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Abstract

Fiber reinforced cementitious matrix (FRCM) composites, also known as textile reinforced matrix (TRM)
composites, are a suitable alternative to fiber reinforced polymer (E&Rposites to strengthen
reinforced concrete and masonry structures. In the toolbox of FRCMs, a redmrdlpped composite

that employs higistrength steel fibers embedded in a hydraulic mortar is particular appealing for
applications on historical masgnconstructions. This type of composite is known as steel reinforced
grout (SRG). In this paper, an extensive experimental work is presented.-I8mgleear tests are
performed to study the debonding of SRG strips from a masonry substrate, whichridalefailure

mode for strengthening applications. For SRGs, daing typically occurs at the fibanatrix interface.
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A large scatter of the experimental results is observed, which is related to the variability of hydraulic
mortais and their ability ® impregnate the fiberglthough strain gauges can be applied directly to the
fibers to obtairthe experimentadtrainprofile alongthe fibers because of the presence of the matrix these
measurerants are complex and in some cases not relidlhes, indirect methodbased on the global

response of the test is proposedabtain the interfacial properties.

Key words: SRG, Debonding, Cohesive Material Law, Masonry

1. Introduction

Strengtheningsolutionsto rehabilitateexisting masonry buildingsave always attracted the interest of

the scientific community since they alldwpresere historicalconstructios through an understanding

of the original structuratonfiguration Strengthening applications are usefulgieaanteesafetyof a
damagedr deficientstructure andre considered sustainablehoiceto avoidthedemolition of existing
buildings. In the last decades, strengthening solutions gained a renewed interest due to the seismic events
that hit several Europen countries (Italy, Greecand Turkey). Natural hazards, such as earthquakes,
haveshown the inadequacy afertainmasonry structures to withstand horizontal loaa&l brought up

the need foanadequate strengtheniimgerventionto avoid certaircollapsemechanismsf the structure.

In the last 3Q/ears, new strengthening systems, such as fiber reinforced polymer (FRP) compastes, ha
been employed t@avoid the onset of a collapse mechanisinsome structural components of the
constructionand increase the loaghrrying capacity1-3]. Several researchecenductecexperimental
campaigns to investigatbe debonding mechanism of FRP systems bonded to a masonry syBstrate

11]. It wasobserved thatailure usually occurreth the masonry dastrateand was characterized by a
cohesive crack that propagated both in the bricks and in the mortar joints. Despite FRP systems are able
to enhance thad-carrying capacityof a masonry structure, thégatureseveraldisadvantages when

applied to exsting structurs, such as the poor behavior at elevated temperatures and lack of reversibility
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of theapplication In addition, FRP compositésivea low vapor compatibility with masonry substrates.

In an attempt to overcome the disadvantages of traditlRB systemsa new family of composites

known as fiber reinforced cementitious matrix (FRGM}extilereinforced mortar (TRM) composites
wasrecently developed. FRCM composites conglistigh-strength fibers emigleled within an inorganic

matrix. FRCM systems were firstly employed in the late 1990s in nemcreteconstructiong12-14],

while from the early 2000s they were employfed strengthening applicatioras external flexural and
shearreinforcement of reinforced concrete bedts19] andfor confinemen{20] of concrete FRCM
compositeffer several advantages when compared to traditional FRPs: 1) high resistance to fire and
high temperatures; 2) resistance to UV radiation; 3) ease of handling during the application because the
inorganichinder is wateibased; 4) permeability compatible with concrete and masonry substrates; and
5) unvarying workability time (between 4°C and 40{€)]. FRCM composites proved to be effective

also in the field of strengthenimf masonry structurg®2-29]. Experimental tests on FRCM compaosites
bonded to a masonry substragee been also reportad theliterature, using carbopolyparaphenylene
benzobisoxazoléPBO), glass or basalt fibef80-35]. Experimental resultsave showrnhat the typical

failure & FRCM composites bonded to a masonry substrate consisted in the rupture of the fibers or in the
delamination at the fibematrix interface.Newly-developedhigh-strength steel fibers were recently
employed in FRCM systems and are referred to as stedbned grout (SRG) compositeSRG
composites consisif high-strength steel fibers embedded in a cementitious orbliased groutThe low

cost of the steel fibers compared to carbon or aramid fibers and the possibility to apply steel fibers also
to sharp corners of masonand concretestructures[36-37] determined the success of this new
strengthening systerespite the availablgudiescarried out to investigate the bond behavior of SRG
masonry joint§38-40] and of SRGbrick interfaceq441-42], which highlighted the effectiveness of this
strengthening system, some important aspects of ther8&@nry debonding mechanisre still not

fully investigated. For examplé¢he definition of the cohesive material I§®ML) [43], i.e. the local

relationship betweethe shear stress and the slip (filsabstrate relative displacement), is a key property



of the interface as it allows to @emine important design parameters, such as the bond capacity and the
effective bond length.

This work presets the result of an extensive experimental campaign designed to study the bond
mechanism of SR®&asonry joints. Singlap shear testare perforned.Length of the bonded area and
loading rate of the tests are varied. An indirect method is then used to determine the interfacial cohesive

material law that describes the debonding phenomgin

2. Experimental Program

Singlelap shear tests were penfned using a pushull configuration, shown ifrigure 1, to study the

bond behavior of SRG composites applied to a masonry substrate.
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Figurel. Singlelap shear test setup: sketch (a) and photorepresentativepecimen (b).
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2.1 Materials

All the masonry blocks employed in this experimental campaign were constructed with solid clay bricks
and dow strength mortar. Twenty cylinders were coramfifive haltbricks extracted from the masonry
blocks after the direct shear tests were performed. The nominal dimensions of the cylinders were 50 mm
(diamete) x 50 mm [ength. Out of twenty cylinders, seven were used to determine the tensile strength
of bricks, fo, through splitting test@Figure 2a), while thirteen were used &valuatethe compressive

strength of bricksf,., according td445] (Figure2b).

Figure2. Material characterization: a) splitting test ozylinder cored from a half brick; b)

compression test on a cylinder cored from a half brick; c) Double punch test on a mortar joint; €) Three
point bending (TPB) test on a matrix mortar prism; e) Fracture mechanics test on a notched brick; f)

Fracture mechnics test on a notched matrix mortar prism.
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Thesplitting tensile strength of brick&y, resulted equal t8.12 MPa (CoV0.12), while the compressive
strength of bricksfy, resulted equal t€0.3 MPa (CoV0.17). Out of the thirteen cylinders tested in
compression,ive were instrumented with two strain gages appéédnid-height of the specimeand
arranged 180° apart one anotbt@measure the longitudinal straifhe average strain calculated from
the measuremants of the two strain gages was use@\aluatethe elastic modulus of the bricks,,
assumeas the slope of stresgrain response between the 5% and the 30% of the peak stress. The elastic
modulus of the bricksky, resulted equal t3.3 GPa (CoV0.29). In addition, fracture mechanics tests
were performedising a thregoint bendingestsetup [46] on three 250 mm lengti.Y x 55 mm width

(b) x 120 mm depthd) notched bricks, selected from the group of bricks employed to construct the
masonryblocks(Figure2e). The fracture energy @fachbrick was evaluated as the area under the-load
deflection responsg@-igure3a) divided by the area of the ligamgd7-49] and the averagealue of the
fracture energy resulted equal3d N/m (CoV 0.16). Double punch testavere performed according to
[50] on fourteen mortar joint samples extracted from the masonry blocks afterlsingleear tests were
performed(Figure2c). The compressive strength of mortar joints obtained from double puncHgsts,
reallted equal td 5.9 MPa (CoV =0.20) [51].

The SRG composite applied to the masonry substrate consigtiggh-strength steel fibers embedded in

a lime-based hydraulimortar(matrix). The steel fiberécords)werein the form of a unidirectional sheet
made of higkstrength galvanized twisted steel miaards (filaments)held together by a glass fiber
micro-mesh. Eacltord consisd of five filaments. Three of the five filamenigere straight, and the
remaining twofilamentswere wrapped around the other three with a high torque angle. The cross

sectional area of the comdas0.538 mm. Low density (LD) steel fibers with an equivalent thickness,

t;,LD’ equal to 0.084 mm were used in this experimental work. The phgsidahechanical properties

of the steel fibers provided by the manufactis@j are reported iTablel.
Ten batches of the limlegased matrix mortar were used to strengthen the masonry blocks. Out of the ten
batches, the matrix mortar of four batches wharacterized by performing fracture mechanics tests

and/or flexural and compressive tests on mortar specimens cast with the same mortar used to strengthen
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the masonry blocks. The four different batches are referred to as B1, B2, B3, and B4. Flexural and
compressive tests were performed on 40 mm x 40 mm x 160 mm mortar prisms accd&8h(fFigure
2d). Fracture mechanics tests were performed on 300 mm ldoggh70 mm width Ig) x 70 mm depth
(d) notched matrix prisms using the same testupetdopted for bricksKigure 2f andFigure3b). The

average value of the Moddracture energy of the matrix morta®, ,,, the flexural strengtH;, and the

compressive strengthy, are reported ifable2 for the four mortar batches considered. As a exfeg

the flexural strengtH;, and the compressive strendth, as reported by manufacturegsulted equal to

5 MPa and 15 MPa, respectivelshe 300 mm x 70 mm x70 mm notched matrix mortar prishes40

mm x 40 mm x 160 mm mortar prisms, cast frima four batches of mortar described above and
employed to characterize the matrix of the SRG system, as well as the composite strips were cured under

wet cloths for 28 days.

Tablel. Properties of the steel fibers (textile) provided by manufercts?]

Property Low Density
Number of Cords/mm 0.157
. A LD
Tensile Strength,f{", [MPa] f . >3000
Elastic ModulusFs [GPa] > 190
Ultimate Strain U, [%] >2
Equivalent Thicknesst; , [mm] t, p& 084

Note: f/, is thetensile strength of the fibers; , is the equialent thickness of the

fibers SuperscripA=LD represents the steel fiber densityw( density).



Table2. Mechanical properties of the matrix mortar

Fracture energyGy .

Batch of mortar

Compressive strengthy,c

Flexural strengthfu

[N/m] [MPa] [MPa]
B1 39 (0.21) 15 5*
B2 / 10.70 (0.03) 3.02 (0.08)
B3 30 15.7 (0.04) 5.87 (0.13)
B4 29 11.3 (0.07) 5.18 (0.08)

* Thesevalues of the compressive strengthy, and flexural strengtHq, of thematrix mortarwere obtained from the

technical data shegirovidedby themanufacturef52]. For some mortar batches, the amount of mortar was not

sufficient to cast all the additional specimens for material charzatien.
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2.2 Specimen description and preparation



Seventyeight SRGmasonry joints were testagsing a singldap shear test seip (Figure 1). The
parameters investigated in this experimental work were the bonded (#ngtit00 mm to 345 mngnd

the test rat€0.00084 mm/s and 0.0084 mm/SRG composites were externally bonded to one face of
themasonry blocks. The nominal dimensions of all mastitwgkswere equal to 120 mm x 120 mm x
445 mm, i.e. each block consisted of 7 half bricks ahdm-thick mortar joints. Prior to applying the
SRG stripthe faces of each specimen were weltigdoing completely each masonry block in a bucket
of water for twenty minutes. The water immersion of each spec{figare 4a) was needed to avoid
water absorption by the masonry surface during the application of the compositEhstg@phases can

be idenified during the application of the SRG composite strip: 1) application of the first lageatok
mortaron the designateldondedareaof the masonry blockFigure4b andc); 2) the steel fiber sheet
placed on top of the first layer of mortar agdntly pressured againstiit order to guarantee the
impregnation of the fiber@igure 4d); 3) application of the external layer of matmortarin order to
cover completely the fiber she@igure 4e). After the applicationof the second layer of matri SRG
strips were cured for 28 days under wet clofftee bonded widthkr, was maintained constant for all
specimens and was equal to 50 n#ll the fiber sheetsvere compriseaf 8 cords. The cords were
arranged across the width of the SRG strip in otdehave approximatively a distance between the
external cords of the fiber sheet and the edges of the mairtarequal to half of the fiber spacingoth

the internal and the external layer of matrix had a thickness equal to which,in turncorreponded

to a total thickness of the SRG composite strip equal to 8 mm. Fibers were left bare outside the bonded
area, i.e. the matrix was only used in the bonded d@tealength of the bare fiber portion of the SRG
strip was335 mmfor all specimensA 75 mmlong epoxy tab was constructed with a thermosetting epoxy
at the end of the fiber strip and usedfdoilitate the gripping of the fibers bythe jaws of the testing
machine.The bonded arestarted 35 mm from the edge of the masonry block in dodavoid spalling

of the first brick of theblock. Specimens with eleven different bonded lengths were tested, i.e. 75 mm,

100 mm, 125 mm, 150 mm, 175 mm, 200 mm, 215 mm, 250 mm, 280 mm, 315 mm, and 345 mm.
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Specimens were named following the notation DSY XA B_C_D_Z, where X = bonded length) (n
mm; Y = bonded widthkg) in mm; A represents the steel fiber density (LD = low density); B indicates
the type of matrix (LM = limebased mortar); C (if present) denotes the batahortar(B1, B2, B3 or

B4); D (if present) indicates the test ratasdifferent from the standard rate (0.00084 mm/s) used for the

majority of the specimens (10R = ten times the standard aate)Z = specimen numbgFable3).

Figure4. Application of the SRG composite to the masonry bl@knater immersion of the masonry
block; b) definition of the bonded area; c) application of the internal layer of madriar, d)
application of the steel fiber sheet; e) application of the externaldéyeatrix mortar, f) SRG

masonry joint aftethe curingperiod under wet clot

2.3 Test procedure
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Seventyeight singlelap shear tests were performed in this experimental campaigect singlelap

shear tests were conducted under displacement contr@ astlosedoop servehydraulic universal

testing machine with a capacity of 100 K'he classical puspull configuration was adopted, i.e. the
masonry block was restrained against movements by two steel plates while fibers were pulled. The sketch
and aphoto of the test setp isshownin Figurel. A cylindrical steel element, fixed to the bottom square

plate was directly clamped by the bottgawsof the testing machine. The bottom steel plate and the top
rectangular steel plate were connected by four steel bars through bolts. On each steel bar, three strain
gages were mounted. The strain gages were aligned with the longitudinal axis of thedsreardanged

120° apart one another. The average value of the three strain measurements on easubed, tw
evaluate the straiaf the bar and consequently the 4steessingoad applied to the masonry block prior

to starting the single laghear tet. The same prstressingoad (approximately 1 MPajvasapplied to

all the specimens at the beginning of the test and the stress along each bar was monitored during the test.
Thin neoprene sheets were placed in between the square faces of the maskragdtbe steel plates,

in orderavoid any stress concentration

Two LVDTs (LVDT a and LVDT b)weremountedon the masonry surface close to the beginning of the
bonded aredloaded end)The LVDTs reacteddff o f a t h i n-shaged plaie nhatmwascghl

directly to the bardibers at the loaded end of the SRG strip. The average value of the LVDT
measurements referred to as global slijg, in this paper and was used to control the test at a constant
rate equal to 0.00084 mm/which has been consider as the standard rate in other experimental
campaigns conducted by the authi@#4]. Out ofthe 78 specimens, 8pecimensvere tested with a rate

equal to 0.0084 mm/s, i.e. ten times the standard Tate.additional LVDTs (LVDT c and LVDT d)

were mountd against the face of the masonry block opposite to the surface where the SRG strip was
applied, and were used to monitor the horizontal displacements of the masonry block. LVDT ¢ and LVDT
d were fixed to the bottom plaby means ofwo magnets. All spesiens were arrangedmm forward

with respect to the position corresponding to the vertical alignment of the fibers with the machine grips.
This expedient was used to balance the inevitable initial backward rotation of the block due to the
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deformation of the mortar joinesndthe adjustment of the test fixtuaadit allowed the fibers to remain

almost aligned with the top grips of the testing machine for the entire duration of thel@ngftear test.

Table3. Test resultsf singlelap direct shear tests

Bonded _ —
Specimen 01 02 pP* Perit P Failure w, W,
length
Name [mMm] [mm] [kN] [kN] [KN] mode [mm] [mm]
[mm]
DS_75 50 LD_LM_1 75 \ \ 470 \ MM \ \
DS_75 50 _LD_LM_2 75 \ \ 298 \ MM \ \
DS_75 50_LD_LM_3 75 \ \ 3.38 \ ' MM \ \
DS_75 50 LD LM 4 75 \ \ 384 \ MM \ \
DS_100 50 LD LM 1 100 \ \ 297 MM \ \
DS_100 50_LD_LM_2 100 \ \ 403 \ MM \ \
DS_100_50_LD_LM_3 100 \ \ 7.26 \ \ MM \ \
DS_100 50 LD LM 4 100 \ \ 565 \ MM \ \
DS 125 50 LD LM 1 125 \ \ 441\ MF \ \
DS_125 50_LD_LM_2 125 \ \ 6.44  \ MF \ \
DS_125 50 _LD_LM_3 125 \ \ 8.08 \ \ MF \ \
DS 125 50 LD LM 4 125 \ \ 6.20 \ MF \ \
DS 125 50 LD LM 5 125 \ \ 712\ MF \ \
DS_150 50 _LD _LM_1 150 \ \ 6.23 \ MF \ \
DS_150 50_LD_LM_2 150 \ \ 453 \ MF \ \
DS_150 50 LD LM_3 150 \ \ 3.58 \ \ MF \ \
DS_150 50 LD LM 4 150 \ \ 497 \ MF \ \
DS_175 50 LD LM_1 175 105 165 7.74 6.81 MF 0.67 0.83
DS_175_50_LD_LM_2 175 \ \ 580 \ MM/MF  \ \
DS_175 50 LD_LM_3 175 127 149 7.76 6.85 6.30 MF 1.01 0.94
DS_175 50 LD LM_4 175 1.20 150 8.12 7.08 MF 1.63 1.76
DS_175 50 LD LM_5 175 1.20 198 9.04 7.35 MF 1.77 1.78
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DS_175 50_LD_LM_6
DS_175_50_LD_LM_7
DS_175 50 LD _LM_8
DS_175_50_LD_LM_9
DS_175 50_LD_LM_ 10
DS_200 50 LD LM_1
DS_200_50_LD_LM_2
DS_200 50 LD LM_3
DS_215 50 LD _LM_1
DS_215 50_LD_LM_2
DS_215 50 LD LM_3
DS_250 50_LD_LM B2 1
DS_250 50_LD_LM_B2_2
DS_250 50_LD LM B2 3
DS_250 50 LD LM _B2 4
DS_250 50_LD_LM_B2_5
DS_280 50 LD _LM_1
DS_280 50 LD LM 2
DS_280 50 LD LM 3
DS_280 50_LD_LM_4
DS_315_50_LD_LM B2 1
DS_315 50 LD LM B2 2
DS_315 50 LD LM B2 3
DS_315_50_LD_LM_B2_ 4
DS_315_50_LD_LM_5
DS_315 50 LD LM_6
DS_315 50 LD LM 7
DS_315_50_LD_LM_8
DS_315_50_LD_LM_9
DS_315 50 _LD LM 10

DS 315 50 LD LM 11

175

175

175

175

175

200

200

200

215

215

215

250

250

250

250

250

280

280

280

280

315

315

315

315

315

315

315

315

315

315

315

0.62

0.84

0.58

0.48

0.70

0.40

0.61

0.60

0.39

0.75

0.73

1.00

1.03

1.54

1.12

0.58

1.18

0.67

1.04

1.16

1.06

1.57

1.30

1.48

1.33

0.62

1.59

1.30

2.30

2.49

2.35

2.22

1.92

2.29

6.22

10.44

5.30

5.44

8.34

7.28

8.80

6.04

13.15

13.20

12.84

7.06

5.06

5.42

5.70

4.68

10.88

7.81

9.25

5.92

7.49

12.75

6.21

6.78

5.05

7.76

7.83

7.52

6.50

5.88

6.36

5.75

3.97

5.64

5.50

6.16

4.71

4.67

5.60

3.64

4.92

5.27

6.33

6.85

6.67

5.84

5.48

5.84

5.57

4.95

4.92

6.22

MF

SF/MM

MF

MF

MM

MF

MF

MF

FR

FR

MF

MF

MF

MF

MF

MF

MF

MF

MF

MF

MF

FR

MF

MF

MF

MF

MF

MF

MF

MF

MF

1.37

0.87

1.08

1.30

0.39

0.91

2.29

1.45

1.94

0.68

1.69

151

1.60

1.22

0.92

1.74

1.14

1.42

1.04

1.59

1.42

0.49

1.10

2.33

1.23

1.87

0.70

1.44

1.79

1.69

1.39

1.15

1.66

0.99
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DS_315 50 _LD_LM 12
DS_315_50_LD_LM B3_13
DS_315_50_LD_LM B3_14
DS_315 50_LD LM B4 15
DS_315_50LD LM _B1 10R 1
DS_315_50LD_LM_B1_10R_2
DS_315_50LD_LM_B1_10R_3
DS_345 50 LD _LM_1
DS_345 50 LD LM 2
DS_345 50 LD LM_3
DS_345 50 LD _LM_4
DS_345 50 LD _LM_5
DS_345 50 LD _LM_6
DS_345 50_LD_LM_7
DS_345 50 LD LM_8
DS_345_50_LD_LM_9
DS_345 50 _LD_LM_10
DS_345 50 LD LM 11
DS_345 50 LD LM 12
DS_345 50 _LD LM 13
DS_345 50_LD_LM_14
DS_345 50 LD LM 15
DS_345 50 LD LM 16
DS_345 50 _LD_LM_17

DS_345 50 _LD_LM_18

315

315

315

315

315

315

315

345

345

345

345

345

345

345

345

345

345

345

345

345

345

345

345

345

345

1.90

1.33

1.15

1.25

0.97

0.54

0.64

1.02

0.91

1.65

2.30

2.18

2.26

2.90

1.62

2.87

1.11

2.18

1.38

2.82

7.79

6.07

11.40

8.12

8.46

10.31

12.46

9.85

11.26

9.17

9.56

12.30

11.74

10.18

7.06

13.14

13.18

9.05

7.15

10.75

7.98

12.22

10.30

9.25

8.59

7.50

5.75

6.65

8.53

8.84

8.47

6.31

8.96

7.38

8.33

7.91

MF
MF
MF
MF
MF
MF
MF
MF
MF
MF
MF
MF

FR (1)
MF
MF

FR (1)

FR (1)
MF
MF
MF
MF
MF
MF
MF

MF

147 134
125 1.40
\ \
0.80 0.94
\ \

\ \

\ \

\ \

\ \
2.80 2.99
145 154
\ \

\ \

\ \
143 141
\ \

\ \
0.89 0.79
1.08 1.04
1.37 155
113 1.13
\ \

\ \
182 181
\ \

3. Load responses and failure modes
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This section reports the resultsad singlelap shear tests performed 8RGmasonry jointsn terms of
load response (relationship between the appliedFoaad the global slig) and failure mode

The applied loadP versus global slig responsgor simplyload response)f representative specimens
are presented iRigure5afor different lbnded lengthsThe shape of théoad response was affected by

the bonded length of tHeRG stripand by the failurenode
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