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In the course of fire steel parameters are subjected to degradation due to
high temperature action, it leads to load-carrying capacity decrement of
distinct structural elements.

Such a situation may lead to failure or structural collapse.

In the case of fire life protection is an absolutely primary concern.

In structural design it is necessary to assure a relevant fire protection class
in order to assure an appropriately long escape time for humans.

The next vital issue is assuring a post-fire ability of a structure to function,
introducing a maximum limitation of necessary repair works.
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Steel structures subjected to fire are bound to rapidly collapse.
A catastrophic case concerns the steel hall in Luban, Polish Upper Silesia

In July 2012 the hall was demolished in only 17 minutes

View of a portal frame column subjected to fire [51]
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Fire events of the Lazienkowski Bridge in Warsaw, February 2015
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A displaced bearing on the edge support of Lazienkowski Bridge
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Fire at the Gdansk Shipyard Hall, November 1994
(Fakt24.pl, 2015-11-24) the author: Alina Zakowska

On 24" of November, 1994 in the Gdansk Shipyard Hall an event was
planned. The first act to play was Golden Life, the rock band from Gdansk,

next, a live transmossion from Berlin MTV Music Awards was about to
come. An hour after the Golden Life show a fire burst in.

Seven people were killed, an approx. number of 300 injured.

a
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When the fire burst in the audience sector the spectators ran towards the exit
in panic.

The terrified crowd of approx. 800 persons was blocked in the main exit, due
to its partial clearance only because of the steel bar grid, constraining the
passage.

The most devastating factor was a sudden fire blast, which exploded when the
firefighters opened the windows.

[}]

J. Gorski, M. Skowronek e Gdansk University of Technology e Reliability Based Optimization e Fire — Truss Structure



. Gorski, M. Skowronek e Gdansk University of Technology e Reliability Based Optimization e Fire — Truss Structure

-



Conclusion. In steel structure design it is necessary to provide an appropriate
fire resistance class, assuring a sufficient structural load-carrying capacity in
order to evacuate the people safely and extinguish the fire before the event of
structural damage threatening human life

op
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The joint action of two fields: fire analysis and reliability assessment

The most challenging issue here is working a relevant probabilistic model
valid in fire conditions

Uncertainty origin (three sources):

e fire description — room geometry, the amount and layout of flammable
materials, the temperature of exhaust gases

o thermal response of a structure (material properties, boundary conditions,
structural temperature)

e mechanical response of a structure

Assuming a proper reliability index is a key issue here.
The majority of steel structures is assumed g = 3,8, while a 50-year structural
operation is taken into account.

While fire conditions are addressed the proposed reliability indices take the
range 2,5-3,5.
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Assumptions linked with heat issues:

analysis of a developed fire phase, showcasing fire gas temperature in an
entire room;

fire effects reflected by the so-called standard curve

fire gases acting on every wall of a section;

uniform temperature distribution in a section;

regarding thermal and mechanical paramter variation of the material (steel)
due to fire,

thermal parameter variation of insulating materials neglected .

Assumptions linked with mechanical issues:

geometric linearity;

structures prevented from stability loss;

the stress-strain curve in fire conditions sepcified by Eurocode [147];
rheological impact is neglected
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The assumption in reliability analysis:

¢ the temperature of steel elements and exhaust gases is considered
deterministic

¢ the only random basic variables are cross-sectional characteristics,
mechanical parameters of a material and load effects to actions,

¢ uncorrelated, Gaussian random variables are regarded only

Each civil engineering structure (or element) is assigned the time of its proper
function (service) while exposed to fire, not losing its functional features.

This feature is a fire resistance, classified by three following criteria [15]:

¢ |oad-carrying capacity R - resistance of a load-carrying element to
actions;

¢ insulation capability | — the ability of a separating element subjected to
one-side fire to limit the temperature growth on the adjacent surfaces

e tightness E — the ability of a separating element subjected to one-side fire
to limit the crack creation and spreading hot gases into adjacent rooms
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Specific heat — the heat amount required for a unit temperature rise of the unit
mass of a given body
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Rys. 2.1. Zmiana ciepla wlasciwego wraz ze wzrostem temperatury

Fig. 2.1. Variation of specific heat due to temperature rise specific heat
temperature of steel elements
The Eurocode curve is distinct, with regard to other curves, by means of a
high specific heat peak in temperatures close to 735°C, due to alotropic
transformation of iron.
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Heat conductivity — a material ability to conduct heat — identical conditions
make a higher heat flow in a material of a higher heat conductivity
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Rys. 2.2. Zmiana wspolczynnika przewodnictwa cieplnego wraz ze wzrostem temperatury

Fig. 2.2. Variation of heat conductivity due to temperature rise heat

conductivity temperature of steel elements
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Yield stress — the stress limiting value transforming material into a plastic phase
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Rys. 2.3. Zmiana granicy plastycznosci wraz ze wzrostem temperarury

Fig. 2.3. Variation of yield stress due to temperature rise yield stress temperature of
steel elements
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Tab. 2.5. Reduction coefficients of yield stress and elasticity modulus
Reduction coefficients in temperature 6, with respectto f, orYin 20 c°
Reduction coefficient of effective yield stress (with regard to f,)
Reduction coefficient of linear elasticity modulus (with regard to Y)

Tabela 2.5. Wspdlczynniki redukcyjne granicy plastyeznosci i modulu sprezystosci [147]

Wspolezynniki redukeyjne przy temperaturze 8,
w stosunku do wartosci f, lub ¥'w temperaturze 20°C
Tempell'::mra Wspdlezynnik redukeyjny efektywnej ‘Wspélczynnik redukeyjny modulu
stali 8, granicy plastycznosci sprezystosci liniowej
(w stosunku do f." ) (w stosunku do F)
kya, =Tfyas, | Iy keg, =Yg, /¥
20°C 1.000 1.000
100°C 1.000 1.000
200°C 1.000 0.900
300°C 1.000 0.800
400°C 1.000 0.700
500°C 0.780 0.600
600°C 0.470 0310
700°C 0.230 0.130
800°C 0.110 0.090
900°C 0.060 0.0675
1000°C 0.040 0.0450
1100°C 0.020 0.0225
1200°C 0.000 0.0000
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Variation of elasticity modulus caused by temperature rise
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Rys. 2.4. Zmiana modulu sprezystosci wraz Ze wZrostem temperatury

Fig. 2.4. Variation of elasticity modulus due to temperature rise elasticity
modulus temperature of steel elements
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Coefficient of thermal expansion
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Rys. 2.5. Zmiana wspolczynnika rozszerzalnosci termicznej wraz ze wzrostem temperatury

Fig. 2.5. Variation of the coefficient of thermal expansion due to temperature
increment temperature of steel elements coefficient of thermal expansion

temperature of steel elements
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The stress-strain relation of steel at elevated temperatures
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Rys. 2.6. Zaleznosc naprezenie-odksztalcenie dla stali weglowej w podwyZszonych tempera-
turach [147]

Fig. 2.6. The stress-strain relation of carbon steel
in elevated temperature range
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The diagrams with regard to S235 steel at various temperatures

a) 250

ﬁ.‘:

=

g e 500 stopm Celsjusza

B s 4()0) stopmi Celsjusza

- . .

§' s 300 stopmi Celsjusza

rd s 2()0) stopni Celsjusza
s 100 stopma Celsjusza

0 ¥ : - - : ] :
0 0.005 0.01 0.015 0.02 0.025 0.03

Odksztalcenie
Fig. 2.9. Distinction of fire protection means
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Srodki ochrony
przeciwpozarowej
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Rys. 2.9. Podzial srodkow ochrony pozarowej

the means of fire protection active - sensors and alarms — sprinklers - fire-
retarding systems - smoke and heat discharging systems passive active-type,
e.g. expanding coatings passive-type, e.g. spray-on layers, plate tiles
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The methods of fire analysis
five phases may be distinguished in the fire course
HE“
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Rys. 2.10. Fazy poZaru

Fig. 2.10 Fire phases ignition flashover growth developed fire decay (cooling)

Structural design in an extraordinary case, based on thermal reaction analysis
upon a standard fire

N

J. Gorski, M. Skowronek e Gdansk University of Technology e Reliability Based Optimization e Fire — Truss Structure



The rise of fir gas temperature 6, makes the temperature of steel element 6,

rise, its resistance N decreases.
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Rys. 2.11. Metody analizy poZarowej [73]

The fire-oriented design specifies one out of the following two conditions
fulfilled in a specified tjireq time:

6., =2 6, —check in temperature domain,
6, > 6, — check in resistance domain.
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Fire diagrams (curves)
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Rys. 2.12. Nominalne krzywe poZarowe temperatura-czas

Fig. 2.12. Nominal temperature-time fire diagrams

standard curve, hydrocarbon curve, external fire curve,
the curve of ,,slow heating”
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Design (dimensioning) of truss structural elements due to fire conditions.

Elements at tension

Design resistance of an element at tension, of a uniform temperature is stated
by the formula

N ¢ 4.rd :ky,eaNRd[VM,o/7M,ﬁ] (2.55)
where

N, — design cross-sectional resistance, equal N, ., in standard temperature,
K, ¢, - reduction factor for yield stress in an element temperature & produced
by fire t,,, according to table 2.5

Yw o~ Partial factor applied in the cross-sectional resistance check

7w 5 - Partial factor concerning material parameters in fire situation

The factors y,, , and y,,  are equal to 1.0.

N
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Elements at compression

The elements at compression of 1, 2 or 3 cross-sectional classes and uniform
element temperature 8, show the design buckling resistance in fire duration

t. stated by the formula
Nfiors = )(fiAky,ea fy /7M,fi (2.56)

7w s - Partial factor concerning material parameters in fire situation
K, ¢, - reduction factor for yield stress in an element temperature produced by

fire, according to table 2.5
A - cross-sectional area
f, - yield stress

7w.r - flexural buckling factor in a design fire situation, according to the
formula

1
Xi = (2.57)

Py, \/("92a - Zaj

N
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while

- relative slenderness in a basic design situation

- reduction factor for yield stress and linear elasticity modulus, respectively,
for steel in a temperature equal according to the Tab. 2.5.

przy czym
1 _— —2
P, =T|:1+C(A3ﬂ +Ag } (2.58)
oraz
a=0.65 (2.59)
Smuklosé wzgledna Ay w temperaturze 6, jest okreslona wzorem:
- ’ 0.5 )
Ag, = 2| kye, /Ky, | (2.60)
gdzie:
A — smuklosc wzgledna w podstawowej sytuacji projektowej.

lq.__ﬁn . kyﬁa — odpowiednio wspotczynnik redukcyjny granicy plastycznosci i mo-

dulu sprezystosci liniowej stali w temperaturze &,. okreslone
zgodnie 7 tabela 2.5.

N
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FIRE-ORIENTED STRUCTURAL DESIGN REGARDING
PROBABILISTIC METHODS

Failure probability is a measure of structural safety (pr).

It is inconvenient to deal with failure probability directly, so reliability index
Is often incorporated instead ().

The transformation between two measures is made possible by the use of
standard Gauusian CDF, the so-called Laplace function (®):

p=-07"(p,) (2.61)
p; =—@(=p) (2.62)

Tabela 2.12. Minimalne wskazniki niezawodnosci

Minimalne wartosci §

Klasy niezawodnosci

Okres odniesienia 1 rok

Okres odniesienia 50 lat

RC3 5.2 4.3
RC2 4.7 38
RC1 4.2 3.3

Tab. 2.12 Minimum reliability indices
reliability classes minimum beta values
reference period — 1 year reference period — 50 years
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Tabela 3.1. Zaleznosc miedzy prawdopodobienstwem awarii a wskaZnikiem niezawodnosci

Pr

107!

107

107

107

107

107

107

y::

1.28

2.32

3.09

3,72

4.27

4.75

5.20

Tab. 3.1. Relation between failure probability and reliability index

Failure probability of a structue in fire conditions is defined as follows

p, =P(E>N) (2.63)
where E - load effect,

N — resistance (load-carrying capacity)

p, =P(E>N) (2.63)

In the case of fire the probability expressed by (2.63) is usually considered
conditional probability, the condition here is a fire event.
Thus (2.63) may be presented in a form:

p; = P(failure/ fire) = P( fire ~ failure) / P( fire) (2.64)
The probability P(fire) is expressed by
P( fire) — pignition pixtinguishing — pignition( cf)ccupants ?prinklers ffire_brigade) (265)

oY
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The real probabilities should be estimated experimentally, but for the sake of
this work they were assessed:

pcf)ccupants =0.40 and p?prinklers — 002’ pffire_brigade =0.10.
The ignition probability is usually referred to a specified time period,
regarding a single year it may be stated p/""" =10.10"°

1 year
Considering the fire-covered area equal Ar = 40 m?, ignition probability
referred to the 50-year period equals

Pegyear =10-107°-50-40=0.02 (2.66)
This assumption leads to P(fire), according to (2.65) equal:

in the presence of sprinkle installation,

P(fire)=0.02-0.4-0.02-0.1=1.6-10" (2.67)
in the absence of sprinkle installation

P(fire)=0.02-0.4-1.0-0.1=8-10"* (2.68)

N
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Assuming the probability P( fire n failure) equal its maximum allowable
value, i.e.

P(fire n failure)=p, , =7.23-10" (2.69)

here the value of 7.23-10™ corresponds to the reliability index equal 3.8 in a
basic design situation, according to (2.64) conditional probability pr may be
computed as follows:

« the presence of sprinkle installation P( fire )=1.6-10"

7.23:10°°
pf,Ult 1_6 .10—5 ( )
« the absence of sprinkle installation P( fire )=1.6-10"°
7.23:10°°
=227 0.0904 2.71
pf,Ult 8-10_4 ( )

The fire probability, according to (2.67) is so remote that the computational
overall structural safety condition always holds.
Thus further on the second variant is regarded only.

w
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Given py, considered a conditional failure probability, the required reliability
index in fire conditions may be computed as follows:

. ) L[ P(fire n failure)
fire ——d 1 ——d 1 ~1.34 2.72
ﬂreq (pf) [ P( ﬁre) j ( )

In the further part this value will serve as the reference, the lowest required
for the structure.

w
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System analysis

Decisive (critical) elements are components of the load-carrying system,
losing their ability to carry loads due to external loading increment,
subsequently, turning the structural system into a mechanism (kinematically
variable system, kinematic chain).

System analysis groups the decisive elements into minimum critical sets (in
Polish - MKZ2), yielding the system effective upon the condition of one
element of the set effective only.

These sets are associated with the kinematically allowable failure
mechanisms (in Polish - KDMZ), allowing to define reliability structure of a
load-carrying structural system. The basic reliability structures will be
presented in detail further on.

The definition of KDMZs is the most challenging part of system reliability
analysis, to be possibly solved by a couple of methods, e.g. the method of
»elastic solutions”, the method of moment equalization and by linear
programming methods.

w
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The task is completed here by means of spectral analysis of a linear stiffness
matrix.

In order to complete the task a linear eigenvalue problem is solved:
(K —4l)g=0

where

KL - linear stiffness matrix,

g — deflection vector,
A — eigenvalues of a linear stiffness matrix.

Eigenvalues 4 of a linear stiffness matrix denote energetic states of a
structural model, the eigenvectors represent the form of principal strains.

While the eigenvalues are positive, the structure is geometrically stable.

The presence of zero eigenvalues is equivalent to turning a structure into a
mechanism.

Identification of possible mechanisms is performed by means of a FEM-based
software in Mathematica environment.

w
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Series structural systems

N B H I A S i SIS U e <
R, R, R, Rq
P
2 6 10 14
1 5 7 |9 1 13 717
4 B 12 16
A 1TMKZ JAN
(F1)

Reliability of a static model following the series pattern is assessed by the
formula:

R :ﬁRi =RR,..R
i=1

here n is a number of decisive elements of the considered system, the work
specifies n a number of elements in the truss

w

J. Gorski, M. Skowronek e Gdansk University of Technology e Reliability Based Optimization e Fire — Truss Structure



i R1=0 95
e R1=(,98
Rs=0.99

1.1

0.9

w

szeregowego [-]

0.8
0.7

Niezawodnose systemu

0.6

0.5
0 2 4 ] 8 10

Liczba elementow n [-]

Rys. 3.11. Zaleznos¢ wskaZnika niezawodnosci systemu szeregowego od liczby elementow

Fig. 3.11. Relation of a series system reliability vs the number of elements
the number of elements reliability of a series system

Fig. 3.11 plainly shows a recognized effect of statistical structural weakening
of a series structural system, showing a rapid reliability decrement with the
rise of a number of elements.

w
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Parallel structural systems

A parallel model is appropriate for selected statically indeterminate structures.

P R

P |2 I N P R
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Z 2 VAN e - & -2 K
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1 MKZ  (1=2) 1 MKZ  (I-3) 1 MKZ  (1=10)

Rys. 3.13. Przyklady schematow konstrukcji o rownoleghym modelu niezawodnosciowym [10]

Fig. 3.13 Structural examples of a parallel reliability model
Reliability of a parallel system may bye computed by a formula:

R=1-][(1-R)

In general, increment of elements in a parallel connection rises overall
system reliability. However, a large number of connected elements, common
in civil engineering, makes the strengthening effect slow down.

w
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Rys. 3.14. Zaleznos¢ wskaZnika niezawodnosci systemu rownoleglego od liczby elementow
w funkcji niezawodnosci pojedynczego elementu
Fig. 3.14 Reliability index of a parallel system related to the number of
elements in the function of a single element reliability

Structural design makes it essential to note that series element connections
(statically determinate structures) show a substantial reliability decrease,
while parallel connections (statically indeterminate structures) bring about a
slight reliability rise only.

w
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The majority of statically indeterminate structures corresponds to a mixed
system model.

Parallel-series and series-parallel are two basic mixed system patterns.
However, the real mixed systems are usually more complex.

The further work assumes separation of minimum critical sets (MKZs)

Rys. 3.15. Rozseparowanie minimalnych krytyeznych zhioréw konstrukcji o mieszanym
modelu niezawodnosciowym z elementami wspélnymi [10]

Fig. 3.15 Separation of minimum critical structural sets (MKZ) of a mixed
reliability model, including common elements

w
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A plane truss analysed
by means of standard curve and ,,exponential” curve

Standard curve and ,,exponential” curve:
&, =345logyo(8t; +1) +20

8, =20- 0451

where
6, - temperature of fire gases,

t. - fire duration, minutes

1600 -+ st kerzywa standardowa

1400 + i krzywa "wykladnicza”
1200 + /

1000
800 + >
600 + 902.3°C
400 +
200 +

0

°oC

Temperatura gazow
spalinowych €

=] Usl =] U sl = wy (=] wy (=] wy =] wy (=]
— — (o] (o' ] (2] (as] - =t u Usl =]
Czas trwania pozaru /5. min

Rys. 4.2. Kizywa standardowa i krzywa "wykladnicza”
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Rys. 4.1. Schemat statyczny [ obcigzenie analizowanej kratownicy

Fig. 4.1. Static model and loading of the analysed truss

Tabela 4.1. Profile, efekty oddziahwarn i nosnosci poszczegolnych elementow kratownicy

Element 1 2 3 4 5 6 7 8 9
Profil I80 1100 RO 44 5x5 RO 20x23
Efekt oddzialywan, kN 0 -8 -12 10
Nosnosé¢ w chwili r= 0, kN 5 14.64 2592 35.2

Tab. 4.1. Profiles, load effects and resistances of distinct truss members

Element, profile, load effect, kN, resistance at the instant t=0
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The presented example conducts temperature analysis of insulated and
uninsulated members.
The fireproof coating was a spray-on layer of 1.5 cm thick mineral fibre
whose parameters are: density, specific heat, heat conductivity.
The analytical results are presented in Figs. 4.4 — 4.7.
The dotted line marks fire curves, the solid line denoted temperature of steel
members.
a)
mpfe Temperatura elementu wedlug krzywe) standardowe;

1000 =i Temperatura elementu wedlug krzyvwey "wykladmcze)”
900 e’
800 . 896

. 877 . 783

700 856 -

O
oo
[=J =]

Temperatura elementow
stalowych @, °C

Czas trwania pozaru tg. min

J. Gorski, M. Skowronek e Gdansk University of Technology e Reliability Based Optimization e Fire — Truss Structure



b)
e Temperatura elementu wedhug krzyweg standardowe;

1000 === Temperatura elementu wedlug krzywe) "wykladnicze;”
900 +
5 800 +
55 700 662
5 <F 600 +
T o
=3 _tr.; 500 +
2=
= £ 400 1
£ 300 312
& 200 :
100 +

0 5 10 15 20 25 30 35 40 45 50
Czas trwania pozaru r}f nuin

Rys. 4.4. Temperatura nieizolowanych (a) i izolowanych (b) elementéw pasa dolnego (ele-
menty 1, 2) przy zastosowaniu réznych krzywych pozarowych

Fig. 4.4. Temperature of insulated (a) and uninsulated (b) lower chord
members (no. 1 and 2) applying various fire curves

element temperature according to standard curve / ,,exponential” curve
temperature of steel elementsfire duration

The presented example proves that fire curve characteristic is decisive to the
thermal structural response
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Tabela 4.4. Spadek modulu sprezystosci i granicy plastycznosci w czasie rozwoju pozaru

Standardowa krzywa Weglowodorowa krzywa Krzywa pozaru
Czas pozarowa pozarawa Zewnetrznego
trwania
pozaru Modul Granica Modul Granica Modul Granica
t, min | sprezystoici | plastycznosci | sprezystodci | plastycznosei | sprezystosci | plastycznosci
¥, GPa fi» MPa ¥.GPa fi» MPa ¥, GPa fi- MPa
0 210 235 210 235 210 235
3 210 235 210 235 210 235
10 210 235 200 235 210 235
15 210 235 188 235 202 235
20 207 235 177 235 195 235
25 199 235 166 235 189 235
30 191 235 157 235 183 235
35 183 235 148 235 177 235
40 176 235 140 218 172 235
45 169 235 133 200 167 235
30 162 235 125 182 163 235
35 155 235 101 160 158 235
60 149 235 89 140 154 235

Tab. 4.4. The decrement of elasticity modulus and yield stress

in the fire course
fire duration, standard fire curve, hydrocarbon fire curve, the curve of external fire,
elasticity modulus, yield stress
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THE IMPACT OF THERMAL INSULATION TYPE AND
THICKNESS ON MECHANICAL RESPONSE OF A STRUCTURE IN

FI

RE CONDITIONS
sciskanie

rozcigganic

12kN

2 1m

Rys. 4.11. Schemat statyczny analizowanej kratownicy

Fig. 4.11 Static model of the analysed truss
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Tabela 4.5. Przelrvoje elementéw kratownicy i efekty oddziahwar

Profil Efekt oddzialywan

N1=N5=0kl‘v]

Pas dolny 1100 N,=N;=N,=N:=5333 kN

sz Ns = Nll = N'_z = —3?.69 kN

Pas gérny IPE 140 NN P
Ny=Nyp=-36 kN
N1-1: N1.5: N'_g: 12 kKN
Skratowanie RK50x50x35 Nys=Np;=0kN

N20= N:5= 45,?? kN
N:l = N]-‘-: 21,30 kKN
N2:= N:3= {},90 kN

Tab. 4.5. Cross-sections of truss elements and load effects

Profile load effect lower chord upper chord diagonals and verticals
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Fire analysis of a truss was conducted using four different insulation types.
The first analytical phase assumed the insulation thickness equal 2 cm.

The following insulation types were considered:

o fireproof vermiculite mortar

o fireproof vermiculite-gypsum mortat of higher density

e contour insulation made of cement-vermiculite plate,

e box-shaped insulation made of cement-vermiculite plate
According to formulas (2.52) and (2.53) temperature rise in steel elements is
affected by the exposure indicator, among other means.
In the case of spray-on and contour insulations this indicator is equal to the
perimeter / cross-sectional area ratio.
In the box-shaped insulation case it equals:
A, _2(b+h)
Vv A
where:
b - cross-sectional width
h - depth
A - area

(4.3)
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i Temperata gaziw potmowych
==pie= Elemient nicizolowany

s Wermikculit

i Wermikulit z gipsem

=t Plyta ol ze (izalacja k il
1000 + s Plyta wernubulitows z cementem (1zolacia skrzynkowa)

240

L 674
#. 638
. 603
361

Temperatura elementéw stalowych 6, °C

o 3 10 13 20 23 30 33 40 43 50 535 60
Caras trwamia podar f, mm

Rys. 4.12. Temperatura stalowych elementow pasa delnego (1 100) pry zastosowanin roi-
nego typu izolacji o grubogei 2 em

Fig. 4.12. Temperature of lower chord steel members (1100) applying various
2 cm thick insulation types
temperature of fire gases, uninsulated elements, vermiculite, vermiculite and gypsum,

vermiculite plate with cement (contour insulation), vermiculite plate with cement (box-
shaped insulation) temperature of steel elements, fire duration

IS

J. Gorski, M. Skowronek e Gdansk University of Technology e Reliability Based Optimization e Fire — Truss Structure



i Temperatura gazdw pozarowych
ey Element nieizolowany

s Wermikulit

e Wermmkulit z gipsem

=y Plyta wermilulitowa z cementem (izolacja konturowa)

1000 4 = Plyta wermikulitowa z cementem (izolacja skrzynkowa)
1 939

667
622
595
353

Temperatura elementow stalowych 6, °C

0 5 10 15 20 25 30 35 40 45 50 55 60

Czas trwania pozaru rﬁ min

Rys. 4.13. Temperatura stalowych elementéw pasa gornego (IFE 140) przy zastosowaniu
réznego npu izolacji o grubosci 2 cin

Fig. 4.13. Temperature of upper chord steel members (IPE 140) applying
various 2 cm thick insulation types
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i Wermialkulit
it Wermikulit z gipsem
240 sy Phyta wermilulitowa z cementem (1zolacja konturowa)
220 —[ Plyta wermikulitowa z cementem (1zolacja skrzynkowa)
200 +
180
160 +
140 +
120
100 +
80 +
60 +
40 +

Modul sprezystosci ¥, GPa

0 5 10 15 20 25 30 35 40 45 50 55 60

Czas trwania pozaru r:ﬁ mn

Rys. 4.15. Zmiana modulu sprezystosci elementéw pasa dolnego (I 100) wraz z rozwojem
pozaru przy zastosowaniu roznego fypu izolacji o grubosci 2 cm

Fig. 4.15 Elasticity modulus variation of lower chord elements (1100) due to
fire development applying various 2 cm thick insulation types

modulus of elasticity, fire duration
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240
220

180
160

Modul sprezystosci ¥, GPa

200 H

140 -
120 A
100
80 A
60
40
20 A

s Wermikulit
e Wermikulit z gipsem
s Plvita wermukulitowa z cementem (1zolacja konturowa)

Plyta wermilulitowa z cementem (1zolacja skrzynkowa)

0 5 10 15 20 25 30 35 40 45 50 55 60

Czas trwania pozaru I min

Rys. 4.16. Zmiana modulu spreZystosci elementéw pasa gornego (IPE 140) wraz = rozwo-
Jem poZaru przy zastosowaniu roznego typu izolacji o grubosci 2 cm

Fig. 4.16 Elasticity modulus variation of upper chord elements (IPE 140) due
to fire development applying various 2 cm thick insulation types

modulus of elasticity, fire duration
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miepe Wermilkoulit

e Wermikulit z gipsem

s Dhyta wermikulitowa z cementem (izolacja konturowa)
Plyta wermkulitowa z cementem (1zolacja skrzynkowa)

260 <+ o

1 163
{38 1 127
100 + 104

1 81
60

Granica plastycznosci f,, MPa
o
=

0 5 10 13 20 25 30 35 40 45 50 55 60
Czas trwania pozaru a:ﬁ- min
Rys. 4.18. Zmiana granicy plastycznosci elementow pasa dolnego (I 100) wraz z rozwajem

pozZaru przy zastosowaniu roznego nypu izoelacji o grubosci 2 cm

Fig. 4.18 Yield stress variation of lower chord elements (1100) due to fire
development applying various 2 cm thick insulation types

yield stress, fire duration
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Granica plastycznosci
f.MPa

Rys. 4.19. Zmiana granicy plastycznosci elementow pasa gornego (IPE 140) wraz z rozwo-

<120

300
280
260
240
220
200
180
160
140
100
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60

40

20

i Wermiloulit
e Wermikulit z gipsem
e Plyta wernubkulitowa z cementem (1zolacja konturowa)

Phyta wermikulitowa z cementem (i1zolacja skrzynkowa)

169

134
114

&5

10 15 20 25 30 35 40 45 50 55 60

Czas trwania pozaru a:ﬁ nun

jem poZaru przy zastosowaniu réznego typu izolacji o grubosci 2 cm

Fig. 4.19 Yield stress variation of upper chord elements (IPE 140) due to fire
development applying various 2 cm thick insulation types

yield stress fire duration
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lower chord elements at tension (1 100)

a) rozeiagane elementy pasa dolnego (I 100)

b Wermikulit
e Wermikulit z gipsem
sy Phyta wermikulitowa z cementem (1zolacja konturowa)
Plyta wernukulitowa z cementem (1zolacja skrzynkowa)
------ Efekt oddzialywan
320
300 T
280
260
240 4
220
200 -
180
160 - 172
140 135
120
100 - 110
80 86
60
................................................................ 53
40 -
20 A
0

Nosnosé N, kN

0 5 IIO 1I5 ZIO 2I5 30 3I5 4I0 4‘5 30 5I3 66
Czas trwania pozaru J:ﬁ min
Rys. 4.21. Spadek nosnosci elementéow kratownicy wraz z rozwojem pozaru przy zastoso-
waniu roznego 1ypu izolacji o grubosci 2 cm
Fig. 4.21 Resistance decrement of truss elements due to fire evolution,
applying various insulation variants of a 2 cm thickness

vermiculite vermiculite and gypsum, vermiculite plate with cement (contour insulation),
(box-shaped insulation) load effect

a
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b) upper chord compressed elements (IPE 140
b) sciskane elementy pasa gornego (IPE 140)

s W ermuikculit
e Wermikulit z gipsem
s Phyrta wernukulitowa z cementem (izolacja konturowa)
Phyta wernukulitowa z cementem (1zolacja skrzynkowa)
80 4 ssssss Efekt oddziatywan

55 Frssssssssddns s b baidanaRenRa

50 +
45 1

54

36

Nosnose N, kN
e
=

26
22

15

0 t t f t f t t i
0 5 10 15 20 25 30 35 40 45 350 55 60

Czas trwania pozam rﬁ__ min

Rys. 4.21. Spadek nosnosci elementow kratownicy wraz z roIwojem pozari prIy Zasioso-
waniu roznego 1ypu izolacji o grubosci 2 cm
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Fire reliability analysis of a statically determinate plane steel truss

12kN
L&kN iﬁkN
L
]\1 4 /I
’ i | \6/ 9 i

}\ 1 » 2 ﬂ

M 4m M 4m p
Element 1 2 3 4 5 6 7 8 9
Profil 180 1100 RO 44 5x5 RO 20x2.3
Efekt oddzialywan, kN 0 -8 -12 10

Rys. 4.32. Analizowana kratownica statycznie wyznaczalna

Fig. 4.32. The analysed statically determinate truss

element profile load effect
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a) elementy pasa gornego (prety 3, 4)

== elementy nieizolowane
i lementy 1zolowane

X
xx><Xxxxxx
>

900 +
800 +

-y 700 +
o >
<, 2

SMRHHHN 830

Temperatura elementow

0 5 10 15 20 25 30

Czas trwania pozar T min

upper chord elements, insulated elements, non-insulated elements, temperature of steel
elements, fire duration

The reliability analysis was conducted in the following time periods of fire
duration: 0, 5, 10, 15, 20, 25, 30 minutes.

The analysed truss is statically determinate, thus failure of a single element
out of the set (1-9) results in overall structural failure.

Thus system reliability (R) follows the series system pattern, following the
formula:

0
R:HRFZRI'Rz'R3'R4'RS ‘R Ry - Rg - Ro
-1
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The random variables assumed in reliability analysis were defined according
to Tab. 4.14.

The reliability indices were estimated on the basis of a dedicated MS Excel
spreadsheet

Tabela 4.14. Probabilistyczne charakterystyki zmiennych losowvch dla plaskiej kratownicy
statycznie wyznaczalnej

Zmienna Wartosé Wspolczynnik Odchylenie Typ

losowa oczekiwana Zmiennosci standardowe rozkladu
Pole przekroju 10,6 | 6.2 | 1.28 6% 0,636 | 0,372 | 0,077
poprzecznego 4 em?® | cm® | om’ e cm’ cm’ cm’
Gramiea 275 000 kPa 8% 22 000 kPa normaluy
plastycznosci f;,

. , 8 10 12 o 0.48 0.6 0,72

Efekt oddzialywan E W~ | N | kN 6% 1N KN KN

Tab. 4.14. Probabilistic parameters of basic random variables with regard to a
plane statically determinate truss

Random variable Mean value Coefficient of variation Standard deviation Variable type,
Cross-sectional area A, yield stress fv, load effect E

a
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The results of system-based reliability assessment are presented in Fig. 4.34.
The required reliability index equal 1.34 is stated here.

== elementy nieizolowane
s ¢lementy izolowane

b

««+ e« wymagany wskaznik niezawodnosci

5]
t

=
32 3
<
= 7
'8 2.5 +
= 2+
[}
V]
‘E 1-5 __..-.l..i.l.‘.--...l-...---...--...---...-... -...--...-.-.1,34
=
g 14 X 0,99 1.02
fan]
%05 +
=
0 ! } } { 4 f
0 5 10 15 20 25 30

Czas trwania pozaru 1 min

Rys. 4.34. Monitoring wskazZnika niezawodnosci plaskiej kratownicy statycznie wyznaczal-
nej w kolejnyeh minutach trwania poZaru, uzyskanego przyv zastosowaniu metod analizy
systemowej

a
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Tab. 4.15. Reliability indices of a plane, statically determinate truss, various
methods of reliability assessment

Tabela 4.15. Wskazniki niezawodnosci dla plaskiej kratownicy statycznie wyznaczalnej
uzyskane przy zastosowaniu roznych metod analizy niezawodnosci

Czas Wskaznik niezawodnosci £
tr'.\:anl:l FORM | SORM | Importance | Monte Analiza | Wskaznik niezawodnosci
pozaru : . ) )
. Sampling Carlo | systemowa dla elementu

I5, Iin

0 4.30 4.30 4.25 4.11 3.73 3.96

5 4.30 4.30 4.25 4.11 3.73 396

10 3.86 3.86 3.81 3.72 3.39 361

15 312 3.12 3.04 3.06 2,70 295

20 2.31 231 225 227 1.91 222

25 1.47 1.47 1.41 1.48 1.02 1.43

30 0.57 0.56 0.55 0.60 =0 0.56

J. Gorski, M. Skowronek e Gdansk University of Technology e Reliability Based Optimization e Fire — Truss Structure

a



Fig. 4.36 compares reliability indices regarding to various methods of
reliability assessment

e FORM

5 === Monte Carlo
45 === analiza systemowa
S == najbardziej wytezony element
5 ; ;1 ------ wymagany wskaznik niezawodnosci
o - T
g 3 -
=]
z 25
o
2 21
= +
-M ]35 LA R NN NN NENENERMERBSEHNHERSEHNRERSHSHEBSE-NRHNERESEJ-SHEJRH-EH:EHMHE-NR-EH;NHEJ-NRHSEHNRHMNHMNHERHJEH}N]
11
:i: 0,5 0,56
= 0 : ' : :

10 15 20 25 30

Czass trwania pozaru {ﬁ, min

<o
h

Rys. 4.36. Monitoring wskaznika niezawodnosci obliczonego wedlug réznvch metod w ko-
lejnveh minutach trwania poZaru

Fig. 4.36. Reliability index monitoring regarding various methods,
subsequent minutes of fire duration
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RELIABILITY ASSESSMENT OF STATICALLY INDETERMINATE
STRUCTURES DUE TO FIRE

rkﬂ rkﬂ

fa

K7
3m

X
4m v
Elementy 1.3 2.4 5.6
Profil (Kratownica "A") 18 RO 33.7x3.6 RO 30x3.2
Profil (Kratownica "B") RO 33.7x4 RO 33.7x4 RO 33 7x4

Rys. 4.39. Kratownica jednokrotie statycznie niewyznaczalna

Fig. 4.39. A single-degree statically indeterminate truss
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Tabela 4.25. Analiza termiczna elementow pasow kratownicy "A"

180
. i . : Nostnosé Nosnosé
Czas trwa- | Temperatu- | Modul Granica . ..
. | . . - elementaw z uwzglednieniem
nia pozaru | ra elementu | Younga | plastyczmosci . . . : .
. 8..°C ¥ GPa 7. MPa rozciaganych, | wyboczenia (elementy
5, min a ’ Fr o kN sciskane), KN
0 20 210 275 208.18 7.64
5 83,77 210 275 208,18 7.25
10 204,11 188 275 208.18 6.54
15 312,70 165 275 208,18 3,79
20 406,21 146 27 205,33 5.13
25 48499 129 224 169,25 4,53
30 550,88 93 171 12954 334

Tab. 4.25 Thermal analysis of chord members of the truss

fire duration tf, min  member temperature theta a, C Young's modulus, Y, yield
stress fY, tensile load-bearing capacity, kN, compressive load-bearing capacity
(buckling considered), kN
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The reliability viewpoint of the analysed structure points out the mixed
(hybrid) system appropriate.

It is required here to define kinematically allowable failure mechanisms (In
Polish - KDMZ2)

The first mechanism (KDMZ) and its appropriate structural model are
presented in Fig. 4.40.

Ry =1—(1-R5)(1—Ry)
Rys. 4.40. I kinematycznie dopuszczalny mechanizin zniszczenia dla konstrukcji statyeznie
niewyznaczalnej
Fig. 4.40. The 1 kinematically allowable mechanism of a statically
indeterminate truss
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The 2" kinematically allowable failure mechanism KDMZ (Fig. 4.41) refers
to failure of a single diagonal of (5,6) and one of the elements 1-4.

This mechanism requires a two-step reliability assessment: first the series
model (RIIA, RIIB), next, the parallel routine (RII)

1 H2H3Ha4

Rppy = Rs - Rg
Rpp=R R, -R;-Ry
Ry =1-(1-Rpy)(1- Ryp)
Rys. 4.41. II kinematycznie dopuszczalny mechanizm zniszczenia dla konstrukefi statycznie
niewyznaczalnej
Fig. 4.41. The 2" kinematically allowable mechanism
of a statically indeterminate truss
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The 3" kinematically allowable failure mechanism KDMZ (Fig. 4.42)
corresponds to failure of any pair out of the members 1-4.

Reliability of such system is computed in a parallel-series routine, as
presented below

Ry =1-(1-R))(1-Ry)
Ry =1-(1-R))(1- R3)
Ry =1-(1-R)(1-R,)
Rpp =1-(1-R))(1-R;)
Rypr =1-(1-Ry))(1-Ry)
Rypr =1-(1-R)(1-R,)
Ry = Rmyy - Rpre - Rmpe - Ry - Rme - Re

Rys. 4.42. I1I kinematycznie dopuszczalny mechanizm zniszczenia dla konstrukcji statycznie
niewyznaczalnej

Fig. 4.42 The 3" kinematically allowable mechanism of a statically
indeterminate truss
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Rys. 4.43. Monitoring wskaznika niezawodnosci kratownicy statycznie niewyznaczalnej

w kolejnych minutach trwania poZaru, uzyskanego przy wykorzystaniu analizy systemowej

Fig. 4.43. Reliability index monitoring of a statically indeterminate truss in
subsequent minutes of fire duration, a result of system analysis
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s 31a117a SYSTEMOWa
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Rys. 4.45. Monitoring wskazZnika niezawodnosci uzyskanego wedlug roznych metod dia
Plaskiej kratownicy jednokrotie statycznie niewyznaczalnej

Fig. 4.45. Reliability index monitoring regarding various methods, single-
degree of statical indeterminacy
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Tab. 4.31. Reliability indices of a plane truss, single-degree of statical

indeterminacy

Tabela 4.31. Wskazniki niezawodnosci dla plaskiej Iratownicy jednokroinie statycznie
niewyznaczalnej

Czas trwamia | FORM | SORM | Importance | Monte | Analiza | Wskaznik miezawodnosci
pozaru, min Sampling Carlo | systemowa dla elementu

0 344 344 3,37 3,19 495 323

5 344 344 3,37 3,19 495 323

10 3,10 3,09 3,02 3,06 4,53 293

15 2,40 2,40 2,34 2,39 3,68 2,30

20 1,67 1,67 1,63 1,68 2,78 1.62

25 0,92 0,92 0,90 0,94 1,83 0,90

30 0,08 0,08 0,15 0,09 0,78 0,08
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System fire reliability analysis —
plane steel truss of a multiple degree of statical indeterminacy
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Rys. 4.46. Wielokrotnie statycznie niewyznaczalna kratownica stalowa
Fig 4.46 Steel truss of a multiple degree of statical indeterminacy
The truss is made of S235 steel, its Young's modulus Y = 210 GPa
and yield stress f, = 235 MPa.

The lower chord — HEAL100 profile, the upper chord — HEA120 profile, other
elements, i.e. diagonals and verticals — square tubes RK 60x60x3.
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The structure is insulated by vermiculite-cement mortar, its thickness equals
2 cm, the following parameters: density p = 550 kg/m3, thermal conductivity
Ap = 0,12 W/(mK), specific heat ¢, = 1100 J/(kgK).

Thermal analysis of the truss has been conducted here.

It covered element temperature, variation of steel parameters (Young's
modulus and yield stress) and load-carrying capacity.

The lower chord case is displayed in Tab. 4.34

Tab. 4.34 Thermal analysis of lower chord members of the truss

fire duration tf, min  member temperature theta a, C
Young's modulus, Y, yield stress fY,

tensile load-bearing capacity, kN,

compressive load-bearing capacity (buckling considered), kN
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Tabela 4.34. Analiza termiczna elementow pasa dolnego

HEA 100
Czas trwa- | Temperatu- | Modul Granica l\_ uénoé:& ) -Xuégu?f‘ .
nia pozaru | ra elementu | Younga | plastycznosci elementorw Zuw Igl? fentem
{e min 8._°C ¥ GPa f.. MPa rozciaganvch, | wyboczenia (elementy
fo @ ’ yro e kN sciskane), kN
20 210 235 498 2 242 69
38,57 210 235 498 2 173,00
10 86,76 210 235 498 2 173,00
15 13918 201,77 235 498 2 168,65
20 191,09 190.87 235 498 2 162 68
25 24109 180,37 235 498 2 156,68
30 288,69 170,37 235 498 2 150,76
35 33367 160,93 235 498 2 144 94
40 375,96 152.05 235 498 2 13928
45 415,55 14373 226,96 431,15 13248
50 452 52 13597 207,85 440,63 12415
55 486,96 128,74 190,04 402,89 116,33
a0 519.00 114,43 169 46 35925 1035
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While the truss is statically indeterminate and its members are not uniformly
heated with the development of fire, the axial force distribution alters.

The temperature impact increases the forces in the truss members of highest
compressive forces, bringing about their buckling failure.

In further fire course the structure still carries the load, but updating its load-

carrying model.
a) 5= 0 min
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n) 5 =59,733 min (3584 5)
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Rys. 4.47. Rozklad sil osiowych w poszczegdlnych minutach trwania pozaru

4.47 Axial force distribution in selected time instants of fire duration

4.48 Overall truss deflection change in selected time instants of fire duration

4.49 Vertical deflection change of central truss chord nodes in selected time
instants of fire duration
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Rys. 4.48. Zmiana stanu przemieszczen w poszczegolnych minutach trwania pozaru
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Rys. 4.49. Zmiana stanu przemieszczen pionowych cenfralnych weziow pasow kratownicy
w poszezegolnych minutach trwania peZaru

-

J. Gorski, M. Skowronek e Gdansk University of Technology e Reliability Based Optimization e Fire — Truss Structure



While the axial forces and resistance variations are determined it is possible to
conduct the system reliability assessment.

Basic variables:
cross-sectional areas A, yield stress fy and load effect E corresponding to
distinct members.

Coefficients of variation: va = 6%, viy = 8%, Ve = 6%.
In order to provide system reliability assessment it is necessary to determine
the reliability structure, variable in the fire development due to variable static

model.

The reliability structure updates each time due to buckling of subsequent
structural members.

The following figures show subsequent kinematically admissible failure
mechanisms (Polish - KDMZ), given the input truss static model.
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Rys. 4.52. Kinematycznie dopuszczalne mechanizmy zniszczenia dla kratownicy o schema-

cie statycznym po drugiej redukcji
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Fig. 4.52. Kinematically allowable failure mechanisms (KDM2Z) of a truss,
static model after the second reduction
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Rys. 4.54. Zmiana wskaznika niezawodnosci kratownicy wielokroinie statycznie niewyzna-
czalnej w funkcji czasu trwania pozaru

Fig. 4.54 Reliability index variation of a truss of multiple degree
of static indeterminacy, a function of fire duration t;
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