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Abstract: The increasing popularity of carbon-reinforced concrete (CRC) is attributed to its exceptional tensile
properties, low density, no corrosion phenomenon, and remarkable flexibility, allowing it to be easily shaped
into various forms. This research investigates the feasibility of using a special 2D Netzgittertrager (NetzGT)
reinforcement system, featuring a net-shaped fabricated textile made of multiple diagonally offset rovings
with overlapping edge strands, as a viable alternative to traditional steel reinforcement in concrete beams.
This reinforcement is manufactured from carbon rovings with three different diagonal angles of 50°, 60°, and
700 respectively. Laboratory experiments were conducted to assess the mechanical behavior of beams
reinforced with the 2D NetzGT reinforcement. Bending and shear tests were performed on beams with
varying numbers of overlapped edge roving and roving angles to evaluate the tensile capacity and failure
characteristics of beams. The increase in the number of overlapped edge rovings led to a noticeable increase
in the maximum tensile force. Tensile tests on strands were also performed with the increasing number of
overlapped rovings to analyze their tensile strength. Additionally, single yarn pull-out tests were also
conducted to examine the influence of the roving angle on the bond strength between the carbon textile
roving and the concrete matrix.

Keywords: 2D Netzgittertrager; NetzGT reinforcement; Non-metallic reinforcement; Carbon
textile reinforcement

1. Introduction

Cement and concrete are the necessary building components of our modern construction
society. They are the most often used construction materials due to their wide resources, simplicity
of usage, and adaptability. According to 2019 estimates, CO: emissions from their usage,
transportation, production, and demolition account for about 10% of all energy-related CO:
emissions worldwide [1]. The rapid expansion of population and urbanization over the coming
decades world widely suggests that there is an urgent need for ways to reduce cement and concrete
negative effects on the environment and climate change. Researchers have been exploring
alternative materials and methods, prompting a search for more eco-friendly alternatives and
innovative techniques to address the challenges of construction in a sustainable manner. For
instance, one of the approaches is the use of high-strength fiber-reinforced materials that can lead to
efficient resource utilization while maintaining the desired structural performance.

Concrete particularly in steel-reinforced concrete structures effectively handles compression
while steel is relied upon to withstand tension. Similar to steel-reinforced concrete structures,
carbon textile-reinforced concrete (CTRC) structures use carbon textile reinforcement to provide the
necessary tensile strength. In carbon textile reinforcement, carbon fibers are initially produced in
the form of filaments. These filaments are then grouped to form yarns or rovings and finally,
rovings are then grouped in a specific pattern to form strands [2,3]. The carbon strands are arranged
in a mat-like structure to provide specific mechanical properties. This CTRC composite offers
several advantages over traditional steel reinforcement. Firstly, carbon fibers have a significantly
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higher tensile strength and lower density compared to steel, allowing for the development of lighter
and more slender structural elements. The CTR exhibits a tensile strength of approximately
3500MPa, resulting in a load-bearing capacity up to six times greater than that of conventional steel
reinforcement, which is approximately 550MPa. This enables the utilization of significantly reduced
amounts of reinforcement material and leads to the reduced overall weight of the structure [4].
Furthermore, it offers the advantage of being corrosion resistant, as opposed to steel, which is prone
to corrosion over time. As a result, concrete cover is only necessary to ensure bond strength [5].
Furthermore, the high flexibility of CTR composite also allows for easier shaping and molding of
complex structural geometries [6]. These positive effects not only enhance CTR’s suitability for new
construction projects but also for the repair of old buildings [7,8].

Over the past decade, there has been a surge of interest in exploring the potential of CTRC
through various projects. These initiatives have aimed to investigate and utilize the capabilities of
CTRC as a construction material [9]. Notably, in recent years, the findings and knowledge gained
from these projects have led to the full-scale implementation of CTRC in practical applications. One
impressive example is the construction of CUBE, the world’s first carbon-reinforced building. The
CUBE has been recently constructed by the Institute of Concrete Structures (IMB), Technische
Universitat Dresden, Germany [5,10]. The extensive research and project endeavors conducted in
the past decade have played a crucial role in understanding the unique properties and advantages
of CTRC. These projects have likely encompassed aspects such as material characterization,
structural testing, durability assessment, and performance evaluation of CTRC components. The
outcomes of these investigations have provided valuable insights into the behavior, structural
integrity, and potential applications of CTRC. As a result of these research efforts, CTRC has
transitioned from a promising concept to a fully implemented construction material in recent years.
This indicates that the knowledge and experience gained from the past decade of projects have been
successfully translated into real-world applications. Furthermore, the utilization of carbon textile
reinforcement provides enhanced geometrical flexibility, enabling the carbon grid-like structure to
be easily molded, bent, or twisted into diverse shapes. This characteristic has sparked significant
interest within the construction industry, as it allows for the creation of novel structural elements
and designs, capitalizing on the advantageous properties of carbon reinforcement. One of the
examples of this is the construction of an exceptionally lightweight and slender precast bridge,
which has been successfully realized using CTRC as the primary material [11]. The aesthetic
Pavilions in Chemnitz, Germany [12] and many other structures have been constructed by using
CTRC as the primary material [13-20].

This study involved shaping carbon textile reinforcement into a specific zigzag pattern (net
girder) with the intention of substituting it for traditional steel reinforcement in beams, serving as
both flexural and shear reinforcement. Additionally, this 2D reinforcement was also transformed
recently into a three-dimensional configuration to develop a lightweight hollow core slab system
[6,21,22].

2. Materials, Test Program, and Test Setups

2.1. Materials

The experimental investigation uses a single concrete mix of grade 30/37 throughout the study.
The composition of the design mix can be found in Table 1. Concrete properties were evaluated by
conducting tests on 150x300mm cylinders after 29 days of curing. The average dry compressive
strength achieved was 40MPa. The concrete was supplied by the local company informbeton GmbH
[23]. A single batch of concrete was used for the manufacturing of single yarn pull-out specimens,
bending test specimens, and shear test specimens.

Table 1. Composition of concrete mix C30/37.

CEM  Limestone Coarse Superplasticizer
[kg/m3] II/A-LL  powder Sand 02 aggregate Water wic Glenium ACE 40



https://doi.org/10.20944/preprints202309.0448.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 September 2023

525 R  compact I11 2/8 (FM)
- 270 155 800 900 190 0.70 approx. 4

Textile rovings were manufactured by the Institute of Textile Machinery and High
Performance Material Technology (ITM) using carbon fiber heavy tows (CFHT) Teijin Tenax-E STS
40 F13 48K 3200tex (Teijin Carbon Europe GmbH, Wuppertal, Germany) with properties acc. to [2]
in combination with impregnation material of TECOSIT CC 1000 (CHT Germany GmbH, Tiibingen,
Germany). Which is a polymeric dispersion with a solid content of approx. 50% [2,24]. The straight
rovings were manufactured by impregnating the CFHT with the foulard technique and
consolidated for 10min at approx. 180° by using infrared modules Typ IRDS750 SM 3kW 400V fast
middlewave (OPTRON GmbH, Garbsen, Germany) at 90% power (2.7kW). Straight rovings were
specifically produced to examine the tensile strength of rovings. Bent rovings were extracted from
the 2D NetzGT reinforcement structrure with three different angles of 50°, 60°, and 70° respectively
to investigate the influence of the angle of roving on the bond strength.

The 2D NetzGT reinforcement is a continuous textile net-shaped non-crimp fabric
reinforcement made of multiple diagonally offset carbon fiber rovings [6]. For this fundamental
study 2D NetzGT reinforcement structure were produced with support of manual yarn placement
of impregnated rovings on a rack and subsequent consolidation in a champer oven SV 9670/30 MK
II (Arnold Schroder Industriedfen GmbH, Florsheim am Main, Germany) at 180°C for 30min. In
principle, the textile reinforcement structure can be produced using a modified highly productive
multiaxial warp knitting process in combination with the further developed warp yarn
manipulation method and subsequent impregnation and consolidation of the textile structure [25].
The reinforcement is manufactured in a zigzag pattern, starting at the upper end and slanting
diagonally toward the lower end. It then transitions into a straight length of 160mm, followed by a
diagonal inclination from the lower end to the upper end. This pattern continues in a repeated
sequence resulting in a zigzag structure as shown in Figure 1. The edge-overlapped rovings
employed in the construction of NetzGT reinforcement are considered tension reinforcement, and
therefore, the number of these rovings has a significant impact on the tensile strength of the
reinforcement. For this reason, the investigation was carried out on strands with 1,3,4,5, and 6
overlapped rovings to examine their impact on the 2D NetzGT reinforcement.

Upper end

so° / |
roving
300mm
0
60 / ) N
f T Lower end Example to show
o Overlapped edge T roving angle
70
(2) strand rovings (b)

Figure 1. (a) Single textile roving with 50°, 60°, and 70° roving angle (b) 2D NetzGT reinforcement
for beam pull-out and shear test experiments (Top view).

2.2. Test Program and Test setups

2.2.1. Yarn Tension test

Tension tests were performed on the straight roving with a linear mass density of 3200tex.
These specimens were labeled as “R-X,” with “R” denoting roving and “X” representing the
number of roving incorporated in each strand specimen. Four distinct configurations were tested,
consisting of 1, 3, 5, and 6 rovings in the specimens. Under each configuration, five specimens were
taken into account for statistical analysis. For anchoring purposes, Sikadur-30, an epoxy resin-based
composition from Sika company, was skillfully employed to establish a strong bond between the
resin embedded rovings and metal plates [26]. The testing process involved subjecting the
specimens to a controlled loading rate of 2mm/min (0.03mm/sec) while their free length remained

do0i:10.20944/preprints202309.0448.v1
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at 100mm as shown in Figure 2. Through this testing setup, the objective was to investigate the
tensile properties and behavior of the strands under varying numbers of rovings.

Table 2. Overview of different overlapped rovings.

Folding The surface of single and multiple rovings Diameter [mm]
1x3200tex 3
3x3200tex 4.5
5x3200tex 5.1
6x3200tex 5.3

——

epoxy resin-based composite

s steel plate

strand

g
M

(b)

Figure 2. Strand prepared to be tested under tension (a), Schematic test setup for tension test on
roving and strands (b). Unit is in mm.

2.2.2. Single Yarn Pull-Out test

The single yarn pull-out (YPO) test is conducted to examine the impact of the roving angle on
the bond strength and anchorage behavior of the roving in the concrete. In this test, the single
rovings were embedded in concrete cubes at three different angles of 50-degree, 60-degree, and 70-
degree respectively. One of the main reason on examining curved or bent roving is to assess its
ability to bear loads within the center region of the NetzGT reinforcement. A total of three
specimens were tested at each roving angle during the experiment. The roving used had an average
diameter of 3mm. To conduct the tests, the YPO in [27] was followed with certain modifications due
to the difficulties encountered in maintaining consistent dimensions; see Figure 3. Foam rubber was
employed at the beginning and end of the rovings to prevent stress concentration and ensure a
fixed tail length for all specimens, despite the varying angles. Furthermore, all the concrete cubes
were equipped with cast-in transport bolts. These bolts served the purpose of connecting the upper-
and lower parts during transportation and preparation, as well as preventing premature failure.
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Figure 3. Schematic test setup for YPO test. The angle Q in the figure is the angle of roving (50°, 60°,

and 70°). All dimensions are in mm.

2.2.3. Tension test on 2D NetzGT

A four-point bending test according to RILEM RC5 [28] was performed on a beam reinforced
with 2D NetzGT reinforcement to evaluate the tensile behavior of NetzGT reinforcement and
failure characteristics of the beam. The test setup was modified for 2D NetzGT reinforcement with a
bond breaker length of 10mm as shown in Figure 4. The beam test specimens were tested in a
universal testing machine. The test specimen consists of two identical reinforced halves of a beam
connected by the reinforcement for the tension test and a steel hinge for the transfer of the
compressive force. The beam was reinforced with 2D NetzGT reinforcement as shown in Figure 1b.
The reinforcement in the test setup was laid horizontally with a width of 300mm. The test setup
uses the 2D NetzGT reinforcement with the use of three, four, and six-edge overlapped roving
strands with three different roving angles of 50°, 60°, and 70° respectively; see Table 3. The test
specimens were labeled as B-X-Y, where the first letter B represents the “beam” specimen, X
represents the angle of textile roving in the NetzGT reinforcement and Y represents the number of
overlapped edge rovings. This test approach aimed to evaluate the impact of varying roving angles
and the number of overlapped edge rovings on the tensile strength of NetzGT reinforcement. The
beam specimens were placed on a testing apparatus specifically designed for four-point bending
tests. This apparatus consisted of supports located at both ends of the beam, along with two loading
points positioned between the supports. Five Linear Variable Differential Transformers (LVDTs)
were used for measuring displacement at different points of the beam.

Table 3. Test program for the four-point bending test.

Series B-50-4 B-60-3 B-60-4 B-60-6 B-70-4
Number of
Specimens

3 3 2 3 2
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Figure 4. (a) Schematic test setup for tension test on 2D NetzGT reinforcement, (b) Visualized beam
specimen. All dimensions are in mm.

2.1.1. Shear test

Three-point bending tests were conducted on beams that were reinforced with a similar 2D
NetzGT reinforcement. However, in this test, the reinforcement was placed vertically with a height
of 300mm rather than horizontally; see Figure 5. The main objective of the shear test was to observe
the failure behavior of the beam when the 2D NetzGT reinforcement was positioned vertically as
shear reinforcement and to examine the effect of the roving angle and the number of overlapped
edge rovings on the maximum load. The shear span to depth ratio (a/d = 600/320) was kept constant
as 1.9 for all the test specimen. The vertical load was applied at a constant speed of Imm/min
(0.017mm/sec). The test setup uses the 2D NetzGT reinforcement with three and four overlapped
edge rovings, with two different roving angles of 50° and 60°; see Table 4. The test specimens had
the same labeling as the four point bending test. i.e.,, B-X-Y, where the first letter B represent
“beam” specimen, X represents roving angle in the NetzGT reinforcement and Y represent the
number of overlapped edge rovings. Five LVDT’s were attached to the beam for measuring
displacement at various points.

Table 4. Test program for Three-point bending test.

Series B-50-4 B-60-3
Number of Specimens 2 1
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Figure 5. (a) Schematic test setup for the three-point bending test. (b) Visualized beam subjected to
three-point bending test. All dimensions are in mm.

3. Results and Discussion

3.1. Yarn Tension test

The load-displacement curves for the strands that are tested under tension are illustrated in
Figure 6. In the case of the R_1 specimen, where only one roving was used, the curves exhibited a
linear behavior without having any drop in the curve, suggesting a well-distributed load over the
specimen’s length. However, with an increase in the number of rovings to three in the strand (R_3
specimen), there were noticeable changes in the load-bearing behavior, resulting in sudden
fluctuations in the curves. This is due to the fact that the individual yarns are not uniformly
stretched within the specimen, thus not all of them contribute equally to the load transfer.
Moreover the presence of multiple rovings in the strand enhanced the overall capacity of the strand,
leading to an increase in the maximum force. This trend continues as the number of rovings further
increased to five and six in the strand (R_5 and R_6 specimens). Additionally, it can also be seen
from the curves that the stiffness increases as the number of roving in the strand increases.
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Figure 6. Force-displacement curves for single and multiple rovings tested in tension.

It can be interpreted from Figure 7 that the increase in the number of rovings in the strands
leads to a significant increase in its ultimate load-carrying capacity. The R_1 specimen with only a
single roving displays a peak tensile force of 6.6kN, whereas the R_3 specimen demonstrates the
tensile breaking force of 9.7kN, presenting an increase of approx. 47% compared to R_1. The R_5
specimen exhibits a maximum tensile force of 10.9kN, demonstrating a 65% increase compare to the
R_1 specimen. The R_6 specimen, comprising of 6 rovings in strand achieves the highest tensile
force at 13.8kN, represents a substantial increase of approx. 109% compared to R_1 specimen. The
observed increase in the ultimate load-carrying capacity or the tensile force with the addition of
more rovings in the strand can be attributed to the overall cross-sectional area of the strand, sharing
capacity of strand, and synergistic effect of the roving. When more rovings are group together in
the strand, the overall cross-sectional area of the strand increases. This means that there are more
individual fibers contributing to the load-bearing capacity of the strand. Additionally, the presence
of multiple rovings can enhance the load-sharing capacity of the strand. If one roving experience a
localized weakness or failure, the others can compensate for it, preventing the overall failure and
allowing the strand to sustain higher loads. Furthermore, the interaction between the rovings can
create a synergistic effect. As the rovings are laid together, their alignment and interaction can
result in improved load distribution along the length of the strand, enabling it to withstand higher
forces. So, it can be concluded that the increase in the number of rovings provides more fibers to
bear the load, helps in distributing the load more evenly, and provides backup if some fibers
encounter failure. This combined effect leads to the significant increase in the ultimate load-
carrying capacity of the strand with more rovings.
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Figure 7. Average maximum tensile force for a single roving and strands.

This data also clearly highlights the increase in standard deviation with an increase in the
number of rovings in the strand and can be attributed to greater variability in tension distribution
within the strands; see Table 5. When more rovings are incorporated to produce a strand, then each
roving might experience slightly different conditions during the manufacturing process, leading to
variations in their tensile properties. These variations can accumulate and result in differences in
tension across the strands. As the number of roving increases, the potential for these small
differences to add up also increases, which is reflected in the higher standard deviation values
observed in the specimens with more roving, such as specimens R_5(2.01) and R_6(2.68) as compare
to specimens R_1(0.39) and R_3(0.79).

Table 5. Strand tensile capacities manufactured with different numbers of rovings.

Specimen Number of Area of carbon strand Maximum tension Standard
Id specimens [mm?] force [kN] deviation
R 1 5 1.8 6.64 0.39
R 3 5 5.4 9.78 0.79
R.5 5 9.0 10.99 2.01
R 6 5 10.8 13.82 2.68

3.2. Single Yarn Pull-Out test

There are multiple factors that can affect the maximum pull-out load in a YPO test, such as
geometry, bending radius, profile, and embedment length, steepness of the roving (angle of the
roving), friction between the roving and concrete [29]. In this study, the only variable that was
researched in the YPO test was the inclination of textile roving while keeping all the other
parameters constant. The test details and labelling of the specimen can be found in section 2.2.2. The
50-degree roving shows an average pull-out force of 2.7kN, 60-degree roving shows 3.5kN, and 70-
degree shows 2.5kN respectively. It has been observed that the force increases with increasing angle
of the roving from 50° to 60°, and then decreases with further increasing angle from 60° to 70°.

When the embedment angle of the textile roving increases from 50-degrees to 60-degrees, the
maximum pull-out force increased by 29.6%, recorded as 3.5kN at 60-degrees compared to 2.7kN at
50 degrees. This increase in force can be attributed to the increased friction and improved
interlocking. As the angle of embedment increases, the frictional forces between the roving and the
surrounding matrix also increases and this is due to the increase in the effective bonding surface
area [30]. Also, the roving forms a more oblique or inclined orientation within the matrix at 60-
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degrees compare to that of 50-degrees. This inclined orientation creates a difficult path for the
roving to be pulled out from the concrete matrix. Another phenomenon that can explain the
increase in the pull-out force is the mechanical interlocking. The roving has a greater opportunity to
interlock with the surrounding matrix with a larger embedment angle. This interlocking
mechanism enhances the bond strength and subsequently increases the maximum pull-out force in
60-degrees specimen.

However, when the embedment angle of the textile roving increases further from 60-degrees to
70-degrees, the maximum pull-out force decreases by about 40%, recorded as 2.5kN at 70-degrees
compared to 3.5kN at 60-degrees. The decrease in force can be attributed to the stress concentration.
At steeper angles, as 70-degrees, there is a higher concentration of stress around the roving-matrix
interface and thus results in a reduction in the overall pull-out force.

Therefore, it can be concluded that a 60-degree textile roving provided higher pull-out force
compared to the textile roving with other angles tested in the experimental investigation. Which
clearly indicates that textile roving with 60-degrees can be considered as an optimized roving angle.
However, an experimental study covering a range of roving angles from 50-degrees to 70-degrees
can provide valuable insights into the fluctuation of the pull-out force. By varying the roving angle
within this range, it can be observed how the angle affects the pull-out force and analyze the
patterns or trends that emerge.
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Figure 8. Pull-out forces for different angle of roving embedded in matrix.

3.3. Tension test on 2D NetzGT

The main objective of the four-point bending test is to determine the total tensile capacity of a
2D NetzGT reinforcement. The tensile forces are mainly transmitted in the overlapped edge
strands, with a smaller contribution originating from the intersecting threads within the central
region. So a flat 2D NetzGt can be tested to get load bearing capacity of the 3D NetzGT. By defining
the inner lever arm in a bending test, the force can be determined. The inner lever arm is defined
with the help of a metal joint in the compression zone, so the tensile force in the reinforcement can
be determined from the bending test as shown in Figure 9. The tension strands in the NetzGT were
modified by varying the number of overlapping edge rovings. Additionally the angle of orientation
for the roving was also altered, with variations at 50°, 60°, and 70°. All of the test specimens show
bending failure with a single big crack started from the bottom and grows to the steel hinge of the
beam.
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Figure 9. Beam subjected to four-point bending test according to RILEM RC5 with some specific
modifications. Beam dimensions are LxBxD = 1000mmx=340mmx170mm.

Figure 10 illustrates the relationship between the force and displacement for various beam
specimens generated during the beam loading process. All the tested specimens exhibit a similar
behavior, characterized by an initial sudden drop in force at the beginning of loading, which
corresponds to the formation of the first crack. Subsequently, the force increases until reaching its
maximum value. However, there are intermittent drops in force between the first crack load and the
maximum load. Furthermore, all the tested specimens show an increase in the force after the
occurrence of the first crack. This indicates that the NetzGT reinforcement within the beam
specimens became activated, contributing to an increase in the load bearing capacity. By
maintaining the identical roving angle within the specimen and increasing the number of roving in
the strand, an increase in the stiffness of specimen B-60-6 compared to specimen B-60-3 can be
noticed. This can be attributed to the cross-sectional area of the strand. When there are more
rovings in the strand, there are more fibers providing reinforcement, leading to improved load-
bearing capacity and reduced susceptibility to deformation. The increased fiber density also
enhances the material’s ability to distribute and transfer loads across the strand, contributing to the
increase in stiffness. These findings provide valuable insights into the tensile behavior of the
NetzGT reinforced beams under bending conditions.
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Figure 10. Force-displacement curves for strands with varying edge overlapped roving’s and angle
of the rovings.

Effect of the number of overlapped edge rovings on the tensile capacity of NetzGT

The primary tension-resisting part of the 2D NetzGT reinforced beam consists of overlapped
edge rovings, i.e., Strands. Due to this significance, it was considered important to investigate the
effect of varying overlapped edge rovings on the tensile capacity of the reinforcement. The
maximum tensile force in the reinforcement for each specimen was determined using equation 1,
with the corresponding results presented in Table 6.

Fn = (F/2) x (I/2) 1
Where, Fn = Maximum tensile force in the NetzGT [kN]
F = applied load on the beam [kN]
I = known length of 300mm between the support and load; see Figure 4a
z=known inner lever arm of 95mm

The maximum tensile force in the strands followed a specific trend, with the highest value
observed for the beam specimen B-60-6 (56.1kN), followed by B-50-4 (55.4kN), B-60-4 (41.3kN), B-
70-4 (34.6kN), and B-60-3 (25.4kN). The analysis reveals that maintaining the same angle of roving
while increasing the number of edge overlapped rovings in the strands leads to a clear increase in
the maximum tensile force. For instance, the maximum tensile force was recorded as 25.4kN for B-
60-3. Subsequently, it increased by 62% to 41.3kN for B-60-4 specimen. Moreover, the tensile force
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further increased to 56.1kN for B-60-6, representing a 120% increase from B-60-3 and a 35% increase
from B-60-4 specimen.

Table 6. Summary of the tension test on 2D NetzGT reinforcement.

Maximum

. Number of  Numberof  Diameter of . . Standard
Specimen Id specimens rovings roving [mm] tensile force in deviation
2D NetzGT [kN]
B-50-4 3 4 49 55.4 5.7
B-60-3 3 3 4.5 254 5.9
B-60-4 2 4 49 41.3 1.2
B-60-6 3 6 5.3 56.1 1.7
B-70-4 2 4 49 34.6 49

Effect of the roving angle on the tensile capacity of NetzGT

The effect of the textile roving angle was observed in the YPO tests, where it demonstrated an
influence on the maximum pull-out force, as depicted in Figure 8. As discussed in section 2.1
regarding the construction of the 2D NetzGT reinforcement, it is important to consider that the
angles of the rovings within the central region of the 2D NetzGT reinforcement can have a modest
impact on the tensile force within the strands. Hence, it was important to evaluate their impact on
the tensile capacity of 2D NetzGT reinforcement. By keeping the number of overlapped edge
rovings constant at four such as with the specimens B-50-4, B-60-4, and B-70-4. The impact of the
roving angle on tensile capacity of the reinforcement could be evaluated independently. From the
results, it is evident that the maximum tensile force was observed in specimen B-60-4, followed by
B-50-4, and B-70-4. There is a minimal distinction in the values between the beam specimens with
50° and 60° rovings. In specimens B-50-4 and B-60-4, the textile roving were more effectively
activated, resulting in higher tensile force compared to B-70-4 specimen. In B-60-4 specimen, the
maximum tensile force recorded as 41.3kN which is 19% higher than that of B-70-4 specimen
recorded as 34.6kN. Therefore, it can be concluded based on these scientific observations that the
more longitudinal alignment of the textile roving resulted in a higher activation of the roving and
improved the tensile capacity of the NetzGT reinforcement.

100
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Figure 11. Maximum tensile force for strands with varying overlapped edge rovings and angle of
rovings.

3.4. Shear test

The three-point bending test was specifically designed and labeled as a shear test, with the
intention of inducing shear failure in the specimen. The purpose of the shear tests was to investigate
the behavior of the reinforced beams and assess the impact of the 2D NetzGT reinforcement as
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shear reinforcement. These tests were conducted as trial experiments, meaning they were intended
to provide initial insights and gather preliminary data. The experimental setup is summarized in
Figure 5. The 2D NetzGT reinforcement was embedded vertically within the beam to enhance its
shear capacity. Additionally, it was aimed that shear tests would provide a broader understanding
of how the vertically embedded 2D NetzGT reinforcement influence the failure of the beam.

During the shear tests on the reinforced beams, multiple cracks, including a prominent central
crack, was observed in the specimens, as depicted in Figure 12. These cracks predominantly formed
within the mid-span region of the beam, indicating the bending failure rather than shear failure.
Additionally, it was clearly noticed that the single central crack gradually widened along the depth
of the beam with the maximum average crack width of about 15mm for all the three tested
specimens. The absence of shear cracks suggests that the reinforcement absorbed the shear forces
within the beam, preventing shear failure. However, without testing reference beams, the exact
extent of this improvement remains unknown and requires further investigation in future studies.

Figure 12. Beam subjected to three-point bending test. Beam dimensions are LxBxD =
1300mm>80mmx340mm.

When examining the effect of the textile roving angle on the maximum failure load, it becomes
evident that the 50-degree roving angle specimens exhibits an increase to that of 60-degree roving
angle specimen. The specimens B-50-4 shows the average maximum force of 38.5kN, which is 56%
greater than the B-60-3 specimen; see Table 7. However, it is important to note that the number of
overlapped edge rovings in the B-50-4 specimens are greater than in the B-60-3 specimen.
Consequently, it is challenging to draw a definitive conclusion regarding which factor—roving
angle or the number of overlapped edge rovings—truly contributes to the increase in maximum
load capacity. Furthermore, no shear failure was observed in any of the specimens. This suggests
that both roving angles show an improved response to shear forces.
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Figure 13. Maximum force resulted from three-point bending test.
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Furthermore, to gain a comprehensive understanding and draw confident conclusions, further
studies need to investigate specimens with different roving angles as 50°, 60° and 70° and various
numbers of edge overlapped rovings as illustrated in the four-point bending test (refer to section
3.3) and keeping one factor constant while systematically varying the other factor. As there is no
shear failure observed in the 2D NetzGT reinforced beam, one potential approach for future studies
could involve introducing longitudinal reinforcement, such as placing a rebar within the beam, to
enhance its bending capacity and intentionally inducing shear failure in the beam. It is then possible
to observe the formation of shear cracks and subsequently determine the effect of the roving angle
on the shear failure. This research work also proposes the extension of the experimental study to
encompass a wider range of tests, involving variations in the a/d ratio of the specimens. This
expansion aims to examine how different a/d ratios influence the failure behavior and performance
of the beam reinforced with vertically placed 2D NetzGT reinforcement.

Table 7. Three-point bending test results.

] Number of Diameter of First crack Maximum load Max1m}1m
Specimen Id . . crack width
rovings roving [mm] load [kN] [kN]

[mm]
B-50-4 4 49 16.5 41.8 13.9
B-50-4 4 49 17.3 35.1 15.4
B-60-3 3 45 15.7 24.6 15.4

4. Conclusions

The lightweight nature and high tensile properties of 2D NetzGT reinforcement has significant
potential to serve as a replacement for traditional steel reinforcement. This work is focused on their
bond strength with concrete and their initial assessment as a reinforce material in beam. The use of
this reinforcement in beams need further investigation, particularly in terms of its bending and
shear behavior, to establish a more confident understanding of its performance. Furthermore, the
transformation of 2D NetzGT reinforcement into a 3-dimensional configuration for the production
of lightweight hollow-core slab and wall systems is currently in the developmental stage and
undergoing investigation. This 3D approach has also the potential to offer numerous benefits in
terms of structural efficiency, material optimization and sustainable construction.

The following conclusions can be drawn from the various experimental tests conducted on
various specimen types:

e It can be concluded from the tensile tests carried on the straight strands, that increasing the
number of roving in the strands substantially enhances the ultimate load capacity of the
strands. For instance, R_6 specimen with 6 rovings in the strand showcases a 109% increase
compared to R_1 specimen with a single roving. This increase in the tensile force can be
attributed to the increased cross-sectional area of the strand, load-sharing capacity of strand,
and a synergistic roving effect.

e The YPO test examined the effect of textile roving inclination on the maximum pull-out load
while keeping other parameters constant. Results showed that the maximum pull-out force
increased by 29.6% when the roving angle increased from 50-degrees to 60-degrees, attributed
to increased friction and improved interlocking. However, a further increase in roving angle
from 60-degrees to 70-degrees led to a 40% decrease in maximum pull-out force, which can be
attributed to a stress concentration. Overall, the YPO testing setup suggests that a roving angle
of 60-degrees provided higher strength and can be considered as an optimized angle.

e  The four-point bending test focused on determining the total tensile capacity of 2D NetzGT
reinforcement. It can be concluded from the test results that increasing the number of
overlapped edge rovings increased the maximum tensile capacity of the reinforcement. Also it
was found out that keeping the same number of edge overlapped rovings in the strand, the
increased longitudinal alignment of the textile roving led to greater activation of the roving,
thereby enhancing the tensile capacity of the NetzGT reinforcement.
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e  The three-point bending test showed that the 50-degree roving angle specimens exhibited
increased maximum failure load compared to the 60-degree roving angle specimens. The
higher number of overlapped rovings in the 50-degree specimens likely contributed to this
increase. However, to draw confident conclusions, future studies should examine one factor at
one time. It is suggested from the shear test results that one potential approach could involve
introducing longitudinal reinforcement to enhance bending capacity of the beam and
intentionally induce shear failure to study the effect of vertically placed 2D NetzGT
reinforcement.
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