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Abstract. A considerable number of studies have been conducted worldwide on fires that act on alll
four sides of a column (symmetrical fire). These cases are used for the validation of the analysis models
developed in this study. In real buildings the columns are often embedded.

If the fire does not act similarly on all surfaces of the column (non-symmetrical fire), it is extremely
difficult to predict how the column will behave. The key research questions are: Is resistance stronger in
non-symmetrical than in symmetrical fires? What is the final buckling mode, towards the fire or in the
opposite direction?

Results of numerical analyses for reinforced concrete filled square steel tube columns in non-
symmetrical fires are presented for a total of 150 cases. An ISO 834 fire acts constant along the column
on one, two adjacent or three sides. Three embedding systems are considered for the remaining sides:
adiabatic, concrete wall and sandwich panel. The material models are done using the Eurocodes and an
initial bow imperfection is considered. The reference cases are symmetrical cases.

When fire acted on one, two adjacent or three sides, the fire resistance times were on average
about 3.4, 2 and 1.3 times longer than in a symmetrical fire. A concrete wall is a good thermal sink for
columns. Slender columns typically buckle towards the fire. The final failure mode and corresponding
resistance time depend on the direction of the initial bow imperfection. Experimental tests are needed to
verify the results.

Key words: fire resistance; concrete filled steel tube column; non-symmetrical fire; finite element
analysis; Eurocode

1. Introduction
1.1. General

Reinforced concrete filled tubular (CFT) columns have become popular among designers and
structural engineers in recent years. These columns combine advantages of both steel and concrete
materials, such as: attractive appearance, structural efficiency, fast construction technology and high fire
resistance [1], [2].

Behavior of a CFT column in case of fire is more complex than at room temperature due to
changes in material properties, which make it difficult to predict its failure. According to [1, 2], analytical
methods developed in this field cannot predict behavior of CFT columns in fire, so numerical simulations
are necessary. According to [2], most researches have adopted similar assumptions, all of which cannot
be realistic representations of actual CFT column behavior. Both the effects of slip and air gap between
the steel tube and the concrete core and the effect of concrete tension strength have been studied in [2],
and the authors have concluded that they have only a minor effect on fire resistance time. They have also
realized that initial deflection has some effect on fire resistance time, but it is acceptable to use the
maximum value of the span/1000 [2].

A considerable number of numerical simulations and tests have been conducted worldwide on fire
that affects all the four sides of a column. References [3—19] deal with steel tubes filled with plain
concrete. References [20-28] deal with steel tubes filled with reinforced concrete. References [29-40]
deal with steel tubes filled with fiber reinforced concrete. If fire acts on all the four sides with the same
intensity, it is called a symmetrical fire in this study. These cases are used for validation of the analysis
models developed in this study. The design standards include world-wide symmetric cases.

1.2. Non-symmetric fire events concerning composite columns

In real buildings columns may be embedded. This alters their properties in fire compared to
symmetric cases. If fire does not affect all surfaces of a column in a similar way, it is called non-
symmetrical fire. Such fire is interesting because it is extremely difficult to predict how the column will
behave in it. If, for instance, one side is against the fire and the other sides are insulated so that no heat
transfer is possible, i.e. we refer to the so-called adiabatic conditions, then the column bows toward fire
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due to thermal expansion. Fire weakens stiffness and strength properties of the column on the side of fire
compared to other parts of the cross-section. In case of a central axial load, this means that bowing due
to loading is away from fire. What is the final failure mode, towards or away from fire? The initial bow
imperfection and its direction may have some effect on final failure although its numerical value is small
compared to deflections in fire. Is axial resistance generally higher or fire resistance time of the
composite column generally longer in non-symmetrical rather than symmetrical fires? These are the key
guestions considered in this paper.

In [41] and related papers of the authors, composite W-shaped columns with different embedding
systems are examined both experimentally and analytically. Likewise, in [42] and related papers of the
authors [43, 44] concrete filled rectangular steel tubes in non-symmetrical fire are examined both
experimentally and analytically. The paper excludes square columns and all columns without
reinforcement. The paper [42] reports that some columns finally collapsed towards fire. Slightly non-
symmetrical temperature fields may appear in tests where the goal is symmetrical fire, as reported in [45].

In general, it can be said that very few studies on non-symmetrical fire acting on tubular composite
columns have been conducted.

1.3. Cases considered in this paper

This paper presents results of numerical analyses for tubular composite columns in non-
symmetrical fires. Reinforced concrete-filled square steel tubes of three sizes and two buckling lengths
are considered at given central axial loads. The following non-symmetrical cases are considered:
ISO 834 fire acting on one side, two adjacent sides or three sides. Fire is assumed to be constant along
the column. The sides which fire does not affect are assumed to be embedded. Three different
embedding systems are considered: adiabatic (see above), concrete wall, and steel-mineral wool-steel
sandwich panel. Reference cases are symmetrical ones. Axial loads are defined so that they represent
maximum ultimate centric loads for symmetrical cases with respect to specified fire resistance times: 30,
60, 90 and 120 minutes. Numerical results for the symmetrical cases are compared with literature data
determined by analyses and tests. The idea is to define fire resistance times for non-symmetrical cases
and compare them to those for symmetrical cases with the same columns. Fire resistance time was
defined based on the point of time when deflections of columns have started to increase rapidly. A total of
150 cases have been analyzed.

Thermal and mechanical analyses were conducted using the finite element software
ABAQUS/Standard [46]. Geometrically identical 3D finite element method (FEM) models were used both
for thermal and mechanical analyses. Material models for steel tubes, reinforcement and concrete are
presented in the Eurocodes [47]. The effect of initial bow imperfection is considered. The shape of the
imperfection corresponded to the buckling mode of the column for the lowest buckling load in ambient
conditions. All cases were analyzed using the amplitude span/666 for the imperfection towards fire to
compensate the missing residual stresses in the model. Some cases were also studied with the initial
imperfection away from fire. All columns were hinge supported at both ends. End nodes of the columns
were forced to stay in the plane using the coupling command of ABAQUS in the mechanical analysis.

No residual stresses were assumed for the tubes. In thermal analysis full contact between the steel
tube and the concrete core was assumed. In mechanical analysis the cases were analyzed supposing
frictionless contact between the steel tube and the concrete core. The reinforcement was modeled with
one-dimensional beam elements. 3D continuum finite elements were used both for the tube and the
concrete. First thermal analysis was conducted and temperatures were stored. Then, mechanical
analysis was made with a constant central axial load by increasing temperatures inside the column
according to the stored temperatures. Thermal analysis was made using a 3D continuum FE model for
the entire column. This was done because 1) the goal was to perform future fire tests where
temperatures may change in the longitudinal direction of the column, and 2) it could give us temperatures
for the mechanical model, provided that the meshes of both models were compatible, as they were in this
study. To verify the numerical model, temperatures and fire resistance times in the symmetrical fire were
compared to the results available in literature [26] and [48]. Temperatures were calculated using the Safir
software too [49]. The results of the thermal analysis in the non-symmetrical cases were compared to the
results calculated using the Safir software and the same initial data.

Preliminary results of the present study were presented in [50]. More details of the analyses and
results are given in [51].
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2. Thermal analysis

Cold formed steel tubes of grade S355 are considered. Sizes and lengths L of the tubes are:
150x150x5, L =2 and 3 m; 250x250x6, L =3 and 5 m and 400x400x10, L =3 and 6 m. The notation
150x150x5 means: a square tube 150 mm wide and high of 5 mm wall thickness. Roundings of the tube
corners are as stated in standard [52]. Reinforcement grade is AS00HW [53], carbon steel with yield
strength 500 MPa and suitable for welding. The number of bars and diameters D are: 150x150;
4D12 mm, 250x250; 4D20 mm, 400x400; 8D25 mm. The locations of the reinforcements from the
concrete surface are: 150x150; 35 mm + D/2, 250x250; 45 mm + D/2, 400x400; 45 mm + D/2.
The effects of different locations of reinforcement on resistance of the columns are studied in [51].

The concrete grade is C40/50 in all cases using the notations of the Eurocodes [47]. Density,
conductivity and specific heat at elevated temperatures for these materials are available in the Eurocodes
and are used in the analysis. Concrete moisture is 4 % by weight. The upper value is used as
recommended in [47] for thermal conductivity of concrete. Pressure due to vaporization of concrete is not
considered in the analysis. Constant density 128 kg/m3 and constant specific heat 840 J/(kgK) are used
for mineral wool according to [54]. Bi-linear conductivity for mineral wool is used from the same
reference. ISO 834 standard fire is supposed to act on the surfaces via radiation and convection.
Emissivity of 0.7 is used both for steel and concrete surfaces and convection factor is 25 W/m2K, as
stated in the Eurocodes for the ISO 834 fire.

Concrete and steel tubes were modeled with the DC3D8 brick elements of ABAQUS, while the
corners of the tubes were modeled with DC3D6 elements, see [46]. Reinforcement was modeled using
DC1D2 elements. Figure 1 illustrates the typical meshes both in the cross-section and along the column.
All contact surfaces were modeled using the Tie option of ABAQUS to ensure heat transfer on surfaces.

Figure 1. Typical FEM meshes used in the analysis

Three adiabatic non-symmetrical cases were considered as shown in Figure 2. Red lines show
where fire acted. The other sides were adiabatic. The fourth case involved symmetrical fire.

L OO0

Figure 2. Adiabatic cases

Three embedding systems with concrete walls were analyzed as shown in Figure 3. The thickness
of the concrete wall was 100 mm, but in case of fire affecting only one side the thickness is the same as
the column width. In the thermal analysis, the column sides and the walls were connected with the Tie
option to ensure heat transfer, meaning that no gaps were modeled between walls and columns. Three
embedding systems with sandwich panels were analyzed as shown in Figure 4 for the 150x150 column.
Steel faces were 0.6 mm thick and the mineral wool was 200 mm thick. Panels were modeled without
connectors and corner details, as in case with concrete walls. A series of heat transfer steps lasted
240 minutes (14,400 seconds) with maximum increments of 60 seconds. Maximum allowable changes
per increment were 25 degrees Celsius in temperature and 0.1 in emissivity.
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Figure 3. Embedding systems with concrete Figure 4. Embedding systems with sandwich
walls panels

Figure 5 shows the temperatures at the cross-section from the mid-point of the column surface to
the mid-point of the column in the symmetric fire cases. The temperatures were calculated using the
present ABAQUS model, the Safir program [49] and taken from reference [26]. The input data in
ABAQUS and the Safir models were the same.
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Figure 5. Temperatures in the symmetric case

The temperatures were very similar in all cases, except that the temperatures of [26] were a little
lower than the other two values at the second point from the surface. Figure 6 illustrates temperature
fields in a non-symmetric fire with adiabatic embedding for 250x250 columns after 60-minute ISO fire
using both the Safir and the present ABAQUS model. The temperature fields are very close to each other
when using both the present ABAQUS model and the Safir program. Comparisons of other cases both in
symmetric and non-symmetric fires are shown in [51] and lead to the same conclusion: the developed
model works reliably. Figure 7 illustrates 250x250 column temperatures after 60-minutes ISO fire with all
three embedding systems using the present ABAQUS model.
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Figure 6. Temperature fields of 250x250 columns after a 60-minute ISO fire
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Figure 7. Temperature fields for 250x250 columns after a 60 min fire
with different embedding systems
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The concrete wall is a good heat sink meaning that temperatures are much lower far from fire in
the columns for the concrete-embedded cases than for the other two cases. It can also be seen that the
temperatures for adiabatic and sandwich panel embedding are about the same. The same conclusions
can be drawn for the other columns considered [51]. Figure 8 illustrates the temperatures after
240-minute ISO fire for three cases of adiabatic and one case of symmetric fire (the last one on the right)
for three column sizes.
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Figure 8. Temperatures for different column sizes

The temperatures are much lower in the non-symmetric cases than the symmetric ones, as
expected. Non-symmetric temperatures also occur in non-symmetric fires. The differences in
temperatures between symmetric fire and non-symmetric fire with fire acting on three sides are not very
big, which means that the differences in fire resistance between these two cases cannot be major.
In case of one 150x150 column, reinforcement was modeled with continuum elements in the thermal
analysis, as well. Figure 9 illustrates the results for three adiabatic embeds and symmetric fire at about
60 minutes of ISO fire. The 3D reinforcement model causes only small differences in the temperature
field near reinforcement. To summarize, the thermal analysis model seems to have worked rather well in
all the cases considered.
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Figure 9. Temperatures using 1D and 3D finite elements as reinforcement in thermal analysis

Heinisuo M., Jokinen T. Tubular composite columns in a non-symmetrical fire
112



MODELS

Magazine of Civil Engineering, No.5, 2014

3. Mechanical analysis

The concrete walls and the sandwich panels were not modeled for mechanical analysis, meaning
that they did not carry any mechanical loads or support the column. Material models for tubes and
reinforcement were taken from [47] Section 3.2.1 and Section 3.2.3, respectively. Elastic and plastic
options of ABAQUS were used for steel with von Mises yield criteria. The stresses started to decrease
linearly from 0.15 strains, reaching zero at 0.20 strains at elevated temperatures.

The material model for concrete at compression was taken from Section 3.2.2 of [47]. The elastic
modulus was used as the stress/strain ratio at 40 % of the maximum stress. Different stress-strain and
stress-displacement relationships were tried for concrete at tension. Bi-linear and tri-linear stress-strain
relationships, including those of [55], did not work properly, which led to convergence problems. Similar
experiments have been reported in [55]. The same was true for the applied stress-displacement
relationship similar to that reported in [56]. Finally, a simple elastic stress-strain relationship was applied
to concrete on the tension side. The elastic modulus at tension was the same as in compression.
Maximum tensile stresses of concrete were observed during analyses which were typically under 10 % of
the compressive strength of concrete.

In the mechanical analysis, the C3D8 and C3D6 brick elements of ABAQUS (see [46]) were used
for the concrete and the steel tube. Reinforcement was modeled using B31 beam elements. Contact
between the steel tube and the concrete was modeled using frictionless contact. Other ways to model the
contact between concrete and steel tube are reported in [51]. Resistance time was based on points in
time when convergence was no longer reached using ABAQUS implicit and RIKS methods.

Validation of the mechanical analysis model involves square cold-formed steel tubes 150x150x5
(notation 150) and 250x250x6 (250) of steel grades S355, filled with concrete of grade C40/50, and with
the following reinforcements: 150: 4D12, 250: 4D20 of grades A500HW. Distances between the
reinforcement and steel tube are: R30: 30 mm, R60: 35mm, R90: 45 mm, R120: 60 mm, as
recommended in [48]. R indicates the required fire resistance time for ISO fire in minutes. The buckling
lengths were: 150: 2 and 3 m, 250: 3 and 5 m. Axial resistances for these cases are given in [48] based
on analyses and experiments in symmetric fire. The non-linear fire cases were solved using the constant-
load analysis described below. With that technique resistance times corresponded to the points in time
when convergence was no longer reached due to large displacement increments.

The fire cases were calculated with general static load (constant-load) analysis using the Static-
General option. Before applying heat, a step option was used to impose the axial load on the model.
When the heating of the column started, the maximum time was set to 4 hours (14,400 s), which is the
time over which the temperatures were determined. The settings for the constant-load analysis were:
maximum number of increments 200, initial increment size 1, minimum 1E-005, maximum 100.

Table 1 shows the results of the validation cases. The present analysis is shown as ABAQUS in
the table and TRY means the values based on [48].

Table 1. Validation cases for symmetric fire

Capacity, Capacity, Ratio | Capacity, Capacity, Ratio
CFT column TRY [kN] | ABAQUS [kN] TRY [kN] | ABAQUS [kN]
R30 R60
150x150x5, 4T12, 2m 565 476 84 % 260 174 67 %
150x150x5, 4T12, 3m 330 303 92 % 140 110 79 %
250x250x5, 4720, 3m 2 090 1975 94 % 1180 1094 93 %
250x250x5, 4720, 5m 1190 1171 98 % 595 634 107 %
400x400x10, 8T25, 3m 8 380 8 031 96 % 5810 5942 102 %
400x400x10, 8725, 6m 5890 5624 95 % 3460 3564 103 %
CFT column R90 R120
150x150x5, 4T12, 2m - - - - - -
150x150x5, 4T12, 3m - - - - - -
250x250x5, 4720, 3m 780 728 93 % 620 443 71%
250x250x5, 4720, 5m 365 406 111 % 280 233 83 %
400x400x10, 8T25, 3m 4 580 4 868 106 % 4 200 4 053 97 %
400x400x10, 8725, 6m 2430 2 625 108 % 2210 2 045 93 %
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The used model gives results which are close to [48] but for the smallest columns 150x150x5 and
250x250x5 (R120). In these cases the used model is conservative. Other validation cases of the used
model are given in [48]. Although the FEM model is very coarse with respect to the thickness of the steel
tube (only one element), the results are good in the validation cases and can be used to represent the
failure modes of the columns in the symmetric fire cases. The failure modes are expected to be similar in
the non-symmetric fire cases. The bold values in Figure 10 were used as axial loads for the non-
symmetric fires.

4. Non-symmetric cases

In some non-symmetric cases interpretation of the results was straightforward. Figure 10 presents
horizontal displacements versus time for two 250x250 columns when fire acted on two adjacent sides
(code 2S) and the two other sides were adiabatic.

Fire resistance time in these cases was about 59 minutes (5 m column) and 143 minutes (3 m
column) after which diagonal displacements started to grow rapidly. In the symmetric fire resistance times
with these loads were 30 and 57 minutes, respectively. It can also be seen that the column with L =3 m
finally buckled towards fire and the column with L = 5 m finally buckled away from fire.

In some cases final fire resistance time could not be established as clearly. In the case described
in Figure 11 on the left, the analysis stopped for an undetermined reason, while in the case on the right,
the analysis stopped as the time limit of 4 hours was reached. Code C2S means concrete embedding (C)
and fire on two adjacent sides (2S). Code C1S means concrete embedding (C) and fire on one side
(1S).Codes that do not begin with a letter refer to adiabatic embedding, and those that begin with the
letter “S” refer to sandwich embedding. In the cases shown in Figure 11 no reliable fire resistance time
was found, but the main finding is that the target resistance time (30 and 60 minutes) was greatly
exceeded.
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Figure 10. Column 250x250 in a non-symmetric fire

Table 2 includes the results for the non-symmetric cases considered. Unclear cases similar to
those of Figure 11 are shown in red. Table 2 also includes fire resistance time for the symmetric cases
(4S) which were calculated using constant-load analysis. They are close to the target values but in the
case of 400x400 columns target time is 90 and 120 minutes.
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Figure 11. 250x250 column with concrete embeds in non-symmetric fires
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Table 2. Fire resistance time of non-symmetric cases

Fire resistance time [min]

# CFT column Target | Load [kN]

4S 3S 2S 1S | C3S | C2S | C1S | S3S | S2S | S1S
1 150x150, 2m R30 476 32.2 | 46.2 | 59.7 |114.6| 49.0 | 76.5 [132.7| 43.5 | 55.8 |111.1
2 150x150, 2m R60 174 65.4 | 89.3 |113.2|175.4| 98.3 |154.2(212.1| 84.9 |110.1|170.0
3 150x150, 3m R30 303 29.8 | 36.5 | 42.6 |111.0| 35.7 | 42.2 |105.9| 36.4 | 41.3 | 86.1
4 150x150, 3m R60 110 72.6 | 72.4 1108.1|212.0| 78.0 |{139.0|240.0| 71.8 |103.9|183.5
5 250x250, 3m R30 1975 31.2 | 47.7 | 77.7 |144.2| 47.2 | 70.5 [186.2| 47.1 | 73.3 |160.2
6 250x250, 3m R60 1094 56.9 | 82.2 |142.7|240.0| 87.9 |179.0{240.0| 80.1 |137.5|237.6
7 250x250, 3m R90 728 85.4 |110.6|177.9|240.0[114.0|230.2|240.0|109.6 |176.5|240.0
8 250x250, 3m R120 443 119.3|141.6|232.4|240.0|147.1|240.0|240.0|140.1|226.3|240.0
9 250x250, 5m R30 1171 30.3 | 45.6 | 58.8 | 87.6 | 44.7 | 52.3 | 94.8 | 44.6 | 64.7 | 87.6
10 | 250x250, 5m R60 634 56.3 | 65.7 |143.1|205.5| 65.0 |128.8|240.0| 65.7 |127.7 | 205.5
11 | 250x250, 5m R90 406 89.7 [119.21224.8|240.0[106.4|169.9|240.0|103.5|215.6 | 240.0
12 | 250x250, 5m R120 233 127.1]146.1|240.0|240.0|193.9|240.0|240.0|144.4|238.2|240.0
13 | 400x400, 3m R30 8031 27.4 | 348 | 56.1 |125.8| 35.4 | 57.7 |136.6| 34.4 | 55.0 -
14 | 400x400, 3m R60 5942 55.7 | 65.7 |124.3|240.0| 68.8 [130.4|240.0| 63.8 [116.2| -
15 | 400x400, 3m R90 4868 77.3 | 81.5 |173.4|240.0| 79.6 |185.7|240.0| 91.5 |165.4| -
16 | 400x400, 3m R120 4053 91.8 | 85.5 |217.3|240.0| 85.8 |235.6[240.0| 98.8 |205.2| -
17 | 400x400, 6m R30 5624 29.1 | 42.6 | 79.2 |107.3| 39.8 | 94.8 |128.5| 42.0 | 75.4 -
18 | 400x400, 6m R60 3564 55.1 | 82.7 |174.3|240.0| 97.1 |219.5|240.0| 80.2 {168.7| -
19 | 400x400, 6m R90 2625 75.4 |121.0|239.6|240.0|131.6|240.0{240.0/118.4(239.3| -
20 | 400x400, 6m R120 2045 102.1]155.7|240.0|240.0|158.1|240.0|240.0|153.4|240.0| -

All fire resistance time was divided by that of case 4S (symmetric fire). The ratios are presented in
Table 3.

Table 3. Ratios of fire resistance time: non-symmetric versus symmetric fire

Ratio to 4S case [-]

# CFT column

Target | Load [kN] | 4S 3S 2S 1S |C3S| C2S | C1S | S3S | S25 | s18
1 150x150, 2m R30 476 1.00| 143 |185| 3.56 |152| 2.37 | 412 |1.35| 1.73 | 3.45
2 150x150, 2m R60 174 1.00| 1.37 |1.73| 2.68 |150| 2.36 | 3.24 |1.30| 1.68 | 2.60
3 150x150, 3m R30 303 1.00| 1.23 | 143 | 3.73 |1.20| 1.42 | 3.56 | 1.22| 1.39 | 2.89
4 150x150, 3m R60 110 1.00| 1.00 |1.49| 292 |1.07| 191 | 3.30 |0.99| 1.43 | 2.53
5 250x250, 3m R30 1975 1.00| 153 |249| 463 |151| 226 | 597 |151| 2.35 |5.14
6 250x250, 3m R60 1094 1.00| 1.44 | 251 | 422 |1.54| 3.15 | 422 |1.41| 2.42 | 4.18
7 250x250, 3m R90 728 1.00| 1.29 |2.08| 2.81 |1.33| 2.70 | 2.81 | 1.28 | 2.07 | 2.81
8 250x250, 3m R120 443 1.00| 1.19 |195| 2.01 |1.23| 2.01 | 2.01 |1.17| 1.90 | 2.01
9 250x250, 5m R30 1171 1.00| 150 194 | 2.89 |1.47 | 1.72 | 3.13 |1.47| 2.14 | 2.89
10 | 250x250, 5m R60 634 1.00| 1.17 | 254 | 3.65 |1.15| 2.29 | 4.26 | 1.17 | 2.27 | 3.65
11 | 250x250, 5m R90 406 1.00| 1.33 |251| 2.68 |1.19| 1.89 | 2.68 | 1.15| 2.40 | 2.68
12 | 250x250, 5m R120 233 1.00| 1.15 |1.89| 1.89 |153| 189 | 1.89 |1.14| 1.87 |1.89
13 | 400x400, 3m R30 8031 1.00| 1.27 |2.05| 4.60 |1.30| 2.11 | 4.99 |1.26 | 2.01 -
14 | 400x400, 3m R60 5942 1.00| 1.18 |2.23| 4.31 |1.23| 2.34 | 431 |1.15] 2.09 -
15 | 400x400, 3m R90 4868 1.00| 1.05 | 224 | 3.11 |1.03| 240 | 3.11 |1.18| 2.14 -
16 | 400x400, 3m R120 4053 1.00 | 0.93 | 2.37 | 2.62 |0.93| 257 | 2.62 | 1.08 | 2.24 -
17 | 400x400, 6m R30 5624 1.00| 1.46 |2.72| 3.69 |1.37| 3.26 | 4.41 |1.44 | 2.59 -
18 | 400x400, 6m R60 3564 1.00| 150 |3.17| 436 |1.76 | 3.99 | 4.36 | 1.46 | 3.06 -
19 | 400x400, 6m R90 2625 1.00| 1.60 |3.18| 3.18 |1.74| 3.18 | 3.18 | 1.57 | 3.17 -
20 | 400x400, 6m R120 2045 1.00| 1.53 |2.35| 2.35 |155| 2.35 | 2.35 |1.50 | 2.35 -
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Almost all ratios are over 1.0 which means that in the non-symmetric cases fire resistance was at
least as good as in the symmetric cases and generally much better. The means of fire resistance time in
the non-symmetric fire versus symmetric fire are presented in Figure 12 with different embedding
systems.
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Figure 12. Mean relative fire resistance times in non-symmetric fires

Concrete embedding seems to be most efficient in increasing fire resistance time while adiabatic
and sandwich panels are less effective but nearly equal to each other in this respect. In [42] the ratio of
increase in fire resistance time compared to the symmetric fire for 3-side non-symmetric fire was 1.1, for
2-side fire 2.6 and for 1-side fire 4.8. The means in Figure 12 are 1.34, 2.25 and 3.59, respectively. In
[42] fire on two sides was at opposite sides of the column, not on adjacent sides as in this study.
Moreover, [42] used unreinforced square columns while in case 1S the narrow side of the column was in
fire and in case 3S two wide sides and one narrow side, which explains the differences between
these cases.

All these cases were calculated assuming initial bowing L/666 towards fire. In case 2S the initial
bowing was in the diagonal direction. Table 4 shows the directions to which the columns finally buckled,
A = away from fire, T = towards fire.

Table 4. Buckling directions of the columns in non-symmetric fire

u CET column Target Load Buckling direction Ntowards| Naway | Nunknown
[KN] | 3s | 25 | 15 |c3s|c2s|c1s|s3s|s2s|s1s| [ [-] [-]
1 150x150, 2m R30 476 | T|A|A|T|A]JA|T|ALlA 3 6 0
2 150x150, 2m R60 174 | T|A|JA|A]JA|A|T|A|A 2 7 0
3 150x150, 3m R30 33 | T | T | T | T|T|T]|T|T|T 9 0 0
4 150x150, 3m R60 120 | T | T|A| T |T|-|T1T|T]|T 7 1 1
5 250x250, 3m R0 | 1975 | T |A|JA|T|A|JA|TI|A]A 3 6 0
6 250x250, 3m R60 | 1094 | A|A|A|[A|A|A|A|A]|A 0 9 0
7 250x250, 3m R90 728 |A|A|-]A]JA]l-]A]A|A 0 7 2
8 250x250, 3m R120 | 443 |A|A| -] A|-|-]1A]A]|- 0 5 4
9 250x250, 5m R0 | 1172 [ T [T | T | T |T|T|[T|T]|T 9 0 0
10 | 250x250, 5m R60 634 | T | T | T | T |T|T]|T|T|T 9 0 0
11 | 250x250, 5m R90 406 | T T | -|T1|lT]-|T1T|7T]- 6 0 3
12 | 250x250, 5m R120 | 233 | T | -|-|A|T|-|T1T]7T/|- 4 1 4
13 | 400x400, 3m R30 | 8031 | A|A|A|A|JA|A|A|A]|- 0 8 1
14 | 400x400, 3m R60 | 5942 | A|A|JA|A]JA|A]A|IA]- 0 8 1
15 | 400x400, 3m RO | 4868 | A |JA|JA|A]JA|A]IA|IA]- 0 8 1
16 | 400x400, 3m R120 | 4053 | A |A| - |A|A|-|A|A]- 0 6 3
17 | 400x400, 6m R0 [ 524 | T|A|T|T|A|TI|T|A]- 5 3 1
18 | 400x400, 6m R60 | 3564 | A Al -|A]JA]l-|TI|IA]- 1 5 3
19 | 400x400, 6m RO | 2625 | A|A| -|A|T|-|A|A]- 1 5 3
20 | 400x400, 6m R120 | 2045 | A | T | - | A | T|-]A]T]|- 3 3 3
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Slender columns have a tendency to buckle toward fire and stocky columns away from fire.

All columns that buckled away from fire had a slightly longer relative fire resistance time comparing
to those that buckled towards fire. One reason for this may be the direction of the initial bow imperfection
which was towards fire. Some cases were analyzed again by setting imperfection away from fire.
The results are shown in Figure 13.
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Figure 13. Effect of the direction of initial bow imperfection

Approximate reduction factors based on this effect are given in [51]. The general rule is that initial
bow imperfections in both directions should be studied when determining fire resistance of columns in
non-symmetric fire.

The effect of the amplitude of the initial bow imperfection was studied using constant-temperature
analysis. Figure 14 illustrates the results for a 250x250, L =5 m column in 30-minute symmetric fire.
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Figure 14. Effect of the amplitude of initial bow imperfection

When the amplitude is larger than, let us say L/2000 (2.5 mm), the maximum load decreases
almost linearly. Amplitude L/666 (7.5 mm) was used in this study. This amplitude was used instead of
normal L/1000 or L/750 to compensate the missing residual stresses in the model. If the amplitude is
very small (0.5 or 1 mm in Figure 14), the results may be unreliable.
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5. Conclusions
The main conclusions are following.

1. Composite tubular columns resisted the same axial load longer in non-symmetric fire than in
symmetric fire.

2. Concrete is an effective heat sink for embedded composite columns.

3. It is recommended that heat sink, which increases the axial resistances of columns, be
considered in fire design.

4. If a column is embedded in concrete on three sides (fire acts on one side), fire resistance time
increases 2.7-fold, in the case of two adjacent embedded sides it increases 1.4-fold, and with one
embedded side 1.1-fold compared to symmetric fire.

5. The numbers given above are minimum values, i.e. safe values for all considered cases. In
many cases increases up to 4.0 (1S) and 2.0 (2S) were obtained.

6. In case of embedding with sandwich panels, the fire resistance time does not increase as much
as with concrete embedding. The increase is about the same as in the adiabatic case.

7. Even there, the increases in fire resistance time are large, especially when fire acts on one side
only.

8. Slender columns seemed to collapse towards fire, stocky columns finally collapsed away from
the fire. It is recommended that two initial bow imperfection directions, away from and towards fire, should
be used when determining fire resistance of composite tubular columns in non-symmetric fires.

9. Tests are badly needed to verify the calculations.

CSC Oy deserves special thanks for providing ABAQUS license, computing time and general
assistance. The financial support of Seingjoen Seudun Elinkeinokeskus (SEEK) is also gratefully
acknowledged.
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Knroyessbie criosa
OFHECTOMKOCTb; Xene300EeTOHHble  LUMNUHOPUYECKME  KOSMOHHbI, aCUMMETPUYHOE OrHeBoe
BO3JENCTBME; METOL KOHEYHbIX 31eMeHTOB; EBpokoa

AHHOMauyus
3HauuMTenbHOE KONMWYEeCcTBO WCCnedoBaHWi MO BCeMy Mupy Obiio  MOCBALWEHO OrHEeBOMY
BO3,D,eVICTBMl0 Ha BCe 4eTblpe CTOPOHbl KOJIOHHbI (CI/IMMeTpM‘-IHoe orHesoe BO3£I,eI7ICTBMe). 311
nccnegoBaHMA MCNONb30BaHbl ANA NPOBEPKU aHarMMTUYeCKUX Mo,u,eneﬁ, MNCNOJ1Ib30BaHHbIX B ﬂ,aHHOI7I
pa60Te. B peanbHbIX 30aHNAX HaCTO NUCMNOJIb3YHTCA BCTPOEHHbIE (3ap,enaHHb|e) KOJIOHHBbI.

Korga OroHb mno-pa3HoOMy BO3OEWCTBYET Ha pasHble CTOPOHblI KOJTOHHbI  (aCMMMETPUYHOE
BO3JENCTBME), OYEHb CIIOXHO MpeAckasatb ee noBefdeHne. OCHOBHblE 3ajayn  McCnefoBaHus
cnegywowme. CunbHee N OrHeCTOMKOCTb MPU aCMMMETPUYHOM BO3AENCTBUW, YEM MPU CUMMETPUYHOM?
KakoBa bopma notepu yCTOMYMBOCTW, B HamnpaBfeHUWU OrHEBOro BO3OEWCTBUS UM NPOTUBOMOSOXHO
emy?

B ctatbe npuBegeHbl pesynbTaTbl YMcrieHHoro aHanmsa 150 cTanbHbIX KOMOHH, HamnofHEHHbIX
Xene3obeToHOM, NoA4 aCUMMETPUYHbLIM Bo3gencTBmem orHs. Mo ISO 834, oroHb gencTByeT MNOCTOAHHO
BAOMb KOJNOHHbI Ha OOHY, ABE CMEXHble UMW TPYU CTOPOHbLI. [INg oCTaBLUMXCA CTOPOH PacCMOTPEHbI TpU
BapuaHTa 3agenku: agmabatnyeckasa cteHa, 6eToHHas cTeHa U caHABMY-NaHenb. Mogenu martepuanos
BbINOMHEHbI Ha OcHoBe EBpOKOAOB, C Yy4eTOM HavalbHbIX HecoBeplleHCTB. Bas3oBbiM BapvaHTOM
ABNSAETCA cnyvyan CMMMETPUYHOrO BO3AENCTBUS.

Koraga oroHb BO34eNCTBYET Ha OAHY, ABE CMEXHbIE Ui TPU CTOPOHbI, MpeAen OrHeCTONKOCTH Bbin
B cpeaHem B 3.4, 2 n 1.3 pasa Bbllle, YeM NpU CUMMETPUYHOM BO3AencTBuMU. beToHHas cTeHa - aTo
XOpPOLWUMI TENnooTBOA Ans KOMOHH. [MbkMe KOMOHHblI OObLIMHO M3rMbarTca B HaMNpaBfiEHUU OrHs.
OkoH4yaTenbHasa noTepsi YCTOMYMBOCTU M, COOTBETCTBEHHO, OrHECTOMKOCTb 3aBUCUT OT HarpaBleHUs
HayanbHOrO HecoBeplUeHCTBa uM3rmba. Heobxoanmo npoBedeHWe SKCMepuMMeHTa Afi  MPOBEPKM
Nony4YeHHbIX pe3yrbTaToB.
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