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ARTICLE INFO ABSTRACT

Keywords: In the last decades, ductility of the joints becomes one of the most relevant issues in seismic design. Experiments
Ultra-high performance concrete (UHPC) show that the joints ductility is enhanced using additional transverse reinforcements. Thus, the design codes set
Ductility

requirements to attain the required level of ductility of joints including high amount of transverse reinforcement.
However, the assemblage of many types of reinforcements causes implementations difficulties. This paper fo-
cuses on improving ductility of exterior beam-column joint (BCJ) using ultra-high performance concrete (UHPC)
while dispensing the transverse reinforcements in the joint to overcome the implementations difficulties. A 3-D
non-linear model using the finite element program ABAQUS is constructed and validated using published
experimental data. After that, the model is used to conduct a parametric study that includes the main parameters
affecting the behavior which include the beam to column depth ratio, the axial load ratio, and the longitudinal
reinforcement ratio in column. The results of the parametric study are used to compare the behavior of sway-
special joints and the joints strengthened with UHPC in terms of strength, ductility and the mode of failure.
The results assure the ability of UHPC-strengthened joints to attain the required level of ductility and strength

Reinforced concrete joints
Finite element modeling
ABAQUS

Nonlinear behavior

when compared to special moment resisting frame.

1. Introduction
1.1. Overview

In the last century, seismic codes requirements are not only based on
the horizontal forces but also a reasonable level of ductility which en-
ables the structure to sustain the seismic load [1]. However, the struc-
tural ductility, can be significantly reduced if brittle failure of joints
occurs. Once brittle failure of joints occurs, a discontinuity of frame
member is produced leading to structure failures at low levels of
ductility as declared by Ghobarah and Said [2]. Thus, the ACI 352-02
committee [3] recommends that the joints should be upgraded by
enhancing the effective core confinement or by increasing their shear
capacity. In addition, current codes such as the ACI code [4] provide
many design categories for designing joints under seismic loads. These
categories which are classified based on sway level, region seismicity
and construction importance; are ordinary, intermediate, and special
sway. Each category presents a level of toughness. Clearly, as the level of
ductility move from ordinary to special, the toughness (the energy that
the system can dissipate), and the detailing requirements increase.
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However, the sway special category in design for seismic load is the most
recommended. Although the sway special detailing shows some effec-
tiveness, the assemblage of many types of reinforcements in the joints
causes implementation difficulties [5]. Thus, many techniques were
suggested to enhance the joints ductility such as the use of steel jacketing
[6] and CFRP jacketing [7]. However, these techniques can be used in
the post construction stage. Therefore, researchers developed many
generations of cement based material reinforced with steel fibers that
can enhance the ductility of concrete [8]. These generations include
steel fiber reinforced concrete (SFRC), high strength fiber reinforced
concrete (HSFRC) and ultra-high performance fiber reinforced concrete
(UHPFRC).

1.2. Definition of UHPC

Extensive research has been conducted on studying the mechanical
behavior of UHPC. This includes the work of Hakeem [9], Graybeal [10],
Wuest et al. [1], Yoo & Yoon [11] and Prem et al. [12]. Although each
researcher used different UHPC products with different mixing propor-
tion and different behaviors, the UHPC share many characteristics such
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Fig. 1. Idealized tension behavior for UHPC. (FHWA [14].

as high compressive strength and low water cement ratio. In addition,
this cement based material is often used with fibers; to enhance its
tension behavior as indicated by Francaise de Génie [13]. The Federal
Highway Administration (FHWA) [14] provides definition for the major
properties of UHPC material and its mechanical behavior. It also ap-
proves six UHPC products, remarked as U-A through U-F, and studies
there characteristics. The FHWA remarks that UHPC must have a multi
crack zone allowing the material to go into stiffening and provide ductile
tensile behavior. Fig. 1 shows the idealized tensile behavior as investi-
gated by the FHWA [14].

2. Literature review

In the last decades, the techniques of using hybrid fiber reinforced
materials attracted more attention for strengthening RC constructions.
Many researchers investigated external strengthening techniques of
beam column joints using different materials both numerically and
experimentally [15-18]. Their studies focused on retrofitting systems
using CFRP and shape memory alloy to improve capacity and ductility of
exterior RC joints. On the other hand, a number of research studies
investigated internal strengthening techniques. For example, Abu Tah-
nat and Halahla [19] studied the response of RC frames considering
UHPC joints under seismic loading. They concluded that using such
material transfers joints failure into beams and columns. In addition,
Gencoglu and Eren [5] used SFRC to enhance the ductility of exterior
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Table 1
Parameters for defining CDP model in ABAQUS.
Parameter Eccentricity Dilation biaxial stresses to the K.
symbol € angle ¢ uniaxial stresses opo /60
NC 0.1 36 1.16 0.67
UHPC 0.1 36 1.16 0.67
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Fig. 3. Modified Nayal and Rasheed Model for ABAQUS. [36].
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Fig. 2. The boundary conditions and the loading plates using in the model.
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Fig. 7. Reinforcement Detailing and Dimensions for BCJ-S-18MM [8]

beam column joints. The results showed that the required amount of
stirrups in the joints can be reduced using such material. Also, Shannag
et al. [20] experimentally investigated the behaviors of high perfor-
mance steel fiber reinforced concrete (HPFRC) beam-column joints. The
results showed that the load carrying capacity, the energy dissipation
and the stiffness degradation rate were enhanced by using HPFRC.
Experimental investigation of the behavior of beam-column joints under
cyclic loading was conducted by Ganesan et al. [21]. High strength
concrete (HSC) of M60 grade with crimped steel fibers and poly-
propylene fibers was used in their specimens. Their results showed the
possibility of reducing congestion of transverse reinforcement in beam-
column joints through using HSC with fibers.

Further research considering internal strengthening of beam column
joints was carried out by Alkhatib [8]. His research made comparisons
between the behavior of exterior BCJs with different fiber reinforced
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Fig. 8. Experimental Compressive Stress-Strain Curve for Normal Concrete and
UHPC [8].

T
0 e N
/J K;o\v e N ( NS
= AN
= s EN
- / '~
1 ; ~
g e ®
7 /
/
0 0.001 1 .002 0.003 0.004 0.005 0.006 0.007
Stram

Fig. 9. Tensile Stress-Strain Behavior for UHPC and Normal Concrete [8].

Fig. 10. Tensile Stress-Plastic Strain Curves Used in ABAQUS Modeling [8].

materials and reinforcement detailing in the joint. Joints without
transverse reinforcements faced flexural failure when using UHPC and
SFRC. However, the study is limited to a column to beam moment ca-
pacity (CBM) ratio of more than two. Alkhatib [8] simulated the
experimental test of the UHPC strengthened joints using ABAQUS soft-
ware. The results showed that the concrete damage plasticity (CDP) with
ABAQUS default values matched well with the experimental data. Chao
et al. [22] tested two frames to investigate the effect of using the UHPC
in plastic hinge zone without stirrups. One of the frames was a control
specimen while the UHPC is used in the plastic hinge zone of the second
frame. The two frames were tested under cyclic loading. The key finding
of their research was that a minor damage occurred in columns when
using UHPC. In addition, UHPC frames show higher strength and greater
drift capacity.
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Table 2

Parameters Used to Define CDP Model for Material Used by Alkhatib [8].
Material Modulus of Elasticity E (MPa) Poisson’s Ratio Dilation Angle y K. 0b0/0c0
NC Concrete 29,000 0.2 360 0.67 1.16
UHPC 40,000 0.2 360 0.67 1.16

Fig. 11. Machine Test and Testing Conditions [8].

Fig. 12. ABAQUS Simulation for Specimens UHPC1-18MM and NC-18MM [8].

On the other hand, other researchers studied the use of external
techniques of strengthening using fabric materials [23-25]. For
example, Khan et al. [23] experimentally investigated the performance
of exterior beam column joints strengthened with thin UHPC plates.
They studied the joint behavior when attaching the UHPC plates to the
substrate surface. The results showed the effectiveness of using UHPC
jackets with sandblasting techniques in transferring the failure from
shear failure at joint to preferable vertical flexure failure in the beam.
The results also show the advantages of using cast-in-situ UHPC jack-
eting in terms of strength, stiffness and energy dissipation. Besides the
experimental work, Khan et al. simulated the behavior of the exterior
beam-column joints jacketed by 30 mm UHPC plates using ABAQUS
software. The CDP model was used to model concrete. The study showed
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Fig. 14. Comparison between F.E and Experimental Results for Specimen
UHPC-18MM Tested by Anas Alkhatib [8].

that CDP can be used to predict the behavior of such joints. Another
research conducted by Chen and Graybeal [26] confirmed the reliability
of CDP model in tracing the observed structural response. Chen and
Graybeal modeled the structural behavior of the second generations of
pi-girders strengthened by UHPC.

In addition, Al-Osta et al. [24] experimentally and numerically
investigated the behavior of reinforced concrete beam strengthened
with UHPFRC. Three strengthening configurations were used which are
the bottom side strengthening, two-longitudinal-side strengthening and
three-side strengthening. Two attachment techniques were used,
namely: sand blasting technique and bonding using epoxy material
technique. Experimental and numerical results showed a positive rela-
tion between the thickness of panel and the ductility of the strengthened
beam in addition to the enhancement of the load carrying capacity.
Beams strengthened at three sides had additional ductility and capacity
improvements. However, the ductility of the beam strengthened on the
bottom side was decreased. Also, Safdar et al. [25] experimentally
investigated the behavior of reinforced concrete beam retrofitted with
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Fig. 15. Reinforcement and Dimensions of Selected Specimens [27]

Fig. 17. ABAQUS Simulation for Specimens NC and UHPFRC-2% [27].

UHPFRC in the tension and compression zones. The results show that the
flexure strength of the retrofitted beams was enhanced. More recently,
Sarmiento et al. [27] tested seven specimens to investigate the effect of
using UHPFRC on the behavior of interior BCJs. The joints were tested
under cyclic loading and evaluated considering load-deflection

Fig. 16. Test Configuration for Sarmiento et al. Experiments [27]
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Fig. 19. Experimental vs. Numerical Crack Patterns of NC Specimen.

behavior, hysterical performance, stiffness degradation, and developed
cracking pattern. They concluded that using UHPFRC increased the
energy dissipation and reduced stiffness degradation of the joint.

The use of UHPC is extended for other structural applications such as
Hung et al. [28]. Eight UHPC slender columns under eccentric load with
different volumetric fracture of fiber were tested by Hung et al. The key
parameters of the study were the volumetric fracture of fiber and the
amount of transverse reinforcements. The results show that inclusion of
steel fiber with volumetric fracture of 0.75% effectively restrained
spalling and crushing of the slender UHPC column. In addition, using
1.5% volumetric fracture of fiber can compensate 70% reduction in the
confinement steel with no reduction in ductility. Another research was
performed by Racky [29] on comparisons between NC, HSC and UHPC.
The materials were examined regarding to their cost-effectiveness and
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sustainability. The study was conducted using designed columns. The
columns have the same load carrying capacity and ductility. The results
showed that the use of UHPC produces lower life cycle costs and pro-
vides higher floor surface area.

Based on the literature survey, limited studies are conducted on the
ductility of the joints internally strengthened with UHPC and hence the
behavior of such joints is still not fully understood. Therefore, this
research focuses on the ductility behavior of exterior BCJs strengthened
with UHPC in comparison to that of sway-special exterior joints. UHPC
class B as recognized by FHWA [14] with 2% volumetric fracture of fi-
bers is considered in this research to improve the ductility behavior of
the sway-special exterior BCJs. A numerical model will be developed for
the exterior BCJ using ABAQUS software. The CDP model with it’s
default values in ABAQUS is used since it proved to produce reliable
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Fig. 20. Experimental vs. Numerical Crack Patterns of UHPFRC-2% Specimen.

Table 3

Constant Dimensions in the System.
Dimension Value (m)
Floor Clear Elevation. 3.4
Width of the Column 0.5
Depth of the Column 0.5
Width of the Beam 0.5

results as confirmed by many researchers [8,23,26].

3. Numerical Modeling.

A computer model is constructed using the computer program
ABAQUS [30] to investigate the behavior of exterior BCJ strengthened
with UHPC and the possibility of improving the joint ductility. It is
worth mentioning that ABAQUS, as a finite element tool, has been
widely used for investigating the nonlinear behavior of RC structural
members considering different material models such as CDP, and
Smeared Cracking Model [31-34]. ABAQUS implicit dynamic approach
is used in the analysis.

3.1. Modeling procedure

The model geometry is developed using a set of parts including
beam, columns, joint and loading plates, in addition to reinforcements.
The beam, column, joint and loading plate are modeled using an eight-
node linear brick element (C3D8R), while the reinforcement (longitu-
dinal, transverse) is modeled using a 2-node linear 3-D truss element
(T3D2).

Three loading plates are applied to avoid the excessive stresses in the

985

two columns ends and the tip of the beam for monotonic loading, while
additional loading plate in the opposite tip of beam is used for cyclic
loading. Half of the columns are modeled. Hence, the boundary condi-
tions at the mid-section are assumed pins. Thus, the bottom surface was
pinned at the line nodes at the center, while the top surface where
released to move at Y-direction. The axial load is applied to the top
surface of the column as a uniform pressure. A perfect bond is assumed
between reinforcement bars and concrete. Fig. 2 shows the boundary
condition and the loadings plates used in modeling.

3.2. Materials properties

The concrete damage plasticity (CDP) model in ABAQUS is used to
capture the behavior of concrete and UHPC due to its capability of
capturing the behavior under cyclic and monotonic loading. A set of
input parameters are needed in addition to the stress-inelastic strain
curve and the damage-inelastic strain curve. Table 1 summarizes the
parameters used in defining CDP with defaults values assumed by
ABAQUS. The models constructed based on these values showed good
match with the experimental data as discussed in the literature review
and reported by a number of researchers [8,23,26].

The stress-strain model proposed by Saenz [35] is used to describe
the uniaxial compression behavior for the ordinary concrete in
compression. The tension stress-inelastic strain curve is constructed
using the modified Nayal and Rasheed [36] model, which is given in
equations (1-7) and shown in Fig. 3.

E_.e.

(2R — 1)(5—;>2+R(;—;>3
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Fig. 21. Detailing of the simulation UB2-BCDR 0.6-L2.

Table 4

The Value of the Key Factors Affecting the Joints Behavior in the Study.
Parameter Syllables
Joint Type SP: for sway-special detailing jointUB2: for joint

strengthened with UHPC class b with 2%
volumetric fracture of fiber

BCDR

L1: for 1%L2: for 2%

Beam to column depth ratio
Longitudinal reinforcement
ratio in the column (p,)

Axial load ratio ALR
E. = 4700\/f. @
ReR, —1) 1

A 3
(R.— 1) Rg 3
Ec

Rp = E “4)

Ro =< ©)
O

R = 6)
=)

By =t %
€o

where o, R, Rg, Ry, Re, Eo, f,, of, & and & are the compressive stress
(MPa) corresponding to the compressive strain ¢, relation ratio,
modular ratio, stress ratio, strain ratio, secant modulus of elasticity,
concrete compressive strength , stress at maximum strain (MPa), ulti-
mate strain and the strain corresponding to the peak stress, respectively.
R, and R, are considered to be 4.0 as reported by Hu and Evans [37].

For UHPC, the experimental tests conducted by FHWA [13] for the
UHPC class B with 2% fiber content are used to describe the uniaxial
compressive stress-strain behavior. While an idealized tensile behavior
for the material is shown in Fig. 4.

The tension damage d; and compression damage d. are used to

986

Table 5
Variable Properties for all Models
Model ID Joint Type BCDR Pe ALR
SP-BCDR 0.6-L1-ALR 0.25 SP 0.6 1% 0.25
SP-BCDR 0.6-L1-ALR 05 SP 0.6 1% 0.5
SP-BCDR 0.6-L2-ALR 0.25 SP 0.6 2% 0.25
SP-BCDR 0.6-L2-ALR 0.5 Sp 0.6 2% 0.5
UB2-BCDR 0.6-L1-ALR 0.25 UB2 0.6 1% 0.25
UB2-BCDR 0.6-L1-ALR 05 UB2 0.6 1% 0.5
UB2-BCDR 0.6-L2-ALR 0.25 UB2 0.6 2% 0.25
UB2-BCDR 0.6-L2-ALR 0.5 UB2 0.6 2% 0.5
SP-BCDR 1-L1-ALR 0.25 SP 1 1% 0.25
SP-BCDR 1-L1-ALR 05 SP 1 1% 0.5
SP-BCDR 1-L2-ALR 0.25 SP 1 2% 0.25
SP-BCDR 1-L2-ALR 0.5 SP 1 2% 0.5
UB2-BCDR 1-L1-ALR 0.25 UB2 1 1% 0.25
UB2-BCDR 1-L1-ALR 05 UB2 1 1% 0.5
UB2-BCDR 1-L2-ALR 0.25 UB2 1 2% 0.25
UB2-BCDR 1-L2-ALR 0.5 UB2 1 2% 0.5
SP-BCDR 1.2-L1-ALR 0.25 SP 1.2 1% 0.25
SP-BCDR 1.2-L1-ALR 05 SP 1.2 1% 0.5
SP-BCDR 1.2-L2-ALR 0.25 SP 1.2 2% 0.25
SP-BCDR 1.2-L2-ALR 0.5 SP 1.2 2% 0.5
UB2-BCDR 1.2-L1-ALR 0.25 UB2 1.2 1% 0.25
UB2-BCDR 1.2-L1-ALR 05 UB2 1.2 1% 0.5
UB2-BCDR 1.2-L2-ALR 0.25 UB2 1.2 2% 0.25
Model ID Joint Type BCDR Pe ALR
UB2-BCDR 1.2-L2-ALR 0.5 UB2 1.2 2% 0.5
SP-BCDR 1.4-L1-ALR 0.25 SP 1.4 1% 0.25
SP-BCDR 1.4-L1-ALR 05 SP 1.4 1% 0.5
SP-BCDR 1.4-L2-ALR 0.25 SP 1.4 2% 0.25
SP-BCDR 1.4-L2-ALR 0.5 SP 1.4 2% 0.5
UB2-BCDR 1.4-L1-ALR 0.25 UB2 1.4 1% 0.25
UB2-BCDR 1.4-L1-ALR 05 UB2 1.4 1% 0.5
UB2-BCDR 1.4-L2-ALR 0.25 UB2 1.4 2% 0.25
UB2-BCDR 1.4-L2-ALR 0.5 UB2 1.4 2% 0.5
SP-BCDR 1.6-L1-ALR 0.25 SP 1.6 1% 0.25
SP-BCDR 1.6-L1-ALR 05 SP 1.6 1% 0.5
SP-BCDR 1.6-L2-ALR 0.25 SP 1.6 2% 0.25
SP-BCDR 1.6-L2-ALR 0.5 SP 1.6 2% 0.5
UB2-BCDR 1.6-L1-ALR 0.25 UB2 1.6 1% 0.25
UB2-BCDR 1.6-L1-ALR 05 UB2 1.6 1% 0.5
UB2-BCDR 1.6-L2-ALR 0.25 UB2 1.6 2% 0.25
UB2-BCDR 1.6-L2-ALR 0.5 UB2 1.6 2% 0.5
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Fig. 22. Effect of the Detailing and the Material of the joint on the Behavior of the Simulation (BCDR1.6-L2-ALRO0.25).

characterize the degradation in strength and stiffness in the softening
behavior of the material. However, there are many models to evaluate
the damage including Luccioni et al. [38] model, Burlion et al. [39]
model, and Birtel and Mark [39]. In Birtel and Mark [40] model the
damage in both tension and compression is related to the parameters b,
and b; as given by Eqs (8) & (9), respectively. A value of 0.7 is often used
for both parameters tension damage (Nasrin et al. [41], Al-Osta et al.
[42] and Khan et al. [22]. This model is used to evaluate the damage
parameters for concrete and UHPC.

d—1-— ok ®)
& (i - 1) FoE
o
de=1- Tee ©

¢! (bl - 1) + 0 E!

Finally, an elastic-perfectly plastic model for steel grade 60 (420
MPa) is used for simplicity. The fracture strain of the steel was captured
from local laps and it was taken as 0.18.

3.3. Model Validation.

Beam-column joint models are developed and verified using the
experimental results of Alkhatib [8] and Sarmiento et al. [27]. Two
representative specimens are selected from Alkhatib research to develop
and validate the model, namely UHPC-18MM-BCJ and NC-18MM-BCJ.
In addition, two specimens of Sarmiento et al. work are selected for
further validation. Sensitivity study is conducted to obtain the suitable
mesh size of the models. Fig. 5 shows the load deflection curves for
UHPC-18MM-BCJ specimen in Alkhatib work with mesh size varying
between 20 mm and 50 mm. It can be seen from Fig. 5 that mesh size of
25 mm produces reasonable accuracy, and hence this mesh size is used
for all models in this paper.

3.3.1. Experiments by Alkhatib [8]

The specimens have identical reinforcement details and dimensions
as illustrated in Fig. 6 and Fig. 7. The compressive behavior of NSC and
UHPC used are shown in Fig. 8, while Fig. 9 shows the tensile stress—
strain behavior for UHPC and NC.

The stress-plastic strain curve for all bars is extracted from the re-
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ported data and used in ABAQUS model as shown in Fig. 10. All the steel
bars have modulus of elasticity (E;) 200 GPa and poisson’s ratio (v =
0.3). A bi-linear stress—strain model is used to describe the hardening
behavior in the transverse reinforcements with slope hardening of 0.01
E; as proposed by Ashour and Elmezaini [43].

Table 2 summarizes the main parameters used in defining the CDP
model for both concrete and UHPC. These parameters include reported
material properties; modulus of elasticity, poisson’s ratio, and others
captured from literature including: dilation angle vy, K¢, fy0/fco and the
eccentricity [7,10,21-22].

The specimens were subjected to constant axial load of 150 (kN).
After that, the response is traced under monotonic loading (displace-
ment control). The boundary conditions are assumed to resist rotations
based on the test conditions shown in Fig. 11. Fig. 12 shows the
boundary conditions introduced at column ends.

Finally, a comparison between the F.E and experimental results for
specimens NC-BCJ-18 mm and UHPC-BCJ-18MM are shown in Fig. 13
and Fig. 14, respectively.

The comparisons show that the model almost captured the overall
behavior of the experiments. This model is used to investigate the main
features that affect ductility behavior of BCJ.

3.3.2. Experiments by Sarmiento et al. [27]

Two specimens of Sarmiento et al. work are used for validation, one
of which is made of normal concrete and named NC, while the other is
made of with UHPFRC having 2% of fibers and named UHPFRC-2%.
Fig. 15 shows the reinforcement and dimensions used in the two spec-
imens while Fig. 16 shows the test configuration.

The compressive strength of concrete in the NC specimen is 21 MPa
while it is 154 MPa for the UHPFRC-2% specimen. The stress-strain
model proposed by Saenz [35] is considered in the analysis for the two
specimens. Also, CDP model and its default values in ABAQUS (given in
Table 2 are used in the analysis. Fig. 17 shows the constructed model
with the required mesh and boundary conditions.

Results from the numerical models are compared to the experimental
data as shown in Fig. 18. It can be seen that the models provide sufficient
accuracy in predicting the experimental elastic and inelastic response. A
comparison between the cracking patterns of tested specimens and the
numerical results shows that the model is capable of capturing the
cracking patterns with sufficient accuracy as shown in Figs. 19 and 20
for NC and UHPFRC-2% specimens, respectively.
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c) Tensile (Left) and Compressive (Right) Damages in UHPC Joint.

Fig. 23. Tensile and Compressive Damages in the Joints.

3.4. Parametric study

3.4.1. General

In order to study the behavior of the exterior beam column joints
strengthened with UHPC. The key factors affecting the joints behaviors
are divided into three branches which are factors affecting the shear
capacity of the joints, factors affecting the development length of rein-
forcement bars and others affecting the column to beam moment ca-
pacity (CBM) ratio. However, the sway special design requires avoiding
brittle failure modes using considerable amount of transverse rein-
forcement and providing sufficient development length. Thus, a factor
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characterizing the CBM ratio is considered. These factors are the beam to
column depth ratio (BCDR), the longitudinal reinforcements in columns
(p.) and the axial load ratio (ALR) in columns. Table 3 presents the
assumed dimensions in the BCJ.

The range of parameters considered and the parametric matrix
conducted based on these parameters are given in the following section.

3.4.2. Range of parameters

In this research, a total of 40 simulations are carried out to investi-
gate the ductility of using UHPC in BCJ and check the ability of UHPC to
improve the ductility of exterior BCJs without using the sway special
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Table 6 transverse reinforcement detailing. Hence, the behavior of RC joint
Effect of Varying ALR in the Ductility of SP Joints. strengthened with UHPC class B with 2% volumetric fracture of fiber is
Parameter Sp compared with the behavior of the sway-special detailing joint. The
BCDR ALR Ultimate Deflection Yield Deflection Ductility compressive strength of concrete f, is 28 MPa. The longitudinal rein-
pe = 1%. forcement ratio in the beam is kept at 1% in tension and 0.5% in
0.6 0.25 56.9 5.8 9.8 compression. Fig. 21 shows the detailing of simulation UB2-BCDR 0.6-
0.5 60.4 5.8 10.4 L2.
1 0.25 433 7.0 6.2 As presented in the previous sections, three key parameters affecting
0.5 52.7 7.1 7.4 . - - L .
12 0.25 487 76 6.4 the CBM ratio are considered. Each simulation is given a representative
0.5 50.6 7.6 6.6 name consist of four syllable’s. These syllables are shown in Table 4.
1.4 0.25 42.0 8.9 4.7 These syllables present the type of the joint, the BCDR, (p.) and ALR. For
0.5 28.3 9.5 3.0 instant, the simulations (UB2-BCDR 1.6-L1-ALR 0.25) means that ma-
1.6 0.25 25.5 13.2 JF

terial UB2 is used in strengthening the joints with BCDR equals 1.6, p,

0.5 24.6 15.4 1.6 . L
pe = 2% equals 1% and ALR equals 0.25. Another simulation is SP-BCDR 1.4-L1-
c N . . 1 . . .
0.6 0.25 56.0 56 10.0 ALR 0.50, this name means a control sway-special detailing joint with
0.5 55.3 5.8 9.6 BCDR 1.4, p. 1%, ALR 0.5. Finally, Table 5 shows the variable properties
1 0.25 46.6 6.5 7.1 for all models conducted in this study.
0.5 46.7 6.5 7.1
1.2 0.25 43.6 7.4 5.9 . .
05 51.3 7.4 6.0 4. Results and discussion
1.4 0.25 41.6 8.4 4.9
0.5 37.4 8.3 4.5 In this paper, ductility is defined as the ratio of the ultimate deflec-
L6 0.25 203 17.5 12 tion to the deflection corresponding to yielding of steel reinforcement
05 21.2 119 18 (Park and Paulay [44], Cohn and Bartlett [45] and Azizinamini et al.
[46]. The ultimate deflection is defined as the deflection that corre-
sponds to a 15% reduction of the peak load in the post peak value unless
Table 7 a rupture in the reinforcement bars occurs. The yield deflection is
Effect of Varying ALR in the Ductility of UHPC defined as the deflection at the onset of yielding of the tensile rein-
Parameter UB2 forcement in the beam. This ductility definition is used for all models
- - - - — regardless of the mode of failure.
BCDR ALR Ultimate Deflection Yield Deflection Ductility
pe = 1%. .. . . .
0.6 0.25 605 8 103 4.1. Effect of the detailing and the material on the behavior of the joints
0.5 58.0 5.7 10.2
1 0.25 45.4 5.4 8.4 In this section, a comparison of the behavior of three BCJs is per-
0.5 40.8 5.4 7.5 formed. The beams and the columns are identical in dimensions and
12 8'25 gg'g 2'1 Z'; reinforcement detailing. The reinforcement detailing in the first joint is
1.4 0.25 a1s 79 40 designed according to the ordinary moment resisting frame (OMRF),
0.5 29.9 8.0 3.8 while it is designed according to the special moment resisting frame
1.6 0.25 30.7 11.0 2.8 (SMRF) requirements in the second specimen. In the third specimen,
0.5 25.5 9.8 2.6 UHPC is used in the joint. The behavior of these specimens is shown in
pe = 2% Fig. 22.
0.6 8'25 :;"(1) 2'(1) z'; As can be seen in Fig. 22, the specimen with UHPC shows effec-
1 0.25 271 58 6.4 tiveness in strengthening the joint more than the SMRF specimen. The
0.5 38.3 5.6 6.8 figure also shows that joint with UHPC attain higher ductility compared
1.2 0.25 39.4 7.3 5.4 to SMREF joint and OMREF joint. The tensile and the compressive damages
05 39.5 7.3 5.4 at failure for the three specimens are shown in Fig. 23.
1.4 0.25 40.5 6.7 6.0
0.5 36.5 7.0 5.2
1.6 0.25 38.0 8.5 4.5 4.2. Effect of Varying ALR on the behavior of the Joints.
0.5 37.7 8.4 4.5

Generally, increasing the ALR decreases the ductility of the rein-
forced concrete joint and enhances its behavior through minimizing the
crack openings as investigated by Al-Osta et al. [42]. Beyond a certain

Fig. 24. Effect of ALR on the Behavior of Simulations BCDR1.6-L1. SP (left) and UB (right).
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Fig. 25. Effect of ALR on the Behavior of Simulations BCDR1.6-L2. SP (left) and UB (right).

Table 8 Table 9
Effect of Varying p, in the Ductility of SP Joints with 0.25 ALR. Effect of Varying p, in the Ductility of UHPC Joints with 0.25 ALR.
Parameter SP Parameter UB2
BCDR Pe Ultimate Deflection Yield Deflection Ductility BCDR Pe Ultimate Deflection Yield Deflection Ductility
ALR 0.25 ALR 0.25
0.6 1% 56.9 5.8 9.8 0.6 1% 60.5 5.8 10.3
2% 56.0 5.6 10.0 2% 56.1 6.0 9.3
1 1% 43.3 7.0 6.2 1 1% 45.4 5.4 8.4
2% 46.6 6.5 7.1 2% 37.1 5.8 6.4
1.2 1% 48.7 7.6 6.4 1.2 1% 40.6 6.1 6.7
2% 43.6 7.4 5.9 2% 39.4 7.3 5.4
1.4 1% 42.0 8.9 4.7 1.4 1% 31.5 7.9 4.0
2% 41.6 8.4 4.9 2% 40.5 6.7 6.0
1.6 1% 25.5 13.2 1.9 1.6 1% 30.7 11.0 2.8
2% 20.3 17.5 1.2 2% 38.0 8.5 4.5
ALR 0.5
06 1% 60.4 5.8 10.4 Parameter UB2
2% 55.3 5.8 9.6 BCDR Pe Ultimate Deflection Yield Deflection Ductility
1 1% 52.7 7.1 7.4
2% 46.7 5.9 7.9 ALR 0.5
1.2 1% 50.6 7.6 6.6 0.6 1% 58.0 5.7 10.2
2% 51.3 7.4 6.9 2% 57.0 6.8 8.4
1.4 1% 28.3 9.5 3.0 1 1% 40.8 5.4 7.5
20 37.4 8.3 45 2% 38.3 5.6 6.8
1.6 1% 24.6 15.4 1.6 1.2 1% 39.3 6.1 6.5
2% 21.2 11.9 1.8 2% 39.5 6.0 6.6
1.4 1% 29.9 8.0 3.8
2% 36.5 7.0 5.2
limit, the joint will suffer compression failure due to exceed the ultimate L6 ;’f i;? z-i i-g
0 . . .

compressive capacity of the column. However, the behavior of sway-
special detailing joint is different. While the increase in the ALR de-
creases the rotation of the joint due to reduction in cracking which re-
duces the deflection of the beam tip, the generated lateral strain due to
the compressive stresses in the joint increases. Hence, the confinement
effect increases. Consequently, the ductility can be positively affected.
However, these two contradicting effects of the ALR, which are also
affected by p. and the depth of the neutral axis of the member, cause a
fluctuation in the effect of the ALR on the ductility of the system. This
fluctuation is reported by the experimental results of Bernardo and
Lopes [47]. Table 6 shows the effect of ALR on the behavior of the sway-
special joints.

The ALR decreases the rotation of the UHPC joint having no trans-
verse reinforcement. Thus, the ductility decreases until a certain limit
when the lower CBM ratio is violated. At that instance, the ALR plays a
significant role in increasing the capacity of the confined core which in
turn increases the capacity and the ductility of the system. Table 7 shows
the effect of the same variable on UHPC joints.

It can be seen in Table 6 that the effect of ALR is more evident for
high column to beam depth ratio (BCDR) of the SP joints while it is
ignorant for low BCDR. On the other hand, Table 7 shows that small
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Effect of Varying p, in the Ductility of UHPC Joints with 0.25 ALR.

decrease in the ductility occurs with increasing the ALR for UHPC joints.
Fig. 24 and Fig. 25 show the effect of ALR on the behavior of simulations
BCDR1.6-L1 and BCDR1.6-L2, respectively. It can be seen from Tables 6
that the fluctuation in the ductility for SP joints is relatively high which
consistent with the experimental results reported by Bernardo and Lopes
[47]. This is related to the concrete cracking that is reflected by the
location of neutral axis. However, this fluctuation is ignorant for UHPC
joints as tabulated in Table 7. This can be mainly attributed to the
ductile tensile behavior of UHPC that reduces cracking in the joint.

It can be seen from Fig. 24 and Fig. 25 that increasing the ALR
slightly increases the load carrying capacity of the joint attributed to
reduction in cracking in the joint.

For lower p, the ultimate deflection decreases when increasing the
ALR due to the decrease in the rotation of the joint, while for the higher
p., increasing the ALR has ignorant effect on the behavior of UHPC. On
the other hand, the ALR has positive effect on increasing the ductility of
the SP joint at higher values of p . This is because increasing p. con-
tributes to shifting the failure from the joint to the beam of the model SP-
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Effect of Increasing p, on the Behavior of SP joints (Top) and UHPC (bottom).

Table 10 Table 11
Effect of Varying BCDR on the Ductility of SP Joints with p. 1% and ALR 0.25. Effect of Varying BCDR on the Ductility of SP Joints with p. 1% and ALR 0.25.

Group BCDR Ultimate Deflection Yield Deflection Ductility Group BCDR Ultimate Deflection Yield Deflection Ductility

L1-ALRO.25 0.6 56.9 5.8 9.8 L1-ALRO.25 0.6 60.5 5.8 10.3
1 43.3 7.0 6.2 1 45.4 5.4 8.4
1.2 48.7 7.6 6.4 1.2 40.6 6.1 6.7
1.4 42.0 8.9 4.7 1.4 31.5 7.9 4.0
1.6 25.5 13.2 1.9 1.6 30.7 11.0 2.8

L1-ALRO.5 0.6 60.4 5.8 10.4 L1-ALRO.5 0.6 58.0 5.7 10.2
1 52.7 7.1 7.4 1 40.8 5.4 7.5
1.2 50.6 7.6 6.6 1.2 39.3 6.1 6.5
1.4 28.3 9.5 3.0 1.4 29.9 8.0 3.8
1.6 24.6 15.4 1.6 1.6 25.5 9.8 2.6

L2-ALR0.25 0.6 56.0 5.6 10.0 L2-ALR0.25 0.6 56.1 6.0 9.3
1 46.6 6.5 7.1 1 37.1 5.8 6.4
1.2 43.6 7.4 5.9 1.2 39.4 7.3 5.4
1.4 41.6 8.4 4.9 1.4 40.5 6.7 6.0
1.6 20.3 17.5 1.2 1.6 38.0 8.5 4.5

L2-ALRO.5 0.6 55.3 5.8 9.6 L2-ALRO.5 0.6 57.0 6.8 8.4
1 46.7 5.9 7.9 1 38.3 5.6 6.8
1.2 51.3 7.4 6.9 1.2 39.5 6.0 6.6
1.4 37.4 8.3 4.5 1.4 36.5 7.0 5.2
1.6 21.2 11.9 1.8 1.6 37.7 8.4 4.5

BCDR1.6. Hence, higher damage is transferred to the column. Thus,
increasing the ALR increases the capacity of the column. Consequently,
the capacity of the system increases and the confinement effect becomes
more effective in increasing the ductility.

4.3. Effect of varying column longitudinal reinforcement ratio (p,) on
joints behaviors

In general, increasing the column longitudinal reinforcement in-
creases the capacity and the stiffness of the column, causing a lower
ultimate deflection in the joint. However, this increase in stiffness is
opposed with a decrease in the axial stresses in the column and joint.
Further, when severe damage in column occurs, the longitudinal rein-
forcement can control the overall behavior of the system and shift it
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from column failure to beam flexure failure in cases where joint failure is
avoided. Tables 8 and 9 show the effect of p, on the ductility of SP and
UHPC joints, respectively.

Based on Tables 8 and 9, the ductility decreases with inceasing the
longitudinal reinforcements in column up to BCDR = 1.4, while it in-
creases for the models with BCDR = 1.6. Fig. 26 shows the effect of p, on
the behavior of SP and UHPC joints with BCDR 1.6.

It can be seen from Fig. 26 that the models with higher p. have higher
load carrying capacity, which reduces the damage and enhance the
overall behavior of the system. However, the ultimate deflection is
decreased for the simulation designated as SP-ALR0.25. This is mainly
because the joint becomes more critical than the column at high
deflection. In other words, increasing p, has higher effect on the capacity
of the column with small effect on the capacity of the joints.
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Fig. 28. Effect of Varying BCDR in the Behavior of UHPC Joints.

4.4. Effect of varying beam to column depth ratio (BCDR) on joints
behaviors

In general, increasing the depth of the beam means increasing the
moment capacity of the beam and transforming stresses to the joint and
column, which causes more damage to the joint and reduces the ductility
of the system. Table 10 and 11 show the effect of increasing the BCDR on
the ductility of SP and UHPC joints, respectively.

It can be seen from Table 10 and 11 that the ductility decreases with
increase the BCDR. However, the effect of BCDR is fluctuating as can be
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seen in Fig. 27 and Fig. 28.

It can be noticed from Fig. 27 and Fig. 28 that the ultimate deflection
generally decreases with increasing the BCDR. However, the ultimate
deflection for certain cases can be increased despite of the BCDR. This is
mainly because the concrete in the column enters the inelastic range.
Hence, a sudden drop in the stiffness occurs and causes this increase in
the ultimate deflection.

For the simulations with BCDR 1.6, the BCM ratio exceeds the rec-
ommended value by the ACI 318-14 code. At this point, the cover spalls
off and the capacity gradually decreased. Hence, the confinement effect
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Table 12
Effect of Using UHPC on the Ductility of the Joints with 0.25 ALR.
ID Parameters SP UHPC
BCDR P Ultimate Deflection Yield Deflection Ductility Ultimate Deflection Yield Deflection Ductility
ALRO.25 0.6 1% 56.9 5.8 9.8 60.5 5.8 10.3
2% 56.0 5.6 10.0 56.1 6.0 9.3
1 1% 43.3 7.0 6.2 45.4 5.4 8.4
2% 46.6 6.5 7.1 37.1 5.8 6.4
1.2 1% 48.7 7.6 6.4 40.6 6.1 6.7
2% 43.6 7.4 5.9 39.4 7.3 5.4
1.4 1% 42.0 8.9 4.7 31.5 7.9 4.0
2% 41.6 8.4 4.9 40.5 6.7 6.0
1.6 1% 25.5 13.2 1.9 30.7 11.0 2.8
2% 20.3 17.5 1.2 38.0 8.5 4.5
ALRO.5 0.6 1% 60.4 5.8 10.4 58.0 5.7 10.2
2% 55.3 5.8 9.6 57.0 6.8 8.4
1 1% 52.7 7.1 7.4 40.8 5.4 7.5
2% 46.7 5.9 7.9 38.3 5.6 6.8
1.2 1% 50.6 7.6 6.6 39.3 6.1 6.5
2% 51.3 7.4 6.9 39.5 6.0 6.6
1.4 1% 28.3 9.5 3.0 29.9 8.0 3.8
2% 37.4 8.3 4.5 36.5 7.0 5.2
1.6 1% 24.6 15.4 1.6 25.5 9.8 2.6
2% 21.2 11.9 1.8 37.7 8.4 4.5
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Fig. 29. Effect of Using UHPC in the Behavior of the Joints at BCDR 0.6.

on the core of the column plays a main role in securing the capacity of
the column and avoiding sudden failure of the system. However, this
decrease in the capacity contributes to the decrease in the ultimate
deflection.

4.5. Effect of using UHPC on the behavior of the Joints.

In general, UHPC is very stiff and ductile compared to ordinary
concrete. Thus, it shows effectiveness in strengthening the joints and
save capacity until flexure ductile failure in beam occurs. Although
UHPC joints show less deformation compared to sway-special joints,
they show more ductility. This is because the yield deflection in UHPC
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joints is often less than that for the sway-special joints. In addition, the
UHPC joints show less compression and tension damages at joint zone as
shown in Fig. 23. These results emphasize the effectiveness of using
UHPC instead of sway special detailing in concrete joints. Table 12
compares the results of SP and UHPC joints.

It can be seen in Table 12 that UHPC shows effectiveness in
enhancing the joints ductility. However, using UHPC provides almost
the same ductility as for sway special detailing when the value of BCDR
is low, while it shows advantages compared to sway-special joints for
high values of BCDR as can be seen in Fig. 29 and Fig. 30. Fig. 30 shows
that UHPC joints show higher load carrying capacity compared to sway-
special joints. In addition, the ductility is significantly increased. This
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Fig. 30. Effect of Using UHPC in the Behavior of the Joints at BCDR 1.6.

for seismic load, it is worth to compare the behavior of UHPC joints and

Table 13 sway-special joints under cyclic load. Hence, the model BCDR1.6-L2-
Cyclic load pattern. ALRO.25 is used. Table 13 tabulates the cyclic load pattern applied to
Cyclic No Drift Ratio Push pull the tip of beam. Fig. 31 shows the load—deflection curves for SP and
I — — UHPC joints.
% mm Mm . . . . .
It can be seen from Fig. 31 that the UHPC joint show higher capacity
; (1)2 ?5 7?5 compared to the SP joint. This is because UHPC joint has less damage
3 3 30 :30 and smaller cracks as can be seen in Fig. 32.
4 5 50 _ It is clear that UHPC shows more effectiveness in strengthening the

joint comparing with sway-special detailing at the lower column to
beam moment capacity ratio.

indicates the capability of UHPC in strengthening the joint and shifting

the failure from the joint to the beam.

4.6. Comparison between UHPC and SP joints under cyclic Load.

5. Conclusions

Based on the results of this research, the following conclusions can be
drawn:

Considering the fact that the sway-special detailing is used in design

Load (kN)

1500

1000

500

-500

-1000 _
Deflection (mm)

Fig. 31. Load-Deflection Curves for UHPC and SP Joint under Cyclic Load (BCDR1.6-L2-ALRO0.25).
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Fig. 32. Tensile and Compressive Damage in Simulation BCDR1.6-12-ALR0.25 for: a) SP Joint and B) UHPC Joint.

UHPC can be used to replace SP detailing in exterior beam column
concrete joints without negative impact on joint ductility.

The use of UHPC can significantly improve the ductility of exterior
beam column concrete joints with high values of BCDR over those
with SP detailing. Hence, using UHPC provide lower rehabilitation
costs.

The UHPC class B (with 2% volumetric fraction of fiber) shows
effectiveness in strengthening the joints at high BCDR. Hence, UHPC
classes with lower volumetric fractions of fiber may be used for low
BCDR.

The ALR have a negative effect on the ductility of exterior beam
column joint till certain limit. Beyond this limit the ductility in-
creases with increasing ALR.

In general, increasing the longitudinal reinforcement of the column
decrease the ductility of the joint. However, it can positively affect
the ductility of the system for high values of BCDR.

The UHPC shows effectiveness in securing the joints at BCM ratio
violating the ones specified in the ACI 318 code while the sway-
special detailing joints have high compressive damage.
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