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ABSTRACT: SAFIR is finite element software for the thermal and mechanical analysis of structures exposed to
fire. For mechanical analysis, a library of different elements is available in SAFIR: truss, beam, etc. In order to
increase SAFIR's capabilities, a quadrangular shell element has been implemented. This element is not subject to
'locking' (or over-stiffness) in the case of 'membrane bending'. Different material models can be used. These are
plasticity models based on the von Mises surface (for isotropic materials), plus a Rankine tension cut off for
concrete. The parameters of the models as well as the hardening laws have been chosen in such a way as to fit
the recommendations of Eurocode 2 and 3 for uniaxial stress-strain curves of concrete and steel under fire
condition. Some verification and validation examples at room and at elevated temperatures are presented.
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INTRODUCTION

A STANDARD FIRE TEST is the most common way to justify the fire resistance of a structural element. Over
the last three decades, a number of fire tests have been performed, which have generated a large database and
contributed to the understanding of the behavior of structural elements under fire condition. These tests have
been used to calibrate and validate finite element software. Numerous finite element types are available for this
software and the proper element has to be used, depending on the structure to be meshed. This requires a good
understanding of the physical problem by the user and knowledge of the capabilities (or limitations) of the finite
elements available in the software library.

SAFIR is finite element software that was developed in the 1990s by Franssen at the University of Liege. This
software is used for the thermal and mechanical analysis of structures exposed to fire. Usually, thermal
calculations are run first to determine the transient temperatures in the structure exposed to fire. Then, the
mechanical analysis is performed in a step-by-step procedure consisting of subsequent static analyses, using the
temperatures calculated during the thermal analysis. This procedure allows modeling of the mechanical behavior
of a structure during the different stages of the fire (preflashover, postflashover, and decay).

The most common finite elements used to mesh a civil engineering structure are beams, trusses, and shells. Now,
a quadrangular element has been introduced in SAFIR. The quadrangular element, its capabilities, and some
validation examples, are presented in this article.

FORMULATION OF THE SHELL ELEMENT

The quadrangular element is based on the element used in the software FINELG developed by de Ville at the
University of Liege and the Bureau d'Etudes Greisch [1-5] for use at room temperature. It has been modified as
required for high temperature situations.

Reference Configuration

For this nonplanar quadrangular element, the z-axis is obtained as follows:

a, b, ¢, and d are the middle edge points (Figure 1), not necessarily coplanar. The z-axis is defined as:
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Another way to define the z-axis could be to find the best plane reference for the element:

Wy = o1 + 02X + a3y (2)

It can be shown that, if the coefficients a, and o3 are chosen in such a way that the orientation of the reference
plane minimizes the slopes between the element and the plane, then the z-axis defined by Equation (1) is
perpendicular to the plane. This proves that Equation (1) also minimizes the slopes.

Figure 1. Reference configuration.

In Equation (2), a is still undetermined. It will be chosen in such a way that the plane of reference goes through
the center of gravity of the quadrangle.

As it will be seen later, the membrane strains are not complete polynomials, so the results will be dependent on
the choice of the x, y local axes. The angle between the x-axis and bd is imposed to be equal to the angle between
ac and the y-axis (Figure 2). This determines the choice of the x-, y-axes. For a rectangular element, this gives
local axes parallel to the edges.

The Membrane Behavior
The classical quadratic membrane displacement field is enlarged to cubic degree by means of cubic (along ¢ and

n) functions and constants Ay. The development is similar to the one found in Allman [6] for a triangular
element.
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w; is the rotation at node 7 and w; is the rotation at node j; y;; is the direction
of the outward normal along the edge 7.

If i=1 and j=2 then Bj; and Bj; are equal to the following (for the
complete definition see Jaamei [7]):

i
By = m(xauul + X1442 + parvi + y14v2) N
1
By = — (2311 + X310 + y23v1 + ypv2) ®
4/,
1
Ji = Z(le}’zu — X41Y21) )
1
Jo = Z(leysz — X3)21) (10)

The functions y; are chosen to be orthogonal to o; with respect to integration over the quadrangle.

To improve the convergence, the shear strains are assumed to be constant over the element. After some
calculation, the following equations are found:

1
gy = S—J‘[Omusl — y311a2) + E(ariuas — yazua1) + n(yarusz — yazuqn)]
i
&y = g‘j[(mxsl — v31Xa2) + E(varxas — va3x21) + nvarxaz — voxa)]  (11)

- 1
y= S—J;[(szm — u3X42) + (Yaav31 — p3rvan)]

J is the determinant of the Jacobian matrix, Jj is the value of Jat §=n=0
and X131 is X3— X

Flexural Behavior

The formulation used is a Discrete Kirchhoff theory Quadrangular (DK Q). This element is fully described in [8-
11]. The principle of this element will be briefly recalled here. The presentation is slightly different from the one
given in [8-10].
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The out-of-plane displacement and the rotations are parabolic over each side:

8

8
W= ES:N[WZ' ﬁx = ZNigyi .By = Z Niexi (12)
i=1 =1

i:l

N; are the shape functions and they depend on the parametric coordinates ¢ and #. Along the side i, the out-of-
plane displacement is given by:

w= g L5 —;)WA (1= 2)we+ L 4'25)”"3 (13)

wa, Wg, and wc are the normal displacements along z-axis normal to x-y plane (at the points A, B, and C). If we
look at one edge of the element, for example the edge from node 1 to node 2, node 1 is called A, node 2 is called
B, and the midpoint is called C, see Figure 3. The contribution of the shear strain energy is neglected.

To reproduce thin plate theory, the Kirchhoff condition is imposed at selected points. In this element, the
Kirchhoff constraints are imposed along the edges.

Figure 3. Local axis on one side.

n

The shear strain y,, at each of the two Gauss integration points along the sides is set to zero, i.e., weighted
averages of the shear strain are set to zero:

/ysz ds=0 /yszsds =0 (14)
! /

Moreover, the rotation around the side 6, is imposed to vary linearly.

W= —(1 ~28)wa + 4§wc + (1 + 28)wy 15)

In-plane Rotation

The in-plane rotation or sixth degree of freedom (DOF) of this element is described by Jetteur [12] and Jaamei
[13]. A common method used to calculate the in-plane stiffness is to add a small stiffness to this DOF. As this
can lead to incorrect results, the method has been disregarded and it has been decided to include the in-plane
rotation as an effective DOF [12,13]. The approach followed for this element is very similar to the one used by
Allman [6], Carpenter et al. [14], and Taylor and Simo [15].

The interaction between the membrane stiffness (linked to the rotation w) and the flexural coefficients generates
an over-stiffness that slows down the convergence of the calculations while increasing the computational time.
To reduce the stiffness of the element, it is possible to introduce bubble modes but the simplicity of the element
vanishes. A reduced integration scheme could have been used but it leads to a very soft element. The method
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selected for this element can be considered as a stabilization technique. The part field function of w, in &;(®)
(strains computed from the displacements), is separated from its mean over the area 4 of the element, to
overcome this excess of rigidity [12,13]. In other words, the DOF @ no longer has any effect on constant strain
modes.

General Features

The element can have an initial curvature that can be defined by fixing the coordinates of the midside points
(note that they are points and not nodes). The thickness is constant over the element and the integration over the
surface is performed with a 2 x 2 point Gauss scheme.

For the plain material that constitutes the element, the integration over the thickness is performed with a Gauss
scheme using a user-defined number of points, from 2 if membrane behavior is dominant, up to 10 if bending is
dominant.

Different layers of smeared rebars with uniaxial behavior can be added to the plain material of the element. The
contribution of these layers to the stiffness and internal forces is evaluated in the integration over the thickness,
considering the exact position of each layer.

The usual situation encountered in reinforced concrete slabs is when the temperature varies through the thickness
of the element. In that case, the temperature distribution comes from a SAFIR thermal analysis that has to be
performed before the mechanical analysis. The temperature distribution over the thickness is the same at every
surface point of integration. In steel structures, the thickness of the steel plates is such that the temperature
distribution is nearly uniform over the thickness. On the other hand, a nonuniform distribution can appear in the
planes of the plates. This is the case, for example, in an H-section where the thickness of the web and of the
flanges is different, which means different temperatures in the web and in the flanges because of different
thermal masses, and a transition zone in the region of the web to flange connection. At the moment, it is possible
to introduce in the structure a temperature field that depends on time and on the three global coordinates (plus,
eventually the position in the thickness). This is done by a user-defined function that has to be programmed and
compiled in a DLL file.

In the future, it is envisaged that the same numerical model will be used to numerically determine the
temperature distribution in the structure based on the same plate elements as used for the structural analysis.

MATERIAL PROPERTIES

Material properties of steel and concrete at elevated temperatures have been implemented in the model in
accordance with Eurocode 3 part 1.2 and Eurocode 2 part 1.2, respectively.

Steel

A temperature-dependent, plane stress-associated plasticity model has been implemented to perform calculations
on steel elements at elevated temperatures. Thermal strain is taken into account in SAFIR according to ENV
1993-1-2 and it is assumed to be hydrostatic (i.e., &gy = &myy = €n)- The yield surface is given by the von Mises
criterion.

The elliptical law that is used for the isotropic hardening function is not exactly equal to the function defined as
the stress-strain relationship at elevated temperatures in Eurocode 3 part 1.2 (Figure 4(b)). Eurocode 3 defines

the relationship in the o-¢ plane, whereas the present law is defined in the Geq-€,1.¢q plane (Figure 4(a)).

The hardening function is defined here as:

2
Oeq :fP bl:l — __(Spl,e(‘llz a) ]

a=10.02- (%) b=f, -1

(16)
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The following equations are used to calculate the yield strength, the Young's modulus, the tangent modulus, and
the proportional limit at elevated temperatures:

i — * nt 3
oy =kyeoy20  Ey=kpoEyn opo=kpeoy0  Ej =kgoEy

The coefficients k, o, kg, and k,, o are defined in ENV 1993-1-2 (Figure 4(c)).

Figure 4. Elliptic hardening, o-¢ at elevated temperature and reduction coefficients for steel.
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Concrete

It is essential to define a concrete model that is appropriate for modeling the experimentally observed behavior
of concrete slabs exposed to fire. The model must encompass every aspect that really influences the behavior of
the structure, either one way or two-way slabs, and be simple enough in order to allow simulations to be
performed at a reasonable cost if the software is to be applied in civil engineering applications. The definition is
based on the following considerations:

e Even if thermal gradients appear over the thickness, this does not generate any stress perpendicular to the
plane of the shell and a plane stress model is still appropriate, as it is for shells at room temperature or under
elevated uniform temperature.

e Representation of the elasticity of the material is a minimum requirement in any element if a stiffness matrix
has to be built.

e Concrete is known to have a poor behavior when exposed to tension and this must be represented accurately.
A simple Rankine tension cut off has been implemented here. Two points require further discussion.

(a) This criterion may be regarded as a crude representation of real concrete behavior especially in the
tension-compression regime. It is considered to be acceptable for the usual building reinforced concrete slabs in
which tension strength is not supposed to be provided by the concrete but, on the other hand, by steel rebars. It
has to be realized that this criterion should be refined if the element must be used, for example, for the modeling
of shear walls exposed to fire.

(b) It has been shown by comparison with experimental tests that laboratory results are better
represented when a certain amount of tension strength is introduced in the model [16,17]. For practical design
applications, it is recommended that zero be used for the tension strength, and this is also a justification why the
simple Rankine criterion may be acceptable. The reasons for designing with a zero tension strength are:

m In a real building, the slab is likely to be exposed to a history of various thermal and loading cycles
before being exposed to fire.

These will have induced a significant amount of cracking in the structure, the level of which can hardly
be estimated determinis-tically.

m Shrinkage of concrete in the reinforced slab during the period that precedes the fire can also lead to
tension stresses and hence cracking in the concrete.

m If building structures were designed on the basis of 'a zero' tension strength at room temperature as a
safe approximation, it would be even more unsafe to rely on tension strength of concrete at elevated temperatures
to ensure the stability of a building. This is because tension strength in concrete decreases faster with increases in
temperature than other material properties, such as compressive strength of concrete or yield strength in steel
bars [18].
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e Because of the transient nature of thermal strains in a concrete slab during a fire, several integration points in
the structure usually see their situation changing from tension to compression and vice versa. It is thus essential
that the closing of cracks be treated appropriately. This is the case if tension is treated in the frame of plasticity;
when the equilibrium point goes back to compression strains after cracking in tension, a new elastic loading in
compression can be undertaken.

e Because of the poor behavior of concrete in tension, tension forces must be supported in the finite element by
the steel bars. Smeared layers of steel bars have been embedded in the finite element. These bars develop
stiffness and stress only in the direction of their axis. In other words, only an elongation in the direction of their
axis will produce a stress while an elongation perpendicular to the axis or a shear strain in the element does not
produce any stress in the bars.

e It has been shown in experimental tests that the behavior of two-way slabs exposed to fire is predominantly
influenced by the large deflections that arise [19,20]; the transmission of the applied loads changes from a
bending mode at room temperature to a tension membrane mode during the fire. This mode of load transmission
can only be activated if the large displacements are represented, and these large displacements are mainly
produced by the thermal strains. It is therefore essential, if two-way slabs are to be modeled, that the thermal
strains be taken into account. A hydrostatic isotropic thermal strain has been embedded in the concrete model.
The recommendation of Eurocode 2 and Eurocode 3 give the nonlinear temperature dependency of the thermal
strain for concrete and for steel. Of course, the thermal strain will also influence the displacements and the stress
pattern in one-way slabs, but this is not as crucial as in two-way slabs.

e The amplitude of the displacements and the stress distribution will also be somewhat influenced by the
stiffness of concrete in compression and this will decrease with temperature increase. It is therefore worthwhile
to incorporate this temperature dependency and, hence, have a thermo-elastic behavior in compression. This may
have a significant effect especially in continuous slabs, because the compression zone is the heated zone near the
intermediate support and has much less effect in simply supported slabs, where the compression zone remains at
rather low temperatures.

e For the same reason in continuous slabs, it may be worth limiting the amount of compression force that
concrete is able to develop and, hence to introduce a limit surface bounding the elastic domain. Because this is
one of the most widely used and tested surfaces, concrete is assumed here to be bounded by a von Mises surface.
e Concrete in compression -compression is known to have a better behavior than that predicted by the von
Mises surface. This is true at room temperature and this effect is even more pronounced at elevated temperature
[21]. The von Mises surface is considered as a sufficiently good approximation because, in the fire situation,
even the central zone of a two-way slab is no longer exposed to a compression-compression situation; on the
contrary, it is in a situation of tension-tension created by the membrane effect induced by large displacements. It
has also to be considered that, among the various phenomena that have to be taken into account in the concrete
model for the fire situation, crushing of concrete in compression is very low in the priority list. It would not
however be a major difficulty to implement another failure surface, for example a Driicker- Prager surface, if the
need arises in the future.

For reinforced concrete plates, to summarize, the contribution of concrete is taken into account by a temperature-
dependent von Mises plane stress-associated plasticity model on which a Rankine tension cut off has been added
in tension; isotropic thermal strain is also taken into account.

The evolution of the Young's modulus and the curve for isotropic hardening are chosen in order to match as
closely as possible the recommendations of Eurocode 2 for the uniaxial stress-strain relationship of concrete.

Equation (17) gives the hardening function that has been chosen:

3‘91>1,e<1/81_1 : Ocq 6__
( roood ) T\7) =! a7

Equation (17) allows an elastic behavior up to geq = 0.305/; and does not
have an infinite slope at ep),.q = 0.

ALGORITHMIC STRATEGY

The equilibrium of an integration point of the structure, at the time ¢’ (step n), is represented by A in Figure 5.
All the state variables (stresses, strains, displacements, temperatures, etc.) have been calculated in the previous
step and the structure has reached its equilibrium state.
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If the initial strain {g;} and the thermal strain {e, ,} are subtracted from the total strain {g,}, the mechanical
strain {g,,,} is obtained from:

{8pl,n} _ {sm,n} - [Dﬂ]—1 {Url} (19)

When the temperature changes from 7, to 7, ., it is possible to determine the new von Mises surface, which
corresponds to the new hardening parameter (Figure 5(c)), assuming that the plastic strain is not affected by the
variation of temperature, i.e., the plastic strain is not modified from the end of step # to the beginning of step n
+1.

In the algorithm used by SAFIR, it is assumed that the structure is 'locked' at the first iteration of each time step,
1.e.,

{6tlot,,,+1} = {Stothn} (20)

Figure 5. First iteration of a time step in plastic behavior.
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As the thermal strain is modified by the variation of temperature, the 'mechanical’ strain changes accordingly:
{oh ) = {eon) = e = {onn} @D

It is now represented by point D in Figure 5. The segment A-D represents the increase of thermal strain from
temperature 7, to 7,.; As the thermal strain is hydrostatic, this part is inclined at 45° in Figure 5(b). For each
iteration, the calculation will start from the unloaded structure (point B). The strain increment to be applied from
the unloaded state is given by:

{Asl} = {Erln,11+1} - {SPL"] (22)

The classic plasticity theory is applied at temperature 7, ; in order to load the structure from point A to point D
(see Figure 5). The stress {¢’,,,} and the new tangent matrix [D', .;] are computed. The return mapping
algorithm, and Euler backward algorithm for the integration of the plastic strain, established at ambient
temperature, are used here.

Of course, the stresses obtained in the structure after the first iteration are not in equilibrium and they generate
out of equilibrium forces in the structure which, using the new tangent stiffness matrix, allow the calculation of

displacement increments and their corresponding strain increments {Ae"?}

At the next iteration, the strain increment to be applied from the unloaded state is:
[Ae®} = {Ae'} + {ae'2} (23)

In fact, in the calculations, the temperature does not vary during a time step. When the equilibrium is finally
reached, if point D is outside the yield surface calculated at the beginning of the time step 7+, the hardening has
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increased and this is taken into account by updating the plastic strain and the equivalent plastic strain of the yield
surface.

NUMERICAL VALIDATION

Except when specified otherwise, all the data given in this section are consistent, i.e., they can be expressed in
any system of units, provided that a single system is used for each example. Whether the data are expressedin the
SI or in the British system of units does not matter, the numbers that form results will be the same, expressed in
the relevant system.

Patch Tests

It has been verified that the element passes the kinematic patch tests. In a simple structure that comprises internal
nodes and at least one element of irregular shape, the displacements are prescribed on the borders of the structure
in such a way that this should create a uniform situation inside the domain and it is verified whether this is really
the case for the numerical solution. This has been done for the three constant membrane states (&,, = constant, ¢,
= constant, and &,, = constant), as well as for the three constant bending states (., = constant, y,, = constant, and
X = constant). Figure 6 shows the imposed kinematic constraint and the principal membrane forces for a
situation of uniform shear. Figure 7 shows the imposed kinematic constraint and the principal bending forces for
a situation of uniform torsion.

Figure 6. Kinematic patch test in shear.
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Figure 7. Kinematic patch test in torsion.
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The results presented in Figures 6 and 7 are for the first iteration of the analysis, i.e., for the solution in small
displacements. When large displacements are taken into account in the subsequent iterations, the imposed
displacement field at the boundary ceases to establish a uniform situation in the structure.

Response of an Elastic Z-shaped Cantilever at Room Temperature

The structure is a Z-shaped cantilever subjected to a transverse end load (Figure 8). The solution given in [22] is
based on nine equal-sized elements. The structure is oriented at 45° from the x-z plane to activate all three
translations and rotations in the element formulation.

The beam is divided into three equal parts (each part is meshed with three elements). The two parts parallel to
the x-y plane have a length of 60 and a width of 20. The middle part (inclined) has also a length of 60 and an
elevation of 30 in the z-direction; the width is 20. The thickness of the beam is 1.7.

All the six DOF are restrained at one end and two concentrated nodal forces are applied in the positive z-
direction at the other end. The load is increased up to 4000 with a step of 10.

The material is elastic, the Young's modulus is equal to 2.0 x 10° and the Poisson's ratio is equal to 0.3. This
problem is solved at ambient temperature (20°C).
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Figure 8. Initial geometry and deformed shape for a load of 4000.

Two calculations have been performed, the first one 'SAFIR 10' with a load increment of 10, to check that
SAFIR gives the same continuous curve as the one given by NAFEMS (National Agency for Finite Element
Method and Standards). The second one ('SAFIR 500') has a larger load increment (of 500) to check whether
SAFIR is able to manage large load and/or displacement increments between each step. It can be seen in Figures
8 (displacements not amplified) and 9 that the element introduced in SAFIR gives good results in case of
bending with large geometric nonlinear behavior. The results obtained for a load step of 500 ('SAFIR 500") are
also very good even if the first point is a little bit too high compared to the two other curves. It has to be realized
that a displacement of nearly 125 has been accommodated within one single step.

Figure 9. Load-displacement for the Z-shape.
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Twisted Cantilever Beam at Room Temperature

This example (see Figure 10) has been defined in [23] and, since 1985, is one of the most widely used
benchmarks for testing the effects of warping in quadrilateral elements.

Whereas the length of the beam is 12 and the width of the section is 1.1, the test is usually run for two different
thicknesses of the section, namely 0.32 and 0.0032 with a Young's modulus equal to 29 x 10° and a Poisson's
ratio of 0.22. The concentrated forces are either applied in the X- (see Figure 10) or in the 7-direction.

The thickness of 0.32 is used to check the correctness of the formulation of the shell element and the thickness of
0.0032 is used to check the element against membrane locking. Tables 1 and 2 show the displacements obtained



Published in: Journal of Fire Protection Engineering (2005)
Status: Postprint (Author’s version)

at the loaded extremity of the beam for the crude mesh based on six finite elements as shown in Figure 10. Also
mentioned in these tables are the results presented in [24]. Here again, in order to allow comparison for the
benchmark example presented in small displacements, the results of SAFIR are those obtained after a single
iteration. The differences between the exact solutions and the numerical simulations are in the range of 1-5%.

Elastic Hemispherical Shell at Room Temperature
A benchmark test that takes large displacements into account is shown in Figure 11. One-eighth of the sphere

[22] has been meshed with 16 X 16 quadrilateral elements. The radius of the sphere is 10 and the thickness is
equal to 0.04. The following symmetrical boundary conditions have been used:

Symmetry on the plane y =0
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Table 1. Results for the twisted cantilever beam (h=0.32).

P~1 P=1

Uy Uy u, Uy
[23] 0.00542 0.00172  0.00179  0.00175
SAFIR 0.00533 0.0017  0.00170  0.00172
SAFIR/[23] (0.983) (0.988)  (0.950)  (0.983)
Batoz and Dhatt [24]  0.00521 - - 0.00144

[23/24] (0.961) - - (0.823)
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Table 2. Results for the twisted cantilever beam (h = 0.0032).

P=1 P=1

U, U, Uy U,
[23] 5316 1878 1878 1296
SAFIR 5226 1858 1858 1281
SAFIR/[23]  (0.983) (0.989) (0.989) (0.988)
[24] 5163 - - 1251
[23/24] (0.971) - - (0.965)

Figure 11. Hemispherical shell.

To prevent the rigid body mode in the z-direction, the point, A, was restrained to have x-translations only, i.e., U,
= (. Inward and outward diametrical point loads were applied as concentrated nodal forces at locations, A and B,
respectively. The loads are increased up to a maximum of 100. The material is elastic, the Young's modulus is
equal to 6.825 x 107 and Poisson's ratio is equal to 0.3. This problem is solved at ambient temperature (20°C).

This problem tests the performance of the geometric nonlinear formulation for shells under membrane, bending
and twisting actions. It can be seen (Figure 12) that SAFIR gives good results in case of large rotations and
deflections. For the inward displacement, SAFIR is stiffer than the results obtained by NAFEMS [22], but the
results are close to the ones obtained by Simo. This test confirms that there is no membrane locking in the
element.

Figure 12. Inward and outward displacements.
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Figure 13. Lee's frame.
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Lee's Frame at Elevated Temperatures

This example has been chosen because it is almost the only benchmark test available to check the accuracy of the
finite element software under fire conditions. It has initially been published by Franssen et al. [25] and has
shown that five different computer codes using beam finite elements and under increasing temperature give
similar results. The structure is shown in Figure 13. The vertical and the horizontal members have a length of
120. Two meshes have been used to check the behavior in case of bending (shell elements in the x-y plane for the
horizontal member and in the y-z plane for the vertical member) and in case of 'membrane bending' (all the shell
elements are in the x-z plane).

At the ends of the frame, the following displacements have been fixed:

U=U,=U,=6,=6,=0
The cross section of the beam is equal to 6 and the inertia is equal to 2. Eight-point Gauss integration points are
used through the thickness of the elements. A vertical load of 0.2 is applied to the structure at a distance of 96
from the right top edge. The temperature is uniform in the structure and it is increased until collapse. The

Young's modulus is equal to 720, the yield stress is equal to 3.0 and Poisson's ratio is equal to 0.3. The material
properties decrease with temperature according to ENV 1993-1-2.

Figure 14. Horizontal displacement vs temperature.
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The results under fire conditions have been compared with the same finite element software as have been used
for the comparison at room temperature [25]. It can be seen (Figure 14) that in case of bending (SAFIR-Bending)
the shell element of SAFIR gives results close to the beam element. In the case of 'membrane bending' (SAFIR-
Membrane-Bending) the result is a little bit higher with the shell element than the results provided by the other
elements. It has to be highlighted that the integration of plasticity over the depth of the beam is performed only at
four integration points (two in each of the two elements used in the mesh).
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This example shows that the new element correctly takes into account the thermal elongation and the stress-
strain relationship according to Eurocode 3.

H-rolled Profile

Calculations have been performed on an S355 HE 300 AA+. The length of the short beam is 1 m. The boundary
conditions are defined as follows:

Firstend:  All the nodes are locked on the longitudinal displacement and all the rotations. The lateral
displacement is locked at all the nodes on the web and all the displacements are locked at the point
in the middle of the web.

Second end: All the nodes have an imposed longitudinal displacement in compression and all the rotations are
locked. The lateral displacement is locked at all the nodes on the web and all the displacements are
locked at the point in the middle of the web.

An initial sinusoidal imperfection (maximal magnitude = 10 mm) is imposed on the web and the flanges. The
temperature is uniform in the structure and it is increased at the same time as the displacement is increased.

In this structure, the stress is a function of the imposed longitudinal displacement and of the thermal strain
(restrained). As the temperature and displacement are increased at the same time, the maximum reaction force
occurs when the temperature of the structure reaches 42° C and the longitudinal displacement is equal to 1.8 mm.
The ratio between the maximum load applied to the structure and the theoretical crushing compressive load is
equal to 0.92. As the calculation has been performed with imposed displacement, post-critical behavior can be
studied easily. Figure 15 shows the deformation of the beam when the simulation was stopped (displacements
not amplified). It can be seen that large deformations have been obtained in the middle of the beam. The
temperature in the structure at this moment is 1000°C and the imposed shortening is equal to 81 mm. As can be
seen in Figure 15, the local buckling obtained by calculation has the same shape as the one obtained during an
experimental test at Cardington.

Figure 15. Deformed profile at the last converged step and local buckling of a structure exposed to fire
(Cardington). (The color version of this figure is available on-line.)

Concrete Slab

The performance of the shell element with concrete material properties is compared with experimental fire tests
of two-way concrete slabs conducted at a fire resistance furnace in New Zealand by Lim and Wade [26].

Six two-way slabs, comprising reinforced concrete flat slabs and composite steel-concrete slabs were tested.
They were simply supported at all four edges and were axially unrestrained. The slabs were loaded with a live
load of 3.0 kPa while being exposed to the ISO fire from below for 3 h. All the slabs supported the loads for the
entire fire duration without collapse, despite suffering large midspan vertical deflections (up to 270 mm).
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The modeling of one of the tested slabs is presented here and is based on the work by Lim and Wade [16]. The
geometry and material properties of the finite element model are shown in Table 3 and are based on the tested
slab. The reinforcing steel and concrete material properties used in the model were based on the Eurocode 2 part

1.2. Different values of concrete tensile strength were used in the analyses, ranging from OMPa (fully cracked)
to 3.0 MPa (0.5 \f,).

Figure 16 compares the experimental results with the SAFIR predictions. The SAFIR analysis was conducted
with different values of concrete tensile strength, 0, 1.5, and 3 MPa respectively. The displacement transducer
malfunctioned after 140 min and the deflection of the slab had to be measured manually at the end of the test.

The graph (Figure 16) shows that with zero tensile strength in the concrete, SAFIR predicted slightly larger
deflections than the experimental results throughout the entire fire duration. Nevertheless, the deflection trend
predicted by SAFIR was very similar to the experimental results, showing a high deflection rate during the first
30 min, followed by a gradual deflection rate up to 150 min and finally increasing again from 150 to 180 min.
The SAFIR analysis stopped at 189 min when the reinforcing steel at midspan ruptured. The larger deflections
predicted by SAFIR, with zero concrete tensile strength, were attributed to the slab being fully cracked and being
more flexible than the tested slab. The high fire resistance of this lightly reinforced slab was attributed to the
loads being resisted by tensile membrane action instead of bending action.

Table 3. Properties of the tested slab.

Clear span in long direction, L, 4.16m

Clear span in short direction, L, 3.16m

Slab thickness, A 100 mm

Concrete compressive strength, 1. 36 MPa

Concrete cover, ¢, 25 mm

Reinforcing mesh 198mm?*/m in both directions
(98.7@300mm)

Yield strength (ambient temperature), £, 565 MPa

Self weight 2.4 kPa

Live load 3.0 kPa

Figure 16. Comparison of the experimental results with the SAFIR analyses.
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With a concrete tensile strength of 1.5MPa, SAFIR showed good agreement with the tested slab throughout the
entire fire duration. SAFIR predicted low deflections before the fire started, when the concrete had no cracks,

followed by thermal bowing deflections during the initial stages of the fire, leading to final failure of the slab at
192 min.

With a concrete tensile strength of 3 MPa, the deflections predicted by SAFIR showed good agreement with the
experimental test results during the first 100 min. Beyond that, the deflections started to diverge as the predicted
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deflections asymptote to -0.20 m. It shows that the concrete model is very ductile when high values of concrete
tensile strength are used, as the concrete does not crack and deflect sufficiently at the later stages of the fire.

Figure 17 shows the distribution of the principal membrane forces in 1/4 of the slab. The membrane forces are
plotted at the surface integration points of the slabs. The dark lines represent compressive forces while the light
lines represent tension forces. Figure 17 shows that a compression ring has formed at the outer edges of the slab,
surrounding a tension field at the midspan region. These in-plane membrane forces are a result of the deflected
shape of the slab. The tension field at midspan is due to the large deflections while the compression ring at the
outer edges is a result of the resistance of the outer edges against the inward contraction of the slab caused by the
sagging midspan deflections. The slab resists the loads as a membrane and will fail only when the steel at
midspan ruptures or when the concrete at the edges is crushed. These tensile membrane forces, instead of
bending action, explain the high fire resistance reached by the slab. The failure predicted by SAFIR corresponds
to the fracture of the reinforcing steel mesh. The slab will fail, as the tensile forces cannot be sustained by the
structure any more. These phenomena are in good agreement with the ones observed during the fire test.

In this example, and in others that are presented in [16], the modeling by SAFIR generally agrees well with the
experimental results, which tends to prove that the element and the utilized material models are able to represent
the behavior of reinforced concrete slabs undergoing very large transverse displacements in a fire.

Figure 17. Distribution of principal membrane forces in the slab at failure.
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CONCLUSIONS

After a brief description of the quadrangular shell element introduced in SAFIR and the material properties that
are used with this element, some calculations have been performed to validate this element.

The element passes the kinematic patch tests. The z-shape and the twisted cantilevers show that the element can
be subjected to large geometric nonlinear behavior. The hemispherical shell and the twisted beam (thickness of
0.0032) show that this element is not subjected to membrane locking.

Lee's frame at elevated temperatures demonstrates that the material properties from Eurocode 3 have
successfully been introduced in SAFIR in the case of a plane stress relationship and that the thermal elongation
is accurately taken into account.
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The concrete model could be refined, especially for members where either the tension strength or the crushing
strength plays a crucial role such as, for example, in shear walls.

Some comparisons with experimental tests indicate the validity of the approach for reinforced concrete slabs
exposed to large transverse displacements.

NOMENCLATURE

u, v =In-plane node displacements
w = out-of-plane node displacement
¥y, ¢y = functions
J =determinant of the Jacobian matrix
Ay, Bjj=matrix
w; = rotation of the node i
N;=shape functions
g, y = strain
a, b= coefficients of the hardening function
Jy = ultimate strength
J» =limit of proportionality
&pl,eq = €quivalent plastic strain
k, o = reduction factor for ultimate strength at elevated temperature
kg » = reduction factor for Young’s modulus at elevated temperature
k, o = reduction factor for proportional limit at elevated temperature
Jya20=ultimate strength at room temperature
Jpoo=1limit of proportionality at room temperature
E,y = Young’s modulus at room temperature
E5, =tangent modulus at room temperature
Jy.e=ultimate strength at elevated temperature ()
Jpo=1imit of proportionality at elevated temperature (6)
Ey=Young’s modulus at elevated temperature (6)
&5 = tangent modulus at elevated temperature ()
Je=concrete compressive strength

t, =time
T, =temperature at the time z,
€pLeq,n = €quivalent plastic strain
{0,} =stress vector
{8101} =total strain vector
{&;} =initial strain vector
{&n.n} = thermal strain vector
{&m.n} =mechanical strain vector
{ep1,n} = plastic strain vector
[D,] = elastic constitutive matrix
{€lo n41} =total strain vector of the first iteration of the time step 7+ 1
{sﬁn, 41} =mechanical strain vector of the first iteration of the time step
n+1
{Ag'} = first strain increment (first iteration)
{Ag?} =second strain increment (second iteration)
{Ae'~?} =strain increment between the first and second iteration
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