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NUMERICAL ANALYSIS OF THIN-WALLED PURLINS
RESTRAINED BY SHEETING IN ELEVATED
TEMPERATURE CONDITIONS

K. RZESZUT!, L. POLUS?

The paper presents an analysis of the influence of elevated temperature on thin-walled purlins restrained by
sheeting. In the first part of the study the bearing capacity of purlins cooperating with sheeting is examined
in normal and elevated temperature based on European Standards. Next, special attention is paid to creating
anumerical FEM model of the restrained purlins in Abaqus program taking into account different materials

properties with respect to temperature increase.
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1. INTRODUCTION

The primary responsibility of designers is to ensure the safety of people and materials located in
buildings in normal and fire conditions [1]. The conservative and the advanced design methods in fire
conditions are widely discussed in [2]. Designers can easily determine the critical temperature and the
fire resistance time of an element using the recommendation contained in [4]. In civil engineering
practice, the thin-walled purlins restrained by sheeting have a variety of applications. Using this type
of purlins provides several advantages. One of them is their high strength in relation to weight. Yet
another advantage is a significant reduction of the costs connected with transport and erection.

Nevertheless, it is a fact that thin-walled purlins demonstrate
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very low fire resistance. Therefore, load capacity of purlins restrained by sheeting in elevated
temperature is analysed in this paper. In [4] and [7], it is recommended that for the members with
class 4 cross sections the temperature 350°C is to be regarded as the critical temperature. It means
that this kind of cross section theoretically loses its load capacity under this temperature. Maslak [9]

points out that it is difficult to determine fire resistance of class 4 elements.

2. CALCULATION BACKGROUND

2.1. LATERAL AND ROTATION RESTRAINT ACCORDING TO THE EN

The lateral restraint provided by the trapezoidal sheeting generally takes the load in the plane of the
sheeting. Therefore, the purlin may be regarded as being laterally restrained in plane of the sheeting
and partially rotationally restrained. The rotational restraint should be modelled as rotational spring

acting at the top flange of the purlin (see Fig. 1).

Fig. 1. Lateral and rotational restrained purlin
The simplified formula for the total rotational spring stiffness Cp according to [5] takes the form:

@1 IS S
P/C,, +1/C, )
where:
Cpa — rotational stiffness of the connection between the sheeting and purlin, Cpc — rotational stiffness

corresponding to the flexural stiffness of the sheeting

The maximum stress in the cross section of the purlins should satisfy the conditions:

- in the restrained flange:
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- in unrestrained flange:

2. M Mg
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where:

A.fr — effective cross sections, fy — yield strength, M, ga— bending moment in the free flange
The buckling bearing capacity of the free flange is included in the formula:
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2.2. FIRE RESISTANCE ACCORDING TO THE EN

In order to determine the fire resistance of the purlin, the critical temperature should be calculated.
The critical temperature for members with class 4 cross sections should be calculated using the
iterative method [8]. When the temperature increases, the yield strength of steel and Young's modulus
reduce [10]. Reduction of the yield strength for members with class 4 cross sections is greater than
for members with another class [7]. The loads and their effects are also reduced under fire conditions.
The bending moment in the free flange due to the lateral load should be calculated including reduction
presented above. The rotational stiffness corresponding to the flexural stiffness of the sheeting in the

fire situation should be calculated from [4] and [5] in the form:

(2.5) K-kpgE-log

Cpc=
S

where:
k — numerical coefficient, I+ — effective second moment of area per unit width of the sheeting,

s — spacing of the purlins, kep— reduction factor for the slope of the strength linear elastic range

When the lateral spring stiffness K per unit length and the Ro factor are calculated, Young's modulus

should be also reduced. The equivalent lateral load gn,ra should be obtained in the fire situation [4][5]:

(2.6) k. fi, Ed =Kn *9Ed,f
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where:

kn — coefficient, qeqs— load in the fire situation, reduced load from the normal situation
The reduction factor of lateral torsional buckling should be determined from [4] using:

2.7 1

AILT=—""" F——
2 =2
QLT HVPLT —M0E

The relative factor of lateral torsional buckling should be calculated in current temperature in the fire:

(2.8) Ton -To kyo

kg

where:

ky,0— reduction factor of the yield strength of steel, %, — relative slenderness, @ur — coefficient

What is more, in equations (2.2), (2.3) and (2.4) the yield strength of steel should be reduced in the

fire situation.

3. CALCULATION EXAMPLE

Two-spans purlin Z250x68/60x1.5mm restrained by sheeting T50x0.7mm was analysed. The
effective cross section and the effective section modulus were determined in accordance with [5, 6]

based on the material properties at 20°C [4]. The data used in calculation are presented in Table 1.

Table 1. The data

Data Symbol | Value ‘ Unit
Steel sheeting T50x0.7mm S320
Purlin 7 250x68/60x1.5mm S350
Static schema of the purlin Two-spans
Beam span 1 4.0 m
Distance between the purlins r 2.5 m
Characteristic snow load qs 0.72 kN/m?
Characteristic wind load qw -1.08 kN/m?
Self-weight of roof g 0.27 kN/m?
Design normal force in normal condition NEd 15.0 kN
Ratio which reduces the loads and effects in the fire situation N 0.65 -
Effective section modulus, gravity load Wes 31.11 cm’
Effective area of cross section, gravity load Actr 4.88 cm’
Effective section modulus, uplift load Wesr 30.39 cm’
Effective area of cross section, uplift load Actr 4.61 cm?
Elastic section modulus of the free flange W, 1.04 cm’
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The critical temperature for members with class 4 cross sections was calculated using the
iterative method. The temperature influence on the stiffness, the yield strength and ULS is presented

in Table 2.

Table 2. The calculation

@ Temperature
Parameter % Loading 30C 350C 200C 120C
Total rotational spring Cp Gravity 1.81kNm/m 1.64kNm/m 1.64kNm/m 1.68kNm/m
stiffness Uplift 0.78kNm/m 0.75KNm/m 0.76kNm/m 0.76kNm/m
Total lateral spring K Gravity 0.0107Nmm/m 0.0082Nmm/m 0.0078Nmm/m 0.0079Nmm/m
stiffness Uplift 0.0107Nmm/m 0.0082Nmm/m 0.0077Nmm/m 0.0079Nmm/m
Coefficient of the spring R Gravity 1.41 1.40 1.43 141
support Uplift 1.41 1.40 1.43 1.41
Correction factor for the KR Gravity 0.67 0.67 0.67 0.67
effective spring support Uplift 0.75 0.75 0.75 0.75
Coefficient kn Gravity 0.10 0.1 0.10 0.10
Uplift -0.04 -0.04 -0.04 -0.04
Equivalent lateral load Qh.Ed Gravity 0.374kN/m 0.243kN/m 0.243kN/m 0.243kN/m
Uplift 0.130kN/m 0.080kN/m 0.080kN/m 0.080kN/m
Lateral bending moment My, q Gravity -0,501kNm -0.325kNm -0.325kNm -0.325kNm
Uplift 0.17kNm 0.12kNm 0.12kNm 0.12kNm
Relative slenderness E Uplift 0.93 0.90 0.89 0.86
Reduction factor ALt Uplift 0.64 0.54 0.55 0.56
Normal force NEeg Gravity 15.0kN 9.75kN 9.75kN 9.75kN
Uplift 15.0kN 9.75kN 9.75kN 9.75kN
Bending moment My Gravity 7.28kNm 4.73kNm 4.73kNm 4.73kNm
Uplift 3.57kNm 2.32kNm 2.32kNm 2.32kNm
Yield strength fyo Gravity 350.0MPa 252.0MPa 228.0MPa 217.0MPa
and
Uplift
Stresses o Gravity 264.8MPa 203.0MPa 203.0MPa 203.0MPa
Uplift 236.3MPa 216.0MPa 216.0MPa 216.0MPa
Degree of utilisation - Gravity 76% 81% 89% 94%
Uplift 68% 86% 95% 99%

Degree of utilization of the purlin depending on the temperature is presented in Figure 2. It was found

that the 420°C is the critical temperature after which the purlin loses its bearing capacity.
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Fig. 2. The degree of utilization of the purlin depending on the temperature

4. NUMERICAL MODEL

To study the influence of restraint realized by sheeting on bearing capacity of a thin-walled purlin
an advanced FEM model using the shell elements S4R is created. The numerical model reflects
an intermediate segment of a light-weight roof and consists of trapezoidal sheeting and two thin-

walled Z-purlins (see Fig. 3).

Fig. 3. The overall dimensions and the boundary conditions of the sheeting

Purlins are restrained by trapezoidal sheeting. The sheeting is connected to the purlins using special

connectors modelled as the “beam connector” type (see Fig. 4).
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when the shell

/ thickness is rendered

connector

1mm between middle surface
of purlin and middle surface of
sheeting

trapezoidal sheeting

#

purlin
Fig. 4. A connector which join sheeting and a purlin

Connectors connect middle surfaces of trapezoidal sheeting and Z-purlins. Between sheet and purlins

a surface to surface “hard” contact is defined (see Fig. 5).

Fig. 5. A surface to surface hard” contact Fig. 6. Gravity load

External load is applied to the top surface of trapezoidal sheeting with parallel direction to gravity
(gravity load case) (see Fig. 6) and with perpendicular direction to the sheeting (uplift load case).
There are also normal forces which are generated using displacements (u;>0) (see Fig. 7). The

calculations were performed using the Abaqus-Standard program and the Newton-Raphson method.

longitudinal displacementblocked

vertical and lateral displacement
blocked

Fig. 7. Boundary conditions of the purlin, u;>0

Elasto-plastic material models were used. The laws of physics for each material and temperatures are shown

in the figure below.
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Fig. 8. Steel S350 and S320, T=20°C, 420°C, 450°C, 500°C

The criterion of purlin failure is assumed as beginning of the material plastification. The model does not
include instability, which could occur earlier than plastification. What is more, temperature has influence only
on the material’s properties in this model and do not induce any internal forces. The model does not contain
influence of the temperature on boundary conditions too. Therefore in the next study, more accurate model of
the structure should be prepared. Among the other, the improved model should take into account the fact that

connection between sheeting and a purlin may be destroyed in the fire situation.

4. NUMERICAL CALCULATION RESULTS

As aresult of the numerical calculation the map of stresses was obtained. The failure mode was
assumed when the plastic stresses appeared in the purlin. The stresses in the sheeting and the purlin

at the temperature 500 “C are presented in the figure below.

Yield strength for steel sheeting is 170MPa in 500°C
The stresses in the sheeting are greater than yield strength

S, Mises
SNEG, (fraction = -1.0)
(Avg: 75%)

+1.853e+02
- +1.700e+02
+1.547e+02
+1.393e+02
+1.240e+02
- +1.087e+02

+1.667e+01
+1.334¢+00

Fig. 9. The stresses in the sheeting at the temperature 500 °C in uplift load case
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Yield strength for the
purlin is 185MPa

in 500°C. The
stresses in the purlin
are greater than yield
strength.

S, Mises
SNEG, (fraction = -1.0)
(Avg: 75%)

+1.853e+02
+1.701e+02
+1.548e+02
+1.395¢+02
+1.243e+02
+1.090e +02
+9.377e+01
+7.851e+01

+2.217e+0

Fig. 10. The stresses in the purlin at the temperature 500 °C in uplift load case

One can notice that the sheeting and the purlin were plasticized and the purlin loses the load capacity

when the temperature reaches 500 “C.

5. CONCLUSION REMARKS

In the paper the influence of elevated temperatures on thin-walled purlins restrained by sheeting was analyzed.
In a first part of the study the bearing capacity of purlins cooperating with sheeting was examined based on
European Standards in normal and elevated temperatures. Next, the advanced FEM, shell model which reflects
an intermediate segment of a light-weight roof was created. Thanks to modification in the formulas EN 1993-
1-3, it was possible to find the bearing capacity of a purlin under a fire situation. The yield strength of steel,
Young's modulus and the loads were reduced. Based on the analysis it was found that for example, under
consideration, the critical temperature reached 500 °C using a numerical FEM model and the 420 °C using the
standard iterative procedure. At this temperature the trapezoidal sheeting and the purlins reached the stresses
higher than the yield strength. The critical temperature obtained in the numerical model was higher than
calculated using EN, due to the introduction to the numerical model excessive simplification. First of all, the
criterion of purlin failure was assumed as a beginning of the material plastification. Moreover, numerical model
did not include instability problems and sensitivity to imperfection. It did not consider the influence of
temperature on boundary conditions either. Therefore, the more accurate model of the connector should be
prepared. Based on obtained results, it was pointed out, that the connection between sheeting and a purlin may

be destroyed in the fire situation which requires further study.
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OBLICZENIA PEATWI CIENKOSCIENNYCH STEZONYCH POSZYCIEM W PODWYZSZONEJ
TEMPERATURZE

Stowa kluczowe: warunki pozarowe, ptatwie cienkoscienne, blacha trapezowa, numeryczna analiza

STRESZCZENIE:

Glownym zadaniem projektantow jest zapewnienie bezpieczenstwa ludziom i materiatom znajdujacym si¢ w budynkach,
zardwno podczas normalnego uzytkowania, jak i w momencie wystapienia pozaru. Platwie cienko$cienne sa czgsto
stosowane jako elementy konstrukcyjne, poniewaz maja duza wytrzymato$¢ w stosunku do cig¢zaru oraz znaczaco
zmniejszaja si¢ koszty zwiazane z transportem i montazem. Jednak, cienkoscienne ptatwie wykazuja bardzo niska
odpornosé¢ na ogien. Metody projektowania elementéow konstrukcyjnych w warunkach pozaru sa szeroko omowione w
dostepne;j literaturze. Projektanci moga tatwo okresli¢ temperaturg krytyczna i czas ognioodpornosci ogniowej elementu.
Dla elementow o przekrojach klasy 4 jakimi sg ptatwie cienkos$cienne zaleca si¢ przyjmowaé temperaturg 350°C jako
temperatur¢ krytyczng. Oznacza to, ze tego rodzaju przekrdj teoretycznie traci swoja nosno$¢ w tej temperaturze.
Zalozenie to jest bezpieczne i proste do przyjecia dla projektanta. Wynika ono z nastgpujacych probleméw: okreslenie
nosnosci elementdow o przekroju klasy 4 jest trudne i pracochtonne, przekroje klasy 4 zagrozone sa utrata lokalnej
statecznosci, przekroje cienkoscienne zagrozone sa zmiang wlasciwosci stali w strefach gigcia blach podczas formowania,
elementy o przekrojach klasy 4 w warunkach pozarowych wciaz nie zostaly dostatecznie przebadane. W zwiazku z
ostatnim wymienionym problem postanowiono w niniejszej pracy poddac analizie no$no$¢ ptatwi cienkosciennej stezonej
poszyciem w podwyzszonej temperaturze.

W pierwszym etapie analizowano nosnos¢ ptatwi wspodtpracujacych z poszyciem w podwyzszonych temperaturach
bazujac na formutach analitycznych zawartych w normach europejskich. Autorzy wprowadzili zmiany w réwnaniach
zawartych w EN 1993-1-3 kierujac si¢ wytycznymi zawartymi w EN 1993-1-2 i uwzgledniajac redukcje whasciwosci
materialowych w warunkach pozarowych takich jak: granica plastycznosci, modut Younga. Zmiany dotyczyly przede
wszystkim réwnan pozwalajacych projektantowi okresli¢: catkowita sztywnos$¢ obrotowa podparcia sprezystego ptatwi
blacha, zastgpcze obciazenie boczne, wspotczynnik zwichrzenia czy nos$no$¢ samej ptatwi. Redukeji wynikajacej z
wyjatkowej kombinacji zawartej w EN 1990 poddano réowniez obcigzenie. Korzystajac ze zmodyfikowanych dla
warunkow pozarowych réwnan przeprowadzono obliczenia dla przyktadowej ptatwi. W przyktadzie obliczeniowym
analizowano dwuprzestowa ptatew o przekroju Z250x68/60x1.5mm stezong przy pomocy blachy T50x0.7mm. No$no$¢
platwi zostata sprawdzona w nastgpujacych temperaturach: 20°C, 350°C, 400°C oraz 420°C zarowno dla obcigzenia
grawitacyjnego jak i unoszacego. W obliczeniach uwzgledniono réwniez obcigzenie ptatwi sita normalng. Temperatura
w obliczeniach miata redukcyjny wptyw nie tylko na granicg plastycznosci, ale rowniez na sztywnos$¢ polaczenia platwi
z blacha. W warunkach normalnych wigksze wytgzenie platwi otrzymano dla wariantu obcigzenia grawitacyjnego,
a w warunkach pozarowych dla obcigzenia unoszacego. Wynika to z redukcji obciazenia $niegiem podczas pozaru. Dla
analizowanej platwi otrzymano temperatur¢ krytyczna, po osiagnigciu ktorej traci ona swoja nosnosé, rowna 420°C.
W obliczeniach uwzgledniono mozliwos¢ zaréwno lokalnej jak i globalnej utraty statecznosci.

Nastepnie, dla wybranego przyktadu opracowano model numeryczny stosujac Metode Elementéw Skonczonych
w programie Abaqus i elementy powlokowe S4R. Numeryczny model odzwierciedlat posredni segment lekkiego dachu
i sktadat si¢ z blachy trapezowej i dwdch platwi cienkosciennych. Blacha trapezowa potaczona byla z platwiami
tacznikami typu belkowego rozmieszczonymi w kazdej faldzie blachy. Ponadto, dla blachy trapezowej i gornej potki

platwi okreslono powierzchni¢ kontaktu i jego typ jako ,twardy”. W modelu numerycznym geometri¢ zastapiono
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elementami skonczonymi. W obliczeniach numerycznych przyjeto biliniowe prawa fizyczne dla stali dla analizowanych
temperatur: 20°C, 350°C, 400°C oraz 450°C oraz 500°C. Parametry fizyczne przyjeto wg norm EN 1993-1-1 oraz EN
1993-1-2. Obliczenia numeryczne przeprowadzono stosujgc procedur¢ Abaqus/Standard z zastosowaniem metody
przyrostowej Newtona-Raphsona. Na blasze trapezowej rozlozono w jednym wariancie obcigzenie grawitacyjne,
a w drugim unoszace. Sita normalna w platwi zostata uwzgledniona przez wymuszenie przemieszczenia po dtugosci
platwi o adekwatnej do sity wielkosci. W modelu odzwierciedlono tez podporg ptatwi na wigzarze przez zablokowanie
w miejscach podpor przemieszczen w kierunku pionowym i poziomym prostopadtym do dtugosci belki. Jako kryterium
zniszczenia przyjeto poczatek uplastyczniania si¢ platwi. Obliczenia numeryczne uwzgledniaty nieliniowo$¢é
geometryczng. W rezultacie przeprowadzonych obliczen otrzymano obszerny zbior wynikow. Platew uplastyczniata sig
w miejscu potgczenia tacznikiem z blachg. Podobnie jak w obliczeniach bazujacych na normie analizowana ptatew osiaga
szybciej temperature krytyczna podczas obcigzenia unoszacego niz grawitacyjnego. Temperatura krytyczna otrzymana
w wyniku analizy numerycznej byla wyzsza niz uzyskana w wyniku obliczen wg EN i wynosita 500°C, poniewaz
zastosowano zbyt prosty model numeryczny, ktory nie uwzglednial zagadnien niestatecznosci ogélnej i wptywu
temperatury na warunki brzegowe. Ponadto z uwagi na fakt, ze w warunkach pozarowych polaczenie pomigdzy platwia

i blacha moze ulec zniszczeniu, w dalszym etapie pracy nalezy opracowa¢ doktadniejszy model facznika.



