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Abstract

Conventional steel-plates-strengthened-composite ring (SPSC) joints are extensively used in
composite structures to connect concrete-filled tubular (CFT) columns and reinforced concrete
(RC) beams. However, the refinancing-bars of the adjacent beams require on-site welding to
the steel strengthened plates of the SPSC joint, which, regarding workmanship, is difficult and
time-consuming. Recently, a new type of joint, the steel-concrete-composite-ring (SCCR) joint,
has been proposed as a substitute for the SPSC joint since it has been successfully used in
several construction projects in Hong Kong. An SCCR joint consists of a steel tube, a concrete
ring beam with reinforcements in both the radial and hoop directions, and shear studs. This
research develops a sophisticated Finite-Element (FE) modelling method for SCCR joints,
where the dominant factors affecting the joint’s behaviors are considered, such as the explicit
simulation of the complex reinforced bar details and shear studs, the cracking and crushing of
concrete, the yielding of reinforced bars, and the contact behaviors between the steel tube and
the concrete. From the FE analysis results, four possible failure modes are identified.
Parametric studies are sequentially conducted in regard to these modes, yielding corresponding
design equations. A design procedure developed through the proposed equations is illustrated
with a flowchart. Finally, a real-world example project is presented and further validated by

sophisticated FE analysis.

Keywords: Finite Element Method, Composite Joint, Nonlinear, Design, Analysis, Concrete
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1 Introduction

Concrete-filled tubular (CFT) columns are commonly used in various types of modern
construction projects due to their strength, stiffness, and excellent ductility, among other
qualities [1-3]. The main difficulty in adopting this type of structure pertains to the connection
between reinforced concrete (RC) beams and CFT columns. The reinforcement bars within RC
beams cannot be directly attached to the CFT column due to the steel tube. Therefore, a steel-
plate-strengthened-composite ring (SPSC) joint, as shown in Figure 1 (a), is conventionally
employed. These require the reinforcement bars of the RC beams to be welded to the steel
strengthened plates on-site, a difficult and time-consuming process. Recently, a new method
for connection, the steel-concrete-composite-ring (SCCR) joint (Figure 1 (b)), has been
proposed as a substitute for the traditional SPSC joints after having been successfully used in
several construction projects in Hong Kong (see Figure 2). In the SCCR joint, the CFT column
and the RC beams are connected by an RC ring beam, eliminating the challenge of on-site

welding.
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Figure 1 The composite joints connecting RC beams and the CFT column
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Figure 2 A real case application of the SCCR joint

The study of composite joints has become popular among researchers. Schneider and Alostaz
[4] analyzed the connection of the steel strengthened plate within the steel beam to the CFT
column (SBCC) joint through experiment-based investigations and Finite-Element Analysis
(FEA). Elremaily and Azizinamini [5] presented a design process for the SBCC joint also with
the aid of the Finite-Element (FE) model. Later, other researchers (such as Cheng and Chung
[6], Ricles et al. [7], and Sheet et al. [8],) further investigated the performance of the SBCC
joint under cyclic loading. Furthermore, Azizinamini [9] et al. proposed a series of equations
for the design of through-beam connections, wherein the steel tube is cut off to maintain the
continuity of the beam. Tang et al. [10] studied the seismic performance of the through-beam
connection using the FEA approach, whereas Nie et al. [11, 12] introduced a new connection
system for CFT columns and beams which used a rectangular, steel stiffening ring inside the
joints. Later, Zhang et al. [13] studied the seismic behavior of this connection system. However,
despite the aforementioned studies, related research specifically on the SCCR joint is still
relatively limited.

Eurocode 3-1-8 [14] provides a modern joint design process based on failure modes,
comprehensively considering the strength, stiffness, and deformation of a joint. This method
has been adopted by a number of researchers. For example, Bijlaard [15] provided an overview
of the design philosophy and emphasized that reliable software tools can make the use of the

Eurocodes easier for engineers. In addition, D'Aniello et al. [16] investigated the seismic design
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of extended stiffened end-plate joints in the framework of Eurocodes. EI-Khoriby et al. [17]
employed the FE model to propose a series of design recommendations for the beam-to-column
connection under axial forces and cyclic bending moments.

By studying the structural performance of SCCR joints and identifying possible failure modes,
this paper adopts the FEA method to establish a sophisticated model for investigating the
performance of the joints under different loads. The FEA method is commonly considered one
of the most reliable numerical approaches for examining structural behaviors. Indeed, several
researchers have adopted the FEA method for their studies. For example, Tang et al. [10]
studied the seismic performance of the composite connection using the FEA approach, their
results being validated by conducted experiments. Furthermore, Subramani [18] et al.
investigated deflection and energy absorption capacities of the retrofitted RC beam-column
joints also using the FEA method. Ramadan et al. [19], Ouyang et al. [20, 21] and Pagoulatou
et al. [22] proposed employing the FE model for the examination of CFT columns under
different loads, with numerical simulation results being in-line with experimental observations.
In this paper, four possible failure modes are identified from the FEA results, and consequently,
the design equations for computing the SCCR joint’s strength capacities in regard to these
failure modes are derived from parametric studies. To verify the accuracy of the design
equations, hand-calculated results are compared to those from the FEA. Finally, a design
example from a real-world project that use the proposed equations for the design process is

presented.
2 Finite-Element (FE) Modelling

A sophisticated FE model is developed to predict the performance of the SCCR joint and
identify the possible failure modes for the further conduction of the parametric studies. As
presented in Figure 3, the SCCR joint is composed of reinforcements, concrete, a steel tube,

and shear links. This paper employs FEA software ANSYS (14.0) to simulate the SCCR joint.
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In the FE model, the dominant factors affecting the joint’s performance are considered, such
as the cracking and crushing of concrete, the yielding of steel, the explicit modelling of the
complex reinforcement bar details, and the contact behaviors between the steel tube and the
concrete. Detailed information regarding the FE model is further presented in the following
sections.

Steel tube (Shell element)

Concrete (Solid element AAFIFE

Reinforcement (Beam element)

Shear stud (Beam element)

Figure 3 Finite-Element (FE) model of the SCCR joint
2.1 Assumptions
The following assumptions are adopted: (1) there is no slippage between the concrete and
reinforcement components; (2) full composite actions can be developed between the steel tube
and the concrete component; (3) the RC beam and CFT column are designed with adequate
strength for enduring external loads; (4) only compression-action exists between the steel tube
and concrete component areas of contact; and (5) there is no friction between the steel tube and
RC ring beam contact areas, and all shear forces are transferred by shear studs.
2.2 Finite-Element Modelling of the Basic Components
2.2.1 Concrete
An eight-node solid element with three degrees of freedom at each node is employed to
discretize the concrete component of the SCCR joint. The element is an advanced 3-D element

which adopts the Willama and Warnke model [15], and it can simulate the cracking, crushing,
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plastic deformation, and creep behaviors of concrete. In the present study, the uniaxial tensile
cracking stress of concrete is taken as 0.1 times that of the uniaxial crushing stress, and the
shear transfer coefficients of the concrete for the open crack and closed crack are set as 0.95
and 1.0, respectively. Generally, a mesh size equalling 0.05 to 0.1 times of the ring beam width
is adopted, whereas the concrete core of the CFT column is free-meshed by the software (Figure
3).

2.2.2 Reinforcement and Steel Tube

In the proposed FE model, the stress—strain relationship of the steel components (i.e. both the
reinforcements and the steel tube) is assumed to be elastic-perfectly-plastic, which can be
expressed as:

os = Eg&, for —Egy <& <Egy (1)

oy = fyd for &g <—gfy0r &g >8fy (2)
where, Es is the Young’s modulus, fyq represents the yield strength, and & is the corresponding

strain.
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Figure 4 The FE modelling of the reinforcements using beam elements
The reinforcements of the SCCR joint are simulated by beam elements with six degrees of
freedom at each node. The beam element is based on Timoshenko beam theory [23, 24] which
includes shear-deformation effects and is suitable for linear, large rotation, and large strain
nonlinear applications. All the reinforcements of the SCCR joint (i.e., main bars, hoop bars,

side bars, etc.) are modelled by beam elements and meshed accordingly, with the distributions
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of the beam elements based on the design details of the joint (Figure 4). This paper assumes
that there is no slippage between the concrete and reinforcement components; thus, the
interactions between them can be simply simulated by sharing the element nodes at the contact

surfaces.

il
Figure 5 The FE modelling of the steel tube using shell elements

As shown in Figure 5, the steel tube of the CFT column is simulated using shell elements with
six degrees of freedom at each node. The four-node shell element adopted in this paper
possesses plasticity, stress stiffening, large deflection, and large strain capabilities. To ensure
the ease of modelling the contact surfaces (see the next section), all shell elements are
rectangular and uniformly distributed along the perimeter of the column.

2.2.3 Contact Surfaces Between the Steel Tube and Ring Beam

In the modelling of the SCCR joint, the simulation of the contact surfaces between the steel
tube and reinforced ring beam is essential. This research discretizes the contact surfaces via a
series of contact pairs. As shown in Figure 6, a contact pair is composed of one steel tube
element node, one ring beam element node, and a compression-only link element connecting
these two nodes. The link element is of negligible length, and the cross-sectional area is
calculated accordingly. To transfer the compression force directly, the link elements require a
high level of stiffness. Thus, the Young’s modulus of the link element is set as ten times that

of the steel element.
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Figure 6 Contact pairs

2.2.4 Shear Studs

In the present research, the proposed FE model adopted shear studs to transfer the shear forces
from the ring beam to the CFT column. Several researchers have studied the capacities of shear
studs. For example, Johnson and May [25] recommended that the stiffness of shear studs should
be taken as the tangent stiffness at half of the maximum shear capacity, and Eurocode-4 [26]
suggests that the design shear capacity of a shear stud should not exceed more than 0.8 times
the maximum. Thus, based on the results presented by Lam et al.[27] and Shim et al.[28], the
present study adopts a bilinear force-slip relationship as shown in in Figure 7, in which Py is

the maximum shear capacity of the shear stud.
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09 - " _:T—-"' ........
0.8 r— =
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1 — — - 16mm stud by Dennis Lam et al.[27]
L 19mm stud by Dennis Lam et al.[27]
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11 25mm stud by Chang-Su Shim et al.[28]
0.2 Present study
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Figure 7 Force-slip relationship of the shear stud
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2.3 Failure Modes

According to the modern joint design method [14], the strength, stiffness, and deformation of
a joint should be comprehensively considered to identify possible failure modes. This paper
adopts the proposed FE models to predict the performance of the SCCR joint. From the FE
analysis results, four potential failure modes are identified.

1) Failure Mode A: Bearing crushing of the ring beam concrete

This failure mode occurs when the unbalanced moment (see Appendix-1) applied on the SCCR
joint is large. The unbalanced moment creates two compressive zones at the top and bottom of
the ring beam as shown in Figure 8, with concrete crushing occurring once the bearing stress
reaches the failure value. Since the CFT column concrete is confined by the steel tube, the

concrete bearing crushing always occurs on the ring beam.

Compressive zone B N

Bearing crushing observed from FE model

Figure 8 Failure mode A: Bearing crushing of the ring beam concrete

2) Failure mode B: Bending failure of the ring beam

The moment applied on the SCCR joint will induce ring beam tension and compression. The
FEA results illustrate that the tensile strength of the concrete has been exceeded, and the
concrete of the ring beam cracks. Since tension cannot be transmitted across the crack, the

reinforcements on top of the ring beam resist the overall tension, while the concrete at the

10
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bottom bears the compression. With bending moment increase, the ultimate strength of the
reinforcement bars or concrete will be reached, and the joint will fail via bending failure (Figure

9).

Bending failure observed from FE model

Figure 9 Failure mode B: Bending failure of the ring beam

3) Failure Mode C: Torsional failure of the ring beam

As shown in Figure 10, for a T-shape beam, the bending moment of Beam A will cause a
twisting moment on Beam B, and Beam B might fail in torque. A similar failure mode will
occur in the SCCR joint if the ring beam does not have enough torsional bearing capacity. A
bending moment from the adjacent beam causes shear stresses that results in diagonal tension
stresses on the ring beam, with slant cracks appearing under the tension stresses. After cracking,
the twisting moment will be carried by the outermost hoop bars and the longitudinal
reinforcement located near the surface of the ring beam. The SCCR joint will fail in torsional

failure when these torsional-resistance reinforced bars yield.

11
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Figure 10 Failure mode C: Torsional failure of the ring beam

4) Failure Mode D: Failure of the shear studs

This paper assumes that there is no friction on the steel tube and ring beam contact areas and
that all the shear forces are transferred by shear studs. When the number of shear studs is not
high enough and the shear studs cannot bear the shear forces applied on the SCCR joint, the

SCCR joint will fail (Figure 11).

Critical
Surface | >

Failure of the shear studs { -
observed from FE model

Figure 11 Failure modes D: Failure of the shear studs

12
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3 Design Equations as per the Failure Modes

Based on the aforementioned failure modes, parametric studies are conducted to derive design
equations for computing the SCCR joint’s strength. This detailed derivation procedure is shown

below.

(a) (b)

Figure 12 The SCCR joint failed by bearing crushing of the ring beam concrete

3.1 Failure Mode A - Bearing Crushing of the Ring Beam Concrete

If the applied unbalanced moment is large, the SCCR joint will fail due to the crushing of the
ring beam concrete as shown in Figure 12(a). From the FEA results, the stress distribution on
the critical surfaces before the concrete crushes can be simplified (Figure 12b), and the

resistance moment can be calculated by:

=go;de e Iy 26, 3)
U2 2 23

in which, ry is the depth of the concrete ring beam, Dq is the diameter of the column, oycis the

concrete bearing strength, and ¢zDq/2 is the equivalent width of the crushing area as shown in
Figure 12(b). According to the parametric studies, the coefficient ¢ can be taken as 0.6 for

general cases.

13
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Figure 13 Results from the FE model and the proposed design equation for failure mode A
To check the accuracy of equation (3), the moment capacities of the joint with different heights
are calculated by the FEA method and the proposed equation. The results are plotted in Figure

13.

Figure 14 Bending failure of the ring beam

3.2 Failure Mode B - Bending Failure of the Ring Beam
To resist the bending moment, the reinforcements at the top of the ring beam will be under
tension while the concrete at the bottom will bear the compression. The bending failure of the

joint will occur when the maximum strength of the reinforcement bars or concrete is reached,

14
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as shown in Figure 14. From the FEA results, the stress and strain distributions on the critical

surfaces in this failure mode can be simplified as shown in Figure 15.
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Reinforcement
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Figure 15 The stress and strain distributions on the critical surfaces of failure mode B

From Figure 15(b), the relationship between the maximum concrete strain ¢c and the average

strain of reinforcements &s can be computed by:

& _ & 4
X I —X

£ & Cosa )
=G Th

where x is the depth of the neutral axis, & is the tensile strain at the top of the ring beam, cs is
the distance from the center of the reinforcements to the top of the concrete ring beam, and
a=309s the intersection angle between the critical surface and the symmetry axis of the SCCR

joint given by the FEA results.
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Conventionally, the ring beam depth ry is far larger than the distance from the center of the
reinforcements to the top of the concrete ring beam cs; so that equation (5) can be simplified
as:

&g = 6‘,[ Cos o (6)

The FEA results indicate that the SCCR joints have two bending failure modes: Primary
Tension Failure (concrete is crushed after the reinforcements yield) and Primary Compression
Failure (concrete is crushed before the reinforcements yield). The critical moment between

them can be calculated by assuming the concrete and the reinforcements fail at the same time:

LT ()
X =X
Efy _ St CoOS o (8)
=G Th

where &cy is the failure strain of concrete and e is the yielding strain of the reinforcement. The
equilibrium equations can be written as:

F¢ = Dy cos adxf 9)

/zxj (10)

M_=F|nr—-C——
cr C(h S 2

where A is the coefficient for the equivalent rectangular stress block and fcq is the failure stress
of concrete.

By substituting equation (7), (8) and (9) to (10), it yields the critical moment:

11
M. =Dy c05afcd/1x(rh—cs—/lzx) (1)

£y COS o

in which, x = r. is the depth of the neutral axis.

€ty + &y COS &

16
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3.2.1 Primary Tension Failure
When the moment applied on the SCCR joint is smaller than the critical moment M, the
bending failure modes demonstrate Primary Tension Failure (concrete crushed after the

reinforcements yield), with the force equilibrium equations on the critical surfaces written as:

Compression force: Fc = Dy cos aaxf 4 (12)
Tension force: Fst = 2Ast fyg (13)
The balance of forces: Fo = Fgt cosa (14)
The balance of moments: M =F; (rh —Cg —/12)() (15)

where, fyq is the yield strength of reinforcements and As: is the required reinforcement area,

which can be computed by solving the force equilibrium equations above:

_ —2U+1'(2L))2 -8Maw (16)

Pt -4
2
f cosa
in which, v = fyd COSa(rh —cs) R L
Dy Ted
The depth of the neutral axis in this case is:
_ 2Ast fyd
X=—— a7
AD, f 4

3.2.2 Primary Compression Failure
If the moment applied on the SCCR joint is larger than the critical moment Mcr, the bending
failure modes demonstrate Primary Compression Failure (concrete crushed before the

reinforcements yield), with the force equilibrium equations on the critical surfaces written as:

Compression force: F¢ = Dy cosaixfyy (18)

Tension force: Fot = 2AtEgé, Cosa (19)

17



The balance of forces: Fo =Fgt cosa (20)

p)
The balance of moments: M =F (rh —Cg _zx) (21)

272  where Es is the Young’s modulus of steel and &s is the average strain of the reinforcements,

273  which can be computed by:

S _ & (22)
X I —X

£ & Cosa (23)
=G Th

274  The required reinforcement area, Ast in this case, can be generated by solving the force

275  equilibrium equations above:

2 24
Dy X fiog (24)

Ast

B 2Egecy (rh—x)cos e

276  in which x is the depth of the neutral axis calculated by:

7 , (25)
—Dy cosalf, (rh —Cg ) + [Dd cosaif y (rh —Cg )] —2MD cosad™f 4
X= >
—Dy cosad” f
18
16
14
1
12
10 E v
S ° w/ I __ Main bar
o QA\@ —\ = ) S
n . ® | Main bar
4 .
o =/ --m- FE Model
] - —e— Present Study
(Mo is the bending moment capacity of the RC beam with a reinforcement ratio of 0. 4"'1’.)
0 71 © T — * F = & £ I T & & I !
0.0 0.5 1.0 1.5 2.0 25 3.0 35 4.0 45
277 Reinforcement ratio (%)

278 Figure 16 The results from the FEA and the proposed design equation for failure mode B
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A series of SCCR joints with different reinforcement ratios are analysed by the FEA method
to ensure the accuracy of the equations proposed above. The results from both the FE model
and the hand calculations are shown in Figure 16. It is evident that both the failure moment of
the Primary Tension Failure and the Primary Compression Failure can be accurately predicted

using the equations proposed in this paper.

e , Critical

(a) (b)

Figure 17 Torsional failure of the ring beam

3.3 Failure Mode C - Torsional Failure of the Ring Beam

The potential failure surfaces of this failure mode and the torsion-resistant forces on the failure
surfaces are shown in Figure 17 (b), in which V1 and V> are the resistant forces from the hoop
bars of the ring beam and Fc is the compression force which can be calculated by equations

(12) or (18). The force equilibrium equations of the critical surfaces can be written as:

26
M=y, Dor y gy, foer | g [0 AX (26)
2 2 2 2

where £=0.83 is a reduction factor generated from parametric studies and rncor and bcor are the

effective depth and width of the ring beam as shown in Figure 18.
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Figure 18 The definitions of rncor and beor

By assuming the hoop bars and side bars crossing the cracking lines yield when the joint fails

in torsion, the forces on the cracking lines will be as shown in Figure 19.

1
1
1

™l
I,
1
1
1
1

Crackin é line Cracking line

(a) The resistant forces from the side bars (b) The resistant forces from the hoop bars
Figure 19 The forces on the lines of potential crack

From Figure 19 (b), the resistant forces from the hoop bars V1 and V2 can be calculated by:

v, - Ag1Theor €00 sy (27)
s

s

Vs

20
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in which Asy1 is the area of one leg of the hoop bar, s is the spacing of the hoop bars, fs is the
yield strength of hoop bars, and #=45<is the angel between the cracking lines and the axis of
the ring beam as shown in Figure 19 (b).

By substituting equations (27) and (28) into (26), the twisting moment capacity is generated
and shown by:

Fcor Oeor COLA T,

hcor “~cor

r

M =2 &Vl —h_
2 2

+,3Fc( ﬁxj (29)

Since the twisting moment is primarily carried by the outermost hoop bars, the recommended

layouts of the hoop bars are shown in Table 1.

21



309

310 Table 1 Layouts of the hoop bars and the corresponding factors

n Layouts n

n=1 n=1I1

L L \(ﬁ\ "
n=2 n=18
2 o b o o - @ J
TRTRT S
N
n=3 n=24

311

312  For different layouts of the hoop bars, equation (29) should be modified as:

2 2

e begr cot @ f rh  Ax
M =27 Ay1corbeor sv +/3Fc( B (30)
S

313  where 7 is the factor shown in Table 1.
314  The relationship between the resistant forces from the side bars and those from the hoop bars

315 is;
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2 Ay foy C0LO =2 Aggy fyd (31)
where

rheor coté (32)

LA fey =0 Asvt fsv

S
in which n is the number of closed links as shown in Table 1, Ass is the area of one side bar,

and the required number of side bars in one side is:

=n Meor (coto)? Asvi fsv 33)

m
S Ass1fyd

Three groups of SCCR joints with different hoop bar layouts are analysed using the FEA
method and the equations proposed above, and the results are shown in Figure 20. These figures

show that the joint capacities produced by the proposed equations are accurate.
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329 Figure 20 The results from FEA and the proposed design equations for failure mode C
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3.4 Failure Mode D - Failure of the Shear Studs

Results from the FE model show that the SCCR joint might also fail due to the failure of shear
studs as shown in Figure 21. To prevent this kind of failure mode, the number of shear studs
should be calculated by:

2V
ng =" (34)
Pv

in which py is the design shear capacity of a shear stud.

| Critical
{| Surfaces

Critical
L

Figure 21 The failure of the shear studs

All the shear studs should be placed uniformly along the perimeter of the steel tube in
compression regions. For considering locally concentrated shear forces from the adjacent beam,

the following checking is also required:

"s 5 g5 M (Vi)
4 Py

(35)

4  Design Procedure

Drawing on the aforementioned failure modes and corresponding design equations, the detailed
SCCR joints design procedure is illustrated in Figure 22. The process begins with the

determination of the maximum moment M, the unbalanced moment My, and all the shear forces
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344

345

346

347

348

349

350
351

352

Vi applied on the SCCR joint. Next, the width of the ring beam is determined. According to
parametric studies, the ring beam width is not a critical parameter that directly affects the failure
modes; however, a width of 1.0 to 1.4 times that of the RC beam should be provided. In addition,
the required ring beam height should be calculated using equation (3). It should be noted that
the SCCR joints are much larger than the SPSC joints, so a larger amount of space will be taken
up by the RC ring beam. Thus, the acceptability of the ring beam size is a factor that should be

carefully considered before the next step.

L

Get the design load
M, My and Vi
- ¢ - Modify the structural model
| Determine the ring beam width | The loads applied on the joint are
¢ too large. Modify the structural

model to reduce it or use other
| types of joint like SSCR joint.

A

‘ Determine the ring beam height using equation (3)

s 1ing beam size
acceptable?

‘ Calculate the critical moment Mer using equation (11) |

N Y
Calculate the required main Calculate the required main
bar area using equation (24) bar area using equation (16)
| |

Calculate the required hoop bar and side bar area according to
equation (30) and (33).

!

Design the shear studs using equation (34) and (35)

eet the
constructional
details?

Figure 22 Design procedure
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After determining the ring beam size, the required main bar area can be designed using equation
(16) or (24), and the required hoop bar and side bar areas can be calculated according to
equation (30) and (33). Shear studs can be checked for adequacy of strength using equations
(34) and (35).
Furthermore, recommendations for the design of the SCCR joint are:
e the section height of the ring beam should be no less than that of the adjacent RC beam;
e the area of the top bar and bottom bar of the ring beam should be larger than that of the
adjacent RC beam; and,
e the shear studs should be placed uniformly along the perimeter of the steel tube in

compression regions.

5 An Example

A real-world project in Hong Kong has been completed according to the design equations
proposed above. In this project, a building was constructed using the reverse construction
method, and the SCCR joints were employed to connect the bored piles and ground beams at
floors B1 and B2. Overall, approximately thirty SCCR joints were designed. The diameters of
the bored pile vary from 2.0m to 3.2m, and each pile consisted of three or four connected
ground beams. One of the SCCR joints was selected and designed according to the detailed
design procedure shown below, with the result being further validated by the FEA.

5.1 Design Procedure

Both the geometric and loading information of the joint and the design procedure based on the
proposed equations are shown in Table 2. Concrete and reinforcement steel with the grade of
C45 and S500 were used in this project, and the material properties were taken from the local

design code [29].
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378

Table 2 Design procedure

1 2 3 4
M
4000 4000 0 4000
(kNm) < T
T l
V
2000 1000 0 4000 _ 2000
(kN) 800
4

Determine the
size of ring beam
based on

Failure mode A

A width of 1.0 times the ground beam was adopted: b=800mm;
Calculate the required ring beam height using equation (3):

d op. I 25
My = “’;%g?‘* > ry=717mm<1200mm

Choose the ground beam height as the ring beam height: r,=1200 mm

Calculate the
required main
bar based on

Failure mode B

Calculate the critical moment Mcr using equation (11): M =18778kNm

M=4000kNm<M, find the required main bar area and the depth of the

neutral axis with equation (16) and (17):
A =4697mm? ; X=98mm

Given 6 number of ®32 reinforcement bars (Ast=4823mm2) as the main

bar of the RC ring beam.

Calculate the
required hoop
bar and side bar
based on

Failure mode C

Choose the hoop bar layouts as the second row of Table 1 with two close
links (n=2 and n=1.8).
Calculate the required hoop bar area with equation (30):

A,,/s=1.42mm

Given ®14 hoop bars with the spacing of 1000mm ( A,,/s=1.54mm).

Calculate the required side bar area with equation (33):

28



Ay =3207mm?

Given 8 @25 reinforcement bars on each side (Ast=3925mmz2)

Design the shear
studs based on

Failure mode D

Using shear studs with 19mm diameter, and the design shear capacity of
one shear studs is py=81.68kN

Calculate required number of shear studs with equation (36):

_ V1 +V2 +V3 +V4

n =123

Py

Given 6 rows of shear studs with 22 shear studs in each row

Reinforcement

details

Check:
n \Y 4000
—=33>05 Ma&X - x0.5=24.5  OK!
4 p, 8168
v
B6Y32
v RC Beam
— 4Y14-100
Column
= 8y25 Y25 g
S
L = —
800
v
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380 5.2 Validation by FEA

381  To validate the accuracy of the proposed design equations, the FE model for the SCCR joint

382  designed above is established as given in Figure 23, and the analysis results are shown in Figure

383  24. The FEA results shown in Figure 24 illustrate that no component is over-stressed and that

384  the joint has enough strength capacity to resist the applied load.

385
386 Figure 23 FE Model
Compressive zone caused by Stress caused by bending
Compressive zone bending moment from Beam 2 Stress caused by bending moment from Beam 2
caused by the moment from Beam 3 \L
unbalanced moment
Stress caused by
torsion from Beam 4
T — 7 — — S—
(a) Stress contour of the ring beam (b) Stress contour of the reinforcement
(Unit: N/mm2) (Unit: N/mm2)
Compressive zone N ;sr
caused by bending - .
moment from Beam z
Fm.nse m T m -62347.7 aeera s -31011.4 o345 3 324.845 a0 31661.1 47320 2 62997.4
Max:78.67kN < p, = 81.68kN
(c) Stress contour of the steel tube (d) Shear forces of shear studs
(Unit: N/mm2) (Unit: N)
387 Figure 24 FEA results
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6 Conclusion

This paper develops a sophisticated FE model for SCCR joints wherein the dominant factors
affecting the joint’s performance are considered. From the FEA results, four possible failure
modes are identified: A) bearing crushing of the ring beam concrete, B) bending failure of the
ring beam, C) torsional failure of the ring beam, and D) failure of the shear studs. Based on the
modern joint design process in Eurocode-3-1-8 [14], design equations for computing the SCCR
joint’s strength in regard to the failure modes are proposed. The parametric studies have been
conducted to derive these design equations. Finally, a design example from a real-world
construction project is presented using the proposed equations.
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404  Appendix-1 — Calculation of the Unbalanced Moment

405

406 Figure 25 Moments applied on an SCCR joint

407  This paper defines the vector sum of the moments applied on an SCCR joint as the unbalanced
408  moment. This unbalanced moment is the moment transferred by the SCCR joint from the beams
409  to the column. Two moments (M: and M) are applied on an SCCR joint as shown in Figure

410 25, and the unbalanced moment caused by this can be calculated by:

Mu _ ’M12+M22 (36)

411

412 Figure 26 Moments applied on an SCCR joint (general case)

413  For the general case as shown in Figure 26, the unbalanced moment can be computed by:

414 Mu:\/(zn:Micoseij +(Zn:Misin0iJ (37)
415
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