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Abstract:

In this paper, the seismic performance of reinforced concrete moment-resisting frame with cold-
joint subjected to monotonic lateral load has been studied numerically using Pushover analysis.
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Numerous studies have also been conducted on the
performance of joints in precast concrete structures [15-21].
However, it should be noted that cold-joint in precast
concrete structures, in both terms of details and location, is
different from cast-in-place concrete structures. Therefore,
not much research has been conducted on cold-joint located
in the cast-in-place reinforced concrete moment-resisting
frames, which was constructed practically according to the
recommendation of ACI 224.3R-95. Roy and Laskar [22]
carried out a study on the behavior of the beam-column joint
with cold-joint located at the bottom of the beam. In another

1. Introduction

One of the most common lateral-load bearing systems is the
reinforced concrete moment-resisting frame. In the cast-in-
place method of constructing reinforced concrete frames, the
construction joint or cold-joint occurs due to concreting
interruption. In fact, in multi-story reinforced concrete
frames, cold-joint is inevitable because it is impossible to
perform the entire concreting operation at once. Principally,
cold-joint must be located where it has the least interference
with the performance of the structure. According to ACI

224.3R-95 code [1], the appropriate location for cold-joint is
at the top and bottom of the column, at the column-ceiling
and column-floor joint zones. So far, much research has
been done on the beam-column joint [2-14].
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study, Roy and Laskar [23] investigated the behavior of a
beam-column joint with cold-joint located at both the top
and bottom of the beam. In the present study, initially, the
modeling of a single-story single-span reinforced concrete
frame has been performed monolithically. Besides, the
modeling of cold-joint behavior has been done in both
opening mode (Mode 1) and sliding mode (Mode II) of
fracture mechanics. Subsequently, cold-joint has been
placed on the frame columns at the column-floor and
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column-ceiling joint zones. Eventually, the behavior of the
single-story reinforced concrete frame with cold-joint has
been evaluated in comparison with the monolithic frame in
three modes of one, two, and three spans under monotonic
lateral load.

2. Numerical modeling

In this research, finite element software Abaqus (Abaqus
2017) has been employed for nonlinear numerical analysis
of models. In order to increase accuracy, all physical
elements in reinforced concrete, including concrete and steel
reinforcement, are modelled separately. An 8-node linear
hexahedral solid element with reduced integration (C3D8R)
was used to model concrete, and a 2-node linear beam
element (B31) was utilized to model steel bars. In order to
model the behavior of concrete, the concrete damaged
plasticity model (CDP) was used with the parameters
presented in Table 1.

Table 1: Parameters of CPD.
fbo /fco K

v &

C

36 0.1 1.16 0.667

Here, v is the dilatancy angle measured in the p-q deviatory
plan at high confining pressure, € is the eccentricity of plastic
potential surface, f;, and f., are the biaxial and uniaxial
compressive yield strengths, respectively, and k., is the ratio
between the magnitudes of deviatoric stress in uniaxial
tension and compression [24]. The uniaxial compressive
stress-strain behavior of concrete is considered based on the
theoretical equations proposed by Desayi and Krishnan [25],
which are presented as follows:

f E.e
RN
1+(8j (1)
&
2f |
E.=— 2
€o

In these equations, f! is the compressive strength of the
cylindrical concrete specimens, f, &, and E, are
respectively the stress at the assumed strain of &, the strain
corresponding to the concrete ultimate compressive
strength, and the concrete modulus of elasticity. The value
of &, is obtained from the equation provided by Majewski
[26], which is as follows:

£, =0.0014[2—exp(-0.024f ) —exp(-0.140f )] (3)

14

Numerical Methods in Civil Engineering, 7-3 (2023) 13-25

The uniaxial tensile stress-strain behavior of concrete is also
considered based on the model proposed by Massicotte et al.
[27], which is shown in Figure 1:

16¢,.,
Fig. 1: Massicotte et al. [27] tension stiffening model.

In this model, £, and ¢, are the maximum tensile strength
and the strain corresponding to the maximum tensile
strength, respectively. The maximum tensile strength is
obtained from the equation provided in the FIB Model Code
[28], which is as follows:

fon =03(f, ) @

ctm

Where f,.., and £, are the average axial tensile strength and
the characteristic compressive strength of concrete in Mpa,
accordingly. One of the other parameters required for the
CDP model is the damage parameter. Lubliner et al. [29]
have proposed a simple damage model in which plastic
degradation occurs only within the softening range, and the
stiffness is proportional to the cohesion of the material:

®)

d=-1-"%
c

max

where ¢ is the cohesion in the yield criteria, which is
proportional to the stress and c,,,, iS proportional to the
strength of the concrete. In the state of uniaxial tension or
compressive, Equation 5 is simplified as follows [30]:

f (6)

d :1——,
f

c

According to Figure 2, the bilinear elastoplastic model is
used to model the behavior of steel reinforcements. The
slope of the branch related to the stiffening zone is assumed
to be constant and equal to 0.01 of the gradient of the curve
in the elastic part. Sliding between reinforcements and
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concrete is not considered in the modeling, and the steel bars
are modeled as embedded region constraint in the concrete.
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Fig. 2: Bilinear model for reinforcing steel behavior.

Here, f, is yield stress, ¢, is strain corresponding to yield
stress, f,, is ultimate stress, g, is strain corresponding to
ultimate stress, E; is the modulus of elasticity of steel, and a
is the ratio of the slope of the curve in the stiffening part to
the slope of the curve in the elastic part, which, in this study,
is considered a = 0.01.

In order to conduct this research, the results of some
experimental studies have been used including, Al-Chaar et
al. [31] study on reinforced concrete moment-resisting
frame, Shah and Kishen [32] study on a three-point bending
notched beam with cold-joint, and Jdlio et al. [33] study on
the push-off specimen with cold-joint.

2.1 Modeling of monolithic reinforced concrete frame

The model of Al-Chaar et al. [31] is used for numerical
modeling of the monolithic reinforced concrete frame.
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Fig. 3: Reinforcing and sections details of frame model.
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The details of the single-story half-scale model of the
reinforced concrete moment-resisting frame subjected to
lateral in-plane monotonic loading tested by Al-Chaar et al.
[31] are shown in Figure 3. The average compressive
strength (f) and modulus of elasticity (E,) of concrete were
38.438 MPa and 29992 Mpa, respectively, and the yield
strength (f,) and modulus of elasticity (Es) of steel
reinforcements were 338.5 Mpa and 200000 Mpa,
accordingly. Figure 4 and Figure 5 display plots of
compressive/tensile damage variable vs. crushing/cracking
strain, respectively. The three-dimensional numerical model
of the frame is shown in Figure 6.
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Fig. 4: Compressive damage variable vs. crushing strain.
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Fig. 5: Tensile damage variable vs. cracking strain.

Fig. 6: 3D model of reinforced concrete frame.
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The load is applied through a rigid plate attached to the free
end of the beam. In view of the fact that in the experimental
specimen, to eliminate any shear effect caused by friction
between the force application device and the loading point
on the specimen, greased plastic plates are placed in the
numerical sample, the mentioned contact surfaces are also
modeled without friction. The sample is laterally braced to
eliminate out-of-plane movements. Moreover, considering
the frame of Al-Chaar et al. [31] to be a nonductile frame,
by modifying the reinforcement according to ACI 318-14
code [34] for medium ductility, this frame has also been
studied for the ductile state according to Figure 7.
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Fig. 7: Frame with modified reinforcement.

2.2 Modeling of mode | fracture (opening mode)

The model of Shah and Kishen [32] has been used for
numerical modeling of mode | fracture. Properties of
geometrically similar notched beam specimens with
different sizes with a transverse cold-joint in the middle of
the span under three-point bending with a span-to-depth
ratio of 2.5 (S/b), a notch-to-depth ratio of 0.2 (a,/b) and a
notch width of 2mm tested by Shah and Kishen [32] are
shown in Figure 8 and Table 2. The average compressive
strength on both sides of the cold-joint is the same and equal
to 34 MPa.

Construction joint

New concrete

| 4

S t

Front View

Side View

S .

: L |

Top View
Fig. 8: Details of the three-point bending beam specimens.

16

Numerical Methods in Civil Engineering, 7-3 (2023) 13-25

Table 2: Dimensions of beams (mm).

Beam dimension Small Medium Large
Depth(b) 76 152 304
Length(L) 241 431 810
Span(S) 190 380 760
Thickness(t ) 50 50 50
Notch size(a, ) 15.2 30.4 60.8

The three-dimensional model of the modeled beams is
shown in Figure 9.

(@)

Fig. 9: 3D model of beam in: (a) small, (b) medium, and (c) large
size.

Instead of defining a new element, such as the cohesive
element, to model the cold-joint, the capability of surface-
based cohesive behavior has been used because of the small
thickness of the cold-joint [35]. In this case, the mechanical
properties of the surface are assigned directly to the concrete
contact surface. Equation 4 has been used to calculate the
tensile strength. Moreover, to obtain the shear strength of
concrete-to-concrete contact surface, for the unreinforced
joint (tzq¢) in MPa and the fracture energy (Gy) in N /m, the
equations provided in the FIB Model Code [28] are used,
which are respectively presented as follows:

Trai =C4 'fctd +u-o, (7)

G, =73.-f 2" (8)
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In these equations, ¢, is a coefficient for the adhesive bond,
and p is the friction coefficient between two concrete
surfaces in contact with each other, which are considered to
be 0.2 and 0.6, respectively. g, is compressive stress
resulting from an eventual normal force acting on the
interface. f..; and f,, are the tensile strength of concrete
and the average compressive strength of concrete in Mpa,
respectively.

Other required parameters of the mechanics of material are
considered based on the theoretical equations proposed by
Gere and Timoshenko [36]. Besides, according to the
research of Gerges and Issa [37, 38], the tensile strength of
concrete with cold-joint, and according to the study of Shah
and Kishen [39], the fracture energy, can be reduced
accordingly by 55% and 33% on average, compared to
monolithic concrete.

2.3 Modeling of mode Il fracture (sliding mode)

The model of Julio et al. [33] has been used for numerical
modeling of mode Il fracture. The geometric details of the
push-off specimens with cold-joint in three modes of having
2, 4, and 6 steel connectors tested by Jalio et al. [33], are
shown in Figures 10 and 11, respectively. These samples
have general dimensions of 254x546x127 mma3.

Construction joint

546 mm

New concrete

254 mm

Fig. 10: Dimensions of push-off test specimens.
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Fig. 11: The adopted push-off specimen (dimensions in mm)
with: (a) two; (b) four; and (c) six steel connectors.

Each L-shaped half is reinforced with nine S400 steel bars
with a diameter of 10mm and eight S400 steel stirrups with
a diameter of 6mm. For steel connectors crossing the joint,
S400 steel bars with a diameter of 6mm with an average
yield strength of 433 MPa and a tensile strength of 533 MPa
have been used. The average compressive strength of 28-day
concrete is 43 MPa. The three-dimensional model of the
modeled push-off specimen is shown in Figure 12.
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Fig. 12: 3D model of push-off specimen.

The boundary conditions of the push-off specimen subjected
to monotonic loading are shown in Figure 13.
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Fig. 13: Boundary conditions of push-off specimen.

All the details of modeling concrete, steel, and cold joint are
analogous to the procedure used in modeling the frame and
three-point bending beam described in the earlier sections.

2.4 Modeling of the reinforced concrete frame with
cold-joint

Now, by modeling the cold-joint at the top and bottom of the

columns at the column-floor and column-ceiling joint zones,

according to Figure 14, the behavior of the frame with cold-

joint in the previously modeled reinforced concrete moment-

resisting frame can be investigated.

AN

Construction joint

e

Fig. 14: Locations of cold-joints on the modeled frame.

/N

2.5 Mesh Sensitivity Analysis

Mesh sensitivity analysis was performed to obtain the
optimum element size in this numerical investigation. Four
different mesh sizes were developed and analyzed. A
uniform mesh size of 20, 35, and 50 mm are chosen for the
concrete elements over the whole geometry in the frame and
mesh size of 20 and 50 mm are chosen for concrete elements
over connection areas and other areas in the frame,

18
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respectively, as shown in Figure 15. The same size for
reinforcement mesh is also adopted for steel bars. Figure 16
shows a comparison between the different size meshes.
Based on the results shown in Figure 16, a mesh size of
20mm for connection areas and 50 mm for other areas in the
frame was adopted for the rest of the analysis.

(@) (b) (© (d)

Fig. 15: Four different mesh sizes: (a) 20 mm; (b) 35 mm;
(¢) 50 mm; (d) 20 mm & 50 mm.

20 mm

Load (kN)

sy e 35mm
——-50 mm
10 A = =20mm & 50 mm

0 20 40 60 80 100 120
Displacement (mm)

Fig. 16: Comparison between the different size meshes.

3. Verification

In the previous sections, numerical modeling of
experimental specimens of the reinforced concrete moment-
resisting frame of Al-Chaar et al. [31], the three-point
bending notched beam with cold-joint of Shah and Kishen
[32], and the push-off specimen with cold-joint of Julio et al.
[33] were presented. Figure 17 shows the load-displacement
curve obtained from the numerical analysis of the reinforced
concrete moment-resisting frame in both nonductile and
ductile states together with the laboratory sample of Al-
Chaar et al. [31], which reveals a good agreement between
the numerical and experimental results. As can be seen, the
modification of the frame reinforcement did not have any
significant effect on the result of its numerical analysis,
which was predictable due to the loading (monotonic load).
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Fig. 17: Load versus Displacement curves.
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Fig. 18: Crack pattern for both (a) experimental [31] and
(b)numerical.

In the numerical model as in the experimental model, cracks
began to form in the beam-column joint on the tension side
at approximately 1/10 of the total displacement. Next, in
both models, a small tension crack appeared at the top of the
compression column, shortly followed by both a tension
crack near the base of the tension column and a shear crack
near the base of the compression column. The residual
strength of the experimental model and the numerical model
stabilized at approximately 34.24 kN and 33.77 kN,
respectively, after the formation of a plastic hinge. The crack
pattern of the numerical and experimental models at the end
of testing is shown in Figure 18.

Figure 19 displays the crack mouth opening displacement
(CMOD) diagrams obtained from numerical analysis of the
three-point bending beam with small, medium, and large
sizes compared to Shah and Kishen's experimental diagrams
[32], which shows a good agreement between the numerical
and experimental results.
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Fig. 19: Load versus CMOD curves for (a) small, (b) medium
and (c) large beams.
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Fig. 20: Comparison of analytical and experimental load-
displacement curves for push-off specimen with two, four and six
steel connectors.
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Figure 20 shows the load-displacement curves obtained
from the numerical analysis of the push-off sample with
three states of having 2, 4, and 6 steel connectors compared
to the experimental samples of Jalio et al. [33], which
indicates a good agreement between the numerical and
experimental results.

4. Seismic performance parameters of the
frame

The seismic performance of a system may be judged by
specific parameters such as ultimate lateral capacity,
stiffness, and ductility. Therefore, in this study, three
parameters of ultimate lateral capacity, stiffness, and
ductility have been used to investigate the effect of cold -
joint on the single-story reinforced concrete moment-
resisting frame with one, two, and three spans. All three of
these parameters can be obtained from the idealized bilinear
load-displacement curve. So far, different methods have
been proposed to plot the idealized bilinear load-
displacement curve [40-45].

In this study, the proposed method of Paulay and Priestley
[41], shown in Figure 21, has been employed. To define the
yield displacement (8,), a line can be drawn on the force-
displacement envelope curve between the point of origin and
the point corresponding to the first yield of the longitudinal
reinforcements, or 75% of the ultimate force P, (whichever
is less), and extended up to the level of P,. The amount of
displacement corresponding to a 20% drop in maximum load
or buckling of longitudinal reinforcement or fracture of
longitudinal or transverse reinforcement (whichever occurs
sooner) can also be defined as the ultimate displacement (&,,)
[40].

Eventually, the branch after yielding can be drawn on the
idealized bilinear load-displacement curve using an iterative
graphical procedure so that the areas below and above the
ideal two-line curve become equal, as shown in Figure 21.

(P)
Yield point A,
fy [ -
Failure point
o8, | /KX =
0.75B, [~ v E
P !
po! 4, 4; !
- A=A, +4; ;
P n=— :
i 1 8, '
‘rl 6\' Bu ®

Fig. 21: Method used to draw ideal bilinear force—displacement
curve.
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Here the ultimate force P, is the ultimate lateral capacity of
the frame. The slope of the first branch of the idealized
bilinear curve is defined as the stiffness, and the ratio of the
ultimate displacement (§,,) to the yield displacement (6,) is
defined as ductility, according to the following equation:

u=— 9)

Figure 22 shows the load-displacement curve obtained from
the numerical analysis of the monolithic frame compared to
the frame with cold-joint in three states of one, two, and
three spans. Figure 23 also shows the idealized bilinear
curve related to the single-story single-span monolithic
frame and the frame with cold-joint.

80
70 A
60 4
50 4

40 4

Load (kN)

30

20 4 — IStory_ISpan (MJ) ===~ 1Story_ISpan (CJ)
10 —— IStory_2Span (MJ) == IStory_2Span (CJ)
—— IStory_3Span (MJ) -~ IStory_3Span (CJ)
0 T T T T T T N
0 20 40 60 80 100 120 140

Displacement (mm)

Fig. 22: load-displacement curve obtained from the numerical
analysis of the monolithic frame, compared to the frame with
cold-joint in three states of one, two, and three spans.

Table 3: Values of parameters used for frame modeling.

concrete Steel

parameters value parameters value
f/ (MPa) 38.438 f, (MPa) 3385
f’ (MPa) 3.416 f, (MPa) 545.0
E. (MPa) 29,992 E, (MPa) 200,000
& (m/m) 0.00256 g, (m/m) 0.00169
& (m/m) 0.00011 g (m/m) 0.096

The values of parameters used for frames modeling are
tabulated in Table 3.
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Fig. 23: Idealized bilinear curve related to the single-story single-
span (a) monolithic frame and (b) the frame with cold-joint.

The first crack in concrete, first yield of reinforcement, and
tensile damage variable of monolithic frame and frame with
cold-joint are shown in Figures 24 to 31 for the one span.
Figure 32 shows the status of cold-joints at ultimate
displacement for the single-span frame with cold-joint.

Fig. 24: First crack in concrete at force 14.8 kN and displacement
1.1 mm for the single-span monolithic frame.
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Fig. 25: First yield of reinforcement at force 24.2 kN and
displacement 4.5 mm for the single-span monolithic frame.
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Fig. 26: Tensile damage variable at the moment of the first yield
of reinforcement for the single-span monolithic frame.
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Fig. 27: Tensile damage variable at ultimate displacement for the
single-span monolithic frame.
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Fig. 28: First crack in concrete at force 4.8 kN and displacement
0.3 mm for the single-span frame with cold-joint.
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Fig. 29: First yield of reinforcement at force 21.6 kN and
displacement 4.1 mm for the single-span frame with cold-joint.
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Fig. 30: Tensile damage variable at the moment of the first yield
of reinforcement for the single-span frame with cold-joint.

DAMAGET
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Fig. 31: Tensile damage variable at ultimate displacement for the
single-span frame with cold-joint.

CMOD=3.564 mm

Fig. 32: Cold-joint status at ultimate displacement for the single-
span frame with cold-joint.
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The three-dimensional model of the single-story frame with
one, two, and three spans is shown in Figure 33.

o “/r
” “/'/f
©

Fig. 33: 3D model of the single-story frame with: (a) one,
(b) two, and (c) three spans.
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The wvalues of yield displacement, displacement
corresponding to the first crack, displacement corresponding
to the first yield of reinforcement, ultimate displacement,
force corresponding to the first crack, force corresponding
to the first yield, ultimate lateral capacity, stiffness, and
ductility obtained for the monolithic frame and frame with
cold-joint is presented in Table 4.

Table 4: The seismic performance of frames.

One-span  Two-span  Three-span

Parameter
MI CIJ MJ CJ MJ CJ

Yield
displacement 98 104 94 100 88 9.2

6, (mm)

Displacement
corresponding
to the first
crack (mm)

1.1 03 09 03 09 03

Displacement
corresponding to
the first yield of 45 41 39 35 41 35
reinforcement
(mm)

Ultimate

displacement 1140 87.9 123.8 90.5 112.7 80.8
8, (mm)

Force
corresponding
to the first
crack (kN)

148 48 195 74 263 97

Force
corresponding
to the first yield
(kN')

242 216 319 309 438 413

Ultimate lateral
capacity 346 342 519 515 69.2 68.1

P, (kN)
Stiffness
(kN /mm) 3.5 3.3 5.3 51 7.5 7.4
Ductility 6 8 3 9.0 2 8.8
y:&u/éy 11. S5 131 . 12.7 .

The amount of change in ductility, ultimate lateral capacity,
and stiffness of frames with cold-joint compared to the
corresponding monolithic frames are shown in Table 5 and
Figures 34 to 39 for the one, two, and three spans.
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Table 5: The amount of change ductility, ultimate lateral 74% 1
capacity, and stiffness. &
-~ 13% 4
o Ultimate . s
Number Duct!llty lateral Stlffr?ess g ™
of spans ratio capacity ratio ratio g,
CIIMJ CIMI R
( ) (CIIMJ) ( ) 5 .
£ 70%
(%) (%) (%) i ;
1 73 99 94 ' .
68% . : .
2 69 99 96 0 I 2 3 4
3 69 08 99 Number of spans
Average 70 99 96 Fig. 37: The amount of change in ductility of frames with cold-
joint compared to the corresponding monolithic frames.
aMJ =CJ
. 99% 1
3 99% 1 ®
S 9% A
£ 99% A
:ﬁ—_? 2 999 |
3 g 99% =
8 & 99% |
§ 99% A
= 99% -
£ 98% 4 °
1Story-1Span 1Story-2Span 1Story-3Span :E- 98% T T )
= 0 1 2 3 4

Fig. 34: Ductility of frames with cold-joint compared to the
corresponding monolithic frames.

Number of spans

Fig. 38: The amount of change in ultimate lateral capacity of

1Story-1Span 1Story-2Span 1Story-3Span

95% o
95%
94% A
94% T T T ]

0 1 2 3 4

Number of spans

aMJ =5CJ frames with cold-joint compared to the corresponding monolithic
30 - frames.
z 69.2
g 70 4 68.1
260 -
'S 60 51.9 515 s
2.50 - 9% 1
S 34.6 9% 1
= 6 342 o 9% |
g 30 A Z 98% 4
= 20 1 S 9% |
‘é 10 4 -% 97% A
£ 0 &2 96% A
= % 96% |
£
&

Fig. 35: Ultimate lateral capacity of frames with cold-joint
compared to the corresponding monolithic frames.

aMJ =CJ

Fig. 39: The amount of change in stiffness of frames with cold-
joint compared to the corresponding monolithic frames.

5. Conclusion

The results of the numerical study carried out in this research
on the evaluation of the seismic performance parameters of
reinforced concrete moment-resisting frame with cold-joint
in comparison with the corresponding monolithic frame are
summarized as follows:

Stiffness (KN/mm)
S = N W s Y - - -]

1Story-1Span 1Story-2Span 1Story-3Span

I
I

. 36: Stiffness of frames with cold-joint compared to the
corresponding monolithic frames.
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1. The presence of cold-joint in the frame does not have
a significant impact on its ultimate lateral capacity
(the ultimate lateral capacity of the frame with cold-
joint decreased by only about 1% compared to the
monolithic frame).

2. The stiffness of the frame with cold-joint is reduced
compared to the corresponding monolithic frame
(about 4%)

3. The ductility of the frame with cold-joint is
significantly reduced compared to the corresponding
monolithic frame (about 30%).

4. The first crack in the frame with cold-joint occurs
much faster than the corresponding monolithic frame
(the first crack occurs in the frame with displacement
and lateral strength of 70% and 64%, respectively; on
average, less than that of the corresponding
monolithic frame).

5. The first yield in steel bars occurs faster in the frame
with cold-joint than the corresponding monolithic
frame (The first yield in steel rebars occurs in the
frame with cold-joint in displacement and lateral
strength of 11% and 7%, respectively, relative to the
corresponding monolithic frame).
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