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ABSTRACT

In precast concrete structures, connections play an important role in ensuring the safety of the structure. Current design practice
in structural analysis assumes the connection as pinned or rigid. However, this cannot be relied upon for safety against collapse
because during service the actual connection may react differently by rotating and, consequently, deviating from the desired
response for what it was designed for. This paper investigates the performance of a precast beam-to-column connection with
billet connector using three-dimensional non-linear finite element model in Finite Element Analysis (FEA) software, Abaqus.
The material properties of concrete were defined using a non-linear concrete damage plasticity model (CDPM). This model was
used to predict the connection behavior under monotonic and cyclic loading when different parameters were set such as dilation
angle, interaction properties and friction factor. Furthermore, the moment resistance and failure mechanism of the connection
were investigated. The fixity factor was calculated, and the connection was classified using the ‘beam line’ method through
investigating the moment-rotation (M—¢) and the response of the beam. The FE analysis was also validated against experimental
results. This process was carried out to obtain the most efficient method of designing a precast connection in terms of maximum

displacement, stress generated, strength, hysteretic behaviour, and stiffness degradation.
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1. INTRODUCTION

Simulation and its implementation in civil engineering has
grown to become an important factor in contribution to the
industry as it provides an approximate prediction on the
response of a given structure under desired loading. However,
the validation of the finite element model is equally important
as the simulation itself as there has to exist an agreement
between the simulation and the experiment for its
effectiveness. Furthermore, it is very important to understand
that FEM can only provide an estimated result of the problem
[1]. The implementation of Industrialized Building systems
(IBS) in Malaysia is becoming more popular within the
construction industry. The usage of this system is preferred
over the traditional methods of construction as it reduces the
wastage of materials and the time for project completion.
Besides, IBS reduces the environmental impacts when
compared to conventional construction methods. In Malaysia,
IBS is implemented using precast concrete. Precast concrete
components are fabricated in the factory and then brought to
the site to for assembling. Precast concrete components need
to be joined together to form a complete structure as it is a

definite element on its own [2]. The assembly is done using
connections. These connections connect the precast
components together and transfer forces between the elements
of a precast structure. Hence, connections are a vital part of
the precast concrete system and have important contribution
in deciding the type of precast frame and its limitations as well
as the erection methods used during construction [3]. Since
connections show different behaviour under different loadings
and conditions, it is best to formulate the problem in a
numerical approach using Finite Element software. This will
help in stimulating and understanding the flexural behaviour
of the connection [4]. Therefore, this study presents a
numerical approach to stimulating and understanding the
behaviour of billet connector in precast beam to column
connection.

2. LITERATURE REVIEW

2.1. Precast Connections

When compared to the traditional methods, precast concrete
has many advantages over in-situ concrete such as less
wastage and more energy efficiency, better quality, healthier

Copyright © 2021 The Authors. Published by Atlantis PressB.V.
Thisis an open access article distributed under the CC BY-NC 4.0 license -http://creativecommons.org/licenses/by-nc/4.0/. 55



ATLANTIS
PRESS

and safer working environment, as well as efficient and
economical. The definition of a connection is the action of
forces (e.g. tension, shear, compression) or moments
(bending, torsion) through an assembly comprising one or
more interfaces. Hence, the design of the connection is a
function of both the structural elements and the joints between
them [3]. In a precast structure especially in skeletal frames,
beam-to-column connections are the most vital elements. In
the frame precast structure, the beam-to-column connection is
categorized in relation to the definition of moment rotation
characteristics into three main categories. Those categories are
rigid, semi-rigid and pinned connections as shown in Fig. 1

[3].

Fig. 1. Three main categories of beam to column connection in precast
frame structures [3]

2.2. Load Displacement relationship

The load displacement relationship helps in determining the
level of ductility of the connection. The ratio of failure
displacements to yield displacements are used to express the
displacement ductility factor [5]. Typically, a connection
needs to be ductile to avoid sudden failure because a brittle
connection would cause the structure to fail instantly and
cause huge safety issues. The connection needs to allow for
plastic deformations under loading without compromising the
safety of the structure through any extensive reduction in its
ability to resist forces. This relationship is illustrated in Fig.2.
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Fig. 2. Failure and yield displacement definition [5]

2.3. Moment Rotation (M-¢) relationship

To understand the connection type and how it transmits
energy between the beam and the column, an accurate
understanding of the connection behaviour needs to be
developed. To do that, the moment rotation curve of the
connection is analyzed [6]. In other words, understanding the
behaviour of the connection will allow to identify the rigidity
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of the connection and hence will allow for understanding the
amount of energy that can be transferred through the
connection. For instance, rigid connections can transmit full
moment unlike the pinned connections which transfer no
moment [7].

2.4. Connection Classification

The connection classification method is based on a system
developed by Ferreira [8] in which the connection is classified
based on its fixity factor. The system is used to classify the
connection into three categories which are rigid, semi-rigid
and pinned based on the zones they fall within as shown in
Table | and Fig. 3.

Table 1. Connection classification based on fixity factor [8]

Zone Fixity factor (y) Connection Classification
1 vy <0.14 Pinned connection
Semi rigid connection with
<
2 0.14<y=0.40 low strength
3 0.40 <y <0.67 Semi r|g|c_i connection with
medium strength
Semi rigid connection with
< .
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5 y>0.90 Rigid connection
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Fig. 3. Classification system for pinned, semi-rigid, fully rigid beam-to-
column connections [9]

2.5. Finite Element Analysis

Numerical models can provide a clear formulation and
efficient simulation that reflects to the actual features of the
real structure. Hence, numerical models can produce accurate
results when compared to the actual structure [10]. The vital
element for describing a physical system in a particular
phenomenon using mathematical models is a quantity known
as the “State Variable” [11]. The state of variables is essential
for analytically examining the process. These variables are
determined by a series of mathematical equations which are
also known by ‘“Mathematical Model of a Process” [11].
Generally, the mathematical models are correlated with
differential equations. For instance, in a mathematical model,
a differential equation is thoroughly satisfied by one or more
dependent variables, satisfying the particular settings on the

56



ATLANTIS
PRESS

boundary in a physical domain of interest of independent
variables, is called the “Boundary Value Problem”. The
boundary value problems are solved through a computational
technique called “Finite Element Method” (FEM) which is
also known by “Finite Element Analysis” (FEA), that attains
a converging solutions to these type of problems [12].

3. METHODOLOGY

3.1. Material Properties

For the sake of this study, the compressive strength of the
concrete was taken as 40 MPa and its mechanical properties
are shown in Table II. Density (y), Young’s modulus, and
Poisson’s ratio selected were 2400 kg/m?, 27.8975 GPa and
0.15, respectively. Furthermore, dilation angle, eccentricity,
ratio of biaxial compressive strength to uniaxial compressive
strength (fbo/fco), ratio of second stress invariant on tension
strain (k) and viscosity parameter were taken as 56°, 0.1, 1.16,
0.667 and 0.01 respectively.

Table Il. Mechanical properties of concrete grade 40 MPA

Characteristic Elastic
compressive Density, modulus (E) Poisson’s
strength (ocu), T/m3 MPa ' ratio (v)
MPa
40 2.4 27897.52366 0.15

In this study, CDPM was used. Material properties of the
concrete were defined based on data obtained from previous
researchers. CDPM values that were used are listed in Table
I11. The parameters, excluding the dilation angle, were defined
based on a study made by previous researcher CDPM
developed by [13]. In this study, the value of the dilation angle
used was 56° instead of the original value, which was 35°, as
it was found to best fit this model to validate the data.

Table I11. Concrete Damage Plasticity (CDP) parameters

Dilation . K fbo/fco Viscosity
angle Eccentricity parameter
56 0.1 0.667 1.16 0.01

Regarding the steel, the density (y), Elasticity of steel (Es),
and Poisson’s ratio (v) selected were 7850 kg/m?, 210 GPa
and 0.3, respectively. The yield strength (f) of the steel was
taken as 440 MPa. In order to account for non-linearity in
material, the variation of stress against strain in steel was
inputted using true stress and true strain formulae.

3.2. Simulation

The load was applied with an increment of 5 kN at a
distance of 3d of the beam from the column face (where d is
the beam effective depth). The parameters of the modified
Coulombic friction model used in this study follows the values
proposed by Nguyen et al. [14]. Further details of the
modelling and simulation can be found in [15].
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3.3. Moment Rotation Method

The value of rotation (¢E) that was used in this study was
obtained from a study made by Gorgun [16]. The vertical
deflection of the beam was used to calculate the rotation. The
vertical deflection was measured at the face of the beam in
reference to the column. Moreover, this method was also used
by other researchers like Ferrier and Mahdi [17-18]. The
equation to calculate the rotation is shown in Eq. 1.

Connection rotation (¢)

= ¢pcolumn - ¢pbeam ¢))
Where, ¢column = column rotation
obeam = beam rotation

The connection classification was based on Monforton’s
fixity factor (y). The fixity factor was calculated, and the
results were used to classify the connection in terms of the
rigidity according to the zones it falls within.

4. RESULTS AND DISCUSSION

4.1. Load — Displacement Relationship

The load deflection response of the system under monotonic
loading was taken at LVDT8. The FE model aligns with the
experimental results of BIC 2. The crack formulation was seen
around 21.93 kN in the FE modelling while it formed at 19.49
kN in the experimental. The slight difference in results might
be due several factors in the experimental work such as human
error or mishandling the specimen during casting and
transportation while the FE model had a perfect geometry. As
seen from Fig. 4, the FE model results showed that the model
was a little stiffer than the experimental. Moreover, the FE
model fails at 78 kN while the experimental fails at 70 kN.
Hence, the results obtained shows that the model successfully
illustrates a close approximation of the experimental results.

0 2 4 6 8 10 12 14 16 18
Displacement LVDT8 (mm)

—@—Simulation —8—BIC2

Fig. 4. Load deflection response under monotonic loading

4.2. Moment Rotation (M-¢) Relationship

The moment rotation (M-¢) relationship is plotted using the
data obtained from the simulation and experimental as shown
in Fig. 5 and Fig. 6. In addition, within the same graph the
beam-line relationship for the model is plotted. The point of
intersection between the moment-rotation and the beam-line
method is indicated with the letter E as shown in Fig. 5.
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Fig. 5. Moment-rotation (M-¢) graph for BIC 2 (FEM)
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Fig. 6. Moment-rotation (M-¢) graph for BIC 2 (Experimental)

The point of intersection represents a Moment (Mg) of 53.0
kNm and a rotation (¢e) of 7.20 m.rad. Therefore, the Secant
stiffness (Sg) is calculated and found to be 7.36 KNm/m.rad.
On the other hand, the experimental results have values of
49.0 kNm, 8.70 m.rad and 5.63 kNm/m.rad for the Moment
(Mg), rotation (¢e) and Secant stiffness (Sg) respectively.

4.3 Failure mode and Crack Propagation (Damage
L)

It was observed that the failure occurred when the ultimate
moment was reached, and the plastic hinge was formed at both
the experimental specimen and the simulation model. The
failure mode of both experiment and simulation are shown in
Fig. 7 for comparison and the steel slippage is shown in Fig.
8. Furthermore, extensive joint cracking failure was observed
at both the experimental and the simulation model which is
represented by the cracks within the connection’s zone.

Fig. 7. Visual illustration of the failure mode (Experimental & Simulation)
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Fig. 8. Connection bolt and steel slippage (Simulation)

4.4. Connection classification (Fixity factor)

The results from the simulation and the calculated value of
the fixity factor are shown in Table IV. Through referring to
the classification system produced by Ferreira et al. [8], it can
be concluded that the connection in the model falls in zone 3
as well. Hence, the model follows the same behaviour shown
by the connection that was tested in the laboratory in terms of
rigidity.

Table IV. Monforton’s Fixity Factor (Results)

Connection Experiment Simulation
Moment capacity
(kNm) 94.57 102.98
Connection rotation
(6c) (milirad) 990 2
Secant stiffness (Sg) 9.55 7.36
Intersection at beam
line kNm (E) 444 53
Fixity Factor (y) 0.469 0.59
Classmcalt)lon (Table Zone 11 Zone 11

5. CONCLUSION

The finite element model was developed and successfully
validated against the experimental work. Doing so, can ease
any future parametric studies carried out on the connection
without the need to perform extensive laboratory work. This
is because the validated model provides better method of
investigation in terms of cost effectiveness and time
efficiency.

Reducing the use of concrete in experimental work will
reduce the harmful impact on the environment. Therefore, the
usage of Finite Element Analysis reflects directly in the
environment by decreasing the carbon footprint during casting
of concrete. This is because FEM requires a smaller number
of specimens to investigate the connection behaviour.

Extensive testing on the connection prior to using it for any
project is necessary to ensure its functionality and level of
safety. Hence, using FEM can increase the number of trial
tests conducted on the connection. Hence, this helps in
improving the safety of the connection under different
loading conditions. This will allow for a safer system that will
keep the public safe when residing or using any precast
structure.
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