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Abstract

The objective of this paper is to analyse the ultimate
capacity of recycled aggregate concrete-filled steel tube
(RACFST) columns exposed to elevated temperatures. As
current design codes do not offer recommendations for their
design, the study aims to evaluate the applicability of the
simplified method of the second-generation Eurocode 4 for
predicting the fire capacity of these columns. Additionally,
the method for predicting their post-fire axial capacity is
proposed and validated. This method is also based on the
calculation of equivalent temperatures from the simplified
method of Eurocode 4. The study analyses columns made of
both carbon- and stainless steel tubes. To evaluate the
methods, the results from previous experimental campaigns
are compiled. The results show that the application of Euro-
code 4’s method and the proposed method for post-fire
capacity calculation can be extended to RACFST columns.
Furthermore, to gain deeper insight into the benefits of the
RACFST solution over traditional RC columns from a sus-
tainability perspective, the analysis of fire and post-fire
capacity of two selected sections is performed. Through a
fair comparison, the weak points of the unprotected concrete-
filled steel tube solution are identified; however, these can
be resolved by appropriate fire insulation measures.

INTRODUCTION

Concrete-filled steel tube (CFST) columns effectively
combine the strengths of steel and concrete, resulting in a
robust structural component that is gaining popularity in vari-
ous construction applications /1-3/. They offer numerous ad-
vantages such as increased load-bearing capacity, improved
ductility, shorter construction time, increased fire resistance
and enhanced stability. Traditionally, steel tubes used in con-
crete-filled steel tube columns are made from carbon steel.
However, in the past decade, research has expanded to ex-
plore the use of stainless steel tubes in CFST columns /4-6/.
Stainless steel offers several advantages, including enhanced
durability, superior corrosion resistance, and improved fire
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Izvod

U radu je prikazan proracun granicne nosivosti spreg-
nutih stubova od celicnih cevi ispunjenih betonom sa recik-
liranim agregatom (RACFST) pri visokim temperaturama.
Buduci da vazeci propisi ne daju preporuke za njihov prora-
¢un, cilj studije je da ispita mogucnost primene pojednos-
tavljene metode proracuna iz druge generacije Evrokoda 4
za odredivanje nosivosti pri dejstvu pozara. Takode, metoda
za predvidanje njihove post-poZarne granicne nosivosti je
predlozena i validirana. Ova metoda se zasniva na prora-
Cunu ekvivalentnih temperatura iz uproséene metode Evro-
koda 4. U radu su analizirani stubovi sa cevima od uglje-
nicnog i nerdajuceg Celika. Za validaciju metode, korisc¢eni
su rezultati ranijih eksperimentalnih studija. Dobijeni rezul-
tati su pokazali da se pojednostavijena metoda Evrokoda 4,
kao i predlozena metoda proracuna post-pozarne nosivosti,
mogu primeniti kod RACFST stubova. Pored toga, kako bi
se stekao bolji uvid u prednosti RACFST stubova u odnosu
na klasicne AB stubove, sa stanovista odrzZive gradnje, izvr-
Sena je analiza nosivosti na dejstvo pozara kao i post-pozar-
ne nosivosti dva izabrana poprecna preseka. Poredenjem
dobijenih rezultata, identifikovane su slabosti nezasticenih
spregnutih stubova, koje se mogu prevaziéi koriséenjem
odgovarajucih mera izolacije.

resistance /5/. Despite these benefits, the higher cost associ-
ated with stainless steel remains a consideration.

Up to now, various concrete mixtures have been utilised
within steel tubes /7-12/. Recently, as the construction indus-
try is recognised as a major contributor to environmental
impacts and consumption of natural resources, there has
been a growing appreciation for more sustainable solutions,
such as recycled aggregate concrete (RAC), i.e., concrete
produced with aggregates obtained by crushing construc-
tion and demolition waste /2, 13-15/. Use of this concrete
within steel tubes, because of the tubes' confining effects,
increases the axial strength of RAC and its ductility, thus,
allowing its application in structural members, /2/.
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Consequently, interest in CFST columns filled with RAC
referred to as RACFST columns has been increasing and fur-
ther research is essential to optimise these members and pro-
mote their adoption in modern construction. It should be
mentioned that the 2" generation of Eurocode 2 Part 1-1, in
informative Annex N /16/, allows the use of RAC with a
maximum substitution ratio of natural aggregate (both fine
and coarse) with recycled aggregate of 40 % in structural
components (without need for experimental testing). In this
context, the possibility of using RAC with higher or total
substitution rate in RACFST members is highly appreciated.

In the past, there has been a limited number of studies
examining the behaviour of RACFST columns at elevated
temperatures /5, 6, 17-21/. These studies can be divided into
two groups. The first group consists of studies where col-
umns are firstly subjected to varying levels of constant axial
loading and then exposed to heating until buckling occurs
/17, 22/. All studied specimens include carbon steel tubes.
The critical time ¢. is defined as the moment when the col-
umn buckles. Yang et al. /17/ tested nine axially loaded
square stub RACFST specimens. Investigated parameters
included the coarse recycled aggregate replacement ratio r
(0 %, 50 %, and 100 %), axial compressive load ratio (rang-
ing from 0.2 to 0.5), and the thickness of the fire protective
coating. The specimens were subjected to standard ISO 834
/23/ heating, and fire resistance was considered achieved
when the prescribed axial displacement rate exceeded the
specified limits. It was concluded that RACFST specimens
exhibited ductile behaviour. The specimens with »= 50 %
showed performance similar to specimens with natural
aggregate concrete (r =0 %), while specimen with » =100 %
(one such specimen) had a slightly lower measured critical
time. Song et al. /22/ experimentally analysed six square and
six circular specimens made with geopolymeric recycled
aggregate concrete. The following parameters were investi-
gated: axial compressive load ratio (0.3, 0.4, and 0.6) and
two fire exposure scenarios (4-side and 2-side exposure),
while the same concrete with » = 50 % was used in all spec-
imens. A specified fire curve, different from ISO 834, was
utilised. The failure mode for all specimens was local buck-
ling of the steel tube, and columns exhibited behaviour simi-
lar to specimens with conventional concrete.

In the second group of studies are those that investigate
the post-fire behaviour of axially loaded RACFST columns
/5, 6, 18-21, 24, 25/. In these experimental campaigns, during
the initial phase, the columns are subjected to heating for
varying durations and heating protocols. Following this
exposure, the columns are cooled down naturally to ambient
temperature before being subjected to axial loading until
failure occurs (at force Ng). Liu et al. /18/ tested the axial
capacity of twelve circular specimens (six at reference tem-
perature and six after being exposed to ISO 834 heating for
1 h and then cooled down). The investigated parameters
include different thicknesses of the steel tube and three dif-
ferent concrete mixtures (one prepared as conventional con-
crete and two with recycled aggregate). The specimen failed
due to buckling, and specimens with RAC exhibited a similar
failure mode, regardless of whether they were exposed to
fire or not. Yang et al. /25/ and Li et al. /24/ tested the post-
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fire axial capacity of specimens after being exposed for 3 h
at selected temperatures: 300 °C, 600 °C, and 800 °C in /25/
and 200 °C, 500 °C, and 700 °C in /24/. Five different types
of concrete with coarse and fine recycled aggregate (replace-
ment ratios of 0, 50, and 100 %) are investigated in /25/.
The study by Li et al. /24/ examines three different concrete
mixtures made with coarse recycled aggregate with replace-
ment ratios of 0, 50, and 100 %. The conclusion is that the
failure patterns of specimens with different » are similar
(local outward folding and buckling of the outer steel tube).
The axial capacity of columns decreases with an increase in
temperature. In comparison with specimens made of conven-
tional concrete, RACFST specimens have shown slightly
inferior post-fire behaviour.

Among the post-fire experiments on columns with carbon-
steel tubes, the study of Zhao et al. /19/ should be mentioned.
They investigate columns with an innovative, round-ended
cross-section shape and analyse different section aspect
ratios, as well as steel and recycled aggregate replacement
ratios. According to the results, the residual bearing capacity
and compressive stiffness decrease with increasing r. Addi-
tionally, as r increases, the concrete develops lower tem-
peratures due to the lower thermal conductivity of RAC.

Recently, a group of authors investigated the post-fire
axial capacity of RACFST columns with stainless steel tubes
/5, 6, 20, 21/ after exposure to the ISO 834 standard fire for
15, 30, and 45 min. The studied columns included circular
and square specimens with replacement ratios r of 0, 30, and
70 %. These studies include stub specimens /5, 6/, as well as
longer columns to consider the overall buckling behaviour
/20, 21/. It has been shown that for specimens with the same
duration of exposure to elevated temperatures, the ultimate
capacity decreases as r increases.

A prerequisite for the wider use of RACFST columns in
practice is the existence of reliable design code guidelines.
At present, Eurocode 4 serves as the European standard for
the design of steel-concrete composite structures, with Part
1-2 /26/, specifically addressing structural fire design. In
relation to the fire performance of concrete-filled steel tube
columns, the new version of Eurocode 4 Part 1-2 /27/ offers
clear design guidelines. Three approaches can be employed
based on the specific problems at hand: the use of tabulated
design data, simplified design methods, and advanced design
methods. Among these, the simplified method is the most
commonly utilised in design offices. While this method has
been validated for CFST columns comprising natural aggre-
gate concrete and carbon steel tubes /28/, it has yet to be
assessed for RACFST columns /5, 19/. This is important
since it is proven that thermal properties of RAC are slightly
different from properties of concrete prepared with natural
aggregate /2, 19/. Referring to the calculation of the column's
post-fire capacity, there are no guidelines present in the new
version of Eurocode 4 Part 1-2, /27/.

Therefore, this paper addresses the following identified
gaps with the aim to facilitate wider use of RACFST col-
umns in practice. Firstly, the study evaluates the applicability
of the proposed simplified EC4 method for predicting the
fire capacity of RACFST columns featuring carbon steel
tubes. Secondly, the new procedure based on the recom-
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mendations from the 2" generation of Eurocode 4 /27/ for
calculating the post-fire axial capacity of RACFST columns
is proposed and validated. Finally, in a study, a fair com-
parison and assessment of fire resistance and axial post-fire
capacity between reinforced concrete and RACFST columns,
taking into account sustainability and natural aggregate usage
viewpoints is performed. The conducted numerical analyses
offer greater insight into the fire performance of RACFST
columns, including their advantages and drawbacks.

VALIDATION OF THE SIMPLIFIED METHOD FROM
EUROCODE 4 ON RACFST COLUMNS

The second generation of the Eurocode 4 Part 1-2 /27/
introduces some additions to the simplified method for ana-
lysing CFST columns under fire conditions. These changes
involve using equivalent temperatures for the different com-
ponents of the composite section: the steel tube, concrete
core, and reinforcement. As a result, engineers no longer
need to conduct a thermal analysis first to determine the tem-
perature distributions across the cross-section, which is a
considerable relief.

According to this design code, the buckling force Ny s of
the composite column is calculated as follows. For brevity,
the expressions are written here for the case considering cir-
cular and square CFST columns without additional reinforce-
ment bars. Firstly, as previously mentioned, the equivalent
temperatures are calculated for a given fire duration. It is
assumed that a column is uniformly heated from all sides and
that the heating follows the standard ISO 834 fire curve.

The equivalent temperature for the concrete core, 6., and
steel tube 6, can be found from Egs. (1) and (2):

Otc.cq) =81.8-5.05t5, =15.074,, /V +0.3(A4,, / V) -

—0.88¢ Ay, 1V +7.43552 (4, 17)0 714, M
Oareq) =—824.67—5.58 ; +0.007t5 —0.01 4 A, 1V +
+645.081%°% (4,, /7)1 . ()

Here, #; is the time of standard ISO 834 fire exposure and
An/V is the cross-sectional factor equal to the ratio between
the circumference exposed to fire and cross-sectional area.
The design value of the plastic resistance to axial com-
pression Ny i ra in the fire can be calculated from Eq.(3):

Aafyﬂ (‘ga,eq) n Acfc,@ (Hc,eq) )

M, fia VM, fic
Here, A, is the area of steel tube, 4. is the area of concrete,
f,01s design strength of steel at temperature 6,4, and f: o is
design strength of concrete at temperature 6,.,. The design
strength of steel and concrete can be found using the corre-
sponding reduction factors k¢ given in /27/.

3

N i pi,Rd =

The partial factors of the materials in the fire situation
fia and )z are assumed as unity, as advised by /27, 29/.

The effective flexural stiffness, (E1); ¢, can be calculated
from Eq.(4),

(El)ﬁ,eﬂ = goa,HEa,H (ea,eq My + @c,HEC,G (ec,eq Mes )
where: 1, and /. are second moment of area of steel tube and
concrete core; ¢, 0and ¢ e are reduction coefficients for steel
and concrete; and £, ¢ and E. ¢ are elasticity moduli of steel
and concrete at temperatures 6, and 6..,. The reduction
coefficient of concrete ¢ ¢ is taken equal to 1.2. The reduc-
tion coefficient of steel @, ¢is calculated from Eqs.(5) and (6):

9, 0=0.75-0.023 A_m circular cross-section,  (5)
’ 14

a0 :0.15_0‘001(‘4_’"] square cross-section.  (6)
’ Vv

The elastic critical force of a column with buckling length
I4 in the fire situation, Nj ., can be calculated as in Eq.(7):

72 (ED i o

— @)
i

Finally, the design value of axial resistance of a CFST

column under compression, in the fire situation, can be found
as, Eq. (8):

Nﬁ,cr -

N ra =XNg pira > ®)
where: y is reduction coefficient for buckling curve ‘a’ of
Eurocode 3 /30/, and is a function of relative slenderness g,

Eq.(9): o
A9 =\INfpi.rd | Nficr - ©)

In order to validate this method for the calculation of
RACFST column axial fire capacity, the experimental results
from previous campaigns are collected. Since the simplified
Eurocode 4 method refers to heating according to standard
ISO 834 temperature curve, tests by Yang et al. /17/ serve
as the dataset.

The specimen properties are given in Table 1. Here, B
denotes the outer size of the steel tube, ¢ is tube thickness, f;
is yield stress of steel, f:.2s is compression strength of con-
crete at 28 days after casting, and N is applied axial force.
All columns have a length of 3810 mm.

For calculation of critical time according to Eurocode 4
the procedure depicted in Fig. 1 is performed. For each
column specimen, the axial resistance of a RACFST column
Nyira 1s calculated from Eqs.(1)-(9) through iterations, by
increasing the fire exposure time. The time when resistance
Njira becomes equal to the applied axial force is saved as
tecs. These results, for specimens from the first group, are
given in the last column of Table 1.

Table 1. Properties of RACFST column tests with square carbon steel tubes, /17/.

. B t r te f feos Ne tEc4
No Shape Specimen (mm) (mm) | (%) | (min) (MPa) (MPa) (kN) (min) tc / teca
1 square NC-0.34-0 300 5.9 0 36 345 30.6 528.9 33 1.09
2 square RACI1-0.35-0 300 5.9 50 40 345 29.7" 540.0 32 1.25
3 square RAC2-0.37-0 300 5.9 100 29 345 29.0" 568.0 31 0.94
4 square RACI1-0.24-0 300 5.9 50 80 345 29.7° 246.9 51 1.57
5 square RACI1-0.47-0 300 5.9 50 23 345 29.7° 966.9 23 1.00
6 square RACI1-0.59-0 300 5.9 50 16 345 29.7° 1517.2 17 0.94

Note: * Converted from cube strength to cylinder strength by factor 0.8.
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for fire exposure time t

®c,eq’ ®a,eq = Eq (1)'(2)

Nﬁ,p/,Rd —Eq.(3)

El; s — Eq. (4)

[+I9) = 1)1

t=t+At
=

Figure 1. Flowchart of procedure for calculating the column’s
critical time.

Figure 2 shows the comparison between experimental
results and time predicted by Eurocode 4, tecs.
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Figure 2. Comparison between experimentally obtained critical
time and prediction of Eurocode 4.

It can be seen that Eurocode 4 predictions are very accu-
rate, and, generally, on the safe side. All three criteria
adopted by the CEN/TC250/SC4 Horizontal Group Fire for
considering the safe method /28/, are fulfilled. These are:
(1) calculation result shall not be on the unsafe side of the

reference result by more than 15 %; (2) a maximum of 20 %
of individual calculation results can be on the unsafe side and
(3) the mean value of all percentage differences between cal-
culation and reference results shall be on the safe side. Addi-
tionally, this research highlights the need for more experi-
mental studies on the fire behaviour of RACFST columns to
expand the dataset and support this conclusion.

CALCULATION OF POST-FIRE AXIAL CAPACITY OF
RACFST COLUMNS

For a full understanding of the behaviour and design of
structures, being able to predict the post-fire capacity of
members, i.e., a member's residual capacity after being ex-
posed to a fire for a certain duration, is equally important as
predicting their fire capacity. The design code Eurocode 4
/26/ and its new version /27/ do not include recommenda-
tions for calculating the CFST's post-fire axial capacity. So
far, researchers mostly use expressions derived for refer-
ence temperature and apply them with the residual (post-fire)
properties of materials /31/. Referring to post-fire material
properties, /27/ gives expressions on how to determine the
residual strength of concrete depending on the maximal tem-
perature it reaches during heating. However, there are no
clear guidelines regarding the post-fire properties of steel.

In this study, for calculating the post-fire axial capacity
of RACFST columns, the following method, similar to the
one proposed by /31/ but with different residual properties
of steel and concrete, is employed.

The critical buckling force is calculated following Euro-
code 4 rules for determining CFST column's axial capacity
at reference temperature, but with modified material prop-
erties. Since specimens were cooled naturally to ambient
temperature, the concrete material properties are determined
following the clause 5.3.2.2(6) of /27/. According to this,
the strength of concrete heated to a maximal temperature
6 max and cooled down to 20 °C is found as in Eqs.(10)-(13):

Jearc=Pfe, (10)

where: coefficient ¢ depends on k¢, gmax:
¢= kemax 20 °C < Ghnax < 100 °C , (11)
¢=(=0.0005Grax + 1.05)kc,6max 100 °C < Gnax < 300 °C, (12)
#=0.9k; 0max  Bmax =300 °C . (13)

Maximum temperature Gnax is taken equal to 6., and is
calculated from Eq.(1).

Table 2. Properties of post-fire RACFST column tests with square stainless steel tubes /5, 20/.

. B t L r time b Sfeos Nr NrEC4

No Specimen (mm) | (mm) | (mm) | (%) | (min) | (MPa) | (MPa) | (kN) (kN) Na/Nwgcs

1 S120-R0-TO 12027 | 480 | 361 | 0 0 313.1 509 | 1405.1 | 1317.6 1.07

2 S120-R0-T15 12049 | 482 | 359 | 0 15 313.1 | 509 | 14713 | 11693 1.26

3 S120-R0-T30 12031 | 481 | 358 | 0 30 | 3130 | 509 | 13949 | 10294 1.36

4 S120-R0-T45 120.72 | 484 | 360 | 0 45 313.1 509 | 11499 | 892.1 1.29

5 S120-R35-T0 12021 | 481 | 360 | 35 0 313.1 | 443 | 13463 | 1237.0 1.09

6 S120-R35-T15 120.75 | 478 | 358 | 35 | 15 313.1 | 443 | 13917 | 11049 1.26

7 S120-R35-T30 12048 | 5.05 | 359 | 35 | 30 | 3131 | 443 | 1365.6 | 10149 1.35

8 S120-R35-T45 120.77 | 5.06 | 359 | 35 | 45 313.1 | 443 | 11043 | 8872 1.24

9 S120-R70-T0 120.60 | 4.81 | 359 | 70 0 313.1 | 367 | 1305.1 | 11495 1.14
10 | SI20-R70-T15 12058 | 473 | 360 | 70 | 15 313.1 | 367 | 13157 | 10225 1.29

11 S120-R70-T30 120.13 | 480 | 358 | 70 | 30 | 313.1 | 367 | 12222 | 9262 1.32
12 | SI20-R70-T45 120.84 | 481 | 360 | 70 | 45 313.1 | 367 | 10349 | 821.1 1.26
13 S100-R0-TO 100.04 | 279 | 1199 | 0 0 3142 | 509 7514 | 7162 1.05
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14 S100-RO-T15 100.28 2.80 1200 0 15 314.2 50.9 694.6 584.7 1.19
15 S100-R0O-T30 100.23 2.86 1200 0 30 314.2 50.9 581.1 493.2 1.18
16 S100-R0-T45 100.02 2.81 1201 0 45 314.2 50.9 395.1 402.1 0.98
17 S100-R35-T0 100.79 2.85 1200 | 35 0 314.2 443 712.8 681.9 1.05
18 S100-R35-T15 100.21 2.88 1200 | 35 15 314.2 443 643.9 558.7 1.15
19 S100-R35-T30 100.12 2.78 1200 | 35 30 314.2 443 552.6 462.0 1.20
20 S100-R35-T45 100.03 2.78 1201 35 45 314.2 443 369.2 386.0 0.96
21 S100-R70-TO 100.40 2.84 1200 | 70 0 314.2 36.7 638.3 618.5 1.03
22 S100-R70-T15 100.54 2.83 1200 | 70 15 314.2 36.7 608.4 517.9 1.17
23 S100-R70-T30 100.35 2.81 1200 | 70 30 314.2 36.7 499.8 441.8 1.13
24 S100-R70-T45 100.49 2.79 1199 | 70 45 314.2 36.7 358.7 375.2 0.96
Table 3. Properties of post-fire RACFST column tests with circular stainless steel tubes /6, 21/.
. D t L r time 5 feos Nr NrECa
No Specimen (mm) | (mm) | (mm) | (%) | (min) | (MPa) | (MPa) | (kN) (kN) Ne/Negcs
1 D127-R0-TO 127.58 290 | 380.8 0 0 298.1 48.2 1095.1 1110.4 0.99
2 D127-R0-T15 127.64 2.84 | 3812 0 15 298.1 48.2 1203.3 973.9 1.24
3 D127-R0-T30 127.50 2.98 383.0 0 30 298.1 48.2 1174.6 880.7 1.33
4 D127-R0-T45 127.64 2.80 | 3813 0 45 298.1 48.2 946.8 732.6 1.29
5 D127-R35-T0 127.07 2.92 380.7 | 35 0 298.1 42.5 1020.8 1042.7 0.98
6 D127-R35-T15 127.50 2.83 3824 | 35 15 298.1 42.5 1128.7 918.6 1.23
7 D127-R35-T30 127.54 3.00 | 381.6 | 35 30 298.1 42.5 1046.8 847.2 1.24
8 D127-R35-T45 127.44 2.99 3822 | 35 45 298.1 42.5 907.7 735.0 1.23
9 D127-R70-T0 127.75 3.00 | 3809 | 70 0 298.1 347 984.2 9717.5 1.01
10 D127-R70-T15 12741 2.83 3833 | 70 15 298.1 347 1080.5 847.4 1.28
11 D127-R70-T30 127.45 3.11 380.5 | 70 30 298.1 347 987.7 813.7 1.21
12 D127-R70-T45 127.48 3.10 | 381.7 | 70 45 298.1 347 838.4 717.8 1.17
13 D101-R0O-TO 100.81 2.78 1200 0 0 3153 48.2 5353 536.5 1.00
14 D101-RO-T15 100.93 2.75 1200 0 15 3153 48.2 503.2 440.9 1.14
15 D101-R0-T30 100.78 2.77 1199 0 30 3153 48.2 425.2 365.6 1.16
16 D101-R0-T45 100.81 2.81 1202 0 45 3153 48.2 425.2 309.0 0.95
17 D101-R35-T0 100.81 2.84 1200 | 35 0 3153 42.5 502.0 506.5 0.99
18 D101-R35-T15 101.06 2.83 1199 | 35 15 3153 42.5 484.6 422.9 1.15
19 D101-R35-T30 100.80 2.84 1200 | 35 30 3153 42.5 388.7 357.2 1.09
20 D101-R35-T45 100.77 2.80 1201 35 45 3153 42.5 281.6 299.2 0.94
21 D101-R70-TO 100.97 2.76 1199 | 70 0 3153 34.7 465.1 457.3 1.02
22 D101-R70-T15 100.84 2.75 1204 | 70 15 3153 34.7 429.4 381.2 1.13
23 D101-R70-T30 100.90 2.78 1200 | 70 30 3153 34.7 368.3 3333 1.10
24 D101-R70-T45 100.94 2.81 1200 | 70 45 3153 347 256.8 289.0 0.89

In the past, there were several studies that investigated
residual properties of steel /32-35/. According to these studies,
steel mostly fully recovers (after cool-down) if being ex-
posed to temperatures below 400 °C or 500 °C, depending
on the model. For higher temperatures, material properties
reduce. In this study, for stainless steel tube samples, the
adopted retention factors follow the study by Molkens et al.
/35/, while for carbon steel tube (section 4), these factors
are taken from /34/. As for concrete, in this section, the maxi-
mal temperature that steel is being exposed to, 6, is cal-
culated following Eq.(2). This way calculated axial capacity
is denoted as Nggcs.

The dataset used for validation of the proposed method
consists of a total of 48 stainless steel tube samples from
studies /5, 6, 20, 21/. Here, the measured post-fire axial
capacity is denoted as Ng. Details about columns with square
cross section and circular cross section are provided in
Tables 2 and 3, respectively. The calculated axial capacity
is shown in the last columns of Tables 2 and 3.

Figure 3 shows the comparison between experimental
results and results obtained by Eurocode 4 for the post-fire
axial capacity. It is clear that the predictions of Eurocode 4
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are very close to experimental results, and again, all three
criteria adopted by the CEN/TC250/SC4 Horizontal Group
Fire are fulfilled. The mean value of the ratio Ng/Nggca for
square specimens is 1.16 with standard deviation 0.12, while
these values for circular specimens are 1.11 (mean) and 0.12
(standard deviation). For the whole group of 48 specimens,
the mean value is 1.14 (standard deviation 0.12).
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Figure 3. Comparison between experimentally obtained post-fire
buckling force and prediction of EC4: a) square specimens; and
b) circular specimens.

To summarise, the prediction of post-fire axial capacity of
RACFST columns under fire conditions determined follow-
ing the presented method are of acceptable accuracy and on
the safe side. Therefore, under the limitations of fire duration
of up to 45 min and exposure to ISO 834 heating curve, it is
safe to conclude that the application of this method can be
recommended to RACFST columns, in the absence of other
specific design guidelines.

COMPARISON OF FIRE AND POST-FIRE CAPACITY
OF RC AND RACFST SECTIONS

Development of RACFST columns is motivated by the
aim of reducing the use of natural aggregates and increasing
the recycling of construction waste. In this section, the eval-
uation of this solution compared to traditional RC columns
from a sustainability perspective, particularly concerning fire,
is performed. Following the conclusions from previous anal-
ysis and other studies /2/, we adopt that the same design pro-
cedures of CFST sections are applicable to RACFST sections.
Firstly, the fire resistance of RC and RACFST sections is
compared, followed by a comparison of their post-fire axial

capacity.

steel &
reinforcement Ni
E | concrete ?E
- ; 8025 py
S % 8 mm Q
200 mm »‘2 [
a) 230 mm 3
concrete. b) concrete.
fo =40 MPa fox =40 MPa
steel.' reinforcement:
/=355 MPa f = 500 MPa

Figure 4. Geometrical and material properties of selected sections:
a) RACFST section; and b) RC section.

One of the reasons for the increasing use of CFST col-
umns in high-rise buildings is their high capacity. In these
members, the steel tube positioned at the perimeter of the
section enhances the column's load-carrying capacity and
reduces the size of the required cross-section, providing
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savings in space and material. To illustrate this, two cross-
sections from Fig. 4 are compared.

The first section is a square RACFST section with geo-
metrical properties given in Fig. 4a. Concrete with fo =
40 MPa and steel tube with f, = 355 MPa are selected. For
this section, the ultimate axial force-bending moment inter-
action curve N-M, at reference temperature, is shown in
Fig. 5 (compression is shown as positive). The curve is con-
structed using the material models from EC4, /36/.

For the equivalent square RC section with the same con-
crete material properties (fox = 40 MPa) and similar section
capacity, the section from Fig. 4b is selected. This section is
reinforced with 8 ¢25 reinforcement bars with f, = 355 MPa.
For this section, the corresponding N-M interaction curve at
reference temperature is also shown in Fig. 5 (constructed
using material properties defined by EC2 /37/). Obviously,
the capacities of the two sections are not completely equal:
the axial capacity of RC section is about 11 % higher than
that of the RACFST section. On the other hand, the maximal
bending capacity of RACFST section is about 10 % higher
than the corresponding capacity of the selected RC section.
However, despite these differences, the two sections are con-
sidered to have comparable overall capacity. Here, the area
of concrete part of RACFST section, A.racrst and the area
of RC section, 4. rc are given by Eqgs.(14) and (15):

Aeracrst = (20 — 2-0.8)? = 338.56 cm?, (14)
Ac,RC = 232 =529 sz . (15)

Therefore, the RC section has a 56 % larger concrete area
compared to concrete core area in the RACFST section.
Thus, from the perspective of natural aggregate consumption,
this represents significant savings.
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Figure 5. Axial force-bending moment interaction curves for
RACFST and RC sections from Fig. 4, at reference temperature.

To evaluate the capacity of these sections under fire con-
ditions, the N-M interaction curves for different durations
of heating, according to the ISO 834 heating curve, are con-
structed. These interaction curves are constructed following
a similar numerical procedure for both sections. In the first
step, the thermal analysis for the specified fire duration is
performed according to the 2™ generation Eurocode 2 and
Eurocode 4, Part 1-2 fire design guides /27, 38/. As a result,
the temperature distribution over the cross-section is obtained.
In the next step, the fibre section analysis is performed. The
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section is discretised into fibres, and temperature-dependent
material properties of corresponding material are assigned
to each fibre. These temperature-dependent material proper-
ties are adopted from /27, 38/. Finally, following the proce-
dure denoted as ‘exact’ in Fib bulletin 46, chapter 3 /39/, the
section N-M interaction curve for the specified fire duration
is calculated.

For verification of the performed analysis on the RC sec-
tion, a different cross section from Fig. 6 is analysed. It is a
square 300 mm x 300 mm section, with 4 ¢16 reinforcement
bars, with the distance from the centroid of the bar to the
closest surface equal to 38 mm (net concrete cover is 30 mm).
This section is previously analysed in /39/. Concrete compres-
sive strength is fox = 30 MPa, and yield stress of the rein-
forcement is f,x = 500 MPa.

concrete:

S =30 MPa
reinforcement:
f w = 300 MPa

Figure 6. RC section /39/ for validation of numerical procedure.

For this section, Fig. 6, Fig. 7 shows the comparison of
temperature distributions obtained by heat transfer analysis
from this study and distributions from the Annex of Euro-
code 2 /40/ for heating durations of 30 and 60 min. Figure 8
shows the comparison between N-M interaction curves ob-
tained in this study and curves from /39/. It can be seen that
both temperature distributions and interaction diagrams agree
very well. For RACFST sections, the numerical procedure
for determining the temperature-dependent yield curves is
verified in /41/.
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Figure 7. Comparison of temperature distributions from this study
with EC2 for square 300 mm x 300 mm section subjected to ISO

834 heating for: a) 30 min; and b) 60 min.
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Figure 8. Comparison between N-M interaction curves from this

study with results from /39/ for square 300 mm x 300 mm section
subjected to ISO 834 heating curve for 0, 60, 120, and 180 min.

Therefore, applying the previously verified procedure, the
sections from Fig. 4 are analysed. Figure 9 shows the N-M
interaction curves for these two selected sections and differ-
ent durations of 4-side exposure to ISO 834 heating. Obvi-
ously, under these conditions, the position of the steel tube in
the RACFST section with direct exposure to heating results
in a rapid reduction of section capacity.
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Figure 9. Axial force-bending moment interaction curves for
different durations of ISO 834 heating: a) RACFST 200x200x8
section; and b) RC 230x230 section.
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Consequently, after only 15 min. of fire duration, the
capacity is reduced by approximately 20 %, while after 30
min. of fire duration, its capacity represents only 40 % of
the capacity at reference temperature. On the other hand,
the protection of reinforcement bars by concrete cover and
their position within the concrete part of the RC section
results in a more gradual reduction of section capacity in
this case. Consequently, the capacity of the RC section after
30 min. reduces by approximately 20 % and is similar to the
capacity of the RACFST section after 15 min.

Furthermore, after 45 min. of heating, the capacity of the
RC section reduces to approximately 70 % of capacity at
reference temperatures. Therefore, unprotected RACFST
sections are more vulnerable to fire conditions than RC
sections. However, previous experimental and numerical
investigations have proven that the fire resistance of CFST
columns significantly improves by applying appropriate fire
protection measures /42, 43/. It has been shown that these
can extend fire resistance from 1 h to 3 h, depending on the
thickness and properties of the fire protection. With this in
mind, we can conclude that RACFST columns represent a
sustainable alternative to traditional RC columns with signif-
icant savings in the consumption of natural aggregates, espe-
cially considering that steel tubes can be reused from dis-
mantled existing structures.

It should be noted that the savings offered by RACFST
column solutions extend beyond merely reducing the amount
of concrete required through decreased cross-section sizes
and improved bearing capacity /44/. Additionally, the smaller
dimensions of RACFST columns create larger usable interior
spaces and free up building area, providing significant archi-
tectural, economic, and societal benefits.

Furthermore, RACFST columns enhance construction ef-
ficiency by accelerating the building process, as they elimi-
nate the need for traditional formwork. During construction,
steel tubes alone can withstand loads if cast in situ prior to
concrete reaching its full strength, increasing workflow and
reducing labour and material costs.

Connections of RACFST columns with other structural
elements, as beams and footings, are designed similarly to
steel structures. This approach allows for easily mountable
and demountable connections, increasing their reusability
and supporting sustainable construction practices.

Finally, the last part of this study investigates the post-
fire axial capacity of two selected cross sections from Fig. 4.
The sections are considered to be exposed to 4-sided heating
in accordance with ISO 834 heating curve for different dura-
tions (15, 30, 45, and 60 min) and then cooled down to ref-
erence temperature. For the RACFST section, this capacity
is determined following the method from section 3 for a stub
column when all second-order effects are neglected. Since
the steel tube is now considered to be made of carbon steel,
the steel retention factors are taken from /34/. Here, two
methods are applied. In the first method, the residual capac-
ity is determined using the temperature distribution over the
cross-section from the previously described thermal analysis.
Next, the cross-section is discretised into fibres, and the post-
fire strength of the corresponding material (steel or con-
crete) is assigned to each fibre. Finally, the residual axial
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capacity is determined from the fibre section analysis. In
the second case, the procedure is simplified excluding the
thermal analysis and using equivalent temperatures from
Eqgs.(1)-(2) as maximal temperatures in concrete and steel
parts of the section, respectively. Then, the residual axial
capacity is calculated applying the material retention factors
according to these temperatures.

For the RC section, there is still no consensus regarding
the calculation of residual section capacity /45-47/. Here, we
follow the method proposed by Kodur et al. /45/, based on
application of the 500 °C isotherm method. It is assumed that
only concrete within the isotherm of 500 °C has post-fire
strength, while concrete outside of this isotherm is neglected.
Residual strength of concrete is calculated from Eqgs.(10)-
(13), while residual strength of reinforcement is assumed to
follow /48/. The isotherm at 500 °C is determined from the
previously described thermal analysis. In the next step, again,
the fibre section analysis is performed to obtain the residual
post-fire section axial capacity.

Table 4. Post-fire axial capacity for 2 analysed sections from Fig. 4.

Fire Post-fire axial capacity (kN)
duration CFST section RC section
(min) Method 1 Method 2
0 35354 35354 3921.5
15 34243 3431.5 3460.7
30 2824.7 2805.3 3213.6
45 2404.1 2446.7 3002.3
60 2167.5 2216.3 2706.2

NOTE: Method 1 - using thermal analysis
Method 2 - using equivalent temperatures
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Figure 10. Post-fire axial capacity: a) RACFST; and b) RC section.
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Table 4 shows numerical results obtained for residual
post-fire axial capacity, while Fig. 10 depicts them graph-
ically. The difference between the two methods for calcu-
lating RACFST residual capacity is very small (below
2.5 %), which implies that the simplified procedure with
equivalent temperatures can be used. Due to the capability
of steel to fully recover strength after cooling when exposed
to lower maximal temperatures (up to 600 °C), the reduction
of post-fire axial capacity of the RACFST section is smaller
than that of the RC section for a fire duration of 15 min. For
a fire duration of 30 min., the steel tube reaches tempera-
tures of up to 700 °C, resulting in a higher capacity reduction
that becomes almost equal to the reduction of the RC section.
For longer fire durations (45 and 60 min), the reduction of
the post-fire axial capacity of the RACFST section becomes
larger than that of the equivalent RC section but remains
comparable. However, as noted regarding the fire capacity
of RACFST columns, applying adequate insulation on the
RACFST member reduces the maximum temperature in the
steel tube and concrete, leading to a decrease in axial capac-
ity reduction.

CONCLUSIONS

The study analyses the behaviour of RACFST columns
under fire conditions, focusing on both their fire and post-
fire resistance. Currently, no specific design guidelines exist
for calculating the fire capacity of RACFST columns. There-
fore, this research evaluates the applicability of the simplified
analysis method proposed by 2" generation of Eurocode 4
for these calculations. Additionally, the procedure that fol-
lows this design code for calculating the columns’ post-fire
capacity is also presented and validated using experimental
test results available in literature. Key findings are:

- The simplified analysis method from 2" generation of
Eurocode 4 and the proposed method for calculating the
post-fire capacity provide accurate and conservative predic-
tions for fire and post-fire capacities of RACFST columns.

- Validation is currently limited to standard fire exposure
(ISO 834) and fire durations up to 45 min, indicating the
need for further research under prolonged fire scenarios.

- Compared to traditional reinforced concrete columns of
similar ambient capacity, RACFST columns require signif-
icantly smaller cross-sections, highlighting their material
efficiency and environmental benefits. When additional
known advantages such as increased load-bearing capacity,
enhanced construction efficiency, larger usable interior
spaces, and compatibility with demountable connections
are considered, the sustainability potential of RACFST
columns is substantial.

- In fire conditions, RACFST columns are more vulnerable
than RC columns due to the exposed steel tube, leading to
faster strength degradation; however, this can be mitigated
with appropriate insulation measures.

- Post-fire behaviour is comparable between RACFST and
RC columns, with RACFST showing slight advantages for
fire durations up to 30 min. and RC performing slightly
better for longer exposures.

In summary, it can be concluded that RACFST columns
represent a promising sustainable alternative to conventional
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RC column solutions. To enhance their fire performance,
implementing effective insulation measures is essential.
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