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PROPOSAL FOR THE ASSESSMENT OF STEEL TRUSS
RELIABILITY UNDER FIRE CONDITIONS

K. KUBICKA!, U. RADON?

The paper presents a proposal for the assessment of the reliability of steel truss (both statically determinate and
indeterminate) in the persistent and accidental design situation. In the analysis, a probabilistic approach was
used. The global Hasofer-Lind reliability index was employed, computed in successive time steps for the whole
structure, not for individual elements. The statically determinate truss was modelled as a serial system from the
reliability standpoint. For the statically indeterminate truss, kinematically admissible failure mechanisms were
determined by means of the examination of the singularity of the stiffness matrix of the structure, converting the
truss into a geometrically variable system. For the problem thus formulated, a serial-parallel reliability model
was constructed. Monitoring the reliability index in the successive minutes of the fire makes it possible to

estimate the probability of the structure failure, and to decide whether the required safety level is maintained.

Keywords: reliability, serial system, parallel system, fire analysis, Hasofer-Lind reliability index.

1. INTRODUCTION

The load bearing capacity of elements and structures designed in accordance with code
recommendations is considered to be equivalent to the load bearing capacity of the weakest critical
section, when only one failure mechanism is taken into account. The task becomes much more
difficult when the structure is composed of many elements and different failure mechanisms may be
involved. Then, the actual structure is substituted with an equivalent discrete system so that all
kinematically admissible failure mechanisms could be accounted for. The structure is converted into
a geometrically variable system.
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As regards building structures, serial (structures, usually statically determinate, in which one failure
mechanism is found), parallel and mixed systems are considered. The present study is an attempt at
assessing the reliability of a steel structure by modelling the reliability both in regular operation,
and also under fire conditions.

Steel structures are extremely sensitive to high temperatures, which is confirmed by fire analyses.
With an increase in temperature of fire gases, steel mechanical properties, namely yield strength and

modulus of elasticity are reduced, which leads directly to a decrease in the bearing capacity.

2. DESIGN OF STEEL STRUCTURES UNDER FIRE CONDITIONS

Steel is a widely used material in structures because of its advantageous properties, mainly
mechanical ones. Steel, however, has some drawbacks. The major, the most serious one, is steel
extremely low resistance to high temperatures. Steel substantial vulnerability to fire temperatures
results from the fact that its properties significantly deteriorate with an increase in temperature. The
most important mechanical properties of steel include yield strength and modulus of elasticity. Fig.
1 shows curves developed by various researches to describe changes in steel mechanical properties
with an increase in temperature [1]. A decrease in the values of mechanical parameters leads
directly to a reduction in the load bearing capacity, which finally results in the ultimate limit state

being exceeded.
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Fig.1. Mechanical properties of steel at fire temperatures.

The design of steel structures for fire conditions can be made in accordance with three methods,
namely bearing capacity, temperature and time [Fig.2]. For each of these methods, it is necessary to

know the temperature of fire gases, which is obtained from fire curves. When the temperature of
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fire gases is known, it is possible to determine the temperatures reached by individual bars, and then

compare those with the critical temperature.

In the present study, the fire analysis was performed using the standard fire curve. The critical

temperature, the temperature of insulated and uninsulated elements were calculated according to

[1,2].
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Fig.2. Methods of the fire analysis

For fire conditions, the formulas that allow the determination of forces produced in bars by loads
become modified compared with the regular design. In trusses, which are analysed in the present
study, only axial forces are generated, therefore the formulas that are provided are these for the
bearing capacity of tension and compression elements. These values were calculated according to

formulas from Eurocodes [1,3]. In fire analyses, not only the bearing capacity but also the effect of

actions is reduced in accordance with [2].

3. RELIABILITY ANALYSIS

3.1. RELIABILITY OF AN ELEMENT

The reliability of an element R(w) is defined as the probability that the bearing capacity of an
clement N(w) will be greater than the effect of actions E(w): R(w)= Pr{N(w)> E(w)}. 1t is assumed

in the study that both the bearing capacity of an element and the effect of actions have normal

Time
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distribution (Fig.3a) and are characterised by standard deviation (og,0on) and the expected value (ug,
pn). Value pz, marked in Fig, 3a, is the expected value of the safety margin Z(@), which is defined
as follows: Z(w)= N(w)- E(w)
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Fig.3. Distribution of the bearing capacity, of the effect of actions (a) and of the safety margin (b)

As it was assumed in the study that the bearing capacity and the effect of actions have normal

distribution, the safety margin also has normal distribution. Thus, the expected value () and

standard deviation (o, ) of the safety margin and the reliability index for the i-th element can be

expressed as follows: 41, =y, — pt,, 0, =03 +0s , 1, =% .
Zi
If the reliability index t; is known, it is possible to compute the probability of the element failure

(P;) and the reliability for a single element (Ri): P,=&(—,), R;=I1-P i where @(-)- the

Laplace function.

3.2. RELIABILITY OF THE SYSTEM

Three main models, namely serial, parallel and mixed, are used to evaluate the reliability of the
system. The serial system is appropriate for structures that are statistically determinate. It should be
noted that in the serial system, a failure of one element is equivalent to the failure of the whole
structure. The reliability of structures, the static scheme of which is compliant with the serial

system, is computed according to the formula [4]:

R=TIR =R,R,..R, 3.1)

i=1
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The parallel system is appropriate for some structures that are statically indeterminate. In the
parallel system, the structure remains reliable as long as at least one element is reliable. The

reliability of the parallel system is computed as follows [4]:

m

R=1-TI(I-R) (3.2)

=1

A majority of statically indeterminate structures is in line with mixed systems. The two basic
systems are parallel-serial and serial-parallel. In real structures, however, mixed systems are usually

more complicated. An example of the mixed system will be presented further in the paper.

4. RELIABILITY ANALYSIS OF THE TRUSS UNDER FIRE CONDITION

The presented method combines the fire and reliability analysis. The fire analysis was carried out
according to the method described in [1,3]. The temperatures of fire gases and elements were
calculated in the deterministic way. The influence of randomness was taken into consideration in
the bearing capacity and the effect of actions. For both values, appropriate standard deviation was
assumed. The structures were loaded only by the dead load (Px). It is assumed that coefficient of
variation is v, = 0,06 [5], which gives o, = 0,06F,.

The bearing capacity depends on a few factors, where yield strength (fy) and area of cross-section

(A) were assumed to be random with coefficients of variation v, =0,08and v, = 0,06 according

to [5]. The remaining parameters were treated as deterministic. Thus, the coefficient of variation for

bearing capacity (N) is defined as follows: v, = \/va +vi= J0,087 +006> =0,1.

The reliability analysis was carried out according to the method presented in Chapter 3.

The entrance data were the mean values of the effect of actions and the bearing capacity, which was
calculated according to [1]. Then, the reliability for each element of the structure was calculated
[Table 1].

In this way, the reliability of the whole structure was determined (highlighted R). This value was
calculated in different way for the statically determinate and indeterminate truss, which will be

described in the following part of the paper.
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Table 1. Reliability analysis of structures.
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4.1. RELIABILITY ANALYSIS OF THE STATICALLY DETERMINATE TRUSS

The analysis was carried out for the truss presented in Figure 4. In the table, the profiles of elements
and the effect of actions are shown, where (-) means compression. All elements were assumed to be
made from S275 steel. The only load was the dead load p=3kN/m applied to the top flange, and it

was converted to concentrated forces in the nodes.
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Fig.4. Statically determinate steel truss.
The thermal analysis was carried out for insulated and uninsulated structure. All the elements were
assumed to be heated from each side. In a fire, the compressed elements are the most threatened
with the bearing capacity loss. The figures below present the results for the top flange elements

[Fig.5a] and the posts [Fig.5b]. Grey lines represent the analysis results for the uninsulated
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structure, whereas the black ones show those for the insulated one. Solid lines indicate temperatures
of the elements, and the dotted ones mark the critical temperature. Spray-applied mineral fibre with
the thickness of 1.5 cm was assumed as an insulation. This material is characterized by the
following parameters: density p,=800kg/m®, specific heat c,=1700J/(kgK), thermal conductivity
Ap=0.2 W/(mK). As shown in the analysis, in the structure without insulation, the bearing capacity
was exceeded in the seventh minute for the top flange elements, and in the ninth minute for the

posts, so it was impossible to determine the critical temperature in successive minutes.
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Fig.5. Temperature analysis of compressed elements: a) elements of the top flange (3,4), b) posts (5,6,7)

In the next part of analysis, for each step: 0, 5, 10, 15, 20, 25 and 30 minutes, the reliability analysis
was carried out. The truss has statically determinate scheme and corresponds to the serial system,
consequently, the failure of any element (1-9) results in the failure of the whole structure. The
reliability of the structure (R) is calculated according to equation (3.1), particularly:

9
R=TIR,=R,-R,-R;-R,*Rs-R;-R, Ry "R,

l=1

The results of the reliability analysis are presented in Fig. 6. The required value of the reliability

index () was assumed, according to [6], to equal 1.34.
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Fig.6. Monitoring the reliability index for statically determinate truss in successive minutes of the fire
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The thermal analysis of single elements indicates that the failure of uninsulated truss will occur as a
result of exceeding critical temperature by compressed elements affer 5 minutes. The reliability
analysis of the truss as a whole structure points out that the structure without insulation is unreliable
before the fifth minute. In addition, a decrease in the reliability index in this case is very rapid.

The thermal analysis of elements of insulated truss indicates that the failure occurs after 25 minutes
as a result of exceeding the critical temperature by the elements of the top flange. The reliability

analysis shows that structure will be safe for less than 25 minutes.

4.2. RELIABILITY ANALYSIS OF THE STATICALLY INDETERMINATE TRUSS

The following part presents the analysis of the indeterminate truss that is shown in Fig.7.
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Fig.7. Statically indeterminate truss

Basic assumptions are the same as in the case of the statically determinate truss. For the analyzed
truss, the mixed system is appropriate. In such a system, kinematically admissible failure
mechanisms (KAFM) must be defined. The first KAFM and its system diagram are shown in Fig. 8.
This KAFM represents situations when the structure failure occurs as the result of the failure of
both cross-braces (5,6). The reliability for this mechanism (Ri) is calculated as for the parallel
system (3.2).

[
X
=

5// \\ .g" Ry =1-(1-Rs)(1-Rs)

Fig.8. I kinematically admissible failure mechanism for the statically indeterminate truss
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In the II KAFM (Fig.9), the structure failure results from the failure of one of cross braces (5,6) and

one of the elements 1-4. Consequently, reliability is calculated in two steps, first serial (Ria’Rus),

and then parallel (Rn).
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Fig.9. II kinematically admissible failure mechanism for the statically indeterminate truss

The last III KAFM (Fig.10) represents the structure failure due to the failure of any pair of elements

1-4. The reliability for this mechanism is calculated as for the parallel-serial system in the way

shown below.

oo Tollome
Ry =1-(1-R)(1-R;) Ryp =1—(1-R; )(1-R;3)

Ryp =1-(1-R; )(1-R;) Ry =1—(1-R; )(1-R,)

Rye =1=(1=R;)(1-R,) Ry =1=(1=R3 )J(1-R,)
Rlll =RIIIA 'RII[B 'R[[[C 'RlllD 'R[[[E 'R[[[F
Fig.10. III kinematically admissible failure mechanism for the statically indeterminate truss.

When reliabilities for I-IIl KAFM (Ri, Ru, Rmr) are known, the reliability of the whole truss is

calculated as follows:
R=R;-Ry-R,

because all KAFMs are connected in a serial way.

The reliability analysis of the statically indeterminate truss under fire condition was carried out in

accordance with the method presented above. The results are shown in Fig.13.
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Fig.11. Monitoring the reliability index for the statically indeterminate truss in successive minutes of the fire

As can be seen in Table 2, truss "B" achieved better results than truss "A". In the table, reliability

indexes for single elements of the truss in the persistent design situation are shown. In this case, the

required reliability index is equal to 3.8.

Table 2. Reliability index for a single element in the persistent design situation.

ELEMENT
TRUSS
B 1,3 2,4 5,6
Truss "A" 9.95 2.77 2.92
Truss "B" 9.9 3.23 5.83

The compressed elements of truss "A" had reliability indexes lower than 3. During the fire analysis,

reliability indexes are reduced as a result of a decrease in the bearing capacity, so under fire

conditions, truss "A" dropped below the required value of the reliability index relatively fast. Truss

"B" stayed safe longer, because reliability indexes of single elements were higher. To ensure greater

safety, the profile of posts (elements 2,4) should be extended to reach the reliability index higher

than 3.8.



PROPOSAL FOR THE ASSESSMENT OF STEEL TRUSS RELIABILITY UNDER FIRE... 151

5. CONCLUSIONS

The reliability of the structure depends on the random variability of the effect of actions, the bearing
capacity of each element being a component of the system, and primarily on the description of the
reliability structure. In the persistent design situation, for the construction solution involving lattice
truss in the form of statically indeterminate truss, a substantially much higher reliability index was
obtained than it was the case for the statically determinate truss.

Structural design which utilizes the ultimate limit state method with partial safety factors, without
taking into account the reliability structure may lead to errors in evaluating the reliability of a given
building structure.

In the literature, the probabilistic measure of safety for the fire conditions is the minimum safety
factor computed for the main structural elements at the ultimate limit state.

The present study is a proposal for the assessment of the reliability of a steel structure by modelling
reliability structures both in the persistent design situation and also for fire conditions.

Monitoring the reliability index in successive minutes of the fire duration makes it possible to
estimate the probability of the structure failure and to decide whether the required safety level is
maintained.

When making calculations for kinematically admissible failure mechanisms, it is necessary to

obtain a realistic representation of how a structure will behave in a fire.
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PROPOZYCJA OCENY NIEZAWODNOSCI STALOWEJ KRATOWNICY W WARUNKACH POZAROWYCH

Slowa  kluczowe: niezawodnos¢, system szeregowy, system rownolegly, analiza pozarowa, wskaznik niezawodnosci
Hasofera-Linda

Artykut przedstawia propozycj¢ oceny niezawodnosci stalowej kratownicy (statycznie wyznaczalnej i niewyznaczalnej)
w podstawowej 1 wyjatkowej sytuacji projektowej. W analizie zastosowano podejscie probabilistyczne z globalnym
wskaznikiem niezawodno$ci Hasofera-Linda obliczanym w kolejnych krokach czasowych dla konstrukeji jako catosci,
a nie poszczegolnych elementéw. Kratownica statycznie wyznaczalna zostala zamodelowana jako uktad szeregowy z
punktu widzenia niezawodnosci. Dla kratownicy statycznie niewyznaczalnej poprzez badanie osobliwo$ci macierzy
sztywnosci konstrukcji okreslono kinematycznie dopuszczalne mechanizmy zniszczenia, przeksztalcajace ja w uktad
geometrycznie zmienny. Dla tak postawionego zadania zbudowano szeregowo-réwnoleglty model niezawodnosciowy.
Stal jest materialem che¢tnie wykorzystywanym w budownictwie ze wzgledu na szereg korzystnych wiasciwoscei,
glownie mechanicznych. Niemniej jednak nie jest to material pozbawiony wad. Glowna, najpowazniejsza jest
wyjatkowo niska odpornos¢ na wysokie temperatury. Wraz ze wzrostem temperatury gazow pozarowych wlasciwosci
mechaniczne stali: granica plastyczno$ci i modut sprezystosci ulegaja redukcji co w bezposredni sposéb przektada sig
na spadek nosnosci.
Projektowanie konstrukcji stalowych w warunkach pozaru moze by¢ przeprowadzane wedlug trzech metod: no$nosci,
temperatury, czasu. W kazdej z tych metod musi by¢ znana temperatura gazow pozarowych, ktora okresla si¢
korzystajac z krzywych pozarowych. W pracy analiza pozarowa zostala przeprowadzona przy przyjeciu standardowe;j
krzywej pozarowej. Znajac temperatur¢ gazow pozarowych, mozna okresli¢ temperature jaka osiagaja poszczegdlne
prety, a nastgpnie poréwna ja z temperatura krytyczng. Takie podejscie umozliwia sprawdzenie konstrukeji
w dziedzinie czasu. Ponadto znajomos¢ zmiany temperatury w elementach pozwala stwierdzi¢ czy istnieje koniecznosé
uwzgledniania zmian dotyczacych wilasciwosci mechanicznych stali. W sytuacji pozaru wzory pozwalajace
okresli¢ no$nosé elementow rozciaganych i sciskanych ulegaja modyfikacji w stosunku do podstawowej sytuacji
projektowe;j.
Metoda przedstawiona w artykule laczy analiz¢ pozarowa i niezawodnos$ciowa. Analiza pozarowa zostala
przeprowadzona wedlug procedur opisanych w Eurokodach. Temperatura gazéw i elementow zostata obliczona
W sposob deterministyczny. Losowe parametry zostaly uwzglednione podczas obliczania nosnosci i efektow
oddziatywan. W pracy zatozono, ze zarOwno nosnos¢ elementu, jak i efekt oddziatywan maja rozktad normalny i sa
charakteryzowane poprzez odchylenie standardowe (og,0n) 1 warto$¢ oczekiwanag (U, un).. Konstrukcja byta obcigzona
jedynie obcigzeniem statym o warto$ci p=3 kN/m, przylozonym do gérnego pasa i sprowadzonym do sit skupionych w
weztach. Nosnos¢ jest funkcja granicy plastycznosei i pola przekroju poprzecznego, ktére w pracy potraktowano jako
wielkosci losowe. Pozostale parametry traktowano jako deterministyczne. W pracy przeanalizowano dwa rodzaje
kratownic: statycznie wyznaczalng i niewyznaczalng. Niezawodno$¢ dla obu typow kratownic byta liczona w rézny
sposob w zaleznosci od przyjetego modelu niezawodnosciowego. Zatozono, ze wszystkie elementy wykonano ze stali
S275. Analizg termiczng przeprowadzono dla izolowanych i nieizolowanych pretow konstrukcji. Zatozono, ze
wszystkie elementy sa ogrzewane z kazdej strony. Jako izolacj¢ przyjeto natryskowe wtdkno mineralne o gruboscei 1,5

cm.
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Analiza niezawodno$ciowa zostata przeprowadzona w kolejnych minutach pozaru: 0, 5, 10, 15, 20, 25 i 30. Statycznie
wyznaczalnej kratownicy odpowiada system szeregowy, podczas gdy dla statycznie niewyznaczalnej kratownicy
odpowiedni jest system mieszany. W przypadku tego systemu pojawia si¢ konieczno$¢ okre$lenia kinematycznie
dopuszczalnego mechanizmu zniszczenia (KDMZ). Dla analizowanej kratownicy zidentyfikowano trzy typy KDMZ:
rownolegty (I KDMZ), szeregowo-rownolegty (I KDMZ) i réwnolegto-szeregowy (III KDMZ). Wszystkie KDMZ sa
ze soba potaczone w sposob szeregowy.

Przeprowadzona analiza wykazuje, ze projektowanie konstrukcji przy wykorzystaniu metody stanéw granicznych
z czg$ciowymi wspotczynnikami bezpieczenstwa, bez uwzglednienia struktury niezawodnosciowej moze prowadzi¢ do
bledow w okreslaniu jej niezawodnosci. Przedstawiona praca jest propozycja oceny niezawodno$ci konstrukeji stalowej
jako catosci w trwalej sytuacji projektowej oraz w warunkach pozarowych. Monitorowanie wskaznika niezawodnosci
w kolejnych minutach trwania pozaru umozliwito oszacowanie prawdopodobienstwa zniszczenia i zadecydowanie czy

wymagany poziom bezpieczenstwa jest zapewniony.



