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Abstract

Most of the previous studies on concrete-
filled steel hollow section columns at high tem-
peratures addressed the effect of depth-to-
thickness ratio, column slenderness, initial
applied load level, load eccentricity, and local
buckling of concrete-filled steel tubes on the
fire resistance of these columns. For this rea-
son, it important and required to study the
influence of the axial and rotational restraint
on the buckling behavior of these types of
columns subjected to fire. The results of a
series of fire resistance tests on these types of
columns inserted in a steel frame are present-
ed and discussed in this paper. The primary
test parameters taken into account were col-
umn slenderness, type of section geometry,
and axial and rotational restraint level
imposed by a surrounding steel frame to the
columns. The specimens were then uniformly
exposed to the ISO 834 standard fire curve, and
the critical time (fire resistance), failure tem-
perature distribution and respective failure
modes were assessed. Finally, the results of
this research study showed most of all that the
fire resistance of identical semi-rigid ended
columns may be not significantly affected by
the stiffness of the surrounding structure but,
on the contrary, their post-buckling behavior
may be affected.

Introduction

Since fire safety is one of the key aspects of
structural design, it is essential to develop a
full understanding of the fire performance of
concrete-filled steel tubular (CFST) columns.
Some experimental and numerical research
has been carried out to investigate the fire per-
formance of these columns in the last years.
Some examples are the research works of Han
et al. (2003),1 Moliner et al. (2013),2 and
Pagoulatou et al. (2014).3 The most important
outcome to be stressed from the literature is
that the EN 1994-1-2:20054 simple calculation
model may lead to unsafe results for pinned-

pinned columns under concentric axial loads
and to highly conservative results for eccentric
loads.2,5,6 This simple calculation model may
produce high errors for columns, which do not
make use of reinforcing bars, but it may give
accurate predictions for bar-reinforced
columns.2 Note that the concrete filling offers
an attractive practical solution for providing
fire protection to steel hollow columns without
any external protection, since the fire resis-
tance of this type of columns may be between
30 and 60 min when the load level is 20% of the
respective design value of the buckling load at
room temperature,7 in contrast to the steel
tube columns where their fire resistance is
commonly less than 30 min.8 This increase is
due to the composite action between concrete
core and steel tube. At first, the steel tube
expands more than the concrete core, due to
the higher temperature and thermal expan-
sion of the steel, which sustains the service-
ability load applied to the column. In the latter
stages the steel tube starts to buckle locally,
which transfers the load to the concrete core.
Finally, when the concrete core loses its
strength, the column buckles.5 Moreover, com-
paring the fire resistance of circular and ellip-
tical columns, it was observed that the former
might have higher fire resistance than the lat-
ter. This is due to the lower section factor that
the circular sections present, which delays the
heating up of the column, thus providing a
longer fire resistance. The difference in per-
formance between elliptical and circular
columns is less evident for slender columns,
since the sectional effects have a lower influ-
ence.9 With regard to the concrete strength, it
was found out that the fire resistance of the
circular CFST columns with high strength con-
crete was lower than the columns with normal
strength concrete for the higher load levels
(40% of the load bearing capacity of the
columns at ambient temperature), while for
the smaller load levels (20%) the columns with
high strength concrete produced the same or
higher fire resistance.2 Lastly, the addition of
reinforcing bars still has a favorable effect on
the response of the CFST columns, although
only small increments in terms of fire resis-
tance are occasionally obtained.6

On the other hand, most of the studies did
not take into account the interaction between
the column and the surrounding building
structure. The response of these columns
when inserted in a building structure is differ-
ent than when isolated. Restraints to the ther-
mal elongation of the column play an impor-
tant role on column’s stability, since it induces
different forms of interaction between the
heated column and the cold adjacent structure.
While the axial restraint to thermal elongation
of the columns may have a detrimental effect,
the rotational restraint may have a beneficial
effect on the fire resistance.10-15

Therefore, this research work presents and
discusses the results of fire resistance tests on
axially loaded CFST columns with restrained
thermal elongation in order to investigate the
effect of the axial and rotational stiffness of
the surrounding structure to the column.
Other important goals of this research work
were also to evaluate the structural response
of columns with different cross-sections (cir-
cular and square sections) and the slender-
ness of this kind of columns on their fire resis-
tance. In each experimental fire resistance
test, temperatures in the furnace and at sever-
al points of the columns, as well as vertical and
horizontal displacements, rotations and
restraining forces developed by thermal elon-
gation were measured to achieve those objec-
tives. Finally, another purpose of this experi-
mental research was to provide valuable data
for the validation of numerical models, which
may help develop a suitable analytical guid-
ance in the design of restrained CFST columns
subjected to fire, which is dependent on all
studied parameters in this research work.

Materials and Methods
Test program

The experimental tests on axially loaded
CFST columns with restrained thermal elonga-
tion were conducted at the Laboratory of
Testing Materials and Structures of the
University of Coimbra, Portugal. The experi-
mental program consisted of eight fire resis-
tance tests, four of which were performed on
columns under a 30 kN/mm axial restraint to
their thermal elongation and a 94,615
kN.m/rad rotational restraint, and four others
under a 110 kN/mm axial restraint and a
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131,340 kN.m/rad rotational restraint. These
values were similar to those previously used in
this Laboratory for analogous studies12,13 to
facilitate comparisons. The lower value means
practically absence of thermal restraint,
whereas the higher stiffness tried to simulate
a common two-story building of 3×4 bays of 6
m span. This experimental program is summa-
rized in Table 1. 

Test specimens
Two different types of composite columns

were selected for this study: circular and
square columns (Figure 1). All columns were
made of hollow steel profiles completely filled
with reinforced concrete. All reinforcing bars
used in the test specimens were made of B500
structural steel and all specimens present a
similar concrete composition with calcareous
aggregate and C25/30 class, according to EN
1992-1.1:2004.16 In addition, all steel profiles
were 3.15 m tall and were made of S355 struc-
tural steel (with a nominal yield strength of
355 MPa and a tensile strength of 510 MPa),
according to EN 1993-1.1:2004.17 Prior to con-
crete casting, the longitudinal steel reinforce-
ment bars and a steel hook were welded at a
S355 steel plate, measuring 450×450×30 mm,
which was then welded to the section extremi-
ty of the steel tube as well. After concrete cur-
ing, it was checked that the concrete surface
was flush with the steel tube at the top in order
to ensure full contact between the top concrete
surface and the end steel plate (which was also
welded to the top of steel tube). Note that both
ends of the longitudinal steel reinforcement
bars were welded to the steel end plates of the
columns. Another important point to note is
that three to five days after concrete casting,
the moisture content of the concrete was about
4.5%, according to the procedure described in
EN 1097-5:2009.18 This parameter was mea-
sured as soon as possible because the water
loss from the concrete inside the steel tubes is
too limited.

For each specimen, the transversal rein-

forcement was performed by 8-mm diameter
stirrups with a spacing of 150 mm until about
800 mm from the supports, and with a spacing
of 200 mm in the central part. The concrete
covering related to the stirrups for all test
columns was about 25 mm. For each type of
column, two different cross-sections were
used. Therefore, the circular hollow steel sec-
tions were 193.7 and 273.0 mm in diameter
and the square ones were 150 and 220 mm
wide. The widest circular and square speci-
mens had eight longitudinal steel reinforcing
bars, four of which were 16 mm in diameter
and the others were 10 mm, and the steel tube
had a 10-mm wall thickness; whereas, the nar-
rowest specimens had four longitudinal steel
reinforcing bars with 12 mm in diameter and a
steel tube with a 8-mm wall thickness. All
columns had similar longitudinal reinforce-
ment ratios. Also, the widest steel rebars were
placed at the corners of the cross-sections and
the others in the middle, as shown in Figure 1.

Test facility
Figure 2 illustrates some views of the exper-

imental system used in the compression tests
of CFST columns under fire conditions, in
which all the components are labeled. The
experimental set-up comprised a two dimen-
sional (2D) reaction steel frame (1) and a 3D
restraining steel frame (2) adaptable for differ-
ent levels of stiffness in order to simulate the
axial and rotational restraint provided by a sur-
rounding structure to a CFST column in fire.
The 2D reaction frame was composed by two
HEB500 columns with 6.6 m in height and by
one HEB600 beam with 4.5 m in length using
M24 steel grade 8.8 bolts in the connections.
To achieve the desired levels of stiffness of the
surrounding structure with the purpose of
imposing axial and rotational restraint to the
thermal elongation of the CFST columns, a 3D
restraining frame with four HEB300 columns
and four HEB400 beams (2 on the top and 2 on
the bottom, arranged orthogonally) was
assembled. Note that the stiffness could be

modified every time the position of the
columns or the height of the beams cross-sec-
tion was changed. During these experimental
tests, only the position of the columns was dif-
ferent. As stated before, two axial restraining
values of the surrounding structure were used:
30 and 110 kN/mm, corresponding to a 6- and
3-m span of the 3D restraining frame’s beams,
respectively. This restraining system intended
to reproduce the actual boundary conditions of
a CFST column when inserted in a real build-
ing structure. The connections between the
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Table 1. Test plan.

Test reference*          l       Am/V (m–1)       Nb,Rd (kN)      ka,c (kN/mm)     kr,c (kN.m/rad)        P0 (kN)       ka (kN/mm)        kr (kN.m/rad)

CC273-30 ka                        0.41               14.7                       3814                        1094                          24,695                         1144                        30                              94,615
SC220-30 ka                        0.44               18.2                       3751                        1005                          20,528                         1125                        30                              94,615
CC194-30 ka                        0.58               20.7                       1956                         573                             6632                            587                         30                              94,615
SC150-30 ka                        0.65               26.7                       1776                         500                             4820                            533                         30                              94,615
CC273-110 ka                      0.41               14.7                       3814                        1094                          24,695                         1144                       110                            131,340
SC220-110 ka                      0.44               18.2                       3751                        1005                          20,528                         1125                       110                            131,340
CC194-110 ka                      0.58               20.7                       1956                         573                             6632                            587                        110                            131,340
SC150-110 ka                      0.65               26.7                       1776                         500                             4820                            533                        110                            131,340
l, non-dimensional slenderness of the column at ambient temperature; Am/V, section factor; Nb,Rd, design buckling resistance of a compression member at ambient temperature according to EN 1994-1-1; ka,c, axial
stiffness of the column; kr,c, rotational stiffness of the column; P0, initial applied load on the column; ka, axial restraint imposed by the surrounding structure; kr, rotational restraint imposed by the surrounding structure;
CC, circular column; SC, square column. *Number following CC or SC number indicates the diameter or edge length, respectively, while the last number indicates the axial restraint.

Figure 1. Scheme of the cross-sections of
the tested columns.

Figure 2. General (a) and detailed (b) view
of the experimental set-up: 1, reaction
frame; 2, restraining frame; 3, hydraulic
jack; 4, central unit; 5, specimen; 6, load
cell; 7, furnace.Non
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peripheral columns and the upper beams of
the restraining frame were performed with
M27 grade 8.8 threaded rods. 

A hydraulic jack of 3MN capacity in com-
pression (3) was hung on the 2D reaction
frame (1) and controlled by a servo hydraulic
central unit W+B NSPA700/DIG3000 (4) and,
beneath this one, a load cell of 2 MN capacity
in compression was mounted in order to mon-
itor the applied load during all tests. The tested
columns (5) were placed in the center of the
3D restraining frame and properly fitted to it
(at each end plate) with four M24 steel grade
8.8 bolts, simulating semi-rigid ended support
conditions. Additionally, above the specimen a
3MN compression load cell was mounted to
monitor the axial restraining forces generated
in the CFST columns during the whole test.
Note that this load was inside a special device
(6), which consisted of a hollow and stiff (mas-
sive) cylinder rigidly connected to the upper
beams of the 3D restraining frame and to the
top steel end plate of the specimen. The mas-
sive cylinder was placed inside the hollow
cylinder and the load cell positioned between
the massive cylinder and the steel end plate of
the hollow cylinder. The lateral surface of the
massive cylinder was Teflon lined so that it
could slide through the hollow cylinder with
very low friction. Regarding the thermal
action, the specimens were heated by means
of a vertical modular electric furnace (7),
which was programmed to reproduce the stan-
dard fire curve ISO 83419 (Figure 2).

Test method
The full-scale fire tests on CFST columns

were conducted under transient state fire con-
ditions. Hence, to achieve the goals of this
investigation, these experimental tests were
basically performed in two stages: loading and
heating stage. The specimens were first axially
loaded up to the target force under load control
at a rate of 2.5 kN/s. The load level applied on
the columns – P0 – was 30% of the design value
of the load bearing capacity of the columns at
ambient temperature (Table 1), calculated in
accordance with the methods proposed in EN
1994-1-1:200420 (i.e., based on characteristic
material properties). This loading intended to
simulate a common serviceability load of a
CFST column inserted in a real building struc-
ture. The HEB400 beams of the 3D restraining
frame above the test specimen were, in a first
step, not connected to the respective HEB300
columns with the purpose of applying the
downward load on the test column. In other
words, during the load application, the vertical
displacements of these beams were allowed as
a slide, guaranteeing vertical rigid body move-
ment of the upper beams of the 3D restraining
frame and thus ensuring that the defined axial
load was directly applied to the test specimen.
Then, when the load reached the desired level,

the connections between the upper beams and
the peripheral columns of the restraining
frame were fastened with locking nuts, wash-
ers and threaded rods in order to simulate the
axial and rotational restraint to the thermal
elongation of the tested column under fire con-
ditions.

Finally, at the second phase, the heating
stage was started after the desired load had
been reached and the vertical movement of
translation of the upper beams of the 3D
restraining frame was totally restrained. The
ambient temperature at the start of the tests
was about 20°C. During this stage the column
was exposed to heating controlled in such a
way that the average temperature in the fur-
nace followed as closely as possible the ISO
834 standard fire curve.19

Throughout the tests, temperatures in the
furnace and at several points of the columns,
as well as end rotations, axial and horizontal
displacements and axial compression forces
(P) in the columns were measured to accom-
plish the objectives of this study and conse-
quently to assess the fire resistance of the
CFST columns. 

Four linear variable displacement transduc-
ers (LVDT) were orthogonally arranged and
positioned both on bottom and top of the steel
end plates of the test columns to measure their
axial displacement and rotations at their ends.

The lateral displacements of the column were
measured by three linear wire transducers
(LWT) placed in two orthogonal directions at a
0.85, 1.90 and 2.56 m height in relation to the
bottom of the column. Three type K (chromel-
alumel) thermocouple probes were used to
measure the furnace temperature along its
height and above twenty type K wire thermo-
couples were used to measure the temperature
in the specimens at five cross-sections and dif-
ferent depths, as can be seen in Figure 3.

During the heating period, the load was kept
constant until the specimen failed. The failure
criterion adopted in this paper was based on
the buckling strength of the columns, in other
words, a column was considered to have failed
when the column could no longer have load-
bearing capacity against the same amount of
compression load, which had maintained
before fire. Therefore, the critical time (fire
resistance) in these tests corresponded to the
time when the axial compression force in the
column (measured value in the load cell placed
between the specimen and the upper beams of
the 3D restraining frame) returned to the
value of the initial applied load (P/P0=1), such
as established in other research works which
were focused on the fire behavior of members
with restrained thermal elongation.10-15
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Figure 3. Location of the thermocouples in the square (a) and circular (b) columns.

Figure 4. Evolution of temperature at mid-height of the tested column CC273-110 ka as
a function of time.
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Results and Discussion

In Figure 4 it is presented, for instance, the
evolution of temperatures in a circular cross-
section at mid-height of the tested columns
CC273-110 ka, as well as the respective fur-
nace temperature. Although the furnace tem-
perature was higher than 700°C for over 30
min, the temperature in the column core
(T_C1) and on the longitudinal steel reinforc-
ing bars (T_S1) did not exceed 150 and 200°C,
respectively. This means that the buckling
strength loss of the CFST columns was essen-
tially due to deterioration of the mechanical
properties of the steel tubular profile and of
concrete between the tube and the rebars.
From 30 minutes of test run, the temperature
in steel tube approach the furnace tempera-
ture, with the difference between them being
greater than 10% but less than 20%.

Each measuring point (such as T_C1, T_S1
and T_S2) was also used to establish the tem-
perature profile in the vertical direction of the
columns for different time instants during the
tests, especially at their ending (Figure 5). The
high thermal gradients near the ends of the
columns were due to the fact that the first 300
mm from the bottom and top of the column
were not directly exposed to the heating
because these parts were covered by the fur-

nace walls. Nevertheless, a large thermal gra-
dient was observed from the surface to the
core center of the CFST column (from T_S2 to
T_C1), reaching temperature differences
around 700°C. Note that great part of this gra-
dient was concentrated near the surface of the
column, where the difference between the
thermocouples T_S2 and T_S1 at mid-height
was about 618°C for the circular column

(CC273-110ka) at the end of the test (Figure
5). The curves shown in Figure 6 are typical of
the relative axial restraining force (P/P0) and
time curves for columns subjected to fire. As it
can be seen, these curves had nearly the same
trend but they may differ in the values and
their rates depending on the studied parame-
ters, especially on the slenderness and axial
restraining level. The axial restraining forces
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Figure 5. Temperature distribution along
the height of the tested columns CC273-
110 ka at the end of the test.

Figure 6. Evolution of the relative axial restraining forces generated in the circular (a) and
square (b) columns as a function of time.

Figure 7. Evolution of the axial (a) and horizontal (b) displacements of columns (SC220
and CC194) as a function of time.
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generated in the columns increased up to a
maximum and then decreased up to failure
mainly because of the loss of mechanical prop-
erties of the steel and concrete. These curves
show clearly that the higher the stiffness of the
surrounding structure, the higher the maxi-
mum axial restraining forces generated in the
columns was. For instance, when the mini-
mum axial restraint was used, the maximum
axial compression force – Pmax – in the square
columns increased approximately 40% of the
applied load, and 80% for the maximum axial
restraint. It is quite interesting to observe that
the failure in the square columns appeared
quite early, compared to circular columns. The
fire resistance of the column SC150-30 ka was
about 25 min, whereas it was about 35 min for
the column CC194-30 ka, corresponding to an
increase of 40%.

Although it seems that the fire resistance of
the CFST columns did not change with the
stiffness of the surrounding structure (just
about 5%), it is clear that the post-critical
structural behavior of the columns depended
significantly on the axial restraint level. In
other words, after critical time, the axial
restraining forces decreased faster for the
columns under the maximum axial restraint
than for the columns under the minimum axial
restraint, as it can be seen in Figure 6. In addi-
tion, it is interesting to observe that the degra-

dation stage of the buckling strength of the
columns up to the critical time (i.e. the period
of decrease in restraining forces) was slightly
quicker than the loading stage due to the effect
of the thermal action (i.e. the period of
increase in restraining forces). In general, the
maximum axial compression force in columns
– Pmax – was reached between 50 and 60% of
the critical time. After this maximum, the com-
pression forces began to decrease mainly as a
result of the deterioration of the materials’
mechanical properties with temperature, the
loss of column stiffness, and the instability
phenomenon. From the authors’ point of view,
the degradation of the buckling strength of
CFST columns with restrained thermal elonga-
tion in a fire event can be divided into three
stages. The first descending part of the axial
restraining force and time curves (1st stage)
may have been essentially due to the deterio-
ration of the mechanical properties of the steel
tube with temperature and due to the deterio-
ration of the concrete’s mechanical properties
near the steel-concrete interface (concrete
between the steel tube and the reinforcement
steel bars) at the ending part of the curve (2nd

stage). Lastly, after critical time (3rd stage), the
column strength kept degrading as a conse-
quence of the loss of the column resistance
and stiffness, leading the columns to buckle.

From Figure 6, it is also possible to observe

that despite the low fire resistance of the
square columns, their resistance was still very
prone to its slenderness, in contrast to the cir-
cular columns. When the non-dimensional
slenderness increased from 0.44 (SC220) to
0.65 (SC150), the critical time decreased by
25% (from 32 to 24 min).

Figure 7 illustrates, as an example, the evo-
lution of the axial (Figure 7a) and horizontal
(Figure 7b) displacements in some CFST
columns. As expected, the higher the axial
stiffness of the surrounding structure, the
lower the axial displacement of the columns
was. The maximum axial displacement of the
column SC220 was 11.9 mm for a 30 kN/mm
axial restraint and 7.1 for a 110 kN/mm axial
restraint, corresponding to a 40% decrease.
However, identical columns started to buckle
approximately at the same time (when their
maximum axial displacement was reached).
As shown in Figure 7b, the horizontal displace-
ment rate of the columns at mid-height was
significantly higher after its maximum axial
displacement was reached than before. On the
other hand, in Figure 8 the final lateral dis-
placements along the major (a) and minor (b)
axis are presented for the column SC220-
110ka as example, in order to show their global
deformed shape. By observing the obtained
curves for the lateral displacements through-
out the length of the columns it can be seen
that the square columns buckled about both
axes, with a 22.5 mm maximum horizontal dis-
placement.

Conclusions

The results of this research study showed
mainly that the fire resistance of identical
semi-rigid ended columns may be not signifi-
cantly affected by the stiffness of the surround-
ing structure, at least when there is significant
rotational restraint (i.e., when the level of rota-
tional restraint on a CFST column is higher
than 75%). When the axial and rotational
restraint increased respectively from 30 to 110
kN/mm and from 94,615 to 131,340 kN.m/rad,
the fire resistance of the CFST columns
decreased by merely 5% on average. Note that
the order of magnitude of axial restraint
imposed to this type of members by the cold
part of the surrounding structure in real build-
ings is usually of the order of magnitude of 2-
3% of the member axial stiffness21 and it is
expected that the fire resistance of the
columns remains constant for any degree of
axial restraint higher than 10%.22 All this
might mean that the buckling length coeffi-
cient of a column on an intermediate floor of a
building subject to fire might be higher than
0.5, and not equal to 0.5 as recommended by
EN 1994-1-2:2005.4
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Figure 8. Horizontal displacements of the column SC220-110 ka at failure time (35 min)
along the major (a) and minor (b) axis.
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In addition, the fire resistance of the CFST
columns depended on the section shape, with
the square columns being the less efficient
section when exposed to fire. For the same
load level (30%), the fire resistance ranged
approximately from 23 (a square column) to 37
min (a circular column), corresponding to a 15
min difference.

On the other hand, the slenderness of the
columns should be another parameter to take
into account in their fire resistance. Although
this one was less sensitive to the slenderness
of the columns than to the section shape, the
fire resistance of the square columns was still
strongly dependent on their slenderness: when
the non-dimensional slenderness increased
from 0.44 to 0.65, their critical time decreased
by 25%.

References

1. Han L-H, Yang Y-F, Xu L. An experimental
study and calculation on the fire resis-
tance of concrete-filled SHS and RHS
columns. J Constr Steel Res 2003;59:427-
52.

2. Moliner V, Espinos A, Romero ML,
Hospitaler A. Fire behavior of eccentrically
loaded slender high strength concrete-
filled tubular columns. J Constr Steel Res
2013;83:137-46.

3. Pagoulatou M, Sheehan T, Dai XH, Lam D.
Finite element analysis on the capacity of
circular concrete-filled double-skin steel
tubular (CFDST) stub columns. Eng Struct
2014;72:102-12.

4. European Union. Eurocode 4. Design of
composite steel and concrete structures.
Part 1-2: general rules - structural fire
design, EN 1994-1-2. Brussels: European
Committee for Standardization; 2005.

5. Espinos A, Romero ML, Hospitaler A.

Advanced model for predicting the fire
response of concrete filled tubular columns. J
Constr Steel Res 2010;66:1030-46.

6. Espinos A, Romero ML, Portolés JM,
Hospitaler A. Ambient and fire behaviour
of eccentrically loaded elliptical slender
concrete-filled tubular columns. J Constr
Steel Res 2014;100:97-107.

7. Romero ML, Moliner V, Espinos A, et al.
Fire behavior of axially loaded slender
high strength concrete-filled tubular
columns. J Constr Steel Res 2011;67:1953-
65.

8. Oliveira TACP. Fire resistance of compos-
ite columns made of concrete filled circu-
lar hollow sections and with restrained
thermal elongation. PhD thesis. Coimbra,
Portugal: Faculty of Sciences and
Technology, University of Coimbra; 2013.

9. Espinos A, Gardner L, Romero ML,
Hospitaler A. Fire behaviour of concrete
filled elliptical steel columns. Thin Wall
Struct 2011;49:239-55.

10. Valente JC, Neves IC. Fire resistance of
steel columns with elastically restrained
axial elongation and bending. J Constr
Steel Res 1999;52:319-31. 

11. Ali F, O’Connor D. Structural performance
of rotationally restrained steel columns in
fire. Fire Safety J 2001;36:679-91.

12. Pires TAC, Rodrigues JPC, Silva JJR. Fire
resistance of concrete filled circular hol-
low columns with restrained thermal elon-
gation. J Constr Steel Res 2012;77:82-94.

13. Correia AJPM, Rodrigues JPC. Fire resis-
tance of partially encased steel columns
with restrained thermal elongation. J
Constr Steel Res 2011;67:593-601.

14. Correia AJPM, Rodrigues JPC. Fire resis-
tance of steel columns with retrained ther-
mal elongation. Fire Safety J 2012;50:1-11.

15. Laím L, Rodrigues JPC, Craveiro HD.
Flexural behaviour of axially and rotation-
ally restrained cold-formed steel beams

subjected to fire. Thin Wall Struct
2016;98:39-47.

16. European Union. Eurocode 2. Design of
concrete structures. Part 1-1: general rules
and rules for buildings, EN 1992-1-1.
Brussels: European Committee for
Standardization; 2004.

17. European Union. Eurocode 3. Design of
steel structures. Part 1-1: general rules
and rules for buildings, EN 1993-1-1.
Brussels: European Committee for
Standardization; 2004.

18. European Union. Test for mechanical and
physical properties of aggregates. Part 5:
determination of the water content by dry-
ing in a ventilated oven, EN 1097-5.
Brussels: European Committee for
Standardization; 2009.

19. ISO. Fire resistance tests: elements of
building construction. Part 1: general
requirements. ISO Norm 834-1:1999.
Geneva, Switzerland: International
Organization for Standardization; 1999.

20. European Union. Eurocode 4. Design of
composite steel and concrete structures.
Part 1-1: general rules and rules for build-
ings, EN 1994-1-1. Brussels: European
Committee for Standardization; 2004.

21. Wang YC, Moore DB. Effect of thermal
restraint on column behavior in a frame.
In: Kashiwagi T, ed. Proceedings of the 4th
International Symposium on Fire Safety
Science, 13-17 June 1994, Ottawa,
Ontario, Canada. London, UK:
International Association for Fire Safety
Science; 1994. pp. 1055-66. Available from:
www.iafss.org/publications/fss/4/1055/view
/fss_4-1055.pdf

22. Franssen J-M. Failure temperature of a
system comprising a restrained column
submitted to fire. Fire Safety J
2000;34:191-207. 

                             Article

Non
 co

mmerc
ial

 us
e o

nly




