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Abstract

This study investigates the seismic behavior of reinforced concrete flexural frames with a focus on the impact of cold joints (CJs).
Three one-bay concrete frames, scaled to 2:3 according to ACI 318-19(22), were tested under axial and cyclic loading. The frames
included a control frame without CJs, a frame with CJs, and a frame with CJs reinforced with fiber-reinforced polymer (FRP) sheets.
Initially, the difference between the frame without CJs and the frame with CJs was examined, revealing a 10% reduction in cumulative
energy dissipation, a 24% reduction in ductility, and an 18% reduction in lateral load capacity for the frame with CJs. Additionally,
the stiffness in frames with CJs has decreased. Subsequently, the frame with CJs was reinforced with FRP sheets, leading to a 33%
increase in cumulative energy dissipation and a 54% increase in lateral load capacity. However, the FRP sheets, while increasing load
capacity, introduced brittleness, which reduced ductility. Crack patterns varied, with the frame without CJs showing vertical cracks near
connections at 3% drifts, and the frame with CJs exhibiting tension and compression vertical cracks at 1% drifts. After validating the

numerical models, two structural designs have been proposed to mitigate the negative effects of (Js in reinforced concrete structures.

These designs are intended to improve seismic performance and enhance the structure's resistance to cyclic loads.
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1 Introduction

The cold joint (CJ) is considered a type of weakness or
defect in concrete resulting from the discontinuity of con-
crete pouring at different stages of construction, leading
to a lack of integrity in the structural concrete. This lack
of integrity can significantly affect the performance of the
concrete and, ultimately, the overall behavior of the struc-
ture. The occurrence of this discontinuity at critical points
in the structure (such as connections between beams and
columns) may influence the seismic performance and
impact the overall stability of the structure.

One of the most important components of a concrete
structure is its connections. The lack of necessary capac-
ity and ductility in the connection zone can lead to con-
nection failures and, subsequently, the stability of the
entire structure is compromised. In designs prior to 1970,
the absence of transverse connection reinforcements that
could provide sufficient capacity and ductility; the use
of deformed rebars in connections; and their insufficient

anchorage in the connection zone resulted in a decrease
in the overall performance of the structures. These defi-
ciencies could lead to the creation of plastic hinges at the
beam-column connections, putting the overall stability of
the structure at risk.

Other factors contributing to reduced ductility and
connection weaknesses in reinforced concrete structures
include differences in the timing of concrete pouring and
the occurrence of CJs. Given that the construction of rein-
forced concrete buildings is carried out in stages, and
the discontinuity of concrete pouring at specified levels
is inevitable, the concrete frame is not entirely homoge-
neous; as a result, CJs are present in some locations.

According to the ACI 318-19(22) code [1], the place-
ment of CJs on columns should be below the beams and
above the roof slabs.

Numerous studies have been conducted in the past on the
effect of CJs in beam-column connections [2-5]. Roy and
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Laskar [6] studied the impact of CJs in concrete structure
connections. In this study, only the beam-to-column connec-
tion was modeled and subjected to cyclic loading. The con-
nections were modeled in two conditions, one with conti-
nuity and the other with a CJ. The results showed that in
specimens with CJs, energy dissipation decreased by 24% to
49%, and ductility decreased by 22% to 36%. Furthermore,
in a similar study by them [7], the initial and yield stiffness
in specimens with CJs decreased by 16% to 19%. The pres-
ence of a time delay in concrete pouring is a factor in the
occurrence of CJs in connections. In a study conducted by
Bekem Kara [8], the time gap between two concrete pour-
ings was examined. In this study, concrete beam speci-
mens were used, and the results showed that as the time gap
between the stages of concrete pouring increased, the com-
pressive and flexural strength of the specimens decreased.

Qusay Ali et al. [9] investigated the critical angle of
CJs in concrete. In this research, four types of concrete
with compressive strengths of 10, 20, 25, and 30 mega-
pascals were studied. CJs were formed with angles of
0 degrees (reference angle), 20, 45, 65, and 90 degrees,
to understand the impact of the CJ angle on the tensile
and compressive strength of concrete. The results showed
that the compressive strength with CJs at angles of 0, 20,
45, and 90 degrees experienced a slight reduction, and the
negative effects were not significant, with a difference of
about 10% compared to specimens without CJs. However,
at the 65-degree angle, the CJ significantly affected the
compressive strength, resulting in a reduction of compres-
sive strength from 5.32% to 4.48%.

Deng et al. [10] conducted experimental fatigue failure
investigations on concrete members with CJs under low-
stress range fatigue loading. In this research, 12 specimens
were subjected to static loading, and 144 specimens were
subjected to fatigue loading. The results indicate that the
maximum load-bearing capacity, ductility, and fatigue life of
concrete members with CJs decrease with an increase in the
time gap between concrete pours and the execution of Cls.

Other studies, including those by Men et al. [11], as well
as Qin et al. [12], have focused on the effects of CJs on
the behavior and shear load-bearing capacity of members
under cycles of dry and moist sulfate exposure.

Deng et al. [13] investigated the failure performance
and fracture characteristics of concrete members with
CJs using numerical simulation. Their study examined
the impact of the time gap in concrete pouring on the
failure performance and fracture characteristics of con-
crete beams with CJs through three-point bending tests

and a mesoscopic model. The results showed that when
the time gap between concrete pouring and the initial and
final setting times exceeded certain values, the ultimate
load-bearing capacity of the structure decreased by 21%
and 53%, respectively.

Deng et al. [14] also focused on fatigue, crack propa-
gation mechanisms, and measures taken in simple con-
crete covers with CJs in high-speed railway tunnels. Kim
et al. [15] developed a new connection method using
deformed and helical rebars for reinforced concrete beams
with CJs. Fu et al. [16] conducted laboratory experiments to
investigate the effect of the concrete pouring distance on the
failure performance of concrete structures with CJs. They
performed three-point bending tests on concrete members
with CJs at different concrete pouring distances and exam-
ined the impact of these distances on failure performance
from four aspects: crack width, fracture surface characteris-
tics, P-CMOD curve, and dual-fracture parameters.

The results showed that with an increase in the distance
of concrete pouring, crack width decreased, the expansion
path converged towards the adjacent CJ, and the surface
roughness and fractal dimension decreased with the exten-
sion of the distance. Feng et al. [17] and Firdaus et al. [18]
also conducted investigations on composite steel-concrete
connections with CJs.

Given that the concrete pouring process can sometimes
be delayed for various reasons, leading to the occurrence
of CJs in the beam-column connection and different sec-
tions of a concrete frame, it is essential to thoroughly
investigate the impact of CJs on seismic behavior, espe-
cially the reduction in load-bearing capacity and ductil-
ity, in reinforced concrete frames. Necessary strategies to
mitigate these effects, such as the use of fiber-reinforced
polymer (FRP) materials in the beam-column connection
region, need to be studied.

Therefore, the overall objective of this research is to
examine the influence of CJs on the seismic behavior of
reinforced concrete frames, including lateral load capac-
ity, ductility, and energy absorption capacity under cyclic
loading. Additionally, the study aims to assess the impact
of employing FRP materials in the connection region to
enhance the seismic performance of frames with Cls.

2 Properties of experimental specimens

In this study, three structural frame models were employed:
Frame 1, without CJs; Frame 2, which includes CJs at con-
nection points; and Frame 3, also with CJs but retrofitted
using FRP sheets. The goal was to explore the effects of



ClJs and to assess how FRP retrofitting influences the seis-
mic performance of the structure. The properties of the
three experimental specimens are presented in Table 1.

2.1 Specimens geometries
The dimensions, concrete and steel properties, as well
as the magnitude of cyclic and axial loading, were the
same for all three tested concrete frames. Fig. 1 provides
an overview of the frame geometry, including details
of the rebar and stirrup properties. The cross-section
dimensions of the upper beam and lateral columns are
200 x 200 mm, while the lower beam has a cross-section
of 300 x 300 mm. Additionally, Fig. 1 shows the proper-
ties of the rebars used in the beams and columns, includ-
ing their type, size, and distribution. This information is
crucial for a precise analysis of the structural behavior of
the frames under lateral and axial loading.

The overall height of the frame is 2 m, and other prop-
erties of the frame are shown in Fig. 1. The frame scale is
2:3 and is designed based on the ACI 318-19(22) code [1].
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The dimensions of the frame were selected to be real-
istic and demonstrate more accurate seismic behav-
ior. Considering that the reinforced concrete placement
of concrete structures is vertical, the example specimen
without the CJ was cast vertically. In the CJ frame, the
foundation was cast first, followed by the columns, and
finally, the beams. The time interval between each con-
crete placement step was 7 days. In the case of a reference
joint (RJ) without a CJ, concrete was poured vertically in
one step. Fig. 2 shows a schematically of the used frame
for reinforced concrete frames after casting concrete with
a and a CJ. Fig. 3 shows a schematic of the FRP-retrofitted
cold joint (RCJ) and details of the reinforcement area.
The wet lay-up method was used to reinforce the RCJ
specimen with fiber. After preparing the adhesive, either
rollers or standard brushes were employed, depending on
the specimen's surface, to spread the coating layer uni-
formly. The first layer of fiber was then carefully placed
and secured tightly in the connection area. A small ten-
sile load was applied, causing the glue to seep through the

Table 1 Properties of the specimens studied in this research

Model name Model properties
RJ An intermediate concrete moment frame without ClJs.
CJ An intermediate concrete moment frame with Cls.
RCJ An intermediate concrete moment frame with CJs, where the connections are strengthened with FRP sheets.
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Fig. 1 Geometric dimensions and properties of the frame reinforcements
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Fig. 2 Schematic of the mold and specimens with CJs used in this research; (a) Concrete mold; (b) RJ frame; (c) CJ frame
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Fig. 3 Schematic of the RCJ specimen, along with details of the region retrofitted with FRP

fiber's holes. Subsequently, modest compressive stress was
applied using a plastic roller on the fiber surface in one
direction to avoid distortion of the composite layer, remove
trapped air, and ensure a complete bond between the fiber
and the specimen surface. The first layer was then covered
with a connection layer adhesive, which was applied with
a brush to prevent distortion. The second layer of fiber
was affixed to the specimen using the same method as the
first layer. After applying load with the roller, removing
trapped air, and ensuring that the glue permeated the holes
of the second layer of fiber, a saturated layer of adhesive
was applied to complete the bonding process and create
a uniform surface, particularly at the ends of the fiber and
the overlapping area. Finally, to ensure proper curing and

to prevent dust from contaminating the applied adhesive,
a thin layer of cellophane was placed over the specimen.
In this research, a one-directional carbon fiber and epoxy
resin, supplied by QUANTUM Company, were used to
reinforce a CJ frame. The properties of C300 carbon fiber
and EPR 3031 epoxy resin are detailed in Tables 2 and 3.
The carbon fiber was provided in 100 meter rolls, and the
two-component adhesive was supplied in 10 kg packs.

2.2 Material properties

Seven cubic samples were prepared to determine the com-
pressive strength of the concrete. The cubic samples were
tested at the ages of 7 days and 28 days. Table 4 presents
the concrete mix design used in this research, along with

Table 2 Mechanical properties of FRP fiber

Maximum length

Elasticity

. . 3 . . .
Description Density (gr/cm’) increase (%) modulus (GPa) Tensile strength (MPa)  Thickness (mm)  Fiber type
One-directional high- 1.8 15 240 2950 0.167 €300
strength carbon fiber
Table 3 Mechanical properties of the EPR-3031 glue

Descriptions Unit
Density 1.5 (kg/l)
Minimum connection strength (during the concrete failure) 3.5 (MPa)
7 days compressive strength 95 (MPa)
Minimum tensile and flexural strength 30 (MPa)
Ultimate curing time 7 days
Implementation opportunity (initial setting) 60 min

Table 4 Concrete mix design used in the study with the average compressive strength in specimens
Compressive Water to
strength average  Slump (mm) Gravel 4-20 mm (kg/m?®) Sand 0-4 mm (kg/m’) Cement (kg/m®)  Cement type Water (L) .

cement ratio

— 28 days (MPa)
27.43 61 1174 400 Portland 160 0.4

type 2




the average compressive strength of the tested specimens.
Fig. 4 illustrates a schematic of the cubic specimens and
the compressive strength testing apparatus.

2.3 Loading and boundary conditions in specimens

After completing the final concrete placement and allow-
ing a curing period of 28 days, the constructed concrete
frames were connected to the solid frame of the struc-
tural laboratory and subjected to lateral and axial load-
ing. For the lateral loading protocol, the end of the frame's
console was connected to the actuator, as shown in Fig. 5.
The frame was anchored to the solid floor, and movement
in the out-of-plane and horizontal directions at the base of
the column was restricted. Additionally, as indicated by
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the yellow box at the top of Fig. 5, a restraint system using
two sheaves was employed to prevent lateral movement
of the frame. The range, magnitude of flexural moments,
and effective rotation of the columns, as well as their varia-
tions during a seismic event, were evaluated using a cyclic
loading protocol. This protocol involved applying one lat-
eral load in combination with two axial loads to simulate
realistic seismic conditions.

Most experiments on the frame are performed by
applying horizontal displacement cycles at the end of the
element (corresponding to the story drift) in the presence
of a constant axial load. For example, Kurata et al. applied
horizontal displacement cycles to the free end of the col-
umns of the box-shaped specimen [19]. Fig. 6 illustrates

Fig. 5 Properties of the experimental specimen with lateral restraining of the frame
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Cyclic Loading Protocol
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Fig. 6 Number of cycles and applied lateral displacement in the frames

the cyclic loading protocol. In this diagram, the vertical cross-sectional area of the column and F_ is the compres-
axis represents the drift percentage, while the horizontal sive strength) was applied. The effect of axial load on each
axis shows the number of loading cycles. column was carefully considered. To apply lateral and

According to the ACI PRC-374.2-13 [20] standard, axial loads to the structure, hydraulic jacks were used,
an axial force of P = 0.1 F x 4, (where 4, is the total as illustrated in Fig. 7.

Fig. 7 Method of applying lateral and axial loads to the frame



Additionally, as shown in Fig. 8, a pipe with double
the number of transverse reinforcements was used in the
console to minimize the impact of demolition at the con-
nection between the solid jack and the concrete beam.
This pipe was connected to the frame in a way that did
not adversely affect its stiffness. Furthermore, to pre-
cisely measure the lateral movements of the frame and the
beam-to-column connection, five LVDTs were employed,
as depicted in Fig. 9 These measures were implemented
to ensure measurement accuracy and to analyze the struc-
tural behavior under various loading conditions.

In Fig. 9:

* LVDT I: calculates the horizontal movement of the
frame, which can be used to calculate horizontal dis-
placement and the frame drift.

+ LVDT 2: calculates the vertical movement, if any
exists.
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 LVDT 3 and LVDT 5: shows the displacement of
both sides of the connection.
* LVDT 4: calculates the internal frame displacement.

3 Numerical models simulation in Abaqus

Section 3 involves properties of simulated models in
Abaqus. RJ and CJ models were modeled and analyzed,
and their results were compared to experimental results.
The geometric properties of the models are shown in
Fig. 1. Fig. 10 shows the numerical model of RJ and CJ
frames in Abaqus software [21] for concrete modeling and
rebar layout. A small area was created for modeling the CJ
frame in the connection area of the column to the foun-
dation and top beam, and concrete with poor properties
was created (maximum compressive strength of 10 MPa)
to simulate the CJ. Although this reduced strength in the
CJ area was incorporated into the model, it did not signifi-
cantly affect the overall simulation results.

LVDT 2

— o LVDT 1

Cold Joint

Fig. 9 Location of the LVDT in the main frame
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The compressive strength of the concrete used for mod-
eling the concrete component is 27.34 MPa, while the yield
stress of the rebars and stirrups is 400 MPa. The mechan-
ical properties of the rebars were determined through
tensile tests and imported into the software. Fig. 11 dis-
plays the stress-strain curve obtained from the tensile
tests. Table 5 lists the properties of the materials used
in the numerical model. Isotropic stiffening in the plas-
tic region was employed for modeling steel. The nonlin-
ear behavior of concrete in Abaqus was defined using the
concrete damage plasticity (CDP) model, with the asso-
ciated parameters shown in Table 6. Rebars and stirrups
were modeled as wires using truss elements. The slippage

600

©
Fig. 10 Numerical model; (a) Geometry of the concrete section in the monolithic concrete model; (b) Geometry of rebars and stirrups; (c) Geometry of
the CJ model

of rebars within the concrete was modeled using the
Embedded Region Constraint. Lateral loads were applied
cyclically, and two 100 kN compressive loads were applied
along the longitudinal axis of the columns. A pseudo-dy-
namic cyclic lateral load was applied to the left side of
the structure. To enhance accuracy, all physical elements
in the reinforced concrete, including both concrete and
steel reinforcement, were modeled separately. An 8-node
linear hexahedral solid element with reduced integration
(C3D8R) was used for modeling concrete, and a 2-node
linear beam element was used for the reinforcement.
A schematic of meshing is shown in Fig. 12 [22-25].
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Fig. 11 Results of the tensile test for rebars

Table 5 Mechanical properties of the materials used in the numerical model

Material name Elasticity modulus (GPa) Poisson's coefficient Yielding stress (MPa) Maximum compressive strength (MPa)
Concrete 25 0.2 - 27.34

CJ concrete 15 0.2 - 10

Reinforcements 200 0.3 400 -

Table 6 CDP model parameters for simulating concrete behavior in Abaqus

Dilation angle

Viscosity parameter

Eccentricity Joolloo K

35

0.1 1.16 0.667 0.001




Fig. 12 Meshing the concrete part and reinforcement

4 Experimental results and discussion

Section 4 presents the results related to the laboratory sam-
ples and provides a comprehensive analysis of their char-
acteristics. The results include an analysis of sample fail-
ure, which helps identify weaknesses and potential causes
of failure under various loading conditions; an examina-
tion of hysteresis curves to understand the behavior of
samples under cyclic loading and their capacity to absorb
and dissipate energy; an assessment of strength degrada-
tion throughout the test and its impact on overall structural
performance; an evaluation of stiffness reduction and its
effects on both dynamic and static behavior of the struc-
ture; a measurement of the samples' ductility and their
ability to withstand shape changes under severe loading
conditions; and a calculation of dissipated energy, which
aids in analyzing the structure's efficiency in absorbing
and distributing energy.

4.1 Failure of the frames

The crack patterns observed in the RJ specimen, CJ speci-
men, and RCJ specimen at various drift levels are shown in
Figs. 13 to 15, respectively. These crack patterns are criti-
cal for understanding the behavior of each specimen under
lateral loading, as they provide insight into the structural

Drift Ratio 5 %

Fig. 13 The pattern of crack formation in various drifts within RJ frame
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Drift 5%

Drift 4%

Fig. 15 Behavior of RCJ frame

integrity and failure mechanisms of the frames. By com-
paring the crack patterns, the effects of CJs and retrofitted
joints on the structural performance can be assessed, con-
tributing to a deeper understanding of their impact under
seismic conditions.

Based on the conducted studies and experimental obser-
vations, the impact of CJs in reinforced concrete structures
is clearly evident. As shown in Fig. 13, in Frame RJ, super-
ficial cracks with short lengths appeared at drift levels of
1% to 2%. Due to the absence of CJs and the uniformity of
the concrete, these cracks were relatively minor and shal-
low, having little effect on the frame's performance. In con-
trast, as shown in Fig. 14, Frame CJ, which contained ClJs,
exhibited significantly different behavior. At 2% drift,
deep and extensive cracks were observed in critical points
of the frame. These cracks, resulting from weak concrete
bonding in the CJ region, indicated a severe reduction in
structural integrity and strength. Specifically, the cracks
in this frame rapidly propagated, drastically impacting its
seismic performance. As the experiment progressed and
displacement increased, at 3% drift, major portions of the
beam-to-column connection in Frame CJ failed, with more
pronounced damage observed at the joints. The structural
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weakness was so severe that large sections of concrete
were displaced, and the connection's integrity was entirely
lost. These observations clearly demonstrate the detrimen-
tal effect of CJs on the structure's seismic performance and
underscore the necessity of reinforcing such areas. Fig. 15
pertains to Frame RCJ, where, due to the application of
FRP sheets at the joints, direct observation of crack depth
and length was not possible. The FRP covering obstructed
detailed monitoring of surface cracks during testing.
However, the hysteresis curves and overall behavior of
this frame indicate the positive and significant impact of
the FRP sheets at the joints. The FRP sheets effectively
enhanced the seismic performance of the structure, par-
ticularly by reducing the extent and severity of damage in
critical areas and improving the frame's energy absorption
and dissipation capacity. In essence, the presence of FRP at
the joints prevented premature failure and strengthened the
connection region, thereby improving the structure's duc-
tility and stability under cyclic loads.

4.2 Hysteretic of results
Hysteresis loops typically exhibit unique patterns of elas-
tic and plastic deformations and the amount of dissipated
energy during cyclic seismic loading. These loops effec-
tively demonstrate the specimens' capacity to absorb and
dissipate energy, as well as their stiffness and ductility
under repeated loads. As seen in Figs. 16 to 18, the hys-
teresis plots for the CJ, RJ, and RCJ specimens illustrate
how each frame responded differently to the applied loads:
* Frame RJ (no CJs): this frame is a monolithic struc-
ture without CJs. Its hysteresis curve indicates favor-
able behavior, as its capacity did not decrease during
the test and it demonstrated good stability. This optimal
performance is attributed to the absence of CJs, which
enhances the frame's integrity and overall performance.

50

Experimental-RJ Frame

Force (kN)

-90 -70 920

-50
Displacement (mm)

Fig. 16 Hysteresis curve in the RJ frame without CJ

Force (kN)

Force (kN)

Experimental-CJ Frame

-90 -70 90

Displacement (mm)

Fig. 17 Hysteresis curve in the CJ frame with CJ
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Experimental-RCJ Frame

-60
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Fig. 18 Hysteresis curve in the FRP-retrofitted RCJ frame

Frame CJ (with CJs): Frame CJ has CJs and initially
exhibited similar behavior to Frame RJ. However,
during the test, a significant reduction in resistance
was observed, and its hysteresis curve is somewhat
slimmer and smaller compared to those of Frames
RJ and RCIJ. This reduction in resistance and the
slimness of the curve are due to the presence of ClJs,
which have adversely affected the frame's integrity
and performance.

Frame RCJ (reinforced with FRP): Frame RCJ, which
is reinforced with FRP sheets, initially showed high
resistance and greater initial stiffness compared
to the other two frames. However, due to the FRP
reinforcement, the frame has become more brittle,
with reduced ductility compared to the other frames.
Despite this, the energy dissipation in this frame is
higher than in the other frames, and its hysteresis
curve is broader and larger. This frame demonstrates
the highest ultimate resistance, although its ductil-
ity is lower due to the brittleness introduced by the
FRP reinforcement. Table 7 presents a summary of
the results from the hysteresis curves.



4.3 Stiffness degradation
The stiffness degradation is reflected by K, and the for-
mula for calculating K, is shown in Eq. (1):

XA 0
J n A >
i=1 7

where F[j represents the maximum force applied during
the i-th cycle under the j-th loading level, and Aij rep-
resents the top displacement corresponding to F,. Fig. 19
illustrates the changes in stiffness (Kj) under various dis-
placements. With increasing displacement, especially in
the CJ specimen, a significant reduction in stiffness was
observed. This decrease is mainly due to concrete crack-
ing and the effects of CJs, which are exacerbated with the
progression of loading, particularly at higher displacement
ranges. Concrete cracking reduces contact and bonding
between structural components, while CJs decrease integ-
rity and increase vulnerabilities in the structure. These
issues lead to a significant reduction in stiffness and over-
all performance of the structure.

4.4 Ductility
The computed values of ductility (u) for the specimens
are presented in Table 7. The parameters of Table 7 are

35 . —— Without_cold_joint
-------- Cold_joint
o = . =Cold_joint_FRP

Ksecant (KN/mm)
(2 ]

=
-3
o

Drift (%)

Fig. 19 The degradation characteristics of stiffness for specimens
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introduced in Fig. 20. The formula for calculating the duc-
tility coefficient () is shown in Eq. (2):

o ®)

As shown in Table 7, among the three frames, Frame
RJ exhibits the highest ductility. This frame, being mono-
lithic and free of ClJs, demonstrates superior deforma-
tion capacity and a greater ability to absorb and dissipate
energy during seismic events. The absence of CJs contrib-
utes to its enhanced ductility by providing a more uniform
response under loading, which leads to better flexibility
and adaptability to deformations.

In contrast, Frame RCJ, despite having higher initial
stiffness and resistance due to the use of FRP reinforcement,
exhibits lower ductility. The FRP reinforcement increases
the frame’s initial load-bearing capacity and stiffness,
improving its performance in terms of resistance to initial
deformations. However, this reinforcement also results in
increased brittleness. The frame's ability to undergo plas-
tic deformation and absorb energy decreases because FRP,
while enhancing stiffness, does not improve ductility.

Instead, it makes the frame stiffer and less flexible,
reducing its capacity for sustained deformation under load.

|
P/kN

Pm { AR
P ’.-{ 5,

¥ y S,

g e 52 P,=0.85P,
1l
0 ﬁp ‘ﬁm ‘&n Almm

Fig. 20 Evaluation of ductility in frames

Table 7 Comparing the results obtained from the hysteresis curve of experimental specimens

Specimen name Load direction A (mm) P (KN) A, (mm) P (KN) A, (mm) P (KN) u
Positive 353 29.05 54.9 43.48 69.3 36.95

RJ specimen 1.96
Negative —34.11 —30.45 —55.80 —40.93 —56.8 —33.58
Positive 34.68 26.05 41.33 36.85 55.27 31.32

CJ specimen ) 1.59
Negative —29.36 —27.53 —-39.50 —34.33 —50.36 —29.18
Positive 44.25 33.86 51.62 56.85 54.23 48.32

RCJ specimen 1.22
Negative —42.36 —32.87 —51.27 —51.37 51.35 —43.66
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This brittleness in Frame RCJ is evident in its hyster-
esis curve, which, although indicating higher energy dis-
sipation, shows a significant reduction in deformation
capacity compared to Frame RJ. The added stiffness pro-
vided by FRP does not translate into better ductility but
rather results in a stiffer and more brittle response. These
changes highlight the limitations of using FRP reinforce-
ment to improve stiffness without addressing the need for
plastic deformation and energy dissipation.

4.5 Dissipated energy

A comparison of the gross energy dissipated by specimens
can be used to assess their dynamic performance and their
capacity to dissipate energy which can be referred to as:

E = ZS ABCDA> 3)

i=1

"l'H n

where, "i" refers to the i-th hysteresis cycle, while "S

ABCDA
denotes the entire area enclosed by the hysteresis loops.

As illustrated in Fig. 21, the areas enclosed by the
force-displacement hysteresis loop can be used to calculate
the energy absorbed due to the deformation of the frames.
This energy dissipation offers valuable insights into the
structural behavior under cyclic loading, emphasizing the
frames' capacity to resist and dissipate seismic forces effec-
tively. Such analysis is critical for evaluating the resilience
of structures during seismic events and understanding their
ability to maintain stability under dynamic loads.

To calculate the cumulative energy dissipation, first, the
energy dissipation for each hysteresis cycle must be deter-
mined. In each loading cycle, the area enclosed by the hys-
teresis curve, depicted as a force-displacement diagram,
represents the energy dissipated in that cycle, and this area
is obtained by integrating the force with respect to displace-
ment. After calculating the energy dissipated in each cycle,
these values are summed to determine the cumulative energy
absorbed up to that stage of loading. Thus, the cumulative
energy dissipation represents the total amount of energy that
the structure or specimen has absorbed and dissipated under

Fig. 21 Determination of energy dissipation

repetitive (cyclic) loading. Fig. 22 illustrates the cumulative
energy dissipation for all three specimens.

5 Numerical results and discussion

5.1 Hysteresis envelope

Figs. 23 and 24 show the results of the hysteresis envelope
obtained from Abaqus and experimental specimens in RJ
and CJ specimens.
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Fig. 22 Comparing the cumulative energy dissipation curve
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Figs. 23 and 24 illustrate the consistency between the
simulation results obtained from Abaqus and the experi-
mental results for both RJ and CJ specimens. The minor
differences observed can be attributed to the assumptions
made in the numerical models and discrepancies between
the numerical models and the experimental specimens.
However, since these differences are below 5%, the results
are considered acceptable and show good agreement.

5.2 Stress

After confirming that the results of hysteresis curves for
both experimental samples and numerical models were
closely aligned, and ensuring the accuracy and reliability
of the numerical models, we proceeded to the next stage
of the investigation. In this stage, we focused on exam-
ining and comparing the stresses induced in the struc-
tures by analyzing the results obtained from these mod-
els. This analysis involved a detailed evaluation of stress
values and structural behavior under various loading con-
ditions, which provided us with a deeper understanding
of the structural performance and the agreement between
numerical models and experimental data. Such compar-
isons enhanced our ability to assess the precision and
predictive capability of numerical models in simulating
structural behavior under different loading scenarios, and
laid the groundwork for more precise analyses and future
optimizations. This phenomenon underscores the impor-
tance of thoroughly investigating and analyzing CJ areas.
The presence of CJs not only affects stress distribution but
also introduces weaknesses and serious issues in struc-
tural performance. Therefore, identifying and assessing
the impacts of CJs on structural behavior is crucial for
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Fig. 25 Contour of compressive damage in models at the conclusion of the analysis at 5% drift; (a) Control frame; (b) Frame with CJ
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the analysis and design of earthquake-resistant structures
and other dynamic loading scenarios. The comparison
included the assessment of tensile and compressive dam-
age as well as the evaluation of von Mises stresses in the
frames. This analysis helped us understand the behavior
of structures under different loading conditions and iden-
tify the strengths and weaknesses of the numerical mod-
els. The results of these analyses are clearly depicted in the
contour plots shown in Figs. 25 to 27. Figs. 25 to 27 pro-
vide an overview of the distribution of stresses and dam-
ages in the frames, allowing for a more accurate assess-
ment of their performance and stability.

Asshown in Figs. 25 to 27, the amount of tensile and com-
pressive damage, as well as the stresses present in frames
with ClJs, is significantly higher compared to other frames.
This increase in stress and damage is clearly attributed to
the presence of CJs in these structures. Detailed analysis of
the stress and damage contours indicates that plastic hinges
have formed at the connections of the frames.

5.3 Dissipated energy

In Fig. 28 a comparison of the cumulative energy absorp-
tion for the numerical models is also shown. As can be
seen, the energy absorbed by the frame without a cold joint
is approximately 8% higher than the frame with a CJ. This
result is roughly the same as that obtained in the experi-
mental models.

6 Two structural designs to improve the CJ frame
behavior

Section 6 proposes two structural designs for improv-
ing the behavior of the CJ frame. These designs were
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Fig. 28 Comparison of the cumulative energy absorption charts in the

numerical models

numerically analyzed using Abaqus software. The two
proposed designs are:
1. Double bar cold joint (DBCJ): this design includes
four tie bars with a 14 mm diameter, as detailed in
Fig. 29.

65 cm

Fig. 29 Frame geometry in the DBCIJ structural design

2. Shear key cold joint (SKCJ): This design incorporates
a shear key for improved structural performance.

A schematic representation of these two structural
designs is shown in Figs. 29 and 30.
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Fig. 30 Frame geometry in the SKCJ structural design

The parameters of the numerical models for these two
specimens are consistent with those of the CJ specimen.
Section 6.1 discusses the results from both the numerical
and experimental models.

6.1 Results of the proposed structural designs versus
with RJ and CJ frames

Section 6.1 presents the results for the RJ and CJ numer-
ical models and two enhanced structural designs, which
incorporate a shear key and double tie bars. Fig. 31 illus-
trates the hysteresis envelope curves for these four numer-
ical models, providing a clear comparison of their per-
formance. According to Fig. 31, the CJ frame, which
includes ClJs, exhibits the lowest lateral load-bearing
capacity among the models tested. This reduced capacity
highlights the negative impact of CJs on structural per-
formance under seismic conditions. In contrast, the RJ
frame, which does not have CJs, demonstrates the highest
lateral load-bearing capacity among the analytical models.
This superior performance underscores the advantage of
avoiding CJs in structural design. Additionally, the frame
with the shear key and double tie bars, denoted as SKCJ,
showed improved performance compared to the frame

Experimantal RJ 50
----- Experimental CJ 40
numerical Shear Key S e
- — — numerical Double Bar 30 7o b
4
20
|
/
10

Force (kIN)

Drift Ratio

Fig. 31 Compares the hysteresis envelope curves of the four models

analyzed in this research
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with only double tie bars (DBCJ). Despite this improve-
ment, both SKCJ and DBCJ frames still exhibited lower
lateral load-bearing capacities compared to the RJ frame.
These results indicate that while adding a shear key can
enhance performance, it does not fully compensate for the
disadvantages associated with CJs. The detailed results of
this comparison are summarized in Table 8.

7 Conclusions

This research investigated the behavior of a concrete frame
under different conditions, including frames with and with-
out CJs, both experimentally and numerically. Subsequently,
these frames were retrofitted using FRP sheets.

Three experimental specimens were prepared: one
without a CJ, one with a CJ, and one with an FRP-RCJ.
They underwent simultaneous axial and cyclic loading.
Additionally, two models — one with a CJ and one without
— were simulated using Abaqus software under the same
loading regime as the experimental setup. The following
results were obtained:

* In specimens with a CJ in the column, the first crack
appeared precisely at the CJ. Failure occurred due to
hinge formation at the CJ region of the column, fol-
lowed by a similar failure at the beam. Furthermore,
frames without CJs exhibited surface cracks at drifts
above 2%, whereas frames with CJs developed sur-
face cracks at drifts of only 1%.

» By introducing a CJ in the structure, the load-car-
rying capacity in the hysteresis curve decreased by
18% compared to the control frame, indicating a sig-
nificant reduction in the structure's ability to with-
stand lateral loads. Additionally, the ductility of the
structure, which is a measure of its ability to undergo
plastic deformations without failure, decreased
by 25%, meaning the structure is less capable of
withstanding large deformations after the forma-
tion of the CJ. Furthermore, the cumulative dissi-
pated energy, which represents the frame's ability to
absorb and dissipate earthquake energy, was reduced

Table 8 Comparison of the results of the hysteresis curve of

experimental specimens

Increase or decrease

Maximum load-bearing compared to the RJ

Specimen name

capacity (KN) specimen (%)
RJ specimen 43.48 -
CJ specimen 36.85 -17
SKCIJ specimen 40.3 =7
DBCJ specimen 38.05 —14
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by up to 10%. These reductions clearly demonstrate
the negative impact of the CJ on the overall perfor-
mance of the structure.

In the frame where the CJ was reinforced with
FRP sheets, the lateral load-carrying capacity sig-
nificantly increased, improving by up to 54%. This
increase is due to the reinforcement provided by the
FRP, which enhances the structure's resistance to
lateral loads. Additionally, the cumulative dissipated
energy, indicating the frame's ability to absorb and
dissipate seismic energy, rose by up to 33%, demon-
strating that the FRP-reinforced frame can better
absorb earthquake forces and perform more effec-
tively. However, the use of FRP sheets resulted in
areduction inductility by up to 30%, as FRP increases
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