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Abstract: This research focuses on the manufacturing process and mechanical properties of textile
reinforcements fabricated using embroidery technology. The study investigates both 2D and 3D
reinforcement products and compares the advantages and possibilities of embroidery technology
with other manufacturing methods. A series of tests using carbon reinforcement is conducted, and
the results are presented and evaluated comprehensively. The uniaxial tensile tests reveal the charac-
teristic behavior of carbon-reinforced concrete (CRC). Furthermore, the bonding behavior between
the concrete matrix and embroidered carbon reinforcement is analyzed utilizing asymmetric pull-out
tests, demonstrating that the embroidered reinforcements provide a sufficient bond. In addition to
conventional 2D reinforcements, 3D reinforcements were also investigated, which can be efficiently
manufactured using the TFP (tailored fiber placement) technology. Through the implementation
of stirrup rovings, shear failure loads can be increased significantly. The results suggest that the
mechanical properties of the reinforcement are influenced by the manufacturing process, which is
particularly evident in the variation between longitudinal and transverse directions. The research
highlights the potential benefits of using embroidery technology for textile reinforcement and indi-
cates areas for further research and optimization in the manufacturing process. A pilot project that
utilizes the embroidered reinforcement is currently under construction.

Keywords: carbon-reinforced concrete (CRC); non-metallic reinforcement; embroidery technology;
material behavior

1. Introduction

The demands of lightweight construction concerning the efficient, resource-saving
and responsible use of materials are more in demand today than ever before [1]. In ad-
dition, building in existing structures is becoming increasingly important due to ecolog-
ical and economic aspects in civil engineering and building construction [2]. Increas-
ing aging structures [3], increasing traffic loads and changes in load and dimensioning
regulations [4–6] are putting a strain on the structures. In addition, the most frequent
cause of damage to the common building material reinforced concrete—reinforcement
corrosion—is taking its toll [7,8]. In this context, the building material carbon-reinforced
concrete (CRC) offers innovative, sustainable and new solutions. Thus, new construc-
tion approaches can be realized [9]. Experiments have demonstrated the potential for
significant load increases in components by employing non-metallic reinforcement. Fur-
thermore, mechanical models have been developed, yielding congruent results of up to
10% compared to the corresponding experiments [10]. Thereby, the standard reinforcing
steel is replaced by fiber materials which, unlike steel, are corrosion-resistant and have
significantly higher tensile strengths [11]. The fiber strands used, the so-called rovings,
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are processed into reinforcement structures using classic production methods from the
textile industry. The degree of complexity of such reinforcements ranges from simple, flat
2D textiles to geometrically complex 3D spacer textiles [12]. The vast majority of flat 2D
and 3D textile reinforcements for concrete available on the market are produced using
so-called warp knitting technology. A multi-ply is produced of parallel rovings in longitu-
dinal and transverse directions which are joined by a knitting thread [13]. Due to the high
production rate of this method, reinforcements can be produced relatively cost-efficiently.
The stretching of the rovings in the production process results in reinforcements with good
mechanical properties [14]. Although it is possible to create such multi-plies with several
layers and varying orientations, this production method is in general complex to adapt
and is particularly suitable when large quantities of standardized reinforcement have to be
produced. For this reason, these reinforcements have a predefined shape, material combi-
nation and reinforcement quantity [15]. However, it is important to note that the referenced
reinforcement products do not cover externally bonded non-metallic reinforcements, which
share a similar application field. An overview and deeper insights into the mechanics of
strengthening using these are provided in [16–19].

Alternatively, adaptive and flexible reinforcement structures can be produced us-
ing embroidery technology, specifically through the process of tailored fiber placement
(TFP) [20–22]. TFP enables the precise placement of fibers along customized paths to create
multi-directional structures, resulting in more versatile and adaptable reinforcements. This
approach capitalizes on the anisotropic material behavior of fibers, optimizing material
usage and presenting an opportunity for cost-effective reinforcement while promoting
resource conservation [23–25].

The applicability of TFP is not confined to the construction sector; it has already demon-
strated its utility in various technical and engineering domains, including aeronautics [26].
Embroidered reinforcements offer elegant solutions to challenges encountered in the struc-
tural engineering of carbon-reinforced concrete (CRC) construction.

This paper serves as an introduction and overview of carbon reinforcements pro-
duced using technical embroidery. The results are drawn from the authors’ recent research
activities to develop carbon reinforcement for strengthening existing structures. A thor-
ough examination of the mechanical properties of selected reinforcements was conducted,
involving a comprehensive series of experiments encompassing tension tests, bonding
tests, and flexural tests. The manufacturing process underwent optimization based on the
obtained results, following an iterative development approach. In this process, mechanical
property tests prompted adaptations in the production process, followed by subsequent
mechanical property testing and further process adjustments. The objective to utilize this
reinforcement for the strengthening of a pilot project was successfully achieved in 2023 [27].

2. Materials
2.1. Fiber Material

Different fiber materials have been used as reinforcement for concrete in civil engi-
neering, most commonly carbon, AR-glass and basalt [28]. As reinforcement in concrete
structures, continuous fibers are processed into grids. Analogous to conventional rein-
forced concrete structures they primarily serve to bear the tensile forces [29]. Due to the
mechanical and chemical properties of the non-metallic fiber materials, there are significant
differences in design compared to conventional reinforced concrete construction. For exam-
ple, the tensile strength of carbon fibers is six times higher than that of reinforcing steel.
Furthermore, the concrete cover can be reduced to a static minimum due to the corrosion
resistance of the fibers. This enables concrete savings of up to 80% [30,31].

After comprehensive investigations and analyses of various fiber materials, such as
AR glass, basalt, and carbon, the latter was determined as the most suitable material due
to its favorable mechanical [15,32–35] and durability properties [36,37]. Particularly, the
Young’s modulus is several times (approx. 2.5–3) higher than that of basalt and glass fiber.
This is particularly intriguing for reinforcement purposes, as the high stiffness allows for
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a greater transfer of load onto the subsequently applied strengthening layer. Therefore,
the embroidered reinforcements are primarily made of carbon. Hence, the investigations in
the context of this paper focus solely on carbon reinforcements [24,38].

2.2. Impregnation

Impregnation materials are used to bond the individual fibers of the multi-filament
yarn into a load-bearing, more or less solid cross-section. The roving is therefore drenched
with an impregnation material. This can be done with different textile finishing techniques,
among other coating processes foulard or doctor blade systems have proven suitable [39].
The aim is to create a bond both between the carbon filaments and between the yarn or
rod and the concrete matrix [33,40,41]. The main functions of impregnation are to ensure a
uniform distribution of tensile stresses in the cross-section of the individual filaments of the
roving and to optimize the bond with the hardened cement. The most common materials
used are polymers such as acrylates and epoxy resins. [30,34]. Different impregnation mate-
rials lead to differences in the mechanical properties and draping capabilities of the textile
reinforcements [42–44]. The range extends from relatively flexible reinforcements that are
available in rolls to rigid grids and molded products [15]. All impregnation materials pre-
sented in Table 1 demonstrate high durability properties [45–48]. Table 1 summarizes the
mechanical properties of different types of impregnations and their associated non-metallic
carbon reinforcements.

Table 1. Mechanical properties of various impregnation materials and corresponding fiber reinforce-
ments made exclusively of carbon [32,49].

Parmeter Unit Epoxy Resin (EP) Acrylate Dispersion (AD) Styrene-Butadiene (SBR)

Polymer
Young’s modulus [GPa] 4.2 3.1–3.3 3.0–3.4
Tensile strength [MPa] 100 60–80 3.5–20.5
Tensile strain [mm/m] 13–50 20–60 17–37

Impregnated Roving *
Young’s modulus [GPa] 151–230 195–210 170–210
Tensile strength [MPa] 1650–4000 2200–3250 1200–2850
Tensile strain [mm/m] 11–18 14–23 11–12

* made out of carbon of carbon yarns.

2.3. Concrete

For most of the specimens the high-performance concrete (HPC) TF10 CARBOREFIT®

was used. This concrete was specially designed for strengthening with carbon-reinforced
concrete according to [50]. Only for the test specimen of the four-point bending tests the
HPC Premiumbeton fein® was used. This is a self-compacting concrete with a maximum
aggregate size of 4 mm. These concretes’ relatively small maximum grain size ensures that
the reinforcement mesh is sufficiently embedded in the matrix.

To determine the material properties for compressive and flexural strength of these
special concretes, six prisms were cast at 40 × 40 × 160 mm3. After one day, the specimens
were de-molded. One half was stored under water at 20 ◦C until testing, according to [51],
and the other half was cured as the test specimen. They were stored under water until the
7th day and then at 20 ◦C and 65% relative humidity. The concrete specimens were tested
according to [51] on the 28th day. The concrete properties are given in Table 2.

Table 2. Concrete strength TF10 CARBOREFIT®.

Concrete Curing fcm
[MPa]

fctm, f l
[MPa]

TF10 CARBOREFIT® EN 196-1:2016 * 89.1 10.3
Specimen curing ** 97.2 6.4

Premiumbeton fein® EN 196-1:2016 * 111.7 11.0
Specimen curing ** 115.6 6.0

* according to EN 196-1:2016 [51], 28 days submerged at 20 ◦C. ** submerged until 7th day at 20 ◦C, until 28th day
at 20 ◦C and 65% RH.
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3. Production of Embroidered Reinforcements
3.1. Embroidery Technology

In principal, embroidery machines work with a frame on which the base material,
the so-called embroidery substrate, is stretched. Depending on the function and application,
a permanent pattern is applied to it by using threads, whereas needles guide the yarn
moving in and out of the embroidery substrate. By increasing the number of embroidery
heads, the production time can be shortened [52].

3.2. Tailored Fiber Placement

When using TFP technology, the carbon rovings are sewn onto a flat embroidery
substrate by a special machine head. During the fixation of the carbon multi-filament
yarn with the fixing thread, it is important to prevent any piercing or damage. The em-
broidery substrate represents the layer on which embroidery is performed. Depending
on the manufacturer, this plane is stretched horizontally or vertically in the area of the
embroidery machine. The embroidery substrate can be made from various materials, such
as thin wovens or nonwovens or glass fiber fabrics [38]. The desired embroidery pattern is
produced by moving the embroidery substrate in a targeted manner. A principal sketch of
the TFP process is shown in Figure 1. The input coordinates, which serve as the initiator
for the automated movements of the embroidery substrate, are obtained from CAD data.
The process of preparing the data for the embroidery machine to interpret is referred to
as punching. All possible dimensions of a TFP-manufactured reinforcement structure as
well as its production time depend on the available machine infrastructure. The number of
available embroidery needles also correlates with the production speed in TFP technology
(in comparison to Section 3.1). During the embroidery process, it must be ensured that a
temporary anchorage adapted to the embroidery substrate is provided. This is to prevent
any displacement of the embroidery design [53].

Figure 1. Principle sketch of the tailored fiber placement process [54].

When using tailored fiber placement, special attention must be paid to the curve radii
of the respective embroidery patterns. Among other things, a narrowing in the area of the
curve radius can lead to a deviation from the intended path. The thread material used to fix
the carbon multi-filaments also has a direct influence on the mechanical properties. If the
thread tensions are too high, constrictions can occur in the area of the functional material.
This affects the material in subsequent stages of the process negatively [55,56].

When using TFP in comparison to other manufacturing processes, the following
potential advantages can be achieved according to [21,57]:

• Angle-independent deposition of functional material;
• High positioning accuracy (±0.3 mm with modern CNC-machines);
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• Ability to produce two- and three-dimensional textile semi-finished products with
locally variable arrangement of reinforcement threads in the x-, y- and z-directions
based on the applied stresses;

• Prevention of fiber material and matrix accumulations in the final component through
the appropriate placement of reinforcement threads specific to the component;

• Near-net-shape production for material efficiency and waste reduction;
• Seamless processing of natural, glass, aramid, carbon and ceramic fibers as well as

non-textile elements (e.g., optical fibers, metal wire) as functional materials.

3.3. Embroidery Machinery for Carbon Reinforcements

Two different machine types were investigated for the production of flat and curved
2D and 3D reinforcement structures.

• Multi-head embroidery machine with TFP application
• Shuttle embroidery machine with soutache application

Regardless the machine type the subsequent reinforcement structure has to be applied
to the embroidery substrate in a two-dimensional plane. Thus, it is necessary to position
the functional material in such a way that allows it to be arranged into the desired final
configuration. This sometimes requires geometric unwinding of the final contour and
adherence to a specific embroidery sequence [24,38,58].

When comparing these TFP manufacturing methods to warp knitting technology, it
becomes evident that both manufacturing methods offer advantages in specific fields. This
is shown in Table 3.

Table 3. Comparison of the advantages of embroidery and warp knitting technology.

Feature Embroidery [21,23,24,38,53] Warp Knitting [13,14,59–61]

Production speed - ++
Production length + (30 m) ++ (endless)
Production width + (3 m) + (4 m)
Fabric roving tension + +
Angle independence ++ +
Flexibility ++ -
Curved roving placement ++ - -
Multiple parallel yarn placement + ++
Near-net shape ++ - -

Legend: ++ high advantage, + advantage, - minor disadvantage, - - severe disadvantage.

3.4. Process Chain

The process chain begins with rovings threaded onto bobbins as the initial material.
The subsequent manufacturing phases are:

• Formation of planar structures and spatial constructions.
• Equipment and finishing.
• Preforming and assembly.

The properties of the embroidered reinforcement are determined by the unique combi-
nations of various process steps and the specific selection of functional material, embroidery
substrate, impregnation and fixing thread. The required process steps for production de-
pend on the chosen material selection [24,38].

Although the TFP production process is in principle considered to be direction-
independent, certain longitudinal and transverse direction-specific features arise due to the
sequence of production steps. When compared with warp knitting technology, the longitu-
dinal direction in TFP corresponds to the warp direction and the transverse direction to the
weft direction, considering the subsequent production steps.

The intersection points of the different material layers are then fixed using a separate
knotting thread. This is performed with a conventional embroidery needle, whereby the
knotting thread is continuously drawn from one knot to the other. The design of the knot
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itself influences the displacement stiffness of the resulting grid. Furthermore, the repeated
sewing of the functional material leads to additional bundling. This increases the uniformity
of the cross-sectional shape of the roving [24,38]. A detail of the material placement on the
embroidery substrate is given in Figure 2.

Figure 2. (a) Material placement on the embroidery substrate [38] and (b) detail of embroidery
process [38].

Following the fabric-forming process, the embroidery substrate is disintegrated, typi-
cally by thermal or chemical processes. As a result, a flexible structure is obtained, which
exhibits resistance against displacement and remains connected at the knots. Therefore,
the structure can be characterized as a displacement-resistant, open grid with straight
rovings, meeting the criteria outlined in [62]. Due to requirements for the use as reinforce-
ment, an impregnation of the fibers is crucial. Suitable materials are given in Section 2.2.
The impregnation can be applied using the padder technique, dipping, brushing, or rolling.
Throughout the selection of the functional material, suitable impregnation material and ap-
propriate manufacturing process, composite materials can be created that are optimized for
use in the construction industry [39]. Epoxy resin impregnations were mainly chosen for
their favorable mechanical properties [24,32,38].

During the impregnation curing process, it is essential for the mechanical properties
of the final reinforcement that the rovings are in a stretched state. Optimum performance
is often achieved by applying tensile forces to the rovings in the longitudinal direction.
This can be accomplished using frames or tensioning systems incorporated within the
machinery. In the case of curved forms of reinforcement, the impregnated textile structure
must be brought into its final position with formworks, molds, or other suitable aids [63].

Three-dimensional reinforcements consist of at least two planes of parallel reinforce-
ment connected by a spatial structure. For this publication, three-dimensional reinforce-
ments are reinforcements that have a third direction of force transmission and therefore
also have a functional material in the third spatial direction. They contrast reinforcements
in which these structures act only as spacers [64].

The third spatial direction is looped alternately around two rovings of the lower and
upper reinforcement layers, forming a sort of stirrup that is similar to the stirrups used
in reinforced concrete construction. Due to the production principle of the embroidery,
the 3D structure has to be created by unfolding out of the plane. To enable out-of-plane
folding, it may be necessary to consider a specific embroidery sequence and placement of
the embroidery knots [58].

3.5. Selected Reinforcement Examples

The manufacturing of embroidered reinforcement is primarily aimed at leveraging the
advantages of embroidery technology. The possibility to position rovings unrestrictedly,
thus offering greater flexibility and adaptability, allows the reinforcement to be oriented
according to the principal stress directions of the component [24,38]. The possibility of plac-
ing rovings in curves could also be used for additional reinforcement for precast elements.
Special inlays were produced for areas of concentrated loads. Using TFP technology, the



Buildings 2023, 13, 2293 7 of 21

circular reinforcing elements could be produced economically [24,38]. Examples can be
seen in Figure 3.

Further investigations on embroidered reinforcements, accounting for the effects on
the durability of CRC, can be found in [65]. In pilot projects, the first reinforcement batches
of plane reinforcement grids were used. The Krumbach Bridge (47◦16′59.9′′ N 9◦53′24.4′′ E)
serves as an illustrative example to showcase the application of embroidered carbon fiber
reinforcement, covering a total surface area of 6600 m² and weighing approximately 2500 kg.
This marks the inaugural installation of such carbon fiber reinforcements. The carbon
fiber reinforcements were used as structural reinforcement to compensate for the existing
shear force and torsional deficiencies. Due to the complexity of this pilot project, further
publications are referred as follows [27,66–68].

Figure 3. (a) Examples for three-dimensional reinforcement, (b) reinforcement following principal
stress directions and (c) concentric reinforcement [38].

3.6. TFP Reinforcements for Test Specimen

All reinforcements used for the investigations consisted of carbon fiber and were im-
pregnated with epoxy resin. The different types of reinforcement grids are given in Table 4.
The 3D reinforcement can be seen in Figure 3a.

Table 4. Varieties of reinforcement by dimensions, fineness and material content.

Type-Height (3D) Fineness Axial Spacing Cross-Section Atex Atex
L/T/S * sL/sT/sH ** L/T/S L/T

[mm] [tex] [mm] [mm2] [mm2/m] [mm2/m2]

2D-6400 6400/6400/- 27/27 3.62/3.62 134/134 -

2D-3200 2 × 3200/3200/- 25/36 1.81/1.81 145/50 -

3D-31 top layer 2 × 3200/3200/800 25/36/31 2 × 1.81/1.81/0.45 145/50 1000bottom layer 2 × 3200/1600/800 25/36/31 2 × 1.81/0.90/0.45 145/25

3D-20 top layer 2 × 3200/3200/1600 25/20/20 2 × 1.81/1.81/0.90 145/91 3600bottom layer 2 × 3200/1600/1600 25/20/20 2 × 1.81/0.90/0.90 145/45

* Longitudinal/transverse/stirrups. ** center to center distance longitudinal/transverse/high.

4. Experimental Investigations
4.1. Uniaxial Tensile Tests

The tensile strength of the reinforcement is a crucial mechanical property and is
determined through a uniaxial tensile test. Several test setups have been previously
developed for this purpose. The roving stress tests were performed according to [69,70].
Therefore, the roving endings were embedded in epoxy resin to allow clamping. The strain
was measured using a video extensometer. The load was applied in a displacement-
controlled manner until failure.

In addition to the bare reinforcement test, uniaxial tensile tests were also conducted
on CRC specimens. These tests were carried out following [71–74]. For crack detection and
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elongation measurement, a photogrammetric system was used. Once again, the load was
applied in a displacement-controlled manner. The test setup can be seen in Figure 4.

Figure 4. (a) Test set-up for asymmetric pull-out test and (b,c) uniaxial CRC tension tests [38].

4.2. Pull-Out Tests

The test setup to determine the bond behavior of the reinforcement was based on
the asymmetric pull-out test according to [71,72,75]. Single-layer reinforcement grids
with an odd number of at least three rovings are usually used for the specimen. It is
crucial to ensure that the reinforcement is aligned centrally within the specimen’s thickness.
To create a predetermined location for the crack, the specimen is notched from both sides
perpendicular to the direction of loading. When cutting, care is taken to ensure that the
lateral rovings are cut through. In order to obtain a defined anchorage length, the middle
roving is cut by drilling or cutting. For load application, the specimen is clamped at the
ends. Subsequently, a path-controlled tensile force is applied to the specimen. A crack is
formed at the notch and the roving is pulled out of the concrete matrix. The test setup is
shown in Figure 4b. A specimen thickness t of 20 mm was chosen to provide a concrete
cover of 10 mm on each side. The bonding length lb of the central roving was determined
based on the axial spacing of the reinforcement grid and was found to range between
27–29 mm.

4.3. Four-Point Bending Tests

To demonstrate the effectiveness of the three-dimensional (3D) reinforcements, four-
point bending tests were performed. Thus, Reference specimens with two planar (2D)
reinforcement grids were compared with the 3D reinforcement. The fineness of the lon-
gitudinal rovings was consistent at 3200 tex for all specimens. However, two different
heights of reinforcement were used: 20 mm and 31 mm, resulting in specimen thicknesses
of 30 mm and 41 mm, respectively. The fineness of the stirrup rovings varied between
800 tex and 1600 tex. The test setup is depicted in Figure 5. As detailed in Section 3.1,
the stirrup rovings alternately enclose two longitudinal rovings of the lower and upper
layers. The specimen tests are given in Table 5.

As a second parameter, the shear-span-to-effective-depth ratio (a/d) was varied. This
parameter defines the portion of the applied force that is transmitted directly to the support
via transverse force and is therefore likely to cause shear failure, as well as the portion that
contributes to the development of a bending moment. The a/d ratio is also given in Table 5.
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Other parameters, such as the load span (lF = 200 mm), width (w = 140 mm), fine
concrete mix, impregnation of the carbon rovings and the embroidery sequence, were
identical for all specimens. As concrete, the Premiumbeton fein® was used.

Figure 5. Four-point bending test setup [38].

Table 5. Specimen identification and configuration for four-point bending tests.

Specimen Reinforcement Number of
Specimens Specimen Height a/d a

[-] [mm] [-] [mm]

2D-3200-Prem.f. 2D 2 × 3200/3200 3 41 5.55 200
3D-31-Prem.f. 3D-31 3 41 5.55 200
2D-3200-Prem.f. 2D 2 × 3200/3200 1 30 5.00 125
3D-20-Prem.f. 3D-20 1 30 5.00 125
2D-3200-Prem.f. 2D 2 × 3200/3200 1 30 4.24 106
3D-20-Prem.f. 3D-20 1 30 4.24 106
2D-3200-Prem.f. 2D 2 × 3200/3200 1 30 3.48 87
3D-20-Prem.f. 3D-20 1 30 3.48 87

5. Results

The results are given for each test setup individually.

5.1. Uniaxial Tensile Tests: Carbon Rovings

The results of the roving tensile tests on the reinforcement 2D-6400 in both the longi-
tudinal (L) and transverse (T) directions are shown in Figure 6 as stress–strain diagrams.
The stress–strain diagram depicts a linear-elastic material response until failure.

In the longitudinal direction, a mean value of 3595 MPa is achieved with a number of
10 individual samples. The resulting mean Young’s modulus is 226 GPa. This is calculated
as follows according to [25]:

E f ,nm,m =
0.9E f ,nm,m − 0.1E f ,nm,m

0.9ε f ,nm,m − 0.1ε f ,nm,m
(1)

The mean value of the fracture stress of the transverse layer, which also contains
10 individual samples, is 2681 MPa. The resulting Young’s modulus is 203 GPa.
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Figure 6. Mean value of the tested series in the longitudinal and transverse direction given as
stress–strain diagram.

5.2. Uniaxial Tensile Tests CRC

The specimen of the uniaxial tensile tests had different thicknesses depending on
the number of reinforcement layers. For specimens with a single layer of reinforcement,
the thickness was 20 mm (four rovings each). In the case of specimens with two layers
of reinforcement, the thickness was increased to 30 mm (eight rovings each), resulting
in two different reinforcement ratios. To ensure uniaxial stresses and eliminate bending
moments during testing, the reinforcement was aligned centrally or symmetrically. The con-
creting was carried out using the laminating method. To be able to describe the samples
uniformly and to generate an analogous representation as in the uniaxial roving tensile
tests, the stress in the individual rovings is calculated. This is calculated according to
Equation (2):

f f ,nm =
Fred

A f ,nm
(2)

The experiments were carried out according to the procedure described in Section 4.1.
The effect of the CRC composite on the tensile strength of the reinforcement f f ,nm,m is deter-
mined by measuring the maximum force while considering the total area of reinforcement
of the specimen. Specimens with a single layer of reinforcement reached a mean value for
maximum tensile strength f f ,nm,m of 2520 MPa in the transverse direction and 3530 MPa in
the longitudinal direction. The stress–strain diagram is shown in Figure 7a,b. The two-layer
reinforced specimens were evaluated in the same manner, and the corresponding results
are presented in Figure 7c,d. A mean tensile strength of 2625 MPa was obtained for the
transverse direction and 3365 MPa for the longitudinal direction. Three different failure
mechanisms could be observed. Failure occurred due to roving rupture (mode α), delami-
nation of the concrete matrix (mode β) and pull-out failure of reinforcement (mode γ). The
dotted lines in the diagram describe the respective Young’s module of the reinforcements
used in the loading direction and are obtained from the uniaxial roving tests in Section 5.1.
An overview of the single test results is given in Table 6.
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Figure 7. Stress–strain response of specimens (a) 2D-6400-TF10-L (single layer), (b) 2D-6400-TF10-T
(single layer), (c) 2D-6400-TF10-L (double layer) and (d) 2D-6400-TF10-T (double layer), including
their corresponding statistic mean value (red) and the standard deviation (grey).

During the elongation tests, crack development was monitored using a photogram-
metric measurement system. The measurement field was consistent for all samples, with a
height of 200 mm (along the stress direction) and spanning the entire width of each spec-
imen (108 mm). Figure 8 displays the mean value of the crack width as a function of
the roving tension. Specifically, Figure 8a,b represent specimens with a single layer of
reinforcement, while c and d represent specimens with two layers of reinforcement.

In general, each specimen developed between 5 and 9 cracks within the measuring
range. For the specimens with longitudinal rovings, the averaged maximum crack width
is 0.4 mm and 0.51 mm at axial tensile stresses of 3500 MPa and 3600 MPa, respectively.
The corresponding values for the transverse rovings were slightly lower, with mean stresses
in the reinforcement of 3000 MPa and 3100 MPa, resulting in average maximum crack
widths of 0.4 mm and 0.59 mm, respectively.
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Table 6. Specimen data for the uniaxial CRC tensile tests.

Specimen Number n * Dimensions ρ Concrete f f ,nm,u f f ,nm,u/ f f ,nm,m,<L|T> ** E f ,nm,m,<L|T> Failure
[-] w × t [mm2] [%] [MPa] [-] [GPa] Mode

2D-6400-TF10-L

Z01

4 108 × 20 0.34 Pagel TF10

3611 1.00

226± 15

(α),(β)
Z03 3469 0.96 (α),(β)
Z04 3739 1.04 (α),(β)
Z05 3493 0.97 (α),(β)

2D-6400-TF10-T

Z01

4 108 × 20 0.34 Pagel TF10

3104 1.16

203± 15

(α),(β)
Z03 2569 0.96 (α),(β)
Z04 2185 0.81 (β)
Z05 2420 0.90 (α),(β)

2D-6400-TF10-L

Z01

8 108 × 30 0.45 Pagel TF10

3561 0.99

226± 15

(α),(β)
Z03 3534 0.98 (α),(β)
Z04 3257 0.91 (α),(β)
Z05 3202 0.89 (α),(β)

2D-6400-TF10-T

Z01

8 108 × 30 0.45 Pagel TF10

2997 1.12

203± 25

(α),(β)
Z02 2896 1.08 (α),(β)
Z03 2244 0.84 (α),(β)
Z04 2463 0.92 (α),(β)

* numbers of rovings in the specific specimen. ** f f,nm,m,L = 3595 MPa and f f,nm,m,T = 2681 MPa.
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Figure 8. Statistic mean value of the crack-stress response of specimens (a) 2D-6400-TF10-L
(single layer), (b) 2D-6400-TF10-T (single layer), (c) 2D-6400-TF10-L (double layer) and (d) 2D-6400-
TF10-T (double layer).
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5.3. Pull-Out Tests

The shear flow was measured in an asymmetrical pull-out test, as described in Section 4.2.
To calculate the shear flow, the measured force is divided by the anchorage length which, varies
between 27 mm and 29 mm. It is assumed, that the shear flow remains constant over the entire
anchorage length.

In addition to the force, the crack width in the area of the notch was measured.
In Figure 9, the shear flow is displayed as a function of the crack width, which was nor-
malized by dividing with the crack width at the maximum shear flow. Thus, the maxi-
mum value for each specimen can be determined at x = 1 and then statistically evaluated.
Each series comprised ten individual samples. Because for each sample the shear flow
is assumed to be constant along the anchoring length, it is determined according to the
following equation:

τnm =
Fred
lb

(3)

The averaged maximum shear flow for longitudinal rovings is 68 N/mm at a mean
crack width of 0.25 mm. For the transverse direction, a peak value of 67 N/mm is measured.
The associated crack width is 0.37 mm.

(a) (b)

Figure 9. Shear flow–crack width response of specimens (a) 2D-6400-TF10-L and (b) 2D-6400-TF10-T
including their corresponding statistic mean value (red) and the standard deviation (grey).

5.4. Four-Point Bending Tests

The results obtained from the four-point bending tests are illustrated in the moment-
deflection diagram presented in Figure 10. The transverse force is also indicated on the
second y-axis. For specimens with a height of 41 mm, the average of three individual tests
is depicted, while for specimens with a height of 30 mm, single test results are shown. In the
reference specimens, shear failure was observed. However, the inclusion of stirrup rovings
prevented this failure when the shear span to effective depth ratio (a/d) was greater than
or equal to 5.0, leading to an additional increase in load-carrying capacity until flexural
failure occurred due to tearing of the rovings on the tension side. This underscores the
effectiveness of the stirrup rovings in preventing shear failure.

For specimens with an a/d ratio of less than or equal to 4.24, shear failure was
also observed in cases of 3D reinforcement, albeit at a higher load level. This further
demonstrates the positive impact of the stirrup rovings. Depending on the a/d ratio,
the load-bearing capacity was enhanced by 33% to 57%.
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Figure 10. Results of the four-point bending tests for the different configurations of specimen height
and a/d from Table 5 with the combinations (a) h = 41 mm, a/d = 5.55; (b) h = 30 mm, a/d = 5.00;
(c) h = 30 mm, a/d = 4.24; and (d) h = 30 mm, a/d = 3.48.

6. Discussion

The tests presented in this study provide a clear understanding of the mechanical
properties of embroidered carbon reinforcements for concrete. The results are interpreted
in detail in the following sections.

6.1. Uniaxial Tensile Tests Carbon Rovings

In Figure 6 can be seen that the transverse direction has lower mechanical properties
than the longitudinal direction. A comparison of the results of the uniaxial roving tensile
tests with the pure fiber material carbon (fnm,u = 4300 MPa) shows that the fiber strength
can be utilized to approx. 84% in the longitudinal direction and to approx. 62% in the
transverse direction. The problem arises from the need to transfer the fabric between
the embroidery and finishing stages, making it difficult to maintain consistent roving
tension. This issue is rooted in the non-uniform process flow between fabric production
and subsequent steps like impregnation, drying and curing. In the currently used so-called
“offline process”, the fabric undergoes local modifications and reorientation on a separate
tensioning frame. As a consequence, the yarns are not adequately stretched in the transverse
direction, resulting in uneven mechanical properties. This irregularity has an adverse effect
on the reinforcing capabilities, in this case, particularly in the transverse direction [15].

The achievable ultimate stress in the transverse direction is approximately 75% and
the Young’s modulus is about 90% of the longitudinal direction. It is also particularly
striking that the transverse rovings had a significantly higher experimental dispersion.
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This behavior could also be observed at the beginning of the production of warp-knitted
reinforcements, where the weft direction showed sufficient better mechanical properties
than the warp direction [63].

Since the same fiber material and impregnation were used, the reason has to be
found in the manufacturing process. Decisive for the mechanical properties of the finished
reinforcement, apart from the material properties, is the strain that acts on the rovings
during production. Together with the type of binding, in the case of TFP, the fixing
and knotting thread highly influences the waviness of the single carbon fibers in the
composite and therefore highly affects the mechanical properties [13]. It is evident that
in the longitudinal direction, the fibers are aligned straighter compared to the transverse
direction. Based on these results, the manufacturing process is adjusted to achieve more
uniformity in the mechanical properties in the longitudinal and transverse directions and
fully exploit the potential of the carbon fibers. However, it should be noted that a slight
degradation in the material properties because of production is common [76].

6.2. Uniaxial Tensile Tests CRC

The tensile tests show the expected characteristic behavior for CRC according to the
literature [77]. In Figure 4, a linear elastic behavior until forming of the initial crack can
be observed. After the full development of the crack pattern, linear elastic behavior is
observed again. A comparison with the reinforcement material, which is also depicted
in Figure 4, shows a good concordance. For the specimen with a two-layer reinforcement,
a tension-stiffening effect is observed, indicated by the parallel shift between the CRC
tensile tests and the roving tensile tests. However, this is not observed in the case of the
single-layered specimen.

Again, the mean maximal stresses reached in the transverse direction are significantly
lower than in the longitudinal direction. The transverse direction has a strength of about
71% for the single-layered specimen and 78% for the specimen with a double layer of
reinforcement compared to the longitudinal direction.

It is also evident that the results of the single-layered specimen show significantly
more scatter. This also applies to the comparison between the longitudinal and transverse
directions, as shown by the gray shaded scatter area in Figure 4. Again, this behavior
can be attributed to the manufacturing process. Thus, the results show that, in the best
case, the failure stress reached in CRC tensile tests is equal to the roving tensile stresses.
However, in the case of imperfectly stretched transverse rovings, deviations of single CRC
test results showed a deviation of up to 19% compared to the mean roving tensile stresses.
The mean maximum stress of the CRC samples shows a deviation of up to 5% for the
transverse rovings, whereas the maximum deviation in the longitudinal direction is 1%.

While corrosion resistance allows for the relaxation of crack width limitations, certain
applications may necessitate adhering to specific crack width restrictions, such as the
optical requirement of 0.4 mm [78]. In such cases, to ensure serviceability (SLS) [79], it
becomes essential to proportionally decrease the stress within the carbon roving. By way of
example, the stresses associated with the crack width wcr = 0.4 mm are given in Table 7
and are based on the figures in Figure 8. As expected, a higher reinforcement ratio leads to
a smaller crack width [80] and respectively higher stress at wcr = 0.4 mm.

Table 7. Mean fiber stress at a crack width of 0.4 mm.

2D-6400-TF10-L * 2D-6400-TF10-T * 2D-6400-TF10-L ** 2D-6400-TF10-T **
[MPa] [MPa] [MPa] [MPa]

f f ,nm,m(wcr = 0.4 mm) 2816.29 1819.88 3349.32 2500.50
f f ,nm,σ(wcr = 0.4 mm) ±195.49 ±180.92 ±146.18 ±357.35

ρ in [%] 0.34 0.34 0.45 0.45

* single-layer of reinforcement. ** two-layers of reinforcement.
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6.3. Pull-Out Tests

Due to the irregular roving cross-section, the shear flow is used to characterize the
bond behavior and to examine the suitability of the embroidered reinforcements for its use
in CRC. It can be assumed that the adhesive bond between concrete and reinforcement
remains active until reaching the maximum shear flow. Showing the shear flow as a function
of the normalized crack width in Figure 9 this relates to the section wcr/wcr(τnm,max) ≤ 1.
After reaching the maximum value, the adhesive bond is destroyed, and the bond strength
decreases. Finally, the frictional bond is activated, which, however, is significantly lower.
This behavior is consistent with the pull-out behavior found in the literature [75,81].

Due to the mentioned manufacturing-related differences, the transverse direction
exhibits a less stiff behavior, which is reflected in a larger mean crack width upon reaching
the maximum shear flow. Again the shear flow is influenced by many parameters such
as the roving surface and shape, transversal rovings, knot stiffness, impregnation and
type and form of fixing a knotting thread [75]. Therefore, the results shown can only be
viewed as specific to this type of reinforcement, and no general statement can be made
for embroidered reinforcements. Again, an influence of the manufacturing process on the
mechanical properties can be observed.

6.4. Four-Point Bending Tests

The range of investigated shear span to effective depth ratio (a/d) reached a maximum
value of 5.55 for specimens with a thickness of 30 mm. Surprisingly, despite such slen-
derness and in consideration of insights from steel-reinforced concrete construction, shear
failure occurred in specimens lacking stirrup reinforcements. This defies the conventional
expectation of flexural failure [82], yet it aligns with the observations of [63], where this
phenomenon was noticed for shear span to effective depth ratios (a/d) of up to 7. Accord-
ing to [83], this could be an effect of the bonding behavior of the textile reinforcement with
its substantial longitudinal cracks in the reinforcement layer.

As shown in [84], a non-metallic transverse reinforcement can increase the load bear-
ing of CRC components. This could also be performed by incorporating 3D reinforcements,
which notably improved the load-bearing capacity, as demonstrated in Figure 10. The di-
agram and the corresponding percentage enhancements underscore the efficacy of the
reinforcement and its influence on the behavior of the tested specimens. The chart in
Figure 10 also illustrates a more ductile response in the specimens, showcasing the advan-
tageous failure indication achieved through the use of textile 3D reinforcements.

For instance, when considering a specimen with a height of 41 mm and an a/d ratio
of 5.55, the avoidance of shear failure resulted in tensile stresses of 3230 MPa in the roving,
as determined using the iterative method outlined in [63]. This finding suggests that the
reinforcement approaches the upper threshold of tensile stress [38]. Although it can already
be proven by initial tests that a transverse force reinforcement leads to an increase in load,
no decisive statements can yet be made regarding the tensile stresses in the stirrups in the
absence of established mechanical models and the limited number of tests.

7. Conclusions

This article describes the manufacturing process of carbon reinforcements using em-
broidery technology and their 2D and 3D reinforcement products. In addition, the ad-
vantages and possibilities compared to other manufacturing methods are described and
explained comprehensively. Furthermore, thorough results from a series of tests with
carbon reinforcement are presented and evaluated in this article.

• The results exhibit the excellent mechanical properties of the embroidered carbon
reinforcements, making them suitable for use in structural strengthening applications.

• Based on the analysis from Section 6, it can be concluded that sufficient stretching of
the rovings during the finishing process has a crucial influence on their subsequent
mechanical properties. This is particularly evident in the evaluation of the roving
tensile test data and the evaluation of the uniaxial CRC tensile tests. Rovings in the
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transverse direction showed a lower average tensile strength and a more significant
scattering of the individual results. Thus, there is still a significant potential for opti-
mization and improvement concerning the manufacturing process using embroidery
technology. With the current state of knowledge, practical-use reinforcements can
already be produced.

• The results of the asymmetric pull-out tests are presented as a function of the normal-
ized x-axis enabling it to compare the peak values at the same position and to enable
an exact statistical evaluation. Based on the results obtained, it can be assumed that a
sufficient bond is achieved between the concrete matrix and the embroidered carbon
reinforcement. However, it is important to note that the tests were limited to one series
with a fixed bonding length between 27 mm to 29 mm according to the considerations
from Section 4.2.

• The maximum load and the deformation of the 3D structure CRC-reinforced speci-
mens increased compared to the 2D structure reference specimens with conventional
reinforcement for the four-point bending tests.

• Due to the small number of specimens, it is not feasible to draw a general conclusion
about the load-bearing capacity of the stirrup rovings. As the incorporation of carbon
stirrup rovings represents a novel approach, the conducted tests are intended primarily
as a proof of concept. Importantly, it is observed that shear failure can be witnessed
at a higher shear span to effective depth ratio (a/d) in CRC construction compared
to traditional reinforced concrete construction. This phenomenon, coupled with
the findings of [63,83,84], suggests either a shift in the shear failure behavior or the
presence of ongoing uncertainties in CRC design.

The authors’ further research endeavors entail comprehensive examinations of the
bond characteristics of carbon concrete achieved through asymmetric pull-out tests featur-
ing varying anchorage lengths. Additionally, the mechanical performance of reinforcement
overlapping joints is going to be investigated. Concurrently, efforts should be dedicated to
the further refinement of 3D reinforcements, with particular attention to optimizing the
load-bearing behavior of the stirrup rovings and the design models derived from them for
the shear force.
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Abbreviations
The following abbreviations are used in this manuscript:

CNC Computerized Numerical Control
CRC Carbon-Reinforced Concrete
CRC Carbon-Reinforced Concrete
F Machine Force
HPC High-Performance Concrete
SLS Serviceability Limit State
TFP Tailored Fiber Placement
a shear span
α failure mode—roving rupture
a/d ratio of shear span to effective depth
A f ,nm roving cross-sectional area of the intact fiber strands
Atex reinforcement cross-section
Atex reinforcement cross-section, stirrups
β failure mode—delamination of the concrete matrix
γ failure mode—pull-out failure reinforcement
δ displacement
εnm fiber, non-metallic strain
E f ,nm,m fiber, non-metallic, mean Young’s modulus roving
E f ,nm,m,L fiber, non-metallic, mean Young’s modulus, longitudinal
E f ,nm,m,T fiber, non-metallic, mean Young’s modulus, transverse
Fred machine force, corrected for load application and dead load if required
fcm mean compressive strength of concrete
fctm, f l mean flexural bending strength of concrete
f f ,nm fiber, non-metallic, stress
f f ,nm,m fiber, non-metallic, mean tensile stress
f f ,nm,µ fiber, non-metallic, mean tensile stress as a function of corresponding strain
f f ,nm,m,L fiber, non-metallic, mean tensile stress, longitudinal
f f ,nm,m,T fiber, non-metallic, mean tensile stress, transverse
f f ,nm,u fiber, non-metallic, rupture stress
f f ,nm,σ fiber, non-metallic, standard deviation tensile stress as a function of corresponding strain
Fred machine force, adjusted for load application and dead load if necessary
h height
la anchoring length
lb bond length
lc clamping length
lF load span
lm measuring length
M moment four-point bending test
Mmax maximum moment four-point bending test
Mref,max maximum moment of the reference specimens four-point bending test
n number of roving in the corresponding specimen
Q transverse force
ρ reinforcement ratio
sH axial spacing at height
sL axial spacing in length
sT axial spacing crossways
t thickness specimen uniaxial tensile tests
tex fineness of the reinforcement grams per 1.000 meters
τnm non-metallic shear-flow
τnm,µ non-metallic, mean shear-flow as a function of cracking width
τnm,m,max non-metallic, mean, maximum mean shear-flow
τnm,σ non-metallic, standard deviation shear-flow as a function of cracking width
w width
wcr crack width
wcr,m,max maximum mean cracking width
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