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Abstract

This paper investigates the cyclic behaviour of steel-concrete encased composite columns. By investigating the cover
concrete and the steel-concrete coefficient of friction on the behaviour (strength, ductility, stiffness, and energy
dissipation) of composite columns subjected to combined axial load and cyclically increasing lateral load to improve the
strength and performance of the composite column. Eight of the columns were designed to study the cover concrete
effect, and eleven other columns were designed to study the coefficient of friction effect in the dynamic behaviour to the
cyclic load. Additionally, in this study, the finite element models created in ANSYS software were verified and
calibrated against previously published experimental results (load-displacement curve, load capacity and failure mode).
The numerical results obtained from the finite element model indicate that the ductility and the energy dissipated
increased by +11.71 and +18.93% receptively by the increase of the cover concrete until reaching the limit of the cover
concrete. Beyond this limit, the ductility and the energy decrease by 27.33 and 24.97% receptively. The results also
indicate that the ductility and the energy dissipated increased by 12.62 and 7.82% receptively by the increased coefficient
of friction until reach 0.6, after that the energy decreases by 4.47%.

Keywords: Fully Encased Composite Columns; Coefficient of Friction; Cover Concrete; Cyclic Loading; Hystersis Curves.

1. Introduction

Composite columns have grown more popular in building constructions in recent years, particularly in seismically
active areas and to ensure fire safety. This is because they offer the required rigidity to keep the building's lateral drift
to an acceptable level while also efficiently resisting wind loads and lateral seismic. The composite columns will be
capable of resisting a high load capacity while also providing economic advantages due to their lower cross-section.
The addition of structural steel to the centre of a cross-section column increases the column's ductility while also
allowing it to resist tensile loads such as reinforced bars or structural steel sections. Because the steel has high tensile
strength, ductility and stiffness, and the concrete has low cost and great compression strength, the two materials should
work well together. However, research into the cyclic behaviour of concrete-encased columns has been limited, with
the focus on experimental testing of composite columns subjected to cyclic lateral loads. Chen et al. [1] conducted on
steel-concrete composite column stirrup ratios and embedding depth ratios. By analysing each specimen's hysteresis
loops, energy dissipation, ductility, failure patterns and skeleton curve. It was found that increasing the stirrup ratio
improves seismic behaviour, that cross-shaped steel composite columns perform better seismically than H-shaped steel
composite columns, and that the embedded ratio of steel-concrete composite columns can be as minimal as 2.5. Zhu et
al. [2] investigated how steel-reinforced high strength concrete columns (SRHC) responded under cycle loads using
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structural steel detailing with studs and stirrup arrangement. SRHC with several stirrups could deform and dissipate
energy. SRHC columns performed well at early loading, with studs having little effect. After cover spalling, SRHC
columns' seismic behaviour is influenced by studs. Columns with studs can dissipate more energy and deform more,
reducing column stiffness degradation.

Campian et al. [3] compared the results of composite encased columns made of high strength concrete to those
constructed of normal strength concrete. The findings show that high-strength concrete columns are more susceptible
to fragile failure than normal-strength concrete columns and that high-strength concrete has a favourable energy
absorption capacity. A recent study has focused on the performance of specially designed columns. It was studied by
Fang et al. [4] how loading angles, steel ratios, and axial load ratios affected the behaviour of concrete-encased steel
cross-shaped columns. The maximum lateral load increases with axial compression ratio, while stiffness decreases and
displacement ductility reduces significantly. Loading at 45° provides a better maximum lateral load than loading at 0°.
XU et al. [5] investigated the effects of the presence of cross tie, stirrup ratio, shear span ratio and axial compression
level. It was found that the unsymmetrical phenomenon affects the hysteresis curve, with the increase of axial load
level the ductility decreases. The cross tie reduces the stiffness degradation and strength attenuation and reinforces the
bearing capacity. Previous studies on filled steel tube reinforced concrete columns and encased steel-concrete
composite columns indicated that both columns had good ductility and energy dissipation and can be used in seismic
areas. Han et al. [6] studied the axial load level and cross-sectional type, by investigating the influence of energy
dissipation, stiffness, ductility and strength. It was found that, with increasing axial load level, the energy dissipation
ability and the ductility of the columns decreases. Also, the rigidity degradation for specimens with a higher axial load
level was less significant than that with a lower axial load level. For concrete-filled steel tube reinforced concrete
column, Gajalakshmi et al. [7] investigated the diameter thickness ratio of steel tubes as well as two types of in-fills,
plain cement concrete and steel fibre reinforced concrete. By testing concrete-filled steel (CFT) columns and steel
fibre reinforced concrete in-filled steel tube (SCFT) columns. The test consisted of benchmark tests to measure the
hysteresis behaviour under various amplitude cyclic loading. Compared to SCFT columns, CFT columns have less
improved ductility, damage index, and energy absorption capability. Further investigation of encased steel-concrete
composite columns has been carried out by other researchers.

Qian et al. [8] conducted the interaction between concrete and steel as well as the cumulative damage of concrete.
The results indicate that the axial load level affects the distribution of the axial load between the components. Shim et
al. [9] investigated composite columns with less than 4% of steel, loading pattern and the amount of transverse
reinforcement. Based on test results, design considerations related to the details of transverse reinforcements of
composite columns were suggested. Hsu et al. [10] determined member strengths under combined axial load and bi-
axial bending, by proposing the interaction coefficients a and B. Ellobody et al. [11] analysed the effect of concrete
confinement as well as the inelastic behaviour of concrete, steel, transverse and longitudinal reinforcement bars, and
the interface between the steel section and concrete of the concrete-encased steel composite columns. It is observed
that the flexural buckling failure mode has a small effect on the composite column strength of the columns with
greater slenderness ratios. Taufik et al. [12] determined the fracture patterns, strain, stress, deformation, ductility and
capacity of axial load to analyse the failure behaviour of modelling encased composite steel-concrete columns. The
results indicated that the compressive collapse columns have a larger flexural capacity and are less ductile than those
columns with tensile collapse, while the analysis of calculation and finite element method determined the behaviour of
composite columns.

Chen et al. [13] carried out on the rational scope of the width-thickness ratio of encased steel flange, benefiting the
post-buckling capacity of steel also the width-thickness ratio, of partially encased composite columns with thin-walled
H-shaped steel plates. It was discovered that axial compression load does not exceed encased capacity and the width-
thickness ratio does not exceed Eurocode 4 limits, a favourable energy dissipation capacity and ductile failure mode
can be predicted. Naito et al. [14] investigated the ductility of concrete-encased steel piers. The ultimate state and the
recoverable boundary state were defined as the local buckling of the H-steel and the spalling of the concrete cover,
respectively. Yue et al. [15] investigated cover concrete spalling, cover concrete cracking, core concrete crushing,
steel flange local buckling, compressive longitudinal reinforcement yielding, and longitudinal reinforcement buckling
in concrete-encased steel columns under high axial compressive ratios and low-cyclic lateral loading. It can be
observed from the previous works that researches into the behaviour of composite columns are still not yet sufficient
to fully understand the behaviour of composite columns under cyclic or seismic loads. It is necessary to focus on the
effects of geometrical, physical and mechanical characteristics as the cover concrete, the coefficient of friction,
loading and others.

Therefore, nineteen designed specimens were numerically analysed subjected to a cyclic loading and constant
axial load, analysing the model was done using the finite element analysis method by ANSYS software [16]. To
validate the numerical analysis results, the analysed model was validated by comparing the results to previous
experimental testing results conducted in a laboratory published by Aribert et al. [17]. The purpose of this paper is to
improve the strength and performance of the composite column by investigating the effects of the cover concrete and
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the steel-concrete coefficient of friction on fully encased composite columns subjected to cyclic load. Envelope curves
analysis was conducted to analyse the cyclic behaviour of the composite encased columns investigated to determine
their ductility and stiffness. In addition, the columns' ultimate axial load capacity, energy dissipation, ductility, and
stiffness were investigated.

2. Research Methodology

This paper aims to improve the strength and the performance of the composite column. By investigating the cover
concrete and the steel-concrete coefficient of friction on the behaviour (strength, ductility, stiffness, and energy
dissipation) of composite columns under combined constant axial load and cyclically increasing load. The flowchart of
the research methodology is shown in Figure 1.

The behaviour of fully encased composite columns under
cyclic loads

Modelling of the composite columns using
ANSYS software

Validaton the modele with an
expermental results

¢ Study the effect of Coefficient ™, ¢~ Study the effect of Cover
' of friction (Steel-Concrete) concrete on reinforcement

Analyse the results

| Structural stiffness| | Ductility factor | | Disspated energy | | Skeleton curves | | Hysteresis curves |

Discussion of results

Conclusion

Figure 1. Flowchart of the research methodology

3. Finite Element Modelling
3.1. Geometrical and Material Properties

A two-series division of the composite columns' geometric dimensions was made. The first series (FEC.CC.1-
FEC.CC.8) uses the same structural steel HEA240 (European H beam) section and reinforcing bars 4¢20, but the
cross-section is different. However, as indicated in Figure 2, the second series (FEC.CF.1-FEC.CF.11) has the same
concrete cross-section 450x450 mm, structural steel HEA240 section, and reinforcing bars 4¢$20.
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Figure 2. Dimensions of some designed composite columns
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Steel has the properties of an elastoplastic material. To simplify the modelling of composite columns, a linear
kinematic hardening model is utilized [18] to estimate the behaviour of steel under cyclic loads. In ANSYS, the
characteristics of steel are specified as yield strength, modulus of elasticity, and Poisson's ratio among other things.
According to Eurocode 3 [19], the modulus of elasticity is Es=210 000 MPa, the steel Poisson's ratio is 0.3, and the
steel grades for structural steel sections and reinforcing bars are S275 (f,=275 MPa) and S500 (f«=500 MPa),
respectively, both classified as elastic perfectly plastic as shown in Figure 3:
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Figure 3. Steel material's stress-strain relationship [19]

The proposed model's concrete is an elastoplastic material. In Equation 1, The stress-strain relationship of concrete
materials is used as illustrated in Figure 4, as recommended by Eurocode4 [20]. According to Eurocode2 [21], the
Poisson's ratio of concrete (v) is 0.2, and the modulus of elasticity is Ecn=31000 MPa.
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€cu1=0.35% is the ultimate strain.
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Figure 4. Concrete material's stress-strain relationship

3.2. General Configuration of the Composite Columns and Boundary Conditions

Considering several studies reported in the literature [12, 22-29], it was decided to choose the used finite element
model Solid65, Solid185 and Link8 finite elements of the Ansys code [16]. The ANSYS code defined Solid65 as
concrete in 3-D solid modelling with reinforcing bars for its ability to crack in tension and crush in compression. The
element is made up of eight nodes, each with three degrees of freedom. The behaviour of this element with nonlinear
material properties is the most important aspect of it. Concrete can crack, crush, and deform plastically. Rebar can
resist tension and compression, as well as plastic deformation. The failure criterion for concrete due to multiaxial
stress condition used in the study was the Willam- Warnke five parameter model [30], the failure surface could be
defined by two constants, fcm and fi. Where fcn is the ultimate uniaxial compressive strength and f; is the concrete
ultimate uniaxial tensile. To define concrete material, several properties must be entered into ANSY'S, including the
Poisson's ratio (v), elastic modulus (Ecm), compressive uniaxial stress-strain relationship for concrete, ultimate uniaxial
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compressive strength (fem), ultimate uniaxial tensile strength (f;), and shear transfer coefficient, which represents the
conditions of the crack plane. The shear transfer coefficient ranges from 0.0 to 1.0, with 0.0 representing a smooth
crack (no shear transfer) and 1.0 indicating a rough crack (full shear transfer). The shear transfer for open cracks Pt
and closed cracks fc in this study is 0.75 and 0.9, respectively [28].

The structural steel section in a 3-D model is defined as Solid185 with eight nodes and three degrees of freedom at
each node. Large deflection, plasticity, large strain capabilities, stress stiffening, and also creep are some of these
element properties. The reinforcing bars are defined as Link8, which is a uniaxial compression-tension element with
two nodes and three degrees of freedom at each node. [16]. Several finite element models with various element sizes
were built to determine the most reasonable mesh that would provide accurate results while using the least amount of
computing time to produce them with. The composite columns were found to work best with a mesh size of 30 mm.
CONTA174 is used for the mesh of the concrete-steel interface to contact with the steel interface, and TARGE170 is
used for the mesh of the concrete steel interface to contact with the concrete interface to simulate the interaction
between steel and concrete [31-33]. Frictional contact is used between structural steel sections and concrete. Different
friction coefficients ranging from 0.2 to 0.7 were used to investigate their influence on fully encased composite
column behaviour in this paper. At the end of the column illustrated in Figure 5, the boundary conditions of the
columns are clamped-free. After applying an axial force to the column's cross-sectional centroid, a horizontal load
with displacement was applied using boundary conditions at different increment steps.

. Foced Support
M=1333.8 KN [‘_E:l:] Dusplacement
B Force: 13338 006 N

P""—l
—
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ST rTrrry

(a) Analytical Model of the composite Columns (b) Numerical model of composite Columns

Figure 5. Boundary conditions of the composite column

According to Eurocode 4 [20], the columns were subjected to a prescribed horizontal displacement history under a
constant axial load of P=1333.8kN, which was chosen as 20% of the plastic resistance of the composite cross-section
to compressive axial force, Npirk, With Npirk =Aa.Fy+0.85Ac.FactAs.Fsk. The effect of the applied axial load P is
interesting to investigate subsequently. These loads were applied to the column's top surface. As seen in Figure 6, the
horizontal displacement history is made up of a series of fully reversed displacement cycles.

250

200

150 A A

100
50

Displacement (mm)
o

-100
150 v V
-200

-250

Cycles

Figure 6. Cyclic applied horizontal displacement history
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3.3. Validation of the Numerical Model

Four previously published test specimens by Aribert et al. [18] were used to evaluate the efficiency of the
numerical model for the composite columns described in the preceding section. These four specimens can be classified
according to the length of the column and type of loads. Table 1 lists the material parameters as well as geometrical
properties. The experimental and numerical lateral displacement (v) versus lateral loads (P) curves are shown in Figure
7. As indicated in Table 2, the difference between numerical and experimental values for SI-1, S1-2, SllI-1, and SllI-2
specimens is +1.51, +0.66, -0.48, and +0.74 %, respectively. A comparison between the failure mode noted in the tests
and those obtained by numerical simulation is illustrated in Figure 8. Overall, good agreement is established between
the tested and numerical curves, as seen in Figure 7 (tested and numerical curves). This demonstrates that the current
numerical model could be used to simulate the behaviour of fully encased composite columns under cyclic loading.

Table 1. The material parameters and the geometrical properties of the experimental test [17]

Length Concrete foc (N/mm2) E Fy Fsk Ea, Es2

H cm
Specimen (m) class (28 dayson the cylinder) ~ (N/mm?)  (N/mm?)  (N/mm?)  (N/mm?)
sI 2.00 c25 25.4 29000 302 560 20700
sl 3.00 c25 245 29000 302 560 20700

Table 2. FEM lateral load values and experimental lateral load values

Specimen Length (m) Loads Pexp (KN) Prem (KN) Difference (%)
SI-1 2.00 Monotonic 28.1 28.53 +1.51
SI-2 2.00 Cyclic 25.7 25.87 +0.66
SlI-1 3.00 Monotonic 16.9 16.82 -0.48
SH-2 3.00 Cyclic 17.4 17.53 +0.74
30 T —30
== Numerical H (kN)
25 - Experimental :
20
15
10 -260 -2 D0
e Experimental
5 Numerical
0 :
0 25 50 75 100 125 150 .30
A) SI-1 Specimen B) SI-2 Specimen
20
20 = Numerical H (kN)
= Experimental
15
10
5 e EXperimental
Numerical
0
0 50 100 150 200 250
-20
C) SI11-1 Specimen D) SI11-2 Specimen

Figure 7. Numerical and experimental test lateral force-displacement curves comparison
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Figure 8. Comparison of typical failure mode of experimental and numerical specimen [3]

4. Results and Discussion

To understand the rigidity of this element before failure, the parameters of the cyclic response of the composite
columns, as shown in Table 3, were investigated, including hysteresis curves, skeleton curves, ductility coefficient,
dissipation energy, and initial stiffness. Figure 9 shows an example of the stress equivalent (Von-Mises) distribution of
composite columns, it can be found that the columns reach the plastic mode at the bottom counter to the top of the
columns still in the elastic mode. As illustrated in Figure 10, the deformed shape of the composite column at failure
mode is also recorded. The finite element model predicted a steel yielding and concrete crushing as the failure mode.
The compressive yield strength of concrete and yield stress of structural steel were both exceeded, respectively. The
compressive stress was found to be highest near of the composite column bottom. The failure modes of the concrete
and structural steel elements can be clearly identified by comparing the stresses of the elements to the strengths of the
materials. Both modes of failure happen simultaneously, with the steel flange yielding initially accompanied by
concrete crushing. The concrete fails in tension before the steel reaches its yield stress, while the concrete fails in
compression before the concrete reinforcement reaches its yield stress. The next section contains further explanations
and interpretations of the findings.

Table 3. Summary of the numerical results

NopirK Pm Ay Py Au Pu E Ky

specimens Coeff. (mcm) Section Ny (kN)  (mm)  (kN)  (mm)  (kN) M em)  (KN/m)

FEC.CC.1 10 370x370 545024 13637 68 1225 200 13177 294 34181 1801471
FEC.CC.2 20 300x390 578224 150.67 66 13835 200 14266 303 34303 2096212
FEC.CC3 30 410x410 612224 17134 65 15442 200 13792 308 37991 2375602
FEC.CC.4 40 430x430 647924 18109 648 17347 200 1511 309 37472  2677.006
FEC.CC5 - 50 450x450 685324 19865 642 19428 200 16434 312 37845  3026.168
FEC.CC6 60  4T0x470 724424 23157 6145 2102 200 17933 325 41955  3420.667
FEC.CC.7 70 490x490 765224 23711 60 21843 200 19352 333 42164 36405

FEC.CC8 80  510x510 8077.24 2824 66 26019 160 21293 242 31637  4078.636
FEC.CF.1 02 685324 16037 485 14878 80 16558 165 3754  3067.63
FEC.CF.2 0.25 685324 160.64 485 14871 80 16565 165 3795  3066.19
FEC.CF.3 03 685324 16157 625 17193 150 1074 240 16334  2750.88
FEC.CF.4 0.35 685324 16354 555 15801 200 9953 360 32000  2847.03
FEC.CF.5 0.4 685324 16549 555 16397 200 8723 360 327.08 295441
FEC.CF.6 0.45 . 450450 685324 167.84 555 16399 200 107.64 360 32413 295477
FEC.CF.7 05 685324 169.45 555 16401 200 9969 360 3215 295514
FEC.CF.8 0.55 685324 17033 485 14565 200 8592 412 33457  3003.09
FEC.CF.9 06 685324 17284 485 14865 200 8655 412 34726 306495
FEC.CF.10 0.65 685324 17328 485 14996 200 9143 412 33997  3091.96
FEC.CF.11 07 685324 17627 48 15351 200 10075 417 33175 319813

Coeff: the coefficient of the friction, c: the cover concrete, Npi,re: characteristic value of the composite section's plastic resistance to compressive normal force, Pm:
maximum lateral load that can be supported by the composite columns, p: ductility factor, E: energy dissipation and Ky: stiffness initial.
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(a) The stress of the structural steel section (b) The stress of the concrete

Figure 9. Von-Mises Stresses of composite column specimen FEC.CF.9 (steel and concrete)

Figure 10. The deformed shape of composite column specimen FEC.CF.9

4.1. Hysteresis Curves

The load-lateral displacement curves of the structures contribute to a very important role to understand the inelastic
behaviour in developing a seismic design methodology for these structures. As shown in Figure 10 the first series
(FEC.CC.1-FEC.CC.8) among all the specimens, the test of specimen FEC.CC.8 failed to complete all the cycles,
because the concrete cover is too high and the outer concrete is without reinforcement, all the hysteresis curves show
high energy dissipation except the last one. It is observed that all specimens have some common hysteretic
characteristics. The specimens have an elastic stage and a linear relationship between load and displacement at the
early stages of loading, the hysteretic curves are symmetrical. After the cracking of the concrete, the specimens show
an elastic-plastic response. As the lateral displacement increases, the hysteretic loops slowly approach the
displacement axis. However, after the seventh cycle, the lateral load decreases under each displacement loading level,
and loading and unloading gradually decrease stiffness for all specimens, due to spalling of the outer concrete and
increasing loading displacement. On the other hand, the hysteresis curve gets plumper after the load reaches the
ultimate load which explain a good energy dissipation capacity. All the specimens exhibit that has good cyclic
behaviour except the last one. As shown in Figure 11, in the second series, the test of the specimen (FEC.CF.1-
FEC.CF.3) failed to complete all the cycles because the coefficient of friction is too low, and the friction between
structural steel and concrete prevent the ductility. All the hysteresis curves show high energy dissipation except the
first three curves.

Load(Kl:J)

.'/ /

/
4

A r——r——
i B;f/ 150 200 250
~_Displacement(mm)

(a) FEC.CC.1 (b) FEC.CC.2
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Figure 11. Hysteresis curves of the specimens (FEC.CC.1-FEC.CF.11)
4.2. Skeleton Curves

Skeleton curves were created by connecting the lateral load peak points and the corresponding horizontal
displacement from each loading level's first cycle. An essential parameter is the skeleton curve, which measures
ductility, strength, deformation capacity and the inelastic cyclic or seismic response of specimens, and is used for this
purpose. The negative loading direction is determined in an analysis of the skeleton curve when the wider flange of
inner structural steel is compressed, while the positive loading direction is established when the wider flange is
tensioned [34]. The skeleton curves are shown in Figure 12 for easy comparison of the specimens. It is shown with
increasing concrete cover the lateral load increases, the figure exhibit the discontinuity in the curves due to the spalling
of the concrete cover [2].

350 e FEC.CC.1
300 FEC.CC.2
250 FEC.CC.3
z
X 200 ——FEC.CC.4
3 1T —
3 150 FEC.CC.5
FEC.CC.6
100
= FEC.CC.7
50
= FEC.CC.8
0
0 50 100 150 200 250
Displacement (mm)

Figure 12. Comparison of skeleton curves
4.3. Dissipated Energy

The amount of energy dissipated by a structural element is an important factor in determining its seismic
performance. The area contained by the hysteretic hoops is used to determine dissipated energy from the lateral load-
displacement curve. In general, specimens with a lower concrete cover level had less dissipated energy than higher
cover levels. The energy dissipation is shown in Table 3, with specimen FEC.CC.1 having a 341.81 KN.m dissipated
energy according to the column's lower durability than the others, while FEC.CC.7 has a 421.64 KN.m dissipated
energy, and specimen FEC.CC.8 reaching the failure mode at the end of the 10™ cycle. However, with an increase of
the concrete cover, the energy of a specimen tends to increase until it reaches 70 mm, it begins to decrease sharply,
shown in Figure 13.a. The energy dissipation in the second series (FEC.CF.1-FEC.CF.11) at the begging is low, and as
the coefficient of friction increases also the energy increases until it reaches 0.6 then the energy degrades gradually.
Figure 13.a indicates that the energy of the first specimen is 341.81 KN.m and the peak point is 421.64 KN.m. Figure
13.b shows that the energy of the first specimen, with 0.20 of friction coefficient is 37.54 KN.m and it increases and
stabilized than the friction coefficient of 0.35. The peak point is 347.26 KN.m, which means that the coefficient of
friction has an obvious effect over the cover concrete. But its effect is almost negligible from 0.35.
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(a) The effects of the cover concrete (b) The effects of the coefficient of friction
(c=10 mm to 80 mm) (Coeff. =0.210 0.7)

Figure 13. Cumulative energy and maximum lateral loads relationships

4.4. Ductility Factor

It is used to determine the cyclic or seismic behaviour of a structure's elements as well as their deformation
capability. The ductility factor p of a specimen is defined as the ratio of the ultimate displacement to the yield
displacement u=Ay/Ay, Where, A, is the ultimate displacement corresponding to ultimate load P, and Ay is the yielding
of the structural steel section displacement corresponding to yield load Py,.

For the first series (FEC.CC.1-FEC.CC.8), it is shown that the cover concrete thickness improves the ductility of
the column. For a thick cover concrete, as 80 mm the column ductility decreases by 27.33%. Results in Table 3
indicate that FEC.CC.6 and FEC.CC.7 columns have better ductility than the others by +11.71% as shown in Figure
14,

For the second series (FEC.CF.1-FEC.CF.11) varying coefficient of steel-concrete friction, ductility generally
increases proportionally. The first two columns have a low ductility, with the increase of the coefficient of friction the
ductility increases, at specimen FEC.CF.4-FEC.CF.7 have constant ductility, but at specimen FEC.CF.8 it increases
again, improving it by +12.62%.

5.00 5.00
450 0.55 0.65
4.00 4.00
o 97" 3.50
= 3.00 lom S 3.00
2.50
2.00 80 2.00
1.50
1.00 1.00
0 100 200 300 0 0.2 0.4 0.6 0.8
Py (KN) Coeff
(a) The effects of the cover concrete (b) The effects of the coefficient of friction
(c=10 mm to 80 mm) (Coeff. =0.2t00.7)

Figure 14. Ductility factor of the effects (cover concrete and coefficient of friction)

4.5. Structural Stiffness

Established by the numerical results, the main value of the rigidity of a column at the i*" drift has been evaluated
by the Equation 2:

_ |+Pl+ =P

AP S 2
S/ ey @

where +4; and -; are the peak displacements of the cycle at the it lateral displacement level in two reversal directions
respectively, +P; and -P; are the loads corresponding to the peak displacements respectively, [4]. Figure 15 describes
the stiffness degradation curves of the specimens with the displacement, which Ky is the initial loop stiffness listed in
Table 3. As exhibited in the curve, for the first series (FEC.CC.1-FEC.CC.8) the specimens with higher cover concrete
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experienced stiffness degradation at an early stage of loading. This is mostly attributable to the restriction of the
concrete crack. However, stiffness degradation is more obvious in the specimens with higher cover concrete. The
stiffness gradually degrades as the lateral displacement increases, but it degrades significantly when the cover concrete
thickness gets bigger. For the second series (FEC.CF.1-FEC.CF.11), with increases in the coefficient of friction, the
stiffness at the 3" cycle degrades seriously, until it reaches 0.6 then it degrades gradually.
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Figure 15. The degradation of stiffness of the specimens

5. Conclusions

To understand the cyclic behaviour of composite columns, the effects of the cover concrete were numerically
investigated, as well as the steel-concrete coefficient of friction by testing the columns under a combined cyclically
increasing lateral load and constant axial load. Based on this study the following conclusions can be drawn:

e With an increase of the cover concrete, the displacement ductility, the energy dissipation and the stiffhess
increase by 11.71, 18.93 and 50.52% receptively compared with specimen FEC.CC.1. However, when the cover
concrete is so large reaches 80 mm in the analysed specimens, the displacement ductility and the energy
dissipation decrease by 27.33, 24.97% receptively, and the stiffness decreases seriously.

o After the load reaches the ultimate load, the hysteretic curves of the columns are plumped and affected by the
spalling of cover concrete. Specimens (FEC.CC.1-FEC.CC.7) exhibit good ductility, energy dissipation capacity
and good rigidity, counter to specimen FEC.CC.1.8 that failed to complete the test, it reached the failure mode at
the end of the 10™ cycle because the concrete cover is too high and the outer concrete is without reinforcement.

e With an increase of the coefficient of friction between steel and concrete, the ductility, the energy dissipation
and the stiffness increase by 12.62, 7.82 and 7.11% receptively. However, when the coefficient of friction
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reaches 0.6, it gives a better energy dissipation. It proves that the columns with a 0.6 coefficient of friction
exhibit favourable cyclic behaviour.

o The coefficient of friction has an important effect on the cyclic behaviour of composite columns. The cyclic
behaviour worsens when the coefficient of friction is decreased and it improves when the coefficient is
increased, especially under 0.6.

The results show that the cover concrete has a slight impact on the composite columns, counter to the effects of the
coefficient of friction owing that to the composite work between the steel section and the concrete. The sandblasting
method of the steel in the composite column is necessary to improve the friction and to increase the dynamic
dissipative capacity.
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