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This study investigates the feasibility and structural performance of textile reinforced cement (TRC) stay-in-place (SiP)
formwork designed as shear reinforcement for beam-column joints under monotonic loading through the nonlinear finite
element package ABAQUS. This was achieved by conducting numerical analysis on 24 beam-column joints using different
parameters that affect the joints’ performance, including column axial load ratio, concrete compressive strength, beam tensile
reinforcement ratio, joint shear reinforcement ratio, and thickness of TRC. The models were first calibrated to the results
obtained from the experimental program of previous studies. The start of the yielding behavior of the composite beam-column
(73 kN) corresponds well to the conventional beam-column joint (72 kN). A similar correlation can be observed at the ultimate
load with only a 3.7% difference, 84kN in the case of the composite beam-column joint and 81kN in the case of the
conventional beam-column joint. The findings of this investigation showed that a beam-column with a full steel stirrup and
TRC SiP formwork as shear reinforcement at the joint exhibits similar yielding behavior, such that TRC SiP formwork can
replace the full steel stirrup at the joint, as proved by comparison analysis. Furthermore, the numerical analysis results due to
the effect of these essential parameters on the structural performance of the beam-column with TRC SiP formwork at the joint
were also discussed.

1. Introduction

Due to the availability of steel and concrete, design
knowledge, and extensive experience with their usage in
practice, conventional reinforced concrete is widely used in
the construction industry. However, the corrosion suscep-
tibility of steel reinforcement, prolonged construction time,
undesirable stresses in concrete components while removing
formwork, and the high expense of construction owing to
the putting and tying of reinforcement in conventional
reinforced concrete have all become major engineering and
economic problems. To solve problems associated with
conventional RC, composite reinforced concrete with TRC
SiP formwork has sparked a lot of attention in structural

engineering research during the last few decades because of
its superior physical and mechanical qualities, including
corrosion resistance, low self-weight, high tensile strength,
and fire resistance.

Structural SiP formwork is a type of formwork that is not
removed after the concrete has been cast and serves as a
formwork during the plastic stage of the concrete as well as
reinforcement after the concrete has hardened. This im-
proves problems associated with temporary formwork,
eliminating undesirable stresses and the risk of damaging
concrete while removing formwork [1]. The detailing
mechanism provided by different design codes to increase
the efficiency of the beam-column joint may lead to rein-
forcement congestion at the joint. To alleviate this problem,
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the use of textile fiber cement may be an alternative to get the
required design efficiency at the join with a limited number
of shear reinforcements or without shear reinforcement.
TRC SiP formwork can help us achieve our goals of faster
construction, lower costs, and improved durability because
it serves multiple functions as formwork, reinforcement, and
a protective shell against corrosion, weathering, and
chemicals [2]. They can also be designed as structural ele-
ments and could fully or partially replace the required re-
inforcement [3-5].

Many researchers have also studied the structural
performance of beam-column joints due to the effect of
different parameters. For instance, Allam et al. [6] carried
out a numerical analysis on external reinforced concrete
beam-column joints under monotonic loading and dis-
covered that joint failure was caused by shear diagonal
tension and that increasing the column axial load increased
the beam tip ultimate load. In addition, an experimental
study carried out on beam-column joints demonstrated
that at the initial stages of loading, an increase in axial load
enhances the shear capacity of the joint and reduces its
ductility [7-9]. This finding contradicts [10,11], who
concluded that the presence of axial stress had no effect on
joint shear strength. With an increase in axial compression
ratio in the core area, both the ductility and energy con-
sumption of beam-column joints increase [12]. The test
result obtained here is totally different from the result
obtained by Yang et al. [13], in which ductility decreases
with an increase in axial load ratio. The axial load value can
influence the damage evolution and, as a result, the de-
formation capacity of beam-column joints. In fact, when
compared to the joint tested under low axial load, the joint
with higher axial load exhibits delayed vertical cracking at
the beam-column interface [14].

Allam et al. [6] conducted analyses on beam-column
joints and found that increasing the concrete strength im-
proves the joint resistance by improving the load-bearing
capacity. It was also discovered that there was a nonlinear
relationship between concrete strength and ultimate load,
which corresponded to the commonly observed nonlinear
relationship between the axial compressive and shear
strength of concrete. This contradicts a result obtained by
Noguchi and Kashiwazaki [15], who concluded that the
concrete compressive strength does not affect the maximum
joint shear strength. Among the influence factors, concrete
compressive strength had the most significant correlation
with joint shear strength, and interestingly, it was higher for
interior connections than for exterior connections [16].

Abdelwahed et al. [17] investigated numerically the
behavior of inverted knee joints and found that the increase
in the beam reinforcement percentage has a positive effect
on the load-carrying capacity and the rate of strength
degradation. A test carried out on the beam-column joint
also showed that reinforcement ratio has a positive effect on
shear strength [18]. Furthermore, an experimental study on
reinforced concrete interior beam-column joints indicated
that the joint stirrup reinforcement ratio had little influence
on the ductility and shear strength of the joint. In addition, it
has no influence on the strength and deformation of interior
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beam-column subassemblies [19]. This result conflicts with
the result obtained by Kaung and Wong [20].

To improve the safety of existing RC frame buildings, the
strength of beam-column joints must be increased so that
strong column-weak beam behavior can be achieved. The
various frequently used strengthening techniques involve
steel plate bonding, concrete jacketing, and the use of
composite materials like fiber reinforced polymer (FRP). The
use of carbon fiber ropes as external strengthening rein-
forcement has been shown to be an efficient strengthening
technique in terms of load carrying, stiffness, energy dis-
sipation, and damage when compared to unstrengthened
specimens [21]. The experimental study conducted by Maras
and Kantarci [22] revealed that CFRP composites could be a
viable alternative for greatly improving structural perfor-
mance and providing appropriate and dependable solutions
for long-term structures. Experimental test results also in-
dicated that a reinforced UHPFRC beam-column joint has a
higher initial cracking strength and shear carrying capacity
[23]. Furthermore, compared to conventional reinforced
beam-column joints, steel fiber reinforced beam-column
joints have better ductility, load-carrying capacity, energy
dissipation, and strength [24].

The key distinction between past research and this re-
search is that most of the previous research was concentrated
on the investigation of RC or steel jacketing, timber, and
FRPs stay-in-place formwork, especially for the slab and
beam. These techniques cause various difficulties in practical
implementation at the joint, namely intensive labor, in-
creased dimensions, corrosion protection, and fire resis-
tance, and are relatively expensive. As a result, this research
is being carried out to address a gap in knowledge about
some of the disadvantages of commonly used materials, such
as the durability of timber, the corrosion sensitivity of steel,
fire resistance, and the cost of FRP. Proper design and
detailing of the joint is important because RC connections
are the most vulnerable elements during loading and can
undergo shear failure in the joint. The work contained here is
thus critical in addressing the technique of increasing the
capacity of these zones by TRC with the goal of relocating
potential plastic hinges from the joint to the beams or
columns without debonding or rupture.

The results of this study are important to set the
maximum design load value to be applied to the column
and the tensile reinforcement ratios to be used in the beam.
The results of the study are also significant in addressing the
effectiveness of TRC in making components with a con-
siderably smaller amount of material and a longer service
life than conventional concrete, as well as in extending the
life span of existing structures that are undergoing dete-
rioration or need upgrading to withstand higher loads. The
objective of this research is to investigate numerically the
feasibility and performance of structural stay-in-place
formwork made of TRC designed as shear reinforcement
for beam-column joints, using different parameters known
to affect the joints’ performance, including column axial
load ratio, concrete compressive strength, beam tensile
reinforcement ratio, joint shear reinforcement ratio, and
thickness of TRC.
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2. Finite Element Modeling

In this study, the ABAQUS finite element program was used
to simulate the behavior of the beam-column joint. Because
of its user-friendly interface and support for parametric
modeling, ABAQUS was chosen for this simulation. In order
to properly simulate the behavior of a beam-column joint,
geometrical and material nonlinearities are taken into ac-
count. The concrete damage plasticity (CDP) model is
chosen and introduced to the numerical model among
constitutive models defining concrete’s nonlinear behavior
as a quasi-brittle material available in ABAQUS, such as
smeared and brittle cracking models. The models were first
calibrated to the results obtained from the experimental
programs of previous researchers. In this study, the valuable
data and observations from experimental results of the first
base control and referential specimen, from Mahmoud et al.
[25], were chosen, and the NLFE software ABAQUS was
utilized for numerical simulation and modeling to trace the
response of the beam-column.

2.1. Model Geometry. The model has a 0.9-m long extruded
beam with cross-sectional dimensions of 0.2x0.3m. The
column has a cross section of 0.2 x 0.3 m and a total length of
2.3 m divided into two equal parts, namely lower and upper.
The main steel reinforcement of the beam was three bars of
16 mm in diameter, while the secondary steel reinforcement
was two bars of 12mm in diameter. The column, on the
other hand, was reinforced with four bars of 16 mm in
diameter at each corner of the column cross section. The
stirrups for both the beam and the column were mild steel
bars of 8 mm in diameter and spaced every 0.1 m and 0.15m
for the beam and the column, respectively. Geometry and
reinforcement details of the beam-column joints are shown
in Figure 1.

The thickness of TRC is calculated such that the com-
posite beam-column joint is capable of bearing the same
shear loads in the permanent state as the conventional beam-
column at the joint. The required thickness of TRC to be
equivalent to a steel stirrup in order to fulfill shear re-
quirements is only 0.003 m and is shown at the beam-col-
umn joint in Figure 2.

2.2. Material Properties. The concrete used was normal
concrete with target strength of 25 MPa. Both the beam and
the columns were reinforced longitudinally with deformed
bars with yield strength of 400 MPa, while the stirrups were
ordinary mild steel with yield strength of 240 MPa. Both
types of reinforcement had a modulus of elasticity of
200 MPa and a Poisson ratio of 0.3. The Young modulus of
the textile reinforced cement is 18 GPa, and the Poisson ratio
is 0.3. It also has 60 MPa and 80 MPa tensile and compressive
strengths, respectively.

2.3. Loading and Boundary Conditions. A compression load
equal to 200 kN, simulating the load in a real structure, was
first applied to the column before the beam was loaded.
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F1GURE 1: Model geometry and reinforcement detailing [25].

FiGure 2: Textile reinforced cement model geometry at the joint.

Then, the beam was kept as a cantilever and monotonic
loading was applied to it at 0.9 m from the face of the column
in several steps up to failure. The specimens were considered
hinged at both column ends (Figure 3). The tested specimens
were symmetrical with respect to the vertical plane crossing
through the beam/column width. In addition to geometric
symmetry, the applied load and resulting failure modes were
also symmetrical. Hence, the symmetry was exploited to
reduce the computational cost by modeling only half of the
specimen and imposing appropriate symmetry boundary
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FIGURe 3: Boundary conditions and loading: (a) test setup [25] and (b) finite element.

conditions. To simulate the boundary conditions of the test
specimens during experimental testing, the column ends
were restrained against movement to simulate pin supports
at both ends, and the right support was restrained against
movement in the Z-direction along the plane of symmetry.

2.4. Mesh Sensitivity Study. Meshing is the process of gen-
erating nodes and elements. Because matrices based on
structured meshing are simple and quick to assemble, they
were used for all of the solid elements in the models.
Furthermore, the aspect ratios of solid elements were kept as
close to one as possible, as high aspect ratio elements would
affect the accuracy of the analysis. Mesh convergence studies
were carried out to determine the best mesh size and ma-
terial parameters for a close match with the experimentally
observed response. Initially, three element sizes were used as
a uniform mesh size: 0.025 m, 0.035 m, and 0.050 m. Figure 4
shows the comparison between experimental test results and
different mesh sizes using a reduced integration element
with eight nodes (C3D8R). The similarity of the curve in the
FE analysis using the 0.025 m element size to that obtained
by experiment suggested that the experimental observation
and the prediction result from the FE analysis were in
reasonably good agreement.

2.5. Element Types and Material Modeling

2.5.1. Concrete. The 8-node linear brick element with re-
duced integration (C3D8R) and hourglass control was

chosen to model concrete throughout this study and is
shown in Figure 5.

The FE model takes into account both elastic and
inelastic concrete behavior. It is assumed that the concrete
element is homogeneous and isotropic. A concrete
damage plasticity (CDP) model is utilized in the study to
define concrete material behavior in the inelastic range.
The compressive and tensile stiffness recoveries are de-
fined by the factors wt and wc, through the load reversal.
The set values for these factors were as default, that is,
wt=0and wc =1. The degradation of the elastic stiffness is
characterized by two damage variables, dt and dc. The
evolution of concrete damage, both in compression and
tension, was linked to the corresponding inelastic strain,
using

o

dzl—a—. (1)

max

To generalize concrete uniaxial stress-strain features to
the 3D stress space, the CDP model requires various input
parameters. The CDPM parameters shown in Table 1 are
calibrated and used throughout this study.

Many models have been proposed to capture the non-
linear behavior of concrete in compression and tension by
transverse reinforcement. For the scope of this study, the
Hognestad model (Figure 6) and the Belarbi and Hsu model
(Figure 7) were selected. This is because the models are quite
capable of capturing the behavior of the concrete under
compression and tension, respectively. In addition, these
models can precisely and more completely describe the post-
peak stress-strain behavior.
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FIGURE 4: Delineation of the mesh: (a) comparison of different mesh sizes with experimental result and (b) finite element mesh size of 0.025.
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F1GURE 5: Eight-node brick element.

TaBLE 1: CDPM parameters.

o . Shape
Material Dilation Eccentricity Stress ratio factor Viscosity
angle (obo/a co) (K.)
C.
Concrete 40 0.1 1.16 0.5 0.03
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FiGure 6: Hognestad pre- and post-peak parabolic concrete
compression response [26].
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Figure 7: Tensile stress-strain curve of concrete [27].

The Hognestad [26] uniaxial stress-strain behavior of
concrete can be categorized into three main domains. The
first is a linear-elastic branch that continues to reach the
stress level of o, which is defined as o, = 0.4 f'c. The
second stage depicts the concrete uniaxial compressive
stress-strain behavior hardening, which describes the as-
cending branch of the stress-strain relationship that leads to
the peak load at the corresponding strain level of
gy = 2f'c/Ec. The final part of the concrete uniaxial com-
pressive stress-strain relationship represents the onset and
progression of compressive damage in the concrete material
until the ultimate compressive strain ¢,,.

The tensile behavior of the concrete is defined by using
the formula recommended by Belarbi and Hsu [27].

For ascending branch (g <e)



oi =Ecxeg, (2)

where [27] Ec is the modulus of elasticity of concrete, taken
as 3875 +/f'c, where fc' and +/f'c are in MPa; &, is the
cracking strain of concrete.

For descending branch (g > e.,)

4
0(1: = fcr(g ) R (3)
€

where f,, is cracking stress of concrete, taken as 0.31 +/f'c
MPa.

2.5.2. Reinforcement Bars. Truss elements with two nodes
and three translation degrees of freedom (T3D2) at each
node are used to model steel rebars. The FE model incor-
porates the longitudinal and transverse steel reinforcement
rebar behavior as an elastic-plastic material with a bilinear
stress-strain curve as shown in Figure 8. Up to yield, the steel
was assumed to be linear elastic, with a Young’s modulus
equal to 200 GPa and a Poisson ratio equal to 0.3.

2.5.3. Textile Reinforced Cement. The TRC material’s be-
havior is characterized by a macroscopic stress-strain re-
lationship from the test results provided by Cuypers and
Wastiels [29]. In the elastic range, the material was assumed
to be linearly elastic with a Young modulus of 18 GPa and a
Poisson ratio of 0.3, while in the plastic range, the concrete
damage plasticity (CDP) model was employed. As shown in
Figure 9, after reaching the tensile strength (60 MPa), an
artificial steep softening branch is added to the curve to
facilitate failure simulation. The curve was designed to meet
the following paradoxical requirements: it had to drop in
stiffness dramatically to indicate failure, but it also had to be
smooth, allowing convergence even at strains greater than
the failure strain.

A macroscopic 3D finite element approach, which con-
siders the composite TRC with its macro trilinear stress-strain
relation under tensile solicitation, is adopted throughout this
study to model TRC. The CDPM parameters shown in Table 2
are used throughout this study to model TRC.

3. Finite Element Model Validation

The experimental test results obtained by Mahmoud et al.
[25] for the reference specimen and base control specimen
were validated using nonlinear finite element (FE) software,
in terms of load-displacement curve and crack pattern.

3.1. Reference Specimen, JI0 Group #1. As shown in Figure 10,
from the numerical result, the behavior was linear up to a
load of 64.03kN with an associated deflection of 0.015m,
after which nonlinearity was initiated. In the nonlinear
portion of the curve, the specimen has reached a maximum
ultimate load of 68.49 kN with an associated displacement of
0.022m. The load-displacement curve from the experi-
mental program of literature indicates a yield load of 61.6 kN
with an associated deflection of 0.012 m and an ultimate load
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Ficure 8: Idealization of the steel stress-strain curve [28].
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FIGURE 9: Stress-strain diagram of TRC in tension and compression
implemented in ABAQUS.

TasLE 2: CDPM parameters.

I . Shape
Material Dilation Eccentricity Stress ratio factor Viscosity
ngle (obo/o co) (K.)
C.
TRC 40 0.1 1.16 0.5 0.0005

of 67.38kN with a corresponding ultimate deflection of
0.029m. A summary of the load-displacement response of
numerical and experimental results of the reference speci-
men is described in Table 3.

3.1.1. Crack Pattern. Experimental and finite element results
of the aforementioned reference beam-column joints indi-
cate the occurrence of crack concentration around the joint
area, starting from early loading steps and propagating
towards the column front face. In addition, as indicated in
Figure 11, web cracks develop on the beam and then
gradually follow an inclined slope.

3.2. Control Specimen, JO

3.2.1. Load-Displacement Result. As shown in Figure 12,
from the numerical result, the behavior was linear up to a
load of 72.12kN with an associated deflection of 0.014 m,
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F1GURE 10: Comparison of the load-displacement response of the FEM and the experimental results of the reference specimen at the beam-
free end.
TaBLE 3: Summary of numerical and experimental load-deflection results for the reference specimen.
Load (kN) Percentage dlffere‘nce w11th respect to
Description Deflection at ultimate  Deflection at yield experimenta
P ) . load (m) load (m) Load Deflection
Ultimate load  Yield load . . . .
Ultimate  Yield At ultimate At yield
Experimental 67.38 61.6 0.029 0.012
FEM 68.49 64.03 0.022 0.015 1.65 390 2413 25.00

PE, Max. Principal
(Avg: 75%)

+2.850e-02
+2.612e-02
+2.375e-02
+2.137e-02
+1.900e-02
+1.662e-02
+1.425e-02
+1.187e-02
+9.498e-03
+7.124e-03
+4.749e-03
+2.375e-03
+0.000e-00
()

FIGUure 11: Crack observed at failure load: (a) FEM and (b) experimental test [25].

(®)

after which nonlinearity was initiated. In the nonlinear
portion of the curve, the specimen has reached a maximum
ultimate load of 81.46 kN with an associated displacement of
0.028 m. The load-displacement response from the

experimental program of literature indicates a yield load of
70.45kN with an associated deflection of 0.013m and an
ultimate load of 80.55kN with a corresponding ultimate
deflection of 0.038 m (Table 4).
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Ficure 12: Comparison of the load-displacement response of the FEM and the experimental results of the control specimen at the beam-free end.

TaBLE 4: Summary of numerical and experimental load-deflection results for control specimen.

Load (kN)

Percentage difference with respect to

Description Deflection at ultimate Deflection at yield experimental
load (m load (m Load Deflection
Ultimate load  Yield load (m) (m) . . . )
Ultimate  Yield At ultimate At yield
Experimental 80.55 70.45 0.038 0.013
FEM 81.46 72.12 0.028 0.014 113 2:40 2632 7.70

As observed, both experimental and finite element re-
sults exhibit similar behavior in terms of load-bearing ca-
pacity and failure pattern.

4. Textile Reinforced Cement Designed as Shear
Reinforcement for Beam-Column Joint

In this numerical investigation, the load-bearing behavior of
the control beam-column joint, having a conventional
stirrup at the joint, and the composite beam-column joint,
having TRC stay-in-place formwork as shear reinforcement
at the joints, are compared to each other. Figure 13 shows the
numerical load-deflection curve of the fully steel reinforced
beam-column joint and the TRC shear reinforced beam-
column joint. As shown in Figure 13, the start of the yielding
behavior of the composite beam-column (73kN) corre-
sponds well to the conventional beam-column joint (72 kN).
A similar correlation can be observed at the ultimate load
with only a 3.7% difference, 84 kN in the case of the com-
posite beam-column joint and 81 kN in the case of the
conventional beam-column joint. This discrepancy is due to
the external TRC reinforcement’s contribution to the
bending resistance of the beam-column. This impact is first
ignored in the composite beam-column since the thickness
of this external reinforcement is calculated to fulfill shear
demands, but the longitudinal reinforcement is kept fixed.
The finding of this study is that the TRC SiP formwork of the

beam-column joint has the potential to replace conventional
shear reinforcement at the joint.

5. Parametric Study

In this research, a parametric study involving 22 beam-
column joints was carried out using the finite element
package ABAQUS and the numerical model described in
Table 5. The following key parameters are taken into ac-
count: the effect of an axial load, the effect of concrete
compressive strength, the effect of beam longitudinal tensile
reinforcement ratio, the effect of TRC thicknesses, and the
effect of the presence of joint stirrup reinforcement ratio.

5.1. Results and Discussion

5.1.1. Effect of an Axial Load. In this study, five different
levels of column axial load (0.1fc’Ag, 0.133fc’Ag, 0.26fc’Ag,
0.3fc'Ag, and 0.6fc'Ag) were investigated, and the results
obtained from the software for the different performance
indicators under consideration are indicated.

(1) Shear Strength. Table 6 shows the shear strength (rep-
resented by the maximum principal tensile stress) obtained
from column axial loads of 0.1fc’Ag, 0.133fc’Ag, 0.26fc’Ag,
0.3fc’Ag, and 0.6fc’ Ag. Based on the findings of this analysis,
it is reasonable to conclude that column axial load less than
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FIGUre 13: Comparison of load-displacement responses of conventional and composite beam-column joints at the beam-free end.

TaBLE 5: Parametric study database and model designation.

Group  Model Long. reinf (beam)

Stirrup reinf. Comp. strength

Thickness of TRC (10°m) Axial force (kN)

at joint (MPa)
Effect of axial force
GIMO  3¢16 at bottom and 2¢12 at top  No stirrup 25 3 Null
GIMI1  3¢16 at bottom and 2¢12 at top  No stirrup 25 3 0.1f'cAg (150)
Gl Referential 3¢16 at bottom and 2¢12 at top  No stirrup 25 3 0.13f'cAg (200)
GIM2  3¢16 at bottom and 2¢12 at top  No stirrup 25 3 0.26f'cAg (400)
GIM3  3¢16 at bottom and 2¢12 at top  No stirrup 25 3 0.3f'cAg m (450)
GIM4  3¢16 at bottom and 2¢12 at top  No stirrup 25 3 0.6f'cAg (900)
Effect of concrete compressive strength
G2M1  3¢16 at bottom and 2¢12 at top  No stirrup 15 3 200
G2M2  3¢16 at bottom and 2¢12 at top  No stirrup 20 3 200
@ Referential 3¢16 at bottom and 2¢12 at top No stirrup 25 3 200
G2M3  3¢16 at bottom and 2¢12 at top  No stirrup 35 3 200
G2M4  3¢16 at bottom and 2¢12 at top  No stirrup 40 3 200
G2M5  3¢16 at bottom and 2¢12 at top  No stirrup 50 3 200
Effect of beam tensile reinforcement ratio
G3M1 0.9% No stirrup 25 3 200
G3M2 1.2% No stirrup 25 3 200
G3 Referential 1.6% No stirrup 25 3 200
G3M3 2.4% No stirrup 25 3 200
G3M4 3% No stirrup 25 3 200
G3M5 4.8% No stirrup 25 3 200
Effect of thickness of TRC
G4MO  3¢16 at bottom and 2¢12 at top  No stirrup 25 — 200
Referential 3¢16 at bottom and 2¢12 at top  No stirrup 25 3 200
G4 G4M1  3¢16 at bottom and 2¢12 at top  No stirrup 25 6 200
G4M2  3¢16 at bottom and 2¢12 at top  No stirrup 25 10 200
G4M3  3¢16 at bottom and 2¢12 at top  No stirrup 25 20 200
Effect of joint stirrup reinforcement ratio
Referential 3¢16 at bottom and 2¢12 at top Null 25 3 200
G5 G5MI1  3¢16 at bottom and 2¢12 at top 0.85% 25 3 200
G5M2  3¢16 at bottom and 2¢12 at top 2% 25 3 200
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TaBLE 6: Shear strength response of specimens with different axial load ratios.
Specimen Magnitude of load, Axial load  Shear strength Increase in S.h car Decrease in shear strength with respect
description kN ratio (MPa) strength with to GIMO (%)
respect to GIMO (%)
GIMO Null Null 16.27 — —
GIM1 150 0.1 16.29 0.12 —
Referential 200 0.133 16.18 — 0.55
G1M2 400 0.26 11.49 — 29.68
G1M3 450 0.3 10.7 — 34.23
G1M4 900 0.6 8.67 — 46.68
TaBLE 7: Summary of load-deflection response of specimens with different axial load ratios.
Load (kN) Increase

Specimen Axial De'ﬂection at Deﬂection in ultimatf: Increass* in yield load
description loa.d Ultimate ~ Yield  Cracking ultlmaﬁt3e load at ylelgl load load (%) with (%) with respect to

ratio load load load (107°m) (107" m) respect to GIMO

G1IMO
G1IMO Null 65.94 54.9 19 36.39 13.29 — —
GIM1 0.1 80.27 70.54 29 30.14 14.84 21.72 28.49
Referential 0.133 84.57 73.29 30 30.30 15.22 28.27 33.50
G1M2 0.26 94.68 89.18 39 27.72 16.43 43.58 62.44
G1M3 0.3 96.68 90.00 40 27.05 14.99 46.60 63.93
G1M4 0.6 102.78 92.33 53 26.75 11.65 55.87 68.18
0.1fc’ Ag increases joint shear capacity due to confinement wo I
against shear failure, whereas column axial load greater than ] g
0.1fc' Ag decreases joint shear capacity due to crushing of 90 ST T
concrete and bond deterioration between rebar and sur- 80 | iy T I
rounding concrete in the joint region caused by higher axial 0] '," /’/ - )
load. As indicated, column axial load corresponding to ] i // e m— - -
0.1fc’ Ag shows a positive effect on the joint shear strength, Z 60 iy .- -
but an axial load greater than 0.1fc’Ag shows a detrimental ;:; s0] i 7, 7
effect on the joint shear strength. A similar conclusion is S 1 97 7
made by Pantelides et al. [8], in which the range of column 40 s
axial load/axial strength ratio considered to increase joint 30 / o
shear capacity is very narrow and it is usually less than 0.15. 20 4 /I
(2) Load-Deflection. Table 7 indicates a summary of the load- 10 __l
displacement response of specimens obtained using finite 0 . . . .
0.00 0.01 0.02 0.03 0.04

element software. As observed in Figure 14, with an increase
in axial compression ratio, the ultimate load, yield load, and
first cracking load have greatly improved, while the ultimate
displacement has decreased significantly. This may be at-
tributed to the fact that the higher axial load confined the
joint against failure.

(3) Ductility. Ductility can be described as the ability of the
material to be plastically deformed without fracture. In this
study, the displacement ductility of a specimen is deter-
mined by the following equation:

Au
p= Ay (4)
The displacement ductility factor in this case is deter-
mined according to Park et al. [30], where the yield dis-
placement (Ay) is the displacement at 85% of ultimate load at
the ascending part of the curve, while the failure

Deflection (m)

—== G1MO, No axial force
-—-= GIMI, 0.1f"cAg
----- Referential, 0.133f'cAg

——— GIM2, 0.26f'cAg
G1M3, 0.3f'cAg
...... G1M4, 0.6fcAg

FIGURE 14: Load-deflection response of specimens with different
axial load ratios.

displacement (Au) is the displacement at 85% of ultimate
load at the descending part of the curve. As observed from
Table 8, it is reasonable to conclude that an increase in axial
compression ratio up to 0.26 decreases the ductility of joint
specimens, and the ductility coefficient keeps on increasing
with an increase in axial load ratio beyond 0.26.

(4) Crack Pattern. The initial fracture occurred at the bottom
interface of the beam-column joint in a specimen with an
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TaBLE 8: Yield and ultimate displacement for ductility determination.

Model Axial load ratio Yield displacement (107°m) displacgrl:en;?t(el 0-m) Ductility (u)
GIMO Null 12.71 40 3.15
G1IM1 0.1 13.80 40 2.89
Referential 0.133 14.14 40 2.82
GIM2 0.26 13.29 40 3.00
G1M3 0.3 12.90 40 3.10
G1M4 0.6 10.49 40 3.81

PE, Max. Principal

(Avg: 75%)
+3.174e-02
+2.910e-02
+2.645e-02
+2.381e-02
+2.116e-02
+1.852e-02
+1.587e-02
+1.323e-02
+1.058e-02
+7.936e-03
+5.291e-03
+2.645e-03
+0.000e+00

()

PE, Max. Principal
(Avg: 75%)

+3.230e-02
+2.961e-02
+2.692e-02
+2.423e-02
+2.153e-02
+1.884e-02
+1.615e-02
+1.346e-02
+1.077e-02
+8.075e-03
+5.383e-03
+2.692e-03
+0.000e-00
(d)

PE, Max. Principal
(Avg: 75%)

+3.095e-02
+2.837e-02
+2.580e-02
+2.322e-02
+2.064e-02
+1.806e-02
+1.548e-02
+1.290e-02
+1.032e-02
+7.739¢e-03
+5.15%¢-03
+2.580e-03
+0.000e-00
(b)
+3.485e-02
+3.195e-02
+2.904e-02
+2.614e-02
+2.323e-02
+2.033e-02
+1.743e-02
+1.452e-02
+1.162e-02
+8.713e-03
+5.808e-03
+2.904e-03
+0.000e-00
(e)

PE, Max. Principal
(Avg: 75%)

+3.118e-02
+2.858e-02
+2.598e-02
+2.338e-02
+2.079e-02
+1.819e-02
+1.559¢-02
+1.299¢e-02
+1.039¢-02
+7.795e-03
+5.197e-03
+2.598e-03
+0.000e-00
)

PE, Max. Principal

(

(Avg: 75%)
+4.592e-02
+4.209e-02
+3.826e-02
+3.444e-02
+3.061e-02
+2.678e-02
+2.296e-02
+1.913e-02
+1.531e-02
+1.148e-02
+7.653e-03
+3.826e-03
+0.000e+00

()

C

PE, Max. Principal
(Avg: 75%)

FiGure 15: Crack pattern for specimens with various axial load ratios: (a) GIMO, no axial force; (b) GIMI, 0.1; (c) Referential, 0.133; (d)

GIM2, 0.26; (¢) GIM3, 0.3; and (f) GIM4, 0.6.

axial load of 0-0.133 f'cAg (Figure 15), and subsequently
spread towards the outer edge of the column in an upward
direction, yielding an inclination of 45°. In a specimen with
an axial load of 0.26f'cAg-0.6f'cAg, the first crack appeared
at the bottom interface of the beam-column joint and
propagated in an upward direction, giving an inclination of
90°, and a very fine crack was further extended in a
downward direction towards the outer edge of the column,
giving an inclination of 45°. In addition, with an increase in
axial load ratio, the crack location has changed from the
inside of the joint to the beam-column joint’s face, which

may be attributed to an increase in ductility beyond 0.26
axial load ratio. The finding of this parametric study is that a
higher axial load ratio changes the failure mode from joint
brittle shear failure to beam ductile flexural failure. It is also
observed that higher axial load increases the inclination of
main diagonal shear cracks.

(5) Concrete Compression Damage. As can be seen from
Figure 16, an increase in axial load ratio results in the failure of
the joint concrete in shear compression. This may be at-
tributed to the fact that a higher axial load ratio deteriorates
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DAMAGEC DAMAGEC DAMAGEC

(Avg: 75%) (Avg: 75%) (Avg: 75%)
+8.086e-01 +8.086e-01 +8.086e-01
+7.412e-01 +7.412e-01 +7.412e-01
+6.738e-01 +6.738e-01 +6.738e-01
+6.065e-01 +6.065e-01 +6.065e-01
+5.391e-01 +5.391e-01 +5.391e-01
+4.717e-01 +4.717e-01 +4.717e-01
+4.043e-01 +4.403e-01 +4.403e-01
+3.369¢e-01 +3.369¢e-01 +3.369e-01
+2.695e-01 +2.695e-01 +2.695e-01
+2.022e-01 +2.022e-01 +2.022e-01
+1.348e-01 +1.348e-01 +1.348e-01
+6.738e-02 +6.738e-02 +6.738e-02
+0.000e+00 +0.000e-00 +0.000e-00

(a) (b) (c)
DAMAGEC DAMAGEC DAMAGEC
(Avg: 75%) (Avg: 75%) (Avg: 75%)

+8.086e-01 +8.086e-01 +8.086e-01
+7.412e-01 +7.412e-01 +7.412e-01
+6.738e-01 +6.738e-01 +6.738e-01
+6.065¢-01 +6.065¢-01 +6.065¢-01
+5.391e-01 +5.391e-01 +5.391e-01
+4.717e-01 +4.717e-01 +4.717e-01
+4.403e-01 +4.403e-01 +4.043¢-01
+3.369¢-01 +3.369¢-01 +3.369¢-01
+2.695¢-01 +2.695¢-01 +2.695¢-01
+2.022e-01 +2.022e-01 +2.022e-01
+1.348¢-01 +1.348e-01 +1.348e-01
+6.738e-02 +6.738e-02 +6.738e-02
+0.000e-00 +0.000e-00 +0.000e+00
(d) (e) (f)

FIGURE 16: Concrete compression damage for specimens with various axial load ratios: (a) GIMO, no axial force; (b) GIM1, 0.1; (c)
Referential, 0.133; (d) GIM2, 0.26; (¢) GIM3, 0.3; and (f) G1M4, 0.6.

TaBLE 9: Shear strength response of specimens with different compressive strengths.

Specimen description =~ Compressive strength (MPa)  Shear strength (MPa) Increase (%) in shear strength with respect to G2M1

G2M1 15 8.37 —

G2M2 20 14.4 72.04
Referential 25 16.18 93.31
G2M3 35 20.62 146.36
G2M4 40 20.86 149.22

TaBLE 10: Load-deflection response of specimens with different concrete strengths.

. Concrete Load (kN) DeﬂeF tion Deflection In.crease n Increase in yield load
Specimen . . . at ultimate . ultimate load .

. strength Ultimate ~ Yield  Cracking at yield load . with respect to G2M1
description (MPa) load load load load (10> m) with respect to (%)

0a 0a 0a (10 °m) G2M1 (%) ?

G2M1 15 71.77 67.08 24.06 23.56 16.27 — —
G2M2 20 80.27 71.95 26.91 26.83 15.02 11.84 7.26
Referential 25 84.58 73.02 30.60 30.29 14.84 17.84 8.86
G2M3 35 93.13 82.20 33.29 31.39 14.26 29.76 22.54
G2M4 40 98.70 87.76 37.60 33.96 13.85 37.52 30.83

G2M5 50 103.01 91.40 40.00 36.84 13.31 43.52 36.26
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110

100
90
80

Load (kN)

0.01 0.02 0.03

Deflection (m)

G2M1, 15MPa
G2M2, 20MPa
Referential, 25MPa

0.04

----- G2M3, 35MPa
- -~ G2M4, 40MPa
G2M5, 50MPa

FIGURE 17: Load-deflection response for specimens with various concrete compressive strengths.

TaBLE 11: Yield and ultimate displacement for ductility determination.

13

Model Compressive strength (MPa) Yield displacement (1 0~°m) Ultimate displacement (1 0°m) Ductility (y)
G2M1 15 15.40 40 2.60
G2M2 20 14.40 40 2.77
Referential 25 14.14 40 2.83
G2M3 35 13.04 40 3.07
G2M4 40 12.38 40 3.23
G2M5 50 11.90 40 3.36

PE, Max. Principal
(Avg: 75%)

()

+3.663e-02
+3.358e-02
+3.053e-02
+2.748e-02
+2.442e-02
+2.137e-02
+1.832e-02
+1.526e-02
+1.221e-02
+9.158e-03
+6.106e-03
+3.053e-03
+0.000e+00

()

PE, Max. Principal

(Avg: 75%)
+3.173e-02
+2.909¢e-02
+2.644e-02
+2.380e-02
+2.115e-02
+1.851e-02
+1.587e-02
+1.322e-02
+1.058e-02
+7.933e-03
+5.28%¢-03
+2.644e-03
+0.000e-00

FiGgure 18: Continued.

PE, Max. Principal
(Avg: 75%)

+3.118e-02
+2.858e-02
+2.598e-02
+2.338e-02
+2.079e-02
+1.819e-02
+1.559¢-02
+1.299¢e-02
+1.039¢e-02
+7.795e-03
+5.197e-03
+2.598e-03
+0.000e-00
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PE, Max. Principal
(Avg: 75%)

PE, Max. Principal
(Avg: 75%)

PE, Max. Principal
(Avg: 75%)

+2.964e-02 +3.164e-02 +3.489e-02
+2.717e-02 +2.900e-02 +3.198e-02
+2.470e-02 +2.637e-02 +2.908e-02
+2.223e-02 +2.373e-02 +2.617e-02
+1.976e-02 +2.109e-02 +2.326e-02
+1.729e-02 +1.846e-02 +2.035e-02
+1.482e-02 +1.582e-02 +1.745e-02
+1.235e-02 +1.318e-02 +1.454e-02
+9.881e-03 +1.055e-02 +1.163e-02
+7.411e-03 +7.910e-03 +8.723e-03
+4.941e-03 +5.273e-03 +5.815e-03
+2.470e-03 +2.637e-03 +2.908e-03
+0.000e-00 +0.000e-00 +0.000e+00
(d) (e) )

F1GURE 18: Crack pattern for specimens with various concrete compressive strengths: (a) G2M1, 15 MPa; (b) G2M2, 20 MPa; (c) Referential,
25 MPa; (d) G2M3, 35 MPa; (e) G2M4, 40 MPa; and (f) G2M5, 50 MPa.

DAMAGEC DAMAGEC DAMAGEC

(Avg: 75%) (Avg: 75%) (Avg: 75%)
+8.408e-01 +8.216e-01 +8.0816e-01
+7.707e-01 +7.531e-01 +7.412e-01
+7.707e-01 +6.846e-01 +6.738e-01
+6.306e-01 +6.162e-01 +6.065e-01
+5.605e-01 +5.477e-01 +5.391e-01
+4.905e-01 +4.793e-01 +4.717e-01
+4.204e-01 +4.108e-01 +4.043e-01
+3.503e-01 +3.423e-01 +3.369¢e-01
+2.803e-01 +2.739e-01 +2.695e-01
+2.102e-01 +2.054e-01 +2.022e-01
+1.401e-01 +1.369¢-01 +1.348e-01
+7.007e-02 +6.846e-02 +6.738e-02
+0.000e+00 +0.000e-00 +0.000e-00

(a) (b) (c)

DAMAGEC DAMAGEC DAMAGEC

(Avg: 75%) (Avg: 75%) (Avg: 75%)
+8.149¢-01 +8.356e-01 +8.820e-01
+7.470e-01 +7.660e-01 +8.085e-01
+6.791e-01 +6.963e-01 +7.350e-01
+6.112e-01 +6.267e-01 +6.615e-01
+5.433e-01 +5.571e-01 +5.880e-01
+4.754e-01 +4.874e-01 +5.145e-01
+4.075e-01 +4.178e-01 +4.410e-01
+3.395e-01 +3.482e-01 +3.675e-01
+2.716e-01 +2.785e-01 +2.940e-01
+2.037e-01 +2.089¢-01 +2.205e-01
+1.358e-01 +1.393e-01 +1.470e-01
+6.791e-02 +6.963e-02 +7.350e-02
+0.000e-00 +0.000e-00 +0.000e+00

(d) (e) (f)

FiGure 19: Concrete compression damage of specimens with various compressive strengths: (a) G2M1, 15 MPa; (b) G2M2, 20 MPa; (c)

Referential, 25 MPa; (d) G2M3, 35 MPa; (e) G2M4, 40 MPa; and (f) G2M5, 50 MPa.
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the bond along the beam reinforcement after yielding. Dis-
tribution cloud pictures of the compressive damage indicate
that, for the specimens with a high axial load ratio, in the
late loading stage, the compressive damage area increases.

5.1.2. Effect of Concrete Compressive Strength. To observe
the effect of the compressive strength of concrete on the
performance of the beam-column joint, different strengths
of concrete (15 MPa, 20 MPa, 25 MPa, 35 MPa, 40 MPa, and
50 MPa) were considered for the analysis.

(1) Shear Strength. As observed from Table 9, the joint shear
strength (represented by the maximum principal tensile
stress) changes with the variation of concrete compressive
strength and increases as concrete compressive strength in-
creases. This is attributed to the fact that increasing the
concrete strength improves the joint resistance by improving
the column and the beam compression zone as well as the
bond strength of the beam bars within the joint region.

(2) Load-Deflection. Table 10 shows the load-displacement
response of a specimen obtained using finite element soft-
ware. As can be seen in Figure 17, with an increase in
concrete compressive strength, the ultimate load, yield load,
and first cracking load have greatly improved.

(3) Ductility. In Table 11, the ratio of the failure displacement
and the yield displacement is used to express the dis-
placement ductility coefficient. From this study, it was ob-
served that an increase in concrete compressive strength
increases the ductility of the specimens. The TRC confining
reinforcement at the joint can compensate for the loss of
ductility caused by the use of higher strength concrete. This
will increase the ductility of the concrete beam-column by
increasing the confining pressure on the concrete core. In
addition, increased concrete strength reduces the neutral
axis depth and raises the strain that the tension reinforce-
ment will reach when the concrete is crushed, resulting in
increased ductility at fixed tension and compression rein-
forcement levels.

(4) Crack Pattern. Figure 18 displays the crack pattern
observed in specimens subjected to monotonic loading at
failure with varying concrete strengths. The first fracture, as
observed, occurred at the bottom interface of the beam-
column connection and progressed upward towards the
outside border of the column, giving a 45° inclination.
Furthermore, from Figure 18, it was observed that with an
increase in concrete compressive strength, the crack location
from inside the joint has moved to the beam-column joint’s
face. Therefore, it is possible to conclude from this analysis
that, with a further increase in concrete strength beyond
50 MPa, the failure mechanism will change from shear
failure in the joint to beam flexural failure.

(5) Concrete Compression Damage. Figure 19 displays the
distribution cloud pictures of concrete damage in com-
pression. As observed, the beam-column joint specimen

15

TaBLE 12: Shear strength response of specimens with different
tensile reinforcement ratios.

Specimen Tensile Shear Increase (%) in shear
dIe)scri tion reinf. ratio  strength  strength with respect
P (%) (MPa) to G3M1

G3M1 0.9 6.84 —

G3M2 1.2 9.83 43.27
Referential 1.6 16.18 136.55
G3M3 2.4 16.98 148.25
G3M4 3 17.05 149.27
G3M5 4.8 11.61 69.74

100

Load (kN)

0 T T T T
0.00 0.01 0.02 0.03 0.04

Deflection (m)

---G3M1,09%  eeeeee G3M3, 2.4%
- G3M2,1.2% G3M4, 3%
-—-— Referential, 1.6% — G3M5, 4.8%

Ficure 20: Load-deflection response of specimens with various
tensile reinforcement ratios.

experienced crushing in the joint core and no concrete
crushing was observed elsewhere. The analysis result indi-
cated that increasing concrete’s compressive strength is
effective in mitigating the damage area of concrete. As a
result of this analysis, it can be concluded that, in com-
parison to specimens with high compressive strength, the
distribution of compressive damage area in the joint core is
large, but the degree of compression is smaller, and the
distribution for specimens with low compressive strength is
more uniform.

5.1.3. Effect of Beam Tensile Reinforcement Ratio. An
analysis was conducted here to study the effect of the beam
longitudinal tensile reinforcement ratio on the performance
of the beam-column joint using different proposed rein-
forcement ratios (0.9%, 1.2%, 1.6%, 2.4%, 3%, and 4.8%).

(1) Shear Strength. Shear strength (represented by the
maximum principal tensile stress) obtained from specimens
with a reinforcement ratio of 0.9%, 1.2%, 1.6%, 2.4%, 3%,
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TaBLE 13: Load-deflection response of specimens with different tensile reinforcement ratios.

. . Load (kN) Deflection Deflection .Increase " Increasein yield load
Specgne‘n Remi. Ultimate  Yield Cracking at ultimate load at yield load ultimate load with with respect to G3M1
description ratio (%) load load load (10~ m) (10 m) respect( ;())) G3M1 (%)
G3M1 0.9 70.02 59.55 25.05 39.96 12.69 — —
G3M2 1.2 78.18 70.87 27.47 33.70 14.88 11.65 19.01
Referential 1.6 84.58 73.29 30.60 30.29 14.84 20.79 23.07
G3M3 2.4 86.16 75.44 35.37 26.72 12.79 23.09 26.68
G3M4 3 86.33 77.52 39.72 25.70 12.45 23.29 30.18
G3M5 4.8 86.47 78.70 41.24 23.36 11.51 23.49 32.16

TaBLE 14: Yield and ultimate displacement for ductility determination.
Model Reinforcement ratio (%) Yield displacement (107%m) Ultimate displacement (107°m) Ductility (y)
G3M1 0.9 13.08 40 3.06
G3M2 1.2 13.48 40 2.97
Referential 1.6 14.14 40 2.83
G3M3 2.4 12.02 40 3.33
G3M4 3 11.27 40 3.55
G3M5 4.8 10.01 40 4.00
PE, Max. Principal PE, Max. Principal PE, Max. Principal
(Avg: 75%) (Avg: 75%) (Avg: 75%)
+4.255e-02 +3.251e-02 +3.118e-02
+3.900e-02 +2.980e-02 +2.858e-02
+3.546e-02 +2.710e-02 +2.598e-02
+3.191e-02 +2.439e-02 +2.338e-02
+2.837e-02 +2.168e-02 +2.079e-02
+2.482e-02 +1.897e-02 +1.819e-02
+2.127e-02 +1.626e-02 +1.559e-02
+1.773e-02 +1.355e-02 +1.299e-02
+1.418e-02 +1.084e-02 +1.039e-02
+1.064e-02 +8.129¢-03 +7.795e-03
+7.091e-03 +5.419¢-03 +5.197e-03
+3.546e-03 +2.710e-03 +2.598e-03
+0.000e+00 +0.000e-00 +0.000e-00
(a) (b) (c)
PE, Max. Principal PE, Max. Principal PE, Max. Principal
(Avg: 75%) (Avg: 75%) (Avg: 75%)

+3.125e-02 +3.193e-02 +3.314e-02
+2.864e-02 +2.927e-02 +3.038e-02
+2.604¢e-02 +2.661e-02 +2.762e-02
+2.344e-02 +2.395e-02 +2.486e-02
+2.083e-02 +2.129e-02 +2.209e-02
+1.823e-02 +1.863e-02 +1.933e-02
+1.562e-02 +1.597e-02 +1.657e-02
+1.302¢-02 +1.331e-02 +1.381e-02
+1.042e-02 +1.064e-02 +1.105e-02
+7.812e-03 +7.983e-03 +8.285e-03
+5.208e-03 +5.322¢-03 +5.524e-03
+2.604e-03 +2.661e-03 +2.762e-03
+0.000e-00 +0.000e-00 +0.000e+00
(d) (e) )

F1Gure 21: Crack pattern for specimens with various beam tensile reinforcement ratios: (a) G3M1, 0.9%; (b) G3M2, 1.2%; (c) Referential,
1.6%; (d) G3M3, 2.4%; (e) G3M4, 3%; and (f) G3M5, 4.8%.

€
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(d) (e) )

F1GURE 22: Concrete compression damage for specimens with various reinforcement ratios: (a) G3M1, 0.9%; (b) G3M2, 1.2%; (c) Ref-
erential, 1.6%; (d) G3M3, 2.4%; (e¢) G3M4, 3%; and (f) G3M5, 4.8%.

and 4.8% is shown in Table 12. As expected, the specimen
with the lowest reinforcement ratio, 0.9%, exhibited the
lowest shear capacity at the joint. From this analysis result, it
is reasonable to conclude that increasing the reinforcement
ratio up to 3% increases the shear capacity of the joint
linearly. This may be due to the fact that increasing the beam
reinforcement ratio enhances joint confinement and im-
proves force transfer between the beam and the column,
resulting in an increase in joint capacity. For subsequent
reinforcement ratios beyond 3%, increasing reinforcement
ratios decreases shear capacity. This may be attributed to the
fact that a higher reinforcement ratio could lead to com-
pression failure due to reinforcement congestion.

(2) Load-Deflection. The load-displacement response, Fig-
ure 20, is generated in this study to investigate the effect of
the beam tensile reinforcement ratio on the performance of
the beam-column joint. The analysis result in Table 13 in-
dicated that, with an increase in reinforcement ratios up to
3%, the load-bearing capacity has greatly improved, and
there is no significant load-bearing capacity increment

observed beyond the reinforcement ratio of 3% at the
ultimate.

(3) Ductility. In Table 14, the ratio of the failure displacement
and the yield displacement is used to express the dis-
placement ductility coefficient. As observed, displacement
ductility coeflicient decreases with an increase in tensile
reinforcement ratio up to 1.6%, and for subsequent rein-
forcement ratios beyond 1.6%, displacement ductility co-
efficient keeps increasing with an increase in reinforcement
ratio. An increase in ductility observed is attributed to in-
creased strain and concrete curvature resulting from the
presence of TRC confining reinforcement at the joint core.
TRC confinement at the joint section helps prevent ductility
loss caused by a high tensile reinforcement ratio.

(4) Crack Pattern. Figure 21 displays the crack pattern ob-
served in specimens having different beam tensile rein-
forcement ratios subjected to monotonic loading at failure.
In specimens with a reinforcement ratio of 0.9% and 1.2%,
the first crack appeared at the bottom face of the
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TaBLE 15: Shear strength response of specimens with different thicknesses of TRC.

Specimen description  Thickness of TRC (10"°m)

Shear strength (MPa)

Increase (%) in shear strength with respect to G4MO

G4MO — 7.07 —
Referential 3 7.52 6.36
G4M1 6 8.72 23.34
G4M2 10 10.53 48.94
TaBLE 16: Load-deflection response of specimens with different thicknesses of TRC.

. TRC Load (kN) Deflection at Deflection at 'Increase " Increase in yield
Specimen . . . . . . ultimate load with .
description thlclf;less Ultimate ~ Yield Cracking ultlmaita;e load ylelci 3load respect to G4MO load with respect

(107°m) load load load (10~°m) (10~°m) (%) to G4MO (%)
G4MO — 81.01 70.28 26.50 26.42 13.47 — —
Referential 3 84.58 73.29 30.60 30.29 14.84 4.41 4.28
G4M1 6 85.42 74.15 32.54 31.43 13.73 5.44 5.51
G4M2 10 86.42 75.71 34.07 34.96 13.96 6.68 7.73
G4M3 20 87.92 76.85 36.81 38.15 13.44 8.53 9.35
beam-column joint, giving an inclination of 90°, followed by 100
a beam flexural crack. In subsequent specimens with rein-
forcement ratios of 1.6%, 2.4%, 3%, and 4.8%, the initial T
fracture occurred at the bottom interface of the beam-col- 80 - ,.»;": ——-———l
umn joint and propagated in an upward direction, at an 5454
inclination of 45°. Furthermore, from Figure 21, it was jg‘g
observed that with an increase in reinforcement ratio, the > 60 & ’
crack location from the beam has moved to the beam- =
column joint core. This means that the failure mechanism E
was changed from beam ductile flexural failure to brittle — 404
shear failure at the joint core.
. 20 4
(5) Concrete Compression Damage. As observed from
Figure 22, the beam-column joint specimen experienced
crushing in the joint core and no concrete crushing was 0 . . . .
observed elsewhere. From the numerical results also, it 0.00 0.01 0.02 0.03 0.04
can be observed that with an increase in reinforcement Deflection (m)
ratio, the concrete compression damage cloud picture was
increased gradually, but the degree of compression ---GMO,NoTRC = eeeeee G4M2,0.01m
remained the same in all cases. This is due to the fact that - Referential, 0.003m G4MS3, 0.02m
-=-= G4M]1, 0.006m

increasing the tensile reinforcement ratio of a beam cross
section shifts the neutral axis in the direction of the
tension area, resulting in a larger extent of concrete
compression area being utilized. This condition enlarges
the compression area of the concrete cross section to be
damaged. As a result, specimens with a higher rein-
forcement ratio will experience greater damage area than
specimens with a lower reinforcement ratio.

5.1.4. Effect of Thickness of Textile Reinforced Cement (TRC).
The effect of the thickness of TRC on the performance of the
beam-column joint is investigated in this study using five
different thicknesses: (Control -Zero thickness of TRC,
0.003 m, 0.006 m, 0.01 m, and 0.02 m).

(1) Shear Strength. The maximum principal tensile stresses
obtained from specimens with a thickness of 0.003 m,

FIGURE 23: Load-deflection response of specimens with different
thicknesses of TRC.

0.006 m, 0.01 m, and without TRC are depicted in Table 15.
The numerical value of maximum principal tensile stress in
this study is taken from the same element for comparison. As
expected, the specimen without TRC at the joint core exhibited
the lowest shear capacity. It was found from the analysis results
that increasing the thickness of TRC generally increases the
shear capacity of the member. This is due to the fact that
increasing the thickness of the TRC enhances joint confine-
ment and improves force transfer between the beam and the
column, resulting in an increase in the member’s capacity.

(2) Load-Deflection. Table 16 depicts a summary of the
numerical analysis result of the performance of a beam-
column joint with different thicknesses of TRC in terms of
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TaBLE 17: Yield and ultimate displacement for ductility determination.

. _3 Yield . . _3 .1:
Model Thickness of TRC (10™°m) displacement (1 0-m) Ultimate displacement (10" m) Ductility (u)
Referential 3 14.14 40 2.83
G4M1 6 13.54 40 2.95
G4M2 10 13.31 40 3.00
G4M3 20 12.71 40 3.15

PE, Max. Principal

(Avg: 75%)
PE, Max. Principal

+3.815e-02
' i+34”c.2
(a)
(Avg: 75%)
' i+3”4coz
(d)

+3.180e-02

+2.862e-02
+3.569¢e-02
+3.245e-02

+2.544e-02

+2.226e-02
+2.920e-02
+2.596e-02

+1.908e-02

+1.590e-02
+2.271e-02
+1.947e-02

+1.272e-02

+9.539e-03
+1.622e-02
+1.298e-02

+6.359e-03
+9.734e-03

+3.180e-03
+0.000e+00

+6.489%¢-03
+3.245e-03

+0.000e-00

()

PE, Max. Principal
(Avg: 75%)

PE, Max. Principal
(Avg: 75%)

+3.118¢-02 +4.222¢-02
+2.858¢-02 +3.870e-02
+2.598¢-02 +3.518¢-02
+2.338¢-02 +3.167¢-02
+2.079¢-02 +2.815¢-02
+1.819¢-02 +2.463¢-02
+1.559¢-02 +2.111e-02
+1.299¢-02 +1.759¢-02
+1.039¢-02 +1.407¢-02
+7.795¢-03 +1.056e-03
+5.197¢-03 +7.037¢-03
+2.598¢-03 +3.518¢-03
+0.000e-00 +0.000e-00
(c)

PE, Max. Principal

(Avg: 75%)
+5.589e-02
+5.123e-02
+4.657e-02
+4.192e-02
+3.726e-02
+3.260e-02
+2.794e-02
+2.329e-02
+1.863e-02
+1.397e-02
+9.315e-03
+4.657e-03
+0.000e+00

(e)

FIGURE 24: Crack pattern for specimens with various thicknesses of TRC: (a) G4MO, without TRC; (b) Referential, 0.003 m; (c) G4M1,

0.006 m; (d) G4M2, 0.01 m; and (e) G4M3, 0.02 m.

load-deflection response. As indicated in Figure 23, an
increase in load-bearing capacity was observed with an
increase in the thickness of TRC at both ultimate and
yield.

(3) Ductility. To observe the effects of the thickness of TRC
on the ductility of the beam-column joint, different thick-
nesses of TRC as presented in Table 17 are considered for
analysis. As can be seen, the ductility of the beam-column

joint changes with the variation of the thickness of TRC and
increases as TRC thickness increases.

(4) Crack Pattern. Figure 24 displays the crack pattern
observed in specimens subjected to monotonic loading at
failure with varying thicknesses of TRC. The first crack
occurred at the bottom interface of the beam-column joint in
a specimen with a TRC thickness of 0.003 m and no TRC at
the joint, and then propagated upward towards the outer
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+4.717e-01
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+6.738¢-02
+0.000e+00

(e)

F1GURE 25: Concrete compression damage for specimens with various thicknesses of TRC: (a) G4MO, without TRC; (b) Referential, 0.003 m;

(c) G4M1, 0.006 m; (d) G4M2, 0.01 m; and (e) G4M3, 0.02 m.

edge of the column at a 45° inclination. The crack pattern has
changed significantly as the TRC thickness has been in-
creased to 0.02 m. The crack location shifted from the inside
of the joint core to the column member in specimens with
TRC thicknesses of 0.006 m and 0.01 m, and a very fine crack
developed at the bottom interface of the beam-column joint
and propagated upward at an inclination of 45°. In a sub-
sequent specimen with a TRC thickness of 0.02 m, the crack
location totally shifted from the inside of the joint to the
column member. This means that the failure mechanism has
changed from joint shear failure to column flexural tension
failure. Generally, from this analysis result, it is reasonable to
conclude that an increase in the thickness of TRC changes
the failure mechanism from brittle joint shear failure to
ductile column flexural tension failure.

(5) Concrete Compression Damage. Figure 25 displays the
distribution cloud pictures of concrete damage in com-
pression for specimens having TRC thicknesses of

0.003m, 0.006 m, 0.01 m, and 0.02m. As observed from
Figure 25, the beam-column joint specimen experienced
crushing in the joint core and no concrete crushing was
observed elsewhere. The results of the numerical analysis
indicated that increasing the thickness of TRC is effective
in mitigating the damage area of the joint core. Compared
to the specimen with the smaller thickness of TRC, the
distribution of compressive damage area of the specimen
with the larger TRC thickness on the joint is gradually
decreased, but the degree of compression remains the
same. This finding is attributed to the fact that, in com-
parison with the smaller thickness of TRC, the larger
thickness of TRC effectively restrains core concrete and
decreases its swelling deformation, thereby reducing the
damage area of the joint concrete section.

5.1.5. Effect of Joint Stirrup Reinforcement Ratio. The in-
fluence of joint stirrup reinforcement ratio on the
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TaBLE 18: Shear strength response of specimens with different stirrup reinforcement ratios.

Specimen description Stirrup reinf. ratio

Shear strength (MPa)

Increase (%) in shear strength with respect to referential

Referential Null 16.18 —
G5M1 0.85% 16.42 1.48
G5M2 2% 16.54 2.22
100
80
~ 60
Z
9
5
— 40 4
20 -
0 T T T T
0.00 0.01 0.02 0.03 0.04
Deflection (m)
—— Referential, no stirrup
——= G5M1, 0.85%
------ G5M2, 2%
FIGURE 26: Load-deflection response of specimens with different joint stirrup ratios.
TaBLE 19: Load-deflection response of specimens with different joint stirrup ratios.

. Stirrup Load (kN) Deflection at ~ Deflection at  Increase in ultimate Increase in yield
Specimen . . . . . . . .
descrintion reinf. Ultimate  Yield Cracking ultimate load yield load load with respect to load with respect to

P ratio load load load (10_3 m) (10_3 m) referential (%) referential (%)
Referential Null 84.58 73.29 30.60 30.29 14.84 — —
G5M1 0.85% 85.02 73.60 30.93 31.00 13.93 0.52 0.42
G5M2 2% 85.10 74.10 31.30 31.6 13.99 0.61 1.1

performance of beam-column joints was investigated in this
study based on the joint core having stirrup reinforcement
ratios of 0.85% and 2%.

(1) Shear Strength. The effect of the joint stirrup rein-
forcement ratio on shear strength is presented in Table 18.
This analysis result indicated that increasing stirrup re-
inforcement ratio at the joint has a limited effect on the
shear strength of the beam-column joint, provided proper
confinement is maintained at the joint. This may be at-
tributed to the fact that textile reinforced cement provided
as external confining reinforcement at the joint core may
reduce the effectiveness of the stirrup in enhancing the
shear capacity of the joint. This result is reasonable
according to the study carried out by Taylor [31], in which
the presence of the joint shear reinforcement (ties) did not
lead to any significant enhancement in the joint shear
capacity.

(2) Load-Deflection. A numerical investigation was per-
formed in this study to investigate the effect of the joint
vertical stirrup reinforcement ratio on the load-bearing
capacity of the beam-column joint. In this study, the load-
displacement curve, Figure 26, is generated for beam-col-
umn joints having joint stirrup reinforcement ratios of
0.85% and 2%, and a comparison is made with respect to the
joint core without shear reinforcement. Table 19 shows a
summary of the load-displacement responses of specimens
with different joint stirrup reinforcement ratios, obtained
using finite element software. The results indicated that
increasing the joint stirrup reinforcement ratio has no or
limited effect on load-bearing capacity, provided proper
confinement is maintained at the joint. This is briefly dis-
cussed by Kamimura et al. [19], in which experimental test
results indicated that the amount of shear reinforcement in
the joint had little influence on the strength and deformation
of beam-column connections.
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TaBLE 20: Yield and ultimate displacement for ductility determination.

Model Joint stirrup ratio Yield displacement (10"°m) Ultimate displacement (10">m) Ductility (y)

Referential Null 14.14 40 2.83

G5M1 0.85% 13.96 40 2.87

G5M2 2% 13.91 40 2.88

PE, Max. Principal
(Avg: 75%)

PE, Max. Principal
(Avg: 75%)

PE, Max. Principal
(Avg: 75%)

+3.118e-02 +3.111e-02 +3.113e-02
+2.858e-02 +2.852e-02 +2.854e-02
+2.598e-02 +2.592e-02 +2.594e-02
+2.338e-02 +2.333e-02 +2.335e-02
+2.079e-02 +2.074e-02 +2.075e-02
+1.819e-02 +1.815e-02 +1.816e-02
+1.559e-02 +1.555e-02 +1.556e-02
+1.299e-02 +1.296e-02 +1.297e-02
+1.039e-02 +1.037e-02 +1.038e-02
+7.795e-03 +7.777e-03 +7.782e-03
+5.197e-03 +5.185e-03 +5.188e-03
+2.598e-03 +2.592e-03 +2.594e-03
+0.000e+00 +0.000e-00 +0.000e+00
(a) (b) ()

F1GURE 27: Crack pattern for specimens with different joint stirrup reinforcement ratios: (a) Referential, no shear reinforcement; (b) G5M1,

0.85%; and (c) G5M2, 2%.
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(c)

FiGure 28: Concrete compression damage for specimens with different joint stirrup ratios: (a) Referential, no shear reinforcement; (b)

G5M1, 0.85%; and (c.) G5M2, 2%.

(3) Ductility. In Table 20, the ratio of the failure displacement
and the yield displacement is used to express the displacement
ductility coefficient. The analysis result indicated that the
ductility of the beam-column joint increases with an increase in
the joint stirrup reinforcement ratio, but not significantly,
provided proper confinement is maintained at the joint.

(4) Crack Pattern. As observed in Figure 27, the crack pattern
in each specimen was essentially similar. The first crack

occurred at the bottom interface of the beam-column joint
and propagated in an upward direction. This crack was
typically located near the center of the core and approxi-
mately along the diagonal direction. The cracks emerged at
the end of the beam near the joint as well, and the cracks at
the end of the beam developed slowly. The vertical rein-
forcement across the joint region has no evident influence
on the cracking strength of joints as indicated in the load-
deflection curve, but it affects the distribution and width of
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cracks in the joint region. As can be observed from Figure 27,
compared to a specimen without a joint stirrup, the crack
width in a specimen with joint reinforcement ratios of 0.85%
and 2% is small. This is attributed to the fact that the
presence of joint shear reinforcement restricts crack prop-
agation and slows the loss in confinement, thereby reducing
the rate of bond degradation.

(5) Concrete Compression Damage. Figure 28 displays the
distribution cloud pictures of concrete damage in com-
pression for specimens having joint stirrup reinforcement
ratios of 0.85% and 2%. From this analysis, it is possible to
conclude that stirrups have a restraint effect on the
concrete in the joint region. The restraint effect of stirrups
was more obvious in the specimen with a joint stirrup
reinforcement ratio of 2%. It can be seen from the dis-
tribution cloud pictures of the compressive damage in
Figure 28 that for the specimens with a low stirrup re-
inforcement ratio, in the late loading stage, the com-
pressive damage area increases. This finding is observed
because, in a specimen with a low stirrup reinforcement
ratio, the stirrup fails to effectively restrain the core
concrete’s swelling deformation, thereby increasing the
damage area of the joint concrete.

6. Conclusions

(i) The FE models developed using ABAQUS were able
to predict the load-displacement response and
failure mode, as they closely matched the respective
experimental results.

(ii) The start of the composite beam-column yielding
behavior corresponds well to the conventional
beam-column joint. There is only a 3.7% difference
at ultimate load. The finding of this investigation
indicates that SiP formwork of TRC designed as
shear reinforcement for beam-column joints ex-
hibits similar yielding behavior to fully steel stirrup
reinforced beam-column joints, such that TRC SiP
formwork has the potential to be used as shear
reinforcement at the joint.

(iii) When compared to a beam-column joint with no
axial load ratio, shear strength increased by 0.12%
for beam-column joints with an axial load ratio of
0.1 and decreased by 46.68% for beam-column
joints with an axial load ratio of 0.6. The range of
column axial load/axial strength ratio considered to
increase joint shear capacity is very narrow and is
less than 0.1. Increasing the concrete strength from
15 MPa to 40 MPa resulted in an increase in shear
strength by 149.22%. There was an increment in
shear strength by 149.27% with an increase in beam
tensile reinforcement ratio from 0.9% to 3%, and
increasing the reinforcement ratio above 3% rapidly
decreases the strength of the joint. The shear
strength of a joint with a TRC thickness of 10 mm
was increased by 48.94% compared to a joint with
no TRC, whereas the joint stirrup ratio had little
effect.
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(iv) Increasing the axial compression ratio from null to
0.6 increased the ultimate, yield, and first cracking
load by 55.87%, 68.18%, and 178.95%, respectively.
When compared to a joint with a compressive
strength of 15MPa, the ultimate, yield, and first
cracking load of a beam-column joint with a
compressive strength of 50 MPa increased by
43.52%, 36.26%, and 66.25%, respectively. The ul-
timate, yield, and first cracking load of the joint in
the range of tensile reinforcement ratio from 0.9%
to 4.8% were found to be increased with the tensile
reinforcement ratio, whereas the joint shear rein-
forcement ratio and thickness of TRC have only a
little influence.

(v) Increasing the axial load ratio from null to 0.26 and
the tensile reinforcement ratio from 0.9% to 1.6%
decreased ductility, whereas an increase in the
strength of concrete, thickness of TRC, and joint
stirrup ratio enhanced ductility.

(vi) A higher axial load ratio changes the failure mode
from joint brittle shear failure to beam ductile
flexural failure, but an increase in tensile rein-
forcement ratio does the reverse, whereas an in-
crease in the thickness of TRC changes the failure
mode from brittle joint shear failure to ductile
column flexural tension failure.

(vii) An increase in the axial load ratio and tensile re-
inforcement ratio increased the concrete com-
pression damage area, but an increase in the
strength of concrete, joint stirrup ratio, and
thickness of TRC reduced the damage area of
concrete.
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