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9  Abstract: This paper presents an experimental investigation into concrete-filled steel tubular beams with
10  octagonal cross-sections (OCFST) under monotonic or cyclic flexural loading. A total of eight tests, including
11 four cyclic specimens and four monotonic counterparts, were conducted. Three concrete grades with measured
12 compressive cylinder strength (f;’) varying from 54.5 MPa to 105.6 MPa were used to infill the OCFST
13 specimens. The failure modes, ultimate bending moments, effective flexural stiffness, cumulative dissipated
14  energy and deteriorations of test specimens were discussed. Test results indicate that OCFST beams exhibit a
15  ductile plastic mode and excellent energy dissipation. Concrete grades seem to have limited influence on the
16  ultimate strength and energy dissipation capacity. The comparison results of the ultimate bending moments and
17  effective flexural stiffness between predictions using EN 1994-1-1 and AISC 360-16 and test results reveal their
18  applicability to the design of OCFST beams. An energy-based hysteretic rule was adopted to assess the strength
19  and stiffness deteriorations of the OCFST beams, and the results indicate that the predictions match well the test
20  observations.
21
22  Keywords: Concrete-filled steel tube; Cyclic tests; Beams; Octagonal sections; Seismic effects.
23
24 1. Introduction
25
26  Concrete-filled steel tubes (CFSTs) represent an economical type of columns that have structural advantages
27  over either conventional reinforced concrete (RC) columns or steel columns. In CFST members, the outer steel
28  tube provides confinement to the concrete core (increasing the compressive resistance) while in turn the concrete
29  core restrains the buckling of steel tubes (fully exerting the material strength). In addition to potential strength
30  enhancement, the application of CFST members could also accelerate construction process by eliminating
31  formworks. Over the past few decades, extensive experimental investigations on CFST members have been
32 carried out to advance the knowledge of their structural behaviours under different loading conditions. Test
33  databases have been developed by different research groups, such as Goode [1,2], Hajjar [3] and Liew et al. [4].
34 The results indicate that CFST members have favourable load-bearing capacity and excellent ductility and lead
35  tothe development of design provisions in design codes such as AISC 360-16 [5] and EN 1994-1-1 [6]. Moreover,
36  cyclic test results of CFST members indicate that CFST members have relatively larger energy dissipation
37  capacity and comparatively lower strength and stiffness deteriorations under cyclic loading compared with RC
38  and steel tubular counterparts.
39
40  The most important advantage that CFST members have over conventional RC members is the confinement to
41  the concrete core by the steel tubes. Distinct behaviours in respect to the confinement effect have been found
42  with different cross-sectional shapes. To date, majority of the research carried out regarding CFST members has
43  focussed on square, rectangular and circular sections, which are the generally used cross-sectional shapes in
44 construction industry. An extensive test database consisting 3103 tests was newly compiled by Thai et al. [7].
45  This database contains rectangular and circular CFST columns under axial compression and combined axial
46  force and bending moment. The test results were compared with the predictions obtained from different codes
47  of practice to evaluate the applicability to extend current design rules to the design of high strength materials.
48  Regarding the flexural behaviour of CFST beams, comprehensive analyses have been conducted and the plastic
49  stress distribution method was found viable to design CFTS beams [8-12]. Xiong et al. [12] reviewed existing
50  CFST beam tests and developed a test database containing 16 circular CFST beams and 54 square/rectangular
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CFST beams. Subsequently, eight specimens made up from high strength materials (steel yield strength up to
779 MPa and concrete cylinder strength up to 183 MPa) were tested to assess the current design codes.

CFST members with elliptical or polygonal section columns are sometimes used as well due mainly to the
aesthetic or functional considerations [13], and also have attracted the interests of researchers. A number of
research investigations focusing on the elliptical CFST members have been conducted, including cross-section
stub columns behaviour [14-15] and member beam-columns behaviour [16-17]. Steel tubes with polygonal
cross-sections in particular have been commonly used in telecommunication structures [18]. The applications of
polygonal cross-sections, such as hexagonal and octagonal cross-sections, in composite structures have also
attracted the attention of researchers. Extensive literature reviews on the octagonal CFST stub column tests are
presented by Chen et al. [19], Zhu and Chan [21]. However, most of the existing literature for octagonal CFSTs
have focussed on stub columns. Research on the structural behaviour of octagonal CFST members under flexural
loading is extremely scarce. To promote the application of polygonal steel tubes in CFST structures, it is of great
interest to advance the knowledge of the flexural behaviour of octagonal CFST members.

The primary focus of this paper, following the research [19-21], is to experimentally investigate the flexural
behaviour of CFST beams with octagonal cross-sections under monotonic or cyclic flexural loading. A total of
eight octagonal beams, including six CFST beams infilled with three different concrete grades (with concrete
cylinder strength varying from 54.5 MPa to 105.6 MPa) and two hollow section counterparts, were tested under
either monotonic or cyclic loading. The experimental results with regard to the failure modes, ultimate bending
strengths, effective flexural stiffness, cumulative dissipated energy and deteriorations are discussed.

2. Experimental programme
2.1 General

To evaluate the flexural behaviour of octagonal CFST beams under either monotonic or cyclic loading, six
OCFST beams infilled with three different concrete grades as well as two hollow section counterparts were
tested, four of which were tested under monotonic loading, while the other four were under cyclic loading. The
target compressive cylinder strengths of the three different concrete grades were 30 MPa (C30), 60 MPa (C60),
and 90 MPa (C90), with measured compressive cylinder strengths at test day of 54.5 MPa, 78.5 MPa, and 105.6
MPa respectively. Using different concrete grades also achieved different values of the steel contribution ratio
(0) specified in EN 1994-1-1 and defined according to Eq. (1), where As and A are cross-sectional areas of the
steel tube and the concrete core, respectively, fy and f; are the yield strength of the steel tube and the concrete
compressive cylinder strength, respectively.

o= A—fy @)
Af +Af

The octagonal steel tubes were manufactured from steel plates with a nominal thickness of 4 mm and with a
nominal yield strength of 355 MPa by a local fabricator. The fabrication route involves a combination of press-
braking and welding as shown in Fig. 1 (same approach as in [19]). All beam specimens were designed having
the same dimensions with the nominal diameter of the circumcircle (D) of 150 mm and the overall width (h) of
140 mm respectively. The actual dimensions of the cross-section of each specimen were precisely measured and
the average values of the measured diameter of the circumcircle (D), overall width (h), width of flat side (B),
width of flat side excluding corner portions (b) and thickness (t), as well as the detailed information of the test
specimens including material parameters are summarised in Table 1.
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The hollow section specimens were labelled as HM or HC, where the first letter “H” stands for hollow section
and the second letter “M” or “C” stands for either monotonic or cyclic flexural loading. In the designation of
OCFST specimens, the first letter “C” is for concrete-filled section, followed by two digital numbers standing
for the concrete grade in terms of concrete cylinder strength, and the fourth letter refers to the type of flexural
loading, where M” or “C” stands for either monotonic or cyclic flexural loading, respectively.

Regarding the cross-section slenderness of octagonal sections, no design rule is specified in the American codes
for static design: AISC 360-16 [5] and for seismic design: AISC 341-16 [22], nor in the corresponding European
codes for static design: EN 1994-1-1 [6], and for seismic design: EN 1998-1 [23]. In this paper, the slenderness

limit for plate buckling in octagonal cross-section proposed by Zhu et al. [24] (b/t<29.8,/235/ f, ) was used to

assess the classification of the octagonal section in this test programme. The results indicate that the octagonal
sections could be classified as Class 1-3 when the measured yield strength together with the measured b and t
values (Table 1) were considered.

2.2 Material tests

Three tensile coupons were extracted from the flat portions in the longitudinal direction of an octagonal steel
tube. These coupons were tested in accordance with EN ISO 6892-1[25] in an in-house Instron 8803 Fatigue
Testing System with a capacity of 500 kN. The basic material properties, namely elastic modulus (Es), yield
strength (fy), ultimate tensile strength (fu), the yield strain (ey), the strain when strain hardening initiates (es), the
strain corresponding to the ultimate tensile strength (&) and the elongation at fracture based on the original gauge
length (ef), obtained from coupon tests are listed in Table 2. Full stress-strain curves up to fracture of the three
tensile coupon tests are presented in Fig. 2.

Commercial concrete produced by a local concrete producer was used and the concrete mix proportions of the
used three concrete grades, based on saturated surface dry (SSD) condition, are listed in Table 3. Three standard
concrete cylinders with a diameter of 150 mm and a height of 300mm were prepared during the concrete infilling
of specimens for each concrete grade. The cylinders were tightly wrapped with cling film and sealed with tape
to keep the moisture content and to simulate the curing conditions of the concrete that were infilled in the tubes.
These cylinders were stored at normal daily temperatures besides the specimens to ensure the cylinders
experienced the similar conditions as the specimens experienced. The cylinders were tested at the test day to
obtain the exact concrete strengths at the test day. Four strain gauges with a gauge length of 90 mm were attached
to the surface of the standard cylinders at 90-degree to each other to obtain the stress-strain curves and the elastic
modulus of concrete. The concrete cylinders were tested under displacement-control at a rate of 0.2 mm/min and
the testing procedure complied with EN 12390-3 [26]. The concrete compression test results, i.e. the compressive
cylinder strengths (f.) and the elastic modulus (Ec), are summarised in Table 1.

2.3 Test setup, instrumentation and loading protocol

The specimens were tested in a reaction frame at the structural laboratory of The Hong Kong Polytechnic
University. Schematic and experimental views of the test setup are presented in Fig. 3. A roller-roller boundary
condition at both ends of the beams was achieved, with an effective testing length, L¢, of 962 mm (see Fig. 3(a)).
The monotonic or cyclic lateral load was applied to the specimen at mid-span using a servo-controlled hydraulic
actuator with a maximum stroke of 300 mm and capacities of 300 kN in compression and 150 kN in tension.
The monotonic or cyclic lateral load was applied using displacement control, while the cyclic loading stage was
performed by controlling the lateral displacement at mid-span of the specimen.

Referring to Fig. 3(a), five linear variable displacement transducers (LVDTSs) were installed to measure the
corresponding displacements. LVDT 1 controlled the drift value of the tests, LVDTs 2-3 were placed to measure
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the lateral displacements at specific locations, and LVDTs 4-5 measured the displacements of the end supports
to confirm there was no uplift during the loading cycles. In total, eight strain gauges were mounted to the
specimens. Four of the strain gauges (SG1 to SG4) were placed at the positions 20 mm and 170 mm away from
the section just behind the vertical stiffeners, while the other four (SG5 to SG8) were mounted at the symmetric
positions about the hydraulic actuator on the other side as shown in Fig. 3(a).

The SAC loading protocol [27], as shown in Fig. 4, was adopted to apply the lateral cyclic loads. Six cycles were
applied for drift ratios at 0.375%, 0.50% and 0.75%, four cycles at 1%, two cycles at 1.5% and 2%, and two
cycles for the remaining drift ratio levels with an increment of 1% until the failure of the specimen. The drift
ratio is defined as the ratio of lateral displacement divided by the effective length (Lt= 962 mm).

3. Experimental results and discussion
3.1 Failure modes

Generally, significant outward local buckling developed at the mid-span of the beams, which was located just
behind the vertical stiffeners for all specimens under monotonic or cyclic loading, as shown in Figs. 5 and 6. For
the specimens under monotonic loading, it was observed that the outward bulge only formed on the compression
side of the cross-section. The outward local buckling phenomenon of hollow section specimen was more obvious
than that of the OCFST specimens as shown in Fig. 5, indicating that the infilled concrete could delay the
occurrence of the local buckling of steel tube. For the specimens under cyclic loading, it was observed that the
outward bulge was firstly initiated on the compression side after the extreme longitudinal compression strain of
the steel tube exceeded the yield strain (ey). Subsequently, the bulge formed on the opposite side of the steel tube
when the lateral load was reversed. The outward local buckling phenomenon became more obvious with the
increase of the lateral displacement. The bulge then grew as a complete ring, similar to the elephant foot buckling,
as depicted in Fig. 6. The specimens under cyclic loading failed by fracture of the steel tube after significant
outward local buckling, which may be due to the relatively large drift ratios (more than 8%) at the end of the test
for these specimens. Cracking of the steel tube initiated when the drift ratio reached around 6% and propagated
with the increase of the drift until fracture.

3.2 Global lateral behaviour

The measured lateral load (P) vs lateral drift (4) curves were used to examine the global lateral behaviour of the
OCFST beam specimens as plotted in Fig. 7 for monotonic tests and Fig. 8 for cyclic tests. It was found that the
specimens infilled with concrete developed a stable lateral load (P) vs lateral drift (4) behaviour as the lateral
load increased gradually for the full plastic deformation as shown in Fig. 7, while the hollow section counterpart
exhibited strength degradation at higher drift levels. The effect of concrete infilling on the improvement of the
lateral load is significant compared to the hollow section counterpart with improvements of 25.2%, 25.4% and
31.6% for concrete cylinder strengths varying from 54.5 MPa to 105.6 MPa respectively (corresponding to 30
mm drift). However, the influence of the grades of infilled concrete is limited as only a 5.1% improvement on
lateral load (corresponding to 30 mm drift) was achieved when increasing the concrete strength from 54.5 MPa
to 105.6 MPa, further indicating that within the scope of this study the influence of the steel contribution ratio
by changing concrete cylinder strength is rather limited.

It can be seen from Fig. 8 that the hollow section specimen exhibited a plump hysteretic curve, however, the
specimens infilled with concrete developed hysteretic curves with slight pinching effect. The occurrence of
pinching is largely due to the opening of the cracks on the tension side and the closing of the cracks on
compression side after the propagation of the vertical cracks in concrete core. The strength of all the cyclic
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specimens deteriorated at higher drift levels during the cyclic loading due to the cumulative local buckling
phenomenon and material damages.

3.3 Strain analysis

Figs. 9-10 present the lateral load versus strain curves of typical specimens, namely HC (hollow section) and
C90C (infilled with C90 concrete). The yield strain (ey) of the steel obtained from the tensile coupon tests is also
highlighted in these figures (please refer to Fig. 3(a) for the numbering system of the strain gauges). It can be
observed that the lateral load and strain relations show a linear range in the initial loading stage. After yielding
of the steel, strains measured by SG1 and SG2 (see Figs. 9(a-b) and 10(a-b)) increased dramatically and residual
strains could be observed upon unloading, indicating that local buckling initiated and developed significantly. It
is noted that the strains measured by SG1 and SG2 increased much faster than the strains measured by SG3 and
SG4 (see Figs. 9(c-d) and 10(c-d)) after the steel yielded. Focusing on the strains measured by SG3 and SG4, it
is clear that the strains just reached and moderately exceeded the yield strain, indicating that the plastic hinge
length exceeded 170 mm (around 1.1h).

3.4 Local behaviour
3.4.1 Experimental observations

The local behaviour of the plastic hinge region of the OCFST specimens was examined on the basis of the
moment (M) at mid-span of the beam vs the drift ratio (¢) curves, which were plotted in Fig. 11 for monotonic
tests and Fig. 12 for cyclic tests. The drift ratio (0) is defined as the ratio of lateral drift at mid-span over the
effective length (Lf). The moment at mid-span was calculated as the moment induced by the lateral load, as
expressed by Eq. (2), where P is the recorded lateral load.

1
M =2PL, #)

As depicted in Fig. 11, the moments of OCFST beam specimens increase gradually with the increase of drift
ratio up to a relatively large drift ratio around 0.1. In this case, it is difficult to determine the representative
ultimate bending capacity. Majority of researchers simply reported the maximum loads obtained at a very large
deformation, most likely at the end of test. From a practical design’s point of view, reporting the loads occurred
at very large deformation is not safe, in particular when the loads are used to derive or validate design equations,
because such a large strain could not be reached in real structures. Therefore, Han [8] suggested the bending
capacity should be determined when the strain of extreme fibre on tension side reaches 0.01 to avoid excessive
deformation. In this study, to address this issue, resistances when the strain of extreme tension fibre reached 0.01
(M19%), corresponding to 0.02 drift ratio (Mas) and 0.04 drift ratio (Mas), as well as the maximum values (Mmax)
were reported, as summarised in Table 4.

All cyclic specimens exhibited plump hysteretic curves as shown in Fig. 12. Slight pinching was observed for
the specimens infilled with concrete. The maximum moments (Mye) of all the cyclic specimens obtained from
the test results, which were taken as the average values of the maximum moments in the push and pull directions,
are listed in Table 5. It can be concluded that, with the infill of concrete, the improvement in the bending
moments over the hollow specimen is significant, 18.8%, 20.1%, and 21.1% when the infilled concrete strength
varied from 54.5 MPa to 105.6 MPa. Comparing the specimens infilled with different concrete grades, the results
indicate that the increase of the ultimate bending moment due to the increase of concrete strength is limited in
comparison to the increase in the axial compression capacity. For instance, when the concrete cylinder strength
changes from 54.5 MPa to 105.6 MPa, the increase in the ultimate bending moment (Mye) is only around 2%
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(please refer to Table 5). Due to the brittle nature of concrete, concrete in tension region has limited contribution
to the moment resistance. If the tensile strength of concrete is neglected, the neutral axis can be easily located
by solving the equilibrium equation. When the concrete changes from normal strength concrete to high strength
concrete, due to the increase in the compressive strength, the neutral axis of the composite section is expected
to move upwards, which in turn reduces the area of concrete in compression region. As a result, limited
improvement in the moment resistance is observed.

3.4.2 Cross-sectional resistance

As specified by EN 1994-1-1 [6], the bending moment capacity can be calculated using the plastic stress
distribution method, as shown in Fig. 13, assuming that the steel reaches its yield strength in both compression
and tension and the concrete in compression reaches a stress of ffc, where feq is the design concrete strength
taken as fc/yc and yc is the partial factor for concrete, and 8 is a shape factor for the concrete stress block.
Generally, the shape factor is taken as 0.85 for reinforced concrete and composite members. However, according
to the European code, for CFST members, this factor can be taken as unity. AISC 360-16 [5] adopts different
stress or strain distribution methods for the evaluation of the cross-section resistance for different cross-section
classes, namely plastic stress distribution method for compact sections and strain compatibility method/elastic
stress distribution method or effective stress-strain method for noncompact or slender sections. Based on the
assessment of the cross-section class of octagonal section that the octagonal section is classified as Class 1-3
(stocky) as discussed in Section 2.1, the plastic stress distribution method was therefore adopted as well to
evaluate the bending capacity of the OCFST beams in this paper. AISC 360-16 applies different values of the
shape factor for circular and square/rectangular CFST beam-columns, i.e. 0.95 for circular sections and 0.85 for
square/rectangular sections. As the American code does not prescribe any value for octagonal sections, in this
paper, a shape factor of 0.95 was assumed to evaluate the bending capacity according to AISC 360-16.

The ultimate bending moments of the OCFST beams obtained from the tests were compared with those
predictions from EN 1994-1-1 and AISC 360-16 to examine the applicability of the two codes in predicting the
flexural strength of OCFST beams. It should be stated that high strength concrete is not covered in EN 1994-1-
1 (f. < 50 MPa) and AISC 360-16 (f. < 69 MPa). However, in this study, the equations specified in these codes
were still used to examine their applicability for high strength concrete. Furthermore, to allow for a direct
comparison, all partial safety factors were set to unity. Therefore, measured f. was used instead of feq while
evaluating the bending moment capacity.

The comparison results of the monotonic tests are listed in Table 4, indicating that the reported bending moments,
Mig and Moy, are very close to the predictions using EN 1994-1-1 (Mpirdg) and AISC 360-16 (Maisc) with the
mean values varying from 0.989 to 1.019, which means the bending moments obtained when the strain of
extreme tension fibre reached 0.01 (M%) and corresponding to 0.02 drift ratio (M) are comparable with the
predictions using the plastic stress distribution method. If the reported maximum bending moments were
considered, code predictions were found to predict the capacities on the conservative side with an overall mean
value of Mmax/Mpird €qual to 1.175 with the corresponding COV of 0.068, where Mmax is the reported maximum
ultimate moments obtained from test results and Mpirq iS the ultimate moments predicted using EN 1994-1-1.
The shape factor (5) used in AISC 360-16 was 0.95, relatively smaller than unity used in EN 1994-1-1, the
comparison result is therefore slightly conservative with an overall mean value of Mma/Maisc equal to 1.185
with the corresponding COV of 0.072. The comparison results of the cyclic tests are summarised in Table 5.
Results indicate that bending moments obtained when the strain of extreme tension fibre reached 0.01 (M1y,) are
comparable with EN 1994-1-1 and AISC 360-16 predictions with the mean values of 1.004 and 1.014, whilst
the maximum bending moments were found to be 12.3% and 13.1% higher than EN 1994-1-1 and AISC 360-16
predictions respectively. To conclude, the bending moments corresponding to 1% extreme tensile strain Mg
could be used to represent the bending capacity of the OCFST beams. The applicability of EN 1994-1-1 and
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AISC 360-16 to the design of OCFST beams seems to be valid and the predictions are close to the flexural
resistance.

3.5 Hysteretic performance
3.5.1 Effective flexural stiffness

The flexural stiffness of the OCFST beams was evaluated by inspecting the effective cross-section flexural
stiffness (Kic), which is defined as the secant stiffness corresponding to the moment of 0.2My. for specimens
under cyclic loading [28] and 0.2Mpird for specimens under monotonic loading. The effective cross-section
flexural stiffness can be calculated by Eq. (3).

Kie:o.zmueoro.2|v|p,Rd:0.2Mueoro.zl\/lmRd "
¢ (6, -&)/h

where ¢ is the curvature corresponding to 0.2Mye or 0.2Mpird, & and & are the measured strains of the extreme
fibres on tension and compression sides, and h is the overall width of the octagonal section. The calculation
results of Kc of all the specimens are listed in Table 6.

The theoretical effective flexural stiffness (Kic) of a composite section can be computed according to Eq. (4),
where E and E; are elastic moduli of the steel and concrete respectively, Is and I are moment of inertia of the
steel tube and concrete core, respectively, o is a correction factor to reduce the gross stiffness of the concrete
taking account of the cracks in the concrete [29]. The factor « takes different forms in different codes of practice,
e.g. aconstant of 0.6 in EN 1994-1-1 and a non-constant (see Eq. (5)) in AISC 360-16, where As and Aq are areas
of steel tube and composite section.

K, =El +aE,l, @
a=045+3A /A <0.9 ®)

The effective flexural stiffness (K;) of the OCFST beams obtained from the test results were compared with those
predicted from EN 1994-1-1 and AISC 360-16 to examine their applicability in predicting the flexural stiffness
of OCFST beams. The comparisons of the effective flexural stiffness are summarised in Table 6, where Kie is
the flexural stiffness obtained from the test results and Kij is the effective flexural stiffness predicted based on
design codes. The results show that EN 1994-1-1 slightly underestimates the effective flexural stiffness by
around 6% with a mean value of Kie/Kjc equal to 1.064 with the corresponding COV of 0.033, and AISC 360-16
predicted the effective flexural stiffness well with a mean value of Ki./Kic equal to 1.017 with the corresponding
COV of 0.052, respectively.

3.5.2 Energy dissipation

The cumulative hysteresis dissipated energy (En) is defined as the energy that the OCFST beams dissipate during
the cyclic loops and can be evaluated according to Eq. (6),

E,=> (El+E) (6)

where i is the number of cycles, n is the total number of cycles, and Ei* and Ei€ are the energies dissipated in the
ith half cycle in tension and the ith half cycle in compression, respectively.
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The cumulative dissipated energy up to the termination of the test (En) was evaluated based on the local hysteretic
behaviour (moment vs drift ratio curves as illustrated in Fig. 12). The cumulative dissipated energy of all the
cyclic specimens is summarised in Table 6. The dissipated energies of OCFST beam specimens increased by
48.4%, 49.6%, and 51.1% respectively for different concrete grades compared to hollow specimen counterpart.
However, it was found that the strength of concrete and the steel contribution ratio appear to have negligible
influence on the cumulative energy dissipation.

3.5.3 Deteriorations of strength and stiffness

The strength and stiffness deteriorations of structural members during seismic excitations are a critical topic in
the earthquake engineering. However, the deteriorations of CFST members have been rarely discussed in the
literature. To evaluate the seismic demand of CFST members in composite structures, it is of significant
importance to address this issue, as shown in Fig. 14, which depicts a comparison of the monotonic and cyclic
responses of ‘identical”’ OCFST beams in this paper. The monotonic test result exhibits a stable moment-drift
ratio response and no strength deterioration is observed, whilst the cyclic hysteretic behaviour indicates that (1)
strength and (2) stiffness deteriorate with the increase in the number and amplitude of cycles. The strength
deterioration $1 and stiffness deterioration S, [30] observed in the test, can be determined by Egs. (7) and (8), as
presented in Fig. 15.

Mic

pi=t- )
Kic

B, =1- K‘ ()

where M and Min are the moments recorded from cyclic test in ith cyclic and corresponding moment in the
monotonic test (on the basis of same drift ratio), Ki is the unloading or reloading stiffness in ith cyclic, Kie is
the flexural stiffness discussed in section 3.4.1. The strength and stiffness deteriorations of each cyclic test were
therefore calculated and plotted against the normalised cumulative dissipated energy, as shown in Fig. 16. The
normalised cumulative dissipated energy is the ratio of the cumulative dissipated energy over Ep, as expressed
in Egs. (9) and (10),

n :(Zij:1 E )/ By ©)

1 1
E :E.M -0 :E'Mpl,Rd'

(10)

where 7 is the normalised cumulative dissipated energy, Zij:l E; is the cumulative energy dissipated in past i

excursions, Ep is the energy dissipated when the critical section of a member reaches its full plastic moment My,
is the full plastic moment of the member taken as Myirqd in this paper, and 6, is the drift ratio corresponding to
Mpi taken as Mpird/ Kie, respectively, as shown Fig. 17.

It is evident from Fig. 16 that both the strength and stiffness deteriorations of the hollow specimen increase
dramatically after the local buckling of the steel tube occurs and with the concrete infilled, the deteriorations are
delayed due to the fact that the concrete core could delay or even eliminate the local buckling of the steel tube,
hence providing better ductility and energy dissipation capacity. Moreover, due to the brittle nature of the high
strength concrete, it seems the specimen infilled with higher strength concrete exhibits larger deteriorations.
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Rahnama and Krawinkler [30] proposed a hysteretic rule to evaluate the rates of deteriorations on a basis of the
hysteretic energy dissipated during cyclic loops. The concept of reference hysteretic energy dissipation capacity
E: was adopted in the rule. The reference hysteretic energy dissipation capacity E; depends on the strength and
rotation capacity of the member, assuming that it is an inherent property of a member independent of the loading
history imposed to the members and can be expressed as a multiple of My-6y, i.e.:

E =4-M,-6, (11)

where 4 is the coefficient of reference hysteretic energy dissipation capacity and is an inherent property of a
member, My is the elastic yield moment, and 6y is the rotation corresponding to My. The energy-based parameter
to evaluate the deterioration is given by Eq. (12).

pe|—o (12)

Et - zl,-:ll Ej

where E; is the hysteretic energy dissipated in the ith excursion, Z':l E; is the cumulative energy dissipated in the

past i-1 excursions, E; is the reference energy dissipation capacity from Eqg. (11), and c¢ is an empirical parameter
controlling the rate of deterioration. A reasonable range for parameter c is between 1.0 and 2.0, as suggested for
damage modelling of steel structural members in [30]. This deterioration rule was successfully incorporated into a
hysteretic model that could account for deterioration modelling of steel members by Ibarra et al. [31] and the hysteretic
model for steel members was further improved by Lignos and Krawinkler [32].

The deterioration rule proposed by Rahnama and Krawinkler [30] was adopted in this paper with some
modifications being made to assess the deteriorations of strength and stiffness in concrete-filled steel tubular
(CFST) members. The reference hysteretic energy dissipation capacity E; in Eq. (11) was modified for CFST
members as expressed by Eq. (13).

E, =AM, -0 (13)

p

where Mpird is the plastic resistance moment of the CFST section, 6, is the drift ratio corresponding to Mpird
taken as Mpird/ Kie.

Ibarra et al. [31] and Lignos and Krawinkler [32] adopted a trial-and-error process to calibrate the parameters
incorporated in the hysteretic model, such as 4 and ¢, until a satisfactory match between the test result and model
prediction was achieved. Same calibration approach was utilised in this paper to calibrate the values of
parameters A and ¢ as shown in Figs. 18 and 19. It was found that the strength and stiffness deteriorations
observed in the tests could be predicted with an acceptable accuracy if the parameters A and c are well calibrated
as shown in Figs. 18 and 19.

4. Conclusion
An experimental investigation on eight CFST beams with octagonal sections (OCFST) under either monotonic
or cyclic lateral load was presented in this paper. Three concrete grades with compressive cylinder strengths

varying from 54.5 MPa to 105.6 MPa were used to infill the octagonal steel tubes. Based on the experimental
and analytical results, it could be concluded that octagonal beams exhibit excellent ductility and energy

M9/11



412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459

dissipation behaviour. A slight pinching effect was observed from the hysteretic curves of the concrete-filled
specimens compared to the hollow section counterpart. With concrete infilled, the ductility and energy
dissipation capacity of an octagonal beam increase. However, increasing the concrete strength has negligible
effects on the ultimate bending moment and energy dissipation capacities. Within the scope of the test results
presented in this study, the current design rules prescribed in EN 1994-1-1 and AISC 360-16 is applicable to the
design of OCFST beams with slight underestimations of the capacity. EN 1994-1-1 and AISC 360-16 predict
the effective flexural stiffness of OCFST beams quite well with an overall mean value of 1.064 and 1.017. It was
also found that the strength and stiffness deteriorations of the OCFST beams could be predicted with an
acceptable accuracy using the hysteretic rule proposed by Rahnama and Krawinkler [30], which provides a
feasible way to quantify the deteriorations in the seismic excitation.
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Welding robot

Fig. 1. Fabrication of the octagonal steel tube (adopted from Chen et al. [19]).
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Fig. 2. Stress-strain curves of coupon tests.
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Fig. 5. Typical failure modes of specimens under monotonic loading.
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Fig. 6. Typical failure modes of specimens under cyclic loading.
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Fig. 13. Plastic stress distributions under pure bending according to EN 1994-1-1 [6].
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Fig 16. Deteriorations observed from the OCFST beam cyclic tests.
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Fig 18. Comparisons of the strength deteriorations.
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Table 1. Detailed information of test specimens.

Specimen D H B b t Ec f Es fy bt 6
mm mm mm mm mm GPa MPa GPa MPa -
HM 148.66 139.70 57.87 4958 3.95 - - 200.1 4232 126 -
HC 149.08 140.10 58.03 49.75 3.94 - - 200.1 4232 126 -
C30M 14859 139.63 57.84 4955 394 271 545 200.1 4232 126 047
C30C 148.99 139.01 57.58 49.30 395 27.1 545 200.1 4232 125 0.47
C60M 148.82 139.85 57.93 49.64 394 33.0 785 200.1 4232 126 0.38
Cc60C 148.98 140.00 57.99 49.71 394 33.0 785 200.1 4232 126 0.38
CooM 149.12 140.13 58.04 49.76 3.94 36,5 1056 200.1 4232 126 0.32
ca0C 148.17 139.24 57.68 49.39 395 36.5 1056 200.1 4232 125 0.32
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Table 2. Results of tensile coupon tests.

Coupon  E; fy fu &y Est &y &f
GPa MPa MPa pue % % %

1 1959 4248 5314 2168 271 1834 36.83

2 201.5 427.7 5289 2123 294 18.18 37.88

3 202.8 417.1 5295 2057 2.89 17.69 35.23

Average 200.1 4232 5299 2116 285 18.07 36.65
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Table 3. Concrete mix proportions.

Grades \Water/ Water Cement Fly Silica Sand  Aggregate (mm) S.P.”
cement ash Fume 5-10 10-20

- kg/m®*  kg/m®  kg/m® kg/m®* kg/m® kg/m®* kg/m®  kg/m®

C30 0.55 220 400 0 0 810 840 0 3.78
C60 0.33 180 412 138 0 800 235 570 7.58
C90 0.27 156 360 190 33 765 795 0 13.4

Note: *. S.P. is superplasticizer.
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Table 4. Comparison of the bending moments of monotonic specimens.

Speci- | Experimental results EN 1994-1-1 AISC 360-16
MeNS \ My Mz Mae  Muax | Mpira M/ Maw/ Muma/ | Maisc Mis/ Moo/ Muax/
Moird  Mpird  Mpird Maisc  Maisc  Maisc
kKNm KkNm KkNm KkNm { kNm - - - KNm - -
HM 33.72 3213 3521 35263336 1.011 0.963 1.057 {33.36 1.011 0.963 1.057
C30M { 3855 41.10 44.25 4757 {3879 0.994 1.060 1.226 { 38.66 0.997 1.063 1.230
C60M | 39.92 4122 4478 4853 {4038 0989 1.021 1.202 { 39.84 1.002 1.035 1.218
C90M | 40.10 4151 46.85 50554157 0.965 0.999 1.216 {40.92 0.980 1.014 1.235
Mean 0.989 1.011 1.175 0.997 1.019 1.185
Ccov 0.019 0.040 0.068 0.013 0.041 0.072
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Table 5. Comparison of the bending moments of cyclic specimens.

Specimens | Experimental results { EN 1994-1-1 AISC 360-16
Mo Mue Mpird Mg/ Mpird Mue/ Mpird | Maisc Mg / Maisc Mue/ Maisc
kNm KNm kNm - - kNm - -
HC 33.26 37.50 33.38 0.996 1.123 33.38 0.996 1.113
C30C 39.74 44.54 38.75 1.026 1.149 38.37 1.036 1.161
Cc60C 40.23 45.05 40.47 0.994 1.113 39.93 1.008 1.128
cao0C 41.01 45.43 41.09 0.998 1.106 40.45 1.014 1.123
Mean 1.004 1.123 1.014 1.131
Ccov 0.015 0.017 0.017 0.018
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Table 6. Comparison of the flexural stiffness.

Specimens | Experimental results { EN 1994-1-1 AISC 360-16

Kie En Kicec Kie/Kicec | Kicaisc Kie /Kicaisc

kNm-m kNm (KNm-m) - (KNm-m) -
HM 1867 - 1732 1.078 1732 1.078
HC 1927 36.67 1732 1.113 1732 1.113
C30M 2237 - 2170 1.031 2279 0.982
C30C 2270 54.40 2170 1.046 2279 0.996
C60M 2324 - 2281 1.019 2428 0.957
C60C 2367 54.84 2281 1.038 2428 0.975
CooM 2570 - 2349 1.094 2523 1.019
Cca0C 2571 55.41 2349 1.095 2523 1.019
Mean 1.064 1.017
Ccov 0.033 0.052
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