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ABSTRACT

In this paper, behavior of the concrete encased steel profile composite column-reinforced concrete beam
connection representing interior beam-to-column joints under cyclic loading is presented. The column was
designed as concrete encased | steel profile composite column according to Eurocode 4; beam was designed
as regular reinforced concrete beam according to local building codes. The finite element model of the beam-
to-column joint was implemented in ABAQUS and numerical analysis was validated by full scale
experimental study. The performance of the concrete encased steel profile composite column-reinforced
concrete beam joint was compared to reinforced concrete beam-to-column joint, in order to observe the load
carrying capacity and ductility. Ductility level and failure type of the joints were studied and performance of
connections are compared. Comparisons were made using load-displacement relation and failure mechanism.
It is found that the concrete encased steel composite column-reinforced concrete beam joint exhibited slightly
ductile behavior relative to reinforced concrete column-beam joint. On the other hand, analysis result show
that the failure controlled by behavior of the beam and joint capacity is depend on the shear capacity of the
beam.

Keywords: Reinforced concrete joints, composite columns, cyclic loading, finite element modeling.

1. INTRODUCTION

In reinforced concrete moment resisting frames, joints are designed as rigid connection and it
is expected that the joints allow the members (beams and columns) adjoining in joint to develop
and sustain their ultimate capacity. Under seismic loading, the demand of ductile behavior of the
joint is increased and adequate strength and stiffness of the joint to resist the internal forces
induced by the framing members should be provided. On the other hand, the beam-to-column
joints are the most critical sections in the reinforced concrete frame systems under seismic
loading. In earthquake resistant building design, it is intended that the beam-to-column joints are
to consume the earthquake loads by deformations. In this approach, the ductility of the structure is
one of the most important parameters. A ductile structure maintains its strength in spite of the fact
that the elements make plastic deformations under the effect of earthquake loads. In order to
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maintain enough ductility of the frame system, especially in joint sections, different applications
are engineered. The structural frames generated using concrete encased steel profile composite
members are one of the engineered applications. The reinforced concrete beam-to-column joints
already exhibits complex behavior under bending, shear and axial load combinations. When the
complexity of the members in joint section is increased, the complexity of the behavior is
increased natur ally. Using composite column in beam-to-column joint causes more complex
behavior due to by the fact that members that connect at joint have different properties. Although
studies on determining the behavior of concrete encased steel profile composite members
(columns and beams, individually) under cyclic load were started in the 1940s, the studies on
beam-to-column joints are newer.

The studies performed on composite column-composite slab/composite beam connections
indicate that the composite columns are far strong than adjoining horizontal members, the failure
always occurs in horizontal members without any failure in composite column unless the failure
of the column is persuaded [1-12]. The studies performed on composite column-steel beams
exhibit that in this case, the concrete cover around steel profile in composite columns are crushed
without reaching expected performance [13-15]. The analytical studies about behavior of the joint
section of concrete encased steel profile members are relatively limited; on the other hand, wide
ranges of numerical studies exist about the subject [16-20].

In this study, behavior of an engineered beam-to-column joint, consist of concrete encased
steel profile column and reinforced concrete beam joint (SAMPLE 1) and concrete reinforced
concrete beam-column joint (SAMPLE 2), given in Fig. 1-a and b, respectively, were
experimentally and numerically studied. SAMPLE 1 was a sample represented the commercial
applications widely used in high-rise buildings in Turkey. This design has been used because of
"strong column-weaker beam" design regulation is guaranteed with smaller cross section that is
much economical than reinforced concrete column with same capacity. On the other hand,
although concrete encased steel composite column was proved itself being high ductility, it
should be studied that this ductility is still valid when certain joint under loading. SAMPLE 2 was
a sample presents the regular reinforced concrete beam-column joint full fill the building codes
required. Thus, it would be studied if the joint as in SAMPLE 1 satisfy the expectations.

(a) Concrete encased steel profile columnand (b) Reinforced concrete beam-column
reinforced concrete beam (SAMPLE 1) (SAMPLE 2)

Figure 1. Model of the specimens

In this matter, two large scale samples were prepared and tested, and a Finite Element (FE)
model was implemented into ABAQUS [21], to gather stress distribution of the section,
deformation of the joint, moment-curvature relation for beam and column parts of the connection
and predict failure modes of the joint under axial compressive and horizontal cyclic loading. The
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concrete damage plasticity (CDP), surfa ce contact modeling, meshing principles are included to
the FE modeling of the joint in order to complete the modeling. The analysis results were
compared in order to exhibit the performance of the engineered beam-to-column joints.

2. SIGNIFICANCE OF THE STUDY

In the earthquake resistant moment frame design, it is expected that the energy built up in the
joint due to earthquake loads are spend by deformations. The most important parameter in this
approach is the ductility of the structure. A ductile structure maintains its strength even though its
members undergo plastic deformations under the effect of earthquake loads. The concrete encased
steel profile composite columns are satisfy both strength and ductility capacity under seismic
loads [24-28]. Therewith, the beam connected to the composite column is designed as reinforced
concrete beam, thus, the strong column-weaker beam design is satisfied, and thus the plastic
hinges would occur in beams. On the other hand, behavior of the beam-to-column joint is
controlled by the bond between steel and concrete, and the shear strength of the joint, so that, the
capacity of the joint depends on the capacity of the beam. This study would provide the
verification whether the engineered joint design supplies expected capacity. In this study, the
beam-to-column joints proposed above were analyzed both experimentally and numerically to
understand whether the joint satisfied the properties expected. In addition to that, the strength
capacity and ductility level of the joint were identified; failure mechanism of the connection was
defined.

The joint studied is an interior beam-to-column connection (Fig. 2). The dimensions of the
members to be modeled are determined by taking advantage of the moment zero points of the
frame affected by the horizontal load.

Beam M=0
7 J
- ’T}ﬁhk‘\
5 A
128 e
q T

Figure 2. The interior beam-to-column joint in a moment resisting frame (represented in oval
section)

3. EXPERIMENTAL ANALYSIS
Two large-scale, interior beam-column connection samples were prepared for testing.
Reinforced concrete beam-column joint was used as control sample. Column and beam were

regular reinforced concrete members designed according to local building codes. Engineered joint
consist of two different parts: concrete encased steel composite part (the column) and reinforced
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concrete part (the beam). The reinforced concrete beam was designed according to local design
codes. The concrete encased steel composite column was designed according to EUROCODE 4
[22]. Details of the samples are given in following sections. As steel profile, IPE100 with 55mm
flange was used. The foot of the column and end of the beams were pinned, thus, the boundary
conditions were granted as it was given in Fig. 2. The column was loaded constant 200kN axial
compression load that is approximately 10% of axial load capacity of the column. The sample
was tested under cyclic loading. Loading was deformation controlled.

3.1. Geometry of the model and material properties

In both samples, the beams and columns are 20x20cm in cross section. Length of the beam is
260cm, length of the column is 180cm. The joint considered RC model is reinforced concrete
beam-to-column joint. The joint dimensions and reinforcement detail is given in Fig. 3 and Fig. 4,
and the material properties used in the numerical analysis are given in Table 1.
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Figure 3. Dimensions and reinforcing detail of the cased steel composite column to reinforced
concrete beam joint (SAMPLE 1)

Table 1. Material Properties

Compressive \S(tlreelr?”t]ﬁ Density Modulus of Poisson
Strength (MPa) (MPg) (kg/m®)  Elasticity (GPa)  Ratio
Concrete 39 2400 34 0.2
Steel Profile 420 420 7850 200 0.3
Reinforcement 420 420 7850 200 0.3
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Figure 4. Dimensions and reinforcing detail of the reinforced concrete column-beam joint
(SAMPLE 2)

3.2. Loading configuration and boundary conditions

The joint is numerically analysed under cyclic and axial compressive loading. The cyclic load
is applied to the column horizontally at top end point, and the column is under effect of axial
compressive load. The joint is supported from three points. The beam is supported from end
points, and vertical movement of the beam is prevented. The loading configuration and supporting
are shown in Fig.5 (P is cyclic loading representing earthquake effects; N is constant axial
compressive load, representing internal axial loads). The load cycle applied is given in Fig. 6. The
constant axial compressive load is 200kN, determined as 10% of the composite column
compressive load capacity. Under cyclic and axial loading, the idealized deflection of the plane
joint is shown in Fig. 7.

Figure 5. Loading configuration and boundary conditions of the joint, P is horizontal cyclic
loading; N is constant axial compressive loading
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Figure 6. Repeated hysterical load cycle
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Figure 7. Deflected shape of idealized beam-to-column joint

Cyclic loading provides reverse repeated actions on the beam-column joints transmitted by
the connected members. Simple mechanical approaches for the structural behaviour of the joint
under effect of bending moment, axial and shear forces are expressed in many studies [23-24-25-
26-27-28-29-30]. The strength capacity of the joint depends on the joint type, retrofitting,
confinement, anchorage details, longitudinal reinforcements and steel core. In the proposed
model, the steel core located in the column has ability to absorb shear forces. On the other hand,
damage in the concrete cover would not be prevented. The fracture occurs in concrete at
intersection of the column and beam followed by the yielding of the reinforcement. Since the
loading is cyclic, the fracture starts where the tension is effective, later; it progress until failure of

the joint. Representative deformation of the joint panel is shown in Fig. 8.
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Figure 8. Idealized joint panel deformation

In the proposed joint, since the column contains steel profile, deformation of the joint panel
would be same as the Fig. 8, however, the load transferring mechanism of the joint panel would
contain web of steel profile and concrete panel as shown in Fig. 9. The joint panel is subjected to
complex stress distributions due to bending moment, axial and shears forces. During stress
transferring, the concrete under compression would crash, concrete under tension would crack.
The failure would be controlled by the strength of the beam section. In order to exhibit true stress
transferring, modelling of the joint should be carefully performed.
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Figure 9. The joint panel a) steel web panel mechanism, b) concrete panel mechanism
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In the core of the joint represented in Fig. 9, the internal loads transferred by concrete would
be carried by both web of the steel profile and flanges while the moments effect at strong axis of
column, carried by the flanges of the steel profile while the moments effect at weak axis. The
local buckling at core panel would be prevented by concrete confinement delaying yielding of
steel profile web.

3.3. Experimental setup, instrumentation and test procedure

The view of the test set-up and loading system is shown in Figure 10. Cyclic horizontal load
was applied at the top of the column simulating seismic loading. During loading, each load cycle
repeated twice to emphasize effect of certain load. The horizontal actuator is a servo controlled
actuator and has a capacity of 500 kN with a 250mm stroke. The cyclic horizontal forces P (see
Fig. 5) were considered as positive when it was from left to right, and negative when it was
reversed, thus, compression tension regions were to be as represented as in Figure 8. The column
was under effect of 200 kN constant axial compression simulating gravity loads. The
displacements were measured from five different points, shown in Fig. 10. The strain
measurements were made both from steel profile and reinforcing from multiple locations. The
location of the strain gouges are given in Fig. 11.

Figure 10. Testing set up, loading system and location of potentiometers (D's are potentiometers)
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Figure 11. The location of the strain gouges both in steel profile and reinforcing
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3.4. Experimental results and discussion

The performance of the specimens was evaluated through the measured strains and
displacement data. Load-displacement measurements were collected, and damages and crack
patterns were studied.

3.4.1. Concrete-encased steel composite column to RC beam joint (SAMPLE 1)

The cracks development of this specimen was observed during testing. The cracks were
developed at the beam, and then they progressed to the joint panel shown in Fig. 12. Yielding
occurred at fourth load cycle, about 17.67kN load at the beam where the tension occurs, and
failure occurred at sixth load cycle about 29.41kN. Later on, when the loading continued, the
cracks developed rapidly until the beam fractured, some of the cracks progressed to the joint
panel, the joint exhibited "strong column-weaker beam design concept”.

The specimen exhibited tensile damage at tension sides of beam, then, when loading
continued, the beams fractured and diagonal concrete tensile damage progressed to the joint
panel. When the load applied left to right, top of left side beam, bottom of right side beam and left
flange of the | shape steel profile in the column was subjected to tension. When direction of the
load reversed, the locations mentioned above became effect of compression. This repeated
damages caused section fracture followed by yielding of the reinforcing in the beam. No yielding
of I steel beam in column, and no compressive damage in the joint panel were observed. Diagonal
tension cracking of the joint rapidly spread to the vicinity of the column.

The load-displacement curve of the specimen is given in Fig. 13. There, the load versus
displacement collected at D5 potentiometer is presented.
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Figure 13. Load-displacement curve of concrete encased steel composite column-reinforced
concrete beam joint (SAMPLE 1)

3.4.2. Reinforced concrete beam-column joint (SAMPLE 2)

In this sample again, cracks were developed at the beam, and then they progressed to the joint
panel shown in Fig.14. Only, yielding occurred at third load cycle, about 17.42kN, and failure
occurred at fifth load cycle about 27.83kN, then the cracks moved to joint panel and fracture
occurred in joint panel indicating the design of the joint was improper. The load-displacement
curve of the specimen is given in Fig. 15. There, the load versus displacement collected at D5
potentiometer is presented.

I e

Figure 14. Crack development in SAMPLE 2
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Initial response of the specimen was similar to SAMPLE 1. On the other hand, initial concrete
shear damage was developed in joint panel fallowed by yielding of the column and beam
longitudinal reinforcement in the joint panel zone. No yielding of | steel beam in column was
observed.

40
30

Load (kN)

-150 -100 -50 0 50 100 150
Displacement (mm)

Figure 15. Load-displacement curve of concrete encased steel composite column-reinforced
concrete beam joint for SAMPLE 2

When the graphics were reviewed, it is seen that cyclic behavior of the both specimens
exhibited ductile behavior; on the other hand, engineered joint did not provide expected
stiffness/load carrying capacity. The hysterical response of two specimens may be compared by
envelop curves of responses shown in Fig. 16 better. As it seen, the capacity of the specimens is
controlled by capacity of the beam. On the other hand, while SAMPLE 2 was reached failure,
SAMPLE 1 exhibited longer ductility platform. The envelop load versus displacement
relationships of the joint specimens were obtained by connecting the peak point of loading cycle
on the hysteretic response graphics.
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Figure 16. The envelope curves of the hysterical response of the specimens
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Strain behaviour of the joints was observed in many locations, on the other hand only one
location measurement presented here. The strain presented was measured on the reinforcement in
the beam with strain gouge numbered S7, the location of it is also shown in the graphics, for both
of the specimens. The horizontal load-strain graphics given in Fig. 17 and 18, for SAMPLE 1 and
SAMPLE 2, respectively, expressed that the concrete encased steel composite column carried

/ Sigma J Eng & Nat Sci 38 (3), 1427-1445, 2020

much of the strain in the joint, yet the beam fractured before the column taking the load.
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Figure 17. Strain response of the upper side reinforcement of the beam for SAMPLE 1
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Figure 18. Strain response of the upper side reinforcement of the beam for SAMPLE 2

Table 1 presents the recorded loads at yielding (Py), maximum (Py.,) and failure (P,) loads

and corresponding displacements (Ay, Amay, Ay, Yielding, max and ultimate, respectively).

Table 1. Load and displacement at different characteristic points.

Yielding Peak Failure

Py(kN) Ay(mm) Prmax(kN) Amax(mm) — Py(kN) Ay(mm) u

B 60 " 06 ® 0 ®H 60 ®H 0 *) 0
SAMPLE 117.67 15.8521.56 19.12 29.41 -25.36 51.48 -48.9921.57 -16.95 133.05 -102.37 6.16

SAMPLE 217.42 15.26 21.25 18.95

27.83 -24.66 46.84 -61.8315.96 -12.7 11141 -96.78 5.24
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The maximum load P, maximum displacement Ana, ultimate load P,, ultimate
displacement A, and the ductility coefficient p are obtained from the envelope load-displacement
curve. The ductility coefficient is calculated by the A/A, and the yield displacement A, is the
calculated by the effective energy method [30].

4. STIFFNESS DEGRADATION

Reinforced concrete structural components will exhibit some level of stiffness degradation
when subjected to reverse cyclic loading. Stiffness degradation is the result of cracking of the
concrete. The level of stiffness degradation depends on the material properties, geometry and
ductility level of the components, and loading history. As long as, the structural components
crack, stiffness degradation should be expected. On the other hand, stiffness degradation is to be
in between cycles rather than in-cycle. The models analysed exhibited stiffness degradation as
shown in Fig 19. The differences that are not observed at load-displacement response between
SAMPLE 1 and SAMPLE 2 are observed at stiffness degradation graphic. It is noted that
SAMPLE 1 has larger stiffness capacity than SAMPLE 2.

1400
——SAMPLE 1

—o— SAMPLE 2

1200
1000
800
600

Kj (KN/m)

400
200

0

-3 -2 -1 0 1 2 3

A Ay
Figure 19. Stiffness- A/A, relation

5. FINITE ELEMENT MODELING

Analytical Finite Element model was implemented in ABAQUS/Standard module. Non-linear
analysis of the all type of joints was performed in ABAQUS program.

Modelling of members was made using suitable elements according to manual. Concrete was
modeled as solid, C3D8R type element. In all models, 1408 numbers of elements were used for
concrete. Steel profile was modeled as beam, using B31 type, 39 numbers of elements were used.
Reinforcing bars were modeled as truss member, using 2632 numbers of T3D2 elements. The
bonding between concrete and steel beam was constituted by using surface-to-surface contact
approach, as explained in ABAQUS program documentation to ensure fully-composite beam
model.

The ABAQUS uses Concrete Damage Plasticity (CDP) model to simulate inelastic behavior
of the concrete. The model is suitable for reinforced concrete as well as plain concrete.
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Furthermore, the model is capable to describe the irreversible damage that occurs during the
fracturing process in concrete subjected to monotonic, cyclic, and/or dynamic loading under low
confining pressures. The model assumes that two main failure mechanisms are tensile cracking
and compressive crushing of the concrete material. Stress-strain curve for concrete in order to use
CDP model in ABAQUS was gathered by material testing and it is given in Fig. 20.

40
Kk
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0

Stress (MPa)

0 0.0005 0.001 0.0015 0.002 0.0025 0.003
Strain (mm/mm)

Figure 20. Stress-strain curve of the concrete used in analysis

Modelling of the specimens are given in Fig. 21.

FE model of FI nj,mlcl of
remnforcing

concrete

FE Modeling of
composite column

Figure 21. FE modeling of the samples: given separately for concrete, reinforcing and reinforcing
and steel profile

Numerical analysis results of the joints under horizontal cyclic loading are given as principal
stress distributions for concrete encased steel column-RC beam joint (SAMPLE 1) in Fig. 22, for
reinforced concrete beam-column joint (SAMPLE 2) in Fig.23.
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(Avg: 75%)
+3.264e+00
+1.600e+00
+1.467+00
+1.333e400
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+1.333e-01
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Figure 22. Principal stress contours in concrete for concrete encased steel column-RC beam
(SAMPLE 1)

Principal stress image given in Fig. 22 shows that the capacity of the joint is governed by the
capacity of the beam. The failure occurred in beam at column surface. On the other hand, in
reinforced concrete beam-column joint (SAMPLE 2) the failure occurred in the joint panel, as
shown in Fig. 23.

PEEQ

(Avg: 75%)
+3.943e+00
+2.240e-01
+2.053e-01
+1.867e-01
+1.680e-01
+1493e-01
+1.307e-01
+1.120e-01
+9.333e-02
+7467e-02
+5.600e-02
+3.733e-02
+1.867e-02
+0.000e+00

Figure 23. Principal stress contours in concrete for concrete encased steel column-RC beam
(SAMPLE 2)

Comparison of the numerical and experimental analysis results is given in Fig. 24. Although,

numerical analysis results exhibited slightly larger capacity and ductility than actual behaviour
(regarding experimental results), the differences may be considered in acceptable limits.
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Figure 24. The envelope curves of the hysterical response of the specimens in numerical and
experimental analysis

6. CONCLUSION

Experimental and numerical analysis of the concrete encased steel profile composite column-
to reinforced concrete beam and reinforced concrete column-to beam joints under cyclic loading
are presented.

Analyses are completed in both in numerical and experimental. Numerical analysis results are
verified by experimental analysis. Results indicated that both joints exhibited same load carrying
capacity, yet, the fracture occurrence was different. In addition to that, analysis result showed
that the failure controlled by behavior of the beam and joint capacity was depended on the shear
capacity of the beam. Although stress concentration was located at centre of the joint, the failure
induced by concrete crashing, both in column and beam.

Response of the joint is presented via load-displacement curves and stiffness degradation.
Because of the failure controlled by beam capacity, the load-displacement responses of both joints
are similar. On the other hand, energy dissipated by joints is different, as it is observed from
stiffness degradation.

In numerical analysis, progressive crack occurrence (active yielding) was also studied; results
are exhibited for SAMPLE 1 and SAMPLE 2 in Fig. 25 and 26, respectively. The images given in
Fig. 25 and 26 are contains crack in concrete and yielding in steel. The red cells are indicating
failed (implying cracks) FE members under load. The loads indicated at the top of the images
beside displacements are the load at the moment the images were taken. The arrows indicate the
direction of the load. Thus the crack propagation in the models may be seen from images for
different loads cycles. The crack pattern at the images given in Fig. 25 and 26 closely resembles
the crack pattern observed in experimental study as shown in Fig. 12 for SAMPLE 1, in Fig. 14
for SAMPLE 2, respectively.
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Figure 25. Active yielding pattern of SAMPLE 1 (images in first line indicate the cracks in
concrete, in second line indicate yielding in reinforcement, third line indicate crack locations in
joint cross section)
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60mm (318 kN —)

T0mm (32.17 kN — )

80mm (3162 kN — )
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Figure 26. Active yielding pattern of SAMPLE 2 (images in first line indicate the cracks in
concrete, in second line indicate yielding in reinforcement, third line indicate crack locations in
joint cross section)
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