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Abstract: In this work, twenty-seven dry joint specimens of prestressed segmental bridges produced
using recycled coarse aggregate concrete (RAC) were subjected to push-off tests. The substitution
rate of coarse aggregate for recycled aggregate was 100%. The variables observed were the number of
keys, including flat, single-keyed, and three-keyed, and the magnitude of the confining stress, varying
at 1.0, 2.0, and 3.0 MPa. The slippage between both parts of the joint and the cracking of the specimens
were analyzed using the digital image correlation technique (DIC). Equations from the literature
were used to predict the shear strength of dry joints with recycled coarse aggregate concrete. The
experimental results obtained from the present research were compared to those of other conventional
concrete researchers. The results showed that the dry joints produced with recycled coarse aggregate
concrete presented a crack formation in conventional concrete joints following a similar mechanism
of failure; however, they presented lower strength. Some equations in the literature predicted the
strength of dry joints with recycled coarse aggregate concrete. Based on the analysis performed,
adopting a reduction coefficient of 0.7 in the AASHTO normative equation was recommended for
predicting the shear strength of dry joints when produced with recycled coarse aggregates concrete.

Keywords: dry joints; recycled aggregates concrete; push-off

1. Introduction

The concern with the environment and the scarcity of natural resources has driven,
in recent years, research on reusable and sustainable materials. On a global scale, the
construction industry has demonstrated a tremendous environmental impact due to the
extraction of a large number of rocks necessary to obtain concrete, implying the destruction
of natural environments and atmospheric pollution due to the generation of dust [1].

Among the solutions found to reduce this impact, the reuse of construction and
demolition waste to produce aggregates that will be used to produce new concrete [2],
known as recycled aggregate concrete (RAC), was highlighted.

The recycled aggregates derived from this waste present high heterogeneity due to
the immense variation in materials present. One of those with the highest concentration
is mortar.

The main properties influenced by the presence of mortar in the recycled aggregates
are water absorption, specific mass, abrasion, and surface texture of the grains [3]. The high
porosity of the mortar attributes to the recycled aggregate high rates of water absorption
and reduction of its specific mass. Due to the irregular texture, the mortar also attributes a
better surface texture to the grain and, consequently, a more significant physical wear.

Mortar adhered to recycled aggregates represents a weak link in concrete. The bond
region between the natural aggregate and the adhered mortar corresponds to a low-strength
region known as the transition zone, causing an increase in the water content on the
aggregate surface, increasing the water/cement ratio (w/c) in that region. When recycled

Infrastructures 2023, 8, 60. https://doi.org/10.3390/infrastructures8030060 https://www.mdpi.com/journal/infrastructures

https://doi.org/10.3390/infrastructures8030060
https://doi.org/10.3390/infrastructures8030060
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/infrastructures
https://www.mdpi.com
https://doi.org/10.3390/infrastructures8030060
https://www.mdpi.com/journal/infrastructures
https://www.mdpi.com/article/10.3390/infrastructures8030060?type=check_update&version=2


Infrastructures 2023, 8, 60 2 of 24

aggregates are used to produce new concrete, a second transition zone appears, now
between the cementitious matrix and the recycled aggregate, attributing to this type of
concrete a lower condition of mechanical strength [4,5].

Incorporating recycled aggregates into concrete reduces its mechanical strength and
durability [6]. The percentage of substitution of natural aggregates for recycled ones is
directly related to the decrease in the mechanical resistance of concrete. According to Chen
et al. [7], the modulus of elasticity of recycled aggregate concrete can decrease by about
20% compared to ordinary concrete. Khatab et al. [8] showed that for a replacement rate of
50% of natural aggregates by recycled ones, there was a decrease of 12% in the compressive
strength of concrete, reaching 23% strength reduction when the replacement content was
100%. Meddah et al. [9] verified that the splitting tensile strength of recycled concrete
decreases about 9% compared to normal strength concrete. Naouaoui et al. [3] cite that
recycled aggregates can increase the water absorption of concrete by up to 50%. Lavado
et al. [10] showed that for concrete made from recycled aggregates, the results of the slump
test were reduced by about 38% when compared to concrete made from natural aggregates.
Feng et al. [11] showed that the Poisson ratio of concrete decreased by 10% when replacing
natural aggregates with recycled ones. It was also verified that when fine aggregates were
replaced by sea sand and when sea water was used in the mixture composition, the Poisson
coefficient of recycled coarse aggregate concrete increased by 20%.

With the advent and growth in the use of RAC in structural elements, this paper
discusses the use of recycled coarse aggregates in dry joints with shear keys, which allow
the connection of prestressed segmental bridge staves. In this type of structure, the bridge
superstructure is divided into segments, called staves, and in the region where these staves
are connected, there are shear keys. These joints present concrete protuberances along the
cross-section of the dowels, called shear keys, and their resistance to shear stresses is given
by the mechanical locking of these keys (Figure 1).

Figure 1. (a) Representation of a segmental post-tensioned bridge arch, (b) detail of the region of the
dry joint of shear key, (c) representation of the shear plane, (d) representation of the smooth region of
the joint and (e) representation of the key region.

The sum of two strength portions gives the shear strength of dry joints: the portion
due to the flat region of the joint (Figure 1c) and the shear keyed region (Figure 1d).

The flat region of the joint behaves similarly to two concrete interfaces sliding against
each other, with no reinforcement crossing the shear plane (Figure 1b). The shear- friction
theory proposed by P. Birkeland and H. Birkeland [12] establishes that the stress transfer
mechanism between these two parts depends on the friction generated. The theory shows
that the resistance portion of this region is directly related to the surface roughness because
protuberances on the surface of the sliding interface generate mechanical locking that con-
tributes to shear resistance. The coefficient of friction (µ) can be determined by calculating
the ratio between the shear stress and confinement stress, as proposed by Buyukozturk
et al. [13]. This parameter is used to quantify the frictional component of a system.
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On the other hand, the keyed region corresponds to the behavior of a monolithic
concrete piece, and its strength is directly related to the properties of the concrete used.

If the part is subjected to confinement action, both the flat region and the keyed region
benefit from strength gains. The confinement contributes to a better mechanical interlock
between the protuberances on the flat surface of the joint and provides the concrete with a
state of confinement.

The behavior of concrete, when submitted to shear, depends on the strength of its
aggregates in relation to the strength of the cement matrix. If the aggregates have lower
strength than the cementitious matrix, the cracks tend to cut them [14–17]. The opposite
occurs in concrete with aggregates having superior strength to the cementitious matrix,
where cracks tend to bypass them, as shown in Figure 2.

Figure 2. Crack propagation in concrete with aggregates (a) more and (b) less resistant than the
cementitious matrix.

When the cracks bypass the aggregates, an irregular and rough surface appears at the
shear interface due to the exposed aggregates. This surface plays a mechanical interlocking
mechanism between the aggregates, contributing to the shear strength of this concrete.

However, when the cracks cut the aggregates, surfaces with slight roughness appear
at the shear interface, decreasing the interlocking effect of the aggregates and thus reducing
the shear strength portion of this concrete.

Several kinds of research have been conducted in recent years on the mechanical
behavior of dry joints of prestressed segmental bridges using conventional concrete. Ahmed
and Aziz in 2019 [18] conducted state-of-the-art research on the topic and gathered those
performed between 1959 and 2019. To date, no study using recycled aggregate concrete in
dry joints has been carried out.

As a result of much research, equations for predicting the strength of these joints have
been proposed.

Of the studies proposing equations, Buyukozturk et al. [13] verified the behavior of
flat joints and single-keyed joints, whether they contain epoxy resin or not. The authors
produced specimens for push-off rupture tests submitted to confining stresses of 0.69, 2.07,
and 3.45 MPa. They concluded that the confining stress is a fundamental parameter for the
strength of the joints, both flat and keyed, with the strength being higher as the confining
stress increases, and the presence of epoxy resin is another factor that positively influences
the strength of the joints. Rombach and Specker [19] studied dry joints’ behavior by using
a numerical simulation of finite elements. The authors proposed an equation for predicting
the shear strength of dry joints, which had the keyed configuration as a variable. Turmo
et al. [20] evaluated the shear strength of dry joints according to equations found in the
literature and proposed to adopt the one that most closely matched the experimental results
to the Eurocode 2 guidelines. The chosen equation was used by AASHTO [21] because
it presented the lowest standard deviation in the relationship between experimental and
predicted results. The authors proposed an equation for predicting the shear strength
of dry joints with concrete of compressive strength less than 50 MPa. Alcade et al. [22]
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developed a finite element study for four different types of joints varying the confining
stress in 1.0, 2.0, and 3.0 MPa. The authors concluded that the average shear stress decreases
as the number of keys increases, but this behavior changes at high confining stresses. The
authors comment that this behavior results from high confining stresses providing the
joints with a more plastic behavior to the keys. Therefore, they can develop their maximum
resistant capacity. The authors proposed an equation for predicting the shear strength of
dry joints with concrete of 50 MPa and confining stresses of less than 3.0 MPa. Ahmed and
Aziz [18] performed state-of-the-art research of dry joints. The authors commented on the
significant variability of parameters that hinder a good correlation between experimental
and predicted results for dry joint strength, such as the small database, structural differences,
and geometric modeling of specimens. Through statistical analysis, the authors proposed
equations for predicting the shear strength of dry joints.

The equations used for predicting dry joint strength are gathered in Table 1. The
designations and notation used in the equations are shown in Table 2.

Table 1. Main equations for predicting the shear strength of dry joints.

Author/Standard Equation

AASHTO (1999) [21] Vu = Ak
√

fc(0.9961 + 0.2048σn) + 0.6Asmσn (1)
ATEP (1996) [23] Vu = Aj(1.14σn + 0.0564 fcd) (2)
EUROCODE 2 [24] Vu = Aj(0.5 fctd + 0.9σn) (3)
Buyukozturk et al. (1990) [13] Vu = Aj

(
0.647

√
fc + 1.36σn

)
(4)

Rombach and Specker (2002) [19] Vu = 0.65σn Aj + f fck Ak (5)

Turmo et al. (2006) [20] Vu = Ak0.01 3
√

fck
2(7σn + 33) + 0.6Asmσn (6)

Alcade et al. (2013) [22] Vu = 7.118Ak(1 − 0.064Nk) + 2.436Asmσn(1 + 0.127Nk) (7)
Ahmed and Aziz (2019) [18] Vu = 0.6σn Asm + (1.06Ak + 2100σn)

√
fc (8)

Table 2. Notation used in the equations in Table 1.

Variable Notation Description

Design Parameters Vu Maximum shear force (kN)
σn Confining Stress (MPa)
fck Characteristic compressive strength of concrete (MPa)
fc Concrete compressive strength (MPa)
fcd Design concrete compressive strength (MPa)
fctd Concrete tensile strength (MPa)

Geometric characteristics Aj Total joint area (mm2)
Ak Area relative to the joint keys (mm2)

Asm Area related to the flat part of the joint (mm2)
Nk Number of keys
f The factor relating to the key’s cutout equal to 0.14

All the proposed equations were formulated for conventional concrete; no specific
equations exist in the literature for joints produced with concrete made from recycled
coarse aggregates.

The fact that recycled coarse aggregates are less resistant than conventional ones influ-
ences the shear strength of the concrete produced with them. Fonteboa et al. [25] analyzed
the shear behavior of concrete with recycled coarse aggregates with 50% replacement
content. The results showed a reduction of about 20% in the shear strength of these types
of concrete compared to conventional concrete. Xiao et al. [26] investigated the influence of
the replacement content of natural coarse aggregates by recycled ones on the shear strength
of concrete. The results showed that the substitution level significantly influenced the
ultimate load of specimens with the same compressive strength as concrete, with a similar
load for substitution levels below 30%. However, they observed a reduction in load for
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substitution levels of 30% to 50%. Rahal [27] performing push-off tests, concluding that
for replacement contents of 20% and 50% of natural aggregates by recycled aggregates, a
decrease in shear strength of 7% was obtained when the replacement rate increased to 100%
and when the shear strength decreased by 28%. Liu et al. [4] studied three different types
of recycled aggregate concrete and verified the influence of the type of recycled aggregate
on the strength of concrete when produced by them. The experimental results showed a
decrease of up to 26% in the shear strength of concrete when compared to concrete pro-
duced with natural aggregates. Trindade et al. [28] studied the influence of the percentage
of replacement of natural aggregates by recycled ones with different levels of compres-
sive strength of the original concrete. The results showed that increasing the replacement
content of aggregates directly influenced the loss of shear strength of concrete, and this
loss was more significant in concrete with recycled aggregates with lower compressive
strengths of the original concrete. The results showed losses of 18%, 33%, and 38% in the
shear strength of the concrete for the replacement levels of 30, 50, and 100%, respectively,
in the recycled aggregate concrete with low strength of the original concrete. For recycled
aggregate concrete with high strength of the original concrete, the researchers comment that
there was no statistically significant difference. Trindade et al. [29] studied the influence
of the addition of steel fibers in the shear behavior of recycled coarse aggregate concrete,
having different strengths from the original concrete. The results showed that the concrete
from the group of aggregates with low strength of the original concrete presented about a
33% loss in shear strength, while for those from the high strength group, the results were
statistically equal. The addition of steel fiber in the recycled coarse aggregate concrete
provided an increase in shear strength of about 23.8% for the concrete from the group of
aggregates with low strength of the original concrete and about 17% for those from the
high strength group.

Global industry is increasingly facing a future scenario of applications of unconven-
tional materials in civil construction due to the growing demand and scarcity of natural
resources, as well as the pollution caused by the obtaining of materials. The studies regard-
ing concrete produced with recycled aggregates show that this material has characteristics
and properties that resemble conventional concrete, although its main disadvantage is its
reduced resistance. Therefore, further research is needed to expand the applicability of this
material in the future.

Due to the lack of research on the use of recycled coarse aggregate concrete (RAC)
in dry joints and aiming to provide support for structural elements, this paper studies
the behavior of dry joints of prestressed segmented bridges when produced with RAC.
Twenty-seven dry joint specimens were produced with RAC with 100% coarse aggregate
content. The variables analyzed were the number of keys (flat, single-keyed, and three-
keyed) and the magnitude of the confining stress (varying in 1.0, 2.0, and 3.0 MPa). The
maximum normalized shear stress of the joints produced with concrete from recycled coarse
aggregates was compared to those of Jiang et al. [30] due to the similarity of the specimens,
the concrete strength, and the variables used in this research, produced using conventional
concrete. The cracking load and the failure mode of the joints were also analyzed. Then, the
maximum normalized shear stress of the results obtained in this research was compared
with those of other researchers. Finally, the viability of using the proposed equations was
verified for calculating the ultimate capacity of dry joints of conventional concrete when
used in RAC dry joints.

2. Materials and Methods

The methodology of this work is presented in the flowchart of Figure 3.

2.1. Materials

A Brazilian cement type CPII-E-32 [31] (Portland cement with the addition of granu-
lated blast furnace slag and a minimum 28-day compressive strength of 32 MPa) was used
as the main binder in the concrete production.
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Figure 3. Flowchart of the adopted methodology.

The conventional fine aggregate was natural quartz sand from the Paraíba do Sul River,
in the city of Campos dos Goytacazes–RJ, with a specific mass equal to 2.63 g/cm3 [32] and
a unit mass in the loose and dry state equal to 1.54 g/cm3 [32].

The recycled coarse aggregates were produced by crushing waste materials from
specimens used in previous research, from which the concrete had a compressive strength
of 50 to 70 MPa. Figure 4 shows the manufacturing process of the recycled coarse aggregates,
and Table 3 shows information about the recycled coarse aggregates.

Figure 4. Scheme for the production of recycled coarse aggregates; (a) specimens from previous
tests with concrete having a compressive strength between 50 MPa and 70 MPa were collected; (b) the
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specimens were fragmented for size reduction and stored; (c) a jaw crusher was then used to reduce
their size to the size of coarse aggregate for concrete; (d) the fragments were washed, sieved to a
particle size between 19 and 9.5 mm and then stored in a dry place.

Table 3. Physical characteristics of recycled coarse aggregates.

Specific Mass (g/cm3) [33] Water Absorption (%) [33] Abrasion Micro-Deval (%) [34] Adhered Mortar (%)
(Adapted from [35])

2.31 5.55 13.97 40.0

Figure 5 shows the granulometry of the recycled coarse aggregates and the fine
aggregates used in concrete.

Figure 5. Granulometry of aggregates.

2.2. Concrete Proportioning

The concrete dosage was performed to obtain a compressive strength of 30 MPa at
28 days. Table 4 shows the quantities of the materials in the dosage.

Table 4. Concrete mixing ratios.

Material Quantities/m3

Portland Cement CP2-E-32 513.59 kg

Fine aggregate 735.85 kg

Recycled coarse aggregate 904 kg

Water 236.25 L

w/c 0.46

The compressive strength at 28 days was determined on cylindrical samples with a
diameter of 100 mm and a height of 200 mm.

The concrete was produced with a 100% substitution content of conventional aggre-
gates by recycled aggregates. Table 5 shows the properties of RAC used in producing the
dry joint specimens.

Table 5. Physics and mechanical characteristics of recycled coarse aggregate concrete.

RAC Properties Values Standard Deviation Coefficient of Variation (%)

Compressive strength [36] 41.52 MPa 6.00 MPa 14.45

Tensile strength [37] 2.71 MPa 0.21 MPa 7.75

Modulus of Elasticity [38] 34.65 GPa 5.34 GPa 15.41

Density [39] 2450 kg/m3 20 kg/m3 0.82

Water absorption [39] 7.38% 0.63% 8.54
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2.3. Details of Specimens

Push-off test specimens were produced similar to those used by other research-
ers [13,30,40–44] to study the shear behavior of dry joints with recycled coarse aggre-
gate concrete.

The dimensions and configurations of the specimens used in the experiments of the
flat, single-keyed, and three-keyed dry joints are shown in Figure 6.

Figure 6. Dimensions and geometry of the dry joint specimens (units in cm).

Twenty-seven dry joint specimens were produced, and the results were obtained
using the average of three specimens. All specimens were 100 mm wide. Reinforcements
with a diameter of 12 mm were used in the specimens to ensure that the failed occurs by
shear-controlled failure in the keys. The flat and single-keyed dry joints specimens had a
shear plane area of 30,000 mm2, and the three-keyed dry joints specimens had 50,000 mm2.

Table 6 shows information about the dry joint specimens. The following nomencla-
ture was chosen: CPRX–J–T, where CPR means dry joint specimen with recycled coarse
aggregates concrete; the X is the specimen number, varying from 1 to 3; the J is the joint
type: (L) Flat, (1) single-keyed, and (3) three-keyed; and T is the applied confining stress
(1.0, 2.0, or 3.0 MPa). For example, specimen CPR2-1-3.0 is the second specimen of the dry
joint specimen with one key subjected to the 3.0 MPa confining stress.

Table 6. Summary of the experimental program.

Specimen Joint Type Shear Area (mm2) Confining Stress (MPa)

CPR-L-1.0

Flat 30,000

1.0

CPR-L-2.0 2.0

CPR-L-3.0 3.0

CPR-1-1.0

Single-keyed 30,000

1.0

CPR-1-2.0 2.0

CPR-1-3.0 3.0

CPR-3-1.0

Three-keyed 50,000

1.0

CPR-3-2.0 2.0

CPR-3-3.0 3.0
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2.4. Details of Specimens

The specimens were produced in wooden forms (Figure 7a). To produce the shear key
specimens, the part that receives the key was produced first (Figure 7b). Then, the wooden
parts were removed from the formwork in the shear plane, and the key part was cast using
the previously part as a mold (Figure 7c). The flat joint specimens were produced similarly.
The specimens are shown in Figure 8.

Figure 7. Stages of casting the specimens: (a) wooden forms; (b) casting the part that receives the
key; (c) concreting the key part.

Figure 8. Dry joint specimens with recycled coarse aggregates concrete.

2.5. Setup and Instrumentation

For the push-off type rupture tests, a metallic gantry and a model 244.41 hydraulic
actuator were used, coupled to a load cell with a capacity of 500 kN from MTS®. The tests
were carried out with controlled deformation, with a speed of 1 mm/min, commanded by
the hydraulic unit that recorded the applied load in real time, as shown in Figure 9.

The specimens’ confining stress (σn) was applied by a system of bars, nuts, and
steel plates. The plates had dimensions of 200 × 300 × 20 mm and 200 × 500 × 20 mm.
Applied compressive forces due to reaction forces were derived from the bars (F). Fig-
ure 10a presents the scheme for applying forces and generating the confining stress in the
confinement system.
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Figure 9. Hydraulic press for applying the load.

Figure 10. (a) schematic of the confinement system, (b) metal plates used to apply the confinement
stress, and (c) steel bars instrumented to generate the reaction force on the plates.

The reaction forces were generated due to the application of deformations in the steel
bars. The rebars were instrumented with strain gauge model BX120-3AA (Figure 10c) and
monitored in real-time as the nuts were tightened.

The plates were drilled for the passage of the bars to provide a uniform application
of stresses in the specimens (Figure 10b). In addition, steel rollers were used between the
glued plates on the side that slides vertically, enabling their vertical displacement.

Figure 11 shows the single-keyed dry joint specimen with installed the confining system.
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Figure 11. Single-keyed specimen with installed the confining system and DIC setup.

The stresses applied were 1.0, 2.0, and 3.0 MPa. Table 7 shows the strains required
in the bars for the reaction of the forces on the plates in specimens with shear areas of
30,000 mm2 and 50,000 mm2.

Table 7. Deformations required in the threaded bars.

Confinement Stress
(MPa)

Deformation in the Bar
(µε)

Reaction Force
(kN)

1.0 114.71/191.18 7.50/12.5

2.0 229.41/382.35 15.0/25.0

3.0 344.12/573.53 22.5/37.5

2.6. Digital Image Correlation Technique

In this research, the installation of the test sample surface deformation measurement
system by the image processing method (DIC) was performed by a Canon EOS REBEL T1i
camera, configured with a maximum resolution of 2352 × 1568 pixels, placed on a tripod
stand, 1000 mm from the object (FOV), which was attached. The setup included a Canon
Lens Canon EF lens with a minimum focus distance of 0.023 m and a maximum focus
distance of 0.35 m, which is illuminated by four LED lamps of 18 watts with a brightness
of 1800 lux to control the brightness level of the sample surface plane to be consistent
throughout the test.

To create the pattern on the monitored surface of the specimens, white paint was used
to cover the entire region of interest to obtain an opaque base surface. Subsequently, a
black spray was randomly sprayed over the base of the initial white paint. To capture
each specimen’s sequence of shots, the Windows application called digiCamControl was
used. With this, it was possible to control the camera’s shooting parameters; besides
transferring images directly to the computer that allowed visualization of the resulting
images displayed on the computer screen, the machine was configured for an acquisition
frequency of 1 image every 2 s.

The images were obtained in a consistent way for all test samples, to prevent any
interference that could be caused by external agents, such as lighting or capture angle.
The camera was positioned 1 m away from the test samples, with a leveled horizontal
orientation, and a blue background was placed behind the test sample. The focus of the
camera was adjusted manually, and the environment was properly lit. A pre-capture
was performed and analyzed, and the analysis software indicated if the quality of the
captured image was compatible with that of the other tests by means of an analysis grid. If
not, adjustments to the setup were made. The GOM Correlate Windows application [45]
was used for Digital Image Correlation analysis. The analysis was based on the insertion
of points on the mesh projected on the specimens and their respective displacements.
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With this, it was possible to calculate the deformations and displacements of these points
concerning the applied load.

The GOM Correlate [45] software function “Distance” was used to analyze the sliding
of both joint parts. The images were scaled based on the width of the test body, ensuring
accurate measurements. Figure 12a shows the arrangement of points and distances in a
single-keyed dry joint.

Figure 12. Application of the GOM Correlate: (a) analysis of the vertical displacement of the specimen
and (b) analysis of the crack opening in the shear key.

In recent years, crack analysis has been improved through new technologies and
methods [46,47]. In this study, the cracking analysis was conducted by monitoring the
deformation in the horizontal axis (εx) Through a mesh created in each figure in the GOM
Correlate software, the strain history (εx) showed the displacement zones that triggered
the appearance of the cracks. With this, it was possible to measure the opening of these
cracks with the “Distance” tool of GOM Correlate [45]. Figure 12b shows the zones of high
strain (εx) and the arrangement of virtual extensometers.

The utilization of this technique enabled the monitoring of deformations across the test
specimen as the load increased, thereby enabling the visual examination of the stress and
deformation fields of the material. Furthermore, the analysis of the data conducted using
the software facilitated greater accuracy and optimization of the results. Moreover, the ease
of assembling the testing setup and the simplicity with which the data were obtained gave
this technique a considerable advantage in the research setting.

The results of the push-off tests were expressed in normalized shear stress versus
sliding curves. The normalized shear stress was obtained by dividing the stress in the shear
plane by the square root of the concrete compressive strength obtained in each specimen.

The curves were obtained by the average between the curves of the three samples of
each specimen. It is observed that the maximum normalized stress in the average curves
does not match the value of the average of the maximum normalized shear stress of the
specimens because the curves of the samples presented different slopes for the maximum
normalized stress.
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3. Results and Discussion
3.1. Shear Strength of RAC Dry Joints
3.1.1. Flat Dry Joints

Three flat dry joint specimens were subjected to confining stresses of 1.0, 2.0, and
3.0 MPa. Figure 13 shows the average normalized shear stress curves (τn) versus relative
vertical displacement for the three confining stresses. An approximately linear increase can
be seen up to the point where the joint surfaces start to slip. The slip increases gradually
after the flat joint ruptures, and the load remains constant. The coefficients of friction
(µ) of the flat joints with 1.0, 2.0, and 3.0 MPa of confining stress obtained through the
Buyukozturk et al. [13] resulted in 0.566, 0.534, and 0.503, respectively, values close to those
used by other researchers [20,30,41,42] for conventional concrete. No cracks were observed
during the test, and the shear plane surface was not damaged; only a thin layer of dust was
observed due to friction between both parts. The results showed that the confining stress
contributed to the increased normalized shear stress of the flat RAC dry joints.

Figure 13. Normalized shear stress versus relative vertical displacement curves for the flat RAC dry
joint specimens.

3.1.2. Single-Keyed Dry Joints

Three single-keyed dry joints were tested at confining stresses of 1.0, 2.0, and 3.0 MPa.
The results showed that increasing the confining stress increased the normalized shear
stress of single-keyed RAC dry joints. The normalized shear stress versus relative vertical
displacement curves is shown in Figure 14. It is observed that the normalized shear stress
increases approximately linearly until reaching the strength limit of the key, and then high
slip occurs in conjunction with the decrease in load.

Figure 14. Normalized shear stress versus relative vertical displacement curves for the single-keyed
RAC dry joint specimens.
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3.1.3. Three-Keyed Dry Joints

Three three-keyed dry joints were tested at confining stresses of 1.0, 2.0, and 3.0 MPa.
Figure 15 shows the normalized shear stress versus relative vertical displacement curves; it
is noticed an increase in the shear stress initially in a linear way; however, different from the
curves of the single-keyed dry joints, when the load is close to the rupture, the curves tend
to incline until reaching the rupture of the keys; this behavior shows higher ductility in the
rupture of the three-keyed dry joints. This occurred due to the rupture in a sequence of the
keys, where the first lower key is the first to rupture, followed sequentially by the others.
This behavior has been seen by other researchers [22,30,40,42]. Again, it was observed
that increasing the confining stress contributed positively to the increase in strength of
three-keyed RAC dry joints.

Figure 15. Normalized shear stress versus relative vertical displacement curves for the three-keyed
RAC dry joint specimens.

The failure load, maximum shear stress, normalized cracking shear stress, and maxi-
mum normalized shear stress at failure of the flat dry joints and single-keyed and three-
keyed dry joints are presented in Table 8, along with the results of the maximum shear
stress of Jiang et al. [30].

Table 8. Summary of experimental results of the RAC dry joints and the results presented by Jiang
et al. [30].

Specimens
Failure

Load Vu
(kN)

Maximum Shear
Stress τu

(MPa)

Normalized Cracking
Shear Stress τnf

(MPa0.5)

Maximum Normalized
Shear Stress τun

(MPa0.5)

Standard
Deviation

(MPa)

Maximum Normalized
Shear Stress τun,J

(MPa0.5)

CPR-L-1.0 16.98 0.57 - 0.09 0.01 0.10

CPR-L-2.0 32.01 1.07 - 0.17 0.02 0.18

CPR-L-3.0 45.31 1.51 - 0.23 0.02 -

CPR-1-1.0 86.18 2.87 0.20 0.45 0.03 0.70

CPR-1-2.0 104.89 3.50 0.28 0.52 0.01 0.88

CPR-1-3.0 115.11 3.84 0.35 0.60 0.01 -

CPR-3-1.0 180.34 3.61 0.45 0.56 0.03 0.56

CPR-3-2.0 228.89 4.58 0.62 0.68 0.04 0.73

CPR-3-3.0 256.60 5.13 0.72 0.80 0.07 -

Table 9 compares the experimental results of this research with those obtained by Jiang
et al. [30].
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Table 9. Relationship between the experimental results of this research and those from Jiang et al. [30].

Joint σn (MPa) τun/τun,J

Flat
1 0.90

2 0.94

Single-keyed
1 0.64

2 0.59

Three-keyed
1 1.00

2 0.93

The results showed that the dry joints of concrete with recycled coarse aggregates
presented reduced shear strength values compared to conventional concrete (except the
three-keyed joint submitted to confining stress of 1.0 MPa). This shows the brittle character-
istic of this material to shear.

The lower resistance of RAC occurs because the recycled coarse aggregates have lower
resistance than the conventional ones due to the percentage of adhered mortar. This charac-
teristic contributes to the cracks to cut the recycled aggregates, reducing the mechanical
interlock due to the reduction of roughness in the sliding surface, thus interfering with the
shear strength of the joint [14].

The results obtained from experiments on smooth and three-keys RAC concrete joints
showed values comparable to those of conventional concrete joints by Jiang et al. [30],
while the one-key joints showed significantly lower values. This is likely due to the lower
resistance of the RAC concrete compared to the conventional concrete, resulting in the one-
key joints not reaching the full multiple resistance of the keys before breaking. However,
the multiple keys joints of both types of concrete presented values of normalized shear
stress that were similar in magnitude, which can be attributed to the progressive rupture
effect of the keys.

3.2. Influence of the Confining Stress

Figure 16 shows the influence of the confining stress on the maximum normalized
shear stress of dry joints with RAC and the results of Jiang et al. [30].

Figure 16. Influence of confining stress on increasing the maximum normalized shear stress of the
RAC dry joints and the results of Jiang et al. [30].

The results showed that maximum normalized shear stress increases as the confining
stress increases for all dry joints with recycled coarse aggregate concrete, showing its
importance as a resistant mechanism.

For flat joints, the strength gain when the confining stress increased from 1.0 to 2.0 MPa
was 88.89%, and when it increased from 2.0 to 3.0 MPa, it was 35.29%.
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For the joints with shear keys, the strength gain when the confining stress increased
from 1.0 to 2.0 MPa was 15.56% for single-keyed joints and 21.43% for three-keyed joints.
When the confining stress increased from 2.0 to 3.0 MPa, the strength gain was 15.38% for
single-keyed joints and was 17.65% for three-keyed joints.

The experimental results of Jiang et al. [30] showed that the strength gain when the
confining stress increased from 1.0 to 2.0 was 80% for flat joints, 25.71% for single-keyed
joints, and 30.36% for three-keyed joints.

Comparing the flat joints, the increase in the confining stress was more effective in the
strength gain of the dry joints produced with RAC. However, in joints with single- and
three-keyed joints, the strength gain was more effective in joints produced with conven-
tional concrete.

These results show that confinement in concrete with recycled coarse aggregates is
less effective than in conventional concrete. As seen, the portion of resistance provided by
the shear keyed is due to the monolithic region of concrete in the keyed that cuts the shear
plane. Thus, this portion of resistance is directly related to the strength of the concrete used
in the key. Therefore, the strength gain in concrete due to confinement is less effective in
concrete with recycled coarse aggregates.

3.3. Influence of the Number of Keys

Figure 17 shows the influence of the number of keys on the maximum normalized
shear stress for different confinement stresses in the dry joint with RAC.

Figure 17. Influence of the number of keys on the maximum normalized shear stress of the RAC
dry joints.

It is observed that the maximum normalized shear stress increased when the number
of keys was increased, and this gain was more effective when it was increased from none
to single-keyed.

When the number of keys increased from none to one, the strength gain was 400%,
205.88%, and 160.87% for the confining stresses of 1.0, 2.0, and 3.0 MPa, respectively. When
the number of keys increased from one to three, the strength gain was 24.44%, 30.77%, and
33.33% for the confining stresses of 1.0, 2.0, and 3.0 MPa, respectively.

This shows the typical behavior of multiple-keyed joints in not having a proportional
gain in strength with the increasing number of keys due to the increase in imperfections
and stress concentrations [22,30,40,42,47].

3.4. Cracking Pattern of Keyed Dry Joints Specimens

The single-keyed dry joints showed Jiang’s type 2 cracking model [30]. In this model,
an inclined crack at approximately 45◦ appears at the base of the shear key. As the load in-
creases, several other small cracks appear in the shear plane at approximately 90◦. Rupture
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occurs when all these little cracks cut through the entire shear key. Figure 18 shows the
type 2 cracking model and the cracking kinetics of the specimen CPR1-1-1.0 with their load
ratios with respect to the ultimate load (Vu).

Figure 18. (a) Crack model 2 of the single-keyed dry joints of Jiang et al. [30] and (b) crack pattern of
the specimen CPR1-1-1.0.

In the three-keyed specimens, cracking occurred sequentially in the keys. The lower
key was the first to crack and break, causing the other keys to break in sequence. Figure 19
shows the formation of cracks in the specimen CPR2-3-1.0, with their load proportions
about the failure load (Vu) and those presented by Jiang et al. [30] for the three-keyed
dry joints.

Figure 19. (a) Crack model of the three-keyed dry joints of Jiang et al. [30] and (b) crack pattern of
the specimen CPR2-3-1.0.

3.5. Comparison between the Results of This Research with Those of Other Researchers

Much research about the shear resistance of conventional or high strength dry concrete
joints has been studied in recent years. Table 10 gathers information about the research.
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Table 10. Information about dry joints specimens from previous papers.

Paper Joint Type Concrete Strength
Resistance (MPa)

Joint Width
(mm)

Total Smooth
Joint Area (mm2)

Total Monolithic
Joint Area (mm2)

Total Joint
Area (mm2)

Buyukozturk [13] Flat 47.37 76.2 5806.44 - 5806.44
Single-keyed 47.37 76.2 3992.9 7620 11,612.9

Zhou [40]
Flat 52.2–52.8 250 50,000 - 50,000

Single-keyed 37.1–56.2 250 25,000 25,000 50,000
Three-keyed 30.2–63.7 250 50,000 75,000 125,000

Yang [41] Single-keyed 60 100 10,000 7000 17,000

Jiang [30]
Flat 40.49 100 20,000 - 20,000

Single-keyed 41.51 100 10,000 10,000 20,000
Three-keyed 41.82 100 20,000 30,000 50,000

Jiang [44] Single-keyed 41.03 100 10,000 10,000 20,000

Liu [42]
Flat 123.9–125.59 150 45,000 - 45,000

Single-keyed 123.9–125.59 150 30,000 15,000 45,000
Three-keyed 123.6–124.66 150 30,000 45,000 75,000

Feng [43] Single-keyed 64.21 100 10,000 10,000 20,000

Figures 20–22 compare the maximum normalized shear stress versus confining stress
obtained by other researchers and the experimental results of this research for flat, single-
keyed, and three-keyed dry joints with recycled coarse aggregate concrete.

Figure 20. Maximum normalized shear stress in flat dry joints obtained for specimens from ordinary
(black lines) [13,30,40] and RAC (blue line).

Figure 21. Maximum normalized shear stress in single-keyed dry joints obtained for specimens from
ordinary (black lines) [13,30,40,41,43,44] and RAC (blue line).
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Figure 22. Maximum normalized shear stress in three-keyed dry joints obtained for specimens from
ordinary (black lines) [30,40,42] and RAC (blue line).

For flat joints, the results showed that dry joints of concrete with recycled coarse
aggregates showed strengths close to those of conventional concrete. The shear plane area
of smooth joints has been observed to vary between studies; however, Figure 20 reveals
that this has had minimal effect on the comparison of results, as values have remained
consistent between both types of concrete. This can be attributed to the similar friction
coefficient of RAC and conventional concrete.

The results showed that the single-keyed dry joints with recycled coarse aggregate
concrete presented the lowest maximum normalized shear stress values. The comparison of
the results obtained from the key joints with those of the smooth joints, as seen in Figure 21,
demonstrates a greater difference. This implies that the monolithic region of the key exhibits
an increased contribution to the shear resistance of the joints, with the RAC concrete joints
exhibiting the lowest values due to their lower resistance. In the three-keyed joints, the
difference between the results was minor compared to the single-keyed joints; presenting
even similar values, studies have found that in multi-key joints, the rupture sequence of the
keys does not allow for the full resistance of all of the keys together, which results in values
obtained from a break that are not equal to three times the values of single-key joints. This
rupture sequence of the keys, however, does allow for RAC joints to reach values close to
those of conventional concrete joints.

3.6. Equations for Predicting the Strength of RAC Dry Joints

Using Equations (1)–(8) for predicting the strength of RAC dry joints in terms of (τun), it
can be seen in Figures 23 and 24 that the most suitable equations for predicting single-keyed
RAC dry joints were those of Turmo et al. [20], Rombach and Specker [19], and EUROCODE
2 [24]. The three-keyed RAC dry joints were Turmo et al. [20] and EUROCODE 2 [24].

Figure 23. Experimental results and prediction of maximum normalized shear stress of the single-
keyed RAC dry joints using the equations in the literature [13,18–24].
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Figure 24. Experimental results and prediction of maximum normalized shear stress of the three-
keyed RAC dry joints using the equations in the literature [13,18–24].

The EUROCODE 2 equation has been formulated for calculating the shear resistance
between concrete surfaces produced at different times. The coefficients proposed by
the standard for indented interfaces (c = 0.50 and µ = 0.9) were adopted for predicting
the resistance of dry joints. Nevertheless, the equation has been observed to present
conservative values in contrast to the equations of Turmo et al. [20] and Rombach and
Specker [19], which were specifically developed for calculating the resistance of dry joints.

Table 11 shows the relationship between the (τun) predicted by the equations in the
literature and the experimental one.

Table 11. Relationship between maximum normalized shear stress predicted by the literature equa-
tions and experimental results.

Specimens AASHTO 1 ATEP 2 EUR 3 BUYU 4 ROMB 5 TURM 6 ALCA 7 AHMD 8

CPR-1-1.0 1.04 1.21 0.75 1.92 0.90 0.70 1.41 1.09

CPR-1-2.0 1.09 1.32 0.88 1.97 0.93 0.77 1.68 1.14

CPR-1-3.0 1.21 1.50 1.03 2.15 1.01 0.88 2.01 1.26

CPR-3-1.0 1.35 0.97 0.60 1.53 1.15 0.86 1.33 1.28

CPR-3-2.0 1.29 1.01 0.67 1.50 1.05 0.84 1.34 1.12

CPR-3-3.0 1.35 1.12 0.77 1.61 1.06 0.90 1.46 1.10

1 AASHTO [21]; 2 ATEP [23]; 3 EUROCODE 2 [24]; 4 Buyukozturk et al. [13]; 5 Rombach and Specker [19]; 6 Turmo
et al. [20]; 7 Alcade et al. [22]; 8 Ahmed and Aziz [18].

The normative equation of AASHTO [21] predicts with good approximation the
strength of single-keyed RAC dry joint for low confining stresses; however, as the confining
stress increases, the experimental results diverge from the prediction, as can be seen in
Figure 25. The experimental results showed significantly different values for predicting
RAC dry joints with three keys of the prediction of the normative equation.

Figure 25. Experimental results and prediction of maximum normalized shear stress by AASHTO [21].



Infrastructures 2023, 8, 60 21 of 24

Therefore, the authors recommend using a reduction coefficient of 0.7 for the equation
of AASHTO in predicting the shear strength of recycled coarse aggregate concrete dry joints.

4. Conclusions

In this research, twenty-seven dry joint specimens produced with concrete from
recycled coarse aggregates were subjected to push-off tests to study their shear strength.
The variable parameters were the number of keys (flat, single-keyed, and three-keyed) and
the magnitude of the confining stress (1.0, 2.0, and 3.0 MPa). The analysis of the results
was performed using the digital image correlation method. It was possible to verify the
relative vertical displacement between both parts of the joint and the cracking kinetics.
Finally, the prediction of the literature equations for dry joints produced with recycled
coarse aggregates concrete was verified. The results enabled the following conclusions:

• The dry joints produced with recycled coarse aggregates concrete showed similar
behavior during the push-off test as those produced with conventional concrete. The
failure of RAC joints was caused by the formation of a crack at the base of the shear
keys, at an angle of approximately 45 degrees to the horizontal plane. With increasing
load, additional cracks appeared in the shear plane of the keys, leading to the ultimate
rupture when the cracks cut through the key. The cracking of single-keyed dry joint
specimens with recycled coarse aggregates concrete followed model 2 as presented
by Jiang et al. [30]. The cracking of the three-keyed dry joint specimens with recycled
coarse aggregates concrete showed the cracking pattern in a sequence of the shear
keys, as seen in previous work;

• The normalized shear strength of dry joints with recycled coarse aggregates concrete
was lower when compared to the results of other researchers obtained with conven-
tional concrete. The results of this study indicate that, although RAC concrete is less
resistant than conventional concrete, its load versus vertical slip curves display similar
trends. Furthermore, a reduction in the normalized shear stress was observed for
smooth joints, with decreases of 10%, 18%, and 22% for the confining stresses of 1.0,
2.0, and 3.0 MPa, respectively. Single-key joints exhibited a greater reduction, with
decreases of 38%, 49%, and 44%. The three-keys joints showed the least difference
between results, with reductions of 6% and 8% for the confining stresses of 1.0 and
2.0 MPa, respectively. This is likely due to the rupture effect in sequence of the keys,
which does not permit the full strength of the keys in the joint;

• The confining stress proved an essential resistance mechanism for dry joints with
recycled coarse aggregate concrete. When the confinement stress of the smooth joints
was increased from 1.0 MPa to 2.0 MPa, the strength gain was 88.89%, and from
2.0 MPa to 3.0 MPa, it was 35.29%. For the joint with keys, when the confinement
stress was increased from 1.0 MPa to 2.0 MPa, the strength gain was 15.56% for one
key and 21.43% for three keys. Furthermore, when the confinement stress increased
from 2.0 MPa to 3.0 MPa, the strength gain was 15.38% for one key and 17.65% for
three keys;

• The number of keys influenced the resistance of the dry joints, and its increase was
beneficial for the final resistance of the joint. When the number of keys increased
from none to single-keyed, the strength gain was 400%, 205.88%, and 160.87% for the
confining stresses of 1.0, 2.0, and 3.0 MPa, respectively. When the number of keys
increased from single-keyed to three-keyed, the strength gain was 24.44%, 30.77%, and
33.33% for the confining stresses of 1.0, 2.0, and 3.0 MPa, respectively;

• Equations of the literature used to predict the maximum load on dry joints with
recycled coarse aggregates concrete showed safe values. The results showed that
for single-keyed RAC dry joints, the equations of Turmo et al. [20], Rombach and
Specker [19], and EUROCODE 2 [24] provided conservative values, while for the
three-keyed RAC dry joints were those of Turmo et al. [20] and EUROCODE 2 [24];

• The normative equation of AASHTO [21] satisfactorily predicted the strength of the
single-keyed dry joint with recycled coarse aggregates concrete for the confining
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stress of 1.0 MPa; however, as the confining stress increased, the experimental results
deviated from the forecast. For joints with three keys, the experimental results showed
values far from the normative prediction;

• The authors recommend the consideration of a minimization coefficient in the
AASHTO [21] normative equation in the value of 0.7 for the prediction of recycled
coarse aggregates concrete dry joints.

In this study, the behavior of dry joints produced with recycled coarse aggregate
concrete was found to be comparable to that of conventional concrete joints in terms of
rupture and cracking mode. The application of this material in dry joints of prestressed
segmental bridges was further reinforced through the use of a reduction coefficient in the
AASHTO normative equation (0.7). Further studies are required, including an analysis
of the bending effort exerted on dry joints due to moments in the bridge abutment, an
evaluation of the mechanical behavior of RAC concrete dry joints with varying percentages
of aggregate substitution, and an investigation into the behavior of the joints with increased
shear keys.
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