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Abstract:

This paper presents an extended experimental stadite bond behaviour between textile-
reinforced mortar (TRM) and concrete substrate® péwrameters examined include: (a) the
bond length (from 50 mm to 450 mm); (b) the numtfeFRM layers (from one to four); (c)
the concrete surface preparation (grinding verausltslasting); (d) the concrete compressive
strength (15 MPa or 30 MPa); (e) the textile cagtand (f) the anchorage through wrapping
with TRM jackets. For this purpose, a total of @amens were fabricated and tested under
double-lap direct shear. It is mainly concluded:tif@) after a certain bond length (between
200 mm and 300 mm for any number of layers) thedtstrength marginally increases; (b)
by increasing the number of layers the bond capacdreases in a non-proportional way,
whereas the failure mode is altered; (c) concratedislasting is equivalent to grinding in
terms of bond capacity and failure mode; (d) calecommpressive strength has a marginal
effect on the bond capacity; (e) the use of coawediles alters the failure mode and
significantly increases the bond strength; anda(@horage of TRM through wrapping with
TRM jackets substantially increases the ultimasellocapacity.

Keywords. A. Fabrics/textiles; A. Carbon fibre; B. DebondinG. Mechanical testing;
Concrete strengthening.
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1 Introduction and background

The need for retrofitting the existing concreteaastructure is progressively becoming more
important due to their continuous deterioratioraagsult of ageing, environmental induced
degradation, lack of maintenance or need to meetctirrent design requirements (i.e.
Eurocodes). Replacing the deficient concrete sirastin the near future with new is not a
viable option as it would be prohibitively experesiviFor this reason a shift from new
construction towards renovation and modernizatias been witnessed in the European
construction sector, between 2004 and 2013, widictfmally 50% of the total construction

output being renovation and structural rehabilati(i.e. €305bn turnover on rehabilitation
and maintenance works in EU27 for 2012, see wwadig).

The use of externally bonded (EB) composite mdter{auch as fiber reinforced
polymers - FRPS) is a common retrofitting technigsaally employed by engineers. AlImost
a decade ago, an innovative cement-based compositzial, the so-called textile-reinforced
mortar (TRM), was introduced in the field of stru&l retrofitting [1, 2] as an alternative to
FRP solution, addressing cost and durability issG&sce then, TRM progressively attracts
the interest of the structural engineering comnyunit

TRM comprises high-strength fibers (i.e. carborasglor basalt) in form of textiles
combined with inorganic matrices (such as cemeséthanortars). The textiles that are used
as reinforcement of the composite material typycedimprise fiber rovings in two orthogonal
directions, thus creating open-mesh geometry. TRMan attractive retrofitting solution
because it combines the outstanding propertiesoofposite materials (e.g. high-strength,
low weight, corrosion resistance) with the favoleatharacteristics offered by mortars and
cannot be found in resins (e.g. fire resistanc®, dost, ability to apply on wet surfaces and
low temperatures, air permeability of the substriitee same material is also referred in the

literature as fabric-reinforced cementitious ma(RRCM) (e.g. [3]).
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Significant research effort has been put in thé desade to exploit TRM in several
cases of retrofitting reinforced concrete (RC) cnees; namely flexural [i.e. 4-7], shear
strengthening of RC elements [i.e. 8-11], confinetmaf RC columns [i.e. 1, 2]), seismic
retrofitting of RC columns (e.g. [2, 12-16]), seismetrofitting of infilled RC frames [17].
TRM has also been successfully used for retrofjttimasonry structures (e.g. out-of-plane
strengthening [18] and shear strengthening of nrgsaalls [19]). However the number of
studies on the bond behaviour between TRM and etmare relatively limited [20-27]. The
study of the bond behaviour between TRM and coadsedf crucial importance as it helps
understanding the complex mechanisms of transtgforces from the textile reinforcement
to the surrounding matrix and eventually to thearete substrate. It is also a fundamental
step towards the development of design models tgsbd in strengthening applications.

Past studies on the bond between TRM and concrete wainly focused on the
behaviour of textiles comprising polyparaphenyléemzobisoxazole (PBO) fibers, except
for those in [21, 23] where uncoated carbon andsyfdbers [21] and coated carbon fibers
[23] were used. With the maximum number of TRM Igymvestigated being equal to two,
the common conclusion of past studies was thabdod lengths varying from 50 mm to 450
mm, failure occurs within the composite materigmely at the interface between the fibers
and the surrounding mortar. This failure mode tgjtycincludes slippage of the fibers within
the mortar and is usually described as debondinigoats/matrix interface. Failure at the
interface between the mortar and concrete substi#tteut involving though any part of the
concrete cover was very rarely reported [25, 26hb@es [26] attributed the alteration of the
failure mode to the increase of the number of layem one to two. Other parameters, such
as the concrete compressive strength and the susfaparation, have been investigated only
in [25] and it was found to have insignificant effen the bond capacity of one PBO-TRM

layer bonded to concrete.
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From the literature survey it becomes clear that shbject of the bond behaviour
between TRM and concrete has not sufficiently beewered. In this paper the authors
investigate for the first time systematically a separameters, focusing on the load response

and the failure modes of the EB TRM reinforcemeatnely:

the number of TRM layers, from one to four, whistbeyond the current limit of two,

 the bond length, from 50 mm to 450 mm,

» the concrete surface preparation,

» the concrete compressive strength,

» the coating of the textile, which has not been stigated before in comparison with
uncoated textiles, and

» the anchorage through wrapping with TRM jacketsjctvhagain is a parameter not

previously investigated.

In addition, the textile used in this study comesi€arbon fibers, which are commonly

used in strengthening applications. Details ar@igenl in the following sections.

2 Experimental programme

2.1 Test Specimens and experimental parameters

The main objective of this study was to investigédie bond between TRM and
concrete considering different parameters. A tot&l0 specimens were fabricated and tested
under double-lap direct shear. The geometry ofgbecimens is shown in Fig. 1. Each
specimen comprised two 100 mm-square-section R&ngriconnected only by TRM layers
bonded on two opposite sides of the prisms. Thgtheof the prisms was equal to 250 mm in
all cases, except from two prisms that were coostl500 mm long for examining a bond
length of 450 mm. The bond width of TRM was the sdor all the specimens and equal to

80 mm. Both prisms were reinforced with steel cageslustrated in Fig. 1b.
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The key investigated parameters of this study ceagr
a) the bond length;
b) the number of TRM layers;
c) the concrete surface preparation;
d) the concrete compressive strength;
e) the coating of the textile; and
f) the anchorage through wrapping with TRM jackets.

The 80 specimens comprised 40 twin specimens asagure to reduce the scatter of
the results. Parameters (a) and (b) were examine2otwin specimens (44 specimens in
total), with the bond length varying from 50 to 4%@n and the number of layers from one to
four. Six twin specimens were tested to investigateameter (c), namely the effect of the
concrete surface preparation (grinding or sandbig@stwhereas other six twin specimens
were used to evaluate the effect of the concretepcessive strength (15 or 30 MPa) on the
results [parameter (d)]. Four twin specimens wested to examine the influence textile
coating on the ultimate load and failure mode [pwater (e)], and two twin specimens were
used to investigate the effect of anchorage thromgipping with TRM jackets [parameter
1.

The notation of specimens addressing parametee(ajb) was LX N, where X is the
bond length and N is the number of TRM layers. ther other specimens, the notation was
LX_N_Y, with Y denoting the investigated paramet@rfor concrete surface preparation; Ls
for low concrete compressive strength; C for coa¢atile and W for TRM wrapping. Details
of the different strengthening configurations anadmber of tested specimens for each
parameter are listed in Table 1.

2.2 Materials and strengthening procedure
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The RC prisms were cast in different groups andgddtor all tested specimens, the targeted
concrete compressive strength was 30 MPa, excegirémp LN_X_Ls (twelve specimens)
where the targeted compressive strength was lomgregual to 15 MPa. The compressive
strength of all specimens was measured on the tldlyeotesting (average value of three
150x150x150 mm cubes) and is given in Table 1.

The strengthening system applied in this study aeg high-tensile strength carbon
fiber textile embedded into cement-based mortae #xtile had equal quantity of carbon
fibers in the two orthogonal directions with a megh1l0 mm (Fig. 2). The weight of the
carbon textile reinforcement was 348 g/m2, wheilgasiominal thickness (based on the
equivalent smeared distribution of fibers) was 8.08m. According to the manufacturer
datasheets, the tensile strength and modulus stia@tg of the carbon fibers were 3880Pa
and 225 GPa, respectively. The matrix consistec@rofinorganic dry mortar comprising
cement and polymers at a ratio of 8:1 by weighte Water-binder ratio of the mortar was
0.23:1 by weight, resulting in plastic consisteacyl good workability. The compressive and
flexural strength of the mortar (average value ff@mrisms) were experimentally obtained
on the day of testing using prisms with dimensioh40x40x160 mm according to EN 1015-
22 [28] and are given in Table 1.

The concrete surface was prepared prior to strength by removing a thin layer of
concrete (with the use of a grinder) and creatingrid of groves (with a depth of
approximately 3 mm - Fig. 3a). This procedure wakived for all specimens, except for
those of group LX_N_S, where the concrete surfaae sandblasted (Fig. 3b). After cleaning
and dampening the concrete surface, the first layemortar with approximately 2 mm
thickness was placed on the concrete surface asimgtallic trowel (Fig. 4a). Then the first
textile layer was applied and pressed slightly itite mortar, which protruded through the

perforations between the fiber rovings as showfign 4b. This procedure was repeated until
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the required number of TRM layers was applied. Ifinan external layer of mortar with
approximately 3 mm thickness was applied and ledeby trowel (Fig. 4c). Of crucial
importance in this method was the application afhemortar layer while the previous one
was still in a fresh state.

For the specimens retrofitted with coated textil® (N_C), an epoxy resin was used.
The adhesive used for the coating was a low visgoswvo-part epoxy resin. The tensile
strength and the elastic modulus of this adhesieeevequal to 72.4 MPa and 3.18 GPa,
respectively (taken from the manufacturer datatshee

For the specimens received wrapping , namely thgitedinal TRM composite was
anchored through TRM jackets wrapped around thecrete prism (group LX_N_W),
additional surface preparation was made prior tengthening including rounding of the
prism corners to a radius of 10 mm. After applyihg required number of longitudinal TRM
layers, the prism side under investigation was wedpwith two TRM layers following the
strengthening procedure previously described. Tidéhwvof the textile used for wrapping was

100 mm which was equal to the bond length of tingikoidinal TRM layers (Fig. 4d).

2.3 Experimental setup and procedure

All specimens were tested after a curing perioginfweeks (same curing conditions were
applied to all specimens). The experimental setguded two steel clamps which were
fixed at one side (restrained side) of the specitoeensure that failure would occur in the
monitored side (Fig. 1a and Fig. 5). The TRM conifgowas left un-bonded at a 100 mm-
long central zone (50 mm at each prism) of the ispat (Fig. 1a) to prevent concrete-edge
failure which could have adverse effects. All testese carried out using a universal tensile
testing machine of 250 kN capacity. The specimeaewriped to the tensile machine using

the 16 mm steel bars fitted at the centre of eatdmpduring casting (these bars were
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terminated at the interface between the two priskig- 6a). To ensure full alignment
between the two prisms, two 10 mm diameter acdiwels were inserted into the concrete
mass of the prisms (fig. 6b) (after casting an@mio the strengthening application) at pre-
made holes (Fig. 6a). The load was applied at platisment control with rate of 0.2
mm/min. Two LVDTs were mounted to the unstrengtliesides of the specimens to record
the displacement of the joint (Fig. 5).

In a number of previous studies the single-lap stest set-up was used to investigate
the bond of one TRM layer to concrete [21-22, 2h-Bwever, the double-lap shear test
set-up was selected for this study, which is a fication of the set-up proposed in [29] for
testing the bond between FRP composites and cendreé selection of the double-lap shear
test set-up was deemed necessary for testing inaneoine TRM layers, as with such a set up
the stresses are transferred from the concreteetocdmposite material indirectly, simulating
realistically real-word applications. In contrast,single-lap tests the load is applied directly
to the composite material, which means that shé@sses between layers cannot be

developed in case of more than one TRM layer.

3. Experimental results

Key results of all tested specimens are presenté&adlble 2 which includes:

(1) the maximum loadRqx) carried out by the TRM strips for both twin speens S1 and
S2,

(2) the displacement (average of two LVDTs readingsich corresponds to the maximum
load (Biex),

(3) the average loadP4,) of the two twin specimens,

(4) the average displacemed4f of the two twin specimens,

(5) the corresponding average normal stress itetktée (o), and
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(6) the failure mode.

The value of normal stress was calculated usindLEQ.

_ (Pay/2)
nxtxb

(1)
Wheren is the number of TRM layers,is the equivalent thickness of the textile in the
longitudinal direction (t=0.095mm), and b is thendowidth (b= 80 mm).Equation (1) was
used to calculate the normal stress of the fibectuding the contribution of the mortar. This
is typical in the case of TRM systems, and is vldidthe ultimate capacity, since the matrix
has been cracked. At this load level, all the temss carried by the textile reinforcement.

Starting from the specimens LX_N that were streagéa with one up to four TRM
layers at bond lengths of 50, 100, 150, 200 and @259, the maximum load recorded
(average from twin specimens) was (see also Tgbl@R7.7, 11.6, 12.2, 13.9, and 16.1, kN,
respectively, for the specimens with one TRM layb),18.4, 23.5, 25.3, 28.1, and 29.4kN,
respectively, for the specimens with two TRM laydry 22.6, 31.2, 35.1, 36.0, and 38.03
kN, respectively, for the specimens with three TRWers, and (d) 27.9, 35.0, 37.9, 41.5, and
41.8 kN, respectively, for the specimens with fd&®M layers. The bond length of 450 mm
was investigated only for one and two TRM layerghwhe corresponding maximum load
equal to 17.4 and 31.6 kN, respectively.

Figure 7 shows the load-displacement curves (aeewdghe two LVDTs readings)
recorded for specimens LX_N. For better illustmatimnly one of the twin specimens
response curve is included, whereas they have gemrped according to the number of
TRM layers applied. It is noted that the trendhd turves of twin specimens was similar in
all the cases (see “S1” and “S2” columns in Tal)leA2common characteristic of all curves
is their behaviour up to the maximum load. In speca first ascending linear branch with
high axial stiffness is followed by a second asasgahon-linear branch with progressively

decreasing stiffness due to mortar cracking. Thet-peak behaviour was different depending

9
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on the failure mode which in turn was different eeging on the amount of TRM
reinforcement. For one and two TRM layers, the {pestk behaviour was generally
characterized by a progressive load-drop to a wesistrength (Figs 7a and b). In contrast,
when three and four TRM layers were applied thedd@p was sudden without any residual
strength provided (Figs 7c and d).

The failure modes observed in LX_N specimens carclassified in two types: (a)
slippage of the fibers within the mortar (Fig. 8al@), and (b) debonding of TRM from the
concrete substrate with peeling off part of theatete cover (Fig. 8c, d and e). The first
failure modeoccurred in all specimens with one or two TRM |ayewvhereas the second
occurred in all specimens with three or four layers

For the specimens strengthened with one or two Ti&prs, the failure mechanism
was controlled by slippage and partial rupturehef tongitudinal fibers through the mortar at
the loaded end, where a single crack was devel(giesh early loading stage) and further
opened at the end of the test (Fig. 8a and b).rAdtiéure, a residual strength was recorded
which was attributed both to the contribution ofction between the inner filaments
themselves and the outer filaments with the sudogmatrix.

When TRM debonding from the concrete substrate roeduit was accompanied by
removal of a thin concrete cover layer (Fig. 8camt e). Failure was initiated by the
formation of a longitudinal crack at the loaded ;etfis crack was continuously propagating
towards the free end as the load was increasingeak load, propagation of the crack up to
free end caused full detachment (debonding) of TRM composite from the concrete
surface and the load dropped to zero. A noticedifference between the specimens failed
due to fibers slippage and those specimens failedtd TRM debonding is that in the latter
case several transversal cracks developed on tié fEBRe as shown in Fig. 9. Hence, a

better distribution of stresses along the bond tlengas achieved in these cases. After
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debonding occurred, a rotation of the specimen wegpect to the longitudinal axes was
observed (Fig. 9). This is because the failure eaagrol by one of the two monitored sides
of the concrete prism. However, this rotation had effect on the behaviour up to the
ultimate load.

Specimens LX_N_S, with different concrete surfaceppration (sandblasting instead
of grinding), attained maximum loads of 31.2, 38l 40.4 kN for three layers, and 36.1,
37.2 and 41.9 kN for four layers, for bond lengtlasial 100, 150 and 200 mm, respectively.
As illustrated in Fig. 10a, the global behaviour these specimens (in terms of force-
displacement curves) is nearly identical to themurderparts from the LX_N group,
indicating that the concrete surface preparati@hndit affect the bond behaviour. Also the
failure mode remained unchanged, comprising TRModdbd from the concrete substrate at
the mortar-concrete interface with a thin layertloé concrete cover being peeled-off (Fig.
11a).

As shown in Table 2, supported by Fig. 10b, specsnwith low concrete strength
(LX_N_Ls) reached an ultimate load of 29.9, 30.d &4.9 kN for three layers, and 32.2,
35.1 and 37.7 kN for four layers, for bond lengthd00, 150 and 200 mm, respectively. As
illustrated in Fig. 10b, the global behaviour ofstgroup of specimens was very similar to
their counterparts with higher concrete strengthterms of force-displacement curves.
Debonding of TRM from the concrete substrate wasm@mpanied with removal of concrete
particles which remained attached to the debond®dd $trip (Fig. 11b)

The force-displacement curves of the specimensofiéeéd with coated textiles
(LX_N_C) are presented in Fig. 10c. The ultimatedidor one TRM layer was 21.9 kN and
23.9 kN for 150 and 200 mm bond length, respegtivehich is substantially higher with
respect to their counterparts. The corresponditijale load for two TRM layers was 29.5

and 31.9 kN for 150 and 200 mm bond length, resgsgt As shown in Fig. 10c the post-

11
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peak behaviour of LX_N_C specimens was differentmfrtheir counterparts from group
LX_N, owing to the different failure mode observéua particular, all specimens with coated
textiles failed due to debonding of TRM at the ilexiortar interface (Fig. 11c), whereas
their counterparts failed due to slippage of theilee fibers through the mortar (Figs 8a and
b). Failure in this case was within the TRM thickseand is associated to the stiff behaviour
of the coated textiles. This type of failure modmn also be described as inter-laminar
shearing. A denser crack pattern was observedlispacimens with the coated textiles,
indicating a better activation of the textile fien tension.

Finally, the load- displacement curves for specisneK_N_W, which were wrapped
with two TRM layers in order to provide better aodge, are shown in Fig. 12a; Specimens
L100_3 W and L100_4 W, reached an ultimate loadGfind 50.8 kN for three and four
layers, respectively (for 100 mm bond length). énnts of ultimate load they performed
better than their counterparts (Table 2), whereahange on the failure mode was also
observed. Wrapping of the prism did not allow febdnding of the TRM strips and damage
was localized in the loaded-end, where a singlastrarsal crack appeared Fig. 12b.
Ultimately, the textile fibers slipped through th®ortar resulting in a residual capacity as

shown in Fig. 12a.

4. Discussion

In terms of the various parameters investigatedthis experimental programme, an
examination of the results in terms of ultimated®and failure modes revealed the following

information.
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4.1 Influence of the bond length and the number of layers

The effect of the bond length and the number o&dayon the load-carrying capacity is
depicted in Fig. 13. The curves in Fig. 13 clealmonstrate that by increasing either the
bond length or the number of layers, the bond dgpatcreases in a non-proportional way.
Similar to the bond behaviour of FRP strips [3Xlelaa certain bond length the anchorage
force tends to reach a constant value which isidersd as the maximum anchorage force.
This length is called “effective bond length’«) and according to the curves provided in
Fig. 13 is in the range of 200 and 300 mm for theber of layers (one to four) investigated.
This in agreement with the conclusions of previetigies [20, 22-23]. Even in cases with
one and two TRM layers, where there is significhidtion between the inner and outer
filaments when slippage occurs, by providing addognd length (450 mm) the load capacity
was marginally increased.

For the same bond length, increasing the numblkayefs resulted in an increase in the
load-carrying capacity. This effect was more prormead for the transition from one to two
layers, whereas for more layers it was graduallobreng less significant. Almost the same
trend was followed for all examined bond lengthswaen 50 and 250 mm. The most
important effect of increasing the number of laydrsugh, is related to the change in the
failure mode. In particular, as explained in theutes section, specimens of LX N group
strengthened with one or two layers failed duelifgpage of the textile fibers through the
mortar, whereas specimens with three or four lafelsd due to TRM debonding from the
concrete substrate with peeling off of a part ef tbncrete cover.

The above finding adds new information to the éxgstknowledge, because in all
previous studies on bond between TRM and concvéterg the maximum number of layers
examined was two), failure occurred either at titerface between fibers and mortar or at the

interface between concrete and mortar without wingl the concrete cover. It is noted that
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failure of TRM involving peeling off of the concestover has also been reported in the study
of Tetta et al. 2015 [10], where RC beams werefigied in shear with TRM U-jackets, and
has also been observed by the authors in flextredgthening of RC beams with TRM [30].
This type of failure is very common in case of FR¥hded to concrete [31], indicating that
TRMs can behave similar to FRPs.

The bond length had also an effect on the resislwahgth of the specimens failed due
to slippage of the fibers, which is related to thetion developed between the inner and the
outer filaments of each individual fiber roving.bla 3 shows the percentage of residual load
compared to the maximum load recorded for specinmres and two TRM layers. It is
generally concluded that the larger the bond lentdj higher the slipping surfaces become,
so the residual strength do.

Figure 14 shows the variation of the normal stiasthe textile fibers [calculated by
Eq. (1)] with the bond length for different numbsEr TRM layers. It is generally observed
that by increasing the number of layers the nomstralss decreases, which is consistent with
the behaviour of FRP bonded plates to concrete [k&]ly for the transition from one to two
layers, the stress in the fibers marginally incesa®r bond length between 50 and 200 mm.
This is possibly connected to the complex mechanggnfibers slippage occurring in

specimens with one and two TRM layers.

4.2 Influence of surface preparation

Figures 15a and b show a comparison between theabdt loads of specimens having the
same bond length but different concrete surfacpgvegion, for three (Fig. 15a) and four
(Fig. 15b) TRM layers. In the majority of the casesinding the concrete surface and
creating of a grid of grooves is as effective awbtasting in transferring shear stresses from

TRM to concrete. Moreover, the shape of the forispldcement curves in Fig. 10 is the
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same for both surface preparation methods. Hehamni be concluded that both ways of
surface preparation are suitable, something thatisxéurther investigation for other textile
geometries and other types of mortar. This is me@gent with the study of D’ Antino et al.
2015 [25] where no differences were observed betwsgecimens with untreated and

sandblasted concrete surfaces, strengthened weti?BO-fibers TRM layer.

4.3 Influence of concrete compressive strength

The concrete compressive strength was selecte@ tovestigated only for three and four
TRM layers, because of the failure mechanism olesem LX_N specimens. In particular,
TRM debonding from the concrete substrate involviagt of the concrete cover (a failure
mechanism which is associated to the concretegttrgoccurred only in the case of three
and four TRM layers. When one or two TRM layers evased, the failure was attributed to
the concentration of the damage in one single criok this reason it is believed by the
authors that the concrete strength would not imibeethe results of specimens with one and
two TRM layers.

A comparison of the ultimate loads between the LXL#& specimens (lower
compressive strength — approximately 15 MPa) and EX_N specimens (higher
compressive strength — approximately 30 MPa) isemadrig. 15c¢, d. In all cases, the use of
a lower compressive strength concrete had a negamipact on the load-carrying capacity of
the specimens. For specimens with lower concreength, the reduction in the ultimate
bond capacity was 4.1%, 12.5% and 3.1% for threkl T&/ers and 8%, 7.4% and 9.2% four
TRM layers, and for bond lengths equal to 100, Hs@, 200 mm, respectively. As expected,
the lower (by 50%) compressive strength resultea decrease in the ultimate load which on
average was equal to approximately 7.5%. This mealycthough, cannot be considered as

significant as it may be in the range of the stiats error. It is noted that the insignificant
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effect of the concrete strength on the load capd@s also been reported by D’Antino et al.
2015 [25]. However, in their study the concrete wasdirectly involved in the failure mode

which was at the interface between the matrix aedibers.

4.4 Influence of coating

Coating the textile fabric with epoxy resin wasastigated only for specimens with one and
two TRM layers, to improve the failure mode (sligpaof the fibers through the mortar)
observed in these specimens with uncoated tex#lesording to the results, the effect of
coating was twofold: (a) change in the failure maated (b) significant increase of the load-
carrying capacity. The failure mode changed fronppsige of the fibers through the
surrounding matrix to debonding of TRM at the teXthortar interface (interlaminar
shearing). Comparison of the ultimate loads of spens with one and two layers of coated
textiles and of spciemens with uncoated textileshewn in Fig. 15e for different bond
lengths. The ultimate load was increased by 79.Bé74.9% for specimens with one layer
and 16.6% and 13.5% for specimens with two laylersbond lengths equal to 150 and 200
mm, respectively.

Coating the textile with epoxy resin makes theilexnore stable and easy-to-apply,
while at the same time it increases its rigidityh&id a good level of impregnation of the
fibers with resin is achieved, the inner filameotshe rovings are better bound to the outer
filaments. As a result, the mechanism of trangfgrstresses from the fibers to the matrix is
improved providing better mechanical interlock cdiods. Ultimately, the textile fibers are
better utilized in carrying tensile forces and tbad capacity increases. A more uniform
distribution of stresses is also achieved (somgthtivat is indicated by the formation of
several transversal cracks) and the failure mo@agds from local slippage of the fibers to
global debonding of the TRM strips with the failserface though being within the TRM

thickness (textile/mortar interface).
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4.5 Influence of anchorage through wrapping

The influence of anchorage through confinement (fwhpping) was investigated for a short
bond length (100 mm) and for 3 and 4 TRM layerse idea behind this was to improve the
bond conditions when a short bond length (less thareffective bond length) is provided, by
preventing early TRM debonding. As shown in Figf, 1be load capacity was increased by
28% and 45% when three and four TRM layers, resmdgt were anchored through
wrapping with TRM jackets; note that the bond léngtas equal to 100 mm whereas two
TRM layers were used for wrapping. As expected, ftieire mode changed from TRM
debonding to partial rupture and slippage of ther across a single crack developed at the
loaded end (Fig. 12b).

A conclusion that must be highlighted is that timelered TRM strips with a short
bond length (100 mm) not only reached, but excededoad capacity of non-anchored
strips with much higher bond length. Particulably, comparing specimen L100_3_ W with
specimens L200_3 and L250 3, an increase of thenmiax load of 11.1% and 5.2%,
respectively, is observed. Similarly, by comparsgecimen L1004 W with specimens
L200_4 and L250 4, the increase in the maximum loaaches 22.3% and 21.4%,
respectively. Therefore, wrapping with TRM jacketsrecommended to improve the bond

conditions when the available length for anchomigeRM reinforcement is limited.

5. Conclusions

The present paper builds on the results of a camepive experimental programme for the
investigation of the bond between textile-reinfarcmortar (TRM) and concrete. Eighty
specimens were fabricated and tested under doaplstear. This poly-parametric study
included the investigation of: (a) the TRM bondd#n (b) the number of TRM layers, (c) the

concrete surface preparation, (d) the concrete oessfve strength, (e) the coating of the

17



423 textile, and (f) the anchorage through wrappinge tain conclusions drawn are summarized
424 below:

425 « By increasing the bond length, the bond capacityeases in a non-proportional way for
426 all the number of TRM layers examined (1 to 4).eAfa certain bond length, the so-called
427 effective bond length, the bond capacity marginedbreases. It was found that this length
428 is in the range of 200-300 mm for the examined nemdd layers and for the materials
429 used in this study.

430 + By increasing the number of TRM layers for the sdmed length, the bond capacity
431 increases in a non-proportional way. The increaa® mvore pronounced for the transition
432 from one to two layers, whereas for more layerswvéds gradually becoming less
433 significant.

434 + The number of layers has a significant effect anftilure mode. For one and two TRM

435 layers the failure was due to slippage of the lextbers through the mortar at a single
436 crack close to the loaded end. For three and f& Tayers the failure was attributed to
437 debonding at the mortar/concrete interface inclgdietachment of a thin concrete layer,

438 similarly to EB FRP systems.

439 « Different concrete surface preparation methodsn@ng and formation of a grid of
440 grooves versus sandblasting) did not influencebibred characteristic between TRM and
441 concrete, suggesting that both methods are suitable

442 « The use lower concrete compressive strength malgialfected the bond strength of the

443 TRM to concrete. A 50% reduction in concrete’s coespive strength resulted in an
444 average decrease of the ultimate bond capacity.®fo,7without affecting the failure
445 mode.
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463

» Coating the textile with an epoxy adhesive has @fdld effect: (a) change in the failure
mode from slippage through the mortar to TRM delmpeht textile/mortar interface, and
(b) bond strength increase.

» The anchorage of TRM strips through wrapping witRM jackets results in substantial
increase of the bond strength (up to 45% for 4 TRMers), by preventing debonding
from the concrete substrate.

It is important to note that the above conclusiaresbased only on the materials used in this

study (specific carbon-fiber textile, and specifipe of mortar). Therefore future research

could be directed towards investigating differgyets of materials, and deriving analytical
expressions for the calculation of the bond leragtt the bond strength of TRM composites

bonded to concrete surfaces.
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555 Table 1 Specimens details, concrete compressive streagthmortar properties on the day

556

557
558

of testing

Specimen
notation

Specimens
name

Bond
length
(mm)

Number
of TRM
layers

Additional  Conorete

Mortar

remarks  Compressive

strength
(M Pa)*

Flexural
strength
(M Pa)*

Compressive
strength

(M Pa)*

LX_N

L50 1
L50 2
L50 3
L50 4

50

1,2,3,4

- 31.2 (0.56)

9.17 (0.92)

38.8 (0.60)

£100_1
L100_2
L100_3
L100 4

100

1,2,3,4

- 30.4 (0.63)

8.24 (0.94)

33.8 (.56

L150 1
L150 2
L150 3
L150 4

150

1,2,3,4

- 31.2 (0.22)

9.23 (0.49)

39.7 (1.33

L200_1
L200_2
L200_3
L200 4

200

1,2,3,4

- 32.8 (0.66)

8.54 (1.26)

35.9 (.27

L250 1
L250 2
L250 3
L250 4

250

1,2,3,4

- 32.5 (0.32)

8.95 (0.37)

37.6 (.90

L450_1

450

1,2

- 29.5 (0.37)

9.4 (0.81)

40.1 (1.23)

LX_N_S

L150 4 .
L200 3 S

L200 4_S

100,
150,
200

3,4

S= Surface

: 29.3 (0.73)
preparation

8.68 (0.77)

36.8 (0.45)

LX_N_Ls

L100 3 Ls
L100 4 Ls
L150 3 Ls
L150 4 Ls
L200 3 Ls
L200 4 Ls

100,
150,
200

3,4

Ls= Low
concrete
strength

14.7 (0.55)

8.98

35.2 (0.90)

LX_N_C

L150 1 C
L150 2 C
L2001 C
L200 2 C

150,
200

1,2

C= Textile

coatng 304 (028)

8.35 (0.65)

32.7 (0.97)

LX_N_W

L100 3 W
L100 4 W

100

3,4

W=
Anchorage
through
wrapping

with TRM

8.35 (0.65)

32.7 (0.97)

*Standard deviation in parenthesis
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559 Table 2 Summary of test results

D ) (©) 4 (5) (6)
Maximum load, Displacement  Average Average  Axial stress  Failure
Prax. (KN) at maximum  maximum  displacem in textile mode* *
Specimen load load, ent at fibers
Simax (MM) Pa. (KN)  maximum o: (MPa)
5 5 R N load
Sl s2 Sil s2 8 (MM)

L50 1 7.15 8.29 0.25 0.23 7.7 0.24 507 a
L50 2 19.12 17.76 0.79 0.70 18.4 0.75 605 a
L50 3 23.95 21.16 0.72 0.66 22.6 0.69 496 b
L50 4 26.46 29.31 0.46  0.62 27.9 0.54 459 b
L1001 12.28 10.96 0.53 0.50 11.6 0.52 763 a
L100 2 22.82 24.14 1.01 1.00 235 1.01 773 a
L100 3 29.62 32.82 0.85 1.04 31.2 0.95 684 b
L100 4 32.77 37.27 0.83 0.92 35.0 0.88 576 b
L150 1 11.74 12.58 132 121 12.2 1.27 803 a
L150 2 25.25 25.34 110 1.11 25.3 111 832 a
L150 3 34.49 35.62 1.05 1.07 35.1 1.06 770 b
L150 4 38.55 37.2 14 151 37.9 1.46 623 b
L2001 13.51 14.25 123 1.24 13.9 1.24 915 a
L200 2 27.65 28.59 135 081 28.1 1.08 924 a
L200 3 37.44 34.55 1.56 1.9 36.0 1.73 790 b
L200 4 41.26 41.74 131 157 415 1.44 683 b
L250 1 14.92 17.32 229 255 16.1 2.42 1059 a
L250 2 30.25 28.63 1.2 1.6 294 1.40 967 a
L250 3 38.55 37.51 156 1.55 38.03 1.56 834 b
L250 4 42.79 40.89 122 135 41.8 1.29 688 b
L450-1 17.54 17.2 251 215 17.4 2.33 1145
L450-2 32.8 30.4 351 3.62 31.6 3.57 1040 a

L100 3 S 30.64 31.77 1.27 1.46 31.2 1.37 684

L150 3 S 34.99 32.74 0.99 1.05 33.9 1.02 743

L200 3 S 40.18 40.57 185 1.19 40.4 1.52 886 b

L100 4 S 35.63 36.58 124 0.75 36.1 1.00 594

L150 4 S 37.64 36.74 1.19 0.80 37.2 1.00 612

L200 4 S 41.45 42.35 135 1.19 41.9 1.27 689

L100 3 Ls 29.9 29.84 1.04 112 29.9 1.08 656

L150 3 Ls 30.67 30.79 136 1.29 30.7 1.33 673

L200 3 Ls 33.68 36.17 1.81 1.99 34.9 1.90 765 b

L100 4 Ls 32.67 31.76 0.92 0.85 32.2 0.89 530

L150 4 Ls 34.7 35.54 113 1.45 35.1 1.29 577

L200 4 Ls 36.81 38.63 148 1.39 37.7 1.44 620

L1501 C 22.7 21.08 145 1.64 21.9 1.55 1441

L2001 C 23.21 24.6 144 154 23.9 1.49 1572

L150 2 C 29.1 29.89 0.8 0.89 29.5 0.85 970

L2002 C 32.94 30.77 0.95 1.05 31.9 1.00 1049

L100 3 W 38.43 41.47 121 1.29 40.0 1.25 877

L100 4 W 49.19 52.31 117 1.25 50.75 1.21 835 a

560 * Specimen number
561 * a: Slippage and partial rupture of textile fisethrough the mortar; b: Debonding of TRM from tcrete substrate
562 including part of the concrete cover; c: Debondinghe textile/mortar interface (interlaminar sliegy

563
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564 Table 3 Percentage of the residual load due to frictiomwéispect to maximum recorded
565 load for specimens with one and two layers of TRM

566
N Per centage of residual
ame load (%)
S1* S2*
L50 1 36.4 36.2
L50 2 33.5 28.5
L100 1 46.9 57.8
L100 2 33.3 34.0
L150 1 60.7 60.1
L150 2 46.6 43.4
L200 1 57.0 61.1
L200 2 56.8 65.8
L250 1 42.2 61.2
L250 2 52.2 52.4
L450-1 71.3 70.3
L450-2 75.0 81.6
567 *  Specimen number
568
569
570
571
572
573
574
575
576
577
578
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Fig. 1 Specimen details (dimensions in mm)
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Fig. 2 Carbon textile used in this study (dimensions m)m
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587 (a) ()

588 Fig.3 Different concrete surface preparation: (a) grigdand creating a grid of groves;

589 and (b) sandblasting
590
591
592
Restrained
side
Wrapping
strip
Fresh
Mortar
Rounded
corner

593 (a) (b)

594 Fig. 4 (a) Application of the first layer of mortar; (Bpplication of the first layer of textile

595 layer into the mortar; (c) application of the fidaler of mortar; and (d) wrapping
596 with TRM jacket at the side of specimen under exaton.
597
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' Machine
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Steel
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Machine
grip
598
599
600 Fig. 5 Details of the test set-up
601
602
| 100 |
T o T Two
B acrylic Aligning the two prisms by
l' 1 j‘_ rods 10 inserting the two acrylic rods
= i i mm Dia.
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: re B rebar X
__L,A,_+__J !
603 () (b)
604 Fig. 6 Alignment of the two concrete prisms using twoylcrrods (Dimensions in mm)
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K 6
605 Displacement (mm)
606 Fig. 7 Load-displacement curves of LX_N group specimens
607
608
(@) ®) © ®

L200 4 Detached part

B

Unbonded i
| length=50 |
609 L i

610 Fig. 8 Failure mode of specimens in group LX N: (a),(Imgke crack formation and

611 slippage of the fibers through the mortar for spexzis with one and two TRM layers,
612 respectively; (c),(d),(e) TRM debonding at condiraterix interface including a thin
613 layer of concrete cover, for specimens with thnee faur layer.

614
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616 Fig. 9 Development of transversal cracks and the rotatiothe specimen relative to initial
617 alignment after ultimate load
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620 Fig. 10 Load-displacement curves for specimens having @srameter; (a) the concrete
621 surface preparation, (b) the concrete compressigagth and (c) the textile coating
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Fig. 11 Typical failure mode of specimens with: (a) sandtd#d concrete surface, (b) low
concrete compressive strength, and (c) coateddsxti
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Fig. 12 (a) Load-displacement curves of specimens with anclothgugh wrapping and
comparison with counterpart specimens without aredey (b) typical failure of specimens

with anchorage through wrapping with TRM jackets
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Fig. 13 Variation of ultimate load with the number of lagemd bond length
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Fig. 14 Variation of normal stress with the number of lsyand bond length
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Load (kN)
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641 Fig. 15 Effect of different parameters on the bond cayaafi the specimens: (a), (b) surface
642 preparation; (c),(d) concrete compressive strenghtextile coating; (f) anchorage
643 through wrapping with TRM jackets
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