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ABSTRACT

The structural effectiveness of textile reinforced mortar (TRM) composites relies on their load transfer capacity
to the substrate and the interaction between textile and mortar. The bond plays a crucial role in mechanism of
TRM composites. Despite some recent investigations, a deep understanding still needs to be gained on the
textile-to-mortar bond to develop suitable analytical and numerical predictive models, improve test methods,
and orient design criteria. This work describes a laboratory study in which pull-out tests were carried out to
investigate the effect of the slip rate and cyclic loading on the textile-to-mortar bond behaviour. Alkali-resistant
glass fabric and sgalvanised ultra-high tensile strength steel cords embedded in two different lime-based
mortars were tested. The pull-out response was sensitive to the strain rate at low rates. Cyclic loading produced
a strength degradation, which reduced with the number of cycles.

Keywords

Textile reinforced mortar (TRM); Steel reinforced grout (SRG); Pull-out test; Alkali resistant glass fabrics;
Cyclic behaviour; Strain rate effects.

1. INTRODUCTION

Textile reinforced mortar (TRM) composites are an emerging solution for the repair and strengthening of
existing structures. They are comprised of a high-strength textile bonded with an inorganic matrix. Either
bidirectional meshes of basalt, carbon, alkali-resistant glass, aramid, or PBO yarns (bundles) or unidirectional
textiles of ultra-high tensile strength steel cords are used. Textiles are bonded employing matrices such as
cement, lime, or geopolymer mortars. Besides TRM, other names and acronyms are used in scientific and
technical documents, such as fabric reinforced cementitious matrix (FRCM), inorganic matrix-based
composites, and (when comprising steel textiles) steel reinforced grout (SRG). Even though TRMs are often
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considered innovative strengthening systems, they have been developed more than fifteen years ago [1, 2].
Since then, several research studies have investigated their mechanical properties and the response of
retrofitted structures [3].

On the one hand, experimental outcomes prove the effectiveness of TRM for enhancing the ultimate
strength of reinforced concrete [4-7] and masonry [8—15] structures. With the aim of exploiting the advantages
of small thickness, high strength-to-weight ratio, ease of installation in different shapes, and compatibility with
many substrate materials (e.g., brick, stone, concrete), a wide range of systems have been made available in
the market. As a result, TRM composites are frequently used in structural rehabilitation, especially for seismic
retrofitting, applications to architectural heritage, and post-earthquake reconstruction. On the other hand,
laboratory investigations show the complexity of the behaviour of TRMs, especially of the substrate-to-
composite load transfer mechanisms, which determine the effectiveness of externally bonded reinforcements.
The non-linear response and brittle failure of inorganic matrices entail a high sensitivity to manufacturing,
installation, and curing conditions. Textile architecture and presence of coating/impregnation, mortar strength
and stiffness, and roughness and porosity of the substrate also play a crucial role in the substrate-to-TRM bond.
These parameters also affect the mode of failure, which may take place by cohesive debonding within the
substrate, detachment between matrix and substrate or between textile and matrix, and textile slippage within
the matrix [16]. TRM-to-substrate shear bond tests efficiently provide, among all the possible failure modes,
the weakest one and the corresponding capacity and, therefore, are recommended for system certification [17]
and for deriving TRM design parameters [18].

Many investigations have been devoted to the TRM-to-substrate bond [19-24], but only a few have
explicitly focussed on the textile-to-mortar interaction . Indeed, some studies on textile-reinforced concrete
(TRC) [25, 26] had already tackled this issue more than 10 years ago [27-29]. It has been studied more recently
starting from the results of shear bond tests [30] or through pull-out tests with setups specifically designed to
isolate the textile-to-matrix load transfer mechanism [31-33], and testing steel cords and lime mortars, which
were out of TRC scopes. Experimental outcomes have shown the main parameters affecting the textile-to-
mortar interaction. The layout of the textile and the roughness of its surface influence the mechanical
interlocking with the mortar. The presence of coating or impregnating resins affects the chemical bond with
the mortar [34]. The strength of the mortar and its curing duration [35] and conditions [36] affect the load
transfer mechanism with the textile. Finally, the filaments bond in a yarn plays an important role; it is improved
by the deep penetration of resin or mortar in the cross-section of the yarn, whereas when the bond between the
outer filaments and the mortar is stronger than that between the outer and the inner filaments telescopic failure
may occur [28]. Load-slip curves generally exhibit a first stage, during which the load transfer relies on
chemical bond and interlocking, followed by a second stage associated with the onset of relative slippage and
the combined contribution of adhesion and friction, and by a final stage, in which the load transfer relies on
friction only [32].

Among the issues that still deserve further investigation, the effects of slip rate and the response under
cyclic loading are significant to develop analytical and numerical predictive models, improve test methods,

and orient design criteria. This paper describes an experimental study performed on two TRM composites,
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which comprised either alkali-resistant glass yarns or sgalvanised ultra-high tensile strength steel (UHTSS)
cords embedded in lime-based mortars. Pull-out tests were carried out with different displacement rates to
investigate the effect on the textile-to-mortar bond response and contribute to developing reliable test methods
for both research and certification purposes. Then, cyclic tests were performed to detect possible deterioration
of the bond capacity induced by unloading-reloading and provide a preliminary estimate of the residual bond

capacity for serviceability assessment.

2. EXPERIMENTAL PROGRAMME

2.1. Materials under investigation

Two commercial hydraulic lime-based mortars, referred to as M1 and M2 throughout this paper, and two
glass and steel textiles were used. Mortar M1 was a high-ductility hydraulic lime mortar [37], prepared by
mixing the powder with the liquid provided by the manufacturer (5:1 powder to liquid ratio according to the
technical datasheets) in a low-speed mechanical mixer for four minutes to form a homogenous paste. Mortar
M2 [38] comprised a pure natural hydraulic lime (NHL 3.5) and mineral geo-binder and was prepared by
mixing 1 kg powder with 0.212 kg water for seven minutes. According to the technical datasheets, the
compressive elasticity modulus at 28 days are 8 GPa for M1 and 9 GPa for M2.

The glass textile was a woven biaxial mesh (25 mm x 25 mm grid spacing) made of alkali-resistant glass
yarn, in which weft (longitudinal) yarns pass through the warp (transversal) yarns and are stitched to them. Its
cross-sectional area per unit width was 35.27 mm?#m [39]. The unidirectional steel textile was made of
sgalvanised UHTSS micro-cords [40]. Each cord consisted of five individual wires twisted together; three
straight wires wrapped by two wires at a high twist angle. The textile had a surface mass density of 670 g/m?,

a cord spacing of 6.35 mm, and a cross-sectional area per unit width of 84 mm?/m.

2.2. Material scharacterisation tests

Compressive and flexural strength tests were performed on mortars at the age of 60 days, according to
relevant standards (ASTM C109 [41] and EN 1015-11 [42]). Five cubics (50x50x50 mm?®) specimens were
prepared for the compressive tests and five prismatic (40x40x160 mm?®) specimens for the bending tests. The
tests were carried out with a Lloyd testing machine under force control at rates of 150 N/s (for compressive
tests) and 10 N/s (for bending tests). In the compressive tests, a pair of Teflon sheets with a layer of oil in
between was placed between the loaded surfaces of the specimen and the compression plates to reduce friction.
Bending tests were performed according to the three-point bending test scheme with a 100 mm distance
between the supports. The experimental results showed an average compressive strength of 8.36 MPa
(coefficient of variation: CoV=15 %) and average flexural strength of 4.49 MPa (CoV= 9 %) for mortar M1,
whereas these values were 7.47 MPa (CoV=5 %) and 1.78 MPa (CoV= 10 %), respectively, for mortar M2.

The tensile response of the textiles was characterised by performing direct tensile tests on single yarn/cord

using a universal testing machine with a maximum load capacity of 10 kN, based on [21, 22]. These tests were
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performed under displacement control at a rate of 0.3 mm/min. Five specimens with a free length of 300 mm
were tested for each textile. A 100 mm clip gauge was located at the centre of the specimens to measure the
strain. The average tensile stress, Young’s modulus (Es), and ultimate strain (axial strain at peak stress) were
obtained as 875 MPa (CoV= 13 %), 65.9 GPa (CoV="5 %), and 0.0177 mm/mm (CoV= 10 %) for the glass
yarns, and 2972 MPa (CoV=_8 %), 189.3 GPa (CoV=28 %), and 0.0188 mm/mm (CoV=9 %) for the steel

cords.

2.3. Pull-out tests

2.3.1. Geometry and manufacturing of specimens
The textile-to-mortar bond behaviour was investigated using a single-sided pull-out test setup developed

and presented in [32]. To manufacture the specimens, a 200 mm textile was first embedded in an epoxy resin
block, as shown in Fig. 1a, b.The opposite end of the textile was then embedded in a tile-shaped mortar block
with a cross-section of 125 x 16 mm?® (Fig. 1c). For detailed information on the procedure followed for
preparing the specimens, the reader is referred to [32]. The specimens were demolded after three days of
casting, were cured in a damp environment for seven days, and then stored in laboratory environmental

conditions (20°C, 60% RH) for 50 days. The final age of the specimens at testing was 60 days.

2.3.2. Testsetup
The pull-out tests were performed using either a servo-hydraulic system with a load capacity of 25 kN (for

monotonic tests) or a universal testing machine with a load capacity of 10 kN (for cyclic tests). This change of
the testing system was due to the unavailability of the servo-hydraulic system when cyclic tests were
performed. All the tests were performed under displacement control, and the machine stroke displacement was
controlled.

The mortar blocks were fixed by U-shaped steel support to a rigid frame, integral with the lower crosshead
of the testing machine, whereas a mechanical clamp gripped the unbonded yarn/cord embedded in the epoxy
resin from the top (Fig. 1d). Two LVDTs with a 20 mm range and 2-pum sensitivity were placed at the two
sides of the epoxy block to record the relative displacement between the mortar and the textile at the loaded
end of the bonded length (upper surface of the mortar block). The slip (showed hereinafter in the paper) was

calculated as the average of the two displacements measured by these LVDTs.

2.3.3.  Monotonic test protocol
To investigate the slip rate effect on the textile-to-matrix bond behaviour, monotonic tests were performed

on specimens comprising a single glass yarn, extracted from the textile mesh in the longitudinal (warp)
direction or a single steel cord. Mortar M1 was used to manufacture all the specimens for these tests. The bond
lengths (L) were 50 mm for the glass yarns and 150 mm for the steel cords, equal to the effective bond lengths,
as determined in [34]. The effective bond length was defined as the embedded length in which the load
corresponding to the complete debonding did not change at the load-slip curve (bond leghts longer than the

effective bond length do not entail any increases of the debonding load). Five different slip rates were
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considered, namely 0.2, 1.0, 5.0, 10.0, and 20.0 mm/min. Five specimens were prepared and tested for each

slip rate, resulting in 25 specimens for the glass TRM and 25 for the steel TRM (Table 1).

2.3.4. Cyclic test protocol
Cyclic pull-out tests were performed on glass yarns and steel cords embedded in M1 and M2 mortar

matrices. Loading-unloading cycles were performed with progressively increasing maximum (target) slip,
from 0.3 mm to 20 mm, whereas the minimum slip was that corresponding a load of 50 N in the unloading
phase, to avoid yarn/cord instability and ensure that its position was kept. Two cycles for each target slip were
carried out, with a slip rate of 1.0 mm/min (up to a target slip of 9 mm) and of 3.0 mm/min (increased for a
timesaving reason) until the end of the tests (Fig. 1e).

In cyclic tests, various configurations were considered, as shown in Fig. 1a, b . More specifically, in some
of glass TRM specimens, the yarn was not provided with transverse (weft) elements (the orthogonal yarns
were cut before casting, as in monotonic tests) and Ly was either 50 mm or 75 mm, whereas in other specimens
transverse elements were left embedded in the mortar, and Lo was 50 mm (Fig. 1a). The transverse elements
had a total length of 25 mm, 12.5 mm at each side, equal to half of the mesh size. Furthermore, some specimens
comprised two fibre yarns and were provided with two transverse elements, with Lo=50 mm or Lo= 75 mm
(Fig. 1a). All specimens of glass TRM were manufactured with M1 mortar. As concerns steel TRM, the
parameters investigated were mortar type (the two mortars, M1 and M2, were used), Lo (50 mmand 150 mm),
and the number of steel cords (in addition to one cord, two cords in M1 and M2, and four cords in M1, always
with Lo= 150 mm), as presented in Fig. 1b. Note that the steel textile is unidirectional, and there are no weft

elements.

3. SLIP RATE EFFECT

3.1. Reliability and physical meaning of test outcomes

As explained before, the specimens prepared for pull-out tests consisted of a free yarn/cord length, which
was embedded in an epoxy block resin to facilitate gripping of the samples by the wedges of the testing
machine. Nevertheless, as the tests were performed by imposing displacement rates to the hydraulic system, it
was necessary to check the actual slip rates at the loaded end of the bonded area (upper surface of the mortar
block), measured by the LVDTs.

Fig. 2 showed the changes in the actual slip rate versus slip for the different imposed (machine stroke) slip
rates. The actual slip rate was computed by dividing the textile slip (measured by the LVDTS) into the
experimental time. For better understanding, these changes were presented in the complete and enlarged scales
for both the glass and steel-based TRM composites in Fig. 2a and Fig. 2b, respectively. For both systems, the
slip rate reached the expected value in the early stages of the tests, namely, at about 0.03 mm in the specimens
tested at 0.2 mm/min and 1.0 mm/min rates, and about 0.4 mm for those tested at higher slip rates. In glass
TRMs tested at 0.2 mm/min and 1.0 mm/min rates and in all steel TRMs, these slip values were lower than the

slip corresponding to the first peak load, Sp1, S0 the bond behaviour was still in the elastic stage, and no
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delamination has occurred. On the other hand, in glass TRMs tested with a slip rate equal or higher than
5 mm/min, these slip values were larger than Spi, indicating the tests reached the intended slip rate after
debonding had initiated. These comparisons validate the experimental setup developed for the tests presented
in this study and the slip rate selected for the first part of the cyclic tests. At the same time, they indicated the
need to represent the results in terms of actually measured slip and actual slip rate (e.g., at peak load), instead
of controlled machine stroke displacement and imposed sip rate, also in order to make test outcomes

independent from test implementation details.

3.2. Glass TRM specimens

The typical load versus slip response curve of a monotonic pull-out test is shown in Fig. 1f. In the first static
ascending branch, which includes an initial linear elastic phase and a non-linear pre-peak phase, the load
transfer between textile and mortar relies on adhesion (debonding phase). When a peak load (Pea) is attained,
the complete debonding occurs, and the dynamic stage initiates, in which the load transfer mechanism relies
only on friction [43-46]. For further information about the pull-out mechanism of TRM composites, the reader
is reffered to [32].

The transition between static and dynamic ranges can either be a sudden drop in the pull-out force if the
frictional bond is smaller than the adhesive bond (the load suddenly drops down to a residual value Pr, which
shares the same slip with Pp1, which is named as Sr) or can be smooth [44, 45, 47, 48]. In the dynamic stage,
either a slip hardening or a slip softening effect can be observed [45]. When a slip hardening is observed in the
dynamic stage, the load increases with a lower slope than that of the static one. A recent study attributes this
slip hardening to the damage of the surface of the fibre yarn, which is due to its interaction with the matrix as
a result of pull-out activation [34, 43, 45, 46, 49-51], but further investigations are still needed to understand
better the mechanisms behind this observation. As the test progresses, the portion of the textile-to-mortar
interface where friction holds progressively becomes smaller as the debonding length becomes larger. A
second load peak (Pr2) is attained (at a slip of Sp2) when the interaction of the damaged yarn surface is
diminished, and friction becomes the sole resistance mechanism. With the increment of the debonded length,
the load resistance of the system reduces until the end of the tests.

The curves obtained from the experiments on glass TRM composites are shown in Fig. 3, in which each
subplot from (a) to (e) collects the curves, detected under the same slip rate, of the individual tests and the
average one, whereas subplot (f) shows the five average curves together to compare the different slip rates.
The average load values Pr1, Pr, and Pp2 are compared in Fig. 4a. The mean debonding peak loads (Pe1) vary
between 153 N (at 0.2 mm/min slip rate) and 340 N (at 10 mm/min), whereas the second peak loads range
between 144 N (0.2 mm/min) to 386 N (at 10 mm/min), as listed in Table 2. It is worth noting that these peaks
are of the same order of magnitude and that the former is not necessarily higher than the latter.

Pull-out tests revealed that the bond behaviour in terms of peak load was affected by the slip rate. More
specifically, for low rates when passing from 0.2 mm/min to 1.0 mm/min and to 5 mm/min, the higher was the

slip rate, the higher were Pe1 and Pr2. In contrast, a quasi-sstabilisation was found for the higher rates
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(5 mm/min, 10 mm/min, and 20 mm/min). On the other hand, the load drop amount after full debonding
(Pp1— PF) seems to be independent of the load rate.

A similar trend was also found on the pull-out energy (Epo, see also Fig. 1f) as shown in Fig. 4b, and on the
chemical bond energy (Gq, Table 2), defined by Eq. 1, in which Er is the modulus of elasticity of the glass
textile and dr is the diameter of the yarn (1.06 mm) [43, 44, 46].

G _Z(PPI_PF)Z (1)
° n’Ed

The debonding energy (Eqen), calculated as the area below the response curve until Pe1 (Fig. 1f), was smaller
than the pull-out energy, and its changes with the increment of the slip rate were less significant. The initial
axial stiffness (K, as defined in Fig. 1f) showed a large scatter but still following a similar trend as the load
peaks, as illustrated in Fig. 4c. By contrast, the values obtained under the slowest rates were always lower than
the other ones, confirming that very slow tests may provide lower results. Finally, no clear effect of the slip
rate was observed on the slip values, Sei1, S, and Se2 (Table 2).

In summary, based on the results of the pull-out tests performed on the glass TRM system investigated in
this work, and limited to the experimental setup used and the slip rate range considered, the influence of the
slip rate was negligible between 5 mm/min and 20 mm/min. In contrast, it led to a reduction of the bond

strength for lower rates (below 5 mm/min).

3.3. Steel TRM specimens

Fig. 5 shows the load versus slip response curves of the monotonic pull-out tests on steel TRM systems. As
for the glass TRM ones, subplots (a-e) refer to homogeneous slip rates, and subplot (f) collects the five average
curves. The first stage of the test was associated with a stiff branch of the response curves, in which the load
transfer between cord and matrix relied on both adhesion and interlocking, this latter arising by the high
roughness of the cord surface. Then, the curves displayed a progressive reduction of the slope, up to the
attainment of the load peak, followed by a post-peak softening phase with a nearly linear load reduction
associated with the increase of slip. The transition between first and second stages was much smoother than in
glass TRM, there were no sudden load drops associated with brittle failures, such that, in this case, a precise
value of the loads corresponding to the loss of adhesion and its residual value after the load drop could not
be identified. For this reason, Fig. 6a and Table 2 do not include Pr2, Pr, nor Sez, Sk, and Gq, which could not
be determined.

The maximum load (Pr1), resulting from the contributions of adhesion, interlocking and friction, increased
from 328 N (at 0.2 mm/min slip rate) to 507 N (20 mm/min), without a clear trend with the increase of slip
rate (Fig. 6a). The strength at the slowest rate (0.2 mm/min), however, confirmed itself as the lowest one.
Noteworthy is that, for each slip rate, the peak load attained by steel TRM was higher than the corresponding
value recorded in the tests on glass TRM, by virtue of the higher contribution provided by friction and adhesion,
which, in its turn, was due to the better adhesion of cords with the mortar as well as the roughness of the cord

surface and the more effective load transfer capacity provided by interlocking and friction. As for the glass
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TRMs, also in the steel TRM composites the pull-out behaviour was affected by the slip rate at the lowest rates
considered in this investigation. The bond capacity at 0.2 mm/min resulted lower than those obtained at all the
other rates. On the other hand, the differences amongst such higher rates (from 1 mm/m in to 20 mm/ min,
Table 2) were of the same order of magnitude of the scatter, so no clear trends emerged.

The debonding energy (Edeb) in steel TRM system was, in general, significantly higher than that of glass
TRM, whereas the pull-out energies (Epo) were comparable (Fig. 6b). Both debonding and pull-out energies
showed slight variations with the slip rate beyond 0.2 mm/min. The slip Se: also appeared independent from
the slip rate (Table 2). Finally, the initial stiffness (K), decreased until a slip rate of 5 mm/min and then it did
not change, showing an opposite trend compared to the glass TRM system. This output should be further

investigated considering also other types of steel cords.

4. CYCLIC BEHAVIOUR

4.1. Glass TRM specimens

The experimental results of cyclic pull-out tests on glass TRM composites are shown in Fig. 7-Fig. 9.
Subplots (a) display the load versus slip response curves. Subplots (b) show the peak loads attained in each
cycle, and are represented at the corresponding target slip, as shown in Fig. 1g. More specifically, the first two
peaks (Peak-1 and Peak-2) were followed by an unloading phase, whereas the third one (Peak-3) was attained
during a longer loading phase, which ended at the following target slip (see the cyclic test protocol in Fig. 1e).
In subplots (a) and (b) the load is referred to the single yarn to allow comparisons between specimens with one
yarn and those with groups of yarns. Subplots (c) show the strength degradation, calculated (in percent) at each
cycle (i.e., at each target slip) as the reduction of Peak-2 with respect to Peak-1 (Cycle-1) and that of Peak-3
with respect to Peak-2 (Cycle-2), see Fig. 1g. Finally, subplots (d) represent the reduction of stiffness detected
in cycles 2 and 3, with respect to that of the previous cycle, the stiffness corresponding to the secant modulus

of elasticity of the loading branch between its first point and the target slip (Fig. 1g), as follows:

{AKlz(l— Ky JxlOO}

Kl,max

{AKzz{l— K, ]xlOO}
K2,max

Where K}, and K1, mx were the slop of the first load cycle at the slip “i”, and the slop corresponding to the

()

maximum stiffness of the same test group, respectively. The same function was employed for the second cycle.

Some common features emerged in all specimens, independently from their specific configuration. First,
un-loading-reloading cycles were very narrow, indicating a small amount of dissipated energy, and the cyclic
test results contained in the envelope of the monotonic one. Second, under repeated cycles at the same target
slip, the peak load at the end of the first loading phase was not recovered after the cycles, i.e., a strength
degradation resulted due to the irreversible loss of adhesion, especially in the first cycle. More precisely, the

strength degradation after the first cycle, represented by the difference between Peak-1 and Peak-2 in subplots
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(b) and by the curve of Cycle-1 in subplots (c), was comprised between 15 % and 45 %. The peak loads after
two cycles (Peak-3), instead, were similar to those after one cycle (Peak-2); the strength degradation curve of
Cycle-2 was lower than that of Cycle-1, and comprised between 5 % and 25 %. On the other hand, for both
Cycle-1 and Cycle-2, no clear correlation resulted between strength degradation and slip. Finally, the stiffness
degradation varied in the 5- 15 % range at small slips (less than 1 mm), increased up to 50- 75 % at 15 mm
slip, and was similar in Cycle-1 and in Cycle-2, as shown in subplots (d).

There were also some differences amongst the different configurations investigated. First, a higher
maximum load was attained by the specimens with the single yarn with L= 75 mm (Fig. 7a, b) with respect
to Lo=50 mm (Fig. 7a, b and Fig. 8a, b), indicating that a longer bond length led to a higher pull-out strength,
which, in its turn, may be due either to an effective bond length longer than 50 mm or to a higher contribution
of friction activated over a longer embedded yarn (or to a combination of the two factors). At the same time,
Lo=75 mm showed a smaller strain (slip) capacity when compared to L,=50 mm (around 1/3) that is due to
the early occurrence of the yarn rupture. These observations are also in line with the ones previously reported
on monotonic response of the same glass TRM system tested under different embedded lengths [34]. Also, the
single yarn with Lo= 75 mm showed a smaller load degradation of Cycle-1 and Cycle-2 while similar stiffness
degradation compared to Lo=50 mm.

The role of transverse yarns on the cyclic response was also significant (Fig. 8). A clearly larger Peak-1,
Peak-2 and Peak-3 was obtained in the specimens with transverse yarns when compared to those with a single
longitudinal yarn. At the same time, single yarns showed a larger strength degradation in both Cycle-1 and
Cycle-2. A higher pull-out load/yarn was also obtained with two fibre yarns (Fig. 9a, b) with respect to one
yarn (note that, as said before, the load is always indicated per yarn, i.e., the force recorded by the load cell
was divided by the number of yarns to plot the results). This again shows the beneficial role of interaction

between fibre yarns connected by weft elements, as also previously reported in [34].

4.2. Steel TRM specimens

Fig. 10 to Fig. 13 show the cyclic response of steel TRM composites, namely, load versus slip response
curves in subplots (a), peak loads at target slips (b), strength degradation (c), and stiffness degradation (d). As
in glass TRMs, the cyclic curves displayed narrow cycles with small energy dissipated by hysteresis.
Moreover, the monotonic curves could be considered as envelopes of the cyclic ones. Cyclic loading led to a
strength degradation, which was higher after the first cycle (10- 35 %) than after the second cycle (5- 20 %,
with only few exceptions), suggesting that a residual bond strength could be attained with few more cycles.
The stiffness degradation in the two cycles was comparable and comprised between 10- 30% at small slips
(below 3 mm) and 50- 75 % at the end of the test (15 mm slip).

The comparisons amongst different configurations showed the role of embedded length and type of mortar,
confirming the outcomes of previous monotonic studies [33-35]. The maximum load attained by a single cord
in M2 mortar with Lo=50 mm (246.5 N, Fig. 10b) was much lower than that exhibited with mortar M1
(519.1 N, Fig. 10b), clearly showing the role of mortar properties on the bond performance. Mortar M1, despite

a similar compressive strength and elastic modulus, showed a larger flexural strength compared to mortar M2.
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The better flexural tensile strength of this mortar, which can be due to the presence of short fibres in the mix
and differences in the chemistry of these mortars, appeared as a good indicator for the bond performance with
the textile. Also, the enhancement of the bond response when the embedded length is increased from 50 mm
to 150 mm was different. In contrast to the specimens with mortar M2, the bond behaviour did not show a
significant improvement when the embedded length was increased in specimens with mortar M1, which could
be attributed to the differences in the effective embedded length in these two systems.

The UHTSS textile being unidirectional, the effect of the number of cords was expected to be insignificant.
Nevertheless, the peak loads per cord with M1 mortar were 611.9 N with 1 cord (Fig. 11b), 783.6 N with 2
cords (Fig. 12b) and 983.8 N with 4 cords (Fig. 13b), showing an increase in the load bearing capacity by each
cord when the number of cords increases. In contrast, in samples with M2, the peak load difference is
insignificant (819 N with 1 cord (Fig. 11b) and 907 N with 2 cords (Fig. 12b), (in all cases L» was 150 mm).
Indeed, the interaction between cords was much weaker due to the absence of weft (transversal) elements with
respect to that experienced by bidirectional meshes and, therefore, the beneficial effects observed with the
groups of glass yarns (discussed in the previous section) were much less pronounced in this case. Finally, and
as in glass TRMs, also for steel ones the energy absorption levels were smaller in cyclic tests with respect to

of monotonic tests.

5. CONCLUSIONS

Displacement controlled pull-out tests were carried out under monotonic and cyclic loading to investigate
the textile-to-matrix load transfer mechanism in glass and steel TRM composites. The experimental setup was
designed to control the rate of the relative displacement (slip) between yarn (or cord) and matrix at the first
bonded section. The bond behaviour was scharacterised by a first stage, in which the load transfer relied on
adhesion, followed by a second stage in which friction also significantly contributed after the onset of a relative
slippage of the textile within the matrix. A contribution of interlocking was also detected in steel TRM
composites, due to the rough surface of steel cords.

The bond strength was affected by the slip rate at low rates (it was lower below 1 mm/min than beyond this
threshold), whereas no significant variation of peak loads was detected in faster tests (up to 20 mm/min).
Despite the scatter of test outcomes (due to the brittle nature of the mortar matrices and of the adhesion
phenomena investigated), similar trends were observed also for absorbed energy and stiffness, confirming the
sensitivity to the slip rate in slow tests. Clearly, other TRM materials may exhibit different sensitivity and it
the results obtained in this investigation are hardly extendable to composites with different fabrics and mortars,
as well as to different manufacturing and curing conditions. It was also observed that in the glass TRMs the
intended slip rate was reached only after the peak load in samples tested under high slip rates.

The cyclic response was scharacterised by narrow unloading-reloading cycles, indicating a small amount
of hysteretic energy dissipation. The cyclic curve was contained in the envelope of the monotonic one. Cyclic
loading led to a pull-out strength degradation, especially after the first cycle and in the order of 25-35%. Its
reduction with the increase of performed cycles indicated that a residual strength can eventually be identified.
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The stiffness degradation, instead, varied in the 5-15% range at small slips (less than 1 mm), and increased up
to 50-75% at 15 mm slip for both the first and the second load cycled performed in the tests. The bidirectional
glass mesh exhibited an effective interaction between fibre yarns, which was much less pronounced in the
cords of the uniaxial UHTSS textile, which is not provided with weft (transversal elements).

Future investigations can be oriented by the experimental results obtained in this study to develop a deeper
understanding on the textile-to-matrix bond behaviour, with an impact on testing protocols and design
relationships. As for the former, the knowledge of the sensitivity to slip rate is useful to integrate the outcomes
of previous studies [32, 34] and support comparisons between different investigations. As for the latter, the
execution of cyclic tests can provide the residual bond strength under unloading-loading cycles, which may be

considered as lower bound threshold and associated with permissibility limit state conditions.
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Fig. 6. Effect of the slip rate on bond parameters of steel TRM in monotonic pull-out tests: (a) peak
loads; (b) pull-out and debonding energy; (c) initial stiffness.
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Fig. 7. Cyclic pull-out behaviour of the single glass yarn with L,=50 mm and 75 mm: (a) load-slip
curve; (b) peak loads; (c) strength degradation; (d) stiffness degradation; (e) comparison of
monotonic and push of cyclic loading (Peak 1).
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(e) comparison among monotonic and cyclic loading.
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Fig. 9. Cyclic pull-out behaviour of the group of 2 glass yarns with L,=50 mm and 75 mm: (a)
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Fig. 11. Cyclic pull-out behaviour of the UHTSS cord and mortars M1 and M2 with L,=150 mm:
(a) an example load-slip curve; (b) peak loads; (c) strength degradation; (d) stiffness degradation.
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Fig. 12. Cyclic pull-out behaviour of the group of 2 UHTSS cords and mortars M1 and M2 with
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Fig. 13. Cyclic pull-out behaviour of the single cord and the group of 4 UHTSS cords and mortar
M1 with Ly=150 mm: (a) load-slip curve; (b) peak loads; (c) strength degradation; (d) stiffness
degradation.
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Table 1. Pull-out experimental plan.

Type of — . . . . . Lo Slip rate Number
test Objective | Matrix | Textile Textile configuration [mm] | [mm/min] of tests
0.2 5
1.0 5
Effect of M1 Glass Single yarn 50 5.0 5
slip rate on 10.0 5
Monotonic | the textile- 20.0 5
tests to-mortar 0.2 5
bond 1.0 5
behavior M1 Steel Single cord 150 5.0 5
10.0 5
20.0 5
Single yarn 5
Single yarn + transverse 50 5
M1 Glass Group of 2 yarns . 5
Effect_ of Single yarn 1.0 mm/mm 5
Cy.CI'C Group of 2 yarns » unt_ll 9 mm 5
. loading on slip and
Cyclic . . 50 . 5
tests the textile- Single cord 150 3.0 mm/min 5
to- mortar M1 from 9 mm
bond Group of 2 cords 150 to the end 5
behavior Steel Group of 4 cords of test 5
Single cord S0 >
M2 150 5
Group of 2 cords 150 5
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564 Table 2. Results of monotonic pull-out tests on glass and steel TRM: average values and CoV (%)

565 in round brackets.
Textile Slip rate Pp1 Pr Pp2 Epo Gy Edeb K Sp1 Sk Sp2
[mm/min] | [N] [N] [N] | [N.mm] | [/mm?] | [N.omm] | [N/mm] | [mm] | [mm] | [mm]
0.2 153.3 | 104.6 | 144 | 1327.1 | 0.008 17.1 7309 | 0.21 | 0.31 | 2.38
' (34) | (41) | (34) (37) (101) (43) (15) (22) | (27) | (22)
10 250.8 | 161 | 184.4 | 2012.7 | 0.022 51.5 1849 0.32 | 0.62 | 2.23
' 9 | (8 | (16) | (16) (52) (14) (23) (7) | (29) | (37)
Glass 50 314.8 | 276.8 | 323.9 | 3664.2 | 0.008 81.4 2692.4 | 0.37 05 | 1.72
' (13) | (11) | (10) (20) (141) (54) (29) (51) | (33) | (26)
10.0 340.8 | 265.5 | 386.9 | 4825.3 | 0.021 56.1 23936 | 0.27 | 0.33 | 3.74
' (19) | (13) | (19) (21) (82) (41) (34) (30) | (27) | (54)
20.0 327.7 | 243.4 | 292.3 | 3340.9 | 0.021 43.3 21779 | 022 | 0.35 | 1.52
' (22) | (18) | (9) (19) (71) (60) (26) (26) | (33) | (44)
0.2 328.5 ) i 2968.5 i 8335 | 43279 | 3.13 i i
' (19) (21) (34) (26) (35)
10 441.8 i i 4182.8 i 1017.9 | 2230.7 | 2.92 i i
' (10) (15) (12) (15) (13)
Steel 50 473.1 ) i 4381.9 i 1191.8 | 1290.2 | 3.1 i i
' (13) (15) (31) (33) (20)
10.0 403.9 i i 4106.1 i 1000.9 | 1557.7 | 3.03 i i
' ©) (12) (18) (29) (14)
20.0 507.7 ) i 4487.6 i 1106.3 1378 2.6 i i
' (12) (10) (24) (15) (13)

566
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