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Abstract Textile reinforced concrete (TRC) is a
composite made of a cementitious matrix and non-
corrosive fabrics with excellent mechanical behavior
and elevated load-bearing capacity. Therefore, TRC is
highly recommended for structural applications. Due
to the reinforcement’s non-corrosive property, this
material is interesting in replacing the reinforced
concrete (RC). This work presents a study on the
characterization of carbon TRCs under tensile and
bending loadings. Direct tensile tests were performed
and the effect of the polymeric coating used on the
fabric manufacturing, the number of layers and an
epoxy resin and sand coating was analyzed. The
results showed that the composites mechanical behav-
ior depends mainly on the reinforcement-matrix bond.
In order to evaluate the fabric-matrix interface, pull-
out tests were carried on. The TRC potential as a
structural application is also addressed. Thus, struc-
tural beams reinforced with carbon TRC with and
without dispersed steel fibers on the matrix were
submitted to bending. Compared with RC, the TRC
beams presented less ductile behavior. Nevertheless,
the current standards for the concrete structures design
establish a maximum element displacement of span/
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250. At this level, the load—displacement curves of
TRC and RC beams were coincident, and the applied
load was considerably distant from the failure load.
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1 Introduction

Textile reinforced concrete (TRC) is a relative new
cementitious matrix composite reinforced with one or
multiple layers of 2D or 3D fabrics [1] that can be
made of several types of fibers. Previous studies had
shown the mechanical capacity of the TRC with AR-
glass [2—-4], basalt [5, 6], natural [7-10], and carbon
[11-13] fabrics under direct tensile loading and
bending. As shown, this material presents excellent
mechanical behavior aligned with an elevated load-
bearing capacity [14], and therefore it has been used
for strengthening of existing concrete and masonry
structures [15-26], and for the construction of new
structural elements, such as slabs [27-29], self-
supporting sandwich elements [30-35], and shell
structures [36-39].

Reinforced concrete (RC) elements are prone to
suffer corrosion. This degradation process can be
accelerated by warm marine environments, in case of


http://orcid.org/0000-0002-0160-7619
http://crossmark.crossref.org/dialog/?doi=10.1617/s11527-020-1448-4&amp;domain=pdf
https://doi.org/10.1617/s11527-020-1448-4

17 Page 2 of 19

Materials and Structures (2020) 53:17

places near the coast, or deicing salts, used for deicing
mostly highways and bridges in places that face severe
winters [40]. The corrosion process can cause a
reduction in the section of the steel reinforcement
bar, and consequent loss of its tensile strength, and
also a decrease in the bond between the concrete and
the steel bar, which can lead to cracking and/or
spalling of the concrete cover. These two mechanisms
can cause loss of mechanical capacity of the RC
member [41-44]. To guarantee safety and service-
ability, considerable resources have to be expended in
order to repair and rehabilitate deteriorate RC struc-
tures. Since the textiles are not prone to suffer
corrosion, TRC becomes an interesting material to
replace the RC in structural elements that are
subjected to corrosion agents during their service life.

Carbon textiles are becoming extremely attractive
as reinforcement for cementitious matrices due to the
elevated mechanical and durability properties of the
carbon fibers [45-48]. Previous studies [11, 49] show
the elevated mechanical behavior of the carbon TRC
under tensile and bending loadings. The main disad-
vantage of the carbon fabrics is their low bond with the
cementitious matrix, which results in low composite
mechanical performance. However, there are methods
to improve the interaction between the fabric and the
cementitious matrix, thus enhancing the mechanical
behavior of the carbon TRC. One method to improve
the bond between multifilament carbon yarns and
cementitious matrices is the impregnation of mineral
fillers. These particles size have to be sufficient to
penetrate inside the bundle spaces and be able to
produce a pozzolanic reaction with the cement matrix
[12]. Peled et al. [50] showed that the silica fume with
micro size particles provides an enhancement in the
bond between the carbon yarn and the cementitious
matrix, while the coating with nano silica filler
drastically reduced the bond strength. This type of
coating also presents a benefit in situations with high
temperature and fire [51]. Organic coatings can also be
used to improve the mechanical properties of carbon
TRC:s. Differently from the mineral fillers, the organic
coating fills the spaces and binds all filaments within a
yarn, forming a single unit. Thus, the load is efficiently
carried by all filaments [52]. Donnini et al. [53]
showed that a polymeric coating made of a flexible
epoxy resin was able to improve the composite
mechanical capacity, indicating an improvement on
the bond between the carbon fabric and the

cementitious matrix. The use of a sand layer over the
resin was able to further increase the composite
mechanical characteristics. Dvorkin and Peled [12]
also showed an improvement of the composite
mechanical properties when coating the carbon fabric
with epoxy resin. Nevertheless marked delamination
of the composite reinforced with carbon fabric coated
with epoxy resin was observed during the tests. Xu
et al. [54] also observed an improvement in the
mechanical performance of TRCs with carbon fabrics
coated with an epoxy resin. Another method to
improve the bond between the carbon fabric and the
cementitious matrix is prestressing the reinforcement
during the composite manufacturing. The prestressing
increases the friction between the inner filaments due
to the Poisson’s ratio effect and the bundling effect,
which enhances the frictional bond strength and
stiffness of the composite [54].

To evaluate the potential of the TRC in structural
applications, Schummann et al. [27] conducted a large
scale test in a parking slab made of carbon TRC with a
new end anchorage method. Also, analytical calcula-
tions showed that the slab can be designed using the
same principles from RC. May et al. [28] developed
and investigated an element with a variable cross-
section designed accordingly to the stress trajectory
made of carbon TRC. Compared with a standard RC
element with full cross-section a reduction of at least
50% of the structural self-weight could be achieved.
The ultimate loads obtained for the carbon TRC
element was higher than the calculated ultimate load
for the common RC element. Moreover, applying a
superelevation during the casting was possible to
fulfill the limit values of the service limit state (SLC)
established by Eurocode 2. Hegger et al. [32] demon-
strated the successful application of an AR-glass TRC
cladding panel as an exterior facade of an extension
building in a pilot project at the Institute for Structural
Concrete, in the Technical University of Aachen. The
applicability of a carbon TRC shell structure was also
demonstrated by Hegger et al. [39]. The building
concept developed consisted of double curved, trian-
gular load-bearing shell elements that could be
mounted and disassembled as often as required.
Scholzen et al. [36, 37] described the structural design
and the construction method of a pavilion with a roof
structure made of carbon TRC shells on the campus of
RWTH Aachen University.
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This work presents a study on the mechanical
response of a carbon TRC submitted to direct tensile
and bending loadings. Direct tensile tests were
performed on composites reinforced with two types
of carbon fabrics, each one with a different polymeric
coating used during its manufacturing. The influence
of the number of reinforcement layers and an
additional epoxy resin and sand coating on the
mechanical performance of the TRC was also evalu-
ated. In order to evaluate the difference in the two
types of carbon fabric-matrix interfaces, pull-out tests
were carried on. Moreover, the potential of the carbon
TRC as a structural application is presented. For this,
structural beams made of carbon TRC with two layer
of reinforcement on the longitudinal direction were
submitted to four-point bending tests. The influence of
dispersed steel fibers on the structural concrete ele-
ment behavior and a textile reinforcement in the
transversal direction was evaluated. The mechanical
response of the carbon TRC beams was compared to
steel reinforced concrete beams.

2 Experimental program
2.1 Materials

A cementitious matrix was used for both the charac-
terization of the mechanical and bond behavior of the
carbon textile reinforced concrete under direct tensile
loading and the carbon textile reinforced concrete
beams under bending. For the direct tensile and pull-
out tests, the matrix was a fine-grained concrete with
water/cementitious materials ratio of 0.3 constituted
by Portland cement CPII F-32, defined by Brazilian
standard [55], river sand with a maximum diameter of
1.18 mm, fly ash and silica fume. The average
compressive strength was of 70 MPa and elastic
modulus of 35 GPa, at 28 days. Meanwhile, a self-
compacting concrete with (SCC-SF) and without
(SCC) dispersed hooked end steel fibers was used as
a matrix for the structural beams. The SCC had a
water/cementitious materials ratio of 0.25 and was
constituted by Portland cement CP-V ARI, defined by
Brazilian standard [56], gravel with a maximum
diameter of 9.5 mm, river sand with a maximum
diameter of 0.850 and 0.150 mm, fly ash, silica fume
and silica 325. The average compressive strength was
76 and 81 MPa and the elastic modulus was 40 and 35

GPa for the SCC and the SCC-SF, respectively.
Table 1 shows the composition for the cementitious
matrix and the self-compacting concrete.

As primary reinforcement, two types of bidirec-
tional carbon fabrics were used—one with a styrene-
butadiene resin (SBR) as polymeric coating, supplied
by V. Fraas GmbH, and one with an epoxy resin (EPX)
coating, developed by Solidian GmbH. Figure 1
shows the mesh opening of both carbon fabrics. From
the inside to the inside of the yarn, the opening mesh is
10 x 8.5 mm and 11.5 x 10.5 mm for the SBR and
EPX carbon fabrics, respectively. The yarn cross-
sectional area was obtained through image analysis
acquired on a stereoscopic microscope Nikon model
SMZS800N with the software Image]. The cross-
sectional areas obtained for warp and weft yarns,
respectively, were 3.34 + 0.12 and 3.30 + 0.33 mm?
for the SBR carbon fabric, and 5.44 4+ 1.03 and
3.85 4+ 0.24 mm? for the EPX carbon fabric. The
tensile strength corresponds to 1700 MPa and
2700 MPa and the modulus of elasticity is 250 GPa
and 220 GPa for the SBR and EPX carbon fabrics,
respectively, according to the suppliers.

An additional coating made with epoxy resin
Sikadur®-32 and sand was applied to the fabrics.
The resin was placed with a sponge over both sides of
the fabrics, and then sand was manually spread over
the fresh resin. This process was performed 24 h
before the composite manufacturing to guarantee that
the resin was fully dry during casting. In this work, the
textile reinforcement with this extra coating is referred
to as coated fabric, whereas the textile reinforcement
with only the polymeric coating used in its fabrication
is referred to as plain fabric.

The steel fibers used as secondary reinforcement of
the self-compacting concrete consisted of hooked
ended fibers provided by Dramix® with 30 mm length,
aspect ratio of 45, and tensile strength of 1270 MPa.

2.2 Composite manufacturing

For the direct tensile tests, the specimens consisted of
rectangular plates measuring 1000 mm x 120 mm
(Iength x width), that were produced using a lamina-
tion technique, as described in [57]. A thin layer of the
matrix was placed in a steel mold, and the first layer of
the fabric was positioned over the fresh matrix, then
another thin layer of matrix was placed over it. This
procedure was repeated until that the desired number
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Table 1 Cementitious

) - Composition (kg/mS) Fine-grained concrete SCC SCC-SF
matrices composition

Cement Type CPII F-32 632 - -
Cement Type CP-V ARI - 360 360
Gravel (9.5 mm) - 492 438
River sand (0.850 mm) - 100 100
River sand (0.150 mm) 947 827 827
Fly ash 265 168 168
Silica fume 50.5 45 45
Silica 325 - 70 70
Water 279.7 166 166
Superplasticizer 6.31 19,8 19,8
Steel fiber - - 157
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Fig. 1 Opening mesh of the (a) SBR and (b) EPX carbon fabrics (Dimensions in mm)

of reinforcement layers was achieved. In order to
reduce the cross-sectional area in the mid-span, and
therefore facilitate the specimen failure in that region
during the test, two aluminum plates were used. The
plates had 500 mm x 120 mm x 1.5 mm (length X
width x thickness) and one of them was set at the
bottom of the mold, before the first layer of matrix was
placed, and the other at the top of the specimen. This
technique was not used for the TRC with one and two
layers of the plain SBR carbon fabric since they were
the first specimens to be tested. From the experience
gained from these tests, the authors decided to
improve composite manufacturing to obtain better
tensile test results. Therefore, the specimens referred

to as 1SBR and 2SBR (see Table 2) presented a
uniform thickness through their entire length. The
thickness of the specimens, indicated in Table 2,
varied according to the type of the fabric, the presence
or not of the extra epoxy resin and sand coating, and
the number of fabric layers. For the specimens with
reduced cross-sectional area in the mid-span, the
thickness presented in the table refers to this thinner
region. At least four specimens were tested for each
type of composite, and the thickness presented corre-
sponds to the average value. The specimens were
wetted, involved in a plastic film and stored in a room
with controlled temperature (20 + 2 °C) and humid-
ity (55 £ 5%) for 28 days.
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The specimens for the pull-out tests were prepared
according to [57]. They consisted of small cylinders
that were cast in PVC molds with 25 x 20 mm
(diameter x height) supported on an acrylic plate. The
fine-grained concrete was placed in the molds and one
yarn of the SBR and EPX carbon fabrics, with and
without the extra coating of epoxy resin and sand, was
positioned in the center of the cylinders. The embed-
ded length of the yarns was 20 mm. The specimens
were removed from the molds after 24 h and stored in
a wet chamber with 100% of humidity and tempera-
ture of 21 £ 2 °C for 7 days. At least eight specimens
of each type of composite were tested.

For the structural tests, five carbon textile rein-
forced concrete beams were produced, varying the
type and direction of the textile reinforcement and the
volume fraction of short steel fibers added in the
concrete matrix, according to Table 3. The longitudi-
nal and transversal directions are related to the beam
axis. The beams had 1200 x 150 x 150 mm (length x
width x height) with a 25 mm notch in the mid-span
section and two layers of textile reinforcement with
the extra coating of epoxy resin and sand in the
longitudinal direction. The number of longitudinal
reinforcement layers was determined to obtain flexural
load capacity similar to that of conventional steel
reinforced concrete beams so that their mechanical
behaviors could be compared (see Sect. 3.3). Two
design methodologies were used, one based on the
flexural design of TRC elements of the Rilem Report
36 [14], and the other based on the Brazilian Code
NBR 6118:2014 [58], in which an approximation was
made, and the carbon textile reinforcement was
considered in place of the longitudinal bar steel. Both
results presented similar textile reinforcement ratios,
corresponding to approximately 2 layers of both SBR
and EPX carbon fabrics. The longitudinal textile
reinforcement ratio was 0.352% and 0.435% for the
SBR and EPX carbon fabrics, respectively. The
longitudinal textile reinforcement ratio is the propor-
tion of the cross-sectional area of the textile reinforce-
ment in the longitudinal direction to the cross-
sectional of the element and it is shown in Table 3.
The specimens with only longitudinal textile rein-
forcement were cast using a hand lay-up technique: (1)
a thin layer of concrete was placed in a wood mold, (2)
the first fabric layer was positioned over it, (3) another
thin layer of concrete was placed over the fabric, (4)
the second and last layer of fabric was positioned over

it, (5) the concrete was placed in the mold up to the top
of it. The beam with both longitudinal and transversal
textile reinforcement was cast similar to a conven-
tional steel reinforced concrete beam; first, the rein-
forcement (Fig. 2) was positioned in the mold and then
the concrete was poured over it and then compacted.
All five beams were air cured for 28 days.

2.3 Testing procedures
2.3.1 Direct tensile tests

To evaluate the mechanical behavior of the carbon
textile reinforced concrete direct tensile tests were
performed. The tests were conducted in an MTS 311
universal testing machine with a capacity of 1000 kN
and controlled by the actuator displacement at a rate of
0.5 mm/min. The load cell of the MTS system is
calibrated at different load levels. In this research, it
was used the load level from O to 100 kN. The
specimens were tested using a gage length of 500 mm,
and to achieve their displacement, two linear variable
differential transducers (LVDTSs) were used. Since,
their reading capacity was of 250 mm, inferior to the
gage length; an extensor made of aluminum was
attached to their extremities. The ends of the speci-
mens were connected to steel plates with screws
(Fig. 3). Torque was applied to these screws in order
to avoid slippage between the specimens and the steel
plates. Also, emery papers were glued at the surfaces
of the specimens that were in contact with the steel
plates. To guarantee the complete failure of the
specimens, and consequently obtain the tensile
strength of the material, the boundary conditions
(number of screws, torque and contact surface
between the specimen and the steel plate) were varied
according to the type of composite (Table 2).

The tensile stress was calculated dividing the load
recorded from the machine load cell by the composite
area (width x thickness of the gage length). The strain
was obtained by the division of the average displace-
ment measured by the LVDTs and the gage length of
the specimen.

2.3.2 Pull-out tests
In order to study the difference in the bond behavior of

the textile reinforced concrete with SBR and EPX
carbon fabrics, pull-out tests were performed. An MTS
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Plain SBR Plain SBR Coated SBR Coated SBR Plain EPX Plain EPX Coated EPX Coated EPX

1

Type of carbon fabric

Number of Layers

12.3 (0.898) 9.23 (0.400) 11.4 (0.742) 6.39 (0.334) 9.09 (0.309) 7.98 (0.251) 11.4 (0.541)

10.2 (0.879)

Thickness (mm)

Boundary conditions

10
44

10
29

10 12
34

18

10
25

8

Number of screws

18 18 19

Torque (Nm)

18,000 18,000 24,000 24,000 24,000 24,000 24,000 24,000

Contact surface

(mm?)

Direct tensile results

Omax (MPa)

51.6 (5.17)
0.0118

52.4 (3.73)
0.0122

33.8 (5.33)
0.00511

41.3 (8.00)
0.00810

32.8 (4.82)
0.00773

19.1 (2.59)
0.00554

8.34 (0.619)
0.0130

6.49 (0.664)
0.0120

E5,max (mm/mm)

(0.00135)
2.98 (0.491)

(0.00145)

2.60 (0.548)

(0.000751)
3.15 (0.460)

(0.00114) (0.00100) (0.00216) (0.00101)
2.53 (0.463) 2.54 (0.340) 2.59 (0.142)

3.66 (0.611)

(0.00169)
2.59 (0.562)

agop (MPa)

0.179 (0.0628)  0.265 (0.0547)  0.115 (0.0448)  0.185 (0.0226)  0.176 (0.0472) 0.243 (0.0665)  0.185 (0.0993)

0.151 (0.0854)

egop (x107° mm/

mm)

universal machine model 810 with a capacity of 250
kN was used to carry on the tests. Due to the low load
values, a load cell with 2.5 kN capacity was coupled
for obtaining more accurate results. The specimens
were fixed at their bottom inside a metal cup and the
yarn was pulled-out, at a displacement rate of 1.5 mm/
min, by a metal claw that was connected to the
machine, as shown in Fig. 4. The metal claw was
positioned as close as possible of the top surface of the
matrix. The yarns slip was obtained directly from the
machine displacement.

The average interfacial shear stress (t) was
obtained through the equation below:

Pmax
T =
2mrl

(1)

where Ppax 1S the maximum pull-out load, 1 is the
embedded length (20 mm) and r is the equivalent
radius of the yarn, assuming a circular yarn.

2.3.3 Bending tests

To evaluate the structural capacity of the carbon
textile reinforced concrete, four-point bending tests
were performed in an MTS servo-controlled hydraulic
system with 500 kN capacity. The tests were con-
trolled by displacement at a rate of 1 mm/min and two
LVDTs were used to obtain the mid-span deflection of
the beams. As shown in Fig. 5, the beams were
positioned over support rollers separated by a span of
1100 mm. The load was applied by rollers spaced by
370 mm from each other, and each individual roller
was distant 185 mm from the mid-span section of the
beam. Both support and load application rollers had
free horizontal displacement.

3 Results and discussion
3.1 Direct tensile tests

The tensile stress—strain curves obtained can be
characterized by three distinct stages, as shown in
Fig. 6. Stage I corresponds to the elastic-linear region,
where the matrix and the textile reinforcement behave
linearly. The bend over point (BOP) is the point where
occurs the first matrix crack, and it divides Stages I and
II. After the matrix is cracked, the TRC does not
present a reduction in its load-carrying capacity
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Table 3 Characteristics of the carbon TRC beams

Specimen SBR-L0% EPX-L0% SBR-L2% EPX-L2% SBR-LT2%

Type of carbon fabric Coated SBR  Coated EPX  Coated SBR Coated EPX  Coated SBR

Textile reinforcement direction Longitudinal ~ Longitudinal ~ Longitudinal Longitudinal ~ Longitudinal and
Transversal

Longitudinal textile reinforcement ratio  0.352% 0.435% 0.352% 0.435% 0.352%

Steel fiber V¢ 0% 0% 2% 2% 2%

Experimental

Prax (kN) 342 38.7 79.4 72.2 94.0

Op max (Mm) 11.6 12.9 12.2 17.7 15.5

M pax,exp (KNm) 6.3 7.1 14.6 13.2 17.2

Prop (kKN) 12.0 16.8 26.5 30.7 21.2

JLop (mm) 0.676 0.768 0.910 1.05 0.596

Failure mode Shear Shear Shear and flexure =~ Shear Flexure

Theoretical (Rilem report 36)

M ax theo (KNM) 12.4 18.3 12.4 18.3 12.4

H 0.51 0.39 1.18 0.72 1.39

Theoretical (Henager and Doherty’s Model)

M ax theo (KNM) 17.6 32.6 18.8 33.8 18.8

H 0.36 0.22 0.78 0.39 0.91

because the textile reinforcement offers ways to
transfer the stresses through the cracks. Stage II is
characterized by a multiple crack formation as the
applied strain increases. In Stage III there is no
opening of new cracks, only the widening of the
existing ones. Thus, the increasing strain of the
composite is majorly due to the stretching of the
fabric. This strain hardening behavior is not trivial to
be achieved with the opening mesh of the carbon
fabric used as reinforcement [59], which indicates that
the specimen geometry and the boundary conditions
used for the direct tensile tests are efficient.

Figure 6 shows the representative tensile-stress
curves and Table 2 the average results and the
standard deviation for the tensile strength (o,.x), the
strain at tensile strength (&, max). the bend over point
tensile stress (ogop) and the bend over point strain
(¢gop) obtained for all the specimens tested in direct
tensile loadings. As Silva and Silva [57] previously
described, the tensile mechanical performance of the
TRC with EPX carbon fabric was superior to the one
of the TRC with SBR carbon fabric. The tensile stress—

strain curve of the TRC with SBR carbon fabric was
flatter, not reaching high tensile stress values. The
tensile strength of the EPX composites was approx-
imately 630% and 400%, for one and two, layers
respectively, higher than the tensile strength of the
SBR. However, the TRC with SBR carbon fabrics
presented higher pseudo-ductility. The strain at the
tensile strength of the TRC with SBR carbon fabric
was approximately 150% and 250%, for one and two
layers, respectively, greater than for the TRC with
EPX carbon fabric. This type of curve, flatter with low
tensile stresses and elevated pseudo-ductility, is
characteristic of TRC in which the textile reinforce-
ment present low bond with the cementitious matrix
[14]. Therefore, this could indicate that the bond
between the SBR fabric and the cementitious matrix is
not as strong as the bond between the EPX carbon
fabric and the cementitious matrix. This difference
may be related to the chemical affinity of the different
polymeric coatings with the cementitious matrix, but
also to differences regarding the mechanical and
physical properties of the coatings. The epoxy resin
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(a) Transversal textile reinforcement

9.0cm

3.0cm

3.0cm

Longitudinal textile reinforcement

14.0cm

(b) Transversal textile reinforcement

[ Z7777TT7TZ5

Longitudinal textile reinforcement

Fig. 2 Reinforcement layout for the FLT2% beam. a Transver-
sal view and b schematic textile reinforcement configuration

seems to present more chemical affinity with the
cementitious matrix than the SBR. Moreover, the
rheology of the polymeric coating can also influence in
its ability to fill the spaces inside the yarn, guarantee-
ing that all filaments have a bond with the matrix
[11, 14, 53]. Further analysis should be carried on to
better understand the mechanisms involved in textile
reinforcement-matrix bond.

The addition of the epoxy resin and sand coating
improved the tensile strength of the TRC with both
carbon fabrics. This improvement was approximately
of 200% and 300% for the TRC with SBR carbon
fabric with one and two layers, respectively; and of
30% and 50% for the TRC with EPX carbon fabric
with one and two layers, respectively. The

>
[ ‘
" : Steel plate
' Aluminum
5 f". | extensor
L O LVDT
|
Screws

¥
e R

Fig. 3 Direct tensile test setup

enhancement on the tensile strength was significantly
more pronounced in the composites with the SBR
carbon fabric. Furthermore, the addition of the epoxy
resin and sand coating modified the tensile stress—
strain curves of the TRC with SBR carbon fabric. They
were able to reach higher tensile stresses, but with no
pseudo-ductility. This could indicate an enhancement
on the bond of the coated SBR carbon fabric and the
cementitious matrix, which could be due to the
mechanical bonding provided by the sand. Similar
results were observed by Donnini et al. [53] and Yin
et al. [60]. The TRC with coated EPX carbon fabrics
also did not present pseudo-ductility.

The TRCs with two layers of plain and coated SBR
carbon fabrics presented tensile strength approxi-
mately 30% and 70% higher than the TRC with only
one layer. This enhancement was expected due to the
increase in the reinforcement volume fraction. The
reinforcement volumetric fraction of the composites
reinforced with the SBR carbon fabric is 2.44% and
4.05% for 1 and 2 reinforcement layers, respectively.
Thus, there was an increase of approximately 65% in
the reinforcement volume fraction. The reinforcement



Materials and Structures (2020) 53:17

Page 9 of 19 17

— _

— —— Load Cell

Fig. 4 Pull-out test setup

I Carbon yarn

Y __Matrix

Fig. 5 Four-point bending test setup

volume fraction is a ratio of the reinforcement amount
to the matrix amount in a composite. The thickness
and, consequently, the cross-sectional area of these
composites was approximately the same (see Table 2).
Thus, with the increase in the number of textile layers,
there is an enhancement of the reinforcement volume
fraction. According to the rule of mixture, the upper

limit composite properties are the weighted average of
the properties of its components [47]. Another reason
for the stress hardening being more pronounced in the
composites reinforced with two layers could be related
to the less or retarded cracking of the matrix portion in
between the layers. Therefore, its contribution to the
total axial load may be higher compared to the matrix
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Fig. 6 Representative tensile stress-strain curves obtained
from the direct tensile tests for the a SBR carbon TRCs and
b EPX carbon TRCs

in the external portions. The central portion receives
bonding actions from the fabric layers on both sides.
For the specimens with the EPX carbon fabric, the
number of layers did not affect significantly the tensile
strength. Taking into account the standard deviation,
the tensile strength of composites with one and two
layers of plain and coated EPX carbon fabric was
approximately the same. The reinforcement volumet-
ric fraction of these composites is 4.52% and 6.35%
for 1 and 2 reinforcement layers, respectively,

indicating an enhancement of approximately 40%.
Although there was an increase in the reinforcement
volume fraction, it was less pronounced than the one
for the composites reinforced with the SBR carbon
fabric. Furthermore, it is important to note that the
reinforcement volumetric fractions were calculated
using the cross-sectional areas of composites and
fabrics, and in this case, only the longitudinal yarns are
considered. However, since the fabrics are bi-direc-
tional, the transversal yarns can significantly affect the
value of the volumetric fraction.

The results obtained are in accordance with those
available in the literature [11, 12, 53, 61, 62]. Dvorkin
and Peled [12] obtained maximum tensile stress of
about 60 MPa for a TRC with carbon fabric impreg-
nated with an epoxy resin, which is in the same order
of magnitude of the results acquired for the composites
with the EPX carbon fabric. Holz et al. [62], consid-
ering the reinforcement area to calculate the tensile
stress, found maximum stress of about 2000 MPa for a
TRC with two layers of carbon fabric coated with SBR
and epoxy resin and sand only in the load transference
area. This value is compatible with the maximum
stress obtained for the composite with one layer of the
SBR fabric coated with epoxy resin and sand, which is
about 1500 MPa, using the reinforcement area for
calculation. Donnini et al. [53, 61], also using the
reinforcement area, obtained maximum stress varying
from 713 to 1366 MPa for a TRC with a carbon fabric
coated with different levels of epoxy resin and sand.
This result is consistent with the maximum stress
obtained in this research for the composite with one
layer of the EPX carbon fabric coated with epoxy resin
and sand, which is about 1400 MPa, also using the
reinforcement area for calculation.

3.2 Pull-out tests

Pull-out tests were performed to evaluate the differ-
ence in the bond of the SBR and EPX carbon yarns and
the cementitious matrix. Figure 7 shows the represen-
tative pull-out load-slip curves obtained from the pull-
out tests. Table 4 presents the average results and the
standard deviation for the maximum pull-out load
(Pmax), the average interfacial shear stress (), and the
slip at maximum pull-out load (J,,,,) obtained from
the pull-out tests.

The yarn from the plain EPX carbon fabric
presented a higher maximum pull-out load than the
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yarn from the plain SBR carbon fabric, which could
indicate that the EPX carbon yarn presents a bond with
the cementitious matrix superior to the SBR carbon
yarn. The main differences between the two types of
carbon fabrics are their tensile strengths and the
polymeric coating used in their manufacturing. How-
ever, as the bond between the textile reinforcement
and the cementitious matrix is the weakest region of
the composite, the failure of the composite occurs
before the fabric reaches its tensile strength. Thus, it is
the bond that governs the behavior of the composite
until its failure, and the difference in the tensile
strengths does not play a major role. Therefore, these
results confirm that the epoxy resin seems to be more
efficient in enhancing the bond between the carbon
fabric and the cementitious matrix than the SBR,
supporting the better performance of the TRCs with
the EPX fabric in the direct tensile tests.

The addition of an epoxy resin and sand coating
enhanced the maximum pull-out load of the SBR yarn,
indicating that there was an improvement in the
reinforcement-matrix interface, which could be due to
the mechanical bonding provided by the sand. Similar
results were also found by Shilang and He [63] and
Yin et al. [60]. The addition of this extra coating did
not affect significantly the maximum interfacial shear
stress of the EPX yarn since its bond with the
cementitious matrix was already higher. The carbon
TRC behavior under tensile loading is supported by
the results of the pull-out tests.

3.3 Bending tests

The structural capacity of the carbon textile reinforced
concrete was evaluated through four-point bending
tests performed in structural beams. Figure 8 shows
the load—displacement curves and Table 3 the results
for the maximum applied load (P,.x), the displace-
ment at maximum applied load (d,.«), the load at the
first matrix crack (Ppop), the displacement at the first
matrix crack (6 op), and the failure mode obtained for
the five beams tested.

The EPX-L0% beam presented more flexural
macro-cracks (14 flexural macro-cracks) than the
SBR-L0% beam (6 flexural macro-cracks). The flex-
ural macro-cracks were visually accounted from
photos taken during and after the tests. The flexural
cracks of the SBR-L.2%, EPX-1.2%, and SBR-LT2%
were too small to be observed and accounted. The

EPX-L0% and EPX-L2% beams presented superior
stiffness than the SBR-L0% and SBR-L2% beams at
low displacement levels. In the post-multiple-cracking
stage, the SBR-L.2% and SBR-LT2% beams presented
similar stiffness. However, due to the reinforcement in
the transversal direction, the SBR-LT2% beam sup-
ported higher applied loads.

The addition of dispersed steel fibers in the concrete
matrix enhanced the first matrix crack load for the
beams reinforced with both carbon fabrics. Hinzen e
Brameshuber [64] had already confirmed this effect in
tensile tests. Accordingly to Barhum and Mechtcher-
ine [4] three mechanisms can be described to explain
the enhancement of the first matrix crack load due to
the addition of dispersed fibers in the concrete. The
first mechanism is related to the matrix shrinkage. The
dispersed fibers reduce the matrix shrinkage, and thus
the concrete internal damage. Moreover, the dispersed
fibers prevent the opening and consequently micro
cracks coalescence caused by shrinkage and external
load application, characterizing the second mecha-
nism. Therefore, higher loads are necessary so that the
first matrix crack occurs. The last mechanism is
related to the reinforcement volume fraction. The
addition of the dispersed fibers enhances the rein-
forcement volume fraction of the element and accord-
ingly to the composites theory [47], if the bond
between the reinforcement and the matrix is elevated,
the first matrix crack is proportional to the reinforce-
ment volume fraction. In the present study, the
incorporation of the steel fibers enhanced the rein-
forcement volumetric fraction from 0.352% to 2.352%
and 0.435% to 2.435% for the beams reinforced with
the SBR and EPX carbon fabrics, respectively. Due to
the good bond between the reinforcement and the
cementitious matrix, the first matrix crack strength
could be enhanced.

Moreover, the beams with dispersed steel fibers
presented superior maximum applied load, due to the
capacity of these fibers in helping in the absorption of
tensile forces through the diagonal crack, and thus
contribute to the bending. Previous studies [65-68]
show that the addition of dispersed fibers in the
concrete considerably enhances the shear strength of
elements under flexure loading. In elements without
stirrups, i.e., without conventional transversal rein-
forcement, these fibers can lead to multiple diagonal

cracking, enhancing the element ductility.
PI;
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Fig. 7 Representative pull-out load-slip curves obtained from
the pull-out tests

Table 4 Average results and standard deviation obtained from
the pull-out tests

Specimen Prax (N) 7 (MPa) Omax (mm)

Plain SBR yarn 91.2 (22.6) 0.705 (0.105) 2.63 (2.36)

Coated SBR yarn 232 (86.1)  1.57 (0.860) 1.01 (0.384)
Plain EPX yarn 987 (120)  4.17 (2.80)  1.57 (0.22)
Coated EPX yarn 894 (135)  5.39 (0.817) 1.91 (0.443)

The SBR-L0% and EPX-L0% beams presented a
shear failure, which was already expected since they
did not have any type of reinforcement to support
shear stresses. The EPX-L2% beam, even with the
presence of the dispersed steel fibers also presented a
shear failure. Figure 9a shows the failure mode of the
SBR-L0% beam, exemplifying the shear failure. The
SBR-L2% beam presented a failure by shear and
flexure. As show in Fig. 9b, the crack that led to the
failure of the SBR-L2% beam started in the direction
of one of the load points application, where both the
shear and the bending are maximum. Therefore, the
volume fraction of dispersed steel fibers added was not
able to prevent the shear failure of the beams. The
SBR-L0%, EPX-L0%, SBR-L2%, and EPX-L2%
beams also showed flexure cracks which followed a
space pattern between them that are typical of TRCs,
as can be seen in Fig. 9a. In the SBR-L.2%, and EPX-
L2% beams these cracks were so small that is not

possible to identify them in the pictures (Fig. 9b). In
the detail of Fig. 9b, it is possible to observe the steel
fibers bridging the cracks. The SBR-LT2% beam
presented a flexure failure, indicating that the dis-
persed steel fibers and the carbon fabric in transversal
direction were able to support the shear stresses.

For the beams with shear failure (Fig. 9a), the crack
that led to the element rupture was diagonal, in the
direction from the load application point to the
support. The crack propagated diagonally until finding
a textile layer, where it started to propagate horizon-
tally. Hegger et al. [69] found this same failure mode
for beams reinforced with AR-glass fabrics. These
horizontal cracks along the longitudinal reinforcement
are typical of the dowel action [70]. The shear strength
of a steel reinforced concrete cracked section depends
on four mechanisms: the transfer of the forces through
the non-cracked zone, the transversal reinforcement
capacity, the aggregate interlock, and the dowel action
[71]. In elements without conventional transversal
reinforcement, the shear stress is only transferred by
the two last mechanisms, the aggregate interlock, and
the dowel action. The dowel action can be defined as
the capacity of the longitudinal reinforcement of
transferring stresses perpendicular to its axis [70]. Due
to the higher stiffness of the reinforcement to the
matrix, the longitudinal reinforcement acts as a bridge,
connecting the element sections between the matrix
cracks. This effect increases the matrix region that
contributes to the transmission of shear forces.
According to El-Ariss [72], the dowel action impor-
tance is inversely proportional to the amount of
transversal reinforcement. Therefore, the dowel effect
plays an important role in the shear capacity of the
SBR-L0%, EPX-L0%, SBR-L2%, and EPX-L2%
beams, which did not present stirrups for shear
reinforcement.

Theoretical values for the maximum bending
moment of the TRC beams tested were obtained using
the design model for textile reinforced concrete
elements submitted to bending proposed by the Rilem
Report 36 [14] and the simplified Henager and
Doherty’s model [73]. In the Rilem Report 36, the
bending capacity of the TRC beams is obtained
analogously to steel reinforced concrete. However,
an additional factor needs to be taken into account due
to the effect of beam curvature on the reinforcement.
The maximum bending moment can be obtained from
the following equations.
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Myax = kﬂ,p~Fctu~Z

Fow = ki .kp ko o Ar f;

ky = Omax
fi
where kg, is the factor due to the beam curvature; Feq,
is the tensile strength of the reinforcement; z is the
inner lever arm; k; is the factor for the textile
efficiency; k; is the factor for biaxial loading; ko, is
the factor for orientation of the reinforcement; A, is the
cross-sectional area of the reinforcement; f; is the
tensile strength of the reinforcement; and oy, is the
tensile strength of the reinforcement in the composite,
obtained from the direct tensile tests using the
reinforcement cross-sectional area. Usually z~0.9d
and d ~ 0.9h, where d and h are the effective and full
depth, respectively. In this research k; and k, were
assumed 1.
For carbon fabrics,

A
@p=09+0ﬁxi (5)

c

where A, and A, are the cross-sectional areas of the

reinforcement and the element, respectively. Differ-
ently from the method proposed by the Rilem Report
36, the Henager and Doherty’s model considers the
effect of short fibers on the tensile strength of concrete.
In this model, the bending strength of a steel
reinforced concrete beam with dispersed fibers is
determined by assuming rectangular blocks for the
concreted in the tension and compression zones
(Fig. 10). Considering the Henager and Doherty’s
model for a beam with longitudinal textile reinforce-
ment and assuming d~ 0.9k, the following non-
dimensional parameters can be obtained from equi-
librium conditions:

x Pff’/fc + fc“/fc

ko= = 6
h f::tr/fc +nl ( )
_ M
K= A,

t qu ctr 1 _kx )
:mécw—ﬂg>+%ijrlu—u—@u

(7)

where M is the bending moment; f, is the compressive
strength of concrete; f,, is the residual tensile strength
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Fig. 9 a Shear failure (SBR-L0% beam); b failure by shear and flexure (SBR-L2% beam)

of concrete obtained for a certain crack opening
(Model Code [74] recommends for 2.5 mm) or from
direct tensile tests; f; is the tensile strength of the
textile reinforcement; p, is the longitudinal textile

-

reinforcement ratio; and # and / are coefficients for the
parabola-rectangle diagram of the concrete compres-
sion zone. It was assumed # =1 and A = 0.8. The
residual tensile strength of concrete was obtained from
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Fig. 10 Beam geometry, strain and approximate stress distribution based on Henager and Doherty’s model

Cardoso et al. [75], since the concrete matrix used was
the same of this research.

Table 3 shows the results obtained for the theoret-
ical maximum bending moments. The significant
difference between the experimental and theoretical
results of the SBR-L0% and EPX-L0% beams may
have been caused due to their shear failure. Therefore,
these beams were not able to reach their maximum
bending capacity. The EPX-L.2% beam also presented
a significant difference between the experimental and
Henager and Doherty’s model theoretical results,
which may also be related to the shear failure of the
beam. By the other hand, the difference in experimen-
tal and Rilem Report 36 method theoretical results was
lower. This may have occurred because this method
does not consider the residual tensile strength of
concrete. Therefore, the theoretical maximum bending
capacity could be under-designed. For the SBR-L2%
beam, the difference between the experimental and
theoretical results was not so significant, which may be
related to the failure by shear and flexure of the beam.
However, it should be noted that the difference
between the experimental and the Rilem Report 36
method theoretical results could be underestimated
since this method does not consider the residual tensile
strength of concrete. The SBR-LT2% beam presented
flexure failure, thus reaching its maximum bending
capacity. The difference of 0.9 between the experi-
mental and Henager and Doherty’s model theoretical
results indicates that this method seems to be efficient
for the prediction of the bending capacity of textile
reinforced concrete beams with the addition of short
steel fibers. On the other hand, the Rilem Report 36

model does not seem so efficient. In this case, the
difference between experimental and theoretical
results was 1.39. Once again, this may be related to
the fact that this model does not consider the residual
tensile strength of concrete.

Additionally, the carbon TRC beams were com-
pared with steel reinforced concrete (RC) beams with
three different steel reinforcing bars diameter, 6.3, 8,
and 10 mm and reinforcement ratios of 0.28%, 0.44%,
and 0.70%, respectively [75]. The mechanical behav-
ior comparison was made even though the failure
mode of the carbon TRC and the RC beams was not the
same since all RC beams presented flexure failure. The
RC beams had the same dimensions as the carbon TRC
beams, and the four-point bending test setup was also
the same. Figure 11 shows the load—displacement
curves for the carbon TRC and RC beams without
(Fig. 11a) and with (Fig. 11b) dispersed steel fibers.
Without dispersed steel fibers, the carbon TRC beams
presented maximum applied load values between the
ones obtained for the RC beams with 6.3 and 8§ mm
steel reinforcing bars. The addition of the dispersed
steel fibers enhanced the maximum applied load of the
carbon TRC beams to values similar to the ones
obtained for the RC beams with 10 mm reinforcing.
Furthermore, the SBR-LT2% beam presented the
maximum applied load superior to the RC beam with
a 10 mm steel reinforcing bar.

The main difference between the bending behavior
of the carbon TRC and RC beams is related to their
ductility. Unlikely the steel reinforcing bars, the
carbon fabrics present a fragile behavior and no
yielding characteristics. Therefore, their failure leads
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Fig. 11 Load-displacement curves for the carbon TRC and RC
beams a without, and b with dispersed steel fibers

to element failure. Hence, the failure of the carbon
TRC beams was less ductile than the RC beams, which
could limit their use in practical situations. However,
the structural elements must satisfy the ultimate limit
state (ULS) and the serviceability limit state (SLS),
and one of the criteria of the SLS establish limits
values for structural elements displacement. Accord-
ing to the Brazilian Code NBR 6118:2014 [58] and the
fib Model Code 2010 [74], standards for the design of
reinforced concrete elements, a structural element
displacement has to be less than 1/250, where 1 is its

span. In the case of the beams investigated in the
present research, the maximum displacement allowed
by the NBR 6118:2014 and Fib Model Code would be
4.4 mm. For this displacement level, the load versus
displacement curves of the carbon TRC and RC beams
is correspondent and the applied load is considerably
distant from the maximum values.

The carbon TRC beams present stiffness loss, i.e.,
the slope of the load versus displacement curve
decrease at load levels inferior to the maximum
applied load. Consequently, they reach the maximum
applied load in displacement levels superior than the
RC beams.

4 Conclusions

As expected, all the carbon TRCs submitted to direct
tensile loading presented a strain hardening behavior,
and the three characteristics distinct zones of TRCs
were identified in the tensile stress—strain curves. The
tensile performance of the TRC with EPX carbon
fabric was superior to the one obtained for the TRC
with SBR carbon fabric, suggesting an improved bond
between the EPX carbon fabric and the cementitious
matrix. This statement is supported by the pull-out test
results that demonstrated an increased efficiency of the
epoxy resin used as a polymeric coating, providing an
enhanced fiber-matrix interaction, when compared to
SBR.

The addition of an epoxy resin and sand coating
improved the mechanical response under tensile
loading of the carbon TRC composites. This improve-
ment was more significant in the TRC with the SBR
carbon fabric. Once again the efficiency of the
composites under direct tensile loading was confirmed
by the pull-out tests.

The TRC with two layers of SBR carbon fabric
showed superior tensile strength than the one with
only one layer, as expected. However, for the TRC
with EPX carbon fabrics, the increase in the number of
reinforcement layers did not affect significantly the
composite tensile strength. The cross-sectional of the
composites with different number of EPX carbon
fabric layers was not kept constant, and the addition of
one reinforcement layer did not increase significantly
the reinforcement volume fraction. Further investiga-
tions should be performed in order to analyze if it is
more advantageous to increase the number of
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reinforcement layers or to add an epoxy resin and sand
coating to obtain a better performance.

The carbon TRC beams with dispersed steel fibers
presented higher bearing capacity load values when
compared to the ones manufactured only with carbon
fabrics as reinforcement. This indicates that the
dispersed reinforcement was able to support part of
the shear stresses. However, in the volume content that
they were added, the steel fibers could not avoid
completely the shear failure of the beams. The
addition of the textile reinforcement in the transversal
direction was able to completely prevent a shear
failure, allowing a flexure-mode of failure to occur.

The TRC beams without steel fibers presented
maximum applied load in the same level of the RC
beams with reinforcement ratios of 0.28% and 0.44%.
The incorporation of dispersed steel fibers in the
carbon TRC beams resulted in maximum applied
loads in the same level of the RC beam with 0.70%
reinforcement ratio. Additionally, the carbon TRC
beam with textile reinforcement in the transversal
direction was able to reach a maximum applied load
superior to the RC beam with 0.70% reinforcement
ratio. The main difference between the carbon TRC
beams and the RC beams is regarding their ductility
since the carbon fabric does not present yielding
characteristics. Nevertheless, this issue would not
limit the use of the carbon TRC beams in practical
situations, since structural elements must satisfy both
limit state values (ULS) and the serviceability limit
state (SLS) that restrain the maximum displacement
allowed. In these displacement levels, both carbon
TRC and RC beams load versus displacement curves
are correspondents and the applied load is consider-
ably distant from the maximum values.
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