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Abstract: In this paper, the mechanical properties and bond strength of composite samples that consist
of a conductive concrete (CC) layer and a self-consolidated concrete (SCC) layer are investigated.
The bond strength study includes two parameters: (1) surface preparation and (2) casting and
testing directions. The surface preparation study shows that, compared to the other methods in
this study, the shear key method is the most suitable surface preparation method to fully utilize
the CC in a composite. Moreover, the casting direction study reveals that the strength is heavily
dependent on the type of test used along with CC’s layer positioning. The flexural strength study
confirms that positioning the CC mix in the tensile region is beneficial since it can increase the flexural
strength of a structure because of the hybrid steel fibers included in the mixture. Finally, different
codes/specifications and published theoretical results are used to predict the CC’s mechanical
properties, and the predictions are not as accurate as the SCC predictions, which can be attributed to
the presence of conductive fillers in the CC mix.

Keywords: conductive concrete; bonding properties; mechanical properties; surface preparation;
concrete-to-concrete bond

1. Introduction and Background

Conductive concrete (CC) is an evolution of plain concrete due to its capability of
conducting electricity effectively compared to normal concrete or self-consolidated concrete
(SCC). The electrical properties of a typical CC mix come from its conductive fillers. Cur-
rently, the fillers used in the literature are either of a particle shape/size, such as powdered
carbon and graphite, as well as steel slag aggregates, or a fibrous shape, such as steel fibers
(SFs), carbon fibers, and nanocarbon tubes. The common conductive fillers in addition to
steel fibers are carbon and graphite [1–3]. It is important to note that conduction in concrete
can be classified as two processes: electrolytic conduction and electronic conduction [4–6].
At an early stage, the initial conduction process, electrolytic conduction, mainly occurs
through the solutions present in the concrete mix, and, as the mix hydrates, the conductivity
decreases until, ultimately, the concrete presents a high electrical resistance [2]. The addi-
tion of conductive fillers allows the mix to conduct electricity through electrical pathways
composed of conductive fillers, and this process is known as electronic conduction [5]. In
addition, these conductive fillers allow the CC to be used for different applications, such as
electromagnetic shielding, deicing, and traffic detection [1–4,7–12]. To benefit from CC in
different applications, the CC needs to be added to an existing or new structure. However,
to apply the CC to an existing structure without affecting the mechanical properties of
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the matrix, the bond behavior between the newly added CC and the existing plain con-
crete (concrete-to-concrete bond) needs to be understood. This enables the integrity and
continuity of the matrix to be ensured in each structure. The factors that affect the bond
behavior between two different types of concrete are the interface surface preparation and
cleanness; the differences in the material shrinkage, stiffness, and age; the fibers; and the
other materials present in the mix [13–16]. Finally, common bond strength tests, such as the
slant shear, direct shear, split-tension, pull-off, and flexural strength tests, can be used to
evaluate the concrete-to-concrete bond strength [15,16].

1.1. Surface Preparation and Cleanness

Interface surface preparation is the process of roughening the surface using different meth-
ods. The different common methods currently used in the literature are roughening using a steel
wire brush [13,15,17–19], sandblasting [14,15,19–23], water jetting [22,24–26], and hand chisel-
ing [15,17–19,27]. Other methods for surface preparation are grooving/grinding [17,19,28–31],
drilling [31–34], grit blasting [30], and aggregate exposure using retarders [19,35]. Each method
produces different results based on the average roughness. Moreover, all treated surfaces need to
be properly cleaned before the application of the existing concrete.

1.2. Differential Shrinkage, Stiffness, and Age

Additionally, increasing the differential shrinkage and stiffness can affect the bond
strength negatively by introducing undesired stresses at the bond interface [15,36]. A similar
effect occurs with an increase in the differential age. The authors in [31] investigated the aging
effects of ultra-high-performance concrete and normal concrete at 28, 90, and 180 days. The
reported decrease in the bond strength was 1.5% and 2.7% at 90 and 180 days, respectively.

1.3. Fibers and Other Materials Present in the Mix

The presence of fibers in the mix can enhance its mechanical properties, including
the bond strength of a composite sample. The authors in [14,21,23] concluded that the
presence of polyvinyl alcohol (PVA) fibers can increase the bond strength. Additionally,
the authors in [20] used normal- and high-strength mortars with 0% and 0.5% steel fibers,
respectively, as an added layer to a normal concrete substrate layer. The normal-strength
mortar that was bonded to the normal concrete did not show any signs of improvement
when increasing the steel fiber percentage. However, the strength of the high-strength
mortar’s bond to the normal concrete increased with the increase in the fibrous content. A
similar effect was observed in [37], where an increase in steel fibers from 1% to 1.5% and up
to 2% in the mix led to an increase in the bond strength between powder reactive concrete
and normal concrete. Similarly, the authors in [38] investigated the effects of the hybrid
fibers SF and PVA on the bond strength. An increase in either SF or PVA resulted in an
increase in the bond strength.

Adding other materials, such as silica fumes, can increase the bond strength. In [13],
silica fume was added to cement and sand mortar up to 10% per weight of cement, which
caused an increase in both the compressive and bond strengths. Moreover, the authors
in [39] investigated the addition of expansive admixtures to decrease the shrinkage of a
material, which resulted in a decrease in crack formation at the interface and an increase in
the bond strength of around 30%.

1.4. Common Bond Strength Tests

To evaluate the concrete-to-concrete bond strength, different tests can be performed. The
common tests used in the literature are slant shear, direct shear, split-tension, pull-off, and
flexural strength tests [16,40]. The slant shear test subjects the bond interface to principal
shear and principal compressive stresses [13,21], while the direct shear test subjects the
bond interface to shear stresses [17]. The split-tension and pull-off tests both subject the
bond interface to tensile stresses, while the flexural strength test applies either tensile or
compressive stresses at the bond interface depending on the layer stiffnesses and the bond
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interface location with respect to the neutral axis. A detailed discussion of the factors affecting
the concrete-to-concrete bond strength is provided by the authors in [3,10,14–16]. In this
paper, the main objectives are to investigate the bond strength between CC and SCC and to
investigate the mechanical properties of each mix. The main parameters considered in the
investigation are the applications of different surface preparations and casting directions. The
surface preparation study includes wet-to-wet and wet-to-dry bonds. The wet-to-dry bond
includes rough, shear key, and smooth surface preparations. This study also investigates
the effects of the casting and testing directions for specimens prepared using both scenarios,
wet-to-wet and wet-to-dry conditions. Finally, the results of the mechanical properties of the
SCC and the CC from the current study were compared with those predicted using published
equations and available design code equations.

2. Research Significance

The bond strength between two concrete layers has been extensively evaluated by many
researchers. However, to the best of the authors’ knowledge, limited research has been
conducted on the factors that affect the bond strength between conductive concrete and a
self-consolidated concrete composite. The current investigation contributes to the literature
by evaluating the mechanical properties and bond strength between CC and SCC. This
knowledge will contribute to the effective utilization of CC in several structural applications.

3. Experimental Investigation

This study investigates the bond strength between CC and SCC, as well as their
mechanical properties. The parameters examined in terms of bond strength are the surface
preparation and the casting and testing directions. The tests adopted for the bond strength
evaluation are the slant shear test, flexural strength test, and the compressive and modulus
of elasticity tests. Additionally, the investigated mechanical properties are the compressive
strength, tensile strength, shear strength, flexural strength, and modulus of elasticity (MOE).

Figure 1 provides a summary of the experimental investigation preformed on the SCC
and CC mixes. It is important to note that the main difference between the SCC and CC
is the addition of carbon, graphite, and hybrid steel fibers (HSFs), which improves the
electrical conductivity of the mix. Finally, a detailed explanation regarding the sample
preparation and test setups is presented in the following subsections.
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3.1. Concrete Mixes and Mixing Sequence

Two mixes were used in the investigation: SCC and CC. The mix proportions of the
SCC were similar to those in [41], and the CC proportions cannot be shared at this time.
Several composite samples were planned for the experimental investigation, as shown in
Figure 2. Different surface preparation methods were included in the evaluation; therefore,
four batches from the CC and the SCC mixes were prepared. During sample preparation,
two batches of the CC and the SCC mixes were prepared simultaneously to cast control
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samples and part of the composite samples. For example, batches M1, M3, M5, and M7
were from the CC mix that were used to prepare smooth surfaces, the second cast of smooth
surfaces, rough and shear key surfaces, and the second cast of rough and shear key surface
samples, respectively. Similarly, batches M2, M4, M6, and M8 were from the SCC mixes
that were used to prepare the samples, following the same sequence for the conductive
concrete mixes. It is important to note that control compressive strength and flexural
strength samples were prepared from all batches to verify consistency.
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3.2. Sample Preparation

The type of test performed governed the type of sample used in this study. The
samples utilized in the experimental program were cylinders and prisms with different
casting configurations to evaluate the mechanical properties and bond strength of the CC
and SCC. Moreover, the direct shear test used to determine the shear strength of each mix
used a unique sample design (Figure 2a), and the dimensions were influenced by [27].
Additionally, the sample configurations used in the study of the mechanical properties
were different from those used in the bond strength study. The samples in the study of the
mechanical properties were considered fully cast samples. In other words, each sample
contained only one type of concrete mix, which was ensured to properly investigate the
mix’s mechanical properties. However, the bond strength samples consisted of different
configurations, as shown in Figure 2. Additionally, a specific surface preparation was
applied to the bond strength samples.

The surface preparations comprise two distinct configurations known as wet A-to-
wet B (WAWB) and wet A-to-dry B (WADB). The first configuration, WAWB, involves
pouring fresh mix A (either CC or SCC) onto fresh mix B (also either CC or SCC). This
method is regarded as the most effective approach to the bonding of materials. The second
configuration, WADB, entails pouring fresh mix A (CC or SCC) onto dry mix B (CC or SCC)
while applying surface preparation techniques, such as rough, smooth, and shear key, on
B’s surface.

The smooth surface preparation applied was a left-as-cast surface. Rough surface
preparation was achieved by using chiseling and steel wire brushing for each variation of
the wet-to-dry samples, as shown in Figure 3a–e. Shear key, as shown in Figure 3f, was



Fibers 2023, 11, 106 5 of 32

applied by grooving the wooden mold to allow for the constant formation of roughness
in each configuration. The shear key’s dimensions were 15 mm in width, depth, and clear
spacing, as shown in Figure 4. To properly track the samples, each sample group was
provided with a label. The samples were labeled W and D to indicate the wet and dry
concrete conditions, respectively. The labels C and N were used to indicate whether a
conductive concrete type or a normal SCC concrete type was used. The labels S, R, and SK
were used to indicate whether the surface preparation was smooth, rough, or shear key,
respectively. For instance, WCDN-S refers to a wet conductive layer above a dry normal
SCC layer with a smooth surface preparation. In addition, the labels also represent the
directions of casting and testing, except for in the slant shear test, since the casting direction
was along the length of the sample. All variations were cast in halves, and the control
samples were prepared as full cast.
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Table 1 summarizes the test type, the sample size, the specifications followed during testing,
the sample preparation, and the number of samples used in the tests. The compression strength
test was performed using cylinders of 150 mm × 300 mm and 100 mm × 200 mm, with the
configuration implementation presented in Figure 2c.
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Table 1. Summary of results of mechanical properties and bond strength.

Test Sample Size (mm) Testing Code Sample Prep. No. of
Samples f’

c (MPa)

Compression 100 × 200 (S)
150 × 300 (L) ASTM C39 [42]

Control N, 28D 2S & 2L 63.5
Control C, 28D 2S & 2L 52.5
Control N, 90D 1S & 7L 68.4
Control C, 90D 1S & 9L 60
WCDN-R, 90D 4L 66.5
WNDC-R, 90D 3L 51.3
WCDN-S, 90D 1S 65.1
WNDC-S, 90D 2L 63.8
WCWN, 90D 2S & 6L 66.3
WNWC, 90D 1S & 6L 65.5

Test Sample Size (mm) Testing Code Sample Prep. No. of
Samples E (GPa) (v)

MOE 150 × 300
ASTM C39 [42] (Loading)
ASTM C469 [43] (Calculations)

Control N, 90D 4L 35.1 (0.28)
Control C, 90D 6L 24.7 (0.24)
WCWN, 90D 3L 25.5 (0.24)
WNWC, 90D 3L 23.9 (0.16)
WCDN-R, 90D 2L 30.0 (0.27)
WNDC-R *, 90D - -
WCDN-S *, 90D - -
WNDC-S *, 90D - -

Test Sample Size (mm) Testing Code Sample Prep. No. of
Samples fr (MPa)

Flexure 100 × 100 × 500

ASTM C1609 [44] WCWN, 28D 5 4.7
Including steel fiber WNWC, 28D 4 12.3

WCDN-S, 28D 2 2.9
WCDN-R, 28D 3 3.8
WNDC-S, 28D 3 7.8
WNDC-R, 28D 3 13.1

ASTM C78 [45] Control C, 28D 9 full 15.0
Excluding steel fiber Control N, 28D 12 full 3.8

Test Sample Size (mm) Testing Code Sample Prep. No. of
Samples

Bond Shear
(MPa)

Slant Shear
100 × 100 × 500
Figure 2a

BS EN 12615:1999 [46]
loading rate + inclination angle

WCWN, 90D 3 27.2
WCDN-S, 90D 3 13.3
WCDN-R, 90D 2 28.1
WNDC-S, 90D 2 5.2
WNDC-R, 90D 2 10.8
WCDC-R, 90D 3 full 15.0
WNDN-R, 90D 3 full 27.1
WCDC-SK, 28D 3 full 19.6
WNDN-SK, 28D 3 full 14.4
WCDN-SK, 28D 3 16.5
WNDC-SK, 28D 3 17.7

Test Sample Size (mm) Testing Code Sample Prep. No. of
Samples T (MPa)

Split Tension 150 × 300 ASTM C496/C496M-17 [47]
Control N, 28D 4 3.8
Control C, 28D 4 7.9

Test Sample Size (mm) Testing Code Sample Prep. No. of
Samples

Shear
Strength

(MPa)

Direct Shear Figure 2a Loading based on BS 1881 [48] Control N, 28D 3 8.4
Control C, 28D 5 19.9

(*) indicates that the samples separated; strain readings were disturbed during testing.

The MOE test was performed using 150 mm × 300 mm cylinders. Two strain gauges
(SGs) were positioned in the vertical and horizontal centers of the samples to compute the
MOE and Poisson’s ratio.
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The flexural strength test was performed on prisms of 100 mm × 100 mm × 500 mm,
with respect to the configuration in Figure 2b. The control samples for the compression,
MOE, and flexural tests were prepared as fully cast materials A and B for each respective
day of mixing. However, slant shear specimens, 100 mm × 100 mm × 500 mm, were
prepared with respect to the configuration in Figure 2d, with a bond interface at an angle,
α, of 35◦ or 30◦ with respect to the vertical axis. The 35◦ angle was used in the rough
and smooth surface preparations, while the 30◦ angle was used in the shear key surface
preparation. It is important to note that the SK surface preparation was expected to achieve
a higher bond strength; therefore, a 30◦ angle was chosen to encourage bond failure in
the SK samples. The slant shear control samples followed the same configuration but
without varying the material, which was used to purely test the bond strength based on the
surface treatment. Furthermore, all slant shear samples had perpendicular strain gauges
placed on the bonded area to capture any disturbances in the strains at the bond interface.
All samples were initially covered with wet burlaps and plastic sheets until the concrete
hardened. After the hardening process, all samples were demolded and placed in curing
tanks for 28 and 90 days.

3.3. Test Setups and Instrumentation

The experimental investigation included two main groups; the first group was used
for the evaluation of the mechanical properties of the SCC and CC mixes. The compressive
strength, the flexural strength, the MOE, the direct shear strength, and the split tensile
strength were the criteria used to evaluate the mechanical properties of both mixes. Material
testing was conducted in accordance with the ASTM specifications. In the second group,
bond strength specimens were evaluated using slant shear tests, compressive strength tests,
flexural tests, and MOE tests. Additional information on each test and the samples used is
presented in the following subsections.

3.3.1. Compressive, MOE, and Split Tension Tests

The tests were performed at 28 and 90 days; in addition, at each testing date, cylinders
were tested to correlate the results from different tests with the concrete compressive
strength. The compression test, as shown in Figure 5a, was performed on cylinders of
100 mm × 200 mm and 150 mm × 300 mm. The test was performed according to ASTM
C39 [42], with a loading rate of 0.25 MPa/s. The MOE test was conducted on a 150 mm ×
300 mm cylinder using a loading rate of 0.25 MPa/sec according to both ASTM C39 [42]
and ASTM C469-22 [43] specifications. The modulus of elasticity, E, is given by

E = (σ2 − σ1)/(ε2 − ε1), (1)

and Poisson’s ratio, v, is given by

v = (εt2 − εt1)/(ε2 − ε1), (2)

where parameter σ1 is the stress evaluated at strain ε1 = 0.00005, and σ2 and ε2 are the stress
and strain at 40% of the ultimate stress, respectively. Parameter εt1 is the transverse strain
at ε1 = 0.00005, and εt2 and ε2 are the transverse strain and longitudinal strain at 40% of
the ultimate stress, respectively.
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After crushing the samples, strain data from the vertical and horizontal strain gauges,
as shown in Figure 5b, were recorded. The MOE and Poisson’s ratio were calculated using
the vertical and horizontal strain gauges, respectively [43]. Unlike the compressive and
MOE tests, the split tension test was only performed to measure the tensile strength of the
material. The split tension test was performed based on ASTM C496/C496M–17 [47], with
a loading rate of 1.3 MPa/min on 150 × 300 mm cylinders. The tensile strength, T, was
calculated using

T = 2P/πLD, (3)

where P is the maximum load applied to the sample, and L and D are the length and
diameter of the cylinder, respectively. An attempt was made to measure the vertical and
horizontal strains by placing strain gauges in the center of the flat surface, as shown in
Figure 5c.

3.3.2. Flexural Tests

All flexural tests were performed on 100 mm × 100 mm × 500 mm prisms based
on ASTM C1609 [44] at a deflection rate of 0.1 mm/min, except for the fully cast plain
concrete samples. For the CC specimens with fibers, deflection was measured using a linear
variable displacement transducer (LVDT). In addition, the residual strength was calculated
as an indication of ductility. Residual strength is not a true stress, and it was computed
using simple engineering bending theory for linear elastic materials and uncracked section
properties. The fully cast plain concrete samples were tested in flexure based on ASTM
C78 [45], with a loading rate of 1.02 MPa/min. The flexural strength is given by

fr = PL/bh2 (4)

where L is the span length, b is the average width of the specimen, and h is the average
depth of the specimen at fracture. All flexural strength measurements were computed
using the ASTM specifications shown in Table 1 and were valid if failure occurred between
the two loading spans. Note that if failure occurred outside the maximum moment region,
the only results taken into consideration were those for samples without steel fibers.

3.3.3. Slant Shear Tests

The slant shear tests, shown in Figure 6a, were performed using a hydraulic universal
testing machine (UTM) on 100 mm × 100 mm × 500 mm prisms, with a slanted interface
at a 35◦ angle for the smooth and rough surface preparations and at a 30◦ angle for the
SK surface preparation with respect to the vertical axis. The inclination was based on the
possibility of bond failure occurring, which was between 40◦ and 20◦ degrees [35]. The
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test was based on the European standard BS EN 12615:1999 [40], with a loading rate of 0.2
MPa/s. The shear strength is given by

fs = P/2As, (5)

where As is the expected shearing area (slanted interface x specimen width (b)). In addition,
strain data perpendicular to the bonded plan were gathered using strain gauges, as shown
in Figure 2d. Equations (6) and (7) were used to calculate all principal stresses, which are
based on Mohr’s circle [14]:

σn = (P/A)sin2 α, (6)

τn = (P/2A)sin 2α, (7)

where P is the maximum load achieved, A is the area of the interface, and α is the angle
with respect to the y-axis, as shown in Figure 2d.
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3.3.4. Direct Shear Tests

The direct shear test was performed only to determine the shear strength of the
mix. Thus, fully cast samples were used with the dimensions shown in Figure 6b,c and a
thickness of 100 mm, which were adopted from [27]. The test loading rate was 0.2 MPa/s,
which is like the compressive strength of a cube in the British standard BS 1881 [48] since
the loaded surface was a square of 100 mm × 100 mm. Additionally, three strain gauges
were attached to capture the different stresses generated during testing. The first two were
positioned at the possible failure interface. The third strain gauge was positioned in the
tensile region of the direct shear sample. Figure 6b presents a visual summary of the strain
gauges’ positions and the sample dimensions. It is important to note that the expected area
of failure was vertically along the sample’s length, which was 200 mm × 100 mm.

4. Results

The results of all batches were observed to be consistent. Table 1 summarizes the
average results of both the mechanical properties and the bond strengths. The mechanical
property samples consisted of fully cast mixes, while the bond strength samples consisted
of a composite of both mixes. The tests applied to examine both the mechanical properties
and the bond strength were the compressive, MOE, and flexural tests. Moreover, the slant
shear test was applied only to examine the bond strength, while the direct shear and split
tension tests were applied to examine the mechanical properties only. Finally, the bond
strength was based on two parameters, which were the surface preparation and the casting
and testing directions.
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4.1. Mechanical Properties of CC and SCC

The SCC achieved a compressive strength of 63.5 MPa at 28 days and 68.4 MPa at
90 days. The MOE capacity was 35.1 GPa, with an ultimate strain reading between 0.002
and 0.003. The flexural, split, and direct strengths reached 3.9 MPa, 3.8 MPa, and 8.4 MPa,
respectively. However, the CC’s compressive strength was 52.5 MPa at 28 days and 60 MPa
at 90 days. The MOE capacity was 24.7 GPa, with an ultimate strain range between 0.003
and 0.004. The flexural, split, and direct shear strengths reached 15 MPa, 7.9 MPa, and
19.9 MPa, respectively. Moreover, the residual strength of the CC at L/600 was 14.4 MPa,
and at L/150, it was 11.0 MPa, where L is the length between the supports. It is important
to note that the CC achieved a higher tensile strength, shear strength, flexural strength,
residual strength, and post-peak performance, which was due to the hybrid steel fibers.

4.2. Concrete-to-Concrete Bond Strength in Compression Test

The compressive strength of the composite samples depended on the surface prepara-
tion. The surface preparation affected the compressive strength performance, as demon-
strated by WCDN-S’s and WNDC-S’s failure modes. The smooth surface interface separated
before and during testing, which is an indication of the formation of a weak bond. However,
the rough and wet-to-wet surface preparations achieved similar compressive strengths and
failure modes to the CC and SCC controls, which were between 52.5 MPa and 63.5 MPa,
respectively. The casting direction did not have any major effects on the bond strength.
However, variations in the material affected the composite samples. The composite samples’
compressive strengths ranged between those of the SCC and CC, as shown in Table 1.

4.3. Concrete-to-Concrete Bond Strength in Modulus of Elasticity Test

Similarly, the surface preparation affected the composite stiffness. The smooth surface
interface in the MOE tests had a similar performance to that in the compressive strength
test. Some composite samples with a smooth surface interface failed by separation before
or during testing. The testing and casting directions did not play major roles. Therefore,
WCWN and WNWC both achieved similar MOEs of 25.5 GPa and 23.9 GPa, respectively,
as shown in Table 1. The main effect was observed with the variation of the material. The
presence of the SCC and CC mix in a composite sample resulted in achieving an ultimate
strain range between 0.002 and 0.004, which was observed in both the rough and wet-to-wet
samples. It is important to note that all samples, except for those with the smooth surface
preparation, achieved similar MOE and strain readings to the control samples.

4.4. Concrete-to-Concrete Bond Strength in Flexure Strength Test

The surface preparation and testing direction affected the samples’ flexural strengths.
The smooth surface interface failed before and/or during testing, while the rough surface
interface exhibited a monolithic failure. Additionally, the surface preparation affected the
flexural strength, as well as the residual capacity. Figure 7 provides a visual summary of
the peak and residual load of all composite and CC control samples. WNDC-R’s flexural
strength was 13.1 MPa, but, by shifting to a smooth surface preparation, the strength
dropped to 7.8 MPa, as shown by WNDC-S in Table 1. Moreover, the residual capacity
decreased, as shown in Table 2. The composite samples’ testing direction clearly affected
the results. Positioning the CC in the tensile region increased the flexural capacity, as shown
in Table 2.
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Table 2. Flexural residual capacity.

Sample Preparation Avg. L/600 (MPa) Avg. L/150 (MPa)

WCWN, 28D 3.9 3.9
WNWC, 28D 11.3 6.8
WCDN-S, 28D 2.6 2.8
WCDN-R, 28D 2.7 3.2
WNDC-S, 28D 6.3 4.3
WNDC-R, 28D 11.5 8.1
Control C, 28D 14.4 11.0
Control N, 28D - -

In addition, the residual capacity was affected by the layer positioning and the type of
surface preparation used, as shown in Table 2. As expected, the maximum residual capacity
was achieved by conductive concrete, followed by the composites of conductive concrete
placed in the tensile region. It is important to note that the samples’ labels include the
testing direction, which is like the casting direction, as WNWC means wet normal concrete
cast on a wet conductive concrete substrate. Similarly, WCDN-R means a wet conductive
concrete layer cast on a dry rough surface normal concrete substrate.

4.5. Concrete-to-Concrete Bond Strength in Slant Shear Test

The slant shear test was performed exclusively to examine the bond strength. To
properly understand the measurements, a control group was created. The concept of the
control group was to measure the bond performance of the surface preparation without
material variation. This was achieved by roughening the concrete surface and placing
the same concrete type above it; thus, material variation was eliminated, and the only
variable present was the surface preparation. The study found that the smooth surface
preparation was not acceptable since it led to the weakest bond strength in all sample
configurations. However, the rough surface preparation provided a bond strength of
27.1 MPa in WNDN-R and 15 MPa in WCDC-R, as shown in Table 1. It is important to
note that both surface preparations were performed at a bond interface angle of 35◦ with
respect to the vertical axis. Moreover, the shear key surface preparation was expected
to increase the bond strength; therefore, the samples’ bond interface angle was 30◦ with
respect to vertical axis. The SK surface preparation had a different outcome, where the
CC control outperformed the SCC control. The shear bond strength of WCDC-SK was
19.6 MPa, which was higher than WNDN-SK’s shear bond strength of 14.4 MPa. A similar
strength performance was observed with the variation of the material. When the rough
surface preparation was performed on dry SCC, it outperformed the bond strength of the
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dry CC surface preparation because of the difficulty in roughening concrete with a high
fiber content. However, with the SK surface preparation, the CC outperformed the SCC,
as shown in Table 1; the results of the SK samples are within the acceptable bond strength
range of a 30◦ slant shear sample at 28 days, being between 14 MPa and 21 MPa [29].

4.6. Failure Modes

It was observed that the general failure of the SCC samples was brittle, which repre-
sented a sudden energy release. The CC’s failure mode was different such that its failure
was ductile and considerably slower than that of the SCC samples. The surface preparation
affected the bond failure in all tests. Additionally, the casting and testing direction effect
was clearly observed in the flexural strength test. A detailed explanation of the failure
modes in each test is presented in the following subsections.

4.6.1. Compression and MOE Failure Modes

The CC’s failure was ductile when compared to the normal concrete’s brittle failure. The
concrete-to-concrete samples produced a combination of either ductile failure, blast failure, or
both, which represented the method of energy release in the composite sample, as shown in
Figure 8. Combined ductile and brittle failures were observed in the wet-to-wet configuration.
A sound failure was maintained with the failure of the conductive concrete layer, as shown
in Figure 8c. A brittle failure was observed with the normal concrete’s energy release, as
shown in Figure 8d. Moreover, a unique failure configuration was observed, where a layer
failed with minimal damage to the second layer, as shown in WNDC-S. All the above failure
modes were observed in all configurations through different samples. However, the smooth
surface preparation was the only sample type to experience a complete bond split. Some of the
smooth configuration cylinders split at the bonded region before and after testing, indicating
that the bond was weak. Figure 8h shows a smooth-surface-treated sample where separation
occurred after testing. Overall, all rough samples achieved monolithic failure, while most
smooth surface samples achieved bond failure.
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4.6.2. Flexural Failure Modes

The failure modes and crack development were normal, except for in some special cases.
The cracks formed from the tensile region of the beam and spread to the compression region.
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The cracks presented were all within the middle section, which had a length of L/3.
It is important to note that the length, L, represents the distance between the supports,
as described in ASTM-C78 [45] and ASTM-C1609 [44]. It was observed that the crack
formations in the wet-to-wet and rough surface configurations were like those in the
control samples, as shown in Figure 9. The cracks in the wet-to-wet and rough surface
configurations did not spread through the bonding area, thus attaining a monolithic failure.
Furthermore, the special cases shown in Figure 9g–h had cracks propagating through the
bond interface of the smooth surface configuration. Thus, crack propagation at the bond
interface gave an indication of a weak bond between layers. Therefore, a reduction in the
flexural strength of the smooth surface configuration occurred, as shown in Table 1.
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4.6.3. Slant Shear Failure Modes

The first common failure that indicated a strong bond between the two layers was the
crushing of the conductive and/or SCC layer without bond failure. This phenomenon was
shown in the WNDN, wet-to-wet, and WCDN-R samples, and it represented a monolithic
failure, as shown in Figure 10. The second mode of failure was a smooth bond failure,
which was related to all samples with the smooth surface preparation. The third failure
mode was a partial bond failure, as shown in Figure 10a,e. This failure was associated with
the roughening of the dry conductive concrete surface. The concrete separated at the bond
interface; however, the steel fibers remained attached between the layers. In terms of the SK
surface preparation, three categories of sample failures were observed, namely, a concrete
crushing failure (i.1), a bond interface failure (i.2), and a combination of both (i.3), as shown
in Figure 10i. It is important to note that each group contained different failure modes, and
they are summarized in Table 3.
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Table 3. Slant shear—SK samples’ failure summary.

Sample Failure Criteria * Avg. Shear Stress (MPa)

WCDC-SK-1 b 19.6
WCDC-SK-2 a 19.6
WCDC-SK-3 a 19.6

WNDN-SK-1 c 14.4
WNDN-SK-2 c 14.4
WNDN-SK-3 a 14.4

WCDN-SK-1 b 16.5
WCDN-SK-2 a 16.5
WCDN-SK-3 b 16.5

WNDC-SK-1 a 17.7
WNDC-SK-2 a 17.7
WNDC-SK-3 c 17.7

* (a) crushing failure, (b) bond failure, and (c) combination of both.
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The dominant failure in WCDC-SK and WNDC-SK was crushing, which suggested
that the bond interface was stronger than the bond shear capacity. In addition, WCDN-SK’s
bond strength was slightly weaker with a dominant combination failure. Lastly, WNDN-
SK’s dominant failure was a bond failure, which resembled the weakest failure mode and
shear bond strength, as shown in Table 3.

4.6.4. Split Tension and Direct Shear Failure Modes

The split tension failure mode was influenced by the HSF present in the mix. In
the SCC, a brittle failure occurred with complete separation of the sample, as shown in
Figure 11a. However, in the CC, a ductile failure occurred without sample separation. The
HSF in the mix controlled the crack growth, and it bridged both concrete parts, as shown in
Figure 11b. Similarly, the direct shear samples exhibited similar failure modes. The SCC’s
failure mode was brittle with complete separation at the expected failure region, as shown
in Figure 11d. Conversely, the CC’s failure mode was ductile, with the HSF keeping both
parts intact by controlling the cracks propagation, as shown in Figure 11e. It is important
to note that, in the SCC, minor tensile cracks formed, as shown in Figure 11c. However, the
readings were not affected, as nothing was picked up by the vertical strain gauges. Tensile
cracks did not form in the CC samples, which was due to the HSF support.
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5. Discussion

This section includes a discussion on the mechanical properties of each mix to further
understand the effects of the conductive fillers. Additionally, the bond strength between
the SCC and the CC is discussed. This section further includes a discussion on the effects of
the surface preparation as well as of the testing and casting directions on the bond strength.
Moreover, normalized data are presented to minimize the compressive strength effects.
This section is divided into four major parts. First, data normalization is presented to
understand the compressive strength effect from 28 days to 90 days on the results. Second,
the mechanical properties that resemble the control for this study are discussed. Third, the
effects of the surface preparation on the bond strength are shown. Lastly, the casting and
testing effects on the bond strength are presented.

5.1. Data Normalization Due to Compressive Strength Variation

To verify that the results were not influenced by the compressive strength of the material,
a normalization process was applied. Normalization was performed by dividing the results
with the square root of the compressive strength,

√
f ′c, with respect to the concrete age and
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type. It is important to note that the composites’ results were normalized based on the
conductive concrete compressive strength since the CC was the most similar the control due
to its lower compressive strength. Figures 12–14 show the current results, as shown in Table 1,
and the normalized results of the MOE, flexure, and slant shear tests, respectively.
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Initially, these figures present similar mechanical and bond strength trends, meaning
that, if sample A achieved a higher performance than B in the original data, it remained
true after data normalization. In the MOE data (Figure 12), the initial variation between
WCWN and the SCC was 31.7%, and after normalization, the difference was 25.2%, both in
favor of the SCC’s MOE. In the case of the flexural strength (Figure 13), the WCDN-R and
WNDC-R difference was 110%, and after data normalization, the difference was 104% in
favor of WNDC-R.

Similarly, for the shear results (Figure 14), the WCDC-SK and WCDN-SK difference
was 17.2%, and after data normalization, the difference was 17.2%, both in favor of WCDC-
SK. In the case of the composite samples, the lower f ′c was the one used for normalization;
therefore, the percentage difference was the same in the case of WCDC-SK and WCDN-
SK. It is important to note that some percentage differences between the original and
normalized data vary. However, the results and conclusions remain true. Thus, the
compressive strength can affect the results; however, it did not influence the outcome of
this study.

5.2. Control Samples
5.2.1. Compressive and MOE Control Samples

The CC’s and SCC’s compressive strengths ( f ′c) both increased with respect to time,
as shown in Table 1. Comparing the f ′c results at 28 days and at 90 days, the f ′c of the
SCC increased by about 7%, while the f ′c of the CC increased by 14%. The variation in the
strength gain can be attributed to the 28-day hydration rate for each mix. The SCC mix
at 28 days gained almost more than 90% of its full compressive strength, while the CC
experienced slow hydration and strength gain during the same time. The slow strength
gain of the CC can be attributed to the carbon and graphite used as conductive fillers in
its mix. It is important to note that the addition of the conductive fillers decreased the
compressive strength, which is similar to the results in [6,14,49–52], where the increase in
conductive fillers in the mix, such as carbon, contributed to a decrease in the compressive
strength. Similarly, the conductive fillers affected the stiffness; therefore, the MOE of both
mixes differed by 35%. Moreover, the average ultimate strain in the conductive concrete
was 0.0037, and the maximum strain achieved was around 0.004, as shown in Figure 15a.
Lee et al. [53] reported a similar strain performance using ultra-high-performance concrete
(UHPC) with carbon and steel fibers.
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However, the SCC mix, as shown in Figure 15b, had a lower average ultimate strain of
0.0024. In terms of Poisson’s ratio, both materials achieved similar results. The addition of
the conductive fillers, carbon, graphite, and HSF affected the overall stiffness performance.
The CC mixes had two main responses, as shown in Figure 15a. The CC samples’ initial
average stiffness, from a strain of 0 to 0.0015, was 24 GPa, and after the 0.0015 strain mark,
the materials softened and dropped to 9 GPa, excluding CC-R1-M7.
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Note that Figure 15a,b show the CC and SCC samples, respectively, which were cast
from the same batches during the preparation of the bond strength samples.

5.2.2. Flexure Control Samples

The flexural capacity varied between both mixes, which could be attributed to the pres-
ence of HSFs. HSFs and conductive fillers were used to improve the electrical conductivity
in the CC, and this was the only difference from the SCC mix. The SCC samples, which
excluded steel fibers and other conductive materials, had a flexural strength of 3.8 MPa.
However, the CC samples’ flexural and residual strengths were influenced mainly by the
HSF. The HSF increased the flexural strength and residual strength and enhanced crack
initiation, crack control, and post-peak performance. The crack initiation improvements
could be seen in the delayed formation of cracks, as shown in Figure 16, and it allowed the
CC samples to attain a higher flexural stress of 15 MPa.
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Crack control was present in the failure modes, as shown in Figure 9a, where the CC
samples did not separate, and the HSF acted as a bridge between both parts in the failure
region. Post-peak performance was observed with a residual capacity of 14.4 MPa at L/600
and 11 MPa at L/150 in the CC samples. Therefore, the addition of steel fibers enhanced
the flexural strength, which is similar to the results in [41,54–59]. Thus, by adding hybrid
steel fibers, the flexural and residual capacities increase. Moreover, the HSF enhanced crack
initiation, crack control, and post-peak performance. Figure 16 shows all successful CC
control samples prepared for the flexural strength evaluation with sample identification;
for example, sample CC-S1-M1 refers to conductive concrete (CC), sample 1 (S1), cast from
batch 1. At least three samples from each batch were tested to check for homogeneity and
repeatability. Additional samples were cast and tested since the ASTM specifications for
fiber-reinforced concrete C1609 [45] eliminate any sample that fails outside the loading
region, which is L/3 from the support to the applied load.

5.2.3. Slant Control Samples

A unique control was used for the slant shear test, where surface treatment was
applied without introducing any material variation. This was applied for both rough
and shear key surface preparations. For this study, the maximum stress was recorded
regardless of the sample mode of failure, which could be a monolithic failure or a bond
failure. The samples developed in this study were cast from mix batch 5 to batch 8. The
control’s bond shear stress recorded in the rough surface preparation was 27.1 MPa and
16.1 MPa in WNDN-R and WCDC-R, respectively. In terms of perpendicular plane strain,
the WCDC samples went through higher strains than the WNDN samples, as shown
in Figures 17a and 17c, respectively, with a percentage difference of 51%. These strains
represent the deformations of the samples before failure occurred. These deformations
can be linked to the failure of the samples in the bonded region, comparing it to that of



Fibers 2023, 11, 106 19 of 32

WNDN, which failed in compression. In addition, initial layer slippage could be seen in
WCDC-R1 around the 2 MPa mark, which suggests that the bond strength was not as high
as in WNDN-R. The inferior performance of WCDC-R could be related to the difficulties
in roughening the surface of the CC samples, which contained a high volumetric ratio of
HSFs. Thus, the rough surface preparation method is not suitable for CC samples.
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Moreover, the shear key method had a different effect on the bond strength. WCDC-
SK outperformed WNDN-SK in terms of shear bond strength with a difference of 31%.
The superior performance of WCDC-SK could be linked to the HSF, which is similar to
the findings in [20]. The addition of steel fibers to a mix can increase the bond strength.
Moreover, the strain readings in WCDC-SK did not exhibit any sudden changes, as shown
in Figure 17b, unlike in the WCDC-R samples. It is important to note that the WNDN-3
sample with the SK surface preparation had a damaged shear key that did not affect the
failure or the carrying capacity, as shown in Figure 17d. However, the slippage between
the layers increased due to the damaged SK.

5.2.4. Split Tension

The HSF present in the CC mix from mix batch 5 was proven to improve the mix’s
tensile stress and strain compared to those of the SCC mix from mix batch 6; the tensile
stress difference was about 70% in the CC’s favor. For this test, four CC samples (S1, S2,
S3, and S4) and three SCC samples (S1, S2, and S3) were used, each with horizontal strain
gauges (SGs). The ultimate strain of the CC samples was generally between 0.002 and 0.008,
as shown in Figure 18a. In addition, the behavior of the CC was different from that of the
SCC. Figure 18b shows a near linear relationship between the tensile stress and horizontal
strains in the SCC, with an ultimate strain reading between 0.0001 and 0.00025. However,
the conductive concrete’s behavior presented a bilinear relationship. This relationship was
the result of the CC mix and its conductive fillers.
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5.2.5. Direct Shear

The direct shear test included two main responses, which were based on the type of
concrete mix. If the concrete contained steel fibers, the failure occurred in the expected
failure region. In addition, the strain readings were smoother in both the vertical and
horizontal strain gauges. However, if the concrete mix did not contain steel fibers, an
initial tensile crack formed, which only disturbed the horizontal strain gauge readings. The
CC samples from batch M1 experienced a ductile failure, as well as smooth vertical and
horizontal readings. The vertical readings in the CC presented a continuous deformation
until failure, which was also present in the SCC samples from batch M2, as shown in
Figures 19a and 19c, respectively. Similarly, the horizontal strain readings in the CC pre-
sented a continuous deformation until shear failure, as shown in Figure 19b. It is important
to note that all CC samples did not develop a tensile crack. However, the SCC samples
developed tensile cracks, which caused sudden changes in the horizontal strain readings,
as shown in Figure 19d. Moreover, the CC’s strain and load readings were both greater
than the SCC’s shear capacity. The difference between the CC’s and SCC’s shear strengths
was 81% in favor of the CC mix. It is important to note that the samples in Figure 19
are identified by the mix type and sample number, such as conductive concrete sample 1
(CC1). Moreover, the first and second vertical strains are identified as V1 and V2, and the
horizontal strain gauge is identified as H.
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5.3. Surface Preparation
5.3.1. Surface Preparation Effect on Compression Strength

The surface preparation affected the failure mode of the smooth and rough surface
interfaces, as shown in Figure 8. The rough and wet-to-wet interfaces both achieved similar
performance to the controls, and both methods achieved a monolithic failure. However,
most samples with the smooth surface preparation separated before and/or during testing.
Therefore, to maintain the stability of an element and prevent layer separation, a rough
surface interface is recommended.

5.3.2. Surface Preparation Effects on MOE

The surface preparation affected the MOE test severely, which could be seen in the
strain gauge readings. The wet-to-wet surface preparation and WCDN-R performed like
the CC control samples in terms of stiffness. This means that the stiffness of both composite
samples dropped compared to that of the SCC control, which was due to the dominant
CC layer. It is unlikely that the stiffness drop was due to the surface preparation since the
WCDN-R samples had a similar stiffness to that of a fully bonded composite as in the wet-
to-wet samples. However, the smooth surface preparation, from batches M1 to M4, affected
the performance of the samples during testing, as demonstrated by WNDC-S and WCDN-S.
These samples’ strain readings displayed extreme sudden changes, which was due to
sample separation. However, the WNDC-R samples failed the tests, and their readings
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were discarded. WNDC-R1 exhibited an early failure due to the stress concentration, which
did not give a clear indication of the material capacity. The WNDC-R2 sample encountered
a slight movement in the bonded area, which affected the strain readings.

Figure 20 shows both WCDN-R samples with different maximum strains. It is impor-
tant to note that the rough surface preparation casting was from batches M5 to M8. The
strain variation was due to the variation in the material of the composite sample and not
due to the difference in the compressive strength. This could be explained by referring
to Figure 12, which shows that the compressive strength did not influence the results, as
demonstrated by the WCWN and WCDN-R variations. The original difference and the
difference after normalization were both 16.2% in favor of WCDN-R.
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5.3.3. Surface Preparation Effects on Flexural Strength

The flexural capacity of the wet-to-wet surface preparation was like that of the CC
control samples, as shown in Table 1. Similarly, the flexural strength of the rough surface
preparation was like that of both the wet-to-wet samples and controls. The flexural strength
difference between them was nearly 2 MPa with respect to the casting direction. Moreover,
it was observed that cracks did not form along the bond interface in the wet-to-wet or rough
surface preparation, unlike in the smooth surface preparation. This response is similar
to that in [18], where a high roughness surface preparation performed better than a low
roughness surface preparation. The smooth surface preparation had the lowest flexural
and residual strengths out of the three surface preparation methods. In addition, it was
observed that cracks propagated from the tensile side to the bonding surface.

Figure 21 presents a summary of the smooth surface (S) preparation and the rough
surface (R) preparation for the samples S1, S2, and S3. The samples in the smooth surface
preparation study were cast from batches M1 to M4, while the samples with the rough
surface preparation were cast from batches M5 to M8. The rough surface preparation clearly
outperformed the smooth surface preparation in flexural strength, as well as in residual
capacity with respect to the casting direction. The flexural strength difference between each
surface preparation was 27% in WCDN and 51% in WNDC, both in favor of the rough
surface preparation. Moreover, the differences after data normalization were 26.1% in
WCDN and 41.2% in WNDC, similarly, both in favor of the rough surface preparation, as
shown in Figure 13. Therefore, the smooth surface preparation lowered the performance,
which was emphasized in the bond failure mode of the sample.
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5.3.4. Surface Preparation Effects on Slant Shear

The surface preparation methods affected the bond strengths of the samples. The
investigated surface preparation methods were the rough, smooth, and shear key methods.
The smooth surface preparation achieved the lowest bond strength in all configurations
compared to the controls. The samples in the smooth surface preparation study were cast
from batches M1 to M4.

However, the rough surface preparation method caused an improvement in the bond
strength, which was observed in WCDN-R, shown in Figure 22a. WCDN-R’s bond strength
was the closest to the SCC control’s bond strength, with a difference of 4%, and WCDN-R’s
bond strength was also similar to the wet-to-wet sample’s bond strength. However, when
the rough surface preparation was applied to the CC samples, the bond strength dropped,
as shown in Figure 22b.

Fibers 2023, 11, x FOR PEER REVIEW 23 of 32 
 

 
Figure 22. Perpendicular stress–strain graphs of (a) WCDN, (b) WNDC samples with rough (R1, R2) 
and smooth (S1, S2, S3) surface preparation, (c) WCDN, and (d) WNDC samples with shear key (SK) 
surface preparation. 

Thus, the rough surface preparation is not suitable for CC samples. However, the 
shear key surface preparation method produced different results. The conductive concrete 
outperformed the self-consolidating concrete, which could be seen in the control samples. 
Additionally, the percentage difference between WCDC-SK and WNDN-SK after data 
normalization was 39.8%, in favor of WCDC-SK, as shown in Figure 14. Moreover, a bond 
strength difference of 1.2 MPa was recorded between WCDN-SK and WNDC-SK, which 
suggests that both samples’ bond performances were almost the same. However, initial 
slippage was present in the WCDN-SK samples unlike in the WNDC-SK samples, as 
shown in Figure 22c and Figure 22d, respectively. Nonetheless, WCDN-SK and WNDC-
SK had similar bond strengths. Note that the samples in the rough and shear key surface 
preparation study were cast from batches M5 to M8. 

5.4. Casting and Testing Directions 
5.4.1. Casting and Testing Direction Effects on Compression Strength 

The casting direction did not play a major role; however, the material variation af-
fected the samples’ performance. The samples, including the normal and conductive con-
crete variations, achieved a lower compression strength than the normal concrete and a 
higher strength than the conductive concrete, as shown in Table 1. 

5.4.2. Casting and Testing Direction Effects on MOE 
During the MOE tests, the behavior was affected by the dominant layer rather than 

the testing direction. The wet-to-wet sample casting and the testing direction had a minor 
difference of 6.5%, which was due to the heterogeneous nature of concrete. Moreover, the 
data normalization presented a similar difference of 6.3%. Figure 23 shows that the strain 
of the composites varied between 0.002 and 0.004, and it displays the contribution of the 
CC and SCC layers. The wet-to-wet samples were cast from batches M3, M4, M7, and M8. 

Figure 22. Perpendicular stress–strain graphs of (a) WCDN, (b) WNDC samples with rough (R1, R2)
and smooth (S1, S2, S3) surface preparation, (c) WCDN, and (d) WNDC samples with shear key (SK)
surface preparation.

Thus, the rough surface preparation is not suitable for CC samples. However, the
shear key surface preparation method produced different results. The conductive concrete
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outperformed the self-consolidating concrete, which could be seen in the control samples.
Additionally, the percentage difference between WCDC-SK and WNDN-SK after data
normalization was 39.8%, in favor of WCDC-SK, as shown in Figure 14. Moreover, a bond
strength difference of 1.2 MPa was recorded between WCDN-SK and WNDC-SK, which
suggests that both samples’ bond performances were almost the same. However, initial
slippage was present in the WCDN-SK samples unlike in the WNDC-SK samples, as shown
in Figures 22c and 22d, respectively. Nonetheless, WCDN-SK and WNDC-SK had similar
bond strengths. Note that the samples in the rough and shear key surface preparation
study were cast from batches M5 to M8.

5.4. Casting and Testing Directions
5.4.1. Casting and Testing Direction Effects on Compression Strength

The casting direction did not play a major role; however, the material variation affected
the samples’ performance. The samples, including the normal and conductive concrete
variations, achieved a lower compression strength than the normal concrete and a higher
strength than the conductive concrete, as shown in Table 1.

5.4.2. Casting and Testing Direction Effects on MOE

During the MOE tests, the behavior was affected by the dominant layer rather than
the testing direction. The wet-to-wet sample casting and the testing direction had a minor
difference of 6.5%, which was due to the heterogeneous nature of concrete. Moreover, the
data normalization presented a similar difference of 6.3%. Figure 23 shows that the strain
of the composites varied between 0.002 and 0.004, and it displays the contribution of the
CC and SCC layers. The wet-to-wet samples were cast from batches M3, M4, M7, and M8.
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5.4.3. Casting and Testing Direction Effects on Flexure Strength

The initial behavior and strength were governed by the tensile side layer’s properties.
WCWN, whose tensile side layer was normal concrete, presented low initial peaks, as
shown in Figure 24a,c. WCWN’s flexural strength was like the normal concrete control’s
flexural strength, which was achieved due to the layer arrangement. In addition, the
residual capacity slightly increased over the initial peak, which showed the contribution
of the CC layer after the complete failure of the SCC layer. It is important to note that the
normal concrete suddenly failed, and the CC layer took control of the sample’s behavior.
Thus, a slight increase in the residual strength was observed, as shown in Figure 24a,c.
Nonetheless, the residual strength was impacted by the normal concrete, resulting in a
residual strength lower than that of the conductive concrete control.
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By simply changing the layers, the results will differ based on the controlling ten-
sile layer. WNWC, which had conductive concrete in the tensile region, as shown in
Figure 24b,d, performed similarly to the conductive concrete control, and this held true
after data normalization. The flexural strengths in both the rough and smooth groups were
12.7 MPa and 11.9 MPa, respectively. Compared to the conductive control, the flexural and
residual strengths displayed similar trends. Therefore, the tensile side layer in the sample
controlled the sample’s flexural and residual strengths. This was observed in all samples
containing different layer arrangements. The samples in this study were cast from batches
M1, M2, M5, and M6.

5.4.4. Casting and Testing Direction Effects on Slant Shear

The alteration of the sample’s layers was not possible since the casting was performed
longitudinally, meaning that the samples during casting were positioned on the ground
along the longest length. However, to fully cover the slant shear test, the direction of the
samples during testing was altered. The alteration during testing was achieved by flipping
the sample vertically and positioning either the conductive concrete or plain concrete at
the top. It was observed that the testing direction did not affect the samples of the same
type, and all samples achieved similar results with respect to their type. Figure 25 shows
the performance of the wet-to-wet samples during direction alteration, and the alteration
did not affect the stresses and strains. The wet-to-wet samples in this study were cast from
batches M5 and M6.
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6. Comparison of CC and SCC Mechanical Properties with Published Equations

A comparison was made between the mechanical property results in Table 1 and
those predicted by codes and published equations. The codes used were ACI 318 [60], ACI
363 [61], FIB [62], and Eurocode 2 [63], and the published equations were from [64–69], as
shown in Tables 4 and 5. The formulas collected from the codes and the literature should
cover MOE, flexural, and split tension predictions.

Table 4. Used codes’ mechanical property equations.

Test Equation
No. ACI-318 (MPa) ACI-363 (MPa) FIB 2010 (MPa) Eurocode 2

MOE

(8) 0.043w1.5
c
√

f ′c 320
√

f ′c + 6900; 21 < f ′c < 83 E = 25800( fcm/10)1/2 ;
basalt, dense limestone aggr. Ecm = 9.5( fck + 8)1/3

(9) 4700
√

f ′c 3.385× 10−5w2.5
c f ′c

0.325; f ′c < 84 E = 21500( fcm/10)1/2;
quartzite aggr.

-

(10) - 14495 + 2176
√

f ′c
E = 19400( fcm/10)1/2;

limestone aggr.
-

(11) - 9500 f ′c
0.3; 25 < f ′c < 85 E = 15100( fcm/10)1/2;

limestone aggr.
-

(12) - 3.385× 10−5 × w2.55
c f ′c

0.315 - -

Flexure
(13) 0.62 f ′c 0.94

√
f ′c ; 21 < f ′c < 83 - -

(14) - 0.25 f ′c
0.79; moist, steam cured - -

Split
Tension

(15) 0.56 f ′c
0.5 0.59 f ′c

0.5; 21 < f ′c < 83 fctm = 0.3( fck)
2/3 ; f ′c ≤ 50 fctm = 0.3( fck)

2/3

(16) - 0.32 f ′c
0.63 fctm =

2.12ln(1 + 0.1( fck + 8)); f ′c > 50 -

Table 5. Published equations for mechanical properties.

Test Equation No. Equation Ref.

MOE

(17) Ec = 3360
√

f ′ck; f ′ck ≤ 200 MPa [64]

(18) Ec = 4700× 0.5
(

1 + 0.7Vf
)√

f ′c [65]

(19) Ec = 4.2
√

f ′cy; 30 MPa < f ′cy < 75 MPa [66]

Flexure

(20) fct = 0.42
(

0.6 + Vf

)√
f ′c [64]

(21) f f t = 0.39 f 0.59
cs [67]

(22) fr f = 0.259 f 0.843
c f [68]

(23) fr = 0.42 f ′c
0.68; 5 MPa < f ′c < 120 MPa [69]

(24) f f l = 0.79
√

f ′cy ; 30 MPa < f ′cy <

75 MPa
[66]

Split
Tension

(25) fspt = 0.21 f 0.83
cs [67]

(26) fsp f = 0.188 f 0.84
c f [68]

(27) fsp = 0.47 f ′c
0.56; 5 MPa < f ′c < 120 MPa [69]

(28) fspc = 0.57
√

f ′cy ; 30 MPa < f ′cy <

75 MPa
[66]

The MOE predictions varied with the use of different equations. The ACI 318 and
Eurocode 2 predictions overestimated the MOEs of the CC and SCC, as shown in Figure 26.
The highest percentage difference in the SCC was 13% and 14% with respect to ACI 318
and Eurocode 2, respectively. However, the CC predictions were worse, and the percentage
difference increased to 38% and 44% with respect to ACI 318 and Eurocode 2, respectively.
The predictions closest to the actual results were from ACI 363 and FIB. The ACI 363
predictions, Equations (8)–(11), were suitable for the SCC mix, with a 2 GPa difference. The
FIB equations depended heavily on the aggregate types in the mix; the closest SCC and
CC predictions with a 2 GPa difference were from Equations (10) and (11), respectively.
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However, published Equations (17) and (18) in Table 5 successfully predicted the CC’s
MOE with a difference of 2 GPa.
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The flexural strength and split tension predictions from ACI 318, FIB, and Eurocode
2 for the SCC were mostly accurate, and the variation was around 1 MPa, as shown
in Figures 27 and 28, respectively. However, ACI 363 slightly overestimated the flexural
strength but provided an accurate split tension prediction. Conversely, all codes under-
estimated the flexural and split tension capacities of the CC mix. This was due to the
HSF presence in the mix, which boosted these mechanical properties. In terms of the
published equation predictions for the CC mix, the closest split tension prediction was
from Equation (15) with a 2 MPa difference. However, the flexural strength was similarly
underestimated by all equations, which was due to the different fiber percentages and
aspect ratios present in the CC mix. Therefore, it is possible to predict the SCC’s mechanical
properties. However, care must be taken when attempting to predict the CC’s mechanical
properties since conductive fillers decrease the compressive strength and stiffness of the
mix. It is important to note that the published equations from [64,65,67,68] consider the
steel fiber’s contribution to the mechanical properties.
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7. Conclusions

This study aimed to investigate the mechanical properties of and bond strength
between conductive concrete (CC) and self-consolidated concrete (SCC). The bond strength
was investigated based on two main parameters. The first parameter was the surface
preparation method used on each layer, which included smooth surface, rough surface,
shear key, and wet-to-wet methods. The second parameter was the effects of the casting
and testing directions on the sample’s bond strength. This study performed on CC and
SCC shows the following:
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• The SCC’s compressive strength and stiffness were superior to those of the conductive
concrete. The difference in compressive strength was due to the addition of conductive
fillers, which replaced parts of the mix. The conductive fillers added to the mix were
carbon, graphite, and hybrid steel fibers (HSFs). The compressive strength difference
was 19% at 28 days and 13% at 90 days, both in favor of the SCC mix; similarly, the
stiffness difference was 35% in favor of the SCC.

• The CC flexural, tensile, and shear strengths were superior to those of the SCC mix.
This was due to the presence of HSFs in the mix, which increased the performance. In
addition, the HSF allowed the CC mix to be more ductile than the SCC mix, which was
observed in the CC samples’ failure modes. The CC’s flexural strength improvement
was 4 times that of the SCC’s flexural strength. Similarly, the CC’s tensile and shear
strengths were 2 times that of the SCC’s strengths. Moreover, the HSF allowed for
better crack growth control and post-peak performance.

• The most suitable surface preparation method to fully utilize the CC mix was the shear
key method. The shear key method is based on a groove grid performed initially on
a mold, after which the mix is cast into it. However, the rough surface preparation,
performed using hand chiseling and a steel wire brush, achieved a similar bond strength
to the wet-to-wet surface preparation when the roughness was applied to the SCC’s
surface in the slant shear test. However, if the rough surface preparation is applied
to the CC mix’s surface, the bond strength would fail. It is important to note that
wet-to-wet surface preparation is performed to simulate the maximum bond strength.

• The casting and testing directions played important roles, which could be seen in the
flexural strength tests. The most suitable position for conductive concrete is in the
tensile region of an element. If the SCC mix is present in the tensile region, it will
weaken the sample’s strength and residual capacity. In WNWC, the flexural strength
and post-peak performance were similar to those of the CC control. However, in
WCWN, the strength dropped significantly, which was due to the SCC’s position.
Moreover, the SCC’s presence in the tensile region subjected the sample to a sudden
stress due to its initial sudden failure, after which the CC carried the rest of the load.

• An attempt to predict the SCC’s and CC’s mechanical properties based on codes and
published equations was made. Most codes and published equations could predict the
SCC’s MOE, flexural, and tensile strength. However, care must be taken with CC mixes,
since most equations overestimated the MOE and underestimated the tensile and flexural
strengths. This issue occurred only due to the presence of conductive fillers, which
affected the mechanical properties by either increasing or decreasing performance.
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Abbreviations
The following abbreviations are used in this manuscript:
CC Conductive concrete
DN Dry normal
DC Dry conductive
HSF Hybrid steel fiber
LVDT Linear variable displacement transducer
M1, M3, M5, M7 Odd numbers used for CC mixes
M2, M4, M6, M8 Even numbers used for SCC mixes
MOE Modulus of elasticity
SCC Self-consolidated concrete
SFs Steel fibers
SG Strain gauge
SK Shear key
UHPC Ultra-high-performance concrete
UTM Universal testing machine
WC Wet conductive
WN Wet normal
WADB Wet concrete type A on dry concrete type B
WAWB Wet concrete type A on wet concrete type B
WCWN Wet conductive concrete over wet normal concrete
WCDN-S Wet conductive over dry normal with smooth surface
WCDN-R Wet conductive over dry normal with rough surface
WNDC-SK Wet normal over dry conductive with shear key
A Interface area
As Expected shearing area
b Average width of specimen
d0 Cylinder diameter
E Modulus of elasticity
fr Flexural strength
fs Shear strength
f ′c Compressive strength
h Specimen depth
P Maximum load
T Tensile strength
α Slant shear angle with respect to the y-axis
ε1, ε2 Longitudinal strain
εt1 , εt2 Transverse strain
σ1, σ2 Stress
σn Normal stress
τn Shear stress
v Poisson’s ratio
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