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Abstract: The composite material textile reinforced concrete (TRC) requires a high bond performance
between the fiber strand and the concrete matrix. While the influence of the textile on bond behavior
is well known, in this publication the influence of the concrete matrix is investigated by means of
single-sided pull-out tests. The results of the presented study show dependence between the concrete
strength and bond performance of the composite material. When a concrete of a higher-strength class
is used, the bond-flow—pull-out distance curve shifts upward independent of the textile geometry
and the yarn impregnation. A simplified model is presented to predict the occurrence of a crack
along the fiber strand. This model serves as a basis to investigate the correlation between concrete
width per fiber strand and resistance against a splitting crack. The effective concrete tensile strength
decreases to about 35% when the concrete width is increased from 10 mm to 50 mm. To quantify the
decrease, a mathematical relationship, which describes the test results independent of textile and
concrete type, is proposed.

Keywords: TRC; splitting failure; influence of the concrete; model

1. Introduction

The composite material textile reinforced concrete (TRC), which is composed of a
textile reinforcement and a concrete matrix with a small maximum grain size, is increasingly
establishing itself in the construction industry. The use of TRC makes sense both in new
construction and in repair work [1-4]. A great advantage of TRC compared to conventional
steel reinforced concrete is the material saving, which results in a reduction of weight and
consumed resources [5]. Due to the high durability of carbon fibers, the concrete cover
can be reduced to a minimum necessary for the bond. Consequently, the construction of
slender component geometries is possible.

In addition to the high tensile strength of carbon fibers, the geometry of textile rein-
forcement combined with a stiff impregnation can lead to high bond performance. Thus,
fine crack patterns and short anchorage lengths can be realized. However, large bond
forces also place greater stress on the surrounding concrete and thus increase the risk of
cracking along the fiber strand (see Figure 1). If the transversal forces resulting from the
bond exceed the resistance forces of the concrete matrix, cracking will occur along the fiber
strand. In components made of TRC, failure can therefore often be observed due to spalling
of the concrete cover and/or longitudinal cracking (see Figure 1). The cracks not only
impair the visual appearance but also represent a decisive type of failure, especially in the
end-anchorage and overlap areas [6-9].
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Figure 1. (a) Splitting failure of a TRC component tested in a bending tensile test; (b) cracking
parallel and orthogonal to the textile layer in a cross section of an anchorage length test specimen
(photos: Befiling).

When a fiber strand is pulled out of the concrete, shear forces on the outside of the
strand counteract the pull-out. With the pull-out force at the end of the yarn (F) related to
the bond length of the fiber strand (Ly), a bond flow T = F/Ly (N/mm) can be calculated
(Figure 2). Bond forces can be transmitted via the mechanisms of adhesive bond, frictional
bond, and form fit [8,10,11]. The bond flow can be influenced by various textile parameters.
For example, the impregnation material, which crosslinks the individual fibers within the
fiber strand, has a significant influence on the bond forces. The stiffer the material, the
greater the bond forces that can be transmitted [12-14]. The textile geometry (e.g., fiber
strand-geometry and weave type) also influences the bond forces [7]. In this context, the
textile processing creates yarn structures that can be similar to the ribbing of reinforcing
steel bars.

L Lo N (Crack parallel
N - _v, _to the textile plane)
] Te Tp
concrete . o,
- T To 48 DT

(Crack orthogonal

to the textile plane) ; T
P

Figure 2. Terms for describing the orthogonal and parallel forces along the fiber strand.

If mineral-based impregnations are used, an adhesive bond can additionally be real-
ized between the fiber strand and the concrete matrix [15]. This ensures a comparatively
high initial bond and allows for a fine crack pattern and small crack spacing [16]. Addi-
tionally, the reduction of the bond performance due to high temperatures can clearly be
reduced [15].

Various test setups can be used to determine the magnitude of the bond flow [14,15,17,18].
Thus, a defined length (L) of the fiber strand is pulled out of the concrete and the pull-out
distance is measured. The result is a bond-flow—pull-out distance (crack opening) curve.
This is necessary to calculate a bond-stress—slip relationship [11], which provides the basis
for the computational determination of crack spacing, anchorage and overlap lengths.
These properties can also be determined with experiments. In [6,8,14,16], the different test
setups are presented. By using a single-sided pull-out test setup with a locally reduced
concrete width, the splitting tendency of a single fiber strand related to a bond length (L)
of one spacing of the nodes can be investigated [8,19].

The bond forces along the fiber strand also take effect in the boundary zone to the
concrete. In the concrete matrix, the load transfer can be represented in a simplified way
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with forces orthogonal (Tp) and parallel (Tp) to the fiber strand (see Figure 2), respectively
textile plane [14,19,20].

In [7,19-21], models for the calculation of crack formation along the fiber strand are
presented. They focus on the textile processing and the associated geometric properties of
the yarn. Preinstorfer [22] shows that the cross-sectional shape of the yarn in combination
with its change along the yarn length significantly influences the direction and magnitude
of the resulting transversal forces (Tp and Tp) in the concrete. The ribs of the textile
fiber strands have a smaller inclination angle compared to the ribbing of the reinforcing
steel. This means that the angle of the compression strut inclination and thus the resulting
transversal forces are relatively larger [8]. If the acting forces exceed the forces that can
be absorbed in the concrete, cracking occurs along the fiber strand. Depending on the
mesh width, the yarn cross-section shape, and the concrete cover ¢, splitting cracks and/or
longitudinal cracks develop. Figure 3 shows an overview of the crack types. The fiber-
strand spacing (ep = fiber strand center to center distance in 0° direction) can significantly
influence the load-bearing behavior of the composite. Thus, the tensile load-bearing
capacity, the anchorage length, the crack spacing, and the crack widths can be specifically
controlled. The textile processing allows for stepwise variation of the fiber-strand spacing.

|
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(crack orthogonal to e |

.

the textile plane)
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splitting
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fiber strands in 0° direction #+ € + loaded fiber strand

Figure 3. Overview of the types of cracking along a fiber strand of a textile.

While the textile properties primarily influence the “action side” with regard to possi-
ble cracking, the concrete properties mainly determine the “resistance side”. The resistance
is calculated from the tensile strength of the concrete and the effective concrete area per
fiber strand perpendicular or parallel to the textile plane. Ortlepp [23] concluded that
the effectively existing concrete area preventing a splitting crack can be calculated by a
covering factor kp eff = Ac/Ages (Ac = area of the concrete matrix, Ages = total area = area
of the concrete matrix and area of the textile) of the textile (see Figure 4a).

In [22], an additional reduction factor for the concrete tensile strength is applied, which
considers the stress distribution within the concrete. In addition to the tests with a normal
concrete strength (fcm = 75.2), one test series was performed using a UHPC (f., = 137.3).
It is shown that the bond-slip curves for both concretes are similar and the maximum load
in case of failure due to a splitting crack is only slightly increased with the UHPC. This is
justified by the comparatively higher brittleness of the UHPC.

While previous investigations have mainly focused on the properties of the textile and
the associated effect on cracking along the fiber strand, the influence of the concrete matrix
will be considered in more detail in this publication. The aim of the investigations is to
evaluate the influence of the concrete on the undisturbed (without cracking along the fiber
strand) bond performance of different textiles. Furthermore, the influence of the effective
concrete width on the resistance against splitting is investigated.
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Figure 4. (a) Effective concrete area in the textile plane (A.) per fiber strand and total area in the
textile plane per fiber strand (Ages = Ac + Atextile); (b) the concrete width per fiber strand (b) is equal
to the center-to-center distance of the fiber strands (e).

2. Materials and Methods
2.1. Materials

The tests were carried out with four different textiles made by V. FRAAS Solutions in
Textile GmbH (Now WILHELM KNEITZ SOLUTIONS IN TEXTILE GMBH). These vary
in mesh size, impregnation agent, and fiber-strand geometry. Geometry 1 (see Figure 5a)
has a mesh size of 12.7 x 16.0 mm?, while geometry 2 has a larger mesh size. The two
textiles also differ in the geometry of the fiber strand. Textile 1 is characterized by a single
expansion between the nodes, while the second textile has multiple expansions between
the nodes.

(a) M

Figure 5. Geometries of the used textiles (a) geometry 1 (T1); (b) geometry 2 (T2).

Both textiles have a 48k carbon roving in the 0° direction, which has a flat cross-
sectional shape in textile 1 and is approximately round in textile 2. Textile 1 will be
investigated in two impregnation variants. The acrylate impregnation provides a signifi-
cantly higher stiffness compared to the impregnation with SBR (styrene butadiene rubber).
Textile T1A and T1bA differ in terms of the widening of the fiber strand between the
junction points. In Table 1, the properties of the used textiles are summarized.
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Table 1. Properties of the used textiles.
Property/Textile Name Unit T1A/T1bA T1B T2A
fiber-strand geometry 1/1b 1 2
mesh width mm X mm 12.7 x 16.0 12.7 x 16.0 254 x 25.4
impregnation agent / A—acrylat B—SBR A—acrylat
covering factor / 0.68 0.68 0.81
mesh width 0° strands (ep) mm 12.7 12.7 254
testing length (Lg) mm 16.0 16.0 254

Due to the smaller mesh size and the flat yarn cross-section, textile 1 has a lower
covering factor (determined on the basis of Ortlepp [23]), which describes the ratio of
the uncovered concrete area to the total area. This factor is later used for calculating the
effective concrete width, which counteracts cracking parallel to the textile plane.

Two prefabricated fine-grained concrete mixes from PAGEL Spezial-Beton GmbH
and Co. KG are used (C1 and C2). Both mixtures have a maximum grain size of 1 mm.
The properties of the hardened concrete according to EN 196 (storage: 1d covered in the
formwork, 6d water bath, 21 d 20 °C/65% rel. hum) are presented in Table 2. Compared to
C1, the compressive and flexural strength of fine-grained concrete C2 is about 30% higher.
The E-modulus of C2 is also higher. To determine the factor 5, which describes the ratio
of centric tensile strength to flexural tensile strength, centric tensile tests were performed
on cores with a diameter of 50 mm. The cores were taken from unreinforced specimens in
order to consider the influences of specimen production.

Table 2. Properties of the fine-grained concrete according to EN 196 [24] and EN 12390-13 [25],
n = number of results, +standard derivation.

Property/Concrete Unity C1 C2
compressive strength, fc cm 98.83 + 3.53 (n = 90) 131.98 £ 10.46 (n =78)
flexural tensile strength, f. gm MPa 9.5 + 1.34 (n = 45) 11.72 + 1.41 (n = 39)
modulus of elasticity, Ec 33,081 + 251 (n=3) 38,602 4+ 694 (n = 3)
factor & (fet/fcn) / 0.72 0.85

2.2. Experimental Setup and Specimen Fabrication

The studies are executed on single-sided pull-out tests with different concrete widths
(be). The value varies between 13 mm and 60 mm (see Figure 6). The concrete width bc
in the specimen corresponds to the center distance of the fiber strands (eg) (see Figure 4b)
of a textile in a component. To determine the undisturbed bond performance, tests are
carried out on the full cross-section (b, = 60 mm). In order to investigate the influence of
several fiber strands that are next to each other, tests are also carried out on three tested
fiber strands (y3 series, b = 13 mm).

To increase the significance of the results, the experiments were performed with two
fine-grained concrete mixes (C1 and C2) and four different textiles. The textiles differ in
yarn geometry, impregnating agent, and mesh size.

For the investigations, single-sided pull-out tests based on [19] are carried out. The
test specimens are divided into an upper part, which contains the fiber strand to be tested,
and a lower part, which ensures the anchoring of the fiber strand. Both parts are connected
to each other via a predetermined breaking point. This is accomplished by means of
embedded blocks made of extruded polystyrene foam (XPS) (see Figure 7 right). Thus,
the parts of the specimen are completely separated from each other and no initial crack
occurs in the concrete (compare [14]). XPS blocks are also used to produce the taper of
the concrete cross-section. A smooth adhesive tape minimizes the bond between the XPS
and the concrete. To ensure high positional stability of the textile and precise setting of the
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concrete width (b.), the test specimens are produced upright in steel formworks using a
casting process. The anchorage length of the fiber strand (L) is limited by a separating
cut before concreting. After production, the specimens are left in the formwork for 1 day,
followed by water immersion for 6 d and storage in a climatic chamber at 20 °C and
65% relative humidity until testing after 28 d. To determine the concrete properties, one
set of prisms per manufacturing charge is prepared according to EN 196 and also tested
on the day of the test. Six specimens are produced and tested for each test series. One
manufacturing charge contains one or two testing series. All specimens had thickness of
t =20 mm.

untested tested
fiber igands ﬁbcr/slrand
4 A |\ ’< 45 T
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A 1
[mm]
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(@) (b)

Figure 6. (a) Variation of the concrete width (b); (b) implementation in the specimen (here b, =
38 mm).
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Figure 7. Test setup (left) and detail of the tapered area and the predetermined breaking point (right).

For testing, the lower part of the specimen is clamped directly with a clamping device,
while the upper part of the specimen is screwed between two steel plates and connected to
the testing machine with a ball joint. After applying a preload, the lateral XPS blocks are
removed from the specimen and the remaining fiber strands are cut. Then, the equipment
for measuring the pull-out distance is set up (three DD1 displacement transducers from
HBM). The pull-out distance of the fiber strand in the center of the specimen can thus be
calculated via triangulation. A possible tilting of the specimen head can also be evaluated
via the measurement.
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The test is carried out until the fiber strand is completely pulled out, whereby the
measuring equipment is removed in advance for protection. After the test, the anchorage
length of the test yarn Ly and the concrete width (b.) are determined. The failure modes
observed are pullout without cracking or pull-out with a splitting crack (compare Figure 5b).
Only if splitting of the specimen occurs is an evaluation of the splitting tendency is possible.

2.3. Model to Predict Cracking along the Fiber Strand in TRC

The investigations on the influence of the concrete width on cracking along the fiber
strand are analyzed with a simplified mechanical model based on the work of Lorenz
et al. [20] and Preinstorfer [22] (see Figure 8). The action side (Tg,p) is calculated via the
currently acting bond flow (T) multiplied by a splitting tendency factor «p. The factor op
describes the ratio between Tp/T and is determined on the basis of test results. The factor
is a textile-specific parameter.

f

TE,p ‘Y*fq o
g 4 3 4 & 9 | ]
Wff‘,;w, 08 0 A A A A

(a) (b)

Figure 8. (a) Acting (Tgp) and reacting (Tgyp) forces along a crack parallel to the textile plane;
(b) transfer of the reacting concrete stresses into a stress block.

The acting force (Tg p) is counteracted by the concrete matrix. The maximum force that
can be absorbed by the matrix (Tg ) can be calculated by multiplying the tensile strength
(f,t) of the concrete by the effective concrete width (e. ). This is calculated by multiplying
the covering factor k, ¢ with the fiber strand distance ey. Furthermore, it is assumed
that the stresses in the concrete are not constant over the full width but decrease with
increasing distance to the fiber strand (compare [22]). To quantify this influence, factor v is
introduced into the calculation. The factor describes the conversion of the actual stresses
into a stress block with the same area. This is determined as a function of the mesh width
ep, respectively, the concrete width per fiber strand bc.

The equilibrium of forces in the cross-section can be described as follows:

Xp *T = TE,P = TR,p = fc,t *€c0* Y @

with:

ap: splitting tendency factor of the fiber strand

T: actual bond flow

fet = 0 % f, 51 centric tensile strength of the concrete

with

6: conversion factor centric tensile strength /flexural tensile strength
fe i flexural tensile strength of the respective manufacturing charge
eco = % x eq: effective concrete width

with

eg: center to center distance of 0° fiber strands (see Figure 4b)

eg = bc: concrete width per fiber strand in case of test specimen
v = f(ep): conversion factor for stress distribution
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3. Results
3.1. Influence of the Concrete Properties on the Bond-Flow—Pull-Out Way-Curves

The tests on the specimens with a concrete width of 60 mm allow for a comparison
of the bond performance of the different textiles in combination with the two concretes.
Figure 9 shows the bond flow—pull-out way-curves. The curves represent mean value
curves, which were determined from six normalized single value curves each. Only in
case of textile T1bA, a representative single curve is shown. In these tests, splitting of the
specimens already occurred in the range up to 1.5 mm pull-out distance, and the mean
value curve would thus be distorted.

80
------ [1A_Cl
70 -
= 60 creennns TIA Q2
z %7 T1B_C1
< 40 - T T e T TIB_C2
g U A S
5 0 e T T - = “T2A_CI
= . ...o',‘.: T -
20 4is =~
e - = T2A_C2
10
T1bA_C1-B2
0 — ———————
0 015 03 045 06 075 09 105 12 135 15

pull out way [mm]

Figure 9. Bond-flow (T)—pull-out way-curves of the four textiles embedded in concrete C1 and C2
carried out on specimens with a width of b, = 60 mm, with mean value curves of six single value
curves each (exception T1bA: one representative curve).

A comparison of the textiles confirms the existing findings on the influence of the
impregnation and the geometric configuration of the fiber strand. Textile T1B (SBR impreg-
nated) achieves the lowest bond forces and shows the typical curve of a soft impregnated
textile with the curve section’s adhesive bond, destruction of the adhesive bond, and fric-
tional bond. Textile T1A has a similar geometry but is impregnated with a much stiffer
agent (acrylate). This significantly increases the bond forces. Additional to the frictional
bond, forces can also be transmitted via form fit. With the same impregnating agent but
more pronounced waviness between the nodes (textile T1bA), the bond curve shifts fur-
ther upward. The lower waviness of the T2 textile compared to the T1 textile results in a
somewhat lower bonding performance compared to T1A.

The influence of the concrete can be observed by comparing the curves for each textile
type (compare grey and dark curves). It can be seen that the higher-strength concrete
(C2) leads to an increase in bond performance, irrespective of the type of textile. In this
case, the entire bond curve shifts upward. This can be explained by the higher density of
the concrete structure and the associated reduced porosity, as well as an increase in the
transverse strain stiffness. Compared to the influence of the textile parameters, however,
the influence of the concrete is much smaller (compare T1B, T1A, and T1bA for C1). For
further analyses, it can therefore be assumed that concrete C2 allows for a slightly higher
bond performance compared to C1.

3.2. Determination of the Splitting-Tendency factors () of the Textiles

The o (=T} /T) factor presented in 2.4 indicates the relationship between the currently
acting bond flow (T) and the resulting force flow orthogonal to the textile plane (Tj).
A larger o, value thus implies a higher splitting tendency of the textile. The value is
determined using the tests with the smallest concrete width (b. = 13 mm). The basis for the
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determination is the assumption that the splitting crack occurs at the moment of maximum
bond flow, which is shown in [26]. Furthermore, the factor vy for the stress distribution in
the concrete is set equal to 1.0. It is assumed that for a concrete width (b) of <13 mm, the
stresses can be considered constant in a simplified way. On this basis, the &, factors for
the different textiles in combination with the two concretes can be determined. Figure 10
shows an overview of the maximum bond flows Tmax as well as the splitting-tendency
factors op.

75 25
65.7 2.14
1.88 185 mh - —
60 1 T : 55.0 L,
z : 1.52 I 163 5
E p 4511 g
Z 45 - : : L 15 &
= . I LI g5 =,
332 34.61 | S g
(= i
30 4 I | -
&
50
15 - L 05 =
O,
mv Tmax Mmvap o
| |
0 - L o

myv Tmax = mv ap
TIA_Cl TIA_Cl_y3 TIA_C2 TIA_C2.y3 TIbA_Cl T2A_Cl

Figure 10. Overview of the reached maximum bond flows (Tmax) and the associated splitting-
tendency factors for b = 13 mm, mv = mean value, and standard deviation (sd) given as
error indicator.

The results show, that th e influence of the number of tested fiber strands is minor.
For the specimens containing 3 fiber strands (y3-series), similar &, factors are determined
as for the specimens with only one fiber strand. Comparing the two concretes C1 and
C2, it becomes clear that the higher-strength concrete leads to somewhat lower o, factors.
Furthermore, a general tendency can be seen that with increasing maximum bond flow,
the splitting tendency decreases regardless of whether the parameter of concrete or textile
is varied. Thus, textile T1bA exhibits a significantly lower splitting tendency factor than
textile T1A.

3.3. Correlation between the Splitting-Tendency Factors and the Concrete Width per Fiber Strand

In the further tests, the concrete width per fiber strand increased stepwise (compare
Figure 5) and the o, factors were determined. Only tests in which a splitting failure
occurs were evaluated. Due to the low bond performance of textile T1B (Figure 9), no
investigations on the splitting failure were conducted. In case of textile T2A, only the
specimens with b, = 13 mm showed splitting cracks. The maximum bond flow that could
be reached was too low to initiate a splitting crack by concrete width b, > 13mm. Thus,
an evaluation of the splitting failure was not possible. Figure 11 shows the dependence
between the a-factors and the concrete width b..

Independent of concrete type and textile type, the splitting-tendency factors increase
with increasing concrete width. However, since factor o, is a textile-specific parameter,
which should be similar for each width, an adjustment of the resistance side is necessary.
This is achieved by introducing factor y, which considers the non-uniform stress distribu-
tion in the concrete cross-section. The actual stress distribution is replaced by a constant
stress block. For textile T1A in combination with concrete C1, no splitting failure of the
specimen could be observed above a width of 25 mm, while for concrete C2 even the
specimens with b, = 38 mm and 60 mm failed on a splitting crack. This can be explained by
the greater maximum bond flow of C2 (see Figure 9) in combination with the more brittle
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behavior (compare [22]). The splitting tendency thus increases disproportionately to the
tensile strength of the concrete, and the failure mode shifts from pull-out without cracking
to pull-out with splitting.

7.0
60 1 5
: @
5.0 1 o)
< 40 -
= gg ...... 4
”;3 0 - @ ...................
= 50 e e £ ®T1A_Cl
8 g ''''''''''''' 4 OTIA C2
1.0 1 ATIbA C1
0.0 . . . ' r .
0 10 20 30 40 50 60 70
b, [mm]

Figure 11. Dependence of the op-factors on the concrete width per fiber strand (bc); assumption
v = 1.0 (Equation (1)).

3.4. Derivation of a Reduction Factor for Determining the Effective Tensile Strength as a Function
of the Concrete Width per Fiber Strand

For the determination of the representative o, factors, the results of the tests with a
concrete width of be = 13 mm are used (see Figure 10). For textile T1A, o, is set at 1.72
(mean value of all four test series) and for textile T1bA at 1.18. With these constant values,
the v factors for the different concrete widths are determined according to Equation (1).
Figure 12 shows the results of this evaluation. A lower y factor leads to a lower effective
concrete tensile strength that can be used to calculate a constant stress block over the entire
cross-section.

1.4

1.2 - ®TIA_C1

Lo - OTIA_C2
n N A TIbA_C1
— 0.8 - .
- S
g 0.6 - '?u‘
\-E “""@

GA‘I' 1 -----‘---_@

0.2 -

OvO T T T T T T

0 10 20 30 40 50 60 70

be[mm]

Figure 12. Factor v for considering the stress distribution in the concrete in relation to the concrete
width per fiber strand (bc).

A uniform tendency is evident for all test series. With increasing mesh width, the
concrete strength that can be applied decreases and approaches a limit value of approx.
0.35 at about 60 mm. The relationship between the concrete width per fiber strand and the
reduction factor y can be described by a second-degree function. Considering all results,
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the function y = 5.7873 * eg ~*%%7 describes the relationship best (coefficient of determination
R? = 0.95) for eq (is equal to b.) between 13 mm and 60 mm. The function is shown as a
dashed line in the diagram. In case of ey < 13 mm, the suggested value is 1.0.

Multiplying the mesh width (b.) with the factor vy, an effective usable concrete width
(busable) can be determined. This is plotted in Figure 13 in relation to the concrete width
(be). In addition to the test results, the graph for a utilization factor of 1.0 is shown in
the diagram.

30
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Figure 13. Relationship between the effective usable concrete width (byg,ple) and concrete width per
fiber strand (b.).

As the concrete width increases, the effective usable width (bygapie) increases dispro-
portionately. For example, only bygpie = 18 mm of a mesh width of 38 mm can be used.
Furthermore, 20 mm represents the limit value for the maximum of effectively usable
concrete width. An increase in the mesh width would therefore not lead to an increase
in resistance to splitting failure. This behavior is probably due to an initial crack in the
boundary zone of the fiber strand, which subsequently grows into the specimen.

4. Discussion

Using a concrete of a higher-strength class, the bond forces between textile and matrix
can be slightly increased. This provides shorter anchorage lengths in a component. How-
ever, a reduction of the crack distance is not to be expected since with increasing concrete
tensile strength, the crack load of the concrete increases in addition to the bond strength.

Regarding the splitting-tendency factors () of C1 and C2, in combination with textile
T1A, it would be appropriate to use different factors for the two fine-grained-concretes. In
case of the higher performance C2 concrete, the factor will be reduced to 1.58 (difference
9%). Therefore, the y factors also have to be reduced, which means the usable tensile
strength of the C2 concrete needs to be decreased compared to the one of C1. This supports
the thesis of Preinsdorfer [22] that a higher-strength concrete has a relatively lower effective
tensile strength due to its greater brittleness. Compared to Preinsdorfer’s results, however,
this reduction is less pronounced here.

The calculated reduction curve for increasing concrete width b, is calibrated on two
geometrically similar textiles (48 k fiber strand), impregnated with a medium stiff (acrylate)
agent. In [7], no reduction factor is calculated, which can be explained by the small
mesh sizes (7.2 mm) of the used textile. This confirms the assumption made here that
no reduction in tensile strength is required for a concrete width of <12.7 mm. In [22],
single-sided pull-out tests on a stiff (epoxy resin) coated 96 k textile with mesh width of
38 mm are conducted. Here, a reduction factor y = 0.67 by ey = 38 mm is used. In
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comparison, the relationship presented here results in a decrease to 0.53. The difference can
probably be explained by the larger fiber strand width of about 5 mm (here about 3 mm) of
the 96 k strand. If the fiber strand has a larger width, the reduction curve shifts upwards
because the influence of the yarn on the concrete width increases. Thus, it might be useful
to indicate the reduction of the concrete stresses as a function of the yarn width (bc/byarn).
However, further investigations are necessary to evaluate this statement.

In the presented investigations, the initial splitting crack starts at the fiber strand and
develops parallel to the textile layer in the direction of the 90° strand (compare Figure 2).
The stresses, causing the initial crack, along the fiber strand (L) are assumed to be constant.
Considering the splitting crack failure in an anchorage length, the stress distribution
along the fiber strand is not constant. This is a result of the bond-slip curve of the textile.
Considering the bond-slip curve, textile T1A reaches the highest bond stresses near the
last transverse crack. The bond stresses decrease with increasing anchorage length. Thus,
the initial splitting crack starts at the last transverse crack and then continues along the
anchorage length (compare [7]). In [6], the maximum loads of double-sided pull-out test
did not increase. Thus, the anchorage length was increased from 10 to 40 cm. The local
splitting forces at the beginning of the anchorage area exceeded the resistance forces of
the concrete. A successive failure always occurs at similar load levels regardless of the
anchorage length. Consequently, the question arises of whether the calculated reduction
curve can also be used for anchorage and overlapping areas.

The model to predict a cracking along the fiber strand presented here is supported by
the assumption that the splitting tendency factor (o) is constant for all tests. Regarding the
bond-flow—pull-out way-curves a higher bond flow is connected to a greater pull-out way.
The greater the pull-out distance, the more the fiber strand is compressed. The question
arises if the compression of the fiber strand influences the splitting tendency factor.

If the tendency of a textile to split needs to be reduced, increasing the mesh size is
one way to do this. In this case, the reduction of the effective concrete tensile strength
presented here must be considered. Furthermore, increasing the mesh size reduces the
degree of reinforcement in the component. As a result, the maximum tensile forces that
can be absorbed per textile meter decrease and the crack spacing and crack widths become
greater. If the mesh size is doubled, the use of a second textile layer in the component would
be a possible solution to keep the degree of reinforcement constant. However, this would
also increase the manufacturing costs. In addition, the used concrete must be checked
regarding the adaptation of the maximum grain size to the layer spacing. An increase in
the risk of longitudinal cracking must also be considered. The splitting tendency of the
textile can also be influenced by the shape of the fiber strand and the textile processing. The
forces perpendicular and parallel to the textile can be influenced by the cross-sectional fiber
strand shape (ratio of height to width of the fiber strand) [19]. A smaller widening of the
strand reduces the composite forces and thus the absolute risk of splitting [19]. However,
the forces that can be anchored at the same anchoring lengths decrease. The variation
of the mesh size to reduce the splitting tendency in the component must therefore be
considered with regard to many different parameters. The presented correlation between
effective concrete tensile strength and mesh size now allows for a quantitative assessment of
the problem.

5. Conclusions

The results of the presented investigations show dependence between the concrete
strength and the bond performance of textile reinforced concrete. A higher-strength concrete
leads to a shift upward of the bond-flow—pull-out distance-curve independent of the
textile geometry and the impregnating agent. However, the influence of the concrete is
considerably smaller than the influence of different textile configurations. The higher
bond forces between the textile and higher-strength concrete also result in a greater risk of
splitting cracks.
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It is shown that a shift of the failure mode from pullout failure in the lower strength
concrete to splitting failure in the higher-strength concrete is possible. This can be explained
by the greater brittleness of the higher-strength concrete. A comparison of different textiles
in combination with two concretes indicates that the splitting tendency tends to decrease
with increasing bond strength, regardless of whether the concrete or textile parameter
is varied.

Testing three strands of yarn compared to one strand of yarn only has an insignificant
influence on the failure load concerning a splitting failure in a single-sided pull-out test
with short anchorage lengths (one mesh width). This leads to the conclusion that the test on
a single fiber strand is thus representative of several fiber strands lying next to each other.

When increasing the resistance against splitting failure by increasing the mesh width
between the fiber strands, the reduction in the effective concrete tensile strength must be
considered. The concrete tensile strength decreases to about 35% when the concrete width
is increased from 13 mm to 60 mm. This can be attributed to the stresses in the concrete,
which are reduced with increasing distance from the fiber strand. The mechanical model
that is presented here includes the factor v, which transforms the stresses in the concrete to
a constant stress block. A polynomial relationship of the second degree is proposed for the
determination of this reduction factor in dependency of the mesh width, which describes
the test results independent of textile and concrete type. Besides, the correlation can be
used to estimate the relative splitting tendency of textiles with different mesh widths.

The question arises of whether the results can be transferred to a varying concrete
cover. The concrete cover influences the resistance against a longitudinal crack. Therefore,
it has to be considered whether the single-sided pull-out test is suitable. The restoring
moments in the specimens presented here disproportionately counteract a longitudinal
crack failure.

Additionally, a verification of the transferability of the results to fiber strands with
a larger yarn cross-section (e.g., 96 k) and stiffer impregnation materials should be done.
Presumably, a scaling factor with respect to fiber strand width and yarn cross-sectional area
is required here.
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