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Abstract: In this paper, we address the relatively underexplored topic of the bond behavior between
various carbon rebars and high-strength concrete. This research aims to bridge the knowledge gap
in understanding how different manufacturing processes and surface profiles of carbon fiber rods
influence their bond strength with concrete. Through experimental bond tests comparing different
carbon fiber rebars with varied surface profiles and manufacturing methods, we observed that the
achievable bond stresses are significantly influenced by these factors. One carbon rebar variant was
selected based on preliminary investigations for detailed analysis. Extensive investigations were
conducted on the preferred carbon rebar. Factors such as concrete strength, bond length, and testing
speed were experimentally explored. The results not only corroborate many findings from traditional
reinforced concrete construction but also reveal new phenomena unique to carbon rebars. These
insights are crucial for advancing the application of carbon rebars in modern construction, offering a
potential solution to challenges faced in conventional concrete construction.
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1. Introduction

Carbon-reinforced concrete has emerged as a viable alternative to traditional steel-
reinforced concrete in various areas of the construction industry. Extensive research and
practical projects have been conducted on the use of carbon grids for reinforcement in
new construction and strengthening of existing structures [1-5]. However, the same level
of knowledge and research does not exist for components reinforced with carbon rebars.
However, nowadays, carbon rebars are used in many different fields. For example, they
are utilized as reinforcement in concrete bridges to support high loads. While some
publications have explored the tensile behavior of carbon rebars or components with
mixed reinforcement of carbon rebars and grids in Germany and Austria [6-10], there is
a lack of comprehensive information on the bond behavior between carbon rebars and
concrete in Germany where only a few investigations had been conducted, e.g., [11-13].
Understanding the bond behavior is essential for safe and cost-effective design, calculation,
and dimensioning of carbon-reinforced concrete structures.

To address this gap and compare results with experimental research outside of Ger-
many, experimental bond tests were conducted on carbon rebars with various surface
profiles and compositions, including commercially available rebars and those developed in
the C3 project [14]. Based on the findings from these tests, a preferred rebar was selected for
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further bond investigations. A reference test series with conventional steel reinforcement
was also conducted.

The bond behavior of fiber-reinforced polymer (FRP) rebars in concrete shares sim-
ilarities with steel-reinforced concrete, involving adhesive, frictional, and shear bond
mechanisms. However, the contribution of each mechanism to the overall bond resistance
varies significantly depending on the rebar configuration, which will be shown in further
chapters. FRP rebars can consist of different types of reinforcement fibers embedded in a
polymer matrix, with carbon fibers being one of the commonly used materials. The lack of
normative regulations for carbon rebars has led to considerable variations due to different
impregnation processes, manufacturing methods, and profiling types.

2. Bond Behavior of Non-Metallic (Carbon) Rebars in Concrete

The bond behavior of carbon rebars in concrete has become a subject of significant
interest and research in recent years. While the principles of bond behavior for steel rein-
forcement in concrete are well established [15-17], the use of carbon rebars as an alternative
reinforcement material introduces new challenges and considerations. Carbon-reinforced
concrete has shown promise as a viable alternative to traditional steel-reinforced concrete
in certain construction applications due to its high strength and corrosion resistance.

In general, the bond behavior of carbon rebars in concrete is characterized by the trans-
fer of bond stresses through adhesive, shear, and frictional mechanisms. The anisotropic
nature of the composite material plays a crucial role, allowing for high tensile stresses to
be transmitted in the fiber’s longitudinal direction, while the properties of the polymer
matrix become influential in transverse and shear loading. Consequently, failure modes of
carbon rebars in concrete may include concrete cone failure, failure of the rebar’s profile,
debonding of the inner rebar core from the outer core of the rebar, rebar pull-out, and
combined failure modes. In Figure 1, a typical failure mode of a carbon rebar from a
pull-out test is shown. For more information on the bond behavior of non-metallic and
steel rebars in general, see [5,11-13,15-23].
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Figure 1. Carbon rebar with destroyed lugs of the rebar (photo: A. Schumann).

However, the lack of standardized geometric characteristics for carbon rebars poses
challenges in understanding and predicting their bond behavior. Different surface treat-
ments, manufacturing methods, and variations in material properties among different
manufacturers lead to significant differences in bond performance. Therefore, exten-
sive experimental investigations are needed to establish reliable bond models for carbon-
reinforced concrete.

The use of carbon rebars in concrete construction holds significant potential, and
continued advancements in the understanding of their bond behavior will play a piv-
otal role in promoting their widespread adoption and successful application in modern
construction practices.
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3. Experimental Test Series 1: Various Carbon Rebars
3.1. General

In the first stage, a variety of bond tests were conducted using carbon rebars with
different surface profiles and compositions to identify preferred rebars for further bond
investigations. In this process, several commercially available carbon rebars from the
German market were employed. Additionally, selected carbon rebars developed within the
C3 project (Carbon Concrete Composite [14]) were examined for their composite properties.
To achieve a comparison to the bond behavior of steel-reinforced concrete, a bond series
was also conducted with a conventional steel rebar and the same concrete.

3.2. Materials

For all pull-out tests in Series 1, a specially developed high-strength and self-compacting
concrete (HC 1) intended for new components made from carbon-reinforced concrete was
used, featuring an aggregate size of 5 mm. The composition of the concrete is listed
in Table 1. According to [24,25], the high-strength concrete exhibits mean strengths of
110-140 N/mm? after 28 days, depending on the chosen curing conditions, as determined
on concrete prisms with dimensions of 40 x 40 x 160 mm?3. Within this study, the concrete
matrix was defined as the reference mixture.

Table 1. Components of the used concrete.

Binder Quartz Fine Sand Sand 0/2 Aggregate 2/5 Superplasticizer Water
(kg/m3) (kg/m?) (kg/m®) (kg/m®) (kg/m?®) (kg/m?®)
621 250 530 837 16 145

For the reinforcement, eight different rebars and one conventional steel rebar were
used, which were available in Germany or in the German research field.
Figure 2 shows the rebars used in the bond tests.

2) (3)

8 9)

Figure 2. Used carbon rebars (1-8) and steel rebar (9) (photo: A. Schumann).

An overview of the various rebar variants, including the necessary details of the
diameter and the bond length, is provided in Table 2.
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Table 2. Test parameters of the bond tests.
Name Rebar Specimen 1y, dy Age Tmax So,max fem fetm,fi
) ) No. (-) (mm) (mm) (d) (N/mm?) (mm) (N/mm?)  (N/mm?)
V-1-1 1 1 40 8 10 4.3 0.2 107.3 10.4
V-1-2 1 1 40 8 10 4.3 0.3 107.3 10.4
V-2-1 2 1 40 8 14 8.1 0.2 108.2 11.2
V-2-2 2 1 40 8 14 6.9 0.2 108.2 11.2
V-2-3 2 1 40 8 14 10.7 0.3 108.2 11.2
V-3-1 3 1 45 9 11 6.0 10.9 108.7 10.0
V-3-2 3 1 45 9 11 7.4 10.8 108.7 10.0
V-3-3 3 1 45 9 11 5.8 5.7 108.7 9.98
V-4-1 4 1 30 6 12 20.0 5.7 1124 9.8
V-4-2 4 1 30 6 12 21.5 4.2 1124 9.8
V-4-3 4 1 30 6 12 19.9 10.2 1124 9.8
V-4-4 4 1 40 8 12 21.2 6.1 1124 9.8
V-4-5 4 1 40 8 12 21.1 53 1124 9.8
V-4-6 4 1 40 8 12 21.2 6.7 1124 9.8
V-5-1 5 1 30 6 11 21.5 6.5 108.7 10.0
V-5-2 5 1 30 6 11 28.9 2.6 108.7 10.0
V-6-1 6 2 50 10 12 29.1 1.1 1124 9.8
V-6-2 6 2 50 10 12 26.75 14 1124 9.8
V-6-3 6 2 50 10 12 28.9 0.9 1124 9.8
V-7-1 7a 1 40 8 13 36.0 0.5 115.0 10.1
V-7-2 7a 1 40 8 13 38.05 0.6 115.0 10.1
V-8-1 8 1 46.5 9.3 12 11.7 2.3 111.5 9.9
V-8-2 8 1 46.5 9.3 12 11.0 1.7 111.5 9.9
V-8-3 8 1 46.5 9.3 12 11.2 1.8 111.5 9.9
V-9-1 9 1 20 10 11 38.0 0.3 108.7 10.0
V-9-2 9 1 20 10 11 40.1 0.4 108.7 10.0
V-9-3 9 1 20 10 11 40.0 0.3 108.7 10.0

In the following section, each rebar configuration is briefly described, with a primary
focus on their respective surface profiles. To characterize the different rebar variants, all
rebars were measured prior to testing. Based on these measurements, a reference diameter
was defined for each rod configuration. To standardize and establish practical relevance,
the measured diameters were rounded to the nearest whole number. Consequently, for
some rebar configurations, geometric parameters differing from the manufacturer’s specifi-
cations were employed as the basis for the experimental trials. In addition to the geometric
data, available information about the rod materials is also presented. For certain rebar
configurations, manufacturers of the carbon rebars were unable to provide supplemen-
tary information.

Rebar 1 (Figure 2) is a commercially available carbon rebar from a German manufac-
turer with a smooth surface and an 8 mm diameter.

Rebar 2 (Figure 2) was developed by the Institute of Lightweight Engineering and
Polymer Technology (ILK) at TU Dresden within the C3-B1 project [26]. The smooth, pre-
hardened 8 mm initial carbon rebar was subsequently loosely wound with a fiber strand. A
thermoplastic (PA 6) was used as the matrix for both the rebar and the winding.

Rebar 3 (Figure 2), also developed by ILK within the same project as Rebar 2, features
a thermoplastic matrix as well. In this configuration, the fibers were twisted during the
manufacturing process, resulting in a helical surface profile [26]. Similar to prestressing
strands, a reference diameter of 9 mm is defined for Rebar 3.

Rebar 4 (Figure 2) is a carbon rebar from an Italian manufacturer with an additionally
applied thin surface coating that creates a rough structure. Bars with diameters of 6 mm
(Rebar 4a) and 8 mm (Rebar 4b) were examined.

Rebar 5 (Figure 2), also a result of a C3-project [26], was designed for use in components
exposed to high temperatures. As a result, it features a thermoplastic matrix with a high



Buildings 2023, 13, 2932

50f18

glass transition temperature. The profiling was performed directly during the pultrusion
process by heating the bars sufficiently and then pressing the ribs using a suitable tool.

Rebar 6 (Figure 2), developed by a German company during the C3-B1 project, consists
of carbon fibers and a thermoset matrix (epoxy resin based). The profiling with a short
fiber-reinforced resin was pressed in an additional production step, resulting in a surface
structure resembling that of concrete steel. Its core diameter is 10 mm.

Rebar 7 (Figure 2), also a product of the same German company using similar source
materials as Rebar 6, underwent post-curing milling to achieve its profile in a separate
production step. Its outer diameter is 10 mm, with a core diameter of § mm.

Rebar 8 (Figure 2) consists of seven individual twisted carbon fiber strands and is
commonly used in the construction of prestressed structures [13]. For the composite tests,
a reference diameter of 9.3 mm was defined based on the manufacturer’s cross-sectional
area specifications.

Rebar 9 (Figure 2) is a conventional reinforcement steel with a 10 mm diameter and a
rib area ratio fg of 0.096.

3.3. Sample Preparation, Test Setup, and Execution

The investigations were conducted at the Otto Mohr Laboratory of TU Dresden.
Two different specimen types were employed. Figure 3 (right) illustrates the “Standard”
specimen (Specimen 1), which was employed in nearly all experiments. Only during the
examination of the bond behavior of Rebar 6 was the smaller Specimen 2, shown in Figure 3
(left), used due to the limited length of the carbon rebar imposed by production constraints.
Additionally, due to manufacturing limitations, the bond zone had to be positioned in
the middle of Specimen 2, unlike Specimen 1. The bond length was consistently set to
5 bar diameters (dy) for all experiments, following established insights from the literature.
However, in the case of the steel bar, it had to be reduced to 2 dy to prevent the steel bar
from yielding. To transmit the testing force into the carbon rebar without causing damage,
steel sleeves were adhered to the ends of the rebar.

The composite test specimens were prepared in a horizontal orientation. They were
left covered in the molds until the third day, then demolded and stored under a sheet at
room temperature and 65% relative humidity until the day of testing. Since these were
preliminary tests, the composite tests were conducted on average after approximately
12 days. For each test, the slip at the unloaded end of the bar, machine displacement, and
test force were measured. The force was applied in a deformation-controlled manner at a
testing speed of 0.01 mm/s. A summary of all parameters is provided in Table 2.

For each test series, three concrete prisms with dimensions of 40 x 40 x 160 mm?> were
produced in accordance with DIN EN 196-1 [27] and tested on the day of the composite
tests to determine flexural and compressive strength. The prisms were used because of
the small maximum aggregate size of the concrete. The storage conditions for the prisms
deviated from DIN EN 196-1 [27], following the same procedure as the composite test
specimens. An overview of the individual composite and concrete tests is presented in
Table 2.

3.4. Test Results

The evaluation of the test series for the rebar variants is based on the test force—slip
or bond stress—slip relationship (VSB). The following figures depict the mean curves for
each rebar configuration. Mean values were computed according to the testing time, as all
tests were conducted at the same testing speed. The following observations can be made
based on the results: The VSB of the smooth rebar 1 exhibits the typical characteristics
of a non-profiled rebar (Figure 4a,b). Similar to smooth concrete steel, the bond force
transfer relies on adhesion and friction mechanisms. Thus, the smooth rebar represents
the theoretical lower limit of transferable bond stresses for all other surface profiles. Both
specimens failed due to rebar pull-out from the concrete.



Buildings 2023, 13, 2932

6 of 18

slip measurement

™

slip measurement

N
Ny
e
e
N

=
8 g
E 5 s
=g =
=& )
O — = Q
Ne}
5
ol B E
& ' =
/- teflon- S o
. layer S &
3] | _—
H |
o [~ teflon-
>
8 support layer
)
\ o
N
N
w
=
Q
=
o0
o]
>
Q
2
. =
\ T)
¢ Y
2
72
=
Q
=
en

Figure 3. Used test setups and specimens; left: No. 1; right: No. 2 (photo: A. Schumann).

In the case of Rebar 2, the subsequently applied winding activated an additional shear
bond, allowing higher bond stresses to be transferred compared to the smooth Rebar 1.
After exceeding the maximum bond stress, Tmax, there was a decrease in bond force. The
failure and the resulting drop in stress were due to the destruction of the winding fiber
strand in the bond zone. Furthermore, in Figure 4a,b, it can be observed that with increasing
slip, there is a repeated increase and subsequent decrease in bond stresses, indicative of
a zipper-like failure. This is because the destruction of the winding fiber strand occurs
gradually in the bond length region. As a result of the additional relative movements
between the rebar and the concrete, bond stresses of lower magnitude than Tmax can be
activated again due to the renewed shear bond. Figure 5 illustrates the destruction of
the carbon rebar, particularly the outer winding fiber strand, while the concrete consoles
remained undamaged during the test.
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Figure 4. Test results: (a) mean bond stress-slip relationships (VSB) of the examined rebars (S);
(b) enlarged detail of the VSB at low slip values; (c) comparison of the maximum bond stresses;
(d) comparison of the slip values associated with Tmay; in the diagrams, only valid failure modes
were considered (photo: A. Schumann).

(d) Rebar No. 5

(e) Rebar No. 6

(f) Rebar No. 7
Figure 5. Surfaces of the carbon rebars after the bond tests (photo: A. Schumann).

For Rebar Configuration 3, the bond resistance was exceeded at a bond stress of
approximately 2 N/mm?. Subsequently, shear forces occurred, leading to a continuous but
slight increase in bond forces. For this reason, Tmax was reached at the maximum measured
slip values in the test for this rebar. A notable feature was that the carbon rebar rotated
out of the concrete body during the bond test. This phenomenon is similar to the behavior
of strand tendons in prestressed concrete, which, when allowed to freely rotate during
the bond test, can wind out of the test specimen or, when rotation is impeded, activate
additional shear resistance, see [28,29]. If the rotation of the rebar is not hindered by the
test setup, lower maximum transferable bond stresses can result, which is why the results
of Rebar 3 are only partially applicable to the bond behavior in actual structural elements
where such rebar rotations do not occur. In [30], tests on strand tendons found that rotation
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inhibition leads to higher bond strengths but only in the range of larger slip values. For the
relatively small slip values typically encountered in construction, the difference between
results with and without rotation inhibition is, therefore, small.

Rebars 4a (dy = 6 mm) and 4b (dy = 8 mm) were characterized by very highly adhesive
bonds in the range of 12-17 N/mm?. After exceeding this range, bond stresses could be
further increased due to shear action and high frictional bonding. Failure was marked by
progressive destruction of the coating, occurring at very large slip values (see Figure 5).

In the first test of Rebar Configuration 5, compared to the smooth Rebar 1, very high
bond stresses were achieved, indicating a pronounced shear bond due to the punched
profiling. After the test, significant damage to the carbon rebar was observed, as shown in
Figure 5d, leading to the pull-out of the carbon rebar from the concrete. However, in the
second test of Rebar Configuration 5, premature failure of the specimen occurred. Figure 6
shows the destroyed rebar after the test. The rebar locally failed in the transition zone due
to a slight misalignment of the rebar, causing the rebar to suddenly fail during the test.
Furthermore, the detail on the right in Figure 6 indicates that the fibers in the bending area
were not fully impregnated. Both effects contributed to the failure of the carbon rebar before
a bond failure occurred. In summary, it must be noted that the largely manual application
of the profiling in the manufacturing process did not achieve uniform profiling quality.

Figure 6. Failed carbon rebar 5 (photo: A. Schumann).

For the experimental determination of the bonding behavior of Rebar Configuration
6, which resembles the form and execution of surface profiling similar to concrete steel, a
modified specimen had to be used due to the limited available rebar length, as shown in
Figure 3. Due to the limited bond-free length of the carbon rebar, reduced concrete cover in
conjunction with high-strength concrete, and high bond forces, the bond body split after
exceeding Tmax. In addition to the geometric boundary conditions, the splitting tendency
is enhanced by the “wedging effect” described in [31,32]. However, for comparison with
the other rebar configurations, the test series can still be used, as splitting occurred only
on the horizontal or descending branch of the VSB. It should be noted, though, that the
increased lateral pressure resulting from the reduced bond-free length could positively
affect the transferable bond forces. However, this influence was not further investigated
and should be the subject of further studies. Nevertheless, based on the diagrams in
Figure 4, it can be observed that the subsequent application of resin ribs has a significant
impact on the bonding behavior. Thus, the post-profiling generates bond stresses that are
in the range of bond stresses of steel bars, as seen in Figure 4c,d. However, compared to
reinforced concrete construction, the failure in Rebar Configuration 6 was characterized by
the complete shearing of the resin ribs from the core cross-section, as shown in Figure 5.
Similar to Rebar Configuration 6, Variant 7 with milled profiling also achieved maximum
bond stresses in the range of a steel bar. Since Specimen Variant 1 was used, there was
no splitting of the specimens, but rather, the pull-out of the rebar from the concrete was
observed. Besides high absolute values of Tmax, Rebar Configuration 6 also exhibits a bond
stress—slip relationship similar to a steel bar (see Figure 4). In Rebar 7, in combination with
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the high-strength concrete, a combined failure was observed, as shown in Figure 5f. The
concrete consoles were destroyed in the bond area, and slight to moderate damage to the
profiling of the carbon rebar was additionally observed.

Rebar Configuration 8 exhibits bonding behavior that is typical of strand tendons.
After overcoming the adhesive bond, similar to Rebar 3 and the bonding behavior of strand
tendons, additional shear resistance is activated from the twisting of individual strands.
As with Rebar 3, the carbon reinforcement rotated out of the test specimen, resulting in
slightly lower maximum bond forces in the test due to the absence of rotation inhibition
compared to what would be expected in a structural element.

In the final test series of the preliminary tests (Rebar Configuration 9), a conventional
steel rebar with a bond length of 2 ds was tested in a pull-out test, which will serve as
a reference.

3.5. Comparison

The experiments aimed to determine a rebar configuration for an in-depth study of
the bond behavior of carbon rebars. In Figure 4, it is evident that the steel rebar (Rebar 9)
achieved the highest bond stresses and exhibited the greatest bond stiffness. Rebar Configu-
ration 7 was able to transmit maximum bond stresses that are in the range of the steel rebar.
It should be noted again that the tests with the steel rebar, in order to prevent its yielding,
were conducted with a bond length of 2 d, as opposed to 5 dy for all carbon rebars, which
results in an overestimation of the bond stresses of the steel rebar compared to the carbon
rebars. According to [33], for instance, there is a reduction of 15% in converting bond values
from 2 ds to 5 ds, so, after conversion, the Tmax of Rebar Configurations 7 and 6 are in the
range of the steel rebar or even higher. Since, in construction, in addition to maximum
bond stresses, bond stiffness, and slip development are of essential importance, Figure 4d
also includes the slip values sy,max corresponding to the maximum bond stress Tmax. As
for some rebar configurations, the maximum bond stresses occurred at slip values greater
than 5 mm, but these ranges are of minor significance in construction. The y-axis of the
graph is limited to 5 mm. From Figure 4d, it can be concluded that all rebar configurations
with suitable interlocking effects on the concrete or no profiling (smooth rebar, Rebar 1)
reach their maximum bond stress values at slip values < 1 mm, indicating suitable bond
stiffness. In contrast, for the other rebar variants, bond stresses and slip values increase
continuously until Tay is reached at very large slip values spmax. Unlike the rebars with
high bond stiffness, rebars with low bond stiffness do not exhibit pronounced interlocking,
which results in a gradual failure of these rebars and a final fracture only at large slip values.
In [20], by stepwise integration of the experimental data for each rebar configuration, end
anchorage lengths and, based on those, mean bond stresses were determined. In summary,
Rebar Configuration 7 was selected as the preferred variant for further bond tests.

4. Experimental Test Series 2: Further Investigation
4.1. General

In this chapter, detailed bond investigations are presented using the selected preferred
rebar configuration. Specifically, various influencing factors—concrete strength, bond
length, and test speed—and their effects on the bond behavior and the type of bond failure
are examined in more detail.

In some test series, different batches of the carbon rebar were used. Therefore, when-
ever different batches are used, it will be highlighted.

4.2. Materials

In the aforementioned series of experiments, Rebar 7 was selected as the preferred
variant. This rebar will be further investigated in the following.

As in the previous section, the high-strength self-compacting concrete (HC 1) with a
maximum aggregate size of 5 mm serves as the reference concrete. In addition to examining
the concrete strength’s influence on the bond behavior, two normal strength concretes,
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one with very low strength (NC 1) and one with higher strength (NC 2), as well as an
ultra-high-performance concrete (UHPC), were used. For each test series, three concrete
prisms with dimensions of 40 x 40 x 160 mm?3, following DIN EN 196-1 [27], were prepared
and tested on the day of the bond tests to determine flexural and compressive strength.
The storage conditions for the prisms were different from DIN EN 196-1 [27] but similar to
those for the bond specimens. The material properties in Table 3 are the averages of the
concrete prisms tested at 28 days.

Table 3. Test results (mean values) of the used concrete mixtures.

Name Compressive Strength Flexural Tensile Strength
) (N/mm?) (N/mm?)
NC1 20.7 4.0
NC2 56.8 8.6
HC1 119.1 10.6
UHPC 159.7 14.2

4.3. Sample Preparation, Test Setup, and Execution

The test setup used for characterizing the bond behavior is based on the pull-out test
according to RILEM RC 6 [34]. This test setup has been established to investigate various
influencing factors on the bond behavior of reinforcement bars in both steel-reinforced
concrete construction [16] and previous studies on non-metallic reinforcement bars [11,13].
An advantage is the straightforward production of the test specimens, allowing for the
generation of large amounts of data in a short period. The carbon rebar to be tested is
embedded in a cylindrical concrete matrix with a diameter and height of 160 mm each over
a defined bond length, as shown in Figure 7. The reference value for the bond length is set
to five times the effective diameter of the rebar (core diameter) dy. Displacement sensors
at the unloaded end of the carbon rebar were used to measure the relative displacement
between the top surface of the concrete matrix and the end of the rebar. The load application
was deformation-controlled at a test speed of 0.01 mm/s and was implemented using an
adhered steel sleeve to avoid damaging the rebar. To investigate the influence of the test
speed, additional test speeds of 5 mm/min (0.083 mm/s) and 9 mm/min (0.15 mm/s) were
also examined.
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Figure 7. Experimental test setup (photo: A. Schumann).
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While the results are grouped according to bond lengths dependent on the rebar
diameter, for example, bond stress at five times the diameter (5 dy) reference length, the
actual measured bond lengths (ly) were used to determine the bond stresses to avoid
misinterpretation of the results. It is important to note for subsequent investigations that
the mean curves of the tests are based on test time rather than slip values. This approach
was chosen in line with other research on bond behavior, such as [33], to allow for averaging
slip values and corresponding bond stresses at each point in time.

The specimens were produced in an upright position in the Otto Mohr Laboratory at
the Technical University of Dresden. After production, the specimens were covered and
left in the formwork for 3 days. Subsequently, they were removed from the formwork
and stored under a sheet until the testing day at room temperature. The bond tests were
typically conducted after 28 days. Four specimens were prepared and tested for each test
series to ensure reliable conclusions.

4.4. Experimental Results: Concrete Strength

The preceding descriptions already suggest that bond failure in carbon reinforce-
ments can shift from the concrete side to the reinforcement level. This has been con-
firmed by various researchers who often observed the initiation of this shift or complete
failure of the rebar’s surface profiling starting from a concrete compressive strength of
30 N/mm? [12,35,36]. Due to this failure mode, there is no further increase in bond stress
beyond certain concrete strengths. It should be noted that with higher concrete strength,
while higher bond stresses are possible, the risk of splitting increases. Therefore, the first
series of experiments aims to evaluate these influencing parameters with the reference
rebar (Rebar 7, Figure 2).

From the resulting bond stress—slip relationships in the test series with rebar Batch 1
in Figure 8a, it becomes evident that as the concrete strength increases, both the maximum
bond stresses and bond stiffness increase. After the tests were conducted, the test specimens
were split to determine the exact failure mechanism. The respective failure images are
shown in Figure 9. For the low-strength concrete NC1, the failure could be attributed to
the complete failure of the concrete consoles. As the concrete strengths increased, more
pronounced scratch marks could be observed on the rebar surface until, in the case of
UHPC, the carbon profiling was completely sheared off.

For completeness, it should be mentioned that the test specimens with UHPC split
after exceeding the maximum bond stresses, which can be attributed to the high bond
stresses and the “wedging effect”. More detailed information on the “wedging effect” can
be found in [31,32].

It is known from reinforced concrete tests that the failure plane in pull-out tests with
steel bars is always within the concrete, assuming there is no yielding of the bar. Hence,
there is a direct dependency of the maximum bond stress on the concrete. Regarding the
dependence of maximum bond stresses on concrete compressive or tensile strength, there
is not a complete consensus in the literature, although many researchers assume that the
dependence on the maximum bond strength results from the concrete tensile strength. In
Figure 8b,c, the maximum bond stresses for the rebar are plotted against the determined
concrete compressive and tensile strengths. It should be noted that these were determined
on mortar prisms with dimensions of 40 x 40 x 160 mm?® and thus cannot be directly
applied to the known equations for reinforced concrete without conversion. If an attempt
is made to establish a relationship between concrete tensile strength and bond strength
similar to reinforced concrete, e.g., using a regression line (Figure 8b), the results cannot
be satisfactorily represented. However, when comparing the bond stresses to the average
concrete compressive strengths, clear trends can be observed (Figure 8c). Additionally,
the experimental results show that as bond stresses increase, the bond stresses relative
to concrete compressive strengths slightly decrease with increasing concrete strengths.
This can be explained by the shift in failure modes from the shearing of concrete consoles
to a combined failure and eventually complete shearing of the surface profiling of the
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carbon ribs. Therefore, it appears to be more of a quadratic than a linear regression
(Figure 8c). Furthermore, Figure 8d demonstrates that as concrete strength increases, there
is a reduction in the slip associated with the maximum bond stress. This implies that
as concrete strength increases, the bond stiffness for the rebar variant also increases, as
indicated by the comparison in Figure 8d.
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Figure 8. Influence of the concrete strength on the bond stress of Batch 1 (photo: A. Schumann).

Figure 9. Influence of the concrete strength on the failure mode. Left: failure of the concrete consoles;
right: failure of the carbon ribs (photo: A. Schumann).

4.5. Experimental Results: Bond Length

In this test series, bond tests were conducted with four different bond lengths. The
selected bond lengths were 2 dy, 5 dy, 5.3 dv, and 10 dy. The reference concrete (HC 1) and
the reference carbon rebar were used in all experiments. Figure 10 displays the average
curves of bond stress—slip relationships for the various bond lengths, the influence of bond
length on the testing force (b), the bond strength (c), and the maximum bond stresses
related to concrete compressive strengths (d).
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Figure 10. Influence of the bond length on the bond stress (photo: A. Schumann).

As can be seen in Figure 10a, an almost constant level of maximum bond stresses
becomes evident at a bond length of 5 dy, which corresponds to a target length of 40 mm.
In contrast, the lowest bond stresses were observed at a short bond length of 2 d. Since
all pull-out specimens were manufactured using the same concrete mix and tested after
28 days, the significant variations in bond values at a bond length of 2 dy cannot be
attributed to variations in concrete strength as observed in other test series. After the tests
were conducted, all specimens were split to determine the exact embedment length of
the tests and to gain further insights into the failure mode. As described in the previous
section, all specimens exhibited a combined failure mode. Additionally, it was noted that
the specimens with a bond length of 2 d, exhibited the most significant damage to the
carbon rebar compared to the other bond lengths. Consequently, it can be inferred that with
too short embedment lengths, there is a pronounced concentration of forces on individual
ribs, and distribution of loads to other ribs, as possible with larger embedment lengths,
cannot occur. This assumption can explain the lower bond values at a bond length of 2 d
compared to the other bond lengths. The previously mentioned effect that the average
maximum bond stresses are lower at smaller bond lengths is not known in the context
of steel-reinforced concrete. In reinforced concrete structures, maximum bond stresses
typically decrease with increasing bond length.

4.6. Experimental Results: Influence of the Test Speed

In addition to the previously mentioned influencing factors, this phase of the study
examined whether the test speed has a significant impact on the bond behavior using
experimental tests. The test speed in pull-out tests can have a significant influence on
the overall load-carrying behavior of the impregnation or resin of the fiber-reinforced
composite material. To characterize this influence for the reference rebar in high-strength
concrete, pull-out test series were conducted with three different test speeds for two
different rebar batches (Batch 2 and Batch 4). The reference pull-out speed, which was
used in all previous and subsequent experimental tests in this study, was approximately
0.65 mm/min (0.01 mm/s). With this speed, a test run to reach a slip at the unloaded end
of 5 mm takes about 7 min, which provides a reasonable balance between pull-out speed
and test time.
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To explore the influence of test speed on bond behavior, an additional test series
consisting of 4 individual tests for each test speed, namely 5 mm/min (0.083 mm/s) and
9 mm/min (0.15 mm/s), was conducted. Again, the reference concrete (HC 1) was used for
all tests, and all other parameters of the various test series remained consistent to ensure
result comparability.

Figure 11 presents the results for the second rebar batch on the left and the fourth batch
on the right. All specimens exhibited identical pull-out failures (combined failure: shearing
of the concrete consoles and partial destruction of the FRP profile). Figure 11a,b, which
depict the maximum bond stresses over the pull-out speeds, reveal that the test speed
has a significant impact on the maximum bond stresses for the materials used here. This
holds true for the carbon rebar, regardless of the batch or the composition of the reference
rebar. For the pull-out tests with Batch 2 at a test speed of v = 0.083 mm/s, there was
an average reduction in maximum bond stresses (Tmax) of approximately 20% compared
to v = 0.01 mm/s. For the fourth rebar batch, the reduction in maximum bond stresses
for the same test speed was relatively lower at 14%. The difference in bond strengths at
varying test speeds cannot be attributed to the variation in concrete strengths, as shown in
Figure 11c—f.
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Figure 11. Influence of the test speed; left: Batch 2; right: Batch 4 (photo: A. Schumann).
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From the existing knowledge regarding fiber-reinforced composite (FRC) structures,
it is known that the strength of the resin or impregnation increases with increasing test
speed. However, this relationship cannot explain why the highest maximum bond stresses
in the pull-out test were achieved at the lowest test speed. A conclusion drawn from
the experimental tests, including the formulation of a possible hypothesis to describe
the influence of test speed on bond strength with a comparison to the literature, will be
presented in the next paper.

5. Further Research

This publication aimed to provide a general overview and showcase selected influ-
ences. The next publication will describe further influencing factors and present bond tests
on pull-out specimens and beam-end tests to investigate bond behavior with realistic con-
crete coverings. Furthermore, additional analytical considerations and bond models will
be established to describe bond behavior in an even more universally applicable manner.

Furthermore, a comparison between the two non-metallic reinforcement materials,
rebar, and grid, will be established. The apparent differences between these two reinforce-
ment systems are presented, and it will be analyzed whether differences in the composite
behavior can be characterized because of these differences. Today, in addition to carbon
rebars, carbon grids are also frequently used in Germany in the field of research as well
as for practical applications [37-39]. There are already numerous studies on the bond
behavior of carbon grids in concrete [40—42]. It was also observed that due to the high
tensile strengths and suitable bond behavior, the cracking of the concrete often becomes
decisive (Figure 12). Thus, analogies to carbon rebars with realistic concrete covers can
also be shown (Figure 12). These relationships (including carbon rebars and grids used
simultaneously in concrete) must be well known in order to use them together in the
construction field.

e 5 |
-

Figure 12. Splitting forces of carbon reinforcements; left: rebar; right: carbon grid (photo: S. May).

6. Conclusions

In the paper, a brief overview of the state of the art regarding the bond behavior of
FRP (fiber-reinforced polymer) rebars in concrete was provided, which is fundamentally
comparable to the bond behavior of steel rebars and concrete. However, due to the material
characteristics of FRP bars and the various surface profiling options, there are additional
failure and bond mechanisms that must be considered when designing structures with
non-metallic bars. In our own experimental bond tests using eight different carbon bars, it
was demonstrated that the transferable bond stresses and bond stiffness are significantly
controlled by surface profiling. Furthermore, the test results confirmed the findings from
the literature that failure modes in non-metallic reinforcement bars vary significantly
depending on the surface profiling. Additionally, some bar configurations were found to
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allow for maximum bond values comparable to those of steel bars. Based on these results,
a preferred bar configuration was selected, which will be further elaborated in subsequent
publications. Thus, the experiments presented here served to confirm the knowledge from
the literature, which was predominantly derived from experimental tests with glass bars,
regarding the influence of surface profiling on bond behavior. For a definitive statement on
the influence of surface profiling on the bond behavior between carbon bars and concrete,
more extensive test series are required.

The investigations into the influencing factors on the bond of the reference carbon bar
with milled ribs from the tactile tests showed a bond behavior similar to that of reinforced
concrete structures. In this publication, the specific influence of concrete strength on failure
mode and maximum bond stresses was considered, as well as the effects of different bond
lengths on bond behavior and the influence of test speed on bond strengths. In the course
of this work, it was demonstrated that for the selected bar configuration, both concrete
strength and bond length have a significant influence on bond behavior. Higher concrete
strength leads to higher bond strength and stiffness, which is of essential importance in
practical applications. The effect described in the literature of an upper limit of concrete
strength beyond which bond stresses no longer increase due to the shearing of the surface
profiling of the bar was also observed for the reference carbon bar. For the bar investigated
here, this limit was 50 N/mm?.

Regarding the influence of bond length on average bond stresses, the established
approaches and bond mechanisms for large bond lengths were confirmed. For the reference
bar, a decrease in average bond stresses with larger bond lengths was also observed,
although the percentage reduction was smaller compared to steel-reinforced concrete.
However, the pull-out tests with short bond lengths (1}, = 2 dy) revealed the need for further
research, as the lowest average bond stresses were measured at these bond lengths. A
possible explanation was found by considering the transverse compressive sensitivity of
the carbon bar in conjunction with the activated FRP ribs. Nevertheless, further research is
required at this point to provide a more precise description of this parameter.

Interestingly, the obtained bond values from experimental pull-out tests with various
test speeds exhibited a dependence, suggesting a conclusion for future research and stan-
dards. Rather than specifying an upper limit for test speed, it may be more appropriate to
determine test speeds precisely. This could lead to improved comparability of experimental
results in the future.
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