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Abstract in Czech

Tato prace je zamérena na vzajemné spoluplsobeni textilni vyztuZe impregnované
epoxidovou pryskyfici s matrici z vysoko-hodnotného betonu. Zabyva se moznosti
snadného experimentalniho stanoveni podminek spolupdsobeni a jeho zlepseni,
modelovanim chovani takto vyztuzené konstrukce na zakladé téchto experimentl
pomoci softwaru pro nelinearni analyzu betonovych konstrukci ATENA Engineering.
Kromé samotné zkousky spoluplsobeni a jejiho modelovani je v praci uvedeno nékolik
prikladd modelld na zkousku ohybové pevnosti zkusebnich desek z textilniho betonu v
porovnani s vysledky experimentalnich zkouSek. Navazuje na vysledky diplomové prace
pfedlozené autorem v roce 2014. Od této doby zacal sbér dat o textilnich betonech s
vyztuzi sycenou epoxidovou pryskyfici, méreni jejich veskerych materidlovych parametrd
pro nasledné numerické modelovania vyvoj dalSich podkladd pro presnéjsia jednoduchy
navrh konstrukci z textilnich betona.

Keywords in Czech

textilni beton, textilni vyztuz, technické textilie, vysokohodnotny beton, soudrznost,
roving, epoxidova pryskyfice, numerické modelovani

Czech Technical University in Prague
Faculty of Civil Engineering -4 -
Department of Architectural Engineering



Doctoral thesis

Abstract in English

This work is focused on the interaction of textile reinforcement impregnated with epoxy
resin with a matrix of high-performance concrete. It deals with the possibility of easy
experimental determination of the interaction conditions of these materials and its
improvement, as well as modeling of the behavior of these both materials based on the
experiments using software for nonlinear analysis of concrete and reinforced concrete
structures ATENA Engineering. In addition to the interaction pull-out test itself and its
modeling, the work presents several examples of models for testing of flexural strength
of textile reinforced concrete slabs in comparison with the results of experimental tests.
It follows the results of the diploma thesis submitted by the authorin 2014. Since then, it
began the collection of data on textile reinforced concretes with impregnated alkali-
resistant glass roving, measurement of all material parameters for subsequent numerical
modeling and development of process for more accurate and simple design of textile
reinforced concrete structures.

Keywords in English

textile reinforced concrete, textile reinforcement, technical textiles, high-performance
concrete, cohesion, roving, epoxy resin, numerical modeling
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1 Motivation and goals of the thesis

Concrete with traditional steel reinforcementis one of the most used materials in building
practice due to its availability and advantageous combination mechanical properties of
both materials. The general idea is the high compressive strength of concrete and the
high tensile strength of steel, which was patented by Joseph Monier (1823-1906) in 1867.
He was the flower-pot manufacturer in Paris. Currently TRC becomes more and more
popularin the field of design furniture and in the field of subtle structural elements with
reinforcement from different types of technical textiles made of different materials of
roving. Architects love these TRC subtle elements and constructions. Research institutes
and universities of all over the world are interested about this young material. There are
currently many research projects about TRC. [1], [2].

Development of light and very subtle concrete building constructions and elements and
demand for extremely thin elements in design are inter alia reason for the development
of non-traditional composite materials as reinforcement. Composite materials are used
in the form of fiber reinforced polymer bars similar to the traditional steel reinforcement
bars orin the form of technical textiles. Unprotected traditional steel reinforcementis not
chemically resistant, does notlastlong in the external environment and cannot withstand
the expected lifetime of the structure element. This fact limits the thickness design
especially in the combination with high-performance concrete due to standards required
concrete cover for passivation of steel reinforcement in a strongly alkaline concrete
environment. This fact gave rise to high-performance concrete construction reinforced by
technical textiles which is usually called textile reinforced concrete construction. textile
reinforced concrete is currently very popular and modern material in architecture and
material very often under research. Composite reinforcement from high amounts of
filaments homogenized by epoxy resin matrix is free from corrosion. Composite
reinforcement combined with fine-grained high-performance concrete enables a
significant reduction of thickness of the various elements and thus achieves considerable
materials and raw saving. Therefore, textile reinforced concrete material is also
interesting in environmental contexts. This material in general is also examined at the
Department of Building Structures at the Faculty of Civil Engineering, Czech Technical
University in Prague. This thesis is especially focused on the interaction of textile
reinforcement in high-performance concrete matrix and its easy determination and
improvement for the purpose of design and modeling the behavior using software for
non-linear analysis of concrete and reinforced concrete structures ATENA Engineering.
This issue is relatively thoroughly dealt in the case of fiber reinforced polymer
reinforcement with conventional diameters. Interaction and methods for its
improvement are already successfully proposed and measured. There are numbers of
articles and standards all over the world. Penetrated technical textiles using epoxy resin
for homogenization is basically fiber reinforced polymer with considerably smaller
diameter, but standards for elements design and the effect of interaction with the cement
matrix have not yet been issued. There is also no standard with defined procedure to
measure the interaction conditions. There is no mention about possibility to improve the
textile reinforcement and high-performance concrete interaction in the similar way like
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for fiber reinforced polymer, about the effect of surface treatment on the reinforcement
parameters and the overall textile reinforced concrete element behavior. This thesis
follows the results of diploma thesis submitted by the author in 2014. From this time
started the interest in textile reinforced concrete elements, measurement of its material
parameters for numerical modeling of tasks and development of precise design of textile
reinforced concrete elements.

My personal motivation was my interest in concrete and reinforced concrete structuresin
general. The material of artificial stone is always different, it can be shaped in an original
way. | was fascinated by the constants of the subtle stair constructions. | gradually found
out more and more information, so | discovered the material of high-quality concrete.
During further study, | discovered just the advantage of combining with technical textiles.
A non-impregnated fabric is used, which behaves similarly to fiber-reinforced concrete
with a high consumption of reinforcing material, which is expensive. With the
impregnated homogenized fabric, the expensive reinforcing material can be used
effectively. | wanted to learn to master and understand this material in depth so that |
would be able to design and implement economical design elements from textile
concrete.

The main goal of this work is experimental determination of interaction conditions
between the textile reinforcement made of alkali-resistant single glass roving
impregnated with epoxy resin and the cementitious matrix made of high-performance
concrete. A numerical model of the experiment is created with defined bond parameters
from the measured values using the ATENA Engineering program. The experiment is
complemented by the possibility of improving of interaction between these both
materials. The functionality and accuracy of the model and the effectiveness of improving
of interaction conditions are subsequently verified by the testing of flexural strength of
textile reinforced concrete specimens. These main goals of the work were supplemented
by numbers of other accompanying experiments.
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2 Introduction

2.1 Materials of TRCin general

2.1.1 Technical textiles

TT is a summary designation for textile materials and products whose main purpose is
the fulfillment of some technical function. Their aesthetic or decorative properties are in
this case usually less important. During choosing a suitable material for TT its physical
and chemical properties are almost exclusively decisive. In addition to almost all kinds of
common made fibers also specially modified fibers are also used for technical purposes
such as aramids, carbon fibers, micro and nanofibers, ceramic fibers, metallic fibers, etc.
From natural fibers are often used for TT for example jute and cotton (wraps), hemp
(ropes) and silk (parachutes).

All high-strength materials with high elasticity modulus are suitable as a concrete
reinforcement. Modulus of elasticity of fiber should be higher in comparison with the
modulus of elasticity of concrete. These conditions meet and for concrete reinforcement
are most often used alkali — resistant glass fibers, basalt, and carbon fibers. Filaments
(fibers) and roving (bundles containing several hundred to several thousand fibers) of
these materials are processed into the fabric with lattice structure - grids. Grids should
be 3-4 times larger than the maximum grain dimension in the cement matrix. The
commonly used are fabrics in a perlink form, warp knitted fabric (or spaced) or knitted
mats. These textiles are very often for these applications impregnated for load-bearing
capacity improving using a suitable polymer. Impregnation (usually up to 20 % by
volume) is carried out on finished textiles or sometimes directly during fabrication using
machines with appropriate equipment.

2.1.2 High performance concrete

The development of efficient plasticizing and super-plasticizing additives has given rise
to new concrete technology and new types of concretes, which have significantly
different properties compared to conventional concrete. Previously the workability of the
concrete mixture was affected only by the amount of mixing water. Improving workability
by increasing the amount of water, it means increasing the water cement ratio, however,
results in a significant deterioration of the concrete mechanical and other parameters.
The potential of cement grains is not used. The theorem known for more than a hundred
years says: The less water, the stronger the concrete.

There occur numbers of positive and negative electrostatic charges on the surface of
cement grains during grinding cement in the production process. Of course, these
positive and negative electrostatic charges are attracted to each other,and it leads to the
formation of clusters. These clusters are called flocs. These flocs can form cavities in which
wateris unusable for better workability and next additional water has to be added to the
mixture. Then there is much more water in the concrete mixture than is needed for the
hydration reaction of all cement grains. Cement grains are more distant from each other.
Cement crystals do not fit together properly and therefore the strength of the resulting
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concrete is reduced. However, it is not only about the strength. The concrete has also
lower bulk density and logically higher porosity which leads to a significant reduction in
the durability. Resulting concrete is relatively permeable to the water and aggressive
agents causing the concrete degradation can easily get into the structure through the
water. Thus these additives dispersing individual cement grains allow to the water
cement ratio reducing and also allow to approach the minimum amount of water
required to the cement grains hydration. They prevent cement grains flocculation in
general due to the fact that certain molecules can neutralize the charge on the cement
grains surface. In terms of charge, these plasticizers molecules can have negative and
positive charge, but they can also be neutral. The gradual development of plasticizers
allowed to achieve a significant strength and improve other important concrete
properties.

Concretes with very high strength over 150 MPa and extremely low porosity are
developed since the 80s of the last century. They are becoming more and more used and
popular especially in the last two decades also thanks to the nanotechnologies
development. Another less commonly used name for HPC with a similar meaning is the
Reactive Powder Concrete (RPC). But for the preparation of HPC with very high strength
and other parameters is no longer sufficient use only effective plasticizing or super-
plasticizing additives. Also used material typical for HPC are silica flour (finely ground
quartz), fly ash and bottom ash, slag, silica fume (microsilica). These are very fine
components often able to participate in the concrete reaction with crystals that are
smaller than the size of the cement grain. Concrete with very high strength is usually also
reinforced by small fibers and microfibers of different materials and it also ranks HPC and
UHPC into the category of composite materials [1]-[4].

2.2 Interaction of TR and HPC cementitious matrix

2.2.1 The state of the art

This thesis is focused on the interaction of impregnated textile reinforcement in HPC
matrix and its easy determination using originally modified pull-out test. In addition, this
experiment was supplemented by the bending test performed on thin slabs to further
verify and test the different amounts of reinforcement in cross-sectional area. This issue
is relatively thoroughly dealt with in the case of FRP reinforcement with conventional
diameters. Testing methods, interaction and methods for its improvement were already
successfully proposed and measured. There are numbers of articles and standards all
around the world. Impregnated technical textiles using epoxy resin for homogenization
are basically also FRP material with considerably smaller diameter, but standards for
element design and the effect of interaction with the cement matrix have not yet been
issued. There is also no standard with defined procedures to measure the interaction
conditions [5].

Some general information about the material parameters are mentioned for example in
general publication from RILEM [6] or for example in current study from 2021 [7].
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Some articles about the interaction conditions of textile reinforcement were already
published. This article is focused only on impregnated technical textiles. Portal [8] states
that there is no standard methodology for measurement and evaluation of the TRC pull-
out test. The pull-out test was set by the Krlger [9] and Lorenz and Ortlepp [10]
asymmetric test. In their experiment samples of 400 x 100 x 15 mm were reinforced using
one layer of TT. Various anchoring lengths were selected for the characterization of
interaction conditions and also the moment of breaking point of TR in the sample [5], [6].

Banholzer [11] developed a one-sided test that is used for detecting of broken light-fiber
filaments. In the form is manufactured the sample with a dimensions 10 x 10 mm and
length 30 mm using the epoxy resin with a bundle of fibers in the middle of this prism.
So, the fibers inside are sufficiently protected against the steel jaws of testing machine.
The sample with epoxy prism is then embedded into the concrete matrix with
dimensions 50 x 50 mm and length also 30 mm. Sample of reinforcement is during the
testing procedure pulled out of the concrete part using supported steel plate with
displacement speed of 0.1 mm/min until the maximum displacement of 1.7 mm [5].

Very interesting testing methodology is also described in [6] with a whole fabrics, not
single roving. In this case is also included the effect of PP and PVA fibers that are used
during the process of TT weaving for yarn joining. These fibrils connect the whole fabric
before the process of impregnation. The principle is analogous to previous described
testing methodology with single roving. A portion of TT is inserted into the HPC specimen
during the concreting with free fabric length for fixing into the testing machine. Free
fabric length fixed into the testing machine is pulled out from the concrete specimen
using steel frame as a support for the concrete part [5].

Already it is important, that some studies were carried out on the surface treatment of
impregnated textile reinforcement. Very positive is also, that the company Solidian
already use the surface modification in product Solidian ANTICRACK from the year 2020.
They use similar silica sand (the method) like is presented in this thesis and was
measured and published much before. Previously Solidian used only the product GRID
with smooth surface, where the interaction conditions were bad and concrete cover had
to bee to high. It leads to the higher consumption of materials. Author of these thesis also
published some articles about this GRID product [12], [13].

It will probably be other articles and materials that are not listed here in this thesis. The
most important sources have been listed in this thesis and other materials will be
mentioned later in the text of the thesis.

2.2.2 Standards closely related to the TR and its design in HPC matrix

Unfortunately, the Czech standards in the case of these both new modern materials are
not all clear. Standards for exactly determining of interaction conditions of TR and HPC
matrix have not been found at the time of thesis processing. Combinations of existing
most relevant standards and their parts must be used with respect to the available
laboratory test equipment, individual samples and to the possibilities of samples
production. Basic Czech commonly used standard CSN 73 1328 “Determination of
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adhesion of steel to the concrete” could be used for inspiration during the design of test
methodology and samples. But this standard deals with traditional steel reinforcement
bars in OC. Since the thesis concerns fragile composite reinforcement it is necessary to
protect the end of composite reinforcement for the purpose of the testing procedure.
Reinforcement must be gripped to the steel jaws (self-locking mechanism) of the
mechanical testing machine without any damaging. Inspiration can be taken even at first
glance beyond the field of studies. For example, part of the standard CSN EN 2561
JAerospace series - Carbon fibre reinforced plastics - Unidirectional laminates - Tensile
test parallel to the fibre direction”. Another possible inspiration is described in standard
CSN EN ISO 9163 "Textile glass - Rovings - Manufacture of test specimens and
determination of tensile strength of impregnated rovings” and similarly CSN EN ISO 10618
“Carbon fibre - Determination of tensile properties of resin impregnated yarn".

Foreign standards are more numerous to the solved topic. A very good source and
inspiration would be the American standard for testing of FRP reinforcements ACI 440.3R-
03 ,Guide test methods for fiber reinforced polymers (FRPs) for reinforcing or
strengthening concrete structures”. This US standard for testing of FRP reinforcements is
maybe closest to TR with its content although it is intended for composite FRP bar
reinforcements with similar diameters as traditional commercially most often used SR.
Very similar thesis issues are also mentioned in ISO 10406-1 ,Fibre-reinforced polymer
(FRP) reinforcement of concrete — Test methods — Part 1: FRP bars and grids”.

However, problem and complication in the experiments design according to the standard
remains the same - very small diameters of impregnated single rovings separated from
the warp of TT. These small diameters are not directly included and mentioned in
standards. However it was developed from 2009 to 2014 currently probably the best
integrated approach to the test methods and design of TRC material called TRC RILEM TC
232-TDT [6] where interaction in general is mentioned in its own subchapter. In the
publication are clearly explained the basic principles of interaction conditions and
difference of TR in comparison with other types of reinforcement as FRP bars and
homogenous traditional SR. Besides the problems in the interface between cement
matrix and the surface of TR there is next problem of interaction between individual
roving filaments in epoxy resin matrix. Most of filaments are activated by transferring of
shear forces through the polymer matrix between filaments as mentioned above. The
publication also describes these principles and measurement methodology of individual
fibrils interaction in polymer matrix as well as the interaction of TR in general with HPC
cementitious matrix.
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3 Experimental part

3.1 Materials used for experimental part

3.1.1 HPC matrix

HPC mixture has been developed at the Faculty of Civil Engineering Czech Technical
University in Prague (FCE CTU) for different applications [14]. Mixture has been designed
using especially local sources of raw materials. It is a self-compacting fine-grained
concrete containing the following materials: cement CEM | 42.5 R, technical silica sand,
silica flour (ground quartz), silica fume (micro-silica) and polycarboxylate super-
plasticizer. The mixture of HPC that was used in this experiment was without any types of
fibers. This only one mixture with recipe presented in Tab. 1 was used for all specimens
due to the possibility of mutual comparison and easy data calibration in numerical model.
Water cement ratio was 0.25 and water binder ratio was 0.20 for this developed mixture.
All commonly used mechanical experiments were carried out according to Czech
standards and results are presented in the next chapter 3.3. The same HPC recipe has
been also used for several applications and research activities at the FCE CTU like waffle
and solid experimental facade elements [15] orin [16], [17].

Tab. 1: Mix design of HPC [15].

Component Unit HPC
Cement | 42.5R [kg/m?] 680
Technical silica sand [kg/m?] 960
Silica flour (kg/m?] 325
Silica fume [kg/m?] 175
Superplasticizers [kg/m?] 29

Water (12°C) [kg/m?] 171

Total [kg/m?] 2340

3.1.2 AR Glass roving

Only AR glass fibers were chosen as a roving material type for composite textile
reinforcement in polymer matrix due to lower E modulus and more visible interaction
conditions and also due to economic aspects. For the TRC application AR glass roving has
relatively low price with good mechanical properties in comparison to other fibers such
as carbon or aramid [17]. Used roving was from the company Cem-FIL® with a length
weight (titer) of 2400 g/km (= 2400 tex), specific gravity of material 2680 kg/m?3, tensile
strength 1700 MPa and modulus of elasticity 72 GPa according to the technical data sheet
[15].

3.1.3 Epoxy resin for roving impregnation

Larger quantity of epoxy resin of low viscosity, around 65 % in cross sectional area, was
due to experimental manual production in the lab and surface modification. As an epoxy
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resin was used in all experiments mentioned in thesis SikaFloor 156 from the company
Sika® [15]. Basic parameters of pure resin are tensile strength in bending 15 MPa and
modulus of elasticity 2.0 GPa. Specific gravity of material is 1100 kg/m? according to the
technical data sheet.

3.2 Specimen production

3.2.1 Concrete specimens

The first it is important the preparation and mixing of the reference HPC mixture. Dry
constituents of HPC were mixed in two parts. The first part was technical silica sand and
silica fume and it was mixed for 4 minutes in 1-speed mixing machine Filamos M80 or
M180 for larger amount of concrete, compulsory mixer with 47 revolutions per minute to
break the lumps in silica fume. For lower amount of HPC was used standard mixing
machine for cement mortars. After that, other dry components (cement and silica flour)
were added and mixed for 4 minutes. Water and superplasticizer were mixed together
just before they were added to the HPC dry mixture. After the concrete mixture became
uniform, it was mixed for the next 5 minutes.

All specimens were then casted in molds. Molds for pure HPC specimens were traditional
steel molds used for OC or cement mortar with applied demolding oil on the contact
surface just before casting. The mixture of reference HPC as mentioned above was self-
consolidating, so it was not necessary to use a frequency vibrator or vibrating table. The
concrete had to be casted quickly in the mold because the processing time was limited
by the effectiveness of super plasticizer. After casting in molds specimens were covered
with a thin polyethylene sheet and kept at the laboratory temperature and in the dark for
1 day before taking them out of the molds. After demolding all specimens were keptin a
water tank for 27 days to assure constant temperature and humidity conditions during
the process of hardening according to the standard. The temperature in the dark room
was constant 22.0 °C and the humidity was also constant around 60 % thanks to the air
conditioning. Then specimen dimensions and weight were measured and the last steps
were mechanical loading test performed after 28 days in the sum and calculations results
evaluation.
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Fig. 1: More types of specimen just after the concreting and casting, pure HPC prism 40 x
40 x 40 mm, prisms 100 x 100 x 400 mm, cubes 100 x 100 x 100 mm, specimens for pull-
out test 100 x 100 x 20 mm and fagade TRC elements.

This procedure of concreting was similar for the pure HPC and for the TRC specimens
mentioned in next chapter 3.2.3 and several groups of different specimens were
prepared. Dimensions of pure HPC specimens were prisms 40 x 40 x 160 mm for the
tensile test, cubes with edge length 100 mm for the compression test, prisms 100 x 100
x 400 mm for the determination of static elasticity modulus and dog-bone shape with
cross section 30 x 30 mm for the uniaxial tensile test. TRC specimens were small slabs
100 x 100 x 20 mm for the cohesion test and plates 100 x 360 x 18 mm for the four-point
bending test as mentioned in chapter 3.3, also some bigger slabs were concretes as
mentioned in Fig. 1.

3.2.2 Textile reinforcement

Textile reinforcement was produced by our self from mentioned combination of AR-glass
roving and epoxy resin because of required specific grid spacing and possibility to design
surface treatment. Larger quantity of epoxy resin of low viscosity 65 % in cross sectional
area was due to experimental manual production in the lab and this amount also allows
the surface modification in order to improve the interaction conditions.

First specimens for the basic material parameters testing had to be carried out. It means
impregnated single roving for the tensile test and similar procedure for the cohesion test.
For the single roving tensioning was used a simple steel or wooden frame. The length of
roving was about 700 mm. For roving impregnation was successfully used a painting
foam roller as presented in Fig. 2. This procedure prevented to the damage and pulling
out of individual fibrils and provided sufficient amount of epoxy resin in cross sectional
area for individual fibrils interaction. The procedure of impregnation was identical for
singe roving and for the TR as a whole.
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Fig. 2: View on the process of impregnation of own made textile reinforcement using
epoxy resin and painting foam roller.

In order to improve the parameters of composite TR, partial research was also carried out
with different types of fillers added to the polymer matrix. These fillers were easily mixed
with epoxy resin in different concentrations and roving was impregnated using the same
procedure like without fillers. The samples were also cured at room temperature for one
day. For this experiment were used two basic types of fillers. The first type were
nanoparticles with extremely small particle size and it was achieved great results of
composite material parameters. No more information about these fillers is presented in
this thesis. Fillers does not affect the interaction of reinforcement and concrete, but it
affect the interaction of individual fibrils in the composite reinforcement, which is not
directly the subject of this thesis. But results of this experiment are presented completely
in [18]. Basic mechanical parameters were demonstrably improved, but nanoparticles
and these developed composite materials are very expensive in comparison with the
pure epoxy one without filler. It was a reason for otherinteresting research activities using
cheaper fillers with larger particle size like sika “Stellmittel T" or silica flour [19].
Microscopic view on the fillers in epoxy matrix between single filaments is presented in
Fig. 3. Some of silica flour parts have similar diameter in comparison with diameter of AR
glass filament. Results of the tensile tests of single roving with short description is
presented in chapter 3.2.2. Medium grain size of silica flour was 0.06 mm.
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Fig. 3: Detailed microscopic views on the filaments with fillers in epoxy impregnation,
magnification 200 times, Sika filler (left), and quartz powder filler (right) [19].

The surface modification had to be processed just after the process of impregnation
before hardening of epoxy resin. The same components were used for the surface
treatments like for the HPC mixture. It means silica flour and technical silica sands with
different grain size, which were easily available. Material was loosely sprinkled on the
surface of the impregnated roving without any external force. Unused material could be
reused again without any rest. The procedure of surface treatment was also identical for
singe roving and for the TR as a whole. Detailed view on impregnated single roving is
presented in Fig. 4. Specimens are without surface modification on the left side and with
surface modification on the right side using fine grain silica sand with maximum.

Fig. 4: Detailed view on impregnated single rovings without surface modification (left)
and with surface modification using fine grain silica sand (right).
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The process of hardening lasted minimally for one day based in the room temperature.
Next day impregnated single roving reinforcements could be removed from the steel or
wooden frame for the next steps and it was application of sleeves. Sleeves were
necessary for the fixing of specimens into the testing machine using its steel jaws.
Composite impregnated single roving is very brittle for the direct installation. Sleeve was
applied only on the one end of composite reinforcement in the case of cohesion test and
on both ends of specimens in the case of tensile test.

One or both ends of specimens were fitted into sleeves using the same epoxy resin like
for impregnation. Two types of sleeves were done during research. First type was steel
sleeve according to ACl 440.3R-03 standard with modified dimensions for single
impregnated roving. The length of the specimen between steel sleeves in the case of
tensile test specimens was 300 mm and the length of each steel sleeve with diameter 20
mm was 150 mm. Specimen preparation was very demanding and fragile during
preparation and installation and specimens were very susceptible to damage because of
the large weight of steel sleeves in comparison with rigidity of impregnated single roving.
It was the reason that the test procedure modification was found. Another method for
specimen preparation [20] has been originally developed for the tensile testing of single
roving without polymer matrix, but these method was also used also for presented
impregnated single roving. Both ends of specimens were fixed to the small epoxy prims
8 x 8 x 80 mm without steel sleeves. For the epoxy prisms casting was used prepared
silicon mold. The distance between prisms was the same 300 mm like for steel sleeves
[21].

Fig. 5: Detailed view on installed rovings for TR before impregnation process (left) and
detailed view on impregnated part of own made grid (right).

TRC plates were designed with specific dimensions 100 x 360 x 18 mm for the four-point
bending test and it was also the reason for own made TR grids with own developed
impregnation and surface modification with individual grid spacing. Grids were prepared
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without polyester or any other binding, fabric retained shape only thanks to the
impregnation. Rovings were first wrapped up the prepared steel frame in the transverse
direction, then all also all in the longitudinal direction without any interlacing, perlink
binding, warping and etc. During one wrapping procedure two layers of TR were
produced. Impregnation and surface modification process were done by the same
procedure as for single roving. View on the own made TR is presented in Fig. 5. The day
after impregnation procedure was TR divided and cut to the desired dimensions and it
was the final step in own made TR preparation for the concreting.

3.2.3 Textile reinforced concrete

Concreting was done for two types of material testing performed for the purpose of this
thesis. First experiment for determination of basic material parameters was a pull-out
test with impregnated single roving with and without surface treatment in two
modifications. Second test was a four-point bending test performed especially for the
validation of all material parameters of previous testing.

HPC mixture content and mixing process has been described in previous chapter as well
as hand-made production of individual TR. As a material for presented thesis was used
only AR-glass roving. Mold for all TRC specimens were prepared individual using system
of laminated chipboards. One mold for TRC plates for four-point bending test was made
for three identical plates and one mold for pull out test was prepared for five identical
specimens. Panels joining were ensured by steel self-tapping screws.

Pull out test was performed in two modifications. The first was inspired by [10] with an
unsymmetrical anchoring length. This pull-out test method was performed for the
comparison of developed own testing methodology. On one side of the specimen a
penetrated roving pull-out was secured using the short length 20 mm. On the opposite
side penetrated roving was anchored along the remaining length of the HPC specimen.
The HPC plate with dimensions of 60 x 278 mm has a thickness of only 6 mm. The only
one penetrated roving using epoxy resin with or without surface modification was
embedded in HPC specimen matrix in its axis. Five pieces were created for each set of
specimens.

The second type of pull-out test was originally inspired by American standard for testing
of FRP reinforcements ACI 440.3R-03 “Guide test methods for fiber reinforced polymers
(FRPs) for reinforcing or strengthening concrete structures” with modified specimen
dimensions. The same single penetrated roving as in previous pull-out method has been
fixed in the middle of mold before the concreting of HPC part. Sleeve was installed only
on one side of single roving because of fixing to the testing machine. Concrete part has a
constant dimensions 100 x 100 mm and variable thickness according to the single roving
diameter. First experiments were performed with the thickness closed to the standard
with respect to ratios with other two dimensions, so the first thickness was 100 mm [22].
Especially in the case single penetrated roving with the surface treatment the single
composite roving was usually broken before the start of slipping along the from the
cementitious matrix. It leads to the thickness optimization using software ATENA
Engineering. Resulted optimal thickness of specimens for used AR-glass roving 2400 tex
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was calculated to 20 mm, where was calculated pulling out with perfect bonding
conditions and reached tensile stress of reinforcement approximately 80 % of tensile
strength.

A small cone made from silicone was installed on the side of mold with steel sleeve
against the pulling of a shear cone from HPC part. This HPS shear cone would negatively
affect results. Mold was not provided with a demolding oil to prevent the contamination
of the surface of single composite reinforcement. Laminated chipboards are very smooth
and thanks to that demolding process of specimens was without any problem. The
developed epoxy sleeve replaced by the steel one made the preparation process of
specimen much easier.

Process of panel’s preparation for the four-point bending test procedure was quite simple
in comparison with specimens for pull out test. TR was cut to the specimen dimensions
100 x 360 mm. It means a few millimeters smaller on each side for easier installation
inside the wooden mold from chipboards. During the concreting process were used no
spacers. Casting process was done layer after layer. It means the layer of HPC, then the TR
was inserted, then the middle part of HPC, next TR and the upper part of HPC. In the case
of 4 TR layers designed for one plate, all TR layers were inserted in same time. The
concrete cover has been designed only 4 millimeters and it has been secured with the
controlled thickness of HPC layers. Specimen was not vibrated to prevent the flooding of
TR on the HPC surface. Fortunately vibrating was not required for no described specimen
thanks to the used self-consolidating HPC mixture.

After the casting process in molds specimens were treated in the same way as described
in 3.2.1. One day after the concreting and demolding all specimens were keptin a water
tank for next 27 days with the constant temperature in the dark room 22.0°C and also the
constant humidity around 60 % thanks to the air conditioning. Only specimens made for
the pull-out test with sleeves were not inserted into the water because of their fragility
but they were kept in the same air-conditioned room, like other groups. Specimens for
the pull out test according were modified [10] The anchoring length approximately 20
mm was secured using transverse very short saw-cut through the penetrated roving just
below the steel part for the installation into the test machine and controlled crack at the
required distance from the upper saw-cut. Double-side saw-cut was used for the
predetermined breaking point — controlled crack and this point was also the border of
unsymmetrical anchoring length. The length approximately 230 mm in the bottom part
was certainly sufficient for the anchoring securing. Then all necessary TRC specimen
dimensions and weight were measured before the testing procedure after 28 days in the
sum.

3.3 Experiments

Several experiments were done during the research in order to obtain basic material
parameters of pure materials and also TRC composites. Chapters are divided to the
experiments with HPC without any reinforcement, measurement of TR and finally
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experiments with combination of both materials TR and HPC. Subchapters are further
broken down into individual experiments.

3.3.1 Mechanical parameters of pure HPC

3.3.1.1 Compression test

Testing procedure respected the CSN EN 12390-3 standard using the INOVA DSM 2500
electrohydraulic testing machine. Uniaxial compression test was performed on the cubes
with an edge length of T00 mm due to high strength of HPC and maximal loading force
2500 kN of using machine. These samples were loaded with the constant speed of 0.2
mm/min. Typical curve from the testing procedure is presented in Fig. 6. Average
experimental compressive strength of used HPC was 1445 MPa. General view on

damaged concrete specimen is presented in Fig. 7.
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Fig. 6: Typical experimental curve from the testing procedure for compression test.
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Fig. 7: Concrete cube with edge length T00 mm after the testing procedure.

3.3.1.2 Three-point bending test

MTS 100 testing machine with maximal load force 100 kN and Dewetron 500 data
acquisition system was used for the bending test. The three-point bending test
procedure was in respect with CSN EN 1015-11 standard. Groups of minimally three
specimens were produced for this standard test with cross sectional dimensions of 40 x
40 mm and a length of 160 mm. The distance between supports was 100 mm and the
loading support was placed in the middle of these bottom supports. View on the
specimen just before testing placed in steel mechanism is presented in Fig. 8. Average
experimental flexural strength of used HPC was 10.4 MPa.

Fig. 8: Concrete prism with dimensions 40 x 40 x 160 mm just before testing procedure.
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3.3.1.3 Direct tensile test

Tensile strength of used HPC was performed using again MTS 100 testing machine with
maximal load force 100 kN and Dewetron 500 data acquisition system. Testing procedure
was performed in laboratories of Experimental Center CTU in Prague. Tensile strength
testing procedure respected the CSN 73 1318 standard. Eight specimens in the sum were
produced for this testing because of the difficulty of the test and only two specimens
were damaged correctly in the middle part of dog-bone. The dog-bone shaped
specimens, installed specimen in testing machine and specimen’s dimensions are
presented in Fig. 10. Expanded parts of the specimens were mechanically fixed in the
steel jaws using screws and nuts without any use of epoxy resin. Linear strain was
measured by a pair of strain gauges. The loading speed of the specimens was 0.2
mm/min - constant throughout the experiment until failure. For the strain calculations
has been used average output from both strain gauges. Average experimental direct
tensile strength of used HPC was 6.78 MPa. This strength was similar for all tested
specimens correctly and also incorrectly damaged in the expanded concrete part.

Stress [M[Pa]

0 0.00002 0.00004 0.00006 0.00008 0.0001 0.00012 0.00014 0.00016 0.00018
Strain []

Fig. 9: Typical linear average curve from the testing procedure for tensile using
calculated average output from both strain gauges.
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Fig. 10: Concrete specimen after the testing procedure with correct damage, dog bone
specimen dimensions and view one the strain gauge.

3.3.1.4 Young's modulus

Testing procedure respected the CSN ISO 6784 standard. This test was performed using
the EU 40 test machine with HBM D1 sensors. Specimens used for this experiment were
prisms with dimensions 100 x 100 x 400 mm. Average static modulus of elasticity in
compression of used HPC was 49.5 GPa measured on three concrete specimens.

Dynamic modulus of elasticity for comparison was performed according to the CSN 73
1371 standard as a second nondestructive test method [23], [24]. Specimen dimensions
were the same 100 x 100 x 400 mm. Average dynamic modulus of elasticity of used same
HPC was 49.6 GPa. It means almost the same value in the comparison with static modulus
of elasticity. Table of results is presented in Tab. 2. Time of etalon and measured time of
etalon was 32.4 us, Nominal frequency of probe was 15 kHz, wavelength was calculated
32.2 mm and coefficient of dimensionality was considered 1.054. All specimens were
tested in the age 28 days.

Tab. 2: Calculation of dynamic modulus of elasticity.

m ol d> | Vv o) length t E QE

Spec
[kg] [mm] [mm] [mm] [m3] [kgxm?3]| [mm] [us] [MPa] | [GPa]

100,0 20,7 49297
100,0 20,4 50758
1 9,207 100,0 98,1 400,0 |0,003926| 2345 100,0 20,4 50758 | 50,0
100,0 20,5 50264
400,0 83,1 48913
2 9,225 100,5 1004 | 4000 |0,004034| 2287 100,5 20,4 49926 | 49,2
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100,5 20,4 49926
100,5 20,4 49926
100,5 20,5 49440
400,00 | 83,9 46791
100,34 | 20,7 48954
100,34 | 20,3 50902
3 9,383 | 100,3 101,0 | 4000 |0,004054| 2315 | 100,34 | 204 50404 | 49,6
100,34 | 205 49913
400,00 | 834 47928
? 9,272 | 100,3 99,8 400,0 [0,004004 | 2316 - - 49607 | 49,6

View on the specimen is presented in Fig. 11 during both testing procedures. Testing set
up of statis modulus of elasticity is presented in the left side and dynamic modulus of
elasticity is presented on the right side with visible measuring points thanks to the trace
after the application of gel.

Fig. 11: Testing set up of static modulus of elasticity (left) and dynamic modulus of
elasticity (right), both nondestructive tests.

3.3.2 Textile reinforcement

3.3.2.1 Determination of cross-sectional area

Cross sectional area is a very important input used as boundary conditions for next
experiments, calculations and also numerical modeling. Composite textile reinforcement
made from single roving has a very irregular shape of the cross-sectional area. In the
initial experiments the area was determined by a sliding gauge as it is done with the
composite or traditional steel reinforcement of conventional dimensions. But the
scattering of the values was too large. Calculated results were not constant and predicted
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results were not achieved during follow up experiments. It was necessary to change the
measurement procedure.

The purpose was to keep it simple method with relevant results. An advantage was the
technical data sheet of the manufacturer roving. Due to the linear and specific density it
is possible to simply calculate the theoretical cross-sectional area of single roving. If we
measure the weight of known length of the impregnated single roving, we can also
simply calculate the theoretical weight of the single roving of known length. If the values
are subtracted, it is known the weight and amount of impregnation consumed and it is
possible again simply calculate the cross-sectional area of the impregnation itself thanks
to the impregnation manufacturer's technical data sheet — specific gravity. The sum of
calculated single roving area and area of impregnation gives the desired cross-sectional
area of the single TR [6], [25].

3.3.2.2 Tensile test and determination of elasticity modulus

Accurate determination of both parameters, tensile strength and tensile static modulus
of elasticity is very important for elements designing and numerical modeling. Some
types of testing are not clearly prescribed in standards. For this research about basic
tensile parameters was chosen and adapted the procedure according to ACI 440.3R-04
about the test methods for FRP for reinforcing or strengthening concrete structures. This
adapting was because this standard describes the same material, but with a significantly
larger cross-sectional area. Steel sleeves were installed on both ends of specimens using
epoxy resin.

Fig. 12: View on the broken specimens in sleeves made from epoxy prisms 8 x 8 x 80
mm (left) and in the massive steel sleeves 20/2.5 x 120 mm with epoxy inside (right)
[21].

Because specimen preparation is very demanding and fragile during preparation and
installation and specimens are susceptible to damage, so the test procedure
modification has been found. The method is described in [20], [26] and has been originally
developed for the tensile testing of single rovings without polymer matrix [27]. Similar
testing procedure was applied for the tensile testing of single rovings with polymer epoxy
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matrix. Measured and calculated mechanical properties were the tensile strength and
static elastic modulus using method [21], [25], [26], [28]. View on both types of sleeves
epoxy and steel for fixing in testing machine is presented in Fig. 12. Pictures were taken
after the loading test procedure.

v\
) N
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\

Fig. 13: View of the specimen in sleeves made from epoxy prisms installed in the testing
machine before testing (left) and detailed view on small potentiometer (right) [21].

Testing of specimens was performed in LabTest 100 testing machine. This testing
machine was additionally provided with data acquisition system using external card
because of using small external potentiometer for elongation measurement. The speed
of loading was 2.0 mm/min. It corresponds approximately to the increase of stress 2.0
MPa/s. Specimens were loaded with this constant speed until the failure. The views on
small potentiometer are presented in Fig. 13, both for the case of epoxy prisms 8 x 8 x 80
mm as sleeve for fixing. The course of the test was monitored using data acquisition
system that monitored the relationship of the acted force to the time of the test and
deformation course. Graphical outputs were made from the courses of the tests. Force —
displacement curves and stress — strain curves are presented in Fig. 15 and. Curves are
very similar for each group of specimens [20], [21]. In Fig. 14 is presented also microscopic
detail view on the damaged specimen after the testing procedure. It is visible that
specimen was filly impregnated by epoxy resin.
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Fig. 14: Microscopic view on the composite reinforcement surface — contact area
between HPC part and composite reinforcement without (left) and with the surface
treatment (right).

Fig. 15 shows that specimens with epoxy prisms have higher values of elongation and
also higher values of maximal force. This is due to lower rigidity of the small epoxy prisms
compared to the steel sleeves. Specimens with epoxy prisms also achieved higher
maximum force just before damage. This may be due to bad sample with steel sleeves
handling. They are heavy and fragile and they can be easily damaged before testing.
Damage of specimens may not be visible. Prisms are lightweight and handling is much
easier. Results and higher tensile strength indicates that use of the epoxy prisms gives
more accurate results compared to the steel sleeves [21]. Results of this experimental
test was used as boundary conditions for numerical modeling in next chapters. Results
using steel and especially epoxy sleeve were also compared with values determined
theoretically by using Mori-Tanaka method. Theoretical and experimental results were
almost identical and it indicates the correctness of developed experimental procedure
and calculations [25].
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Tab. 3: Results and calculations of tensile test, cross sectional area, maximum tensile
force and strength, static elastic modulus [21].

spec.

E1 E2 E3 E4 ES5 aver. 51 52 53 S4 S5 aver.
[mm]
m [g] 0.385 0.386 0.407 0.417 0.440 | 0.407 | 0.398 0.405 0.405 0.428 0.420 | 0.411
me [-] 0.145 0.146 0.167 0.177 0200 | 0.167 | 0.158 0.165 0.165 0.188 0.180 | 0.171

Almm?] 2.191 2195 2286 2327 2417 2283 | 2248 2277 2277 2371 2339 2.302
Ae [mm?] 1.296 1300 1.390 1.431 1.522 1.388 | 1.352 1.382 1.382 1.475 1.443 1.407
Frmax [N] 1374 1205 1462 1283 1342 1333 1087 1262 1104 1132 1280 1173
fe [MPa] 627 549 640 551 555 584 484 554 485 478 547 509

4234 4821 4066 4486 4.678 | 4457 | 3.255 2842 2913 3.003 2739 | 2951
10% 0% 10® 0% 10 | 0% | 10° 103 0% 103 107 | 107

AF [N] 2999 307.2 3000 3000 300.0 | 301.4 | 2004 199.4 199.8 2000 198.1 199.5
E [GPa] 323 29.0 323 28.7 26.5 29.8 27.4 30.8 30.1 28.1 30.9 295

Basis tensile parameters of used composite reinforcement were calculated from all
measured values. All calculated results are presented in Tab. 3. Specimens with epoxy
prisms have indication E and specimens with steel sleeves and epoxy inside have
indication S. Symbol min the Tab. 3 means the weight of specimens with length T00 mm
and m. means the calculated weight of pure epoxy, because it is known the weight of
pure roving from defined length weight 2400 tex using technical data sheet. Symbol A
and A. mean the calculated cross-sectional area of composite and pure epoxy resin using
specific gravity of materials from technical data sheets. Fnax IS maximum measured
tensile force just before breaking of specimen and f; is calculated tensile strength using
cross sectional area A. Elongation € was measured using small external potentiometer
monitoring the distance change between two edges of sensor with base of 130 mm.
Elongation was monitored in the range of forces AF. Based on these results and
calculations could be calculated also the modulus of elasticity £ using basic Hooke's law
[27].
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Fig. 15: Force — displacement (left) and stress — strain (right) curves using data from the
testing machine, specimens with epoxy prisms and steel sleeves with epoxy resin
inside.
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It is also very interesting to compare the two approaches to the calculation and
interpretation of the modulus of elasticity. AR glass roving is homogenized using epoxy
resin as a basic assumption of this thesis. But it is a composite material where its
mechanical parameters are determined mainly by fibers. Therefore, if we consider only
the area of glass fibers without epoxy as area of reinforcement in the calculations of the
modulus of elasticity, with good homogenization it should be approximately similar
result of modulus to the theoretical value given in the manufacturer's technical sheet.
May be slightly lower value due to imperfections, minor damage and so on. The same idea
can be applied to strength. Results from the next measurement already only with epoxy
sleeves are presented in Tab. 4. Values with considered cross-sectional area of roving
have indication R and values considered cross-sectional area of composite (roving +
epoxy resin) have indication C.

Tab. 4: Results and calculations of tensile test, maximum tensile force, tensile strength,
static elastic modulus, considered on the cross-sectional area of the pure roving in
comparison with cross-sectional area of the composite.

Frmax fir fic E. Ec
[N] [MPa] [MPa] [MPa] [MPa]
1374 1534 627,1 66642 27238
1205 1346 548,9 80949 33018
1462 1633 639,7 76269 29880
1283 1433 551,3 74200 28557
1342 1499 555,3 77983 28893
1333 1489 5845 75209 29517

Theoretical values of used AR glass roving from the technical data sheet are the maximal
tensile strength 1700 MPa and tensile modulus of elasticity 72 GPa. The tensile strength
and tensile modulus of elasticity related to the theoretical cross-sectional area of the
pure roving in Tab. 4 are very similar, and it can therefore be said that the cross-section
was well homogenized with used epoxy resin. If it were possible to prove that the
composite reinforcement with surface treatment has a substantially perfect interaction
conditions with the cement matrix, it would be possible to simplify the calculation of the
TRC structures if the condition of good homogenization of the reinforcement is met.
Textile reinforced concrete with fully impregnated rovings could be designed for the
parameters of the reinforcement material. However, this simplification cannot be applied
when considering interaction between reinforcement and cementitious matrix.

As mentioned in chapter 3.2.2 also fillers in epoxy matrix and its influence on the tensile
strength, filler Sika “Stellmittel T" and silica flour. Results of the tensile test are presented
in Fig. 16 and Fig. 17. All results are in the graph compared with the pure version without
any filler. Results of this experiment are interesting. Influence of Sika filler is positive in
both cases — it means with this type of filler was increased the tensile strength and the
elastic tensile modulus. Contrast effect had quartz powder filler in the case of tensile
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strength. It decreased with increasing concentration of quartz powder filler. In the case
of elasticity modulus there was a slight increase of values due to stiffer matrix. This
experiment shows it is possible to find cheaper alternative filler with similar influence on
mechanical properties like with expensive nanoparticles presented in [18]. It is important
to take into account that mechanical properties can be easily worsened using filler
material. Mutual particle size must respect individual reinforcing fibers of composite [19].
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Fig. 16: Force — displacement (left) and stress — strain (right) curves using data from the
testing machine, specimens with filler in epoxy Sika “Stellmittel T [19].
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Fig. 17: Force — displacement (left) and stress — strain (right) curves using data from the
testing machine, specimens with filler in epoxy silica powder (flower) [19].

3.3.3 Textile reinforced concrete

This chapter provides the most valuable and aggregate data. In the first subchapter two
used different pull-out test methods are described for the determination of bond
behavior between single roving CR and HPC cementitious matrix. Bond behavior was one
of the main topics of this thesis as a basic parameter for the description and design of
TRC construction. Four-point bending test presented in the second chapter was selected
for the validation of numerical modeling and easy presentation of surface modification
positive influence. Flexural stress is also the basic load of TRC construction in practice.
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3.3.3.1 Pull out test inspired by method from Dresden

As mentioned in previous chapters, the first pull out test method was inspired by [10] and
was performed for the comparison of developed own testing methodology. The HPC plate
with dimensions of 60 x 278 mm has a thickness of 6 mm and single penetrated roving
was anchored along the whole length of the HPC specimen. This roving with or without
surface modification was embedded in HPC specimen matrix in its axis. Five pieces were
created for each set of specimens. This thesis presents only results of pure penetrated
roving without surface modification and with the surface treatment by silica sand with
particle size 0.1 — 0.6 mm based on previous results. The anchoring length 20 mm was
secured using transverse very short saw-cut through the single penetrated roving just
below the steel part for the installation into the test machine and controlled crack at the
required distance from the upper saw-cut. Double-side saw-cut was used for the
predetermined breaking point — controlled crack and this point was also the border of
unsymmetrical anchoring length. The length approximately 230 mm in the bottom part
was certainly sufficient for the anchoring, ten times longer than controlled length. Both
ends of specimen were fixed in the testing machine using prepared steel parts in
combinations with steel screws for easier installation. View on the testing set up is
presentedin Fig. 18.
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240

Tested specimen

2 times sensor for the
crack width
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30| 60 |30,
., 38|, 45 |38
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‘ o= Testing machine

19,

41

Fig. 18: Basic scheme of the pull out test inspired by [10].

During the test procedure for determination of bond behavior were measured time, force,
crosshead displacement and development of the crack width using two external
potentiometers to obtain accurate values in the axis of specimen where the impregnated
single roving is located. The speed of loading was 2.0 mm/min according to prescribed
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tensile stress increasing approximately 2.0 MPa/s in ACI 440.3R-03 standard. Results are
presented in Fig. 19 in the form of two graphs. Crack width is identical for both graphs.
Stress mentioned in the first graph is calculated to the contact area of composite
reinforcement and cement matrix considering the ideal cylindrical surface using the
cross-sectional area data and anchoring length. Stress mentioned in the second graph
was calculated to the cross-sectional area of roving with epoxy polymer matrix according
to the chapter 3.3.2.1and 3.3.2.2. Therefore, the maximum tensile strength of roving with
influence of polymer matrix is approximately 600 MPa but for no specimen was damaged
the reinforcement. The HPC was always damaged due to its small cross-sectional area in
comparison with reinforcement and transverse stresses initiation due to the location of
the saw-cuts.
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Fig. 19: Contact stress — crack width (left) and reinforcement tensile stress — crack width
(right) representative curves from the reference pull out test using data from the testing
machine and two external potentiometers.

So this method negatively affects the results and it is not possible to examine the bond
behavior until the moment when reinforcement is broken. More information is presented
in next chapter 4.3.1 about the numerical modeling. But it is good visible in Fig. 19 the
rapid difference between specimens with and without surface treatment. The black full
line representing the sample without surface treatment shows gradual pulling-out of
reinforcement from the HPC sample. After the controlled crack initiation there is
significant decrease of force during the loading process because of bad interaction of
materials and the need for a large contact area (large reinforcement length) for
reinforcement activation. Area in the contact with concrete after the controlled crack
formationis reduced during pulling out and therefore there is evident a decrease of force
until the end of testing procedure. The red dashed line representing the sample with
surface modification. Controlled crack initiation was in the similar moment, but force
continued to grow up thanks to the very good interaction conditions. In a short time after
the first crack formation and minimal crack opening occurred concrete failure without
expressive slipping of composite reinforcement and without violation of composite
reinforcement. Maximum forces measured in this type of experiment were more
characteristic for different breaking points of concrete but the slope of the curve after the
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crack initiations indicated the bond behavior of the impregnated single roving in HPC
cementitious matrix.

In Fig. 20 is presented view on the damaged specimen, where is very good visible the
described problem of concrete failure much before the reinforcement damage. Cracks
logically occurin places of the highest tensile stresses in the concrete part, which will be
confirmed by a numerical model. Smooth roving on the left and in the middle had usually
one typical horizontal crack or vertical, usually not both during the process of pull out.
Roving with surface treatment on the right side had both typical vertical and horizontal
crack thanks to the better interaction conditions. First was usually vertical crack and
thanks to the rotation od small two concrete part closed to this initiated crack, it leaded
to the horizontal crack initiation, because of concentration of higher tensile stress at the
edges of the hole.

Fig. 20: View on the damaged specimens, smooth roving with typical vertical crack (left),
smooth roving with typical horizontal crack (middle), roving with surface treatment and
typical both vertical and horizontal crack (right).

In the last Fig. 21 in this chapter is presented more curves with more representative
options and specimens, but in the same way like in the Fig. 19. It is visible similar curves
trend. The higher contact stress was reached with surface treatment using silica fine grain
sand for red lines and blue lines. Surprisingly, a positive effect was also observed for the
green lines with filler Sika (Sika “Stellmittel T" material in concentration 2 % weight of
epoxy — the best results from the tensile test of reinforcement) without any surface
treatment.
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Fig. 21: Contact stress — crack width diagram presented on more types of specimens.
Visible effect of surface treatment, but low contact stress due to the concrete part
failure.

3.3.3.2 Pull out test according to the ACI standard

The second pull out method was focused on complete curve of bond behavior with a
simple interpretation and application of results in the field of science as well as in the
field of engineering and structures designing. As mentioned above method was inspired
by the ACI 440.3R-03 standard, but specimen dimensions were originally modified due to
small cross-sectional area of composite reinforcement. It is similar and work also with
only one impregnated single roving. Verified epoxy sleeve was installed only on one side
of single roving because of safe fixing to the testing machine without damaging the
impregnated yarn. Presented concrete part has a constant dimensions 100 x T00 mm and
optimized thickness for presented single AR-glass impregnated roving. First experiments
were performed with the thickness closed to the standard with respect to ratios with
other two dimensions, so the first thickness was 100 mm [22]. Especially in the case single
penetrated roving with the surface treatment the single composite roving was usually
broken before the start of slipping along the from the cementitious matrix. This
unsuccessful first experiments lead to the thickness optimization using software ATENA
Engineering. Resulted optimal thickness of specimens for used roving 2400 tex was
calculated to 20 mm. View on the own developed testing set up inspired by ACl standard
is presented in Fig. 22.
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Fig. 22: Basic schemel of own developed pull out test method inspired by ACl standard
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Fig. 23: Detailed view of bottom part of concrete specimen with installed potentiometer
and supported constructions for the pull out values measurement

During the test procedure inspired by the ACI standard for easy determination of bond
behavior were measured time, force, crosshead displacement and pulling out on the end
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of specimens using one small potentiometer. It was always fixed using small bolt into the
small steel part treated by exact lathe. Steel part was firmly attached to the concrete
surface by epoxy resin. A piece of rigid circular steel plate was attached at the end of
composite reinforcement using also epoxy resin. The potentiometer touched the free end
of the reinforcement with steel plate, which exceeded the concrete sample by
approximately 20 mm. So, the theoretical maximal value of pulling out was
approximately 15 mm included the circle plate thickness. Detailed view of potentiometer
and its fixing on the HPC part is presented in Fig. 23. The speed of loading was also 2.0
mm/min according to prescribed tensile stress increasing approximately 2.0 MPa/s in ACI
440.3R-03 standard.

Results are presented in Fig. 24 and Fig. 25 in the form of two graphs similarly as in
previous method. Pull out is identical for both graphs. Stress mentioned in the first graph
is also calculated to the contact area of composite reinforcement and HPC cementitious
considering the ideal cylindrical surface using the cross-sectional area data and
anchoring length. The anchoring length was measured on the samples before the
concreting process. It was the height of sample without a silicon cone made on the edge
of the HPC. All samples were damaged by breaking of the reinforcement — impregnated
single roving. It was broken after slipping thanks to the surface treatment — silica sand,
so by damaging of fibrils at the surface. In the case of smooth reinforcement, this
reinforcement was broken on the same principle, usually after a longer time, by the
unevenness of the concrete in contact area. This is caused by small changes in the cross-
sectional area of roving, which is in contact with the concrete. The impregnated roving
has never an ideally round shape.
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Fig. 24: Contact stress — pull-out curves from the own developed pull-out test inspired
by ACl standard using data from the testing machine and potentiometer.
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Fig. 25: Reinforcement stress — pull-out curves from the own developed pull-out test
inspired by ACl standard using data from the testing machine and potentiometer.

Based on the results of tensile test described in 3.3.2.2 it is known the tensile strength of
roving with influence of polymer matrix approximately 600 MPa. During the testing
procedure of own developed pull-out test method, the reinforcement was damaged for
all specimens with the values of maximum tensile stress in composite reinforcement
corresponding with presented results of tensile test. Impregnated single roving was in
most cases damaged inside of the HPC prism due to the reinforcement surface is pressed
by the irregular internal surface of HPC that surrounds the part of composite
reinforcement during the process of reinforcement activation. With higher tensile stress
the fibers near of the surface may be damaged and it leads to creation of weakened cross
sectional area. This weakened place is also usually the place where the composite
reinforcement is broken. However, epoxy impregnation of the single roving provides
sufficient protection in HPC specimen against its premature damage in addition to other
benefits as results in this chapter present. HPC part of specimens was without any visible
damage on both surfaces.

It is also very good visible in Fig. 24 and Fig. 25 the rapid difference between specimens
with and without surface treatment like in the previous described case. The black full lines
representing typical samples without surface treatment show very fast pulling out of
reinforcement from the HPC part of sample. After the reinforcement activation in its
length, it is very slow increase of force during the loading process because of bad
interaction of both materials. This resultis not so positive, because a big anchoring length
of composite reinforcement will be required for the transfer of load in TRC element. For
the considered flexural load of TRC element there will be also massive crack opening. The
red dashed lines representing typical samples with surface modification provide much
better results with higher stiffness of contact. Surface modification is without higher
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negative influence on the tensile strength of impregnated single roving. Silica sand
particles do not allow almost any slipping due to the large roughness of the surface.

Areain the contact with concrete is in this testing method constant thanks to the free end
of composite reinforcement behind the HPC part of specimen. Pulling outis recorded after
the reinforcement activation in its entire length due to the location of potentiometer on
the opposite side of the concrete part. This beginning point of pull-out is sometimes
called the cohesion.
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Fig. 26: Contact stress — pull-out curves from the own developed pull-out test inspired
by ACl standard presented on more types of specimens.

In the last Fig. 26 in this chapter about the mechanical testing of bond behavior using
own developed method is presented more results of pull-out test — selected interesting
material variants. Other materials and especially different grain size of surface treatment
were also tested and only the most important or typical variants are given in this work. In
general, it can be stated that silica sand with grain size 0.1 — 0.6 mm had the best results
without any negative influence on the tensile strength of reinforcement. Fillers in epoxy
matrix, not as a surface treatment, had logically almost no influence on the pull-out test
procedure. Itis also visible in Fig. 26. Yellow line with SiO2 (silica flour, selected the variant
with concentration 2 % by weight of resin with best results in tensile test) and black line
pure, both without surface treatment have similar curves. Similarly, the comparison of red
line and blue line, both with surface treatment using silica fine grain sand. This figure is
also presented in chapter 4.3.2 about the numerical modeling for the comparison of
experimental results with results of numerical model.

3.3.3.3 Four-point bending test

Small slabs with dimensions 100 x 360 mm were created for the four-point bending test
procedure. Their thickness was constant 18 mm. The concrete cover for all variants of
reinforcement was designed constant only 4 millimeters and it has been secured with
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the controlled thickness of HPC layers. Specimens were not vibrated to prevent the
flooding of TR on the HPC surface due to its lower density. One HPC mixture was used for
all specimens as mentioned above. One group of minimally three specimens was created
for the same designed amount of reinforcement. Six sets of samples were prepared in
the sum.

Three sets were with the surface treatment and three sets were without the surface
treatment with identical TR. The first group was made of two identical layers of pre-
prepared TR. Each layer had 5 impregnated rovings in longitudinal direction with grid
spacing 22 mm. Grid spacing in transverse direction was 24 mm. The second group was
also made of two identical layers of pre-prepared TR from 10 impregnated roving in
longitudinal direction and grid spacing approximately 9 mm. Grid spacing in transverse
direction was also 24 mm. The last third set of specimens was made of four layers with
10 impregnated rovings in longitudinal direction like in previous case. This combination
of 4 layers and 10 roving in one layer was maximal possible amount of composite
reinforcement for this specimen dimensions and composite reinforcement production
technology, especially for the specimens with surface treatment. View on the testing set
up and typical first crack is presented in Fig. 27.

Fig. 27: View on the loaded specimens during the four-point bending test on slabs with
dimensions 100 x 360 x 18 mm with 2x5 impregnated rovings with surface treatment.

During testing the distance between centers of support was standard for a four-point
bending test 300 mm and 100 mm between centers of loading supports. The 15 mm
radius of curvature was used for all supports. Monitored parameters during testing
procedure were magnitude of the reaction on the load cell and displacement of
crosshead of the testing machine. Four-point bending test was performed on MTS 100
testing machine with controlled load speed 2.0 mm per minute [29]-[31].
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Results are presented in Fig. 28 in the form of force — displacement graph. It is because
presentation of flexural stress on the y axis in HPC part is not exact after the first crack
initiation, despite the fact that it is commonly used for result presentation. All specimens
with surface modification have the same color, like specimens without surface
modification with the same amount of TR in cross sectional area, but darker. Only two
layers of TR with five rovings in each layer behaves like a slightly reinforced concrete
construction element with very wide cracks, especially in the case of TR without surface
treatment. It leads to the formation of plastic joints and the crack opening effectis clearly
visible. For experimental results are characteristic two cracks under the loading supports
and their opening sometimes until the specimen collapses in the cases of lower amount
of TR or in the cases without surface modification and bad interaction of HPC and TR.
Sometimes only one crack also could be initiated. This happened due to more facts:
incorrect position of reinforcement and different concrete cover, variable thickness of
specimen, very bad interaction between composite reinforcement and cementitious
matrix and small amount of reinforcement in cross-sectional area of specimen. On the
other side, especially in the case of good materials interaction and increasing amount of
reinforcement in cross sectional HPC area, reinforcement pulling out is not so significant
and it leads to the next cracks initiation and multiple cracking [29], [31].

8000 -
—2x5 Pure surface 1

—2x5 Pure surface
7000 1 —2x5Pure surface 3
—2x5 Surface treatment 1
6000 4 — 2x5 Surface treatment 2
—2x5 Surface treatment 3
5000 - —2x10 Pure surface 1
——2x10 Pure surface 2
—2x10 Pure surface 3
—2x10 Surface treatment 1

Force [N]
ey
o
o
o

—2x10 Surface treatment 2

3000 + —2x10 Surface treatment 3

4x10 Pure surface 1

2000 A 7 4x10 Pure surface 2
A, 4x10 Pure surface 3
1000 - i —4x10 Surface treatment 1

—4x10 Surface treatment 2

\ —4x10 Surface treatment 3

0 T T T T
0 5 10 15 20 25
Displacement [mm)]

Fig. 28: Force — displacement curves from the four-point bending test with different
amount of TR, with and without surface modification using data from the testing
machine.

TR with surface modification provides significantly better results regarding the cracks
formation and development. Better bonding conditions leads to the very short anchoring
length for reinforcement activation without a significant decrease of force due to loading
by displacement. Hand in hand with cracks also maximal force was measured larger.
Visible difference between pure surface and surface modification is present in Fig. 29.
Comparable results at the beginning of curve during the process of reinforcement
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activation are in the case of 2x10 impregnated rovings with surface treatment and in the
case of 4x10 rovings without surface treatment. Difference in maximal reached force is
due to little bit different HPC cover and of course due to different cross-sectional area of
reinforcement. It is also obvious from both presented Fig. 28 and Fig. 29 that with higher
amount of TR can be achieved similar shape of curve like with traditional materials and
diameters of reinforcement. All these curves in comparison with the numerical model are
also mentioned in chapter 4.4.7.
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Fig. 29: Force — displacement curves from the four-point bending test, selected typical
curves for the visible difference between specimens with and without surface
modification.

For a better idea of the difference in the development of cracks, a view of damaged TRC
specimens with different amounts of reinforcement corresponding with reinforcement
presented in graphs is presented in Fig. 30 and Fig. 31. Looking at all these images, the
difference is especially noticeable in the number of cracks, its width and the application
of effect of multiple cracking in the case of more reinforced specimens an specimens with
the surface treatment. With more and more cracks on the specimen, they are less and
less wide and visible. And difference with number of cracks their opening is also visible
on the surface treatment for the same amount of reinforcement. All pictures were taken
approximately in the moment of slabs collapse.
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Fig. 30: View on the specimens with different amount of reinforcement before the
moment of collapse, presented specimens without surface treatment. First line 2x5,
second line 2x10, third line 4x10 rovings.

Important is the last picture presented in Fig. 30. Visible crack under the loading support
is shear crack and indicates a shear failure in combination with bending moment. This
failure was quite common with a higher value of the loading force. At the end of the
experiment there was a combination of shear failure of concrete and rupture of the
reinforcement due to the bending moment between supported and loading support. This
phenomenon is very difficult for numerical modeling exactly after the shear crack
opening. However, itisimportant to note that this is the end of the loading process, where
the textile reinforced concrete structure (slab) is already far beyond the serviceability due
to the large deformation.
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Fig. 31: View on the specimens with different amount of reinforcement before the
moment of collapse, presented specimens with surface treatment using silica sand.
First line 2x5, second line 2x10, third line 4x10 rovings with the best results.
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4 Numerical modeling

Numerical models were created in the ATENA Engineering 2D program [32] for nonlinear
analysis of concrete and reinforced concrete structures. The following chapters describe
all material parameters used in the numerical model, separately chapter about
calibration of bond behavior and the last chapter about validation of these used
parameters on the final four-point bending test of textile reinforced concrete slabs with
different amount of textile reinforcement. Numerical models were created for the smooth
variant of impregnated textile reinforcement and for the reinforcement with one type of
surface treatment based on the previous mechanical experiments — silica fine grain sand.

4.1 Material parameters

4.1.1 Concrete

HPC was modeled using topology tool Macro-element and the textile reinforcement was
modeled using topology tool Bar reinforcement. HPC was chosen as a material type 3D
non-linear Cementitious 2. Material characteristics are shown on following pictures.
Concrete is usually defined by following parameters: elastic modulus E, Poison's ratio 1,

compressive strength f,, tensile strength f;, fracture energy Gy, strain at the peak of stress
& and plastic displacement of concrete wq. Princip of failure law with defined curve is
presented in Fig. 32. Princip of crack opening is presented in Fig. 33. Softening
displacement law with defined curve is presented in Fig. 34.
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Fig. 32: Failure law of concrete in general defined by ATENA for used material in
numerical model — 3D non-linear Cementitious 2 [33].

We w {crack width )

Fig. 33: Crack opening law of concrete defined in ATENA for used material in numerical
model — 3D non-linear Cementitious 2 [33].

Peak cotnpressive strain G‘ w, o

Fig. 34: Softening displacement law of concrete in compression defined by ATENA for
used material in numerical model — 3D non-linear Cementitious 2 [33].

Next presented figures present specific material parameters of HPC used in numerical
model. It is necessary to state that some values have been adjusted according to the
results of calibrations of material parameters and therefore may not be identical with the
measured values. This part of the chapter is therefore closely related to the chapter 4.2.
Predefined pressure in a material type 3D non-linear Cementitious 2 was 160 MPa, little
bit higher in comparison with measured values based on the previous experience and
modeling in this ATENA software. This is the reason for the "HPC 160" material designation,
which can be seen in the following figures.
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Fig. 35: Input data used in 3D non-linear Cementitious 2 as a basic material properties of
HPC in model.

Subsequently automatically generated parameters were adjusted according to the
measured and calculated values and according to the minor other numerical models for
calibration purposes mentioned in chapter 4.2. So the following parameters were
modified: Tensile strength was changed to 7.5 MPa, modulus of elasticity was 44.5 GPa,
compressive strength was 136 MPa. These values are presented in Fig. 35.

Very important and big change in comparison with generated data from software was
the specific fracture energy. In the case of HPC with fine grain aggregates with maximum
grain size 1.2 mm is specific fracture energy almost zero in comparison with traditional
concrete. It was change only to 20 N/m as visible in presented Fig. 36. It is also reason of
suddenly crack opening after the crack initiation presented and very good visible for
example in this thesis in Fig. 83 from the presented part of four-point bending test. Just
after the crack initiation the reinforcement is very fast activated. It is also one of reasons
in combination with higher amount of cement why HPC without reinforcement (fiber,
textile, bar and their mutual combination) is almost not used. The last Fig. 37 present the
plastic parameters of concrete in compression.
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Fig. 36: Input data used in 3D non-linear Cementitious 2 as a fracture energy setinto the
model of HPC.
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Fig. 37: Plastic parameters of the concrete in numerical model.
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4.1.2 Reinforcement

Reinforcement and steel parts were modeled with the same program instrument with
the selectin linear, bilinear or multilinear curve representing the material parameters.
Steel parts were used in numerical simulations of experiments mainly as supports and
loading supports, sometimes supporting construction. Easy principle of stress-strain law
for linear curve in ATENA software is presented in Fig. 38. Poison’s ratio ;¢ was defined

0.3 and modulus of elasticity was selected 210 GPa as mentioned in Fig. 39. It was linear
and ideally elastic.

(=]

otress-Strain Law
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Fig. 38: Basic elastic and linear stress-strain law of steel plates.
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Fig. 39: Defined material parameters of steel parts in models.

Composite reinforcement was defined using two types of defined curves, bilinear and
multilinear due to the definition of the moment of failure of the reinforcement. Other
options have been tried, but these two methods of material modeling were the best in
terms of achieved results.

Bilinear model of reinforcement was used with elasticity modulus 29.5 GPa and a yield
strength 584 MPa. So composite reinforcement was simply defined for the purpose of
model with perfect plasticity due to the less complexity of the computational model and
good accuracy of the results. The considered material parameters of the reinforcement
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correspond to the parameters of composite — impregnated single roving, see chapter
3.3.2.2 and description of Tab. 4. This curve and its values are therefore suitable for a
defined cohesion of the reinforcement and this curve was also considered primarily for
combination with defined coherence parameters.

Editace matenialu &islo 4 : Vyztuz X

UEr 0N \Viyztu? sklo kompozit pure bilinear
ZéKladnf | Rizné |

M E'I 3 i - .
Tw:  [oHned & Stress-strain law
Modul prufnosti E : 20500.000 [MPal
Gy 584.000 [MPa] T o

I Plsobiv tlaku

Cislo materialu: 4 o 0K X storno

Fig. 40: Material parameters of reinforcement defined in the analysis with the best
results using bilinear curve for the defined cohesion.

The multilinear curve is more suitable for perfect interaction of both materials and was
used only for the perfect bonding due to the complexity of the calculation when the
strength in the reinforcement decreases. Combination of both realistic curve of material
and modeled cohesion is very time consuming and not so effective. Therefore, the
material parameters are in presented case in Fig. 40 given in this case for pure roving
according to chapter 3.3.2.2 and description of Tab. 4. Maximal tensile strength was
considered 1489 MPa according to the measured and calculated value with a
corresponding value of elongation. A small residue of strength is the model close to
reality. It is possible more accurately model the course of the experiment during the
collapse of the sample. Of course, many other variants and combinations was also tested.
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Editace materialu &islo 5 : Vyztuz X

vy rtuF sklo kompozit pure mulkilinear
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Fig. 41: Material parameters of reinforcement defined in the analysis with the best
results using multilinear curve for the case of perfect bonding.

It is necessary specify after many model simulations that both curves presented in Fig. 40
and Fig. 41 are suitable for modeling of the first half of experiment without major mutual
deviations, because the load-bearing capacity of the reinforcement is not achieved. Both
curves can be applied to the phases of the crack development and of the crack opening.
The strength and the corresponding elongation converted to the cross-sectional area of
pure roving are possible when the perfect interaction is considered, and quality
homogenization of the reinforcement is assumed. When cohesion between
reinforcement and cementitious matrix is modeled, it is necessary to enter the strength
and the corresponding elongation calculated on the cross-sectional area of the whole
composite.

4.1.3 Cohesion - reinforcement bond

Interaction conditions were defined using material tool Reinforcement Bond with user-
defined non-linear curve. Many curves were considered and their possible simplification,
curves with the best achieved accuracy of models are presented. The most difficult was
to define and debug the curves so that it works good after the first crack initiation, but
also during the crack development, crack opening and before the collapse of the sample.
First step in the curve specification was based on the exact measured values and shape
during the pull-out test. Because the concrete samples from the pull-out test were thin,
it was assumed that this could simplify the reinforcement bond modeling. Then curve
was during the modeling little bit modified to test the effect on the result. As a result, this
assumption was successfully confirmed, which is described in more detail in the chapter
4.3, betterin part 4.3.2. It leads to the easy reinforcement bond definition based exactly
and directly on the pull-out test results.
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Editace materidlu ¢islo 6: Reinforcement Bond ®
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UZivatelsky

Cislo materidlu: 6 o OK | X storno

Fig. 42: Bond curve for specimens with surface treatment using silica sand.

Finally, four curves with defined cohesion — reinforcement bond were used in numerical
models with different stiffness. One used curve represents specimens reinforced by
impregnated rovings with the surface modification using silica sand. This bond is
presented in Fig. 42. Next three curves represent smooth surface of impregnated roving
without any surface modifications. Three stiffness were considered. The medium soft
stiffness is presented in Fig. 44, soft stiffness in the bond area is Fig. 44 and ultra-soft
stiffness represent the last curve in Fig. 45. Interaction between reinforcement and
cementitious matrix for specimens with smooth surface is not constant.

Editace materidlu cislo 7 : Reinforcement Bond *®
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2 8.0000E-06| 3.0000E400
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Ed
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Fig. 43: Bond curve for specimens with smooth surface, medium soft version.
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Editace materidlu cislo 8 : Reinforcement Bond x
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Fig. 44: Bond curve for specimens with smooth surface, soft version.
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Fig. 45: Bond curve for specimens with smooth surface, ultra-soft version.

It depends on the amount of used epoxy resin, the viscosity of the epoxy resin, the time
of application of the epoxy resin, the method of stretching of roving and so on. Therefore,
it is necessary to define more curves according to the measured cohesion parameters
from the pull-out test. Comparison of all four defined curves of cohesion (reinforcement
bond) for a better idea of the considered joint stiffness is in the sum presented in Fig. 46.
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Fig. 46: Comparison of all defined curves of cohesion for a better idea of the considered
joint stiffness.

4.2 Calibration of material parameters

4.2.1 Concrete - compression test model

The compression test of the pure HPC was modeled very simply using 2D programming
environment by means of a concrete mass of corresponding dimensions with real
experiment, into which a load was applied using two modeled solid steel plates. The
model is presented below in the Fig. 47.

Py

Fig. 47: 2D Model of compression test. FEM, monitors, axis and loading are shown.

The next Fig. 48 presents a view of a loaded concrete sample just before failure during
the step 18. Presented value is Y displacement - perpendicular displacement from the
axis of the applied load between steel supports. The numerical values of strengths and
behavior are very similar to the behavior of really loaded specimens, which are described

inthe chapter3.3.1.1. The selected and calculated input parameters of the HPC are correct
from this point of view.
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Fig. 48: Displacement Y during the concrete testing (step 18).

4.2.2 Concrete - tensile test model

The tensile test of the pure HPC without any reinforcement was modeled using ATENA 2D
programming environment by means of a concrete mass of corresponding dimensions
with real mechanical experiment. The concrete part is modeled from five polygons to
create a regular network. One edge of the sample was fixed and the other side was
defined by the prescribed edge shiftin individual steps. The model is presented below in
the Fig. 49.

i

[T T
T
RN
R

Fig. 49: Model of tensile test. FEM, monitors, axis and loading are shown.

Below in figures are presented example outputs from the program, just before the
collapse of the sample and after the collapse of the sample. Prior to the collapse of the
sample, the model showed a series of microcracks in the area around the change in the
cross section of the sample (step 9). This was also the place where the sample
subsequently collapsed (step 10). The presented quantities are displacement X in Fig. 50
and principal stress in Fig. 51.
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Fig. 50: Displacement X just before failure with first micro cracks (step 9) and below
displacement X after cracking (step 10).

Fig. 51: Principal strain just before failure with first micro cracks (step 9) and below
principal strain after cracking (step 10).

In this case of the tensile test of HPC concrete, the results of the numerical model are also
identical to the results measured in a real mechanical experiment. The selected and
calculated input parameters of the HPC are correct from this point of view.
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4.2.3 Concrete - four-point bending test model

Model presented in Fig. 52 for basic material parameters calibration was already created
using textile reinforced concrete samples. It means samples of HPC reinforced with textile
reinforcement. This chapteris therefore also followed by a chapter4.4.Inis presented the
basic model of four-point bending test using symmetry. The grid was gradually chosen
so that it is a total of 13 points per sample thickness approximately 18 mm. This ensured
sufficient accuracy of the results even with accurate micro cracks and cracks

development.

Fig. 52: Model of four-point bending test using symmetry. FEM, boundary conditions,
monitors and loading are presented.

Fig. 53 and Fig. 54 present the moment at the beginning of loading process, when the
slab behavioris more or less linear until the moment of the first crack initiation — opening.
Thus, the cracks presented in the Fig. 53 and Fig. 54 are microcracks that are invisible to
the naked eye. Principal tensile stress presented in Fig. 53 reaches the values of the
defined tensile strength of concrete 7.0 MPa. In Fig. 54 is presented the principal strain
before the moment of crack opening.

Fig. 53: Principal stress (tensile) before the moment of crack opening (step 14).
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Fig. 54: Principal strain before the moment of crack opening (step 14).

Next figures represent the moment just after the first crack massive opening and
reinforcement activation. In Fig. 55 is presented principal strain after the moment of the
first crack opening (step 15). This first crack is typically located around the area of loading
support and logically it is the dominant area of principal strain changes. In Fig. 56 is
presented the crack width after the first crack opening, which is approximately according
to the model 6:10° m after the reinforcement activation. The load steps were modeled as
anincrease in deformation in steps as in the real loading test procedure.

—

Fig. 55: Principal strain after the moment of the first crack opening (step 15) around the
area of loading support.

Fig. 56: Crack width after the first crack opening (step 15).

The last Fig. 57 presents the principal strain after collapse in modeled step 28. It
represents the slightly textile reinforced concrete slab presented for example in Fig. 86
with only two opened massive cracks under the loading support. So the modeled
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behavior of slightly reinforced TRC slab was correct and it is possible to state that the
material parameters of the model was calibrated for the next steps — cohesion
parameters.

.

L.

Fig. 57: Principal strain after collapse (step 28).

4.3 Calibration of bond behavior

For composite TR made from alkali resistant glass fibers and basalt fibers (basalt fibers
are not included in this thesis) the modulus of elasticity decreases approximately to the
values of the elastic modulus of HPC. Therefore, it is very important the knowledge of
interaction conditions between both basic materials for accurately modelling of crack
propagation and opening using analytical method or non-linear computational
programs. This is a significant difference in comparison of technical fabrics with
traditional steel reinforcement where are generally considered perfect interaction
conditions in models between both materials with multiple cracking. The method will be
logically applicable also to rovings made of materials with higher modulus of elasticity,
typically carbon.

Two model calibrations for the two selected methods for determining the interaction
conditions are described below. More attention is paid to the modified method inspired
by ACI standard, which was used for validation of the final model of flexural test. It is
important for verification, if measured curve from pull out test can be without major
changes used directly as a reinforced bond for numerical modeling in ATENA Engineering,
eventually other software.

4.3.1 Pull out test inspired by method from Dresden

As mentioned in chapter 3.3.3.1, the first pull out test method was inspired by [10] and
was performed for the comparison with method according to the ACI standard. HPC plate
has in the longitudinal direction one single penetrated roving with or without surface
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treatment. This numerical simulation presents only results of roving without surface
modification and with the surface treatment by silica sand with particle size 0.1 — 0.6 mm.
It was mentioned that maximum tensile strength of roving with influence of polymer
matrix was approximately 600 MPa, but the collapse was always in HPC part,
reinforcement was never broken. The numerical model should confirm the unsuitability
of this method and the damage in the concrete before reaching the tensile strength of
the impregnated single roving. At the same time, model should also show the difference
between a smooth surface and surface treatment using silica sand. In Fig. 58 is presented
a view on the created numerical model with visible mesh. The mesh has a higher density
of nodes in the monitored part of the reinforcement.

I 5

NN,

e

L

Fig. 58: Model of bond test (FEM, boundary conditions, monitors and loading are shown).

From results of experiments in chapter 3.3.3.7 it is known, it is not possible to examine
the bond behavior until the moment when reinforcement is broken. Model confirmed
with defined reinforcement bond that after the controlled crack initiation there is
significant decrease of force during the loading process because of bad interaction of
materials and the need for a large contact area for reinforcement activation. Area in the
contact with concrete after the controlled crack formation is reduced during pulling out
and there decrease of force until the end of testing procedure. But as mentioned in
chapter 3.3.3.1, a short time after the first crack formation occurred concrete failure
without higher slipping of composite reinforcement, so it would be very difficult to
determine the reinforcement bond from this measurement using sophisticated analytic
methods. This is the reason reinforcement bond curves from the pull-out test inspired by
ACl standard were used as mentioned in chapter 4.1.3 about the reinforcement bond
definition for model.

In Fig. 59 is presented model output with defined cohesion for smooth surface without
any surface treatment. Left side presents model calculation step 81 just before moment
of failure and right side of this picture presents model calculation step 82 just after the
failure. Principal stress (a) indicates localization of collapse and it correspond with (c)
displacementY and visible modeled cracks. Stress (b) and bond slip (c) of reinforcement
before the failure is also presented. In comparison of model crack development with
pictures of damaged specimens presented in Fig. 20 is obvious that the model
corresponds to the real course of the experiment.
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(b)

8.002E-01

Fig. 59: Presented model with defined cohesion for smooth surface, principal stress in
the step 81 just before failure (a), corresponding stress in single roving reinforcement
(b) and bond slip (c), displacement Y in the step 82 after the failure around
reinforcement (d).

In Fig. 60 is presented the next model output with perfect bonding. Left side presents
model calculation step 78 in the moment of failure and right side presents model
calculation step 10 after the first controlled crack initiation. Principal stresses are
presented in (a) and (c) and corresponding reinforcement tensile stress in (b) and (d). In
this case comparison of model crack development with real pictures presented in Fig. 20
also corresponds. Model is correct and for sure, this method is not suitable for
determining of interaction conditions between the impregnated single roving and HPC
matrix.

(b) (© (d)

6.606E-01

1,777E+ﬂ1%

8.783E-01

2.760E-01

2.766E-01

Fig. 60: Presented model with the perfect bonding, principal stress in the last step 78 (a),
and corresponding stress in single roving reinforcement (b), principal stress in the step
10 (c) and corresponding stress in reinforcement (d).
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Furthermore, the correction of steel part was also modeled. The small steel structure was
a necessary part of the sample for its fixation to the jaws of test machine. This design
could skew the measurement results compared to the model, where this design was not
considered. Therefore, the model was created separately and the value of the
deformation of the steel was subtracted from the slip of the reinforcement depending on
the magnitude of the loading force — reaction. Model of steel part for correction of pull-
out values is presented in Fig. 61, presented is principal strain and displacement.

Fig. 61: Steel parts for sample fixing — curve distortion verification, principal strainin
step 25 (left) and displacement Y in step 25 (right).

4.3.2 Pull out test according to the ACI standard

The second pull out method inspired by ACl standard was focused on complete curve of
reinforcement bond behavior with a simple interpretation. Epoxy sleeve was installed
only on one side of single roving because of the safe fixing to the testing machine jaw
without damaging of the impregnated yarn. Presented concrete part has a constant
dimensions 100 x 100 mm and optimized thickness for presented single AR-glass
impregnated roving 20 mm. The same dimensions were used in the numerical model. The
distance between epoxy sleeve and concrete part could not be modeled, because
reinforcement must be placed into the macro-element. So this part of free reinforcement
was not modeled and epoxy part was int contact with concrete part as visible in Fig. 62,
but without any bond. Reinforcement in the epoxy sleeve was modeled with perfect
bonding. Monitored parameters were the reaction in the point of loading and pull-out.
Not all models and material variants are presented, only the most interesting or
representative models.
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Fig. 62: Model of bond test (FEM, boundary conditions, monitors and loading are shown).

The first was modeled the linear reinforcement bond defined by two points with the
stiffness of silica sand as a surface treatment. In Fig. 63, Fig. 64 and Fig. 65 are presented

Czech Technical University in Prague
Faculty of Civil Engineering -63 -
Department of Architectural Engineering



Doctoral thesis

gradually loading steps 15, 44 and 63. In all three figures are presented parameters
compressive principal stress and reinforcement tensile stress. As visible in figures,
reinforcement was gradually activated with more and more loading steps. During the
loading are visible some cracks in the upper part of concrete specimens, but without
bigger damage. This is the positive effect of shear cone, so the length of reinforcementin
the contact with concrete is constant during the loading procedure, as confirmed by
model.

Fig. 64: Compressive principal stress [MPa] and reinforcement stress [m] (step 44).

3.590E+02%

Fig. 65: Compressive principal stress [MPa] and reinforcement stress [m] (last step 63).

Next model presents results of modeled reinforcement bond "medium soft”. Similarly like
in previous case, in Fig. 66, Fig. 67, Fig. 68 and Fig. 69 are presented gradually loading
steps 35, 160, 222 and 240. With lover stiffness of reinforcement bond more steps was
done because of longer reinforcement activation. In all four figures are presented
parameters compressive principal stress and reinforcement delta slip. As visible in
figures, reinforcement was again gradually activated with more and more steps. Delta
slip is without big differences in values on both ends, so it confirms the idea of applying
the measured curve directly as a reinforcement bond to the model. During the step 222
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it is visible lower delta slip around upper surface because of the crack development in
this area. Model provides insight into the structure.

Fig. 66: Compressive principal stress [MPa] and reinforcement delta slip [m] (step 35).

Fig. 67: Compressive principal stress [MPa] and reinforcement delta slip [m] (step 160).

Fig. 68: Compressive principal stress [MPa] and reinforcement delta slip [m] (step 222).

Fig. 69: Compressive principal stress [MPa] and reinforcement delta slip [m] (step 240).

In Fig. 70 is presented the reinforcement total slip, which is more important, with
compressive principal stress. As visible total slip in model reached of value almost
millimeter, which correspond with measured values.
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Fig. 70: Reinforcement total slip [m] (step 240).

In Fig. 71 and Fig. 72 are presented reinforcement parameters during the modeled
loading process for more visible comparison of difference in loading steps. Presented
parameters are contact stress in the bond area and tensile stress in the reinforcement. It

is visible almost constant shape of contact stress in the concrete part, which suggests
bad interaction conditions.
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Fig. 71: Stress of bond during the loading.
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Fig. 72: Stress of reinforcement during the loading.

Next model in Fig. 73, Fig. 74, Fig. 75, Fig. 76 and Fig. 77 presents results of modeled
reinforcement bond “sand”, which represent the measured pull-out curve with the
surface treatment using silica sand, see chapter 4.1.3. Similarly like in previous case, in are
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presented gradually loading steps 40, 95, 100, 110 and 240. In all four figures are
presented parameters compressive principal stress and reinforcement delta slip, in the
last figure total slip. As visible in figures, reinforcement was again gradually activated with
more and more steps. Pull-out of reinforcement is much lower in comparison with
previous case of lower reinforcement bond. The model corresponds to the assumption.

Fig. 76: Compressive principal stress [MPa] and reinforcement delta slip [m] (step 110).
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Fig. 77: Reinforcement total slip [m] in the last step (step 240).

In Fig. 78 and Fig. 79 are presented again reinforcement parameters during the modeled
loading process for more visible comparison of difference in loading steps. Presented
parameters are contact stress in the bond area and tensile stress in the reinforcement. It
is visible not constant like in previous case, but almost linear shape of contact stress in
the concrete part. It suggests the good interaction conditions.
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Fig. 78: Stress of bond during the loading.
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Fig. 79: Stress of reinforcement during the loading.

Finally, two resulted graphs are presented in the form of contact stress and pull-out
curves during the process of loading and modeling for comparison of both results. Model
and experiment in great accordance as presented in Fig. 80 and Fig. 81. Very interesting
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is comparison of defined reinforcement bond (green lines) with modeled pull-out tests
and it is necessary some description of curves. Atena 1 with corresponding green line
represents the “Ultra-soft” reinforcement bond, Atena 2 with corresponding green line is
the “Soft” reinforcement bond, Atena 3 with corresponding green line is the "Medium-
soft" reinforcement bond, Atena 4 with corresponding green line is the “sand”
reinforcement bond with the surface treatment. The last almost vertical green line and
Atena model 5 represent the primitive reinforcement bond definition using two points,
almost perfect bonding.
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Fig. 80: Contact stress and pull out curves during the loading and modeling for
comparison of both results. Model and experiment in accordance.
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Fig. 81: Contact stress during the loading and modeling in comparison, pull outis
limited by value 0,1 for more visible results of specimens with surface modification.
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In Fig. 81 is presented the same graph, only x axis is limited to the value only 0.1 mm.
Than results of models and experiments of specimens with the surface treatment are
more visible. In this case is also presented good accuracy of the result and model with
material parameters. It is possible to say that the model was calibrated with defined
material parameters of concrete and reinforcement and various defined parameters of
reinforcement bond.

4.3.3 Support modelling

It has already been explained above why the knowledge of interaction and bond behavior
is so important. If the amount of reinforcement with similar elastic modulus like concrete
part is lower in cross sectional area, the accurately modelling of crack propagation and
opening is very important with precise locations of the first crack. This is especially the
problem of slightly reinforced TRC elements with only two or one layer of TR with small
amount of rovings in cross sectional area. It is a reason of plastic joints initiation under
the loading supports. For slightly reinforced concrete elements are monitored
parameters better visible especially interaction between reinforcement and used
cementitious composite. The load transfer to the concrete element from the testing
machine is typically modeled using some small steel plate with perfect bonding in
contact area. But this small steel plate can adversely affect the location of the first
initiated crack in the four-point bend test. This chapter presents the difference in results
if we insert another flexible plate in model between the steel plate and the concrete
element with a small defined stiffness [31].

The task was modeled using symmetry of four-point bending test in 2D surface of ATENA
software for its size reducing. HPC was modeled using topology tool Macro-element and
the textile reinforcement was modeled using topology tool Bar reinforcement as
mentioned also with all next material parameters in chapter 4.1. The thickness of
concrete macro-element in the Z-axis direction was defined 100 mm respected the real
size of samples and the reinforcement cross-sectional area was defined 8.8 mm? for one
layer both according to the experimental specimens. The support was modeled in two
versions. The first one was modeled as a steel plate with defined cross-sectional area 4 x
8 mm in the Z direction with the same thickness 100 mm. This version represented
traditional model for load transmission to the concrete part. The second one was also
modeled as a steel plate with defined cross-sectional area only 2 x 8 mm and same
thickness in Z direction but also with a second elastic plate with identical dimensions
inserted between steel plate and concrete specimen. The elasticity modulus of elastic
soft plate was defined only 1.0 GPa [31]. Numerical model, axis orientation and details of
supports are closer present in Fig. 82.
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Fig. 82: View on geometry of model included generated finite element grid, detailed
view on the steel plate (left) and steel plate with inserted soft elastic plate (right) [31].
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Fig. 83: Results of four point bending test. Comparison of experimental results with two
variants of supports used in numerical model, pure steel and with inserted soft plate

[31].

Both experimental results of four-point bending test and results of numerical modelling
with two variants are presented in Fig. 2. For experimental results are characteristic two
cracks under the loading supports and their opening until the specimen collapses.
Sometimes only one crack can be initiated as presented also in Fig. 2. This happened due
to more facts: incorrect position of reinforcement and different concrete cover, variable
thickness of specimen, very bad interaction between composite reinforcement and
cementitious matrix and small amount of reinforcement in cross-sectional area of
specimen. On the other side especially in the case of good materials interaction
reinforcement pulling out is not so significant and it leads to the third crack initiation in
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the middle of specimen before its collapse. The case of third crack is not presented in Fig.
2. It is clear especially material interaction conditions are not constant for this type of
impregnated textile reinforcement and crack initiation and opening is also slightly
different. Fig. 2 presents great precision of numerical model during the crack opening of
the slightly reinforced HPC and thus confirming the correctness of specified material
parameters. The curves obtained from ATENA Engineering program are only shifted to the
point of the first crack initiation because it is not possible to easily model the starting
process of loading and all imperfections. The first crack initiation and its opening does
not affect the simplification of the model using symmetry of four-point bending test [31].

In Fig. 83 is also presented that inserted soft elastic plate between steel plate and HPC
specimen has no effect on the crack opening because the displacement monitor is
located on the top surface of textile reinforced concrete specimen. Support modification
did not affect the displacement and size of reaction, but it significantly influences the first
crack location and further principal stresses development as seen in the various model
damaging at the end of the loading process in Fig. 83. This effect is better presented in
Fig. 84 with detailed view of the horizontal deformation around the area of loading
support for both variant. Rigid joint of steel plate and HPC specimen (a) prevents natural
deformation of the specimen during four-point bending test procedure and it leads to
slightincrease of bending stress in the middle area of specimens and due to increase the
likelihood of bad location of the first crack. Simply designed and modeled modification
wit inserted soft elastic plate (b) has no problem with both horizontal and vertical
deformation and cross-sectional area is without any additional bending stress. The first
crack is in numerical model always located just under the loading support exactly like
during experiment [31].

€)

Fig. 84: Detailed view of the horizontal deformation around the loading support for the
same reaction just before the first crack initiation for pure steel plate (a) and steel plate
with inserted soft elastic plate (b) [31].

The first crack localization in models with different types of supports is presented in Fig.
85 with principal stresses and drawn cracks development. Invisible micro cracks begin to
form in the part with tensile stresses (a) just before the first crack initiation is initiated at
the first sight similarly for both modeled supports. For the pure steel support (b) the first
crack is initiated depending on the mesh density and on the top support dimensions
randomly and unrealistically somewhere in the area between the loading support and
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the symmetry axis. Numbers around the crack (b), (c) represent debonding just after the
first crack initiation. Simple modification using soft inserted elastic plate stabilize results
and the first crack location also for different mesh density. As mentioned above the first
crack is always located just under the area of loading support using soft inserted plate. In
Fig.86is presented a picture of the real loading process of experimental panel where two
typical open cracks are visible in the area of the loading supports and creation of plastic
joints [31].
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Fig. 85: View of the model with principal stresses before the first crack initiation (a), after
the first crack initiation outside of the support area in the case of pure steel support (b)
and under the loading support in the case of steel plate with inserted soft elastic plate

(@ [31].

It is also necessary to mention inaccuracies of presented model. In the case of slightly
reinforced concrete in the plastic joint area the collapse was not precisely modeled even
though using of elastic plate inserted under the dispensing steel plate improved the
results. The reinforcement was broken in the experiment but in the numerical model was
previously damaged the concrete part. During the plastic joint opening the angle is large
because of the thickness and HPC compression part is thus extremely low compared to
the traditional concrete. The upper edge is crushed but the cross section was able to
continue in the load transfer. This phenomenon is not captured in presented model. The
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purpose of this experiment and its numerical model with slightly reinforced HPC was to
validation of material parameters for further research. The aim is efficiently design of the
reinforcement so that after the first crack initiation there is no reaction reduction and with
increasing deformation occurred multiple cracking. Plastic joints in final applications are
not desirable [31].

Fig. 86: View of the formed plastic joints under the loading support during mechanical
experiment of slightly textile reinforced concrete slab [31].

4.4 Validation of model parameters on four-point bending test

In particular, the basic strength properties of both considered materials and interaction
conditions between technical fabric and HPC were studied using most often direct
uniaxial tensile test.

4.4.1 Model with 5 roving, considered "Medium soft"” reinforcement bond

Model presented in previous chapter for calibration of four-point bending test was also
used for the validation of material parameters and parameters of defined reinforcement
bond curves based on the experimental results of pull-out test. The grid was gradually
chosen so that it is a total of 13 points per sample thickness approximately 18 mm. This
ensured sufficient accuracy of the results even with accurate micro cracks and cracks
development. The model was created using symmetry of four-point bending test. For all
material options presented in next chapters will be the model same. Soft insert under the
loading support was also created for better results. Model is visible in Fig. 87.

In this first presented model of four-point bending test was considered two layers of
reinforcement with five roving in each layer. As a reinforcement bond for this presented
option was selected "Medium soft” curve presented in previous chapter about the
material parameters — cohesion — reinforcement bond.
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Fig. 87: Model of four-point bending test using symmetry. FEM, boundary conditions,
monitors and loading are presented.
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Next figures Fig. 88 - Fig. 95 present interesting model moments with short descriptions.
These are always the steps around the initiation of the first crack and the activation of the
reinforcement, it is also the development and opening of cracks, the capture of the
moment around the modeled failure of the sample. Usually presented parameters are
tensile stress in the reinforcement, slip of the reinforcement, total slip of the
reinforcement, principal stress and principal strain of concrete, Eq plastic strain of
concrete and cracks width.

Fig. 88: Principal strain before first crack opening (step 12).
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Fig. 89: Stress in the reinforcement and crack width (step 12).

Fig. 90: Principal strain after first crack opening (step 13).
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Fig. 91: Stress in the reinforcement after first crack opening and crack width (step 13).

Czech Technical University in Prague
Faculty of Civil Engineering -75-
Department of Architectural Engineering



Doctoral thesis

<
w
-
o
s
%

Fig. 92: Slip of the reinforcement after first crack opening and crack width (step 13).
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Fig. 93: Principal strain during the failure of structure (step 210).
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Fig. 94: Principal stress of concrete and reinforcement during the failure (step 210).
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Fig. 95: Eq plastic strain of concrete and stress of reinforcement during the failure (step
210).
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Fig. 96: Bond slip of the reinforcement and crack width (step 210).

4.4.2 Model with 5 rovings, considered “Sand" reinforcement bond

Model presented in previous chapter and in this chapter, also for next variants is the same
and will not be more presented. The model was created using symmetry of four-point
bending test. Soft insert under the loading support was also created for better results.
Model is visible in Fig. 97Fig. 87.
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Fig. 97: Model of four-point bending test using symmetry. FEM, boundary conditions,
monitors and loading are presented.

In this second presented model of four-point bending test was considered also two layers
of reinforcement with five roving in each layer. As a reinforcement bond for this presented
option was selected “Sand” curve presented in previous chapter about the material
parameters — cohesion — reinforcement bond. So, it means the reinforcement bond curve
with the highest stiffness.

Next figures Fig. 98 - Fig. 106 present interesting model moments with short descriptions.
These are always the steps around the initiation of the first crack and the activation of the
reinforcement, it is also the development and opening of cracks, the capture of the
moment around the modeled failure of the sample. Usually presented parameters are
tensile stress in the reinforcement, slip of the reinforcement, total slip of the
reinforcement, principal stress and principal strain of concrete, Eq plastic strain of
concrete and cracks width.
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Fig. 98: Principal strain before first crack opening (step 12).
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Fig. 99: Stress in the reinforcement and crack width (step 12).

Fig. 100: Principal strain after first crack opening (step 13).
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Fig. 101: Stress in the reinforcement after first crack opening and crack width (step 13).
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Fig. 102: Slip of the reinforcement after first crack opening and crack width (step 13).
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Fig. 103: Principal strain during the failure of structure (step 120).

In comparison with previous model with “Medium soft” bond curve, this model presents
better interaction conditions and it perfectly correspond with mechanical experiments
presentedin previous chapters. More cracks is visible and from the reinforcement outputs
logically faster activation is visible. Maximal concrete stress was usually achieved around
50 MPa. It shows that there is a sufficient reserve in the compression strength of concrete.
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Fig. 104: Principal stress of concrete and reinforcement during the failure (step 120).
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Fig. 105: Eq plastic strain of concrete and stress of reinforcement during the failure (step
120).
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Fig. 106: Bond slip (total) of the reinforcement and crack width (step 120).

443 Model with 10 roving, considered "Soft" reinforcement bond

In this presented model of four-point bending test was considered also two layers of
reinforcement with ten roving in each layer. As a reinforcement bond for this presented
option was selected “Soft" curve.

Next figures Fig. 107- Fig. 115 present interesting model moments with short
descriptions. These are always the steps around the initiation of the first crack and the
activation of the reinforcement, it is also the development and opening of cracks, the
capture of the moment around the modeled failure of the sample. Usually presented
parameters are tensile stress in the reinforcement, slip of the reinforcement, total slip of
the reinforcement, principal stress and principal strain of concrete, Eq plastic strain of
concrete and cracks width.

Fig. 107: Principal strain before first crack opening (step 12).
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Fig. 108: Stress in the reinforcement and crack width (step 12).
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Fig. 109: Principal strain after first crack opening (step 13).
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Fig. 110: Stress in the reinforcement after first crack opening and crack width (step 13).

Fig. 111: Slip of the reinforcement after first crack opening and crack width (step 13).
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Fig. 112: Principal strain during the failure of structure (step 240).
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Fig. 113: Principal stress of concrete and reinforcement during the failure (step 240).
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Fig. 114: Eq plastic strain of concrete and stress of reinforcement during the failure (step
240).

These results were expected thanks to the previous experience from modeling, and also
experience with many mechanical experiments. Two time more composite
reinforcements in cross-sectional area without any surface treatment gave similar results
with the reinforcement with silica fine grain sand on the surface. It approximately
corresponds with presented results of numerical model. Also model in comparison with
picture from the real measurement is presented in Fig. 115. Other pictures were
presented in chapter 3.3.3.3 Four-point bending test.

Fig. 115: Bond slip (total) of the reinforcement and crack width (step 240) and below
comparison with picture from the measurement.
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4.4.4 Model with 20 roving, considered "Soft" reinforcement bond

In this presented model of four-point bending test was considered also more easily only
two layers of reinforcement with twenty roving in each layer. More exact is four layers like
in the real experiment and it was also modeled, but results were almost the same so
more easy method was selected. As a reinforcement bond for this presented option was
selected again "Soft” curve. This is the highest amount of the reinforcement.

Next figures Fig. 116 - Fig. 125 present interesting model moments with short
descriptions. These are always the steps around the initiation of the first crack and the
activation of the reinforcement, it is also the development and opening of cracks, the
capture of the moment around the modeled failure of the sample. Usually presented
parameters are tensile stress in the reinforcement, slip of the reinforcement, total slip of
the reinforcement, principal stress and principal strain of concrete, Eqg plastic strain of
concrete and cracks width.

Fig. 116: Principal strain before first crack opening (step 12).
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Fig. 117: Stress in the reinforcement and crack width (step 12).
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Fig. 118: Principal strain after first crack opening (step 13) and below comparison of
model with picture from the measurement, visible the thin crack under the loading
support.

Interesting point is again the moment of the first crack initiation, which is presented in
Fig. 118. The model output is supplemented by the picture from the real process of
measurement, and it approximately correspond. Of course, picture was taken little bit
later after the first crack initiation when it was more opened and visible. In Fig. 119 is
presented the stress of reinforcement just after the first crack initiation and it is visible
low activation length of reinforcement and lower values of stress thanks to the higher
amount of reinforcement.
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Fig. 119: Stress in the reinforcement after first crack opening and crack width (step 13).
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Fig. 120: Slip of the reinforcement after first crack opening and crack width (step 13).
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Fig. 121: Principal strain before failure of the structure (step 245) and below comparison
of model with picture from the measurement, visible multiple cracking.
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Fig. 122: Principal stress of concrete and reinforcement before the failure (step 245).
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Fig. 123: Bond slip (total) of the reinforcement and crack width (step 245).
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Fig. 124: Principal strain after failure of the structure (step 250).

Fig. 125: Eq plastic strain of concrete and stress of reinforcement during the failure (step
250).

4.4.5 Model with 10 roving, considered "“Soft" reinforcement bond and
higher concrete cover

In this presented model of four-point bending test was considered also two layers of
reinforcement with ten roving in each layer. As a reinforcement bond for this presented
option was selected "Soft” curve. For this model was considered higher concrete cover
7 mm. Because after the experimental measurement was measured the real concrete
coverandinsome cases it was higher. Results of this model show the importance of exact
concrete cover for thin TRC slabs.

Next figures Fig. 126- Fig. 134 present interesting model moments in the same way with
short descriptions. These are always the steps around the initiation of the first crack and
the activation of the reinforcement, it is also the development and opening of cracks, the
capture of the moment around the modeled failure of the sample. Usually presented
parameters are tensile stress in the reinforcement, slip of the reinforcement, total slip of
the reinforcement, principal stress and principal strain of concrete, Eq plastic strain of
concrete and cracks width.
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Fig. 126: Principal strain before first crack opening (step 12).
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Fig. 127: Stress in the reinforcement and crack width (step 12).
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Fig. 128: Principal strain after first crack opening (step 13).
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Fig. 129: Stress in the reinforcement after first crack opening and crack width (step 13).
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Fig. 130: Slip of the reinforcement after first crack opening and crack width (step 13).

Fig. 131: Principal strain during the failure of structure (step 304).
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Fig. 132: Principal stress of concrete and reinforcement during the failure (step 304).
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Fig. 133: Eq plastic strain of concrete and stress of reinforcement during the failure (step
304).

From results of numerical model is visible, that there is no rapid difference in results with
different concrete cover in terms of the crack development. Difference was in numerical
values. Reinforcement was activated more faster and displacement was logically higher
for the same force in comparison with the same specimen with lower concrete coverand
the same reinforcement bond curve.
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Fig. 134: Bond slip (total) of the reinforcement and crack width (step 304) and below
comparison of model with picture from the measurement, visible wide crack under
support similaramount and location of cracks.

4.4.6 Model with 10 roving, considered "Ultra-soft” reinforcement bond

In this last presented model of four-point bending test was considered also two layers of
reinforcement with ten roving in each layer. As a reinforcement bond for this presented
option was selected “Ultra-soft” curve. More models were created, but it is not necessary
to mention all variants, only the representatives one.

Next figures Fig. 135- Fig. 142 present interesting model moments with short
descriptions. These are always the steps around the initiation of the first crack and the
activation of the reinforcement, it is also the development and opening of cracks, the
capture of the moment around the modeled failure of the sample. Usually presented
parameters are tensile stress in the reinforcement, slip of the reinforcement, total slip of
the reinforcement, principal stress and principal strain of concrete, Eq plastic strain of
concrete and cracks width.

Fig. 135: Principal strain before first crack opening (step 12).

Czech Technical University in Prague
Faculty of Civil Engineering -89 -
Department of Architectural Engineering



Doctoral thesis

Fig. 136: Principal strain after first crack opening (step 13).
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Fig. 137: Stress in the reinforcement after first crack opening and crack width (step 13).
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Fig. 138: Slip of the reinforcement after first crack opening and crack width (step 13).

Fig. 139: Principal strain before failure of the structure (step 380).
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Fig. 140: Principal stress of concrete and reinforcement before the failure (step 380).
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Fig. 141: Bond slip (total) of the reinforcement and crack width before the failure (step
380).

In presented Fig. 142 is visible crack width during the failure on model (step 400) and
below this picture model is for comparison with picture from the real process of
measurement. The collapse was due to the shear stress in combination with the bending
stress. It is very difficult to model this situation after the shear crack opening. This is the
situation, where the model calculations finished and loading of real specimens continue.
So, on this real specimen we can see horizontal crack behind the support, which was
modeled, but collapse of specimens was later in the middle part between loading
supports.

Fig. 142: Crack width during the failure (step 400) and below comparison with picture
from the measurement, visible failure because of the shear forces like is visible in model
before the crack opening.
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Fig. 143: Eq plastic strain of concrete during the failure (step 400).

4.4.7 Comparison of results of numerical model and experiment

Firstis presented figure mentioned in 2015 in [34]. This curve represents the be beginning
of numerical modeling in ATENA Engineering. The four-point bending test of facade
elements with different dimensions 300 x 700 x 25 mm was carried out according to
standard CSN EN 12390-5. The panel was reinforced with 2D AR glass technical textile on
both surfaces with concrete cover 6 mm. The distance between centers of supports of
facade elements was 600 mm and between loading supports on the opposite side 200
mm. The 30 mm radius of curvature was used as support. So, values presented in Fig. 144
are not so well comparable with other figures below. But crack development and mainly
crack openingis very good visible, itis not exact. On the other side stiffness and maximal
force of numerical model is very similar to the experimentally curve [34]. TRC specimens
were slightly reinforced. Collapse was due to the reached maximal tensile strength of
reinforcement without shear cracks like mentioned above with higher amount of
reinforcement. In the model with more exact crack development is more difficult to
model the final part of curve because of the massive crack opening.
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»Atena - perfect bonding

——Atena - cohesion 2 MPa

-+-Abaqus - perfect bonding

--m- Abaqus - cohesion 2 MPa

0 : T T T T T T T
0 5 10 15 20 25 30 35
Displacement [mm]

Fig. 144: Load-displacement curves of facade element from 4 point bending test, result
of real measurement and results of the first numerical modeling in 2015. Model with bad
crack opening for comparison with other models and its development [34].
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In Fig. 145 are presented all curves presented also in experimental part in addition with
resulted curves from the numerical modeling. Load-displacement (Force-displacement)
curves of slabs 100 x 360 x 18 mm from four-point bending test are presented in all basic
variants with three variants of reinforcement. 2x5 means 5 impregnated rovings in two
layers of reinforcement as mentioned in previous chapter. So 2x10 are specimen with two
layers and 10 rovings in each layer. 4x10 are specimen with four layers and 10 rovings in
each layer. The collapse was usually due to the shear stress in combination with the
bending stress, especially for good interaction conditions and higher amount od
reinforcement. Itis very difficult to model this situation after the shear crack opening and
massive bending crack opening, so final parts of modeled curves are not exact. But this
part of the curve is far beyond the applicability of the element. In that moment, the
deflection (displacement) of the element is in the order of higher unity millimeters
between the loading supports with distance 300 mm.

Fig. 146, Fig. 147 and Fig. 148 present the same graph, but separately for 2x5, 2x10 and
4x10 rovings — variants. In addition, it is presented only one representative curve for
smooth variant and curve with the surface treatment with corresponding numerical
models. Than are results of numerical models and experiment more comparable. Model
reached the great results and it can be said that the chosen methods and procedures

were correct.
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Fig. 145: Load-displacement curves of slabs 100 x 360 x 18 mm from 4 point bending
test, all basic variants, result of real measurement and results of the numerical
modeling.
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Fig. 146: Load-displacement curves as presented in Fig. 145, separately for more visible
details 2x5 rovings with only one typical curve.

3500 -

3000 +-

2500 +-

2000 -

Force [N]

G 11 ) A (7.,

—2x10 Surface treatment 2
1000 -

Atena_2x10_bez op
L R R Rt e T T
Atena_2x10_op
0 2 4 6 8 10 16
Displacement [mm]

Fig. 147: Load-displacement curves as presented in Fig. 145, separately for more visible
details 2x10 rovings with only one typical curve.
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Fig. 148: Load-displacement curves as presented in Fig. 145, separately for more visible
details 4x10 rovings with only one typical curve.

5 Example of application - subtle cantilever concrete bench

The shape and construction of subtle concrete bench was influenced by purpose of use.
Presented bench is the basic body for the so-called solar bench. It was made of two parts
firmly connected to each other. The first bottom part was concrete slab 60 mm below
ground with thickness 100 mm and it was made from ordinary concrete with partial
replacement of natural aggregate with recycled aggregate and with steel reinforcement.
The material selection was because of its better price and its invisible placement
underground. Upper visible part was made from modern carbon textile reinforced
concrete (TRC). Upper part is more difficult construction of plate with thickness only 40
mm with its static scheme as L shaped cantilever with angle 35° and its length
approximately 1.0 m. Its inclined part is intended for the photovoltaic panel. The holes in
the invisible part of the base plate serve for storing batteries and all intelligent
technologies. Both parts of the bench are guided by goosenecks for electrical connection
of batteries, technology, panels and controls each other [13].

The original look of the thin concrete upper part of construction was created thanks to
the modern carbon technical textiles as a reinforcement. Method of reinforcement of
upper visible part, reinforcement shaping and connecting by overlapping has similar
principles like for traditional steel reinforcement. Concrete frame corner reinforcement
methods were also followed in the case of impregnated textile reinforcement, and it was
the main reason of decision to create an advanced numerical model and mechanical

Czech Technical University in Prague
Faculty of Civil Engineering - 95 -
Department of Architectural Engineering



Doctoral thesis

experiment. The aim was the determination of load bearing capacity of subtle concrete
bench and the stress development and behavior around the area of concrete frame
corner [13].

Bench length in previous study was designed 2.14 m, but for the experimental test,
specimen length was only 0.6 m. The bottom slab dimension was 1.0 x 0.6 m with hole in
its middle part 0.68 x 0.28 m for lightweighting. It leaded more to the system of beams in
the sense of construction than one large slab as presented in Fig. 150 (b). So cross-
sectional area of the ribs was 100 x 160 mm. Upper part of concrete bench was L shape
with angle 35° and its highness 0.5 m and cantilever length 1.0 m. L shape part thickness
was only 40 mm. View on cross-sectional drawing of bench with described and other
dimensions is presented in Fig. 149 [13].

Fig. 150: Detailed view on the TT of upp'er part in the area of L shape (a), vieon the
complete concrete bench prepared for mechanical loading-bearing test (b) [13].
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As mentioned above bottom part was made from ordinary concrete with traditional steel
reinforcement. The reinforcement was manually shaped inside of wooden form before
the concreting using 4 bars for each concrete beam part, 2 for upper surface and 2 for
bottom surface with concrete cover 20 mm. Traditional reinforcement methods were
followed. Steel anchors were included to this basement for subsequent joining of both
bench parts. Upper visible part was made from carbon textile reinforced concrete. Mold
was prepared using the combination of steel frame and wooden plates. 4 layers of carbon
technical textiles were used, 2 for upper surface and 2 for bottom surface with concrete
cover about 5 mm. Both ends and L break were reinforced by own made shaped pieces
of reinforcement using the same reinforcement materials. It was in similar way to
traditional methods of steel reinforcement, so shapes were U shape on both ends and
one L shape on the outside of break in the middle of upper part. Detailed view on the
carbon reinforcement in the break area is presented in Fig. 150. View on the complete
concrete bench prepared for mechanical loading-bearing test is presented in Fig. 150.
Principles of frame corner reinforcement were followed. The exact position of textile
reinforcement in the mold was ensured by the supported small steel strips between
upper and bottom reinforcement and by own made small plastic spacers produced by
3D printing machine. Plastic spacers were glued on the outside reinforcement surface.
Stress transfer in the reinforcement provided the reinforcement overlapping. Steel
supported strips were finished with steel plate with screw holes on the side of connecting
with bottom bench part [13].

Numerical analysis was performed using ATENA Science GiD software. Model and its
necessary material parameters was created based on the previous research experience.
The same mesh size and the type of solver with loading speed were also used. Nine linear
elements were adjusted along the height of the beam to correctly model and detect the
cracks development. The reinforcement was modelled as a 1D member with defined
cohesion. For easier modelling in the support area were modelled two screws, which do
not correspond to reality. It prevents to a brittle fracture in the support area and tipping
over the entire bench. Thanks to that model could be easily created in 2D surface. The
support was considered perfectly anchored because it was assumed that anchoring in a
massive concrete block provide sufficient rigidity to prevent unexpected rotation due to
bead or screw bigger deformation. The place with load application is simulated using
load plate with ideal elastic material corresponding with its parameters to steel. It was
not necessary to create a soft layer under this load plate, because collapse was not
expected in this area with minimal stress concentration. View on the numerical model is
presented in Fig. 151 on the left side (a) and its comparison with picture of specimen from
real experiment is presented in Fig. 151 on the right side (b) [13], [32].
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Fig. 151: View on based numerical model and materials in ATENA Science GiD (a)
included picture from the process of real measurement for comparison (b) [13].

Experimental destructive load-bearing test was executed due to the determination of
load-bearing capacity and its comparison with numerical model before prototype
realization. Testing set-up had to be similar to the real bench loading conditions with
maximum internal force response after the loading force application. So uniaxial loading
test in negative direction z axis (geotropically negative) was chosen for the testing
procedure. The loading force application was in the middle of upper part of bench and on
the end of cantilever, exactly 50 mm from the cantilever edge. The point loading force
was applied over the steel distribution profile with higher stiffness for the linear loading
simulation. On both ends were located potentiometers for the average deflection
monitoring in the middle of bench. The testing set-up is evident in the Fig. 151 (b). Used
measurement equipment was Inova linear actuators series, specifically AS 10/63 due to
maximum expected reaction less than 50 kN. Testing procedure was performed with
controlled load speed 2.0 mm per minute after 28 days of specimens hardening. The
loading process continued until the specimen failure with constant speed of loading.
Measured values were logically force, time and displacement [13].

Results of experimental verification in comparison with numerical model results are
presented in graph in Fig. 152. The form of presented graph is traditionally force on y axis
and displacement on x axis. One single experimental curve for only one realized
specimen is presented. The maximal force reached in experiment was 11.6 kN/m with
corresponding displacement 48 mm. This force was recalculated from the real bench
length 0.6 m per linear meter. In same Fig. 152 are also presented results of numerical
modeling. Curve with perfect bonding represent model without cohesion parameters
defining. It means perfect interaction between reinforcement and cementitious matrix.
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Curve with modeled cohesion represent model with exactly defined cohesion
parameters in the contact area of reinforcement and concrete [13].

14
12
10 e S
P - T T
= 8 - \
g 6 ——Experimental result
R Y~ = ATENA-perfect bonding
5 - - -ATENA-modeled cohesion
--------- ATENA-first crack
0
0 10 20 30 40 50 60 70 80

Displacement on the free end [mm]

Fig. 152: Experimental test and numerical results presented in the form of force —
displacement graph, numerical results — two options and one model with previous
modeled first crack [13].

The last curve from numerical modeling in the same Fig. 152 present result of version with
already initiated first crack modeled using the thin line of elastic material with lower
stiffness. It is the answer for difference between curves slope in the first part, which
represent the linear part before the first crack initiation, when the reinforcement is not
yet activated. Next parts of curves are characterized by cracks development and crack
opening. All numerical curves are very similar to experimental result in this part.
Sometimes in the case of textile reinforced concrete, crack development is visible in the
form of small jumps on the curves. In the case of presented bench its cross-section is
strongly reinforced and therefore prevent significant opening of cracks immediately after
their formation. The last part of curves is the loss of bearing capacity. Only curve ATENA-
first crack was not exact, but it was solved mainly due to the verification of the first curve
part. Other two curves are similar to experimental one. Curve ATENA-modeled crack has
maximal force 9.3 kN/m with corresponding displacement 66 mm. Curve ATENA-perfect
bonding has maximal force 11.7 kN/m with corresponding displacement 70 mm, so the
force is almost the same in comparison with experimental one. FIGURE 5 presents
representative numerical model outputs of curve ATENA-modeled cohesion around the
point of maximal load-bearing capacity [13].
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Fig. 153: Results of numerical model, principal minimal stress in concrete (a) and
principal maximal stress in reinforcement just before the moment damage (b), detailed
view on the reinforcement strain in frame corner after the moment of damage (c) [13].
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6 Conclusion

Results show that method of determination of interaction conditions between single
roving and HPC matrix inspired by Dresden university not suitable for this type of
reinforcement.

During the testing procedure of the own developed pull-out test method inspired by ACI
standard, the composite textile reinforcementin the form of a single impregnated roving
with surface treatment made with fine-grained silica sand reached the maximum values
of tensile stress in the composite reinforcement corresponding to the results of tensile
test presented in a previous research. That means that the surface treatment using fine-
grained silica sand has no significant negative effect on the tensile strength of the
impregnated roving. The impregnated individual rovings were in most cases damaged
(in the case of impregnated rovings with smooth surface after significant pull-out) where
they were in contact with the surrounding HPC prism due to the fact, that the
reinforcement was pressed by the irregular contact area of the HPC during the process of
reinforcement activation. The fibers near the surface of the textile reinforcement were
therefore subjected to higher tensile stress, which lead to the weakening of the
reinforcement and subsequent breaking of the roving in this area. Epoxy resin
impregnation of the individual rovings however provides sufficient protection of AR-glass
fibers in HPC matrix from premature damage for both smooth and modified
reinforcement. The HPC part of tested specimens showed no signs of damage [5].

The difference between specimens with and without surface treatment is also clearly
visible. The curves representing typical samples with smooth surfaces show a rapid pull-
out of the reinforcement from the part of the HPC sample with higher pull-out values and
lower corresponding force. After activation of the reinforcement in its full length, there is
a very slow increase in force during the loading process due to poor interaction of both
materials. This result signifies the need of large anchorage length of the smooth
composite reinforcement required for the load transfer in the actual TRC element. The
curves representing typical samples with surface modification provide much better
results with higher contact stiffness. Grains of fine silica sand allow almost no slipping
due to the high surface roughness [5].

The contact area of the reinforcement and cementitious matrix is constantin this method,
due to the composite reinforcement passing completely trough the HPC prism. The pull-
out is measured by a potentiometer placed on the free end of the reinforcement
protruding from the HPC prism which ensures activation of the reinforcement in its whole
length [5].

Textile reinforcement with surface treatment provides significantly better results
regarding the crack formation and development as was also demonstrated by flexural
bending test performed on small slabs using different variants and amounts of
composite textile reinforcement. Better bonding conditions lead to a very short
anchorage length for reinforcement activation without a significant loss of force due to
the loading process controlled by constant increment of displacement. The ultimate
bending strength was also a little higher. The most visible difference in the results is at
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the beginning of the curve during the process of reinforcement activation in the case of
2x10 impregnated rovings with smooth surface and with surface treatment. The surface
treatment is therefore very effective and can also have economic benefits by saving
reinforcement material [5].

It is also obvious from the presented figures that with a higher amount of textile
reinforcement with relatively low E modulus a bending behavior similar to that of
elements made of traditional materials and with traditional diameters of reinforcement
can be achieved. This means that after the first initiation of cracks, there is no massive
opening of cracks. This effect was achieved with a roving material made of alkali-resistant
glass, which has a modulus of elasticity slightly higher than the HPC used. After
impregnation with epoxy resin, the composite reinforcement as a whole even has a
similar modulus of elasticity. It explains why such a large amount of composite
reinforcement was needed to achieve those results during the bending test [5].

In this work, the author dealt only with roving from glass for a better understanding of the
issue and a because of large amount of measured data and material options. Later, this
procedure and assumptions were repeated in the final works of Jiff Zalsky. He dealt with
the same problem for carbon impregnated roving, respectively according to the defined
procedure in this thesis and under the supervision of the author of this thesis he repeated
the procedure for carbon roving with fewer variants of reinforcement and came to the
same conclusions [35]-[37]. These results also confirm the correctness and suitability of
the chosen procedure for impregnated roving.

It is also important to mention the pitfalls of the solution. Roving impregnated by epoxy
resin and essentially perfectly homogenized is used in the HPC matrix to 100% of its
loading capacity potential. The positive effect of the surface treatment was also
demonstrated and proved. In the plot diagram, however, the behavior of the
reinforcement is ideally elastic until the moment of failure. This means that the
reinforcement breaks suddenly without much warning, without any plastic deformation.
This is a fragile way of breaking with no ductility. Due to the fact that thin specimens were
used and that the elastic elongation of the used reinforcement is large, extreme
deflections occur before the specimens collapse, which warn themselves. it would be
good, and | recommend continue focusing to this issue - ductility. The solution can be for
example hybrid reinforcement, where an advantageous combination of more materials
occurs. This solution was already outlined in the bachelor's thesis of Eliska Kafkova in 2021
[38], which was conducted under the supervision of the author of this thesis. The
combination of homogenized carbon technical textiles with surface treatment using
silica fine grain sand and various dispersed fibers was tested and excellent results were
achieved in terms of load-bearing capacity and also in terms of ductile behavior.
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