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The use of recycled aggregate concrete (RAC) for the fill in concrete filled steel tube (CFST) members
(RACFST members) is proposed as a practical structural application. An experimental study of RACFST
members with normal-strength concrete under combined loading is summarized. Forty-eight columns
and three beams in groups of 3 identical specimens were tested to failure. Study parameters included
recycled coarse aggregate (RCA) replacement percentage, source of RCA, eccentricity, slenderness, and
the steel to concrete area ratio. Experimental results are consistent with less than 3% scatter within each
group. The maximum compressive load of the columns decreased modestly with increasing substitution
level of RCA (up to 11.2%), and the structural effects of the recycled aggregate replacement on load capac-
ity and initial stiffness are smaller than the corresponding changes in material properties. The source of
RCA had little effect on the behavior of RACFST under combined loading for this test program, and the
similar size grading and index of crushing obtained in the aggregates may have provided this benefit.
These observations support the use of RACFST in structural engineering. Current CFST design provisions
are compared to the RACFST test results, and the design recommendations for RACFSTs are presented.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The use of construction and demolition waste as alternative
aggregates for new concrete production preserves natural sources
and reduces the waste disposal requirements [1,2]. Unfortunately,
reuse of demolished concrete has been limited to pavement base,
backfill for retaining walls, and other uses that do not require high
structural performance [3], due to the low strength, high short-
and long-term deformations, and large scatter of the compressive
strength in the test results for recycled aggregate concrete (RAC)
[4–7].

Concrete filled steel tubes (CFST) are composite structural
members that consist of a steel tube and concrete infill, which have
been widely used in civil engineering practice as columns, bridge
piers, and caissons due to the combined advantages of the steel
tube and the concrete core [8–13]. The use of RAC as the concrete
fill of CFST is proposed as a practical structural application of RAC.
The steel tube provides a restraining action to the transverse
expansion of the RAC infill, thereby offering enhanced load bearing
capacity and ductility. Further, the steel tube seals the concrete fill
and this benefits the durability of RAC infill [14–17]. The contribu-
tion of outer steel tube may also reduce the scatter of the mechan-
ical properties of the RAC core.

To date, researchers have mostly focused on the axial response
of circular recycled aggregate concrete filled steel tubular (RACFST)
stub columns [18–23], while limited attention has been devoted to
their combined axial-flexural response. Yang and Han [24]
reported one of the earliest experimental studies on the slender
columns of circular RACFST under axial and eccentric loading. Their
research considered recycled coarse aggregate (RCA) replacement
percentages, r, of 0%, 25% and 50%, slenderness ratio, k (k = 4L/D),
of 40 and the steel to concrete area ratio, a (a = As/Ac), of 6%. Chen
et al. [25,26] examined the behavior of eccentrically loaded circular
RACFST slender columns with a ratio of 11% and wider RCA
replacement ratios ranging from 0% to 100%. The influence of the
eccentricity ratio, e/r0 (e is eccentricity of load and r0 = D/2),
on the behavior of RACFST specimens has also been considered
[24–26]. Yang and Han [18] conducted experiments on the flexural
behavior of 4 circular RACFSTs with RCA replacement ratios
between 0% and 50%.
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Nomenclature

CFST concrete filled steel tube
NCA natural coarse aggregate
RAC recycled aggregate concrete
RACFST recycled aggregate concrete filled steel tube
RCA recycled coarse aggregate
RCA-L recycled coarse aggregate from laboratory waste con-

crete
RCA-P recycled coarse aggregate from real building demolition

project
SSD saturated-surface-dry condition for recycled coarse

aggregates
A cross-sectional area of column
Ac cross-sectional area of concrete core
As cross-sectional area of steel tube
D external diameter of steel tube
DI ductility index
e eccentricity
e/r0 eccentricity ratio
EA elastic stiffness of columns
Ec,28 Young’s modulus of concrete at 28 days
Ec,test Young’s modulus of concrete at test days
Es Young’s modulus of steel tube
fcm,28 concrete cylinder strength at 28 days
fcm,test concrete cylinder strength at test days
fcu,28 concrete cubic strength at 28 days

fcu,test concrete cubic strength at test days
fu ultimate tensile strength of steel tube
fy yield strength of steel
L length of columns
M moment resisted by columns during the tests
P axial load resisted by columns during the tests
Pce axial load resisted by columns corresponding to the on-

set of confinement effects
Pu experimental maximum compressive load of columns
r replacement ratio of RCA
r0 radius of cross section, r0 = D/2
t wall thickness of steel tube
w/c water-cement ratio
um mid-span deflection at maximum compressive load
a steel to concrete area ratio, a = As/Ac

es,c circumferential strain of steel tube
es,v vertical strain of steel tube
ev vertical axial strain of columns
ls poisson’s ratio of steel tube
lsteel ratio of horizontal deformation over vertical deforma-

tion for steel in coupon tests
4u vertical displacement at maximum compressive load
40.85 vertical displacement at 0.85Pu after maximum com-

pressive load
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The previous studies investigated the effect of the substitution
level of RAC for normal aggregate concrete on the behavior of cir-
cular RACFST members with particular a ratios and sources of the
RCA. However, there is no reported research relevant to the influ-
ence of the a ratio and RCA source on the response of RACFST com-
posite members under combined loading. The flexural behavior of
RACFST beams with 100% replacement is also not studied.
Although the mechanical behavior of RAC has been extensively
investigated, the use of RAC in structural application may still be
questioned by engineers due to the large scatter in the material
test results. Twelve prior circular RACFST slender columns were
tested to failure to investigate their static response to axial and
eccentric loads, but this is not enough to verify and establish
design equations for RACFST columns subjected to various loading
conditions.

This study provides a comprehensive experimental study for
RACFST members with normal-strength concrete under combined
loading, and it develops and expands the experimental database
and benchmark data for the development of design recommenda-
tions for RACFST members. Forty-eight columns and three beams
were tested to failure. These tests were designed to investigate
the effects of RCA replacement ratio (r), the steel to concrete area
ratio (a), the slenderness ratio (k), the eccentricity ratio (e/r0) and
the source of RCA on the response of specimens. In addition, the
scatter in the measured performance of RACFSTs under combined
loading was analyzed. Finally, the reliability of current CFST design
provisions for predicting the behavior of RACFSTs under combined
loading is evaluated using these test results as well as data from
prior studies.
0 5 10 15 20 25
0

200

400

pure bending

α ratio

Moment /kN⋅m

L

Fig. 1. Design of RACFST specimens.
2. Experimental study

2.1. Design of RACFST specimens

Current design codes, such as EC4 (EN 1994-1-1 [27]) in Europe,
AISC (AISC 360-10 [28]) in US, and GB (GB50936-2013 [29]) in
China, provide methods to estimate and evaluate CFST behavior,
but they are not yet verified for RACFSTs. In designing RACFST
specimens for this study, the axial load-moment strength (P-M)
interaction curves of CFSTs are initially analyzed using the EC4
method [27]. The parameters of slenderness ratio, k = 12, 32 and
48, and the eccentricity, e, are considered in this analysis, and
the results of the EC4 evaluation are presented in Fig. 1.

The diameter and the thickness of the tube are 140 mm and
2.75 mm, respectively, the steel to concrete area ratio, a, is 8%,
and the cylinder strength of the concrete core and yield stress of
steel tube are 35 MPa and 310 MPa, respectively. The RCA replace-
ment ratio, source of RCA, a ratio, and eccentricity are variables in
the design of the RACFST specimens. RCA replacement ratios of 0%,
50% and 100% were used for the specimens with slenderness ratio
of 32 and eccentricities of 20 mm and 40 mm (e/r0 = 0, 0.29 and
0.58, triangle shape points in Fig. 1). Two sources of RCA are used
for the specimens with slenderness ratios of 12 and 32 under axial
loading (circle shape points in Fig. 1). One source of the RCA was
derived from 2-year-old laboratory concrete with concrete proper-
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ties consisting of a water-cement ratio of 0.46 and a cubic com-
pressive strength of about 49 MPa. The other source was derived
from demolition of a 15-year-old three-story building in Harbin
with concrete properties consisting of a water-cement ratio of
0.45 and a cubic compressive strength of about 40 MPa. The a
ratios of 8%, 11% and 14% are used for the specimens with slender-
ness ratio of 32 and eccentricity of 20 mm (triangle shape point at
e = 20 mm in Fig. 1). In order to determine the axial load-moment
strength (P-M) interaction curves for RACFSTs, the beam specimen
with 100% replacement is also included in the design (diamond
shape point at y = 0 axis in Fig. 1).

A total of 48 circular RACFST columns and 3 beams were tested
with 17 groups of 3 identical specimens. Details of the specimens
are shown in Table 1. In addition, a group of stub columns filled
with aggregate from building demolition project tested by the
authors [23] (Group 2 in Table 1) were used in the comparison
with the test results in this study. An example of the test specimen
identification system is as follows: CL12-8-100-0, where CL repre-
sents a composite column with the aggregate from the laboratory
(CP depicts a composite specimen with aggregate from the build-
ing demolition project), the next digit number ‘12’ is the nominal
slenderness ratio (k = 4L/D), the following digit ‘8’ accounts for
the nominal a ratio of 8%, the next one ‘100’ denotes the RCA
replacement ratio of 100%, the digit ‘0’ defines eccentricity of load
with 0 mm (1 defines the specimen under flexural loading with
infinite eccentricity), and the letters ‘a, b, c’ are used to identify
the 3 identical specimens in each specimen group.

2.2. Material properties

The quality control of recycled aggregates in terms of the size
grading and basic physical properties is very important for the
preparation of RAC, since aggregates play a fundamental role in
determining workability, strength and durability of concrete [6].
The specification from RILEM (RILEM TC 121-DRG) [30] classifies
three categories for RCAs and the type II and type III RCAs are rec-
ommended to be applied for structural concrete. (Appendix A). The
requirements on the properties for type III RCA are relatively
higher. However, the maximum allowable replacement ratio of
type III RCA for concrete is only 20%. The focus of this study is to
show the structural application of RAC in CFSTs. The behavior of
RAC core should be improved due to the existence of the outer
steel tube and the confinement effects. Thus, the replacement ratio
Table 1
Details of test specimens.

Loading type Group Specimen labels D (mm) t (mm

Axial loading 1 CL12-8-100-0 137.91 2.70
2 CP12-8-100-0[23] 137.67 2.72
3 CL32-8-100-0 137.73 2.69
4 CP32-8-100-0 137.63 2.72
5 CL48-8-100-0 137.76 2.73

Eccentric loading 6 CL12-8-100-20 137.70 2.71
7 CL12-8-100-40 137.59 2.71
8 CL32-8-100-20 137.52 2.73
9 CL32-11-100-20 140.20 3.52
10 CL32-14-100-20 141.64 4.30
11 CL32-8-50-20 137.75 2.72
12 CL32-8-0-20 137.66 2.72
13 CL32-8-100-40 137.38 2.70
14 CL32-8-50-40 137.75 2.70
15 CL32-8-0-40 137.69 2.73
16 CL48-8-100-20 137.82 2.71
17 CL48-8-100-40 137.75 2.74

Pure bending 18 CL36-8-100-1 137,73 2.70

Note: Three identical specimens are designed in each group.
of RCA for RACFSTs is supposed to be higher. According to the spec-
ification, there is no limit on the replacement ratio of type II RCA
and this type of aggregate is allowed to be used for concrete with
maximum strength class of C50/60. These are in accordance with
the focus of this study. Therefore, the qualities of the RCA used in
this study were controlled to meet the requirements of type II
RCA in RILEM TC 121-DRG. The requirements for structural con-
crete using RCA in RILEM TC 121-DRG are also consistent with
those in code DAfStb of Germany for RAC [31].

Two RCAs and one natural coarse aggregate (NCA) were used in
this research. The original virgin aggregate of RCAs was granite
stone that was similar to the NCA. The concrete wastes were
crushed and assorted properly to create size grading similar to
NCA with the goal of obtain required workability and strength
for RAC used in CFSTs. The size grading analysis was carried out
in accordance with Chinese code JGJ 52-2006 [32]. The test results
are summarized in Table 2, which meet the requirements in JGJ 52-
2006 [32] for crushed stone.

The RCA is similar in appearance to the NCA although. However,
its texture is rougher and its shape is more irregular due to adhered
mortar. The physical properties of these aggregates summarized in
Table 2 shows that the notable distinctive features of RCAs com-
pared with natural aggregate are their lower density and higher
absorption capacity, mainly due to the adhered mortar and the
high amount of cracks caused by crushing process. According to
the test results, the RCAs in this study meet the requirements for
type II RCA in RILEM TC 121-DRG [30].

The concrete mix with an effective water-cement ratio of 0.45
adopted for the RACFST specimens is outlined in Table 3. The mixes
are designed for the concretes with cylinder strength of 35 MPa at
28 days. The irregular shape and high absorption capacity of recy-
cled aggregates have adverse effects on the properties of fresh and
harden concrete, particularly its consistency and strength [5,33–
35]. Thus, the recycled aggregate was pre-wetted or pre-soaked
before concrete mixing in order to obtain workability and mechan-
ical properties required of the concrete [4,36–39]. Additionally, the
wet processing technique for RCA can provide better quality aggre-
gate with less organic and inorganic impurities and the adverse
effect of RCA can therefore be minimized [40]. Details regarding
the production of RAC can be found in the reported work by the
authors [23]. The workability of the concretes is also listed in
Table 3. A slump reduction has been observed for RAC in the tests,
mainly due to the heterogeneity and rough texture of the recycled
) L (mm) a (%) k r (%) e (mm) e/r0

420 8.4 12 100 0 0
420 8.4 12 100 0 0
1120 8.3 32 100 0 0
1120 8.4 32 100 0 0
1680 8.4 48 100 0 0

420 8.4 12 100 20 0.29
420 8.4 12 100 40 0.57
1120 8.4 32 100 20 0.29
1120 10.8 32 100 20 0.29
1120 13.3 32 100 20 0.29
1120 8.4 32 50 20 0.29
1120 8.4 32 0 20 0.29
1120 8.3 32 100 40 0.57
1120 8.3 32 50 40 0.57
1120 8.4 32 0 40 0.57
1680 8.4 48 100 20 0.29
1680 8.5 48 100 40 0.57

1260 8.3 36 100 1 1



Table 2
Basic properties of natural coarse aggregate and recycled coarse aggregates.

Type Grading (mm) Cumulative passing by weight (%) Density
(kg/m3)

Water
absorption (%)

Index of
crushing (%)

Residual mortar
content (%)

26.5 mm 16.0 mm 4.75 mm 2.36 mm

NCA 4.75-25 100 55.0 1.6 0 2880 0.57 3.1 –
RCA-L 4.75-25 100 62.0 2.5 0 2660 7.46 9.7 48
RCA-P 4.75-25 100 65.0 2.0 0 2675 6.50 8.7 49

Note: NCA depicts the natural coarse aggregate; RCA-L and RCA-P represents the recycled coarse aggregate from laboratory waste concrete and building demolition project,
respectively.

Table 3
Mix composition of concrete.

RCA resource r (%) Effective w/c Materials (kg/m3) Slump (mm)

Water (w) Cement (c) RCA NCA Fine aggregates

Lab concrete 100 0.45 419 188 1125 0 659 130
50 0.45 426 191 572 572 670 150
0 0.45 433 194 0 1163 681 180

Demolition project 100 0.45 420 189 0 1128 661 120
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aggregates. Similar test results were obtained by Manzi et al. [6].
Compared to the ideal slump values of 150–160 mm for concrete
fill in CFST real projects [41], 130 mm slump of concrete with
100% RCA is relatively lower in this study. During the process of
concrete filling, the RACFSTs and CFSTs were cast and vibrated in
the same way to achieve uniform vibration. When the RAC is
applied in real structural projects, its workability can be improved
by adding a small content of superplasticizer or cement paste in
RAC mixture [36,42–44]. For example, the research by Matias
et al. showed that the use of only 0.5% of cement weight of high-
performance superplasticizer is time-effective in achieving a
desired workability for recycled aggregate concrete (RAC) [42].
This will not have great effect on the carbon footprint or cost of
concrete.

Concrete cubes with the side length of 100 mm and prisms with
the dimension of 150 mm � 150 mm � 300 mm were cast and
cured in conditions similar to the composite specimens. The con-
crete cube strength and the elastics modulus were determined
by testing at 28 days after concrete casting (fcu100,28 and Ec,28) and
at the time of ultimate tests of RACFST specimens (fcu100,test and
Ec,test). Table 4 lists the mean values of material properties. Equiv-
alent values of 150 mm concrete compressive cube strength (fcu,28
and fcu,test) and cylinder strength (fcm,28 and fcm,test) developed from
conversion factors specified in the Chinese concrete code
GB50010-2010 [45] and CEB-FIP Model Code 1990 [46] are also
included in Table 4. The cube compressive strength decreases by
12.4% and 16.3% when the natural coarse aggregates were 100%
replaced by RCA from laboratory waste concrete (RCA-L) and build-
ing demolition project (RCA-P), respectively. This is because the
Table 4
Basic properties of natural and recycled aggregate concrete.

RCA resource r (%) fcu100,28 (MPa) fcu,28 (MPa) fcm,28 (MPa) Ec,28 (�
Lab concrete 100 42.5 40.4 33.2 2.40

50 45.5 43.2 35.4 2.77
0 49.2 46.7 38.1 3.13

Demolition project 100 44.7 42.5 34.8 2.23

Table 5
Basic properties of steel tubes.

Dimension of section D � t (mm2) Yield strength fy (MPa) Tensile str

140 � 2.75 (a = 0.08) 299.4 337.8
140 � 3.75 (a = 0.11) 355.6 426.9
140 � 4.50 (a = 0.14) 323.8 416.7
aggregate-cement matrix interfacial zone of RAC consisted mainly
of loose and porous hydrates due to the adhered mortar (Table 2)
while that of conventional concrete consisted mainly of dense
hydrates [47]. Additionally, it is observed that the elastic modulus
is more sensitive to the inclusion of RCA than the compressive
strength. Reductions of the 25.0% and 29.4% were noted in the tests
for the elastic modulus of concrete with 100% RCA-L and RCA-P,
respectively, due to the large amount of the adhered mortar with
comparatively lower elastic modulus that is attached to original
aggregates in RAC. The reductions on the compressive strength
and elastic modulus are within the range reported in an overview
of study on RAC by Xiao et al. [5].

Tensile coupon tests were performed to determine the material
properties of the circular steel tubes in accordance with the Chi-
nese Standard GB/T228-2010 [48]. Vertical and horizontal defor-
mations were measured by strain gauges located at the mid-
height of the samples on both sides, and the average yield
strength (fy), ultimate tensile strength (fu), elastic modulus (Es)
and Poisson’s ratio (ls) are presented in Table 5.

2.3. Preparation of RACFST specimens

A 160 mm � 160 mm � 10 mm plate was welded to the bottom
of each empty steel tube. Concrete was then poured into the verti-
cal tubes, and an external vibrator was used for compaction. The
concrete was cast slightly higher than the steel tube to avoid gaps
between the concrete core and the top steel tube. Once the casting
was completed, the top surfaces of the concrete core were tightly
wrapped and sealed with an aluminum sheet and a plastic film
104 MPa) fcu100,test (MPa) fcu,test (MPa) fcm,test (MPa) Ec,test (�104 MPa)

54.4 51.7 41.5 2.60
60.3 57.3 45.1 3.17
62.1 59.0 46.4 3.47

52.0 49.4 40.0 2.45

ength fu (MPa) Elastic modulus Es (�105 MPa) Poisson’s ratio ls

1.83 0.282
1.84 0.286
1.78 0.268
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Fig. 2. Layout of the tests for RACFST specimens.
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to simulate the sealing achieved by CFST during construction and
service. Prior to testing, the aluminum sheet and the plastic film
were removed, the composite specimens were ground plane and
smooth, and a second steel plate was welded to the top of each
column.

2.4. Test setup and procedure

A load cell was used for short columns of test groups 1 and 2
with slenderness ratio k = 12 as shown in Fig. 2(a). Slender columns
under axial loading and the specimens under combined loading
were tested in a special assembly with the pinned ends as shown
in Fig. 2(b). The desired eccentricity was achieved by accurately
machining 10 mm deep grooves into the stiff steel plates (30 mm
thick), which were connected with the end steel plates of the spec-
imens. For the pure axial compression column, the groove was in
the middle of the plate. Two sharp knife edges were designed
and attached to the top and the bottom plates, respectively to
allow specimen rotation, to simulate pin-ended supports, and to
accurately control eccentricity. The eccentricity of the applied load
was equal at both ends, and the columns were subjected to single
curvature bending. A three-point bending system was used to
apply the moment on the RACFST beams under bending with
pin-ended supports as shown in Fig. 2(c).

Longitudinal and circumferential strains were measured at four
positions around the perimeter of the centre of the steel tubes by
eight electrical resistance strain gauges as illustrated in Fig. 2.
(b)(a)

(e)(d)

λ=12,α=8%, r=100%

λ=32, α=8%, r=100%, e=0mm λ=32, α=8%, r=100

RCA fr
demoli
project

λ=12,α=8%, r=100%, e=0 

Fig. 3. Failure modes of representative specimens: (a) CL12-8-100-0-a; (b) CP12-8-100-
20-c; (g) CL32-8-50-20-a; (h) CL32-8-0-20-a; (i) CL32-14-100-20-c; (j) CL32-8-100-40-c
Another four longitudinal strain gauges were employed to monitor
the vertical deformations of the tubes at the locations 45�, 135�,
225� and 315� degrees for specimens under combined loading
and the beams under flexure loading to investigate the plane-
sections hypothesis.

Axial shortening of the specimens was measured by four LVDTs.
Two were used to monitor the movement of the top plate, and the
other two monitored the movement of the bottom plate. For the
columns under combined loading, six LVDTs were used to symmet-
rically measure the lateral deflection of the column at the mid
length (two LVDTs at 0.5L) and also one LVDT at four additional
levels (0L, 0.25L, 0.75L, and 1L). For the beams under flexural load-
ing, the in-plane vertical displacements at two trisection points,
mid-span and two supports were measured by five LVDTs.

The loading rate was 2 kN/s up to approximately 85% of the
expected load carrying capacity, after which the tests were loaded
under displacement control in order to measure post-peak behav-
ior of the specimens.
3. Analysis of test results

3.1. Failure modes

Fig. 3 depicts typical failure modes of the tested RACFST speci-
mens. The stub columns under axial loading exhibited shear fail-
ures (see Fig. 3(a) and (b)) while the other columns experienced
(c)

(f)

, e=0 λ=12, α=8%, r=100%, e=20mm

%, e=0mm

om 
tion 

λ=32, α=8%, r=100%, e=20mm
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demolition 
project

0-c; (c) CL12-8-100-20-a; (d) CL32-8-100-0-b; (e) CP32-8-100-0-b; (f) CL32-8-100-
; (k) CL48-8-100-20-a and (l) CL36-8-100-1-a, b, c.
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Fig. 3 (continued)
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global flexural buckling failure modes (see Fig. 3(c) through (k)).
The steel tubes of some typical specimens were cut and removed
to investigate the influence of study parameters on the damage
of the concrete cores after tests. These specimens included 9 slen-
der columns and 3 stub columns. All the columns under combined
loading failed with large lateral deflections, and buckling generally
occurred near the mid-height of the specimens. This suggests that
the RCA replacement percentage and source of RCA do not influ-
ence the failure mode for RACFST stub and slender columns under
combined loading. The beam specimens failed in a ductile manner
and no tensile fracture was observed (see Fig. 3(l)).
Fig. 3 also shows tensile flexural cracks in the concrete core of
the longer columns. Table 6 summarizes the range of the cracks
from the mid-height of the specimens, the maximum length and
the number of cracking for the representative slender specimens
with the same lateral deformation. Specimens with substantially
higher RCA replacement percentage have more and bigger perpen-
dicular cracks over a longer range from the mid-height. For exam-
ple, specimens CL32-8-100-20-c and CL32-8-50-20-a have 44% and
11% more cracks, and have 20 mm and 15 mm longer cracking
lengths than specimen CL32-8-0-20-a does, respectively (see
Fig. 3(f)–(h) and Table 6). The RACFST specimen with aggregate



Table 6
Perpendicular cracks in the concrete core of the representative specimens.

Specimen labels Range from the
mid-height (mm)

Maximum
length (mm)

Number

CL32-8-100-0-b ±110 45 16
CP32-8-100-0-b ±130 45 21
CL32-8-100-20-c ±195 80 26
CL32-8-50-20-a ±180 75 20
CL32-8-0-20-a ±173 60 18
CL32-11-100-20-b ±185 60 20
CL32-14-100-20-c ±200 55 15
CL32-8-100-40-c ±245 90 28
CL48-8-100-20-a ±260 75 22
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produced from lab concrete has fewer perpendicular cracks com-
pared to the specimen filled with concrete with aggregate pro-
duced from a real building demolition project. However, the
source of RAC does not affect the maximum length of the cracks
(see Fig. 3(d), (e) and Table 6). As expected, RACFST specimens with
higher a ratio also have better ductility. For example, compared to
specimen CL32-8-100-20-c, specimen CL32-14-100-20-c has fewer
perpendicular cracks over a shorter range from the mid-height (see
Fig. 3(f), (i) and Table 6). This may be due to the larger portions of
resistance provided by the thicker steel tube and better confine-
ment of the concrete provided by the steel tube. It also can be
observed that the concrete suffers more serious damage with
increased eccentricity (see Fig. 3(i), (j) and Table 6).

3.2. Performance indices

Figs. 4 and 5 depict the compressive load versus axial deflection
and mid-span deflection, respectively, for the test specimens. In all
cases, the 3 identical specimens in each group have consistent
experimental results. Thus, the average value of each group is
adopted in the following analysis. Table 7 shows the initial stiff-
ness (EA), the compressive load capacity (Pu) and the correspond-
ing scatter in each group of the column tests, the vertical
displacement at maximum compressive load (4u), the mid-span
deflection at maximum compressive load (um), the vertical dis-
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Fig. 4. Axial load versus vertical displacement curves for representative test specimens
CL32-8-50-20; and (f) CL48-8-100-40.
placement at 0.85Pu after maximum compressive load (40.85),
and the ductility index (DI), which is a measure of deformation
capacity defined in Eq. (1). The initial stiffness (EA) was determined
from the test results of compressive load versus axial deflection
curve.

DI ¼ D0:85

Du
ð1Þ

Consistent experimental results are also obtained for the
RACFST beam tests as shown in Fig. 6. Fig. 6(a) and (b) depict the
moment versus curvature and moment versus extreme fiber strain
for the test specimens, respectively, where the tensile strain is pos-
itive when the compressive stain is negative in the figure. Han [49]
suggests that the ultimate moment in the CFSTs under bending can
be defined as the moment corresponding to an extreme tensile
fiber strain of the steel tube of 0.01. According to this definition,
the ultimate moment capacity of the RACFST beams measured
from Fig. 6(b) is 18.55 kN m in average with the corresponding
scatter of 2.1%. However, the actual average maximum moment
capacity is 20.39 kN m, which is 9.9% larger than the moment at
1% strain.

Figs. 7 and 8 illustrate the compressive strain, tensile strain,
centroid axis strain and the lateral deflection of the representative
specimens measured at different axial load levels. These two fig-
ures suggest that the cross-section remained plane after deforma-
tion for the RACFST column and beam specimens. It also shows
that the deflection curve was approximately in the shape of a half
sine wave.
3.2.1. Compressive load capacity
Fig. 9 shows the influence of the replacement percentage of

recycled aggregate (r), source of RCA, slenderness ratio (k) and
the a ratio on the compressive load capacity of the specimens.

The compressive load capacity of the columns has a modest
decrease with increasing substitution level of RCA. For example,
the maximum compressive load decreases by 11.2% and 4.5% when
the natural coarse aggregates were replaced 100% RCA for the spec-
imens with eccentricity of 20 mm and ⁄⁄⁄40 mm, respectively
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Fig. 5. Axial load versus mid-span deflection curves for all the test column specimens: (a) CL32-8-100-0; (b) CP32-8-100-0; (c) CL48-8-100-0; (d) CL12-8-100-20; (e) CL12-8-
100-40; (f) CL32-8-100-20; (g) CL32-11-100-20; (h) CL32-14-100-20; (i) CL32-8-50-20; (j) CL32-8-0-20; (k) CL32-8-100-40; (l) CL32-8-50-40; (m) CL32-8-0-40; (n) CL48-8-
100-20 and (o) CL48-8-100-40.
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(Fig. 9(a)). The structural effects of using 100% RCA in place of nat-
ural aggregate is somewhat smaller than the corresponding mate-
rial effects, since a reduction of 12.4% is noted for the cube
compressive strength for 100% replacement in the tests (Table 4)
as compared to 11.2% and 4.5% for the column specimens. The scat-
ters were less than 3% over all the test specimens (Table 7), which
indicate that the contribution of the steel tube and the confine-
ment effects may be the main reasons for reducing the scatter of



Table 7
Experimental results of RACFST columns.

Group Specimen labels EA (105 kN) Pu (kN) 4u (mm) um (mm) 40.85 (mm) DI Pce/Pu

1 CL12-8-100-0-a 5.29 5.28 1104 1105 4.448 9.516 8.59 9.88 0.68 0.71
CL12-8-100-0-b 5.12 1115 (0.9%) 5.430 12.940 11.08 0.67
CL12-8-100-0-c 5.42 1095 4.328 10.679 9.96 0.78

2 CP12-8-100-0-a[23] 5.74 5.34 1100 1096 3.897 10.032 9.57 10.19 0.76 0.71
CP12-8-100-0-b[23] 5.88 1092 (0.4%) 4.700 13.540 13.37 0.73
CP12-8-100-0-c[23] 4.39 1095 4.817 10.070 7.63 0.64

3 CL32-8-100-0-a 6.32 6.00 1017 992 6.500 5.325 6.101 9.780 2.08 2.09 0.77 0.76
CL32-8-100-0-b 5.96 983 (2.2%) 5.930 6.126 8.940 1.99 0.77
CL32-8-100-0-c 5.72 977 6.930 6.851 10.250 2.20 0.74

4 CP32-8-100-0-a 5.85 5.88 954 936 5.950 7.686 9.301 9.110 2.09 2.25 0.82 0.76
CP32-8-100-0-b 5.75 926 (1.7%) 6.500 9.422 9.940 2.48 0.70
CP32-8-100-0-c 6.04 928 6.390 10.796 9.480 2.18 N/A

5 CL48-8-100-0-a 5.82 5.91 850 837 5.751 9.021 8.720 7.980 1.67 1.75 0.93 0.91
CL48-8-100-0-b 5.65 824 (1.6%) 5.288 7.042 8.210 1.84 0.96
CL48-8-100-0-c 6.26 837 5.564 10.098 7.850 1.73 0.84

6 CL12-8-100-20-a 6.64 6.12 N/A 812 N/A N/A 5.064 N/A N/A 3.41 0.68 0.66
CL12-8-100-20-b 5.55 813 (0.3%) 4.432 5.084 9.390 3.38 0.55
CL12-8-100-20-c 6.18 810 4.335 5.044 9.350 3.44 0.74

7 CL12-8-100-40-a 6.02 6.49 535 546 4.174 5.035 6.499 14.980 5.97 4.64 0.67 0.61
CL12-8-100-40-b 6.77 555 (1.8%) 5.964 6.264 15.940 4.17 N/A
CL12-8-100-40-c 6.69 547 7.104 8.199 15.340 3.77 0.55

8 CL32-8-100-20-a 5.80 5.82 616 632 6.305 15.188 13.794 9.540 2.62 2.50 0.68 0.65
CL32-8-100-20-b 5.98 636 (2.4%) 5.661 13.829 8.830 2.52 0.63
CL32-8-100-20-c 5.68 645 5.706 12.366 8.960 2.36 0.65

9 CL32-11-100-20-a 7.25 7.10 832 814 7.437 12.769 13.914 12.590 2.43 2.73 0.72 0.73
CL32-11-100-20-b 7.21 808 (2.7%) 7.141 16.417 12.600 3.16 0.75
CL32-11-100-20-c 6.85 801 6.372 12.558 12.050 3.04 0.73

10 CL32-14-100-20-a 8.35 8.01 884 873 8.859 16.984 16.277 14.490 2.63 2.88 0.83 0.82
CL32-14-100-20-b 7.57 855 (1.8%) 7.429 16.660 12.570 3.08 0.78
CL32-14-100-20-c 8.13 880 7.289 15.187 12.430 2.93 0.84

11 CL32-8-50-20-a 6.59 6.79 708 696 5.404 12.442 13.345 8.530 2.40 2.38 0.56 0.68
CL32-8-50-20-b 7.05 697 (1.8%) 5.628 13.757 8.270 2.39 0.69
CL32-8-50-20-c 6.73 683 6.080 13.836 8.660 2.34 0.79

12 CL32-8-0-20-a 7.85 7.52 692 712 5.395 13.664 12.711 7.950 2.53 2.47 0.69 0.70
CL32-8-0-20-b 7.49 730 (2.7%) 5.068 11.532 8.080 2.37 0.68
CL32-8-0-20-c 7.22 715 5.569 12.938 8.680 2.52 0.73

13 CL32-8-100-40-a 5.92 5.70 456 455 5.641 13.293 13.154 10.640 3.01 2.97 N/A 0.63
CL32-8-100-40-b 5.70 453 (0.4%) 5.790 13.526 10.610 2.86 0.68
CL32-8-100-40-c 5.48 456 5.478 12.643 10.790 3.05 0.57

14 CL32-8-50-40-a 6.71 6.87 N/A 480 N/A N/A 12.176 N/A N/A 2.89 0.56 0.65
CL32-8-50-40-b 7.09 477 (0.9%) 5.089 12.093 9.690 2.83 0.63
CL32-8-50-40-c 6.82 483 5.506 12.258 10.350 2.95 0.75

15 CL32-8-0-40-a 7.63 7.35 480 477 4.901 10.913 12.034 9.770 2.99 2.87 0.79 0.65
CL32-8-0-40-b 7.40 479 (1.0%) 5.071 11.787 9.610 2.78 0.58
CL32-8-0-40-c 7.02 471 5.552 13.403 9.490 2.86 0.59

16 CL48-8-100-20-a 5.98 6.19 566 564 5.567 19.426 18.409 7.720 1.99 1.98 0.64 0.67
CL48-8-100-20-b 6.38 N/A (0.6%) N/A N/A N/A N/A 0.63
CL48-8-100-20-c 6.20 561 5.450 17.391 7.820 1.96 0.75

17 CL48-8-100-40-a 6.68 6.15 404 394 6.001 20.051 19.412 9.330 2.19 2.21 0.69 0.61
CL48-8-100-40-b 6.30 388 (2.2%) 6.044 20.236 9.510 2.31 0.52
CL48-8-100-40-c 5.49 391 5.754 17.950 9.220 2.14 0.61

Note: The value in the bracket is the coefficient of variation of the maximum compressive loads in each group.

32 J. Chen et al. / Engineering Structures 130 (2017) 23–40
the test results. This observation encourages the use of RACFSTs in
structural engineering and the sustainable environmental benefits
that result. Similar results were obtained for RACFST stub column
tests under axial loading by the authors [23].

A challenge to using large volumes of recycled aggregates is the
inherent variability of the waste materials. Significant variation in
performance has been seen in previous research, and this variation
is a function of the source and type of aggregate [50,51]. Fig. 9(b)
shows that the RACFST specimens with the two different RCAs pro-
duced from the lab and the demolition project have basically the
same load capacities, with only 0.8% and 5.6% differences for the
specimens with slenderness ratio of 12 and 32, respectively. It is
anticipated that the similar size grading and index of crushing
obtained in the aggregates and the same mix proportioning
method adopted in the experiments may have contributed to this
benefit. Thus, the tests on the size grading and physical properties
for RCAs are recommended for the application of RACFST. Further
work may be required to study the effects of the source of RCA
on the performance of RACFST composite columns, since this find-
ing is in some conflict with other observations. In addition, RCA
obtained from commercial sources may be contaminated with
organic materials during the crushing process. These impurities
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may reduce the strength, elastic modulus and deteriorate the dura-
bility performance for RAC. Therefore, further study may also be
suggested to investigate the effects of the content of organic mate-
rials in RCA on the long-term behavior of RACFST composite
columns.

Fig. 9(c) shows the influence of the slenderness ratio (k) and
eccentricity (e) on the static compressive resistance of RACFST col-
umns. As expected, RACFST specimens with higher ratio k and
eccentricity have lower maximum compressive loads, because of
secondary moments and stability effects. The stub columns with
slenderness ratio of 12 attained their ultimate yield and concrete
crushing capacity, while those slender columns with slenderness
ratios of 32 and 48 only attained 77.9%–89.8% and 69.4–75.7% of
this ultimate capacity, respectively. Reductions of 50.6–54.1% are
observed for the RACFST columns with eccentricity of 40 mm com-
pared to those under concentric loading. The calculation of critical
buckling load (Pcr) was based on the nominal sectional strength
(Po) and the relative slenderness ratio (k) which is considered the
length slenderness effects in AISC [28]. Based on the AISC provi-
sions, Pcr can be determined by Eqs. (2)–(5). The relationship of
Pu/P0 with k compared to the corresponding curves in AISC [28]
are plotted in Fig. 10. The figure shows that the experimental
trends with higher relative slenderness ratio are similar to the the-
oretical line in AISC. This may be attributed to the more consider-
able confinement effects acting for the short columns and the
different loading conditions for the short and slender columns as
shown in Fig. 2.

Pcr=P0 ¼ 0:658k2 when k 6 1:5 ð2Þ
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The influence of the a ratio on the maximum compressive load
of slender RACFST columns under eccentric loading is plotted in
Fig. 9(d). As expected, significant increases in the maximum com-
pressive load for the specimen occurred with higher a ratio. Con-
finement effects acting on the specimens with different a ratios
can be evaluated and compared in terms of the strength index
Pu/P0. This index for the group CL32-14-100-20 and CL32-11-
100-20 is 10.4% and 6.3% higher than that for the group CL32-8-
100-20 (see Fig. 11).
3.2.2. Initial stiffness
The initial stiffness of the specimens as a function of the

replacement percentage of RCA (r), source of RCA and the a ratio
are illustrated in Fig. 12. Compared to the test results in Fig. 9(a),
it is observed that the initial stiffness is more sensitive to the inclu-
sion of RCA than the compressive load capacity, since decreases in
the value of the initial stiffness of columns are 22.6% and 22.5% in
maximum for the specimens with eccentricity of 20 mm and
40 mm, respectively (see Fig. 12(a)) as compared to 11.2% and
4.5% for the compressive load capacity of the columns (see Fig. 9
(a)). Fig. 12(a) also suggests a smaller reduction in stiffness as com-
pared to 25.6% decrease that measured in elastic modulus for the
RAC samples. The lower stiffness of the RACFST columns results
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in a higher value in the mid-span deflection at compressive load
capacity (um) with increases of 8.5% and 9.3% for 100% replacement
RACFST specimens with 20 mm and 40 mm eccentricity, respec-
tively compared to CFST columns as shown in Fig. 13.

The source of RCA had little effect on the initial stiffness as only
1.2% and 2.0% differences are observed for the specimens with
slenderness ratio of 12 and 32 in Fig. 12(b), respectively. As
expected, the initial stiffness increases by 22.0% and 37.6% respec-
tively when increasing the a ratio from 8% to 11% and 14% due to
the increased contribution of steel tube (see Fig. 12(c)).
3.2.3. Ductility index
Fig. 14 shows the influence of several parameters on the ductil-

ity index of the specimens. The RCA replacement ratio and its
source had no significant influence on the ductility index of speci-
mens as shown in Fig. 14(a) and (b). The ductility is reduced with
the increasing the slenderness ratio due to stability effects rather
than material failure as shown in Fig. 14(c). This is consistent with
prior observations of Yu et al. [52] and Portolés et al. [53] who
examined the influence of slenderness ratio and eccentricity on
the static response of CFST columns under combined loading.
Fig. 14(d) shows that the specimens with higher a ratio have
increased ductility because of the increased effect of the steel.
3.2.4. Confinement effects
The vertical and circumferential strains (es,v and es,c) in the steel

tube are used to evaluate the confinement of the concrete core pro-
duced by the steel tube. Fig. 15 depicts the ratio es,c/es,v in the steel
tubes during tests of representative specimens and the steel cou-
pons (lsteel). The load resisted by composite columns correspond-
ing to the onset of confinement effects (Pce) can be determined
when the coefficient es,c/es,v of the specimens begin to exceed the
value of lsteel at the same vertical deformation. The range of this
interface is provided in the figure and the Pce/Pu ratios for all test
specimens are listed in Table 7.

The onset of confinement (Pce/Pu) generally decreases with the
increasing RCA content for RACFST slender columns (see Fig. 16
(a)) as observed for RACFST stub column tests by the authors
[23], because of the faster rates in the progressive development
of micro-cracks and the increases of strain for RAC with residual
old mortar in aggregates than those for conventional concrete.
The increased strains result in an earlier restraint on the transverse
expansion of the concrete core by the outer tube for RACFST col-
umns. Fig. 16(b) indicates that the specimens produced from dif-
ferent sources of RCA have the same load ratio Pce/Pu.

Significant increase for the load ratio Pce/Pu can be seen in
Fig. 16(c) with the increasing slenderness ratio for the specimens
under axial loading (e = 0 mm). Nevertheless, the load ratio Pce/Pu
does not seem to be greatly affected by the slenderness ratio for
the specimens under eccentric loading due to the dominant sec-
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ondary moments and stability effects (e = 20 mm and 40 mm).
Fig. 16(c) also reveals that the load ratio Pce/Pu decreases with
the increasing eccentricity. It can be observed in Fig. 16(d) that
the onset of confinement effects occurs later for the specimen with
higher a ratio, as a result of the larger percentage of the load sus-
tained by the steel tube.

Fig. 17(a) and (b) shows the influence of RCA replacement ratio
(r) on the development of circumferential strain with the load ratio
(P/Pu) for the specimens with eccentricity of 20 mm and 40 mm,
respectively. The development of circumferential strain in the fig-
ure is the average value of the three specimens in each group. The
figures show that larger circumferential strains were measured for
the specimens with higher RCA replacement ratio during the load-
ing process before reaching the compressive load capacity. This
indicates that the larger confining pressure developed and this
increased the strength enhancement in RACFST specimens more
than that in CFST specimens. This can be one of the reasons that
contribute to the small difference in the compressive load capacity
between the RACFST and CFST specimens as noted in Fig. 9(a).

The test results in this study initiate that the use of concrete
filled steel tubes is an ideal application for RAC because the com-
posite behavior of the member and the high strength and stiffness
of the steel tube can limit the detrimental effects caused by RAC.
4. Comparison with design methods and design
recommendations

The experimental research shows that the incorporation of
recycled aggregate leads to a reduction of approximately 10% in
compressive load capacity for RACFST columns under combined
loading. As the present design codes are not yet available for
RACFST columns, the different design models for predicting the
performance of circular CFST members under combined loading
are therefore compared to the test results to demonstrate the accu-
racy and the statistical variability of the various models for RACFST
members. The considered design provisions include EC4 (EN 1994-
1-1 [27]) in Europe, AISC (AISC 360-10 [28]) in US, and GB
(GB50936-2013 [29]) in China. The database compiled consists of
45 circular RACST columns with RCA replacement ratios of 50%
and 100% in this study and 12 circular RACST columns with RCA
replacement ratios of 25% and 50% reported by Yang and Han
[24]. The test results by Chen et al. [25,26] were excluded in the
evaluation due to some failures near the end of the specimens in
the tests, which suggest that there was a flaw in the eccentrically
loaded boundary for some of those tests. Fig. 18 presents the com-
parisons of the test results with the predicted ones by various
design models. Roeder et al. [12] recommended that the plastic-
stress distribution method is a simple and effective method to pre-
dict the strength of circular CFST components under combined
loading. Thus, only the plastic-stress distribution method was
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adopted when using the design methods of AISC and EC4 and the
effect of global buckling was also considered. As the GB provides
two methods, they are abbreviated as GB-1 and GB-2, respectively.
The comparisons show that the available design codes are gener-
ally adequate for predicting the resistances of RACSFT columns
under combined loading. In particular, EC4 and GB provide close
predictions to the test results as the regression lines are close to
the lines passing through the origin with a unit slope (the black
solid line shown in Fig. 18) while AISC gives only 6.7% underesti-
mation compared to the measured results.

Fig. 19 compares the calculated axial load-moment strength
interaction curves (P-M) based on the various design provisions
and with the test results in this paper and Refs. [18,24]. The prop-
erties of recycled aggregates in Refs. [18,24] meet the requirements
for type II RCA in RILEM TC 121-DRG [30]. The average test results
of the RACFST beam specimens under bending in each group of this
paper and Ref. [18] are also included in the figure (1 group of 3
specimens in this paper and 2 groups of 4 specimens in Ref.
[18]). The comparisons show that EC4 and AISC provide accurate
predictions of strength and GB overestimates the moment capacity
for the columns under bending compared to the test results.

In the practical application of RACFSTs, the designers would pay
attention to the consistency and the performance of RAC since the
aggregates used may come from various sources. Thus, it suggests
that the design recommendations proposed in this study can be
applied for RACFSTs when the aggregates meet the requirements
of Type II RCA in RILEM TC 121-DRG [30]. Additionally, the use of
higher strength concrete is more practical for CFSTs to achieve bet-
ter economic benefits. More experiments on RACFSTs with higher
strength concrete under combined loading are therefore suggested
to be performed to further validate the reliability of design recom-
mendations proposed in this study.
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Table A1
Classification of recycled coarse aggregates for concrete (RCA).

Mandatory requirements RCA Type I RCA Type II RCA Type IIIe Test method

Min. dry particle density (kg/m3) 1500 2000 2400 ISO 6783&7033
Max. water absorption (%) 20 10 3 ISO 6783&7033
Max. content of material with SSD < 2200 kg/m3 (%)a – 10 10 ASTM C123
Max. content of material with SSD < 1800 kg/m3 (%)a 10 1 1 ASTM C123
Max. content of material with SSD < 1000 kg/m3 (%)a 1 0.5 0.5 ASTM C123
Max. content of foreign materials (metals, glass, soft material, bitumen) (%) 5 1 1 Visual
Max. content of metals (%) 1 1 1 Visual
Max. content of organic material (%) 1 0.5 0.5 NEN5933
Max. content of filler (<0.063 mm) (%) 3 2 2 prEN 933-1
Max. content of sand (<4 mm) (%)b 5 5 5 prEN 933-1
Max. content of sulfate (%)c 1 1 1 BS 812, part 118
Max. allowable strength classd C16/20 C50/60 No limit –

a Water saturated surface dry condition (SSD).
b If the maximal allowable content of sand is exceeded, this part of the aggregates shall be considered together with the total sand fraction.
c Water soluble sulfate content calculated as SO3.
d The strength class for concrete is in accordance with Eurocode 2.
e The composition of type III aggregates shall meet the following additional requirements: (a) the minimum content of natural aggregates is at least 80% and (b) the

maximum content of type I aggregates is 10%.
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5. Conclusions

In this study, the behavior of RACFST columns under combined
loading and the flexure behavior of RACFST beams with normal-
strength concrete under bending were studied. A total of 48 circu-
lar RACFST columns and 3 beams were tested to failure with 17
groups of 3 identical specimens. The study parameters included
RCA replacement percentage, source of RCA, eccentricity ratio,
slenderness ratio and the ratio of concrete area to steel area.

In all cases, the 3 identical specimens have consistent experi-
mental results with scatter of less than 3% in each group. The con-
tribution of the steel tube and the confinement effects may be the
main reasons for the small scatter of the test results. The incorpo-
ration of the RAC has modest effect on the maximum compressive
load of the RACFST columns since reductions of only 4.5–11.2%
were measured in the tests for the columns with 100% RCA
replacement compared to the CFST specimens. The structural
effects of the replacement of recycled aggregate are somewhat
smaller than the corresponding effects noted in material property
tests. Similar to this, the reduction in initial stiffness in RACFST col-
umns is smaller than that measured frommaterial tests on the RAC
samples. As part of this work, the onset of confinement are studied
and it reveals that increasing RCA content for RACFST slender col-
umns decreases the load ratio corresponding to the onset of the
confinement effects.

The differences in the maximum compressive load and initial
stiffness of RACFST columns with two RCA sources under combined
loading are only up to 5.6% and 2.0%, respectively. These observa-
tions are different from some conclusions in the prior research
for RAC. It is anticipated that the similar size grading and index
of crushing obtained in the aggregates may have contributed to
this benefit. Thus, the tests on the size grading and physical prop-
erties for RCAs are recommended for the application of RACFSTs.
Further work may be required to study the effects of the source
of RCA and its content of organic materials on the performance
of RACFST composite columns.

The effects of eccentricity ratio, slenderness ratio and the steel
to concrete area ratio on the behavior of RACFST columns are sim-
ilar to those on the static response of CFST columns. These obser-
vations in the tests encourage the use of RACFST in structural
engineering and the sustainable environmental benefits that
results.

The results of 57 columns and 7 beams with normal-strength
concrete in this study as well as the prior research were used to
evaluate applicability of current CFST design provisions for predict-
ing the behavior of RACFSTs. It is recommended that EC4 method
provides close prediction to all the available test results for RACFST
columns under combined loading and RACFST beams under bend-
ing with normal-strength concrete. This design recommendations
proposed in this study can be applied for RACFSTs when the aggre-
gates meet the requirements of Type II RCA in RILEM TC 121-DRG.
This study also highlighted the need to perform further tests on
RACFSTs with higher strength concrete to improve the reliability
of the proposed design recommendations.
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