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Textile Reinforced Concrete shows a complex mechanical behaviour, which arises from the heterogeneity
of the cementitious matrix and the reinforcement yarn, as well as different bond conditions inside the
yarn. In this contribution, a reduced two-dimensional model for simulating the uniaxial tensile behaviour
of Textile Reinforced Concrete is presented. In the model, the longitudinal (loading) direction is discre-
tised over the whole specimen length, while in the cross-sectional direction only the heterogeneity of
the reinforcement is modelled by dividing the yarns into homogeneous segments arranged in a regular
lattice scheme. The model also includes limited tensile strength for the matrix and the reinforcement,
as well as a non-linear bond law with bond degradation between the constituents of the composite. Para-
metric studies are performed to show how the bond properties, e.g. the maximum bond stresses or the
penetration depth of matrix in the yarns, influence the structural behaviour and the local load-bearing
behaviour.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Textile Reinforced Concrete (TRC) is a composite material,
which has been considered as a building material for more than
a decade [1]. The material offers the opportunity to construct thin
structural elements for structural retrofitting and for new con-
struction. Typically, structural elements of TRC consist of several
layers of textile fabrics of multi-filament yarns made of alkali-
resistant glass or carbon, which are embedded in a fine-grained
concrete having aggregates with a maximum size of 1 mm. The
development of the knowledge base concerning TRC is docu-
mented in [2–4] and culminated recently in a RILEM state-of-
the-art report [5]. However, a number of open questions still exist.
In this context, this contribution aims to demonstrate the influence
of bond properties on the tensile behaviour from a mechanical
point of view. To verify the calculations, experimental results of
specimens reinforced with unidirectional yarns are used instead
of more common bidirectional textiles.

While at the macro-scale first applicable models for the
mechanical description of the structural behaviour exist [6], the
behaviour at the microscopic scale, on which the macroscopic
behaviour is based, is so far not sufficiently understood. In this con-
tribution, we enhance a model on the microscopic scale, which
was, from a more geometrical point of view, recently presented
in [7]. It can be classified as a reduced two-dimensional model be-
cause only the longitudinal (loading) direction is discretised over
the whole specimen length. Contrary to modelling strategies for
ll rights reserved.
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steel reinforced concrete and fibre reinforced plastics, the trans-
verse direction (which merges the directions i and j in Fig. 1) has
to be discretised, because of the heterogeneity of the reinforce-
ment and the incomplete penetration of the reinforcement with
matrix. Hence, it is not appropriate to apply a homogenization
method to represent the properties of the whole composite in
one bar element, because matrix and reinforcement will deform
differently depending on their bond and respective stiffnesses.
The discretisation of the reinforcement in transverse direction is
realised with a subdivision into segments, which are arranged in
a regular lattice scheme (Fig. 1).

The main advancements compared to [7] are an enhanced bond
description, which includes the degradation of the bond after
reaching a certain maximum value of bond stress and a finer reso-
lution of the reinforcement in the transverse direction. Thus, we
are able to study the influence of a number of bond properties,
as for instance the bond strength or the degree of penetration of
the reinforcement with matrix, on the structural behaviour of
TRC under uniaxial tensile loading. Besides simulating the global
response of such structures, the model is also capable of investigat-
ing properties and effects, which are difficult or impossible to
determine experimentally, such as the local stress distribution in-
side the material. This is essential for the understanding of the
macroscopic structural behaviour, which is based on the mechan-
ical behaviour at smaller scales.

The paper is divided into three main parts. In Section 2, the
essential properties and effects of the material behaviour are de-
scribed. Also in this section, the model for the simulation of the
structural behaviour of textile reinforced concrete under uniaxial
tensile loading is presented. In Section 3, the model is verified
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Fig. 2. Bond stress–slip relation hCR for the interaction of concrete and reinforce-
ment in the fill-in zone in the initial state.

Fig. 1. Geometrical model (top) and lattice discretisation of the cross section
(bottom left) and the longitudinal section (bottom right).
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through comparisons with experimental results. This is followed in
Section 4 by the presentation and explanation of computational re-
sults produced during parametric studies on a number of bond
properties.

2. Model description

2.1. Essential properties and effects

The material behaviour of TRC is subject to a number of effects,
which result from the material behaviour of the composite’s com-
ponents and from the interaction between the components. At
first, we want to describe these effects qualitatively as we under-
stand them currently. The matrix, a so-called fine-grained con-
crete, has a maximum aggregate size of 1 mm. Thus, it has
properties more like a mortar than a concrete. Consequently, the
matrix has a high tensile strength but a low fracture energy com-
pared to normal concretes [8].

A reinforcement yarn typically consists of 400 up to 2000 single
filaments depending on the type of the yarn, which leads to a het-
erogeneous structure. In tensile tests, it is observable that the fila-
ments fail in a brittle manner [9]. In contrast, the yarns show
remarkable quasi-ductility. The strength of the yarns is lower com-
pared to the mean strength of the filaments. This can be explained
by statistical effects [10] and damaging of filaments during produc-
tion and processing.

Hitherto, the mechanical properties for the components of the
composite were described independent of their interaction. As in
every composite, the interaction between matrix and reinforce-
ment plays a major role regarding the mechanical behaviour. A
speciality of TRC compared to other composites is, besides the het-
erogeneous structure of the reinforcement, also the fact that the
yarns are not completely penetrated with matrix. It is rather obser-
vable that only the filaments in an annular border zone of a yarn
have contact with the matrix. The size of this so-called fill-in zone
depends on different conditions, for example the geometry of the
yarn, the after-treatment of the textile (e.g. additional polymer
coating of the yarn) and the processing.

Corresponding to these two zones – with and without matrix
contact – inside a yarn, two different possibilities of load transmis-
sion in a yarn exist. While in the fill-in zone loads can be trans-
ferred adhesively between the matrix and the filaments, in the
inner zone of a yarn only a frictional and discontinuous load trans-
fer at the contact areas between filaments is possible. It has to be
assumed that the capacity of the adhesive bond in the fill-in zone
is limited and that it is subject to degradation after reaching this
limit. In the course of the bond degradation, the load transfer
mechanism merges gradually from adhesion into friction. This pro-
cess is irreversible and leads to remaining relative displacements
between matrix and reinforcement if unloading occurs.

2.2. Implementation

2.2.1. Elements
In the following, we derive a mechanical model for the uniaxial

tensile behaviour that covers the before-mentioned properties. It
should be emphasised that we only consider uniaxial tensile load-
ing on the structural level. Therefore, a one-dimensional model is
basically sufficient. The model consists of two types of elements:
bar elements, which represent the matrix and the reinforcement,
and bond elements, which represent the matrix–filament
interaction and the filament-filament interaction in the yarn, see
Fig. 1.

A stiffness resulting from the cross-sectional area of each com-
ponent of the composite and the Young’s modulus of the respective
material is assigned to the bar elements. For the bar elements rep-
resenting the matrix, limited tensile strength with brittle failure is
implemented, leading to cracking. For the bar elements represent-
ing the reinforcement, also brittle failure after reaching the tensile
strength is assumed.

The interactions between the matrix and the reinforcement are
represented by zero-thickness bond elements, which act according
to bond laws h formulated as bond stress–slip relations

s ¼ hðsÞ ð1Þ

with the bond stress s and the slip s, which is the value of the rel-
ative displacement of the two nodes of a bond element directed in
the longitudinal direction due to the one-dimensionality of the
model. In order to cover a broad range of possible bond stress–slip
relations, the bond laws are formulated as a set of supporting
points, e.g. ðsini

max; sini
maxÞ or ðsini

res; sini
resÞ in Fig. 2, with a suitable interpo-

lation scheme. The interpolation between the supporting points is
realised by means of the ‘‘Cubic Hermite Interpolating Polynomial
Procedure” (PCHIP) approach [11]. It uses a subset of cubic polyno-
mials, which show monotonicity and continuity in the first deriva-
tives between consecutive intervals. This avoids, or at least reduces,
numerical problems during computations on the transitions be-
tween the intervals of the bond law.

The bond law for parts of the reinforcement, which interact di-
rectly with the matrix in the fill-in zone, is shown in Fig. 2 as well
as the supporting points for the interpolation. The first supporting



Fig. 3. Degradation algorithm in bond stress–slip relation hCR exemplified with an
arbitrarily chosen loading path.
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point is the origin of the reference system, which is followed by a
maximum value ðsini

max; sini
maxÞ according to the assumption of an ini-

tially adhesive bond. In this context, the slip s up to the value sini
max

can be interpreted as a shear deformation of a thin interface layer
between the matrix and the reinforcement. Thus, the bond stress
increases with increasing slip values in this so-called state 0
according to the state diagram in Fig. 3. After this maximum point,
bond degradation combined with a transition to frictional load
transfer is assumed, which is finished reaching the residual point
ðsini

res; sini
resÞ. After this point, purely frictional load transfer is assumed,

which is implemented in the bond law with a constant value sini
res.

As it was mentioned in the previous section, the bond degradation
is irreversible. Therefore, in state 1 of the bond stress–slip relation,
see Fig. 3, an unloading path (state 3) differing from the loading
path (state 1) is implemented.

It works as follows: if the absolute slip value reduces in the
states 1 or 2, e.g. due to some unloading caused by local stress
redistribution, the absolute value of the bond stress sact

max corre-
sponding to the maximum reached slip value sact

max is set as new
maximum value. The unloading path is implemented as a linear
function with a slope, which is chosen as the slope between the
points (0,0) and ðsini

max; sini
maxÞ. The bond stress changes according to

the unloading path and the respective slip value as long as
�sact

max 6 sðsÞ 6 sact
max in the states 3 and 4, see Fig. 3. If sðsÞ exceeds

the value �sact
max in state 4, the bond law skips into state 2 with a

course corresponding to state 1 but with reversed signs. Otherwise,
if sðsÞ exceeds sact

max in state 3, it skips into state 1 again. It should be
noticed that the shape of the initial interpolation is maintained but
the function is not reachable anymore for bond stress values
sðsÞ > sact

max and sðsÞ < �sact
max respectively. The reduction of the

maximum bond stress proceeds until one of the horizontal
branches is reached. This approach corresponds to the concept of
plasticity with a softening limit strength and progressing degrada-
tion of the material.

2.2.2. Geometry
The geometrical arrangement of the bar elements and the bond

elements was introduced in principle in [7], where the reinforce-
ment was only divided into two segments, one for the fill-in zone
and one for the core zone. A similar approach is used by [12,13].
The main difference between both approaches is the connection
of the reinforcement core, which is linked by [12,13] directly to
the matrix, but indirectly via the fill-in zone in our approach. The
indirect connection leads, in our opinion, to a more realistic
description of the load distribution especially after matrix crack-
ing. In [7], a more general description of the discretisation of the
reinforcement yarn than two reinforcement segments is presented.
In the following, we will briefly revise this approach.

In longitudinal direction the components of the composite are
discretised in this approach as strands of bar elements with prop-
erties described in the previous section. The matrix component is
discretised as a single strand of bar elements and thus it is as-
sumed homogeneous in transverse direction. The cross-sectional
area of the matrix is given by Amatr ¼ wmatr � hmatr where wmatr is
the width and hmatr is the height of the matrix or the specimen
respectively. The cross-sectional area of the reinforcement is small
compared to that of the matrix and is therefore neglected.

Although, we have a one-dimensional model for the strands and
thus there are only degrees of freedom in longitudinal direction,
the heterogeneity of the reinforcement in transverse direction is
considered. This is realised with a regular segmentation of the rein-
forcement in radial direction i (i 2 Nj1 6 i 6 m) and tangential
direction j (j 2 Nj1 6 j 6 n) as it is observable at the top of Fig. 1.
Because in the following parametric studies only a segmentation
in radial direction will be performed, the index j is equal to 1
and it will not be considered in the following derivations. Further-
more, every segment i is assumed as homogeneous with mean
properties of the number of filaments, which it represents.

The cross-sectional area of a yarn Ayarn is approximated by the
product of the mean cross-sectional area of the filaments �Afil and
the number of filaments nfil of a yarn:

Ayarn ¼ nfil � �Afil: ð2Þ

Assuming that the cross-sectional area Ayarn is a perfect circular
area, which might underestimate the dimensions of a yarn [14],
leads with the radius r to Ayarn ¼ p � r2. Hence, a certain segment i
has a cross-sectional area Ai of

Ai ¼ p r2
i � r2

iþ1

� �
; ð3Þ

which is an annulus. As it can be seen, ri is the outer radius while
riþ1 is the inner radius of the segment i. If more than one yarn is
considered, it is assumed that the cross-sectional area of a segment
i can be estimated by

Ai ¼ nyarn � p r2
i � r2

iþ1

� �
ð4Þ

where nyarn is the number of yarns. As mentioned before, the reduc-
tion of the cross-sectional area of the matrix due to reinforcement is
neglected.

The interaction between the bar element strands is controlled
by a bond law h as described in the previous section. To calculate
bond forces resulting from the bond stresses, the estimation of
bonded surface areas is necessary. Therefore, the different bond
characteristics in the the fill-in zone and the core zone have to
be considered. While the bonded surfaces in the fill-in zone prove
to be widely continuous because of the penetration with matrix,
they have to be regarded as discontinuous in the core zone due
to the warping and imperfect alignment of the filaments. To solve
this problem, we vary the bond laws h while we estimate the
bonded surface areas according to the segmentation approach.

According to the lattice scheme, every segment interacts for
i < m with two adjacent segments in radial direction. For i ¼ m,
which means the innermost reinforcement segment, the segment
interacts only with another one. Thus between two segments i
and iþ 1, the bond area is given by the arc length of the respective
segment and the length l in longitudinal direction:

Si ¼ l � 2pri: ð5Þ

If more than one yarn is considered, the bond areas can be mul-
tiplied with the number of yarns nyarn as all yarns are assumed to
behave equally. For one segment i, the total bond force Ti is given
for i < m by the sum of the bond forces of the two interfaces:
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Ti ¼ Tiþ1 þ Ti�1 ¼ hðsÞiþ1 � Siþ1 þ hðsÞi�1 � Si�1: ð6Þ

For i ¼ m the bond force is given with:

Ti ¼ Ti�1: ð7Þ
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Fig. 5. Typical stress–strain relation and associated crack pattern in principle for
tensile plate specimens under monotonic tensile loading.
2.2.3. Numerical Methods
For the solution of the equations resulting from the before-

mentioned model, a finite element framework is chosen. The
non-linear bond laws, the limited strengths of the matrix and the
reinforcement lead to a highly non-linear problem. Therefore, the
load is applied to the model incrementally increasing, which makes
equilibrium iterations in every load step necessary. The tensile fail-
ure of the bar elements is restricted to one element per load step
and after each element failure a recalculation at the same load le-
vel is performed. This prevents a simultaneous failure of a number
of elements in the case of constant or nearly constant stresses in
longitudinal direction and it guarantees a correct description of
the load transfer between the matrix and the reinforcement in
the states of crack propagation. As iteration method the Broy-
den–Fletcher–Goldfarb–Shanno (BFGS) approach [15,16], which is
a Quasi-Newton method, in combination with line search [17] is
used.

3. Model verification

3.1. Experimental results

Experimental data are used to verify the computational results.
We want to limit our focus on tensile specimens for example by
[14,18]. In these experiments, a sufficiently large number of yarns
embedded in the matrix is available to enable multiple cracking of
the matrix.

There exists a vast number of experimental results by
[14,19,20,18]. Due to the availability of the original experimental
data, we only concentrate on results by [14,19,20]. In Fig. 4, the
geometry of a respective tensile plate specimen is shown. Typi-
cally, a reinforcement ratio in a range of about 1% up to 3% is cho-
sen, which corresponds to a number of yarns in a range of about 50
up to 300 in the cross section. The experimental data are given as
mean stress-mean strain relations where the mean stress is calcu-
lated from the measured force and the cross-sectional area of the
matrix while the mean strain is the measured displacement related
to the measurement length, see Fig. 4. The stress–strain relation
F

F

100 mm

8

20
0 m

m

50
0 m

m

support (clamping)

displacement
measurement

tensile plate specimen

support (clamping)

Fig. 4. Typical specimen and test setup used by [14] for tensile tests of TRC.
starts, in the so-called state I, with an almost linear increase
according to the Young’s modulus of the matrix until the tensile
strength of the matrix is reached and the matrix cracks, see
Fig. 5. In the following, the reinforcement bridges the crack and be-
cause there is a sufficient amount of reinforcement available to
retransmit enough forces back to the matrix, the tensile strength
of the matrix will be reached again. The further cracking, in this
so-called state IIa, leads to a flatter slope of the stress–strain rela-
tion compared to the uncracked state combined with a saw tooth
course depending on the reinforcement ratio. When the final crack
pattern is formed, the slope of the stress–strain relation becomes
steeper again, which mainly results from the Young’s modulus of
the reinforcement. However, the matrix also participates in the
load-bearing between the cracks leading to the tension stiffening
effect. This state is called state IIb.

3.2. Model parameters

As a starting point for the following parametric studies, we first
give an overview of the parameter values used for the model.
While some of them are chosen according to experimental investi-
gations, others have to be assumed because of a lack of correspond-
ing experimental data. Especially concerning the bond properties,
experimental investigations are rare and show high scatter. Fur-
thermore, the bond properties depend on a large number of influ-
ences based on the production and treatment process, as for
example moisture, the sizing and coating of the reinforcement or
the textile processing to mention only a few. Thus, the bond prop-
erties as chosen in the following are not fixed, but serve as a basis
for parametric studies.

The composition of the matrix used in the experiments, which
are chosen to verify the model, is documented in [21]. The Young’s
modulus is determined with 28;500N=mm2 and the tensile
strength has a value of 6:5N=mm2. The specimen in the experi-
ments has dimensions of 500 mm � 99.5 mm � 7.75 mm
ðlmatr �wmatr � hmatrÞ, which results in a cross-sectional area of
771mm2. The reinforcement was made of yarns of alkali-resistant
glass with a size of 310 tex consisting of 800 filaments and it was
produced by Nippon Electric Glass. The Young’s modulus is given
with 79;950N=mm2 and the tensile strength is assumed with
1357N=mm2 according to [9]. The total cross-sectional area of
the reinforcement is given by the yarn’s cross-sectional area of
0:11mm2 and a number of 134 yarns leading to 14:74mm2, which
corresponds to a reinforcement ratio of about 1.9 %. This is a typical
reinforcement ratio in the center of the range performed by [14].
The reduction of the cross-sectional area of the matrix due to the
reinforcement is neglected.
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Furthermore, we assume that 25 % of the cross-sectional area of
the reinforcement is embedded in the matrix while the other 75 %
of the reinforcement in the core are not penetrated with matrix.
This ratio is chosen according to values by [14] based on micro-
scopic investigations of transparent cuts of yarns embedded in
fine-grained concrete. As mentioned before, the estimation of the
bond properties is associated with uncertainties. Thus, the values,
which are chosen in the following, have to be considered as first
estimations and have to be supported by further parametric stud-
ies. For the bond law for matrix–filament interaction hCR, we as-
sume the initial parameters given in Fig. 2. For the frictional
bond law hRR, we choose the same bond law except for the maxi-
mum bond stress value, which is assumed sini

max ¼ sini
res ¼ 3N=mm2.

In the Finite Element model, we use a length of 0.1 mm for the
bar elements, which leads to 5000 elements per strand. This dis-
cretisation is necessary to approximate the detailed stress profiles.
It should be mentioned that only the bar elements in the centre
part of the model on a length of 300 mm are allowed to fail, be-
cause of reaching their tensile strength. Moreover, load transmis-
sion zones, on a length of 100 mm at both ends of the specimen,
are given corresponding to the experiments, see Fig. 4. The bar ele-
ments in these zones are not allowed to fail to preserve an undis-
turbed load transmission from the matrix to the reinforcement.
This also corresponds to experimental observations. The boundary
conditions are applied to the fixed first node of the concrete seg-
ment at x ¼ 0 and the prescribed displacements at the last node
at x ¼ l of the concrete segment. If not otherwise stated, this con-
figuration is used in the following parametric studies.

3.3. Influence of the reinforcement discretisation

At first, we study the influence of the reinforcement discretisa-
tion in transverse direction or the segmentation respectively. For
the fill-in zone, the assumption of global load sharing between
the filaments is valid, which means a uniform load distribution
for all filaments. This justifies the discretisation of the fill-in zone
as one sleeve segment. For the reinforcement core, local load shar-
ing has to be assumed, which means load distribution depending
on the position of the filament in the core. This calls for a finer seg-
mentation. Therefore, a parametric study is carried out in which
simulations with different numbers of core segments ncore are
performed.

We assume that all segments have the shape of an annulus.
Thus, the cross-sectional area of the sleeve segment is given by

Asleeve ¼ nyarn � ð1� aÞ � Ayarn with 0 6 a 6 1 ð8Þ

where a is the percentage of the reinforcement core on the total
cross-sectional area of the reinforcement. Accordingly, the cross-
sectional area of the whole reinforcement core is given with

Acore ¼ nyarn � a � Ayarn: ð9Þ

It is assumed that for the core segments the condition

ri � riþ1 ¼
rcore

ncore
¼

ffiffiffiffiffiffiffiffiffiffi
a�Ayarn

p

q

ncore
¼ const ð10Þ

applies where rcore is the radius of the total core. This condition is
chosen because it seems to represent the failure behaviour more
realistic as for example a discretisation with equal cross-sectional
areas. In the numerical studies, which are presented here, only a
segmentation of the reinforcement in radial direction is performed.
While this is appropriate for a deterministic approach, stochastic
variations of the filament strength would require an additional seg-
mentation in tangential direction. This has to be treated in further
investigations. Thus, for a core segment i the cross-sectional area
is given according to Eq. (4) by
Acore;i ¼ nyarn � a � p r2
i � r2

iþ1

� �
: ð11Þ

Furthermore, the respective bond areas Si are given according to
Eq. (5).

In Fig. 6, the stress–strain relations for cases of 1, 10 and 25 core
segments as well as experimental stress–strain relations with a
corresponding reinforcement ratio are shown. It is observable that
the macroscopic experimental behaviour, which shows only few
scatter, is essentially reproduced by the model. However, three
deficiencies exist.

The first deficiency is the number of the calculated cracks,
which is too small compared to the experiments. Supposedly, the
main reason for this effect is the neglect of the post-cracking
behaviour of the matrix with a crack energy and transmission of
softening tensile stresses after the tensile strength is reached.
Neglecting this effect while only relying on the load retransmission
from the bonded reinforcement underestimates the tensile stress
in the matrix and overestimates the crack width.

A second deficiency is given with several plateaus of matrix
cracks in the computational results, before the final cracking state
is reached. This can be explained by the deterministic modelling of
the tensile strength of the matrix, which leads to the development
of primary cracks with constant crack spacing. In the process of
increasing loads, secondary cracks develop at the midpoint of a
crack spacing leading to further crack plateaus. A stochastic
modelling of the tensile strength of the matrix would lead to a less
regular crack distribution but a continuous state of crack
development.

In this context, it has to be noticed that the crack plateaus also
differ for different segmentations, see Fig. 6. This effect can be ex-
plained with the normal stress distributions of the reinforcement
segments in the longitudinal direction in Fig. 7 where the peaks
in the reinforcement stresses correspond to a zero stress in the ma-
trix indicating a matrix crack. As it can be seen in the Figs. 7a and
7b, the activated length of the reinforcement segments becomes
larger towards the innermost segment. This effect is amplified with
an increasing number of segments and is connected with different
stress distributions. This also leads to a different development of
cracks in the matrix and to different final crack patterns, see Figs.
7c and 7d. Regarding the normal stress distribution in longitudinal
direction, it can be observed in Fig. 7d that the highest reinforce-
ment stress occurs at the sleeve segment in a matrix crack. Vice
versa, the core segments have higher normal stresses compared
to the sleeve segment in the uncracked matrix parts. Moreover,
the stress amplitudes become smaller from the sleeve segment to-
wards the innermost core segment.
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Fig. 8. Ultimate mean stresses, ultimate mean strains and normal stress at the first
matrix crack in the sleeve segment, the outermost and the innermost core segment
with different numbers of core segments ncore . The arrows in parentheses indicate
the scale to be used for each curve.
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The third deficiency concerns the slope of the stress–strain rela-
tion in state IIb, which is steeper compared to the experimental re-
sults, see Fig. 6. An explanation is given by [14], based on the
model by [22], with the failure of the filaments in the fill-in zone
simultaneously with matrix cracking. However, values of about
15 up to 25 % of failed filaments, seem to be unrealistic. Simula-
tions show that a simultaneous failure of the filaments in the fill-
in zone and the matrix leads to a strongly reduced number of
cracks [23]. The reason is that less load can be retransmitted from
the reinforcement to the concrete because of the strongly reduced
bond in case of a failed sleeve segment.

A more appropriate explanation for the deficiency of the slope
in state IIb can be given with the combination of the post-cracking
behaviour of the matrix and the successive failure of the reinforce-
ment at higher load levels. If a matrix crack occurs in state IIa, the
matrix undergoes a gradual softening, which also reaches state IIb.
This leads to a slower increase of the relative displacements be-
tween the matrix and the reinforcement and thus to a slower acti-
vation of the reinforcement by bond. As a consequence, the total
stiffness of the specimen gradually converges towards the stiffness
of the reinforcement. This stiffening is counteracted by the gradual
degradation of the reinforcement caused by the failure of single fil-
aments due to a stochastic distribution of their tensile strengths.
The superposition of both effects leads to a lower slope of the
stress–strain relation in state IIb. Moreover, it was shown by [24]
based on enhanced fibre bundle models by [10] that usually the
failure of about 10% up to 20% of the filaments of a yarn is sufficient
for the failure of the whole yarn. This could explain why there is no
pronounced decrease of the slope in state IIb but a sudden failure.
Detailed investigations including the post-cracking behaviour of
the matrix and the successive failure of the reinforcement exceed
the scope of this contribution, which concentrates on the bond
properties, and has to be treated in further investigations.

In Fig. 8, the evolution of the normal stresses in the sleeve seg-
ment, the innermost and the outermost core segment at the first
concrete crack are shown for different discretisations of the rein-
forcement core. It is observable that the normal stresses of the
sleeve segment increase slightly with an increasing number of core
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segments. Simultaneously, the normal stresses in the outermost
core segment increase stronger while the normal stresses in the
innermost core segment decrease with increasing numbers of core
segments. Regarding the ultimate stresses and strains, which are
shown in Fig. 8, a slight decrease of both the ultimate mean stres-
ses and mean strains with an increasing number of core segments
is observable. This is caused by the earlier failure of the sleeve seg-
ment as the tensile stresses in the sleeve segment increase with
increasing numbers of core elements, see Fig. 8.

For the following parametric studies, a number of core seg-
ments has to be chosen. Because of the strongly increasing compu-
tation time with increasing numbers of elements, the number of
core segments has to be limited. Therefore, a model with one
sleeve segment and ten core segments is chosen for the following
parametric studies. In the following visualizations of the computa-
tional results, this configuration is marked as the reference case
with a dashed line. This should facilitate the comparison between
the results of the parametric studies.

4. Parametric studies

4.1. Influence of the frictional load transfer in the reinforcement core

In this section, we study the influence of the bond stress of the
frictional bond law hRR in the reinforcement core on the structural
behaviour. Therefore, we use the model with one sleeve segment,
which has a cross-sectional area of 25 % of the total cross-sectional
area of the reinforcement and ten core segments leading to a value
of a ¼ 0:75. The cross-sectional areas of the core segments can be
calculated according to the Eqs. (9)–(11) and the bond areas
according to Eq. (5).

In Fig. 9, the normal stresses at the first matrix crack in the
sleeve segment, the innermost and outermost core segment are
plotted for bond stress values sini

max ¼ sini
res of the bond law hRR in a

range of 0:1N=mm2 up to 20N=mm2. Experimental investigations
indicate values of about 1N=mm2. It is observable that with
increasing values of the frictional bond stress in the reinforcement
core the normal stress in the sleeve segment decreases while the
normal stress in the innermost core segment increases. The normal
stress in the outermost core segment also increases strongly with
increasing values of the frictional bond stress in the core and con-
verges towards a value of about 400N=mm2. With higher values of
the frictional bond stress, the values of the normal stresses adjust
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Fig. 9. Ultimate mean stresses, ultimate mean strains and normal stress at the first
matrix crack in the sleeve segment, the outermost and the innermost core segment
with different values of the frictional bond stress in the bond law hRR in the
reinforcement core. The arrows in parentheses indicate the scale to be used for each
curve.
to homogeneity, because the load transfer changes from a more lo-
cal to a more global load sharing.

Regarding the ultimate mean stresses and mean strains, it can
be concluded that larger values of the frictional bond stress than
3—5N=mm2 do not improve the structural performance signifi-
cantly. In Fig. 9, it can be seen that up to this threshold the ultimate
mean stresses and mean strains strongly increase. With larger val-
ues of the frictional bond stress these values only increase slightly.
It is also observable that the course of the strains is not as smooth
as that of the stresses. This can be explained by different matrix
crack distributions in every simulation leading to different dis-
placements and finally to a different mean strain.

4.2. Influence of the size of the reinforcement core

In the previous section, it was shown that the participation of
the reinforcement core is important to reach a high ultimate stress.
Besides improving the bond properties inside the yarns with
impregnation, it is also possible to improve the penetration of
the reinforcement with matrix. Thus, we study the influence of this
penetration in the following. Therefore, we use again a model with
one sleeve segment connected to the matrix with the bond law for
matrix–filament interaction hCR and ten core segments connected
with the frictional bond law hRR respectively with the parameters
defined in Section 3.2. For the parametric study, we only vary the
total cross-sectional area of the reinforcement core by the value
a, see Eqs. (8)–(11).

In Fig. 10, again the normal stresses of the sleeve segment, the
outermost and the innermost core segment at the first matrix crack
are shown. It is observable that the innermost core segment is al-
most not influenced by the variation of the cross-sectional area of
the reinforcement core. In contrast, the normal stress in the outer-
most core segment increases from about 260N=mm2 at a ¼ 0:05 to
a normal stress of about 440N=mm2 at a ¼ 0:95. This tendency is
stronger for the sleeve segment where the normal stress increases
from about 350N=mm2 at a ¼ 0:05 to a value of about 1400N=mm2

at a ¼ 0:95. The latter normal stress value is higher than the tensile
strength of the reinforcement. Thus, the sleeve segment fails
simultaneously with the matrix cracks in this case. It can be seen
that the differences in the normal stresses between the sleeve seg-
ment and the core segments become larger for increasing values of
a. This also encourages the early failure of the respective parts of
the reinforcement with the highest normal stresses.
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Concerning the ultimate load, it is generally observable that a
decreasing amount of reinforcement embedded in the matrix,
which corresponds to increasing values of a, leads to decreasing
ultimate loads, see Fig. 10. However, the minimum of the simu-
lated ultimate load does not correspond to the lowest amount of
reinforcement embedded in the matrix. It is rather observable that
there is a minimum near the value a ¼ 0:85. With larger values of a
an increase of the ultimate load is observable. This can be ex-
plained in the following way: with increasing values of a, the
cross-sectional area of the sleeve segments becomes smaller,
which leads to increasing normal stresses in the sleeve segment
at the matrix cracks. When the sleeve segment fails, because of
the cracking of the matrix, the core segments are not able to carry
the additional loads and consequently they fail too in a certain
range of a. With larger values than a ¼ 0:85, the core segments
are able to bear the additional loads without failing and thus
slightly larger ultimate mean stresses and mean strains can be
reached. A value of a ¼ 0:85 corresponds well to the before-men-
tioned observations presented in [24]. Furthermore, a lower num-
ber of matrix cracks is observable for values a > 0:85.

4.3. Influence of the maximum adhesional bond stress

Finally, we study the influence of the maximum bond stress sini
max

of the bond law between the matrix and the sleeve segment hCR to
show the effect of a bond improvement in the fill-in zone. Again,
the model configuration of Section 4.1 is used, but the frictional
bond stress is kept constant at a value sres ¼ 3N=mm2.

In Fig. 11, the normal stresses at the first matrix crack in the
sleeve segment as well as the outermost and innermost core seg-
ments for maximum adhesional bond stress values in a range of
3 up to 100N=mm2 are shown. The normal stresses in the sleeve
segment increase with increasing values sini

max and converge to-
wards a constant value. It can also be seen that for 100N=mm2

the normal stress has almost reached the tensile strength of the
reinforcement, which represents the upper limit for the possible
normal stress. Regarding the outermost core segment, it can be no-
ticed that the normal stresses firstly increase up to a value of about
365N=mm2 with sini

max � 10N=mm2. With higher values of sini
max the

normal stresses decrease to a value of about 200N=mm2 with
sini

max ¼ 100N=mm2. This can be explained as follows. In case of
smaller values than sini

max ¼ 10N=mm2, the slip between the matrix
and the sleeve segment is relatively large, which leads to a large
activated bond length with higher bond stresses. This leads also
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Fig. 11. Ultimate mean stresses, ultimate mean strains and normal stress at the first
matrix crack in the sleeve segment, the outermost and the innermost core segment
with different maximum bond stress values sini

max between matrix and sleeve
segment. The arrows in parentheses indicate the scale to be used for each curve.
to relatively high relative displacements to and between the cores
segments, which become generally smaller towards the innermost
core segment. In case of larger values than sini

max ¼ 10N=mm2, the
activated bond length between matrix and sleeve segment be-
comes smaller. Thus, there is also a smaller length with relative
displacements between the sleeve segment and the outermost core
segment, which leads to a smaller amount of load transmitted to
the core and to smaller normal stresses. The innermost core seg-
ment is less effected by the change of the maximum bond stress
sini

max between the matrix and the sleeve segment because the influ-
ence of the matrix cracks and the respective relative displacements
between the reinforcement segments decreases towards the inner-
most core segment. This leads to decreasing normal stresses in the
innermost core segment with increasing values sini

max depending on
the normal stresses in the sleeve segment.

Concerning the ultimate stresses and strains, it can be seen in
Fig. 11 that up to a value of sini

max ¼ 10N=mm2 no significant change
of the ultimate stresses and strains occurs. Afterwards, the ulti-
mate stresses and strains decrease with increasing values of sini

max,
which can be explained again by increasing stresses at the matrix
cracks because of the stronger bond. Thus, the tensile strength of
the sleeve segments is reached earlier and the load is redistributed
to the core segments, which cannot bear the additional loads and
fail too. Hence, a too strong bond between the matrix and the fila-
ments in the fill-in zone lead to large differences in the stresses of
the reinforcement segments and to a decrease of the ultimate load.
5. Conclusions

The influence of several bond properties on the tensile behav-
iour of Textile Reinforced Concrete has been investigated by means
of parametric studies. It was discussed how these bond properties
determine the stress distribution as well as the ultimate mean
stresses and mean strains of uniaxial tensile specimens.

From a macroscopic point of view, a high ultimate load is gen-
erally desired. The parametric studies showed that this require-
ment is always met if there is a balanced stress distribution
between the sleeve zone and the core zone of the reinforcement.
This means a higher difference of the normal stresses between
the sleeve zone and the core zone causes earlier failure of the
whole structure. With a parametric study on the frictional bond
stress in the reinforcement core, it was shown that a relatively
small value of the frictional bond stress can strongly improve the
ultimate stresses and strains of the structure. The reason is a rela-
tively balanced stress distribution in the reinforcement where the
reinforcement sleeve is always more highly loaded than the core
region of the reinforcement. Another result was that the ultimate
stress level cannot be further substantially improved even with
large bond stress values between the core segments. Essentially
the same result was observed with the variation of the size of
the reinforcement core where the highest ultimate stresses were
reached with small cross-sectional areas of the reinforcement core.
In a further parametric study, the maximum bond stress between
the matrix and the sleeve segment was varied. These simulations
showed that with an increasing bond strength between the matrix
and the filaments in the fill-in zone, decreasing ultimate mean
stresses and mean strains have to be expected under certain condi-
tions. The reason for this behaviour is that the filaments in the fill-
in zone are more highly loaded at the matrix cracks and fail earlier,
while the reinforcement core is not able to bear the additional
loads after cracking due to the unbalanced load distribution.

The presented results are primarily qualitative. It should be
noticed that the values of the parameters of the bond law are
chosen according to assumed bond areas, which underestimate
realistic values [14]. Thus, they cannot be compared directly with
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experimental values, which on the other hand show high scatter. It
should also be mentioned that the tensile strengths are modelled
deterministically. A stochastic modelling of the reinforcement ten-
sile strengths could lead to improved results. However, this in-
creases the computational costs and has to be considered in
further investigations.
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