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Abstract The fast aging of existing building stock
requires effective and sustainable strengthening
solutions. Textile-reinforced mortars (TRM) have
already proved to be very effective as well as versa-
tile retrofitting solutions for reinforced concrete and
masonry structures. TRMs can enhance the load bear-
ing capacity of reinforced concrete structures; how-
ever, current TRM systems are based on standard
Portland cement-based binders, which largely con-
tribute to global human-induced CO, emissions. This
work, for the first time, explores the use of belite cal-
cium sulfoaluminate (BCSA) binder for carbon tex-
tile reinforcement through a cross-disciplinary study
combining structural engineering and materials sci-
ence. An experimental study was carried out on con-
crete block members with externally bonded strips of
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carbon textile-reinforced mortars, similar to a typical
TRM retrofitting system for concrete beams. The tex-
tiles were embedded in an ordinary Portland cement-
based (OPC) binder or in a BCSA-based binder to
compare the bond behaviour to the concrete sub-
strate. The tests revealed a superior bond between the
BCSA mortar and the concrete, as well as outstand-
ing adhesion to the textiles achieved using the BCSA
binder, with performance levels largely surpassing
those measured in their counterparts that used the
OPC-based binder. Scanning Electron Microscopy,
X-ray diffraction, and thermogravimetric analyses
were used to understand this behaviour difference and
it was concluded that the ettringite phase is respon-
sible for the enhanced performance in the studied
system. The results of this study suggest that BCSA
binders have the potential to be a more effective and
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“greener” alternative to the standard binders based on
Portland cement in TRM strengthening applications.

Keywords Bond - Belite calcium sulfoaluminate
cement - BCSA - Reinforced concrete - Textile-
reinforced mortar - Ettringite

1 Introduction

The ageing of reinforced concrete (RC) is a natural
process and while this material is known for its long
lifespan, it is still susceptible to certain forms of dete-
rioration due to corrosion of the steel reinforcement,
fatigue, overload, lack of maintenance, and severe
environmental exposure. A large portion of the exist-
ing RC building stock was constructed back in the
‘60 s and ‘70 s and is now approaching its designed
life span. Some structures have already surpassed
their designed life and the safety of their struc-
tural elements is now compromised, thus warrant-
ing immediate rehabilitation or strengthening. Most
RC structures, especially those built using outdated
design provisions, were designed for a service life of
approximately 50 years; therefore, an ever-increasing
number of structures will need major maintenance
or strengthening. Recent surveys report that 42% of
617,084 highway RC bridges in the USA are already
over 50 years old and 12% are already 80 years old
[1]. According to the European Construction Industry
Federation [2], the renovation of existing buildings
comprised more than 27% of the main construction
activities in Europe in 2021, amounting to over 313
billion euros with 5.7% annual growth rate, which
clearly highlights the scale of this arising problem.

In recent years, the safety of old RC buildings has
significantly improved owing to novel structural ret-
rofitting systems utilising advanced composite mate-
rials which are resistant to corrosion, are lightweight,
and can significantly prolong structures’ lifespan. The
first generation of such composites, which gained
their popularity in the late ‘90 s, are the Fibre-Rein-
forced Polymers (FRP) [3], comprising laminates
made of high-strength continuous fibres (e.g. carbon,
glass, aramid) embedded in a polymeric matrix (typi-
cally epoxy resin), which can be externally bonded
to the surface of structural elements to enhance their
load bearing capacity [4-7], and thus improve the
safety and longevity of the whole structure. However,

several drawbacks related to the use of epoxies in
FRP systems (e.g. incompatibility with masonry sub-
strates, poor performance at elevated temperatures
and UV exposure) required seeking alternative solu-
tions for specific applications [8]. In the mid ‘00 s,
the second generation of advanced composites was
introduced [9-11]; namely the Textile-Reinforced
Mortars (TRM), which replaced organic matrices
(epoxies) with inorganic mortars (typically cement-
based), hence addressing the limitations of the epoxy-
based systems. TRM systems use fibres in an open-
mesh configuration (textiles) instead of continuous
fibre rovings embedded in resin as in the case of FRP
systems. TRMs have been successfully used in a wide
range of applications [12-14] as well as to retrofit
existing structures [15], and have proven to be versa-
tile and an effective strengthening solution for both
RC [8] and masonry structures [16].

The strengthening performance of TRM systems
relies mostly on the bond strength of the mortar-
textile interfaces, which in many cases determines
the failure behaviour. Organic matrices like epoxy-
based resins develop better bond with the fabrics,
however, in inorganic-based systems this bond can be
limited. In epoxy-based matrices the fibres are fully
impregnated with resin and the main bond mecha-
nism occurs through chemical bonding. Conversely,
in inorganic-based matrices, where voids are pre-
sent at the textile-matrix interface, the bond mecha-
nisms involve a combination of chemical bond and
mechanical interlock. An enhanced bond between
the materials improves the composite action, thus
allowing for a better utilisation of the retrofitting and,
in turn, a higher strengthening efficiency [17]. The
mortar-textile bond efficiency depends on the level
of the textiles’ impregnation with the mortar’s paste,
and thus on the quantity of fibres that are effectively
engaged in resisting load. Most studies dealing with
bond in TRM systems have mainly focused on the use
of different types of textiles and substrates [18-26]
and have greatly contributed to the current state-of-
the-art. However, the lack of research on the effect of
the matrices of TRM systems might carry the notion
that the type of textile and the substrate have the main
influence on the strengthening performance. In con-
trast, the recent findings of the authors showed that
the mortar type can also have a significant influence
on the effectiveness of the TRM application [27-29].
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The choice of the binding matrix does not only
have a structural importance; given the large frac-
tion of existing building stock that requires main-
tenance, it can also have a significant impact on the
environment and human life on Earth. The global
efforts to reduce human-induced carbon emissions
require the use of sustainable low-carbon materials,
which can also promote material circularity. The
use of binders based on Ordinary Portland Cement
(OPC) largely contribute to greenhouse gas emis-
sions [30] and the cement community is actively
seeking eco-efficient alternatives, of which several
are being developed [31]. One such alternative is
belitic calcium sulfoaluminate cement (BCSA),
which is a standalone cement that can achieve
~30% less carbon dioxide emissions [32]. This sav-
ing can be further increased if alternative sources of
alumina (instead of bauxite) are used in the manu-
facture, such as alumina rich clays and industrial
side streams. BCSA cement is known for its early-
strength and rapid-setting capabilities brought about
mainly through the formation of significant quanti-
ties of ettringite [31] (its compressive strength can
reach 40 MPa in a few hours) and has been success-
fully used for the rapid rehabilitation of concrete
infrastructure such as runway or highway pavements
that require a return to service within a few hours
of closure [33, 34]. Although commercialised in the
USA since the ‘70 s, BCSA is not usually familiar
to the construction workforce and its efficient use
generally requires know-how, for example, due to
the fast-setting times which will need expertise for
control. While the binder has been used as part of
several concrete rehabilitation strategies [35], its
use in combination with advanced composite sys-
tems has never been studied.

This study, for the first time, investigates the bond
behaviour of carbon textile-reinforced BCSA mor-
tar (BCSA TRM) to concrete substrate. The bond
is experimentally assessed by means of modified
beam hinge test for different bond lengths. The tests
are compared with tests on specimens having iden-
tical carbon textiles embedded in an OPC matrix.
The results of the bond tests are complemented
with microstructure characterisation through Scan-
ning Electron Microscopy (SEM), X-ray diffraction
(XRD), and Thermogravimetric Analyses (TGA)
to understand the bond between the binder and the
textile. As such, this study offers a fair comparison

between TRM systems with different binder chem-
istries and contributes towards the development of
a novel, resilient and sustainable product for rapid
structural retrofitting of deteriorated or substandard
RC structures.

2 Testing programme

We examined the bond of two carbon textile-rein-
forced mortar systems to concrete substrate utilising
different binders: (i) a standard commercially used
mortar mix based on OPC; and ii) a BCSA mortar.
The aim of this study was to determine experimen-
tally if the BCSA binder is capable of develop-
ing a bond performance matching this of a standard
cement-based system, and thus determining if BCSA
can be successfully used as a matrix for TRM sys-
tems. The BCSA mortar was designed to have simi-
lar critical mechanical and physical properties to the
OPC binder, hence enabling a fair comparison of the
bond behaviour of the two binding agents. The work-
ability and the flexural strength were controlled by
adjusting the water and citric acid ratios until com-
parable values of the OPC binder were achieved on
the 35th day of curing. The structural tests comprised
nine twin specimens (eighteen in total). The first eight
specimens investigated the bond of a standard OPC
TRM system, and the next eight specimens served as
their counterparts having BCSA mortar. Four bond
lengths (50, 100, 150, and 200 mm) were examined
to estimate the effective bond length of the two sys-
tems, and each test was repeated twice to increase
confidence in the results. The last two specimens had
BCSA binder, a bond length of 200 mm and were
tested after only one day (24 h) of curing following
the application to explore the potential of the rapid set
properties of the BCSA cement. The structural tests
were supported by XRD, TGA, and a detailed SEM
and elemental analysis to provide additional insight
into the chemical bond between the mortar and the
textiles as well as to observe the fibres’ impregnation
level.

2.1 Test specimens
Geometry details and the properties of the test mem-

bers are shown in Fig. 1. Each specimen comprised
two 120x200%x385 mm concrete blocks joined
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Fig. 1 Dimensions (in
mm) and layout of the test
specimens; side and bottom
view

Steel hinge

together by a composite strip bonded in the tensile
zone (bottom of the block) and a steel hinge in the
compression zone (top of the block). A normal weight
concrete was used to cast the blocks, each of them
was reinforced with two 8 mm steel rebars at the bot-
tom of the section. At the top of each block an inden-
tation was provided during casting to create space for
the steel hinge. The blocks’ corners were rounded to
a radius of 20 mm to prevent stress concentration in
the TRM composite during testing. The mean com-
pressive strength of the hardened concrete was deter-
mined by three 150 mm cube specimens at 28 days
of curing and was equal to 20.6 MPa with standard
deviation equal to 0.52 MPa.

The textile reinforced composite comprised three
90 mm wide plies of high-strength carbon open-mesh
textiles embedded in the binding mortar. The bond
length on the non-test side was always the same and
equal to 300 mm. The bond length on the test side
varied from 50 to 200 mm at the intervals of 50 mm.
The area in the vicinity of the joint (about 40 mm)
was kept unbonded to help accommodate the cur-
vature of the strip during testing. All TRM systems
consisted of three carbon textile layers. The names
of the specimens were designed to ease the identifi-
cation of the investigated parameters. For example,

v/
L (investigated
bond length)

200

350

carbon textiles
embedded in
the mortar

40 unbo;'lded 300 (anchored bond length)

length

OPC_3C_50-1 refers to the first (out of two) speci-
men with the OPC based binder, three carbon textile
layers (3C) and 50 mm bond length (for the full speci-
men list refer to Table 2). As previously mentioned,
four twin specimens (eight in total) investigated the
bond of the OPC-based system and corresponding
four twin specimens (another set of eight) investi-
gated the bond of the BCSA-based system. Addition-
ally, twin specimens BCSA(24 h)_3C_200_1&?2 were
tested after just 24 h of curing to determine if the
rapid-setting properties of BCSA binder can allow for
developing comparable bond behaviour to the OPC-
based binder but in much shorter time, which may be
critical for some strengthening applications.

2.2 Methodology
2.2.1 Indirect bond tests

The bond was examined through indirect testing
employing a modified hinge beam test setup (Fig. 2).
In such a setup the tensile force is applied indirectly
to the composite strip via a steel hinge located in the
compression zone of the beam. This testing method
can reproduce the stress state in the TRM composite
more realistically compared to direct pull-out tests
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Fig. 2 Modified beam test setup

[36]. The modified beam with the TRM strip bonded
to its bottom was simply supported over a 700 mm
clear span. After placing the beam in the testing rig,
the hinge and the loading plates were bed on a thick
gypsum paste ensuring that (i) full contact between
the steel parts and the concrete will be achieved and
(i) the TRM strip will be enabled in transferring
forces from the onset of testing.

The load was applied under the constant displace-
ment rate of 0.02 mm/s of a 250 kN servo-hydraulic
actuator and measured by a load cell connected to
the data acquisition system (Fig. 2). The vertical dis-
placement of the concrete blocks was measured using
an external Linear Variable Differential Transformer
(LVDT) placed under one of the loading points. Two
additional LVDTs were placed under the beam to
measure the relative displacement of the TRM strip to
the concrete block.

2.2.2 Microstructure characterisation

Several samples of the TRM strip were randomly
extracted from the concrete block and were sub-
jected to detailed chemical analysis and investigation
through scanning electron microscopy (SEM), thus
providing further insights into the bond characteris-
tics at material level. The chemistry of BCSA hydra-
tion products differs significantly from OPC hydra-
tion products, hence it was necessary to identify the
phases/minerals present in the samples and assess the
degree of hydration. For this reason, X-ray diffraction
(XRD) and thermogravimetric analyses (TGA) were
also carried out. SEM and energy dispersive X-ray
spectroscopy (EDS) were conducted to visualise the

bond between the textile fibres and the binder at the
micro level as well as identify the chemistry of the
binder surrounding the fibres. The details of the XRD
analysis are included in the Supplementary Materials.

For the purpose of the SEM analyses, the samples
were cut to get fresh sections and following that the
samples were embedded in a low-viscosity epoxy
resin under a vacuum to impregnate resin into the
pores and the gap between mortar and fibres. After
the resin hardened, the sections were ground and pol-
ished using SiC paper in the order of P400, P800 and
P1200 grades, and subsequently were polished with
oil-based diamond suspensions of particle size of 15,
6, 3, 1 and 0.25 pm. Before SEM testing, the polished
sections were coated with 10 nm carbon. The images
were collected in backscattered electrons (BSE) mode
and characteristic X-rays (EDS) from SEM instru-
ment (Inspect F50, FEI, America) with a voltage of
10 kV and 20 kV, respectively. The EDS map data
was analysed using edxia [37].

2.3 Materials
2.3.1 Binding mortar

A standard commercially used ordinary Portland
cement-based (OPC) mortar was selected as a bench-
mark for further comparisons with the designed
BCSA mortar. The mortar dry mix comprised
cement, aggregates with maximum size of 1.0 mm
and polypropylene microfibres. The desired work-
ability was achieved by mixing water at a fixed water-
to-dry-mix ratio of 0.25 (by weight). The consistency
of the fresh mortar was determined experimentally
according to EN 1015-3 [38] and served as a target
consistency for the BCSA mortar. The recorded flow
values were equal to 191 mm and 194 mm measured
at right angles to one another. The tests on hardened
mortar samples carried out according to EN 1015-11
[39] after 35 days of curing, revealed mean flexural
strength equal to 7.58 MPa with a standard deviation
of 0.71 MPa. The mean compressive strength deter-
mined on standard 40 mm cubes was 30.84 MPa with
a standard deviation of 2.0 MPa.

A custom BCSA mortar mix was designed for the
purpose of this study. To perform a fair compari-
son of the performance of the two binding mortars,
the authors aimed to develop the BCSA binder hav-
ing fresh and hardened mix properties similar to the
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cement-based reference mortar. Flexural strength
(modulus of rupture) was particularly important as
it represents a measure of the tensile strength in ele-
ments subjected to bending. As such, the maximum
aggregate size was kept below 1 mm and the ratio
between water and cementitious materials was set to
0.185. In addition, 6 mm polypropylene fibres were
added in amount of 0.1% by volume to replicate the
counterpart OPC mix and make the comparison of
the two binders as fair as possible. The workability
of the fresh mortar mix was controlled using 1.5%
solution of citric acid, which can serve as a retarder.
This allowed achieving similar consistency and work-
ing time (about 30 min) of the mortar mix based on
the OPC. The flow values for the fresh BCSA mortar
were 197 and 198 mm, hence in similar range to its
OPC-based counterpart. Owing to the rapid strength
increase in BCSA, the properties of the hardened mix
could be determined within the first few hours of set-
ting. Therefore, to gain insight into the pace of the
strength development, the mechanical properties were
tested after 1 day, 7 days, and, as in the case of the
OPC binder, after 35 days (Fig. 3). As can be seen,
a slightly higher value of the 35 day flexural strength
was attained compared to the OPC binder. However,

2.3.2 Textile reinforcement

Three layers of high-strength carbon textiles were
used for the TRM composite. A commercially avail-
able non-coated carbon textile was employed having
a mesh size of 10X 10 mm and a total weight equal to
170 g/m? (see Table 1 and Supplementary Materials).
The weight was equally distributed in the two main
orthogonal directions of the fibre rovings, thus result-
ing in 85 g/m? per direction and an equivalent thick-
ness of 0.048 mm per direction (given carbon fibres’
density of 1.83 g/cm?).

It is worth noting that the mechanical properties
listed in Table 2 refer to the properties of the dry
fibres as declared by the manufacturer. The strength
of the textile is usually significantly lower than the
strength of the dry fibres due to (i) non-uniform stress
distribution of all the fibres in a roving, (ii) non-
uniform fibre impregnation with the mortar, and iii)
decrease of the impregnation level with increasing
number of the textile layers [17]. Given that optimal

Table 1 Mechanical properties of the carbon textile used in
this study (as given by the manufacturer)

given the considerable deviation in the results usually Property Value
present in brittle materials, some scatter between the -
. . Elastic modulus of the fibres, E(GPa) 252
two binders was expected, and the two binders were Fibre densi fem? 183
still deemed to be fair materials to compare. Due to Ni r; ?HSI . py (glem’) 1010
. . . X X
the different chemistry, the BCSA binder had much eS SIze (,mm mn;l)
. . . Surface weight (g/m?) 170
higher compressive strength; yet this should not pose ) ) o
.. . . Equivalent thickness per direction, #; (mm) 0.048
any significant influence on the bond behaviour, as .
Jo. . . Tensile strength (kN/m) 240
this is mostly governed by the tensile properties of ) )
. Elongation at failure, &, (%) 2.0
the mortar, which flexural strength can well represent.
Fig. 3 BCSA mortar fom) 120 T T T 10 T T T
©
strength development over o — T
35 days of curing at room g 100 - = | & J_
temperature S = 8 b
IS}
L
T 80 = 135 I l
= c 64 4
@ o
2 604  _ 13
@ = 100.23 T 4] - 60 886 | |
5 404 82.07 1 ¥ 6.61 '
g 54.62 s
. [
o 24 :
c 207 1 3
S =
= 0 0

niem

1day 7days 35days

1day 7days 35days
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Table 2 Main results of bond tests

Specimen P (KN) Pax.ave (KN) Opmayx (Mm) Opye (MPa) oun/Eer (%) Failure mode'
OPC_3C_50_1 6.73 6.41 0.78 439.6 8.8 INT
OPC_3C_50_2 6.09 091 INT
OPC_3C_100_1 7.88 7.76 1.61 531.9 10.6 INT
OPC_3C_100_2 7.63 1.53 INT
OPC_3C_150_1 11.36 11.78 2.28 807.6 16.2 INT+DCC
OPC_3C_150_2 12.19 2.54 INT+DCC
OPC_3C_200_1 7.52 7.45 2.09 511.0 10.2 INT
OPC_3C_200_2 7.38 2.75 INT

BCSA _3C_50_1 14.04 11.74 1.49 805.5 16.1 DCC
BCSA _3C_50_2 9.44 1.06 DCC
BCSA _3C_100_1 20.91 18.80 3.00 1289.4 25.8 FR

BCSA _3C_100_2 16.69 1.67 DCC
BCSA _3C_150_1 17.80 19.68 2.49 1349.5 27.0 DCC
BCSA _3C_150_2 21.55 3.32 DCC
BCSA _3C_200_1 22.17 22.54 2.74 1545.6 30.9 FR

BCSA _3C_200_2 22.90 3.25 FR
BCSA(24 h)_3C_200_1 5.72 5.74 1.74 393.7 79 INT
BCSA(24 h)_3C_200_2 5.76 1.34 INT

INT interlaminar shear failure, DCC debonding at the mortar-concrete interface with the adjacent concrete cover, FR fibre rupture

TRM strengthening applications usually comprise
of 2-3 TRM layers, three textile layers were chosen
to be investigated to serve as a lower bound of the
impregnation level and, thus inform about minimum
stress utilisation levels in the TRM. With fewer textile
layers the impregnation level would be greater and
this would lead to higher fibre utilisation.

3 Bond test results

The main test results for all specimens are shown in
Table 2. The recorded measurements include: the
peak load (P.,) and the vertical displacement at
peak load (d,,,,). The computed values for each set
of identical specimens included average load capac-
ity calculated as a mean value between the two tests
(Pnax.ave)> and average normal stress in the TRM com-
posite (c,y,) Which is equal to the tensile force in the
textile divided by the area of the textile fibres. The
ratio o,,./E, represents the level of the fibre utilisa-
tion compared to the ultimate tensile capacity of the
carbon textile expressed in percentage.

The normal stress in the TRM strip (6;) was esti-
mated based on the tensile force in the TRM strip

(T), which derived from the force equilibrium of the
free-body diagram (Fig. 4). Due to the rotation of
the concrete block about the hinge, the lever arm
between the compressive force in the hinge and the
tensile force in the TRM strip reduces with increas-
ing angle @ [40]. Thus, the tensile force (T) carried
by the textiles can be computed as:

Fig. 4 Free-body diagram for determining tensile stresses in
the TRM strip bonded to the concrete block
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a
————cosp = ——— (1)

where a is the shear span between the support and the
loading point equal to 320 mm and z is the lever arm
equal to 180 mm.

The normal stresses (o7) in the TRM strip were
determined as:

T
or = (@)

where 7 is the number of textile layers and ¢ and b are
the equivalent thickness and width of each textile ply,
respectively. The equivalent thickness of one carbon
layer was 0.048 mm (Table 1) and the width of the
ply was taken as 90 mm (Fig. 1).

3.1 OPC-based composite

All reference tests with OPC-based binder exhibited a
common type of cracking behaviour and failure, thus
making them a good benchmark for further compari-
sons with the BCSA binder. Typical failure patterns
for the OPC samples are shown in Fig. 5 and Table 2
(see also Supplementary Materials).

The twin samples having bond length from 50 to
150 mm failed on the test side, whereas OPC_200-1
and OPC_200-2 failed on the non-test (longer) side
having bond length equal to 300 mm. As mentioned,
the predominant failure mode observed in most of the
OPC specimens was interlaminar failure (INT) at the
textile-binding mortar interface (Table 2, Fig. Sa).
The samples OPC_150-1 and OPC_150-2 showed
mixed failure patterns involving INT (predominantly)

and some minor debonding of the concrete cover
(DCC). The limited bond of the mortar to the textiles
visible in Fig. 5a may indicate that either the impreg-
nation within the OPC mortar of the three layers of
carbon textile was not sufficient to create a strong
bond between the materials or the chemical bond to
the fibres was limited and governed the failure (or a
mix of both). Although both failure mechanisms indi-
cate decent bond to the concrete substrate, the INT
failure is associated with poor bond to the textile rein-
forcement, and hence reduces the efficiency of the
strengthening.

The load—deflection curves for all OPC tests are
shown in Fig. 6 (red curves). Overall, a good agree-
ment was achieved between the first test and its rep-
etition, which further validates the results and pro-
vides additional confidence in the measured values.
Despite some minor differences in the initial stiffness,
the initial cracking in the TRM developed at fairly
similar load levels, around 4 kN. After the onset of
cracking, the stiffness reduced but remained similar
across the two identical tests until the ultimate load
was reached. The highest peak capacity was achieved
for the OPC_150 series and was on average equal to
11.75 kN, whereas the lower load capacity was devel-
oped by OPC_50_2 and was equal to 6.09 kN.

3.2 BCSA-based composite

The corresponding BCSA series showed signifi-
cantly improved performance and exhibited supe-
rior bonding to the concrete substrate and the textile
(Figs. 6 and 7), which allowed to prevent the inter-
laminar failure mode (INT). Instead, failure occurred

OPC_3C_100-2

Limited
impregnation

| Mixed failures related to
oncrete (DCC) and matrix-

of the textile extile interface (INT)

- Non-test side

Fig. 5 Typical failure in OPC series: a interlaminar failure; b interlaminar failure and debonding of concrete cover
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either in the mortar-concrete interface including part
of the concrete cover (DCC) or in the textile (FR),
thus allowing for a much larger contribution of the
carbon fibres to the total load capacity. The fail-
ure related to concrete (DCC, Fig. 7) was observed
in most of the specimens with bond lengths less
than 200 mm, apart from BCSA _3C_100_1 which
exhibited rupture of the textile fibres (FR). The for-
mer (DCC) was associated with separation of the
concrete cover from the RC block at the round cor-
ners up to the depth of the steel reinforcement. Such
behaviour can be attributed to the fact that in these
specimens high bond stresses were distributed over a
relatively short distance from the block corner, sub-
jecting it to high stress concentration (similar failures
have been already reported before [41]). Specimens
BCSA _3C_100_1, BCSA _3C_200_1, and BCSA
_3C_200_2 failed predominantly due to the rupture
of the textiles with some slippage of the inner fibres
within the binder (Fig. 7b, c¢), which is a common
combination of failure mechanisms in TRM applica-
tions due to fact that inner fibres have often limited
impregnation within the matrix [8]. As such, the car-
bon textiles in the BCSA systems with larger bond
length were exploited to a much higher degree (up to
30%, see Table 2).

Similar load—deflection responses were achieved
between the two identical BCSA bond tests (black
and grey curves, Fig. 6). The lowest peak capac-
ity (9.44 kN) was achieved by BCSA _3C_50_2,
which failed due to sudden detachment of the thin
layer of the concrete cover, without any prior signs
of cracking in the TRM. Due to the excellent bond,
the TRM strip remained firmly attached to the con-
crete substrate and no cracks were detected in any
of the specimens’ TRM surface until reaching a
load level of about 11 kN (see BCSA _3C_150_2),
which was manifested by a slight decrease in the
stiffness. The largest capacity was developed in the
specimens with the failure related to the textile and
reached up to 23 kN for BCSA _3C_200_2. The
scatter in the peak loads across two identical tests
can be attributed to the different failure patterns and
behaviour. The specimens which exhibited failure in
the concrete cover recorded fairly lower peak capac-
ity, whereas the failure related to the textile enabled
developing larger loads. The difference in the failure

behaviour can be partially attributed to the different
bond length and bond strength between mortar and
fibres. Further discussion is provided in the follow-
ing sections.

The twin specimens BCSA(24 h)_3C_200_1&2
cured in the same conditions as their counterparts
BCSA_3C_200_1&2, but were tested 24 h after the
TRM composite application. Both specimens exhib-
ited similar failure mechanism to the specimens with
OPC binder tested after 35 days; the failure initi-
ated within the central bottom part of the TRM strip
and progressed towards the end of the strip bonded
on the 200 mm test side. Similar to the OPC series,
the failure occurred between the binder and the first
textile layer without any signs of concrete debond-
ing (Fig. 7d), indicating poorer bond behaviour. Even
though the bond behaviour of the samples tested after
24 h was visibly poorer, the load—displacement curves
are in a close agreement with the OPC samples,
with slightly lower peak and displacement capacity
attained by the BCSA(24 h) samples (see Table 2).
As such, it can be concluded that just after 1 day of
curing a BCSA-based TRM system has a potential to
develop tensile properties approaching those of the
35 day cured OPC-based TRM system and exhibit
similar failure behaviour. For the corresponding mor-
tars the flexural strength values were 6.61 MPa vs.
7.58 MPa for the BCSA(24 h) and OPC, respectively.
However, it should be noted that during the first 24 h
of curing the strength increase of BCSA is rapid and
this could contribute to the variability in the strength.
Whilst the two same tests carried out on BCSA(24 h)
samples did not show any significant variability, more
research is still needed to fully characterise the behav-
iour of short-time cured TRM composites based on
BCSA cements.

4 Microstructure analysis

4.1 BCSA mortar hydration products

4.1.1 X-Ray diffraction analysis

The samples were cut and prepared for the characteri-
sation within 2 weeks after the structural testing and

placed in a desiccator with silica gel inside until SEM
testing to stop the hydration process. The phases of
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Fig. 8 The XRD curve of BCSA mortar

BCSA-based composite were studied via X-Ray dif-
fraction analysis (XRD), and Rietveld analysis was
conducted using the phases shown in the Supplemen-
tary Materials. The fitting curve and relative phase
contents are shown in Fig. 8. It should be noted that
Rietveld analyses does not account for any amorphous/
gel phases such as AH3 or calcium silicate hydrates
(C-S-H) formed in the specimen, and the quantity of
sand in the specimens leads to an inaccuracy in the
amorphous calculation. Hence, the XRD data can only
calculate the relative content of crystal phases in BCSA
mortar. Figure 8 shows that belite (larnite) was identi-
fied because of its low hydraulic reactivity. In addition,
a high amount of ettringite, which is the main hydra-
tion product of calcium sulfoaluminate cement (CSA),
was found in the specimen at age of testing. No stratlin-
gite and calcium aluminate monosulfate (Afm) was
detected.

4.1.2 Thermogravimetric analysis

The weight loss was investigated via TG technique, and
the result is shown in Fig. 9. The main peak from 30 to
160 °C relates to the dehydration of ettringite [42], the
weight loss here is about 10.47%, and some aluminium
hydroxide (Al,(OH);, AH;) and calcite formed in the
BCSA binders. The weight loss at ~250 °C is attributed
to AH;. Both XRD and TG indicate that ettringite is the
major hydration product and that some of the ettring-
ite has carbonated. TG analysis also suggests that no
stratlingite water loss is observed.

= AH T
& 804 : Calcite ik
= ®
) &
2 85- -l 202
so ! 303
Ettringite
75 : . ; , 04
200 400 600 800

Sample temperature (°C)

Fig. 9 The TG and DTG data of BCSA composite showing
only hydration products of ettringite

4.2 Composite microstructure
4.2.1 OPC-based composite

The microstructure of the bond between OPC
binder and fibres were observed via back scattered
electrons (BSE) images, shown in Fig. 10. The
image presents a typical section of the composite
at the edge of the carbon fibre bundle and the OPC
mortar paste; the approximate interface is shown
by the yellow line in Fig. 10a. As can be seen, the
level of the fibres’ impregnation with the mortar
paste is rather limited and the bond to the textiles
relies mostly on the fibres located near the inter-
face, thus making the inner fibres (those within the
yellow region) not fully engaged during loading.
The images show that the space between the fibres
is empty and the black regions between the fibres
shown in the BSE images are mostly voids filled
by the resin used to produce the SEM specimen
(Fig. 10b). The resin is present because the sample
prior to polishing was embedded in low-viscosity
resin in a vacuum to fix the fibres in place. As such,
the regions showing resin represent voids and pores
in the structure of the composite. This sample BSE
image, representing typical interface between the
textile and mortar, indicates that the microstructure
of the fibre-binder interface is full of voids, and this
leads to limited bond and could trigger failure at
this interface at relatively low capacity. Such voids
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Fig. 10 The BSE images of section of composite made using OPC binder

are seen not only between the single fibres, but also
around the fibre bundles, indicating that the bond
at the mortar-textile interface is limited (Fig. 10b).
This seems to explain well the observed failure
mode (INT), which was characterised by interlami-
nar failure between the plies of the textile at the
interface between the textile and the matrix of the
OPC composite.

4.2.2 BCSA-based composite

The bond properties of the BCSA-based compos-
ite are shown in Fig. 11. Similar to the case of the
OPC-based composite, the BCSA binder was una-
ble to penetrate inside the fibre bundle enclosed
within the yellow boundary lines shown in Fig. 11a.
Compared to the OPC binder, more micro cracks
were found in the hardened mortar, but no resin
was found in these cracks indicating the cracks

Fibre bundle

Fig. 11 The BSE images of sections of BCSA
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developed after the epoxy impregnation process.
The polished sample was placed in a desiccator with
silica gel inside for a few weeks before SEM test-
ing to stop the hydration process, which could cause
some cracks due to the dry environment. Bizzozero
et al. [43] found that the drying process can lead to
such cracks in the CSA samples, hence, some of the
cracks around the fibres shown in Fig. 11a and b
could have been developed upon drying.

Despite the above, the BCSA composite showed
enhanced bond performance, which effectively
engaged more fibres and shifted the failure from the
mortar-textile interface to the mortar-concrete inter-
face and further to the textile itself for larger bond
lengths. As can be seen in Fig. 11, fewer voids could
be identified at the edge of the fibre bundle and
mortar paste was more adjacent to the fibres, thus

(a) BSE image

increasing bonding between the two. It is deemed that
the enhanced bond performance in the BCSA-based
composite is related to the hydraulic products around
the fibres and the ettringite phase which developed at
the interface. An EDS map analysis was conducted to
analyse the phases and visualise the hydrated prod-
ucts around the fibres (Fig. 12).

Based on the element distributions observed from
Fig. 12a, c and d, a high concentration of sulfate (S)
and aluminate (Al) was found around the fibres. The
S/Ca and Al/Ca ratios are plotted in Fig. 12b to iden-
tify chemistry around the fibres for these specific
regions. The average values were equal to S/Ca=0.43
and Al/Ca=0.36, revealing that these phases are
mainly ettringite. This phase is characterised by nee-
dle-like products and such ones have been identified
between the fibres at the edge of the bundle (Fig. 13)

(b)

1.4

1.2

1.0 * .

0.8
O

B 0.6

Increase
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Fig. 12 The EDS map results of BCSA: a BSE image, b S/Ca via Al/Ca ratio of red zones shown in image (a), ¢ S element content,

d Al element content
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Fig. 13 The SEM image of hydrated products around fibres in
BCSA-based composite

along with flocculent hydrated products (probably
AH;). These hydrates grew around the fibres lead-
ing to a reduction of the voids, and perhaps, to an
increase in the frictional bond between the fibres and
the cement paste due to the additional interlock and
friction mechanisms at the interface of the two mate-
rials. A better compaction of the filaments within the
strands has been already seen in the research on glass
fibre reinforced cement [44, 45] with OPC matrix
modified with calcium sulfoaluminate clinker and
metakaolin and such a matrix exhibited an improved
frictional bond when compared to the regular OPC
binder. Although it is not yet clear whether the nee-
dle-like hydrates directly contributed to the mechani-
cal resistance at the interface, it seems that ettringite
had its role in improving bond between the binder and
the fibres, and helped the fibres to be more efficiently
packed. Therefore, the use of the standalone BCSA
cement mortars has a clear potential to improve the
performance of the existing TRM systems, and hence,
boost the recovery of the existing deteriorated RC
building stock. However, more research on this topic
is due.

5 Discussion
The BCSA mortar showed significantly better bond

to the concrete substrate and to the textiles compared
to the OPC mortar. The improved bond enhanced

the composite action between the materials, which
enabled exploiting carbon textiles to a much larger
extent, and in consequence, larger stiffness and peak
load capacity were attained. In the BCSA series,
the largest peak load was developed by BCSA
_3C_200_2 and was equal to 22.90 kN, which cor-
responded to about 200% increase compared to its
counterpart with OPC binder. For the OPC series, the
largest peak capacity was attained by OPC_3C_150_2
and was equal to 12.19 kN for 150 mm. For the same
bond length, the BCSA binder enabled developing
a load capacity of 21.55 kN, which corresponds to
a 77% increase. The level of utilisation of the fibres
was expressed as a ratio between the average experi-
mental axial stress along the warp fibres, o,,., and
the product of Eje; (equal to 5040 MPa, see Tables 1
and 2), which corresponds to the tensile strength of a
single fibre of the carbon textile. It should be noted
that such a value of tensile stress can be attained only
in an idealised scenario when all fibres of the textile
resisting tension are equally mobilised to their maxi-
mum tensile capacity. This is usually not achievable
in the TRM composites as the mortar paste does not
fully penetrate through the fibre rovings, and in turn,
the inner fibres have a limited impregnation and do
not fully participate in resisting tension. As such, fail-
ures related to the textiles often exhibit rupture, but
some slippage of the inner fibres is also possible, and
this was also evident herein in the case of the BCSA
samples. In addition, past experiments documented
that the axial stress does not increase proportion-
ally to the number of textile layers and the exploita-
tion of the fibres decrease with the number of layers
applied [17], which seemed to have a direct influ-
ence in the strengthening efficiency [46]. The OPC
results revealed that for the three TRM layers, the
maximum stress level was developed for the 150 mm
bond length and was just slightly above 800 MPa,
which corresponds to about 16% of the fibres’ theo-
retical potential. On the other hand, in the BCSA
binder, such exploitation level was already seen for
the 50 mm bond length after 35 days of curing, with
about 8% utilisation being achieved already after 24 h
(for BCSA twin samples with 200 mm bond length
tested after 24 h). The maximum level of the tensile
stresses in BCSA series was recorded when the fail-
ure was in the textile and was equal to 1545 MPa,
representing roughly 30% of the tensile strength of a
single dry fibre.
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Even though such utilisation percentage seems
limited for a failure related to the textiles, past experi-
mental studies have demonstrated that loses due
to the uneven stress distribution are inevitable. A
recent study investigating tensile properties of one
TRM layer employing identical textiles embedded in
cement-based mortar reported average stress equal
to 1174 MPa (about 23% of Efef) [47]. Tensile tests
by D’Antino and Papanicolaou [48] on similar car-
bon textile grids with 170 g/cm? fibres in orthogonal
distribution but having a roving grid of 20x20 mm
revealed averaged stress of 938 MPa and 1890 MPa
for non-coated and epoxy-coated grids, respectively.
Finally, for TRMs with similar carbon textile grids
a stress value of 986 MPa was reported by Donnini
et al. [49] and from 1189 to 2587 MPa by de Santis
et al. [50] depending on the test arrangements, with
both studies reporting fibre slippage at failure.

The effect of the bond length on the peak load
capacity of the TRM is shown in Fig. 14. Past
research demonstrated that the bond behaviour of
FRP and TRM strips is characterised by a specific
behaviour highly affected by the composites’ mate-
rial properties; after a certain bond length, the axial
force in the composite strip (which is equal to the
anchorage force) tends to reach an almost constant
value which is considered as the maximum anchor-
age force [51], while especially for TRMs it keeps
increasing with low stiffness linear indents after
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Fig. 14 Effect of bond length on the load bearing capacity
(with the corresponding failure modes). The bars represent the
range of the results

reaching the effective bond length, [52]. The results
of the OPC series showed that the increase in the
bond length led to a non-linear increase in the load
capacity, which is in agreement with the observa-
tions from past experimental studies [17, 19, 20, 22].
The only exception to this was the case of the twin
specimens OPC_3C_200_1&2, which exhibited
significantly lower load capacity compared to the
specimens with the bond length equal to 150 mm.
Although the load bearing capacity should not
decrease with the increasing bond length, the scat-
ter in such tests can be considerable, especially when
different failure modes are present. The drop in the
load capacity between the bond lengths 150 mm
and 200 mm can be attributed to the slightly dif-
ferent failure modes. OPC_3C_150_1&2 were the
only ones from OPC series that showed mixed fail-
ure modes involving interlaminar failure (INT) and
failure at mortar-concrete interface (DCC). On the
other hand, OPC_3C_200_1&2 failed due to inter-
laminar shearing between the textiles and the mor-
tar on the non-test side (300 mm). The failure on
the longer non-test side indicated that effective bond
length was already developed also on the test-side,
and the failure could occur on either side, whichever
has poorer bond. As such, the scatter between these
two pairs of samples can be either a product of poor
level of the fibre impregnation through the textiles
(for OPC_3C_200_1&2) or exceptional bond to the
substrate (for OPC_3C_150_1&2). Based on the tests
carried out on the OPC series, it can be concluded
that effective bond length was somewhere between
100 and 150 mm, and such bond lengths allowed to
approach the failure related to the concrete substrate.
The BCSA series showed a clear trend of load
capacity increase with increasing bond length until
reaching the fibre rupture (FR). The longer the bond
length, the larger the load capacity and fibre utilisa-
tion. With the increasing bond length, more con-
crete was engaged in resisting bond stresses and,
hence the failure shifted from the concrete to the tex-
tile. A larger scatter between two identical tests was
observed compared to the OPC series, but this was
due to the involvement of two different failure modes
at the same bond length, which indicates that between
certain bond lengths the concrete substrate was mobi-
lised to a different extent, and the longer the bond
length the more textile engagement can be expected.
The failure due to the fibre rupture was already seen
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for 100 mm bond length (BCSA_3C_100_1), with the
other twin sample failing due to DCC at a lower load.
A clear result was seen for 200 mm bond length, at
which both twin specimens failed due to FR at simi-
lar load levels. Hence, despite some mixed failure
modes, the anchorage force could already develop at
100 mm bond length, at an even shorter length than
for the OPC binder.

It is clear that the BCSA binder, though having
similar mechanical tensile properties, showed perfor-
mance superior to the standard OPC binder in almost
every aspect. Figure 6 shows that larger load bearing
capacity can be attained, and less anchorage length
is required to develop the maximum anchorage force
in the strip. In addition, BCSA seems to be able to
approach the bond strength and replicate the failure
behaviour of the OPC binder already after 24 h of
curing (see BCSA(24 h)_3C_50_1&2 in Fig. 6).

The bond of the OPC binder and the fibres seems
to be limited due to the gaps at the textile-mortar
interface and the hydration products of Portland
cement do not exhibit the ability to fill them up as
efficiently as BCSA. In turn, the failure in the OPC
series actually occurred at this interface and lim-
ited potential of this application. As shown through
detailed microstructural characterisation, the forma-
tion of ettringite around the fibres in the BCSA binder
effectively increased the connection between binders
and fibres, filling the voids at the interface thereby
and resulting in an enhancement of strength. The
ettringite phase formed around the fibres turned out
to be effective in increasing the chemical bond to the
fibres and might be the key to develop stronger bind-
ers for TRM applications. It must be also noted that
the belite had still not reacted and it is well known
that belite forms space/pore filling hydration products
and one can infer that this will only further increase
the performance; nonetheless this needs to be verified
experimentally.

The results presented herein show that the chem-
istry of the cement has a significant role in the per-
formance of TRM retrofitting system and more
research is warranted to better understand the role of
the BCSA binder and the ettringite phase in bond to
the textile reinforcements. It is suggested that future
work should explore more types of textiles but also
binders including (sulfo)aluminate cements and ordi-
nary Portland cements with supplementary cementing
materials (SCM) in order to develop new generations

of sustainable and effective matrices for textile
reinforcement.

6 Conclusions

The results presented in this paper provide important
insights on the potential of BCSA mortar as a binder
for carbon textiles in TRM strengthening applica-
tions. The bond of the BCSA TRM to the concrete
was determined through modified beam tests on twin
specimens investigating different bond lengths and
was then compared with counterpart specimens hav-
ing a standard OPC-based TRM strengthening sys-
tem applied. Complimentary XRD, TGA, SEM and
EDS analyses were also carried out to investigate the
chemical bond between the textiles and the mortar,
and thus explain better the bond behaviour. Based on
the test results and discussion the following conclu-
sions can be drawn:

e Although having similar flexural strength, the
BCSA-based TRM system showed performance
superior to the OPC-based TRM system. Almost a
twofold increase in the load bearing capacity was
achieved compared to the OPC series.

e The rapid setting properties of BCSA enabled
developing 1-day bond properties close to those of
35-day cured OPC binder.

o BCSA binder enable to exploit textiles’ potential
to a larger extent utilising the fibres to more than
30% of their nominal mechanical strength.

e The use of BCSA led to a change in the failure
modes and shifted the failure from the textile-mor-
tar interface to the textile itself. This was due to
the greater bond to the carbon textile and detailed
microstructural analysis indicated that ettringite,
which developed around the fibres, improved the
fibre impregnation.

e The bond length had influence on the failure
modes, and thus the utilisation of the textiles. The
stronger the binder the stronger the influence of
the bond length on failure modes.

e Microstructural characterisation such as XRD,
TGA, and SEM was found useful in identifying
the chemistry/mineralogy at the binder-matrix
interface as well as to visualise the binder-matrix
interaction.
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