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Abstract

Composites of technical textiles used as reinforcement and fine-grained concrete used as matrix, called textile reinforced concrete
(TRC), provide the opportunity to construct thin structural elements. Typically, the reinforcing textiles are made of yarns consisting
of hundreds of alkali-resistant glass filaments, which leads to a complex microstructural behavior, especially with respect to bond. In
order to reveal its complexity some experimental investigations are summarized. It is recognizable that the bond between concrete
and filaments is subject to some deficiencies. Therefore, mechanical models are required to describe the early failure of single filaments
as well as the bond and friction behavior of filaments and concrete. The mechanical models are solved numerically within a finite element
framework. Exemplary calculations for an ideal yarn and important cases of deficiencies show typical properties of the load carrying and

the bond behavior.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Alkali-resistant glass fibers (AR-fibers) have been used
for a long time to improve concrete properties, especially
failure properties and ductility. However, conventional
short fibers with a diameter of about 15 um and a length
ranging from 5 up to 25 mm exhibit a random orientation
within a cement matrix, which means that only a small
fraction is efficiently used. Efficiency and utilization may
be improved with continuous fibers or filaments respec-
tively, which are tied into yarns. Furthermore, multi-filament
yarns may be connected to two-dimensional structures with
special binding techniques where the yarns may be given a
desired direction according to the loading conditions, see
Fig. 1. These flexible structures are called technical fabrics.
The use of such fabrics as reinforcement in concrete leads to

* Corresponding author. Fax: +49 351 463 37279.
E-mail address: jens.hartig@mailbox.tu-dresden.de (J. Hartig).

0958-9465/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.cemconcomp.2006.12.012

thin structural elements with high strength, high durability
and corrosion resistance [2-5].

Compared to conventional reinforcement, special prob-
lems have to be regarded. A typical single filament has a
diameter of about 13-15 um, with up to 2000 filaments
bundled into a circular or oval yarn. Upon embedding into
a cement matrix, a separation of outer filaments from the
bundle occurs, see Fig. 2. These separated filaments are
fully embedded into the cement matrix and work as inde-
pendent reinforcements. In contrast, central filaments of
a yarn have no immediate connection to the matrix but
contact neighbor filaments or remain partially uncon-
nected, as cement slurry with its high viscosity cannot reach
narrow spaces. All kinds of transitions can be seen in
between these areas, with filaments partially connected
to the matrix, partially contacting neighbors and par-
tially remaining free. Each of these may occur with varying
degrees [6].

In this context, bond behavior is different compared to
that between reinforcing steel and concrete. Two types of
bond have to be considered: bond between filaments and
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Fig. 1. Multi-axial fabric reinforcement and textile reinforced concrete;
from [1].

Fig. 2. Cross-section of a multi-filament yarn; separated filaments crossed
out.

concrete; and bond between the filaments themselves.
Regarding a particular filament, these types generally work
simultaneously, and regarding different filaments of a yarn,
the contribution of the bond types is different. Conse-
quently, a multi-filament yarn embedded in a cement
matrix constitutes a complex structure in itself, which leads
to special properties of structural behavior if multi-filament
yarns are used as reinforcement. This is demonstrated in
Section 2 with experimental results of tension plates.

The complex structural behavior, especially with respect
to bond, can be simplified with appropriate mechanical
models. They should take into account effects such as the
limited tensile strength of the materials and different types
of non-linear bond. A mechanical model incorporating a
simple geometry but complex physical properties is deve-
loped in Sections 3.1 and 3.2. The mechanical model is
solved in a finite element framework, which is described
in Section 3.4. In Section 4, the model is applied to a ten-
sion plate with unidirectional reinforcement of multi-fila-
ment yarns in several variations. First, a so-called ideal
yarn, homogeneous over its cross-section and continuously

connected to the concrete component along the longitudi-
nal direction, is described in Section 4.1. This ideal yarn
is used as a reference for bond mechanisms such as slip
of filaments, discontinuous connections or premature fail-
ure of filaments. All these cases are discussed in Section
4.2. Tt should be noted that it is not intended to achieve
a perfect agreement between experimental and numerical
results but to show how the aforementioned micromechan-
ical mechanisms influence the macroscopic structural
behavior. Finally, some conclusions are drawn in Section 5.

2. Experimental observations

Some essential properties of textile reinforced structures
can be observed with tension bars or tension plates. Such
experimental investigations were performed by Jesse and
Curbach [7,8] and Hegger and Molter [9], which both show
similar results. The experiments by Jesse [8] will be
described and the following computations are referred to
these experiments. A typical specimen is shown in Fig. 3.
The concrete component has a fine-grained structure with
a maximum aggregate size of 1 mm. Thus, the matrix has
rather properties of a cement mortar than of a normal con-
crete. Nevertheless, the matrix of the composite is referred
to as concrete in the following. The whole composition is
given in Table 1. The glass material has to be alkali-resis-
tant in order to sustain long-term embedding in a cement
matrix [6]. The tension plates under consideration are rein-
forced with ARG310, a yarn type, which is commercially
available and produced by Nippon Electric Glass (NEG).
Each yarn has 800 filaments and its size is measured with
310 tex, which indicates its unit length weight (1 tex =
1 g/lkm). With a specific weight of ¢ =2.817 g/cm? this
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Fig. 3. Tension plate specimen; schematic.

Table 1

Composition of fine-grained concrete

Component Mass ratio of Quantity

aggregates (—) (kg/m?)

Aggregates (sand, max. 1.000 942.0
size 1 mm)

Cement 0.667 628.0

Fly ash 0.282 263.8

Microsilicate (in suspension) 0.055 50.2

Water (total content) 0.333 313.7

Plasticizing agent 0.013 12.2
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Table 2
Material parameters
Concrete Filament
E (MN/m?) 30,000 80,000
fi (MN/m?) 7 2270
€ (5 023x1073 28x 1073

corresponds to a cross-sectional area of 4, =0.110 mm?
for each yarn. The yarns are arranged in 3 up to 6 layers
in a plate of § mm thickness. Within a layer, lateral dis-
tances between yarns of 3 and 6 mm typically exist. This
results in reinforcement ratios from 1% to 3%. The mean
strength properties of the concrete and the filaments are
given in Table 2.

The specimen is fixed in a hydraulic testing machine by
pivoted wedge clamps, see Fig. 3. The displacements are
measured along a base length of 200 mm on both sides of
the specimen in the longitudinal direction with a clip on
measuring device. Loading is applied by displacement con-
trol with a rate of 0.015 mm/s. A typical result is shown in
Fig. 4 where the measured load has been related to the
plate’s cross-sectional area, which leads to the mean stress
o, and the measured displacement has been related to the
measurement base length, which leads to the mean strain
€. In principle, the stress—strain behavior of textile-rein-
forced concrete is similar to concrete with steel rebars.
Three typical states can be observed: state I where the con-
crete remains uncracked until the tensile strength is reached,
state IIa with formation of concrete cracks with a flat slope
of the stress—strain relation and state IIb, which is the final
cracking state with highly reduced stiffness compared to
state I. In contrast to rebars, a state of yielding does not
occur as the ultimate failure of a cross-section with all yarns
occurs without distinct preannouncements. Furthermore,
the following characteristic effects can be observed:

— Suppression of cracks: Nominal initial cracking stresses
of the tension plate are higher compared to values,
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Fig. 4. Typical experimental stress—strain relation of a tensile plate.

which can be determined with uniaxial elasticity assum-
ing that the concrete cracks if the stress of the composite
exceeds the tensile strength of the concrete. This is
explained with non-homogeneous strain distributions
combined with particular fracture mechanisms. With
the described test configuration, [8] found an increase
of the initial cracking stresses of about 30% with a rein-
forcement ratio of about 3%.

— Deficit of stiffness: Regarding state IIb, the actual stiff-
ness of the cracked tension plate is lower compared to
the nominal stiffness of the whole bulk of filaments
alone. This is probably caused by the premature failure
of a certain portion of filaments and by premature deb-
onding of core filaments [8,10].

— Deficit of tension stiffening: Tension stiffening is mea-
sured in reinforced concrete as horizontal shift of the
stress—strain line in state IIb to a parallel line through
the origin. It is caused by the participation of the
concrete between concrete cracks. The experimental
values observed by [8] are lower compared to theoreti-
cal values according to the theory of ordinary rein-
forced concrete [11]. This might be caused by an
initial waviness of filaments, which have to be lined
up straightly before carrying loads [8].

— Complex failure behavior: The filament strength is
higher compared to the yarn strength while the yarn
strength is generally higher than the nominal tension
plate strength. This is explained with the highly non-
homogeneous and partially discontinuous stress distri-
bution in a yarn combined with the low ductility of sin-
gle filaments.

In a first approach, these effects may be classified either
as uniaxial or multi-axial. A description of multi-axial
properties, as in case of crack suppressions, necessarily
requires 2D or 3D models. However, uniaxial properties
may be reduced to degrees of freedom in the longitudinal
direction where non-homogeneous cross-sectional proper-
ties may be regarded by splitting them into several coupled
uniaxial components. This is presumably the case with stiff-
ness deficit, tension stiffening deficit and complex failure
behavior. Only the uniaxial approach is used here, with
the following mechanisms included for a proper description
of textile reinforced concrete:

— Delayed loading of filaments with initial stressless
displacements.

— Indirect loading of core filaments with load transmis-
sion by sleeve filaments.

— Different bond behavior for the interaction between
concrete and filaments on the one hand and between fil-
aments themselves on the other hand.

— Premature failure of single filaments and redistribution
of forces within the yarn.

Uniaxial mechanical models incorporating these mecha-

nisms will be described in the following.
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3. The mechanical model
3.1. Basics

The basic property of textile reinforcement is given by
the fact that a yarn cannot be considered as homogeneous
over its cross-section. Thus, it is divided into so-called seg-
ments. In principle, the number of segments may vary from
one, i.e. a case comparable to a steel reinforcement bar, to
the number of filaments forming a yarn, i.e. each filament is
modeled separately. If appropriate, a group of filaments
may be treated together as one segment, which is homoge-
neous over its cross-section by definition. In Fig. 5, a pos-
sible segmentation in sleeve (tangential) and core (radial)
direction is shown. For the modeling, the segments are
arranged schematically like a matrix, which is also shown
in Fig. 5. The concrete component is also considered as
homogeneous over its cross-section. The elements of the
yarn segments and the concrete component are connected
with bond elements at the nodes, see Fig. 5. The whole sys-
tem has a simple geometry but should contain physical
non-linearities such as non-linear bond as well as limited
concrete and reinforcement tensile strengths. Furthermore,
the segmentation of the reinforcement leads to complex
mechanical and geometrical relations.

Given a total cross-sectional area A4 of a yarn, this area
has to be divided into the cross-sectional areas A”, where i
indicates the ith segment row and ; indicates the jth seg-
ment column. The following approach is chosen:

AT = o 4, (1)

where the weight coefficients o describe the fraction of the
area of a segment jj and have to fulfill the condition
>~ o = 1. Bond between the segments is ruled by a relation

t = h(s) 2)

with a bond stress 7 and a slip s. The bond law / should be
independent from geometric conditions and should only
describe the behavior of different materials in interaction
along surfaces. Surveys for possible bond laws for filaments
and yarns are given by [12,13]. Bond stresses t have to be
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Fig. 5. Schematic description of mechanical model.

multiplied by a circumferential value C to get length-re-
lated bond forces 7 between two components interacting
with each other. This is applied to a segment #j with a cir-
cumference C”. The interaction with its upper neighbor
(i — 1,j) leads to a bond force per unit length:

Tij =CY [ CF, thCF( U) + ﬁFF ;hFF( )} (3)

Two types of bond laws are introduced, /cg(s) for con-
crete—filament interaction and /gg(s) for filament—filament
interaction where s is the slip between a segment and its
neighbors. The coefficients ﬁgF‘, and ﬁiFjFi, respectively rule
the weight of each interaction type in the top interface of
the segment ij. The same approach is chosen with respect
to Fig. 5 for the left (i,j — 1), right (i,j+ 1) and bottom
(i + 1,j) interfaces of the segment ij with a complete set
of neighbors where the index ¢ in Eq. (3) is replaced by /,
r or b respectively. Furthermore, the conditions 77 =
T, 10 =15, 1Y = 17 and T7 = 7717 hold.

The choice for a circumferential value C requires some
attention. A circular cross-sectional area A4 leads to the cir-
cumference Cg. = 2v/7A. However, groups of filaments or
yarns do not have a circular shape but can show ellipticity
and surface roughness. A first approach to a more realistic
circumference is given by ywCq;, With a roughness coeffi-
cient w and a shape coefficient y where = 1 for circular
shapes. This is assumed for the following if not otherwise
stated. The roughness coefficient is estimated with w = 3
according to [8] where the circumferential lines of yarns
embedded in concrete are determined by means of geomet-
rical analysis of microscopic photographs. Altogether, this
leads to the circumference for a segment

C7 = 2y nA". (4)

Regarding Eq. (3) the weight coefficients besides
0 < e < 1and 0 < B < 1 should satisfy
(Bles + Bix) + ( CFt+ﬁFFt) (Ble, + Bix,)

+ (Bl + Birs) + Broia = (5)

whereby a whole neighborhood of a segment 7 is included
with ﬁvo «q as the portion of void space. Therefore, only BEF ;
and ﬁCF . have to be determined as a function of the posi-
tion 7j, as the relations By, = B¢, and By, = By hold.
Furthermore, it is feasible to assume Sy, = BL:, because
at one segment the same bond conditions should exist for
concrete-filament bond for all interfaces. Thus, a value
B remains to be determined as a function of its position
within the yarn. The same arguments apply to filament-fil-
ament bond with .. Some formal modifications of this
approach are necessary if a segment ij does not have a com-
plete set of neighbors in the matrix scheme.

The values Brr, fcr, ¥, f have to be determined based
on experimental investigations. However, in any case some
extent of uncertainty has to be taken into account. So far, a
model for a single yarn has been developed. In case of mul-
tiple unidirectional yarns, the geometric parameters 4 and
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C have to be multiplied with the number of yarns 7, in the
total cross-section of the tension plate.

3.2. Materials and geometries

Similar to steel rebars, bond laws between concrete and
textile reinforcement are experimentally determined with
pullout tests of multi-filament yarns or single filaments
from concrete specimens. A typical bond law for the case
of concrete—filament interaction formulated as the bond
stress—slip relation /scgrer 18 shown in Fig. 6 with an
increasing branch, a peak value 7,4, a decreasing branch,
and finally a residual value 7. In principle, this is the same
for filament—concrete bond and filament—filament bond but
with different values for the maximum 7t,,,, with the corre-
sponding slip sy, and the residual 7, with the corre-
sponding slip s,. Some values are given in Table 3,
which were chosen corresponding to experimental investi-
gations [13,14]. As filament-filament interaction is mainly
governed by friction, the bond law Arg does not have a
decreasing branch. Thus, the maximum and the residual
bond stresses are assumed equal. As experimental data,
especially regarding filament—filament bond, are rare, the
described bond laws have to be regarded as first
approaches and are open for further enhancement.

While the bond laws are highly non-linear, the material
behavior of the yarn segments and the concrete component
is assumed to be linear under tension with a limited tensile
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Fig. 6. Typical bond behaviors for concrete—filament interaction;
schematic.
Table 3

Bond parameters

Filament—filament

Concrete—filament

her heg
Tmax (MN/m?) 3 1
Smax (M) 1x107° 1x107°
Tres (MN/m?) 1 1
Sres (M) 1x1073 -

strength, see Table 2. For both materials, a perfectly brittle
failure is assumed. Thus, the fracture energy of the concrete
has been neglected in a first approach. Regarding filaments
embedded in a cement matrix it is well known that portions
of filaments suffer strength deteriorations due to particular
chemical and mechanical influences. With the available
experimental data, the values for this portion and the val-
ues for the reduced filament strength have to be considered
as uncertain. Thus, the corresponding model parameters
are used as variables in the later computations.

Besides the material data, some geometric properties
have to be defined for the tension plate model. These prop-
erties are based on the dimensions of the specimen, see
Fig. 3. The total length is 500 mm, which has been adopted
for the concrete component and all yarn segments in the
model. The concrete’s cross-sectional area amounts to
800 mm?”. The yarns have been described in Section 2.
The cross-sectional area of a single yarn is given with
A,=10.110 mm?, which leads to a circumference C =
3.527mm with w =3 and =1, according to Eq. (4).
The number of yarns in a plate is chosen with n, = 140
for the computations, which results in a reinforcement
ratio of 1.9% and corresponds to a medium value com-
pared to the experimental tension plates, see Section 2.
Finally, a free length in the longitudinal direction, i.e.
where tensile failure of concrete or filaments may occur
in the model, is chosen with 300 mm. Apart from this free
length, the plate is supported and fixed by lateral pressure
from wedge clamps and is assumed as unbreakable.

3.3. Crack spacing

As concrete has a limited tensile strength, crack patterns
will develop during loading, with crack widths and crack
spacing being important characteristics. In the following,
an estimation for crack spacing is given. In case of one sin-
gle yarn segment, which is directly connected to the con-
crete component, stress transfer may be described by

Acdoc = nyCr(x)dx (6)

with the longitudinal coordinate x, the number of yarns n,,
the circumference C of one yarn, the concrete’s cross-sec-
tional area Ac and the stress ¢ of the concrete. This equa-
tion may be extended to yarns with multiple segments,
which is omitted here. Eq. (6) may be integrated starting
at the position of a crack (x =0) up to a distance x =/
where the concrete tensile strength is reached. The mean
bond stress is assumed with Tean = 7Tmax With a bond uti-
lization parameter y < 1. With the concrete tensile strength
fe this leads to

A ot
_ 4c J (7)

ny C Tmean

et

Given two adjacent cracks, a distance of at least 2/ is re-
quired for a new crack to occur in between. If a new crack
occurs, it has a distance to existing cracks, which is greater
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than or equal to /. Thus, crack spacing «a for final crack
patterns may be estimated with

lg <a<2y. (8)

With the values given in Section 3.2 and a concrete—fila-
ment bond law, one gets
3.78
=—— mm
Y

The bond utilization parameter y can be estimated within
some bounds. For example y =0 means no bond while
y = 1 means full bond. The parameter y can also be taken
from numerical calculations by relating the mean bond
stress to its maximum value, see Fig. 12. A rectangular
course as observable in Fig. 12 will lead to y ~ 1 while a tri-
angular course would lead to y = 0.5. Thus, Egs. (8) and (9)

may be used to illustrate the bond and the cracking behav-
ior of the different cases.

I 9)

3.4. Numerical implementation and solution methods

A finite element framework is chosen for the numerical
solution of the equations resulting from the mechanical
model. The concrete component and each yarn segment
are discretized with uniaxial bar elements with a common
element length AL. In a cross-section, a nodal position is
shared by a number of ng nodes of the n, yarn segments
and the node of the concrete component, which are cou-
pled by bond elements as shown in Fig. 5. According to
Eq. (3), the force of the bond element between a segment
ij and its top neighbor is given by

T/ =AL-TY. (10)

For the bond elements that are positioned at the left, right
or bottom interface the bond forces are given respectively
by changing the index ¢ into /, r or b.

Non-linear bond laws and limited tensile strengths lead
to a non-linear problem. This is computed with an incre-
mental loading, with equilibrium iterations being per-
formed in each loading step. Loading is applied with
increasing prescribed displacements of the outmost right
concrete node at x = L while the outmost left concrete node
at x =0 is fixed. The tensile failure of the concrete or the
yarn segments is restricted to one element per iteration,
which prevents simultaneous failure of a series of elements
in the case of constant or nearly constant stresses in the lon-
gitudinal direction. Furthermore, this guarantees a correct
description of the stress transfers between the concrete
and the reinforcement in states of ongoing cracking. The
Broyden-Fletcher-Goldfarb—Shanno (BFGS) approach
[15,16], which is a Quasi-Newton method, in combination
with line search is used as iteration method [17], as this
shows a good convergence behavior especially with high
stress relief in case of filament failure. A discretization of
5000 elements with an element length of AL =0.1 mm
and a displacement increment of Au=5x 107> mm per
loading step were used in the following computations. Finer

discretizations do not lead to remarkable changes in the
results.

4. Numerical calculations on a tension plate

Computations are performed based on the described
model to simulate the stress—strain behavior of the tension
plates presented in Section 2. Firstly, the case of the so-
called ideal yarn is described because it shows major differ-
ences between the experimental and the computed behavior
of the tension plate. Afterwards, results of models with the
microscopic deficiency mechanisms broken bond, waviness,
slip and premature filament failure are presented. These
results are compared to experimental data to investigate
the influence of each mechanism on the macroscopic struc-
tural behavior.

4.1. Ideal yarn

An ideal yarn is assumed as homogeneous over its
cross-section and continuously connected to the concrete
component along the longitudinal direction. Due to the
homogeneity the corresponding model has one yarn seg-
ment, see Fig. 7, with a cross-sectional area Al =4 =
ny- A,=15.4mm’ and a circumference C'' = n, - 6,/74,
according to Eq. (4) with w = 3, = 1. Furthermore, the
weight coefficients reduce to «!' =1, see Eq. (1), and

ICIFJ =1, see Eq. (3) for ideal yarns. Thus, the force of
bond elements for one yarn segment is

T = AL-n, - 67/, - hee(s!), an

see Eq. (10). The bond law /cr is given by Fig. 6 and the
parameters of Table 3. The computation is performed
according to the procedure described in Section 3.4.

In Fig. 11, the computed stress—strain relation is shown
with the mean stress, which is the total load related to the
plate’s cross-section and the mean strain of the measure-
ment length of 200 mm according to Fig. 3. Again, the
typical behavior can be seen with the uncracked state I,
the formation of concrete cracks in state Ila and the
increasing load in state IIb where cracking has finished to
a large extent. Out of this loading history a typical loading
step, e.g. step 1000 with a mean strain of 1.3% and a mean
stress of 23 MN/m? will be described in detail. Fig. 12
shows the computed concrete stresses along the longitudi-
nal section in the range of 0.2 m < x < 0.3 m. Cracks are
indicated by zero concrete stresses while the concrete has
a tensile stress between adjacent cracks but this does not

concrete
segment

elements Au
bond

elements hcr
filament —

segment

elements

Fig. 7. FE-model for the ideal yarn; schematic.
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exceed the tensile strength. The computed crack spacing at
ultimate load is ranging from 3.9 mm to 7.8 mm. The first
value indicates a bond efficiency of nearly 1 and
approaches the smallest possible value, see Eq. (8). The sec-
ond value, occurring at a few places, still gives room for
new cracks.

The reinforcement behavior has a complementary char-
acteristic with peak values at the cracks and minimum val-
ues in between, as it can be seen in Fig. 12. Concrete and
reinforcement are coupled by bond stresses, which are also
shown in Fig. 12. A characteristic behavior is given by a
sign reversal of bond stresses across a crack while absolute
bond stress values, to a large extent, reach the prescribed
limits with a steep transition within a short distance
between adjacent cracks. In the case of the ideal yarn, fail-
ure of the tension plate occurs if the yarn segment reaches
the filament tensile strength, see Table 2. The tension
plate fails at a mean strain of 2.7% and a mean stress of
44 MN/m?, see Fig. 11.

This is beyond the failure point with a strain of 1.3%
and a stress of 19 MN/m? of the corresponding experimen-
tal tension plate, which is also given in Fig. 11. In addition
to this large difference in the failure point, there is also a
considerable difference in the stiffness in the cracked state
IIb. Obviously, the theoretical load carrying capacities of
the filaments are by far not exploited in practical applica-
tions. Consequently, it has to be concluded that the model
of the ideal yarn is obviously not appropriate for a realistic
description of textile reinforced concrete. Some possible
reasons have been discussed in Section 2, for example the
premature failure of filaments or the lower tensile strength
of a yarn compared to a filament.

4.2. Non-ideal yarn

In this section, mechanical models for different so-called
deficiency effects are discussed. Major mechanisms, which
impair the optimal performance, have been described in
Section 2. Within the uniaxial framework the correspond-
ing effects are modeled by variations of the general
mechanical model given in Section 3.1, see Fig. 5. In order
to improve the basic understanding of the structural behav-
ior of textile reinforced concrete these effects — broken
bond, waviness, slip and premature filament failure — are
modeled as simple as possible and are treated indepen-
dently from each other in a first approach. In each case,
the extent of deficiency is measured by a parameter J. As
the values of this parameter are not precisely known from
experimental investigations, a parametric study is per-
formed in each case to investigate the sensitivity of the
behavior of the tension plate on each effect.

4.2.1. Yarn with broken bond

A single filament is not continuously connected to the
concrete matrix but has parts around its surface, which
can be regarded as void in this context. This may be mod-
eled similar to the ideal yarn with a single yarn segment.

concrete

segment
elements Au
bond §\>},—o—,—o—,—o—g—o—g—o—ﬂ—>
elements;f et et et . $her
filament
segment
elements

Fig. 8. FE-model for the yarn with broken bond; schematic.

Unlike the case of the ideal yarn not all dedicated nodes
of the concrete component and the yarn segment are con-
nected with bond elements, see Fig. 8. The filament—con-
crete bond law hcg is assumed as bond characteristic,
with Eq. (11) being applied to each bond element. The ratio
of non-connected node pairs related to all node pairs is
used as deficiency parameter d;. For reasons of simplicity
a regular pattern is assumed, e.g. with §; = 1/4 three con-
nected node-pairs are followed by an unconnected one in
a repeated sequence.

Computed stress—strain relations with mean stresses ver-
sus mean strains are shown in Fig. 13 with different values
of the parameter §; assumed ranging from 1/2 to 3/4. Only
slight differences can be seen between the ideal reference
case and the deficiency case with 6, =1/2 and &, = 2/3.
These cases fail while reaching the tensile strength of the
yarn segment. This is different in the case of §; = 3/4 where
a bond failure occurs at lower filament stresses when the fil-
ament segment slips through suddenly. This is involved
with large slip values leading to residual bond stresses,
see Fig. 6, and an unloading of the yarn segment while
the prescribed displacements of the plate’s ends are still
increasing. In any of these cases of broken bond, crack
spacing at maximum load corresponding to the final crack-
ing state become larger compared to the reference case with
values ranging from 10 to 30 mm as the bond efficiency
strongly decreases with increasing values of J;.
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Fig. 9. FE-model for the yarn with slip; schematic.
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Fig. 10. FE-model for the yarn with premature filament failure;
schematic.
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Fig. 11. Computed stress—strain relation of a tension plate with ideal yarn.
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Fig. 13. Computed stress—strain relations with broken bond.

4.2.2. Yarn with waviness
In their initial state, filaments in a yarn are not, in a
general sense, perfectly parallel to each other. Looking at
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Fig. 14. Computed stress—strain relations with waviness.

a single filament’s position, it might have some varying
deviation from the straight yarn axis, which is called wav-
iness here. It leads to a stressless deformation prior to the
first uniaxial loading in the yarn’s axial direction, during
which the waviness is straightened. This case is also mod-
eled similar to the ideal yarn (Fig. 7) but the bond law
hcr rer 1s replaced by the bond law Aicp way (Fig. 6), which
has a horizontal shift in the direction of the positive slip
axis. The deficiency parameter J, is defined for this case
as 52 = SO/Smax-

Stress—strain relations are shown in Fig. 14 for the refer-
ence case and the cases with values in the range of (1/2)-3
for d,. While the reference case has a single major plateau
of cracking directly following initial cracking, the cases
with waviness are characterized by multiple plateaus of
cracking at higher load levels. These load levels increase
with increasing values of J,. Stiffnesses, ultimate loads
and strains remain nearly unchanged compared to the ref-
erence state. The computed cracks show a quite regular
pattern for the three waviness cases, with crack spacing
in the final cracking state at the maximum load ranging
from 4.6 to 4.7 mm.

4.2.3. Yarn with slip

Loading has to be transmitted from sleeve filaments to
core filaments, where filament—filament bond is activated.
In a first approach, this is modeled with two yarn segments.
The sleeve segment is directly connected to the concrete
component with concrete—filament bond, and the core seg-
ment is connected to the sleeve segment with filament-fila-
ment bond, see Fig. 9. The deficiency parameter J; is
defined as the ratio of the cross-sectional area of the core
segment related to the cross-sectional area of the total yarn.
In connection with Eq. (1) this leads to cross-sectional
areas

=(1=035)-4, A4 =065-4, (12)

where the index 11 marks the upper sleeve section and the
index 21 marks the lower core section. Regarding the
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circumferences, it is assumed that the sleeve segment has
the same area in contact with the concrete as the homoge-
neous ideal yarn. According to Eq. (4) this leads to C'' =
ny - 6,/m4, with © =3 and a shape factor = 1/+/1 — 95
for the annulus. Furthermore, it is assumed that the sleeve
segment is completely embedded in the concrete leading to

ngt =1, ﬁlFlet = 0. Finally, the circular core should be
completely embedded in the circular sleeve. Thus, we have
C*' = ny - 6,/8; - md, with a shape factor y = 1 for the cir-
cle. The weighting coefficients are chosen with ﬁzchﬂt =0,

k. = 1, as the core is assumed to be only in contact with
the sleeve. With Eq. (10) applied to the top interfaces the
forces of bond elements are given by

T!' = AL - ny - 6/7d, - her(s)'),
7 :AL-ny-6\/nAy-\/g'hFF(S;21) (13)

with the slip s/' between the concrete and the sleeve seg-
ment, the slip s*' between the sleeve and the core segment
and the bond laws /¢y, hepr determined by Table 3.

The computations show that the sleeve segment stresses
are considerably higher compared to the core segment
stresses at the transition to the supported part of the plate
where the concrete is not permitted to crack. This transi-
tion turns out as area of stress concentration. Failure of
the whole plate occurs as the filament tensile strength is
reached in this stress concentration area. Stress—strain rela-
tions for the case of slip are shown in Fig. 15 for the refer-
ence case and different values of the deficiency parameter J;
in the range of (1/4)~(3/4). It can be seen that ultimate
stresses and strains decrease with an increasing ratio of
core segments, because stress concentrations in the sleeve
segment become more pronounced. On the other hand,
only small differences in the tension plate stiffness can be
seen between the slip cases and the reference cases before
failure. The computed numbers of cracks decrease with
increasing deficiency parameters J;. Thus, the respective
mean crack spacing increases. However, this effect is only
weakly pronounced.
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Fig. 15. Computed stress—strain relations with slip.

4.2.4. Yarn with premature filament failure

Glass in general and filaments in particular are sensi-
tive against small defects on their surface, which lead to
brittle failure. Such defects may be caused by the mechan-
ical environment, e.g. lateral pressure concentrations, the
impaction of solid concrete constituents or the highly reac-
tive chemical environment [6]. Consequently, a number of
filaments may not reach their potential tensile strength,
as given in Table 2, but will fail at lower tensile stresses.
This is again modeled with two yarn segments both having
the characteristics of a sleeve segment. Thus, both segments
are directly connected with the concrete component with
concrete—filament bond while the second yarn segment
has a lower tensile strength, see Fig. 10. The deficiency
parameter d4 is defined as ratio of the cross-sectional areca
of the early failing segment to the cross-sectional area of
the total yarn. This results in a similar cross-sectional area
as in the case of the yarn with slip, see Eq. (12), but with
segments arranged in one row with two columns

A" =(1-0,)-4, A% =06,-4 (14)

and the early failing segment in the second column. The cir-
cumference of the whole yarn is given by C = 2ywv/7d
according to Eq. (4) with a roughness coefficient w =3
and a shape coefficient iy = 1. As both segments are consid-
ered as sleeve segments, their circumference is also scaled
according to Eq. (14) with C"=n,-(1-68) - C=
ny-6(1 —64)\/nd, and CYZ =ny-6,-C =ny-654,/7A,.
For reasons of simplicity, it is assumed that the two seg-
ments do not interact with each other and that each seg-
ment is fully embedded in the concrete. This leads to
weighting coefficients ﬁgF,I = 1c2F; =1 and BIF'FJ =P, =
0 respectively. Finally, this results in bond forces

T = AL - ny - 6(1 — 84)\/nAy - her(s)'),
T1? = AL - ny - 6541/ Ay - hep(s)?)

according to Eq. (10) applied to the top interfaces, with
the slip s!! between the concrete and the normal failing seg-
ment and the slip s> between the concrete and the early
failing segment. Beside the deficiency parameter J4, a
further parameter, the reduced strength of the early failing
filaments, has to be considered. A random distribution of
the tensile strength has to be expected but reliable experi-
mental data about types and parameters of strength distri-
butions of filaments embedded in the concrete are currently
not available. In a first approach, a reduced tensile strength
with the value f;, =300 MN/m? for the early failing
segment is chosen for the computations based on the
assumption that a certain amount of reinforcement fails
simultaneously with the concrete.

Corresponding stress—strain relations are shown in
Fig. 16 for different values of the deficiency parameter d4
ranging from 1/6 to 1/2. Obviously, both the stiffness and
the ultimate load of the tension plate are inversely propor-
tional to the ratio of the early failing segments while the ulti-
mate strains show only minor changes. The crack spacing in
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Fig. 16. Computed stress—strain relations with premature filament failure.

the final cracking state at maximum load for the case of a
small deficiency parameter 64 = 1/6 show values in the
range of 4.7-7.8 mm, similar to those of the ideal yarn. With
increasing values of d,4, the crack spacing increase as well.
For example, for d, = 1/2, the crack spacing show values
ranging from 13.9 to 15.3 mm. The strong influence of early
failing segments supports the assumption that there is also
an influence of the reduced filament tensile strength f,.
Computations with varying values of f;, show that this
applies to the intermediate phase of cracking while the stiff-
ness in the final cracking state as well as the ultimate stress
and strain of the tension plate nearly remain unchanged.

5. Conclusions

Concerning the ultimate state, the structural behavior of
tension plates with uniaxial textile reinforcement may on a
macroscopic level be characterized by the

— limit load,

— strain at limit load,

— stiffness in the final cracking state,

— crack spacing in the final cracking state.

An ideal case with homogeneous, uniform reinforce-
ment is used as reference with an optimal structural perfor-
mance. However, experimental investigations for actual
plates show a considerable decrease with respect to limit
load, limit strain and stiffness. Thus, a range of deficiency
mechanisms has been numerically investigated to see their
effects on the structural behavior. As a major result, it
can be seen that stiffness degradation is mainly caused by
premature filament failure. This particular deficiency mech-
anism also leads to decreasing limit loads but the limit
strains almost remain unchanged compared to the refer-
ence case. A decreasing limit load is also caused by the slip-
page mechanism of core filaments. This is connected with
decreasing limit strains, but the stiffness in the cracked state
nearly remains unchanged compared to the reference case.
A reduction of the limit load and limit strain may also be

caused by partially broken bond between filament and con-
crete but there is only a minor influence on the stiffness in
the cracked state. Furthermore, a strong increase in the
crack spacing is calculated for broken bond compared to
all other cases. Finally, waviness with a stressless deforma-
tion prior to initial loading shows a different cracking
behavior on the way to the final cracking state. However,
there are no essential differences with respect to limit loads,
limit strains and stiffnesses compared to the reference case.

In principle, all these mechanisms should influence the
structural behavior of the tension plate to a more or less
extent but the results show that mainly a combination of
premature filament failure and slippage of core filaments
should cause the observed decrease of the limit load, the
limit strain and the stiffness compared to an optimal beha-
vior. A combination of both should be used for further
extensions of the matrix scheme of the uniaxial model.

An essential problem is currently the estimation of the
values of the deficiency parameters, which have to be
regarded as micromechanical. Because of the microscopic
scale, the determination of these values is difficult. This
may be the reason why corresponding experimental data
is currently rare and, if available, such values show high
scatter. Nevertheless, for modeling they have to be esti-
mated or identified by means of reverse engineering. In this
sense, the presented model in principle offers the possibility
to model a broad range of experiments, such as the tensile
tests or pullout tests for both filaments or whole yarns con-
sidered in this study. Furthermore, it is also possible and
necessary to include stochastic effects in the model. Con-
cerning the modeling of textile structures, different from
the unidirectional reinforcement treated in this contribu-
tion, it is probably necessary to take into account the trans-
verse reinforcement.
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