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This paper presents a summary review of research performed on the mechanical behavior of concrete-
filled steel tube members and frames made from recycled aggregate concrete (RAC). The paper begins
with an introduction of some research progress made on the bond behavior between RAC and steel tubes.
Discussion is then turned to the static behavior of recycled aggregate concrete-filled steel tube (RACFST)
members, including the flexural performance of beams, concentric and eccentric load carrying capacities
of stub columns and long-term performance of columns. Research findings on the performance of RACFST
columns and RACFST plane frame under cyclic loads are then presented. The paper concludes with a pre-
sentation of a prediction model for the strength of RACFST by considering whether the recycled coarse
aggregates have been pre-wetted or not before fabrication of the structural members. Based on these
research results, it can be concluded that with proper design and construction, the application of RAC
as a structural material in concrete-filled steel tube structures is feasible and safe.
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Fig. 1. Push-out test set-up (Chen et al. [19]).
1. Introduction

The construction industry is an important economic sector that
has a large environmental impact in terms of natural resources
extraction, energy consumption, pollutants release, greenhouse
gases emissions and amount of waste generated [1]. Hence, pro-
moting and practicing sustainability in construction can help pre-
serve the planet’s ecosystems, conserve natural resources and
improve the environmental conditions of all living organisms on
earth. Recycling and reuse of construction and demolition wastes
is one such attempt to achieve this goal. Processing construction
and demolition wastes and reintroducing them as recycled aggre-
gates in new concrete, referred to as recycled aggregate concrete
(RAC), can be an effective way to develop and implement ‘‘green”
concrete for new construction.

A review of existing literature [2–9] has shown that much effort
has been devoted to the investigation of the mechanical properties
and durability of RAC. Thereupon, a basic consensus is that the
compressive and tensile strengths, elastic modulus and durability
of RAC are in general lower than those of natural aggregate con-
crete (NAC), but the strain that corresponds to the peak stress,
shrinkage and creep of RAC are to a certain extent higher when
compared with NAC. Many investigators have demonstrated that
the existence of residual mortar lumps adhering to the recycled
aggregates as well as the formation of micro-cracks during the
crushing process in recycled aggregate production can reduce
strength and increase deformation in RAC materials. Regardless
of the technical level, the labor costs and additional energy con-
sumption may be enlarged when crushing the construction and
demolition waste and producing the recycled aggregates. In addi-
tion, common people are lack of confidence on RAC. Therefore,
the development and applications of RAC in structures are some-
what restricted due to the above-mentioned shortcomings.

Confining concrete in steel tubes has long been recognized as an
effective means to improve the behavior of concrete not only
because confinement increases the compressive strength of con-
crete and helps suppress crack development, but the core concrete
is sealed from moisture exchange with the surroundings and its
lateral deformation is significantly restricted by the steel tubes
[10,11]. Konno et al. [12] were the first to put forth the idea of plac-
ing recycled aggregate concrete in steel tubes, with the aim toward
improving the mechanical properties of RAC. The resulting struc-
tural member is called recycled aggregate concrete-filled steel tube
(RACFST). Since then, other researchers have conducted studies to
evaluate the effective use of construction and demolition wastes as
recycled aggregates in various types of steel tubes, including car-
bon steel tubes, stainless steel tubes and carbon steel tubes
strengthened with fiber reinforced polymers.

In fact, the greatest distinctive feature of RCAs compared to
NCAs is their higher water absorption capacity, due mainly to
adhered mortar [13,14]. In other words, the additional absorbing
moisture of RCA can reduce the actual water-cement ratio (w/c)
in concrete when RCAs are not pre-wetted, which means that there
is a curing effect on the concrete strength. This finding has been
confirmed by Chen et al. [15]. However, many researchers
launched the investigations on mechanical properties of RAC by
the way of pre-wetting the RCAs, so that the workability of RAC
can be improved during the construction process [16–18]. Hence,
it is not difficult to understand that the strength of RACFST can
be varied depending on whether the RCA are presoaked or not.

The primary objective of this paper is to summarize some
important findings on the behavior of RACFST when used as iso-
lated flexural and compression members and as members of a
frame. A secondary objective is to provide a knowledge basis for
further studies on the use of recycled concrete in structural and
construction applications.
2. Bond behavior between RAC and steel tubes

One of the most important requirements for concrete-filled
steel tube (CFST) construction is the integrity of the bond between
concrete and steel. Using pushout tests as shown in Fig. 1, Chen
et al. [19] studied the bond behavior between the core RAC and
the outer steel tubes without surface preparation. The main infor-
mation about the specimens is given in Table 1 and the results are
shown in Fig. 2.

It can be seen from Fig. 2 that the bond strength in general
increased with an increase in RCA replacement percentage, except
for cases when the recycled aggregate concrete-filled circular steel
tubes have replacement percentages of r = 75% and 100%. It is
worth noting that in the study of Ref. [13], the recycled coarse
aggregates used in manufacturing RACFST were not pre-soaked,



Table 1
Push-out test specimens.

Specimen Section D (or B) � t (mm) a r (%) a Concrete type fcu (MPa) a fy (MPa) a Le (mm) a

S-RAC-12 Circular 140 � 3 0 C50 58.5 345.90 410
S-RAC-13 140 � 3 25 C50 59.2 345.90 410
S-RAC-14 140 � 3 50 C50 57.6 345.90 410
S-RAC-15 140 � 3 75 C50 56.8 345.90 410
S-RAC-16 140 � 3 100 C50 55.5 345.90 410
S-RAC-17 140 � 3 0 C50 58.5 345.90 260
S-RAC-18 140 � 3 25 C50 59.2 345.90 260
S-RAC-19 140 � 3 50 C50 57.6 345.90 260
S-RAC-20 140 � 3 75 C50 56.8 345.90 260
S-RAC-21 140 � 3 100 C50 55.5 345.90 260

S-RAC-22 Square 120 � 3 25 C50 59.2 303.27 410
S-RAC-23 120 � 3 50 C50 57.6 303.27 410
S-RAC-24 120 � 3 75 C50 56.8 303.27 410
S-RAC-25 120 � 3 100 C50 55.5 303.27 410
S-RAC-26 120 � 3 0 C50 58.5 303.27 260
S-RAC-27 120 � 3 25 C50 59.2 303.27 260
S-RAC-28 120 � 3 50 C50 57.6 303.27 260
S-RAC-29 120 � 3 75 C50 56.8 303.27 260
S-RAC-30 120 � 3 100 C50 55.5 303.27 260
S-RAC-31 120 � 3 75 C30 40.5 303.27 260

a D (or B) and t are the outside diameter (or width) and wall thickness of the steel tube; r is the RCA replacement percentage; fcu is the compressive concrete cube
(150 � 150 � 150 mm3) strength measured at the time of testing; fy is the steel tube yield strength; Le is the embedment length between concrete and steel tube.
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Fig. 2. Effect of RCA content on ultimate bond strength (Chen et al. [19]).
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Fig. 3. Effect of tube type on ultimate bond strength (Chen et al. [19]).
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and the design water-cement ratios (w/c) were kept constant for all
the specimens. Compared to the design w/c, the actual w/c in recy-
cled aggregate concrete is lower due to the high water absorption
rate of RCA. This means that the strength of RAC can be enhanced
with an increase of RCA content. Butler et al. [20] has demon-
strated that higher concrete strength is the result of larger bond
strength between RAC and the reinforcement. In addition, Chen
et al. [19] have investigated the differences in bond strength
between recycled aggregate concrete placed in circular steel tubes
and recycled aggregate concrete placed in square steel tubes. It can
be seen from Fig. 3 that the bond strength between RAC and circu-
lar steel tubes is significantly higher than that between RAC and
square steel tubes, indicating that the confinement offered by cir-
cular steel tubes is more efficient when compared to square steel
tubes under the same parametric conditions. This finding is similar
to that for conventional concrete-filled steel tubes [21].

3. Performance of RACFST under static loads

3.1. Flexural behavior of RACFST beams

Yang and Han [22] reported that RCA replacement percentage
(0%, 25% and 50%) did not have much impact on the failure modes
of RACFST beams tested under flexural loads as all the test speci-
mens failed by local buckling of the steel tubes in the compression
zone. Table 2 gives details of the test specimens and the test
results. Fig. 4 shows the test specimens after failure.



Table 2
Beam specimens and test results.

Specimen Section fcu (MPa) r (%) Tube type D (or B) � t � L (mm) a fy (MPa) Mue (kN�m) a SI a

Yang and Han [22]
BSb0 Square 42.7 0 Carbon steel 150 � 2.94 � 1200 344.4 34.9 0
BSb1 Square 41.8 25 Carbon steel 150 � 2.94 � 1200 344.4 33.8 3.15
BSb2 Square 36.6 50 Carbon steel 150 � 2.94 � 1200 344.4 33.0 5.44
BCb0 Circular 42.7 0 Carbon steel 165 � 2.57 � 1200 343.1 29.4 0
BCb1 Circular 41.8 25 Carbon steel 165 � 2.57 � 1200 343.1 28.15 4.25
BCb2 Circular 36.6 50 Carbon steel 165 � 2.57 � 1200 343.1 27.65 5.95

Yang and Ma [23]
S-B-N Square 63.4 0 Stainless steel 120 � 1.77 � 1200 286.7 15.2 0
S-B-C1 Square 59.7 25 Stainless steel 120 � 1.77 � 1200 286.7 14.7 3.81
S-B-C2 Square 57.3 50 Stainless steel 120 � 1.77 � 1200 286.7 14.3 6.04
S-B-C3 Square 56.9 75 Stainless steel 120 � 1.77 � 1200 286.7 14.4 5.71
S-B-F1 Square 58.6 25 Stainless steel 120 � 1.77 � 1200 286.7 14.6 4.46
S-B-F2 Square 56.2 50 Stainless steel 120 � 1.77 � 1200 286.7 14.3 6.43
S-B-F3 Square 55.3 75 Stainless steel 120 � 1.77 � 1200 286.7 13.6 10.51
C-B-N Circular 63.4 0 Stainless steel 120 � 1.77 � 1200 286.7 11.7 0
C-B-C1 Circular 59.7 25 Stainless steel 120 � 1.77 � 1200 286.7 11.6 1.28
C-B-C2 Circular 57.3 50 Stainless steel 120 � 1.77 � 1200 286.7 11.6 1.37
C-B-C3 Circular 56.9 75 Stainless steel 120 � 1.77 � 1200 286.7 11.5 1.54
C-B-F1 Circular 58.6 25 Stainless steel 120 � 1.77 � 1200 286.7 11.5 1.79
C-B-F2 Circular 56.2 50 Stainless steel 120 � 1.77 � 1200 286.7 10.6 9.30
C-B-F3 Circular 55.3 75 Stainless steel 120 � 1.77 � 1200 286.7 10.6 9.56

a L is the specimen length; Mue is the experimentally obtained ultimate moment, SI is the strength index expressed in Eq. (12).

Fig. 4. Failure modes of RAC-filled carbon steel tube beams (Yang and Han [22]).

Fig. 5. Failure modes of RAC-filled stainless steel tube beams (Yang and Ma [23]).
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From Fig. 4, it can be seen that local buckling failure was dis-
tributed more or less equally and symmetrically about midspan
of the specimens. However, the initial section flexural stiffness
and serviceability-level section flexural stiffness of the beams with
RAC were found to be 3.3–8.7%, and 3.1–8.2% lower than those of
the beams with conventional concrete, respectively; and the ulti-
mate bending moment of the specimens with conventional con-
crete were 3.5–8.1% more resistant than that of beams with RAC.

For use in marine environments where corrosion is severe,
stainless steel tubes can be used in place of carbon steel tubes as



Table 3
Concentrically loaded column specimens.

Specimen Section fcu (MPa) r (%) Tube type D (or B) � t � L (mm) a fy (MPa) Nue (kN) a fcc/fc Ess/Ec SI a

Yang and Han [22]
Ca0 Circular 42.7 0 Carbon steel 114 � 2.19 � 342 335.7 741.0 2.13 1.14 0
Ca1 Circular 41.8 25 Carbon steel 114 � 2.19 � 342 335.7 705.5 2.07 1.18 4.79
Ca2 Circular 36.6 50 Carbon steel 114 � 2.19 � 342 335.7 671.5 2.25 1.22 9.38
Cb0 Circular 42.7 0 Carbon steel 165 � 2.57 � 495 343.1 1436.0 1.97 1.07 0
Cb1 Circular 41.8 25 Carbon steel 165 � 2.57 � 495 343.1 1422.0 1.99 1.10 0.97
Cb2 Circular 36.6 50 Carbon steel 165 � 2.57 � 495 343.1 1401.5 2.24 1.13 2.40
Cc0 Circular 42.7 0 Carbon steel 219 � 2.86 � 657 350.4 2158.0 1.68 1.08 0
Cc1 Circular 41.8 25 Carbon steel 219 � 2.86 � 657 350.4 2101.0 1.67 1.09 2.64
Cc2 Circular 36.6 50 Carbon steel 219 � 2.86 � 657 350.4 1982.0 1.80 1.09 8.16
Sa0 Square 42.7 0 Carbon steel 100 � 1.94 � 300 388.1 666.0 2.48 1.43 0
Sa1 Square 41.8 25 Carbon steel 100 � 1.94 � 300 388.1 652.5 2.48 1.09 2.03
Sa2 Square 36.6 50 Carbon steel 100 � 1.94 � 300 388.1 619.0 2.69 1.52 7.06
Sb0 Square 42.7 0 Carbon steel 150 � 2.94 � 450 344.4 1306.0 2.16 1.27 0.00
Sb1 Square 41.8 25 Carbon steel 150 � 2.94 � 450 344.4 1283.0 2.17 1.30 1.76
Sb2 Square 36.6 50 Carbon steel 150 � 2.94 � 450 344.4 1271.5 2.46 1.34 2.64
Sc0 Square 42.7 0 Carbon steel 200 � 3.73 � 600 330.1 2295.0 2.14 1.01 0.00
Sc1 Square 41.8 25 Carbon steel 200 � 3.73 � 600 330.1 2180.5 2.08 1.01 4.99
Sc2 Square 36.6 50 Carbon steel 200 � 3.73 � 600 330.1 2119.0 2.30 1.03 7.67

Yang and Ma [23]
C-S-N Circular 63.4 0 Stainless steel 120 � 1.77 � No data 286.7 823.2 1.38 1.09 0
C-S-C1 Circular 59.7 25 Stainless steel 120 � 1.77 � No data 286.7 813.8 1.45 1.09 1.14
C-S-C2 Circular 57.3 50 Stainless steel 120 � 1.77 � No data 286.7 802.2 1.49 1.10 2.55
C-S-C3 Circular 56.9 75 Stainless steel 120 � 1.77 � No data 286.7 774.3 1.45 1.14 5.94
C-S-F1 Circular 58.6 25 Stainless steel 120 � 1.77 � No data 286.7 806.7 1.47 1.13 2.00
C-S-F2 Circular 56.2 50 Stainless steel 120 � 1.77 � No data 286.7 768.4 1.46 1.17 6.66
C-S-F3 Circular 55.3 75 Stainless steel 120 � 1.77 � No data 286.7 777.2 1.50 1.22 5.59
S-S-N Square 63.4 0 Stainless steel 120 � 1.77 � No data 286.7 923.4 1.55 0.92 0
S-S-C1 Square 59.7 25 Stainless steel 120 � 1.77 � No data 286.7 871.5 1.56 0.91 5.62
S-S-C2 Square 57.3 50 Stainless steel 120 � 1.77 � No data 286.7 848.5 1.58 0.90 8.11
S-S-C3 Square 56.9 75 Stainless steel 120 � 1.77 � No data 286.7 830.0 1.55 0.93 10.11
S-S-F1 Square 58.6 25 Stainless steel 120 � 1.77 � No data 286.7 857.1 1.56 0.96 7.18
S-S-F2 Square 56.2 50 Stainless steel 120 � 1.77 � No data 286.7 826.9 1.57 0.96 10.45
S-S-F3 Square 55.3 75 Stainless steel 120 � 1.77 � No data 286.7 831.1 1.60 0.95 10.00

Shi et al. [24]
C0-1 Circular 42.6 0 Carbon steel 114 � 1.74 � 397 300.3 650.0 1.87 – 0
C1-1 Circular 43.4 25 Carbon steel 114 � 1.80 � 395 300.3 655.0 1.85 – �0.77
C1-2 Circular 43.4 25 Carbon steel 114 � 1.80 � 401 300.3 651.0 1.84 – �0.15
C2-1 Circular 43.9 50 Carbon steel 114 � 1.84 � 396 300.3 636.0 1.77 – 2.15
C2-2 Circular 43.9 50 Carbon steel 114 � 2.09 � 402 300.3 688.0 1.92 – �5.85
C3-1 Circular 45.6 75 Carbon steel 114 � 2.05 � 394 300.3 635.0 1.71 – 2.31
C3-2 Circular 45.6 75 Carbon steel 114 � 1.75 � 398 300.3 639.0 1.72 – 1.69
C4-1 Circular 35.9 100 Carbon steel 114 � 1.71 � 400 300.3 557.0 1.90 – 14.31
C4-2 Circular 35.9 100 Carbon steel 114 � 1.70 � 401 300.3 557.0 1.90 – 14.31
S0-1 Square 42.6 0 Carbon steel 100 � 1.74 � 401 335.5 569.0 2.13 – 0
S1-1 Square 43.4 25 Carbon steel 100 � 1.90 � 400 335.5 599.0 2.20 – �5.27
S1-2 Square 43.4 25 Carbon steel 100 � 1.91 � 402 335.5 586.0 2.15 – �2.99
S2-1 Square 43.9 50 Carbon steel 100 � 1.94 � 394 335.5 560.0 2.03 – 1.58
S2-2 Square 43.9 50 Carbon steel 100 � 1.96 � 397 335.5 581.0 2.11 – �2.11
S3-1 Square 45.6 75 Carbon steel 100 � 1.80 � 395 335.5 570.0 1.99 – �0.18
S3-2 Square 45.6 75 Carbon steel 100 � 1.92 � 399 335.5 558.0 1.95 – 1.93
S4-1 Square 35.9 100 Carbon steel 100 � 1.90 � 398 335.5 495.0 2.19 – 13.01
S4-2 Square 35.9 100 Carbon steel 100 � 1.90 � 400 335.5 528.0 2.34 – 7.21

Xiao et al. [25]
RCFS-0 Circular 47.2 0 Carbon steel 199.3 � 3.63 � 400 465.0 2513.0 2.13 1.57 0
RCFS-30 Circular 42.4 30 Carbon steel 199.3 � 3.63 � 400 465.0 2332.0 2.20 – 7.20
RCFS-50 Circular 45.7 50 Carbon steel 199.3 � 3.63 � 400 465.0 2299.0 2.02 1.50 8.52
RCFS-70 Circular 36.7 70 Carbon steel 199.3 � 3.63 � 400 465.0 2182.0 2.38 – 13.17
RCFS-100 Circular 38.9 100 Carbon steel 199.3 � 3.63 � 400 465.0 2210.0 2.28 1.67 12.06

Wang et al. [26]
cfst8-L35-0 Circular 50.6 0 Carbon steel 140 � 2.71 � 420 309.0 1115.0 1.79 2.12 0
cfst8-L35-0.5 Circular 46.9 50 Carbon steel 140 � 2.78 � 420 309.0 1113.0 1.93 2.25 0.18
cfst8-L35-1 Circular 45.3 100 Carbon steel 140 � 2.72 � 420 309.0 1106.0 1.98 2.53 0.81
cfst12-L35-0 Circular 50.6 0 Carbon steel 140 � 3.87 � 420 335.3 1520.0 2.44 2.69 0
cfst12-L35-0.5 Circular 46.9 50 Carbon steel 140 � 3.84 � 420 335.3 1390.0 2.41 2.76 8.55
cfst12-L35-1 Circular 45.3 100 Carbon steel 140 � 3.88 � 420 335.3 1428.0 2.56 3.27 6.05
cfst15-L35-0 Circular 50.6 0 Carbon steel 133 � 4.57 � 400 302.0 1336.0 2.38 2.53 0
cfst15-L35-0.5 Circular 46.9 50 Carbon steel 133 � 4.61 � 400 302.0 1383.0 2.65 3.00 �3.52
cfst15-L35-1 Circular 45.3 100 Carbon steel 133 � 4.60 � 400 302.0 1377.0 2.73 3.18 �3.07

Tam et al. [27]
CC-0 Circular 41.2 0 Carbon steel 139.1 � 2.79 � 420 388.5 1211.6 2.42 1.75 0
CC-25 Circular 41.7 25 Carbon steel 138.6 � 2.79 � 420 388.5 1175.1 2.33 1.70 3.01

(continued on next page)
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Table 3 (continued)

Specimen Section fcu (MPa) r (%) Tube type D (or B) � t � L (mm) a fy (MPa) Nue (kN) a fcc/fc Ess/Ec SI a

CC-50 Circular 41.0 50 Carbon steel 138.7 � 2.79 � 420 388.5 1212.5 2.45 1.66 �0.07
CC-100 Circular 37.8 100 Carbon steel 138.0 � 2.79 � 420 388.5 1147.5 2.54 1.63 5.29
CS-0 Circular 41.2 0 Stainless steel 168.9 � 2.86 � 510 339.6 1707.5 2.31 1.52 0
CS-25 Circular 41.7 25 Stainless steel 168.4 � 2.86 � 510 339.6 1595.1 2.15 1.53 6.58
CS-50 Circular 41.0 50 Stainless steel 169.7 � 2.86 � 510 339.6 1607.4 2.17 1.46 5.86
CS-100 Circular 37.8 100 Stainless steel 170.6 � 2.86 � 510 339.6 1573.1 2.28 1.31 7.87
RC-0 Square 41.2 0 Carbon steel (197.8,98.5)�3.83 � 600 480.2 1612.8 2.51 2.07 0
RC-25 Square 41.7 25 Carbon steel (199.8,99.9)�3.83 � 600 480.2 1609.5 2.42 1.89 0.20
RC-50 Square 41.0 50 Carbon steel (199.4,99.2)�3.83 � 600 480.2 1608.2 2.48 1.87 0.29
RC-100 Square 37.8 100 Carbon steel (200.0,98.7)�3.83 � 600 480.2 1567.0 2.63 1.77 2.84
RS-0 Square 41.2 0 Stainless steel (200.7,97.1)�3.96 � 600 301.5 1422.9 2.22 1.86 0
RS-25 Square 41.7 25 Stainless steel (200.2,98.5)�3.96 � 600 301.5 1350.2 2.05 1.76 5.11
RS-50 Square 41.0 50 Stainless steel (200.7,97.9)�3.96 � 600 301.5 1388.7 2.15 1.74 2.40
RS-100 Square 37.8 100 Stainless steel (200.2,98.9)�3.96 � 600 301.5 1291.8 2.16 1.57 9.21

a Nue is the experimentally obtained ultimate axial load.
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Fig. 6. Effect of RCA content on peak strain of RACFST.
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a jacketed material. The use of stainless steel tubes and/or epibolic
stainless steel plates also offers the advantages of aesthetics and
durability. Yang and Ma [23] carried out an experimental investi-
gation on the behavior of recycled aggregate concrete-filled stain-
less steel tube beams subjected to four-point bending. Table 2 lists
the details of beam test specimens and the corresponding test
results. The experimental results showed that recycled aggregate
concrete-filled stainless steel tube beams exhibited similar failure
pattern as the corresponding natural aggregate concrete-filled
stainless steel tube beams, and the RCA replacement percentage
has little effect on the failure pattern as shown in Fig. 5.

It can be observed from Fig. 5 that the failure pattern of the
stainless steel tubes that involves multiple local buckling locations
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Fig. 7. Comparison of mechanical indices between RACFST
in the compression area is similar to that of the aforementioned
carbon steel tubes. Based on the average strain measured in the
cross-section, Yang and Ma reported that the reduction in initial
section flexural stiffness, serviceability-level section flexural stiff-
ness and bending moment capacity for the recycled aggregate
concrete-filled stainless steel tube beams were 2.7–19.7%, 3.5–
15.6% and 1.3–10.5%, respectively.
3.2. RACFST stub columns under axial compression

Many researchers such as Konno et al. [12], Yang and Han [22],
Yang and Ma [23], Shi et al. [24], Xiao et al. [25] and Wang et al.
[26] performed experimental studies on the behavior of RACFST
stub columns under axial compression. Their test results listed in
Table 3 have collectively shown that, on the material level, both
strength (axial compressive strength enhancement fcc/fc) and stiff-
ness (elasticity modulus enhancement Esc/Ec) of RAC improve due
to the confinement of concrete and the strength contribution by
steel tubes; and on the structural level, the ultimate strength
(strength index SI shown in Table 3) of RAC decreases while the
corresponding strain (see Fig. 6) increases when the replacement
content of RCA is increased. As for the failure mode of RACFST, it
is observed that replacing natural coarse aggregates with recycled
ones does not affect the failure mode for CFST stub columns. In Ref.
[25], Xiao et al. conducted a series of tests to study the axial com-
pressive performance of recycled aggregate concrete-filled glass
fiber reinforced polymer (GFRP) tubes, and it can be found from
Fig. 7 that the mechanical properties (peak load, ultimate strain
and stiffness) of RAC confined by steel tubes are better than those
of RAC confined by GFRP tubes when all parameters are kept the
same.
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and RACFST strengthened by CFRP (Xiao et al. [25]).
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With an aim toward combining the advantages of RAC and
stainless steel, Tam et al. [27] reported that the failure mode of
recycled coarse aggregate-filled stainless steel tube stub columns
was similar to that of conventional concrete-filled stainless steel
tube stub columns. Both the RAC and conventional concrete-
filled stainless steel tube stub columns failed by local buckling,
which resembles the failure pattern observed in previous studies
[28,29].

Details of the stub column specimens and the test loads
reported by Yang and Han [22], Yang and Ma [23], Shi et al. [24],
Xiao et al. [25], Wang et al. [26] and Tam et al. [27] are summarized
in Table 3.

In addition, RACFST columns can be strengthened by fiber rein-
forced polymer (FRP) jackets. Dong et al. [30] adopted this idea and
evaluated the axial compressive behavior of recycled aggregate
concrete-filled steel tube stub columns strengthened by carbon
fiber reinforced polymer (CFRP). The relationship between
mechanical indices (strength and stiffness) and CFRP wrapping
arrangements with strengthening ratio are shown in Fig. 8. Hence,
the results indicate that the use of CFRP wrapping for strengthen-
ing RACFST gives significant enhancement to the load carrying
capacity and stiffness. Furthermore, it was found that the use of
full wrapping arrangement of CFRP was more effective than the
partial wrapping arrangement in terms of enhancing the load car-
rying capacity and stiffness of the steel tube columns.
3.2.1. Theoretical studies of RACFST columns
In addition to experimental studies, theoretical investigations

on the behavior of RACFST have been carried out by a number of
researchers. Huang et al. [31] performed theoretical study on the
mechanical response of recycled aggregate concrete confined by
steel tubes under axial compression to examine the sensitivity of
confining pressure on the strength and the deformation of RAC.
The assumption of constant confinement or elastic–plastic confine-
ment is not appropriate for concrete confined by steel tubes, and
the RCA replacement percentage has a moderate effect on the
mechanical response of the confined concrete. Hence, the axial
stress-strain relationship of the confined RAC in RACFST can be
characterized by three stages with respect to the variations of
the confining pressure. These stages are shown in Fig. 9 with
respect to the axial stress-axial strain and confining pressure-
axial strain of the confining concrete. The analytical model for
the confining RAC in RACFST can be obtained when the key points
and the constitutive relationship are determined. The model can be
expressed as following:

(1) The first stage:

rðeÞ ¼ e
e1

� a � r1

a� 1þ ðe=e1Þa
e 6 e1
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Fig. 10. Comparison of test results and the calculated results (Huang et al. [31]).
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where p1 is the confining pressure, and p1 can be expressed as
p1 = 2tr1h/D; r1h is the hoop stress of steel at the first keypoint; D
is the diameter of outer tube, t is the thickness of outer tube; Ec is
the elastic modules of RAC, fc is the axial compressive strength of
RAC prism, fcu is the axial compressive strength of RAC cube; fy is
the tensile strength of outer tube; nr = fyAs/(fcAc).

Based on the above-listed theoretical expressions of axial
loaded RACFST, the comparison of test results and calculated
results is shown in Fig. 10.

Liu et al. [32] proposed a damage model based on damage
mechanics to evaluate the damage progression of RACFST sub-
jected to axial loads. In this study, the recycled aggregate concrete
and the conventional concrete were idealized to be shunt-wound
and series-wound springs in the vertical and transverse directions
as shown in Fig. 11.
F

F
ε2

ε1

E1

E2

F

F

F: External Load ε1: Transversal Strain ε2: Vertical Strain
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Fig. 11. Simplified model of RAC and ordinary concrete under axial compression
(Liu et al. [32]).
If the section height of concrete is denoted as H1 and the num-
ber of coarse aggregates in that section of concrete is denoted as
N1, the initial concrete damage D0o and the initial RAC damage
D0r can be expressed as

D0o ¼ 0:5� 2� d� N1=H1 ð4Þ
D0r ¼ 4� 0:5� 2� d� N1=H1 ð5Þ
The load-displacement curves and stress-strain curves of the

samples of CFST and RCFST are displayed in Fig. 12. Based on the
theoretical and experimental studies, Liu et al. [32] found that
the energy absorbing capacity of recycled concrete is worse than
that of ordinary concrete, because the initial damage of recycled
concrete is more than that of the latter, which is verified by exper-
iments. For RACFST and CFST, the initial damage of recycled con-
crete and ordinary concrete does not continue to grow,
attributing to the tightening-ring force of steel tube. The energy-
absorbing capacity of RACFST in the elastic range is much more
than that of recycled concrete in the elastic range, and their ratio
calculated based on the damage mechanics model in this paper is
in agreement with the experimental results.

3.2.2. Geopolymeric recycled concrete
Geopolymeric recycled concrete (GRC) is a new construction

material which takes environmental sustainability into account.
In GRC, cement is completely substituted by alkali solution and
fly ash, and the natural coarse aggregates are replaced by recycled
coarse aggregates either partially or totally. Shi et al. [33] investi-
gated the structural behavior of geopolymeric recycled concrete-
filled steel tube (GRCFST) stub columns under axial compression.
Two different square hollow sections of carbon steel tubes (type
I: 150 mm � 150 mm � 5 mm, and type II: 200 mm � 200 mm



Fig. 12. Load-displacement curves and stress–strain curves of tested RCFST and CFST (Liu et al. [32]).

Table 4
Concentrically loaded GRC specimens.

Specimen Section fcu (MPa) RCA source r (%) Tube type D (or B) � t � L (mm) fy (MPa) Nue (kN) a SI (%)

S1RAC0 Square 79.0 – 0 Carbon steel 200 � 6 � 750 467.0 3561 0
S1RAC50 Square 66.3 Waste concrete 50 Carbon steel 200 � 6 � 751 467.0 3466 2.67
S1RAC100 Square 58.1 Waste concrete 100 Carbon steel 200 � 6 � 752 467.0 3297 7.41
S1GRC0 Square 80.2 Geopolymer 0 Carbon steel 200 � 6 � 753 467.0 4497 0
S1GRC50 Square 65.1 Geopolymer 50 Carbon steel 200 � 6 � 754 467.0 3380 24.84
S1GRC100 Square 51.2 Geopolymer 100 Carbon steel 200 � 6 � 755 467.0 3376 24.93
S2RAC0 Square 79.0 – 0 Carbon steel 150 � 5 � 755 486.0 2184 0
S2RAC50 Square 66.3 Waste concrete 50 Carbon steel 150 � 5 � 755 486.0 2100 3.85
S2RAC100 Square 58.1 Waste concrete 100 Carbon steel 150 � 5 � 755 486.0 1947 10.85
S2GRC0 Square 80.2 Geopolymer 0 Carbon steel 150 � 5 � 755 486.0 2676 0
S2GRC50 Square 65.1 Geopolymer 50 Carbon steel 150 � 5 � 755 486.0 2100 21.52
S2GRC100 Square 51.2 Geopolymer 100 Carbon steel 150 � 5 � 755 486.0 2057 23.13

a Nue is the experimentally obtained ultimate axial load.
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� 6 mm) filled with GRC and recycled aggregate concrete (RAC)
and with recycled aggregate replacement percentages of 0%, 50%
and 100%, were used in the tests. Detailed information about the
specimens and the test loads are given in Table 4. The test results
show that the load capacities of GRCFST columns decrease with
increasing recycled aggregate replacement percentages, so do
RACFST columns; and the ductility of the columns under axial
loading is improved by the presence of recycled aggregates. How-
ever, the most important finding is that the influence of recycled
aggregates on the strength and ductility of GRCFST columns is gen-
erally greater than those of RACFST columns.

3.2.3. Effect of pre-wetting
It should be noted that in the aforementioned experimental and

theoretical research, the recycled coarse aggregates used in manu-
facturing RACFST were all pre-soaked due to the strong water-
absorbing capacity of recycled coarse aggregates. This means that
the actual w/c in RAC is higher than the design w/c. With an
increase in RCA content and hence a higher w/c, it was postulated
that the strength decreasing aspect of RAC at the material level can
lead to a lower load carrying capacity for RACFST at the structural
level. To test this hypothesis, Chen et al. [34] conducted tests on
the effect of RCA replacement percentages on the behavior of
RACFST stub columns under axial compression in which the recy-
cled coarse aggregates used were not pre-wetted. Table 5 presents
the details of the specimens. Fig. 13 shows the typical failure
modes of RACFST stub columns after axial compression. It was con-
cluded that while the failure mode of RACFST columns was still
similar to that of conventional CFST columns, the peak stress of
RACFST stub columns was higher and the corresponding strain of
these stub columns was lower with an increasing RCA replacement
percentage (see Fig. 14). The main reason that a higher peak stress
and a lower corresponding strain are obtained can be attributed to
a reduction of the actual w/c in RAC, which leads to lower water
content and denser the cementitious matrix in concrete.

All these research have shown that RAC is a viable alternative to
NAC for use in composite structural members.

3.3. RACFST columns under eccentric load

Yang and Han [35] tested and evaluated the behavior of RACFST
columns under eccentric load by considering the variation of tube
shapes (circular and square), RCA replacement percentages (0%,
25% and 50%) and load eccentricity ratios (from 0 to 0.53). Table 6
gives the details of the specimens and the corresponding test loads.
Within the scope of their study, the following conclusions can be
drawn:

� The typical failure modes of RACFST columns are similar to
those of the conventional CFST columns. They are all related
to buckling.

� The ultimate load carrying capacities of composite columns
decrease with an increase in the load eccentricity ratios. This
has also been confirmed in previous studies of CFST.

� The ultimate load carrying capacities of conventional concrete-
filled circular steel tube columns are 1.7–9.1% higher than those
of circular columns with recycled aggregate concrete containing
25% RCA and 50% RCA; and for square columns, the ranges are



Table 5
Chen et al.’s test specimens.

Specimen Section fcu (MPa) RCA source r (%) Tube type D (or B) � t � L (mm) fy (MPa) Nue (kN) a SI (%)

CA-0 Circular 31.1 – 0 Carbon steel 88.34 � 2.59 � 285 342.7 504.4 0
CA-1 Circular 29.1 Waste concrete 10 Carbon steel 88.20 � 2.60 � 286 342.7 517.5 �2.61
CA-2 Circular 28.2 Waste concrete 20 Carbon steel 88.20 � 2.67 � 286 342.7 509.7 �1.05
CA-3 Circular 32.4 Waste concrete 30 Carbon steel 88.24 � 2.55 � 286 342.7 522.2 �3.54
CA-4 Circular 33.8 Waste concrete 40 Carbon steel 88.02 � 2.44 � 284 342.7 521.7 �3.44
CA-5 Circular 31.5 Waste concrete 50 Carbon steel 88.20 � 2.54 � 286 342.7 519.9 �3.08
CA-6 Circular 30.3 Waste concrete 60 Carbon steel 88.20 � 2.43 � 287 342.7 517.2 �2.55
CA-7 Circular 35.9 Waste concrete 70 Carbon steel 88.30 � 2.54 � 285 342.7 530.9 �5.25
CA-8 Circular 37.0 Waste concrete 80 Carbon steel 88.10 � 2.51 � 286 342.7 533.1 �5.70
CA-9 Circular 34.3 Waste concrete 90 Carbon steel 88.14 � 2.40 � 283 342.7 538.1 �6.68
CA-10 Circular 38.4 Waste concrete 100 Carbon steel 88.32 � 2.51 � 284 342.7 541.0 �7.25
CB-0 Circular 31.1 – 0 Carbon steel 112.00 � 1.78 � 363 357.2 636.8 0
CB-1 Circular 29.1 Waste concrete 10 Carbon steel 112.38 � 2.07 � 363 357.2 639.6 �0.44
CB-2 Circular 28.2 Waste concrete 20 Carbon steel 111.88 � 1.88 � 360 357.2 670.4 �5.28
CB-3 Circular 32.4 Waste concrete 30 Carbon steel 111.70 � 1.66 � 361 357.2 677.6 �6.41
CB-4 Circular 33.8 Waste concrete 40 Carbon steel 112.10 � 2.05 � 357 357.2 676.6 �6.25
CB-5 Circular 31.5 Waste concrete 50 Carbon steel 112.00 � 1.90 � 360 357.2 673.7 �5.79
CB-6 Circular 30.3 Waste concrete 60 Carbon steel 112.70 � 2.00 � 360 357.2 629.2 1.20
CB-7 Circular 35.9 Waste concrete 70 Carbon steel 112.18 � 2.01 � 360 357.2 660.0 �3.64
CB-8 Circular 37.0 Waste concrete 80 Carbon steel 112.16 � 1.98 � 363 357.2 662.7 �4.07
CB-9 Circular 34.3 Waste concrete 90 Carbon steel 112.08 � 1.92 � 364 357.2 660.1 �3.66
CB-10 Circular 38.4 Waste concrete 100 Carbon steel 113.14 � 2.27 � 359 357.2 679.7 �6.73
SA-0 Square 35.2 – 0 Carbon steel 121 � 3.08 � 359 340.7 892.7 0
SA-1 Square 33.0 Waste concrete 10 Carbon steel 121 � 3.25 � 359 340.7 915.9 �2.60
SA-2 Square 31.9 Waste concrete 20 Carbon steel 121 � 3.13 � 359 340.7 938.5 �5.13
SA-3 Square 36.7 Waste concrete 30 Carbon steel 121 � 3.06 � 359 340.7 960.0 �7.54
SA-4 Square 38.4 Waste concrete 40 Carbon steel 121 � 3.16 � 359 340.7 980.9 �9.88
SA-5 Square 35.7 Waste concrete 50 Carbon steel 121 � 3.20 � 359 340.7 945.5 �5.91
SA-6 Square 34.5 Waste concrete 60 Carbon steel 121 � 3.12 � 359 340.7 940.0 �5.30
SA-7 Square 40.7 Waste concrete 70 Carbon steel 121 � 3.07 � 359 340.7 943.6 �5.70
SA-8 Square 41.9 Waste concrete 80 Carbon steel 121 � 3.15 � 359 340.7 956.1 �7.10
SA-9 Square 39.0 Waste concrete 90 Carbon steel 121 � 3.13 � 359 340.7 972.5 �8.94
SA-10 Square 43.6 Waste concrete 100 Carbon steel 121 � 3.08 � 359 340.7 971.3 �8.80

a Nue is the experimentally obtained ultimate axial load.

Fig. 13. Failure patterns of specimens (Chen et al. [34]).
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1.4–13.5%. This is because the strength of the recycled aggre-
gate concrete is lower than that of natural aggregate or conven-
tional concrete.

In addition, Yang and Han [35] compared design formulas from
six codes related to CFST to predict the load carrying capacity of
RACFST. Their calculations showed that except for EC4 [36], which
over-estimated the strength, ACI 318-99 [37], AIJ [38], AISC-LRFD
[39], BS5400 [40] and DBJ13-51-2003 [41] all gave conservative
results for predicting the strengths of recycled aggregate
concrete-filled steel tube columns.

3.4. Long-term properties of RACFST columns

Long-term properties of recycled coarse aggregate have been
investigated by various researchers [42–44]. One conclusion that
can be made from these studies is that drying shrinkage and creep
of RAC are significantly higher than those of natural aggregate
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Table 6
Yang and Han’s test specimens.

Specimen Section fcu (MPa) RCA source r (%) Tube type D (or B) � t � L (mm) fy (MPa) Nue (kN) a SI (%)

CA0 Circular 50.8 – 0 Carbon steel 165 � 2.57 � 1650 343.1 1217.0 0
CA1 Circular 46.7 Waste concrete 25 Carbon steel 165 � 2.57 � 1650 343.1 1158.0 4.85
CA2 Circular 44.1 Waste concrete 50 Carbon steel 165 � 2.57 � 1650 343.1 1106.5 9.08
CB0 Circular 50.8 – 0 Carbon steel 165 � 2.57 � 1650 343.1 877.0 0
CB1 Circular 46.7 Waste concrete 25 Carbon steel 165 � 2.57 � 1650 343.1 836.0 4.68
CB2 Circular 44.1 Waste concrete 50 Carbon steel 165 � 2.57 � 1650 343.1 800.0 8.78
CC0 Circular 50.8 – 0 Carbon steel 165 � 2.57 � 1650 343.1 615.0 0
CC1 Circular 46.7 Waste concrete 25 Carbon steel 165 � 2.57 � 1650 343.1 604.5 1.71
CC2 Circular 44.1 Waste concrete 50 Carbon steel 165 � 2.57 � 1650 343.1 601.0 2.28
SA0 Square 50.8 – 0 Carbon steel 150 � 2.94 � 1732 344.4 1285.0 0
SA1 Square 46.7 Waste concrete 25 Carbon steel 150 � 2.94 � 1732 344.4 1266.5 1.44
SA2 Square 44.1 Waste concrete 50 Carbon steel 150 � 2.94 � 1732 344.4 1248.5 2.84
SB0 Square 50.8 – 0 Carbon steel 150 � 2.94 � 1732 344.4 910.0 0
SB1 Square 46.7 Waste concrete 25 Carbon steel 150 � 2.94 � 1732 344.4 858.5 5.66
SB2 Square 44.1 Waste concrete 50 Carbon steel 150 � 2.94 � 1732 344.4 830.0 8.79
SC0 Square 50.8 – 0 Carbon steel 150 � 2.94 � 1732 344.4 740.0 0
SC1 Square 46.7 Waste concrete 25 Carbon steel 150 � 2.94 � 1732 344.4 659.0 10.95
SC2 Square 44.1 Waste concrete 50 Carbon steel 150 � 2.94 � 1732 344.4 640.0 13.51

a Nue is the experimentally obtained ultimate axial load.

600

650

700

750

U
lti

m
at

e 
lo

ad
 (

kN
)

105

110

115

120

125

130

135

S
hr

in
ka

ge
 s

tra
in

 (μ
ε )

CFST RACFST CFST RACFST CFST RACFST
4000

4500

5000

C
re

ep
 s

tra
in

 ( μ
ε)

(c) Creep(b) Shrinkage(a) Ultimate load

Fig. 15. Comparison of test results and the calculated results (Huang et al. [31]).
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concrete (NAC). Yang et al. [45] reported that while the time his-
tory of concrete shrinkage and creep in RACFST columns was sim-
ilar to those of the corresponding conventional CFST columns, the
shrinkage and creep strains of RACFST columns were higher when
compared with conventional CFST columns. In addition, Yang et al.
[45] found that the ACI committee 209 [46] calibrated model could
be used to predict the total final shrinkage and final creep coeffi-
cient for RAC.
In a study by Yang [47], the effect of RCA replacement percent-
ages on the long-term load carrying capacities and long-term
deformations (shrinkage and creep) of RACFST columns was pre-
sented. It was found from Fig. 15 that the long-term load carrying
capacity and deformations of RACFST columns are larger than
those of conventional CFST columns. Also, it can be observed
Fig. 16 that the term of sustained loads lead to enlarge the creep
of RACFST columns. To account for the time-dependent behavior



Short-term Long-term
3000

3500

4000

4500

5000

 Circular section
 Square section

C
re

ep
 s

tra
in

 ( μ
ε)

Fig. 16. Effect of term of sustained loads on creep of RACFST.

Fig. 17. Cyclic beam-test setup (Yang et al. [53]).
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of RACFST columns, Yang [47] proposed formulas for calculating
the load carrying capacities of RACFST columns under long-term
sustained loads as follows:

kr ¼ Nu; L
Nu

ð6Þ

kr ¼ kcr � f ðn; kÞ ð7Þ

f ðn; kÞ ¼ 1� 0:07n; ðk 6 40Þ
0:98� 0:07nþ 0:05k=100 ðk > 40Þ

�
ð8Þ

where Nu,L is the load carrying capacity of RACSFT columns under
long-term sustained loads; Nu is the load carrying capacity of
RACSFT columns under short-term sustained loads, which can be
calculated using the theoretical model described by Yang and Han
[35]; kr is the strength index defined to quantify the influence of
long-term sustained loads on RACFST columns; kcr is the strength
index for conventional CFST columns under long-term sustained
loads, and the formulae for kcr can be found in Han et al. [48]; n
is the axial load ratio; k is the shear-span ratio of columns.

Geng et al. [49] carried out additional long-term compression
tests to establish a proper concrete model to predict the time-
dependent response of recycled aggregate concrete in CFST col-
umns. The investigation reported by Geng et al. [49] showed that
the total deformations of RACFST columns can increase by up to
50% after 5 months under sustained loading, and the time-
dependent deformation of RACFST columns tends to increase lin-
early with RCA replacement percentage. In addition, it was found
that replacing the natural coarse aggregate with the recycled ones
also increases the scatter of the time-dependent deformations for
the composite members. However, the incorporation of RCA does
not affect the rate of creep development of RACFST columns. It
should be mentioned that in Geng’s tests, the strength of the spec-
imens subjected to sustained loading was slightly higher than the
specimens that were not loaded during the long-term test. Geng’s
findings are similar to those reported by Yang et al. [45]. Geng et al.
[49] also introduced amplification factors developed by Fathifazl
et al. [50], Brito and Robles [51] to the BS EN 1922 [52] model,
and showed the predicted time-dependent deformation of RACFST
columns agrees well with test data. The following equations were
proposed to describe the ratio of the creep coefficient of RAC (uRAC)
to that of NAC (uNAC):

uRAC

uNAC
¼ 1� ð1� CRMÞ � VRCA

1� VA

� �1:33
ð9Þ

uRAC

uNAC
¼ 3:6548 1� DRA

DNA

� �
þ 1 ð10Þ
uRAC

uNAC
¼ 0:0682

WRA

WNA
� 1

� �
þ 1 ð11Þ

In the above equations, VRCA is the volume (in m3) of recycled
coarse aggregates in 1 m3 of concrete, VA is the volume (in m3) of
coarse aggregates in 1 m3 of recycled concrete, DRA and DNA are
the bulk specific gravity of recycled and natural coarse aggregates,
respectively, and WRA and WNA are the water absorption of the
recycled and natural coarse aggregates, respectively.

4. Performance of RACFST under cyclic loads

4.1. RACFST columns

Experimental work on the performance of recycled aggregate
concrete-filled circular steel tube (RACFCST) columns by cyclic
loading beam-tests (Fig. 17) was conducted by Yang et al. [53]. In
their tests, the composite columns were designed with axial load
ratios from 0.05 to 0.52, and three RCA replacement percentages
of 0%, 25% and 50% were used to evaluate its influence on the col-
umn behavior. Detailed information of the test specimens is given
in Table 7. The tests showed that typical failure modes of RACFST
columns were similar to those of the corresponding conventional
CFST columns, which are global buckling. Fig. 18 shows the load-
deformation P/Pue�D(P and Pue are applied lateral midspan load
and the experimentally obtained ultimate load, respectively; and
D is the midspan displacement corresponding to P) and M/Mue�/
(M and Mue are the midspan moment and the experimentally
obtained ultimate moment, respectively; and / is the midspan cur-
vature corresponding to M) curves for an axial load ratio n = 0.25.
From Fig. 18, it can be seen that both the load carrying capacities
and sectional flexural stiffness of RACFCST columns (r–0) are quite
comparable to those of the corresponding conventional CFST col-
umn (r = 0). Furthermore, RACFST columns also exhibit high ductil-
ity levels and energy dissipation capacities.

The cyclic performance of recycled aggregate concrete-filled
steel square hollow section beam-columns (often called RACFSST)
under a constant axial load and cyclically increasing flexural load
was investigated by Yang and Zhu [54]. The loading pattern in
these tests is similar to that in the experimental investigation
reported by Yang et al. [53]. Detailed information of the test spec-
imens is given in Table 8. The tests were conducted using axial load
ratios that varied from 0.05 to 0.52, and for three RCA replacement
percentages of 0%, 25% and 50%. Like the cyclic tests performed on
RACFCST, the influence of RCA on the failure modes of RACFSST
specimens was hardly observed. For all the specimens, buckling



Table 7
Yang et al’s cyclic test specimen details.

Specimen Section fcu (MPa) r (%) Tube type D (or B) � t � L (mm) fy (MPa) n a Pue (kN) a SI (%)

L0 Circular 60.4 0 Carbon steel 165 � 2.57 � 1500 343.1 0.05 94.0 0
L1 Circular 59.2 25 Carbon steel 165 � 2.57 � 1500 343.1 0.05 92.8 1.28
L2 Circular 52.2 50 Carbon steel 165 � 2.57 � 1500 343.1 0.05 92.0 2.13
M0 Circular 60.4 0 Carbon steel 165 � 2.57 � 1500 343.1 0.25 106.1 0
M1 Circular 59.2 25 Carbon steel 165 � 2.57 � 1500 343.1 0.25 102.9 3.06
M2 Circular 52.2 50 Carbon steel 165 � 2.57 � 1500 343.1 0.25 99.3 6.46
H0 Circular 60.4 0 Carbon steel 165 � 2.57 � 1500 343.1 0.48 109.0 0
H1 Circular 59.2 25 Carbon steel 165 � 2.57 � 1500 343.1 0.48 107.1 1.74
H2 Circular 52.2 50 Carbon steel 165 � 2.57 � 1500 343.1 0.48 100.7 7.61

a n is the axial load ratio, Pue is the lateral load of the specimen at failure.
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Fig. 18. Load-deformation curves of RAC-filled circular steel tube columns (Yang et al. [53]).

Table 8
Specimen details in Yang and Zhu’s cyclic test.

Specimen Section fcu (MPa) r (%) Tube type D (or B) � t � L (mm) fy (MPa) n a Pue (kN) a SI (%)

LA Square 60.4 0 Carbon steel 150 � 2.94 � 1500 344.4 0.05 109.8 0
LB-1 Square 59.2 25 Carbon steel 150 � 2.94 � 1500 344.4 0.05 106.9 2.64
LB-2 Square 59.2 25 Carbon steel 150 � 2.94 � 1500 344.4 0.05 106.1 3.37
LC-1 Square 52.2 50 Carbon steel 150 � 2.94 � 1500 344.4 0.05 105.3 4.10
LC-2 Square 52.2 50 Carbon steel 150 � 2.94 � 1500 344.4 0.05 105.4 4.01
MA Square 60.4 0 Carbon steel 150 � 2.94 � 1500 344.4 0.25 124.5 0
MB-1 Square 59.2 25 Carbon steel 150 � 2.94 � 1500 344.4 0.25 122.8 1.37
MB-2 Square 59.2 25 Carbon steel 150 � 2.94 � 1500 344.4 0.25 122.9 1.29
MC-1 Square 52.2 50 Carbon steel 150 � 2.94 � 1500 344.4 0.25 119.3 4.18
MC-2 Square 52.2 50 Carbon steel 150 � 2.94 � 1500 344.4 0.25 119.1 4.34
HA Square 60.4 0 Carbon steel 150 � 2.94 � 1500 344.4 0.43 133.1 0
HB-1 Square 59.2 25 Carbon steel 150 � 2.94 � 1500 344.4 0.43 129.8 2.48
HB-2 Square 59.2 25 Carbon steel 150 � 2.94 � 1500 344.4 0.43 129.3 2.85
HC-1 Square 52.2 50 Carbon steel 150 � 2.94 � 1500 344.4 0.43 127.6 4.13
HC-2 Square 52.2 50 Carbon steel 150 � 2.94 � 1500 344.4 0.43 127.2 4.43

a n is the axial load ratio, Pue is the lateral load of the specimen at failure.
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of the steel tubes occurred near the rigid stub, and small crack frac-
tures occurred at the corner of the tubes. In addition, as shown in
Fig. 19, the RACFSST columns (r–0) show comparable load carrying
capacities and sectional flexural stiffness as the corresponding con-
ventional CFST column (r = 0).

Based on the results exhibited in Yang’s studies, the authors
considered that CFST columns using recycled aggregate concrete
with up to 50% recycled coarse aggregates by weight is suitable
for seismic applications.

4.1.1. Demolished concrete blocks
It should be noted that the recycled coarse aggregates used

in Yang’s studies have a conventional sieve grading, i.e., coarse
aggregates with sizes 5�16 mm constitute about 55% by weight,
and coarse aggregates with sizes 16�26.5 mm constitute about
45%. To simplify the waste concrete recycling process, Wu et al.
[55,56] proposed the use of demolished concrete with distinctly
larger coarse aggregate sizes. His study includes reinforced con-
crete beams made from demolished concrete lumps and steel
tubular columns made from demolished concrete blocks or lumps.
For these composite members, the recycling and reuse of demol-
ished concrete was increased in size from its usual value (i.e.,
640 mm) to a higher value (e.g., 50–300 mm for demolished con-
crete blocks as shown in Fig. 20, and >500 mm in one direction
for demolished concrete segments). The use of demolished con-
crete lumps in reinforced concrete beams can be found in Fig. 21,
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Fig. 19. Load-deformation curves of RAC-filled square steel tube columns (Yang and Zhu [54]).

Fig. 20. Demolished concrete blocks (Wu et al. [55,56]).
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which shows the effect of RCA content on shear loads of hybrid
beams. Table 9 lists the comparison of test results and calculated
values using existing codes for the full-scale axial loading testes
of concrete-filled steel tubular columns incorporating demolished
concrete lumps. Hence, it can clearly seen from Fig. 21 and Table 9
that the demolished concrete lumps mixed into concrete lead to
decrease the shear capacity of RC beams, while the tested axial
load carrying capacity of concrete-filled steel tubular columns
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Fig. 21. Effect of RCA content on shear loads of RC beams fi
incorporating demolished concrete lumps are generally larger than
the calculated axial load carrying capacity by using existing codes
for concrete-filled steel tubular columns.

In a later study, Wu et al. [64,65] conducted cyclic tests on thin-
walled steel tubular columns made from demolished concrete
blocks or lumps with fresh concrete to investigate the effects of
replacement percentages of the demolished concrete blocks, thick-
ness of the steel tubes, and axial load ratios on the behavior of
these composite columns subjected to a constant axial load and
cyclic loads (see Fig. 22). Table 10 summarizes the details of the
test specimens. Typical load-deformation curves of the test speci-
mens with demolished concrete block replacement percentages
of 0%, 25% and 40% are shown in Fig. 23.

Under the same conditions of axial load ratio and thickness of
steel tube, it can be seen that the strength of columns made from
demolished concrete blocks and fresh concrete is slightly lower
than those made from only fresh concrete. With regard to deforma-
tions, the ultimate drift ratios of all specimens vary from 2.86% to
5.75%. Thus, the deformation capacities of test columns are larger
than the design requirements of interstory drift ratio [66]. In addi-
tion, the equivalent viscous damping coefficients of the circular
and square specimens were determined to be within the range
0.189 to 0.386 and 0.191 to 0.358, respectively, which indicates
that thin-walled steel tubular columns made from demolished
concrete blocks and fresh concrete have comparatively good
energy dissipation capacity. Therefore, it is expected that these col-
umns when subjected to low to moderate axial load ratios can be
used for frame structures in seismic regions.
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lled with demolished concrete lumps (Wu et al. [55]).



Table 9
The calculated and tested results of full-scale axial loading testes of concrete-filled steel tubular columns incorporating demolished concrete lumps (Wu et al. [56]).

Code JCJ [57] CECS [58] DL/T [59] DBJ [60] ACI [61] AISC [62] EC4 [63]

Nuc (kN) 14,945 15,697 13,137 12,054 10,557 11,066 14,383
Nue (kN) 14,500
Nue/Nuc 0.970 0.924 1.104 1.203 1.373 1.310 1.008

Note: Nuc is the calculated ultimate load carrying capacity; Nue is the experimental ultimate load carrying capacity (mean value of two specimens).

(a) Circular column (b) Square column

Fig. 22. Schematic view of the test setup (Wu et al. [64,65]).

Table 10
Cantilever test specimens and test results.

Specimen Section fcu (MPa) r (%) Tube type D (or B) � t � L (mm) fy (MPa) n a Pue (kN) a SI (%)

Wu et al. [64]
C-T2N2M0 Circular 38.2 0 Carbon steel 300 � 1.78 � 1200 255.8 0.21 72.0 0
C-T2N2M2 Circular 38.1 25 Carbon steel 300 � 1.78 � 1200 255.8 0.21 68.9 4.31
C-T2N2M4 Circular 38.0 40 Carbon steel 300 � 1.78 � 1200 255.8 0.21 65.2 9.44
C-T2N4M0 Circular 38.2 0 Carbon steel 300 � 1.78 � 1200 255.8 0.42 86.1 0.00
C-T2N4M2 Circular 38.1 25 Carbon steel 300 � 1.78 � 1200 255.8 0.42 92.6 -7.55
C-T2N4M4 Circular 38.0 40 Carbon steel 300 � 1.78 � 1200 255.8 0.42 74.2 13.82
C-T3N2M0 Circular 38.2 0 Carbon steel 300 � 2.76 � 1200 350.0 0.21 117.8 0
C-T3N2M2 Circular 38.1 25 Carbon steel 300 � 2.76 � 1200 350.0 0.21 113.0 4.07
C-T3N2M4 Circular 38.0 40 Carbon steel 300 � 2.76 � 1200 350.0 0.21 114.2 3.06
C-T3N4M0 Circular 38.2 0 Carbon steel 300 � 2.76 � 1200 350.0 0.42 130.1 0.00
C-T3N4M2 Circular 38.1 25 Carbon steel 300 � 2.76 � 1200 350.0 0.42 123.5 5.07
C-T3N4M4 Circular 38.0 40 Carbon steel 300 � 2.76 � 1200 350.0 0.42 122.9 5.53
C-T6N4M0 Circular 38.2 0 Carbon steel 300 � 5.50 � 1200 269.8 0.42 162.7 0
C-T6N4M2 Circular 38.1 25 Carbon steel 300 � 5.50 � 1200 269.8 0.42 161.9 0.49
C-T6N4M4 Circular 38.0 40 Carbon steel 300 � 5.50 � 1200 269.8 0.42 160.4 1.41

Wu et al. [65]
S-T2N2M0 Square 48.2 0 Carbon steel 300 � 1.78 � 1200 255.8 0.21 155.7 0
S-T2N2M2 Square 45.6 25 Carbon steel 300 � 1.78 � 1200 255.8 0.21 152.1 2.31
S-T2N2M4 Square 44.0 40 Carbon steel 300 � 1.78 � 1200 255.8 0.21 172.9 �11.05
S-T2N4M0 Square 48.2 0 Carbon steel 300 � 1.78 � 1200 255.8 0.42 193.9 0
S-T2N4M2 Square 45.6 25 Carbon steel 300 � 1.78 � 1200 255.8 0.42 188.0 3.04
S-T2N4M4 Square 44.0 40 Carbon steel 300 � 1.78 � 1200 255.8 0.42 – –
S-T3N2M0 Square 48.2 0 Carbon steel 300 � 2.76 � 1200 350.0 0.21 202.7 0
S-T3N2M2 Square 45.6 25 Carbon steel 300 � 2.76 � 1200 350.0 0.21 206.7 �1.97
S-T3N2M4 Square 44.0 40 Carbon steel 300 � 2.76 � 1200 350.0 0.21 170.4 15.93
S-T3N4M0 Square 48.2 0 Carbon steel 300 � 2.76 � 1200 350.0 0.42 261.9 0
S-T3N4M2 Square 45.6 25 Carbon steel 300 � 2.76 � 1200 350.0 0.42 241.2 7.90
S-T3N4M4 Square 44.0 40 Carbon steel 300 � 2.76 � 1200 350.0 0.42 253.9 3.05
S-T6N4M0 Square 48.2 0 Carbon steel 300 � 5.5 � 1200 269.8 0.42 328.0 0
S-T6N4M2 Square 45.6 25 Carbon steel 300 � 5.5 � 1200 269.8 0.42 317.9 3.08
S-T6N4M4 Square 44.0 40 Carbon steel 300 � 5.5 � 1200 269.8 0.42 305.2 6.95

a n is the axial load ratio, Pue is the lateral load of the specimen at failure.
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Fig. 23. Typical load-deflection curves of steel tube columns filled with demolished concrete blocks and fresh concrete (Wu et al. [64,65]).

Fig. 24. Schematic view of the test setup (Duarte et al. [67]).

Fig. 25. RACFST plane frame: dimensions (Chen et al. [68]).
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Fig. 26. RACFST plane frame: test setup (Chen et al. [68]).
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4.1.2. Rubberized concrete
Rubberized concrete is a type of concrete in which natural

aggregates are partially replaced with rubber aggregates. These
rubber aggregates are recycled from end-of-life tires, and thus it
has the potential to reduce environmental impacts related to both
the dumping of tires in landfills and the extraction of natural
aggregates from quarries. Rubberized concrete is a type of concrete
that has been studied for the last three decades and is emerging as
a viable construction material for use in structural applications
where ductility and energy dissipation are key requirements.
Duarte et al. [67] conducted an experimental investigation on the
Strong 
column 

Fig. 28. RACFST plane frame: failu
cyclic behavior of short steel tubes filled with rubberized concrete
(Fig. 24). A major finding from this study is that the concrete mix
with a low replacement ratio (5% – RuC5) of natural aggregates
with tire rubber aggregates leads simultaneously to the lowest
decrease in the maximum lateral load and the highest increase in
the ductility of CFST columns. Thus, this type of member is quite
suitable for use in seismic applications when ductility and energy
dissipation are both essential design elements.

4.2. RACFST plane frame

An experimental investigation on a 1/3 scale plane frame
(Fig. 25) constructed using recycled aggregate concrete-filled cir-
cular steel tube (RACFCST) columns and reinforced recycled aggre-
gate concrete (RRAC) beamwith 100% RCA replacement percentage
was carried out by Chen et al. [68]. In this test, both the RCA and
NCA sizes are in the range 5�20 mm, and the compressive cube
strength fcu(s) of RAC used for the columns and beam are
53.8 MPa and 47.3 MPa, respectively. In addition, the yield tensile
strengths fy(s) of the steel tubes, longitudinal reinforcement and
stirrup are 416.0 MPa, 420.3 MPa and 399.9 MPa, respectively.
The test setup is shown in Fig. 26. The frame was subjected to a
constant gravity load of 750 kN and a low-frequency cyclic lateral
load as shown in Fig. 27.

The failure mode observed in the test was the typical strong
column-weak beam as shown in Fig. 28. In Fig. 29, the hysteretic
loops of the RACFCST column – RRAC beam plane frame is shown.
The results of the test frame have shown that the deformation duc-
tility coefficient and the ultimate drift ratio are over 3.0 and 2.63%,
respectively. These values are higher than those of reinforced con-
crete frames made from natural coarse aggregates [69,70].

From these experimental investigations, it can be concluded
that frame constructed using reinforced recycled aggregate con-
crete and recycled aggregate concrete filled steel tubes can be
expected to behavior well under cyclic loads, and that an increase
in RCA content does not necessarily result in a deterioration of
frame performance. This means the use of RAC structural members
and RAC composite frames in seismic application are justifiable.
5. Strength prediction model for RACFST

With the rapid development of steel and concrete composite
structures over the past decades, there have been many studies on
the theory and computational methods for concrete-filled steel
tubular columns [71–74]. These studies affirm the importance of
the replacement percentage of recycled coarse aggregates (RCA) on
Weak beam 

re pattern (Chen et al. [68]).
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the compressive and flexural strengths of RACFST members and
structures. In general, when the RCA are pre-wetted or pre-soaked,
the strength of RACFST decreases with an increase in RCA content.
However, the opposite is true when the RCAs are not pre-wetted.
As a result, one can apply a reduction or amplification factor to exist-
ing designmodels of concrete-filled steel tubes to estimate the load
carrying capacity of RACFST members and structures.

To derive such factors, the experimentally obtained load capac-
ities of RAC-filled square and circular steel tube members and their
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Fig. 30. Relationship between SI an
corresponding conventional concrete-filled steel tube members
reported by various researchers were collected, and a strength
index (SI) defined as [33]

SI ¼ Ne0 � Ne;r

Ne0
ð12Þ

In the above equation, Ne0 represents the experimentally
obtained load capacities of concrete-filled steel tube members with
0% RCA replacement percentage, and Ne,r refers to the experimen-
tally obtained load capacities of concrete-filled steel tube members
with r% RCA replacement content. The results are plotted in Fig. 30
in which the relationships between the strength index (SI) and RCA
replacement percentage (r) for RAC-filled square and circular steel
tubes are shown.

Using regression analysis, the strength indices (SIs) for the two
RACFSTs with different RCA replacement percentages are obtained
as:

(1) For RAC-filled square steel tubes

SIs ¼
0:1042 r ðPre-wetted RCAÞ
�0:1043 r ðNo pre-wettingÞ

�
ð13Þ

(2) For RAC-filled circular steel tubes

SIc ¼
0:0953 r ðPre-wetted RCAÞ
�0:0705 r ðNo pre-wettingÞ

�
ð14Þ
2 = 0.1418
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6. Conclusions and recommendations

This paper presents a summary review of relevant research
and findings on the bond behavior between recycled aggregate
concrete (RAC) and steel tubes, as well as the static and cyclic
performance of recycled aggregate concrete-filled steel tubes
(RACFST) members and frames. The main conclusions can be
summarized as follows:

(1) Bond behavior:

(a) The bond strength between RAC and steel tube in gen-

eral increases with an increase in recycled concrete
aggregates (RCA) replacement percentage, provided that
the RCA used are not pre-soaked.

(b) The bond strength between RAC and circular steel tubes
is almost twice as high as that between RAC and square
steel tubes, indicating that the confinement effect of cir-
cular steel tubes is superior to that of square steel tubes.
(2) Performance under static loads:

(c) When compared with CFST beams made from conven-

tional concrete, the initial section flexural stiffness,
serviceability-level section flexural stiffness and ulti-
mate bending moment of CFST beams made from RAC
are somewhat lower.

(d) Test on stub columns have shown that on the material
level, both strength and deformation of RAC improve
due to the confinement of the concrete and strength con-
tribution by the steel tubes; and on the structural level,
the ultimate strength of RAC decreases while the corre-
sponding strain increases when the replacement content
of RCA is increased.

(e) When all other parameters are equal, the mechanical
properties of RAC confined by steel tubes have been
shown to be better than those confined by GFRP tubes.

(f) The influence of recycled aggregates on the strength and
ductility of geopolymeric recycled concrete-filled steel
tube columns is generally more noticeable than those
of RACFST columns.

(g) Recycled coarse aggregates without undergoing the pre-
wetting process has been shown to enhance the strength
and reduce the deformation of RACFST stub columns due
to the reduction of effective water-cement ratio in
concrete.

(h) When compared to conventional concrete-filled steel
tube columns, the shrinkage and creep strains of RACFST
columns are higher, and the long-term load carrying
capacity of RACFST columns tends to decrease with an
increase in RCA content.
(3) Performance under cyclic loads:

(i) The cyclic behavior of RACFST members is quite

comparable to those made from natural coarse
aggregates.

(j) Tests carried out on RACFST frames have shown that
they perform well under cyclic loads. An increase in
RCA content does not appear to have a noticeable effect
on their performance.
(4) Prediction model:
Because the strength of RACFST is dependent on whether
or not the recycled coarse aggregates used have been pre-
wetted, a reduction or amplification factor can be applied
to the existing design strengths of concrete-filled steel
tubes to predict the load carrying capacities of RACFST
members and frames. Based on experimental data
reported for members subjected to static and cyclic loads
and using regression analysis, simple equations for these
factors are proposed.
(5) Recommendations for future studies:

(k) Because fire can occur over the design life of a structure,

study on the mechanical properties of RACFST members
exposed to fire should be performed.

(l) Almost all studies that have been carried out to date and
reported herein are focused on member behavior, seis-
mic behavior of substructures composed of RACFST col-
umn to beam joints should be investigated thoroughly
and design methods for RACFST joints need to be
formulated.
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