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This paper examines the behaviour of circular steel tubes infilled with concrete incorporating recycled rubber
particles. The rubberised concrete-filled steel tubes are tested under lateral cyclic deformations with and without
co-existing axial loading. A detailed account of the cyclic tests on twelve specimens is provided together with
complementary material and section tests. The rubber replacement ratio is varied up to a relatively high value of
60%, under axial loads reaching up to 30% of the nominal capacity. Hollow steel members are also tested for
comparison purposes. The experimental results are discussed in detail with respect to the member stiffness,
capacity, ductility, energy dissipation and failure mechanisms. Although high rubber ratios lead to a considerable
loss in concrete strength, the test results show that the corresponding reduction in member capacity is much less
significant due to the contribution of the steel tube and the comparatively high confinement effects mobilised
within the rubberised concrete. In comparison with the members incorporating normal concrete, the rubberised
concrete members are found to exhibit up to about 10% and 17% increase in ductility and energy dissipation,
respectively, depending on the rubber content. Analytical treatments are then used to suggest simplified re-
lationships for predicting the stiffness, moment-axial strength interaction, plastic hinge length and local ductility
criteria. Overall, the test results demonstrate the favourable inelastic cyclic performance of circular steel tubes
infilled with rubberised concrete and provide valuable experimental data. The proposed expressions for key
response parameters also offer the basis for developing practical assessment and design methods.

reinforced concrete (RC) beams and columns with 18% rubber content
indicated member strength reductions of 6%-12% depending in the

1. Introduction

Used tyres pose significant waste management issues due to inade-
quate disposal methods and represent a hazard to human health and to
the environment [1,2]. An attractive solution is incorporating recycled
rubber in concrete, as a replacement for mineral aggregates, to obtain
rubberised concrete (RuC) [3]. Despite its potential benefits in terms of
ductility and energy absorption, the main drawback of incorporating
rubber particles in concrete is the inherently lower strength of RuC
compared to conventional concrete (CC) [4]. However, the relatively
low RuC strength can be offset by providing external confinement
which, combined with the high ductility and energy absorption of rub-
ber particles, can provide characteristics suitable for seismic design
applications [5].

Reinforced rubberised concrete (RRuC) members exhibit a reduction
in compressive strength but can provide an increase in energy dissipa-
tion by up to 150% in comparison with CC elements [6]. Tests on

reinforcement ratio, while the material strength was reduced by 31%
[7,8]. Cyclic tests on RRuC showed that although greater ductility is
obtained at relatively high rubber ratios, the loss in member capacity
becomes significant above 20% rubber content [9].

Previous studies have shown that RRuC members provided with
external confinement, through fibre reinforced polymer (FRP) sheets
and/or steel sections, offered relatively high levels of energy dissipation
and improved capacity [10-12]. Combined monotonic compression and
bending tests, up to 60% rubber ratio, showed that FRP confinement
provides improved capacity and higher rotation capacity compared with
RRuC with internal stirrup confinement [4,13]. This was also confirmed
by cyclic tests on FRP-confined RRuC up to 60% rubber ratio, which
showed a good balance between bending capacity and ductility
compared with RC members [14].

Compression tests on circular, square and rectangular RuC-filled
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sections with up to 15% rubber, showed that ductility increased by 40%
to 150% in proportion to the rubber ratio and as a function of the section
type [15,16]. Circular tubes allow higher confinement effects to develop
in the concrete core, in comparison with square or rectangular forms
[17,18]. Enhanced ductility and energy dissipation were also obtained
under axial compression, in single and double-skin square tubular
members filled using concrete with 30% replacement [19,20]. Eccentric
tests on RuCFST with 30% rubber ratio indicated improved bending
performance and ductility in RuCFSTs and superior capacity for circular
sections compared to square counterparts [21].

Combined monotonic axial and bending tests on rubberised concrete
filled steel tubes (RuCFSTs) with rubber ratios up to 60%, showed that
whilst the capacity is reduced with the increase in the rubber ratio, an
enhanced confinement action is obtained for high content RuC concrete
compared with CC materials [22]. Cyclic RuCFST cantilever tests with
up to 15% rubber content, indicated that 5% rubber gives the lowest
decrease, of 5%, in the cyclic strength and the highest increase in the
ductility, by 52% compared to CFST counterparts [23]. Square RuC-
filled tubes with up to 5% rubber had comparable cyclic behaviour to
conventional CFST members confirming the suitability of such RuCFST
as structural components [24].

Monotonic and cyclic tests on circular, square and rectangular
RuCFSTs with a rubber ratio of up to 15% showed that existing codes are
conservative in predicting the capacity of the tested specimens, while
the current cross-section slenderness limits could be relaxed [11,25].
Similar observations were made in other tests with low rubber ratios
[26]. For high rubber ratios up to 60%, codes tend to provide uncon-
servative estimates for the axial compression capacity of RuCFST and
relatively conservative predictions of the flexural capacity of RuCFST in
bending only [22].

Although some of the above studies assessed the general suitability of
RuCFST members in inelastic loading conditions, these were limited to
rubber ratios below 15% and axial load ratios below 20%
[11,24,25,27,28]. As noted above, tests under monotonic compression
and/or flexural loading showed a reliable structural performance for
rubber contents around and above 30% [21,22]. Provided adequate
assessment and quantification are carried out, it is expected that a
relatively high rubber content, beyond the values considered in previous
cyclic tests, would provide both a reliable structural performance as well
as an improved environmental solution. There is also a need for a
detailed evaluation of the underlying local failure mechanisms, which
involve intricate inelastic interactions between the steel and concrete
constituents. Moreover, as the rubberised concrete properties extend
beyond the scope of current code methods, they are unable to predict
reliably the strength of RuCFST, and expressions to quantify the main
inelastic design parameters for such members are lacking.

This paper examines the inelastic cyclic response of RuCFST mem-
bers incorporating rubber ratios as high as 60% of aggregate replace-
ment, and under axial loading reaching up to 30% of the cross-section
compression capacity. The test results provide a detailed insight into the
main response characteristics, including the stiffness, strength, ductility,
plastic hinge length, local buckling, and energy dissipation of RuCFST as
a function of rubber content and axial load. Analytical assessments are
carried out and simplified expressions are proposed for predicting the
key inelastic response parameters in support of practical assessment and
design approaches.

2. Experimental programme
2.1. Specimen details

As shown in Table 1, the cyclic test series included 12 hollow steel
(ST) and concrete-filled (CF) circular tubes, with varying volumetric
rubber ratios (py;) of 0, 0.3 and 0.6 (denoted R00, R30, R60), and three
different axial load ratios (referred to as ng, n; and ny) representing
about 0%, 15%, 30% of the estimated cross-section capacity. The axial

Journal of Constructional Steel Research 199 (2022) 107622

Table 1

Specimen details.
Specimen ID Size (D x L)) / t Pur n N (kN)

(mm x mm/mm)

STng 152 x 1200 / 2.8 - 0 4.8
STny 152 x 1200 / 2.8 - 0.15 66.8
STny 152 x 1200 / 2.8 - 0.30 134.8
CFROOngy 152 x 1195/ 2.8 0 0 7.1
CFR30no 152 x 1190 / 2.8 0.30 0.15 6.4
CFR60n,y 152 x 1217 / 2.8 0.60 0.30 8.0
CFROOn; 152 x 1195/ 2.8 0 0 288.4
CFR30n; 152 x 1200 / 2.8 0.30 0.15 136.9
CFR60n; 152 x 1200 / 2.8 0.60 0.30 102.5
CFROOny 152 x 1195/ 2.8 0 0 592.9
CFR30ny 152 x 1197 / 2.8 0.30 0.15 277.9
CFR60n, 152 x 1197 / 2.8 0.60 0.30 211.7

loads ng specimens had very small axial loads in actual tests, which were
imposed during the specimen installation to ensure appropriate posi-
tioning and loading. The specimens are labelled following the conven-
tion of specimen type (ST or CF), rubber content (R00, R30 or R60) and
applied co-existing axial load level (ng, n; or ny). All the specimens were
tested as vertical cantilever members with a nominal length of 1200
mm, with a cross-sectional outer diameter of 152 mm and a thickness of
2.8 mm. The diameter-to-thickness ratio of the tube specimens was
selected such that the steel could develop full yielding before the onset
of local buckling, as required in ductile seismic design. The length of the
specimens was also selected such that global instability would not occur
or influence the response. Clearly, situations in which the member ge-
ometry is such that elastic local buckling occurs, or global member
buckling affects the response, are beyond the scope of this study and
would require further experimental or numerical investigations. Also,
this study focuses on the behaviour of RuCFSTs with circular cross-
sections. Other shapes, such as those with rectangular cross-sections,
would have different confinement properties and would need further
investigation. Two additional steel plates of 10 mm thickness were
welded to the two ends of the specimens. The bottom end was closed
while the top end was open for concrete casting. Although geometrical
imperfections were not mapped, it was found in an ongoing comple-
mentary numerical study that, in this geometric range, imperfections do
not notably influence the response nor failure modes of these members
in bending-dominated cases.

2.2. Material properties

The concrete infill incorporated three different rubber content ratios,
referred to as R00, R30, R60, and corresponding to 0%, 30%, and 60%,
respectively, as a replacement of both fine and coarse mineral aggre-
gates by volume. The concrete mix proportions are given in Table 2. All
concrete mixes included 340 kg/m> CEM I 52.5R cement to BS EN 197-1
[29], and 85 kg/m3 fly ash Category N to BS EN 450-1 [30], with a

Table 2
Concrete mixes.

Component ROO R30 R60

Cement (kg) 340 340 340

Fly ash (kg) 85 85 85
Aggregates(kg)

—0-5 mm 820 574 328

—5-10 mm 1001 700.7 400.4

Rubber (kg)

—0-4.0 mm - 74.3 148.5
—4.0-10.0 mm - 16.5 33
—10-20.0 mm - 74.25 148.5

Admixture(l)

—(PL + SPL) 7.6 7.6 7.6

w/c 0.35 0.35 0.35

3

PL plasticizer, SPL super plasticizer, w/c water cement ratio.
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specific gravity (SG) of 3.10 and 2.33, respectively. Sand with a particle
size up to 5 mm, a moisture content of around 5% and SG of 2.65, as well
as gravel with a particle size of 5-10 mm, moisture content of 3% and SG
of 2.65, were used. A rubber blend consisting of particle sizes of 0-4 mm,
4-10 mm and 10-20 mm was added to replace both sand and gravel. The
rubber particles were obtained from two sources [31]. Rubber aggre-
gates up to 10 mm in diameter, were produced from car tyre recycling.
The larger rubber particles were produced from truck or bus tyre recy-
cling, with typically higher density than car tyre particles. All rubber
particles were reported to have 25% content of carbon black, polymers
in the range of 40-55%, whereas the remaining constituents are soft-
eners and fillers. The specific gravity of rubber was 1.1, whereas the
water absorption 7.1% for 4-10 mm particles and 1.05 for 10-20 mm
particles.

Using a 250-1 mixer, a dry mix of sand and gravel was firstly mixed
for 1 min, which was followed by the rubber blend and the binders and
mixed for 3-5 min until homogenous. The dry constituents were then
mixed with half of the water for another 2-3 min. Finally, the remaining
water and admixtures were added in the container and mixed for up to
another 5 min, until a wet homogenous mixture was obtained. The fresh
concrete was either poured in cubic and cylindrical forms, or in the
circular steel tubes. The concrete in the forms was compacted on a
vibrating table, whilst a concrete poker was employed for the tubes to
remove entrapped air bubbles.

Standard tensile coupon tests were carried out to determine the
stress—strain characteristics of steel from the tubes, which were all from
the same batch. Based on the average of at least three coupons, the 0.2%
steel proof yield strength f; was 295 MPa, the ultimate steel strength f,
was 395 MPa, the ultimate strain ¢, was 0.18. On the other hand, for
concrete, the compressive strength from cylinders (f,.) and cubes (fr,
cube), at 28 days and on the testing day, are listed in Table 3. The con-
crete with the same rubber ratios used identical mixes, and the average
values of at least 9 material tests (cubes and cylinders respectively) are
given in Table 3. The standard deviations in all cases were less than 5%.
The typical stress-strain curves for concrete in compression and steel in
tension are depicted in Fig. 1. The material properties were similar to
those obtained in previous studies [22,31]. The elastic modulus and
compressive strength reduce as the rubber ratio increases, while the
post-peak ductility is enhanced.

In addition to the material characterization tests on steel and con-
crete, complementary stub-column tests were undertaken to evaluate
the actual composite cross-sectional axial compressive capacity. The
results of CFST stub columns of 300 mm as well as 600 mm length, using
the same concrete employed in the cyclic test specimens, are given in
Table 4. As shown in the table, the short specimens referred to by S (i.e.
L./D =~ 2), and the longer specimens denoted with L (i.e. L./D ~ 4) had
virtually the same axial capacity. The results of the axially loaded
specimens are similar to those obtained in previous studies [22].

2.3. Testing arrangement and instrumentation

The cyclic tests were carried out on cantilever specimens subjected to
a combination of a constant vertical load and gradually increasing

Table 3
Concrete properties from material tests.

Concrete type Concrete strength

at 28 days at testing
fre fre,cube fre fre,cube
(MPa) (MPa) (MPa) (MPa)
CFROOng o 69.6 81.5 81.4 91.7
CFR30ng_» 18.2 33.2 18.9 34.8
CFR60ng o 5.8 8.1 6.6 10.7

* frc refers to normal concrete if rubber ratio is 0.
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lateral cyclic displacements, as shown in the setup in Fig. 2. The lateral
cyclic displacements were applied using a horizontally placed hydraulic
actuator with a capacity of 250 kN and a stroke of +125 mm stroke,
while the vertical load was applied using a 500 kN actuator. Load cells
were directly mounted on both actuators, and out-of-plane restraints
were employed. The base plate of the test specimen was bolted to a very
stiff foundation plate (600x600x50 mm) at the base, hence ensuring
fixed-end cantilever boundary conditions.

An arrangement of hinges was used at both ends of the actuators as
shown in Fig. 2. For the vertical actuator, the distance between the two
hinges was 1443 mm, leading to a maximum rotation 6 up to 0.08 rad.
While the actuator load N was kept constant through the test, the change
(1-cos 0) in vertical load at the maximum rotation of the loading beam
would be less than 0.32%. Therefore, the axial load in the vertical di-
rection remains virtually constant. However, the horizontal component,
which is more significant, is accounted for when determining the lateral
loading, as discussed in the next section.

After applying and maintaining the constant vertical load (N), the
lateral cyclic displacement histories were applied following the widely-
adopted ECCS [32] procedure. Based on an estimated yield displacement
8y of 8.0 mm, one cycle was applied at 0.258y, 0.505y, 0.756y, 1.05y,
followed by three full cycles at each displacement level of (2n + 2)8y
(with n = 0,1,2,3,4...) until failure occurred or the horizontal actuator
stroke was reached. The displacements were applied at a control rate of
about 0.2 mm/min on average.

As shown in Fig. 3, strain gauges were placed within the bottom 250
mm length of the specimen at the outmost fibres on both sides along the
loading direction. The lateral and vertical displacements were measured
using LVDTs and string pots, and the rotations were monitored using
seven inclinometers attached to the specimens and hydraulic jacks.
Importantly, in addition, a Digital Image Correlation (DIC) system was
employed to measure the detailed local deformations and strains within
the expected plastic hinge zone of the specimens.

3. Test results and observations
3.1. Member behaviour

With reference to the experimental set-up in Fig. 2 as well as the force
diagram shown in Fig. 4, and accounting for the 2nd order P-A effect, the
overall moment M at the fixed end of the specimen can be determined as:

M = N(L. + Ly + L)sinf + V4L, €})

where N is the axial force, L. is the length of the member, Lq is the
distance between the member top and the lower vertical hinge, L; is the
distance between the two vertical hinges, 6 is the rotation, and Vj is the
applied horizontal force from the lateral actuator.

The second order P-A moment (Mp.,), can also be represented as:

Mp_5 = N.cosd ~ N§, 2

where §¢ is horizontal displacement at the top the of the specimen.

Accordingly, the overall horizontal force, which represents the
effective lateral seismic load Vy applied at the top of the member, may
be determined as:

_M—Mp

N(L. + L, sinf — N6
Vi = ~ Vot (Le + Ly + Ly)sin

L. L. &)

Using the above equations, the fixed end moment M and equivalent
seismic force Vy are plotted against the specimen horizonal displace-
ment §¢ in Fig. 5 and Fig. 6, respectively. Since all specimens had a
length of 1200 mm, the drift ratio could be directly determined as 5./
1200. On the other hand, Fig. 7 and Fig. 8 show views of the plastic
hinge regions of the hollow steel (ST) and concrete-infilled (CF) speci-
mens, respectively, after the tests, while Fig. 9 shows the infill concrete
after careful removal of the steel tubes following the tests.
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Fig. 1. Stress-strain response from material tests.

Table 4

Axial loaded stub column tests.
Specimen ID Size (D x L) / t Pur fre N (kN)

(mm x mm/mm)

CFROOS 152 x 300/ 2.8 0 81.4 1944
CFR30S 152 x 300 / 2.8 0.30 18.9 856
CFR60S 152 x 300/ 2.8 0.60 6.6 597
CFROOL 152 x 600 / 2.8 0 81.4 1929
CFR30L 152 x 600 / 2.8 0.30 18.9 866
CFR60L 152 x 600 / 2.8 0.60 6.6 551

By examining the cyclic moment behaviour in Fig. 5 (which captures
the overall member response without the second order-related lateral
load reduction present in Fig. 6), it is evident that the three hollow (ST)
specimens generally exhibited poor hysteretic performance compared to
the infilled (CF) members. Even without axial loading, the cyclic
degradation was severe in the ST members due to the early onset of local
buckling. In contrast, the presence of the concrete infill in the CF spec-
imens led to a significant delay in the initiation of local buckling,
resulting in a more stable hysteretic behaviour. More detailed discus-
sions of the local buckling effects in the ST and CF members are provided
in Section 3.2 below.

Comparing the moment response of the nine CF members in Fig. 5, it
is shown that the ROO (normal concrete infill) specimens had relatively
more pinching in the cyclic response compared to the rubberised

Laterall
Actuator

concrete (R30 and R60) specimens, which was more pronounced under
high axial loading. These cyclic deterioration effects have a direct in-
fluence on the energy dissipation capacity of the member, as discussed in
more detail in Section 4 below.

The typical failure patterns of the CF specimens, shown in Fig. 8 and
Fig. 9, involved outward local buckling at the base, followed by fracture
after a few additional cycles. The rubberised concrete appeared to be as
effective as the normal concrete in delaying local buckling within the
expected plastic hinge region. As expected, when a high axial load was
applied, the extent of the concrete damaged areas was larger.

In order to provide a more direct comparison between the behaviour
of various specimens, the envelopes of the cyclic responses are combined
in Fig. 10 which illustrates the influence of the axial load, and Fig. 11
which illustrates the influence of the rubber content. Clearly, the
moment or lateral load capacity is a function of axial load as well as the
reduction in concrete strength, depending on the strength interaction
characteristics, which will be discussed in detail in Section 4. The figures
also show that the axial load and the rubber content have an influence
on the member stiffness as well as the post-peak ductility characteristics,
as discussed further in subsequent sections.

3.2. Main response parameters

The key response parameters for the 12 cyclic tests are summarized
in Table 5. The first of these is the member stiffness kies. Using the
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Fig. 2. Cyclic test setup: (a) view of test rig, (b) schematic of testing arrangement.
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procedure adopted in previous studies on CFST members [33,34], this is
considered herein as the secant stiffness at 40% of the peak moment. As
shown in Table 5 as well as in Fig. 10 and Fig. 11, the member stiffness
generally increased with axial loads and decreased with higher rubber
contents. For CF members, on average, the stiffness increased by 17.3%
from ngy to nj, and by 20.6% from ny to ny. On the other hand, the
stiffness decreased by 12.1% from ROO to R30, and by 29.3% from R00
to R60.

Although several methods can be used for estimating the yield point
in various composite members [35], it is assumed herein to correspond
to the intersection between the secant stiffness, as described above, and
horizontal line at the peak capacity of the response envelope. Using this
procedure, the derived yield displacement &y as well as the corre-
sponding load Vy and moment My are listed in Table 5.

For the member capacity, Vpeak and Mpeak in Table 5 refer to the
maximum load and maximum moment in the envelope curves, while
Svpeak and JSypeak are the corresponding displacements, respectively.
Mpeax decreased by 12.8%, 20.1%, 27.2% from ROO to R30 for each axial
load level (i.e. for ngy, nj, ny, respectively), and by 22.3%, 33.6%, 38.9%
from ROO to R60. On the other hand, Ve decreased by 12.1%, 10.1%,
15.9% from ROO to R30 for each axial load level, and by 21.9%, 25.7%,
30.1% from ROO to R60. From ROO to R30, the loss in capacity was not

severe since the enhanced confinement counterbalanced the loss in
concrete strength. From R0O to R60, although confinement was signif-
icant, the loss in strength was more pronounced. In all CF cases, the peak
capacity was typically reached due to the combined effect of steel
yielding followed by concrete degradation.

For the purpose of assessing the comparative member ductility, the
ultimate displacement §, was assumed as corresponding to a 15%
reduction in the peak moment. As shown in Table 5, the yield, peak, and
ultimate displacements generally decreased with higher axial loads. For
the ultimate displacements, the R30 specimens had larger values
compared to R0O0O (9.3% higher on average), while the R60 specimens
had similar ultimate displacements compared with R00. Although an
increase in rubber content increases the ductility of concrete materials, a
significant reduction in the strength of the infill concrete may have some
detrimental effects on the restraint provided to the local stability of the
steel tube. This may explain the slightly higher ductility observed for
R30 specimens compared to the R60 counterparts.

Table 5 also gives the values of the ductility index y, considered
herein as:

p=de @

This index can also be used for assessing the member ductility in
terms of the ratio between the ultimate and yield displacements. It in-
dicates broadly similar trends to &, although these are affected by the
variation in yield displacement. Overall, all the CF specimens had good
ductility with p larger than 6.0. As shown in Table 5, the drift ratios A, of
the CF specimens were 5.5%-9.2%, compared to 3.0%-4.6% for the
hollow steel specimens, indicating a highly ductile response.

Table 5 also depicts the displacement at the onset of local buckling,
Sbuckle,pic, estimated from the development of compressive strains ob-
tained from DIC gauges crossing the buckling area (see Fig. 12), noting
that a further detailed assessment of this effect is given in Section 4.4.
The derived displacements were cross-checked against close visual
observation of the continuous DIC images. In general, for the CF speci-
mens, local buckling occurred broadly at a displacement of 50-70 mm,
with Spuckle,pic decreasing with the increase in axial load. For all mem-
bers, local buckling occurred well into the inelastic range after the peak
capacity was reached. Compared with ST members, local buckling in CF
members occurred at significantly higher displacement levels leading to
enhanced ductility.

Following local buckling, strain concentration and low cycle fatigue
within the plastic hinge region typically lead to fracture of the steel tube
in subsequent cycles. The displacement levels &g, at which fracture was
observed in the tests are also given in Table 5. The fracture
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Fig. 5. Moment (M) versus displacement (8.) response.

displacements for all CF members were between 96 and 120 mm, noting
that for the CFng specimens &g, Was similar to 5, as no notable degra-
dation occurred in the response. Based on the test data, the fracture
occurred at a displacement typically larger than 1.5 times the
displacement corresponding to local buckling.

Based on discussions presented above in this section, analytical as-
sessments and comparisons are carried out below in the following sec-
tion in order to enable prediction of the key response parameters.

4. Analytical assessments
4.1. Member stiffness

Simple analytical approaches for predicting the member stiffness are
considered herein, and their results are compared with the experimental
stiffness kg reported in Section 3.2 above. For a cantilever member, the
theoretical stiffness is 3EI/L§, where EI is the sectional bending stiffness
and L. is the member length. Design procedures typically determine the
sectional bending stiffness as:
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Fig. 6. Lateral load (Vy) versus displacement (3.) response.

El = E +ﬁcEcIc

where E; and E, are the elastic moduli for steel and concrete, respec-
tively, while I; and I. are the second area moments for the steel and
concrete sections, respectively, whilst f. is a reduction factor consid-
ering concrete cracking which differs depending on the code. The value
of . is 1.0 in BS5400 [36], 0.8 in AISC [37], 0.6 in Eurocode 4 [38], and
0.2 in ALJ [39] and ACI 318 [40]. Based on previous material tests on

)

e\ 2
E.. = 12000 (E) 3

£\
E. =22 =~
e 000(10)

RuC [31], it was found that these codified E. expressions for normal

concrete cannot be used for RuC. Instead, for RuC, the following

Lateral load (kN)
(=]

-60 0 60
Displacement (mm)

120

(a2) STn,

-120 -60 0 60
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120

(b2) CFROOn,

-120 -60

0 60 120
Displacement (mm)

(¢2) CFR30m,

-60 0 60
Displacement (mm)

(d2) CFR60n,

120

expression is adopted herein [31]:

(6)

while for normal concrete, the Eurocode 4 [38] expression is adopted:

)

The member stiffness obtained based on Eq. (5) above is shown in



A.Y. Elghazouli et al.

SThy: front STnp: side

STn,: front STny: side

Fig. 7. Local buckling and fracture of the ST specimens at final states.

CFR30ny: front CFR30ny: side

CFR30my: front CFR30m: side

CFROOmn,: front CFROOm,: side

Fig. 8. Local buckling and fracture of the CF specimens at final states.

Table 6. It is found that a f. value of 0.6, as suggested by Eurocode 4
[38], provides a close prediction, within less than 10% compared to the
test results for specimens without axial loading. However, this difference
increases for members subjected to axial loading as its influence is not
captured within the above expressions. Accordingly, based on the test
results, the following equations are proposed for considering the axial
load ratio v, to obtain a modified member stiffness (kp):

ky = kEC4(1 + 0.15v2‘3) for normal concrete 8)

ky = kEC4(1 + 0.40v2‘3) for rubberised concrete (©)]

In this study, ng, n;, ny refer to nominal axial load ratios v, of 0.0,
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Fig. 9. Infill concrete inside the CF specimens at final states.

0.15, 0.3, respectively. The proposed equations offer a better prediction
with an average of 0.99 and a standard deviation of 0.06, compared to
the Eurocode 4 predictions, which give an average of 1.13 and a stan-
dard deviation of 0.13. Hence Egs. (8) and (9) provide a more reliable
prediction, within the test data ranges considered herein.

4.2. Strength interaction

4.2.1. Design approaches

Bending-axial (M-N) strength interaction representations are typi-
cally used for design. In Eurocode 4 [38,41], the strength interaction of
composite sections is based on ideal plasticity. This assumes that at peak
capacity, the constituent materials all reach their maximum strength
and have perfectly plastic behaviour. For steel, the yield strength is
maintained in both compression and tension whereas, for concrete, the
compressive strength f. is reached while tensile strength is ignored.
Based on these assumptions, four characteristic points A, B, C, D on the
M-N interaction curve, illustrated in Fig. 13, could be evaluated as
follows:

s
Noir = 1fiAs + (1 +’7c5 ﬁ)chc (10$)
Npm.R :f;:Ac (11)
e Whe
Mmax.R =fsts +f 2P (12)
c W, c T Wc,n
Mp].R =fs(Wps - Wps,n) +M 13)

where Ny r is the pure axial compression capacity (Point A); Npm g is the
compression capacity at Point B corresponding to the neutral axis
location B—B in Fig. 13; Mpaxr is the maximum moment at Point D
corresponding to neutral axis location D-D; My r is the pure bending
moment at Point B and C (B—B and C—C); #s and 7. are factors for steel
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Fig. 10. Comparisons of envelope responses for different axial load levels.
and concrete considering the confinement effect in pure axial sections of the steel tube and concrete core, respectively; Wy, and
compression, with 7, = 0.25(3 + 24) and 5. = 4.9-18.5 A + 1742, where 1 Wyen are the plastic section moduli for the steel tube and the concrete
is the nondimensional relative slenderness [38]; A. is the area of con- core within Region 2 in Fig. 13; hy, is the distance between characteristic
crete; Wps and Wy, are the plastic section moduli for the whole cross- axes in Fig. 13. By connecting the four points, a tri-linear M-N curve
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Fig. 11. Comparisons of envelope responses for different configurations.

Table 5
Characteristic parameters for all the cyclic test specimens.
D fre N Krest My Mpeax Vy Vpeak Sy Svpeak OMpeak Obuckle,DIC Sy Au Ofrac u
(MPa) (kN) (kN/ (kN-m) (kN-m) (kN) (kN) (mm) (mm) (mm) (mm) (mm) (%) (mm)
mm)
STngy - 4.8 1.34 19.0 23.6 15.8 19.6 14.7 42.7 42.7 43.7 54.9 4.6 112 3.74
STm - 66.8 1.44 14.8 21.0 11.7 16.0 111 26.6 29.0 29.4 36.6 3.1 64 3.30
STny - 134.8 1.64 14.7 20.3 11.3 15.3 9.5 15.9 25.3 22.2 35.6 3.0 - 3.74
CFROOn, 81.4 7.1 2.10 23.8 34.8 19.7 28.5 13.9 71.7 71.7 63.6 95.5 8.0 96 6.88
CFROOn; 81.4 288.4 2.38 27.5 40.6 20.3 25.7 10.8 29.8 47.3 52.2 85.1 7.1 120 7.87
CFROOn, 81.4 592.9 2.56 28.3 42.7 18.9 24.3 9.6 20.3 35.6 48.8 69.1 5.8 - 7.20
CFR30ng 18.9 6.4 1.82 22.3 30.3 18.5 25.0 13.8 56.0 56.0 59.0 110.5 9.2 112 8.00
CFR30n; 18.9 136.9 2.10 23.6 32.5 18.4 23.1 11.0 27.6 46.3 53.3 99.9 8.3 112 9.09
CFR30n, 18.9 277.9 2.27 22.6 31.1 16.7 20.5 9.1 19.1 30.3 50.9 65.6 5.5 112 7.23
CFR60n, 6.6 8.0 1.47 20.6 27.1 17.2 22.2 15.2 55.6 55.6 69.8 91.4 7.6 96 6.03
CFR60n; 6.6 102.5 1.80 20.2 26.9 15.9 19.1 10.7 24.4 47.4 54.1 73.6 6.1 96 6.87
CFR60n, 6.6 211.7 1.69 18.1 26.1 13.3 17.0 10.2 24.3 32.2 51.0 81.8 6.8 96 8.05

Note: the parameters were calculated as the average of the positive branch and negative branch.

10
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(a)

Fig. 12. Typical DIC axial strain results: (a) plots at different displacements; (b)
virtual gauge crossing the buckling area.

could be derived as shown in Fig. 13.

The resulting interaction curves for the three different CF cross-
sections used in the tests are depicted in Fig. 14 together with the test
results. Note that in Egs. (10)-(13) only Np)r accounts for confinement,
hence at Point A this effect is fully considered. In contrast, for Branch A-
C, the confinement effect is partially considered, and is totally dis-
regarded for Branch C-D-B of the interaction curve. The assumption of

Journal of Constructional Steel Research 199 (2022) 107622

considering confinement effects only under significant axial loading is
typically in agreement with the results of composite members incorpo-
rating normal concrete materials [42,43]. As noted above, the Eurocode
4 approach involves several idealisations and limitations [38,41],
including those related to full plastic stress distribution and simplified
consideration of confinement. Additionally, the code design expressions
were validated on a database which does not cover material strength
ranges for rubberised concrete.

4.2.2. Sectional analysis

To estimate the adequacy of the codified design expressions, the
strength interaction curve for the configurations investigated in this
paper was also estimated analytically through fibre-based section
analysis incorporating characteristic uniaxial stress-strain responses for
steel and concrete. The general form of the widely-used concrete
confinement model proposed by Mander et al. [44] was employed. Ac-
cording to the model, the increased strain at critical state e..; could be
assumed as:

Ecel = Ecl {14—5(%—1)} 14)

where ¢¢ is the critical strain of the unconfined concrete, based on
Eurocode 2 [45] for normal concrete, and using the approach suggested
by Bompa et al. [31] for rubberised concrete; f. is the unconfined
strength based on the material tests; f.. is the confined concrete strength,
which was considered based on the confinement factor from Eurocode 4
[38] as in Eq. (10). For rubberised concrete, a modification factor was
considered based on previous studies on axially-loaded RuCFST mem-
bers [22] as follows:

Aee = 1—=0.4p,, (15)
Jee ( tﬂ)

— = Jree | 1 =y 16
T +7 D, (16)

4.2.3. Modified expressions

The M-N strength interactions presented in Fig. 14 compare the
curves from the Eurocode 4 approach [38,41] and the sectional analysis
described above, against the test results obtained in this study. The re-
sults from the sectional analysis without steel hardening are shown since
it had an insignificant influence on the member capacity. As shown in
Fig. 14, for normal concrete, Eurocode 4 and sectional analysis provides
similar results, and the predictions are conservative with respect to the
test results. For rubberised concrete, the sectional analysis gives similar
results as Eurocode 4 for bending, but provide lower compression ca-
pacity predictions for axial-loaded cases, which deviate proportionally
from the code with the increase in rubber contents. For both the normal
and rubberised concrete infilled members, the predicted capacities are
notably more conservative than the test results in the bending region,
particularly when compared with monotonic test results [22]. These
differences become larger with the increase in rubber content. Although

Table 6
Stiffness characteristics.

D fo fre (MPa) E, Erc (MPa) EI (MN-m?) Kiest (KN/mm) keca (KN/mm) kest/kica kp (kN/mm) keest/kp
CFROOng, 81.4 41,268 1.29 2.10 2.24 0.94 2.24 0.94
CFROOn; 81.4 41,268 1.29 2.38 2.24 1.06 2.43 0.98
CFROOny 81.4 41,268 1.29 2.56 2.24 1.14 2.47 1.04
CFR30ng 189 18,348 0.98 1.82 1.70 1.07 1.70 1.07
CFR30m, 18.9 18,348 0.98 2.10 1.70 1.24 2.08 1.01
CFR30n, 189 18,348 0.98 2.27 1.70 1.34 2.17 1.04
CFR60n, 6.6 9095 0.85 1.47 1.48 0.99 1.48 0.99
CFR60m, 6.6 9095 0.85 1.80 1.48 1.22 1.82 0.99
CFR60n, 6.6 9095 0.85 1.69 1.48 1.14 1.89 0.90

AVE. 1.13 AVE. 0.99
STD. 0.13 STD. 0.06
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Fig. 14. Bending-axial interaction curves for CF members.

hardening has an insignificant influence in the case of monotonic
loading, its effect becomes more pronounced under repeated cyclic
loading. The increase in rubber content also has a positive influence on
cyclic hardening as it enhances confinement and decreases concrete
degradation.

Considering these differences between predictions and tests, Egs.
(10)-(13) are modified using rubber content dependent factors as fol-
lows, where A is adopted for the axial loading and y;. for the bending
region.

tJs
Np],R,RuC = ﬂgfsAs +/1rcc (1 + N~ f_>pr1, (17)
D f.
mec.R,RuC = yrchmux.R (18)
Mpl.R,RuC = yrchpl,R (19)

The above equations expand the bending region of the M-N curve
and reduce the pure axial capacity for the rubberised concrete case, yet
reverts to the normal concrete case if pvr = 0. The results of the proposed
method compared with the Eurocode 4 predictions are shown in Fig. 15.
It is evident that by applying the proposed modifications, Egs. (17)-(20)
offer significantly improved predictions for both the bending and
compression capacities of RuCFST cases. Note that yrcc is a factor ac-
counting for cyclic hardening, which can be conservatively assumed as
unity in design.

4.3. Plastic hinge length

The extent of the plastic hinge is important in evaluating the ductility
of members as well as for detailing purposes. To this end, the DIC data

2000 1000 800
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Fig. 15. Modified bending-axial interaction curves for CF members.
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was used to assess the plastic hinge length (L, test) from the experimental
results. The strain gauge measurements, which only covered specific
locations in the test specimens, were used for checking the consistency
of the information at these positions.

The plastic hinge length Lj, ¢, for a cantilever member can also be
estimated theoretically [46], as follows:

M
LILcal = (1 _M z >Lc
peak

Based on the DIC data, the strain distributions at both sides around
the fixed end of typical CF members are illustrated in Fig. 16, from the
start of loading up to the peak moment. The legend indicates corre-
sponding displacement levels in mm. Only typical strain distribution
patterns are shown for brevity since others are similar. The plastic hinge
lengths obtained from the test data at the peak moment (average yield
region length of both sides) are summarized in Table 7, together with the
predictions from Eq. (21) above. The comparison indicates that Eq. (21),
alongside the definition of yield and ultimate moments adopted in this
study, provides a close estimate of the plastic hinge length. Note that the
plastic hinge length typically increases slightly with the level of co-
existing axial loading, but the values were largely within the range of
2.0-2.5D. For simplicity, an overall average value of 2.25D could be
reasonably adopted as indicated in Table 7.

(21)

4.4. Ultimate criteria

As discussed in Section 3.2 above, local tube buckling occurred in the
cyclic tests at large lateral deformations and was typically followed by
fracture due to low cycle fatigue. This section examines simple analyt-
ical approaches for predicting the onset of local buckling. Available
expressions for estimating the critical inelastic buckling strain for CFST
sections are firstly reviewed and compared with the results obtained
from the tests. The sectional analysis discussed in Section 4.2 above is
also used in the comparative assessment and for developing a simplified
approach for predicting the displacement corresponding to the onset of
local buckling.

4.4.1. Critical strains

The critical strain, corresponding to the onset of local buckling, can
be assessed using Egs. (22)-(23), by adapting the theoretical buckling
stress relationships as reported in previous studies [35]. In the equa-
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Table 7
Plastic hinge length.
ID My Mpeak Lp_test Lp_cal Lp_test/ Lp»test/
(kN-m) (kN-m) (mm) (mm) Ly cal 2.25D
CFROOng 23.8 34.8 329 380 0.87 0.96
CFROOny 27.5 40.6 408 386 1.06 1.19
CFROOny 28.3 42.7 324 406 0.80 0.95
CFR30ng 22.3 30.3 299 317 0.94 0.87
CFR30n; 23.6 325 322 328 0.98 0.94
CFR30ny 22.6 31.1 339 329 1.03 0.99
CFR60n,y 20.6 27.1 309 287 1.08 0.90
CFR60n; 20.2 26.9 325 302 1.08 0.95
CFR60n, 18.1 26.1 401 370 1.08 1.17
AVE. 0.99 0.99
STD. 0.10 0.11

Egs. (22)-(23) indicate that the critical buckling strain of CFST is V3
times that of the corresponding hollow steel section. For the specimens
tested in this study, the above equations give buckling strains of 2.22%
and 3.86% for the hollow steel and CF specimens, respectively. Based on
the DIC strain data, the corresponding lateral displacements when the
extreme fibre reached the critical buckling strain is shown in Table 8.

4.4.2. Drift levels

As discussed in Section 4.3, a linear curvature distribution can be
assumed along the plastic hinge length of 2.25D from the fixed end,
whilst the curvature above this region is comparatively small and can be
neglected. Based on these assumptions, the lateral drift A of the canti-
lever beam could be calculated as a function of the fixed end curvature
¢. Using Eq. (24) and assuming ideal plasticity for both steel and con-
crete (with confined f. from Eq. (16)), the drift corresponding to local
buckling could be theoretically derived. As shown in Fig. 17, the equi-
librium condition in the cross-section is given by Eq. (25), in which N is
the axial force considering compression as positive, and Hy, is the neutral
axis depth (distance from bottom fibre) which can be evaluated using
Eq. (26).

Based on the critical buckling strain &, (Eq. (27)), the drift could be
estimated from Eq. (28). Accordingly, the drifts Acgst or Ayg can be
determined from Egs. (29) and (30), respectively. Note that, for a hollow
steel tube, Eq. (30) was derived by considering f.. = 0 and dividing by

V3.

?
tions, &, is the critical buckling strain, ¢y is the yield strain, f; is the yield Ag) = 5'2'25D = L125D-¢ 24
stress, and v is Poison’s ratio. For hollow steel circular tubes and CFST,
the critical buckling strains (e.,us and ecr crst, respectively) could be ) b »
obtained from classical energy theory [47]. N=fe <§ —t) arccos H, ; 2 | f.Dt | & — 2arccos H, ; 2 (25)
2 2
2E 1 gy
Eer, T " (22)
S A0 df,
2E t ey
er,CFST = T 23
Ecr,CFST m a7, (23)
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Fig. 16. Typical strain distributions at fixed end based on DIC data (legends: displacement levels in mm).
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Table 8
Displacement corresponding to local buckling initiation.
D fre (MPa) N (kN) Sbuckle,p1 (Mm) Sbuckle,a (mm) Sbuckle,r (Mm) Sbuckle,rp (Mm) Sbuckle,rp (MM) Comparison
TD/A TP/DIC
STngy - 4.8 43.7 53 59 - - - -
STny - 66.8 29.4 43 48 - - - -
STny - 134.8 22.2 37 40 - - - -
CFROOn, 81.4 7.1 63.6 180 746 166 62 0.92 0.97
CFROOn; 81.4 288.4 52.2 101 270 98 51 0.97 0.97
CFROOny 81.4 592.9 48.8 70 139 70 47 0.99 0.96
CFR30n, 18.9 6.4 59.0 120 230 123 62 1.03 1.05
CFR30n; 189 136.9 53.3 86 139 89 53 1.04 1.00
CFR30n, 18.9 277.9 50.9 66 95 71 49 1.08 0.97
CFR60n,y 6.6 8.0 69.8 108 164 98 63 0.91 0.90
CFR60n; 6.6 102.5 54.1 84 115 80 54 0.95 1.00
CFR60n, 6.6 211.7 51.0 66 85 68 48 1.03 0.95
AVE. 0.99 0.97
STD. 0.06 0.04

Note: all buckling displacements are based on critical buckling strain, with subscript DIC=DIC strain, A = sectional analysis, T = theoretical analysis, TD = theoretical
analysis considering modification for concrete degradation, TP = proposed theoretical method considering both concrete degradation and cyclic loading.

Neutral

S

Compression

Fig. 17. Section analysis on neutral axis.

N + f.Dt.
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Using Eq. (24), while considering concrete degradation and steel
hardening, the buckling displacements based on monotonic section
analysis are shown in Table 8 and denoted as Spyckie, A Evidently, the
monotonic buckling displacement is significantly larger than the cyclic
counterpart, as expected, due to the significant strain accumulation that
occurs under repeated cyclic loading. In the sectional analysis, CFR30
and CFR60 also have similar buckling displacement values as they have
comparable confined strengths based on Eq. (16). Moreover, CFR0On,
has a larger buckling displacement since it has a higher concrete
strength and neutral axis position. However, when the axial load in-
creases, CFROOn; and CFROOn;, exhibit similar buckling displacements
as for CFR30 and CFR60 since the neutral axis locations are comparable
for the same axial load levels.

The predicted buckling displacements using Egs. (29) and (30) are
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given in Table 8. It is shown that the buckling displacement decreases
with the increase in axial load or concrete strength. Similar trends are
observed between the theoretical results and sectional analyses. For
CFST, the theoretical values are larger than the analytical predictions
mainly due to the disregard of concrete strength post-peak degradation.
This difference reduces with the increase in axial loads and decrease in
concrete strength. For the purpose of this assessment, an empirical
reduction factor &p could be considered based on these trends in order to
modify the theoretical results for consistency with sectional analyses, as
follows:

Acrstp = EpAcrst (31)

&b = 0.65 — 0.005f,; + (0.0035f,c +0.64)v, (32)

Furthermore, to consider the difference between monotonic and
cyclic loading histories, another reduction factor y is also proposed as
follows:

(33)

Acrstp = YcépAckst

Ze = (0.45—1.25V)p, +v, +0.37 > v, +0.37 (34)

The modified theoretical results for CFST, adjusted using the pro-
posed reduction factors to account for the influence of concrete degra-
dation and cyclic loading, are shown in Table 8, and denoted as Spycke,
D, and Spyckle, TP, respectively. Comparing the results from Eq. (31) and
the sectional analysis (both monotonic), the average ratio is 0.99 with a
standard deviation of 0.06; comparing the results from Eq. (33) and the
test results (both considered as cyclic), the average ratio is 0.97 with a
standard deviation 0.04. The comparisons indicate that the proposed
equations can be adopted to provide a reasonable and conservative
prediction of the buckling displacements for the test specimens. None-
theless, it clearly needs to be further validated and calibrated against a
larger database of experimental results supported by detailed monotonic
and cyclic numerical parametric assessments.

4.5. Energy dissipation

To evaluate the energy dissipation from the cyclic test results, the
area of each loop at different displacement levels was calculated based
on the lateral load versus displacement (Vy-§.) responses shown in
Fig. 6. The energy determined based on Vy-6¢ response is equivalent to
that dissipated by the specimen. Fig. 18 depicts the energy of the first
and third loops at different displacement levels for different specimens,
up to relevant drift levels of about 5%. To permit meaningful nondi-
mensional comparisons, the energy is normalized by the plastic moment
capacity of the cross-section. The first and third loop results are shown in



A.Y. Elghazouli et al.

Journal of Constructional Steel Research 199 (2022) 107622

0.22
0.2 |} —@—RO00nl Ist
. —&— R30n1 Ist
o0 —— R60n1 st
g 0.15 | --e - ROOnl 3rd
; - -# - R30nl 3rd
S - — - R60nl 3rd
S o1 f
e
e
g
z 0.05
O 1
0 20 40 60
Displacement (mm)
(b) m

0.22
0.2 |} —@— R0OO0nO Ist
. —&— R30n0 1st
o0 —— R60n0 st
g 0.15 |- - - ROONO 3rd
g - -8 - R30n0 3rd
'E o1 - -~ = R60n0 3rd
=
£
s
z 0.05
0
0 20 40 60
Displacement (mm)
(a) no
0.22
0.2 +—@—R00n2 Ist
o —&— R30n2 Ist
o —— R60n2 1st
2 0.15 | --e - ROON2 3rd
it - @ - R30n2 3rd
.E‘ o1 | - —* - R60n2 3rd
= 0
£
S
2 0.05
0

0 20

40
Displacement (mm)

60

(c) n2

Fig. 18. Comparisons of normalized energy dissipation for members with different infill materials.

solid and dashed lines, respectively. The average cyclic energy degra-
dation values are also summarized in Table 9.

As shown in Fig. 18, the normalized energy dissipation increased
with the rubber ratio for all axial load levels. The influence of the rubber
ratio on the normalized energy dissipation decreased with the increase
in the axial load level. At a drift of 5.3%, for ng axial load, the normalized
energy of R30 was 10.2% higher than RO0 while R60 was 16.9% higher
than ROO; these values were respectively 8.8% and 11.3% for n; cases;
and 4.5% and 7.2% for n, cases.

Fig. 18 and Table 9 also indicate that with the increase in axial load
the energy dissipation increased while the cyclic degradation decreased.
With the range of rubberised concrete-filled tube specimens tested
herein, this increase in energy dissipation is attributed to the more
pronounced enhancement in confinement with higher axial loads
compared to the corresponding increase in capacity. It should also be
noted from the results in Table 9 that, in all cases, the cyclic degradation
at different load levels was broadly similar and relatively modest for the
type of members considered in this study. Overall, within the experi-
mental ranges examined in this study, it is shown that the partial rubber
replacement of mineral aggregates in the concrete infill of circular steel
tubes provides generally favourable performance in terms of ductility
and energy dissipation capabilities.

Table 9
Cyclic degradation of CF members.
Axial load Cycle number AVE. STD.
ROO R30 R60 ROO R30 R60
2nd 0.91 0.94 0.95 0.03 0.04 0.05
Mo 3rd 0.88 0.89 0.92 0.04 0.04 0.06
n 2nd 0.95 0.96 0.95 0.02 0.02 0.04
1 3rd 0.92 0.93 0.91 0.04 0.03 0.07
n 2nd 0.98 0.96 0.96 0.03 0.03 0.04
2 3rd 0.98 0.93 0.93 0.03 0.05 0.07
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Finally, as mentioned before, it is important to note that this
experimental study focused on assessing the inelastic lateral cyclic
behaviour of circular steel tubes filled with normal and rubberised
concrete, and under co-existing axial loads representing typical gravity
conditions under seismic situations. The response of infilled tubes with
different cross-section configurations, or those involving elastic local or
global instabilities are beyond the scope of this study.

5. Concluding remarks

This paper investigated the structural behaviour of rubberised con-
crete filled steel tubes (RuCFST) under lateral cyclic displacements and
co-existing axial loading. The rubber replacement ratio was varied up to
60%, under axial loads reaching up to 30% of the nominal cross-section
capacity. The experimental results were discussed in detail and provided
significant insights into the main behavioural characteristics. Analytical
treatments were also carried out in order to propose simplified re-
lationships for predicting the stiffness, moment-axial strength interac-
tion, plastic hinge length, and local ductility criteria of the composite
members considered. Additional specific observations and conclusions
are highlighted below.

1. In addition to the complementary material and section character-
ization tests, a total of 12 cyclic member tests were carried out,
including 9 concrete-infilled and 3 hollow-steel specimens. Three
axial load levels (0%, 15% and 30% of the axial cross-section ca-
pacity) and three rubber ratios (0%, 30% and 60%) were considered.
The ultimate behaviour was typically characterised by concrete
degradation, local buckling, and steel fracture within the plastic
hinge region.

2. The use of high rubber ratios led to a considerable loss in concrete
strength of about 77% and 92% reduction, respectively, for R30 and
R60 compared to RO0O. Nonetheless, the corresponding reduction in
member capacity was much less significant due to the contribution of
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the steel tube and the comparatively high confinement effects
mobilised within the rubberised concrete. Compared to infilled
members with R00, those incorporating R30 and R60 concrete had a
reduction in moment capacity of approximately 20% and 30%,
respectively, on average, for the various axial load levels considered.

3. In comparison with the members incorporating conventional con-
crete, the rubberised concrete members showed a hysteretic response
with less pinching and exhibited up to about 10% and 17% increase
in terms of the normalized ductility and energy dissipation, respec-
tively, depending on the rubber content and the level of axial load.

4. Existing analytical approaches for predicting the member stiffness
were shown to be adequate only for members with normal concrete
and without axial load. Modified expressions were therefore pro-
posed to account for the delayed cracking and enhanced confinement
for rubberised concrete particularly in the presence of high axial load
levels.

5. Analytical and design procedures were found to underestimate the
cyclic bending capacities of the infilled members, particularly those
incorporating rubberised concrete. This is attributed to the influence
of cyclic hardening in steel and the considerable concrete confine-
ment effects in the infill rubberised concrete, which are not
adequately captured. To account for this, a rubber content dependent
factor was proposed to modify the moment capacity in the design
procedure adopted in Eurocode 4. In contrast, it was shown that
Eurocode 4 overestimates the axial capacity of rubberised concrete
filled tubular members, hence necessitating the use of a rubber
content dependent reduction factor to enable a safe prediction.

6. Detailed assessment of the experimental data showed that although
the estimated plastic hinge length was slightly influenced by the level
of axial load, it was typically within the range 2.0-2.5 times the
cross-section diameter of the member in all the infilled members. It
was also shown that predictions based on the estimated yield and
peak moments can be used to obtain reasonably good predictions of
the plastic hinge length.

7. The test results provided direct experimental information on the
strain and deformation levels corresponding to the onset of inelastic
local buckling in the concrete filled tubular members. Theoretical
estimates, in conjunction with monotonic section analysis, were then
modified based on comparisons against the test results to provide
simplified expressions for predicting the deformation levels corre-
sponding to the initiation of inelastic local buckling. The cyclic test
results also showed that subsequent fracture of the tube occurred
typically at a displacement of at least 1.5 times that corresponding to
the onset of local buckling.

Overall, the test results described in this paper demonstrate the
favourable inelastic cyclic performance of circular steel tubes infilled
with rubberised concrete and provided valuable data that can be used in
future detailed numerical studies. The proposed prediction expressions
for the key inelastic response parameters also provide the basis for
developing practical assessment and design methods which are suitable
for rubberised concrete-filled steel tubular members.
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Notations

pe: Stiffness reduction factor

7ree: Bending modification factor

Sbuckle: Buckling displacement

S¢: Top horizontal displacement

8fract Fracture displacement

Svpeak: Vpeak corresponding displacement
SMpeak’ Mpeak corresponding displacement
&y Ultimate displacement

8y: Yield displacement

&¢1: Critical strain of the unconfined concrete
£cc1¢ Critical strain of the confined concrete
& Critical buckling strain

&, Ultimate strain

&y: Yield strain of steel

n: Slenderness factor

0: Rotation of the vertical actuator

2: Nondimensional slenderness

Jrce: Axially-loaded reduction factor

u: Ductility index

v: Poisson’s ratio

&p: Degradation modification factor

pvr: Volumetric rubber ratio

¢: Curvature

xc: Load case modification factor

A: Drift ratio

Ay Ultimate drift ratio

ny: Axial load level

fee: Confined concrete strength

fre (fo): Concrete cylinder compressive strength
fre,cube: Concrete cube compressive strength
fs: Yield stress of steel

fu: Ultimate stress of steel

hy: Distance between axes

kp: Predicted member stiffness

Kktese: Testing member stiffness

t: Thickness

vq: Axial load ratio

A: Section area

D: Diameter of the specimen

E: Elastic modulus

Hp: Neutral axis depth

I: Second area moment

L.: Length of the specimen

Lg: Distance between the member top and the lower vertical hinge
Ly: Plastic hinge length

Ly Distance between the vertical hinges
M: Moment

Mpeqk: Maximum moment

Mp._,: Second order moment

M,: Yield moment

N or P: Vertical / axial load

Va: Horizontal force from the actuator
Vy: Overall horizontal force

Vpeak: Maximum horizontal force

Vy: Yield horizontal force

W: Section modulus
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