGk .
%= Toan (6b)
W,=kQ, (60)

The factors &, y, and y,, indicated in (6a) in
square brackets are applied in the same way
(either yes or no) as in equations (1) to (4) for
alternative combination rules A, B and C.

For Design Scheme A, equation (1) is
valid in the whole range 0 <y <'1, whereas in
Design Scheme B, equation (2) is valid in the
range 0 <y <y, and equation (3) is valid
in the range y, . <y <'1. Correspondingly,
for Design Scheme C equation (4) is valid in
the range 0 <y <z, - and equation (3) in the
range 7. - < ¥ < 1. The limiting values y,_
and y,, . derived from equations (2) to (5) are
as follows:

%6 (1=-9) (1+ k)
16 (1=8)(1+ k) +yq (a—wq) +ywk(b—-yw) (7)

llim,lsz

16 (1-8)(+k)

Ziim, = 76 (1=8)(1+ k) + yqa + ywkb 8)

where the auxiliary variable a =1 and b = y,,
for k S(l—z//Q)/(l—z//W) (imposed load Q is the
leading action) and a = y, and b = 1 when k
> (l—y/Q)/(l—wW) (wind load W is the leading
action).

REPRESENTATIVE

RESISTANCE OF REINFORCED
CONCRETE MEMBERS

Two structural elements have been selected
to be representative of reinforced concrete
structures in this assessment, namely the
flexural resistance of a tensile reinforced con-
crete beam and the resistance of a reinforced
concrete column subjected to a concentric
axial load.

Reinforced concrete beam
The design value of flexural resistance R, of
the reinforced concrete beam is given as

Ry=A f, /5, [h-d, ~05A (/7 )/(baf, /7]
)

where A_denotes the area of reinforcement,
f, and £, denote the characteristic strengths
of reinforcement and concrete, h is the height
and b is the width (considered here as a deter-
ministic quantity equal to 0,3 m) of the beam
cross-section, d, axial distance of the bars to
the beam bottom, « the factor taking into
account the long-term load effects on con-
crete compressive strength (considered here
as a deterministic quantity equal to 0,85), 7,
and y, the partial material factors for steel and
concrete strength considered here to have the
values 1,15 and 1,5 respectively.

It is further assumed that the beam
is designed (with height h and reinforce-
ment area A_ specified) on the basis of an
‘economic design’, that is, when R, = E and
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Table 1 Probabilistic models of basic variables

vogable X variable Distr Units (it my oy
Action G Permanent action N |MN/m?| G, G, 0,1G,
Q Imposed (50 years) Gum [ MN/m*| Q, [0,6Q, |0,21Q,
W | Wind (1 year) Gum | MN/m*| W_ [0,3 W, |0,15 W,
w Wind (50 years) Gum |MN/m?| W, [0,7 W, [0,245 W
Material f. Concrete strength LN MPa 20 30 5]
properties f, Reinforcement strength LN | MPa | 500 | 560 30
Geometric A, Reinforcement area Det m? nom | nom 0
data h  |Beam height N m 06 | 06 | 0,008
h b Column dimensions N m 0,3 0,3 0,01
d, Reinforcement distance Gam m 0,03 | 0,03 0,006
Model K, Load uncertainty LN - 1,0 1,00 0,05
uncertainties K, |Resistance uncertainty LN = 1,0 1,10 | 0,15
5 ’ | |
| |
s | | )

Zlim,C | | Zlim,B

........+. ............|....................................................

-~y
bl
=
L =
LI

ﬂt =38
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Figure 1 Reinforced concrete beam reliability index f3 vs load ratio y, for p = 1 %

no additional safety margin due to realistic
dimensioning (that leads to the inequality
R,>E)) is taken into account.

In the reliability analysis a structure is
usually considered to be safe if the resist-
ance R is greater than the load effect E, both
considered as random variables. Thus, when
the limit state function (reliability margin)
8(X) =R - E is greater than 0, the structure is
safe; X being the vector of basic variables. In
the case of a beam the limit state function can
be written as

8X) =K A f,lh-d, ~05 A f, /(b )]
K (G+Q+W) (10)

where K, and K are coefficients of model
uncertainties for resistance R and action
effects E. Note that all variables in equation
(10) are considered as random variables hav-
ing a certain type of probability distribution.

Reinforced concrete column

The design value of the resistance R, for the
short reinforced concrete column assuming
cross-sectional dimensions / x b and negligi-
ble eccentricity is given as
Ry=Af, 1y,+08hbf,/y, 11
The column design parameters are again
determined considering an ‘economic design’,

that is, when R, = E,. In case of the column
the limit state function can be written as:
$X) =K, (Asfy+ 08hbf)-K (G+Q+W) (12)

where K, and K, are again coefficients of
model uncertainties for variables R and E.

PRINCIPLES OF RELIABILITY
ANALYSIS

The probability of failure of the structure P, is
the basic reliability measure used in this study.
It can be expressed on the basis of a limit state
performance function g(X) defined in such a
way that a structure is considered to survive if
8(X)> 0 and to fail if g(X) <0. An example of
the function g(X) is given by equations (10)
and (12). In a general case the failure probabil-
ity P, can be determined using the integral

P,=Prob(g(X) <0) = [p, (X)dx (13)

2(X)<0

where ¢ (X) denotes joint probability density
distribution of the vector of basic variables X,
which may not be, however, available.
Assume that both the resistance R(X) and
the load effect E(X) represent a single variable
Z used to analyse structural performance (eg
axial force, bending moment or stress that is
represented by R(Z) and E(Z)). Then the inte-
gration indicated in expression (13) may be

simplified and the probability P, can then be
expressed as:

P,= Prob(3(2) <0) = j(pE @o2)dz 14

where ¢,(Z) denotes the probability density
function of E(Z); ®,(Z) the distribution of
R(Z). To use equation (14) both the probabil-
ity density function ¢,(Z) and the distribution
function @,(Z) must be known (at least in

an approximate form). Procedures based on
expression (14) are used in this study.

An alternative measure of the reliability
level (used in this study) is provided by the
reliability index /3 (see Annex C of EN 1990
(CEN 2002)) related to the probability of fail-
ure P, as
P =0(-p) (1)
where @ is the cumulative distribution func-
tion of the standardised normal distribution.
The reliability index fis frequently used, as its
numerical values are more convenient to han-
dle than values of failure probability P,. EN
1990 recommends a target value of reliability
index S = 3,8 (for a one year period § = 4,7)
that corresponds to the probability of failure
P, =7,24 x 10* for the Ultimate limit states of
buildings designed for a fifty-year period.

PROBABILISTIC MODELS

OF BASIC VARIABLES

As mentioned above in the reliability analysis,
all basic variables are considered as random
variables, usually described by a certain type
of probability distribution and parameters.
The probabilistic models of basic variables X
used in this study are summarized in table

1. The models of basic variables indicated in
table 1 are chosen taking into account data
provided by the JCSS (2001). Where appro-
priate, characteristic values are also selected
to be in agreement with the EN 1990 (CEN
2002) specifications, notably for G, Q, W, f;
and fy . Note that the reinforcement area A4,
together with the beam width b = 0,3 m and
coefficient of long-term concrete strength

a = 0,85 for the beam are considered as
deterministic values.

RELIABILITY ANALYSIS

The language of technical computing MATHCAD
has been used for developing special purpose
software products applied in the presented
analysis. Commercially available software
products (eg VaP (Petschacher 1997); COMREL
(RCP Munich 1999)) can be used in more
complicated cases than considered here (when
expression (14) cannot be used directly).
These software products were used in this
study to verify results obtained by developed
software products based on numerical integra-
tion indicated by expression (14).

Results of analysis

The results of the reliability analysis, indicated
by the reliability index f versus the ratio of
imposed to total load g, are shown in figures

1 and 2 for the reinforced concrete beam,

and in figures 3 and 4 for the column. In
both cases, the load ratio of variable actions

is taken as k = O (ie without wind load) which
proves to be more critical than for k > 0
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Figure 2 Reinforced concrete beam reliability index j3 vs reinforcement ratio p and load ratio y for Design

Scheme D
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Figure 3 Reinforced concrete column reliability index [3 vs load ratios y for p = 1 %

(Holicky & Markova 2000; 2003; SAKO 1999).
Figures 1 and 3 show the results for a rein-
forcement steel ratio p of 1 %, for the various
load design combination Design Schemes A,
B, C and D. Figures 2 and 4 show the reli-
ability for Design Scheme D as a function of
pand y.

Characteristics of reliability

The alternative design schemes are assessed in
terms of their ability to achieve the necessary
levels of reliability and whether this is done
in an economic manner, that is, without
unnecessarily high levels of reliability, across
the range of representative design situations.

Minimum level of reliability

The results show that the minimum level of
reliability can be attained comfortably over a
wide range of conditions by all the alternative
design schemes. Design situations where the
reliability level comes close to the limiting

1 8 Joernaal van die Suid-Afrikaanse Insituut van Siviele Ingenieurswese *

value are somewhat exceptional. This con-
firms the fact that design schemes are largely
sound refinements of experienced-based
practice. The essence of the exercise therefore
does not seem to be to maintain a minimum
level of reliability but rather to utilise an
opportunity to improve the efficiency of
structural design.

Consistency of reliability

The differences between the alternative
design schemes are clearly based on their abil-
ity to maintain consistent levels of reliability,
or expressed in practical terms, to achieve
economically efficient design limits. Design
Scheme A shows a particularly large range of
reliabilities with § varying by almost a value
of 1 unit for beams and 0,7 units for short
columns across the range of load ratio y. The
over-conservatism is particularly acute for y
within the range of 0,2 - 0,5 units, which is
of particular practical significance.

Alternative Design Scheme B agrees with
A at the extremes of load ratios with y close to
0 and 1 respectively, and also shows the ten-
dency of high values of fwithin the practical
range of load ratios, but with a significant
reduction of about 0,4 units of its maximum
value. This improvement comes at the diffi-
culty of having to consider two equations for
each design situation.

Alternative Design Scheme C manages
to shift the transition somewhat outside the
range of most frequent design situations. The
penalty for this benefit is that the reliability
varies significantly and discontinuously for y
< 0,3 and is particularly low at g, the tran-
sition point between the two equations.

A relatively consistent reliability without
any discontinuity is achieved with Design
Scheme D. By using a single design function,
the same level of reliability is achieved as with
Design Scheme B.

Reliability across the range

of design situations

In addition to considering the load ratio

%, different design situations are also rep-
resented in this analysis by the two types

of structural elements and their associated
failure mechanisms, as well as the parametric
assessment of the effect of the steel reinforce-
ment ratio p.

Similar results are obtained for beam and
short column reliability for the various design
schemes in terms of relative values of reliabil-
ity across the range of load ratios, but with a
consistent difference in reliability for the two
structural elements. Figures 1 and 3 show that
the reliability for beams seems to be lower
than that for columns, with differences in j of
about 0,3 - 0,4 units.

The sensitivity of reinforced concrete
elements to the amount of reinforcement is
shown in figures 2 and 4. An important fea-
ture is that the trends for the two structural
elements are different. With an increase in
steel, the reliability of beams increases whilst
it decreases for columns. The increase in j for
beams is more than 1 unit with p increasing
over the parametric range to 3 % and for col-
umns the decrease is about 0,5 units with an
increase in p to 8 %.

SOUTH AFRICAN
COMBINATION RULE

SABS 0160:1989 Design Scheme
The present South African combination rule
(SABS 1989), denoted here as Design Scheme
E, corresponds to C above, but with the use
of different partial factors. For a permanent
load G and one variable load Q only, the
combination E may be described by twin
expressions:

E,=15G, (16)
E,=12G, +160Q, 17)

Note the difference in values of the partial
factor of permanent load in equations (16)
(3%, =1,5) and (17) (y, = 1,2), as compared to
the partial factor recommended in EN 1990
(y=1,35) which applies to both equations
for C. The partial factor for the variable load
(yQ =1,6) considered in equation (17) is also
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Figure 4 Reinforced concrete column reliability index [3 vs reinforcement ratio p and the load ratio y for Design

Scheme D
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Figure 5 Comparison of Design Scheme E (SABS 0160:1989) with other alternatives for a reinforced concrete

beam having the reinforcement ratio p = 1

greater than the value of 3, = 1,5 recommend-
ed in EN 1990.

SABS 0160:1989 Reliability
Considering the reinforced concrete beam
having the reinforcement ratio p = 1 % and k
=0 (no wind load) and the theoretical models
of basic variables indicated in table 1, figure
5 shows the reliability of Design Scheme E,
together with that for Design Schemes B, C
and D. This can also be compared to figure 1.
The dependence of the reliability § on the
load ratio y for Design Scheme E is similar to
that of C but with g higher by about a value of
0,3 units and a larger difference for the lower
range of . The low minimum reliability at the
transition point for C is somewhat moderated
by the ¥, = 1,5 of expression (16), but this
results in the reliability for permanent load
only (y = 0) being then even higher than for

the mid-range of load ratios. Reliability levels
are indeed well above the EN 1990 recom-
mended value (f, = 3,8) and even more so for
the present South African Loading Code (SABS
1989) and the draft proposal for the new

South African standard (SAICE 2004) (B, = 3,0).

ASSESSMENT OF
DESIGN SCHEMES

Basis of assessment

The first general objective of a design scheme
is to maintain levels of reliability above mini-
mum target values. This assessment demon-
strates that the alternative design schemes
allowed in EN 1990 and in SABS 0160 comply
fully with EN 1990 recommendations of a reli-
ability index S of 3,8 for a 50-year time period.
The general level of reliability is achieved not

only through the partial safety factors intro-
duced by the design schemes, but also due to
the conservative bias introduced formally in
Eurocode through the characteristic values
and the inherent bias of modelling factors (see
table 1).

The relative importance of these factors
can be estimated by taking the reliability index
to be the sum of o8, where ¢, is a sensitiv-
ity factor and § an expression of the bias in
units of standard deviation of the particular
basic variable i (or group of basic variables).
According to this approximation the bias of
the characteristic values contributes a value of
1,1 units (with o, , = 0,65; B, = 1,64) to the
total reliability index f value. The contribution
from the bias of resistance modelling amounts
to a value of 0,4 units. According to JCSS
(2001) the resistance modelling bias can be as
high as 1,2 (taken as 1,1 in table 1), in which
case the contribution of this factor to the total
B value could be as high as 0,8 units.

The critical problem however is to achieve
at least a minimum level of reliability in a con-
sistent and economic manner over a large range
of design situations with a minimum of design
equations and load and combination factors.
Even for the basic case of considering the ratio
of permanent to imposed loads, achievement
of these objectives is problematical: Partial fac-
tors ensuring sufficient reliability when either
of these loads dominate, cause uneconomi-
cally high reliability in the mid-range of load
ratios. The economic importance of the high
reliability levels can be assessed by applying
a sensitivity analysis to the reliability models
reported here. This shows that a reduction of
B by 1 unit is achieved by reducing the section
area (which can be related to the cost of the
structure) by 13 % for the beam and 23 % for
the column sections for a given load. This con-
sideration provides the motivation for a critical
evaluation of the alternative design schemes.

Alternative design

schemes for actions

Alternatives are sought for EN 1990 expression
(6.10) (Design Scheme A) because of its incon-
sistency in maintaining a level of reliability
across the range of load ratios. With partial
factors selected in order to maintain minimum
levels of reliability in the ranges where either
permanent or variable load respectively domi-
nates, uneconomic designs are specified in the
range of load ratios which occur most gener-
ally. This is largely the result of the fact that
large deviations are not likely to occur for a
number of variables at the same time.

Alternative EN 1990 twin expressions
(6.10a) & (6.10b) (Design Scheme B) addresses
this problem by applying a variation of the
Turkstra (1970) rule (where large deviations
for the various actions are in turn combined
with expected values for the other actions)
to achieve the best consistency in reliability.
However, this is attained at the difficulty of
requiring two cases to consider in the design
process. Furthermore, the transition between
the two design expressions occurs within the
operational range of practical design.

The special application of expressions
(6.10a) & (6.10b) (Design Scheme C) manages
to shift the transition somewhat outside the
operational range, but at the cost of reducing
the consistency and increasing the discontinu-
ity across the transition between the two alter-
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native design equations. The level of reliability
is also systematically reduced in the range of
situations where permanent loads dominate,
such as at the lower parts of heavier or larger
structures.

The innovative Design Scheme D pro-
vides a solution to these inconsistencies and
discontinuity in reliability by formulating the
imposed load factor y, in terms of the load
ratio y. The same level of reliability is achieved
as with B, but with a single design expres-
sion. This scheme requires information on the
ratio for the specific load effects related to the
specific situation under consideration. Some
adjustment will be required in design proce-
dures, such as calculating design load effects
at a later stage of the design process. Such
requirements can be satisfied through appro-
priate design software.

Resistance reliability

The integral role of resistance to the total reli-
ability of structures is demonstrated by the
effects of the two representative reinforced
concrete structural elements of beams and short
columns, and the influence of the reinforce-
ment ratio p in the respective cases.

Although the general trends in reliability
for the two structural elements are the same for
the alternative design schemes and the influ-
ence of the load ratios, the reliability levels
obtained are different. This is the case even
though the same resistance modelling factor
is applied for the two elements in the simpli-
tied analysis. Furthermore, sensitivity analysis
shows that the resistance modelling factor plays
a major role in the reliability performance in
this analysis.

The influence of structural resistance on
the reliability is even better illustrated by the
different trends shown for changes in steel rein-
forcement for beams and columns respectively.
These differences in trends result from the
complex interrelations of the contributions of
the respective basic variables in terms of their
bias and variability to the overall reliability.
Sensitivity analysis applied to the beam model
shows that the increase in reliability with
increase in steel ratio is the result of an increas-
ing conservative bias due to the rising influence
of the large factored design concrete stress on
the lever arm. This is a somewhat counter-intui-
tive result. For the short column the conserva-
tive bias of steel is found to be smaller than
that of concrete, resulting in a reduced reliabil-
ity with an increase in the steel ratio.

South African design scheme
The high levels of reliability achieved by
Design Scheme E are particularly notable when
it is considered that lower §, , values are set
as the South African basis of design. However,
this is an artefact of the conservative bias of
characteristic values (as per Eurocode) for load
and material factors used in the analysis, which
are not (yet) applied in South African practice.
Since the use of characteristic values could
contribute as much as a value of 1,1 units to
the reliability index, as indicated above, Design
Scheme E would show significantly lower levels
of reliability if ‘true’ models for the nominal
specified load and material variables were used
in the analysis.

More significant is the inconsistency of the
South African design scheme in the range of
load ratios where permanent loads dominate.
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At the transition between the two expressions
(16) & (17) where y = 0,16 there is a sharp dis-
continuity in reliability and it is at a minimum;
when only permanent actions occur at y =0
conditions are not all that different, but the
reliability is at an overall maximum. Within
the scope of building and related structures
presently provided for in SABS 0160:1989, the
importance of design situations where these
inconsistencies occur are presently considered
to be secondary to the advantage of having a
single dominant design expression.

CONCLUDING REMARKS

The newly available European standard EN
1990 provides alternative design procedures
and parameters that should be specified in

the national annexes of member states. The
Eurocode standards recognise the responsibility
of regulatory authorities in each member state
and guarantee their right to determine values
related to regulatory safety matters at national
level. One of the duties is the selection of
reliability-based limit states design combina-
tion schemes for actions and its relations to
resistance for the different construction materi-
als, with the appropriate partial safety factors.

The alternative design procedures specified
in Eurocode in some cases lead to significantly
different reliability levels. More important are
the differences in achieving consistency in reli-
ability by the alternative schemes across the
range of design situations. The selection of an
effective combination scheme is therefore a
critical element of setting reliability levels in
structural design.

The design scheme presently applied in
South African structural design practice can be
interpreted as one of the alternatives provided
for in EN 1990. This presents an opportunity
for increased referencing to Eurocode. Such
referencing to Eurocode would compensate
for the future loss of British structural design
standards as reference, and also contribute to
international harmonisation and access to the
underlying structural engineering technology.

Although the reliability performance of the
present South African design scheme is shown
here to be within that of the alternative design
schemes provided for in EN 1990, the results
provide motivation for reconsideration of this
scheme. If the scope of structures provided for
in the South African standard is to be extended
in such a manner as to increase the impor-
tance of design cases where permanent loads
dominate, such as to provide for geotechnical
effects, the poor performance of the present
South African design scheme under these con-
ditions need to be reassessed.

Further calibration studies concerning
more complicated structural elements made of
various materials are needed. Short-term objec-
tives of these activities should include desired
improvement of theoretical models of basic
variables, including model uncertainties. Long-
term objectives should consist of further har-
monisation of rules for the load combinations
and subsequent adjustment of partial factors
for materials and actions.
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