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Abstract. Steel-reinforced polymer (SRP) composites are a new addition to the fiber-reinforced
polymer (FRP) composite toolbox for structural strengthening. While several authors investigated the
bond behavior of SRP composites applied to a masonry substrate, little is known about the role played
by the presence of moisture and salt in the wall. This study aims at investigating the bond behavior
of SRP-masonry joints under two conditions: i) SRP strips are applied to masonry blocks that have
been previously subjected to an artificial weathering protocol consisting in salt crystallization cycles;
i) SRP strips are applied to masonry blocks, and then the SRP/masonry joints are saturated with
water. Single-lap shear tests are conducted on the SRP-masonry joints that underwent those two
conditions. Digital image correlation (DIC) is used to obtain the strain on the surface of the SRP

strips. The distribution of salts in the masonry blocks and at the SRP-masonry interface after failure



are investigated as well. Finally, the tensile strength of brick tested in both dry and saturated

conditions is determined and compared.

1. Introduction

It is well-known that masonry is the most common building material for load-bearing structures
worldwide, but its low resistance to seismic forces makes strengthening interventions necessary [1].
Over last three decades, externally bonded (EB) fiber-reinforced polymer (FRP) composites have
become a valuable technique, as they exhibit a high strength-to-weight ratio, are easy to apply and
are versatile for different applications [2]. In recent years, twisted high-strength steel cords, typically
arranged in unidirectional sheets, emerged as a new type of fiber for FRP composites. When steel
fibers are employed, the FRP composite is known as steel-reinforced polymer (SRP) composite. A
few publications have focused on SRP and have demonstrated the effectiveness of this strengthening
system [3]. SRP composites are appealing because of the low cost of the fibers with respect to carbon
and glass fibers, and the possibility of bending the fibers without chamfering the edges of the structure
to which they are applied [4]. Moreover, steel cords allow to overcome the lack of ductility of carbon
and glass fibers, as steel has some inherent ductility [5]. Steel cords also allow some mechanical
interlock between the cords and the matrix, thus improving their bond [5].

The majority of studies that focus on strengthening applications with EB composites (both FRP
and SRP) indicate that bond performance is a key aspect, since premature failure usually occurs due
to the detachment of the composite from the substrate prior to the exploitation of the full load-sharing
capacity of the composite. The bond behavior of SRP applied to brick or masonry samples has been
studied by several researchers [6, 7]. Some authors focused on the durability of FRP-strengthened
masonry and addressed the influence of moisture by investigating both material properties and bond
behavior after prolonged water immersion [8, 9]. Other studies investigated the durability of FRP-
strengthened masonry subjected to long-term exposure to high temperature [10] or salt crystallization
[11, 12]. However, the experimental tests on the bond behavior of composite-masonry joints are
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usually carried out using commercially-available fired-clay bricks. The bond behavior of FRP
composites applied to an existing masonry substrate has received less attention in laboratory studies
so far, although this is a crucial aspect for the performance of the reinforcement. Some authors [13-
15] investigated the bond between FRP and historic bricks collected from historical buildings and
observed that the failure mechanisms are influenced by the characteristics of the bricks, and in
particular their compressive strength, porosity, chemical composition, and surface conditions. These
studies suggest that historical masonry might behave differently from masonry constructed with
current commercially-available bricks. Thus, there is a need of studying the effectiveness of the
strengthening system applied to masonry that is built with actual historical bricks in order to simulate
amasonry substrate similar to the real conditions in the field. However, the heterogeneity of the bricks
collected from real buildings often leads to scattered experimental results, which are also attributed
to different degrees of deterioration in bricks, different loading histories and different locations within
the structure they are removed from. Employing artificially weathered masonry specimens to mimic
in laboratory real conditions of masonry affected by rising damp and salt efflorescence could be an
alternative approach to determine the response of strengthened masonry in the field, when subjected
to a similar scenario. This approach was applied so far in the study of fiber-reinforced cementitious
matrix (FRCM) composites [16, 17], and in a preliminary study on SRP composites [18].

The aim of this study is to investigate the bond behavior of SRP-masonry joints considering the
effects of water and salts that may be present in actual field applications. In a first group of specimens,
SRP composites are applied to masonry blocks that have been previously subjected to an accelerated
weathering protocol, designed in a previous study [17], that induces salt crystallization through wet
and dry cycles. In a second group of specimens, SRP composites are applied to unweathered masonry
blocks and, after the SRP strips have been cured, the SRP-masonry joints are tested in water-saturated
conditions. A third group of SRP-masonry joints is not weathered and tested in dry conditions as
control. Direct-shear tests are conducted to determine the bond behavior in terms of failure modes

and applied load-loaded end slip response. Digital image correlation (DIC) is employed to measure
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the displacement field on the SRP surface and obtain the strain components on its plane. The salt
amount and distribution in salt-laden specimens are obtained from ion chromatography analysis,
which helps interpreting the results of the direct-shear tests. While direct-shear tests focus on the
Mode-11 fracture mechanics bond behavior (sliding), pull-off tests are also carried out to investigate
the Mode-1 bond (peeling) between resin and brick, under the same condition of the samples
investigated in the direct-shear tests. Finally, to further understand the role played by water in the
failure of bricks (which also influences the debonding mechanism), supplementary mechanical tests
are performed on dry and water saturated bricks, namely three-point bending tests and tensile splitting
tests. The aim of these additional test was not the investigation of the variation of the physical
properties that characterize bricks in historic masonry, but the evaluation if some detrimental effect
caused by moisture presence in bricks is present and may have an impact on the bond performance

of the composite.

2. Materials and methods
2.1 Materials and specimens

The masonry blocks used in this study were built with six half solid fired-clay bricks (55 x 120
x 125 mm?) and five 10 mm-thick mortar joints. Half bricks were obtained by sawing whole bricks.
The cut faces of the bricks were placed on the same side of the block, which was not used to apply
the SRP strip. L-shaped wood elements were placed at the corners of the masonry blocks to
accommodate the straps used to tighten the blocks, which were necessary (Fig. 1) in order to guarantee
a better maneuverability of the blocks. Their compressive strength (determined according to EN 772-
1 [19]), tensile splitting strength (determined according to EN 12390-6 [20]), and elastic modulus
with the corresponding coefficient of variation (CoV) resulted equal to 18.7 MPa (CoV = 2.0%), 1.6
MPa (CoV =14.9%), and 6.2 GPa (CoV = 11.5%), respectively. According to technical data provided
by the manufacturer, bricks also exhibit water absorption equal to 22%, lowest class of salts content

(S2) and highest class of frost resistance (F2) according to EN 771-1 [21], adhesion strength 0.128
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N/mm? (in plane initial shear strength of horizontal bed joints in masonry, according to EN 1052-3
[22]). The solid fired-clay bricks used for the blocks exhibit characteristics similar to those that can
be commonly found in actual masonry structures, In fact, they were manufactured by pressing rather
than extrusion (which is typical of industrial bricks). In addition, their mechanical and
microstructural properties fall in the range of values reported for historic buildings, although
identifying “typical” values is difficult due to the strong heterogeneity of pre-industrial bricks [23].
The compressive strength of historical bricks has been reported to be on average 10.8+5.8 MPa in a
number of investigated buildings in St. Petersburg, Russia [24], 10.3 MPa in Istanbul, Turkey [25],
11.3 MPa (mostly in the range 2-22 MPa) in Venice, Italy [26], in the range 7-25 MPa in Riga, Latvia
[27], and 23 MPa, 30 MPa and 23.5 MPa in different buildings investigated in Italy [28-29]. The
mean water absorption value of historical bricks, measured directly or calculated on the basis of open
porosity and bulk density values, was reported to be 18-20% in buildings of Henan province [30],
21% in Istanbul [25], 17.7-22.9% in Thailand [31], 15-30% in different buildings in Greece and

Turkey [32], 15-29% in Italy [23].

resin tab
steel fiber sheet

— “'" e : unbonded area

SRP composite
with epoxy resin matrix

Fig. 1. Configuration and main dimensions [in mm] of the SRP-masonry joints.

A commercially-available dry-mix mortar with natural hydraulic lime binder was used for the
masonry joints (class M5 according to EN 998-2 [33]).
Twelve masonry blocks were manufactured and cured for two months in laboratory conditions.

The blocks were then divided into three groups:



four masonry blocks were subjected to artificial weathering in saline solution prior to
applying the SRP composite, and were labeled POST, which stands for post-weathering
strengthening. This group of specimens was used to investigate the behavior of the composite
when applied to a deteriorated masonry substrate. The artificial weathering procedure is
described in details in [17]. In brief, each masonry block underwent 6 cycles, each of them
consisting of two phases: 1) a wet phase, in which blocks were wrapped with duct tape on
the lateral surface and partially immersed in a saline solution (sodium chloride 4 wt% and
sodium sulfate decahydrate 10 wt%, solution head 20 mm) for 48 hours. Saturation was
achieved by capillary rise; 2) a dry phase, in which the blocks were dried in a ventilated oven
at 40 °C for 48 hours. Duct tape was used in an attempt to hinder lateral evaporation and
promote vertical flow of the solution and the accumulation of salts on the top surface, where
the SRP composite would have been eventually applied. Previous tests demonstrated that
this weathering procedure can produce a salt accumulation similar to that found in actual
buildings [12]. After the last drying phase, POST masonry blocks were strengthened with
the SRP composite strips as described below. Single-lap shear tests on the SRP-masonry
joints were conducted in dry conditions, as described below;

four masonry blocks were not subjected to any weathering and were strengthened with SRP
composite strips. These SRP-masonry joints were partially immersed in deionized water for
the first 24 hours, by placing the lateral face in water in order to allow the air to exit from
the pores of masonry during capillary absorption (otherwise the composite strips could
prevent a complete degassing of masonry, due to its impermeable nature), and then totally
immersed for additional 24 hours, to reach saturation. Direct-shear tests on these SRP-
masonry joints were carried out in saturated conditions and these specimens were labeled
SATU. The aim of this second group of specimens was to test the bond behavior of the SRP

composite in actual masonry structures that can be in water-saturated or partially-saturated



condition during their lifetime (a common occurrence in historical masonry [34], possibly
exacerbated by the presence of impermeable composite strips on the surface);

- four masonry blocks were not subjected to any weathering (labeled REF specimens), were
strengthened with SRP composite strips, and were used for direct-shear tests after they were
placed in the oven at 60 °C up to constant mass and left to cool in lab conditions prior to
testing, for comparison. This specimen condition is referred to hereinafter as ‘dry’.

The composite material used in this study consisted of steel fibers embedded in a bi-component
epoxy resin matrix. The epoxy resin exhibits tensile strength > 14 N/mm?, shear strength > 20 N/mm?,
glass transition temperature +60°C, pot life 75 minutes, Young’s modulus E > 5300 N/mm?, as
reported in the manufacturer data sheet [35]. The steel fibers were ultra-high strength galvanized steel
cords arranged as a unidirectional sheet fixed to a fiberglass micromesh to facilitate installation. The
mass density of the steel sheet is 1200 g/m?, while the cross-sectional area of the cord is 0.538 mm?
[36].

The SRP composite, which had a total nominal thickness equal to 4 mm, was applied to the
masonry blocks as shown in Fig. 1. The fibers were embedded in the epoxy resin only in the bonded
region. The bonded area started 30 mm from the edge of the masonry block in the direction of the
applied load, to avoid premature spalling at edge of the block. At the end of the steel fiber sheet, resin
tabs were cast to allow the jaws of the testing machine to grip the strip and effectively transfer the
load. The procedure followed to apply the composite to the masonry blocks was comprised of the
steps below:

- (for POST masonry blocks only) removal of efflorescence and detached parts from the

surface by steel brush;

- cleaning off dust on the surface by means of an air blower;

- application of a first 2 mm-thick layer of resin on the clean surface. A plastic mold was used

to define the bonded area;



- application of the steel fiber strip on the resin layer. To ensure that the cords were fully
impregnated by the resin, a gentle pressure was exerted on the fiber sheet;

- application of a second 2 mm-thick layer of resin over the steel fiber sheet. Plastic molds
were used to guarantee that the total thickness of the composite strip was 4 mm;

- demolding after the SRP strip cured for 24 hours;

- casting of a resin tab at the end of the steel fiber sheet.

A summary of the specimens and their testing conditions is provided in Fig. 2.

Condition when
Group Specimens preparation
tested
REF Dry
Application of SRP
SATU Saturated
Application of SRP Saturation in deionized water
POST Dry
Artificial weathering by salt Drying, surface brushing and
crystallization cycles application of SRP

Fig. 2. Scheme of the preparation and conditions of specimens for single-lap shear tests (the
arrows indicate the direction of capillary absorption).



2.2 Experimental methods
2.2.1 Direct-shear test and subsequent materials characterization

Single-lap shear tests were conducted in a classical push-pull configuration (Fig. 3), where the
masonry block (after removing the wooden elements) was restrained in between two rigid plates
connected by four bolted rods, while a tensile force was applied to the steel fiber sheet that was
gripped by the jaws of a servo-hydraulic universal testing machine. Two linear variable differential
transformers (LVDTSs) were mounted on the masonry surface on each longitudinal side of the SRP
strip near the loaded end. These two LVDTSs reacted off of an aluminum Q-shaped plate, which was
attached to the bare fibers close to the beginning of the bonded area. The average of the two LVDT
measurements is defined as global slip, g, in this article. All tests were conducted at a global slip rate
equal to 0.84 um/s until failure. Different shear tests to investigate the bond behavior of steel
composites to masonry substrates are also available, as described in [37, 38].

For one specimen per each group, DIC was used to measure the displacement and obtain strain
fields on the SRP and masonry surface. A speckle pattern was created on the region of interest, prior
to testing, by applying a thin coat of white paint followed by random black dots obtained with spray
paint. For SATU specimens, the speckle was created before immersion in water, since the application
of the paint could be difficult on a wet surface. Two high-resolution cameras were employed to take
images of the specimen during the test, and DIC 3D software was used to post-process the images.

After single-lap shear tests were performed, the fracture surface of the detached composite,
possibly also including some adherent substrate, was observed in a stereo-optical microscope
Olympus SZX10.

In order to investigate the amount and distribution of salts in the masonry blocks due to artificial
weathering and to determine their influence on the bond behavior of the SRP composite, brick and
mortar samples from two POST specimens were collected by chiseling them off, after shear tests
were completed. For comparison, samples from a REF specimen were removed and analyzed as well.

The sampling locations are shown in Fig. 4. Fragments of approximately 2-3 g were collected from
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both bricks and mortar. The fragments were removed from two different locations along the
longitudinal axis of the block: at the mid-length and almost at the end of the axis next to the free end
of the composite (the latter is termed ‘end location’ for the sake of brevity). For each location along
the axis of the masonry block, two samples were extracted: one beneath the surface of the masonry
block (where the SRP was applied) and one close to the centroid of the cross-section. It should be
pointed out that samples removed from beneath the surface were actually taken at a distance equal to
2-4 mm from the surface to avoid the presence of the efflorescence. In addition, the samples in all
locations described above were taken from brick and mortar. Thus, eight fragments were collected
and analyzed for each specimen. These samples were ground to powder (<0.075 mm), put in
deionized boiling water and filtered by filter paper, and then the soluble salt amount in terms of anions

were determined by ion chromatography (Dionex ICS-1000).

Loaded
d

(@) (b)

Q shaped plate

LVDTs

Bolted rods

Masonry block

Rigid plate

Fig. 3. Single-lap shear test: (a) 3-D sketch of the test set-up and (b) photo of specimen during
the test with the speckle pattern for DIC (reference system is shown).
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Fig. 4. Sampling locations for ion chromatography (brick fragments are represented in red and
mortar fragments in blue). With respect to the longitudinal axis of the masonry block, samples were
taken at mid-length and at the end. For both locations, samples were removed from brick and mortar

beneath the surface of the block and close to the centroid of the cross-section.
2.2.2 Pull-off test and other mechanical tests

Pull-off test is considered a simple and relatively inexpensive method to evaluate the quality of
the adhesion between composite and substrate. Its procedure is described in EN 1542 [39]. Although
the direction of the load applied in this test is different from that of the single-lap shear test, pull-off
test is one of the few tests that can be performed on site with a limited destructive action [40]. Hence,
in the present study this test was carried out with the aim of investigating whether its results can be
at least qualitatively compared with those obtained from single-lap shear tests. The same type of SRP
composite and six bricks taken from the same batch used for the construction of the masonry blocks
were used. The composite was applied to the bed face of the bricks, following the same application
procedure described above, and the same groups of specimens were constructed:

- two bricks were subjected to the same salt crystallization cycles described in Section 2.1.
Then, the bricks were cleaned with a steel brush, strengthened with the SRP composite and
tested in dry condition (POST specimens);

- two unweathered bricks were strengthened with the SRP composite and then water saturated
(SATU specimens). These specimens were tested in saturated condition;

- two unweathered bricks were strengthened with the SRP composite and tested in dry

condition (REF specimens).
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The application of the composite on the bed face of the brick rather than on its side surface
(which is the one actually reinforced on-site) may lead to considerably different results [41]. In this
work, although the authors are aware of such issue, the strip was applied to the bed surface (only for
pull-off tests). The main reason is that both the equipment for pull-off tests and the common size of
the aluminum disc were too large to be applied on the bed surface, which is 55 x 120 mm?. It should
be noted that the aluminum disc used in the pull-off test (Fig. 5b) had a diameter of 50 mm, which
was considered sufficiently large (given the grain size of the material) to pull off a representative area
of the composite and the brick underneath. In addition, the main goal of performing pull-off tests was
to compare the results of the specimens tested in three different conditions (REF, SATU, and POST)
and qualitatively compare the results with those of single-lap test specimens under the same three
conditions. To carry out the pull-off tests, a circular groove (50 mm nominal diameter) was carved
by using a core-drilling tool. The groove was 15 mm deep as the coring operation went through the
composite surface (4-mm thick) and the substrate. For each SRP-strengthened brick, two circular
grooves were cut (Fig. 5a). An aluminum disk (50 mm diameter) was glued on the composite surface
with an epoxy adhesive (the same used for the composite matrix). During the pull-off test, the
specimen was fixed to a rigid steel frame and tested by means of a portable pull-off device that applied
a tensile force to the aluminum disk up to failure (i.e. complete pull-off of the disk). A load cell was
also employed to check the load value. The pull-off test set-up is shown in Fig. 5b.

It is well-known that the mechanical properties of the substrate strongly influence the bond
behavior of FRP composites [18], as cohesive failure usually occurs in the substrate rather than within
the composite. In this study, the effect of the presence of moisture in masonry on the bond behavior
of SRP composite was investigated by comparing SATU and REF specimens (employing the results
of single-lap shear and pull-off tests). However, water can influence the mechanical behavior of
porous materials such as bricks. Therefore, the presence of moisture might be affecting the substrate

as well as the composite-brick interface.
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The tensile splitting and flexural strengths of the brick in saturated and dry conditions were
determined to investigate whether and to what extent water in the pores affects the mechanical
properties of brick. To take into account the heterogeneity of bricks, specimens used in these
additional tests were extracted directly from the bricks of the REF masonry blocks, after single-lap
shear tests were completed. Fifteen 30x30x120 mm?3 brick prisms were sawn for three-point bending
tests and 24 cores (diameter 38 mm and height 38 mm) were core-drilled for splitting tensile tests, as
shown in Fig. 6. Then, half of these samples was immersed in deionized water up to constant weight,

while the other half was tested in dry condition.

Pull-off device
SRP sheet

«—— Steel frame

Load cell

@50 | »_v @

Core-drilling
(total depth 15 mm)

(a)

Aluminum
disk

(b)

Specimen

Fig. 5. Pull-off test: (a) top view of the brick with core-drilled grooves [dimensions in mm] and (b)
photo of the specimen during the test.

<33 38, (b)
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Fig. 6. Brick specimens extracted from REF masonry blocks for: (a) three-point bending tests and
(b) tensile splitting tests [dimensions in mm].

3. Results and discussion
3.1 Direct-shear test and subsequent materials characterization

The applied load versus global slip (P-g) curves for all single-lap test specimens are reported in
Fig. 7, together with the corresponding failure modes, see also Fig. 8. The main mechanical
parameters in terms of loads, average values as well as corresponding slips are collected in Table 1.
For some specimens (REF_02, SATU_01 and POST_04) complete detachment (debonding) of the
SRP strip did not occur, due to local failure of the masonry block or to the detachment of the LVDTSs.
Thus, for these specimens the results in terms of P-g curve were not considered. Regarding the failure
modes, all REF specimens exhibited a cohesive failure (Fig. 7a and Fig. 8), characterized by the
detachment of the SRP strip with a layer of masonry attached to it (about 3-5 mm thick). The attached
layer was slightly thicker in the area corresponding to the mortar joints than that in the area of the
interface corresponding to the brick. Among the possible reasons for a different thickness of the layer
of mortar and brick, the authors have considered a deeper penetration of the resin into the mortar
joints (because of a different porosity) or a change of the compliance between the SRP-brick and
SRP-mortar interface. In SATU specimens (Fig. 7b), cohesive fracture was observed, but the layer of
masonry still attached to the SRP strip was considerably thinner than the one observed in REF
specimens. In POST specimens (Fig. 7c¢), a mixed failure mode was observed, which included an
interlaminar failure within the SRP strip (i.e. slip of the fibers with respect to the matrix that resulted
in a fracture along the fiber-internal layer of epoxy interface) and cohesive failure between SRP strip
and masonry substrate with a thin (about 1-2 mm thick) layer of the substrate attached to the SRP
strip. For POST_02 specimen, the detached surface of the composite strip was smooth (i.e. with
almost no substrate attached), except for the areas adjacent to the mortar joints, where a thin layer of
brick and mortar remained attached to the composite, while towards the free end an interlaminar

failure occurred and the bare fibers were visible.
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Cobhesive failure Cohesive(*) failure Interlaminar failure

— I~ 0

Fig. 8. Failure modes observed in direct-shear tests. ‘Cohesive failure’ mode refers to the
detachment of a layer of the substrate with an average thickness equal to 4 mm; ‘Cohesive(*)
failure’ mode refers to the detachment of a layer of the substrate with an average thickness equal to
1 mm; and ‘Interlaminar failure’ mode refers to the detachment of the fibers at the interface with the
internal layer of matrix.

Table 1. Results of the single-lap shear tests: load values and failure modes (CoV within
parentheses).

First peak load Corresponding  Maximum load  Corresponding

Group  Specimen Failure mode

[kN] slip [mm] [kN] slip [mm]
REF 01 7.43 0.13 10.14 0.76 Cohesive
REF 02 / / / / Cohesive
REF  REF 03 9.03 0.15 10.45 0.78 Cohesive
REF 04 11.56 0.28 11.56 0.28 Cohesive
Average  9.34 (22.3%) 10.72 (7.0%)
SATU 01 / / / / Cohesive(*)
SATU 02 9.25 0.11 14.16 1.69 Interlaminar and
- ' ’ ’ ’ Cohesive (*)
SATU  SATU 03 6.42 0.16 10.85 0.57 Cohesive (¥)
SATU 04 8.83 0.34 8.83 0.34 Cohesive (¥)
Average  8.17 (18.7%) 11.28 (23.9%)
POST 01 12.63 0.20 14.49 1.98 Interlaminar and
- ’ ’ ’ ’ Cohesive (*)
POST 02 / / / / Cohesive(*)
Interlaminar and
POST
POST 03 10.20 0.12 14.44 2.54 Cohesive (*)
POST 04 / / / / Cohesive (¥)
Average  11.41 (15.1%) 14.47 (0.2%)
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All the P-g curves show an initial linear portion followed by a non-linear behavior
characterized by several load drops that in the case of REF specimens are clustered around load
values between 8 and10 kN, while for SATU group the average load values are between 6 and 8
kN. It should be noted that the last ascending branch that characterizes SATU_02 specimen is due
to a Mode | failure mode, that involved the detachment of a portion of a brick bulb towards the free
end of the composite. This last part is not meaningful in terms of fracture mechanics Mode-11 bond
capacity, since it involves a Mode | failure [42, 43]. The lower load range for SATU specimens is
most likely associated with the substrate properties in wet conditions. This aspect will be further
investigated below. In POST specimens, results are more scattered due to the presence of salts in
the substrate. On average, after the linear branch, the curves oscillate within load values between 8
and 10 kN as for REF specimens. As observed for the SATU_02 specimen, the final ascending
branch that is visible in POST_01 and POST_03 specimens is related to Mode | failure mode,
involving the detachment of a thicker portion of substrate at the free end. For specimens
characterized by a cohesive failure mode (i.e. REF and most of the SATU specimens), the load
drops correspond to the engagement of the mortar joints in the fracture process [44]. The first peak
load is associated with the engagement of the first mortar joint in the stress transfer at the interface.
The cohesive composite-mortar interface is associated with a lower fracture energy and most likely
smaller values of interfacial slip when compared with the composite-brick interface [45]. Thus,
when and as long as the stress transfer engages the composite-mortar interface, the transferred load
is lower than what it would be if only the composite-brick interface was engaged. For specimens
with interlaminar fracture (POST specimens), it is difficult to determine whether the first peak load
is associated with the engagement of the first mortar joint as slip between the SRP strip and
substrate occurs, or a switch of interfaces and therefore slip between the fibers and the resin. It is
possible that both interfaces are activated and additional tests would be necessary to determine the
hierarchy of interfaces and their interaction. Under ideal conditions, the observed load drops should

correspond to debonding that involved the mortar joints [46]. However, transversal cracks in the
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resin were observed for POST specimens as interlaminar failure occurred for these specimens. A
possible explanation of load range similar to the REF group can be associated to the presence of a
mixed cohesive and interlaminar failure mode. However, this result may or may not be due to a
better quality of the substrate (which was possibly deteriorated by salts) or to a better adhesion since
cohesive failure with a very thin layer of substrate attached the composite strip was observed in
portions of the debonded area. It should be noted that in field applications that deal with historical
masonry structures, the bond behavior and, as a consequence, the failure mode, can be related not
only to the substrate conditions (salt deterioration and moisture presence), but they may also be
influenced by other factors, such as the possible presence of defects inside the SRP composite, the
heterogeneity of historical hand-made masonry bricks, and the geometrical unevenness of historical
masonry surface.

Comparing the slope of the initial linear part of the responses, SATU specimens exhibited a large
scatter in the initial stiffness with the lowest values among all groups, which could be possibly
ascribed to the presence of moisture in the substrate and/or to a possible misalignment of the LVDTSs.
This aspect will be investigated below with the comparison between DIC and LVDT measurements.

P-g curves obtained from LVDT and DIC measurements are compared in Fig. 9. The DIC curves
were obtained by averaging the displacement component in the direction of the fibers in two small
areas. One area was centered across the width of the SRP strip and located at the beginning of the
bonded area at the loaded end. The second area was located on the masonry surface adjacent to the
beginning of the bonded area. The global slip g was obtained by subtracting the average displacement
of the second area from that of the first area. DIC and LVDT curves are in good agreement, in
particular in the linear part. However, it should be noted that the slope of the linear branch for
SATU_02 specimen differs between that obtained from DIC with the one obtained from LVDT
measurements. In particular, LVDT slope is steeper with respect to DIC, suggesting that the LVDT
could have been mounted on the fibers closer to the bonded area with respect to the other ones,

resulting in a stiffer response. A slight change in the location where the Q-shaped plate was mounted
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could also explain the difference in slope of the linear branch of SATU_02 specimen curve in Fig. 7b
with respect to the other SATU specimens.

The fracture surface of all specimens was also observed by means of an optical microscope and
the photos of some representative specimens are reported in Fig. 10. In REF specimens, the layer of
brick and mortar that was left attached to the composite after complete debonding of the SRP strip
can be observed in Fig. 10a. A much thinner layer of substrate (when compared with REF specimens)
was detached along with the composite in SATU specimens (Fig. 10b). Figures 10c and 10d provide
an interesting insight into the fracture surface of POST specimens. The portions of the bonded area
that exhibited a cohesive failure with a thin layer of masonry attached suggest that adhesion between
resin and brick was compromised by the weathering cycles. Even though the masonry surface was
cleaned prior to applying the SRP strip, the substrate was probably deteriorated by the presence of
micro-cracks caused by salt crystallization. The photos also show that, in the portions of the bonded
area where interlaminar failure occurred, the steel fibers appeared clean (Figs. 10c and 10d). This
might suggest a weak adhesion between resin and steel textile. The reason can be twofold: on one
hand, air bubbles were observed within the polymeric matrix (Fig. 10d), possibly due to some
unexpected factors, such as a too-long mixing, or a too-prolonged casting procedure in the
manufacturing of the composite strip, or a too-high environmental temperature (in fact, bi-component
epoxy resins are known to have a limited pot-life). On the other hand, even if the substrate was
brushed from surface efflorescence, salts are still present and they may have retained water and
humidity that could have played a detrimental action for a complete polymerization of the resin at the
interface. However, additional tests would be necessary to understand why a different interface was
activated. In particular, scanning electron microscope (SEM) could be used to observe the interface
between the deteriorated brick and the composite matrix at different locations and Fourier-Transform
Infrared Spectroscopy (FT-IR) performed on resin fragments collected from this interface could help

evaluate whether polymerization was incomplete.
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Fig. 9. Comparison of the P - g curves obtained from LVDT and DIC measurements.

Fig. 10. Optical microscope photos of the debonding surface on the SRP composite: (a) REF;
(b) SATU and (c)-(d) POST specimens.
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To further discuss the stress transfer in SRP-masonry joints, profiles of the longitudinal strain
component, &y, along the central line of the SRP strip (reference system is shown in Fig. 3b) obtained
from DIC analysis were considered. As a first approximation, strain on SRP surface can be considered
representative of the strain at the composite-substrate interface [47-49]. Several points along the P-g
curves were selected to plot the strain profile along the SRP strip. From the strain profiles reported in

Fig. 11, the following observations can be made:
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in all groups, strain distribution is characterized by peaks that are mostly concentrated within
the bricks, with higher values near the loaded end. These peaks suggest that the load transfer
mainly takes place at the interface with bricks [49];

as global slip g increases, the strain profile fully develops and shifts towards the free end of
the composite. For REF specimen (Fig. 11a) after the first peak load (point B), stress transfer
takes place mainly in the first brick and then moves further along to the following one and
then progressively to others, while debonding starts at the loaded end. The contour plots of
the longitudinal strain component &y, over the SRP surface are shown in Fig. 12 for different
load levels. The shift of the stress transfer from loaded end towards free end can be clearly
observed,

for SATU_02 specimen (Fig. 11b), after point H, the P-g curve is characterized by a long
ascending branch, which, as stated before, is related to Mode | failure mode. The
corresponding strain profiles (curves H, I and J) are left for sake of completeness although
they cannot be directly compared to the other strain curves related to Mode Il failure mode.

The same behavior can be observed in the POST_01 specimen (Fig. 11c).

Figure 13 shows the amount of chloride and sulfate ions in two POST specimens (POST_01 and

POST_03), while the amounts of salts in unweathered brick and mortar collected from REF

specimens are reported in Table 2. The amount of salts was considerably increased by the artificial

weathering process. Higher percentages of salts were found on the top surface (in the range 0.5-2.5%)

with respect to the area near the centroid of the cross-section of the masonry blocks, and these

amounts are consistent with the salts usually present in historical buildings [50, 51]. The distribution

of salts on the top surface is very irregular, due to fact that the evaporation rate of saline solution may

be different at different locations along the specimens due to several factors, which might have

contributed to the irregularity of the applied load-global slip curves and failure modes of the direct-

shear tests. Lower amounts (in the range 0.2-1.0%) and a more regular distribution of salts were found

in the centroid of the cross-section of the blocks, where no evaporation took place. It can be concluded
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that the adopted artificial weathering procedure allowed to obtain quite realistically deteriorated

masonry blocks.
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Table 2. Salts amounts in brick and mortar extracted from a REF specimen in the central

locations.
Mortar Brick
Sample _ : a _
Cl™ [wt%] S0;™ [wt%] Cl™ [wt%] S0;™ [wt%]
REF 0.05 0.16 0.04 0.18

3.2 Pull-off test and other mechanical tests

The results of pull-off tests are reported in Table 3. Both REF and SATU specimens exhibited a
neat cohesive failure, with a fracture surface that was located at 8-10 mm from the surface of the brick
(corresponding to the bottom of the groove made by the drilling machine). The average strength of
SATU specimens was slightly lower than that of REF specimens and this decrease could be due to a
reduction of brick strength after water saturation (this aspect will be further investigated below).
Specimens from the POST group exhibited a bond failure at the composite/weathered brick surface
that resulted in an almost-cleaned surface. Consequently, for POST specimens a substantially low,
almost negligible, average pull-off strength was observed. From a qualitative point of view, the results
of pull-off tests and those obtained from direct-shear tests, although not fully comparable due to the
different brick faces that were strengthened and to the presence of mortar joints in the masonry blocks
used for shear tests, allow to make some remarks:

- a slight reduction in the bond performance due to water saturation of the substrate
(SATU specimens), with respect to dry substrate, was observed in both tests, with a
cohesive failure mode. In the pull-off tests, the layer of brick detached was thick, while
in the shear test it was extremely thin;

- the salt deterioration of the substrate (POST specimens) might have altered the
adhesion of the SRP to the masonry substrate. In the pull-off tests, POST group
showed a clear trend with an almost negligible strength with respect to the other groups.
In the shear tests, the trend in terms of debonding load is not so clear. In fact, the

presence of the joints and the activation of multiple interfaces might have influenced
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the results. In addition, it is possible that the presence of salts might have negatively

affected the properties of Mode-1, which is inherently present in single-lap shear tests.

Table 3. Average strength and failure mode from pull-off tests (CoV within parentheses).

Specimens Average strength [N/mm?] Failure mode
REF 141 (1.4%
Cohesive

Cohesive

POST 0.02 (20%)

At the composite/brick interface

Table 4. Average strength of dry and saturated bricks (CoV within parentheses).

Test Strength [N/mm?] Strength variation
Dry Saturated

Three-point bending test 5.02 (17%) 4.05 (24%) -20%

Tensile splitting test 4.67 (15%) 3.79 (10%) -19%

To advance the knowledge about the tensile behavior of the brick in dry and saturated conditions,
flexural and tensile splitting tests were carried out and Table 4 summarizes the strength values
obtained for the specimens collected from two REF masonry blocks after the direct-shear tests were
completed (Fig. 6). Outlier strength values were excluded. The average strength values obtained from
the two tests are quite similar for dry and saturated conditions. The strength reduction associated with
water saturation can be inferred from both tests and is about 20%. Such strength decrease of brick

could be responsible for the reduction in bond strength found in the direct-shear and pull-off tests of
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SATU specimens when compared with REF specimens. This aspect should be considered when SRP-

reinforced masonry is subject to wetting by rain, rising damp from soil, or condensation.

4. Conclusions

In this paper, an experimental investigation was carried out to study the bond behavior of SRP-
masonry joints under conditions typically found in masonry buildings, namely the deterioration by
salts at the moment of the composite application and the presence of moisture in the substrate during
the composite life span. To take into account these conditions, reference SRP-masonry joints (REF),
saturated SRP-masonry joints (SATU) and SRP-masonry joints in which the composite was applied
on salt-deteriorated blocks (POST) were subjected to single-lap shear tests. Digital image correlation
was used to obtain the displacement and strain fields on the surface of the SRP strip during the whole
stress-transfer process. After the shear tests were performed, the fracture surface was carefully
observed and, for POST specimens only, the internal salt distribution was investigated by ion
chromatography. Pull-off tests were also carried out on SRP-strengthened bricks in weathered,
saturated, and dry conditions of the substrate, to correlate the results with the single-lap shear tests.
Additional tests (three-point bending test and tensile splitting test) were used to compare the tensile
behavior of brick in dry and water saturated conditions, as this aspect is expected to influence the
bond behavior of SRP-masonry joints in wet conditions. From the results obtained, the following
conclusions can be drawn:

- the majority of specimens exhibited a cohesive failure in direct-shear tests, involving the
debonding of SRP strip with a layer of substrate attached. For saturated and weathered
specimens (SATU and POST), the attached substrate layer was thinner with respect to
control specimens, indicating a weaker bond,;

- interlaminar failure was observed in some POST specimens tested in direct-shear tests,

which can be attributed to a premature loss of viscosity of epoxy resin during casting leading
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to some defects inside the composite matrix. This observation calls for further investigation
to confirm the results;

- both in the shear tests and pull-off tests, the bond strength of water saturated (SATU)
specimens was generally lower than that of REF specimens, because of the weaker
mechanical properties of bricks in moist conditions, which were confirmed by additional
flexural and indirect tensile tests comparing dry and saturated bricks (tensile strength
decrease of about 20% was found between saturated and dry specimens);

- artificial weathering process by salt crystallization cycles altered the properties of the
masonry surface (POST), leading to a potential change in the bond properties between the
composite and substrate. When adhesion was tested perpendicularly to the brick/composite
surface, i.e. in the pull-off test, the salt-deteriorated state of the brick led to a negligible
adhesion, being the bonding strength almost zero (0.02 N/mm? on average). Conversely, in
the direct-shear tests, the load response of specimens in which the SRP strip was bonded to
salt-deteriorated masonry blocks (POST) was similar to that of REF specimens that did not
undergo any weathering cycle. The failure mode of direct-shear POST specimens suggested
the activation of multiple interfaces that was not observed for SATU and REF specimens.
The cause behind this different interface activation could just be related to some issues with
casting the POST specimens or might suggest an effect of salt hygroscopic behaviour on the
polymerization of the epoxy;

- ion chromatography revealed an increase in the amount of chloride ions and sulfate ions for
masonry blocks after artificial weathering. The amounts found beneath the surface of the
composite can be considered similar to those found in historical buildings. However, the
irregular salt distribution on the top surface of the masonry blocks might be one of the

reasons for some scattering in the results of the single-lap shear tests.
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