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ABSTRACT

The collapse of steel plates subjected to thermal loads representative of fire
conditions is analysed taking into account the temperature dependence of
the steel properties. A brief description of the temperature dependence of
steel properties is provided as well as the approach taken to account for
their change during the heating process in the numerical algorithm. A series
of calculations of load temperature curves is performed for plates of different
aspect ratio, slenderness, initial imperfections and boundary conditions in
order to established how they affect the temperature and the collapse load
of the plates. It was observed that the maximum load carrying capacity of
the plates is often reached at temperatures ranging from 100°C to 200°C, a
situation in which the yield stress of the material has not decreased too much
yet. The effect of the elastic support of the plates is important until collapse
is reached, but afterwards it can be ignored. © 1998 Elsevier Science Ltd.
All rights reserved

1 INTRODUCTION

Plate elements are one of the basic components of topsides of offshore plat-
forms, while beam-columns are the components that make the framework sup-
porting the platform topsides. Plate elements supported by the framework
make the decks and ceilings. Plates are also used in the walls of the compart-
ments, both when they are aimed at providing blast resistance or only as a
barrier for the thermal load induced by fires.

In both the horizontal and vertical components the plates can be stiffened.

179



180 C. Guedes Soares, |. M. Gordo, A. P. Teixeira

However, the understanding of the behaviour of the stiffened plates builds
upon the knowledge of the behaviour of the unstiffened plate elements, which
provide a significant strengthening effect to the associated stiffeners.

This study considers the behaviour of rectangular plate elements under ther-
mal loads of magnitudes that can be reached during fires in offshore platforms.
The increase of temperature associated with the fires will induce a tendency
for the plates to expand. However, the restrictions provided by the boundaries
which may be at a lower temperature induce biaxial compression on the plates.
This paper will provide load shortening curves of plates subjected to the
biaxial loading associated with their temperature increase, showing the effect
of the different parameters that influence the plate collapse.

The behaviour of plate elements under compressive loads has been studied
for many years. Earlier treatments used linear and non-linear elastic analysis.
Major developments have occurred during the early 1970s with the develop-
ment of numerical procedures based on finite differences and on finite
elements. It then became possible to study realistic cases of elasto-plastic
collapse of plates with large deflections. Several parametric studies have been
performed to indicate the effect of different parameters on the collapse
strength, including the initial distortions and residual stresses [1-6].

Although most of the studies dealt with uniaxial loads, some have con-
sidered the collapse resistance under biaxial loads as reviewed in Ref. [7].
However, no studies have been identified on the collapse strength of plate
elements subjected to elevated temperatures.

In fact, much research has been done related to the effect of fires on the
components in building structures and here the concern has been the behaviour
of columns [8-10] as well as frames [11,12].

For temperatures higher than 200°C, the stress—strain characteristics of
steels change by decreasing the yield stress and the modulus of elasticity. This
effect combined with the increase of stresses associated with the temperature
elevation leads to the collapse of plates. A review of the stress—strain proper-
ties of steels has been provided in Ref. [13] and the main recommendations
were that for current steels the average curves specified in the Eurocodes [14]
are the best option whenever there is no specific data for the steel under con-
sideration.

At ambient temperature the collapse strength of plates is governed mainly
by the plate slenderness, although the boundary conditions, the aspect ratio
and the initial distortions are important parameters [15].

This study has determined the load-shortening behaviour of plates with dif-
ferent aspect ratios, slenderness and initial distortions by using a non-linear
finite element code. A proportional displacement has been imposed on the
edges of the plates and the corresponding edge reactions have been calculated.

The loading is a heat source that leads to a monotonically increasing tem-
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perature with uniform distribution in the plate, which varies from ambient
temperature to values up to 800°C. The assumption of uniform temperature
in the plates results from the thermal conductivity of steel which leads to a
very quick heat conduction.

2 STEEL PROPERTIES AT HIGH TEMPERATURES

For a thermal and structural analysis a knowledge of the thermal and mechan-
ical properties of the structural material is required. Steel does not provide
any significant resistance to heat transfer and, furthermore, the thermal proper-
ties of steel that are of interest do not vary significantly with temperature, as
opposed to the mechanical properties.

To calculate the strength of steel structures and components under the
induced fire load temperatures it is essential to have a knowledge of the stress—
strain properties of steel at elevated temperatures.

Different experimental programmes have been conducted in the past, pro-
viding stress—strain curves for different kinds of steels, and a synthesis of the
results together with proposals of analytical models was presented [16-18].

The data presently available about strength of steel at high temperatures
are experimental results that have been used as a basis to develop design
curves. Important work has been performed in Europe related to the develop-
ment of design curves for steel structures under fire loads based on data from
different sources. The experimental programmes conducted so far have shown
that the effect of temperature on the stress—strain curves of steel is the same
for all types of steel. This is very important in that only one theoretical model
is enough to describe the mechanical behaviour of all steels.

In the present study the European Recommendation [14] was used. Five
different curves were defined to describe the steel properties for temperatures
of 0, 200, 400, 600 and 800°C, respectively, as indicated in Fig. 1. For inter-
mediate temperatures a linear interpolation between the two nearest curves
must be made.

It can be seen that at 200°C there is a decrease of the yield and ultimate
stresses but the difference between the yield stress and the ultimate stress is
not very large. For 400°C, the yield stress is much lower and, although the
ultimate stress is very similar to that at 200°C, it is only reached at a much
larger strain. For 600 and 800°C there is a very significant decrease in the
ultimate stress but the difference between the yield stress and the ultimate
stress is again small, i.e. the overall behaviour again becomes similar to that
at 200°C.

The stress—strain curves for different temperatures of steels of different yield
stress are similar to those presented in Fig. 1, only scaled by the yield stress
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Fig. 1. Stress—strain curves for different temperatures of a high tensile steel, Fe360 [14].

at ambient temperature. The main change in the maximum stress occurs at
400°C corresponding to a sudden drop in this stress. However, for tempera-
tures lower than that, the ratio between the proportional limit and the
maximum stress increases with temperature.

Fig. 2 shows the dependence on temperature of the yield stress, maximum
stress and Young’s modulus, normalised by their values at ambient tempera-
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Fig. 2. Material properties of mild steel [14].
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ture. It is clear that while the yield stress and the Young’s modulus start to
decrease at temperatures of 100°C, the maximum stress only starts to be
degraded at 400°C.

3 THERMO-ELASTO-PLASTIC ANALYSIS

The numerical calculations were performed using the ASAS-NL software [19]
which takes thermal loads into account. This is a general purpose non-linear
finite element code in which large displacement effects are handled using an
updated Lagrangian formulation with inclusion of geometric stiffness terms
for plate elements.

The plasticity is modelled by the von Mises or Tresca yield criteria. The
material behaviour can be non-linear and is defined by a piecewise linear,
stress—strain curve for various temperatures. Properties at intermediate tem-
peratures are obtained by linear interpolation.

The non-linear solution of a thermo-elastic-plastic analysis is approached
in an incremental—iterative manner using Newton’s method to solve the non-
linear equilibrium equation

A8} = — K| o) (1)

where |K,|;"! is the incremental stiffness matrix evaluated for displacement at
iteration i, {8}; and the improved set of nodal displacements is given by

{8}:s1 = {0} + A{S}). (2)

This procedure is carried out iteratively until the unbalanced load vector { ¢}
has converged to zero.

The incremental load vector consists of the mechanical and thermal compo-
nents

Ae = A€, + Ag, + Aey, 3)
where Ae,, Ag, and Ag,, are the incremental elastic, plastic and thermal strains,
respectively. The temperature is increased incrementally according to what
has been specified as input and the thermal load vector is computed from the
thermal strain increment by

A€y, = aAT + AT 4

where « is the coefficient of thermal expansion, AT is the temperature
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increment, A, is the change in a due to temperature change AT and T is
the temperature at the beginning of the step with respect to the reference
temperature state.

To compute the element stiffness the material properties are updated accord-
ing to the actual thermal load. The material stiffness can either be elastic or
elasto-plastic depending whether plasticity has occurred at an integration
point.

After the calculation of the nodal displacements the plastic strain increment
is calculated from the plastic and state information. Hence, stresses are then
obtained using the constitutive law.

4 PRELIMINARY CALCULATIONS

When trying to understand the behaviour of a plate element which is part of
a structure subjected to thermal loads due to a localised fire, the first problem
that arises is concerned with the difference in temperature at that particular
region compared with the temperature of the rest of the structure.

If one considers an unloaded structure subjected to a temperature increase,
and if the whole structure has the same temperature increase, there will be
no restraining boundary conditions to a substructure and thermal stresses will
not be present, i.e. the whole structure will simply expand.

When there is a temperature differential within a structure, this will generate
thermal stresses increasing with temperature until they reach a level that
induces the collapse of the plate. After that level the plate sustains a lower
level load. However, this capability is dependent not only on the temperature
differential between the plate element and the rest of the structure, but may
also be dependent on the ‘initial temperature’, i.e. the temperature of the sur-
rounding structure.

In order to assess the effect of the initial temperature, calculations were
performed for a plate of aspect ratio (a/b) equal to 1 and breadth to thickness
ratio (b/t) equal to 40 and 80, which was considered for different initial tem-
peratures (7. = 0, 40, 80, 160 and 240°C). From these initial states the tempera-
ture applied to the plate was increased to 800°C, keeping the boundary con-
ditions of the plate restrained to linear displacements in its plane.

Temperature is considered to be uniform over the whole plate, which is
often the situation when it is assumed in this study that fires have much larger
dimensions then the structural components.

Figs 3 and 4 show the curves obtained for the different initial temperatures
of the plates with b/t ratio of 40 and 80. It is clear that the post-collapse
strength is very similar, although the collapse temperature and the collapse
load depend on the initial temperature of the plate. However, the collapse



Average Stress (MPa)

120 +

100 +

80 4

40 4+

204

185

Elasto-plastic behaviour of plates subjected to heat loads

Temperature (°C)

Fig. 3. Influence of the initial temperature in the curves of stress temperature differential for

Average Stress (MPa)

a square plate with b/t = 40.

Temperature (°C)

Fig. 4. Influence of the initial temperature in the curves of stress temperature differential for

a square plate with b/t = 80.

load of plates that have a high initial temperature lies almost over the stress—
temperature post-collapse curve of the plates that start from a lower tempera-

ture.

Some difference may be detected when passing from stocky to slender
plates. In the latter, the collapse load for the plates that have high initial
temperature is above the post-collapse curve for the plates that start from
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ambient temperature, while the difference is not marked in the stocky plates.
This behaviour is the consequence of the effect of load shedding after buckling
which is much more important in slender plates than in stocky ones when a
reasonable level of initial imperfections is considered.

The post-buckling load shedding is directly related to the increase of the
deformations and to the amount and spread of plastic strain, which tends to
soften the structure. In the slender plates, the effective width is only a small
part of the plate width and consequently the amount of plastic strain near the
edges is much greater than in the rest of the plate, contributing to the increase
in out-of-plane deformations and reduction of the actual carrying capacity of
the plate at that temperature. When, for similar plates, one is considering a
low and a high initial temperature, the collapse temperature of the second
corresponds to a lower degree of plasticity and a smaller magnification of the
deformations compared with the state of the first at the same temperature, and
thus its strength will be higher.

This explanation would lead one to expect that the difference between the
two curves will be kept constant for temperatures higher than the collapse
temperature. However, the reduction of the yield and maximum stresses of
the steel due to the temperature increase will play an increasing role by adding
a supplementary plastic strain that speeds up the process by magnifying the
deformations to levels such that their amplitude becomes irrelevant to the
plate strength.

Finally, it should be observed that the temperature difference that promotes
the collapse is kept constant. Thus, in the range of analysis (0 < 7, < 240°C),
the average strain necessary to produce the collapse of the plate may be rep-
resented approximately by the initial yield strain. This is equivalent to dealing
with a temperature, since they are related by the coefficient of thermal differ-
ential expansion (¢, = 1.1 — 1.4 x 107%/K), which does not change with tem-
perature.

As a first conclusion, one may say that the only consequence of the different
initial temperature of the plates is the change of the collapse load of the plate,
which is directly related to the reduction of the maximum and yield stresses
with increasing temperatures. However, this collapse load seems to be of
reduced interest in structures subjected to fire, where temperature differences
larger than 120°C are normal.

5 PARAMETRIC STUDY

Having established that the thermal collapse load of plates is independent of
their initial temperature, a series of calculations was conducted for several
plates starting from an initial ambient temperature, subjected to a temperature
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increase up to collapse and continuing in the post-collapse range. The aspect
ratio of the plates is 1 and 3, and the slenderness covered ranges from b/t =
20 to 100.

The nominal plate slenderness is defined at ambient temperature as

_b o
B—t £ 5)

where o, and F are the yield stress and Young’s modulus, respectively. How-
ever, when dealing with changing temperature, the definition of the plate slen-
derness presents a difficulty since the material properties of the plate are
changing with temperature. Thus it is less meaningful to identify a plate with
its slenderness at ambient temperature. In order to avoid this problem the
plates were identified by their b/t ratio.

The effect of initial geometric imperfections was also investigated. Con-
sidering two levels of imperfections, ‘almost’ perfect plates, denoted as A,
were given a maximum lateral displacement of 1 mm. A plate was considered
as having average distortions, and denoted as C when

Wt = 0.1082

where f3 is the plate slenderness at ambient temperature.

Another two levels of imperfections were investigated, but due to the
reduced importance of the initial imperfections they were not considered
further in the calculations.

The shape of the initial imperfections may be represented by a Fourier
series as

w= 26, sin o gin 2 (6)
i a b

where a and b are the plate dimensions and §,, are the amplitude of the

components.

In each calculation the initial distortion of the plate was represented by a
shape with only one component of this series. However, each type of plate
was considered twice with a different initial distortion described by the order
(m, n) of the Fourier component of the initial distortions in order to quantify
the sensitivity to this parameter. Thus all plates were run with the pair (m =
1; n = 1) and some of them with the pair (m = a/b; n = 1). The latter proved
to have the same response as the square plates and thus their behaviour may
be represented by the behaviour of these plates.
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5.1 Restrained boundary conditions

Fig. 5 shows the load—temperature curves for plates of high strength steel
(Fig. 1) with a/b = 1 but with different slenderness (b/t = 20, 40, 60, 80 and
100). Each pair of curves indicates the relationship between the stress and
the temperature increase for the two levels of initial imperfections. The main
conclusion that one may draw from those results is the insensitivity of the
post-buckling collapse strength with respect to the initial imperfections in
square plates. Furthermore the effect of imperfections on the ultimate load is
negligible for plates with b/t > 60.

The stresses indicated in Fig. 5 may be understood as the longitudinal or
the transverse stresses since they are the same for square plates due to sym-
metry. This means that the strength of the plates under thermal loads has to
be understood as the biaxial strength instead of uniaxial strength.

For plates of a/b = 3 a more detailed coverage of the range of slenderness
was considered. Two levels of imperfections and two shapes of distortions
were considered. Fig. 6 compiles the results of ‘almost’ perfect plates
(maximum initial imperfections of 1 mm).

The biaxial state of stresses is well present in all plates, especially in the
elastic range (T < 100°C). Collapse in the transverse direction is reached at a
lower temperature and at lower stress levels, after the collapse in the transverse
direction, the stresses in this direction fall quickly to very low levels while
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g. 5. Stress—-temperature curves of square plates of high strength steel with different initial
imperfections.
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Fig. 6. Stress—temperature curves of rectangular plates (a/b = 3) of high strength steel with
shape of imperfections of type A (almost perfect); X denotes the stresses in the longitudinal
direction and Y in the transverse direction.

the longitudinal stresses keep increasing until the longitudinal collapse is achi-
eved.

The first main conclusion for plates with aspect ratio different from that
with a predominant mode of imperfections equal to the length of the plate is
that the collapse in the transverse direction is achieved at lower temperatures
(T = 75°C) than the collapse in the longitudinal direction or the collapse of
square plates (77 = 120°C) in which failure occurs simultaneously in both
directions. This behaviour is confirmed when average initial imperfections are
used, Fig. 7.

However, two main differences may be observed when dealing with differ-
ent imperfections. First, the collapse in both directions is achieved at lower
stresses with increasing imperfections, which confirms the same conclusion
for square plates; second, very slender plates may exhibit a ‘strange’ behaviour
when the distortions are very low.

In the present case, ‘almost’ perfect plates with &/¢ = 100 change their shape
of deformation in the elastic range to a mode m = « which makes the collapse
similar to that of a square plate. After collapse, the transverse stress tends to
be lower than the longitudinal stress due to the effect of the mode of the
initial imperfections, m = 1, which is still present. The influence of the initial
imperfections is confirmed to be negligible, apart from the mentioned case of
b/t = 100 with very low imperfections level, in which a change in the mode
of collapse occurs, Fig. 8.

Fig. 9 has results of a plate of b/t = 60 and is a typical example of the lack
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Fig. 7. Stress—temperature curves of rectangular plates (a/b = 3) of high strength steel with
shape of imperfections of type C (average distortion); X denotes the stresses in the longitudinal
direction and Y in the transverse direction.
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Fig. 9. Stress—temperature curves of rectangular plates (a/b = 3) of high strength steel and
b/t = 60 for two levels of imperfections.

of sensitivity to the level of imperfections, when dealing with temperature
load. In the elastic range some differences in the behaviour of the plate due
to initial imperfections may be detected, but after collapse of the plate the
curves of the stresses in each direction tend to be independent of distortions.
Transverse stresses are more sensitive to imperfections because, for a plate
with this aspect ratio and mode of imperfection, the first collapse is in that
direction. However, far beyond the collapse, the influence of distortions tends
to disappear even in the transverse direction.

A detailed analysis of Figs 5-7 shows a discontinuity of the derivative of
o(T) at 400 and 600°C, which may be the consequence of a too crude defi-
nition of the material properties, i.e. a large step in the difference of tempera-
ture that defines the material behaviour. Because of that a second series of
analysis was carried out using the properties of mild steel, and a step half of
that used earlier (i.e. a step of 100°C). This analysis also allows us to study
the influence of the different material properties.

Figs 10 and 11 plot the results for plates with an aspect ratio of 1 and 3.
These figures shall be checked against Figs 5 and 7.

Fig. 12 illustrates the out-of-plane deflection against temperature of a square
plate, showing that a large level of deflection is attained for high temperatures.

Fig. 13 compares the behaviour of the plates with average imperfections
using different steps on the definition of material properties and with different
yield stresses. Two main conclusions may be inferred from the analysis of
the figure. First, the behaviour is only scaled by the yield stress. If the curves
of material properties in the range of temperatures have the same shape for
two materials with different yield stress, then the behaviour at high tempera-
tures, i.e. in the post-collapse regime, is only scaled by the yield stress.
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Fig. 10. Longitudinal stress—temperature curves of square plates (a/b = 1) with different slen-
derness for mild steel.
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Fig. 11. Longitudinal stress—temperature curves of rectangular plates (a/b = 3) with different
slenderness for mild steel.

Second, in the pre-buckling domain the average stress—temperature curves
depend very much on the yield stress due to the variation of the effective
plate slenderness at the loading point with the yield stress even for plates with
the same b/t ratio [20].

The fact that one may associate an average strain to the temperature scale
instead of an average normalised strain is the main cause of the different
derivative of the curves of material with the same b/t ratio and of the different
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Fig. 12. Vertical displacement-temperature curve of a square plate for mild steel (a/b = 60).
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Fig. 13. Comparison of the normalised stress—temperature curves of square plates with higher
strength steel (HSS) and with mild steel (NS).

temperature of collapse. The difference in the collapse load for the same b/t
ratio is due to the different nominal slenderness consequence of the yield
stress in the two cases, i.e. plates with a higher yield stress than those of
normal steel have a higher nominal slenderness and thus a lower normalised
ultimate stress, usually denoted as ultimate strength.

At the temperature of collapse of a plate of normal yield stress it has the
same effective slenderness as the high tensile steel plate, thus the stress at
that temperature should be similar for the two plates. The differences may be
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a result of the actual state of imperfections in the two plates, but this parameter
has little effect when dealing with temperature, as pointed out before.

Some differences between the curves of the same b/t ratio are observed at
temperatures around 500 and 700°C, which are a direct consequence of the
improvement in the resolution of the material properties with temperature for
the case of normal steel, where the properties were defined at 500 and 700°C
while for the HTS they were estimated by interpolation.

5.2 Elastic supports

In real structures the supports of the plate elements are the stiffeners and the
surrounding structure. The former provide support mainly for out-of-plane
displacements, while the latter restrain the in-plane displacements. Thus, the
boundary conditions of the plate elements are far from being fixed when they
are thermally loaded.

In a first approach the elastic support to in-plane displacements may be
taken proportional to the area of the edge and the modulus of elasticity. This
assumes that the stiffeners do not support any load in these directions and the
surrounding plating has a similar thickness as the loaded plate. The constant
of proportionality depends mainly on the geometry and dimensions of the
frames that are oriented in the same directions of the displacements, on the
ratio between the thickness of the plate and of the surrounding structure and,
eventually, on the particular position of the plate on the panel.

Using these considerations, springs were connected to the nodes perpen-
dicular to the edges with a rigidity proportional to K, = EA/a, where a is the
length of the plate in a direction perpendicular to the edge and A is the cross-
sectional area (A = bt). Two levels were used: K, and 0.5K,.

Figs 14-18 compare the stress—temperature curves varying the degree of
restraint to in-plane displacements for five b/t ratios. The shape of each curve
is similar to the others apart from a magnification of the scale due to the slen-
derness.

However, the curves of plates with b/t = 20 have a slight difference from
the others. For other slendernesses the curves with low rigidity at the boundary
always have lower strength at the same temperature as those with high rigidity.
However, in stocky plates the amount of plastic strain seems to be very
important at low temperatures, 7 < 400°C. A large plastic strain tends to
magnify the out-of-plane imperfections and this reduces very much the
strength comparative to plates where the plastic strain, and consequently the
imperfections, are low.

This analysis is general but in stocky plates with average imperfections the
ratio between the maximum initial distortions and the thickness is very low,
thus the magnification of imperfections at buckling changes the shape of the
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Fig. 14. Comparison of the stress—temperature curves of plates with different rigidity at the
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Fig. 15. Comparison of the stress—temperature curves of square plates with different rigidity
at the edges and b/t = 40, for mild steel.

plate from an almost perfect plate before buckling to a plate with a marked
mode of collapse. When comparing the plate already buckled due to high
constraint with the one in a pre-buckling state due to reduced constraint, the
level of imperfections at the same temperature is very different and much
lower in the latter case, which makes it have a higher strength than the for-
mer plate.

The other significant consequence of reducing the rigidity at the edges is
the increase of the collapse temperature from around 100°C to 180°C. This is
an expected result which may be very important in the design of the structures.
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Fig. 16. Comparison of the stress—temperature curves of square plates with different rigidity
at the edges and b/t = 60, for mild steel.
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Fig. 17. Comparison of the stress—temperature curves of square plates with different rigidity
at the edges and b/t = 80, for mild steel.

6 CONCLUSIONS

This study has provided the load—temperature curves for several plates ranging
from a/b = 1 to a/b = 3 and from b/t = 20 to b/t = 100 with different levels
and shapes of initial distortions.

It was observed that the maximum load carrying capacity of the plates is
often reached at temperature differentials ranging from 100°C to 200°C, a
region where the yield stress of the material has not decreased too much yet.

The effect of the elastic supports of the plates is important until the collapse
of the plate is reached, but afterwards it may be ignored. However the



Elasto-plastic behaviour of plates subjected to heat loads 197
s 80 }
MPa)

~———K =inf.

0 100 200 300 400 500 600 700 800
Temp. (°C)

Fig. 18. Comparison of the stress—temperature curves of square plates with different rigidity
at the edges and b/t = 100, for mild steel.

‘ultimate’ strength of the plate, i.e. the maximum of the stress—temperature
curve, decreases with a reduction in stiffness of the elastic supports.
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