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The goal of this work was to study the mechanical performance and fluid ingress of fabric cement based
components made of epoxy coated and non-coated multifilament carbon fabrics. Direct tensile, pullout,
and fluid transport tests were performed. Cracking was observed using four test geometries: (i) tensile
tests, (ii) pullout tests, (iii) restrained shrinkage tests, and (iv) wedge splitting tests. The results show that
coating multifilament carbon yarns improves mechanical behavior and bonding of the composite when
compared with non-coated carbon yarn composites. The non-coated carbon systems may be problematic
due to poor bonding as well as their potential to permit fluid ingress along the bundle-matrix interface
and through the empty spaces between filaments. In addition, it was also found that fabric with coated
bundles reduces crack width and develops dense branched network cracks. However, these additional
fine cracks were found to increase fluid ingress into the matrix as compared with the plain cement paste.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Research has shown benefits of using textile fabric reinforce-
ment in cement-based composites (TFRC) in terms of improved
tensile strength, toughness, ductility and energy absorption
[1-5]. The use of TFRC also allows controlled the crack width, pro-
viding a network of fine cracks. The overall mechanical behavior of
TFRCs including crack pattern and crack width depends on the fab-
ric geometry, the fabric material, and the nature of yarns made the
fabric, either monofilament or multifilament. Further, in the case of
multifilament, the behavior may be dependent on whether the
bundle is coated or non-coated. Kruger et al. [6] concluded that
fabrics with epoxy impregnated bundle of filaments exhibit im-
proved bond resistance in concrete.

Alkali resistant (AR) glass fabrics have been extensively studied
for use in TFRC component applications [1]. Carbon textiles have
been gaining attention recently as reinforcement for cement-based
composites due to their mechanical performance and stability in
the aggressive environment in cement paste [7,8]. Zhu et al. [7] re-
ported tensile strength of 5 MPa and toughness of 0.024 MPa for AR
glass TFRC element, while the performance of carbon TFRC had
strengths of as high as 27 MPa, with 0.35 MPa toughness under
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the same loading conditions. This point to the benefits in perfor-
mance of carbon TFRC.

A significant component of the durability of TFRC components is
related to their resistance to the transport of fluids into and
through the composite. The majority of research on textile fabric
reinforced cement-based products has been focused on mechanical
properties. It is well known that mechanical behavior and cracking
are related. It is typical that composites with better bonding exhi-
bit finer distributed cracks pattern. This is expected to reduce fluid
ingress into the composite and improve its durability. Only limited
work has been reported on the influence of textile fabric reinforce-
ment on fluid transport into cracked TFRC elements [8,9].

The objective of this work was to study the mechanical perfor-
mance, crack pattern and fluid ingress of TFRC components rein-
forced with carbon fabrics. Cracking was measured using several
geometries including: (i) direct tensile specimen, (ii) restrained
shrinkage specimen, and (iii) wedge splitting specimen. In addition
pullout tests were performed to study the bond behavior.

2. Experimental details
2.1. Fabric reinforcement

Commercially available carbon fabrics were used in this study
with a mesh form. Multifilament carbon yarns composed from
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12,000 filaments were used to produce the fabrics. Two sets of fab-
ric were prepared and studied:

(i) Coated carbon fabric (Fig. 1a): in which the bundle yarns
were first coated with epoxy and then used to form the fab-
ric. In this case the bundle is fully coated, i.e., all filaments
within the bundle are connected and glued together by
epoxy, providing a one unit reinforcing system, when
assuming perfect bond between epoxy and filaments.

(ii) Non-coated carbon fabric (Fig. 1b): in which no coating was
applied to the bundle and the yarns remained free. As a
result of the lack of coating there are empty spaces between
the filaments (i.e., the filaments are not glued together).
Here the reinforcing bundle unit is made of filaments which
are separated and slide freely against each other.

Both fabrics had exactly the same structure and were made of
the same roving under the same machine and conditions, and the
only difference between them was the coating. In both cases the
warp bundles (along the length of the fabric) were the reinforcing
yarns as presented in Fig. 1.

The carbon fabrics, with and without coating, were tested under
direct tensile tests. The average tensile strength of the original
non-coated yarn fabric was 1218 MPa with modulus of elasticity
of 210 GPa. The coating led to increase of the average tensile
strength to 2423 MPa with a slight reduced in the modulus of elas-
ticity to 204 GPa. This improved tensile behavior of the coated fab-
ric was mainly due to bonding of the filaments within the bundle
as the polymer connected and glued them together. This connec-
tion can provide good stress transfer between filaments during
loading, improving the tensile behavior of the coated fabric and
its reinforcing ability when part of the cement composite. For the
fabric without coating the filaments were separated and therefore
transfer stresses by friction only due to sliding against each other,
resulting in lower tensile behavior of the fabric.

2.2. Sample preparation and test methods

Several sets of specimen were prepared for the different test
methods: (1) direct tensile, (2) pullout, (3) restrained shrinkage,
and (4) wedge splitting. For each test a single layer of fabric was
placed in between two layers of fresh cement paste. Plain cement
paste was used in all cases in order to simplify the system and iso-
late the influences related to the paste and fabric only on bonding.

2
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A type I ordinary portland cement (OPC) was used in all cases. The
OPC had a Blaine fineness of 360 m?/kg and an estimated Bogue
phase composition of 60% C3S, 12% C,S, 12% C3A, 7% C4AF and
Na,O equivalent of 0.72%. The water to cement ratio (w/c) was
either 0.40 or 0.42 as noted for the specific experiments.

2.2.1. Direct tension tests

Samples were prepared by one layer of fabric that was placed
using hand layup in between two layers of cement paste with a
w/c of 0.40. The preparation of the composite was carried out in
special mold, resulting in 8 mm thick coupons with a length of
250 mm and a width of 30 mm, respectively. Vibration was applied
during the preparation of the specimens to achieve a good penetra-
tion of the cement matrix in between the openings of the fabric.
The volume fraction of reinforcement was 4% when considering
the reinforcing yarns only. The specimens were demolded 1 day
after casting and maintained continuously in tap water until test-
ing at age of 21 days. For each fabric type (coated and non-coated)
five samples were prepared.

The samples were tested using a closed loop tensile test in an
Instron testing machine with constant strain rate of 0.5 mm/min
(Fig. 2a). The test was carried out until a 10 mm extension was
achieved or until complete failure of the composite occurred. Alu-
minum plates (with tapered ends) were glued on both specimen
faces in the grips region to provide better stress transfer during
testing when loaded in the grips. The cracks that developed during
the tensile test were recorded by a camera at intervals of 15 s.
Average properties were obtained including: the ultimate (maxi-
mum) tensile stress (UTS) and energy consumption (calculated as
the area under the stress-strain curves). Representative samples
were chosen and graphically compared. For each set of specimens
an average tensile curve was plotted, the response from the five
original tested samples that exhibited the closest behavior to the
average was selected. The typical representative curve showed ten-
sile behavior similar to the average one but also included addi-
tional details which were impossible to see by the average curve.

2.2.2. Pullout tests

The pullout specimens were prepared using hand lay-up of sin-
gle fabric layer in the center of cement matrix with a w/c of 0.40.
The pulled out yarns within the fabric were the warp yarns. The
warp yarns were also the reinforcing yarns in the tension speci-
mens. The width of the fabric in the composite was 10 mm, provid-
ing two pulled out yarns during testing. The size of the specimen

-
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Fig. 1. Carbon fabric systems: (a) coated and (b) non-coated fabrics.
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Fig. 2. Tests set up for (a) tensile loading and (b) pullout loading.

was 8 mm thick, 30 mm wide and 15 mm long. The length of the
specimen was equal to the embedded length of the individual fab-
ric in the cement matrix. The specimens were demolded 1 day after
casting and maintained continuously in tap water until testing at
age of 21 days as the tensile specimens. For each fabric type
(coated and non-coated) ten samples were prepared.

The evaluation of the bond characteristics of the coated and
non-coated reinforcing system was based on pullout tests. The
pullout samples were tested with the same strain rate as the ten-
sile test. The pullout test was conducted until 10 mm of slip was
attained. The pullout testing set up is presented in Fig. 2b. Two
warp yarns were pullout in both cases coated and non-coated. In
all cases a 15 mm free length of fabric was used between the ma-
trix and the grips (Fig. 2b). This length was necessary for handling
purposes. Load-slip curves were recorded and used to develop
average pullout bond strength data. The bond was calculated by
dividing the maximum pullout forces with the bundle perimeter
and its embedded length, assuming circle bundle diameter. This
implies an assumption that there is no penetration of the cement
matrix in between the filaments of the bundle. The energy was cal-
culated as the area under load-slip curves. Representative samples
(with mechanical response close to the average as explained above
for the tensile tests) were graphically compared. More details on
pullout tests can be found in Ref. [4].

2.2.3. Restrained shrinkage samples

The restrained shrinkage samples were prepared by casting a
cement paste directly on a corrugated steel section. The corrugated
section of the steel served as restraint, so that the ‘teeth’ on the
corrugated steel prevent shrinkage thereby restraining volume
changes resulting in distributed multiple cracking (Fig. 3a). The
steel restraining rack was 5 mm thick and 200 mm long to provide
a high degree of restraint, which will also minimize bending due to
the shrinkage of the cement paste. During casting a single layer of
fabric was located in between two layers of the cement paste with
a w/c of 0.42. The total height of the specimen was 20 mm. For
comparison, plain paste samples were also prepared. The samples
were demolded 24 h after casting and then dried at 50 °C for 24 h.
During drying, cracks were developed across the surface in distrib-
uted manner as observed in Fig. 3b. Five samples were prepared for
each tested system, of carbon fabrics and plain paste.

These specimens were used to generate multiple cracks in the
specimen to study the influence of the carbon fabrics on crack pat-
tern. The cracks here developed under restrain conditions during
the first day from casting, providing relatively visible cracks, which
could more easily used to measure crack width. These cracked
specimens were used to study the fluid ingress of the carbon TRC
elements with X-ray radiography using a contracting solution of
0.5 M lead nitrate.

2.2.4. Samples for controlled crack opening — wedge splitting test

A special mold was designed and built to produce samples with
dimensions of 100x 100 mm and thickness of 10 mm (Fig. 4). The
samples were prepared with a w/c of 0.42 and one layer of fabric
located in the center of the sample. In each sample, two steel rods
with diameter of 10 mm were used to hold the ball bearings during
the wedge splitting test). The samples were demolded 24 h after
casting. After demolding, a 3 x 30 mm notch was cut at the top
of each sample (Fig. 5). Samples were then sealed in plastic sheet
for 24 h and then used for experiment. Three samples were pre-
pared for each carbon fabric type. For comparison another three
samples with plain paste (no fabrics) were also prepared.

The wedge splitting specimens were used to generate cracks in
the specimen so that the cracks could be imaged with X-ray radi-
ography, to study the relationship between cracking and fluid in-
gress (of contrasting agent with 0.5 M lead nitrate). In this study
the load was applied with the rate of 0.2 mm/min. An LVDT was
glued to the surface of the sample as a way to measure crack open-
ing displacement (COD). This provided slow crack growth that ob-
served by X-ray imaging. Using this device, loading was stopped at
two desired crack openings (0.03 mm and 0.3 mm). Once the load
was stopped solution was added to the sample and the fluid in-
gress into the cracked sample was studied.

2.2.5. Fluid transport tests — X-ray radiography

X-ray radiography was used to study the fluid ingress of the car-
bon TFRC elements. The restrained shrinkage samples and the
splitting wedge samples were tested for plain sample and the sam-
ples with the coated and non-coated fabric samples.

A GNI X-ray absorption system was used [10,11]. The distance
between the source and the specimen was 200 mm resulting in
each image capturing a 20 mm view with a pixel pitch of 12 pix-
el/mm. The X-ray was operated with a voltage of 40 keV, a current
of 100 pA, and an integration time of 5 s. To image the entire re-
strained shrinkage sample the camera and source were moved in
18 mm increments, and the images were reassembled. For the
wedge samples the sides of each sample were sealed with alumi-
num tape before ponding with the contrasting solution. For testing
the restrained shrinkage samples, the sides of each sample were
sealed with aluminum tape after oven drying and before ponding
with contrasting solution. A contrasting agent was used (0.5 M lead
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Fig. 3. (a) Schematic view of the steel rack used to induce multiple shrinkage cracks, as the solution was added after drying and cracking, and (b) typical image taken under
UV light where fluorescent epoxy has penetrated the cracks (the fluorescent epoxy is shown as nearly white).

Top layer of the plastic mold

DIA 10.0mm

Paste Sample cast
with mesh
Fabric mesh

Fig. 4. Schematic view of the mold used to cast fabric reinforced samples for wedge
test. The right hand side of the mold shows the mesh in the mold before the paste is
placed while left hand side of the mold shows a completed specimen.

nitrate) for both cases. The ponding time was ~15 min. More de-
tails can be found in Refs [12,13].

2.2.6. Microstructure characteristics

A Scanning Electron Microscope (SEM) was used to observe
each system. The observations were focused on evaluating the
composite cross section as well as the structure of the matrix along
the yarn length in order to study the bond between the fabric and
the cement matrix as well as the open spaces between the fila-
ments of the bundle composed the fabric. It should be noted that
a precision diamond tipped water cooled saw was used and the

70
\ \ -gﬁnl. , Steel rod
—
\ ' : Ball bearing
I P w | —
| (A E=]
1 : : 5
| , ! 3
g 60mm
E
S
=
I |
100mm

Fig. 5. A schematic view of the wedge test sample with a 3 x 30 mm notch.

samples were not polished, to minimize damage of yarns, fabrics
and interface.

3. Results and discussion
3.1. Mechanical properties

Fig. 6 presents the typical tensile response of the composites
with the coated and non-coated carbon fabrics. The figure shows
that the coated fabric composite performed much better than that
of the non-coated fabric composite. Significant improvement is ob-
served for all mechanical properties of the composite reinforced
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Fig. 6. Stress-strain curve of coated and non-coated carbon fabric reinforced
composites.

with the coated carbon fabric, with 43% increase in ultimate tensile
strength (UTS), 220% increase in elongation at UTS and 140% in-
crease in energy absorption. The average tensile strengths of
5.9 MPa and 4.1 MPa and toughness values of 5.75 ] and 2.38 ] were
calculated for the coated and non-coated composite systems,
respectively. The coefficients of variance were approximately 15%
for all systems. When comparing the shape of the tensile stress—
strain curves of coated and non-coated carbon systems, a signifi-
cant drop in tensile stress after reaching the peak is observed for
the non-coated system, from above 4 MPa to about 2 MPa. For
the coated system the reduction in stress after reaching the peak
is more moderate. Such behavior of the coated system may suggest
better reinforcing efficiency and bonding with the cement matrix.
The coating improves the stress transfer between filaments within
the bundle and their reinforcing ability when part of the cement
composite as discussed above (Section 2.1). The bond between ce-
ment matrix and fabrics was studied by pullout tests as discussed
in the following section.

Pullout tests were conducted for both tested fabric systems.
In this test the whole fabric was pulled out from the cement ma-
trix, containing 2 yarns along the pullout direction. Fig. 7 pre-
sents the pullout responses of the two fabric systems. The
improved pullout behavior of the coated fabric system is clearly
observed as compared with much lower pullout behavior of the
non-coated fabric system. These results indicate improved bond
strength when the bundles are coated, which suggests improved
stress transfer between fabric and matrix. Bond strengths of
1.8 MPa and 1.4 MPa were calculated for the coated and non-
coated fabric systems, respectively. The bond strength was calcu-
lated using the maximum peak (i.e., the first peak for the coated
system in Fig. 7). Energy absorption values of 0.88] and 0.37]
were calculated for the coated and non-coated fabric systems,
respectively. This is consistent with an improvement in energy
absorption for the coated fabric system as compared with the
non-coated fabric system. These values highly emphasized the
improved bonding between fabric and matrix when the bundles
within the fabric were coated. Note that due to the coating, the
filaments within the bundle are glued together; when loaded
during pullout test the stresses are efficiently transferred to all
reinforcing filaments within the fabric, exhibiting high pullout

400
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Fig. 7. Pull out force-slip curve of coated and non-coated carbon fabric systems.

resistance and good bonding. However for the non-coated fabric
the filaments are separated, when loaded the stresses do not
transfer as efficient to the inner filaments of the bundle, as they
transfer by friction only due to sliding of filaments against each
other, exhibiting low pullout resistance and reduced bonding.
Detailed discussion with observations on the microstructure of
these systems is provided in Section 3.2.

Furthermore, the pullout responses behave differently when
comparing the load-slip curves of the two tested fabric systems.
For the non-coated system, the loads increase up to the peak with
a significant sharp drop after reaching the peak load. Following this
drop the load values are preserved which may suggest sliding of
the inner filaments with hardly any change in the embedded
length of the outer filaments, having direct contact with the ma-
trix. Then, a continuous linear reduction in loads is observed, sug-
gesting pullout of most filaments from the cement matrix, as the
embedded length reduced. For the coated fabric system the pullout
behavior is somewhat different. The loads increase up to the peak
following with a sharp drop but to much less extent as for the non-
coated system, i.e., with the coated system the drop in loads after
reaching the peak is less significant. This suggests that the reinforc-
ing coated bundle at this stage still carries significant amount of
loads, as it behaves as a single reinforcing unit. After this drop,
the load values are increasing reaching a second peak at much lar-
ger slip, i.e., the fabric keeps carrying the load, suggesting better
stress transfer between bundles and matrix with improved rein-
forcing efficiency. Only after reaching the second peak, continuous
linear reduction in loads is observed for the coated system, i.e.,
pullout of the bundles from the cement matrix. Such differences
in pullout behavior indicate differences in bond mechanisms be-
tween the two fabric systems. The coated bundle behaves as a sin-
gle reinforcing unit where all filaments are carried the loads [6],
while for the non-coated bundle the filaments of the bundle act
separately. The filaments that are in direct contact with the matrix
carry most of the loads, while the inner filaments mainly slide
against each other and therefore are less effective for
reinforcement.

The improved bond strength and behavior of the coated fab-
ric system correlates well with the tensile behavior, greater
bond and reinforcing efficiency results in improved tensile
behavior.
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3.2. Microstructure characteristics

The differences in bond strength and the related differences
in tensile behavior of the two carbon fabric systems discussed
above can be explained based on SEM observations. Scanning
electron micrographs of the composites with the two different
carbon fabrics are shown in Fig. 8. A compact and intimate inter-
face is observed between the multifilament coated carbon fabric
systems and the cement matrix, without visible voids and gaps
at the interface bundle-matrix (Fig. 8a). In addition, a high de-
gree of penetrability of the epoxy coating can be observed and
no large empty spaces found between the filaments in the entire
bundle (at the core of the bundle). Such compact and intimate
interface with no gaps between bundle and matrix and within
the filaments of the bundle is a clear evident for the good bond
developed within this system, leading to the improved mechan-
ical performance.

Conversely, for non-coated multifilament carbon fabric sys-
tems only partial penetrability of the cement matrix into multifil-
ament bundle occurs and high empty space percentage can be
observed as clearly shown in Fig. 8b. Also, large percentage of
empty spaces can be seen in the interface area between the ce-
ment matrix and the multifilament bundle. Empty spaces be-
tween filaments of approximately 37% of the cross section area
were calculated for each bundle embedded in the cement paste.
This low cement penetrability and porous interface indicates poor
bonding, leading to the low tensile and bond strength of the non-
coated fabric system. These differences in microstructure between
the two fabric carbon systems can also influence fluid ingress as
will discuss later.

3.3. Cracking

The crack pattern and crack width that develop are highly
dependent on the bond strength and bonding mechanisms and
can provide more information of fabric and bundle treatment
(coated or non-coated) influences on the overall mechanical
behavior of the composite. The cracks can also influence the long
term durability behavior of the TRC components due to their influ-
ences on fluid transport ability. In this study several methods were
used to record and study crack pattern and cracking behavior:
(i) cracks in the tensile specimens, (ii) cracks in the restrained
shrinkage specimens, and (iii) single cracks opening carefully
controlled by wedge splitting test.
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Fig. 9. Cracked samples after tensile tests: (a) non-coated and (b) coated of the
carbon fabric composites.

3.3.1. Multiple cracking and crack width

During the tensile test multiple cracking was observed and re-
corded by a camera for both tested fabric systems (Fig. 9). It can
be clearly seen that more cracks developed in the coated fabric
composite during the tensile tests, observing seven average cracks
for coated carbon samples while only two cracks for the non-
coated fabric composite. The crack pattern is controlled by the
bond that developed between fabric and matrix. A more dense
crack pattern corresponds with better bonding due to improved
stress transfer between matrix and reinforcement. In this work
the coated fabric system exhibits a more dense crack pattern which
is consisted with improved bond strength. This correlates with the
pullout test results (Fig. 7), indicating stronger bond for the coated
fabric system.

Multiple cracking was also observed for the restrained shrink-
age samples. After cracking the restrained shrinkage samples
were impregnated with fluorescent epoxy and imaged using
optical fluorescent microscopy (i.e., UV light). The crack pattern
was recorded for the different systems presented in Fig. 10. From
each sample five cracks were selected and the width of each
crack was measured at ten different locations along the crack.
The selected five cracks were taken from the cracks that devel-
oped through the entire thickness of the specimen. Fig. 11 shows
one of the five cracks used to measure crack width along with
the average measured crack width for the three examined sys-
tems. Fig. 10 indicates more dense crack patterns for both fabric
systems as compared with the plain matrix. No significant differ-
ence is observed when comparing the coated and non-coated
fabric systems. This may be due to the fact that the crack pat-
tern is relatively dense and the restraint provided by the bar
along the base of the sample limits the width of the crack that
forms. When observing the coated fabric system in more details,
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Fig. 10. Crack pattern in the restrained shrinkage specimens, plain specimen and the specimens with coated and non-coated carbon fabrics. The images are taken under UV
light where fluorescent epoxy has penetrated the cracks (the fluorescent epoxy is shown as nearly white).
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Fig. 11. Typical crack in the restrained shrinkage specimen, plain specimen, and the
specimens with coated and non-coated carbon fabrics. The images are taken under
UV light where fluorescent epoxy has penetrated the cracks (the fluorescent epoxy
is shown as nearly white).

some of yarn junctions within the fabric are well recognized, as
penetrability of epoxy is observed also along the bundle and not
only through the cracks. This may suggest debonding between
the coated bundle and matrix during shrinkage. Such debonding
mechanism may also develop during pullout tests which may
lead to the second peak observed for the coated carbon system
presented in Fig. 7. This behavior is not observed for the non-
coated fabric system.

The plain matrix (without fabric) exhibits a larger crack width
(175.5 pm) as expected, as in this case there is no bridging of the
crack and the width is limited by the restraining fabrics. No signif-
icant difference in crack width was measured between the two fab-
ric systems, similar values of 38.4 um and 35.5 pm were measured,
for coated and non-coated, respectively.

The crack pattern as well as the size and width of the crack ex-
pect to influence the transport properties of the system.

3.3.2. Controlled single cracking

A splitting wedge test was used to open a single crack. The crack
was induced under carefully controlled conditions while using
X-ray experiment, simultaneously. This allows observing the crack
by X-ray imaging during loading. Samples of plain cement paste
and the two fabric systems were tested. For each examined system
two samples were imaged with two different crack openings of
0.03 mm and 0.30 mm. The single crack opened by the wedge test
is presented by radiograph images in Fig. 12. The cracks become

visible as darker sections of the image due to the presence of con-
trast solution that penetrated through the cracks.

The radiograph images of the cement paste samples are pre-
sented in Fig. 12a for both crack openings. The cracks can clearly
be seen in both cases, which mean that the solution can easily
penetrate into the entire length of the cracks. The differences
in crack opening are obvious by naked eye, thinner for the
0.03 mm and wider for the 0.30 mm wide cracks. For the cement
paste in both crack opening systems only one crack is develop
and the crack is relatively straight with no branches, starts from
the bottom of the saw cut and propagate to the bottom of the
sample.

The radiograph images of the wedge splitting samples con-
tained coated and non-coated carbon fabrics exposed to the con-
trasting agent are shown in Fig. 12b and c, respectively. Also here
the cracks are clearly seen but here more than one crack is ob-
served and the crack pattern is more complicated. The crack starts
from the bottom of the cut saw but the propagation of the crack is
not in a straight path from top to bottom as for the plain paste.
Here the crack propagates in a more complex path, growing also
along the width and not only along the length of the specimen.
Such crack behavior can be observed for both crack openings and
fabric systems, coated and non-coated (Fig. 12b and c). When com-
paring the images of the two crack openings, 0.03 and 0.30 mm of
the two fabric systems, the difference in the opening of the crack is
mainly due to development of several close parallel cracks, with
more cracks for the wider crack opening system and less for the
thinner crack opening, especially when comparing the coated fab-
ric system (Fig. 12b). This means that during loading and crack
growth the measured crack opening is mainly by development of
new cracks, which may suggest fabric bridging mechanism. More-
over, when comparing the crack pattern of the two fabric systems
(coated and non-coated, Fig. 12b and c, respectively) clear branch-
ing of cracks is observed for the coated fabric, especially for the
large crack opening sample of 0.30 mm. For the non-coated fabric
system fewer crack branches are visible. The branching pattern
suggests that the coated fabric bridging and restraining the cracks
in a better manner than the non-coated one, due to stronger bond-
ing between fabric and matrix as also obtained by the pullout test
(Fig. 7).

It can be concluded based on the above discussion that the
carbon fabrics allow better restraint of the developed cracks
leading to more but finer cracks as compared with the plain ce-
ment paste. The coated carbon system provides finer but more
cracks compared with the non-coated carbon system due to im-
proved bonding, as the cracks are split and branched during
loading. The fine but increased number of cracks should be con-
sidered when dealing with fluid transport as discussed in the
following section.
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Fig. 12. X-ray radiography images of wedge test samples (a) plain paste, (b) coated carbon composite and (c) non-coated carbon fabric composite after ponding with
contrasting agent at different crack openings. The dark portions of the image show less X-ray transmission and denote where the crack has been filled with the contrasting

agent.

3.4. Fluid transport

When dealing with TFRC, not only should the mechanical per-
formance of the composite be considered but the transport charac-
teristics as their influence on durability of the final product should
be considered. It is well known that fluid transport is significantly
dependent on crack pattern and crack width. When textile fabrics
are used as reinforcement for cement matrices usually the crack
width is relatively small with dense crack network as discussed
above (Figs. 10 and 11), and therefore expected to improve the
durability of the TFRC product. However when dealing with TFRC,
besides crack width and crack pattern also the gaps and empty
spaces between filaments due to the unique multifilament nature
of the textile reinforcement should be taken into consideration.
In this work the fluid transport was studied for the coated and
non-coated fabric composites and compared with plain cement
matrix. The fluid transport was measured by X-ray radiography,
for the samples cracked by the splitting wedge test and in the
shrinkage test. The portion of the specimen that has been pene-
trated with the contrasting agent appears darker or nearly black
when observing the radiograph images.

For the wedge test specimens after loading was performed, the
load was held constant and a contrasting agent was pond on top of
the sample. The load was stopped at two specific crack openings
(0.03 and 0.30 mm). At these specific points the fluid transport

was imaged using the X-ray radiography, for the carbon fabric sys-
tems and plain paste (Fig. 12). For the plain paste system, with
crack opening of 0.03 mm, the contrasting agent fluid observed
only inside the cracks but not in the bulk paste matrix. However
some changes in color, i.e., darker color, are seen at the paste bulk
for the large opening crack system of 0.30 mm, suggesting slight
penetrability of solution into the paste (Fig. 12a). Similar changes
in color are observed within the paste for the coated fabric system
in both systems (Fig. 12b), implying penetration of solution in both
cases into the bulk paste.

For the non-coated fabric composite the situation is quite differ-
ent. When observing the bulk paste region (i.e., away from the
cracks) the yarns of the fabric are clearly visible at both crack open-
ings, of 0.03 mm and 0.30 mm (Fig. 12c). This means that for the
non-coated fabric system the solution penetrates along the yarns
for both crack opening systems. The contrasting agent penetrates
from the ponding region through the perpendicular multifilament
yarns into the specimen. In this case the filament bundles contain a
large volume of empty spaces (Fig. 8b). Note that for the coated
carbon fabric (Fig. 12b) the yarns are hardly visible (only very light
yarns are seen within the bulk paste region) even for the wide
crack system of 0.3 mm. Based on these results it can be concluded
that the multifilament yarns transport the fluid into the composite
due to the empty spaces between the filaments, this pronounced
when the bundle is not coated. Such fluid transport does not
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Fig. 13. Percentage of the sample that has been penetrated by water for wedge test
samples with different crack openings.

necessarily depend on crack width but more on yarn treatment.
Therefore, fabric made using fully coating yarns exhibits very low
fluid transport along the bundle while for the non-coated fabric
the fluid transport is much higher along the filament of the bundle.

To better understand the influences of the fabrics on fluid trans-
port behavior, the fluid penetrated area of all systems were calcu-
lated and the results are presented in Fig. 13. To determine the
percentage of each image that was infiltrated by the solution, an
algorithm was applied using Image]. A threshold was applied to

the image to separate the dark (wet) and light (dry) portions (i.e.,
the portions of the specimen) and then the percentage of dark re-
gion was determined as shown in Fig. 13. The wet area of the sam-
ple is relatively large for the non-coated carbon system for both
crack openings. Again, this can be attributed to the fluid transport
through the empty spaces between bundle filaments of non-coated
carbon fabric. For the coated carbon system a much lower are that
has wetted is observed when compared with the non-coated sys-
tem, as expected due to coating. However, a significant increase
in wetted area was calculated when the crack was opened from
0.03 mm to 0.30 mm. It may suggested that this increased in wet
area while opening the crack of the coated system is due to devel-
opment of more cracks including branches as shown in Fig. 12b.
This crack branching may allow ingress of fluid into the bulk paste
as observed for both crack openings of the coated system (Fig. 12b).
When the crack is highly opened more and wider cracks and crack
branches are developed leading to more massive fluid ingress
through the cracks and into the bulk cement paste as reported in
Fig. 13.

In the case of the plain cement matrix, the area penetrated by
the solution is significantly smaller than both carbon systems
(Fig. 13). This is due to fluid penetration that occurs through the
cracks in the sample, while in both carbon systems fluid is trans-
port through the yarns and through the cracks compared with that
of plain paste. When the two carbon systems are compared, the
non-coated carbon shows higher wetting due to presence of empty
spaces within the bundles, and debonding. However some tiny
empty spaces are remained also within the coated bundle as the
coating is not completely perfect, allowing same transport of fluid
also for the coated system.

A similar trend is also observed when examining the restrained
shrinkage specimens ponded with the contrasting agent (Fig. 14).
This figure shows radiography images of the multiply cracked sam-
ples of plain paste and the two carbon systems after 1 min and
45 min from ponding. Fig. 14a shows radiography image of

(c) Non-coated carbon

Fig. 14. X-ray radiographic images of restrained shrinkage samples ponded with the contrasting agent: (a) plain paste after 45 min ponding, (b) coated carbon after 1 min and
45 min ponding, and (c) non-coated fabric 1 min and 45 min ponding. The dark portions of the image show less X-ray transmission and denote where the crack has been filled

with the contrasting agent.
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multiple cracked plain paste specimen after 45 min of ponding
with the contrasting solution. The cracks are clearly observed
due to penetration of the solution through their entire length.
However penetrability is not observed at the paste bulk. Similar
observation of clear full length cracks without penetrability into
paste is seen for the coated carbon system after 1 min from pond-
ing (Fig. 14b). However 45 min after ponding, besides cracks it is
also possible to see slight penetrability of the contrasting agent
along the yarns of the fabric (Fig. 14b) which are not visible after
1 min from ponding.

For the restrained shrinkage samples with the non-coated fabric
(Fig. 14 ¢), the filaments of the bundle yarn are visible even at short
duration from ponding (1 min), i.e., the contrasting agent pene-
trates along the yarns almost immediately after ponding. The pen-
etration of the solution along the filaments of the bundle is even
more pronounced 45 min after exposure. The presence of the con-
trasting solution within the bundles can be easily seen as the con-
trasting agent possibly penetrates from the ponding region
through the perpendicular multifilament bundles into the entire
specimen.

In addition, for the non-coated system, at short durations after
ponding hardly any cracks are observed, only very small at top
zone of the specimen (Fig. 14c). This is contrary to the plain paste
and the coated carbon specimens (Fig. 14a and b respectively),
where full length cracks are clearly observed along the entire
thickness of the specimens. This may indicate that the cracks for
the non-coated carbon are too thin, with average of 35.5 um, for
the solution to easily penetrate into the entire crack length. This
means that the solution can easily penetrate into the entire length
of the cracks for the coated carbon system but not for the non-
coated carbon system. However, the fabric made of fully coating
bundles exhibits very low rate of fluid transport as the non-coated
fabric wet almost immediately after exposure. This may indicate
that the rate of fluid ingress is depended mainly on surface treat-
ment, coated vs. non-coated and much less on crack width when
multifilament textiles are used as reinforcement.

This trend is clearly observed in Fig. 15, which shows the fluid
penetrated area vs. the duration of time since the contrasting agent
was added. The wet area of the sample influenced by the contrast-
ing agent was relatively large for the non-coated carbon system.
The large area that has been penetrated is seen for all exposure
periods, however there is a steady increase over time likely due
to absorption from the surfaces as well as from along the filaments.
A noticeable increase in wetting area is also observed for the
coated carbon fabric system but with much smaller penetrated
area. This may suggest that although most of the gaps between fil-
aments are filled with coating and therefore this system behaves
similar to the cement paste, some tiny empty spaces are remained
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Fig. 15. Percentage of the area of the specimen that has been penetrated by (wetted
area) the contrasting agent vs. time for the shrinkage samples.

within the bundle, allowing slow transport of fluid during time.
The X-ray radiography images were acquired with a 15 min time
interval for approximately 45 min after ponding. To determine
the percentage of wet area of each image an algorithm was applied
using Image].

It can be summarized that the transport behavior of the multi-
ple cracked samples (restrained shrinkage) is similar to that of the
single opened crack (by splitting wedge test); transport of fluid
only through the cracks of the plain paste system while for the tex-
tile systems the fluid can transfer also along filaments of the bun-
dle with more significant fluid ingress rate of the non-coated
system. However the carefully controlled conditions for opening
the single crack under the wedge test, leads to development of a
large number of finer cracks including crack branching of the fabric
systems which also contribute to fluid ingress.

4. Summary and conclusions

In general, carbon textile fabrics improve the mechanical per-
formance of cement-based composites. The carbon fabrics have a
strong bond with the cement matrix which leads to a finely distrib-
uted crack network. Fluid transport in the cracks and along the fil-
aments is dependent on crack pattern, crack width, and filament
bond. The goal of this work was to demonstrate the importance
of bundle coating on composite mechanical behavior, bonding,
and fluid transport.

It was shown that coated carbon bundles increase the tensile
properties of the textile cement-based matrix with respect to
UTS, elongation at UTS, and energy absorption. The coating on
the fabric decreases the empty spaces between filaments and pro-
vides more intimate interface between matrix and bundle which
improved stress transfer as confirmed by pullouttests and SEM
observations.

TFRC specimens with coated carbon bundles exhibit a more
dense crack pattern during tensile testing and a more branched
crack pattern during splitting wedge test of a single crack as com-
pared with the non-coated system. Such a fine crack pattern can be
due to more efficient bridging and restraining of the developed
cracks by the stronger bonding, leading to improved mechanical
performance. However, these additional fine cracks were found
to influence and increase fluid ingress into the composite as com-
pared with plain cement paste. This increase in fluid ingress due to
crack branching can decrease durability properties of TRC ele-
ments. However, the size and width of the cracks also influence
durability, as these are smaller for TRC systems.

The samples with relatively large crack width, greater than
~40 pm, permitted fluid to penetrate the sample through the crack
and crack face. This was the case for the samples of plain cement
matrix. Conversely, in case of both carbon systems the cracks were
much finer and less than ~40 pm. Some fluid penetrability was ob-
served into the bulk specimen in both carbon systems, coated and
non-coated, even in cases where the fluid was not fully permitted
to enter along the entire crack length. This was due to the ingress
of fluid along the bundles of the fabrics through the open space in
between the filaments. Whereas the non-coated carbon permit a
rapid fluid ingress through the open space in between the fila-
ments of the bundle, the fully coated carbon bundles showed much
lower fluid ingress along the bundles. This can be attributed to less
empty space between filaments.

Therefore when durability is considered for textile-cement
composites it is necessary to take into account the coating of the
yarns composed the fabric and crack pattern as they influence
the fluid transport properties.

It can be concluded that the coating of carbon fabric has a ben-
eficial influence on both mechanical performance and resistance to
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fluid ingress. The coating increases the mechanical properties and
decreases the fluid transport properties. The decrease in fluid
transport is due to the fact that the coated fiber has less empty
space within the bundle and good bonding as compared with
non-coated fabric, thus leading to improved mechanical behavior
and durable TRC elements. It should be noted that such polymer
coating is stable at regular service environment and temperatures
but not necessarily at elevated temperatures such as caused by fire.
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