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1. Introduction

Abstract. This paper presents the test results of a proposed ductile moment-resisting
beam-column connection for precast concrete frames and a developed 3D nonlinear finite-
element model of this connection featuring several different details to predict its behavior
under cyclic loading based on the loading of ACI T1.1-01. In this connection, precast
concrete beam and column are connected to each other by steel linkage element. This
method is able to create concrete structures of higher quality by minimizing in-situ
concreting, maximizing the speed of construction, and using ductile and exchangeable
elements in sensible locations of the connection. Two types of bolted and welded
connections were compared with the monolithic connection in terms of stiffness, strength,
energy dissipation capacity, and ductility factor. All specimens satisfied all criteria of ACI
T1.1-01. To investigate the behavior of these connections, a 3D nonlinear finite-element
model was simulated. Numerical results showed good agreement with experimental results.
The initial stiffness of monolithic connection specimen was greater than that of bolted
connection and welded connection specimens. Even though the beam’s moment capacity
of the two welded and bolted samples was slightly more than that of monolithic sample,
the ductility factors in these samples were slightly less than those in monolithic sample.

(© 2018 Sharif University of Technology. All rights reserved.

as a simple frame with a simple connection of beam to
column and cast-in-place shear wall. During the last

Precast technology is one way to construct reinforced
concrete structures. Precast structures have different
advantages such as high quality control, economical
cost, and speed on erection. The quality of connection
of precast elements to each other is one of the most
important parameters for seismic behavior of precast
structures. Precast concrete structures are mainly used
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decades, a high number of researches have been done
on the connections in precast structures. Kataoka et
al. [1] conducted a numerical and experimental study
to investigate the behavior of a specific type of beam-
column connection. This type of connection was cre-
ated by concrete corbels, dowels, and continuity bars,
passing through the column. Guan et al. [2] conducted
an experimental study to develop a new beam-to-
column connection for precast concrete frames. The
proposed connection showed good seismic resistance,
hysteretic behavior, strength, deformability, stiffness,
and energy dissipation. Choi et al. [3] proposed
a precast concrete beam-to-column connection using
embedded steel end plates in beam and column. The


http://scientiairanica.sharif.edu/article_4200.html

1978

joint performance was evaluated based on connection
strength, stiffness, energy dissipation, and drift capac-
ity. Shariatmadar and Zamani Beydokhti [4] presented
three types of precast concrete connection with dif-
ferent details, namely straight spliced, U-shaped, and
U-shaped with steel plate. The first one has similar
behavior to monolithic connection. Zoubek et al. [5]
developed a nonlinear finite-element model of centric
dowel connections in precast buildings. Several mate-
rial and interaction parameters were included and their
effects were investigated. Negro et al. [6] and Bournas
et al. [7] conducted pseudo-dynamic tests on a full-
scale 3-storey precast concrete building. Their study
showed good behavior of a precast concrete system.
Vidjeapriya et al. [8] used a precast concrete connection
in which beam is connected to column with corbel using
(i) dowel bar and (ii) dowel bar with cleat angle. In
terms of ductility, the precast specimen, using dowel
bar and cleat angle, showed better behavior than the
monolithic specimen did. However, in terms of strength
and energy dissipation, the monolithic specimen had
better behavior. Smith et al. [9] used a spring element
to simulate welded steel connector assemblies between
adjacent girders in decked precast pre-stressed concrete
girder bridges. Senel and Kayhan [10] conducted a
case study to explore precast building fragility based
on damage assessment using non-linear time history
analysis. Ertas et al. [11] carried out a series of
tests. In these tests, many models were developed and
investigated using cast-in-place concrete in the beam-
column connection.
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However, the main body of the research activities
in precast technology was conducted by NIST (Na-
tional Institute of Standards and Technology) [12] in
the US. The main idea of their proposed connections
was to implement post-tension cables with mild steel or
hybrid connection. The actions of the committee were
divided into four phases. In each phase, the tests were
planned and administered considering the deficiencies
in the prior phase to improve the connection behavior.
The main variables in these experiments were the
amount of mild steel, location of post-tensioned cables,
and the post-tensioning force.

In the present study, a type of connection sys-
tem for moment-resistant precast concrete frames is
proposed. This connection system consists of steel
linkage element connected to the column by bolts and
to the beam by bolts or welding. This method is
able to create concrete structures of higher quality,
rather than cast-in-place structures, by minimizing in-
situ concreting, maximizing the speed of construction,
and using ductile and exchangeable elements in sensible
locations of the connection. In addition, the 3D finite-
element models of these connections are developed
using ABAQUS software to predict the behavior of
this type of connection. Then, the results of numerical
study are compared to those of experimental study.

2. Test procedure

The cross-sections of beam and column are shown in
Figure 1. The mechanical properties of the material
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Figure 1. Details of specimens and steel linkages; all dimensions are in cm.
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Table 1. Mechanical property of materials.

Material fe fy fu
(MPa) (MPa) (MPa)
Concrete 35 — —
Steel — 240 370
Reinforcement 400 600

are presented in Table 1. All specimens were designed
according to ACI 318-05 code provisions. For all
specimens, the column’s longitudinal reinforcement
ratio was 2%, and spacing of the closed stirrups was
approximately 10 cm.

The specimens were identified to be BC (Bolted
Connection), WC (Welded Connection), and MC
(Monolithic Connection). The main idea for construc-
tion of BC and WC specimens was to connect the beam
to the precast column using a steel linkage element.
Therefore, first, the steel linkage was made using the
welding technique, and all welds were tested with
Ultrasonic Test (UT) to assure the quality of welding.
The details of this steel linkage are demonstrated in
Figure 1. The steel linkage was connected to precast
column by embedded threaded bolts. The bolts were
made of A325 steel with the strength of F'u = 800 MPa.

The construction of beams was performed in two
steps. First, the lower half of the beam was made in the
factory in the precast form. Then, the half-beam was
connected to the steel linkage with nuts and washers
for the BC sample (Figure 1(e)). It was also connected
to bars welded to the end of the beam and aiding steel
element to the steel linkage element in the WC sample
(Figure 1(f)). In the second step, the upper half beam
was constructed in-situ; after fastening the stirrups to
the reinforcements (Figure 1(d)), the upper half beam
was concreted along with the slab, and the concrete
frame was completed. The details of the three samples
are represented in Figure 1.

The test setup was designed to apply the pro-
cedure and scheme specified in ACI T1.1-01. Accep-
tance criteria for moment-resisting frames are based
on structural testing (Figure 2). The precast concrete
column was supported on a pinned support at base,
a roller-supported “hinge end” was designed for the
beam, and the top of the column was free to move
and rotate. No axial load was applied to the column.
On the top of the column, two hydraulic actuators
were used, one of which imposed some load, while
the other was away from the column. After imposing
a proper level of load, the hydraulic pressure of the
first actuators was discharged, and the second actuator
imposed the load on the top of the column in an
opposite direction. The lateral load increased gradually
to achieve the pre-determined story drift. To prevent
the beam and column out of the frame movement, some
lateral bracings were installed. Top displacement of
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Figure 2. Test setup of specimens.

the column was measured using a linear potentiometer
mounted at the level of the hydraulic actuators.

The imposed loading on the samples was per-
formed according to the ACI T1.1-01. This code uses
a displacement control method for loading specimen
and considers specific criteria for displacement pattern
including:

e Three full cycles should be applied at each drift
ratio;

e The initial drift ratio should be within the essen-
tially linear elastic response range for the module.
Subsequent drift ratios should be the values which
are not less than one and one-quarter times and not
more than one and one-half times the previous drift
ratio;

e Loading should gradually continue with increasing
drift ratios until the drift ratio equals or exceeds
3.5% (ACI T1.1-01).

Considering the above criteria, the following loading
pattern (displacement) was chosen to be applied to the
specimens (Figure 3).

3. Finite-element modeling and analysis

The finite-element software ABAQUS 6.9 was used
to model and analyze the samples mentioned above.
The effects of nonlinearity of material, geometry and
contact between different parts of the model as well as
bond-slip effect of reinforcement bars were taken into
account. Figure 4 shows a view of the FE model.
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Figure 4. Finite-element modeling.

To model the concrete, an eight-node 3D solid
element with reduced integration (C3D8R) and four-
node tetrahedral 3D solid elements for steel linkage
were considered. Two types of element were used for
reinforcing bars. To define the interaction between the
end of rebars and welds or bolts of steel linkage and
also to consider the bond slippage of upper rebars of
beam in the column, 3D elements of C3D8R should
be used. For other cases, 3D two-node elements (B31-
beam element) were considered. These two types of
elements are tagged in Figure 4.

A linear kinematic hardening model was used to
simulate the behavior of steel materials as they are
subjected to cyclic loading. In this model, a stress-
strain curve of steel materials is bilinear, and the slop of
the second part is considered as 0.01E [13]. The elastic
modulus and Poisson’s ratio of steel were defined as
2.1 x 10° MPa and 0.3, respectively. Concrete damage
plasticity model was used to simulate the concrete
behavior under cyclic loading. This model contains
both compressive and tensile stress-strain curves and
their corresponding damage parameters. This model
shows the degradation of both tension and compression
stiffness. As shown in Eq. (1), by using the damage
parameters, the stress-strain relation will change as
follows:

c=(1~-d)-Ey (e—¢"), (1)

where Ey is the initial elastic stiffness of concrete, and d
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Figure 5. Response of concrete to uniaxial loading in
tension and compression [14].

is defined as damage parameter. Figure 5 [14] shows the
typical stress-strain curve of concrete for both tension
and compression and the effects of damage parameters
on the stiffness in recycle loading.

d (d;: tensile damage and d.: compressive dam-
age) parameter was computed by the following equa-
tion [15]:

(0¢ + neoy)

di=1-— ,
‘ E.(niow/E. + &)

(2)

(0c +MeOew)
Ec(nco'cu/Ec + 86) ’

de=1- (3)

where oy is tensile stress, o, is compressive stress, o4
is tensile strength, o, is compressive strength, E,. is
module of elasticity of concrete, ¢, is tensile strain, ¢,
is compressive strain, and n, = 1, n. = 2 [15].

To define the interaction between concrete and
reinforcement and also bond slippage of bars in a cyclic
loading, both normal and tangential behaviors should
be considered.

A cohesive model for tangential behavior and a
hard contact model for normal behavior were used.
For tangential behavior, penalty contact method with
friction coefficient of 0.1 was used.

Bond slip was modelled by means of progressive
damage concept. Damage is a mechanism that includes
two steps in this method: defining damage initiation
criterion; introducing a criterion for continuing damage
after passing from this initiation point. The cohesive
model between reinforcements and concrete was sim-
ulated based on the studies done by Murcia-Delso et
al. [16]. Progressive damage was simulated according
to Figure 6.

Tangential damage is initiated when shear stress
reaches Tmax = 15 MPa. The value of Speax is
recommended to be between 1.5 to 3 mm [16].

Compressive strength of the concrete was 35 MPa
according to the test results of concrete specimens, and
the ultimate tension stress of concrete was considered
10% of the ultimate compressive strength. The detailed
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Figure 6. Damage evolution between rebars and concrete.

mechanical properties of materials are presented in
Table 1. As shown in Figure 2, the ends of column
and beam are defined as hinge and roller, respectively.

4. Evaluation of test and numerical results

Figure 7 shows the lateral force versus the story dis-
placement of the specimens for both experimental and
numerical results. The behavior of specimens in the
initial steps of loading was linear elastic. As the loading
proceeds, a crack and, then, more cracks appeared in
the specimens; subsequently, the samples passed the
ideal level code. Since no loss of strength was observed
during these steps, the tests were continued so as to
investigate the behavior in further displacements. The
MC, BC, and WC specimens were compared according
to their stiffness, strength, and energy dissipation
properties. All specimens satisfied all code criteria.

It should be mentioned that the hysteresis curves
of samples, especially BC and WC samples, are such
that the curves possess a pinching and residual dis-
placement due to:

1. Crack opening and closing during the loading rever-
sals;

2. The interactions among the axial load, shear forces,
and bending moments;

3. Lack of appropriate interaction between the con-

crete and internal surface of the groove at the upper
half of beam.

Therefore, the adopted element model must take into
consideration both of the material damage and axial-
shear-flexural interaction in order to predict the re-
sponse of columns accurately. To make a better com-
parison between experimental and numerical results,
the force-displacement curves of 1.5%, 2%, 3%, 4%,
and 5% drift were plotted individually, depicting the
precision of simulation more accurately.

It was observed that the finite-element method
and test results are in good accordance with each other.
The maximum error percentage of peak strength is
about 9%. The little difference between the FE and

experimental results in different stages of loading can
be attributed to mesh refinement, idealized boundary
conditions in the FE model, material nonlinearity, and
particularly the way of defining parameters in contact
points.

4.1. Strength degradation

To assess the strength of the specimens (bearing lateral
load capacity), their envelope curves are shown in
Figure 7. The envelope curves were obtained by
connecting the maximum points in load-drift ratio
diagram. The ACI code as an acceptance criterion
determines that the ultimate strength of the specimens
not be less than 75% of the maximum strength. It
was observed that the strength of the BC and WC
specimens is greater than that of the MC sample. The
WC specimen has both higher resistance value and
higher resistance loss than the other two specimens,
indicating that weld connection has high resistance and
brittle behavior.

Table 2 provides the ratio of ultimate strength
to maximum strength (a) and initial stiffness of each
specimen. According to this table, all of the specimens
met the code acceptance criteria for the ratio of the
ultimate strength to the maximum strength. It is
obvious that the initial stiffness of MC specimen has
greater value than others, and BC specimen is stiffer
than WC one.

4.2. Energy dissipation capacity
According to ACI T1.1-01, for a given cycle, relative
energy dissipation ratio, 3, is the area (Aj) inside the
lateral force-drift ratio loop for the module divided by
the area of the effective circumscribing parallelograms
ABCD and DFGA (A4y). The areas of the parallelo-
grams equal the sum of the absolute values of lateral
force strengths, Fy and FEy, at drift ratios, #; and 65,
multiplied by the sum of the absolute values for drifts
ratios, 6] and 8} (Figure 8).

The relative energy dissipation ratio concept, as
described above, was computed from the last cycle of
each successive story’s drift ratio.

Table 2. Ratio of maximum strength to ultimate strength
of specimens.

Strength Initial
Specimen ratio stiffness
() (ton/m)
BC Experimental 0.84 270
Numerical 0.95 252
wce Experimental 0.8 213
Numerical 0.99 222
MC Experimental 0.95 317
Numerical 0.98 318
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Figure 8. Relative energy dissipation ratio concept.

Figure 9 shows the relative energy dissipation
ratio versus the drift ratio for the specimens both ex-
perimentally and numerically. The acceptance criterion
of ACI T1.1-01 code requires that the relative energy
dissipation ratio not be less than 0.125. This criterion
is shown by dashes.

4.3. Stiffness degradation

The secant stiffness (K..) calculated at the last cycle
of each successive story’s drift level was used to com-
pare the stiffness degradations of the specimens. The
secant stiffness is defined as the slope of the straight
line between the maximum drift levels of that specific
load cycle. It is also called “peak-to-peak stiffness”.
Each secant stiffness value of a specific specimen was
normalized (K,) with respect to the initial secant
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stiffness of the specimen. ACI T1.1-01 code requires
that the secant stiffness from a drift ratio of —0.0035
to a drift ratio of +0.0035 not be less than 0.05 times
the stiffness for the initial drift ratio. For this purpose,
the stiffness degradation of specimens versus story drift
for numerical and experimental results is plotted in
Figure 10. They are in good agreement with each other.
The maximum error percentage of point to point is less
than 10%. According to the chart, all specimens are
above the acceptance criterion of the code.

4.4. Behavior of contacts

To assess the accuracy of numerical simulation in
predicting the behavior of connections, some failure
modes and deformation shapes predicted by the model
were compared with what was observed in experiments.
Figure 11 shows deformation of the model in a BC-type
connection. In Detail 1, a gap between concrete and
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Figure 11. Deformations of contact zone in FEM
analysis and test procedure.
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Figure 9. Relative energy dissipation of specimens.
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steel linkage was predicted that could be seen in the
test, too. In Detail 2, concrete beam was separated
from column at contact points. At these points,
according to the test observations, contact properties
were described well where they act only at compression
and allow separation at tension.

4.5. Ductility factor and flexural capacity of
specimens

Displacement ductility factor, one of the criteria of

nonlinear behavior of frame subjected to cyclic loading,

is defined as the ratio of displacement at the maximum

load to displacement at the yield load, as expressed by

Eq. (4):
(sma.x
6y

1= (4)

The ratio of beam moment capacity () is calculated
by Eq. (5):

0= Experimental beam moment capacity

(5)

The values of p and Q are given in Table 3. It can be
noted that the beam capacity factor (2) for BC and
WC specimens is bigger than that for MC specimen,
while this is vice versa in the case of the ductility factor

Design beam moment capacity

(). This is due to high stiffness of the steel linkage and
low ductility of bolted and welded connections in BC
and WC specimens.

4.6. Pattern of damage

The crack distribution pattern is one of the best
methods to show the real behavior of specimens. In the
initial steps of loading, there is no significant difference
between the damages in specimens. As the load
increases, cracks in monolithic specimen move toward
the center of the heam due to an increase in the shear
stress at the end of beam. In these tests, no damage
occurred in the linkage and all damages occurred in
the concrete beams near the steel linkages due to high
stiffness and strength of the linkage. Almost in all
specimens, the first crack occurred at the end of the
beam in cycles 7 and 9. As the loading proceeds in
cycles 14 and 15, corresponding to 0.35% drift, the
cracks are mainly vertical. Afterwards, the cracks
develop to the center of the beam section; ultimately,
they find a diagonal form and move toward the panel
zone. However, in BC and WC samples, as the load
increases, some cracks are created around the steel
linkage. In addition, at the top of the beam section, due
to slipping of the concrete from the sleeve, the bearing
cracks cause the concrete to be crushed. Figure 12

MC specimen

Figure 12. Comparison of crack patterns in specimens and prediction of cracks in finite-element models.
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Table 3. Mechanical characteristics of specimens.

Specimen n Q
BC Experimental 4.25 1.25
Numerical 4.34  1.28

. . o

we Experimental 3.65  1.27
Numerical 3.45  1.29

MC Experimental 4.96  1.17

Numerical 4.84 1.15

depicts the crack patterns of the specimens and damage
zone of finite-element models in the last step of the
loading. In FE model, the direction of normal vector to
the crack plane is assumed parallel to that of maximum
principal plastic strain. The maximum principal plastic
strain directions have been shown by red vectors. There
is good agreement between fracture modes predicted
by finite-element analysis and experimental observa-
tions.

5. Conclusion

In this research, a type of precast ductile connection
was proposed and investigated through experimental
and numerical studies in order to be used in moment-
resisting precast concrete frames. For this purpose, two
specimens of the proposed connections were developed
and constructed along with a monolithic specimen in
full scale. Then, they were tested under reversed
cyclic loading. According to the study results, the
proposed connection had desirable behavior based on
ACI T1.1-01. In addition, the desirable ductility
factor and damage patterns of cracks showed that the
proposed connection could be used in precast moment-
resisting concrete frames. The beam capacity factor
for BC and WC specimens is somewhat bigger than
that for MC specimen, while this is vice versa for
the ductility factor of specimens. In addition, a
simulation method was proposed and its accuracy was
verified by experimental results. This method of study
can be used for predicting the behavior of precast
frames.
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