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The mechanisms of ageing and environmental degradation involving exposure to cyclic hot/cold temper-
atures, wetting/drying movements as well as exposure to a carbon dioxide (CO,)-rich environment, have
different effects on the microstructure of interfaces within cementitious composites. This paper presents
results of an investigation into changes occurring in fibre pull-out and composite tensile behaviour in
Textile Concrete (TC) after exposure to accelerated ageing conditions. The microstructure of the matrix
at the fibre/matrix interface, and fibre properties, were found directly to affect the mechanical behaviour
at the macro-level. The study illustrated that exposure of TC to a CO,-rich environment improves the
fibre/matrix bond significantly; no major changes were observed in the mechanical behaviour of the
composites after exposure to hot/cold and wetting/drying environments.

Crown Copyright © 2010 Published by Elsevier Ltd. All rights reserved.

1. Introduction

The service life of a material is to a great extent dependent on
environmental exposure conditions, duration of exposure (time),
and properties of its constituents. This is equally true of Fibre Rein-
forced Cementitious Composites (FRCC), which are finding increas-
ing use as construction materials today. These materials are
essentially three phase materials comprising a matrix or binder
phase, a reinforcing or fibre phase, and a fibre/matrix interface
phase. This latter phase is of great importance in FRCC since its
properties have a profound influence on the properties of the com-
posite material. It is also often the phase in which long-term effects
create the greatest change in mechanical properties mainly due to
changes in fibre/matrix bonding characteristics. The microstruc-
ture of FRCC has been shown to vary with the processing tech-
nique, matrix composition, fibre surface properties, curing
conditions, and age [1,2].

In modern building technology, conventional materials are used
in new ways and new materials are used without long-term expe-
rience. It is important that the behaviour of a material in service be
predictable, which is commonly based on prior experience with
materials in similar applications. In the absence of past experience,
prediction is based on accelerated ageing tests, which create a bet-
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ter understanding of the mechanisms that bring about physical
changes at the microstructure level.

The physical changes at the fibre/matrix interface are often
environmentally-related mainly due to changes in the matrix
microstructure. Cement paste (or mortar) continues to change as
hydration reaction progresses, which usually leads to an increase
in strength and stiffness. The rate of hydration varies with temper-
ature and moisture state; therefore cyclic hot/cold, wet/dry envi-
ronments are possible mechanisms of microstructural change.
Variations in the moisture state affect the specific surface area
and pore size distribution whereas temperature accelerates the
hydration reaction [1].

Microstructural changes in cementitious materials are due to
physical or chemical factors which are often associated with envi-
ronmental exposure. The mechanisms of physical attack are abra-
sion, erosion such as in wetting/drying environments, cavitation, or
expansive reaction such as freeze-thaw. On the other hand, chem-
ical attack is driven by dissolved gases and liquids, which cause
sulphate attack, alkali-silica reaction, and carbonation [3]. The rate
of ingress of fluids into concrete increases with temperature and
humidity [4]. Cyclic action of temperature and moisture that is
common in some tropical environments has been attributed to
leaching of concrete and subsequent propagation of microcracks
[5]. The physical effects of thermal changes are volume movements
which induce stresses in the microstructure leading to increase in
microcracking in concrete. Gases and fluids are absorbed and
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retained within the microcracks where they cause physical and
chemical expansive reactions.

Air contains carbon dioxide (CO,) which, in the presence of
moisture, causes a carbonation reaction to proceed in cementitious
materials resulting in deposition of calcium carbonate (CaCOs) in
the microstructure. This occupies a greater volume than replaced
calcium hydroxide (Ca(OH),), leading to reduction in the porosity
of carbonated concrete [2]. In addition, water released by Ca(OH),
on carbonation may aid in the hydration of cement. These changes
are beneficial in that they result in increased strength, and reduced
permeability and moisture movement. However, carbonation in-
duces volume changes that cause shrinkage which may induce
cracking [2]. In reinforced concrete, carbonation environment ex-
poses the steel to corrosion leading to premature deterioration.

All these effects, which occur during long-term ageing of FRCC,
have important influence on the durability and serviceability of the
material. At the fibre/matrix interface, chemical and physical
changes occur after exposure to different environments, which af-
fect the nature of bonding.

Textile Concrete (TC) is produced from cement paste or mortar,
reinforced with textiles which are formulated for use in cementi-
tious matrices. Where polymeric textiles are used, polypropylene
(PP) is commonly chosen due to its low cost and a combination
of very attractive properties, namely resistance to chemical attack
in the highly alkaline cement medium, resistance to degradation
under moist environments, high elongation at break with low spe-
cific gravity, and no major handling difficulties.

There is growing interest in mechanical characterisation of TC
but being a relatively new product, TC technology is still at its in-
fancy with sparse information, particularly on its mechanical per-
formance under different environments. Thus the durability or
long-term performance of TC is still a major concern and there is
need for assessment of the long-term mechanical behaviour. This
research is primarily an experimental study based on accelerated
ageing under different exposure conditions.

The study found that no significant change was observed in the
fibre/matrix bond strength after either cyclic hot/cold or wet/dry
environments, but there was a marked strength increase of
approximately 18% after carbonation exposure. The effects of these
changes on mechanical behaviour of TC are largely the focus of this
paper.

Different types of fibres have been suggested as suitable rein-
forcement in FRCC such as: asbestos, steel, glass, carbon, natural fi-
bres (such as cellulose and sisal), and various types of polymeric
fibres such as polypropylene (PP) [6]. PP fibres have good chemical
resistance, are relatively inert to moisture at normal ambient tem-
peratures, have high elongation at break with low relative density,
and are easily handled after appropriate processing [7]. With ongo-
ing research on alternatives to asbestos fibres, it is believed that PP
fibres have many advantages as a possible alternative to not only
asbestos, but also glass, steel and cellulose. Development of PP fi-

bres for cement reinforcement, where proprietary surface treat-
ment is applied to enhance the wetting and the compatibility
with the matrix, has accelerated growth in new industries such
as Textile Concrete (TC). TC is essentially a fine grained cementi-
tious matrix reinforced with layers of two dimensional mesh fab-
ric. In South Africa, the textile is made of PP which is specially
formulated for use in cementitious matrices.

Alkali Resistant (AR) glass fibres have been used in production
of Glass Fibre Reinforced Concrete (GRRC), a composite which
has been in the forefront in development of new applications of
TC such as: integrated formwork and exterior cladding panels, dec-
orative elements, ducts and channels, bridge parapets and many
more [8]. Carbon fibres have been used together with polymeric fi-
bres in production of concrete tubes, and a significant enhance-
ment of the flexural strength of the composite is reported [9].

A recent study of the mechanical behaviour of Textile Concrete
characterised pseudo-ductile behaviour under flexural and direct
tensile loading [10]. However, the durability and long-term perfor-
mance of this new material is still a major concern and there is
need for the development of a reliable method for assessment of
the long-term behaviour [11,12]. By accelerating the ageing of TC
samples, an attempt was made to assess the long-term behaviour
of TC, reported here. There are no clear guidelines or standard pro-
cedures for accelerated ageing of FRCC. In addition, since TC is still
a new material, there is scarcity of data on its natural ageing or
long-term performance [13-19]. Therefore, in this study, the accel-
erated ageing procedure was guided partly by past work on con-
ventional FRCC reported in the literature [20], and partly by
practical considerations. Three regimes were chosen based on
tropical and moderate climates. The regimes were hot/cold, wet/
dry, and 10% accelerated carbonation.

2. Materials and experimental details
2.1. Fibres

Fibrillated forms of PP fibres were chosen for this study because
fibrillation improves mechanical bonding with cement matrices
[6]. However, despite improving the mechanical properties of the
fibres, the fibrillation process weakens the film in the lateral direc-
tion. To address this concern and improve interaction and mechan-
ical bonding with the cementitious matrix, continuous PP fibres
with an extended fibrous surface were chosen for this research.
The fibres, referred to here as ‘hybrid fibres’, were specially pro-
duced in South Africa and designed for use with cement matrices.

The ‘hybrid fibres’ consist of fluffy layers of PP fibrils spun
around two strands of fibrillated tapes of polymeric fibres as the
core in order to provide a substantial mechanical bond with the ce-
ment matrix. The ‘hybrid fibre’ provides the basis for achieving suf-
ficient strength and controlled bonding with cementitious matrix.

Fine fibrils

<&— Inner core
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Fig. 1. Typical ‘hybrid fibre’.
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Fig. 2. The textile showing warp and weft directions.

This fibre is then woven into a matrix cloth to provide the desired
properties. The woven textile is easily placed in the cement com-
posite in the appropriate location and orientation, for optimum
performance and with very high fibre volume fractions (in excess
of 10%). The density of the PP fibres was 0.94 g/cm® and the
cross-sectional area was 0.303 mm?. The average tensile strength
and stiffness of the fibres prior to environmental exposure were
approximately 77 N and 1077 MPa, respectively. Fig. 1 shows a
‘hybrid fibre’ that was used for this study.

2.2. Textile

The textile used for production of TC composites was manufac-
tured in conventional mills. The yarn in the weft direction was a
‘hybrid fibre’ illustrated in Fig. 1, whereas in the warp direction,
two strands of fibrillated polypropylene fibres were used. The tex-
tile is woven into a mesh, commercially referred to as ‘CemForce’,
illustrated in Fig. 2.

The inner tapes of the textile had a cross section of approxi-
mately 1.0 mm x 0.3 mm, aperture size of 4 mm x 4 mm, and the
mass per unit area of 87 g/m?. Tensile tests were performed on
100 mm x 50 mm samples of the textile using a universal testing
machine, which was programmed for a ramp rate of 10 mm per
minute and a maximum displacement of 100 mm. The average
ultimate tensile strength of the textile in the warp and weft direc-
tions was 20 kKN/m.

2.3. Cementitious mixture composition

The binder was a thoroughly blended mixture of ordinary Port-
land cement designated CEMI 42.5, and Ultra-Fine Fly Ash (UFFA)

Table 1
Characteristics and mechanical properties of constituent materials.

locally referred to as ‘Superpozz’, with 90% of particles finer than
11 pm. The mix needed to be such that compaction was easily
achievable, together with good mechanical properties, while at
the same time striving to be reasonably comparable with ‘normal’
practice. To achieve an appropriate mix, coarse aggregate was
avoided and dune sand with maximum size 600 pm, fineness mod-
ulus of 1.71 and controlled moisture content (air dry) was em-
ployed. The density of the sand was 2.60 g/cm>. A sand/binder
ratio of 1.0 was used, with nominal water: binder ratio of 0.5.
‘Superpozz’ was used at a cement replacement level of 10% by
mass, primarily to assist in achieving flow.

Mixing was undertaken for two minutes in a Hobart A120 plan-
etary mixer, and the flow characteristics determined using the
ASTM flow table test [21]. This entailed the mix being placed via
a cone onto the flow table at a specified time after mixing, and
its flow characteristics (diameter as a function of jolt impacts)
being determined. The mortar mix had a minimum setting time
of two hours and had minimum segregation and bleeding. The ma-
trix was characterised by cube crushing strength of samples which
were subjected to the same environmental regimes as the compos-
ites. Control samples were water-cured for 28 days at 23 °C; there-
after at 20 °C and Relative Humidity of 53% for different period
ranging from 8 months to 20 months. The density and cube crush-
ing strength of the samples at different ages and exposures are
shown in Table 1.

2.4. Specimen production

The “hybrid fibre” shown in Fig. 1 was used for the single fibre
pull-out test, and in the longitudinal direction (weft in Fig. 2) in the
composite tests. In the present study, single fibre pull-out and
composite tensile tests were performed. Specimens for fibre-pull-
out tests were cast in specially made moulds to form symmetrical
mortar briquettes of nominal thickness 8 mm and with the geom-
etry shown in Fig. 3. To ensure that failure occurred by fibre pull-
out other than rupture, trial tests were undertaken which indicated
that an embedded fibre length (I.) of 22 mm was suitable. The sam-
ples were cast by first filling the mould to mid depth and then
locating the fibre longitudinally in the mould. The fibre was cen-
trally held in position by threading it through two acetate sheets
to separate the specimen; thereafter mortar was added to full
mould depth, followed by gentle shaking to ensure sufficient
impregnation of the fibre with mortar to facilitate satisfactory
experimentation. The acetate sheets facilitated tensile strength
evaluation of the fibre pull-out itself, without being masked by
any tensile strength of the paste. After setting, the specimens were
wet-cured at a temperature of 21 °C for 28 days followed by condi-

Fibre sample

Mortar sample

Exposure condition Average peak load (N)

Modulus E; (MPa) average %

Exposure condition Age at test density (g/ Cube strength (MPa)

failure strain cm?)
Control (tested dry) 77.3 1077 26.7 Control 3 days 2.060 10.8
Control (tested wet) 80.4 878 30.2 Control 7 days 2.090 20.8
100 hot/cold cycles 23-50 °C 60.8 566 36.1 Control 28 days 2.060 35.2
100 wet/dry cycles at 35 °C 73.4 1123 224 Control 8 months 2.000 36.9
Hot/cold 1.936 30.8
Carbonated at 30 °C and 55% RH  62.1 612 333 Control 10 months 2.080 44.4
Wet/dry 2.136 64.8
12 months in a moderate climate 76.5 1678 16.5 Control 12 months 2.064 48.0
Carbonated 2.072 64.4
Moderate climate 2.147 56.8
12 months in a tropical climate 40.0 1292 9.6 Control 20 months 2.040 62.1
Tropical climate 2.050 66.0
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Fig. 3. Fibre pull-out specimen.

tioning at 55-60% relative humidity and 23 °C in an environmen-
tally controlled room. Fifteen specimens were cast for each of the
three exposure regimes: hot/cold, wet/dry, carbonation; and for
control specimens.

The geometry of the composite TC tensile specimen and the
gripping system were customised to be adaptable to the standard
fixtures of a ZWICK Universal Testing Machine. The specimen
had a gauge length of 125 mm, width over gauge length of
50 mm, and the overall length was 300 mm. The gripping area
was smoothly rounded into the gauge sections with 100 mm radii.
The widest section at the gripping area was therefore 90 mm,
reducing to 50 mm over a length of 50 mm. Composite samples
were produced using a hand lay-up technique whereby mortar
was worked into six layers of CemForce to produce laminates with
a nominal thickness of 8 mm, which was considered thin enough
for gases and moisture to permeate during the tests. The specimen
used for the tensile test is shown in Fig. 4. Ten specimens were cast
for each of the exposure regimes and for controls.

2.5. Accelerated ageing

Ageing of TC samples was achieved by means of a dedicated
accelerated ageing environmental facility. The facility consisting

90 mm

200 mm
300 mm

Fig. 4. Composite TC specimen.

of two independent systems; hot/cold, and wet/dry, was operated
in a semi-automated state. Heating was by three halogen light
bulbs, and water cooling (but not wetting) simulated a cold envi-
ronment. The temperature range in the hot/cold chamber was be-
tween 23 °C and 50°C. A 75 min cycle time comprising 30 min
heating and 45 min cooling periods was found suitable.

The accelerated ageing facility had a chamber adjacent to the
hot/cold chamber which facilitated wetting and drying of speci-
mens by drawing a vacuum of approximately-97 kPa to extract
the moisture. To help evaporate water at a vacuum of —97 kPa,
the temperature was elevated to approximately 35 °C. The temper-
ature inside the wet/dry chamber was controlled by use of a heat-
ing element (with an in-built thermostat) that was positioned
horizontally at mid-height of the chamber. Therefore the tempera-
tures in the wet/dry chamber varied between 23 °C during wetting
and 35 °C during the drying cycle. The wet/dry system was con-
trolled by a timer relay with a wetting cycle time of 30 min and
about 5 h drying period, which were based on drying trial tests.
One hundred cycles were chosen both for hot/cold and wet/dry
regimes.

Carbonation was facilitated through a chamber operating at a
temperature of approximately 30 °C, and relative humidity (RH)
between 55% and 70%. The CO, concentration was 10%, and the car-
bonation depths were monitored from time to time using phenol-
phthalein indicator [22]. Complete carbonation was observed after
6 months.

Control samples were wet-cured at a temperature of 21 °C for
28 days followed by conditioning at 55-60% relative humidity
and a temperature of 23 °C in an environmentally controlled room.
The control samples were tested at ages 5, 8, and 12 months. Sam-
ples which were conditioned for approximately 4 months were
separated into three batches for weathering in hot/cold, wet/dry,
and carbonation environments. The samples weathered in a hot/
cold environment were tested at age 12 months, wet/dry-weath-
ered samples were tested at age 14 months, and carbonated
samples were tested at age 16 months.

2.6. Fibre pull-out tests

Fibre pull-out tests were conducted on a ZWICK UTM illustrated
schematically in Fig. 5a. The tests were based on the ASTM tensile
test method for cement paste [23], together with developments by
Currie and Gardiner [24] and Tait and Guddye [25]. Each sample
was centrally positioned within the grips of the testing machine,
care being taken to avoid eccentricity in the loading. The samples
were loaded in uni-axial tension under displacement control, at a
rate of 10 mm/min. The specimens were loaded to failure, which
was characterised by complete pull-out of one side of the PP fibre.
Load was measured by a 10 kN capacity load cell with an accuracy
of 0.5%. Displacement was measured directly from the crosshead of
the UTM, and the load-displacement (P-¢) plots were captured on
an interfaced computer output device and results saved in a
spreadsheet.

2.7. Composite TC specimen tensile tests

The tensile testing rig with a mounted TC specimen is illus-
trated in Fig. 5b. The ZWICK UTM was programmed for a ramp rate
of 10 mm/min. In order to capture the whole range of the stress—
strain curve, failure recognition was set at 100% drop from the
maximum load. Ultimate failure was by fibre rupture.

The cracking patterns on the tested samples were quantified.
Crack spacings were obtained from direct linear measurements,
whereas crack widths were measured with the aid of an optical
microscope to a resolution of 1 pum. For each specimen, crack
widths were measured at five locations that were chosen at
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Fig. 5. Schematic of (a) fibre pull-out and (b) composite tensile test rig.
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Fig. 6. Typical load-displacement traces for fibre pull-out tests.

random over the gauge sections of representative samples. The re-
sults of the number of cracks and average crack spacings are shown
in Table 5.

3. Results
3.1. Constituent materials properties

The mechanical properties of fibres under different exposures
were characterised by the average peak load, modulus of elasticity
(Ep), and average failure strain. The matrix was characterised by the
density and the average cube strength. The variation of mechanical
behaviour with exposure is shown in Table 1.

Table 1 illustrates that the modulus of elasticity of the fibres
was significantly affected by subjecting the fibres to 100 hot/cold

cycles at temperatures varying between 23 °C and 50 °C. Table 1
also shows a significant reduction in the modulus of elasticity
due to carbonation exposure.

3.2. Fibre pull-out tests

The load-deflection traces exhibited post-peak ‘ductility’ as
shown by typical results in Fig. 6. The average values of peak load
(Pmax) were computed from the series of curves, and the average
bond strength (7) was determined from the following relationship:

Pmax

= 2mrl, (1)

where r and [, are the fibre radius and embedded Ilength,
respectively.
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Table 2
Results of fibre pull-out tests (average values).

Sample Peak load, Bond Slope of load/displacement curve Area under the curve
=3
W25 il Initial pre-peak 2nd pre-peak Initial post-peak 2nd post-peak Ux107
(o = standard Tmax (MPa) (N/mm) (N/mm) (i) (i)
deviation)
(kN)
5 months control 18.72 £2.72 0.44 17.63 9.35 —1.55 -0.32 131.4+£19.1
8 months control 35.92 +6.46 0.84 33.91 17.46 —2.48 —0.99 271.6+48.8
12 months control 35.86 +4.64 0.84 32.11 17.93 -3.37 -0.57 252.5+13.7
Hot/cold 18.56 +3.20 0.43 18.56 18.76 —2.80 —0.30 120.0 £ 20.7
(5 months)
Wet/dry 34.22 +4.60 0.78 30.60 17.12 —2.75 —0.61 252.7+34.0
(8 months)
Carbonated 42.48 +7.98 0.99 31.78 14.16 -3.53 -0.98 384.6+72.3
(12 months)
Table 3
Percentage change in behaviour of fibre pull-out specimens after weathering, compared to control specimens.
Sample % Change in peak % Change in bond % Change in slope of load/displacement curve % Change in area under the
load strength Initial pre- 2nd pre- Initial post- 2nd post- curve
peak peak peak peak
Hot/cold (5 months) —0.85 —0.85 +5.28 +100.64 +80.65 —6.25 -8.7
Wet/dry (8 months) —4.73 —4.73 -9.76 —-1.95 +10.89 —38.00 —-6.9
Carbonated +18.46 +18.46 -1.03 -21.03 +4.75 +71.92 +52.3
(12 months)
The load-displacement curves are characterised by changes in
pre-peak and post-peak slopes which reflect different mechanisms 14 Traces of three

and states of stress at the fibre/matrix interface. Prior to fibre deb-
onding, elastic shear stresses exist at the interface [6] whereas
microcracking of the fibre/matrix interface (during fibre debond-
ing), induces frictional stresses. As loading progresses, the matrix
undergoes damage in addition to microcracking causing the entire
fibre length to debond and progressively pull-out of the matrix.
With increased loading, the matrix at the interfacial zone under-
goes further damage until finally no significant resistance to fibre
pull-out is experienced as characterised by an asymptotic final
slope.

Results of fibre pull-out tests are shown in Tables 2 and 3.

The percentage changes in peak loads and bond strengths as
well as the changes of the slopes of the load/displacement curves
were computed and are shown in Table 3.

3.3. Composite tensile tests

The load-displacement curves of composite specimens were
characterised by an initial linear portion. This state progressed un-
til development of microcracks, marked by a reduction in the slope
of the curves. As loading progressed, there was further reduction in
the slope, and perturbations of the stress-strain curves were ob-
served. This occurred at loads in the vicinity of 1000 N (stresses be-
tween 3 MPa and 5 MPa) as shown in Fig. 7. A key feature of the
stress—strain (o-¢) curves was characteristic strain hardening and
multiple cracking (propagation of several cracks), which led to
the achievement of strains in excess of 20% at failure by fibre rup-
ture. Table 3 shows the key parameters in tensile stress—strain
behaviour, which were computed from the stress—strain curves
of the specimens.

The stress-strain behaviour of control specimens and typical
behaviour of carbonated samples are shown in Fig. 8. It is clear
from the figure that carbonated samples have a higher failure
stress than the controls at the same age but the toughness is signif-
icantly reduced.

specimens shown

—_

Stress (6) N/mm?

% Strain (€)

Fig. 7. Typical tensile stress-strain relationship of composites weathered by
wetting/drying, tested at age 14 months.

3.4. Crack quantification

See Table 5.

4. Discussion of results
4.1. Fibre pull-out behaviour

The slopes of the fibre pull-out load-displacement curves and
their physical significance are: initial slope representing an intact
interface; second slope representing microcracking with some fi-
bre debonding and mobilisation of shearing stresses along the
interface; a negative post-peak slope that is manifested after the
entire fibre is debonded and interface is undergoing increased
damage and cracking; and the final slope, which is asymptotic to
the horizontal representing minimal resistance to fibre pull-out.
Mobilisation of interfacial shear that takes place at the pre-peak
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Fig. 8. Typical tensile stress-strain relationship of (a) three control samples at age 16 months and (b) three carbonated samples.

stage is associated with microcracking of the fibre/matrix interface,
which influences the bond. On the other hand, the slope of the
post-peak part of the load-displacement curve characterises the
behaviour during fibre debonding process, and is related to fibre/
matrix interface. The post-peak slopes shown in Table 1 indicate
that the more brittle the fibre/matrix interface (which occurs with
ageing) the steeper the slope.

Table 2 shows that there was no significant change in the peak
loads after hot/cold exposure in comparison with the control
samples at the same age. This behaviour was attributed to
thermo-related microcracking in the matrix which counteracted
the beneficial effects of elevated temperatures on fibre/matrix
bonding.

Table 2 also shows a minor reduction in peak load values after
wetting and drying because again, of competing mechanisms: a
wetting cycle at ambient temperatures with readily available
moisture would have been conducive of greater hydration and in-
crease in fibre/matrix bonding. On the other hand, the drying cycle
induced microcracks in the matrix, resulting in a reduction in the
peal loads.

A small increase in pre-peak gradient is observed after hot/cold
cycles as shown in Table 3, which is an indication that the fibre/
matrix interfacial zone is not affected adversely by exposure to
hot/cold cycles despite possible microcracking in the matrix phase.

On the other hand, there is a reduction in pre-peak gradient
after wetting/drying indicating that the interface becomes less
brittle. The fibre pull-out mechanism involves consumption of
fracture energy for new surfaces to be formed at the microcracked
zones. It is known from fracture mechanics that wet surfaces re-
quire less energy to form than dry surfaces [26]. Therefore, the
reduction in post-peak gradient was possibly due to the lubricating
action of moisture, which causes a reduction in frictional stresses
at the fibre/matrix interface. No significant change was observed
in the peak load after either cyclic hot/cold or wet/dry environ-
ments, but there was a marked increase of approximately 18% after
carbonation exposure.

The results in Table 3 show that for the three weathering re-
gimes, the initial post-peak gradient increases after weathering
indicating an increase in matrix brittleness. It was observed that
after the fibre pull-out test, the outer fluffy layers as well as the in-
ner tape were damaged, which contributed to a reduction in the
frictional stresses at the fibre/matrix interface. This effect was
more pronounced in samples weathered in hot/cold and wet/dry
environments as illustrated by a significant reduction in the final
gradients in the weathered samples relative to the control samples.
Conversely, a denser matrix in carbonated samples compensates
for the effects of fibre damage, and therefore an increase in the fi-
nal slope before failure is observed after carbonation.

The area under the load-displacement curve is a measure of en-
ergy absorption or toughness during the fibre pull-out process. As
illustrated in Tables 2 and 3, carbonation exposure resulted in an

increase of approximately 52% in toughness, which was attributed
to matrix densification and improved fibre/matrix bonding. Con-
versely, hot/cold and wet/dry environments did not cause major
changes in the toughness of the fibre pull-out mechanism.

The results of fibre pull-out behaviour were not sufficient to re-
veal: (i) how different weathering mechanisms affect the frictional
shear forces at the fibril/matrix contact surfaces, and (ii) the mech-
anisms of fibre debonding and subsequent crack initiation and
propagation.

4.2. Composite tensile behaviour

The effects of ageing and weathering on the mechanical
behaviour of Textile Concrete are best understood firstly from con-
sideration of the mechanisms governing the various slopes of fibre
pull-out load-displacement curves, and secondly, from analysis of
the different stages of stress-strain behaviour of the composite.
These effects are related to matrix and fibre properties. The fibre/
matrix interface of Textile Concrete has a complex microstructure
which is influenced by interaction of fine fibrils and cement hydra-
tion products [27]. TC is in a class of composites referred to as High
Performance Fibre Reinforced Cementitious Composites (HPFRCC).
An important characteristic of these composites is multiple crack-
ing (which enables large strain capacities).

The several mechanisms governing the different stages of ten-
sile stress—strain behaviour of TC are: matrix linear tensile behav-
iour at low strains of less than 0.02%, matrix microcracking up to
strains of approximately 2%, development of first macrocrack
which traverses the sample thickness with subsequent transfer of
loading from the matrix to the bridging fibres, propagation and
widening of macrocracks up to peak load, crack localisation, and fi-
nal failure by fibre rupture. A limitation of this research was that
the test method did not provide for clear observations and evalua-
tion of the extent of local matrix debonding at the crack planes
during the tensile tests.

Densification of the microstructure was caused by cement
hydration at early ages and at later ages, the effects of weathering
influenced the matrix properties. These two mechanisms caused a
significant increase in fibre/matrix bonding which lead to failure
by fibre rupture that was manifested in all samples investigated
in this research. In addition, a brittle matrix accounted for micro-
cracking at low loading levels (up to 0.02% strain) that character-
ised the pre-peak stages in both fibre pull-out and composite
tensile tests.

Carbonation results in deposition of calcium carbonate (CaCOs)
crystals in the microstructure and subsequent reduction in the
average pore size [28]. The effect of deposition of CaCOs in the fi-
bre/matrix interface is an increase in fibre/matrix mechanical
interaction, which accounts for significant increase in bond
strength that was observed in carbonated samples.
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Table 4
Average parameters of the stress—strain curves of composite specimens.

Sample Age (months) End of linear region Peak Strain at failure (%) Area under curve (J/m> x 10%)
Stress (MPa) Strain (%) Stress (MPa) Strain (%)
Control 8 3.22 2.15 8.95 20.0 23.8 188.8
Control 12 3.25 2.00 9.91 203 223 201.5
Control 14 3.23 1.88 10.26 21.0 22.0 203.6
Control 16 2.83 1.98 11.22 25.0 30.1 260.7
Hot/cold 12 3.77 2.19 8.73 12.0 20.0 149.8
Wet/dry 14 2.99 1.36 11.43 19.0 21.0 198.8
Carbonated 16 3.95 1.79 12.33 16.0 18.0 160.3

Average values of stress and strain are stated within 15% of error.

Table 5
Crack quantification.

Sample Age Average crack spacing Average crack width
(months) (mm) (pm)
Control 8 5.8 141
Control 12 5.7 141
Control 14 6.7 147
Control 16 14.6 86
Hot/cold 12 5.8 77
Wet/dry 14 6.1 139
Carbonated 16 10.8 167

The extent of densification depends on ageing and exposure
conditions. For example, exposure to hot/cold and wet/dry envi-
ronments resulted in composites which were characterised by
somewhat less post-peak ductility before final failure compared
with the control of the same age (Table 4). The post-peak ductility
was due to fibre softening as illustrated by a significant reduction
of modulus of elasticity (Ey) after subjecting the fibres to 100 hot/
cold cycles at temperatures varying between 23 °C and 50 °C
(Table 1).

A wet/dry environment resulted in composites with so-called
“compliant” fibre/matrix microstructures [29]. At the same time
these composites exhibit post-peak ductility prior to failure (as op-
posed to brittle behaviour). This behaviour was accredited to
favourable hydration conditions and fibre/matrix interface that
sufficiently mobilised crack propagation and extension prior to fi-
nal failure by fibre rupture. On the other hand, a denser matrix to-
gether with high fibre/matrix bonding that characterised
carbonated samples resulted in composites with high strength
(Table 4) but the microstructure was not favourable for post-peak
ductility prior to failure, which was also by fibre rupture. Carbon-
ation caused a higher gain in bond strength compared with the con-
trols (Table 3) due to densification of the matrix at the fibre/matrix
interface. This densification resulted in high composite strengths
but a reduction in toughness relative to the controls (Table 4).

5. Conclusions

The following conclusions were drawn from the findings of the
research on the mechanical behaviour of thin composites of a mor-
tar matrix reinforced with several layers of woven polypropylene
textiles:

1. The fibre/matrix bond strength increases with ageing under
exposure to a range of accelerated weathering conditions. Tex-
tile Concrete shows minimal degradation in fibre/matrix bond
under hot/cold or wet/dry exposures.

2. Carbonation resulted in an increase in bond strength of fibre/
matrix specimens. The increase was attributed to deposition
of calcium carbonate (CaCOs) crystals in the microstructure

and subsequent reduction in the average pore size of the
microstructure.

3. Among the environmental regimes investigated, carbonation
caused the highest gain in bond strength due to densification
of the matrix at the fibre/matrix interface. To present an inde-
pendent perspective of the densification of the microstructure
after carbonation, topographic images of specimen fracture sur-
faces were obtained from scanning electron microscopy. This
densification resulted in high composite strengths but militated
against mobilisation of the full multiple cracking capacity in
carbonated composites.

4. The results of hot/cold and wet/dry environments showed
improved multiple cracking characteristics relative to control
cases. A higher temperatures in a hot/cold environment
increased hydration as well as softening of the fibres. In addi-
tion, cyclic heating and cooling resulted in thermal expansion
and contraction, which were favourable for crack mobilisation
and propagation. Deposition of hydration particles on the fibre
surfaces was improved by wetting, relative to the control cases.
A denser fibre/matrix interfacial microstructure had an
increased load transfer between the fibre and the matrix prior
to final failure by fibre rupture.
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