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OPTIMIZATION OF PURLINS CROSS-SECTION EXPOSED TO FIRE

Abstract

In practice, consideration of fire protection for structural elements mainly occurs after the adopted
dimensions of sections. However, this procedure leads to not the most cost-effective solution in
general. To find the optimal solution, it is necessary to apply one of the optimization methods. The
presented optimization of purlins RHS cross-section is performed with nonlinear programming
available in widely used program Excel. The objective function is defined as producing the purlin
at a minimal price, considering the price of steel, work, and fire-resistant paint. Limits are introduced
to ensure the cross-section satisfies the ultimate limit state for permanent and transient load
situations, as well as in case of fire. Besides the ultimate limit states, the limits are defined for
serviceability limit states and for cross-sectional geometry. Optimization analysis for different ISO
834 fire durations is followed by a result comparison. It provides an overview of cross-sectional
parameters that most influence the bearing capacity in case of fire. It is concluded that by increasing
the exposure time to fire, the optimal solution becomes a section with a smaller perimeter, larger
surface area, and a thicker layer of fire-resistant coating.
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OIITUMUM3AIIUJA ITONITPEYHOI ITIPECJEKA POXILAYE
N3J0XKEHE ITIOKAPY

Caxcemax

Pasmarpame 3amTure ox mokapa KOHCTPYKTHBHHX €JIEMEHaTa y TPaKCH YTIIaBHOM JO0JIa3H HAKOH
YCBOjEeHHX OUMEH3Hja mpecjeka. Mehytium o y Behunm ciny4ajeBa HHje HajUCIDIATHBHU]E pjeHICHE.
Ja Om ce mpoHAIIIO ONTHUMANHO pjeliere, MOTPeOHO je TNPHMHjEHHTH HEKy OJ MeToja
ontummsanyje. [Ipukazana je ontummsanuja RHS mompewnor mpecjeka pokmade ymoTpeOom
HeJIMHeapHOT nporpamupama. OyHKIMja 1uska je AeuHICcaHa Tako J1a ce 100uje HajMama 1jeHa
poxmaue, y3umajyhu y o03up nujeny denuka, paga u MpoTHBIIOKapHOT npemasa. OrpaHudema cy
MIOCTaBJbEHA TaKO J]a OCUT'YPajy HCIYHhEHhe HOCHBOCTH IIPH CTAITHUM M ITOBPEMEHHM MPOPadyHCKHM
CHUTyalijama, Kao M IpH JAejcTBY moskapa. [lopen yciioBa HOCHBOCTH, IOCTaBJbEHA Cy OIPaHUYUCHHA
3a TPAaHUYHO CTame YIMOTPEOJBHBOCTH M 32 TEOMETPH]y MOIPEUHOTr Inpecjexa. HakoH M3BpieHnx
npopadyyHa, pe3yJiTaTH 3a pa3iIMyuTo Tpajame ctanmapaHor ISO 834 moxapa cy ymopeheHw.
[opeheme pesynrara onTHMH3alMje HAM [aje YBHUA y KapaKTEpHUCTHKE MpecjeKa Koje HajBHIIe
yTH4Yy Ha TOpacT HeroBe HOCHBOCTH NIpH JAEjCTBY Mokapa. Ha ocHOBy pesynrara aHammse,
3aKJby4eHO je ma moBehaBajyhm BpujeMe HM3JI0)KEHOCTH MOXKapy, ONTHMATHO pjelIeHke I0CTaje
IpecjeKx Koju nMa MamH 00MM, a Behy TOBpIIUHY | 1e0JbH CJI0j IPOTHUBIIOKAPHOT IpeMasa.

Kwyune pujeuu: npomusnoosicapna ananuza, 15O 834, onmumuzayuja, nenuneapHo npospamuparse



1. INTRODUCTION

In structure dimensioning, in most cases, the bearing capacities in permanent, transient, and seismic
situations are considered. Meanwhile, the bearing capacity in a fire situation is given less
importance. It is usually, in the case of steel structures, provided with fire-resisting materials [1]. In
the case that necessary bearing capacity cannot be achieved by the chosen material, a cross-section
with higher performances will be chosen [2, 3, 4].

To get the optimal cross-section, it is necessary to consider the bearing capacity in fire design
situations in the process of dimensioning. To show the possibilities of an optimization algorithm
applied to a structure that is exposed to fire, a brief review of previous studies follows. The study by
Bendetti et al. [S] shows the optimization algorithm for steel I-section columns with and without
fire-resistant coating. An optimization of steel moment frames is presented in a paper by Jarman et
al. [6]. Hopkih et al [7] optimized the cross-section of a steel beam. The increase in constraints that
must be satisfied during design, makes the optimization problem significantly more complex. An
example is shown in a work by Albero et al. [8], who, in the process of finding the optimal solution,
varied the size and shape of openings in hollow prestressed concrete slabs exposed to fire. A paper
by Cauteren et al. [9] analyses the optimization of hybrid concrete-timber trusses. Besides the
bearing capacity and serviceability in permanent and transient situations, bearing capacity in case of
fire was analyzed, as well as their impact on the environment. Thai et al. [10] optimized a cross-
section of composite CLT and concrete slabs, introducing the human-induced vibration check into
the analysis, besides the usual constraints.

Previous studies, such as the work by Bendetti et al. [5] simplify the thermal analysis by disregarding
the variation of material properties with temperature. Some studies present an optimization
algorithm is not available in publicly available software [8, 9].

This paper shows a solution to an optimization problem, solved in Excel — widely used program
from Microsoft, for a purlin of steel haul protected with a fire-resistant coating, which, with minor
adjustments, can be used for other structural elements.

2. DESCRIPTION OF THE STRUCTURE AND ACTING LOADS
NTRODUCTION

The considered hall structure is formed with main bearing frames at an intermediate distance of 5
m. The intermediate distances of purlins, which are bridging this span, are 2.5 m. Purlins static
system is a continuous beam. The middle span will be analyzed. An insulated panel with 80 mm
thickness is adopted as the roof cover. The roof slope is 6°, which classifies this roof as a duo pitch
for wind and snow load analysis. The commonly applied rectangular hollow section (RHS) is
adopted for the purlin (Figure 1).

roof panel

purlin

Figure 1. Analyzed purlin

The purlin is protected from heating with fire-resisting paint, that, when exposed to elevated
temperatures, expands and forms an insulating layer around the structure. Taking into account that
the insulated panels are placed on the top side of the purlin, that side of the cross-section is
considered protected from heating.
The purlins are, besides their self-weight and panel weight, loaded with snow and wind. The
following values are obtained from the load analysis:

e panels weight.........ccococo....... 0.12 kN/m?

e installations.........c.ccccceuevnenen. 0.30 kN/m?

®  STIOW..eeoeeeeeeeeeeeeeeeeeeeeeene 0.80 kN/m?



e  wind (pressure)..................... 0.30 kN/m?
e wind (suction)...................... -0.60 kN/m?
Purlin self-weight is considered with its accurate value during optimization analysis.

3. CONSTRAINS

The conditions that must be fulfilled in optimization analysis are called constraints since they
prevent the objective functions from having smaller or greater value. Depending on the nature of the
constraint, it can be written in the form of an equality or an inequality relation.

Constraints that must be fulfilled in this analysis are the bearing capacity in permanent and transient
situations, the serviceability limit state, the bearing capacity in a fire situation, and additional
geometrical constraints.

3.1. BEARING CAPACITY IN PERMANENT AND TRANSIENT SITUATIONS

Before checking section bearing capacity, it is necessary to perform its classification according to
SRPS EN 1993-1-1 [11]. Depending on the cross-sectional class, calculation can be performed by
plasticity or elasticity theory. The bearing capacity of sections with classes 1 and 2 can be determined
by the plasticity theory, while for sections with classes 3 and 4, the elasticity theory is applied. The
bearing capacity of the cross-section of class 4 is performed with the effective cross-section.

The bearing capacity criterion in case of fire is very restrictive for the cross-sections with class 4.
For that reason, these sections are not considered optimal, and therefore, are excluded from the
study.

3.1.1. BEARING CAPACITY DETERMINATION BY PLASTICITY THEORY

When plasticity theory is used, the bearing capacity check is performed following SRPS EN 1993-
1-1. The shear bearing capacity is checked per section 6.2.6 for both directions in the following way:

B <0 (1
ply.Rd

VEdz
—=<1.0 2
Vpl,z,Rd ( )

where:
Vgq — shear force
Vpi,ra — shear force resistance
The bending capacity check is done according to section 6.2.9:
M M
—EdY  _TEdz <10 ?3)
Mpl,y,Rd Mpl,z,Rd
where:
MEgq — bending moment
M,,; rq — bending moment resistance

In the case that cross-sectional utilization for shearing is greater than 0.50, it is necessary to consider
its interaction with the bending for capacity check (section 6.2.8).

3.1.2. BEARING CAPACITY DETERMINATION BY ELASTICITY THEORY

When the theory of elasticity is used, the shear capacity can be checked according to section 6.2.6.
and expressions:

fyN3

TEd,y < ]J:Mo (4)
fy/V3

TEd,Z < i’]Mo (5)

where:

Tgq — shear stress

fy — yield strength of steel
Ymo — partial safety factor



The bending bearing capacity check, according to the theory of elasticity, is performed per section
6.2.9 and the following expression needs to be satisfied:

f;
Orpa < 2= (©)

where:
0Oy g4 — Normal stress from bending

In the case that shear bearing capacity, calculated by plasticity theory, is greater than 0.50, it is
necessary to consider shear and bending interaction in the bearing capacity check per section 6.2.8.

3.2. SERVICEABILITY LIMIT STATE

A serviceability limit state check is necessary to control deflections in the middle of the purlins span.
Deflection check, for continuous beam, can be performed by expression:

2 2
_ 9zl (qy'kL4> .
f= \](384513,) + 384EI, < fumie 0

where:

qx — load in z-axis direction, calculated for characteristic combination
dyx — load in y-axis direction, calculated for characteristic combination
I, — moment of inertia about y-axis

I, — moment of inertia about z-axis

L — purlins span

E — elasticity modulus of steel

I — moment of inertia

fiimie — limit deflection

The limit deflection for purlins per SRPS EN 1993-1-1/NA [12] is L/200.

3.3. BEARING CAPACITY IN A FIRE SITUATION

A bearing capacity check in a fire situation is performed according to SRPS EN 1993-1-2 [13].
Expression for critical temperature 8, .,- evaluation is given in section 4.2.4.:

1
0.9674143833

Bocr =39.191n ( 1) + 482 (8)

where:

Ko — cross-sectional utilization for characteristic load combination for time t =0

The cross-sectional utilization is calculated according to expressions provided in section 3.1. with
rigorous criteria for cross-sectional classification provided in section 4.2.2.

The temperature of the insulated steel cross section A8, , is calculated according to section 4.2.5.2.
and the expression:

_ ApAp/V (8gt=0a) o, % _
JiYo ——deapa—(HWS) At — (e — 1)Af,, O]

¢ =22d.A,/V (10)

CaPa
where:
Ap/V — cross-sectional factor
¢, — specific heat of steel
¢p — specific heat of insulating material
d,, — thickness of insulating material
At — time interval
04, — gas temperature
AB, ¢ — increase in gas temperature
Ap — thermal conductivity of insulating material
P — density of steel



pp — density of insulating material

Intumescent coating significantly expands in a fire situation and in that way form the insulating layer
around the protected element. The size of expansion mostly depends on the applied thickness of the
intumescent coating. Modeling of intumescent coating with changing volume is complex and, for
that reason, an approach is proposed for using the layer of initial thickness with equivalent thermal
characteristics [14, 15, 16]:

¢, = 1200 ] /kgK (11)
A, = —0.56 X 102 + 11.8d,, + 1.4V /A, (12)
pp = 200 kg/m? (13)

Gas temperature can be evaluated for standard ISO 834 fire per SRPS EN 1991-1-2 [17] and
expression:

04, = 20 + 345log (8t + 1) (14)
where:
t-time
For the bearing capacity to be satisfactory it is necessary to satisfy the following condition:
ga,t < Ha,cr (15)

3.4. GEOMETRICAL CONSTRAINS

In order to exclude the cross-sections of class 4, it is necessary to limit the slenderness of cross-
sectional parts. This is done following the cross-sectional classifications in fire situation. Constraints
for width (b) and height (h) are formulated as a function of sectional thickness (t):

— =38¢ (16)
v < 38¢ 17)
Coefficient € can be calculated from the yield stress (f;) according to section 4.2.2. and expression:

¢ = 0.85,/235/f, (18)

Besides constraints that are introduced for the cross-sectional class, the following constraints that
limit the relative size of width and height are adopted:

h
=<3 (19)

4. OBJECTIVE FUNCTION

The objective function compares possible solutions that are calculated in iterations. Based on that
comparison it is determined if the solution is optimal.
For the objective function, the price of purlins' one-meter length is adopted. The following prices
are used in the calculation:

e steel with a montage: 2.5 €/kg

e intumescence paint: 85 %

e paint application: 2 €/m?
The adopted consumption of intumescence paint is 1.4 [/m? for a 1 mm layer.
Based on those prices and consumption, the objective function is specified as:

85
fnin = 2.5Vpo + (1422 d, +2) 4, (20)

where:
V — purlins volume
Ay, — purlins area



5. OPTIMIZATION METHOD

The chosen method for optimization is a generalized reduced gradient which is implemented in
Excel [18]. Its predecessor is the method of reduced gradient [19], in which constraints can only be
defined in the form of equality. Extension of this method for inequality constraints is achieved
through slack variables, similar to the simplex method in linear programming. The algorithm begins
with the adoption of the initial solution ¥(*) and the termination parameter £(— 0%) that defines the
acceptable error of the result. The next step is to transform all inequality constraints (type g) to
equality (type h) with an introduction of slack variables. Values of y; are calculated for all variables
x;,1 =1,2,3...N, and they represent the relative distance of the current solution from the limits in
which it can be located:

min{x;—x;Lx;V—x;} @1)

in—XiL

Vi =

where:

x;% — lower limit of feasible solutions x;

x;Y — upper limit of feasible solutions x;

Evaluation of variables y; is followed by their sorting in a descending order. Variables x; are chosen
for basic variables if they have a higher y; value. The basic variable quantity is equal to the number
of equality constraints. The rest of x; variables are non-basic and their values are determined from
constraints, i.e., they are equal to the slack variables. The gradients of the objective function are now
determined. Following that the reduced gradient of the objective function Vf (J_c’(t)) is evaluated as:

VF(®) = vf(x®) - vi(x®)t.c (22)
where:
Vfi (J? (f)) — component of objective function gradient that is composed of basic variables
vf (J? (f)) — component of objective function gradient that is composed of non-basic variables
J — component of constraints gradient that is composed of basic variables
C — component of constraints gradient that is composed of non-basic variables

It is checked whether the condition for stopping the calculation is fulfilled, i.e., whether the current
solution is close enough to the optimal one:

IVFEO)| < & (23)

If the previous condition is satisfied, the current solution is considered as final. In case the condition
is not met, the direction in which the solution is sought in the next iteration is determined. It consists
of two components, the first consisting of non-basic variables, and the second of basic ones. The
component with non-basic variables d can be determined in the following way:

0,if x; =x;'m (Vf)i >0
d=:0,if x; =x"u(Vf) <0 (24)
—(Vf)i, otherwise
while we determine the component of basic variables d according to the expression:
d=-J'cd (25)

After that, the parameter a® is determined, for which the objective function in the form f(x¢ +
a®d) reaches a minimum. This parameter dictates how far one goes in the direction of d in which
the solution is sought for the next iteration. The solution for the next iteration is adopted in the form:

xD = xt + ¢Od (26)

The counter indicates that the iteration of the algorithm is increased by one, and the process returns
to the beginning:

t=t+1 (26)

The method's limitation lies in the fact that the gradient of the function equals zero not only at global
minimum, but also at local minimums, making the solution reliant on the initial solution (Figure 2).



To avoid the problem of local minimum, a set of initial solutions is adopted for variable values. The
initial solutions are adopted randomly within predefined domains, ensuring the highest degree of
exploration of the space of possible solutions and the greatest chance of reaching the global
minimum. Depending on the analyzed problem, i.e., the number of local minimum that exist, it is
necessary to adopt a different quantity of initial solutions. A larger number of initial solutions
significantly extends the calculation time, so it is essential to conduct a sensitivity analysis of the
final solution based on the adopted number of initial solutions. This has been done in this study, and
it has been concluded that, for the analyzed optimization problem, it can be confidently assumed
that reaching the global minimum is achievable with one hundred initial solutions.

initial
solution

local
minimum

Figure 2. Local minimum problem

6. RESULT COMPARISON

The calculation is carried out for situations without fire and for standard fire durations of 30, 60, 90,
and 120 minutes. In the determination of optimal solution, values are varied for: width, height, and
thickness of the cross-section, as well as thickness of intumescence paint. The optimization results
are shown in Table 1.

Based on the results it can be concluded that for the greater fire duration, a thicker layer of
intumescence paint, a thicker cross-section, and a smaller cross-sectional factor are necessary. The
thicker cross-section is needed because the thickness limit of intumescence paint, which is cheaper
than steel, is achieved and because the thicker cross-section is heating slower. Because of the
requirement for a thicker cross-section, its width and height are contracted. In this way, the cross-
section has a minimal price and fulfills all constraints for fire situations and permanent and transient
situations.

Table 1. Optimization results

variable t=0 R30 R60 R90 R120
b [mm)] 79.66 79.66 72.55 71.94 57.26
h [mm] 116.24 116.24 118.08 109.99 75.74
t [mm)] 3.30 3.30 3.78 5.38 10.66
dp [mm] 0 0 0.73 1.92 3.00
finin [€/m] 25.29 25.29 29.27 40.22 51.06

7. CONCLUSION

The paper analyses an optimization problem of a purlins cross-section exposed to fire, that is
protected with intumescence paint. Constraints that ensure the bearing capacity and serviceability
checks are verified in permanent and transient situations, as well as in fire cases are imposed. To
formulate the objective function, the price of steel, montage, and intumescence paint are considered.
The generalized reduced gradient is adopted for the optimization method. For the effective use of
the chosen optimization method, it was necessary to assume a set of initial solutions, which produce
different results. The result that corresponds to the minimum value of the objective function is
considered as the global minimum.

The presented optimization analysis performed in Excel, in the considered case, enables the
determination of a cross-section that fulfills all constrains concerning bearing capacity,
serviceability, and geometry and has a minimal cost. Besides that, it provides insight into the



behavior of the elements in fire situations, and on a specific example shows the effect of cross-
sectional factors on the fire resistance.

Although the paper only analyses an example of a purlin cross-section exposed to fire, the same
optimization analysis can successfully solve other complex problems with several constraints. The
ongoing study extends the algorithm to the optimization of other structural elements.

LITERATURE

(1

(2]

[3]

(4]

(3]

(6

(7

(8]

9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

S. Madsen, N. P. Lange, L. Giuliani, G. Jomaas, B. S. Lazarov and O. Sigmund, “Topology
optimization for simplified structural fire safety”, Engineering Structures, 2016, doi:
10.1016/j.engstruct.2016.06.018

A. Piquer and D. Hernandez-Figueirido, “Protected steel columns vs partially encased columns:
Fire resistance and economic considerations”, Journal of Constructional Steel Research, 2016,
doi: 10.1016/j.jesr.2016.05.011

M. Chaboki, M. Hashmati and A. A. Aghakouchak, “Investigating the behavior of steel framed-
tube and moment-resisting frame systems exposed to fire”, Structures, 2021, doi:
10.1016/j.istruc.2021.05.053

W. Kumar, U. K. Sharma and M. Shome, “Mechanical properties of conventional structural
steel and fire-resistant steel at elevated temperatures”, Journal of Constructional Steel
Research, 2021, doi: 10.1016/j.jesr.2021.106615

A. Benedetti: “Approximate optimal design of fire-resisting beams and columns”, Journal of
Constructional Steel Research, 2003, doi: 10.1016/S0143-974X(03)00052-X

K. Jarmai and J. P. C. Rodrigues, “Optimal steel frame design for fire resistance”, III European
Conference on Computational mechanics, 2006, doi: 10.1007/1-4020-5370-3_782

D. Hopkin, I. Fuand R. V. Coile, “Adequate fire safety for structural steel elements based upon
life-time cost optimization”, Fire Safety Journal, 2020, doi: 10.1016/j.firesaf.2020.103095

V. Albero, H. Saura, A. Hospitaler, J. M. Montalva and M. L. Romero, “Optimal design of
prestressed concrete hollow core slabs taking into account its fire resistance”, Advances in
Engineering Software, 2018, doi: 10.1016/j.advengsoft.2018.05.001

D. V. Cauteren, D. Ramon, J. Stroeckx, K. Allacker and M. Schevenels, “Design optimization
of hybrid steel/timber structures for minimal environmental impact and financial cost: A case
study”, Energy and Buildings, 2022, doi: 10.1016/j.enbuild.2021.111600

M. V. Thai, P. Galimard, S. M. Elachachi and S. Menard, “Multi-objective optimization od
cross laminated timber-concrete composite floot using NSGA-II”, Journal of Building
Engineering, 2022, doi: 10.1016/j.jobe.2022.104285

SRPS EN 1993-1-1 Evrokod 3 — Projektovanje ¢eli¢nih konstrukcija — Deo 1-1: opsta pravila i
pravila za zgrade, Institut za standardizaciju Srbije, 2012.

SRPS EN 1993-1-1/NA Evrokod 3 — Projektovanje Celicnih kontrukcija — Deo 1-1: Opsta
pravila i pravila za zgrade — Nacionalni prilog, Institut za standardizaciju Srbije, 2013.

SRPS EN 1993-1-2 Eurocode 1 — Design of steel structures — Part 1-2: General rules —
Structural fire design, Institute for standardization of Serbia, 2012.

D. De Silva, A. Bilotta and E. Nigro, “Approach for modelling thermal properties of
intumescent coating applied on steel members®, Fire Safety Journal, 2020, doi:
10.1016/j.firesaf.2020.103200

L. Calabrese, F. Bozzoli, G. Bochicchio, B. Tessadri, S. Rainieri and G. Pagliarini, “Thermal
characterization of intumescent fire retardant paints”, Journal of Physics Conference Series,
2014, doi: 10.1088/1742-6596/547/1/012005

J. Kolsek and P. Casarek, “Performance-based fire modeling of intumescent painted steel
structures and comparison to EC3”, Journal of Constructional Steel Research, 2015, doi:
10.1016/1.jesr.2014.10.008

SRPS EN 1991-1-2 Eurocode 1 — Action on structures — Part 1-2: General actions — Action on
structures exposed to fire, Institute for standardization of Serbia, 2012.

J. L. D. Faco, “A Generalized Reduced Gradient Algorithm for Solving Large-Scale Discrete-
Time Nonlinear Optimal Control Problems”, Nonlinear Programming and Optimization, 1989,
doi: 10.1016/B978-0-08-037869-5.50011-X

L. S. Lasdon, R. L. Fox and M. W. Rather, ,,Nonlinear optimization using generalized reduced
gradient method, R. A. 1. R. O., 1974, doi: 10.1051/r0/197408V300731






