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ABSTRACT

The main objective of the present research is to conduct a thorough investigation into the impact of
construction joints on the structural performance of reinforced concrete deep beams. This study involves a
series of experimental tests and the use of advanced numerical analysis techniques to gain a deeper
understanding of the behavior of these beams in the presence of construction joints. The experimental
component incorporates analysis findings from both previous and current research. Specifically, six
reinforced concrete deep beam specimens featuring horizontal and inclined construction joints were
utilized as simply supported with two-point loading. The test findings indicate that the presence of a
horizontal construction joint located below, at, or above the mid-height of the beam can lead to reductions
in the ultimate load capacity by 9%, 11%, and 1%, respectively. The numerical part of the study focused
on creating detailed models of the deep beam specimens with construction joints using the ABAQUS
software. The proposed model showed a good agreement with the experimental tests, with estimations not
exceeding 7% for the load-carrying capacity. This reduction becomes more significant when the concrete
compressive strength is high, necessitating the use of bonding agents and additional reinforcement

techniques to mitigate the impact of construction joints on the structural integrity.
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I.  INTRODUCTION

Construction joints are necessary to facilitate the staged
placement of concrete during construction. They are deliberate
separations or discontinuities within concrete structures.
Attempting to pour concrete for an entire structure in one
continuous operation can be impractical, especially for larger
projects. For example, pouring all the concrete in a single day
may not be feasible when constructing a floor and its
continuing columns. Besides, the amount of concrete that can
be mixed and placed on-site is limited by batching capacity,
workforce size, and allocated time duration. Accurately
positioning and effectively implementing construction joints
establishes boundaries for consecutive concrete placements
without compromising the structure's integrity. A well-
constructed joint ensures a robust, watertight surface,
maintaining flexural and shear continuity [1].

Many studies deal with the effect of construction joints on
normal beams, investigating numerous factors on this subject
[2-14]. Other concrete members, like slabs, prisms, cubes, and
cylinders, were studied under the effect of the existence of
construction joints [15-18]. On the other hand, there is a lack of
research concerned with examining the construction joints
related to deep beams.

Deep beams are defined as beams in which the clear span is
equal to or less than four times the overall depth or the
concentrated loads are within a distance equal to or less than
two times the depth from the face of support [19]. These
members are used in structural applications, such as
diaphragms, water tanks, foundations, bunkers, offshore
structures, shear walls, and girders utilized in multi-story
buildings to offset columns and floor slabs subjected to
horizontal loads [20-21]. Many researchers investigated
experimentally and theoretically the behavior of deep beams
under the effect of variable factors, involving prestressing, type
of loading, existence of large openings [22, 23]. The only
available study concerning construction joints in deep beams
was introduced by [24]. In [24], authors studied experimentally
the effect of horizontal construction joints on the behavior of
reinforced concrete deep beams. According to the study,
construction joints located below, at, or above the mid-height
of a beam can decrease the failure load by 9%, 11%, and 1%,
respectively. Thus, according to the results of this study, the
upper section of the beam is the best location for the HCJ in a
deep RC beam.
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II.  EXPERIMENTAL PART

Six deep beams were tested experimentally; two were
designed in the current study, and four were tested previously
[19]. One beam without a construction joint was considered a
reference beam. Each one of the other five beams has one
construction joint. The shape of the construction joint was
chosen based on the most frequent cases that happened when a
stop occurred in the casting process. The details of the tested
beams are listed in Table 1.
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The deep beam specimens were designed according to the
ACI318-19 [20] to perform a concrete strength of 23MPa. The
beam's cross-section was 400mm in height and 150mm in
width. The total length of the beam was 1500mm with a clear
span of 1200mm. The beam is reinforced with 3¢12mm rebar
as a tension main reinforcement, 2¢8mm rebars as horizontal
reinforcement at 65mm spacing, and ¢8mm stirrups spaced at
70mm. Table II illustrates the properties of the used reinforcing
bars.

TABLE II. MECHANICAL PROPERTIES OF STEEL BARS
Nominal diameter fy fu Elongation
(mm) (MPa) (MPa) (%)
$12 571 701 18.2
$8 452 550 22.8

The details of the dimensions, reinforcement, and loading
points are shown in Figure 1.
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Fig. 1. Schematic diagram of beam dimension and reinforcement details.

The deep beam specimens were tested under two-point
loading as a simply supported beam. The load was applied
using mechanical jack then divided into two concentrated loads
by spreader beam. The beam arrangement in the loading frame
and the measured equipment are evidenced in Figure 2.

1 mechanical jack
2 load cell

3 spreader beam
4 steel plates

5 tested beam

6 strain gauges

7 hinged support
8LVDT

9 roller support
10 Wheatstone
bridge

{1 data acquisition

P B

Fig. 2. Schematic diagram of test setup for deep beam specimens.

Figure 3 depicts the cracking modes of the tested deep
beam specimens at failure stage. All the deep beam specimens
were failed by shear. In the reference beam, the initial flexural
crack emerges when a load of 100 kN is applied at the mid-
span of the beam, coinciding with the formation of the first
shear crack. As the load increases, additional flexural and shear
cracks extend toward the mid-depth of the beam, followed by
cracks near the support. Subsequently, the diagonal shear
cracks proliferate, and cracks are developed near the loading
area, in the compression zone at mid-span, and in the vicinity
of the support.

The tested beams with horizontal construction joints, DB-
H-B, DB-H-M, and SB-H-T exhibited initial cracking at load
levels ranging from 80 kN to 120 kN, with the first flexural and
shear cracks appearing at each loading stage. Ultimately, all
tested beams failed in shear. Notably, the presence of a
construction joint at mid-height led to the lowest failure load,
accelerating crack propagation towards the upper part of the
beam. This resulted in intensified cracking and a reduction in
the ultimate load-bearing capacity.

The propagation of cracking in specimen DB-I-F, where the
construction joint is located in the middle part of the beam, i.e.,
at the maximum moment zone, a load of 135 kN, causes the
first flexural and shear cracks to appear simultaneously. In
areas where the distance between the construction joint and the
soffit of the beam is minimal, the crack originating from the
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bottom of the beam changes its trajectory, causing the
construction joint to extend as a shear crack. In the case of
specimen DB-I-S, where the inclined construction joint is
positioned in the shear zone, the first flexural crack appears at a
load of 80 kN, whereas the first shear crack emerges at a load
of 110 kN. As the applied load increases, more flexural and
shear cracks appear until a crack forms in the joint, leading to
beam failure. Table III portrays the first crack and failure load.

DB-R

DB-H-B

DB-H-M

DB-H-T

DB-I-F

DB-I-S

Fig. 3. Cracking patterns at failure stage.
TABLE III. CRACKING AND FAILURE LOAD
Beam First flexural First shear | Failure Cl}anging in
specimen crack load crackload | load Pu failure load
(kN) (kN) (kN) (%)
DB-R 100 100 395 -
DB-H-B 120 120 360 -9
DB-H-M 80 80 350 -11
DB-H-T 110 120 380 -4
DB-I-F 135 135 390 -1
DB-I-S 80 110 400 +1

Table III demonstrates that the cracks appeared earlier in
the case of the deep beam with a horizontal construction joint
in the mid-height or inclined construction joint at the shear
zone. Figure 4 showcases the deflection in each case.

III. NUMERICAL ANALYSIS

Numerical analysis with ABAQUS software is highly
significant in engineering and scientific research. It provides
accurate solutions to complex problems, is applied to versatile
and wide problems, offers deep insights into structural

behavior, and supports parametric studies and optimization
while saving time and cost. Additionally, it provides high-
performance computing. Recently, researchers have used
numerical analysis to study and investigate various cases [26-

34].
1
T o8
g 0,6
0,4
0,2
0

DB-R DB-H-B DB-H-M DB-H-T DB-I-F  DB-I-S

Fig. 4. Deflection.

A. Modeling of Tested Deep Beams

1) Inelasticity

The Inelasticity of concrete is represented in the FE model
using the concrete damaged plasticity (CDP) model presented
by authors in [35]. Information about concrete behavior under
compression and tension is necessary to establish the CDP
model in ABAQUS. In [36], the proposed stress-strain
relationship for compression was utilized. The modified model
by [37] represented the stress-strain relationship for concrete in
tension. Five parameters are related to CDP in the FE model.
The parameters are listed in Table IV. A trial was made to
choose the dilation angle and viscosity parameter values, while
the other values were taken from the literature.

TABLEIV. PARAMETERS OF THE CDP MODEL
Parameter Value
dilation angle (¢) 32°
eccentricity (g) 0.1
Fonl £ 1.16
coefficient K 2/3
viscosity parameters (i) 0.00001

2) Steel Reinforcing

The reinforcement of steel is simulated as a material that
behaves like an elastic substance until it reaches a certain point,
after which it behaves like a plastic substance. This behavior is
observed in both cases when the steel is subjected to tension or
compression.

3) Concrete

Two types of elements were used to represent the concrete.
The aspect employed was C3D8, which can experience
cracking when subjected to tension and crushing when
subjected to compression to idealize the concrete in the
reference beam and the beam with a horizontal construction
joint. A 4-node linear tetrahedron element, C3D4, was
deployed to represent the concrete in the rest of the beams,
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where the shape of the sections was not rectangular. Simulating
steel rebars involves utilizing a truss element (T3D2) in three
dimensions. ABAQUS employed a solid finite element to
model the plates at the loading points and supports. The types
of used elements are observed in Figure 5.

S S 3 X (+)

(T3D2)

(C3D8) (C3D4)

Fig. 5. ABAQUS elements for concrete.

4) Joints

Various methods utilize ABAQUS software to model the
interface between two layers of concrete in a reinforced
concrete beam. Some common approaches include:

e Tie Constraints: This method assumes perfect bonding
between the two concrete layers. The tie constraint connects
the nodes on the interface of the two layers, ensuring they
move together without any separation.

e Contact Modeling: ABAQUS provides contact pairs to
model the interaction between the two concrete layers.
Contact pairs allow for sliding and separation between the
surfaces, simulating a more realistic interface behavior.

e Cohesive Zone Modeling: This method utilizes cohesive
elements to model the interface between the two layers.
Cohesive elements simulate the bond behavior between the
concrete layers, including separation and sliding. Cohesive
elements are defined by their stiffness, strength, and failure
criteria.

e Embedded Element Technique: A thin layer of elements is
embedded between the two concrete layers to model the
interface. These elements have different material properties
to represent the bond between the layers.

e Fracture Mechanics Approach: This approach models the
interface as a crack propagation problem, where cracks are
initiated and propagated along the interface based on the
applied loading conditions and material properties.

e The current study experimented with the first and second
approaches. The second approach separates the two layers
of the beams, which is not noticed in the experimental
work. The method adopted to simulate the connection
between the two concrete segments was through a tie
interaction model, mainly because the bond effect was
considered in modeling concrete tension behavior. Figures
6a and 6b show the difference between surface-to-surface
contact and tie constraint.

[separation between the two layers]

(a) Surface-to-surface approach

(b) Tie constraint

Fig. 6. The connection between the two segments.

5) Steel and Concrete Bond

For this analysis, the concrete and the reinforcing rebars are
supposed to be in complete bonding, and this is achieved by
using a constraint called Embedded Element, as illustrated in
Figure 7. The reinforcing rebar is embedded within the
concrete host element, which means that all nodes belonging to
the embedded element possess identical translational degrees of
freedom with the nodes belonging to the concrete host element.

Embedded reinforcement in host concrete.

Fig. 7.

6) Boundary Conditions

The boundary conditions refer to the beam's support and
loading type. The specimens are modeled as supported beams.
The supports were modeled as displacement, with one support
constrained in the X and Y directions representing hinged
support and the other constrained in the Y direction only as
roller support. The load was applied as a displacement on a
reference point on the loading plate in the Y direction. The
displacement given was more significant than the experimental
one to ensure the capture of the complete behavior of the beam
until failure. Figure 8 manifests the loading and boundary
conditions.

B. Numerical Results

This section compares the output of the current numerical
model with experimental results. Adequate compatibility was
obtained from the comparison of analytical outcomes, and the
results acquired from the experimental work of the tested
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specimen can be noticed through the comparison displayed in
the following table and figures.

The tested deep beam specimens were analyzed using the
proposed model and the result is that the ultimate load fails. A
comparison between the numerical and experimental results is
listed in Table V and Figure 9. The percentage of the difference
between the numerical and experimental results changes
between 0.75% and 6.8%.

Y

Z't"‘)(

Fig. 8. Loading and boundary conditions.
TABLE V. COMPARISON BETWEEN NUMERICAL AND
EXPERIMENTAL RESULTS.
fe=30 fe=40 =50 I
Beam |Decreasing|Changing[Decreasing|Changing|Decreasing|Changing|
in Pu% inA in Pu% in A in Pu% inA
DB-R - - - - - -
DB-H-B 3.80 -11.63 8.24 -3.77 12.53 -1.24
DB-H-M 7.22 -10.85 7.95 -17.97 9.97 13.81
DB-H-T 5.90 -8.30 9.57 -36.29 15.13 -24.35
DB-I-F 4.80 -5.76 2.30 -8.22 3.54 16.37
DB-I-S 5.38 24.65 6.21 -14.83 9.16 7.93
500
= 400
=3
® 300
o
-
@ 200
3
S 100
0

DB-R DB-H-B DB-H-M DB-H-T DB-I-F DB-I-S

HmEXP. mNUM.

Fig. 9. Comparison between experimental and numerical failure load.

C. Case Study

In this section, the effect of increasing concrete
compressive strength (f;) was investigated using the proposed
theoretical model. Three values of concrete compressive
strength, 30, 40, and 50 MPa, were analyzed.

The results show that the effect of the construction joint
becomes more apparent as the compressive strength increases,
in which the decrease in the ultimate load failure in the tested
beam, where f; =23, ranged between 1 and 11%. In
comparison, the decrease reached about 15% when the value of

the construction joint became 40 and 50. Proper load transfer
across construction joints is crucial in high-strength concrete.
Ineffective joint design or execution may lead to heightened
stress and compromised performance. The increasing concrete
compressive strength results are presented in Table VI as
changes in both the ultimate load and the deflection.

TABLE VI. EFFECT OF INCREASING CONCRETE
COMPRESSIVE STRENGTH ON ULTIMATE LOAD AND
DEFLECTION.
Beam Pu (Num)/ Chain}ing in
specimen EXP. NUM. Pu (Exp) predicting
*100% Pu (%)
DB-R 395 406 102.78 2.78
DB-H-B 360 376 104.44 4.44
DB-H-M 350 374 106.85 6.85
DB-H-T 400 385 96.25 -3.75
DB-I-F 400 382 95.5 -4.5
DB-I-S 395 388 98.22 -1.77

Figures 10 and 11 represent the difference in maximum
load and deflection in each case respectively.

30
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E I I I
. * ol “I II [ I|| I nl ..
B A X 2] 2)
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Fig. 10.  Changing in maximum load.
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Fig. 11.  Changing in deflection.

IV. CONCLUSIONS

o The existence of the horizontal construction joint below, at,
or above the beam mid-height decreases the ultimate load
by 9%, 11%, and 1%, respectively.

e Horizontal construction joints in the lower part of the beam
should be avoided, as it was noticed from the study that
when the construction joint is located in a region where
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(71

(8]

(9]

[10]

(11]

[12]

cracks are formed, it behaves as a control joint and
accelerates the appearance of cracks.

Placing the ends of the joints in the region where forces are
applied should be avoided, as failure may be severe.

The existence of a construction joint in the shear zone led to
a brittle and sudden failure.

Although construction joints at the top part of the deep
beam do not affect the ultimate load, they decrease the
deflection.

The numerical analysis showed that the increase of concrete
compressive strength led to a decrease in the ultimate load
capacity. The decrease reached 15% when the compressive
concrete strength increased to 50 MP.

Since the numerical analysis revealed that the effect of
construction joints becomes more effective when the
concrete compressive strength is high, then bonding agents
and strengthening methods are needed in the deep beams of
highly compressive concrete.
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