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Abstract -Wind and seismic activity effects are described in SANS 10160 (2018) [13]; however, these loading conditions'
scope and depth are limited. Typically, South African practicing engineers refer to other international design standards when
seeking information that is not described in the current national standards. It is essential to understand that these international
standards cannot be used without considering local conditions. In this study the authors compare Eurocode 3 and SANS
10162-1 (the steel standards) using reliability principles to determine if the adoption or adaption of the Eurocode is possible.
The reliability analysis presented in this paper assessed the material resistance reliability of a member in bending and a
member under axial compression. The resulting reliability indices of the study, from a Monte Carlo Simulation, were
compared to their respective target reliability index values. The beam and column ,for their respective steel design standards,
achieved minimum reliability index levels, with the column generally resulting in higher reliability indices. The authors also
concluded that the SANS 10162-1 standard is usually consistent with European practice, which is confirmed by similar
reliability levels. However, the differences in reliability levels show the effect and significance of local differences (e.g.,
construction methods, design loads, local conditions). Finally, the authors concluded that an adaption of the Eurocode's
relevant sections is possible without a need for further calibration.
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1. Introduction

The tallest building in South Africa, the Leonardo stands at 227.91 m tall. However, it has been acknowledged that local
authorities’ in-charge of structures do not have the capacity to review the structural designs. Mallin (2019) [10] indicated
that recent developments in structural advances such as taller buildings and larger spans have exposed the limitations of the
current South African design standards (precisely dynamic and wind aspects).

The realization that the SANS 10160 (2011) scope was limited (Mallin, 2019) [10] led to updating three parts of the
loading standard. Part 1 is based on structural design, and parts 3 and 4 cover wind and seismic actions, respectively. In the
revised SANS 10160 (2018) [13] standard, wind and seismic activity effects have been modified; however, these loading
conditions' scope and depth are still limited (Mallin, 2019) [10]. Infrastructure is a crucial component in economic growth,
competitiveness, and international trade. Therefore, a developing nation such as South Africa must continue to compete
globally by improving and adding to its infrastructure.

The standard that is currently being used in Europe for structural steel is EN 1993 (2005), which is used together with
the "head code™ EN 1990 (2002) [5] that provides the safety-related material independent requirements for the basic design
of structures. The compilation of a design standard requires vast resources. A country undergoing a challenging economic
phase seems better suited to adopt the Eurocode or better align the local standards to the harmonized Eurocode. South Africa
has already begun adopting the Eurocode in concrete; however, in steel, the same standard (SANS 10162-1 (SANS10162-1,
2005)) [14] is still used. The Eurocode represents a standard formulated on the principles of reliability and demonstrates the
utility of reliability principles. The South African loading standard (SANS10160, 2018) [13] follows the principles of partial
factor limit state design, and the design procedures depend on unwavering quality standards. This ensures that appropriate
levels of safe and sound structures can be achieved. To recognize the limitations of the current South African steel standard,
this paper presents a reliability-based comparison of SANS 10162-1 with EC3 (EC3, 2002) [2]. Structural reliability provides
a genuine basis for the development of standards identified by Retief et al. (2011) [12] and the further development of
structural design standards allowing for consistency, harmonization, and calibration to local environmental conditions.
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2. Reliability Modelling
2.1. Functional Reliability Principle

Reliability theory is the formulation of design principles, comparisons of the load factors, load combinations, and
material resistance factors. The primary objective of reliability theory is to assess the probability of failure Pf, which can be
expressed in the form of the following equation:

P, =P(E <R) M

where E is the load effect, and R is the resistance. Both E and R are generally random and are therefore associated with
uncertainties. The limit-state is a state of a structure and can be classified as satisfactory or unsatisfactory, the conditions that
separate the two is called limit state. However, it is non-linear, numerous iterations would have to be implemented, and as
the results begin to converge, the probability of failure converges to an accurate value. This is achieved through a Monte
Carlo Simulation, which yields more accurate BT values than, for example, the first order and second-order approximation
methods known as FORM or SORM. For small problems, FORM and SORM have been proved to be proficient; however,
with an increase in the number of random variables, the problems become more complicated and require additional
computational effort, which is better solved by the Monte Carlo Simulation (MCS.).

The Monte Carlo Simulation is an iterative process where the limit state function is evaluated. It is based on the number
of iterations, and the probability of failure can be determined from Equation 2.

P =31 (x)
= — Xi
SN @

where Xi = X1, X2, X3 ... Xn, 1(Xi) is a function that indicates the successful or unsuccessful simulations and G(x;) is the
performance function as defined by Equation 3.

<)o 1ifG(x)=0
() {o ifG(xi)<O} @)

The number of independent random samples N is obtained from the joint probability distribution function (PDF) of the
X1, X2 ... Xn for each independent variable. Thus the probability of failure can be calculated, and the reliability index .

2.2. Selection Of The Load Combination Schemes

Holicky et al. (2015) [6] suggested that the formulation of combination schemes for the various design standards
represents a critical element of the design's reliability basis. The design scheme is linked to the respective combinations
(permanent, accidental, variable action, etc.). Various design schemes in both EC3 and SANS 10162-1 can be derived from
Equation 4.

ZVG,igk,i +70Wo1l1 + ZVQ,l‘//o,iqk,i @
i>1

The partial factors for permanent (g« i) and variable (g i) actions are denoted by the symbols yg, i and yqi. The
combination factors are denoted by wo,. Turkstra's rule for the assessment of the combination of actions states that the effect
of the combination of actions is based on the leading or dominant action not being reduced but rather the accompanying non-
dominant actions being reduced by combination factors wo,; < /. The combination scheme for multivariable actions needs to
maintain a minimum level of reliability across a range of load ratios where either variable or permanent loads dominate. A
combination of Turkstra's rule and calibration to local conditions (Milford, 1988) [11] is used to achieve a consistent
reliability level. The design value for the load effect Eq is obtained using characteristic value (Gk, Qk, Wx) multiplied by their
respective partial factors (ys, yq, yw) and reduction factors. The combination schemes are derived from Equation 4. Under
the load effect's variable action, Eq would not easily compare the characteristic values. Therefore, the quantities related to
the characteristic values (Gk, Q«, W) are connected using variable action ratios. Mahachi (2019) [9] used statistical moment
parameters to represent the wind load ratio o and the live load ratio ¢, as defined by Equations 5 and 6, respectively.
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The design value Eq can, therefore, be expressed as Equation 7 where Gy is the characteristic value for the permanent
loads, Q is the characteristic value of the imposed loads and W\ the characteristic value of the wind load.

_8 e+ R (o)
Ey =g S-a) s (1-O)-a)+ ra o

2.3. Selection Of Model Resistance Value

A laterally unsupported class 1 beam subjected to bending (457 x 191 x 74 | Beam) and a class 1 pin ended compression
member (203 x 203 x 46 H Column) subjected to an axial load were used to determine the moment resistance of each member.
These two members were selected to be representative examples of a steel member in flexure and compression

2.3.1 SANS Beam

The critical elastic moment resistance (Mcr) of a laterally unsupported member under bending can be determined by
Equation 8. Furthermore, a slenderness check must be done according to Equation 9 to determine the moment resistance of
a laterally unsupported member subject to bending

2
M, = 2% EUGJ+(£EJI$%
KL KL

" ={1J5¢Mp@—028Mp/Mw)£¢M

(8)
S if M, >0.67M,

oM., if M, <0.67M,

cr —

r

9)

In the above equation, Mcr is the critical elastic moment of an unbraced length, Cw is the torsional constant, K is the

effective length factor, L is the effective length of the simply supported unbraced member, @2 s the coefficient to account
for increased moment resistance of a laterally unsupported segment, and Mp is the plastic moment.

2.3.2 SANS Column
For a pin-pin-ended member under axial compression, the design compressive resistance can be calculated using
Equation 10.
1
_ 2\
C, = ¢Af, (1+2°") 10)

_KI[ nj
- 2
Where ' 7B ; n = 1.34 (for doubly symmetric welded plate = 2.24)

2.3.3 EC3 Beam
The moment resistance for laterally unsupported members, lateral-torsional buckling must be checked so that the
moment resistance can be determined by Equation 11.

Mb, Rd — XLTBWWpI.y fy

Tm1 (11a)
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Whpl.y is the plastic section modulus, which is the same as the SANS 10162-1 section modulus denoted by Zpl and is
expressed as a basic random variable with the probability density functions shown in Table 1. fw is equal to 1 for class 1
and 2 sections, and XLT is the capacity reduction factor for lateral-torsional buckling. The lateral-torsional imperfection
factor aLT is determined by the type of buckling curve where a0 = 0.13, a=0.21, b=0.34, ¢ = 0.49 and d = 0.76. E is

ﬂ’LT =

Young’s modulus, r is the radius of gyration, fy is the yield strength, and Ym1 js the partial factor for resistance of members.

2.3.4 EC3 Column
For a member under axial compression, the compression resistance can be calculated using Equation 12, where y is the
reduction factor used for the relevant buckling mode.

X Af,

N,, Ry =
Vw1 (12a)

L but y <1

1=
O ++/D? — A2 (12b)

®=05[1+a(1-0.2)+4 | (12¢)

Af

or (12d)

Calculating the compressive resistance of EC3 is not as straight forward as that of SANS 10162-1. Both standards
calculate the yield stress reduced by reduction factors; EC3 also has buckling curves (a, b, ¢, d) and an imperfection factor
assigned to represent a column curve. The reduction factor for EC3 is, as stated in clause 5.5.1.2 of the Eurocode as well as
Equation 12 above.

2.4. Defining and Evaluating the Performance Function

The variables that make up the resistance R have been detailed in Table 1. They have been determined through a
combination of theoretical models describing a steel column and beam (Ellingwood (1980)) [4], and others have been
determined deterministically. The distributions of the variables have been verified through the probabilistic model code
(JCSS, 2002) [7], some of the variables are considered to be random variables having normal (N) distributions, and others
are deterministic (Det.).

The statistical moment parameters of the load effect Eq used to calculate the probability of failure are obtained from
Holicky (2015) [6] and Kemp et al. (1998) [8] and are presented in table 2. Having received the characteristic values that
make up the vector x, the limit state function G(X) = g(x1, X2, Xs, ..., Xn) is modified and expressed as Equation 13 for beams
subjected to bending and for columns subjected to axial compression.

G(X) =P(G, +Q +W,) = R, (13)
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The probability of failure given by Equation 2 is modified and expressed as Equation 14 and 15 for SANS 10162-1
flexural beam elements and Equation 16 for the column.

0.28M,

2
1.7L57f \/E|yGJ +(”LEJ 1,C,,

P, =P| (G, +Q, +W, )>115¢M | 1-

(14)
| 1.75 EY
P, =P (Gk+Qk+Wk)2¢ Lﬂ\/ElyGJ_{ﬂTj 1,C,
L (15)
Kh ; 2.68 ‘ﬁ
P, =P|(G, +Q +W,) = gAf, 1+[T EZVE}
L (16)

Equation 2 is modified and expressed as Equation 17 for the EC3 flexural beam and Equation 18 for the column.

1
P, =P| (G, +Q +W, )= X W, f, [—H

M1

(17)

P, =P ((Gk +Q, +Wk)2 z(i] Afy}
L M1 (18)
The reliability index g is then determined by substituting each equation (from 14 to 18) individually into Equation 19.
For the column, the "K" value will be equal to 1 for a pin-pin-ended column. The effective length is denoted by "h" to not
confuse the effective length of the beam "L".

B= _q)_l(Pf ) (19)

Equation 19 is then evaluated using computer software MATLAB and an Excel spreadsheet to determine the reliability
levels of a laterally unsupported steel beam subjected to bending and a steel column subjected to axial compression. In this
research, no eccentricity will be considered.

Table 1: Probabilistic models of basic variables of a steel beam and column.

Characteri
N Ca;eg?r Variable Description Sy())r(lnb Uni Distributi stic value M;f : Stdo'.f v CVOXV
0 : t on Xk
variabl
es

1 Modulus of elasticity E MPa Det. 200 200 0 -

2 Steel strength fy M Det. 350 - - -
Pa

3 St. Venant Torsional ] m Det. 527 527 0 -

Constant m

4

4 | Materials | second Moment of Inertia Iy m Det. 16.7 16.7 0 -
m
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4
5 Warping Torsional Cw m Det. 820 820 0 -
Constant m®
6 Shear Modulus G M Det. 77 77 0 -
Pa
7 Radius of gyration r m Det. 88.1 88.1 0 -
m
8 Span of the Beam L m N Varies Varies Varies -
9 Section Modulus Beam w Det. 1660 1660 0 -
Geometry mm
3
1 Column Length/Height h m N Varies Varies Varies -
0
1 Cross Sectional area A m2 Det. 5.88 5.88 0 -
1 Column

Key: Det. = Deterministic; N = Normal Distribution

Table 2: Load Statistic of the basic variables describing the load effect

Variable x (Load Distribution Mean/Characteristic Coefficient of
Type) value Variation
Permeant load (G) Normal 1.05 0.1
Live load — Lifetime Gumbel Type | 0.71 0.24
Live Load (Office Gumbel Type | 0.68 0.25
floor) —Point in time

Wind lifetime max Gumbel Type | 0.70 0.35

3. Findings and Analysis
3.1 Comparison of SANS 10162-1 & EC3 Beam Reliability Levels

Selected practical load combinations are used in a probabilistic comparison of a laterally unsupported beam in bending.
The resulting reliability index gis plotted as a function of the live load ratio for any given length "L". The live load ratio {,
is incremented by a value of 0.1, between 0 and 1, and plotted on the x-axis with the g values on the y-axis. The SANS beam
and EC3 beam's reliability index is compared at critical wind load ratios and plotted on a reliability index graph against live
load ratios.
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Figure 2. Comparison of EC3 and SANS 10162-1 Beam
Reliability Indices (when a = 0.6).

Figure 1. Comparison of EC3 and SANS 10162-1 Beam
Reliability Indices (when a = 0)

Figure 1 provides a comparison of the SANS (1.2Gk + 1.6Qx) and Eurocode (1.35Gk + 1.5Qk) load combination schemes.
The SANS curve produces reliability index values below those of the Eurocode curve; however, as the live load ratio
increases, the reliability index values begin to converge. It should be noted that although Eurocode produces higher reliability
levels at low live load ratios and within the practical live load range, the difference in reliability indices is small. In the
practical live load ratio range of 0.5 — 0.8, the difference goes from 0.2 down to 0. Both standards comply with the SANS
10160 (2018) [13] target value where = 3.0 for moderate consequences of failure (RC2). But for all live load ratios, the
reliability of the Eurocode is less than &= 3.8. When the wind load ratio o = 0.6, the SANS (1.2Gy + 1.6Qx) and Eurocode
(1.35Gk + 1.5Qk) load combination schemes are compared. SANS produces low-reliability levels for live load ratios between
0-0.6. In contrast, the Eurocode produces reliability indices higher than the SANS set of results, and for practical live load
ratios, the reliability index is above the SANS target value of 3.0. The reliability levels of the Eurocode seem to remain
constant at a high wind load.
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Figure 3. Comparison of EC3 and SANS 10162-1 Beam
Reliability Indices (when o = 0.6).

Figure 4. Comparison of EC3 and SANS 10162-1
Column Reliability Indices (when a = 0).

When the wind load ratio o = 0.6, the SANS (1.2Gk + 0.5Q« + 1.6W,) and Eurocode (1.35Gk + 1.05Qx + 1.5Wj) load
combination schemes are compared. SANS produces a linear set of reliability levels that remain consistent at a value of 3.2.
This is only marginally less than the Eurocode reliability values, which are higher. The Eurocode values predict a range
closer to the target value of 3.8 and vary to 3.6 at a live load ratio of 0.8. That is a difference of 0.6 at the highest value of
the Eurocode reliability index.

3.2 Comparison of SANS 10162-1 & EC3 Column Reliability Levels
Similarly, for the columns, the SANS column and EC3 column's reliability index are compared at critical wind load
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ratios and plotted as previously seen in the previous section. Figure 4 above provides a comparison of the SANS (1.2Gx +
1.6Qx) and Eurocode (1.35Gk + 1.5Qx) load combination schemes. EC3 produces high levels of reliability. Reliability indices
are linear and at a constant value of 3.8, which aligns with the target reliability index required by the Eurocode Bt = 3.8 for
moderate consequences of failure (RC2). SANS has lower reliability indices, but at the practical live load ratio range (0.5-
0.8), the difference in reliability levels of 0.3 is small. The large difference in reliability, though, is at low-reliability indices.
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Figure 5. Comparison of EC3 and SANS 10162-1 Figure 6. Comparison of EC3 and SANS 10162-1
Column Reliability Indices (when o = 0.6). Column Reliability Indices (when o = 0.6).

When the wind load ratio a = 0.6, the SANS (1.2Gk + 1.6Qx) and Eurocode (1.35Gk + 1.5Qx) load combination schemes
are compared. SANS produces lower reliability levels than the Eurocode for the entire range of live load ratios (0-1). The
reliability levels of the Eurocode are consistent and are above the SANS target value. From live load ratios of 0.4, the SANS
curve produces reliability indices above the target value of 3.0. When the wind load ratio a = 0.6, the SANS (1.2Gk + 0.5Q«
+ 1.6W,) and Eurocode (1.35Gk + 1.05Q« + 1.5W) load combination schemes are compared. SANS produces a linear set of
reliability levels that remain consistent at a value of 3.2 to a low of 2.9. This is significantly less than the Eurocode reliability
values, which are higher by 0.5.

[1] 4. CONCLUSION

This paper presented a reliability-based comparison of Eurocode 3 & SANS 10162-1. The South African target reliability
index being f:= 3.0 for moderate consequences of failure (RC2), and the Eurocode target value of ;= 3.8. Although the EC3
reliability levels were higher, the difference can be attributed to the partial safety factors and the conservative basis of the
Eurocode. The results in this study found that the compression member would yield higher reliability indices than the member
in flexural bending, which is in line with what was observed by Ellingwood & Galambos (1982) [3], where a target value of
3.0 was suggested for beams in flexure and a target value of 3.5 for columns. The modification of the wind load combination
for SANS 10160 (2018) [13] to the updated Eurocode wind load prediction model (Botha, 2016) [1], results in the reliability
indices of SANS 10162-1 being closer to the EC3 reliability index by a value of 0.6 units (in the case of a beam and 0.5 units
for a column). A minimum target reliability index of 3.0 is still maintained, and for the entire range of live load ratios (0-1),
the reliability index g =3.2. These reliability indices show the efficiency in the modified partial factor for the wind load.
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[17] 6. NOMENCLATURE

Ed design value of effect of actions
E{-} function defining the effect of actions
G permanent action
Gk,j characteristic value of permanent action, j
Q variable action
Qk characteristic value of a variable action
B reliability index
St target safety index
\ combination factor for variable action
G partial factor for the permanent load
yQ partial factor for the imposed load
YW partial factor for the wind load
SANS 10162-1

A Cross-sectional area

Cr Compressive resistance of a member

Cw Warping torsional constant

E Young’s Modulus of elasticity

fy Yield strength of steel
G Shear Modulus of steel
h Height of section

| Moment of inertia
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Mcr

Mp
Mr

Zpl

EC3
Ci

Mrp
Ner
Nrp
Wpl

XLT

St. Vernant torsion constant

Effective length factor

Length of member
Critical elastic moment for lateral torsional
buckling

Plastic moment

Factored moment resistance

Radius of gyration

Plastic section modulus of a steel section

Non-dimensional slenderness ratio in
column formula

Capacity reduction resistance factor

Coefficient to account for increased
moment resistance of a laterally supported
segment subjected to a moment gradient

Modification factor to account for
increased moment resistance of a laterally
unsupported segment subjected to a moment
gradient

Design value for resistance to bending
forces

Elastic critical force for the relevant
buckling mode

Design value for resistance to axial forces

Plastic section modulus of a steel section

Imperfection factor

Value to determine the reduction factor

Capacity reduction factor for lateral
torsional buckling
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