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Cast iron columns were used in many 19th century structures. Many such structures are still in use today
and it is important that they fulfill the current requirements on fire resistance. This paper presents the
results of a comprehensive study of the behavior and fire resistance of cast iron columns based on ex-
tensive numerical simulations using ABAQUS. The ABAQUS simulation model was validated against six
fire tests performed in the USA in 1917. The validated model was then used to investigate the effects of
several parameters (column slenderness, load factor, load eccentricity, imperfections of column and cross
section, axial restraint) on the behaviour of cast iron columns in fire. The parametric study results in-
dicate that the fire resistance is governed by the applied load and these columns are sensitive to load
eccentricity. Based on a comparison between the numerical simulation results and predictions of the EN
1993-1-2 method which is for modern steel structures, it has been found that the EN 1993-1-2 method
can give safe and reasonably accurate estimate of the strength and fire resistance of cast iron columns.
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1. Introduction

Cast iron possesses high strength in compression and was ideal
for use as columns [1]. Cast iron columns were used for more than
100 years [2] before being replaced by steel as supports to timber,
cast iron, wrought iron and steel girders in numerous 19th century
historical structures. The ambient temperature behaviour of cast
iron columns has been investigated by several researchers [3-7].
However, the behavior in fire of cast iron columns has been based
on general observations of fire accident investigations [8-17] and
standard fire resistance tests [18,19,20]. However, many such his-
torical reports are not available today and the available fire acci-
dent investigation and standard fire test reports do not give de-
tailed data and explanations to allow development of thorough
understanding of their behavior in fire. Furthermore, there was no
reported follow-up detailed research after these investigations and
fire tests.

Many such structures are still in use today and there is a need
to quantify their fire resistance. Yet a reliable method for assessing
the fire resistance of cast iron columns is lacking. Without carrying
out detailed research studies, some researchers [21,22] have pro-
posed to use the Eurocode method for steel structures [23] to
assess the fire resistance of cast iron columns. However, there are
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significant differences between cast iron columns and steel col-
umns, because (1) their mechanical properties are different; and
(2) cast iron columns have varying cross-sections due to 19th
century casting methods. Therefore, extrapolating the steel col-
umn design method to cast iron columns may not be appropriate
and further systematic investigations are clearly necessary.

The objective of this paper is to carry out detailed numerical
investigations of cast iron columns and to use the simulation re-
sults to develop an analytical method that may be adopted in as-
sessment of fire resistance of cast iron columns. Validation of the
numerical simulation model, developed using the general finite
element software ABAQUS, is established by comparison against
available fire test reports. The mechanical properties are based on
the model developed by the authors following a comprehensive
review of the available test data [24] as well as the authors' new
test data [25].

The numerical model considers the effects of imperfections in
the cast iron cross-sections and initial imperfections. The para-
metric study, using the validated numerical simulation model,
examines the effects of changing load ratio, load eccentricity, axial
restraint, cross-section and member imperfections and column
slenderness on cast iron column behavior and fire resistance. The
results of this parametric study are then used to assess applic-
ability of EN 1993-1-2 [23], which is for modern steel structures, to
historic cast iron columns.
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Fig. 1. Elevation of fire testing facility [19].

2. Fire tests

Between 1917 and 1919, 106 steel, cast iron, reinforced concrete
and timber column fire tests were conducted at the Underwriters’
Laboratories in Chicago, Illinois, USA [19]. Amongst these fire tests,
some had unprotected cast iron columns and some had protected
cast iron columns. Three of the unprotected cast iron columns, No.
9,10 and No 103, and four of the protected cast iron columns (No.
27,47, 62 and 63), were fully instrumented and the test report has
provided detailed information on the temperature and deflection
histories of the columns. These fire tests will be used for validation
of the simulation model of this paper.

The fire tests [19] were performed in a gas furnace as illustrated
in Fig. 1. Fig. 2a shows the column geometry for columns No. 9 and
10. The columns had a nominal external diameter of 7 in
(177.8 mm) and internal diameter of 5% in (139.7 mm). However,
there were imperfections in the cross-sections and the wall
thickness varied by as large as 1/4 in (6.35 mm). The cross section
imperfection has been assumed as uniform along the length of the
columns as further information are not provided in [29]. Fig. 3a
shows the actual recorded column cross-section dimensions. The
vertical imperfection (at the middle of the column) was 1/8 in
(3.18 mm). The length of the tested columns was 4.78 m. Table 1
summarises the cross-sectional and length imperfections of the
columns.

All test columns had insulated heads as shown in Fig. 2b, so the
fire exposed length of the columns was 3.76 m.

Both column ends in fire test No. 9 were assumed to be

rotationally fixed because the bolted end plates were considered
to offer a substantial amount of rotational restraint. Because the
fixing bolts and end plates were cast in and, therefore insulated by,
concrete as indicated in Fig. 1, the rotationally fixed condition was
considered to have been maintained during the fire test. The top
end in fire tests Nos. 10 and 10a was rotationally fixed but the
bottom was considered to be simply supported (Fig. 2d). The as-
sumed boundary conditions to other columns, based on the test
report, are listed in Table 1.

The protected columns (Nos. 27, 47, 62 and 63) had the same
nominal dimensions and test arrangement as the unprotected
column No. 9. The fire protection provisions for the columns were:

— No. 27 (Fig. 4a): 1% in (38.1 mm) thick Portland cement plaster
in ribbed expanded metal lath with 1/2 in (12.7 mm) of broken
air space (Fig. 3b);

— No. 47 (Fig. 4b): 2 in (50.8 mm) Portland cement, Long Island
sand and Hard coal cinders (mixture 1:3:5) (Fig. 3¢);

— Nos. 62 and 63 (Fig. 4c): porous semi-fired clay (52.3 mm) on 3/
4 in (19 mm) of mortar (Fig. 3d).

The applied load was 95,500 Ib (approximately 425 kN) for all
columns except 10a on which the applied load was 98,500 Ib
(approximately 438 kN). These loads gave an average stress of
45 MPa, which was the maximum permitted stress according to
the then US specifications (10,000-60%I/r, where [/r is slenderness
ratio). This stress is similar to the maximum permitted value by
the 1909 London Act [26].
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Fig. 2. (a) Geometry of tested cast iron columns No. 9 and 10 and (b) Details of the column's head fire protection, (c) Geometry of tested cast iron column No. 10a and (d) base

plate depending the use of bolts or not [19].

Table 1 summarizes the fire test results. The maximum tem-
peratures of all the columns at failure were between 694 °C and
760 °C. The column failure was initiated by compressive failure of
the thin part of the cross section, leading to failure of the thick part
of the cross section and the entire column. All columns experi-
enced large displacements at failure. Fig. 4 shows the deformed
shape of the columns after the fire tests.

3. Simulation model

The general finite element software ABAQUS was used for both
thermal analysis to calculate the column temperature distributions
and for mechanical analysis of the columns at elevated tempera-
tures. 3D thermal analysis was carried out so that the column
temperature data could be directed transferred to the structural
analysis model. Eight-node hexahedral solid elements were used
for both heat transfer analysis and structural mechanical analysis
(C3D8i). Fig. 5 shows an example of the finite element mesh. The
cross-section shape was assumed to be uniform along the column
height based on the assumption that the casting mould would be
the same throughout the column length.

3.1. Mechanical and thermal properties of insulations and cast iron

For all columns except Nof 10a, the ambient temperature
modulus of elasticity was calculated from the axial load-dis-
placement relationship, giving a value of 103.95 GPa. The fire test
report [19] gives a tensile strength of 160.165 MPa (23,230 lb/in.?).
The failure tensile strain at ambient temperature was 0.5%, similar
to that in [25]. As the 0.2% proof stress was not given in the report,
it was assumed to be 60% of the tensile strength. Table 2 lists the
key ambient temperature mechanical properties for the different
columns.

The reduction of mechanical properties (Young's modulus,
yield stress, ultimate stress) of cast iron were assumed to be si-
milar to those for steel in EN 1993-1-2 [23], based on the authors’
comprehensive literature review [24,27] and new test data [25].
The stress strain temperature relationships of cast iron were ac-
cording to the model proposed by the authors [25]. Fig. 6(a and b)
shows the resulting stress strain temperature relationships for
both tension and compression of cast iron. It should be pointed out
that although the proposed stress—strain relationships (trilinear
for tension and bilinear for compression) are not curved, they
were adopted for simplicity. Nevertheless, they reflect the
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Fig. 3. (a) Geometry of cross section and reference dimensions and insulations for column (b) No. 27, (¢) No. 47 and (d) No. 62 and 63 [19].

principal features of cast-iron behavior: largely linear elastic in-
itially, followed by reduced stiffness.

The insulation was assumed not to have any mechanical
resistance.

Table 1
Summary of cast iron column fire test specimens and results [19].

The thermal properties of cast iron were assumed to be the
same as those in EN 1993-1-2 [23] for steel. For the different
protected columns, the different insulations were assumed to have
the following thermal properties, based on the results of

Fire test Cross section dimensions Load Protection Rotational restraint Failure time  Surface temperature at
no. (a/b/c/D) (mm) (KN) (top/bottom) (min) failure (°C)
9 25.4/139.7/12.7/177.8 425 No Fixed/fixed 34.25 694
10 25.4/139.7/12.7/177.8 425 No Fixed/fixed 345 745
10a 23.39/153.24/10.7/187.33 438 No Fixed/fixed 34.25 718
27 25.4/139.7/12.7/177.8 425 Portland cement plaster (38.1 mm) in rib- Fixed/fixed 178 735
bed expanded metal lath with broken air
space
(12.7 mm)
47 25.4/139.7/12.7/177.8 425 Portland cement, Long Island sand, Hard Fixed/fixed 168.75 710
coal cinders
(1:3:5) (50.8 mm)
62 25.4/139.7/12.7/177.8 425 Porous semi-fired clay (52.3 mm) on Fixed/fixed 251.5 760
63 25.4/139.7/12.7/177.8 425 mortar Fixed/fixed 1775 730

(19 mm)
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(b) (© (d)

(2

Fig. 4. Deformed columns after fire test (a) No. 9, (b) No. 10, (c) No. 103, (d) No. 27, (e) No. 47, (f) No. 62 (stripped) and (g) No. 63 [19].

sensitivity study of the authors [27]:

i. Portland cement plaster in ribbed expanded metal lath with
broken air space (No 27): use the thermal properties of con-
crete as in EN 1992-1-2 [28] with the air gap modeled using
void radiation emissivity 0.7.

Concrete: Portland cement, Long Island sand, Hard coal cinders
(No. 47): use the thermal properties of concrete as in EN 1992-
1-2 [28].

Porous semi-fired clay on mortar (Nos. 62 and 63): use the
upper bound specific heat and lower bound thermal con-
ductivity for heavyweight masonry units [27]. Model the air
gap as cavity radiation with emissivity 0.7.

=

ii.

=4

iil.

It was assumed that the insulation and cast iron were in perfect
contact.

3.2. Thermal analysis results

The convective heat transfer coefficient was taken as 25 W/m?
K and the resultant emissivity was taken as 0.7, based on EN 1991-
1-2 [29].

Fig. 7 compares the test and simulation temperature results at
different locations of the column cross-section for the unprotected
columns. Due to non-uniform thickness of the cross-section, the
temperatures at different locations of the cross-section were
clearly different, with temperatures in the thicker part of the
cross-section being lower than those in the thinner part. The nu-
merical simulation results closely follow this trend and give very
similar values as the test results for the different measurement
locations although slightly higher. It should be pointed out that
there was no temperature record for the thinner part of the cross-
section (nodes 3 and 4) in [19] and they were expected to follow
the maximum temperatures. Similarly, the simulation

temperatures for nodes 1 and 2 (where the cross-section thickness
is the maximum) should be compared with the measured mini-
mum temperatures.

Fig. 8 compares the measured and simulation temperatures in
the cross-section of the protected columns ((a) No. 27, (b) No. 47
and (c) No. 62). Because the assumed thermal properties of the
insulation materials may be different from the actual ones (the
data were not available), there are some difference between the
simulation and measured temperature results. Nevertheless, the
measured and simulated cast iron temperatures are quite close,
particularly after the first hour of the fire test with the difference
in temperature being less than 50 °C.

3.3. Structural analysis

Figs. 9, 10 and 11 compare the fire test and numerical simula-
tion results for unprotected columns Nos. 9 and 10 and protected
columns Nos. 27, 42 and 62, with Figs. 10 and 11 showing the axial
deformation - time relationships and Fig. 11 comparing the de-
formed shapes, being the only detailed experimental results
available in the historical test report. Both figures indicate good
agreement between the test and simulation results. The recorded
deformed shapes of the columns clearly support the assumed
boundary condition that all degrees of freedom were fixed except
for the longitudinal direction at the column top and that all the
degrees of freedom were fixed at the column bottom (Euler case
4). The relative displacement refers to the difference of displace-
ments at the top and bottom of the fire exposed segment of the
column divided by the distance between them. The simulation fire
resistance time of 28 minutes compares very favorably with the
fire test results of 27 minutes for column No. 9 and 31 min for
column No. 10 (Fig. 9).

Table 3 compares the key values between the numerical si-
mulation results with the fire test results. The close agreement
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(@ (b)

Fig. 5. (a) Finite element mesh of an unprotected cast iron column (No. 9) (34040
elements); (b) finite element mesh for the cross-section.

Table 2
Ambient temperature mechanical properties for tested columns.

Column no. Young's modulus 0.2% Proof stress in Tensile strength
(GPa) tension (MPa) (MPa)

9,10, 27,47,62 103.95 96.1 160.16

10a 73.72 72.81 121.35

demonstrates validity of the numerical simulation model.

Note Table 3 does not contain results for column No. 63. Ac-
cording to the test report [19], this test column was practically
identical to No. 62. But this column failed approximately an hour
earlier than column No. 62 and the test report did not provide any
explanation.

4. Parametric study

The objective of the parametric study is to examine the effects
of changing different design parameters on fire resistance of cast
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Fig. 6. Stress strain temperature relationships of cast iron for (a) tension, and
(b) compression (dotted lines are for column No. 10a).
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Fig. 8. Comparison of measured [19] and simulation temperature-time curves at
different locations of protected columns (a) No. 27, (b) 47 and (c) 62.

iron columns and to use the simulation results to develop an
analytical method that may be adopted for design purpose. For
this purpose, the following parameters were considered: load
factor (ratio of applied load under fire to design resistance at
ambient temperature), load eccentricity, column length
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Fig. 9. Comparison of relative deformation-time relationships between experi-
mental and simulation results for the unprotected columns.
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Fig. 10. Comparison of column relative displacement-time relationships between
experimental [19] and simulated results for protected columns Nos. 27, 47 and 62.

(slenderness), cross-section imperfection, column length im-
perfection, boundary condition and level of axial restraint to the
column. For the parametric analysis, the simulation model of
columns 9 and 10 was used. The parametric study included an
additional case in which the boundary condition was changed to
simply supported (free rotations) at both ends.

For simulation of columns with axial restraint, a linear elastic
axial spring was attached at the column top [30,31]. The spring
stiffness ks is related to the column axial stiffness by a restraint
factor o defined below:

ks

EA
i )]
where E is the Young's modulus of cast iron, A is the cross section
area of the column and L is the length of the column. To assess the
range of realistic restraint stiffness, the six storey building de-
scribed in [32] was used because it had similar columns. The re-
straint factor was calculated to be about 0.10. In this parametric
study, the restraint factor ranges from 0.004 to 0.14.

The standard fire temperature-time curve [33] was used in all
simulations.

Table 4 lists the detailed values of the parameters examined.
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(a) (b) (©)

(d)

No. 47.~2-im. Cinder.

Fig. 11. Comparison for failure modes between fire tests and simulation for unprotected columns, (a) Column 9, test [19], (b) Column 10, test [19], and (c) Columns 9 and 10,

simulation, (d) Column 47, test [19] and (e) Column 47, simulation.

Table 3
Comparison of key column behaviour quantities between fire test and numerical
results.

Fire Source Time of maximum Fire re- Average column
test displacement sistance temperature at
no. (min) (min) failure (°C)
9 Fire test 24 27 694
Simulation 25 28 710
10 Fire test 25 31 745
Simulation 25 28 710
10a Fire test 17 34 718
Simulation 20 30 695
27 Fire test 135 178 735
Simulation 141 170 689
47 Fire test 130 168 710
Simulation 130 174 715
62 Fire test 175 250 760
Simulation 175 225 730

4.1. Effects of changing load ratio

Table 5 presents the numerical simulation results.

The design for cast iron structures at the time of construction
was very conservative due to the brittle nature of the material and
many uncertainties in material properties and construction
methods. The safety factor was as high as 5.0. This safety factor
combines both the material and load partial safety factors. In
contrast, for modern steel structures, the combined safety factor is

about 1.5. Taking into consideration the reduced load during fire,
the load ratio for modern steel structures is about 0.5. This
corresponds to a load ratio of about 0.15 (=0.5*1.5/5) for cast iron
structures. When historical cast iron structures are refurbished for
modern use, it is possible for the excessive margin of safety to be
reduced due to better understanding of the material and the
structure response. Therefore, it is expected that the load ratio can
become considerably higher. To allow for this, the applied load
varied from 10% to 200% of the applied load of 425 kN (equivalent
to the historic design load) in the parametric study.

Because of the high safety factor, the load utilization factor (ratio
of design load to ultimate load carrying capacity) is generally low
for cast iron structures, therefore, unprotected cast iron columns
can achieve much higher fire resistance time than conventional
steel columns. The simulation results indicate that cast iron col-
umns can achieve at least 30 min of standard fire resistance if the
applied load is at the historic level of design load (for hinged col-
umns at least 20 min). At very low loads (about 20% of the historic
ambient design load), the fire resistance rating approaches 60 min.
Even at very high loads (approaching 200% of the historic ambient
design load), fixed ends cast iron columns can still achieve 20 min
of fire resistance. A further reason is the lower rate of temperature
increase in cast iron columns owing to their thicker sections.

4.2. Effects of load eccentricity

Table 6 shows the effects of load eccentricity. The positive ec-
centricities give higher compressive stress on the thicker part of



Table 4

Summary of input values of parameters examined.

Effect of parameter

examined

Relative retrained

factor o

Member imperfectionda (mm) Applied load (kN) Load eccentricity

Cross section imperfection, Fig. 3
Diff. max. THK (a) and nominal

THK ((D-b)/2) (mm)

Column length (m)

Analysis group

no.

% of cross section

width

Length (slenderness)

425

3.18°

6.35

Fixed ends 1.88-5.64 50-150% of

3.76 m, increment 10%

Hinged ends 2.88-6.64 m

Increment 50-150% of 3.76 m

Fixed ends 3.76

Cross section
imperfection

425

3.18

2-14 increment 2

Hinged ends 4.76
Fixed ends 3.76

Member imperfection

425

0-7.95 increment 0.795

6.35

Fixed ends 3.76 (L/1000) 5.01

(L/750)

Hinged ends 4.76 (L/1000)

6.35 (L/750)

3.18

Hinged ends 4.76

Load factor

85-850 Increment

85

6.35

Fixed ends 3.76
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Hinged ends 4.76

Load eccentricity
0.004-0.14 Increment Axial restraint

0.008

0-80 Increment 10

425 1.5%425

425

3.18
3.18

6.35
6.35

Hinged ends 4.76
Fixed ends 3.76

2 Based on measurement of [19].

the section and lower compression stress on the thinner part of
the section. In general, the column failure temperature decreases
as the eccentricity in either direction increases and is sensitive to
the amount of eccentricity. When the applied column load is at the
level according to historical design guidance (425 kN for the si-
mulated column), and when the eccentricity exceeds 0.2 D, the
column failure temperatures are more than 50 °C lower than those
without eccentricity. Increasing the applied load accelerates this
effect.

Later in Fig. 12, the simulation results will be used to assess
calculation results using the Eurocode design method for steel
columns. For this assessment, the simulation results for eccen-
tricity of 0.2 D and less will be included. For higher values of cross-
section eccentricity, it is no longer appropriate to treat the column
as under compression only and explicit consideration of column
eccentricity should be taken.

4.3. Effects of cross section imperfection

Due to imprecision in manufacturing cast iron sections, cast
iron columns usually have some cross section imperfection where
the thickness of the section varies. This can have a number of ef-
fects. (1) the thinner part of the cross section develops higher
temperature than the thicker part. This causes thermal gradient in
the cross section and hence additional bending moment in the
column when the applied compressive load acts on the thermal
bowing induced by the thermal gradient. As the length of the
column increases, the additional bending moment also increases.
(2) The non-uniform temperature within the cross section causes
redistribution of stresses: the thinner part would have lower
stress, due to higher temperature, than the thicker part. This
would adversely affect the overall stiffness of the cross section
because non-uniform distribution of stiffness of the material
causes the highly stressed part to lose stiffness earlier.

Combining these two effects, it is expected that cross section
imperfection would have more severe effects on more slender
columns. The results in Fig. 7 confirm this expectation. For col-
umns with fixed ends which have low slenderness (length 3.76 m,
ambient temperature slenderness 1=0.477), the failure of the
columns is controlled by the cross section materials reaching their
strength. This is compatible with the findings of [4] where the
authors indicate that cross section eccentricity reduces cast iron
column resistance by no more than 3% at ambient temperature.
For columns with hinged ends, because the column slenderness is
high (length 4.76 m, 1=1.2), cross section imperfection becomes
an important parameter and can have severe detrimental effects
on column fire resistance and failure temperature (Table 7).

4.4. Effects of column imperfection

As with modern steel columns, cast iron columns also have
column imperfection (initial deflection). In [4], the magnitude of
cast iron column imperfection has been assessed, giving a mean
value of L/1500 and a maximum value of L/750. These are com-
parable to a value of L/1000 [4] which is typically considered for
modern steel columns. Table 8 presents the simulation results.
Column imperfection has the same effect as load eccentricity: in-
troducing bending moment in the column. Because the column
initial imperfection is small, it has very small influence on column
fire resistance.

4.5. Effects of axial restraint

Table 9 summarizes the simulation results of the effect of axial
restraint on fire resistance. It can be seen that axial restraint to cast
iron column can result in significant reductions in column fire
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Table 5

Effects of load ratio on fire resistance and failure temperature of cast iron column.
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Applied load

% of ambient temperature % of ambient temperature

Fixed ends column

Hinged ends column

(kN) design load section capacity (fy*A)
Fire resistance Failure temperature  Fire resistance Failure temperature
(min) (°C) (min) (°C)
85 20 9.30 74.52 967 40.04 762
170 40 18.5 47.20 844 32.0 715
255 60 27.9 4128 777 24.52 644
340 80 37.2 335 735 21.06 580
425 100 465 28.72 706 19.9 555
510 120 55.8 26.72 681 18.6 525
595 140 65.1 2518 658 16.93 486
680 160 74.4 23.92 637 15.4 450
765 180 87.3 22.87 618 14.38 418
850 200 93.0 21.93 600 12.43 356
resistance and failure temperature. This is caused by the increased 16
compression in the column due to restrained thermal expansion. My
For example, the fire resistance period without axial restraint is . O Effect of member imperfection
nearly 30 min (failure temperature=706 °C) when the column is e
axially unrestrained, but they decrease to 20.5 min (571 °C) re- L2 H o Effect of cross section imperfection
spectively when the axial restraint factor is &=0.14. It is important XX xx g S et 0o
that the axial restraint is reliably estimated and the increased i dg” -tiiiiiﬁiﬁl
compression force is accurately calculated. & o
The increased compressive force in axially restrained column R
can be calculated using the following relationship [34]:
= %(Aem—Aemec)L @ 0.4
where K; and K. are the stiffness of the axial restraint and the
stiffness of the column at the relevant elevated temperature, Aey,
is the free thermal strain of the column as a result of temperature 0,0
0,0 0,4 0,8 1,2 1,6 2,0

increase, Agpec is the column mechanical strain increase due to
column reduction in the material stiffness when the temperature
is increased. A&, is generally very small for the strain levels of
cast iron columns and can be ignored. Agy, is given by the thermal
elongation relationship in EN 1993-1-2 [23]. Table 9 confirms that
the analytical Eq. (2) gives accurate calculations of the increased
column axial force. The analytical equation tends to slightly
overestimate the additional compressive force in the column. This
happens because in the simulation model, the cross section ec-
centricity was included; this caused the column to deform laterally
thereby reducing the axial expansion. This second order effect
cannot be included in the analytical model, however, this places

Table 6
Effect of load eccentricity.

A

Fig. 12. Reduction factor vs elevated temperature slenderness for the tested col-
umns [19] and the simulation results.

the analytical results slightly on the safe side.

The results in Table 9 indicate that at realistic axial restraint
levels (about 0.10 in Section 4), the total compression in the col-
umn may double the initial load in the column. This has resulted in
a reduction of column failure temperature by more than 100 °C
(i.e. 706-594 °C).

Column with hinged ends applied load 425 kN

Column with hinged ends applied load 1.5 *425 kN=637.5 kN

Load eccentricity (D) Fire resistance (min) Failure temperature (°C)

Load eccentricity (D) Fire resistance (min) Failure temperature (°C)

+0.7 11.44 3253

+0.6 14.67 42213
+0.5 16.03 459.78
+0.4 17.05 486.89
+03 17.98 510.14
+0.2 18.87 531.71
+0.1 19.83 553.44
0 21.04 579.43
-01 20.58 569.78
—0.2 19.34 542.48
-03 17.84 506.75
—-04 16.44 470.77
—-0.5 14.91 428.85
—-0.6 13.10 376.05
-0.7 10.53 292.10

+0.6 - 20
+0.5 2.64 64.3
+04 6.83 180.95
+0.3 9.86 275.86
+0.2 12.75 365.3
+0.1 15.51 445.66
0 17.8 505.8
-01 17.24 491.64
—-0.2 15.09 434.04
-03 - 20
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Table 7
Effect of cross section imperfection to fire resistance and critical temperature.

Table 9
Effects of axial restraint

Cross section Fixed ends Fixed ends Hinged Hinged ends
imperfection ra- column column ends column

tio (imperfec- column

tion/cross sec- Fire re- Failure tem-  Fire re- Failure tem-
tion diameter sistance perature (°C) sistance perature (°C)
(D)) (min) (min)

0.01125 29.18 711 21.7 595

0.0225 2913 710 21.35 590

0.03375 28.99 709 21.165 582

0.045 28.90 708 18 528

0.05624 28.68 706 16.3 484

0.0675 28.43 705 14.61 425

0.07874 28.21 701 13.79 389

Table 8
Effects of column imperfection on column fire resistance and failure temperature.

Column with fixed ends Column with hinged ends

A[D ra- Fire re- Failure tem- A/D ra- Fire re- Failure tem-
tio sistance perature (°C) tio sistance perature (°C)
(1073)  (min) (1073)  (min)
(=) (=)
0 29.16 710 0 225 596
4.471 29.02 709 4471 21.87 590
8.943 28.91 708 8.943 21.24 584
13414 288 707 13414 2115 581.5
17.885 287 706 17.885 21.06 579
22357 2861 705 22357  20.965 577.5
26.828  28.52 704 26.828 20.87 576
31299 2843 703 31.299  20.785 574.5
35.771 2835 702 35771  20.7 573
40.242  28.26 701 40.242  20.615 571
44713 2810 699 44713  20.53 569
21.147 28.64 705 26.772  20.87 576
(L (L/
1000) 1000)
28.178 2849 703 35.658 20.7 572
w (L/750)
750)

5. Assessment of applicability of EN 1993-1-2 to cast iron
columns

For steel columns, according to EN 1993-1-2 [23], the design
compression resistance N g rq at time t of a compression member
with a uniform temperature 6 is:

X *A*ky,g *fy
™M fi 3

Np,ra o=

where yj5 is the reduction factor for flexural buckling in the fire
design situation, k¢ is the reduction factor of the yield strength of
steel, f, is the yield strength of steel, A is the area of the column's
cross section and y,, 5 is the material safety factor for fire design. In
this assessment, the material safety factor y,z is equal to 1.0.

The strength reduction factor yj is calculated using the fol-
lowing equation:

1
=
0+ \og =74 4)

with
=Lt 4 w2
Py 2 0 0 (5)

and

Restraint Fire resistance Simulation result Analytical result
factor « (min)/Failure tem-  of column axial of column axial
perature (°C) force (kN) force (kN)
0.000 28.7/706 425 425
0.004 28.1/697 452.32 451.35
0.012 26.9/683 503.22 501.5
0.020 26.0/670 549.74 548.53
0.028 25.2/658 592.26 592.82
0.036 24.6/648 631.04 635.12
0.044 24.0/639 665.68 675.51
0.052 23.6/631 696.25 7143
0.060 23.2/624 723.96 751.8
0.068 22.9/617 756.51 787.56
0.076 22.5/611 785.85 822.43
0.084 22.2/605 817.01 855.81
0.092 21.9/599 842.26 887.72
0.100 21.6/594 869.93 919.23
0.108 21.4/589 893.93 949.49
0.116 21.1/584 918.86 978.53
0.124 20.9/579 941.59 1006.38
0.132 20.7/574 966.23 1033.1
0.140 20.5/571 983.12 1061.34

The column slenderness 7, at elevated temperature € is cal-
culated by:

/TH=I * lky‘g/kE’g 7

where k;, ¢ and kg are the reduction factors for yield strength and
Young's modulus for steel at temperature € and 1 is the ambient
temperature slenderness, defined by EN 1993-1-1 [35].

For application to cast iron columns, the following modifica-
tions are made:

— The yield strength of steel is replaced by the 0.2% proof stress
and the temperature — dependent reduction factors are the same
as those for the yield strength of steel, according to [25].

— The ambient temperature modulus of elasticity for cast iron in
compression is 103.95 GPa (used in the numerical simulations,
and according to [19]).

— The effective length factor is 1.0 for hinged ends and 0.5 for fixed
ends.

— The column is assumed to have uniform temperature distribu-
tion in the cross-section and the average cross-section tem-
perature is used.

— For axially restrained columns, the applied load is the maximum
force in the column due to restrained thermal expansion.

Fig. 12 compares all the simulation results with calculation
results using the Eurocode 3 Part 1-2 method (described above)
for steel columns. In general, the analytical method gives con-
servative (safe) results. The results in Fig. 12 also show that if the
column load eccentricity does not exceed 0.2 D, using the EN
1993-1-2 design equation gives reasonably accurate and safe es-
timation of the limiting temperatures of cast iron column even if
the effects of load eccentricity are not included. However, if the
load eccentricity exceeds 0.2 D, it is no longer safe to assume the
column to be under compression only.

For stocky columns, the margin of safety is quite high. In fact,
because the cross-section average temperature is used and the
thicker part of the cross-section has lower temperatures, the col-
umn failure load may be even higher than the calculated plastic
resistance of the cross-section with average uniform temperature.

Nevertheless, it is considered not necessary to search for a
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more refined, and hence more accurate, method to calculate cast
iron column resistance at elevated temperatures. Cast iron struc-
tures are no longer being constructed and there is not a very
strong economic drive to reduce construction cost. Therefore, as
long as the assessment method is safe and reasonably accurate, it
is considered acceptable.

6. Conclusions

The paper has presented the results of a numerical investiga-
tion of the behaviour of cast iron columns in fire. The finite ele-
ment models, using ABAQUS, for both heat transfer modeling and
structural modeling, were validated against fire tests [19].

The validated numerical models were used to investigate how
different design parameters affect the limiting temperature of cast
iron column and load carrying capacity at elevated temperature.
The parameters considered include: column slenderness, load
factor, load eccentricity, imperfections of column and cross section
and axial restraint. The parametric study results were used to as-
sess applicability of using the current fire resistant design method
for steel columns in EN 1993-1-2 to cast iron columns. From this
study, the main conclusions are as follows:

— Loading eccentricity should be no more than 0.2 D. Columns
with higher eccentricities should be explicitly treated as mem-
bers with combined axial compression and bending.

— The effects of cross-section and column imperfections are minor
and can be adequately represented by using an appropriate
column buckling curve.

— Axial restraint to cast iron columns can generate significant
additional compression forces and decrease the column limiting
temperatures. This should be considered in practical assessment.

— The Eurocode 3 Part 1-2 analytical method for steel columns can
be safely used for cast-iron columns.
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