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Abstract

A series of experimental tests were carried out to investigate the behavior of sustainable self-compacting concrete-filled
double skin steel tubular (HSCFDST) columns. Nine column specimens were tested in the present study, taking into
account the effects of the inner shape of the column cross section (circular or square), the hollowness ratio, and the recycled
aggregate replacement ratio. For comparison, three of the tested specimens were filled with normal recycled aggregate
concrete. It was observed that the maximum axial strength of CFDST columns increases with the increase in void fraction
for round inner tubes and decreases with the increase in void fraction for square inner tubes. Also, it was found that for
square column specimens, the ultimate axial strength of HSCFDST columns was inversely proportional to their hollowness
and slenderness ratios. CFDST column specimens filled with recycled aggregate concrete compared with those filled with
normal aggregate concrete decreased stiffness and ultimate axial strength but gave unexpected results for the ultimate axial
strength; therefore, the suitable choice for the section properties of the inner steel tube is required. The bearing capacity of
CFDST square columns with concrete aggregate (30% and 60%) decreases by 5% and 10%, respectively. Increasing the
volume of recycled concrete led to a decrease in maximum load capacity, with a 30% volume resulting in a 5%-10%
reduction and 60% volume further reducing capacity by 10%-14.6%. The experimental results and analytical approach that
were developed by other researchers showed good agreement.

Keywords: CFDST, Sustainable concrete, self-compacting concrete, Composite column, Hollowness ratio, recycled aggregate

1. Introduction

High-rise structures are becoming commonplace due to the growing population and industrial need for residential and
commercial space. The use of reinforced concrete in high-rise buildings has resulted in the construction of larger structural
elements, which has reduced the structure's aesthetic appeal. As a result, there is a search for more suitable materials and
profiles, such as so-called composite structures. The advantages of both steel and concrete are combined in steel-concrete
composite buildings, which combine the inherent mass, stiffness, damping, and cost-effectiveness of concrete with the
strength, and lightweight nature of steel. A new type of composite construction is steel-concrete composite columns. They
are commonly used due to their significant energy absorption capacity, effective material utilisation, enhanced stiffness and
ductility, and huge weight-bearing capacity [1, 2]. One of the new creative innovations of composite members is known as
concrete-filled double skin steel tubes (CFDST), which represents the new generation of the concrete-filled steel tubes
(CFST) composite members. CFDST, which was developed in the late 1980s [3], is made up of two concrete-filled
concentric steel tubes. A CFDST column's inner and outer tubes may be made of a variety of materials to improve its
appearance and resistance to corrosion [4]. Furthermore, CFDST columns may be constructed using a variety of steel tube
profile types. The two most often utilised profile combinations are square hollow sections (SHS) and circular hollow
sections (CHS), which are used as the inner and outer layers of the tube, respectively. Numerus research works have
demonstrated that an increase in the bending stiffness, ductility, and fire resistant was observed when an inner steel tube is
added to in steel-concrete composite columns [5-7]. In 2004, Han et al. [8] evaluated 14 steel tube specimens with various
parameters, including the hollow phase percentage, the outer diameter of the tube, and the assist load's eccentricity, which
were modified in the course of the experiments. The result showed that an improvement in strength and ductility for
CFDST (CHS inner and SHS outer) stub columns, beams, and beam-columns was due to the "composite action’’ between
the steel tubes and the sandwiched concrete. Also, they observed was a reasonable agreement achieved for All predictions
were compared with test results. In 2006, Tao and Han [9] investigate the behaviour of CFDST beam columns with inner
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and outer tubes made from rectangular hollow sections. Experiments were performed on three stub columns, three beams,
and 24 beam-columns. A theoretical model for CFDST stub columns, beams, and beam-columns has been made, and
simplified models have been made to estimate how much weight the composite specimens can hold. They found that
CFDST members have a similar behaviour as the conventional CFST specimens. Additionally, increased strength and
ductility have been reported for FDST (RHS inner and RHS outer) stub columns, beams, and beam-columns related to the
"composite action™ between the steel tube and the concrete core. Good agreement has been obtained between the predicted
and experimental curves. Another study in 2010, by Han et al. [10] suggested a nonlinear concrete model for the analysis
of DSCT columns. The suggested nonlinear concrete model discusses the reason a DSCT column exhibits superior strength
higher than the average strengths of its component elements: an inner tube, an outside tube, and unconfined concrete. The
strength is attributed to the inner tube not failing prior to the yield failure of the outer tube, which causes the concrete
within the DSCT column to be contained triaxially until the column ultimately collapses. The confined concrete exhibits
significantly more strength than unconfined concrete.In 2012, Dong and Ho [11] assessed the uniaxial behaviour of
concrete-filled double-skin tubular (CFDST) columns with external steel rings, particularly in terms of strength and
stiffness. The measured load-displacement curves, Poisson's ratio, axial strength, and stiffness for these columns were
subsequently compared with those of CFDST columns without external confinement. It has been demonstrated that ring-
confined CFDST columns are better than unconfined CFDST columns in strength, stiffness, and ductility. It is because the
steel rings provide a more effective, uniform, and continuous confining pressure to the concrete core. In 2016, Aziz et al.
[7] studied full-scale CFDST with variations in the thickness of the outer tube and the percentage of void fraction in terms
of stress and strain relationships. the tested specimens made of self-compacting concrete (SCC) as mortar. From these
results, it has been established that with an increased thickness of the outer shell, there is improved axial load-bearing
capacity because the resistance is high due to increased pressure within the shell. Also, the experimental program applied
proved that the failure mechanism of the CFDST column is based on the failure of the outer tube attributed to a
combination of axial load and concrete expansion. In 2018, Saleh and Majeed [12], the efficacy of high-strength concrete
double-walled tubular steel columns was studied. Fourteen different column shapes were evaluated in order to explore the
effects of various parameters, including the shape of the column’s cross section (round or square), the amount of space
available for the void, the type of infill (normal or high strength), and the slenderness of the column. They found that the
ultimate axial strength of square HSCFDST columns exceeds that of circular columns, while their sectional characteristics
are essentially equivalent. Additionally, the ultimate axial strength of both the circular and square HSCFDST columns was
inversely proportional to their hollowness and slenderness ratios.

The use of sustainable concrete in CFDST columns may develop an emerging research area in sustainable construction.
This may lead to reducing the construction cost in such columns in addition to different environmental benefits. The
primary ingredients of concrete are coarse aggregates, freshwater, and river sand. Concrete consumption has grown
dramatically during the last ten years due to urbanisation, particularly the fast growth of coastal cities [13, 14]. Such high
consumption can have a significant negative impact in terms of increasing the demand on non-renewable natural resources.
In this regard, one reasonable approach is the use of sustainable and recyclable resources in construction applications. The
use of materials such as recycled aggregate (RA) in concrete construction may benefit both the environment and the
building industry [15]. In the field of concrete technology, utilising recycled aggregates (RA) in concrete, instead of natural
aggregates (NA), can not only be effective in minimising the demand for natural resources but also in solving the issue of
waste concrete pollution. Since the past two decades, efforts to exploit RA in concrete construction have been carried out,
and considerable research has been conducted in this regard. In 2006, Yang and Han [16] investigated the effect of RAC on
the efficiency of circular and square CFST columns. The present research tested thirty concrete-filled tube composite
columns, including 24 RAC-FST columns and 6 NAC-FST columns. The main variables investigated in this study included
section shape, type of concrete (natural concrete and concrete including recycled aggregates), and the load eccentricity
ratio, which ranged from zero to 0.5. In concrete manufacturing, 25% and 50% recycled aggregate (RA) were used as
substitutes for natural coarse aggregate, employing three distinct concrete mix types to construct the test specimens. The
researchers observed that almost all of the test specimens had ductile behavior. The ultimate strength of specimens
incorporating RAC was a little lower than that for those filled with normal concrete; however, they exhibited comparable
compressive properties and similar behaviour. Similar findings were also observed in [16-19]. Another study in 2020 by Yu
et al. [20] observed that, with a higher replacement ratio of RA as well as the D/t ratio of the steel tube, all specimens’
bearing capacity dropped, while peak loads for the specimens tended to increase as concrete strength grade increased.In
2021, Liu et al. [21] investigated several methods to improve the adhesive characteristics between recycled aggregate
concrete and steel tubes. These methods include the incorporation of steel fibres, modifications to the water-to-binder ratio,
and conventional strategies such as thickening steel tubes. The research results indicated that replacing natural concrete
with recycled aggregate (RA) led to a reduction in bond strength of about 25.06 % and increased the degradation rate,
attributed to the early development and exacerbation of cracks. In 2021, Wu et al. [22] observed that the peak load of the
specimens exhibited a decrease-rise-decrease behaviour as the RA replacement ratio increased, varying between 76% and
122%.

It can be seen from the abovementioned research studies that very few experimental studies have investigated the structural
behaviour of concrete-filled double-skin steel tubular columns. More specifically, most of the reviewed research has
primarily emphasised the structural performance of normal concrete (NC) rather than self-compacting concrete (SCC).
Therefore, further experimental investigations in this area are necessary. In this study, the aim was to investigate the
influence of recycled aggregate on the structural behaviour of SCC CFDST columns made with varying inner and outer
tube shapes, distances, manufactured materials, and replacement percentages of RA. The percentage replacements of RA,
0%, 30%, and 60%, were used. A series of rectangular and circular reinforced SCC CFDST columns were prepared and



Muthanna Journal of Engineering and Technology 53

tested until failure. The performance of the tested beams was assessed in terms of cracking load, load—deflection response,
ultimate failure load, and crack morphology.

2. Experimental work

In this work, ten CFDST simply supported columns were tested. Normal strength (NS) concrete columns were designed
and produced for studying the influence of recycled aggregate replacement ratio and hollowness ratio in SCC columns until
failure. Nine CFDST column specimens were made from hot-rolled steel sections, except for one specimen, which was
made from cold-formed steel sections to make the comparison. Thus, three different ratios, namely 0%, 30%, and 60%,
were used in the replacement of recycled aggregate. Based on the shape of their inner steel tubes, we categorised the tested
column specimens into three groups. The first group of the columns has a square (150 x 150 x 4 mm) outer tube and inner
tube (100 x 100 mm) made with three different percentages (0%, 30%, and 60%) of recycled aggregate. This group begins
with the name of the specimens (SS1). The second group consists of three columns with a square inner tube with
dimensions (75 x 75 x 2 mm). This group begins with the name of the specimens (SS2). Finally, the third group comprises
three columns, each featuring a circular inner tube with dimensions ranging from 75 to 2 mm. The name of the specimens
in this group begins with SC1. Another set of tested column specimens made from cold-formed steel tubes was used to look
at how the columns themselves affected the behaviour of CFDST columns. To ensure that the cross-sectional area of the
members is approximately equal, this specimen is made up of a square outer tube of dimensions 150 mm x 150 mm x 3
mm. The replacement ratio of RCA was kept at 30%. The designation of the tested specimens is present in Table 1.

Table 1: Identification of the tested CFDST columns

d Cplum_n Column details
esignation
SS1-R00 Square outer tube— Square inner tube— 0% recycled aggregate (Reference columns)
SS1-R30 Square outer tube— Square inner tube— 30% recycled aggregate
SS1-R60 Square outer tube— Square inner tube— 60% recycled aggregate
SS2-R00 Square outer tube— Square inner tube— 0% recycled aggregate (Reference columns)
SS2-R30 Square outer tube— Square inner tube— 30% recycled aggregate
SS2-R60 Square outer tube— Square inner tube— 30% recycled aggregate
SC2-R00 Square outer tube— Square inner tube— 30% recycled aggregate
SC2-R30 Square outer tube— Circle inner tube— 30% recycled aggregate (Reference columns)
SC2-R60 Square outer tube— Circle inner tube— 60% recycled aggregate (Reference columns)
SS2-R30C Square outer tube— Square inner tube— 30% recycled aggregate— Cold form

2.1. Geometrical properties and reinforcement details

In this experimental study, nine CFDST hot-formed column specimens were available in the local markets at a fixed length
of 6 m and were tested. The specimens were cut uniformly to a length of 0.8 m for all sections and bevelled to ensure that
the height of all column specimens, as indicated in Figure 1, was set at 780 mm. As shown in Figures 1 and Table 2, all
specimens were made with a steel thickness of 4 mm per outer steel layer and 2 mm per inner steel layer. All square
columns have the same external dimension of the cross-section, the outer steel tubes, and the variety of inner dimensions of
the cross-section. The external dimensions were 150 mm x 150 mm for the outer tubes. The column specimens were
bottom-supported during casting by providing a temporary base to fix them, thereby maintaining the centrality of the
columns, as in Figure 1. The tested specimens were subjected to axial point loads up to failure. Figure 2 shows details of
the test column specimens in the study.

Table 2: Details of Tested CFDST columns

Outer Steel Section Inner Steel Section Recycle

Column Shane Dimension Thickness Dimension Thickness Aggregate

Name P (mm) (mm) Shape (mm) (mm) Ratio (%)
SS1-R00 Square 150 4 Square 100 2 0
SS1-R30 Square 150 4 Square 100 2 30
SS1-R60 Square 150 4 Square 100 2 60
SS2-R00 Square 150 4 Square 75 2 0
SS2-R30 Square 150 4 Square 75 2 30
SS2-R60 Square 150 4 Square 75 2 60
SC2-R00 Square 150 4 Circle 75 2 0
SC2-R30 Square 150 4 Circle 75 2 30
SC2-R60 Square 150 4 Circle 75 2 60
SS2-R30C Square 146 3 Square 75 2 30

*The symbol name with c letter in the end are the cold form steel section
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Fig. 1: Preparation CFDST columns.
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Fig. 2: Tested of CEDST columns sections details.

2.2. Materials

2.2.1. Binders

Locally ordinary Portland cement type | met the requirements of the Iragi Specification (1QS) [23] was used. Ordinary
Portland cement type I, satisfied with the Iragi Requirement (1QS) [23], was utilised. Limestone powder (LP) that was less
than 0.125 mm was used to increase the amount of fine materials, which in turn increases the mix's fluidity and consistency,
as well as its resistance to segregation, which satisfies the EFNARC guidelines (EFNARC, 2005) [24]. Table 3 shows the
chemical composition of the limestone powder used.

Table 3: Chemical composition of the limestone powder.

Chemical Composition Content %
SiO, 1.38
Fe,03 0.12
Al,O3 0.72
CaCO;s 88.5
MgO 0.13
SOs 0.21
L.O. 3.94

2.2.2. Aggregate

Two types of coarse aggregates, NA and RA, with a maximum size of 20 mm were used (Tables 4). RA was obtained from
crushing concrete cubes previously tested in the construction laboratory of The Engineering College et Al-University of
Basra. The average strength of these cubes was between 25-30 MPa. The specimens and crushing process are present in
Figure 3. The physical properties of NA and RA aggregate were tested at the Structural Laboratory of the Engineering
Consulting Office at the College of Engineering, Basra University. The results are shown in Table 4. Both aggregates met
the Iragi specifications, Standard No. [25] (45/1984), as in Table 4. All aggregate was used in saturated surface dry
conditions (S.S.D). Figure (5-3) presents the sieve analysis of this aggregate. Table 4 shows the specific gravity and
absorption of recycled concrete. Further, a locally available sand with a maximum size of 4.75 mm was used as fine
aggregate in this investigation (Figure 4). Fine aggregates satisfy the 1QS [26]. Figure 5 shows the sieve analysis of fine
aggregate. Normal sand with a volume of 0.6 mm, a specific gravity of 2.65, a sulphate content of 0.33%, an absorption
rate of 1.1%, and Loose bulk density of 1645 kg/m3 was used. It was used in saturated surface dry conditions (S.S.D.).
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Table 4: Physical Properties of the NA and RCA.

Physical properties NA RA NIBITSI;i:; 4K[)285]
Specific gravity 2.65 2.33 -
Sulfate content (SO3) 0.073 % 0.08 % <0.1%
Chloride content (CI) 0.092 % 0.053 % <0.1%
Absorption 0.65% 0.65 % -
Loose bulk density kg/m® 1500 2034 --

Fig. 3: Recycled aggregate preparation.
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2.2.3. Superplasticizer

The Platinum PC 8200 was used as a superplasticizer (SP) in this investigation. It satisfies the ASTM C-494 type F
specification. Table 5 and Appendix A show the properties of the used SP and the data product sheet, respectively.

Table 5: Technical data of Platinum PC 8200 superplasticizer

Property Description
Color, Appearance Amber liquid
pH 3-7
Density 1,08 +0,02 g/cm?®
Chlorine Content (%) < 0,1 (EN 480-10)
Alkaline Content (%) <10 (EN 480-12)
Compliance with Standards ASTM C 494 Type F EN 934-2 Table 3.1 and 3.2

2.2.4. Steel tubular

The hot-rolled and cold-formed round and square hollow tubes were used in this work. To calculate the mechanical
properties of the steel beams, the Computer Numerical Control (CNC) machine cut three tension dog bones (steel tubes)
from the web (Figure 6). Table 6 below shows the tensile test results of the hot-rolled and cold-rolled steel materials used in
the current experiments. The dog bones conform to ASTM A 36/A 36M standards [27]. For testing the dog bone samples, a
universal testing machine was available in the Structural Laboratory of the Civil Engineering Department at Basra
University (Figure 6).

Fig. 6: Details of testing dog bones: (a) steel tubes, (b and c) tensile test machine.

Circular Steel Average Value ASTM A 36/A 36M
Item Tube Square Steel Tube (MPa) Requirements [27]
Yield stress(N/mm?) 341 338 340 250 Minim
Ultimate Strength 482 482 482 400-550

(N/mm?)

3. Mix proportion

An experimental work was dedicated on producing a series of SCC mixes with a nominal compressive strength of 30 MPa
at 28-days (i.e. w/c ratio of 0.43 and 0.48). The designed using the rational and straightforward mix proportioning method
proposed in ACI 237R-07 [28]. In the preparation of the SCC mixes, two types of coarse aggregates (NA and RA), in
saturated surface dry conditions, were utilised. The replacement of NA by RA was volumetrically implemented based on
their specific gravities in order to keep the other amounts of mix ingredients without adjustment. The mixed ingredients of
all investigated mixes are presented in Table 7.

Table 7: Constituent materials of the prepared concrete mixes, kg/m?®

Mix type wic Cement Water LP super- Fine RA Coarse
plasticizers aggregate aggregate aggregate
SCC-0RA 0.48 315 181 151 0.85 755 0 944
SCC-30RA 0.43 290 163 124 0.76 646 264 320

SCC-60RA 0.43 290 160 124 0.76 646 492 320




Muthanna Journal of Engineering and Technology 57

4. Concrete columns specimens casting and curing

Ten CFDST specimens were fabricated in the present study. Nine of them were made from hot-rolled steel tubular sections,
and one column was made from cold-rolled steel tubular sections. Before the casting process, a piece of steel rod was used
to hold the outer and inner steel tubes of each specimen in place from the bottom and the top. This was done to make sure
that the tubes would be straight when concrete was poured inside them (see figure 7). Figure 8 describes the construction
of the column specimens. For casting specimens, a vertical portable mixer with a capacity of 0.2 m3 was used for mixing
fresh SCC. After that, the column samples were cast, and the models' top surfaces were adjusted. To evaluate the
experimental mechanical properties of the cast mix, we cast cube and cylinder specimens for every beam specimen.
Following that, the samples were kept in a laboratory environment and covered to maintain them in a humid environment.
Figure 8 shows the mixing, casting, and curing of the specimens.

Fig. 8: Formulation process of specimens: (a, b) Casting specimens ,and (c) Preparing the specimens for
loading.

5. Test setup and instrumentation

A universal testing instrument with a maximum capacity of 200 Ton was utilised for testing the column specimens under
eccentric loading condition (Figure 9). The device was obtainable in the Structural Laboratory of the Civil Engineering
Department at Basra University. As illustrated in Figure 10, the tested CFDST columns had been painted two days prior to
testing for easier observation of the developed and propagated cracks. A laser linear variable differential transducer (LVDT)
was employed to measure the deflection at the middle length of the columns due to the applied load (Figure 11). During the
test, a steel plate is put on top of each column specimen to spread the load during compression and make sure the laser
reading is correct, as seen in Figure 11. The load is then applied at a low level of rating to ensure correct representation of
the nature of static loading. The failure mode, load versus axial displacement, and the ultimate capacity of each column
specimen were recorded during the test, where all the readings were taken until the specimens reached the failure stage.
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Fig. 9: The used hydraulic testing Fig. 10: Installation of the laser Fig. 11: Laser device reading.
machine. LVDT device.

6. Result and discussion

Ten reinforced sustainable CFDST columns made with SCC core were prepared to investigate their structural behavior.
Nine columns, which were made of hot-rolled steel sections, were tested until failure, while the others were made from
cold-formed CFDST. Table 8 summarises the experimental test results for the column specimens, including their ultimate
capacity, failure load, and failure mode. The following sections discuss and evaluate the results along with the load-
displacement curves.

Table 8: Experimental results for the tested CFDST columns
Ultimate Failure load increase Ratio relative to

Column RAC - « A .

No. designation %) ca(;i(a’i:l;ty over Contgzl) Column (mm) tr& ::Sr?]trzgl Failure mode
1 SS1-R00 0 1400 - 5.0 - Local buckling
2 SS1-R30 30 1250 -10.7 3.9 -22.0 Local buckling
3 SS1-R60 60 1240 -11.4 6.5 +30.0 Local buckling
4 SS2-R00 0 1420 -- 7.3 -- Local buckling
5 SS2-R30 30 1395 -1.8 33 -54.8 Local buckling
6 SS2-R60 60 1260 -11.3 11.2 -53.4 Local buckling
7 SC2-R00 0 1460 -- 7.4 -- Local buckling
8 SC2-R30 30 1400 -4.1 9.2 +24.3 Local buckling
9 SC2-R60 60 1350 -75 9.3 +25.7 Local buckling
10 SS2-R30C 30 800 -11.1 6.4 - Local buckling

*This is the ratio of the ultimate load of columns relative to the control column with natural aggregate (0% RA replacement), (+) means
increase (%) in the above properties with respect to reference column, (-) means decrease (%) in the above properties.

6.1. Effect of hollowness ratio and shape

6.1.1. Square CFDST columns with 0% RA

Three CFDST columns that were previously mentioned, which were produced with normal aggregate (0% recycled
aggregate). When comparing the experimental results of this group of the CFDST specimens [SS1-R00, SS2-R00, and
SC2-R00], which were tested under axial loading, it can be noted that local bucking failure occurred for these tested
specimens. Table 9 and Figure 12 present the experimental outcomes of these tested column specimens. It can be shown
that the maximum load capacity of the control column SS1-R00 is 1400 kN, with a corresponding displacement of 5 mm.
Further, it can be seen that the stiffness of the SC2-R00 and SS2-R00 columns, respectively, was higher than reference
column. The maximum load capacity of the SC2-R00 and SS2-R00 specimens is 1460 and 1420 kN, which is about
+4.29% and +1.43% higher than the control columns (SS1-R00 columns), with a corresponding displacement of 7.4 and
7.3 mm, respectively. The control column (SS1-R00) features a square inner tube of 100 mm by 100 mm and possesses a
hollowness ratio of 0.704. A comparison with the column (SS2-R00), which features a square tube (75x75 mm) and a
hollowness ratio (0.528), revealed an enhancement in maximum bearing capacity. Also, a comparison between the column
(SS2-R00) with a square inner tube (75x75 mm) and the column (SC2-R00) with a circular inner tube (75 mm diameter)
indicates that an increase in strength was noted for the circular inner section although the hollowness ratio between the two
columns is same as shown in Table (4.3), signifying that the Fixed hollowness ratio with shape change influences on the
maximum load capacity. Figure 13 illustrates the failure mode of square CFDST columns made with normal aggregate and
containing square or circular inner sections. It can be observed that the concentrically loaded columns showed local
buckling without and crushing of concrete core in all the three specimens. The affected regions are located at the top and/or
lower ends nearest to the loading plates, as seen in Figure 13. This was predicted according to the uniformly distributed
compression forces along the whole column section. Results from studies indicate that the inner tube offers substantial
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support to the sandwich concrete, and the performance of the composite member resembles that of the concrete-filled steel
tube [29].

Table 9: Experimental results for the tested Square CFDST Columns with 0% RA.

Ultimate capacity Failure load increase over A nax Ratio relative to
No. d ecsggg;ir:)n %2‘ §: kN) Control Column* the control Failure mode
(%) (mm) Column*
1 SS1-R00 0 1400 - 5 - Local buckling
2 SS2-R00 0 1420 +1.43% 7.3 +46% Local buckling
3 SC2-R00 0 1460 +4.29% 7.4 +48% Local buckling
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Fig. 12: Load- deflection response for square columns of 0%RA.

Fig. 13: Failure mechanisms for square-tested columns with axial loading made with 0%RA.

6.1.2. Square CFDST columns with 30% RA

In this group, three CFDST columns were previously mentioned, which were produced with recycled aggregate (30%
recycled aggregate). When comparing the experimental results of this group of the CFDST specimens [SS1-R30, SS2-R30,
and SC2-R30], which were tested under axial loading, it can be noted that local bucking failure occurred for these tested
specimens. Table 10 and Figure 14 present the experimental outcomes of the tested column specimens. As the inner wall
dimensions decrease, the displacements under peak loads of the CDFST columns increase. In the figure, it can be observed
that the CFDST specimens with circular inner confinement performed better in terms of strength, stiffness, and ductility
than those with square inner confinement. The maximum load capacity of the control column SS1-R30 is 1250 kN, with a
corresponding displacement of 3.9 mm (figure 14 and Table 10). Also, it can be seen that the maximum load capacity of the
SC2-R30 and SS2-R30 specimens is 1400 and 1395 kN, which is about 12% and 11.6% higher than the column (SS1-R30
column), with a corresponding displacement of 9.2 and 3.3 mm, respectively. When compared the control column (SS1-
R30) that has a square inner tube of 100 mm by 100 mm and a hollowness ratio of 0.704, the column (SS2-R30), which
incorporates a square tube (75x75 mm) with a hollowness ratio of 0.528, demonstrated an improvement in maximum
bearing capacity about 11.6%. Furthermore, a juxtaposition of the column (SS2-R30) featuring a square inner tube (75x75
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mm) and the column (SC2-R30) with a circular inner tube (75 mm diameter) revealed a notable increase in strength for the
circular inner section. Despite the equal hollowness ratio between the two columns, as indicated in Table 10, This means
that the hollowness ratio combined with the circular shape of the inner tube gives a greater improvement in the maximum
load capacity Compared to the same hollowness ratio of tube to square in spite of the use of different concrete (where in
this case, a concrete core with 30% RA). The failure modes of the columns are illustrated in Figures 15. All the tested
columns with concentric loads exhibited local buckling. The expected failure mode of a column is the compression
crushing of the concrete combined with the yielding of the steel. Nevertheless, the properties of the outer and inner steel
tubes, and the compressive strength of the concrete affected the failure behavior. It is essential to point out that the columns
exhibited significant lateral deformations characterized by local buckling. Moreover, the concrete in those columns failed,
which can be demonstrated by the performance percentage of recycled aggregate. This behavior can be noted in the failure
modes of SC2-R30 column made with a circular inner section. On the other hand, most of the specimens (SS1-30RA and

SS2-30RA specimens), which have square inner section tubes, exhibited compression-dominant failure, and the lateral
deformations in these columns are less visible.

Table 10: Experimental results for the tested Square CFDST Columns with 30% RA

. . Failure load increase over Ratio relative to
No. decsiOIrL:g:ir;n R(?;‘g: Ultlma(tlizl\(l:?pauty Control Column* (ﬂrln "r‘;’s the control Failure mode
Y ° (%) Column*
1 SS1-R30 30 1250 - 3.9 - Local buckling
2 SS2-R30 30 1395 +11.6% 33 -15.38% Local buckling
3 SC2-R30 30 1400 +12% 9.2 +135.9% Local buckling
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Fig. 14: Load- deflection response for square columns of 30%RA.

Fig. 15: Failure modes for square-tested columns with axial loading made with 30%RA.
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6.1.3. Square CFDST columns with 60% RA

In this group, three CFDST columns were previously mentioned, which were produced with recycled aggregate (60%
recycled aggregate). When comparing the experimental results of this group of the CFDST specimens [SS1-R60, SS2-R60,
and SC2-R60], which were tested under axial loading, it can be noted that local bucking failure occurred for these tested
specimens. Table 11 and Figure 16 present the experimental outcomes of the tested column specimens. The maximum load
capacity of the control column SS1-R60 is 1240 kN, with a corresponding displacement of 6.5 mm (Figure 16 and Table
11). On the other hand, SS2-R60 columns developed higher ductile behavior than the SC2-R60, and control specimen. The
maximum load capacity of the SC2-R60 and SS2-R60 specimens is 1350 and 1260 kN, which is about 8.9% and1.61%
higher than the control columns (SS1-R60 columns), with a corresponding displacement of 9.3 and 11.2 mm, respectively.
The degradations in compression capacity of the specimens SS1-R60 and SS2-R60 could be attributed to the characteristics
of the inner tube. The SS1-R00 control column has a 100mm side length square inner tube with a 0.704 hollowness ratio.
The maximum bearing capacity was found to be higher in the column (SS2-R60) with its square inner tube75mm side
length and hollowness ratio of 0.528. Also, in comparing the results of column (SS2-R60) and (SC2-R60), it was also
found that the column (SC2-R60) with inner circular tube is better in terms of endurance of the maximum applied force as
shown in Table 11.

It is crucial to capture that in the specimens that square outer tubes, the failure paths are accompanied by outward local
buckling of the tubes. In addition, there is no signs for the happiness of concrete crushing. However, it was noted that the
volume of the buckling region is relatively higher than that noted in the tested CFDST columns with 30% RA, and the in
those columns is greater than that the specimens with 0% RA.

Table 11: Experimental results for the tested square CFDST columns with 60% RA
Failure load increase

de(;?lrg;]:ir:)n R Ultlma(tli’\tl:;pacny over Control Column* E!mr:% Ratio re'%‘gﬁ:gnﬂ:e control Failure mode
g (%) (%)
1 SS1-R60 60 1240 - 6.5 - Local buckling
2 SS2-R60 60 1260 +1.61% 11.2 +72.3% Local buckling
3 SC2-R60 60 1350 +8.9% 9.3 +43.1% Local buckling
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Fig. 16: Load- deflection response for square columns of 60%RA.

Fig. 17: Failure modes for square-tested columns with axial loading made with 60%RA.
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6.2. Effect of replacement ratio of recycled aggregate

6.2.1. Square CFDST columns with 70% hollowness ratio

Three CFDST columns [SS1-R00, SS1-R30, and SS1-R60] were produced with (0%, 30%, 60%) recycled aggregate ratios
for the samples mentioned above. When comparing the results for these tested column specimens under axial load, Figure
18 shows that the maximum load capacity for column (SS1-R00) is 1400 kN and it can also be noted that the stiffness of
columns (SS1-R30 and SS1-R60) was 1250 and 1240 KN respectively, and they are less than the control column (SS1-R00)
at the ratios 10.74% and 11.43%, respectively, as shown in Table 12. These reductions are happened in spite of that the
three specimens have approximately the same properties except the use RA ratio.

Table 12: Experimental results for the tested Square CFDST columns with 70% hollowness ratio
Failure load increase over Ratio relative to

No. decs:iog;ﬁgt]ir:m R((%: Ultlma(tlfl\i;j\pamty Control Column* E?nTn“) the control Failure mode
(%) Column*

1 SS1-R00 0 1400 - 5 - Local buckling

2 SS1-R30 30 1250 -10.74% 3.9 -22% Local buckling

3 SS1-R60 60 1240 -11.43% 6.5 +30% Local buckling

wad(KN)

Axial

1 2 3 4 5 6

Axial displacement(mm)

Fig. 18: Load- deflection response for SS1 CFDST columns.

6.2.2. Square CFDST columns with 53% hollowness ratio

Experimental results of these samples [SS2-R00, SS2-R30, and SS2-R60] It can be noted that the Table 13 and the Figure
19 show the experimental results of these columns, where it was noted that the specimen (SS2-R00) with zero replacement
ratio of RA is also give better performance, stiffness and high strength than those with higher replacement ratios of RA in
spite of the hollowness ratio of these columns is lesser than the last ones. The maximum load capacity of column (SS2-R00)
is higher than (SS2-R30). It is also noted that column (SS2-R60) has the lowest load capacity among the group, which was
about 1260 kN.

On the other hand, the square column specimens that fabricated with the same hollowness ratio but with a circular shape
[SC2-R00, SC2-R30, and SC2-R60], developed a batter ultimate capacity comparing with those having the same
hollowness ratio but with a square inner tube [SS2-R00, SS2-R30, and SS2-R60]. Table 13 and Figure 20 present the
experimental outcomes of the tested column specimens. The control specimen (SC2-R00) exhibited a high ultimate loading
capacity shown in Table 13. The maximum load capacity of the control column SC2-R00 is (1460) kN. On the other hand,
SC2-R60 column developed lower load capacity behavior than the SC2-R30 specimen. The maximum load capacity of the
SC2-R30 and SC2-R60 specimens is 1400kN and 1350kN, which is about 4.11%and 7.53% lower than the control columns
(SC2-R00 column).

Table 13: Experimental results for the tested Square CFDST columns with 53% hollowness ratio
Failure load increase

No. de(;iog:::;?ir:)n RAC Ult'ma(t:,\i;i pacity over Control Column* fmr;‘gx) R:é'&:g:%'g;ﬁ:ﬁntfe Failure mode
(%) (%)
1 SS2-R00 0 1420 -- 7.3 -- Local buckling
2 SS2-R30 30 1395 -1.76% 33 -54.79% Local buckling
3 SS2-R60 60 1260 -11.27% 11.2 -53.4% Local buckling
4 SC2-R00 0 1460 -- 7.4 -- Local buckling
5 SC2-R30 30 1400 -4.11% 9.2 +24.32% Local buckling
6 SC2-R60 60 1350 -7.53% 9.3 +25.67% Local buckling
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Fig. 19: Load- deflection response for SS2 CFDST columns.
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Fig. 20: Load- deflection response for SC2 CFDST columns.

7. Mathematical analysis of tested CFDST columns

The analytically predicted ultimate axial strength values of the experimentally investigated CFDST column specimens was
evaluated and compared with the experimental ones. The analytical approach for the analysis of CFDST columns that
described in chapter one was adopted to evaluate the analytical axial capacity of the tested CFDST column for a
comparison. It was found that the results of both approaches are very close with a mean value of the ratio (Pexp / Panal)
equal to about 1.14, 1.14, and 1.12 with 0%, 30% and 60%o0f RA replacement in the column specimens. Also, it can be

noted that the analytical results were almost lower compared to that of the experimental results.

Table 14: Comparison of analytical results with tested results of the examined samples.

Experimental

Analytical

Nominal

Hollownes

Designatin l0ad(KN) load(KN) load (KN) PExp/PANA PExp/PNom ratio
SS1-R00 1400 12795 1276 1.09 1.10 0.704
SS1-R30 1250 1271 1267 0.98 0.99 0.704
SS1-R60 1240 1259 1253 0.98 0.99 0.704
SS2-R00 1400 1319 1301 1.06 1.08 0.528
SS2-R30 1395 1306 1288 1.07 1.08 0.528
SS2-R60 1240 1287 1268 0.96 0.98 0.528
SC2-R00 1460 1319 1301 1.11 1.12 0.528
SC2-R30 1400 1306 1288 1.07 1.09 0.528
SC2-R60 1350 1287 1268 1.05 1.06 0.528

SS2-R30-C 800 998 988 0.80 0.81 0.472
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8. Conclusion

This research delineates and examines a lab study into the performance and failure mode of sustainable CFDST square
columns samples. The experiment's results lead to the following conclusions:

1. Self-compacting concrete mixes exhibit higher compressive strength than conventional concrete mixes. The results
show that substitution of recycled concrete aggregate (RCA) improves the filling and passing capacity of SCC by 30%
and 50%, respectively, and these mixes exhibit adequate resistance to segregation.

2. The maximum axial strength of CFDST columns is inversely proportional to the void fraction, regardless of the
geometry of the column specimens tested.

3. The maximum axial strength of CFDST columns increases with the increase in void fraction for round inner tubes and
decreases with the increase in void fraction for square inner tubes.

4. The maximum axial strength of CFDST square columns increases by 4.3% when the square inner tube is replaced by
a round tube.

5. The stiffness and maximum axial strength of CFDST column specimens without recycled aggregate concrete are
higher than those with recycled aggregate.

6. The bearing capacity of CFDST square columns with concrete aggregate (30% and 60%) decreases by 5% and 10%,
respectively.

7. For the same cross-sectional properties (thickness and area), the load-bearing capacity of cold-formed circular CFDST
columns is up to 12.5% higher than that of square columns, except for the shape.

8. The maximum axial strength values predicted by experimental and analytical studies for CFDST column specimens
were compared. The results of both methods are very close, with the ratio (Pexp/Panal) averaging about 1.041 for
square column specimens and 1.11 for circular column specimens.
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