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Synopsis: This paper presents the research activities in the field of textile reinforced
concrete carried out by the Institute of Textile and Clothing Technology (ITB) of the
Technische Universitaet Dresden, Germany. Extensive research has been conducted
with the aim to fully use the tensile strength of the applied high-performance fiber
material in the reinforcing textile. To achieve this, the textile machinery was adjusted
and improved and new testing methods were developed. This research has resulted
so farin several innova-tive applications for the repair of buildings as well as the
production of precast concrete members. This paper was originally presented in 2005
Spring ACI Convention, New York under the title “State of the art and perspectives of
textile reinforcements of con-crete components.”
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INTRODUCTION

Textile reinforced concrete is a new and innovative building material with excellent prop-
erties and offers a versatile scope of design. It is an interesting alternative (but also a
possible combining component) to common building materials such as steel or short-fiber
reinforced concrete. Possible applications are the repair of buildings as well as the pro-
duction of precast concrete parts.

Arranging the reinforcing component, in the form of long fibers assembled to yarns, in
the load direction and not randomly such as with short fibers is decisive in its ability to
carry the tensile and bending forces. By using long fibers the load capacity is increased,
whereas the number of fibers can simultaneously be reduced. Long fibers processed in
modern textile machinery are the most effective way of producing textile reinforcements.

Since 1993, fundamental research has been conducted at the Institute of Textile and
Clothing Technology (ITB) of the Technische Universitaet Dresden, Germany, to de-
velop load-adapted textile reinforcements. During this time, a broad range of mock-up
applications have been developed, such as concrete formwork systems, sandwich ele-
ments, acoustical insulation elements, precast facade and balustrade panels, multi-layer
composite tubes, abrasion-resistant layers and reinforcements for concrete masts.
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Thin Fiber and Textile Reinforced Cementitious Systems 3
SUITABLE HIGH PERFORMANCE FIBERS

AR ¢glass filament yarn

Concrete has a low tensile strength. This must be compensated by creating a composite of
concrete and reinforcing material. The reinforcing effect is most significant when the
modulus of elasticity of the reinforcing material is much higher than that of concrete, thus
the stiffness of the composite is drastically reduced when cracks form. The reinforcing
material must consistently withstand the alkaline environment and not be allowed to
corrode. By utilizing alkali-resistant (AR) glass fibers, the advantage of textile rein-
forcements can be fully exploited, namely thin and light-weight parts with no minimum
concrete cover necessary. The properties of these fibers are well suited for the reinforce-
ment of concrete: high tensile strength of 1400 MPa or 200 ksi (yarn), sufficient linear
elastic breaking elongation of 2 %, modulus of elasticity between 70,000 MPa (10,150
ksi) and 80,000 MPa (11,600 ksi), low density of 2.8 kg/dm? (175 1b/ft*), good adhesion
to concrete and a good cost-performance ratio with an average price of 24 €/dm?
(680 €/1t%) [1]. It has to be taken into consideration that 1 % fiber volume in the compos-
ite is sufficient to bear the load. The fineness of the yarns ranges between 300 und
2500 tex (g/1000 m or 0.0035 Ib/mile).

These yarns consist of several hundred and up to thousands of single filaments (continu-
ous fibers) with diameters between 5 and 25 pm (200 and 985 pin.). The cohesion be-
tween the filaments of one thread is maintained in the concrete. Only the outer filaments
are integrated in the cementitious matrix. Those fibers that lie in the core of the yarn have
no direct contact with the matrix, but only with their neighboring filaments.

Carbon filament yarn

Carbon filaments offer superior properties, which make them a very interesting material
for the reinforcement of concrete. The tensile strength of the filaments ranges between
3000 MPa (435 ksi) und 5000 MPa (725 ksi) (high tenacity fibers). In the yarn itself; it is
still about 2000 MPa (290 ksi). This is accompanied by a very low density of 1.8 kg/dm?
(110 Ib/ft?), low creeping and heat expansion, good damping characteristics and a high
resistance to acids, alkalis and organic solvents. However, their application in cementi-
tious matrices is still rare [1]. Since they are sensitive to lateral pressure and are highly
conductive, processing these fibers is difficult, but possible on state-of-the-art textile
machinery. The knowledge gathered for glass filament yarns has to be adopted for carbon
filament yarns. The aim is to compensate for the more unfavorable adhesion to concrete
and the higher price (depending on the yarn properties 40 €/dm? or 1130 €/ft*) by opti-
mally using the fiber properties in the composite.

TEXTILE STRUCTURES
Utilizing fiber reinforcements as textile sheets fitted to the form of the building compo-

nent brings many advantages. It makes reinforcement near the surface possible not only
in rounded and bent components, but also in straight components, and in multiple load-
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bearing directions. The yarn can be easily positioned and its position easily reproduced.
Furthermore, these two-dimensional reinforcements can be integrated into the composite
as three-dimensional structures.

Reinforcing textiles should have an open structure and be non-deformable. The openness
is necessary to guarantee a maximum perimeter of the yarn, thus ensuring the transfer-
ence of the load into the reinforcing component. The geometry of the textile depends on
the maximum grain size, the necessary volumetric content of the fibers and the possibili-
ties of the textile machine. The shape accuracy (depending on bending and displacement
behavior) is fundamental for maximum fiber strength utilization and good handling.

That means that some textile manufacturing processes (for example warp knitting with
reinforcing threads) are very well, and others (such as braiding with its closed surface)
are not suited for this purpose. Besides warp knits (plain, circular or three-dimensional)
fabrics commonly used for the reinforcement of concrete are adhesively bonded multi-
plies (plain or circular) and wovens [1].

At the ITB the stitch-bonding technology for the making of plain, mechanically bonded
multi-plies was chosen as the best method to produce textile reinforcements for concrete.
It is a special version of the warp knitting technology. The decisive advantages are the
high productivity, especially when producing high quantities (Figure 1) and the ideal
orientation of the reinforcing layers. That means the threads can be arranged flexibly and
drawn according to the expected load.

Multi-plies are fabrics consisting of one or more parallel and drawn layers of threads that
can have different orientations (EN 13473). Two layers form a bi-axial multi-ply; three or
more layers a multi-axial multi-ply.

Multi-axial multi-plies have versatile properties such as: drawn thread orientation, differ-
ent angles between the layers, manifold layer composition and arbitrary mass. A stitch-
bonded multi-axial multi-ply consists of several layers of reinforcing threads and a mesh
structure — the warp knit. Up to eight layers can be combined with the orientation of the
layers arranged as necessary (for example 0°, 90°, +45°, -45°, Figure 2). The 0° orienta-
tion is called the warp system and corresponds to the work direction. The other layers are
called weft systems.

TECHNOLOGICAL OPTIMIZATION

Structural stabilization

The most important challenge when using glass filament yarn or other high-performance
fibers is to utilize the fiber strength as much as possible. It can be drastically reduced by
processing filaments to yarns and yarns to fabrics. Since only the outer filaments of the
yarn are connected with the cementitious matrix, the filaments are not stressed in equal
measure. Therefore, it is most important to increase the cohesion between the filaments.
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A means for increasing this cohesion and achieving the additional effect of better utiliz-
ing the filament strength could be applied either to the yarn or to the fabric. The textile
characteristics of the yarn and fabric (especially the low flexural strength) however, must
be maintained. Research has shown [3] that the tensile strength can be increased by ap-
plying a coating to the yarn before it is processed (Figure 3, left). But the flexural proper-
ties, and especially the resistance against lateral pressure (measured as ratio of loop ten-
sile strength of uncoated and coated material, Figure 3, right) are thereby influenced in a
way that processing on stitch-bonding machines becomes impossible. Due to this, coating
should be applied not to the yarn but to the fabric.

A device for this purpose has been integrated into the multi-axial warp knitting machine.
The stabilization must be accomplished at machine level while the multi-ply is still
clamped. If the multi-ply was not fixed before being cut free, displacement would be
unavoidable.

Based on a theoretical analysis of potential stabilization methods, the following selected
techniques were examined outside of the machine: spray and dip coating with water
based polymer dispersions, thermobonding with thermoplastic material and laminating
with duromers [5].

Tension tests have shown that the tensile strength of the coated structures is clearly in-
creased, whereas the thermally bonded structures display no such effect (Figure 4).

The results of the different stabilization methods can be clearly evaluated with a new
bending test including vertical specimen arrangement (see below). The flexural strength
of the spray coated and thermally bonded textiles is only slightly increased. Dip bonding
causes a high increase in flexural strength and the laminated structures no longer possess
any textile characteristics (Figure 5). The displacement test shows a large increase in
deformation resistance with all stabilization methods (Figure 6). Considering the combi-
nation of the above mentioned properties (high tensile strength, good deformation resis-
tance, acceptable increase in flexural strength), the coating technique proves to be the
best method available to stabilize open grid reinforcing structures and to mobilize the
filament strength in the fabric [6][7].

The coating is done on a roll-coater. An infrared heating device is used for effective dry-
ing [7][8]. The wave-length profile of the radiator is modified to fit the point of maximal
absorption of water. This drying process is very well suited for integration into the textile
manufacturing process due to its dynamic process control with extremely short tempera-
ture cycling stress. Thus, the optimal speed of the multi-axial warp knitting machine can
be fully maintained.

The coating and drying devices have been integrated into the multi-axial warp knitting
machine (Figure 7) and were adjusted and modified to fit the following parameters: pre-
cise dosing, constant and reproducible application on both fabric sides and over the width
of the machine.
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New testing methods

To evaluate the influence of an additional stabilization method on the fabric, it is neces-
sary to develop and adopt testing methods for the quantitative characterization of shape
accuracy.

To examine the bending behavior of the open grid structures a specially developed bend-
ing test with vertical specimen arrangement is used (Figure 8). The specimen is clamped
perpendicularly, and the bending edge is situated in the center of rotation. The bending
results from the rotation of the specimen against a fixed bar. The pressure load on the bar
is measured as a turning moment. Any influence of gravity is practically avoided by this
arrangement. According to Engler et al. 2004 [4] this new method can display the differ-
ences between open grid reinforcing textiles better than the usually applied Cantilever
test (DIN 53362). To reduce as much outside influence as possible an electronically con-
trolled testing device is currently being developed at the ITB.

Another possibility to measure the handling properties of reinforcing structures is the
displacement test (Figure 9). This device provides for the two-dimensional shape of the
textile. The clamping area is twisted against the textile fixed with pins [5]. The parameter
measured is the turning moment at a certain angle of rotation.

Perspectives

The aim behind the current research on textile reinforcements is to create multi-plies that
meet the various demands of cementitious matrices. This also applies to handling on the
construction site. A satisfactory compromise has to be found between flexural strength
and deformation resistance on one hand and needed drapability on the other. This in addi-
tion to a high mobilization of the filament strength can be achieved by machine integrated
stabilization. By determining and evaluating all influencing factors it will be possible to
systematically and reproducibly manufacture multi-plies with properties meeting exact
requirements. Furthermore, the geometry will be improved to achieve even better com-
posite characteristics.

EXAMPLES

Stitch-bonded multi-plies as developed at the ITB can serve multiple purposes. The fol-
lowing examples of reconstruction, precast components and waterworks engineering are
just a sampling.

Reconstruction

Masts made of prestressed and reinforced concrete are exposed to extreme weather condi-
tions, but have to maintain their load-capacity for decades. However, many of these masts
already show damages after about 15 years. While longitudinal cracks are less severe, the
repair of damages caused by torsion makes high demands on the reconstruction method.
By covering the masts with multi-axial stitch bonded multi-plies and shotcrete (Figure
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10), damages caused by both torsion and bending can be repaired reliably. The load-
capacity is even increased by more than 80 % (Figure 11) whereas the ductility is also
greatly improved. Repairing these masts is much cheaper than underground installation or
erecting new masts [9].

Precast concrete parts

One example for the use of textile reinforcements in the construction of buildings is the
balustrade panel developed at the TU Dresden that is integrated in the facade of parking
garages (Figures 12, 13). The possibility of creating extremely thin concrete members by
using textile reinforcements is best exploited by developing precast parts. Since the glass
fibers are not corrosive and thus require no minimum concrete cover, it is possible to
reduce the thickness of the concrete part by up to 75 % (Figure 14) and the weight by up
to 80 %. Transportation and assembly costs are decidedly reduced. Furthermore, these
precast components offer an aesthetic alternative for parking garages [10]. Transverse
and bending loads were examined to determine the loading performance of the textile
reinforcement plates of the dimension 1.5 m x 2.5 m or 4.9 x 8.2 ft (Figure 15, left). The
results show that large pre-fabricated concrete parts with textile reinforcement have an
adequate reinforcement value. Both bearing capacity and serviceability have been proved
to be sufficient and adequate (Figure 15, right).

Hydroworks

Solid matters carried by streaming water cause high attrition and finally deterioration on
hydroworks construction. An alternative to common protective layers made of special
concrete are concrete layers reinforced with AR glass near the surface. Cracks are clearly
reduced and the strength against other strains is increased. The protective layer can be
integrated into new buildings or be subsequently applied for repair purposes [4]. Impor-
tant advantages are achieved by combining the textile reinforcement with short fibers.
The attrition is cleared reduced compared to concrete without reinforcement, as well as
with textile reinforcement or short fibers alone (Figure 16). While the textile fabric car-
ries the tensile load, the short fibers reduce the spread of cracks.

Another promising product are composite plastic tubes covered with textile reinforced
concrete (Figure 17). By optimally dividing the functions, it is possible to use the advan-
tages of plastic tubes; such as high resistance against aggressive media and good cost-
performance ratio in high pressure applications and with large diameters. The combina-
tion of textile reinforcements and short fibers greatly increases the strength of the con-
crete layer (Figure 18) [11].

CONCLUSION

The usage of textiles for the reinforcement of concrete is a new, flexible and efficient
technology. Based on its distinguished and versatile properties the textile reinforced con-
crete is suited for special as well as mass production. It offers a multitude of possibilities
for light-weight construction, thereby reducing costs and allowing for new architectural
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design. For the first time modern textile production methods are used that insert the rein-
forcing fibers in the quantity and structure according to the load. The machinery pre-
sented here permits low cost production with reproducible and predictable results. The
assessment of both practical use and marketability confirms many possibilities for the use
of textile reinforced concrete compared to steel or short fiber reinforcements. It can be
used for repairing and strengthening existing structures, as well as for the production of
load-bearing or non-load-bearing precast parts.
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Fig. 1—Productivity of multi-axial warp knitting machine Malimo 14024."2
(1°€/m2 ~ 0.09°€/ft2, 1 M2~ 0.09 ft2, 1 m ~ 3.28 ft, 1 mm ~ 0.04 in.)

Fig. 2—Stitch-bonded multi-axial multi-ply.

Fig. 3—Influence of mass of coating on tensile strength and loop tensile strength for
two different types of AR glass yarn.5! (1 N/mmz2 = 0.15 ksi)
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Fig. 4—Tensile strength of different multi-ply structures depending on the
stabilization method.™! (1 N/mm?2 = 0.15 ksi)

Fig. 5—Flexural strength of different multi-ply structures depending on the
stabilization method.™! (1 mNcm ~ 7.4e° |b ft)

Fig. 6—Resistance against displacement of different multi-ply structures depending
on the stabilization method.! (1 Nm = 0.74 b ft)
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Fig. 7—Drying and coating devices.

Fig. 8—Bending test with vertical specimen arrangement.l

Fig. 9—Displacement test.
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Fig. 10—Textile reinforcement of concrete masts.?
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Fig. 11—Moment-torsion-performance of textile reinforced concrete mast.?
(1 kNm =~ 737.6 b ft, 1 m* =~ 3.28 ft)
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Fig. 122—Mounted ferro-concrete facade. (1 m = 3.28 ft)

Fig. 13—Textile reinforced balustrade panel.l

Fig. 14—Component development.t4 (1 cm = 0.39 in., 1 m3 = 35.3 ft3)

Fig. 15—Balustrade panel, test setup, and stress-strain behavior.(4!
(1 kN~ 224.8 Ib, 1 mm ~ 0.04 in.)
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Fig. 16—Abrasion of concrete depending on the reinforcement.t! (1 mm ~ 0.04 in.)

Fig. 17—Textile reinforced multi-layer composite tube.
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Fig.18—Apex pressure resistance of textile concrete composite tubes depending on
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Pull-out Characteristics of a Glass Yarn
Embedded in a Cementitious Matrix

by B. Banholzer and W. Brameshuber

Synopsis: Although the bond of a multi-filament yarn in a cementitious matrix is
controlled by the bond properties between filaments and matrix, more detailed
information is needed to evaluate the failure mechanisms of such a complex system
under a pull-out load and hence allow an analytical and numerical simulation of this
composite. In this study innovative test methods are presented and used to identify
the debonding process of a yarn as a result of the pull-out process, and ascertain
the contact faces between the individual filaments and the matrix. Additionally,
numerical procedures are proposed based on these findings and allow to establish
a direct relationship between the load history of a pull-out test, and the failure
process of an AR-glass yarn, by means of a mathematical function, defined as the
active filaments versus displacement relation NF(Q). Together with the load versus
displacement relationship P(€2) derived also during the pull-out test an analytical
characterization and simulation of the bond between an AR-glass multi-filament yarn
and a cement based matrix will be possible.

Keywords: bond; concrete; filament; model; pull-out test; simulation;
yarn
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INTRODUCTION

Concrete is relatively brittle, and its tensile strength is typically only approximately a tenth
of its compressive strength. Regular concrete is therefore normally reinforced with steel
reinforcing bars. Such reinforced concrete structures are used in almost every area of
structural engineering. However, a replacement of the steel reinforcement in concrete
structures with for example technical textiles (fabrics) is rapidly becoming an interesting
option for constructed facilities. Placing multiple 2D fabrics made of alkali resistant glass
(AR-glass) instead of the usual steel bars in the main load directions of the concrete might
enable the engineer in the future to design and build light and slender structures with a high
load carrying capacity if the basic load carrying mechanisms of this composite are known;
one component is the bond mechanism between the yarns of a fabric and the surrounding
matrix.

These bond properties also govern the load carrying capacity of the system during a pull-
out test which is a typical test to determine the bond characteristics of a composite.
Furthermore, they predominate the resulting failure mechanism which is quite complex
because an AR-glass yarn represents an element of reinforcement quite different from other
fibrous reinforcements used in cement based composites; especially steel fibers. In the
present case the AR-glass yarn itself consists of several hundred randomly arranged
individual filaments approximately 10 to 30 pum (3.94 - 10” to 1.18 - 107 in.) in diameter.
Fig. 1 shows a cross-section of such an AR-glass yarn embedded in a cementitious matrix.
Obviously this non-uniform nature of the yarn and the random penetration of the concrete
induce the inherently variable microstructure of this composite which in turn causes the
substantial scatter in the force-displacement relationships determined in pull-out tests on
yarn / matrix systems (Bartos 1982). So far only very limited data are available in regard to
these microstructural properties, which strongly affect the transfer of shear forces between
yarn and matrix and hence the composite’s mechanical behavior. Because of this lack of
information, the interpretation of experimental results even for the apparently simple pull-
out test causes considerable difficulties since an analytical or numerical modeling of a
yarn / matrix system is restricted.

Based on the limited available data, the main objective of this study is therefore to develop
experimental tests and analytical tools to determine and evaluate the micromechanical and
microstructural properties, which define the principal shear bonding characteristics of an
AR-glass yarn/cement based matrix system. The aim is to subsequently derive an
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Thin Fiber and Textile Reinforced Cementitious Systems 19

analytical model which is capable of simulating the pull-out response of this composite.
The presented work is part of the doctoral thesis by Banholzer (2004).

In order to achieve the objective, the following sub-problems are taken into consideration:

The principal shear bonding characteristics and mechanisms between AR-glass and a
cementitious matrix are identified and evaluated.

Detailed information on how an AR-glass yarn in a cementitious matrix reacts under a pull-
out load is gained and the dominating failure mechanisms are to be determined.

The load carrying cross-section of the yarn and the corresponding longitudinal contact area
with the surrounding matrix are both qualitatively and quantitatively determined at each
load step during the pull-out test.

The findings and solutions for each sub-problem listed above, and the relationships and
principles discovered between these different domains are finally used to assemble a
solution to the overall problem, which describes the shear force transmission and models
the pull-out response of an AR-glass yarn / cementitious matrix system.

MATERIALS

Multi-filament yarn — All tests introduced in the following were carried out using Vetrotex
Saint-Gobain 2400 tex alkali resistant glass yarns (production date 2001)'. The unit tex
thereby defines the linear weight of the yarn (1 tex = 1 g/km = 3.55 + 10~ Ib/mile). This
yarn usually contains approximately N, = 1400 filaments with an approximate diameter of
29 um (1.14 - 107 in.). All filaments are assembled in the form of a flattened bundle. The
tensile strength and the Young’s modulus of a single filament have been determined in
tension tests as 1,457 N/mm? (211.3 ksi) and 54,000 N/mm? (7,832 ksi) respectively
(Banholzer and Brameshuber 2004).

Fine grained concrete — Within the collaborative research project SFB 532 “Textile
reinforced concrete” undertaken at RWTH Aachen University, a fine grained binder system
for textile reinforced elements was developed which meets special demands in regard to the
production processes, the mechanical properties of the composite and the durability of the
textile reinforcement (Brameshuber 2004). The matrix shows a high-flowable consistency
which offers full penetration of the fabrics. These special properties are achieved by using a
small maximum grain size (dp,=0.6mm = 2.36 - 107 in.), high binder contents
(700 kg/m?® = 43.7 Ib/ft), and by adding different pozzolanic additives. This leads to a more
homogeneous and finer structure in comparison to ordinary concrete. The composition of
the mixture PZ-0899-01 used for the presented experimental investigations is shown in
Table 1. The Young’s modulus has been determined in compressive tests as 35,000 N/mm?
(5,076 ksi).

" http://www.sgva.com
Documents

Document Sharing Hub

Full document details: ACI SP-244


http://www.avadocuments.com/doc/aci-sp-244
http://www.avadocuments.com/doc/aci-sp-244

20 Banholzer and Brameshuber
BOND BETWEEN GLASS FILAMENTS AND A CEMENT BASED MATRIX

In civil engineering one of the most common tests to investigate the shear force
transmission between e.g. a re-bar or a fiber and a cement based matrix is the so-called pull-
out test. In this test a force P pulls a single, monolithic reinforcing element with diameter d
out of a cuboid of matrix with dimensions D-D-L while the corresponding displacement
o is recorded. The matrix is either fixed at the top (pull-push test) or fixed at the bottom
(pull-pull test). Because an AR-glass yarn is made up of many single, cylindrical,
monolithic structures in the form of filaments (Fig. 1), the pull-out test on a single filament
is also feasible to investigate the shear bond characteristics between AR-glass and a
cementitious matrix. Most of the single filament pull-out tests developed and carried out so
far, however, are used to evaluate the bond between different types of resin and filaments.
Some of the few studies found pertaining to pull-out tests on filament / cement based matrix
systems are by (Katz, Li and Kazmer 1995). On the basis of this information a single
filament pull-out test was developed and used for the experimental identification of load
displacement relations P(w) of a filament/ matrix system (Banholzer and Brameshuber
2004).

The analytical approach introduced in (Banholzer, Brameshuber and Jung 2005) which is
based on the principle of the cohesive interface model can be generally used to determine a
bond stress versus slip relation (BSR) t(s) on basis of experimental load displacement
relations P(®). Here ® defines the slip of the single filament at a location x=L. A N-
piecewise linear t(s) relation is adopted in this approach where the number N of the linear
intervals assumed is not limited and thus if N is taken large, any possible bond law
distribution can be approximated. Therefore, a general mathematical description of this
relation is allowed. Because it is not possible to find a closed form analytical solution for
this approach, a simple numerical procedure is used to evaluate the 1(s) for a given material
combination. Since the proposed model could be verified on the basis of experimental steel
fiber pull-out tests with different fiber radii and embedded lengths, it was used to derive the
underlying BSR 1(s) defining the bond at an age of 28 days between a filament extracted
from a 2400 tex Vetrotex yarn and a PZ-0899-01 concrete. Fig. 2 shows this analytically
derived BSR 1(s). For more information see (Banholzer and Brameshuber 2004) and
(Banholzer, Brameshuber and Jung 2005).

BOND BETWEEN GLASS YARNS AND A CEMENT BASED MATRIX

Various mechanical tests have been developed to date to determine the parameters of
interfacial action and thus the principle bonding mechanisms between an AR-glass yarn and
a cement based matrix. A detailed review is given in (Banholzer 2004). For the present
study a one-sided pull-out test was chosen and modified in order to gain information on the
pull-out response P(Q) which is needed as one main input parameter for a subsequently
carried out analytical modeling of the composite. In the present case Q defines the slip of
the yarn, i.e. the bundle of filaments, at a location x = L. However, the so determined P(Q)
relation is not sufficient to characterize the actual failure and break-down process of the
yarn / cement based matrix system but other experimental techniques have to be applied to
identify the onset and subsequent array failure of the reinforcing filaments.
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Firstly the so called Confocal Laser Scanning Microscopy (LSM), mainly known from the
measurement of cells (biology) or from the DNA analysis (medicine), combined with the
Back Scattering Analysis (SEM) are used (Banholzer 2004). Together with the results of
the pull-out tests it can be shown, that a causal relationship between the maximum pull-out
load and the occurring damage as well as failure mechanism exists. Secondly a new
technique is introduced in (Banholzer 2004), which uses the light transmission properties of
glass filaments to set up a test scheme, which allows an online measurement of the failure
mechanisms occurring during a yarn pull-out. Due to this background this test is called
FILT test (Failure Investigation using Light Transmission properties). The specimen is
exposed by light from the front (clamping range) and by using a small digital microscope
the yarn can be identified on the rear of the specimen during the pull-out test due to its
exposure and therefore bright appearance. The test set-up is presented in Fig. 3. Depending
on the resolution it is possible to visualize every single filament. After a tensile failure a
filament is no longer capable of transferring light, and therefore the bright spot vanishes in
the image of the next load step. If a numerical image-analyzing routine is applied the optical
image of the CCD-camera (charge-coupled device camera) can be analyzed and converted
in a binarized image (black and white pixels). A subsequent numerical procedure allows the
evaluation of these binarized images with regard to the number of white pixels the image
contains. By using this computer routine it is possible to plot the number of pixels recorded
versus the corresponding load and displacement from the pull-out test respectively. Since
only an optical image of the CCD-camera visualizing the filaments is analyzed and
converted in a binarized image outlining the filaments as white pixels, the number of these
identified pixels can be directly related to the cross-sectional area of the yarn and thus to the
number of filaments in a yarn. For detailed information see (Banholzer 2004). As a
supplementary evaluation process, the binarized image of each load step is analyzed with
regard to the number of white pixels Np ¢ in contact with surrounding black pixels, and
hence the contact perimeter Uc of the load carrying filaments with the surrounding layer
can be determined. Similar to the above described procedure the width and height of a pixel
can be correlated to a real length by using a proportional parameter C which is evaluated as
described in (Banholzer 2004).

Fig. 4A shows the recorded pull-out load versus displacement relations P(QQ) of four tests
which were carried out with a 2400 tex Vetrotex yarn in combination with a PZ-0899-01
matrix after 28 days. In general the principal trend of a pull-out relation can be observed.
The variability is quite acceptable for pull-out tests on yarns embedded in a cementitious
matrix. Bartos (1982) experienced even more than 40 % scatter in his tests results, which is
caused by the uncontrollable and random penetration of the matrix into the core of the yarn
or by an unstable debonding caused by the “Possion contraction” effect as described by
Kelly and Zweben (1976).

The determined Ng(Q2) relations (number of filaments failed at a pull-out displacement Q)
are presented for the four specimens in Fig.4B. In principle all progressions are
characterized by a short almost horizontal line between 0 <Q < 0.12 mm “4.72
- 107 in.) followed by an exponential decay; that means almost no filaments fail in tension
before the maximum pull-out load is reached. A more detailed comparison of the presented
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22 Banholzer and Brameshuber

active filament versus displacement diagrams reveals the varying breakdown of the
filaments of the four yarns tested. Whereas the filaments of specimen B fail rapidly so that
at a displacement of 0.5 mm (1.97 - 107 in.) only 23 % of the filaments are left undamaged,
specimens A and D are left with 61 % of intact filaments at the same displacement.
Specimen C retains about 40 % lying somewhere in between. The gradient of the Np(Q)
relationship for specimen B decreases noticeably at the end of the pull-out test finally
leaving about 6 % of filaments which have not failed in tension at a maximum displacement
of approximately 1.7 mm (6.69 - 107 in.). Specimen A is left with the highest percentage
(20 %) of unbroken filaments at the same introduced displacement. The overall scatter of
the Ng(€2) relations corresponds to the corresponding P(Q) relations of the pull-out tests.
More results and a more detailed discussion can be found in (Banholzer 2004).

For all of the specimens presented, the contact perimeter Uc steadily increases until a
displacement of about 0.25 mm (9.84 - 10? in.) is reached (Fig. 4C). A subsequent
decreasing stage follows. Specimen B starts out with the highest contact perimeter of
12.6 mm (0.496 in.), whereas U for specimen A and D is noticeably lower at about 8.2 mm
(0.322 in.). The increase in percentage of the progression is about the same for all four
specimens. However, the following almost linear drop from a contact perimeter of 15 mm
(0.591 in.) to 8.2 mm (0.322 in.) within a displacement range of 0.18 mm (7.09 - 10°
in.) is unique for specimen B although specimen C follows a similar but more gradual
progression. In contrast the results of specimen A and D show a more steady decrease. At
the final pull-out displacement of 1.7 mm (6.69 - 107 in.), specimen B is left with a contact
perimeter of less than 4 mm (0.157 in.) whereas specimen C and D end up with a Uc of
about 5 mm (0.197 in.), although they started with a considerably different initial value at
the origin. Specimen A shows the highest value for Uc at Q = 1.7 mm (6.69 - 107 in.) with
8 mm (0.315 in.).

MODELING OF A YARN PULL-OUT

The fracture behavior of unidirectional fibrous composites - in the current case a yarn
embedded in a cementitious matrix - has been tackled with several approaches over the
years. One of the simplest approaches to idealize this system, the so-called one cylinder
model (Fig. 5), is to assume a homogeneous and linear elastic yarn loaded under quasi-
static conditions and further neglect matrix deformation. However, as has been shown in
(Banholzer 2005), this simplification of the composite does not reflect the telescopic and
staggered failure of the yarn in any way.

A somewhat more progressive approach had already been introduced some years
beforehand by Ohno and Hannant (1994), who idealized the yarn / matrix system as a two
ring model containing sleeve and core filaments (Fig. 5). However, since the bond stress
between the different “rings” is assumed to be constant and no tensile failure is considered,
this model also oversimplifies reality, but nevertheless, the principal idea of the ring
structure is adopted in the following derivation.

Segment models as shown in Fig. 5 can likewise be found in a variety of studies, for
example (Sejnoha and Zeman 2002). They proposed to use periodic unit cells (PUC) which
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consist of N filaments statistically equivalent to the original microstructure. To achieve this,
fundamental knowledge about the material’s statistics is needed and the original
microstructure has to be quantified, e.g. by using a collection of SEM images. Introducing
an n-point probability function S, defining the chance of finding a randomly placed
filament located in the matrix, a PUC has to be determined with the help of stochastic
optimization procedures which matches in its S, function with the original microstructure.
Hence the actual objective is to define the material statistics and properties of the PUC in
accordance with the original composite. However, the bond between the filaments and the
surrounding matrix is assumed as perfect, and the different failure mechanisms occurring
during the yarn break down, that is debonding and tensile failure of the filaments, are not
considered in this model. Thus for example the change in the number of active filaments
Ng(Q2) (load carrying area of the yarn) is neglected and the staggered breakdown cannot be
simulated.

Such a filament breakage and debonding of the filaments from the matrix as well as
plasticity of the matrix are included in the lamina model proposed by Beyerlein and
Phoenix (1997), who enhanced an idea introduced by Hedgepeth (1961) as early as in 1961.
In this approach the stress distributions are analyzed in a sheet of parallel, high modulus
filaments which carry normal loads and are embedded in a low modulus matrix which
carries only shear. Unfortunately, the model implies that the load is introduced only by the
filaments (tensional test) and hence this applied technique cannot easily be transferred to
this study. However, the principal idea of the superposition techniques and summation
procedures used in this approach will be considered in the following derivation of the
analytical model.

Based on the evaluated results from the previous sections, that is

the BSR 1(s) controls the bond between AR-glass filament and cementitious matrix,

the load versus displacement relationship P(Q) describing the pull-out response of a
yarn / cement based matrix system, and

the active filaments versus load relationship Nr(€2) which characterizes the failure process
of a yarn during this test,

a solution to the overall problem is proposed which analytically describes the pull-out
behavior of a yarn in a cementitious matrix. A model is introduced which uses the above
stated findings as main input parameters and yields an analytical simulation of the bond
behavior between an AR-glass yarn and a cementitious matrix.

Analytical model

Generally it may be stated that if the pull-out response p;(€2) of every single filament i for
1 <1< Ng,, at every single load step is known, the resulting load displacement relationship
and hence the overall response of the yarn P(Q2) can be calculated with a simple summation
procedure similar to Hedgepeth (1961). Note, that N, corresponds to the number of
filaments per yarn, o to the displacement measured during a filament pull-out test and Q to
the displacement measured during a yarn pull-out test. In mathematical terms this yields
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NF.m
P@Q)= ) pi(Q) (N
i=I
If the modeling of a ring structure (Ohno and Hannant 1994) is adopted which is justified
by the telescopic failure visualized in the FILT test (Banholzer 2004), the composite may be
idealized as a layered system made up of m layers with the number of o(v) filaments per
layer v for 1 <v <m; see Fig. 6. Note, that o is dependent on v.

The number of filaments o(v) in a layer v can be expressed as

N

o(V)=Np,=Np g, Np =2 0() @
j=1

and the corresponding layer pull-out response py(€2) as o(v) times the average pull-out
response p,,(Q2) of all filaments of that layer. This yields

Np.,

D pi(Q)
i:NF, v-1

o(v)

Hence Eq. (1) can be rewritten as

P, (Q) = "0(V) = Pya(€2)-0(v) 3

P@Q) =) p,(Q) (4)

v=I

Eq. (4) states that if all layer responses p,(€2) for 1 <v <m are known, the overall pull-out
response of the yarn P(Q2) may be calculated.

The experimental results presented in (Banholzer 2004) state that the failure process of the
yarn is generally predominated by a primary break down of the outer layer of filaments m
followed by a successive failure of the adjacent layers until a core of filaments is finally
pulled out. Under the assumption that the tensile force of layer v exceeds or equals the
tensile strength of layer v-1 (fi, > f;,.) this can be expressed by

pv(Q) 2 pvfl(Q) (5)

Further on, if the filaments in the outer layer m reach their tensile strength and thus also
their failure strain prior to the subsequent layers, it may be reasoned, that the average
extensional stiffness is gradually decreasing from the outer to the inner layers. Assuming
that

the filaments only carry normal loads,

the matrix which penetrated between the filaments only carries shear,

the bond between the single filaments and the matrix is basically characterized by the BSR
7(s), and

the BSR 1(s) is identical for all layers,
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it may be stated, that the main parameter involving this stiffness gradient has to be the
decreasing interlayer contact area (L Uc), towards the core of the yarn. Note, L,
corresponds to the embedded length and Uc, to the contact perimeter of a layer v. Although
this assumption is verified by the findings presented in (Banholzer 2004), it is so far still not
possible to experimentally determine the exact values of these geometric parameters. It
must also be pointed out that the contact perimeter Uc, determined with the FILT test
(Fig. 4C) only gives a qualitative idea of this parameter since the computer routine only
differentiates between white and black pixels, but cannot distinguish whether the black
pixel refers to the matrix, voids or already failed filaments in the contact area.

In order to still allow an analytical modeling of the pull-out response of a yarn without
adequate knowledge of the contact areas, the following proceeding is proposed under the
assumptions that

the average pull-out response p,, of a layer is described by Eq. (4),

if matrix has penetrated into a layer v at a location i over a length L,; all filaments in that
layer are completely embedded in matrix over their circumference rt d at that location over
that length, and

all individual embedded lengths L,; of a layer may be summed up to a layer dependent
embedded length L,. Or vice versa, the filaments of a layer v are not embedded over the
“free” length ¥,; compare Fig. 7.

Note that only an embedded length of a couple of millimeters is needed to transfer all the
forces a filament can carry into the surrounding matrix. This kind of idealization of the
microstructure is also proposed in (Schorn 2003) and named “adhesion-bridge model”.
Experimental results show (Banholzer 2004) that the layers and hence the filaments
experience a staggered break down, i.e. the failure locations run from x =L for the sleeve
filaments to x << L for filaments near the core. By assuming that the tensile strength of a
filament does not vary over its length, it implies that the load transfer between filaments and

matrix by shear stresses is negligible in the regions ¥,, where the filaments are not
embedded.

Hence two major conclusions may be drawn:

The average pull-out force p,, of a layer is summonded only in the regions of embedment
L,.

The corresponding displacement Q2 of a layer v consists of two components: (I) the slip o of
the filaments at x=L and (II) the elongation A resulting from the deformation of the
filaments over the free length ‘P,

This may be expressed in mathematical terms as
Q=0+A 6)
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As the stress versus strain relationship of a single filament is found to be linearly elastic
(Banholzer and Brameshuber 2004), A is dependent on the layer force py(®), the Young’s
modulus of the filaments Ep, the free length W, and the cross-sectional area of the layer Ay
which corresponds in turn to o(v) times the area of a single filament Ap. If in addition the
assumption holds that all filaments of a layer v do not interact, the average pull-out
response py.(®) of a single filament in a layer v is either equivalent to the response of a
filament in a single filament pull-out test P(®),, if the identical embedded length Ly is
chosen, or is equivalent to the P(®), relationship simulated on the basis of a given BSR 1(s)
for the corresponding geometric arrangement (Fig. 8). Hence Eq. (6) yields
py(®) Py.a(®) P, (w)

Q=0+—""Y, =0+ Y, =0+ Y, @)
EpAp-o(v) ErAg ErAg

after p,(w) is substituted according to Eq. (3).

Simulations show that the pull-out responses P (®) of filaments embedded over different
lengths L, agree with each other as long as L, is long enough to allow the filaments to reach
their tensile strength f;, at a corresponding pull-out displacement «; (Fig. 8). In addition a
critical embedded length L; can be determined which is the maximum length at which the
filaments do not reach their tensile strength; this is about 2.8 mm for the illustrated material
combination in Fig. 8. The only real unknown constant parameter in Eq. (7) is the free
length \V,.

If Q, ¢ is defined as the critical displacement at the time of failure of the layer v where the
filaments in that layer reach their tensile strength £, at a corresponding single filament pull-
out displacement o, r, then Eq. (7) may be rewritten as follows

®)

Q, r in Eq. 8 can be determined on the basis of the active filaments versus displacement
relationship Ng(Q). Assuming the numbers of filaments in each idealized layer to be equal,
i.e. o(v) = o, the active filaments versus displacement relationship Ng(Q2) may be matched
by a step function with a constant step height o as shown in Fig. 9 for specimen A of series
12. The number of steps used naturally corresponds to the number of layers assumed in the
idealization; m = Ng 1, / 0.

The width of each step refers to the displacement range in which o filaments of the
corresponding layer v fail. The displacements at the end of each step (black squares) are
taken as average failure displacements, i.e. the layer v is assumed to fail in tension at a pull-
out displacement Q, . Using this information a free length ‘¥, can be calculated for each
layer v. This yields for p,(Q2)
1

Q= 0+A)=P(), 0, A= P(w), (Qv,f (Dv,f)'EF
ErAr f

v,t

)
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It was reasoned (Banholzer 2004), that in the interval 0 < Q < Qg the failure of the layers
is predominated by a pure tensile break down of the filaments without any prior pull-out,
i.e. all layers v for k <v<m fail in pure tension. Thus for Q, < Qg the layer tensile
strength f,; in Eq. (9) corresponds to the tensile strength of a filament derived in a tensile
test. Knowing f,; the appropriate ®,s can be determined as well (Fig.8). The Py(w)
distribution can be evaluated with the direct boundary value problem proposed in
(Banholzer, Brameshuber and Jung 2005) assuming a L, > L; and implying the BSR 1(s)
determined (Fig. 2) for the investigated filament / cement based matrix combination.

As soon as Q > Oy, the filaments are assumed to experience a pull-out accompanied by
abrasion effects as well as a deterioration of the glass surface and fail consecutively in
tension later on due to a reduced tensile strength, that is layers v for j < v <k fail in tension
after a prior pull-out. Hence the tensile strength f,; of the layer v for Q, ;> Qup. may be
seen as the product of the filament tensile strength f; and a so-called “abrasion” factor ku
which considers the mentioned aggravation effects. Hence it can be stated:

fv’t =f,, for Qv’f < QupL

(10)
fv’t =k,f,, for Qv’f > QL

Again the appropriate o, can be determined from Fig. 8. The pull-out response P,(®) can
easily be calculated by choosing an embedded length L, which results in a pull-out of
the filament (compare Fig. 8) under consideration of a reduced tensile strength due to
abrasion as stated in Eq. (10).

So far only those layers j < v < m which failed in tension during the pull-out tests have been
considered, regardless of whether they have experienced a pull-out beforehand or not. The
core of inner filaments which is pulled out of the specimen without failing in tension, i.e.
layers 1 <v <j, has so far not been considered in the model. An additional simulation with
the cohesive interface model can be carried out to calculate the response of the core layers if
it is assumed that the pulled-out core filaments respond as a homogenous body, which is
embedded over a length Lk, and features a contact area of Uc; as well as a cross-sectional
area of Ay Ng; determined with the FILT test (Fig. 4B/C).

For simplicity reasons it is further assumed, that the free length ¥, stays equal for all inner

layers 1 <v <k and amounts to the free length derived for layer k+1. Substituting Eq. (9) in

Eq. (4) yields

_ PV ((D) (Qv,f - mv,f)‘ EF
E AL f

v,t

P(Q):ipv(Q:erA);in(m)-0, A (11)
v=l1 v=1

and thus a procedure to analytically describe the pull-out behavior of a yarn in a
cementitious matrix under a pull-out load is derived.
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Results of Simulation

In the following, the results of the simulations carried out for specimens A to D are
presented. To summarize and clarify the simulation procedure described above, a detailed
illustration for the pull-out modeling of specimen A is presented subsequently.

For specimen A the FILT test results show (Fig. 4, Banholzer (2004)), that the failure
process for Q < Qyp =0.38 mm (1.50 - 107 in.) is predominated by a pure tensile break
down of the outer layers. The tensile strength of these filaments has been determined as
1,473 N/mm? (213.6 ksi) (see before) with a coefficient of variation of 20.3 %. Due to a
local lateral pressure of e.g. aggregates the tensile strength of a filament embedded in fine
grained concrete is assumed at the lower end of the range of the standard deviation. Thus
the tensile strength of a filament in a pull-out test is adopted as 1,200 N/mm? (174.0 ksi).
This corresponds to a maximum filament force of approximately 0.78 N (0.175 1b) if a
cross-sectional area Ay = 660 pm?” (1.023 - 10 in.?) is implied which is defined in turn by
the average filament diameter d, =29 um (1.14 - 10° in.) (Banholzer 2004).

The Vetrotex 2400 tex yarn consists of approximately 1,400 filaments (see before). If the
system is idealized as a 5 layer structure, the number of filaments for a single layer is found
as 0~ 280. Thus the maximum force in the outer layers which fail in pure tension (for
Q < Q= 0.38 mm) (1.50 + 107 in.) is calculated as about 218 N (49.0 Ib). The maximum
layer force for all layers failing at an introduced displacement Q > Qg = 0.38 mm (1.50 -
107 in.) can be determined as about 65 N (14.6 Ib), if the “abrasion” factor k, is presumed
in a first estimation as 0.3, that is the tensile strength of a filament is reduced by 70 % due
to weakening effects.

The bond between the filaments of the Vetrotex 2400 tex yarn and PZ-0899-01 matrix is
defined by the BSR 1(s) as derived before and stated in Fig. 2. For the presented pull-out
test on specimen A, about 280 filaments are left undamaged at the final displacement of
1.7mm (6.69 - 107 in.) (Fig. 4B) featuring a contact perimeter Uc of about 8 mm
(0.315 in.) (Fig. 4C). The corresponding critical embedded length is determined as about
2.8 mm (0.110 in.) (Fig. 8). All previously listed main input parameters are listed in Table 2
again.

From the stepwise adaptation of the active filaments versus displacement relation Ng(Q)
presented in Fig. 9 which refers to specimen A, the failure displacement Q, ¢ for the four
layers failing in tension is found to be €25 ;=0.19 mm (7.48 - 103 in. ), €4.¢=0.38 mm
(1.50 - 107 in. ), Q; = 0.67 mm (2.64 - 107 in.), and €, (= 1.19 mm (4.69 - 10” in.). Note,
that layer 1 does not break down within the applied displacement but is pulled out.
Adopting Eq. (9) and the P(w) relationship presented in Fig. 9 together with the resulting
¢y, the p(Q) relationships can be plotted in a layer force versus displacement diagram
which is presented in Fig. 10 for specimen A.

A summation of the individual p,(€2) responses according to Eq. (4) results in the simulated
P(QY) relation for a 5 layer idealization stated in the diagram on the left of Fig. 11.
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Additionally the experimentally determined load versus displacement relationship P(Q2) is
presented in the diagram as well. So far the system is idealized with five layers of 280
filaments each. Increasing now the number of layers to v =100, the pull-out response can
be simulated in more detail. Note, the higher the number of layers taken, that is the lower
the number of filaments included in a single layer, the more the complex interaction
between the individual filaments is considered due to the fact, that this information is
hidden in the active filaments versus displacement relationship (Fig. 4).

In principle the simulation is in a good agreement with the experimentally determined load
versus displacement relation of specimen A. The starting gradient is well mapped but the
maximum pull-out force is overestimated by 12.5 %. The successive break down process,
which is illustrated by the softening branch of the P(€) relationship, is also in a good
agreement whereas the final pull-out force is underestimated by 7.5 %. The only “fitting
parameter” included in the presented model is the so-called abrasion factor k,, which was
chosen for specimen A as 0.3. However, if the simulations of the remaining three tests
show, that the factor is constant, it may well be assumed to be a material parameter as well.
In a similar procedure the responses of specimen B, C, and D are simulated. To allow an
easier comparison of the following simulations, the main input parameters for the analytical
model are listed for specimen B, C, and D in Table 3.

The simulated overall pull-out response P(€2) is presented for specimen B in the diagram on
the right of Fig. 11 together with the experimentally determined load versus displacement
graph. In general a good consistency between the analytical simulation and the
experimental results is found, that is the starting gradient, the maximum pull-out force
reached as well as the break down of the individual filaments are well met. The diagram on
the left of Fig. 12 shows the outcome of the analytical simulation for specimen C. Again the
starting gradient and the maximum pull-out force of experiment agree with the simulation.
However, the failure process during softening of the yarn is underestimated. In some places
the discrepancy is around 50 %. The end of the pull-out process then fits the experimental
results again. Last of all the diagram on the right of Fig. 12 presents the experimental results
of specimen D together with the simulated pull-out response. Again the “abrasion” factor k
is chosen as 0.3 and therefore is identical for all simulations carried out. Similar to the
previous results the starting gradient and the maximum pull-out force are well met but the
failure process is overestimated by a certain degree although the discrepancy between
simulation and experiment again reduces in the final frictional stage.

Discussion

The equations and procedures proposed in this study to simulate the pull-out process of a
yarn embedded in a fine-grained concrete matrix involve a number of geometric and
material parameters which have to be known in order to apply the analytical model.

The geometric and material parameters of the components, such as the cross-sectional area
of the yarn, the number of filaments a yarn consists of and the tensile strength f; as well as
the Young’s modulus Er of the individual filaments can all be determined with an adequate
accuracy (Banholzer 2004).
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Conversely there are the interfacial properties employed in the model which are not so easy
to determine: namely the bond stress versus slip relation t(s) for the chosen material
combination, the abrasion factor k4, and lastly information on the interaction of neighboring
filaments which has a huge influence on the pull-out response of a yarn/cementitious
matrix system. Results stated in (Li, Grubb and Phoenix 1995) show that a pure summation
of the individual responses may lead to an under- or overestimation of the expected load
versus displacement response depending on whether the presence of neighboring filaments
helps to prevent or accelerate the expected failure. In some cases neighboring filaments
may even behave like a single filament with a larger diameter and corresponding contact
circumference to the surrounding layer. However, such effects are not really considered in
the model because it is assumed, that all filaments of a layer v do not interact. Nevertheless,
the active filament versus displacement relationship Nr(Q2), which is used as a further main
input parameter in the analytical model and differs for each investigated specimen, accounts
for some of these effects. This experimentally derived relationship is further needed to deal
with the problem that the actual unknown parameter ¥y in Eq. (7), which refers to the
embedment and hence matrix penetration characteristics of the individual yarn layers v, can
so far not be deduced in detail from the microstructural investigations carried out in
(Banholzer 2004). A comparison between the microstructural investigations and the
assumed distributions of the penetration depth, nonetheless, clearly outlines the similarities
and confirms the assumption that the ‘', distribution in the model reflects the original
microstructure of the specimen (Banholzer 2004).

In any case, a possible model adaptation is a subject for further research together with a
supplementary experimental test method to check the regularity of the assumed W,(v)
relationship, for example, acoustic emission analysis (Grofe and Reinhardt 1994).
However, a major technical effort and a subsequent elaborate analysis procedure are both
required to gain this information and hence this technique was not applied in this study.

A further important input parameter, the “abrasion” factor k,, is only assumed as a first
estimation to be 0.3 with no actual experimental justification. However, as an identical k, is
used in the pull-out simulations of all three replications and these simulations are in good
conformance with the experimental outcomes, the employed “abrasion” factor must have
some physical meaning. Nevertheless, future investigation should clarify whether the
tensile strength of a filament is really reduced by that factor due to abrasion or inflicted
defects on the filament surface and what external influences cause these effects. It is also
very likely, that this factor does not remain constant during the whole pull-out process, but
changes the more the filaments are pulled out, that is the factor is greater for filaments
nearer to the sleeve. In addition, k, will also be material dependent.

The parameter Uc; which refers to the contact area between the inner core and the
surrounding system has been ascertained based on the FILT test results (Banholzer 2004),
but this analysis does not take into account voids, broken filaments, matrix penetrated into
the yarn, etc. and thus Uc; may only be seen as a rough estimation of the real geometric
parameter. Unfortunately microscopic analysis is also not feasible to determine this
parameter as the system changes during the pull-out process.
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CONCLUSION

In this study an analytical model has been introduced which uses the information gained
from the pull-out test and the so-called FILT test to simulate the response of a yarn
embedded in a fine-grained matrix under a pull-out load. However, since the active
filaments versus displacement relationship from the FILT test is one of the main input
parameters of the model, and this relationship is unique for each specimen tested, the
proposed simulation procedure is so far only applicable for recalculating pull-out tests on
yarn / cementitious matrix systems. The pull-out response for other geometric conditions
can not be predicted so far. In order to ensure such a general applicability, the findings in
regard to the microstructure have to be statistically evaluated as proposed in (Banholzer
2004) and implemented in the model. This also applies to the final contact area Ug;
between core and surrounding system. Nevertheless, the four presented comparisons
between the simulated P(Q) responses and the experimental results mainly show a good
consistency and support the general practicability of the proposed analytical model.
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Fig. 1—SEM micrograph of a Vetrotex 2400 tex AR-glass yarn in a fine grained concrete
(PZ-0899-1). (1 mm =3.937 - 10%in.)

Bond stress  in N/'mm?

6
4
r.\.\"‘.\l——l\‘;
2
0+— ‘ — . ‘
0.0 0.1 0.2 0.3 1.0 20 30

Slip s in mm

Fig. 2—Bond versus slip relation (BSR) t(s) defining the bond between a filament
extracted from a Vetrotex 2400 tex yarn and a fine grained concrete (PZ-0899-1).
(1 N/mm2 = 0.14504 ksi, 1 mm =3.937 - 102 in.)

Fig. 3—Set-up of a pull-out test on a yarn.
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Fig. 4—Pull-out test results: A) Load versus displacement relation P(€2); and B) Active
filaments versus displacement relation N.(Q) (FILT-test).
(1N=0.2248 lb, 1 mm =3.937 - 102 in.)

Fig. 5—Basic models to idealize a yarn in a matrix.

Fig. 6—ldealization of a yarn embedded in a matrix.

Fig. 7—Idealization of microstructural, geometric parameters.
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Pull-out force P in N
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Fig. 8—Simulated responses of a filament in a single filament pull-out test with
different embedded length L, based on the material parameters of a filament
extracted from a Vetrotex 2400 tex yarn and a PZ-0899-01 fine grained concrete.
(1N=0.2248 lb, 1 mm =3.937- 102 in.)

Fig. 9—Step-wise adaptation of the active filaments versus displacement relation
NF(€). (1 mm =3.937-102in.)

Layer force p, in N
300

P9 5557 F/
100 4

0 & [05 1.0 i 2.9
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Fig. 10—Layer force displacement diagram pv(Q) for specimen A.
(1N=0.2248 lb, 1 mm =3.937-102in.)
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Fig. 11—Experimentally determined and analytically simulated pull-out responses.
A) For specimen A. Simulations with a 5 and 100 layer idealization respectively.
B) For specimen B. Simulation with a 100 layer idealization.
(1N=0.2248 lb, 1 mm =3.937-102in.)

Pull-out load P in N Pull-out load P in N
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Displacement Q in mm B) Displacement £ in mm

Fig. 12—Experimentally determined and analytically simulated pull-out responses.
A) For specimen C. Simulation with a 100 layer idealization. B) For specimen D.
Simulation with a 100 layer idealization. (1 N = 0.2248 lb, 1 mm =3.937- 102 in.)
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Numerical and Experimental Study of
Imperfections in the Yarn and its Bond
to Cementitious Matrix

by R. Chudoba, M. Konrad, M. VoFechovsky, and A. Roye

Synopsis: This paper describes two models used in the modeling strategy for textile
reinforced concrete. The modeling of multi-filament yarns and of the bond between
yarn and matrix is focused on micromechanical aspects of the material behavior.
The calibration procedure of the model is explained on an example of a detailed
experimental and numerical study of pull-out specimen. We demonstrate the use of
the model for numerical homogenization to derive effective parameters at the meso
level. In parametric studies we analyze the influence of local imperfections in the
microstructure arising in the production process on the meso- and macromechanical
properties of the material.

Keywords: bond performance; material model; multi-filament yarn; size
effect; textile reinforced concrete
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RESEARCH SIGNIFICANCE

The textile reinforced concrete (TRC) has emerged in the last decade as a new composite
material combining the textile reinforcement with cementitious matrix. Its appealing fea-
ture is the possibility to produce filigree high-performance structural elements that are not
prone to corrosion as it is the case for steel reinforced concrete. In comparison with other
composite materials, textile reinforced concrete exhibits a high degree of heterogeneity
and imperfection that requires special treatment in the development of numerical models.

INTRODUCTION

The heterogeneous nature of both the matrix and the reinforcement introduces sources of
randomness at overlapping scales of material structure that are not present in other types
of composites. The material structure at the micro-scale exhibits high amount of irregu-
larities and imperfections in the geometrical layout of the basic components with varying
local properties and in the quality of local bindings between them. As an example, these
imperfections may be represented by non-parallel orientation of filaments within the
bundle or by varying bond quality between filaments and matrix across the bundle. As a
result, the damage localization process of textile reinforced concrete exhibits interactions
between elementary failure mechanisms in the matrix, in the reinforcement and in the
bond. Due to the high amount of interactions between these mechanisms, existing models
for concrete and composites are not directly applicable for the textile reinforced concrete.

Consistent numerical modeling of textile reinforced concrete requires the formulation of
several models on different scales of resolution of the material structure (Fig. 1). At each
scale, specific damage and failure mechanisms are being considered in the formulation of
the model:

e micro-scale with the resolution of individual filaments and explicit distinction of
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their interactions,
e meso-scale with an idealized structure of the yarn considered either homogeneous or
decomposed into core and sleeve yarn fractions, discrete cracking of the matrix, and
e macro-scale with smeared representation of the textile as a layer within the idealized
cross section of the composite and cracking of the matrix represented in form of
smeared anisotropic damage.

MODELING STRATEGY

The mentioned aspects of the material behavior emphasize the special importance of two

issues:

e hierarchical correspondence between the specified damage and failure mechanisms
at the micro-, meso- and macroscopic scales,

e influence of irregularities in the material structure on the overall performance.

Fig. 2 shows the overall modeling strategy specifying the model components and the flow
of material parameters between them. Starting from the microscopic scale we briefly de-
scribe the focus and purpose of each displayed model.

At the micro-scale, multi-filament bundles (A) are modeled using stochastic methods
capturing the effects of spatially distributed imperfections in filaments and in the yarn
structure (Chudoba et al. 2006; Vorechovsky and Chudoba 2006). These models are cali-
brated and validated using the yarn tensile tests (Gries and Roye 2003) with varied
length. The determined yarn characteristics are used in the modeling of the bond layer
between yarn and matrix (B) introducing an additional source of randomness (Konrad
and Chudoba 2004); in particular the irregular penetration of the matrix into the bundle.
The bond layer model employs the local bond law between filament and matrix extracted
from the filament pull-out test using the shear lag idealization with cohesive interface
model (C) (Abrishami and Mitchell 1996; Banholzer 2004). These models are focused
solely on the yarn and bond and they do not include the effect of crack evolution in the
matrix.

The interaction between the crack evolution and the bonding behavior is studied at the
meso level both in 1D and in 2D. First, the uni-axial aspects are reflected in the meso-
level bond model (D) with the minimum resolution of the reinforcement into two subrov-
ings representing core and sleeve filaments (Hegger et al. 2004). The volume fractions of
core and sleeve filaments and the corresponding effective bond law of the two-subroving
model (D) are determined using the bond layer model (B). The obtained meso-level char-
acteristics are validated using tensile tests on reinforced specimens. The comparison of
experimentally and numerically obtained crack patterns (number of cracks and average
crack distances) is included in the validation of the model parameters. Two-dimensional
aspects of the crack-bond interaction are investigated using the small-scale reinforced
plates in connection with the discrete crack propagation model (E). The effective proper-
ties obtained using this model are used in the smeared two- (F) and three-dimensional (G)
anisotropic model of textile reinforced concrete (Hegger2005).

In the present paper we shall focus on the description of the models (A) multi-filament
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yarn and (B) bond layer in order to evaluate the influence of local imperfection on their

performance in quasi-ductile cementitious composites. The development of the two mod-

els with fine resolution of the material structure is motivated by two advantages:

e in combination with carefully designed experiments they make it possible to trace
the changes in the material structure at the micro- and meso scale during the loading
process and, thus, provide very detailed interpretation of the experimental data,

e they can be used for the purpose of numerical homogenization delivering effective
material parameters of modified composite structures required for the meso- and
macroscopic resolution of the material structure.

The paper presents several parametric studies using the described models both of the yarn
and of the bond behavior. Special attention will be paid to the statistical size effect. Fur-
ther, the applied homogenization of the response at the micro scale with the goal to obtain
the effective characteristics for the use at the meso and macro scale will be presented.

MULTI-FILAMENT YARN IN A TENSILE TEST

The importance of the correct description of the local effects in the multifilament yarn is
documented in Fig. 3. The yarn performance measured in the tensile test with
Lis= 0.1 m (= 3.9 in.) must be extrapolated to application-relevant effective lengths,
namely to the effective length of a crack bridge Lz = 0.0001 m (= 0.039 in.) and to the
length of the structure Lg,,., > 1 m (= 39 in.). Obviously, the irregularity of the bundle
structure affects the yarn behavior especially on extremely short length as is the case of
crack bridges (see Fig. 3 right). Therefore, the application of data obtained for length L,
is questionable.

The influence of irregularities can be indirectly observed using the yarn tensile test with-
out further complex experimental equipment. The following experimental and numerical
analysis is focused on the evaluation of

e the amount of friction in the filament bundle

e non parallel ordering of filaments (waviness)
e  distribution of flaws and variation of strength and stiffness along and across the bundle

Experimental evidence

By targeted variation of the parameters of the tensile test (Gries and Roye 2003), namely
the specimen length and loading rate and by thorough analysis of the corresponding
quantitative and qualitative changes of the load-strain diagram we could make conclu-
sions about the significance of the particular sources of imperfection in the studied bun-
dle. As an example consider the two response surfaces shown in Fig. 4. They display the
peak loads normalized with the maximum peak load measured on yarns with three testing
lengths (50 - 250 - 450 [mm] = 2.0 — 9.8 — 17.7 [in.]) and three loading rates (1 —20 —
40 [%/min]). The two diagrams show the test results for a) Vetrotex AR-glass rovings
with 2400 tex and for b) Tenax carbon rovings with 1600 tex. We note that although the
tendencies are generally the same, i. e. reduced strength with increased length and slow

Documents

Document Sharing Hub

Full document details: ACI SP-244


http://www.avadocuments.com/doc/aci-sp-244
http://www.avadocuments.com/doc/aci-sp-244

Thin Fiber and Textile Reinforced Cementitious Systems 43

loading rate, the shape of their response surface differs. Considering the length-dependent
performance first we see that both yarns exhibit a reduced bundle strength with an in-
creasing specimen length. This well known effect usually referred to as statistical size
effect is due to the distribution of flaws along the filaments. In case of AR-glass, this ef-
fect is more pronounced at low loading rates. On the other hand, in case of carbon,
stronger size effect is observed at high loading rates.

The explanation of this behavior is possible with the help of the corresponding load-strain
diagrams (see Fig. 5). The post peak behavior reveals a very low level of transmitted
force for AR-glass. On the other hand the force transmitted by friction is significantly
higher for carbon. Obviously its level increases with the increasing specimen length. As a
conclusion, a filament break may be recovered by the neighboring filaments if the bundle
length is sufficiently large. In other words, high amount of friction between filaments
(local load sharing) can drown the effect of flaws along the yarn. In our opinion, this pro-
vides a plausible explanation for the different shapes of response surfaces in Fig. 4. This
conclusion is supported by the parametric studies in (Votfechovsky and Chudoba 2006)
showing that only for low level of friction between filaments (global load sharing) the
shape of the statistical size effect is independent of the number of filaments in the bundle.

Fiber bundle model

From this study we may conclude at which range of lengths the internal friction becomes
significant. Since the amount of friction is negligible for AR-glass, even for the specimen
length /=450 mm ( = 17.7 in.), it can be disregarded in the modeling of the bundle and
of the bond layer at the effective length of a crack bridge. This assumption substantially
simplifies the construction of the fiber bundle model (FBM) that is necessary to extract
the further information about the yarn structure from the tensile test data. The statistical
strain based fiber bundle models have been introduced by Phoenix (Phoenix and Taylor
1973; Phoenix 1978). These models provide an explicit formula for the mean load strain
diagram of the bundle y, for a given cumulative probability distribution G4 of random
filament parameter(s) #and a load strain relation g.(e; 6)

0={4,E,1.0,1} (M
#y(e)= [q.(e:0)dG, (0) @)

0

where 4 is the bundle cross section, £ is the Young’s modulus, f*is the filament strength
@ is the slack and A represents the relative differences in clamping distance of individual
filaments [3]. The constitutive law g.(e, 8) is assumed as linear elastic and brittle.

In particular the fiber bundle model has been used to evaluate the effect of non parallel
ordering of filaments causing their delayed activation (slack). The effect of slack has
been first studied by (Phoenix 1974) using a continuous analytical bundle model. This
model has been refined with a more precise kinematic hypothesis (Chudoba 2006) allow-
ing us to simulate the bundle response even for extremely short bundle lengths, a case
that is not correctly covered by the model of Phoenix. The distribution of slack across the
bundle may be derived from the evolution of stiffness in the initial stages of loading. As
can be seen on the response of the 30 mm ( = 1.2 in.) long AR-glass bundle (Fig. 6) the
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full bundle stiffness is attained only at some strain level e. With an increasing specimen
length, the relative differences in slack become negligible and this effect vanishes (com-
pare the load strain curve for the test with the length 500 mm ( = 19.7 in.)). Using the
discrete numerical bundle model we were able to calibrate the parameters of slack distri-
bution from the data obtained in the tests on AR-glass bundles with varied length.

With the experience gathered from the thorough testing program and with the use of the
numerical bundle model we have reproduced the complex statistical size effect in terms
of local statistical distributions of slack, filament strength and filament stiffness (Vofe-
chovsky and Chudoba 2006). The resulting size effect curve can be decomposed with
respect to contributions of the individual sources of imperfections.

In Fig. 7 we qualitatively sketch the proportions of bundle strength reduction depending
on the bundle length (size effect). It can be seen that the scatter of fiber clamping lengths
and slack lengths reduce the bundle strength force especially for extremely short lengths.
On the other hand, spatial variation/randomness of local filament strength/flaws reduces
the bundle strength for very long yarns. If we model the strength along filament length by
an autocorrelated random field, the size effect disappears for lengths shorted than the
autocorrelation length. This and other results have been thoroughly explained in (Vofe-
chovsky and Chudoba 2006). The lowest curve in Fig. 7 illustrates the interaction of
aforementioned sources of imperfection that can be observed experimentally.

The conclusions that can be drawn from the described experimental and numerical stud-
ies are important for the construction of the crack bridge models in general:

e In order to reflect the true yarn performance in a crack bridge, it is necessary to in-
clude the effects of varying filament length and slack. The ambition is to find statis-
tical distribution of free filament length and slack as objective material parameters,
so that they represent the distribution of material in any cross section of a yarn em-
bedded in the cementitious matrix.

e  Friction between filament surfaces can be considered negligible in the range of effec-
tive filament lengths occurring in a crack bridge, However, it must be taken into ac-
count at the length scale of the structure, especially in the boundary zones with a
long range of stress transfer and relatively large slip between filaments.

MULTI-FILAMENT YARN EMBEDDED IN A TENSILE TEST

Bond layer model

The prerequisite for correct modeling of the bonding behavior is the proper representation
of the damage process in the crack bridges. Due to the varying penetration profile along
the yarn, the length on which the individual filament is embedded in the matrix and the
quality of this embedding exhibits high amount of scatter. Regarding a representative
bundle cross section we can make the following assumptions: The average bond quality
diminishes from the outside of the yarn to the inside while the average length on which
the filament is not bonded increases.

The described irregularities are reflected by assumed profiles (Fig. 8b) of
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e Dbond quality ¢7(§) , diminishing from the outside to the inside of the yarn,

e bond free length €(§ ) increasing from the outside to the inside of the yarn,

e delayed activation &(&) of filaments within the bond free length,

varying across the bundle with the parametric coordinate & e <0,l> . £ =0is identical with
an idealized center of the bundle, & =1coincides with the outer layer of the bundle. For

the purpose of numerical studies we approximate the introduced profiles by the following
polynomial functions:

0(&) = (o +k,y —2)E ~(3=2k, ok, )E2 +K, 3)
G Y A Y- @)
(&)= (20, ~ky, ) E +(2ky, 36, ) E2 Ky E+ 0, )

This choice of the profiles is based on the expertise gathered in the in interpretation of
experimental data. We note that these profiles do not represent the material structure in a
statistical sense and there is a functional dependency between them. However, this repre-
sentation of the material structure is sufficient to show the important effects in the dam-
age process on the selected example.

As emphasized earlier the effect of the introduced imperfections gets amplified in a case
of a crack bridge that can be regarded as tensile test on a yarn with extremely short length
extended with a shear-lag-like clamping of filaments (Stang et al.1990).

With the assumption of uniform distribution of imperfections in the bond and yarn struc-
ture along the specimen the effect of imperfection on the performance of each crack
bridge can be considered the same. Thus, the quantification of this effect can be per-
formed with an isolated analysis of a pull-out experiment in connection with the bond
layer model shown in Fig. 9. As can be seen in the figure the profiles of heterogeneity are
directly used for discrete representation of the crack bridge. We emphasize that the fine
resolution of the material structure further away from the crack bridge is not needed due
to the increasingly homogeneous stress profile.

In this way we construct the discrete bond layer model (B) with the interface layer be-
tween the yarn and the matrix represented by a set of laminas. Each lamina interacts with
the matrix trough a given bond law. It represents a subset of filaments with the same
characteristics and is coupled with the matrix using zero thickness interface elements
(Kaliakin and Li 1995).

In (Banholzer 2004) filament matrix bond laws for perfectly embedded filaments have been
derived as multi linear functions z(s) (with s representing the slip) using the filament pull-
out test and the cohesive interface model (C). In the particular case of the Vetrotex AR-
glass roving with 2400 tex and a portland cement matrix the derived function shows that no
adhesional bond is developing and thus the interfacial properties are predominated by fric-
tion. Therefore 7, (s) can be represented in the following bilinear form:
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s/s. . for 0<s<s

7,(s) = T4 {
1 for ., <s (6)
with 7, =3.38 MPa ~ 490 psi, s, =0.0004 mm ~ 0.000016 in.

crit

crit crit

The bond law distributed over the bond layer is then constructed as:

7(s,€)=7,(s(£)) (&) (7)

Parameter identification

Equipped with the boundary conditions of a pull-out test the calibration (Chudoba et al.
2003) of the model is performed both using the load-displacement curve and the curve
representing the instantaneous fraction of the unbroken filaments during the loading
process. The latter is obtained experimentally using the FILT test (Failure Investigation
using Light Transmission properties) by optical recording of the light transmission
through the unbroken filaments (Banholzer 2004) (Fig. 10).

The result of the calibration of the model with a single experiment is exemplified in Fig.
11. for the Vetrotex AR-glass roving with 2400 tex (approximately 1600 filaments) and
fine grained portland cement matrix. The best match has been achieved for profiles of
irregularity (Eqn. 5-7) with the following parameters:

k,o=2.69, k, =189

P(E)=2.588° 42752 12.69¢& (8)

0o =1625, 0. =131

max

0(E)=1625-14.94¢& )

0, =0.0637, k,, =0.302

0(E) = -0.175E3 +0.413E2 +0.302&£ +0.0637 (10)

The parameters describing the profiles have been obtained using the calibration frame-
work of automated calibration procedures based on evolutional strategies to avoid con-
vergence to local minima (Chudoba et al. 2003). The found minimum was unique. The
present example demonstrates the methodology for obtaining objective material parame-
ters. In order to get statistically representative results an extensive test program is cur-
rently being contemplated.

APPLICATIONS OF THE MODEL

Effective bond law for the meso level

The calibrated profiles of bond quality, bond free length and delayed activation provide
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the basis for further modeling on the meso- and macro-level. For the smeared representa-
tion of the bond properties as it is used in the two-subroving model (D), the fractions of
core and sleeve filaments and the corresponding effective bond parameters are derived
with regard to their dependence on the crack distance. This is performed by numerical
homogenization of the calibrated profiles to effective bond characteristics (Hegger et al.
2005). Simply speaking, the homogenization is performed by fitting the response of the
two-subroving model to the response of the more detailed bond layer model exposed to
the boundary conditions of a crack bridge. By systematic variation of the micromechani-
cal characteristics of the bond layer model it is possible to construct a response surface
capturing the functional correspondence between the micromechanical and mesome-
chanical representation of the material structure. An example of such a response surface
is shown in (Fig. 12) describing the influence of delayed activation and bond free length
profiles on the critical slip in the two-subroving model (D).

Improving the performance of TRC

Using the described models, it is possible to identify auspicious parameter combinations
for yarns, textiles, and their bond to the matrix leading to improved performance of tex-
tile reinforced concrete. One promising possibility is the combination of two different
yarn materials with balanced properties. Fig. 13a illustrates that by combining AR-glass
and carbon yarns in balanced volume fractions a noticeably more ductile pull-out behav-
ior can be achieved, as that is impossible with only one material. Fig. 13b exemplifies
that this behavior is obtained by adjusting the failure process of the two filament groups.
This tendency predicted with the combined use of the models at the micro and meso level
has been qualitatively confirmed in bending tests (Hegger 2005).

Parametric studies

The qualitative influences of the characteristics of the basic material components on the
peak force in the pull-out simulation have been on the peak force analyzed in several pa-
rametric studies. In (Konrad and Chudoba 2004) the impact of the local bond quality rep-
resented by 7; on the pull-out behavior has been investigated. The parametric study em-
phasizes the significance of the non parallel orientation of the filaments in the bundle and
exemplifies how it reverses the intended improvement of the pull-out performance. Fig.
14a illustrates that for an improved local bond quality the peak load of the pull-out test
decreases.

The reduction of the peak load with increasing local bond strength can be explained using
Fig. 15. The two diagrams show the cumulative pull-out response (thick curve) and the
pull-out curves for each lamina separately. For the lower level of frictional stress
(7= 0.5 MPa = 72.5 psi) it is possible to activate more filaments simultaneously (left
diagram). At the peak load there are 95% of filaments active and at the end of the loading
only 15% of filaments got broken while all the rest remains intact (they have been pulled
out).

On the other hand, for the yarn with a higher level of friction (z; = 6 MPa = 870 psi) and
with the same profiles of irregularity (@(&), (&), 6(&)) there are only 55% of fila-
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ments active at the maximum pull-out force (30% are still inactive and 15 % are already
broken). At the end of the loading all the filaments are broken. Thus, even though the
inner filaments could transfer a higher amount of force to the matrix, the resulting pull-
out force has been reduced due to the non-uniformity of the transfer.

In general terms this conclusion is in agreement with the results presented by (Phoenix
1974) saying that isolated improvement of a single material component can lead to re-
duced overall performance of the composite with presence of significant amount of im-
perfections.

SUMMARY

A specific feature of the textile reinforced concrete is the high degree of heterogeneity of
the reinforcement and of the matrix on similar scales of the material structure. The com-
plex damage and failure process calls for an application of stochastic and micromechani-
cal models that can reflect the heterogeneity.

Tensile tests on AR-glass and carbon multi-filament yarns show a complex length- and
loading rate dependent performance. The stochastic modeling of the multi-filament yarn
using the numerical bundle model is able to reproduce the complex statistical size effect
observed in the testing program in terms of statistical distributions of slack, filament
strength and filament stiffness. The comparison of the load-strain diagrams of AR-glass
and carbon revealed that the different loading rate dependency is a result of different lev-
els of friction transferred between the filaments.

The described qualitative studies of the bond-layer emphasize the influence of heteroge-
neity represented by the varying bond-free length, delayed activation and spatial varia-
tions in the bond quality. The improvement of the local bond performance is counterpro-
ductive if the failure process and the activation rate of the filaments are not balanced. On
the other hand the delayed activation can be utilized to improve the material performance
by a convenient combination of different materials.

The final message of this paper can be put as follows: In the design of cementitious com-
posites reinforced with multi-filament yarns the issue of disorder must be carefully ana-
lyzed. Only with a good knowledge of the phenomena in the microstructure it is possible
to balance the performance of the individual components of the material structure to ob-
tain an optimum performance of the composite.
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LIST OF NOTATIONS
A = bundle cross section
E = Young’s modulus
Gg = cumulative probability distribution of random filament parameter(s)
Liest = length of s yarn tesnsile test specimen
Lividge = length of a crack bridge
Lopuer = length of a structure
e = bundle strain;
7 = tensile filament strength
ko = gradient of the profile of the bond quality in the center of the roving
k,, = gradient of the profile of the bond quality at the border of the roving
kg, = gradient of the profile of the delayed activation at the border of the roving
f(.f) = profile of the bond free length
0 oox = maximum of the bond free length
loin = maximum of the bond free length
/ = nominal length of the test specimen
qole;80) = load strain relation

s = slip

(p(f) = profile of the bond quality

A = relative differences in clamping distance of individual filaments
Hy (e) = mean load-strain function of the bundle

0 = delayed activation (slack)

0(5) = profile of the delayed activation

0 = Vector of random filament parameter(s)

7 = local bond quality

r(s) = bond law filament matrix for a perfectly embedded filament
o(s,&) = bond law distributed over the bond layer

& = parametric coordinate
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