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Abstract. The bond behavior of externally-bonded fiber reinforced composites
has been studied experimentally using different types of test methods. In this
study the bond behavior of composite strips externally bonded to fired-clay brick
masonry was tested using single-lap direct shear tests and hinged beam tests.
The results obtained from the two test types were compared to investigate the
effect of the test set-up on the load-carrying capacity of the matrix-fiber interface.
Two different composite systemswere considered: a fiber-reinforced cementitious
matrix (FRCM) composite with a balanced bidirectional mesh of basalt fibers
embedded in a hydraulic lime-based mortar, and a steel reinforced grout (SRG)
with a sheet of ultra-high-strength unidirectional steel fiber cords embedded in the
same mortar. The results are discussed and compared in terms of failure modes
and applied load versus slip of the fibers response. An estimate of the matrix-
fiber interfacial fracture energy of SRG-masonry joints is proposed using a global
energy balance approach that does not require measurement of the strain in the
fibers.

Keywords: Bond · Fiber-Reinforced Cementitious Matrix (FRCM) composite ·
Hinged Beam Test · Single-Lap Shear Test · Steel-Reinforced Grout (SRG)
composite

1 Introduction

Natural hazards, such as earthquakes, have proved the inadequacy of certain masonry
arch structures towithstand lateral loads. Strengthening solutions are required to increase
the service life of existing structures and prevent certain collapse mechanisms of the
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structure. In the case of masonry arches, the crack pattern is characterized by local-
ized damage producing structural hinges. A collapse mechanism is characterized by the
development of a number of structural hinges equal to or larger than four [1–5].

The collapse mechanism of an arch can be modified by adding reinforcement to
the extrados, to the intrados, or to both surfaces such that the formation of hinges is
delayed [4, 6]. Different types of reinforcement have been explored for strengthening of
masonry structures, especially fiber-reinforced polymer (FRP) composites since they can
be bonded in situ to the surface of an existing structure. However, an important failure
mode of this type of strengthening system is debonding of the composite, resulting in loss
of composite action. The debonding mechanism of FRP systems bonded to a masonry
substrate has been investigated in several experimental campaigns [7, 8]. However, due
to the polymeric matrix, FRP composites exhibit poor behavior at high temperatures and
lack of reversibility of the application. In addition, FRP composites have a low vapor
compatibility with masonry substrates.

To overcome some of the disadvantages of traditional FRP systems, a new family of
composites, known as fiber- or fabric-reinforced cementitious matrix (FRCM) compos-
ites, was recently developed. FRCM composites consist of continuous fibers embedded
within an inorganic matrix that is responsible for the stress transfer between the compos-
ite and the substrate and between the matrix and fibers. FRCM composites offer several
advantages when compared to traditional FRP composites: 1) the cementitious material
poses less of a toxicity concern compared to the epoxy resins required in FRP systems; 2)
the cementitious material provides better performance under high heat conditions; 3) the
cementitious material provides better resistance to UV radiation; and 4) the cementitious
material is not adversely affected by the presence of excess water. FRCM composites
also exhibit partial reversibility.

FRCM composites have proven effective in strengthening of historical masonry
structures [4, 9–11]. Steel-FRCM, also referred to as steel reinforced grout (SRG) com-
posite, which consists of high-strength steel fibers embedded in a cementitious or lime-
based grout, have gained interest in masonry strengthening applications [9, 10, 12].
Basalt-FRCM has also been used to strengthen masonry arches, highlighting the good
mechanical properties of basalt fibers and their low cost [6, 13].

Different test methods have been used to study the bond behavior of FRCM-masonry
joints, including single- and double-lap direct shear tests, as well as beam tests [14, 15].
Direct shear tests are easier to construct and to test, whereas beam tests may be more
representative of strengthened structural members. Additional background on the study
of bond behavior, and the influence of factors such as surface preparation and matrix
curing conditions, is provided in ACI 549.6R [16]. In this study, the bond behavior of
SRG-masonry joints and basalt FRCM-masonry joints was studied using two different
tests: the direct single-lap shear test and a hinged beam test. The hinged beam test was
designed to simulate the opening of a structural hinge in an arch. Load responses are
presented, and failure modes are discussed. A comparison of the results obtained by the
two tests is presented.
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2 Materials

This study investigated the behavior of low-density SRG and low-density basalt-FRCM
composite systems bonded to masonry block substrate. The Rosso Vivo bricks used to
construct the masonry blocks were supplied by the company San Marco – Terreal Italia.
The compressive strength of the bricks, determined from the average of 10 specimens
tested in accordance with UNI EN 772–1 [17], was 20.8 MPa [coefficient of variation
(CoV) = 0.184].

The masonry blocks were bound together using a natural plaster made with pure
lime NHL (natural hydraulic lime) according to EN 459–1 [18]. The mortar mixture
used to construct the specimens was intended to represent the mechanical behavior of
weak mortars, thus reproducing existing historical structures. The compressive strength
was determined experimentally for each batch of mortar used to construct the masonry
blocks. The average compressive strength, determined by 50.8 mm cubes in accordance
with ASTM C109/C109M [19], was 2.9 MPa (CoV = 0.024).

The matrix used for both the SRG and basalt-FRCM composites was made of lime
NHL, suitable for both composites. It is a classifiedM15 mortar, according to EN 998–2
[20], and contains only natural raw materials and recycled minerals [21]. The splitting
strength of eachmortarmatrixwas determined from three 50.8mmdiameter× 101.6mm
long cylinders sampled from each batch and tested at 28 days in accordance with ASTM
C496 [22]. The average splitting tensile strength of all mortar batches was 1.13 MPa
(CoV = 0.062).

The steel fibers used in the SRG composite were in the form of a unidirectional
sheet made of ultra-high-strength galvanized steel micro-cords, fixed to a fiberglass
micromesh that facilitates sheet installation. The sheet density was 1.57 cords/cm, and
the area density was approximately 670 g/m2. According to the manufacturer [21], the
fiber sheet had a tensile strength of >3000 MPa, and the Young’s modulus was >190
GPa.

The basalt fibers used in the basalt-FRCM composite were in the form of a bal-
anced bidirectional mesh with an alkali-resistant protective treatment made of solvent-
free, water-based resin and stainless steel micro-filaments welded together. The equiv-
alent thickness of the mesh was 0.032 mm, and the area density was approximately
200 g/m2. According to the manufacturer [21], the tensile strength was>1700MPa, and
the Young’s modulus was >70 GPa.

3 Experiments

3.1 Test Specimens

Atotal of 17 specimenswere tested in this study.Nine specimenswere used for the single-
lap direct shear tests, and eight specimens were used for the beam tests. All specimens
included a composite strip with a single layer of fibers. Themain test variable was FRCM
fiber type, however the composite bonded length also varied slightly between the two
test types.

In the single-lap shear tests, all specimens had a composite bonded length of 270mm
and a composite bonded width of 50 mm for consistency with specimens reported in
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literature [12]. The bonded width of 50 mm corresponded to eight fiber cords for SRG
and three fiber bundles for basalt-FRCM. The thickness of the composite matrix was
5 mm (total) and was controlled by formwork applied to the masonry block during
application.

Regarding the beam tests, the composite bonded length on each of the two blocks
was 250 mm, and the composite bonded width was 50 mm for all specimens. Similar to
the single-lap shear tests, a bonded width of 50 mm corresponded to eight fiber cords
for SRG and three bundles for basalt-FRCM. The matrix thickness was 5 mm (total).

The specimenswere named following the notationTEST-X-Y-A-RN-Z,where TEST
indicates the type of test (DS= single-lap direct shear test, BT= beam test), X= bonded
length (�) in mm, Y = bonded width (Bf ) in mm, A indicates the type of fiber (S = low-
density steel, LDB = low-density basalt), RN represent the load rate (N = times the
standard rate R, which is equal to 0.00084 mm/s), and Z = specimen number.

3.2 Single-Lap Shear Tests

The single-lap shear test specimen was comprised of a masonry prism (block) to which
a strip of composite was bonded to one surface. Figure 1 shows a photo of the single-
lap shear test. A steel plate was affixed to the base of the machine. The specimen was
constrained by a steel frame fastened to the plate with four bolts. Since the substrate
block height was slightly variable, thin plates were placed between the restraint frame
and the top of the block, creating a uniform surface that helped to provide a uniform
pressure during the test. Two steel plates were fastened and glued to the loaded end of
the fiber strip which was left bare outside the composite bonded region; the steel plates
were gripped by the testing machine. Two-component epoxy resin was used to bond the
plates to the fiber strip to avoid slippage between the fibers and steel plates that could
lead to anomalies of the results.

The applied load and machine stroke were measured with the servo-hydraulic uni-
versal testing machine. In addition, two DC-LVDTs (direct-current linear variable dif-
ferential transformers) with a measurable range of±25 mmwere mounted to the surface
of the specimen to measure the slip of the fibers at the loaded end of the composite rela-
tive to the substrate. The load rate of the testing machine was controlled by the average
of readings of two DC-LVDTs. A steel “omega” shaped plate was bonded to the fiber
strip outside the composite bonded region to provide a reaction for two DC-LVDTs (see
Fig. 1b). Regarding the SRG composite, the steel omega was bonded to the first transver-
sal fiberglass bundle outside the composite bonded region. This location was selected to
reduce the influence of the elastic elongation of the steel fibers on the measured global
slip values. Conversely, in order to obtain the ideal failure of basalt-FRCM composite,
frequently reported to be located immediately outside the composite bonded region, the
steel omega plate was bonded to the third transverse bundle outside the bonded region.
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Fig. 1. Single-lap shear test: a) photo of SRG-masonry joint specimen, b) close up view of LVDTs
at loaded end of the SRG composite and bare fibers outside the bonded region.

3.3 Hinged Beam Tests

The hinged beam test specimen was comprised of two masonry prisms (blocks) aligned
end to end with a small gap in between them and a strip of composite bonded to both
prisms (see Fig. 2a). Figure 2b shows a photo of the hinged beam test. The specimen was
placed on top of a steel base mounted on the base of the testing machine and supported
by two steel rollers at the ends of the blocks. An aluminum cylinder between the two
blocks behaved like a hinge. It should be noted that the support rollers were free to
translate such that the lateral displacement of the two blocks permitted the opening of
the hinge (i.e., the specimen was restrained only by the composite).

The loading fixture consisted of two aluminum cylinders and an aluminum plate
placed on two grooved aluminum plates on top of the specimen (one on each block). The
two cylinders were aligned with the beginning of the bonded area of the two composite
strips. Finally, a steel ball was placed in the center of the loading plate between the
loading fixture, and a loading plate was attached to the universal testing machine to
distribute the load.

The load was applied by controlling the machine stroke until failure of the specimen.
The loading rate of the R1 specimens was fixed at 0.00252 mm/sec such that the com-
posite strip was effectively loaded at approximately the same rate used for the single-lap
shear test. During the test, the applied load and machine stroke were measured with the
load cell of the universal testing machine. In addition, four DC-LVDTs were used, two
of which measured the vertical displacement of the specimen under the loading points,
and the other two measured the vertical displacements of the supports.
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Fig. 2. Hinged beam test: a) schematic, b) photo of test setup.

4 Discussion of Results

4.1 Single-Lap Shear Tests

Table 1 summarizes the single-lap shear test results in terms of failure mode, peak load,
peak (axial) stress in the fiber (determined as the peak load divided by the cross-sectional
area of the longitudinal fibers), and the loaded end (global) slip (computed as the average
of the LVDT readings) at the peak load for each specimen. Figure 3a and 3b show the load
responses of the SRG-masonry joints and the basalt-FRCM-masonry joints, respectively.

Regarding the specimens with SRG composite, two different failure modes were
observed: detachment of the SRG strip from the substrate (SD) and interlaminar failure
at the matrix-fiber interface (MF). The shape of the load response of SRG-masonry
joints was affected by the failure mode, as shown in Fig. 3a, where the grey curves are
associated with SD failure and the blue curves with MF failure.

The basalt-FRCM joints failed due to rupture of the basalt fibers (FR). If the fiber
bundles ruptured simultaneously (only for specimen DS_270_50_LDB_R1_3), the load
response was a relatively smooth, always ascending curve, as shown in Fig. 3b. If one
bundle failed first, the load response exhibited drops, each one corresponding to rupture
of a single bundle. It should be noted that the loading branch after the load drop occurred
had a lower stiffness due in part to the reduction of the area of the fibers.

4.2 Hinged Beam Tests

Table 2 summarizes the hinged beam test results in terms of failure mode, peak applied
load, and deflection at peak load for each specimen. Figure 4a and 4b show the applied
load versus deflection curves for all the beam specimens reinforcedwith SRG and basalt-
FRCM strips, respectively. The deflection was determined by averaging the two LVDT
measurements at midspan and subtracting the average of the two LDVT displacement
readings at the supports.

In order to examine the response of the composite, values of the applied load and
deflection of the hinged beam were used to determine the applied load and global slip
of the fibers at the start of the composite bonded region. The applied force in the fibers
Ff can be computed by considering the equilibrium of the free body diagram of Fig. 5a:

Ff = 1

L1

(
PL2
2

+ qx21
2

− x22
2

)
(1)

https://doi.org/10.1007/978-3-030-88166-5_5
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Table 1. Direct shear test results.

Specimen ID Composite Failure
mode

Peak load
[kN]

Peak
stress
[MPa]

Global slip
at peak load
[mm]

DT_270_50_S_R1_1 SRG SD 7.49 1784 1.29

DT_270_50_S_R1_2 SRG SD 10.45 2489 2.75

DT_270_50_S_R1_3 SRG SD 10.16 2419 1.91

DT_270_50_S_R1_4 SRG MF 6.74 1604 0.84

DT_270_50_S_R1_5 SRG MF 11.39 2711 2.51

DT_270_50_S_R1_6 SRG MF 5.87 1398 1.62

DT_270_50_LDB_R1_1 Basalt-FRCM FR 1.35 841 1.01

DT_270_50_LDB_R1_2 Basalt-FRCM FR 1.42 888 1.50

DT_270_50_LDB_R1_3 Basalt-FRCM FR 1.59 991 1.46

Fig. 3. Applied load-global slip response for direct shear test specimenswith a) SRG (grey curves:
failure mode SD; blue curves: failure mode MF) and b) basalt-FRCM (red curves: failure mode
FR).

where L1 and L2 are the vertical and horizontal arms, respectively. The self weight qwas
considered as uniformly distributed along the length of the block (x1 + x2). The weight
of each block was measured after the test. The contribution of the self weight was very
small compared to the load P to which the specimen was subjected.

The rotation of the masonry blocks during the test resulted in a vertical displacement
of the aluminum cylinder between the two blocks, which was horizontally and vertically
restrained by the blocks and behaved as an internal hinge. This vertical displacement
was proportional to the deflection measured at midspan, which was used to determine
the angle θ that defines the rotation of the blocks. The slip of the fibers was computed
by enforcing compatibility. The opening of the blocks at the level of the fibers must be
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Table 2. Hinged beam test results.

Specimen ID Composite Failure
mode

Peak
load
[kN]

Deflection
at peak
load [mm]

Peak
force
applied
in the
fiber
[kN]

Peak
stress
[MPa]

Global
slip at
peak
load
[mm]

BT_250_50_S_R3_1 SRG MF 7.71 3.54 9.64 2295 0.99

BT_250_50_S_R3_2 SRG MF 6.50 3.47 8.14 1939 1.03

BT_250_50_S_R3_3 SRG MF 7.22 5.45 9.35 2227 1.77

BT_250_50_LDB_R1_1 Basalt-FRCM FR 0.89 2.31 1.20 752 0.61

BT_250_50_LDB_R3_2 Basalt-FRCM FR 1.02 2.67 1.36 852 0.71

BT_250_50_LDB_R3_3 Basalt-FRCM FR 0.88 2.05 1.19 744 0.51

BT_250_50_LDB_R3_4 Basalt-FRCM FR 1.20 2.67 1.58 989 0.66

equal to the slip of the fibers at the beginning of the two bonded areas plus the elastic
elongation of the fibers in between the two bonded areas. The slip was assumed to have
the same magnitude at the beginning of the two bonded areas, i.e., the global slip of the
fibers was the same for both blocks.

Considering Fig. 5b, it can be shown that L2θ = s, and L1θ = s’, where s is the
deflection measured from the difference between the average of the midspan LVDT
readings and the average of the support LVDT readings, while s’ is the opening of the
two blocks measured at the level of fibers. It should be noted that given the magnitude
of the angle θ, the following approximations were made: cosθ≈1 and sinθ≈θ.

The relationship between the elongation of the fibers, the global slip g, and the rigid
horizontal displacement s′ is:

Ff

Ef bf tf

(
Lfree
2

)
+ g = s′ (2)

where Lfree is the distance between the two bonded areas, and Ef , bf , and tf are the
Young’s modulus, width, and thickness of the fibers, respectively.

Using the procedure above, the entire load response was computed for each compos-
ite strip. Table 2 summarizes the applied force and stress in the fibers, and the global slip
at peak load for the SRG-masonry joints and basalt-FRCM-masonry joints. Figure 4c
and 4d show the applied force in the fibers versus the global slip for all beam specimens
reinforced with SRG and basalt-FRCM, respectively.

4.3 Comparison of Single-Lap Direct Shear Tests vs. Beam Tests

This section compares the results of the single-lap direct shear and hinged beam tests
to determine if the different test types produced similar results. Specimens that failed
due to detachment from the substrate (SD) were neglected from the comparison. In

https://doi.org/10.1007/978-3-030-88166-5_5
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Fig. 4. Hinged beam tests: a) load-deflection response for specimenswith SRG; b) load-deflection
response for specimens with basalt-FRCM; c) load-global slip response for specimens reinforced
with SRG; d) load-global slip response for specimens with basalt-FRCM.

Fig. 5. a) Undeformed shape of the block, b) deformed shape of the block during loading.
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Fig. 6. a) Interfacial crack propagation reading after the first loading-unloading cycle; b) interfa-
cial crack propagation reading after the second loading unloading cycle; c) area between the first
and the second cycles.

addition, specimen DT_270_50_S_R1_5 was not considered since it exhibited a load
response that was significantly different than others in the same series that failed due to
interlaminar failure (MF) (see Fig. 2a).

Regarding specimens with SRG, the average peak force applied to the fibers and
global slip to the fibers of the hinged beam tests were larger than those of the single-lap
direct shear tests. The average peak force applied to the fibers was 13% larger in the
hinge beam test (9.04 kN) than the single-lap test (8.00 kN). The average global slip was
3% larger in the beam test (1.26 mm) than the single-lap shear test (1.23 mm). These
results suggest a beneficial effect of the friction generated between the fiber and the
matrix in the beam test.

Regarding specimens with basalt-FRCM, the average peak force applied to the fibers
and global slip of the hinged beam tests were lower than those of the single-lap direct
shear tests. The average peak force applied to the fibers was 8% lower in the beam test
(1.33 kN) than the single-lap test (1.45 kN). The average global slip was 53% lower
in the beam test (0.62 mm) than the single-lap shear test (1.32 mm). The lower values
achieved by the beam tests could be due to the angle created between the fibers and
matrix at the beginning of the bonded area due the applied load (see Fig. 4b), which may
have caused the fibers to rupture at load levels slightly lower than those of the direct-
shear tests. (It should be noted that the basalt fibers were much finer andmore brittle than
the SRG cords.) Other possible reasons for the discrepancies could be the assumption
of perfect symmetry, which may be exacerbated in this study since the specimens had a
small number of fiber bundles (3).

Although the hinged beam test is representative of a structural hinge opening in an
arch, the discussion above suggests that the results obtained by this testmay be influenced
by the beneficial or detrimental effects of friction. Another challenge with the beam test
is that the values of applied load and global slip in the composite needed to be calculated
from measured values of load and displacement of the beam, whereas these values were
measured directly in the single-lap direct shear test. For these reasons, the single-lap
direct-shear test may be preferred for testing SRG- and basalt FRCM-masonry joints.
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4.4 Fracture Energy

Two cycles of loading-unloading were performed on one hinged beam specimen with
SRG (namely specimen BT_250_50_S_R1_4) to estimate the matrix-fiber interface
fracture energy GF . At the end of each cycle, the length �li of the interfacial crack
(observed from the side of the specimen) was measured (see Fig. 6a and b). The area
between the first and the second cycle (see Fig. 6c) represents the energyWF consumed
to extend the interfacial crack by an amount equal to the difference between �l2 and
�l1. Using the concept of work of fracture, the fracture energy GF can be determined
as:

GF = WF

bf (�l2 − �l1)
(3)

The value of WF (solid area in Fig. 6c) was determined to be 2.006 kN-mm, while
the values of�l1 and�l2 were approximately 65 mm and 119 mm, respectively (Fig. 6a
and b). Thus, the resulting fracture energy is GF = 740.74 N/m. This value is consistent
with the average value reported by Santandrea et al. [12] for the same composite.

5 Conclusions

In this study, two types of tests, namely the single-lap direct shear test and the hinged
beam test, were carried out on SRG and basalt FRCM-masonry joints in order to evaluate
and compare the bond capacity of the composite–masonry interface in different load
scenarios. The effect of the beam test set-up on the load-carrying capacity of the matrix-
fiber interface was investigated. The estimate of the matrix-fiber interfacial fracture
energy of SRG-masonry joints was determined through an energy balance approach.
Based on the results of this study, the following conclusions can be made:

• The failure mode of specimens with the same fiber type was the same, regardless
the test type. In particular, interlaminar failure at matrix-fiber interface was generally
observed for SRG-masonry joints, and fiber rupture was observed for basalt FRCM-
masonry joints.

• For SRG-masonry joints with the same failure mode and applied load-global slip
behavior, the average peak load (average peak stress) in the beam tests was 13%
larger than that of the single-lap direct shear tests. The corresponding average global
slip at peak load was 3% larger than that of the single-lap direct shear test. These
results suggest a beneficial effect of the friction generated between the fiber and the
matrix in the beam test.

• For basalt FRCM-masonry joints, the average peak load from the beams test was
8% lower than that of the single-lap direct shear test. Moreover, the average value
of the global slip at the peak load registered in the beam test was 53% lower than
that of the single-lap direct shear test. This enhanced the non-beneficial effect of the
angle created between the matrix and fibers during the beam test, which could lead to
breakage of the fiber bundles.

https://doi.org/10.1007/978-3-030-88166-5_6
https://doi.org/10.1007/978-3-030-88166-5_6
https://doi.org/10.1007/978-3-030-88166-5_6
https://doi.org/10.1007/978-3-030-88166-5_6
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• The fracture energy of the SRG-masonry joint found by measuring two different
crack lengths at two different loading-unloading cycles of the hinged beam test was
consistent with values reported in the literature.
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