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Graphical abstract Abstract
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Reinforced concrete flat plate structures have been used in the construction industry
since the start of the 20t century due to their architectural flexibility and economy.
Through the years the structures were mainly designed to carry gravity loads due to
their high flexibility in their connection regions. Unfortunately, these structures may
sometimes be subjected to lateral and gravity loads due to unexpected natural
phenomenon such as earthquakes. The information on behavior of these structures
under such loading condition is limited. This paper presents parametric study on
isolated flat plate connections under combined gravity and lateral loads using a non-
linear finite element analysis. The numerical model for the connections was
developed using ABAQUS in which plasticity model for concrete and an elastic-plastic
model for steel reinforcement was employed. The model was validated with an
experimental test, conducted by other researchers, of similar loading condition. The
results of parametric study on the effect of column geometry and service openings
adjacent to the column are presented. Among the parameters, the effect of column
geometry was found to have significant effects on the connection behavior.
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1.0 INTRODUCTION

It is generally recognized that reinforced concrete flat plate
systems are not efficient in resisting lateral loads though they
are preferred as a gravity load supporting systems for their
pleasing appearance and economy [1]. As a result of their
weakness in energy dissipation capacity and lateral stiffness,
they are usually supplemented by other systems such as
structural shear walls in the event of lateral loading [2].
However, in the event of past natural events such as
earthquakes the structures designed for mere purpose of
carrying gravity loads have been seen to led to catastrophic
damages [3]-[5]. The failures are primarily due to punching
shear in the connection regions. Under such circumstances or
in need of supplementary lateral load systems, it becomes
apparent that understanding the contribution of the flat plate
framework to lateral resistance along with its traditional role
as a vertical load-carrying system is important.

The lateral load behavior of RC flat plate column (FPC)
connections both in combination with and without gravity
loads have been the subject of several researches over the
past few decades. Experimental contributions to the subject
were made by many researchers subjecting flat plate
specimens to cyclic horizontal loads [6]-[14]. The major
variables in these tests were concrete strength, longitudinal
reinforcement ratio, support conditions, the type and
arrangement of shear reinforcement, lateral loading history
and level of gravity load. In comprehension, the studies have
reported that horizontal loading will limit the horizontal drift
capacity and ductility of flat plate connections and these will
be severed by the addition of gravity loads. These types of
structures showed limited horizontal drift capacity and
ductility under horizontal loading, especially if it is combined
with gravity loads. In addition, supplementing the connections
with different shear reinforcements can improve their lateral
load resistance even if the level of the effect is different for
each type. However, providing a shear reinforcement is not
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always easy and thus this paper is limited to plates without
transverse reinforcement. Other variables considered in these
types of tests were the supporting column rectangularity [15]—
[17] and arrangement and size of service openings on the
plate surface [18]-[21].

Though the behavior of flat plate connections under
horizontal cyclic reversals has been a subject of several
experiments, it is not yet sufficiently understood due to the
need for the consideration of large number of variables. So, all
aspects and combination of parameters as well as
mechanisms to prevent failure were not accessed for the
obvious cost and time needs. One approach is using finite
element analysis (FEA) given that it is a promising approach
that could provide a platform to study numerous variables in
one setting and reduce the resources needed in experiments
but it needs some critical phenomenon, the punching shear
failure in this case, to be reproduced. Besides, such a
simulation has been used in many numerical studies using
various elements and proved to be applicable to such type of
studies [22]-[24].

This paper presents the results of a FEA performed on
isolated flat plate-column connections, originally referred
from literature and modified for parametric study using
ABAQUS software [25]. Connections having different service
openings, columns with varying rectangularity ratios and
different sizes were loaded vertically and laterally to
contribute for the database on the subject. The concrete is
modelled with the concrete damaged plasticity model (CDPM)
incorporated in the software.

2.0 MODEL VALIDATION

Experimental Background for Validation

An experimental test performed by Pan and Moehle [26] have
been used in order to validate the slab numerical model
described and developed in the next section of this paper. In
the experimental test, reduced scale models of RC plate-to-
column connection were tested.

The specimens tested were connections which were part of
a continuous plate column system. Slab dimensions were
3962 x 3962 x 122 mm and the column had a square cross-
section of 274 x 274 mm. The height of the column measured
from the top and the bottom faces of the slab was 914 mm.
The materials specified for the test specimen were those
commonly used in construction practice. The concrete
specified for the slab and column was 28 MPa normal weight
concrete. The reinforcement was a typical one having yield
strength of 414 MPa. The slab had steel top and bottom
meshes, both built with No. 3 (10 mm) deformed bars.
Continuous bottom bars were placed directly over the column
to prevent progressive collapse. The column was reinforced
with No. 7 (22 mm) deformed main bars while the stirrups
were No. 2 (6.4 mm) plain bars and the plate was simply
supported along the edges, spanning 3660 mm in both
horizontal directions.

The slab was tested under a static vertical gravity load
applied on the slab top and a lateral reversed cyclic loading
applied through the column until failure, in this particular
case, by punching shear or flexure. The test was performed
with displacement-controlled history shown in Figure 1 which
illustrates the relation between the applied load and the
displacement at the top of the column.
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Figure 1 Lateral displacement history [26]

Description of the FE Model

In order to simulate the test in [26], a square slab portion with
a central column has been modelled. In order to avoid any
uncertainty in the results and because of the difference in the
position of the lateral load application and displacement
reading in the experimental test, spans from the experiment
have been maintained in the model. Restraints were defined
as roller supports at the bottom of the slab and as a pin
connection at the bottom of the column according to
boundary conditions addressed in the experimental test
setup. The applied gravity load was simulated by uniformly
distributed load of 0.007 MPa over the slab representing the
lead blocks (48 each weighing 436 N on average) and a
concentrated jacking force applied at the bottom in the
experiment. It should be noted that this excludes self-weight
of the connection which is calculated by the software,
ABAQUS. The lateral load was applied as a linearly controlled
cyclic displacement using a boundary condition following the
protocol given in Figure 1 through amplitude definition. It was
applied through a steel loading plate with material properties
similar with the reinforcement bars. Details regarding the
geometry and boundary conditions of the connection in the
finite element models are illustrated in Figure 2.

\Lgnem load
{Displacement controlled)

Roller supports
(Uz=URs=URy=0)

Figure 2 Simulated boundary conditions and loading of connection

CDPM incorporated in ABAQUS has been chosen for the
analysis since it can describe the failure of concrete both from
plastic deformation and stiffness degradation either under
monotonic and cyclic loading conditions. The model was
originally proposed by Drucker and Prager [27] and later
modified by [28] in order to consider the evolution of
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compression and tensile resistances. The model assumes that
cracking and crushing are the basic failure mechanisms of
concrete and it suggests the use of the principles of damage
mechanics and plasticity in combination to better describe
concrete behavior. Through using this model, the damage can
be described through the evolution of a scalar damage
variable with the inelastic deformation while plasticity with
definition of a yield surface and its evolution throughout a
loading procedure.

The uniaxial compressive stress-strain relationship for
concrete was determined using a relationship proposed by
Thorenfeldt et. al. [29]

&,
fo_ n(é)
-1+ e @
ECO
where, f. is the stress at any strain g, &, is the strain at
maximum stress f. and g, is the strain at failure. In the above

equation 'k’ takes a value of 1 for the values of (i) < 1land

co

values greater than 1 for (i) > 1. The power ‘n’ can be

co

expressed as an approximate function of the compressive
strength of normal-weight concrete as
n=0.4 x 1073f/ (psi) + 1.0.

Figure 3 illustrates the data used in the software to model
the uniaxial compressive behavior after [29].

For tensile behavior, a linear stress—strain relationship was
adopted to for uncracked concrete and a nonlinear stress—
crack width relationship was assumed from the study of
Hordijk [30] given in Eq. (2) and illustrated in Figure 4.

e S
“(1+¢%) - exp(—c;)

where f; is the tensile stress of concrete (MPa), f is the
tensile strength (MPa), w is the crack width (mm), w, is the
crack width at the complete release of stress which is given

by w, = 5.14(;—1: (mm) and GF is the fracture energy required

to create a unit area of stress-free crack given by GF = 0.073 -
fCO'm(N/mm). The constants are ¢; = 3 and ¢, = 6.93.

The scalar damage variables in tension and compression
were calculated using the equation presented in [31] for these
variables.

Regarding the definition of plasticity, concrete behavior in
CDPM depends on four constitutive parameters: dilation
angle (y), eccentricity (€), viscosity (i), shape parameter
(K.) and the ratio of uniaxial to bi-axial compression strength
(fvo/fz0)- Table 1 describes the values used in this study
referring [25] and [32].
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Figure 3 Material model for concrete in compression [29]

Table 1 Values of CDPM plastic parameters used [25], [32]

K. ll) fbo/fco € n

0.7 36° 1.16 0.1e-05 0.00001

I'ensile stress (Mpa)

r

0 1 1 I 1 1 1 1
0.00 0.02 0.04 006 008 010 0.12 014 016 018 0.20

Crack width (mm)
Figure 4 Material model for concrete in tension [30]

The uniaxial stress—strain relation of reinforcement was
modeled as elastic with Young’s modulus and Poisson’s ratio
of 200,000 MPa and 0.3, respectively. Plastic behavior was
defined in a tabular form with a stress strain curve from [26]
converted into true stress and strain values and inserted in
ABAQUS in terms of yield stress and corresponding plastic
strain [25]. Other than that, a combined isotropic-kinematic
hardening has been used to capture the behavior under cyclic
loading with calibrated parameters from [33].

A perfect bonding has been assumed to between the
concrete and steel since literature have showed that
acceptable results have been obtained using this kind of
assumption [23]. For the finite elements, 3D 8-noded
hexahedral (brick) elements having 3 degrees of freedom in
each node (translations in X, Y and Z directions) were utilized
for modeling concrete elements with reduced integration
(C3D8R). In order to model reinforcements, 2-noded truss
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elements (T3D2) having 3 degrees of freedom in each node
(translations in X, Y and Z directions of global coordinates
system) were used.

As for mesh size convergence, the C3D8R elements were
made to be 2 in and 3 in elements at first in the process of
model validation. However, the results have shown that
decreasing mesh size increases computation time while there
is hardly a significant change in connection capacity. As a
result, the models for the parametric study including the
control specimen were all made with 3 in meshes.

Validation of FE Model

A comparison between load displacement relation of the
connection namely specimen 1 in [26] and the FPC connection
model in this study is given in Figure 5 and in Table 2. In these
illustrations and the rest of the paper, the drift displacement
is defined as relative horizontal displacement between the top
and base of the column and the percentage drift is equal to
the drift displacement divided by the height between top and
base of column.

The results in Table 2 are peak lateral loads and drifts
predicted by the numerical simulation and reported by
experimental test results and it can be seen that the model is
good enough to predict the two quantities. The relative error
with respect to the peak lateral load is 1.5% and the relative
error with respect to the ultimate drift is 2.6%. The results
presented in Figure 5 and Figure 6 show force-displacement
curves of the two specimens. It can be clearly see that the
response of the two specimens are comparable in the whole
range of loading though the experimental specimen exhibit
pinching in its hysteresis curve and display a high degree of
yielding while the FE models show less of the pinching
phenomenon. This less pinching behavior may be from the
approximate consideration of bond-slip effect due to the
perfect bonding assumption used to simulate the bond
between concrete and reinforcements [34].

It is also apparent from the figures that in comparison to its
companion experimental test, the FEA showed a slightly stiffer
initial response. This may be due to variation in consideration
of some details such as microcracks from certain construction
deficiencies in experiments and finite element models [35].

Table 2 Comparison of experimental and FEA peak values

Experiment by Pan and Moehle

FEA
[26]
Peak lateral Ultimate drift Peak lateral Ultimate
load (kN) (%) load (kN) drift (%)
29.45 1.54 29.00 1.58

Drift %
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Figure 5 Comparison of load displacement hysteretic curves from
experiment and FEA

Beside the quantitative comparison, the capability of the
model was also checked qualitatively through the damage and
crack patterns. Figure 7 gives cracking pattern reported by Pan
and Moehle [26] and the tensile and compressive damages in
the connection model of this paper at 1.6% drift cycle.
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Figure 6 Comparison of load displacement envelope curves from
experiment and FEA

Both experimental test and FEA resulted a specimen with
punching mode of failure. This is well understood by looking
the circumferential cracks on the tension face of the slab
around the column in both tests at failure (Figure 7 (a) and
(b)). This was also supplemented by the compression damage
(Figure 7 (c)) and bulging (Figure 7 (d)) in the connection area.
Judging from the patterns in Figure 7 (a) and (b) it could be
argued that the model is valid to be used for subsequent
studies as it predicts the overall damage on the slab well
enough.
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(c) (d)

Figure 7 lllustration of punching failure in FE and experimental tests
for verification

3.0 PARAMETRIC STUDY

Parametric study program

Once the FE model was validated, many alterations can be
made on the control specimen to deeply understand the
behavior of reinforced concrete FPC connections under lateral
loads. The modifications made in this paper are on the
geometry of the central column and on the surface of the
plate making service openings of different size, location and
shape. The control model is the connection model used in
validation of the constitutive material models.

The six isolated connection models to analyze the effect of
column geometry (Figure 8) are named using letters and
numbers in three categories.

156 in 156 in 156 in

r— - r— 1 -~ l

| CSZ-13.5 | | CRI-1.5 | | CRI-2 |

| | | | | |

| | | | | |

|

156 in : 13.5jn : : 13.2 in : : 15.3 in :
: 13.5 in : : 8.8 in : : 7.6 in :

| | | | | |
L | L _ L |

r— - r— 1 r— 1

| CRI-25 | | CSH-RH | | CSH-C |

| | | ) | | |

| | | 10.8in | | |

156 in : 17 in : : : : :
| 68in | | 10.8 in | | |

| |1 | Jowan
L | L _ L _

Figure 8 Schematic drawing of specimens for the effect of column size and shape (1 in = 25.4 mm)

The first letter (C) stands for column in order to show that
the specimens are intended to show the effect of column
geometry. The letters after are for the specific modification
made in order to show specific effect intended to show: SZ
stands for size, Rl stands for rectangularity index and SH
stands for shape. So, the dimensions of the column were
increased keeping it a square, the ratio of the longest side to
shortest side in cross section of the column was made above
one and the cross-sectional shapes of the columns were
altered in order. The letters and numbers after the hyphen are

to indicate the intended feature in each class: RH stands for
rhombus, C stands for circular, and the numbers are the
rectangularity ratios and column dimension.

The models constructed from the control model to study
the effect of service openings are comprised of connections
with openings of different shapes, three distinct sizes, from
three different zones and two types of arrangement on the
plate surface. The opening shapes considered were a square
designated as S and a circle designated C.
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For square columns, three different sizes were used. The
first of these sizes considered was a width of 9 in (228.6 mm),
representing the limit suggested in ACI 318-05 [36] for areas
on intersections of column strips, designated S. The other
sizes are M, a square opening with a width similar with the
width of the square column (10.8 in = 274.3 mm) and a width
of 18 in (457.2 mm), representing the code recommendation
for areas on the intersection of field and column strips, named
here L. The locations of the openings were designated as 1, 2
or 3 asin Figure 9 after [37]. The two arrangements used were
a single opening (S) and a double opening arrangement

Hizbawi Sisay & Temesgen Wondimu / ASEAN Engineering Journal 12:2 (2022) 91-100

around the central column (D).

Figure 9 Possible locations for openings in specimen under study (1 in

=25.4 mm) [37]

|30.6 in

144 inr
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r— " "= - |
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The labelling of specimens was in the order of size, shape,
location, arrangement and a longitudinal distance from the

Figure 10 Schematic drawing of specimens for study of opening effect (1 in = 25.4 mm)
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face of central column while the first letter stands for opening.
For example, a specimen labelled OMS3S-4d is an opening
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with the size of the central column, square in shape, located
at region 3, single by arrangement and 4d (16.2in=411.5 mm)
from the face of the column. Beside the openings the other
connection dimensions were kept constant and additional
reinforcement equivalent to that interrupted by the openings
was placed around the openings in all (Figure 10).

Finally, the results from the connections were compared in
terms of stiffness, ductility and energy dissipation capacity of
FPC connections under uniaxial lateral loads. Stiffness is an
indicator of the response of a specimen during a cycle and
extent of strength degradation from cycle to cycle. It is
calculated as the slope of the line joining the peak of positive
and negative capacity at a given cycle. The slope of this
straight line is the stiffness of the assemblage corresponding
to that particular amplitude. The effect of the different
parameters on the stiffness degradation in laterally loaded
FPC connections may be evaluated by comparing stiffness vs.
drift plots. The ductility, which is of displacement, is a quantity
derived by dividing the ultimate displacement (D,) to the
yield displacement (D,,). The load—displacement envelope for
each specimen was used to define the yield and ultimate
displacement combining the methods used by Shannag and
Alhassan [38] and the method used by Pan and Moehle [10]
as illustrated in Figure 11. In Figure 11, the subscripts 1 and 2
refer the loads and displacements in positive (loading) and
negative (unloading) directions respectively. The ultimate
displacement and displacement at first yield for ductility
calculation are the averages of the respective quantities in
these directions.

lateral load, P

Drift displacement, D
Figure 11 Definition of displacement ductility [38] and [10]

The capacity of the connections to dissipate energy is another
property to describe the ability of the connections to resist
lateral loads. The energy dissipation can be measured from
the area of hysteresis loop. The cumulative energy dissipated
which is used in this paper is for certain amplitude is
summation of the dissipated energy from the start of the test
up to that specific amplitude. The plots of this cumulative
energy dissipation versus drift are the ones used for discussion
of the effects.

Influence of Column Geometry

The first thing considered in this paper is the size of column
and it was found out that that increasing the side length of a
square column to 342.9 mm (13.5in) from 274.3 mm (10.8 in)
increases the load carrying capacity by 46.8% and decreases

the drift capacity by 0.3% (Table 3). The trend can be clearly
seen from Figure 12. stiffness of the later specimen degraded
much faster than the earlier one although it was the later
specimen which has higher stiffness at the start. The energy
dissipated by the larger column size specimen was also larger
throughout the loading. Taking into consideration the
reduction in ductility by a small amount (0.4%) the specimen
with the larger capacity performs better than the smaller one.
However, this needs additional data since the comparison in
this report is based on only two specimens.

Table 3 Summary of capacity values for column effect series

Peak Cumulative
Specimens lateral Ultimate Displacement energy
P load drift (%) ductility dissipation
(kN) (kN-mm)
Control 27.69 1.540 2.80 5474.86
CSz-13.5 40.65 1.535 2.79 7256.68
CRI-1.5 25.10 1.537 2.94 4421.14
CRI-2 22.80 1.502 1.90 4519.64
CRI-2.5 19.72 1.504 1.86 4085.61
CSH-C 26.79 1.540 2.26 4373.69
CSH-RH 29.74 1.539 1.95 4652.75
Drift %
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Figure 12 Lateral load versus drift envelop curves for CSZ series

The influence of column rectangularity index was deduced
from the models in CRI series. The load-deflection curves for
the control model (CRI-1) and variations CRI-1.5 and CRI-2 are
shown in Figure 13.

With the increase of rectangularity index, both the load
carrying capacity and drift capacities will decrease. In fact,
increasing the rectangularity index to 2.5 from 1 have resulted
a decrease in load carrying capacity by 29% and the drift
capacity by 2.4% (Table 3). It can be also concluded that the
increase in cumulative energy in specimens with lower Rl is
becomes larger and larger through cycles that the higher ones
and generally the chance of the lower Rl connections to
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dissipate energy, resist deformation and undergo large
deformation is greater.

Drift %
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Figure 13 Lateral load versus drift envelop curves for CRI series

It was also observed that a circular column will tend to
decrease the lateral load carrying capacity while the rhombus
shape increases this capacity relative to a square column of
identical cross-sectional area. The drift capacity, however; is
maintained similar as shown in Figure 14. From the
comparison of secondary variables, it can be concluded that it
is the specimen with square column which stand out to be
better since it got good energy dissipation capacity, a well-
maintained stiffness degradation and highest ductility.

Influence of Service Openings

The first three (0SS3S-4d, OMS3S-4d and OLS3S-4d) of the
nine connection models in Figure 10, referred here as 0SZ
series are to be compared for the effect of opening size while
the next five (from OMS3S-0 to OMS1D-10d) referred as OLA
series are to investigate the effect of opening location and
arrangement. The other (OMC3S-4d) or OSH series is to study
the effect of opening shape.

Beside the quantitative comparison, the capability of the
model was also checked qualitatively through the damage and
crack patterns. Figure 7 gives cracking pattern reported by Pan
and Moehle [26] and the tensile and compressive damages in
the connection model of this paper at 1.6% drift cycle.
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Figure 14 Lateral load versus drift envelop curves for CSH series

Although a significant difference has not been discovered in
load and drift capacity related to the effect of opening size,
the energy dissipation capacity and ductility decrease with the
increasing of opening size (Figure 15 and Table 4). Making
openings as large as the column size is not as bad as suggested
in the codes although this also needs further investigation.

Figure 16 shows the load-displacement envelope curves of
the specimens for the effect of opening distance, location and
arrangement. Making openings near the column will result in
lower stiffness and cumulative energy dissipated throughout
the lateral loading cycles, but the effect weakens as the
distance increases. In addition, the ductility was found to be
proportional to the distance of opening from the face of
column (Table 4). So, it can be concluded that placing an
opening near the column does not do good.
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Figure 15 Lateral load versus drift envelop curves for OSZ series
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Figure 16 Lateral load versus drift envelop curves for OSA series
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Table 4 Summary of capacity values for opening effect series

Peak Cumulative

specimens 00 0 ductiy  disiation
(kN) (kN-mm)
Control 27.69 1.540 2.80 5474.86
0SS3S-4d 28.51 1.538 2.94 5274.89
OMS3S-4d 28.83 1.537 2.80 5239.57
OLS3S-4d 28.21 1.536 2.76 5200.86
OMS3S-0 27.22 1.542 1.97 3426.63
0OMmS2s-10d 27.79 1.539 3.03 5417.38
OMS3D-4d 28.61 1.537 2.95 5212.38
0OMmSs1s-10d 28.04 1.536 3.13 5320.84
OMS1D-10d 27.43 1.539 2.77 5380.35
OMC3S-4d 28.08 1.539 2.17 5437.73

Finally, placing multiple openings or making circular
openings rather than square shape have resulted in
degradation of performance by some amount (Table 4, Figure
16 and Figure 17).
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Figure 17 Lateral load versus drift envelop curves for OSH series

4.0 CONCLUSION

The current study is concerned with the lateral load behavior
of internal reinforced concrete flat plate connections without
transverse reinforcement. In order to understand the lateral
load response of these systems and the effect of some
variables, a FEA is performed with models of a scaled down
connection loaded under gravity and reverse cyclic loading
using general purpose finite element software ABAQUS. After
analysis of the finite element connection models, certain
conclusions have been made.

The concrete damage plasticity model gives good
approximation in load carrying and drift capacity of flat plate
connections under lateral loads. However, the pinching in
hysteresis loops observed during experimental tests could not
be captured. It may need to use other constitutive models or
consider the bond-slip behavior between the concrete and

steel reinforcements. This may constitute the object of future
studies.

The effect of column geometry can be interpreted in
different ways. To begin with, with the increase of
rectangularity index, it can be concluded that both the lateral
load carrying and drift capacities decrease. Besides, the
chance of the lower Rl connections to dissipate energy, resist
deformation and undergo large deformation was also found
generally greater.

Furthermore, it was also observed that a circular column
will tend to decrease the lateral load carrying capacity while
the rhombus shape increases it relative to a square column of
identical cross-sectional area. The drift capacity, however;
was maintained uniform. From the comparison of secondary
variables, it can be concluded that it is the specimen with
square column which stand out to be better since it got good
energy dissipation capacity, a well-maintained stiffness
degradation and highest ductility. However, this needs
additional data since the comparison in this report is based on
only two models.

The analysis for the effect of service openings on the flat
plate has also revealed some conclusions.

Although a significant difference in load carrying capacity
has not been discovered related to the effect of opening size,
the energy dissipation capacity and ductility decrease with the
increasing of opening size. So, making openings as large as the
column size may not be as bad as it seems in literature even if
it needs further investigation with more samples.

On the other hand, placing an opening near the column
does not do good. Making openings near the column resulted
in lower stiffness and cumulative energy dissipation
throughout the lateral loading cycles. The effect weakens as
the distance increases. In addition, the ductility was found to
be proportional to the distance of opening from the face of
column. Finally, placing multiple openings or making circular
openings rather than square shape will degrade the
performance by some amount.
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