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Abstract: Carbon-textile-reinforced concrete (CTRC) is currently used as a high-performance compos-
ite material in the construction industry, comprising concrete and a non-metallic reinforcement. In
addition to remarkable material properties such as tensile-load-bearing behavior, durability and den-
sity, this innovative material features high electrical conductivity, offering the potential for electrical
heat generation within building components. This paper contributes to the field by exploring the
unique combination of properties exhibited by carbon-textile reinforcements (CTR) electrically heated
up to 80 °C. The impact of the electrical heating of CTR was evaluated by conducting stationary
tests on load-bearing behavior. The tests were conducted on two different CTRs: one impregnated
with polystyrene, and the other with epoxy resin additionally surface-modified with quartz sand. In
order to quantify the influence of individual material parameters, tensile tests were conducted on the
components comprising CTR and mortar, as well as the composite CTRC. The analysis focused on
electrically heated carbon-textile reinforcements, comparing them through experiments conducted at
varying ambient temperatures. This study presents pioneering findings on heated CTRC, determining
that electrical heating decreases tensile strength with increasing temperature for the investigated
reinforcement materials. The softening of the impregnation materials proved to be a decisive factor.
This interdisciplinary approach bridges materials science with thermal management in construction,
offering insights into the practical applications of CTR in innovative building designs.

Keywords: carbon textile reinforced concrete; tensile strength test; crack formation; electrical heating;
temperature behavior

1. Introduction

The composite material carbon textile reinforced concrete, referred to as CTRC, is
currently being investigated in various sectors of the construction industry to realize
resource-efficient construction projects with outstanding materials properties. The com-
posite material CTRC consists of non-metallic reinforcement made of carbon fibers with
impregnation with, for example, polymers and concrete. This impregnation activates the
inner filaments of carbon for force transmission and adjusts the stiffness of the material. For
applications with a demand on bond behavior and crack distribution, fiber strands made
of carbon fibers with impregnation are additionally coated with quartz sand and epoxy
resin [1]. The low density and chemical resistance of carbon allow for the production of
thin, durable and material-minimized building components. Furthermore, this innovative
non-metallic building material exhibits tensile strengths of up to 4200 N/mm? [2,3].

In this context, the electrical conductivity of carbon fibers, as well as their high thermal
conductivity along the fiber direction, can be utilized for the development of electrically
heated CTRC. This innovative multifunctional technique can be applied as a heating ele-
ment in building components using Joule’s heating principle [4]. The temperature increase
occurs as a result of heating a conductor by applying an electrical voltage. Exemplarily,
Figure 1 shows the heating development of various commercially available CTR with
various impregnations and current injection points.
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Figure 1. Exemplarily heated CTR: (a) connected epoxy resin-impregnated CTR—test setup; (b) epoxy

resin-impregnated CTR—one fiber strand connected; (c) epoxy resin-impregnated CTR—weft fiber
strand connected; (d) polystyrene-impregnated CTR—weft fiber strand connected.

Nevertheless, to ensure the long-term durability of this heated element, it is imperative
to assess its impact on the material properties. This study aims to delve into this aspect,
with a particular focus on the tensile-load-bearing behavior of CTRC electrically heated
up to 80 °C. For this purpose, the tensile strength and crack distribution characteristics
of electrically heated specimens were examined through stationary experimental tests.
Stationary tests involve isothermal conditions with constant temperature loading until
failure. Of particular significance is the comparison between the results of individual
components like mortar as well as carbon fibers with impregnation and composite CTRC.
Through laboratory experiments, the influence of electrical heating was quantified and
distinguished. Moreover, characteristic values for load-bearing behavior were analyzed.
Additionally, experiments were conducted to compare the heating process through electrical
heating with ambient temperature conditioning. This facilitates the quantification of
whether the development of temperature gradients affects tensile-load-bearing behavior. In
contrast to the existing literature, which predominantly focuses on material characteristics
under elevated ambient temperatures, this study uniquely investigates the tensile-load-
bearing behavior and crack formation of electrically heated CTRC.

In the following, existing studies on the electrical heating function of carbon textile
reinforcement (CTR) as well as its applications are summarized, and the temperature
behavior of CTRC in ambient conditions based on previous research is characterized.

Electrical heating was investigated using carbon yarns and CTRC specimens by
Hasan et al. [5]. Their results indicated that the geometry of CTR impacts electrical con-
ductivity, with resistance increasing with higher filament counts [5]. This phenomenon
was further investigated by Gerlach et al. [6], who examined the increase in conductivity
with finer yarns. Focusing on thermal prestressing, Schladitz et al. [7] analyzed targeted
heating. In this context, electrical contact provides an interface for current input. Inves-
tigations of electrical contact were carried out by Hemmen [8], Krois [9], Troger et al. [4]
and Dahlhoff et al. [10]. Furthermore, Dahlhoff et al. examined the influence of geometric
changes in specimen dimensions, from 0.25 m? to 0.5 m?, on heat development [10].

Building materials research has investigated the possible application of electrically
heated carbon reinforcement through comprehensive studies, innovative concepts and practi-
cal implementation in construction projects. Its main application involves integration into
building components. For instance, CTR can serve as an electrical resistance heating element,
providing capabilities such as radiant heating or heat storage in concrete elements, thereby
acting as protection against condensation [11,12]. This was implemented using electrically
heated CTRC as a method of radiant heating in wall components [13,14]. In these studies,
a hybrid textile reinforcement composed of carbon fibers in the wrap direction and alkali-
resistant glass fibers in the weft direction was used [13]. Moreover, the heat generated by the
electrically heated CTR had a positive influence on the hydration behavior of the concrete
and could be utilized for the de-icing of outdoor facilities, such as car parking spaces or
infrastructure [15,16]. Xu et al. conducted numerical and experimental investigations of
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the electrothermal properties. In their research, the potential for de-icing through the heat
generated in the composite material of carbon/glass fiber hybrid textile-reinforced concrete
was validated, as evidenced by both numerical simulations and experimental studies [17].

To implement the proposed application of electrically heated CTRC, investigating the
material’s behavior under temperature loading is essential. To contextualize the material
behavior of electrically heated CTRC and the test results of this study, findings on the com-
ponents (mortar, carbon fiber and impregnation) as well as the composite are summarized
within the investigated temperature range of up to 80 °C [18]. It is noteworthy that these
results were obtained through ambient-temperature heating.

Donnini et al. [19] conducted experimental tests to assess the impact of tempering on
tensile strength of CTRC. The testing temperatures ranged from 20 to 120 °C, and unimpreg-
nated CTR as well as epoxy resin-impregnated CTR with additional sanding were used. The
unimpregnated material showed no strength loss due to temperature exposure, whereas the
epoxy resin-impregnated material exhibited a reduction of up to 70% when tested at 80 °C.
These results, as shown in Figure 2, led to more pronounced reduction compared to other
findings. Consequently, reductions of this magnitude are not expected for CTRC. Further-
more, the structural functionality of the epoxy resin-impregnated material was preserved
after exposure to high temperatures and subsequent cooling [19]. Additional expansion tests
up to 80 °C with epoxy resin-impregnated CTR with additional sanding were conducted by
Morales [1]. A reduction in tensile strength of up to 4.4% at 80 °C in comparison to 23 °C
was highlighted. An increase in testing temperature corresponded to a lower number of
cracks alongside an increase in the average crack width [1]. In comparison, Rambo et al.
conducted tensile tests on CTRC, specifically basalt fibers impregnated with styrol-acrylate
in conjunction with refractory concrete [20,21]. These tests were conducted at elevated
temperatures ranging from 75 to 1000 °C, as well as after preheating and testing at room
temperature. The results demonstrated an increase in tensile strength of 43% for specimens
heated up to 150 °C. In addition, a finer crack pattern with increasing test temperature was
observed with digital image correlation (DIC) [20]. Lenting [22] examined the temperature
behavior of silicic acid ester-impregnated reinforcement, ranging from 80 to 160 °C. The
results indicated a reduction in average crack width with increasing temperature, while the
tensile strength was not negatively affected up to 160 °C [22]. The results from the literature
on the elevated-temperature behavior of the reduction factor Kr in relation to tensile strength
at a specific temperature of 20 °C for ambient heating are summarized in Figure 2.

KT = FT/onoc, (1)
10 149 x *
X
X +
N 0.8 1 +  CTRC (carbon unimpregnated) - Donnini et al.
§ ® CTRC (carbon with epoxy resin & sand) - Donnini et al.
o
£ 0.6 L ® X CTRC (carbon with epoxy resin & sand) - Morales
E X CTR (carbon with epoxy resin & sand) - Morales
_é 0.4 4 withKr= FZ;C ® TRC (basalt with styrene-acrylic) - Rambo et al.
& P o @ CTRC (carbon with silicic acid ester) - Lenting
0.2
0.0 T T T

T T T
25 50 75 100 125 150
Temperature T in °C

Figure 2. Results from the literature on behavior in temperatures elevated up to 160 °C for the
reduction factor Kr in relation to tensile strength at a specific temperature of 20 °C [1,18-20,22,23].

The components of the above equation are defined as follows:
Kr is the reduction factor;
Fr is the tensile strength at a specific temperature in N/mm?;
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Fygec is the tensile strength at a temperature of 20 °C in N/mm?.

In order to characterize the potential of electrically heated CTR in construction ma-
terials, particularly focusing on their behavior and performance under varying thermal
conditions, experimental tests were conducted using CTRC uniaxial tensile specimens. Con-
trasting with the existing literature, which primarily discusses material characteristics under
elevated ambient temperatures, this paper uniquely examined the tensile-load-bearing
behavior and crack formation of electrically heated CTRC.

2. Materials

In this study, two carbon textile reinforced composites composed of a commercially
available CTR and a repair mortar, according to [24,25], were used for the evaluation. The
investigated CTR are characterized by different material properties, determined by the
varying impregnation materials. One carbon textile impregnated with epoxy resin and
additionally surface-modified, referred to as CTR-EP-Sand, with a rectangular roving axis
distance of 21 mm and an equal roving cross-section of 0.90 mm? in the wrap and weft
directions was used. The surface modification involved a subsequent coating of epoxy resin
and quartz sand. In addition, a carbon textile impregnated with polystyrene, referred to as
CTR-P, with a roving axis distance of 12/16 mm and an equal roving cross-section of 1.81 mm?
in the wrap and weft directions was used. The investigated carbon-textile reinforcements are
shown in Figure 3, and the material parameters are summarized in Table 1.

(b)

Figure 3. Investigated carbon textile reinforcements: (a) CTR-EP-Sand; (b) CTR-P.

Table 1. Material parameters of the carbon textile reinforcement according to the manufacturer’s
specification [26].

Roving Roving Textile Ti . . .
Reinforcement  Axis Distance Cross-Section Cross-Section iter Average Tensile Strength ~ Average Ultimate Strain
(Wrap Direction) (Wrap Direction)
Longitudinal/Transversal
[-] [mm] [mm?] [mm?/m] [Tex] [MPa] [%o]
CTR-EP-Sand 21/21 0.90/0.90 43/43 1600/1600 4200 £215! 15+15!
CTR-P 12/16 1.81/0.45 142/25 3220/800 2920 £ 951 135 +2.71

! Measurements performed at the Institute of Building Materials Research (IBAC), RWTH Aachen University,
Aachen, Germany.

For the investigations of the composite, a polymer-modified cement-based mortar
designed for repairing and retrofitting concrete surfaces, with a maximum grain size of
2 mm, was used according to TR IH [24,25]. The material properties of the mortar are
shown in Table 2.
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Table 2. Material parameters of the repair mortar.
Mortar Compressive Strength 1 Bending Strength !
[-1] [MPa] [MPa]
SRM-A4 72+3 4+£05

1 Measurements performed at the Institute of Building Materials Research (IBAC), RWTH Aachen University.

3. Experimental Methods
3.1. Methods

To investigate the impact of electrical heating on the presented textile reinforcement
materials, stationary tensile strength tests were performed on both the individual com-
ponents and the composites. For this, tensile strength tests on briquet mortar specimens
according to ASTM C307-18 [27] were conducted in a climatic chamber within a tem-
perature range of 20 to 80 °C. Through the utilization of the climatic chamber, samples
could be subjected to controlled heating through ambient air, facilitating testing at specific
temperature stages. This heating method is referred to as AH for ambient heating. In
addition to individual tests on SRM-A4, uniaxial tensile strength tests were carried out
on the CTR at specific temperatures of 20 to 80 °C. Within this temperature range, the
operational temperature range of the heating function could be investigated, establishing
limited temperature ranges. The CTR was electrically heated (EH), and for comparative
temperature analysis, the CTR was exposed to ambient temperature (AH) within a climatic
chamber. The results of uniaxial fiber strand tensile strength tests on CTR-EP-Sand are
compared with the results from [10].

In comparison to the laboratory experiments of the individual components, the mortar
and fiber strand, uniaxial tensile strength tests were conducted on the composite CTRC.
The material combinations were exposed to temperature variations ranging from 20 to
80 °C. Both electrical (EH) and ambient (AH) heating processes were conducted on the
CTRC composite, and the results were compared with each other. Table 3 gives an overview
of the investigated experimental test series.

Table 3. Overview of the investigated experimental test series.

Number of Test Testing Temperature in Laboratory Experiments

Specimens per

Experimental Tests Temperature Level CTR-EP-Sand CTR-P SRM-A4

[-1 [°C]

Tensile strength test according to

ASTM C307-18 AH?3 4 - - 20/40/60/80
Uniaxial fiber strand tensile strength AH 4 20/40/60/80 20/40/60/80 -
tests on CTR EH 4 20/40/60/80 20/40/60/80 -
Uniaxial tensile strength tests on AH 3 20/40/60/70 2 20/40/60/70 -
CTRC uniaxial tensile specimens 1 EH 20/40/60/70 20/40/60/70 -

1 Respective carbon textile reinforcement in combination with SRM-A4. 2 Testing temperatures between 70 to
80 °C. 3 Ambient heating = AH. # Electrical heating = EH.

3.2. Experimental Setup and Testing Procedure

The experimental setup and testing procedure are subdivided into three sections.
Initially, tensile strength tests on the individual components, mortar and CTR, are presented,
followed by the subsequent CTRC experiments.

3.2.1. Tensile Strength Tests on Briquet Mortar Specimens

The tensile strength tests on SRM-A4 were carried out on briquet specimens according
to ASTM C307-18 [27] with the experimental setup based on Dahlhoff et al. [28], depicted
in Figure 4.
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Figure 4. Tensile strength test setup adapted from [27,28]: (a) technical drawing of briquet specimen;
(b) briquet specimen SRM-A4; (c) test setup in climatic chamber.

The SRM-A4 was mixed in a ratio of solid to water weight content of 1:0.13. Subse-
quently, the fresh-mortar properties were determined according to [29] (consistence), [30]
(bulk density) and [31] (air content). Standard prism sets were prepared to determine
the flexural and compressive strengths for the respective test dates of the tensile tests in
accordance with [32]. The specimens were stripped of the formwork after one day and
stored in water for 24 days. Afterwards, the specimens were stored in a climate-controlled
room at a temperature of 22 °C and a relative humidity of 53% until testing at the age of
28 days. For each temperature level, four samples were examined [28].

For testing, the specimens were pulled centrically using clamps installed in the cli-
matic chamber type TEE 26/LN2 with JULABO CF 41, using a 150 kN universal testing
machine Zwick Z150 TL. A preload of 200 N was applied and a displacement control rate
of 0.6 mm/min was maintained until specimens’ failure occurred. The load, crosshead
displacement and temperature of the climatic chamber were recorded in the software
TestXpert® Version 3.6. Before testing, the specimens were preheated in the climatic cham-
ber for 20 min to achieve uniform temperature, with the surface temperature monitored
using an Flir E96 thermal imaging camera.

3.2.2. Tensile Strength Tests on CTR

To investigate the influence of temperature development on tensile strength, tensile
tests were conducted on commercially available fiber strands (FS). Since commercially
available FS were used, a separate examination of the impregnation materials and coating
was not conducted. For the tensile strength tests, FS in the wrap direction with a total length
of 500 mm were cut out from the textile reinforcement grid and cast into 150 mm long steel
hulls using grout mortar. The FS made of CTR-P were additionally coated at the ends using
a two-component structural adhesive composed of epoxy resin and quartz sand [10]. For the
experiments with electrical heating, the ends of the FS were connected using ferrules and
terminal strips, and then linked to a laboratory power supply. The target temperature levels
were set by adjusting the voltage, and the temperature of the FS surface at the 200 mm free
testing length was measured using the Flir E96 thermal imaging camera. Table 4 provides
an overview of the electrical parameters used to set the target temperatures.

Upon reaching the target temperature, uniaxial tensile tests were conducted in a
Zwick 7150 TL 150 kN universal testing machine, maintaining a controlled testing speed of
2 mm/min, as shown in Figure 5. The load, crosshead displacement and temperature of the
climatic chamber were recorded in the software TestXpert®. In the test series, deformation
was recorded using two extensometers with a gauge length of 100 mm, and the strain
was calculated accordingly. The strain at specimen failure was examined based on the
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linear-elastic material behavior of CTR through linear regression on the stress—strain curve,
using the determined tensile strength [1,22,33].

Table 4. Mean electrical parameters for heating the FS tensile specimens [10].

Target CTR-EP-Sand CTR-P
Temperature Terminal Voltage Current Terminal Voltage Current
[°Cl [vl [A] [vl [A]
40 7 0.4 3.9 0.7
60 17.5 0.7 5.5 1.1
80 16.7 0.9 37 1.2

power cable}J

extenso-

e

i ferrule

/9

] terminal

strip

(ﬁ;—/ laboratory S

/ power supply

(a)

(d)

Figure 5. FS tensile strength test setup: (a) schematic drawing; (b) overview of EH test setup;
(c) overview of AH test setup; (d) exemplary fiber strand CTR-P.

Comparative investigations were carried out using an identical test setup in a TEE
26/LN2 climatic chamber with JULABO CF 41, as depicted in Figure 5, following a 20 min
conditioning period of the FS. Five specimens were examined in each batch.

3.2.3. Tensile Strength Tests on CTRC

To determine the tensile behavior of CTRC under electrical and ambient heating,
tensile strength tests were conducted on rectangular CTRC specimens, depicted in Figure 6.
The specimen dimensions were 500 x 60 x 20 mm? (L x W x T), both produced with a
constant mortar cover using SRM-A4 on both sides and a single layer of CTR. The specimens
were hand-laminated using a ratio of solid to water weight content of 1:0.13. Subsequently,
the fresh-mortar properties were determined according to [29-31] and standard prism sets
were prepared to determine the flexural and compressive strengths for the respective test
dates of the tensile tests in accordance with [32].
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hermo elements

Figure 6. CTRC uniaxial tensile specimens: (a) exemplary CTRC-EP-Sand specimen; (b) positionof
thermal elements on the CTR exemplarily CTR-P.

For the electrical heating experiments, the ends of the specimens were connected using
ferrules and terminal strips, and then linked to a laboratory power supply. The target
temperature levels were set by adjusting the voltage. Comparative investigations were
carried out using an identical test setup in a TEE 26/LN2 climatic chamber with JULABO CF
41. The temperature was observed using the Flir E96 thermal imaging camera on the surface
of the CTRC uniaxial tensile specimen and additional thermo elements directly on the grid,
as depicted in Figure 6. In each batch, the core temperature development was analyzed
using thermal elements in the initial test, subsequently leading to the determination of
the heating period’s duration. The thermal elements were positioned relative to the lower
edge at 20 mm, 250 mm and 480 mm. The surface temperature was checked before each
test using a thermal imaging camera, and if the target temperature was not achieved, the
heating period was extended. Table 5 provides an overview of the electrical parameters
used to set the target temperatures and the duration for the conditioning period within the
climatic chamber based on the thermal camera and core temperature.

Table 5. Mean electrical parameters for heating the CTRC tensile specimens.

CTR-EP-Sand CTR-P
Target EH AH EH AH
Temperature Terminal Terminal
Current Duration Duration Current Duration Duration
Voltage Voltage
[°C] [vl1 [A] [min] [min] [Vl [A] [min] [min]
40 16 3.5 15 30 7 6 15 30
60 17 4 60 30 9 7 60 30
70 17 4 140 90! 11 7 120 45

! Testing temperature between 70 and 80 °C.

For testing, the rectangular specimens were clamped in steel plates in the upper and
lower load introduction areas over a length of 150 mm, cf. Figure 7. A torque of 25 Nm was
applied. The tensile strength tests were carried out using a Zwick Z150 TL 150 kN universal
testing machine, maintaining a displacement control rate of 2 mm/min until specimen
failure. The load, crosshead displacement and temperature of the climatic chamber as well
as the core temperature were recorded in the software TestXpert®.

To analyze the full-field deformation of the surface during the tests, the contact-free
optical 2D/3D-measuring system ARAMIS® from GOM GmbH was simultaneously used.
This system determined the exact load- and time-dependent measurements of crack formation
and development. Therefore, a stochastic pattern was applied on the measuring area of CTRC
uniaxial tensile specimens. With 5M pixel cameras, the measurement system was calibrated
with a measuring volume of 210 x 180 x 175 mm?, a mean calibration deviation of 0.099 pixel
and a scale deviation of 0.001 pixels. For the deformation analysis, 5 images per second were
taken. Based on the results from [34], the facet size was set to 15 x 15 pixels and the pixel
overlap to 3 pixels, and the threshold for major strain was defined as 0.5%.

For the evaluation of the CTRC specimens, an automated crack evaluation tool (ACE)
based on [34] was used. This tool automates the determination of crack width, crack
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L 500 x 60 x 20 mm?
o el

number, and crack distribution. Additionally, virtual extensometers can be added for strain
analysis. In the analysis, the x-axis was defined along the tensile direction, with the y-axis
oriented perpendicular to it.

front view side view

Clamping device with

rectangular tensile
test specimen

with pf 2U
stochastic dot pattern

electrical connection
with ferrule and
terminal strip

dimensions in mm

(a) (b) ()

Figure 7. Test setup for the tensile strength tests on rectangular CTRC specimens: (a) schematic
drawing; (b) overview of EH test setup; (c) overview of AH test setup.

4. Results and Discussion
4.1. Experimental Results of the Individual Components
4.1.1. Experimental Results of CTR

Initially, tensile strength tests were conducted at a reference temperature of 20 °C. All
test specimens failed at the 200 mm free testing length. On average, the CTR-EP-Sand
exhibited nearly 1.3 times higher tensile strength values compared to CTR-P, cf. Figure 8a.
Therefore, this analysis highlights the impact of impregnation material and geometry on
tensile strength. Additionally, as acknowledged in [1], the composite within the fiber strand
consisting of impregnation and carbon fiber, as well as manufacturing quality, are decisive
factors for strength reduction.

For the data analysis, the reduction factor Kt at each investigated temperature level
was determined relative to the tensile strength at a testing temperature of 20 °C, as depicted
in Figure 8b. As expected from literature, the results of the fiber strand tensile tests indicated
a decrease in tensile strength up to 20% with increasing test temperature [1,19]. In compari-
son to the reference experiments at 20 °C, the materials CTR-EP-Sand and CTR-P, heated
with EH, decreased in average tensile strength by up to 10%. The polystyrene-impregnated
material CTR-P with AH showed a decrease of up to 23%, cf. Figure 8b. Exceeding the glass
transition temperature Tg of polystyrene of approx. Tg = 100 °C [35,36] can result in a rapid
stiffness decrease, leading to softening of the coating and impregnation material and, thus,
reduced tensile strength [1]. It should be noted that softening occurs within a temperature
range; hence, the process can initiate as early as 80 °C. The decrease in the strength of
CTR-P (AH) can thus be attributed to softening of the impregnation. Furthermore, due to
the testing methodology, the energy input was prolonged with AH, allowing the softening
and thus the chemical reaction to persist for an extended duration prior to testing. To
ensure the core temperature, the test specimens were tempered for 20 min. In contrast, the
heating of CTR-P with EH was notably accelerated, as the current flow directly adjusts the
core fiber strand temperature. Within 3 min, the surface temperature could be reached,
verified using the thermal imaging camera.
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Figure 8. Stationary fiber strand tensile strength test: (a) mean values of the tensile strength adapted
from [10]; (b) reduction factor Kt shown as mean values of tensile strength with standard deviation [1].

In comparison with the CTR, the strain of CTR-EP-Sand was 1.2 times higher than CTR-
P at the reference temperature of 20 °C, cf. Figure 9. As the testing temperature increased, no
significant deviations from the reference results were observed for the examined materials.
However, comparing AH and EH, an increase in mean ultimate strain of up to 13% was
examined for EH. The authors assume that direct heat generation in the filament caused it
to expand more.

20.0 1

17.5 4
&
= 1501
£ 125 -
B
7]
@ 10.0
< — —
~_§ 7.5 1 |/ CTR-EP-Sand - AH
P e W2 CTR-EP-Sand - EH

| === CTR-P- AH
25 === CTR-P-EH
0.0 - —
20 40 60 70
Temperature T in °C

Figure 9. Mean values of ultimate strain of CTR with standard deviation at increasing testing temperatures.

4.1.2. Experimental Results of Repair Mortar

To investigate the tensile strength of repair mortar, the results of the tensile strength
tests on the briquet specimens at increasing temperatures (presented as mean value with
standard deviation) are summarized in Figure 10. The tensile strength of the investigated
mortar decreased by 15% with increasing temperature levels compared to 20 °C. The results
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at 40 °C exhibited a significant reduction; however, this can be attributed to test outliers,
considering a variation coefficient of 13%. The authors assume that the decrease in tensile
strength of mortar can be attributed to mass loss due to evaporation. However, these
results can be consistently aligned with the literature findings. According to the results
in [37,38], higher strength reduction is known to occur in the tensile zone compared to the
compressive zone under elevated temperature conditions. Furthermore, our experimental
test results are consistent with the reduction factors identified by [39]. In order to consider
creep phenomena, transient tests with constant load levels and increasing heating rates
until failure should be investigated.

4.0

w
o U
1 1

N
a1
1

=
a1
1

Tensile strength in N/mm?
—_ )
o o
1 1

o
)]

| =%~ SRM-A4-AH
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Temperature T in °C

o
o

Figure 10. Mean values of the tensile strength with standard deviation of SRM-A4 at increasing
testing temperatures.

4.2. Experimental Results of CTRC

To evaluate the load-bearing behavior of CTRC, initially, the tensile strength Fr and
reduction factor Kt of the CTRC uniaxial tensile specimens was analyzed. For CTRC-EP-
Sand, no influence of tempering was observed on the tensile strength with increasing test
temperature. The tensile strength decreased up to 2% at 40 °C and 5% at 70 °C compared
to room temperature, cf. Figure 11. However, for CTRC-P, tempering with AH led to a
23% decrease in tensile strength. As hypothesized in Section 4.1.1, this might be attributed
to the softening of the impregnation. The comparison of the experimental findings with
the literature reveals that the reduction factors correspond to the AH test results reported
by [1,20]. Conversely, the results from [19] exhibit substantial deviations. The investigated
material combinations indicated a decrease in tensile strength with increasing testing
temperature and no adverse effects on the tensile strength of CTRC due to the electrical
heating process.

Additionally, the influence of the SRM-A4 layer on the CTR can be examined in the
comparison between the tensile strength results of the CTR, cf. Figure 8 (Section 4.1.1), and
CTRC, cf. Figure 12. A partly higher tensile strength is achieved in the CTR tests than in the
CTRC uniaxial tensile specimens. This elevated strength is observed for both the EH and
AH processes. The ratio of CTRC's tensile strength to that of CTR, based on the averages, is
at a minimum of 96% at 20 °C for CTRC-EP-Sand. In comparison, the ratio for CTRC-P is
lower, with a minimum value of 86% at 20 °C. The authors assume that the increased textile
strength can be attributed to mechanical bonding effects. Additional coating with sand
enhances the bond to the mortar. In the tensile testing of CTRC-EP-Sand, the mechanical
behavior of the fiber strand is not affected, whereas in CTRC-P, the additional coating is
absent and local mechanical effects can occur. Furthermore, as explained by [1,40], higher
textile strength can be ascribed to the distribution of force applied through transverse
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pressure on multiple fiber strands of the CTR, unlike single roving, resulting in more
uniform load distribution. Additionally, the method of testing can also impact the results.
Firstly, the fiber strand tensile test is conducted without transverse pressure. Secondly, an
imprecise alignment of CTRC in the clamping mechanism may induce multi-axial loads
and consequently lead to decreased tensile strength.

IS
o
o
o
I

3000 - Zmm CTRC-EP-Sand - AH
B CTRC-EP-Sand - EH
&= CIRC-P-AH

== CTRC-P-EH

N
o
(]
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1

1000 -

Tensile strength Fr in N/mm?

20 40 60 70
Temperature T in °C

Figure 11. Mean values of the tensile strength of CTRC uniaxial tensile specimen for EH and AH
with standard deviation.

When comparing the strain at failure, there was no variation for CTRC-EP-Sand heated
with AH, cf. Figure 13. However, the results from the EH test series indicated a decrease in
strain with increasing test temperature by 12% compared to 20 °C. For CTRC-D, the strain
did not exhibit a clear trend with increasing test temperature and demonstrated a high
standard deviation. Regarding the investigation of the influence of EH, the results were not
consistent for the two examined materials. Consequently, a uniform conclusion cannot be
reached; nevertheless, it is noteworthy that the effect of EH on strain is not typical.
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Figure 12. Reduction factor Kt shown as mean values of tensile strength with standard deviation for
CTRC [1,19,20,22,23].
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Figure 13. Mean values of the ultimate strain of CTRC with standard deviation at increasing

testing temperatures.

With the assistance of DIC measurements and the evaluation tool ACE, crack width
and crack distribution were analyzed. Figure 14 demonstrates the relationship between
tensile strength and crack width opening in correlation to strain for an exemplary CTRC
specimen. The lines in blue depict the width of an individual crack within the specimen.
Three distinct stages can be identified: the uncracked stage, crack development and the final
crack pattern. These results align with the description of stages provided in the literature on
the material behavior of CTRC [1,41-43]. Regarding the material behavior of the electrically
heated specimens, the crack development stage was thus not adversely affected by the
electrical current flow. The stress—strain curves depicted in Figure 14 are provided as
examples and correspond to the trends observed in the subsequent experiments.
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Figure 14. Representative stress—strain curves for uniaxial tensile loading with crack width opening
of CTR-EP-Sand.

For the crack analysis, the number of cracks at failure and their respective average
crack widths for each test temperature were examined. The results showed that CTRC-
EP-Sand exhibits more and smaller cracks compared to CTRC-P. This suggests positive
bonding behavior of CTR-EP-Sand, correlated with its higher tensile strength. As discussed,
this can be ascribed to the additional sanding of the CTR. With increasing temperature, a
decrease from nine to seven cracks was observed for CTRC-EP-Sand in AH. In contrast,
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Crack number at failure [-]

this tendency was less pronounced for CTRC-P, reducing from five to four cracks. The
overall reduced crack formation at higher temperatures, compared to 20 °C, is attributed to
the softening of the coating and impregnation material of CTR, resulting in reduced bond
behavior [1,44].

Additionally, it is noticeable that for CTRC-EP-Sand, electrical heating increased the
number of cracks compared to AH, as seen in Figure 15, while reducing the average crack
width. Therefore, the authors assume that EH has a positive effect on crack distribution
by promoting the occurrence of numerous small cracks. However, this effect is more
pronounced in CTRC-EP-Sand. The authors assume that the flow of the electric current
induces post-curing of the epoxy resin impregnation material. In a thermosetting plastic,
re-crosslinking is an inherent possibility, which could enhance bond behavior and explain
the positive effect on the number of cracks. Conversely, for polystyrene, an amorphous
thermoplastic, this phenomenon cannot occur.
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Figure 15. Crack analysis of CTRC—mean values with standard deviation: (a) number of cracks at
failure; (b) average crack width at failure.

For further investigation, Figure 16 shows representative crack patterns immediately
before failure for the CTRC uniaxial tensile specimens sorted by EH and AH at rising test
temperatures. Additionally, the weft fiber strands are shown schematically. The increased
number of cracks for CTR-EP-Sand is depicted in Figure 16. However, no influence on
the crack pattern, such as an irregular width across the entire cross-section or a bulging
trajectory, can be observed with EH. Therefore, in the event of a crack occurring in the
composite structure and being influenced by electrical heating, it can be assumed that the
crack distribution will be typical.
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Figure 16. Exemplary crack pattern of the investigated materials immediately before failure. The
textile reinforcement grid is symbolized by the dashed lines: (a) CTRC-EP-Sand-EH; (b) CTRC-EP-
Sand-AH; (c) CTRC-P-EH; (d) CTRC-P-AH.

Additionally, the ratio of crack count in the failure state was analyzed to characterize
crack formation. Comparing the ratio of crack count in the failure state to the available
number of weft rovings in the measurement range, no discernible trend was observed
with increasing temperature for the examined materials and testing methods, cf. Figure 17.
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Moreover, for CTRC-EP-Sand, the ratio of crack count to weft rovings is greater, attributed
to additional sanding, than for CTRC-P. Furthermore, an increase in crack numbers was
noted for the tested materials with EH. This can be attributed to the discussed post-curing
of the epoxy resin impregnation material.

Zmm CTRC-EP-Sand - AH
EmA CTRC-EP-Sand - EH
== CIRC-P-AH
E= CTRC-P-EH

Number of cracks to weft roving ratio [-]

20 40 60 70
Temperature T in °C

Figure 17. Ratio of the number of cracks to weft rovings in the measurement area shown as mean
values with standard deviation.

5. Conclusions and Outlook

Within the framework of this investigation, the influence of electrical heating to
temperatures up to 80 °C in carbon textile reinforced concrete on tensile-load-bearing
behavior and crack formation of temperatures up to 80 °C were investigated. Based on
the preliminary findings described, tensile strength tests on the individual components, as
well as the composite, were conducted. For this purpose, two CTR, one impregnated with
epoxy resin and the other with polystyrene, were connected to a laboratory power supply
and electrically heated. The obtained results were compared with specimens heated in a
climatic chamber and results from the literature.

The key findings of this study can be summarized as follows:

e  Opverall, the experimental results for electrical heating demonstrate a decrease in
tensile strength in the individual components and composites of CTRC at increasing
test temperatures up to 70 °C. For the fiber strand component, a decrease in tensile
strength of up to 10% with EH was determined. This decline was also observed in
the tensile strength results of CTRC, exhibiting a 5% reduction. In comparison with
the investigated reinforcement materials, the reductions in the tensile strength of the
polystyrene-impregnated CTR were lower with increasing temperature. This deviates
from the results for AH.

e  Upon comparing the tensile strength of CTR with that of CTRC, CTR exhibits higher
tensile strength, attributed to mechanical bonding and testing effects. However, the
results indicate that the electrical heating process does not induce additional effects
on the composite system compared to the temperature behavior observed at elevated
ambient temperatures.

o  However, a crucial factor in the utilization of electrically heated CTRC is the impregna-
tion material. The results indicate that the material properties are mainly determined
by the impregnation material, particularly at elevated temperatures. Any physical
and chemical changes due to temperature variations have a substantial effect on load-
bearing capacity and crack formation. Moreover, the results indicate that electrical
conductivity varies with different impregnation materials, highlighting the importance
of selecting suitable CTR for building components.
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e Moreover, the stress—strain curve for the uniaxial tensile loading of electrically heated
CTRC aligns with the material characteristics known from research results in the literature.

e However, EH seems to have a positive impact on the crack distribution of epoxy
resin-impregnated CTR. Based on the results of the CTRC tensile strength tests, crack
distribution and crack width were analyzed. Electrical heating resulted in an elevated
number of cracks while simultaneously reducing the average crack width.

These findings are crucial as they support the feasibility of integrating electrically
heated CTRC into building components, providing accurate quantification of material prop-
erties through electrical heating, thereby advancing the understanding and the potential
applications of this innovative material in construction. For further investigation, the im-
pact of electrical heating on crack widths and tensile-load-bearing behavior in components
subjected to freezing conditions should be characterized. For this purpose, experiments on
CTRC under freezing conditions with heated CTR are planned, and the effect of heating
on cracks will be further analyzed in a specific temperature range. Additionally, transient
temperature tests should be conducted on the mortar within the investigated temperature
range to consider creep behavior, and further analysis should focus on examining the
impregnation materials, particularly the softening process. Furthermore, the experimental
approach should be extended to include tests with prolonged heating periods and to inves-
tigate reversibility. Moreover, building components involving electrical heating should be
manufactured and monitored.
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