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Abstract

Recent research on the mechanical characterisation of Steel Reinforced Grout
(SRG) has highlighted its excellent performance as strengthening solutions for
masonry structures. Using SRG with limited fabric density ensures a good
textile-matrix interlocking, preventing at the same time the failure due to slip-
page or debonding from the substrate. This paper presents an experimental
investigation on the use of SRG as in-plane strengthening solution for shear
masonry walls composed of handmade solid clay brick and hydraulic lime mor-
tar. Cyclic shear compression tests were carried out on walls strengthened with
SRG comprising low density steel sheets (LDS). The SRG was applied on both
faces of the walls with a strip configuration, using one and two layers of LDS.
The experimental programme aimed to study the influence of the number of
textile layers on the in-plane response of strengthened masonry walls in terms
of failure mechanism, load-bearing capacity, energy dissipation, and ductility.
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1. Introduction

Due to the availability of the component materials, masonry is one of the
oldest construction techniques used worldwide. The assembly of units with dry
joints or with mortar makes it extremely complex to assess. Clay brick masonry
is one of the most recurrent construction materials found in the Mediterranean
built heritage. Owing to the material’s almost null tensile strength, among other
mechanical features, masonry buildings show large vulnerability to earthquake
action. Past seismic events have evidenced masonry’s high vulnerability [I],
showing the necessity to improve the seismic performance of the existing shear
walls. In the last decades, different strengthening techniques have received
growing interest from the scientific community. Among these techniques, the
most profusely used are Fibre Reinforced Polymer (FRP) and Textile Reinforced
Mortar (TRM).

A particular case of TRM, commonly known as Steel Reinforced Grout
(SRG), has shown outstanding mechanical performance when applied on clay
brick masonry walls [2] [3]. SRG consists typically of ultra high tensile strength
steel cords embedded in mortar matrix and bonded to the surface of the re-
inforced structural element. Thanks to its high strength-to weight ratio, SRG
provides a significant improvement of the structural response of existing ma-
sonry walls with minimum mass increase. Steel-based reinforcements also offer
excellent mechanical performance, thanks to their effective cord-to-mortar in-
terlocking, while having relatively low cost. So far, the research effort on SRGs
has been mainly devoted to its mechanical characterization in terms of tensile
behaviour and substrate-to-composite bond performance. Some experimental
investigations involving masonry walls retrofitted with SRG solutions have been
carried out on different masonry typologies by means of Diagonal Compression
Test [2 B [4], while few cyclic shear compression tests have been performed on
clay brick masonry walls [5].

De Santis et al.[6] characterised SRG systems by carrying out shear bond test

on unidirectional steel grids of different densities embedded in lime-based mortar
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matrix. The retrofitting solutions were applied on weak modern clay brick and
historical clay brick substrates. The authors observed that the good cord-mortar
interlocking impedes the sliding of the textile within the matrix, and the high
tensile strength of the steel cord avoids the tensile rupture. Most of the failures
were due to detachment at the textile-matrix interface. However, reinforcement
solutions involving higher density textiles showed lower bond strength due to the
fact that the smaller cord spacing affected the load transferring capacity. The
authors concluded that the bond performance of SRG relies on the continuity
of the mortar matrix in the cross section of the reinforcement, which in turn
depends on the penetration of the mortar into the voids of the textile. Therefore,
less dense textiles yielded higher exploitation ratios of their tensile strength.
Such conclusion was also validated by Wang et al. [7], who investigated the
bond behaviour of SRG involving two textile densities. The authors observed
that the two densities led to different failure modes and exploitation ratios. De
Santis et al. [6] observed through a Round Robin Test (RRT) [§] that the most
recurrent failure occurs at the textile-matrix interface and is associated to good
exploitation ratios of the textile’s tensile strength.

Most of the research developed on the bond behaviour of SRG, has been
performed using a single brick as substrate and therefore neglecting the influence
of the masonry mortar joints in the bond behaviour. Santandrea et al. [9] [10]
designed and performed an extensive experimental campaign to study the bond
behaviour between SRG and masonry joints. The presence of the mortar joints
provided a more realistic evaluation of the effective bonded length required
for full load transfer. A total of seventy-eight samples of unidirectional high
strength steel fibre strips, with different bonded length, embedded in a lime-
based hydraulic mortar were applied on masonry substrate and tested. The
results evidenced that for bonded length up to 100 mm the failure mode was
always due to debonding from the substrate. Conversely, specimens with bonded
length greater than 200 mm were mainly characterised by failure at the textile-
matrix interface. This outcome confirmed previous findings [I1], in which the

effective bonded length resulted equal or greater than 200 mm.
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Due to its simplicity, different authors use Diagonal Compression Test (DCT)
to evaluate the effectiveness of SRG to improve the in-plane behaviour of dif-
ferent masonry typologies. Wang et al. [2] investigated two different steel cord
densities, low and high density, applied on six grey clay brick masonry walls in
three configurations corresponding to strips in a single direction, vertical or ho-
rizontal, and strips applied in both vertical and horizontal directions. In all the
cases the failure modes were mainly characterised by debonding and delamina-
tion and no rupture of the steel cord was observed. The specimens retrofitted
with a single direction of SRG underwent large stress concentration at the edges
of the strips, leading to the detachment of the SRG layers from the substrate.
These results indicate that the efficiency of the reinforcement to enhance the
in-plane response is influenced by the orientation of the SRG strips. Similar
results were observed by Garcia-Ramonda et al. [3] through an experimental
programme involving double-leaf clay brick masonry walls retrofitted with SRG
of low and medium density steel textiles. The experimental results also con-
firmed the better performance of the low density steel textile over the medium
density one, due to the better interlocking between the textile and the matrix.
As a result, it was concluded that the increase of the yarn density does not
necessarily lead to an improvement of the structural performance.

The experimental results previously mentioned highlight the benefits of using
SRG with less dense steel textile embedded in a low strength lime-based mortar.
The compatibility between the moderately weak mortar matrix and the masonry
substrate allows a good bond at their interface, moving the failure towards the
textile-matrix interface. The sparser is the textile, the better is the interlocking
at textile-matrix level, which avoids slippage of the textile and induces the
debonding within the matrix rather than the debonding from the substrate.
The debonding within the matrix allows an optimal exploitation of the tensile
strength of the steel textile [12].

The previous researches achieved different reinforcement ratios [13] by modi-
fying the spacing between the steel yarns. However, the procedure affects the

mortar protrusion and, for high reinforcement ratios, it may compromise the
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textile-mortar interlocking.

Another possibility to increase the reinforcement ratio, without affecting
the yarn spacing of the textile, consists in applying multiple layers of a sparser
textile. Only limited research [I4] [I5] has been done on the influence of the
number of textile layers on the in-plane response.

Within this context, an experimental programme was designed to better
understand the in-plane behaviour of clay brick masonry walls laterally loaded
under three different configurations: unreinforced, retrofitted with one layer of
low density steel textile (LDS), and retrofitted with two layers of LDS. The
experimental programme involved the execution of cyclic Shear Compression
Test (SCT), on six specimens with the double purpose of assessing the efficiency
of the SRG solutions as seismic retrofitting technique and investigating the
influence of the number of LDS layers on the in-plane response of retrofitted
masonry. Given the lack of experimental data regarding the bond behaviour
between the different layers of LDS, and knowing the critical importance of
the bond behaviour on the overall performance of the composite system, this
study is expected to provide relevant experimental information for the design

of SRG-based retrofitting of masonry structures.

2. Specimens features

2.1. Materials and Construction

In order to represent a common type of historical masonry, the wall speci-
mens investigated in the present research were built with fired clay bricks and
low-strength lime masonry. Handmade solid clay bricks fired with traditional
procedures were used for the assemblage of six double leaf masonry walls with
nominal dimensions 1270 x 1270 x 310 mm?. The specimens were built in Flem-
ish bond with 21 courses and 15 mm thick mortar joints, see Figure [I]

The brick’s mechanical properties were determined based on compression
and flexural tests following the EN 772-1:2011 [I6] and the EN 772-6:2001 [17].

Twenty prismatic brick samples with dimension 100 x 100 x 40 mm3 were cut
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from the units to evaluate the compressive strength. The resulting normalized
compressive strength f, . was equal to 17.99 MPa (C.0.V 8.30%). The flexural
strength f, r was determined by three-point-bending tests on full bricks with a
resulting value of 2.44 MPa (C.0.V 20.0%). To replicate a low strength historical
lime mortar, the compressive strength of the commercial hydraulic lime-based
premix was reduced with limestone filler addition using the approach provided in
[18]. Following the EN 1015-11:1999 [19] the mortar flexural strength f,, ; was
evaluated on nine prismatic specimens for each wall built, while the compressive
strength f,, . was assessed on the eighteen halves produced by the splitting of
the samples under flexure. The flexural and compressive strength yielded values
equal to 0.57 MPa (C.0.V 25.4%) and 2.54 MPa (23.60%), respectively.

The compressive behaviour of the masonry under study was investigated by
Segura et al. [20]. The obtained average strength was 6.50 MPa (C.0.V 9%)
and the average Young’s modulus was 2318 MPa.

Finally, a concrete beam was cast on top of the specimens to allocate the
set-up device in charge of applying the cyclic horizontal displacements. The
constructed walls were stored under laboratory conditions during the 28 days
required for the curing of the mortar. After this time, the specimens were
strengthened by professional workers from the manufacturer company. Among
the six specimens built, two were unreinforced. The remaining four specimens
were retrofitted with SRG strengthening systems with single and double layers.
The specimens were strengthened using a strip configuration for SRG, following

the procedure show in Figure

2.2. Strengthening

Four walls were strengthened with two SRG solutions comprising one or
two layers of unidirectional ultra-high tensile strength steel cords of low density
(LDS), 1.57 yarn/cm, embedded in a lime-based mortar matrix. Table|l|reports
the relevant properties of the textile as provided by the manufacturer and some
specific studies [6], [T} [7].

The mortar matrix was a premixed NHL 3.5 natural hydraulic lime of M15
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Figure 1: Procedure for construction: a) placing of the rulers for the construction, b) con-

struction of the wall in Flemish bond, ¢) rebars placing for the concrete beam located on top

of the specimen, d) specimen finished and stored under laboratory conditions

Table 1: Mechanical properties of the textile used for the reinforcement of the walls as provided

by the manufacturer and some specific studies [6} 1T}, [7]

Young’s  Ultimate Tensile . . . Tensile capacity
Strain at failure Thickness
Product  modulus Strength from shear bond test
E [GPa] ou,r [MPa] Eu,f tf [mm] os’ [MPa]
LDB 190 2800 0.015 0.084 2096

t for further information [6], [T} [7]

class according to EN 998-2:2010 [2I]. Following the EN 1015-11:1999 [19],
prismatic samples were cast into metallic moulds with dimensions 160 x 40 X
40 mm? after the preparation of every batches of mortar. The flexural strength
frm,r was evaluated on six prismatic specimens for each wall built, while the
compressive strength f.,, . was assessed on the twelve halves produced by the
splitting of the samples under flexure. The flexural and compressive strength
yielded the values equal to 3.59 MPa (C.0.V 6.70%) and 12.90 MPa (7.20%),
respectively. The Young’s modulus of the mortar matrix, Fyp, s is equal to 9
GPa as provided by the manufacturer.

To implement the strengthening, the surfaces of the walls were prepared
by removing the dust and creating grooves along the mortar joints in order to

generate the necessary grip between the wall’s surface and the mortar matrix
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Figure 2: Procedure for the application of the SRG strengthening system: a) creation of

grooves along the mortar joints, b) application of the first layer of mortar, c) finished look of

the wall retrofitted with SRG, d) wrapping of the specimens with wet burlap for curing

of the SRG. The specimens were wet with abundant water to prevent masonry
from absorbing the water during the application of the composite. The first
layer of mortar matrix was applied on the surface of the specimen. Then the
textile was embedded in the matrix by applying a light pressure on the textile
to guarantee the right adherence to the support and the mortar penetration
into the voids between the yarns. A second layer of mortar matrix was applied
to cover completely the strips. The final thickness of the SRG reinforcement
varied between 8 to 10 mm. The reinforcement was applied symmetrically on
each specimen. Once the hardening of the mortar had begun, the faces were
wet to favour the curing and were then wrapped with burlap fabric, which was
kept wet for the following 7 days. Once the fabric was wet, it was wrapped with
plastic sheets to preserve the humidity of the specimens.

This experimental campaign is the second part of a larger experimental pro-
gramme involving two different in-plane testing methods, Diagonal Compression
Test (DCT) and Shear Compression Test (SCT), as well as different reinforce-
ment configurations. Previous DCT experiments carried out on the specimens
retrofitted with medium density steel (MDS) SRG showed unsatisfactory res-
ults due to the excessive steel density [3]. The reduction of the grid spacing

of the textile provided lower interlocking to the mortar matrix which led to
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the lower performance of the reinforcement. Consequently, this research invest-
igated the application of double-layer LDS, attaining the same reinforcement
ratio of single-layer MDS. Although the procedure to implement the strength-
ening was similar to the single-layer LDS, special attention was given to the
intersection of the multiple layers of vertical and horizontal strips to avoid a
bulky finishing. Thus, where the strips intersected, only two layers of mortar
were applied and the four layers of strips were slightly pressed into the mortar
matrix. At the same time, the remaining locations, free from intersections and

just showing the overlapping of the aligned layers, were filled with additional

mortar to obtain an even surface, as shown in Figure [3]

Figure 3: Procedure of application of double-layer strip configuration of LDS: a) application
of the first horizontal layer of SRG, b) application of mortar in the areas with no intersection,
¢) application of the second horizontal layer of SRG, d) application of mortar to obtain an

even finished surface

3. Experimental programme

To investigate the performance and the efficiency of SRG as a seismic ret-
rofitting technique, a cyclic shear compression test was designed following the
standard FEMA 461 [22]. From the response of the specimens it was possible

to evaluate key parameters for understanding the in-plane response.
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8.1. Set-up

Figure [{}a and Figure [f] show the general view of the experimental set-up
utilized to perform the cyclic shear compression test. During construction, the
samples were laid on a metallic C-profile filled with concrete, which allowed the
sliding shear failure to occur potentially during the test. In addition, the base
was constrained at both ends by two T-shape devices. Both the base and the
end-devices were fixed to the strong floor of the laboratory by means of post-
tensioned steel bars. On top of the wall a reinforced concrete beam was placed.
This element had the double function of ascertaining a smooth distribution of
the vertical load, as well as hosting the plates receiving the horizontal cyclic
loading induced by the actuator. The vertical load was applied with two jacks
of 1000 kN capacity each over a stiff metallic H profile stiffened with ribs laid
on top of the RC beam. The jacks reacted against a stiff frame anchored to the
strong floor. Between the RC beam and the metallic profile, a 3 mm thick Teflon
sheet and a 3 mm thick PVC sheet were inserted to provide a smooth horizontal
surface and reduce the friction between both. Between the RC beam and the
PVC sheet a layer of cement-based mortar, with thickness of 5 to 10 mm, was
inserted in order to level the end surface and avoid stress concentrations due to
irregularities.

The shear compression tests comprised two steps. Firstly, the vertical force
V was gradually applied under force control. The valves of the jacks were closed
once the designed compression stress was reached. Such compression stress was
taken equal to 0,=0.3 MPa, which corresponds to the typical vertical load at the
base of a two-storey masonry building. Secondly, the horizontal shear force H
was applied with a hydraulic actuator anchored to a reaction wall. The actuator
had a pushing and pulling capacity of 350 kN and 250 kN, respectively. Two steel
plates (of 530 x 300 x 30 mm?) connected by 4 steel rods of 40 mm diameter were
mounted aligned with the horizontal actuator. One of the plates was connected
to the horizontal actuator by means of a hinge, enabling the application of
cyclic loading in the horizontal direction, as shown in Figure [d}b-c. With the

valves of the actuators closed, no displacement or rotation of the top of the
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wall was possible at this stage, and applying horizontal load induced a double
bending condition [23]. As a consequence of the testing method, increasing the
horizontal load also produced an increase of the vertical one due to the wall
vertical confinement.

A combination of instruments was placed on both specimens’ faces in order
to capture their in-plane response. Ten linear variable displacement transducers
(LVDT), with a displacement range of +/- 5 mm and a precision of 5 um, were
mounted to measure the specimens’ diagonal displacements and control the up-
lift and relative sliding between the wall and its base. They allowed controlling
the cracking of masonry, as well as the potential rocking of the specimens. In ad-
dition, eight potentiometer displacement transducers were utilized, as redundant
instrumentation, to obtain measurements of the diagonal and vertical displace-
ment. Finally, two laser sensors measured the imposed horizontal displacement.
The vertical load was measured by means of four pressure transducers and the
horizontal load by the actuator’s inner load cell. The crack pattern and damage
evolution were also monitored through Digital Image Correlation (DIC) and

video recording.

4. Experimental Results

4.1. Crack pattern and hysteretic response

Figure [6] shows the crack patterns developed at the end of the test for all the
tested specimens. Figure [7] shows the experimental force-displacement curves
obtained under the applied cyclic in-plane loading. Figure [7] also shows the
resulting envelope curves of the cyclic responses. These curves were derived
from the experimental hysteretic curves and were constructed by connecting
the peak force at the first cycle of each displacement amplitude. The positive
direction is the direction in which the horizontal hydraulic actuator pulls the
specimen whereas the negative one is the direction in which the actuator pushes
the specimen. The displacement was measured at the top of the wall. The

corresponding drift represents the lateral displacement over the total height of
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Figure 4: a) General view of the Shear Compression Test set-up, b) detail of the plate and

rods connected to the horizontal actuator, c¢) hinged connection allowing the cyclic loading.

the specimen, expressed as a percentage. Table [2| summarizes the main results

of the SCT for each specimen tested.

4.1.1. URM walls

The final damage of the URM walls (Figure@a) was characterised by a diag-
onal stair-stepped cracking through the mortar joints and by tensile splitting of
some units. With increasing displacement amplitudes, the cracks developed un-
til a wide crack was formed along each diagonal, leading to global failure. Both
URM specimens presented a relatively brittle behaviour. The load increased
linearly with the imposed displacement until the onset cracking, which was ob-
served as a change of the slope of the load-displacement curves. These first
cracks were visible, in the pushing direction, at the centre of the panel at an av-
erage displacement equal to d.- = 5.5mm (drift 0..= 0.4%). The maximum load
was attained at an average displacement g, . = 10.9 mm (drift 0, . = 0.9%)

shortly after the concentration of cracks on each diagonal. The attainment of

12
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Figure 5: Set-up of the Shear Compression Test set-up

the peak load was followed by a sudden brittle failure. Due to the brittleness
of the response, the walls were unable to withstand larger deformation once the

maximum lateral force was attained.

4.1.2. Walls retrofitted with one layer of LDS

Figure [6}b shows the different failure mechanisms that led to the failure
of the specimens with single-layer LDS. During the initial stages of loading,
flexural cracks at the brick-bed joint interface were detected on the corners of
both specimens. In the following cycles, the damage evolved differently for each
specimen. Specimen LDS_1 showed a mixed mechanism combining diagonal
tensile cracking on the pushing direction and frictional sliding on the pulling
direction. As a result of the formation of several sliding interfaces in some
bed joints, the crack pattern shows only one diagonal crack. Specimen LDS_2
showed tensile diagonal cracking evolving from the centre of the panel towards

the corners, on both directions.

13
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Figure 6: Crack patterns at the end of the tests: a) URM.1 (up) and URM-2 (down), b)
LDS.1 (up) and LDS_2 (down), c¢) LDS-DL_1 (up) and LDS-DL_1(down)

This difference on the failure mechanisms is also evidenced in the force-
displacement curves of Figure [7] ¢-d. The initial behaviour of both specimens
was similar. On average, LDS specimens evidenced the first cracks at a displace-
ment equal to d.,.=7.83 mm (f..= 0.6%). Compared with the URM specimens,
the application of SRG provided larger capacity to sustain imposed displace-
ments before cracking. This result evidences the effective role of the horizontal
strips as crack arrestors. However, the different failure mechanisms experienced
by the walls influenced significantly the behaviour after cracking and the dis-
placement at which the peak load was attained. Specimen LDS_2 attained the
maximum load at a displacement equal to ép, . =14.3 mm (0y, = 1.1% ) in
both directions, while specimen LLDS_1 attained its peak load at a larger dis-

placement amplitude equal to dp,, . =24.1 mm (0, = 1.9%). It is interesting

max

to highlight that, in spite of this difference, the post peak response presented a

similar feature in both specimens. After the attainment of the peak load, the

14
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Figure 7: Experimental force-displacement curves at the end of the tests: a) URM_1, b)
URM_2, ¢) specimen retrofitted with LDS strips LDS_1, d) specimen retrofitted with LDS
strips LDS_2, e) specimen retrofitted with two layers of LDS strips LDS-DL_1, f) specimen
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load was kept almost constant for several displacement amplitudes before the
degradation of the lateral strength. This phenomenon may be due to a redis-
tribution of the stresses throughout the strips of textile until they delaminate
from the mortar matrix, which in turn experienced debonding from the masonry
substrate. Figure[8[shows the crack pattern evolution on specimen LDS_2 along
the diagonal corresponding to the pushing direction. The first three images
correspond to the consecutive displacement amplitudes in which the load was
almost invariable. The cracks evolved gradually until reaching the displacement
amplitude equal to § = 20.7mm, at which delamination within the matrix and
debonding took place, causing sudden strength loss. In the following displace-
ment steps, the damage caused by debonding increased until reaching the final
crack pattern (see Figure @-b) Similarly, LDS_1 experienced a gradual evolu-
tion of its diagonal cracking. However, and due to the sliding surface generated,
this specimen did not develop a post-peak response.

After reaching the peak load both LDS specimens experienced delamination
within the matrix followed by spalling of the mortar in the areas heavily cracked.
This outcome is in agreement with the response revealed by previous studies on
SRG systems subjected to single lap bond tests [0, 8 [0, [7]. In the following
levels of displacement the crack patterns were characterised by a progressive
debonding from the substrate of the horizontal and vertical strips. Finally, at
the largest displacement amplitude specimen LDS_2 experienced toe-crushing
on both directions. No rupturing of the steel cords was observed in either of the
specimens. Therefore, the total tensile strength of the SRG strips was not fully
attained.

Regarding the overall performance, in specimen LDS_2; the SRG with one
layer of LDS provided a substantial improvement in lateral load-bearing capa-
city, with a peak load 42% larger than the corresponding value of the URM
walls. This percentage has been obtained as average of the peak load obtained
for both directions. This specimen also showed a remarkable improvement, of
about 90%, in displacement capacity compared with the URM walls. The res-

ults of specimen LDS_1 are considered less meaningful due to its failure mode

16
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Figure 8: Crack pattern evolution in the pushing direction of specimen LDS_2
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and asymmetric response. Specimen LDS_1 attained, in the negative direction,

a peak load 46% larger than the one in the positive direction.

4.1.8. Walls retrofitted with two layers of LDS (LDS-DL)

Specimens retrofitted with two layers of LDS strips failed due to toe-crushing
on both directions. Figure [} ¢ shows the diagonal loading path followed from
the top corner of the specimen up to the bottom opposite corner, especially in
the pushing direction.

The first cracks were visible at an average displacement equal to §..=7.84
mm (0.,= 0.6%). As expected, the second layer of LDS had almost null in-
fluence on the initial linear elastic response of the retrofitted masonry. In fact,
Table[2]and Figure [0 shows similar values of effective stiffness K. Such stiffness
is defined as the secant stiffness to the experimental envelope curve at the onset
of cracking [24]. However, the second layer of LDS influenced significantly on
the response after cracking. The peak load was attained at a slightly larger
=17.5 mm (0y

displacement equal to 0y = 1.4%) with a concentration of

max max

wide cracks on the bottom corners. Figure [T} e shows that shortly after the at-
tainment of the peak load specimen LDS-DL_1 experienced a rapid degradation
of the lateral load-bearing capacity. This failure was the consequence of the
material loss on the compressed zone, which led to the ending of the test. In the
case of specimen LDS-DL_2 the abrupt degradation of the lateral load-bearing
capacity was not observed. The damage on the corners led to the appearance of
horizontal flexural cracks in the mortar bed joints located on top of the them.
These cracks allowed the uplift of the side of the walls that was in tension,
with a consequent increase of the compressive stress on the opposite corner. In
spite of the masonry crushing, these cracks allowed the specimen to continue
withstanding larger imposed displacements without losing its lateral capacity.
Shortly after, the specimens experienced a complete crushing of the brickwork
under compression, followed by a localised debonding of the vertical strips’ end
at the corners. Unlike specimens retrofitted with one layer of reinforcement,

and as the consequence of the masonry crushing, specimens LDS-DL did not
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show large damage due to debonding or delamination.

Regarding the overall performance, the SRG with two layers of LDS showed,
on average, a remarkable increment in both lateral-load bearing and displace-
ment capacity, of 59% and 89% respectively, when compared to URM specimens.
The addition of the extra layer of reinforcement only represents a moderate en-
hancement in lateral load-bearing capacity of about 13% when compared to
the one-layer LDS configuration, while almost no additional enhancement was
observed on the displacement capacity.

In summary, by increasing the number of layers of the textile, the failure
mode shifted from shear failure to toe-crushing of masonry. Such change in-
dicates that the level of strengthening was excessive. According to the Italian
guideline [25], the contribution of the retrofitting solutions must not lead to the
failure of the compressed strut. Therefore, it must be verified that the shear
capacity does not exceed the compressive capacity following Eq.7 where t
is the thickness of the wall, f. is the compressive capacity of masonry and dy
is the distance between the compressed area and the area in tension. In the
present research the compressive capacity of the wall V; . was computed equal
to 245 kN. Figure [9] shows this limit value of the compressed strut and the ex-
perimental curves of all tested specimen. It can be clearly seen that for both
LDS-DL specimens the peak load exceeded such limit and therefore failed due

to masonry crushing.

Vie=025-f.-t-dy (1)

5. Comparison of solutions

As expected, the two reinforcement configurations evidenced the excellent
in-plane performance of SRG strengthened walls. The adequacy of this type of
reinforcement has to be analysed, however, through the improvement of relevant

parameters characterizing the in-plane seismic response of masonry walls. These
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Figure 9: Experimental envelope curves of all specimens compared with the limit value of the

compressive strength of masonry according to [25], [26]

parameters include the ductility u, the cumulative energy dissipation Fp, and

s the damping coefficient &.,.

Table 2: Summary of the main results. Brackets show the values in [push, pull] directions

URM_1 URM_2 LDS_1 LDS_2 LDS-DL_1 LDS-DL_2

Hpaw [kN]  [192.4,150.7]  [-162.9, 151.6] [-222.0, 147.7] [-242.5, 213.3]  [-253.6, 240.8]  [-273.2, 257.4]

5, [mm] [8.53,853]  [8.38,7.68)  [-8.85,5.26]  [-8.90,10.91]  [-9.98, 10.61] [-13.27, 11.31]
5. [mm]  [-14.16,14.16] [13.95,12.26]  [-24.1,9.38]  [-25.05, 25.26] [-20.76, 19.77]  [-24.06, 22.48]
m 1.66 1.63 2.33 2.56 1.97 1.90
A [%) - - 42% 56% 20% 16%
Ep[kN — mm] 1337 2700 15611 13982 12747 13780
AEp (%] - - 673% 596% 532% 583%
Eeq 3.39 3.24 3.96 3.80 4.44 4.54
Aeg (%] - - 20% 15% 34% 37%
K, [kN/mm) 21 19 28 24 24 20
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Figure 10: Rate of enhancement of the main in-plane parameters of all the retrofitted speci-

mens

Table 2] summarizes the experimental value of each parameter for all speci-
mens tested. Figure shows the increment of the main parameters for each
specimen tested, i.e. in terms of peak load, ductility, damping coefficient, and
cumulative energy dissipation. The histograms display the average values of the
parameters for each specimen considering the positive and negative directions.
The figure shows the meaningful enhancement provided by the SRG in compar-
ison with the reference URM walls. A more detailed analysis of the variation of

these parameters is presented below.

5.1. Lateral load capacity and ductility

In order to quantify the ductility, the experimental curves were idealised
as bilinear diagrams. This procedure allows an unbiased comparison of the
ductility of the tested specimens [24]. The bilinear idealization is characterised

by three points. The cracking drift d., corresponds to the point the moment at
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which the first cracks become visible and coincides with the change of slope in
the envelope curve. The detection of the cracking point was validated by means
of Digital Image Correlation. The ultimate drift J,, is defined as the points at
which the lateral strength drops to 80% of H,,.,. The ultimate strength H,
is defined as the maximum load of the bilinear idealization and is determined
so as to produce a bilinear curve enveloping the same area as the experimental
envelope curve up to d,. The yielding drift §,, which corresponds to the is the
displacement at the idealized elastic limit, is defined as the ratio between the
ultimate strength H, and the effective stiffness K.. The ductility factor u is
computed as the ratio between the ultimate displacement ¢ and the yielding

displacement ¢, following Eq. .

Mzg (2)

Increasing the number of LDS reinforcement layers leads to an unarguably
better performance of the strengthening system in terms of lateral load-bearing
capacity. As previously mentioned, specimens with one layer of LDS showed
a moderate peak load enhancement of about 42%, while those retrofitted with
two layer LDS-DL evidenced a peak load significant enhancement of about 59%.
However, such enhancement was achieved not only at the expense of ductility
but also by exhausting the compressive strength of the masonry. Figure[I0]shows
that the addition of the extra layer of LDS reduced the enhancement in ductility
of one half, since the specimens failed after reaching the compressive strength
of masonry. An average enhancement of about 48% for one reinforcement layer
(with respect to the unreinforced case) dropped to 18% for two reinforcement
layers.

Figure shows the resistance domain of the masonry wall. The domain
is built considering the experimental vertical and horizontal load recorded at
each amplitude step during the testing of the URM specimens and the three
specimens that experienced toe-crushing. Figure[II]also defines the point in the

resistance domain at which the failure shifts from flexural failure to diagonal
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shear failure, marked with a vertical dashed line, and the limit value of the
compressed strut of the URM. As mentioned before, such value was computed
following the equation provided by the Italian Guideline [25], which yielded a
value equal to 245 kN.

Figure graphically confirms the failure mechanism experienced by each
specimen. Both URM specimens experienced shear failure, while the retrofitted
specimens reached the compressive strength of the diagonal strut, as a results
of the level of strengthening, which led to the failure of the masonry prior to
properly exploit the tensile capacity of the applied reinforcement. In the case
of specimen LDS_2, the toe-crushing was experienced after the delamination of
the SRG and consequently the masonry was able to transfer the carrying load to
the retrofitting solution allowing a more ductile behaviour, which is not the case
of specimens retrofitted with two layers of LDS. Finally, the shear compression
resistance domains evidenced how the presence of the reinforcement increased

the capacity of the masonry in terms of shear behaviour.

300 !
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. ]
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T
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c ©—LDS_2
8 |
= O = —&—1DS DL-1
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Figure 11: Experimental interaction curve of URM and specimens showing masonry crushing.

Definition of the predominant failure modes of the resistance domain.

A correlation study was carried out in which a reinforcement ratio p was
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introduced as an explanatory variable. The reinforcement ratio, in Equation ,
represents the ratio between the axial stiffness of the SRG reinforcing systems
and that of the masonry, as defined by [13], where A, is the transversal area of
the LDS, A, is the net transversal area of the wall, E; is the elastic modulus of
the textile fibre of the SRG reinforcement systems, and F,, is Young’s modulus
of masonry obtained from [20]. Table [3|shows the reinforcement ratio computed

for each SRG reinforcement solution used in the current research.

E
srGf
—== 100 3
A E,, (3)

Table 3: Reinforcement ratio p of studied SRG reinforcement solutions

A, [mm]  E,, [MPa] [20]

Masonry 393700 2318

SRG Solutions A, [mm] Ef [MPa] P
LDS 67.2 190 1.4
LDS-DL 134.4 190 2.8

To better understand the influence that the number of layers comprised in
the SRG solutions may entail on the final lateral load capacity and ductility,
the increment of both parameters was correlated with the computed ratio p for
each SRG solution.

Figure [12|illustrates that the percentage of enhancement in terms of lateral
load-bearing capacity of the strengthened walls, when compared to URM, in-
creases proportionally with the reinforcement ratio. However, the experimental
evidence showed that walls strengthened with higher reinforcement ratios, as for
instance 2.80, failed due to toe-crushing of masonry. Therefore, despite this lin-
ear correlation, p should be controlled in order to avoid reaching the compressive
strength of masonry before properly exploiting the tensile capacity of the tex-
tile comprised in the SRG. Figure also shows an inverse linear correlation

between the reinforcement ratio and the ductility increment (Ap), confirming
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that a higher ratio p, achieved by overlapping layers of LDS, may increase the
lateral load-bearing capacity at the expense of the ductility, as a consequence
of attaining the compressive strength of masonry on the diagonal strut. The
intersection of the two lines in Figure [12| emphasizes the concept of an optimal
reinforcement ratio. This value denotes a balance between the increment of
load capacity and ductility. The optimal p is equal to 1.68 and for this ratio,
the increment of both parameters is equal to 43%. The findings are consistent

with the results of different experimental campaigns available in the literature

127, 13, 2, [].
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Figure 12: Correlation between the reinforcement ratio and the lateral capacity increment

(AH) and the ductility increment (A u)

5.2. Energy dissipation and damping coefficient

The amount of dissipated energy F,; was calculated for the first cycle of
each displacement amplitude, following [28]. For the corresponding cycle the
dissipated energy E4 was calculated as the area within the hysteretic loop. The
calculation was only done for completed cycles.

Figure[I3]shows, for each specimen tested, the cumulative energy dissipation

FEp, obtained by summing the dissipated energy of each displacement amplitude
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E,. As expected, the SRG provided the URM walls the ability to dissipate more
energy by allowing them to reach larger imposed displacements. All the speci-
mens showed a similar trend until reaching the displacement corresponding to

the peak load of the URM walls (d,,,, = 10.9mm). Afterwards, the retrofitted

specimens, independently from the number of reinforcement layers, showed a
steady increase in the energy dissipation as a result of the capacity of SRG to
carry tensile stress levels much higher than those resisted by the URM, and to
distribute them over the strips. As the steel cords did not reach the failure, the
tensile capacity of the LDS was not fully exploited by any of the reinforcement
configurations before the masonry crushing occurred.

The presence of the second layer had only a slight influence on this para-
meter. In fact, Figure [10|shows a lower percentage of enhancement for LDS-DL
specimens. The almost null influence of the second layer on the dissipation capa-
city may be explained as consequence of the lack of damage due to delamination
exhibited by the strips and the severe crushing on the corner of the walls. As
a result, the failure of the specimens occurred before the masonry was able to
fully transfer its tensile stress to the SRG.

The equivalent viscous damping &, is a good indicator of the energy dis-
sipation capacity and the stability of the hysteresis behaviour [29]. It can be
computed as the ratio between the energy dissipated in each completed cycle
Eq4 and its corresponding elastic energy Eg, following Equations [ and [5] In the
latter equation § represents to the displacement amplitude of each cycle and K
is the corresponding secant stiffness to the experimental curve.

It is important to note that the equivalent viscous damping is intended to
model the energy dissipation at deformation amplitudes within the linear elastic
range of the overall structure. Over this range of deformation, the damping
coefficient may vary with the deformation amplitude. Therefore, the damping
coefficients compared in Figure [I0] are the results of computing the damping
coefficient associated only with the linearly elastic behaviour of the wall. It
was observed that up to the cracking point, corresponding with the limit of the

linear elastic behaviour of the wall, the value of this parameter remained almost
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Similar to Ep, in Figure it is observed that the increasing number of
LDS layers had a minimal effect on the value of the equivalent viscous damping.
Table 2| shows that the LDS-DL specimens present only a slight increment when
compared to the LDS specimens. The negligible influence of the number of rein-
forcement layers on ., can be explained as due to the fact that this parameter
is only associated to the linear elastic limit of the structure. Therefore, the SRG
reinforcement, regardless of the number of layers, does not play a major role
in its definition, since SRG starts working after the cracking of the masonry.
Consequently the parameter &, takes a fairly constant value throughout all the

tested specimens.
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Figure 13: Cumulative energy dissipation vs. displacement of all tested specimens
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5.8. Efficiency of SRG

The exploitation ratio is a useful parameter to evaluate the effectiveness of
the strengthening solutions and contributes to the decision-making regarding
the improvement of the seismic performance of reinforced masonry structures.

The exploitation ratio, which accounts for the percentage of the textile’s
usable tensile strength, is computed as the ratio between the tensile capacity
of the reinforcement f;q and the ultimate tensile strength of the textile o, ¢
presented in Table The tensile capacity frq takes the value equal to oy ¢
when the failure of the reinforcement is due to fibre rupture in tension, which
is normally the case of glass and basalt textiles, and the value o4+ when the
failure is due to debonding, associated mainly to the response of steel textile.
The term oy, is obtained from the single lap-shear bond test following [25].

The value of f¢q characterising LDS specimens, was provided by the experi-
mental results in the available literature [6 [T} [7]. As mentioned in Section
LDS specimens experienced delamination within the matrix followed by debond-
ing from the substrate without evidencing textile rupture. As a result, it can be
assumed that the single-layer LDS strips, applied on the LDS specimens in the
experiments herein presented, attained frq equal to the o4 . The effectiveness
of this solution can be reflected in the computation of a good exploitation ratio
equal to 0.75.

In the case of the LDS-DL specimens, no experimental characterization is
currently available on delamination of SRG with two layers of LDS textile.
Therefore, there is no information on the value of fyq for this type of solu-
tion. Thus, to provide better insight on the efficiency of this strengthening
solution, the recordings of the LVDTs were analysed. As previously mentioned,
two LVDT sensors were installed on each side of the specimens perpendicularly
to the two diagonals where the main cracks were expected. Figure [14] includes
the values registered in the LVDTs, divided by their reference length measured
before test and averaged to obtained the strains, versus the horizontal load at-
tained by the specimens. The figure shows the Load-Strain (H — ¢) envelope

curve constructed by connecting the peak force at the first cycle of each dis-
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placement amplitude of the test. The pushing load (negative value) generate
elongation of the LVDT1 (negative strain values) and shortening of the LVDT2
(positive strain values). The pulling load (positive value) generate an opposite
behaviour.

With the aim of providing an approximate value of the tensile capacity fyq to
the solution of SRG with two layers of LDS textile, the elongation LVDT read-
ings (negative strain values), of both solutions, were analysed and compared.
Since the LVDTs were installed on the top mortar layer of the SRG reinforce-
ment, the recorded values cannot be considered as the strain experienced only
by the steel fibre but that of the first top layers of the SRG package. However,
the reading may provide a qualitative insight on the effectiveness of the solution
by analysing the tensile strains recorded by the LVDTSs, on each strengthening
solutions for the same stages of the test.

To draw some conclusions regarding the level of stress experienced by the
double layer solution, the tensile strains extracted from the LDVTSs recordings,
on both strengthening solutions, were compared in Figure The strains ex-
perienced by each solution were evaluated for the same displacement amplitude
of the test. This stage corresponds to the ultimate displacement ¢, for the push-
ing and pulling direction. In the figure, the analysed strains are marked with a
triangle, dark grey in the case of LDS and light grey for LDS-DL. The strains
corresponding to the double layer strengthening solution (light grey triangle)
are significantly lower when compared to the strain recoded by the LVDTs in
the single layer strengthening solution (dark grey triangle). The ratio between
the strains experienced by each strengthening solution is almost equal to 0.50.
Therefore, it can be assumed that the level of tensile stress experienced by SRG
of the LDS-DL specimens is within half of that experienced by the LDS speci-
mens. This hypothesis is also validated by the fact that LDS-DL specimens did
not evidence debonding nor delamination of the SRG but failed as a consequence
of toe-crushing. Such failure can be attributed to its high level of strengthening
which led to the crushing of the masonry before it was able to fully transfer the

tensile stress to the textile, resulting in a less effective strengthening solution.
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Figure 14: Comparison of horizontal load vs strain experimental curves derived from single-

and double-layer SRG specimens: a) LVDT1, b) LVDT2

6. Conclusions

This research has investigated the influence of the number of layers of LDS
strips on the cyclical shear behaviour of masonry walls retrofitted with SRG.
The experimental programme comprised cyclic shear compression tests, with
initial pre-compression equal to 0.30 MPa, on six masonry samples including two
unreinforced one and four walls retrofitted with SRG. The latter were reinforced
with one or two layers of LDS strips. The main conclusions of the research can

be summarized as follows:

e The presence of SRG with one layer of LDS allowed a proper redistribu-
tion of stresses throughout the strips, and therefore, the specimens could
withstand larger imposed loads and displacements, proving the efficiency

of the strengthening technique.

e Increasing the number of layers of the LDS textile changed the failure
mode from shear failure to toe-crushing of the masonry, which indicates
that the level of strengthening was excessive causing the masonry crushing

before properly exploiting the capacity of the SRG solution.
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e Both SRG solutions showed a significant enhancement of the lateral load-
bearing capacity. However, it was observed that in LDS-DL specimens
such enhancement was provided at the expense of ductility. In fact the
extra layer of LDS applied in LDS-DL specimens did not provide any extra

enhancement in terms of displacement capacity.

e Due to the small thickness of the sheets of steel fabric, the application of
the second layers had minimal influence on the parameters corresponding
to the initial linear stage of the test such as the effective stiffness K., and

damping coefficient &.,.

e The presence of SRG provided masonry with the ability to dissipate more
energy by sustaining lager imposed displacements. However, and as con-
sequence of the masonry crushing due to the excessive strengthening, the
second layer of LDS in LDS-DL specimens had almost null action on the

dissipation mechanism of the specimens.

e Further experimental campaigns could be conducted to broad the available
experimental database comprising SRG with multiple layers to validate
the findings on the correlation between reinforcement ratio and in-plane

response.
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