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Abstract

The development of new and valuable conceptual design con-
cepts based on structural optimization results is the global
aim of the presented research in order to assist the industry
in economical fire design of steel tapered portal frames. In
order to find optimal configurations regarding the life cycle of
the structure, a complex, reliability based structural optimiza-
tion framework has been developed for tapered portal frame
structures. Due to the high nonlinearity and discrete nature of
the optimality problem, Genetic Algorithm is invoked to find
optimal solutions according to the objective function in with
the probability of failure is evaluated using First Order Reli-
ability Method. The applied heuristic algorithm ensures that a
number of possible alternatives are analysed during the design
process. Based on evaluation of the results of a parametric
study, new conceptual design concepts and recommendations
are developed and presented for steel tapered portal frames
used as storage hall related to optimal structural safety, com-
mon design practice and optimal structural fire design.
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1 Introduction

Tapered portal frames are commonly applied for single sto-
rey industrial buildings all over the globe due to their economi-
cal material consumption. It would be favourable to understand
clearly from economical point-of-view how cheaper or more
reliable frames can be designed and constructed. A number
of studies [1-8] exist related to the optimization of regular or
tapered portal frames considering only gravitational and mete-
orological loads in order to achieve a more economic design
usually by minimizing the weight or the initial cost of the struc-
ture. However, since the introduction of European standards,
designers have to satisfy the reliability of structures according
to stricter requirements. Among others, extreme effects, such as
seismic or fire effects came to the fore.

Papers, dealing with optimal design of tapered frames
against extreme effects, can be hardly found in the literature. In
case of seismic design, [9] discusses reliability based optimal
design of tapered portal frame structures, other available stud-
ies mainly investigate multi-story braced or moment resisting
frames (e.g. [10, 11, 12]). In case of fire design, [13] presents
optimal solutions for a simple single-storey frame constructed
using conventional square hollow sections. Particle swarm
optimization technique was applied in order to minimize the
objective function which expressed the initial cost of the struc-
ture. The author derived the optimization constraints accord-
ing to the formulae of Eurocode standards [14, 15], while the
internal forces in the elements were calculated using first order
theory and the gas temperature was calculated using ISO stand-
ard fire curve [16]. The author concluded that with the use of
passive fire protection significant cost savings can be achieved.
The amount of achievable saving is strongly dependent on the
required fire resistance time. Comparing with the investigation
in this paper, the presented research uses performance based
design concept, more realistic description of fire event and
more complex nonlinear structural analysis methods. In [17],
reliability based optimization of tapered portal frame structures
is discussed for some cases in order to provide solutions having
both low initial cost and acceptable structural performance in
fire design situation. Based on the results of a parametric study,
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the authors could draw valuable observations related to the fire
design of such structural solutions. It was shown that the maxi-
mum temperature, the shape of fire curve and the duration of
the flashover phase have a significant effect on the structural
reliability and the optimal solutions. Furthermore, the authors
pointed that without passive protection economical configura-
tion cannot be achieved due to the fact that without any protec-
tion the steel reaches high temperature within a short time.

As for the structural optimization of reinforced concrete
structures, in [18] the authors present lifetime cost optimization
of simply supported one-way concrete slabs which are exposed
to fire. Contrary to the problem of tapered portal frame struc-
tures, the failure of one-way concrete slabs can be easily for-
mulated through analysing the equilibrium of the critical cross
section. In [18] a correct mathematical formulation is given
to the investigated problem based on an extensive literature
review. The probability of structural fire was obtained using
ISO standard fire curve. The authors provide graphs in order
to help to select economically optimal solutions for different
design cases. It was shown that additional investments in struc-
tural safety can result cost-effective solutions for the lifetime of
the structure especially in the case high failure losses compared
to the initial investments.

The lack of available information related to the optimal fire
design of steel tapered portal frames motivated this research
because there is no study focusing on structural fire optimi-
zation of tapered portal frame structures. The connection of
structural optimization framework with complex and compre-
hensive reliability calculation framework for fire effects is new
and cannot be found in the published literature. State-of-the-art
analysis and assessment tools are incorporated in the optimiza-
tion algorithm and objective function evaluation. The presented
results provide information about the optimal safety level, the
safety and reliability of common design practice and the design
concepts which can be used directly by structural fire design.

2 Investigated structural configuration

In this study, the optimal design of steel tapered portal frame
is investigated on the basis of optimization results related to a
basic configuration (in Fig. 1) with the help of a numerical algo-
rithm framework. The structure is divided into two fire compart-
ments; the first one is considered to be a small office, while the
second part with 36 m total length has storage hall function.

The tapered primary frames are welded; the steel grade is
selected for S355J2 structural steel (with 355MPa yield strength).
The secondary elements (e.g. wind bracing) are constructed from
S235 steel grade using prefabricated, tension-only solid round
bar sections. From the point-of-view of structural fire design,
the dimensions of the main frames and the appropriate thick-
ness of the fire protection are considered design variables. The
presented structure was investigated from different perspectives
in the framework of HighPerFrame RDI project [19].

Storage hall

Office
K,= 1.44-10* kNm/rad

y
\Mﬁ 160 kNm
K,=5.3-10"kNm/rad

M,, =375 kNm

5900

K,=1.5-10’ kNm/rad
M, = 100 kNm

Fig. 1 Basic configuration of the investigated structure
with the connection parameters

Based on the outcomes of a refined numerical study [20],
the base connections can be considered as pinned connections
while the beam-to-beam and beam-to-column are rigid connec-
tions according to the guidelines of MSZ EN 1993-1-8:2012
(EC3-1-8) [21] standard. The actual properties of the connec-
tions are taken into consideration within the nonlinear structural
analysis, as it is described in [22]. The columns are restrained
against Lateral Torsional Buckling (LTB) approximately at the
middle of the eave height, while there are altogether six brace
element equally distributed in the roof level in order to support
the compressed flange of the beam elements. At high tempera-
tures, the sheeting and purlins cannot be considered as supports
for the flanges; they lose their stiffness very quickly because of
the high section factor and the thin walls.

In this study, intumescent coating fire protection is applied
due to the facts that painting is practical, aesthetic and easy to
use. The properties of a specific product, namely Polylack A
paint [23] of Dunamenti Tiizvédelem Hungary Ltd., are con-
sidered in the calculations. However, the calculated paint thick-
nesses can be converted if a different product is used; the only
criterion is that the prescribed thicknesses in the design sheet
(where the minimum paint thickness is given as a function of
section factor for a given critical temperature, e.g. for 550C°)
need to be given according to MSZ EN 13381-8 [24] stand-
ard. While an iterative algorithm is given in MSZ EN 1993-
1-2:2013 (EC3-1-2) [15] to calculate the steel temperatures
for unprotected and protected steel sections, the standardized
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closed formulae cannot be used because the thermal properties
and the exact thickness of the intumescent paint is not known
during fire exposure. The everyday practice selects the appro-
priate thickness from the design sheets only based on the criti-
cal temperature and the section modulus. Thus, no closed for-
mula exists to calculate the temperatures of a steel plate. In this
study, the iterative algorithm of [15] is adopted in the algorithm
and the necessary so-called equivalent constant thermal resist-
ance [25] is calculated based on an ECCS (European Conven-
tions for Constructional Steelwork) recommendation [26, 27]
and on data given in the design sheet [23].

3 Optimization problem
3.1 Description of the optimality problem

In most of the cases in the available literature, the aim of struc-
tural optimization studies is to find structural configurations with
minimum structural weight or minimum initial cost. These solu-
tions are often considered as the possible cheapest solutions. Con-
sidering extreme (seismic effects, fire effects, etc.) and not con-
ventional loading conditions, the cheapest configuration may be
the one which gives the minimum cost considering the life cycle
of the structure, the risk of different damage states and the amount
of total losses, because in case of extreme effects the losses can be
far more significant than under conventional loading conditions.

Cost,

Cre(x)=C (,X) +R(x) Cost,
Risk |\ 4

’ Risk

safety
a) b)
Fig. 2 Optimal design concept: a) interpretation of life cycle cost;
b) life cycle optimum

safety

In some cases the structural reliability may be significantly
increased with slight increase of the initial cost. This is illus-
trated in Fig 2b, where the red point indicates the optimal con-
figuration having the sum of cost (C(x)) and risk (R(x)) mini-
mum, the blue point shows feasible optimum having minimum
initial cost and maximum acceptable risk according to the
standard, e.g. MSZ EN 1990:2011 (ECO) [28]. The risk of a
failure means the risk of a failure in fire design situation in this
case. The dashed line (C, (x)) is the so-called life cycle cost
(Fig. 2a). The aim of life cycle cost optimization is finding a
solution with minimal life cycle cost:

min!C, . (x) = min![ C(x)+ R(x)] (M

where X is a vector containing the design variables. For this
reason, it can be stated that the optimality problem is discrete
because available dimensions of steel plates and possible thick-
nesses of fire protection are discrete; and highly nonlinear due
to the fact that the fire design, the structural behaviour in fire
and the reliability calculation are highly nonlinear.

3.2 Formulation of the objective function
The objective function expresses the life cycle cost of the
optimized structure. In [29] the authors presented a possible way
for formulation of life cycle cost of the investigated structure
based on [30]. C, (x) can be formulated in the following way:
Ce(x)=Cy(x)+C (x)+C, +...
c(x)
Cf P failure (X) + O'OICf : Pigniziun
" +0.05 C_/' ! ])ignitit)n+intervenlit)n
R(x)
In Eq. (2), C/(x), C(x) and C, are the initial cost of steel
superstructure, the cost of passive protection and the cost of

+.. @

active safety measures, respectively, while Cf and melm(x)
refer to total losses and the failure probability related to the
service life that is equal to 50 years. The last two terms express
the damage cost which is caused by moderate fire (quenched
before flashover) and by intervention (e.g. damage caused by
sprinkler system and/or fire fighting). G contains direct (e.g.
value of stored material or the construction of a new storage
hall) and indirect cost components (e.g. missing income or
malfunction in production). The optimal solution is associated
with a structure that results minimum C, (x). The minima of
Eq. (2) objective function need to be found using a method
which is able to handle the high nonlinearity and the discrete
nature of the problem.

A number of components in Eq. (2) depend on the value of
design variables, for example, if the thickness of the flanges or
passive fire protection is increased, this increment will directly
change the C (x) or C(x) cost components. Furthermore, in
case of a stronger or a better protected frame the failure prob-
ability is lower compared to a less protected one and the risk of
the structural failure in fire design situation is decreased.

The initial cost is proportional to the weight of the frame:

CO(X):nfibi tlpegt
=

n, 2

+Z}:’T~li-p-cs+Csh

bot,l.d.l x,Vi

€Y

This approach is clearly an approximation; however, it is
often used by industrial representatives in cost calculations and
bids. In Eq. (3), n,n,c and C, are the number of frames, the
number of steel plates of a frame, cost rate in €/kg unit and the
cost of the sheeting and bracing system. The weight of the i
plate is calculated by multiplying b, (width), ¢ (thickness), /,
(length) and p (density). The n, and d, are the number of brac-
ing elements and the diameter of i steel bar, respectively. Due
to the fact that column base connections are pinned, the dimen-
sions of foundation are not design variables and the cost of
foundation is not considered in this study.
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The cost of the passive fire protection is considered to be
proportional to the protected surface, thus it can be formulated
as follows:

C(x)= ”/2‘4;' Tty € L, €%V @
=)

where n, is the number of protected elements, 4, is the pro-
tected surface of the j* element, [ is the length of the ™M ele-
ment, ¢ . is the protection thickness on the j element and c, is
the cost rate in €/(mm-m?) unit.

3.3 Fire effects

The fire effect and its severity are represented in the method
through the so-called fire curve: as temperature curve as a func-
tion of the time (Fig. 3). Different fire curves are used in design
practice among which some represents only a comparable effect
(e.g. ISO standard fire curve [16]) and do not intend to express
real and physical effects. Other fire curves which have been
obtained with advanced methods and models (e.g. one- and
two-zone models [31]) can represent fire severity and tempera-
tures closer to the reality. Realistic modelling of fire effect is an
important issue of reliability calculation. The fire effects in this
study are modelled with fire curves obtained with the help of
OZone V2.2.6 software [31] in order to represent more realistic
temperatures than e.g. ISO standard curve. The program is able
to consider several influencing parameters, such as the fire load,
combustion heat, fire growth rate, ventilation, geometry of the
compartment, etc. These parameters may be considered on dif-
ferent values in the parametric study (Section 5).

It is important to note that the temperatures (in Fig. 3) are
presented on design value since they are calculated on the basis
of parameters from EC3-1-2 considered with their design value.
It was assumed that the curve calculated with Ozone represents
95" percentile of the effects [22]. The uncertainties in the steel
temperature are considered in the analysis with the help of a
global uncertainty factor (Table 1) whose parameters and distri-
bution type was obtained in an earlier study [22]. The tempera-
ture input is the mean fire curve (Fig. 8) that is derived from the
design curve.

In order to avoid the numerical instabilities within the reli-
ability analysis, the decay period of the curves is neglected and
substituted with the maximum gas temperature.

1600
1400
1200
__1ooor

=== Design ISO curve
= Design Ozone curve

0 20 40 60 80 100 120
t [min]

Fig. 3 The difference between ISO and Ozone fire curves

3.4 Reliability analysis and random variables
(x) and P,

ignition

P e in Eq. (2) are calculated with the help of
a complex and comprehensive reliability calculation framework
(Fig. 4.) [22]. The specialty of the developed framework is that
state of the art analysis methods are incorporated in the reliabil-
ity analysis and the reliability calculation and the performance
evaluation do not focus on a single and separated element but
the whole structural system. The limit state function is formu-
lated on time basis because the life and structural safety is veri-
fied using time demand (15, 30, 45, etc.) in everyday practice.
Fig. 4 proposes a global overview about the reliability calcu-
lation. Only the relevant aspects of the method are mentioned
and described, for further information refer to [22]. The annual
ignition occurrence is calculated with the help of an event tree,
similarly to [32]. The P
into flashover when active safety measure is applied. Accord-
ing to [32], P equals to 0.02, 0.0625 and 1.0 in case of fire
extinguish system (sprinkler), smoke detection system and no

is the probability of growth of the fire

applied safety measure, respectively.

The occurrence of ignitions and the possibility of growth
into a fully developed fire are taken into account within a
Bayesian network [33]. The failure probability is calculated
according to the conditional probability rule:

Pfaihu‘e (X) = Pﬁlilure‘ flashover (X) : Pﬂaxhover (5)

The conditional probability (Pmﬂuremashwey
of a reliability analysis that is based on First Order Reliability
Method (FORM) [33]. Due to the fact that some of the random

variables are not normally distributed and possibly correlated,

(x)) is the outcome

Hasofer-Lind-Rackwitz-Fiessler iteration [34] is adopted in the
algorithm. The limit state function gives the D/C ratio (demand-
to-capacity ratio) of the frame in time unit, the evaluation meth-
odology incorporates three main steps, i.e.: 1) calculation of ele-
ment temperatures in every 10, 20, etc. seconds depending on the
investigated time range and the size of the time-step; 2) evalu-
ation a structural analysis in OpenSees Thermal [35] consider-
ing dead, meteorological, live loads and the steel temperatures
in every time-step; 3) evaluation of the load resistance capacity
of the structure in every time-step according to MSZ EN 1993-
1-1:2009 (EC3-1-1) [36] and EC3-1-2 [15] using the calculated
temperatures and internal forces from time-step structural analy-
sis [22]. The considered failure modes are the follows:
* strength and stability failure of beam and column elements;
 shear buckling of the web plates;
* plastic sway mechanism by the plasticity of the connections.
In case of strength and stability verification, the so-called
General Method of EC3-1-1 is adopted in the algorithm in
which the in-plane stability failures are considered via geomet-
rically nonlinear analysis on imperfect model, while the reduc-
tion factor method [36, 15] is used for verification out-of-plane
stability failure modes (Fig. 4). The steps of the procedure are
presented in Fig. 4 and explained in details in [22].
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For sake of simplicity the reliability analysis is based on
two-dimensional structural analysis of an individual frame,
however, the structure (Fig. 1) contains altogether seven frames
in the investigated compartment. We consider the whole struc-
ture to be failed if the failure of one frame occurs. For this rea-
son a system of frames is a series reliability system, where the
failure of frames is correlated. There are formulae which give
approximation for the lower and upper limits of the system
failure probability, however in case of these limits [33] only
no or full correlation can be taken into account. To consider
the correlation among the frames, other approximation may be
used where the system failure probability and reliability index
are calculated with the use of multivariate normal probability
distribution function:

- -1 _
BS,/&ilure‘ﬁashover = _q) (PS,jbilure‘ﬂashover) - (6)
-0 (1-0, (B.p)
In Eq (6)3 the (I), (I)m7 ﬁs,failurejﬂa.\'hover and PS,/bilure\ﬂa.&'hover’ are the

single- and multivariate standard normal cumulative distribu-
tion functions, the so-called reliability index (P = ®(-f)) of
the system and the probability of failure related to the system.
Obviously, the conditional probability shall be substituted and
not the probability which contains the ignition. The B and p
are the reliability index vector with the reliability indices of
individual frames and correlation matrix in the following form,
where the 7 is the number of frames:

Definition of discrete and Reliability Analysis | Event tree analysis and
faﬂdom*"ambles Bayesian probabilistic network
Distribution, parameters, Ignition Fire stopped Fire stopped by
correlation by occupants fire brigade
. . - 2
Design point [« min! f = (QQT )l/ yes - 0.45
v 6)=0
Normal tail imati . . 5.53-10¢
ormal tail approximation HLREF iteration fire/m?/year
- L no - 0.65
_AiTH _ T
u; = o U=TU 0.98-10°¢
fire/m?/year
v vel) Active
safety
0@7’2@296“ - 5;@)6‘ no measure
GU - IG(U) P . —
‘/[zl o )a] \/[Z} o J Convergence? fazlure‘ flashover Active p. Tgnition
Xi = pi + pa;o; T F T F
F 0 ! P, ignition 1-P ignition
Limit state function 0.99 | 0.01 fire/year
T[C|
Flashover
Flashover
Active p. Ignition T F
F 0 1
F T 1 0
T F 0 1
T T Prya | 1-Prpyy
A 4
P flashover ]
ARV 7f -
| t [min] > Pﬂashover,SO

R
Fire resistance

cr.op

= t
l Aop = Ltk —y Zap:min(lz’ZLT) G(X,t)zl——<0

P.

ignition

Pfailure(x)
IR

Fig. 4 Overview from the proposed methodology and the limit state function
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ﬂl,/bilure‘ flashover
B ﬁlﬁzi/ure‘ﬂashover
(7

ﬁn,ﬁzill/rc‘ﬂashover

L pp, P,
a1 Pa|
p_ 1 p3n pi/'_p/l

1P Pn2 Puz 1

In case of the investigated structure, n is set to 5 since the
first and last frames are exposed to less severe effects due to
their spatial location. The results of preliminary calculations
= 1.0) that
the system reliability significantly depends on the correlation

showed (Fig. 5, where Py=Py=P and ﬁi[ﬂzilure[ﬁashover
coefficient, however, in case of low correlations this depend-
ence is not so significant. Some random variables are supposed
to be highly correlated, such as strength, section dimensions of
the frames and the intensity of meteorological loads, however,
due to the following reasons the correlation among the frames
is supposed to be low (namely p = 0-0.6): ) there is a spatial
variation in the location of the combustible material; 1) all of
the frames may not be exposed to fire at the same time; III) it
is very likely that the temperature varies spatially; IV) there
is a certain spatial variation in the equipment load. In order
to cover a wide range of possible outcomes, in this study the
system reliability is calculated by use of Eq. (6) considering a
low p = 0.4 and a considerably high p = 0.9 correlation among
the failure of the frames.

Bl

04 i i i ;
0 02 04 0.6 0.8 1
p, correlation [-]

P[]

0.1
0

0.2 04 0.6 0.8 1
p, correlation [-]

Fig. 5 The effect of correlation among the components
in case of a series reliability system

The random variables, considered in the reliability analysis,
are shown in Table 1. Due to the small variation and the fact that
their effect on the global behaviour is small, the uncertainty in
the Young’s modulus and global geometry is neglected. Among
the loads, the weight of equipment (as permanent load) and
the meteorological loads, namely wind and snow loads, were
considered as random variables. Because of the accuracy in
manufacturing and assembly the uncertainty in dead loads are
negligible. The uncertainty of yield strength, section moduli
and connection parameters has been selected according to the
Probabilistic Model Code of Joint Committee on Structural
Safety (JCSS) [37]. The CoV (Coefficient of Variation) val-
ues related to the section modulus factor are slightly higher in
Table 1 than in JCSS because of the tapered elements. p = 0.7
correlation is considered among the section modulus factors.

The reliability problem is time-variant because the meteoro-
logical loads vary in time. In order to reduce the complexity of
reliability analysis, the problem is transformed into a time-invar-
iant problem with the help of the so-called Turkstra’s rule [37],
its application is presented for similar problem in [42]. The lead-
ing action, i.e. the fire effect, is considered with its lifetime (50
years) maximum, while snow and wind loads are accounted with
the distributions of daily maximums. The distributions of daily
maximums are derived from meteorological data (wind speeds
and snow water equivalents) that have been downloaded from
CARPATCLIM database [41] (where different meteorological
data sets of Carpathian basin are given for 50 years in 10 km
by 10 km grid). The aim was to obtain distributions giving the
standardized characteristic load intensities according to the val-
ues and instructions of the EN standards (theoretically the pro-
vided characteristic load intensities have 0.02 annual exceedance
probability), i.e. ECO [28], MSZ EN 1991-1-3:2005 [38] and
MSZ EN 1991-1-4:2007 (EC1-1-4) [39]. The calculation related
to the wind loads can be seen in Fig. 6. The characteristic value
of variable actions on buildings is defined as a value which has
0.02 exceedance probability within 1 year reference period [28].
In case of the wind load, firstly, the yearly maximum wind veloci-
ties were selected in each grid (the data set contained data from
50 years). Using annual maximums, extreme distribution (as the
limiting distribution for the maximum or the minimum of a large
set of random observations) was fitted on the data in order to find
the wind speed which has exactly 0.02 annual exceedance proba-
bility. The basic wind velocity in Hungary is v = 23.6 m/s, so the
node was selected which results the same velocity as character-
istic value (Fig. 6a). Daily maximum wind velocities of 50 years
related to the selected node (Fig. 6b) were used in calculation of
the distribution. Lognormal distribution (Fig. 6¢) was selected to
describe the variability in the daily maximum wind velocities.

According to the recommendations of JCSS [37], uncertain-
ties were considered (Table 1) in gust (cg), pressure (cp) and
roughness coefficients (c). The wind pressure of [39] can be
formulated as follows using the above mentioned coefficients:

Optimal Fire Design of Steel Tapered Portal Frames

2017614 829



Table 1 Random variabless

Random Variable R CoV Distribution Reference

Yield stress [MPa] 388 0.07 Lognormal [37]
Equipment [kN/m?] 0.2/0.5 0.2 Normal

Wind load [kN/m?] 0.06 1.963 Lognormal Calculation, [37, 28, 39]
Gust coefficient [-] 2.463 0.15 Lognormal [37]

Pressure coefficient [-] 0.2 Lognormal [37]
Roughness coefficient [-] 0.877 0.15 Lognormal [37]

Wind velocity [m/s] 3.552 0.65 [41]

Snow load [kN/m?] 0.205 1.03 Weibull Calculation, [28, 38, 40]
Resistance factor for the column-base connection [-] 1.25 0.15 Lognormal [37]
Resistance factor for the column-beam connection [-] 1.25 0.15 Lognormal [37]
Resistance factor of ridge beam-beam connection [-] 1.25 0.15 Lognormal [37]

Right column section modulus factor [-] 0.05 Normal [37]

Left beam section modulus factor [-] 0.05 Normal [37]

Right beam section modulus factor [-] 0.05 Normal [37]

Effect model uncertainty factor [-] 0.15 Lognormal

Resistance model uncertainty factor [-] 0.2 Lognormal

Model uncertainty in LTB reduction factor - 1.15 0.1 Normal [50]

Model uncertainty in FB reduction factor - 1.15 0.1 Normal [50]

Steel temperature uncertainty factor [-] 0.3 Lognormal [22]

1 ) 1 )
qp(z):(1+71V(z))-5-p-vm(z):cg-E-p-vm ®)

In Eq. (8), 1, p and v are the turbulence intensity, the air
density (1.25 kg/m?) and mean wind velocity, respectively. The
height (z) is known, namely it is equal to the eave height of
the frame (Fig. 1). The pressure coefficient (cp), which is also
uncertain (Table 1), takes into consideration the uncertainty of
the pressure calculation, so Eq. (8) should be multiplied with
it. The mean wind velocity can be calculated as follows [37]:

v, (2)=¢,(2)-¢,(2) v, =

= Cr ’ CO ’ Cdir : Cxea.mn ’ VbO

)

where ¢, ¢, c and v, are orography, directional, season

dir’ ~season

factors and the basic wind velocity, respectively. Further details
can be found in EC1-1-4 standard.

12 16 20

Fig. 6 Evaluation of the distribution of daily maximum wind speeds: a) EN
conforming characteristic wind speeds in Hungary; b) daily maximum wind
speeds for 50 years at the selected coordinate; c) fitted distribution

In case of the snow loads, similar procedure is carried out
in order to obtain the distribution of daily values that fits to the
standardized characteristic load [38]. It has to be noted that the

daily maximums are not independent, however, the application
of yearly maximum’s distribution is clearly too conservative.
The representation of meteorological loads as stochastic pro-
cesses would be the most accurate solution, but it would over-
complicate the reliability analysis. Calculations showed that
application of daily maximums serves internal forces in better
agreement with internal forces calculated using the load combi-
nation of ECO standard for extreme design situations. For this
reason, this method leads ECO conforming design.

The problem should be further divided into two fundamental
cases, since in Hungary there is no snow in a significant part
of the year. Two independent reliability analyses have to be
carried with and without considering snow load in the analysis.
The calculated reliabilities can be summed easily if we assume
that the ignition and the meteorological loads are independent:

P/UUW? (X) = PW ’ Pfai/ure‘f lashover|w (X) : P,/Iashover +
+P,

wts Pfailure‘flu.vhnver‘w+s (X) P

flashover

(10)

In Eq. (10), P, is the probability that only wind load acts on
the frame and there is no snow load, while P _ is the probabil-
ity that wind and snow loads act on the frame at the same time.
P and P . can be derived from the meteorological data sets.

The given description of derivation and consideration of
meteorological loads and their distribution within the reliability
analysis is applied in order to consider representative meteoro-
logical loads which are consistent with standardized reliabil-
ity level. No correlation is considered between the snow and
wind loads since the data are related to different coordinates
and snow water equivalents in [41] were predicted by complex
models and not measured.
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4 Optimization algorithm

Throughout the optimization process, we seek the global
optimum (minimum in our case) of the objective function
which expresses the life-cycle cost (Fig. 2) of the investigated
structure. The infeasible solutions are eliminated in the pro-
cess with the help of equality and inequality constraints. In
case of a structural optimization problem, equality constraints
may express the equilibrium conditions, so stable solutions are
only accepted. Inequality constraints express other design con-
straints, such as strength and stability checks of the main frame
elements in persistent design situation. Solutions which violate
the design constraints are also unfeasible and are shown with
grey colour in Fig. 2.

The optimality problem is defined as the optimal design of
a steel tapered moment resisting portal frame structure. The
problem is highly nonlinear, discrete and high number of local
optima may exist. The optimization variables are the dimen-
sions of the main frame elements and the thicknesses of intu-
mescent coating (Table 2).

The heuristic Genetic Algorithm (GA) [43] optimization
algorithm is invoked to find the optimum because genetic algo-
rithm is able to handle highly nonlinear problems, different
optimal solutions in parallel and discrete objective functions,
it can scan a very large search space during its operation and
its operation can be stable with proper setting. Its applicabil-
ity to similar [7, 8] and other similarly complex and nonlinear
structural problems [44] is confirmed by examples from the
published literature.

Table 2 Optimization variables

Column
l,. column web thickness
L, column flange thickness
b, column width
h, column height at the base
h, column height at the eave
- intumescent coating thickness on the lower part
- intumescent coating thickness on the upper part
L. intumescent coating thickness in the connection zone
Beam

b beam web thickness
Ly beam flange thickness
b, beam width

" the height of non-tapered beam
h,, beam height at the end of the tapered part
t on the non-tapered part of the beam

on the tapered part of the beam

)

During its operation, GA seeks the optimum on heuris-
tic way with the help of modifying, crossing and reconstitu-
tion of the initial set of possible solutions in every iteration
steps, which are called generations. GA literally imitates the

evolution; the best individuals survive and transmit their genes
for the newer generations; for this reason the technical terms
often have biological origin. The design variables are stored in
chromosome-like data structures, i.e. in a series of vectors as
follows considering the symmetry of the frame (# is the num-
ber of individuals — commonly referred as the population size):

Xl
x| (11)
XVI
hoh, bt t h ..
X= cl "fe2 Ye fwe T f . b1 "*h2 (12)

bb Z‘w,b t/,b tp,(‘l tp,cZ tp,bl tp,bZ tp,c

The find of global optimum cannot be guaranteed and proved
due to the fact that the problem is discrete. However, with
good settings of GA can find solutions situated very close to
the global optimum, with no difference compared to the global
optimum from practical point-of-view. It also has to be noted
that the algorithm can handle the constraints only with the help
of so-called penalty functions [45]. Using penalty functions the
problem can be transformed into unconstrained format:

min!Ce (x)- goys (X) - Qus (X);
- 1 n; (X) = i,
g[(x)— {ni(X)Z

Mims <T; (X)
where g, (x) and g, (X) are the penalty functions related

(13)

to ultimate and serviceability limit states related conventional
design situation [28]. The 7, and 7,  are the calculated and
acceptable D/C ratio (1.0, i.e. 100%) in the investigated limit
states. Eq. (13) is evaluated in case of every individual and
in every generation the individuals are sorted considering this
value, as a measure of goodness. In persistent design situation,
the following limit states are checked: strength and stability
failure of beam and column elements, shear buckling of the
web plates, strength failure of joints. In case of the serviceabil-
ity limit states, only the deflection at the middle cross section of
the beam is checked in quasi-permanent design situation [28].
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Uniform crossover
A bit is selected from P1 or P2 with 0.5 probability

Parent 1 |4|2|5|1|3|6|8|9|7|

parent2 [1]2]8[a]5]6[7]8]9]

et

childr [af2]s[a]s]6][s]8]7]
chiaz [1]2]8]1[s]e][7]o]9]
Mutation

[1]2]s[4]s]6[7][s]9]
+1

[1]2]8]s]5]elc[s]s]

a)

Life cycle cost [HUF]

Iteration
b)

Fig. 7 a) Illustration of uniform crossover and mutation operators; b) Conver-
gence of the developed algorithm in case of an example structure

GA starts seeking optimum from a randomly generated ini-
tial set; uniform crossover (Fig. 7a) is invoked in the optimi-
zation algorithm where the genes of parental individuals are
selected randomly with even chance. Crossover ratio controls
the percentage of best individuals participating in the crossover.
After the crossover the chromosomes are varied further within
the mutation procedure. The elite individuals are responsible
to preserve the best genomes, thus they are not allowed to be
mutated. Mutation (Fig. 7a) ratio gives the number of mutated
individuals which are selected randomly excluding the elites,
thus one individual may be mutated more than once. The num-
ber of mutated genes controls the number of randomly selected
and mutated bits. The mutation helps to avoid the local opti-
mum in the optimization process.

In order to find the best settings with reasonable resource
needs sensitivity analysis has been carried out. The conver-
gence of the best set is shown in Fig. 7b and in Table 3, respec-
tively, where the results of altogether 11 optimization processes
are presented. The algorithm serves consistent results from
engineering point-of-view, little scatter appears in the results
due to the fact that the problem is extremely nonlinear and the
applied population size need to be limited (with the last settings
within an optimization process altogether 4900 structures are
investigated, which increases the computation time to 70-80
o M b, and b, the observed standard
deviation is 2.8-6.7%, which is acceptable from practical rea-

hours). In case of &, &

sons and does not mean any difference from designer point of
view between the solutions. Due to the fact, that the column

base connection is almost pinned, in case of &, 12.5% standard
deviation was obtained because this parameter does not have
significant influence on the internal forces and stiffness.

As a final setting, the mutation ratio, number of mutated
genes and elite ratio were set to 0.4, 2 and 0.2, respectively. In
order to reduce the computational time, the population size is
changed dynamically where this parameter set to 200, 40, 20
and 10 in 0-20, 21-30, 31-40 and 41-50 iteration steps, respec-
tively. When the population size is reduced, the best 40, 20 or
10 candidates are kept for further analysis.

Table 3 Results of sensitivity analysis
[mm] A, h, h, h, b b

c2 bl b2 c b f.c

|~
~
~

b we t/m p.c2 tp‘bZ tp‘bl tp,c

=

235 665 230 680 195180 10 9 6 6 04 04 06 03 0.2
195 670 230 670 195 185 10 9 6 6 04 04 06 03 0
235 665 230 700 200 190 10 8 6 6 04 04 06 04 0
§ . 240 700 250 725 185 170 11 9 6 6 04 05 06 03 0
§ g 300 595 245 715200 175 11 9 6 6 04 05 06 04 0
Cﬂ\ T 245 620 225 640 195175 11 10 6 6 05 05 06 03 0
<Zc E 195 625 225 665 190 180 11 9 6 6 04 05 06 04 0
E g 215 590 225 705 190 175 12 9 6 6 04 05 06 04 0
220 605 240 675205180 10 9 6 6 05 05 0.7 04 0.1
255 665 215 740 195170 10 9 6 6 05 05 0.7 04 0
245 725 200 695 195165 9 10 6 6 05 06 0.6 04 0.1

5 Parametric study

The aim of this research is to define new and valuable con-
cepts for fire design of tapered portal frame structures based on
the results of structural optimization procedure. In order to give
comprehensive and useful concepts, it is important to charac-
terize the sensitivity of the design problem and the optimum on
different design parameters, conditions and cost components.
For this reason, the achievable optimal solutions are derived
in several cases, within the framework of a parametric study.

Table 4 summarizes the investigated cases within the frame-
work of the parametric study. Altogether, the optimal solutions
have been obtained in 36 different cases covering a wide range
of possible design cases. The listed costs have been obtained
with the consideration of Hungarian circumstances based on
consultations with practicing engineers. The time demand, the
value of cost components, the application of active fire protec-
tion, the severity of fire effect and equipment load were varied
in this study. Some other parameters like the meteorological
loads, the type and the weight of the sheeting system and the
main geometry remained to be unchanged.
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Fig. 8 Ozone fire curves on design and on mean value
From the point-of-view of the severity of fire effect, alto-

gether three different cases are considered. The fire effect is
represented by fire curves (Fig. 8) which have been obtained

with the help of two-zone fire model in Ozone V 2.2.6. software
[31]. In Fig. 8 the design and mean fire curves are presented
and the ISO standard fire curve is also shown as a reference.
The considered three fire design cases are the followings
(Fig. 8):1) extreme (the combustible material is rubber tyre with
q,/~470 MJ/m? design fire load, with 30 MJ/kg combustion heat
[14] and 7 = 150s fast fire growth rate [14]); 2) severe (the com-
bustible material is rubber tyre and wood with 9~ 670 MJ/m?
design fire load, with ~24 MJ/kg combustion heat on average [14]
and t = 200 fast fire growth rate); 3) moderate (the combustible
material is wood with 4.~ 1070 MJ/m? design fire load, with 17.5
MJ/kg combustion heat [14] and ¢ = 300 fast fire growth rate[ 14]).
Within the framework of the presented parametric study
the optimal solutions are investigated: I) in case of different

Table 4 Investigated cases within the parametric study

c C .
(r?:il;:::ge) cssee que?;)g] [€/ (ml:rmz)] (s:ée E[q€./r(r;)] Active safety measure [m f€] Fire curve E?E;‘;]Tgm
see Eq. (4) see Eq. (2)
1 R30 2.25 24 40 smoke detection 3.0 1 0.2
s 2 R45 2.25 24 40 smoke detection 3.0 1 0.2
§D 3 R60 2.25 24 40 smoke detection 3.0 1 0.2
% 4 R30 2.25 24 40 smoke detection 3.0 2 0.2
§ 5 R45 2.25 24 40 smoke detection 3.0 2 0.2
§ 6 R60 2.25 24 40 smoke detection 3.0 2 0.2
% 7 R30 2.25 24 40 smoke detection 3.0 3 0.2
< 8 R45 2.25 24 40 smoke detection 3.0 3 0.2
9 R60 2.25 24 40 smoke detection 3.0 3 0.2
10 R30 2.25 24 40 smoke detection 3.0 1 0.5
11 R45 2.25 24 40 smoke detection 3.0 1 0.5
12 R60 2.25 24 40 smoke detection 3.0 1 0.5
13 R30 2.25 24 40 smoke detection 3.0 2 0.5
m 14 R45 2.25 24 40 smoke detection 3.0 2 0.5
15 R60 2.25 24 40 smoke detection 3.0 2 0.5
16 R30 2.25 24 40 smoke detection 3.0 3 0.5
17 R45 2.25 24 40 smoke detection 3.0 3 0.5
18 R60 2.25 24 40 smoke detection 3.0 3 0.5
19 R30 2.25 - 40 smoke detection 3.0 1 0.2
o 20 R30 2.25 - 40 smoke detection 3.0 2 0.2
21 R30 2.25 - 40 smoke detection 3.0 3 0.2
22 R45 2.25 24 40 smoke detection 30.0 1 0.2
a 23 R45 2.25 24 40 smoke detection 30.0 2 0.2
24 R45 2.25 24 40 smoke detection 30.0 3 0.2
25 R45 2.25 24 40 smoke detection 0.3 1 0.2
m 26 R45 2.25 24 40 smoke detection 0.3 2 0.2
27 R45 2.25 24 40 smoke detection 0.3 3 0.2
28 R45 4.50 48 80 smoke detection 3.0 1 0.2
=29 R45 4.50 48 80 smoke detection 3.0 2 0.2
30 R45 4.50 48 80 smoke detection 3.0 3 0.2
31 R45 2.25 24 - - 3.0 1 0.2
o 32 R45 2.25 24 - - 3.0 2 0.2
33 R45 2.25 24 - - 3.0 3 0.2
34 R45 2.25 24 75 sprinkler system 3.0 1 0.2
T 35 R45 225 24 75 sprinkler system 3.0 2 0.2
36 R45 2.25 24 75 sprinkler system 3.0 3 0.2
R30, R45 and R60 refer to 30, 45 and 60 minutes time demand, respectively; m EUR refers to million euros.
TA fix cost component, namely the cost of sheeting and bracings, C_, is generally set to 25 €/m2, however, in case of group F C_ is set to 50 €/m2
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demand levels (A case group — reference cases); I1) in case of
different constructional costs and losses (see D, E and F case
groups); 111) with different active safety measures (see G and
H case groups in Table 4); IV) without passive fire protection
(see C case group); V) with different gravity load intensities
(see B case group). As the most common fire protection in Hun-
gary, smoke detection device is assumed in most cases as active
safety measure. However, the optimal solutions with only pas-
sive protection are also analysed.

In order to characterize the importance of proper fire design,
the initial cost of optimal solutions for the above listed 36 cases
are also obtained without considering fire design situation

during the design. The life cycle cost and fire risk related to
these solutions are obtained thereafter with passive fire protec-
tion selected for 7 = 500-550 °C critical temperature accord-
ing to the common fire protection design practice.

6 Optimization results

The optimization results are summarized in Table 5. In the
first and second columns, the dimensions of cross sections can
be seen for both column and beam elements, while in the fol-
lowing columns the thicknesses of intumescent coating fire pro-
tection have been presented. The D/C column shows the D/C
ratio in Ultimate Limit State (ULS), persistent design situation

Table 5 Optimized structural configurations

I T S St T I R T
1 215-630x6+190x11 210-765x6+155x10 0.6 0.6 0.8 0.4 0.2 100 3.15 3.32 56.4 4.2 27.4 90.5
2 260-555x8+185x12 245-625x9+150x11 0.7 0.9 1.3 0.6 0.2 99 297 3.12 59.3 59 27.4 97.1
3 235-645x6+165x14 225-560x8+165x12 0.1 0.3 0.3 0.0 0.5 99 2.82 2.84 59.1 1.3 27.4 95.0
4 225-690x6+190x10 220-725x6+170x9 0.4 0.4 0.5 03 0.0 99 3.27 3.44 56.3 2.8 27.4 88.1
5 205-635x6+180x12 215-645x6+175x10 0.6 0.8 1.2 0.5 0.3 99 3.02 3.19 57.1 5.5 27.4 93.8
67

7 220-685x6+200x9 225-760x6+180x8 0.0 0.0 0.0 0.0 0.0 100 3.45 3.51 55.8 0.0 27.4 84.1
8 190-650x6+195x10 235-775x6+175x8 0.4 0.4 0.6 0.3 0.0 100 3.21 3.38 559 3.1 27.4 88.4
9 165-575x6+195x12 230-635x6+175x10 0.5 0.5 1.3 0.4 0.0 100 3.11 3.28 57.3 49 27.4 92.4
10 130-720x6+195x11 285-730x6+170x10 0.5 0.6 0.8 0.4 0.2 100 3.04 3.21 57.7 43 27.4 93.0
11 130-750x6+180x12 330-550x8+165x12 0.5 0.8 0.9 0.3 0.2 100 2.85 2.94 60.1 4.5 27.4 98.5
12 150-755x6+165x14 300-560x8+155x13 0.1 0.2 1.0 0.1 0.4 100 2.82 2.83 60.2 29 274 97.7
13 180-735x6+180x12 340-685x6+175x10 0.3 0.4 0.6 0.3 0.0 100 3.28 3.38 58.5 3.1 27.4 90.6
14 145-820x6+185x11 235-710x6+165x11 0.5 0.7 1.0 0.5 0.2 100 2.92 3.06 57.8 5.0 274 95.4
15 205-760x6+190x11 340-490x7+185x12 0.0 0.0 0.3 0.0 0.0 100 2.82 2.82 60.4 0.7 27.4 95.7
16 160-805x6+200x9 250-800x6+185x8 0.0 0.0 0.0 0.0 0.0 100 3.41 3.57 56.5 0.0 27.4 84.8
17 115-745x6+200x10 270-735x6+170x10 0.5 0.5 0.6 0.3 0.0 100 3.16 3.33 57.3 34 27.4 90.5
18 120-740x6+185x12 315-640x6+175x11 0.4 0.6 0.9 0.3 0.1 99 2.95 3.11 58.8 4.2 27.4 95.1
19%

20 175-705x6+185x10 210-715x6+185x8 0.0 0.0 0.0 0.0 0.0 100 2.82 2.87 55.8 0.0 27.4 90.4
21 195-650x6+215x9 215-710x6+185x8 0.0 0.0 0.0 0.0 0.0 100 343 3.60 559 0.0 27.4 84.2
22 170-535x9+170x22 200-595x12+135x20 1.4 1.7 2.3 1.3 0.6 98 3.59 3.73 66.1 10.1 27.4 104.1
23 250-540x8+200x15 215-595x10+170x13 1.1 1.5 1.9 1.2 0.4 99 3.61 3.76 62.7 9.7 27.4 100.2
24 155-745x6+210x13 235-765x8+175x11 0.6 0.7 1.0 0.5 0.4 89 3.70 3.82 60.5 54 274 93.6
25 225-555x6+195x12 240-630x6+190x9 0.0 0.1 0.0 0.0 0.0 100 2.82 2.82 57.4 0.1 27.4 92.1
26+

27 170-665x6+205x9 215-700x6+185x8 0.0 0.0 0.0 0.0 0.0 100 2.85 2.95 55.7 0.0 27.4 89.6
28 250-605x6+185x12 230-600x6+200x8 0.0 0.0 0.0 0.2 0.1 100 2.82 2.82 115.1 0.8 54.7 177.8
29 210-550x6+190x13 245-595x6+185x10 0.0 0.0 0.1 0.0 0.2 99 2.82 2.85 116.1 0.6 54.7 178.6
30 190-635x6+210x9 225-740x6+180x8 0.3 03 0.4 0.2 0.0 100 3.08 3.25 111.5 4.5 54.7 173.8
31 190-525x10+175x20  195-600x12+145x19 1.6 1.9 2.5 1.5 0.5 99 2.89 3.06 66.2 11.5 0.0 83.5
32 230-585x10+250x15 230-525x8+200x16 1.0 1.6 1.7 1.1 0.0 90 2.95 3.11 67.7 9.8 0.0 82.2
33 230-580x7+230x13 245-490x7+180x13 0.7 0.8 1.3 0.6 0.4 97 2.85 3.02 61.3 6.1 0.0 74.0
34 215-630x6+180x12 225-685x6+190x8 0.0 0.1 0.1 0.1 0.1 100 3.09 3.09 56.5 0.6 51.3 111.4
35 225-635x6+190x11 215-700x6+165x10 0.0 0.0 0.0 0.0 0.0 99 3.09 3.10 56.8 0.0 51.3 111.1
36 205-655x6+195x10 230-765x6+175x8 0.0 0.0 0.0 0.0 0.0 100 3.12 3.22 55.9 0.0 51.3 109.9

The dimensions (h

cl?

thickness of the web; the minimum considered plate thickness was 6mm in order to avoid problems related to corrosion and welding.

+ There were numerical problems during the optimization procedure, the algorithm did not find stable solutions.

b,, t,, etc.) are given in mm unit; C, C,, C, and C, . are given in 1000€ unit.* There was an additional constraint related to the minimum
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according to the critical failure mode. £,  is the reliability index
(Section 3.4) related to the optimum safety level which results
minimum life cycle cost value (C, ). C, contains the cost of the
purlins, the sheeting system and the cost of the bracing system,
as well. In order to take into account the whole frame’s cost in
the calculation the outer frames have been considered with the
following dimensions: column: 300 — 300 x 6 + 200 x 8, beam:
300 - 300 x 6 +200 x 8.

The calculated reliability indices, initial and life cycle cost
components of cases #1-#9 show that fire curve #1 is the most
demanding from the considered cases, while fire curve #3 rep-
resents much less severe fire. Not surprisingly, in case of 45
and 60 minutes time demand levels, the optimized solutions
requires more investments regarding to the initial cost of the
steel structure and the initial cost of passive protection. Fur-
thermore for R45 and R60, passive protection with thick layers
has to be used for good performance and safety. However in
case of fire curve #3, when the design aim is to satisfy R30
criterion, there is no need for passive fire protection (see the
results of case #7 and #16). Nevertheless, this is not the case
for fire curves #1 and #2. By case #19 and #20, because the fire
effect is too demanding and the algorithm cannot find good and
stable solution. For this reason, it is not safe and economical to
ensure the fire safety without passive fire protection (seel also
[17]), because the steel plates are very heat conductive and they
loss their stiffness and strength very quickly in severe fire.

Column web slenderness (ref. h/t=110.8 and h/t=142.5)
10 T T T T T T T T T T T T T T T

Difference [%]

10 11 12 13 14 15 16 17 18

ases

A TR L L L L L L
0 1 23 456 789
C

Beam web slenderness (ref. h/t=116.7 and h/t=135.8)
20" """

Difference [%]

8 9 10 11 12 13 14 15 16 17 18
Cases

60—
0]234567

Generally, the D/C ratio of the frames in persistent design
situation is high (Table 5, cases #1-#36), thus the presented
solutions are possible design alternatives. It shows that opti-
mal design against conventional effects and optimal design
against extreme effects can be contradictory objectives and the
consideration of fire design situation during the seeking opti-
mum solutions during the design process (and not after it) will
change the resulted configuration.

The optimized solutions are compared with solutions designed
by practicing engineers with CO = 57,000€ (column: 300 — 700 x
6+ 180 x 10, beam: 380 — 700 x 6 + 165 x 8) considering 0.2 kN/
m2 equipment load, and optimized by the developed algorithm
with CO = 55,700€ (column: 185 — 665 x 6 +205 x 9, beam: 215
—700 x 6 + 185 x 8) and with CO =~ 56,260€ (column: 130 — 855
x 6+ 210 x 8, beam: 230 — 815 x 6 + 190 x 8) considering only
serviceability and ULS constraints in persistent design situation
for 0.2 kN/m2 and 0.5 kN/m2 equipment load, respectively. The
solutions provided in Table 5 have larger C, cost in most of the
cases, however, they have lower C, cost and they have lower C, .
cost in fire design situation (Table 8).

It can be seen from the results that the flanges and webs are
less slender (Fig. 9) compared to the width-to-thickness ratio
of plates of the optimized reference frames. Probably, the most
economical solution cannot be achieved only with protection
elements with more slender sections (with higher plate width-
to-thickness ratio), which may be optimal and adequate in per-
sistent design situation, using thick passive protection.

Column flange slenderness (ref. b/2t=11.4 and b/2t=13.1)

Difference [%]

9 10 11 12 13 14 15 16 17 18
Cases

_O\I\\I\\\
6]2345678

Beam flange slenderness (ref. b/2t=11.6 and b/2t=11.9)

Difference [%]

123 45 6 7 8

17 18

9 10 11 12 13 14 15 16
Cases

Fig. 9 Differences in the width-to-thickness ratio (slenderness) of the plate elements comparing to the optimized reference cases.
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Table 6 Target reliability index values from standards and recommendations
for 50 years service life

JCSS [37]
Relative cost of Consequences
safety measure Minor Moderate Large
High 1.67 1.98 2.55
Moderate 2.55 3.21 3.46
Low 3.21 3.46 3.83
ISO 2394 [46]
Relative cost of Consequences
safety measure Some Moderate Great
High 1.5 23 3.1
Moderate 23 3.1 3.8
Low 3.1 3.8 43
ECO [28]
Consequences
Low (CC1) Medium (CC2) High (CC3)
33 3.8 43

From the point-of-view of conceptual design stockier sec-
tions combined with less passive protection ensure better per-
formance during fire. Less slender sections also give lower A/V
value, thus the heating of these sections are slower comparing
to sections which have higher A/V section ratio. Due to the
fact that structural fire design is generally new for the struc-
tural designer society in Hungary, the issue of structural fire
design is often assigned to fire safety engineers, who may be
not well educated from the point-of-view of structural engi-
neering, and select the amount of fire protection based only the
section factor (A/V —ratio of perimeter and surface) supposing
that the critical temperature of the element is e.g. 550 °C. It will
be shown later in this section that this method is not reliable
and not safe in some cases and the most economical solution
cannot be achieved only with protection of slender elements
that would be optimal in persistent design situation using thick
passive protection. It is important to consider the fire design
situation during structural design (and not after it) in order to
achieve economical and well performing solutions.

The calculated optimum/target reliability indices are listed
in Table 5. Comparing to the standardized target indices (in
Table 6), it can be seen that the calculated values for cases #1 -
#9 (B = 2.82-3.45) are lower than the suggested values of ECO
[28]. It has to be noted that f = 2.82 reliability index implies
that the structure has almost 1.0 conditional failure probability
in fire. In these cases the fire effect is too severe and the protec-
tion and strengthening of the structure may not be economical.
£ = 2.82 reliability index is a lower bound because the occur-
rence of flashover is quite rare in the investigated case (Fig.
4). Due to the highly nonlinear, uncertain and extreme nature
of the fire effect (especially when this nature is combined with
extreme intensity, e.g. see fire curve #1 and #2 for R45 and R60
demand levels), ensuring of high reliability is too expensive
(relative cost of safety measure is moderate or high), thus, the
resulted reliability indices are low comparing to other cases. It
has to be noted that some conservative assumptions have been
made by the formulation of reliability analysis due to the lack
of knowledge. By reducing this uncertainty and conservative
assumptions, the calculated target reliability indices may be
increased. The optimization procedures have been performed
considering p = 0.4 correlation coefficient (as a more likely
value for the investigated structure) in Eq. (7), however, the
reliability indices are presented for p = 0.9 as well in Table 5,
in order to characterize the effect of low and high correlation.
With the consideration of higher correlation among the frames,
higher reliability indices were calculated (f = 2.84-3.51).
These values better characterize smaller structures with smaller
fire compartment. The difference between the probabilities of
failure varied from 0% to -50%, thus the correlation has a sig-
nificant effect on the reliability of the structure.

As it can be seen by comparing Table 5 and Table 6 and as
it was pointed in [29], the target values of JCSS Probabilistic
Model Code [37] and ISO 2394 standard [46] are more appli-
cable for fire design of industrial steel tapered portal frames.
Further issue is that the ECO [28] does not give different groups
according to the relative cost of safety measures, in this way,
it recommends the same target reliability for persistent, seis-
mic and fire design situation. This method may does not seem

3.6 T T T T T T 3.8 T T T T T T
35 [ i 3.7 :\\ 9
L] - L T 4
34 T 4 36 T
- 3.5 i
L™ .y i T b e
33 . - 3.4F 0 T " LT W 1
Q32 T L T § 1 w33t " - T
\\\\\\ g N R
T . j 3.2r = . 1
Nl . - | 3.1f . ' "
o | ] 3t el |
29F \‘.‘\ - 7 2.9 ~ \. 4
28 ! . , - ] 1 . 28 . | . = | i
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18
(CO,opt + Cl,opt)/CO,ref - CO,ref [%] (CO,opt + Cl,opt)/CO,ref - CO,ref [%]
Fig. 10 Optimal safety levels as a function of additional costs comparing to the configurations in Table 8: a) p = 0.4; b) p = 0.9 correlation coefficient
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proper for providing solutions with consistent reliability which
is one of the bases of safe and economic design.

It is a very important conclusion that the reliability indices
related to optimum solutions are vary in a wide range when
different fire curves and different time demands are considered
during the design. This observation implies that the optimum
safety level depends on the heating rate and the maximum tem-
perature in the compartment. Furthermore, the safety level sig-
nificantly depends on the occurrence of severe fire and flasho-
ver, thus it is dependent on the function of the building and
the amount of active safety measures. This can be concluded
on the basis of the optimization results of further cases as well
(Table 5). For this reason, the safety of two identical frame
structures is different when the function of the buildings is
different. These conclusions predict the fact that comparable
effects, such as ISO standard fire [16], cannot be the basis for
consistent and reliable structural fire design. In order to achieve
consistent reliability level, safe and economical solutions, it is
important to model the fire effect as accurately as possible.

Based on the results of 36 optimized cases, a table with pos-
sible values for target reliability indices was constructed (Table
7), similarly to Table 6. The presented target indices may be
valid for industrial steel portal frame structures with similar
size and with similar function. Because of the consideration
of low and high correlation (smaller structure/compartment)
among the frames, the presented results cover a wide range of
possible cases. Further investigation is necessary in order to
define target indices for different type of structural configura-
tions. Optimized cases with high initial cost components (Table
4, Fig. 10) or demanding fire curve are categorized in high rela-
tive cost of safety measure row, while cases optimized consid-
ering fire curve #3 resulted low additional costs (Fig. 10) are
categorized in the last row. In Fig. 10 the initial costs of the
optimized cases are compared with reference structures (Table
8), optimized in persistent design situation for 0.2 kN/m2 (col-
umn: 185 — 665 x 6 + 205 x 9, beam: 215 — 700 X 6 + 185 x
8) and 0.5 kN/m2 (column: 130 — 855 x 6 + 210 x 8, beam:
230 — 815 x 6 + 190 x 8) equipment load using the developed
algorithm. Solutions with =2.82 were not accounted because
the fire effect and time demand were too severe in these cases.
It can be seen that this table is in better agreement with the rec-
ommendations of JCSS and ISO 2394 than with ECO. Due to
the limited number investigated cases, there is no defined range
in columns related to minor and large consequences, thus fur-
ther investigation is needed later in order to extend and validate
the suggested numbers. It is still not clear what minor, moder-
ate and large consequence implies and what is the method for
selecting the appropriate consequence class. Based on engi-
neering judgement, intermediate values may also be used. The
consideration, that Cﬂ: 30 m€ may be large, Cﬂzz 3 m€ may
be moderate and C,;= 0.3 m€ may be minor consequence, is
clearly related to the judgement of the authors. Considering

solutions based on common design practice (cases #1-#9 in
Table 8, Cs_mi,: C,+ C + C,= 90— 100,000€), the considered

failure costs were Cf ~ 3 -300C

s,init”

Further investigation is
necessary for better understanding the possible components
(and their weights) of failure cost function. The target values
are also influenced by the acceptance ability of the society and
global economy of the country, so in some cases minimum lim-
its may be used in order to ensure the minimum desired safety.

Compering the results of cases #2, #5 and #8 to results of
cases #34, #35 and #36, it can be seen that the application of
more active safety measures can result cheaper structure in
terms of initial cost of steel superstructure and passive fire pro-
tection, however, active safety measures are generally expen-
sive. It can be also concluded that life cycle cost values are
lower with only alarm system, thus in the investigated case the
application of both alarm and extinguish systems may not lead
to economical design. Comparing to the results of cases #2, #5
and #8 to results of cases #31, #32 and #33, it can be concluded
that the initial costs are much higher, nevertheless, they result
the lowest life cycle costs (considering cases where the equip-
ment load is 0.2 kN/m? and where the cost components are the
same). In case of the investigated and similar structural configu-
rations with storage function, optimal solution may be achieved
with less active safety measure (if the presented safety level
meets the allowable minimum safety limit), but with more pas-
sive fire protection and stronger structure. This conclusion is in
good agreement with the results of an earlier study [29].

Table 7 Calculated target reliability indices for tapered portal frames with
storage function (with p = 0.4 and p = 0.9 correlation coefficient)

50 years service life: calculated target reliability indices

Relative cost Fire effect Minor Moderate conse- Large

of safety . conse- conse-
severity quences

measure quences quences

High High 2.8(2.8)* 2832(2832 3.637N*

Moderate Medium 2.8 (2.9)* ¥ 2.9-3.4(3.0-3.5) 3.6 (3.8)*

Low Low 29@3.0)* 3.1-35(3.3-3.6) 3.7(3.8)*

“based on limited number of cases, further investigation is necessary;
T interpolated

In order to investigate the achievable performance using
common practice in structural fire engineering, the passive pro-
tection of the above mentioned reference frames, which have
been optimized considering only constraints related to persis-
tent design situation, is selected based only on the section fac-
tor of the sections and according to the producer’s manual [23],
assuming that the critical temperature is 550C°. The A/V factor
in case of the columns is between 250 and 303 1/m, while in
case of the beams it vary from 280 to 305 1/m. The calculated
reliability indices and life cycle costs can be seen in Table 8.

The calculated reliability indices vary in a wide range
and they rarely achieve the ECO recommended £ target indi-
ces because of several reasons: a) the structural fire design is
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Table 8 Persistent design situation optimized structural configurations in fire design situation

h -h_xt + b
cl c2 w,e ¢

hm - thx tw,b + bb

p

p

AC

# Xt Xt ba he  he e b gg g9 G G G G g
1 185-665x6+205x9  215-700x6+185x8 054 058 061 058 0.6 297 312 557 42 274 918 14
2 185-665x6+205x9  215-700x6+185x8 138 148 157 148 15 289 3.02 557 108 274 997 27
3 185-665x6+205x9  215-700x6+185x8 215 230 247 230 24 284 292 557 169 274 1068 123
4 185-665x6+205x9  215-700x6+185x8  0.54  0.58 061 058 0.6 313 324 557 42 274 899 21
5 185-665x6+205x9  215-700x6+185x8 138 148 157 148 15 301 318 557 108 274 978 43
6 185-665x6+205x9  215-700x6+185x8  2.15 230 247 230 24 289 302 557 169 274 784

7 185-665x6+205x9  215-700x6+185x8 054  0.58  0.61 058 0.6 352 3.67 557 42 274 880 46
8 185-665x6+205x9  215-700x6+185x8 138 148 157 148 15 340 356 557 108 274 949 74
9 185-665x6+205x9  215-700x6+185x8 215 230 247 230 24 316 333 557 169 274 1024 108
10 130-855x6+210x8  230-815x6+190x8  0.68 072 072 067 07 295 310 563 55 274 939 10
11 130-855x6+210x8  230-815x6+190x8 ~ 1.80 190 190 177 1.9 286 297 563 145 274 1045 6.1
12 130-855x6+210x8  230-815x6+190x8 235 2,50 250 230 2.5 283 288 563 189 274 1095 121
13 130-855x6+210x8  230-815x6+190x8  0.68 072 072 067 07 324 341 563 55 274 910 04
14 130-855x6+210x8  230-815x6+190x8 ~ 1.80 190 190 177 1.9 296 311 563 145 274 1028 77
15 130-855x6+210x8  230-815x6+190x8 235  2.50 250 230 2.5 285 295 563 189 274 1091 140
16 130-855x6+210x8  230-815x6+190x8  0.68 072 072 067 07 346 362 563 55 274 900 6.1
17 130-855x6+210x8 ~ 230-815x6+190x8  1.80 190 190 177 19 335 351 563 145 274 994 98
18 130-855x6+210x8  230-815x6+190x8 235 2,50  2.50 230 2.5 3.08 325 563 189 274 1057 1Ll
19 185-665x6+205x9  215-700x6+185x8 - - - - - 282 28 557 00 274 903

20 185-665x6+205x9  215-700x6+185x8 - - - - - 282 287 557 00 274 903 0.
21 185-665x6+205x9  215-700x6+185x8 - - - - - 334 350 557 0.0 274 844 02
2 185-665x6+205x9  215-700x6+185x8 138 148  1.57 148 15 289 3.02 557 108 274 1517 397
23 185-665x6+205x9  215-700x6+185x8 138 148 157 148 15 301 318 557 108 274 1331 275
24 185-665x6+205x9  215-700x6+185x8 138 148 157 148 15 340 3.56 557 108 274 1040 7.8
25 185-665x6+205x9  215-700x6+185x8 138 148 157 148 15 289 3.02 557 108 274 945 104
26 185-665x6+205x9  215-700x6+185x8 138 148 157 148 15 301 318 557 108 274 943

27 185-665x6+205x9  215-700x6+185x8 138 148  1.57 148 15 340 356 557 108 274 940 123
28 185-665x6+205x9  215-700x6+185x8 138 148  1.57 148 15 289 3.02 1114 225 547 1944 93
29 185-665x6+205x9  215-700x6+185x8 138 148 157 148 1.5 301 3.8 1114 225 547 1925 78
30 185-665x6+205x9  215-700x6+185x8 138 148 157 148 1.5 340 3.56 1114 225 547 1896 9.1
31 185-665x6+205x9  215-700x6+185x8 138 148 157 148 15 193 211 557 108 00 1469 760
32 185-665x6+2059  215-700x6+185x8 138 148 157 148 15 210 232 557 108 0.0 1201 460
33 185-665x6+2059  215-700x6+185x8 138 148 157 148 15 261 280 557 108 00  80.1 82
34 185-665x6+12059  215-700x6+185x8 138 148 157 148 15 315 327 557 108 513 1203 79
35 185-665x6+205x9  215-700x6+185x8 138 148 157 148 15 327 342 557 108 513 1194 75
36 185-665x6+205x9  215-700x6+185x8 138 148 157 148 15 364 379 557 108 513 1182 75

The dimensions (h_, b, t. , etc.) are given in mm unit; C;, C,, C, and C, . are given in 1000€ unit. The last column shows the difference in C, ..

The structures have been optimized considering only dead, equipment and meteorological loads, thus the D/C ratio of every configuration is 100% in persistent

design situation.

+ Compared to Table 5; positive value means that cases optimized in persistent design situation resulted higher life cycle cost.

characterized by high degree of uncertainty, the ECO recom-
mended target indices may not refer well to extreme situations;
b) the design of intumescent coating is based and generally the
fire design is often based on ISO standard fire curve which is
not able to represent real fire thus cannot be used as the basis
for consistent, safe and economical structural fire design; the
reliability depends on the quantity and quality of the combus-
tible materials and depends on the function of the building; c)
the reliability of a structural system is generally lower than the

reliability of separated elements (structural reliability is often
calculated for separated elements in the literature, e.g. in [47],
[48] and [49]); d) the structural fire design should be completed
by the structural designer and should be included in the design
process from the beginning of searching possible economic
solutions; e) the persistent design situation and fire design situ-
ation may be contradictory objectives in some cases, the cross
section (see Table 5 and 8; compare e.g. cases #1 - #3 or cases
#10 - #12) which is close to optimum for conventional loads

838 Period. Polytech. Civil Eng.

T. Balogh, L. G. Vigh



is not optimum for fire design; f) the common practice that the
passive protection is selected after the persistent design assum-
ing the critical temperature of the element may be unreliable
(Fig. 11) and unsafe.

The life cycle cost values are higher than the values in Table
5 for optimized cases (Fig. 11); the achievable saving for life
cycle with the presented method varies from -0.1 to +43.2%
comparing to the common design practice. There is no cor-
relation between the difference in probability of failure and
the difference in life cycle cost, thus the common practice is
unreliable in case of severe and less severe effects, as well.
The difference in probability of failure varies between -85 and
+1290%, the highest negative values have been calculated for
fire curve #3. In most of the cases the difference is positive and
significant positive differences can be observed for R45 and
R60 time demands, especially when the fire effect is severe or
extreme (fire curves #1 and #2 , respectively). It shows that the
common practice and the application of ISO standard curve are
unsafe in lot of cases.

Related to the protection of connections, it was observed that
the protection thicknesses at the beam-to-column connections
are much lower in case of the optimized cases than in cases pre-
sented in Table 8, where the thicknesses are selected based on
the thicknesses of connected elements which would be a reason-
able engineering decision if it was a real design situation. Due
to the generally slender structural configuration and due to the
fact that the Young’s modulus decreases at high temperature, the
leading failure mode in fire design situation is loss of stability
of main elements. Furthermore the heating of connection zones
is slower than the heating of connected elements. Thus, the
beam-to-column connections are not fully utilized in fire design
situation and there is no need for thick protection in the connec-
tion zones. However, the heating of the connections is generally
more uncertain and thicker protection does not mean significant
additive cost, for this reason, an engineering practice according
to which the connection is protected as the connected elements
can be considered safe and good in the case of the investigated
structure and structural configuration.

7 Conclusions and optimal design of tapered portal
frames

In this paper, the optimal fire design of steel tapered portal
frames is presented. Covering large number of possible design
cases, within the framework of a parametric study optimal solu-
tions are analysed in terms of structural safety, cost effective-
ness and structural configuration. The developed methodology
and algorithm are comprehensive and complex; its details are
discussed in details in [22]. The connection of structural opti-
mization with complex structural reliability analysis for fire
design is new and cannot be found in the literature. The ability
of developed algorithm combined with the presented method to
find optimal solutions is investigated within a sensitivity analy-
sis, in which the parameters of applied genetic algorithm are set.

From the variation of the presented optimized solutions, it
can be observed that the developed algorithm seeks the solu-
tions in large search space. During an optimization process, the
algorithm analyses large number of possible design alterna-
tives. The finding of global optimum cannot be proven math-
ematically because of the high degree of nonlinearity, the dis-
crete nature of the design problem and the heuristic nature of
GA, nevertheless, this fact has no significant importance from
practical point-of-view and the resulted solutions can be con-
sidered optimal solutions which have been found after analys-
ing thousands of possible design alternatives.

The aim of this study was to derive useful recommendations
and design concepts related to optimal structural safety, design
practice and structural configuration based on the results of a
parametric study. Instead of finding configurations with slightly
lower initial cost, deriving well performing, reliable and also
cost effective solutions has more importance from practical
point-of-view. The presented results and suggestions may be
valid for only industrial steel portal frame structures with sim-
ilar size and with similar function to the investigated frame.
Further investigation is necessary in order to define rules and
target indices for different type of structural configurations.

20071717 T T T T T T T T T T T T T
180

160

C, . [1000 EUR]
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Case No.

Fig. 11 The life cycle costs of optimized (blue) and reference cases (red)
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7.1 Optimal, target safety of tapered frames in fire
design situation
» Possible target reliability indices have been derived for

structural fire design of steel tapered portal frame structures.
The presented values (Table 7) are generally lower than the
target indices in ECO standard and they are better agree-
ment with the suggestions of JCSS and ISO 2394. Further
research is important later in order to extend and validate
the suggested numbers (especially for other functions and
structural configurations) and in order to understand better
the components of failure costs (Cf). The target reliability
indices may be also influenced by the acceptance ability of
the society and global economy of the country, so in some
cases minimum limits may be used in order to ensure the
minimum desired safety.

Further issue is that the ECO does not differentiate groups
according to the relative cost of safety measures, in this
way, it recommends the same target reliability for persistent,
seismic and fire design situation. For example, the structural
fire design is characterized by high degree of uncertainty,
the ECO recommended target indices may not refer well to
extreme situations. This method does not seem to be able to
provide solutions with consistent reliability which is one of
the bases of safe and economic design.

With the consideration of higher correlation among the
frames, higher reliability indices were calculated. These val-
ues better characterize smaller structures or structures with
smaller fire compartment. The difference between the prob-
abilities of failure varied from 0% to -50%, thus this issue
has a significant effect on the reliability of the structure. Fur-
thermore, with reducing the size of the compartment, the
possibility of fire occurrence can be decreased.

7.2 Structural fire design practice of tapered frame
structures
* The optimal design considering conventional and fire effects

may be contradictory objectives thus the consideration of
fire design situation during the seeking optimal solutions in
the design process will change the resulted configurations
and dimensions. Economical solutions cannot be achieved
only with protection slender elements, which are adequate
in persistent design situation, using thick passive protection
layers. This common practice is unreliable and unsafe as
the presented results have proven. The structural fire design
should be done by structural designers and it is important
to consider the fire design situation during structural design
from the conceptual design in order to achieve economical
and well performing solutions.

Through the severity of the fire, the structural reliability
depends on the quality and quantity of combustible mate-
rials, the compartment geometry, the active safety meas-
ures and the function of the building. For this reason, the

application of comparable effects, such as ISO standard fire
[16], cannot be the basis for consistent and reliable struc-
tural fire design. In order to achieve consistent reliability
level, safe and economical solutions, it is important to model
the fire effect as accurately as possible.

7.3 Conceptual design of tapered frame structures

* As it was also pointed in [29], it is not safe and economical
to ensure the fire safety of the investigated frames without
passive fire protection because the steel plates are very heat
conductive and their stiffness and strength are decreased
very quickly in severe fire.

* Due to relatively high initial and maintenance costs, in case
of the investigated and similar structural configurations with
storage function, life cycle optimal solution may be achieved
with less active safety measure, but with more passive fire
protection and stronger structure. Another issue related to
the application of active safety measures that their effect on
the structural reliability should be incorporated in the design
process. For this purpose, there is a method in EC1-1-2 [14]
standard in case of which the design fire load can be modi-
fied with factors based upon e.g. the amount of active safety
measures.

* The less slender, stockier sections (with lower plate width-
to-thickness ratio) are more appropriate in severe fire effect
(especially with high time demand) due to the fact that the
structure is sensitive for stability failure. These sections,
combined with less passive fire protection ensure better
performance and safety in fire. Less slender sections also
give lower A/V value, thus the heating of these sections are
slower comparing to sections which have higher A/V sec-
tion ratio.

* As regards to the connections, it was observed that the
beam-to-column connections are not fully utilized in fire
design situation and there is no need for thick protection
in the connection zones. However, the heating of the con-
nections is generally more uncertain and thicker protection
does not mean significant additive cost, for this reason, an
engineering practice according to which the connection is
protected as the connected elements can be considered safe
and appropriate in the case of the investigated structure and
structural configuration.

 In order to reduce the occurrence of fire and to increase the
structural reliability, it is favourable to reduce the fire com-
partment size.
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