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to other repair systems as r.c. (reinforced concrete) and
steel, since they are light weight and because of their
adaptability to complicated shapes [2]. Although a
rather great deal of experimental research on the
mechanical behaviour of the FRP repaired masonry
has been carried out [7], and some standard exists for
their application (CNR DT 200 [10], ACI 440 [1]), still
some doubt remain on the impact of this technique on
the authenticity of the historic buildings. Furthermore,
very little experimental work has been done around the
world on the durability of these repairs when exposed
to aggressive environments (thermal cycles, salt
migration, etc.).
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The work concerns the experimental character-
ization of the bond of FRP applied to brick
masonry. The collaboration between the University
of Padova, the Politecnico di Milano and the
Cracow University of Technology in the framework
of the RILEM TC MSC “Masonry Strengthening
with Composite materials”, allowed for a compar-
ison of the performance of various materials,
produced in the two countries.

Durability tests, focusing on the influence of
temperature variation and salt crystallization were
performed. In fact it is know that: (1) detachment of
the fibre from the surface can occurs when temperature
reaches the “fusion point” of FRP, (2) detachment of
FRP can occur when water with salt can entry in the
wall. The investigation of these aspects cannot rely
upon standardized procedures, and therefore some
assumptions were adopted. The study is intended to
assess the contribution to bond of both brick and
mortar joints. Therefore masonry small assemblages
were considered. Only one type of FRP (carbon) was
considered, but in different systems (laminate or
textile) and with varying properties of adhesives
(epoxy resins or polymers), in order to reduce the
number of variables.

Masonry specimens were set up as soldier course or
running bond specimens, to reproduce bond condi-
tions in thin vaults and in solid walls, respectively.

A procedure for thermal cycles was preliminarily
set and then adapted to the characteristic of the
specimens. The specimens were inserted in the
climatic chamber, with temperature varying from
—10 to +70 °C. This temperature range was selected
with reference to real life situations. Besides visual
inspection, the pull-off testing procedure was chosen
as reference test in order to quantify the loss of bond. A
total number of 12 specimens were prepared and
tested.

It is well known that salt crystallization is one of
the most frequent causes of surface damage of
masonry in aggressive environments. Therefore,
once the repair by FRP is carried out, the presence
of salts should not reduce the lifetime of the
masonry [4]. Salt crystallization tests on brick
masonry assemblages strengthened with FRP strips
were performed.

The aim of the research was the analysis of thermal
ageing and salt crystallization on bond strength
between FRP and masonry substrate.

Comparisons among plain (reference) specimens in
normal (environmental) conditions and reinforced
ones subjected to aggressive conditions were
performed.

2 Material properties

The Italian specimens were made out of two types of
solid units: a soft mud and an extruded brick, provided
by Sant’ Anselmo and Stabila producers, respectively.
They simulate units in historic or modern masonry,
respectively. The extruded brick was considered as
comparison for thermal cycles investigation only.
Laboratory tests allowed for the characterisation of the
physical and mechanical properties according to EN
771-1[12], EN 772-1 [23], UNI 8942 [22]. The mortar
consisted in a premixed product based on natural
hydraulic lime produced by Tassullo (T30V), that
provided also its mechanical properties. High-modu-
lus unidirectional textile MBrace Carbon C5-30 was
applied with wet-lay-up system, as provided by BASF
Italia. Bicomponent epoxy resins used at the interface
compose both the primer and the saturant. Properties
for fibres and resins (after 7 days of curing, at
T = 20 °Cand RH = 90 %) are given by the supplier.
For thermal ageing tests, an epoxy resin provided by
Fidia producer was also used.

The Polish specimens were made of solid units as
extruded bricks provided by Bonarka. Laboratory tests
and producers data allowed for the characterisation of
the mechanical and physical properties [EN 771-1].
The Polish mortar used is a M5 hydraulic mortar (EN
998-2 [11]) with the addition of trass (Schomburg
ASO-TFM-R) for pointing in historical masonry.
Three types of CFRP composites were adopted, two
laminates and a textile, provided by Sika Poland and
applied with wet-lay-up system. Data for the product
was provided by the producer. One epoxy resin (Sika
Poland) and three types of polyurethane polymers
were considered as adhesives. Epoxy resins values
were provided by the producer, while polymers were
characterized in the laboratory, in accordance to ISO
527 [14].

Mercury porosimetry tests were carried out at
Politecnico di Milano on Italian bricks and mortar
samples, to measure the total porosity and the median
pore radium. The properties of all basic materials are
given in Table 1.
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Increase of uniaxial stress Ao, caused by increase of
temperature A7, in perfectly constrained conditions
can be computed through the thermal factor E-u,
according to Eq. (1), for any material characterised by
the elastic modulus E and thermal expansion coeffi-
cient o. More details about values of E and o of
materials using in FRP systems in civil engineering
can be found in Zajac and Kwiecien [27], where values
of the thermal factor E-a of using strengthening
materials are presented (Fig. 1).

Ao =E-a- At (1)

The thermal expansion coefficient o for masonry
can be considered to be around 5.0E—6 °C and the
elastic modulus E for masonry can be considered to be
around 4,000 MPa. Following Eq. (1), the thermal
factor E-o for the assumed masonry can be considered
to be around 2.0E—2 MPa/°C. The comparison of
calculated thermal factors presented in Fig. 1 in
logarithmic scale for analysed materials indicates that
change of temperature generates various levels of
uniaxial stress ¢ in materials bonded together
(masonry, adhesive layer, CFRP strengthening)—
proportional to elongation. If the assumption that the
deformation in bond between two compound materials
(CFRP-adhesive and adhesive-masonry) can be
neglected is valid, there exists shear stress at the
boundary. Shear stress is proportional to the difference
in uniaxial stress ¢ in bonded materials.

This shear stress generates tensile stress in the material
which has lower value of the thermal factor E-o (Fig. 1).

thermal factor Eo. [MPa/degC]

If two integrated materials are of high tensile strength
(CFRP and epoxy), even high shear stress can be carried.
If one of them is weaker and undergoes high shear stress
(masonry integrated with epoxy), generated high tensile
stress causes failure in weaker material.

A high level of shear stress it is observed when
CFRP is bonded to masonry using epoxy resin,
especially if the temperature gradient is high. In such
a case, failure can occur in material of lower strength,
typically in brick.

On the contrary, the use of polyurethane adhesives
characterized by low thermal factors indicates that
high tensile stress is generated in flexible adhesives by
CFRP and masonry (Fig. 1). However, this stress is
reduced and uniformly distributed along the whole
bonding surface, because of low stiffness and high
deformability of flexible adhesives [17]. It should be
pointed that not equal value of the thermal expansion
coefficient o of integrated materials is valid but the
most important is the thermal factor E-o from the
mechanical compatibility point of view, where also
Young’s modulus is taken into consideration.

3 Specimen description

All the specimens were reinforced by CFRP, applied
as strips of various widths and various types of
adhesives. The composite covers also mortar joints, in
order to assess the influence of this element on the
specimens.



The specimens were prepared at the University of
Padova and at the Technical University of Cracow,
while all tests (thermal ageing and crystallization
tests) were performed at the Politecnico di Milano.
The CFRP composite was applied with a classic
wet-lay-up method after 1 month of curing of the
masonry specimens, thus making sure they were
perfectly dry.

Two series of specimens were prepared, simulat-
ing various bond configurations, and representative
of common brick masonry textures of vaults and
walls (Figs. 3, 4). Pilot unreinforced specimens were
considered too, as reference for both thermal ageing

and crystallization tests in order to evaluate the
influence of FRP strips under crystallisation. Joints
(for both mortar and polymer) were 1 cm thick;
dimensions of the FRP strips varied according to the
configuration. However, for single bricks or soldier
course specimens, fibres were distributed in an area
of 8 x 21 or 5 x 21 cm?” for specimens realized in
Italy or Poland, respectively, or on the whole
surface (25 x 25 cm?); for running bond specimens,
the area for each strip was 8 x 18.5 cm® (Italian
specimens only).

For thermal ageing tests, three configurations of
strengthening were adopted (Fig. 2): one strip on a

(b) (c)

Fig. 2 Configurations of (a)

specimens for thermal

ageing tests: a TA-B: Brick

single brick, b TA-SC: soldier

course specimen, and ¢ TA-RB:

running bond specimen CFRP
Mortar
joint

(a) (b) (c)

(d)

Fig. 3 Configurations for soldier course specimens for crystal-
lisation tests: a CR-SCO: plain sample (only brickwork), b CR-
SCI: two strips combining brick and mortar joint, ¢ CR-SC2:

one strip with partial covering of mortar joint, d CR-SC3: one
strip with total covering of mortar joint, and e CR-SC4:
composite covering the whole surface of the specimen

(a) o ® ©

»
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Fig. 4 Configurations for running bond specimens for crystal-
lisation tests: a CR-RBO: plain sample (only brickwork), b CR-
RB1: two transverse strips combining brick and mortar joint,
¢ CR-RB2: one strip with total covering of mortar joint, d CR-

RB3: one strip covering two mortar joints and two bricks, and
e CR-RB4: composite covering the whole surface of the
specimen



single brick, or two strips on soldier or running bond 4 Experimental program and testing procedures
specimens.

For crystallization tests, the strips were applied on Tables 2, 3 and 4 present the experimental program
each type of specimen according to four configura- of the thermal ageing and crystallization tests. The
tions (Figs. 3, 4). Polish bricks were used for soldier course specimens

Table 2 Experimental program for thermal ageing tests

Origin Type of  Specimen  Type of Type Type Type Typeof  Width of N. of pull- N. of pull-off
specimen labels reinforcement  of of of adhesive  fibre off for for specimen
configuration  brick mortar fibre strip specimen (mortar joint)
(cm) (brick)

Italy Single BO1 TA-B brll  mol MB BP + BS 8 0 0

brick  pp bril FP + FS 2 0

EF1 brl2 FP + FS 2 0

EB2 brl2 BP + BS 2 0

FB2 brll BP + BS 1 0

Soldier SBO1 TA-SC brll  mol MB BP + BS 8 0 0

course

Running TBO1 TA-RB brll  mol MB BP +BS 8 0 0

bond 5 BP + BS 0 0

3 FP + FS 0 0

2b BP + BS 0 0

3b FP + FS 0 0

Poland Soldier = AG_8_S30 TA-SC brP moP  S812 S30 8 3 1

course  AG_8_PM PM 3 1

AG_8_PT PT 3 1

AG_8_PS PS 3 1

Table 3 Experimental program for crystallization tests

Origin Type of  Specimen Type of Type Type  Type Typeof  Width of N. of N. of pull-
specimen labels reinforcement of of of adhesive  fibre strip  pull-off off (mortar
configuration brick  mortar fibre (cm) (brick) joint)
Italy Soldier S2 CR-SCl1 brll mol MB BP +BS 8 5 1
course g3 CR-SC2 0 0
S4 CR-SC3 0 3
S5 CR-SC4 5 1
Running T2 CR-RBI1 brll mol MB BP + BS 8 0 4
bond T3 CR-RB2 0 0
T4 CR-RB3 2 2
TS5 CR-RB4 0 4
Poland Soldier CR_PM CR-SCO brP PM - - - 5 1
course  CR_M moP 5 1
CR_5_PM CR-SC1 S512  PM 5 5 1
CR_5_PS PS 5 1
CR_25_PM CR-SC4 " PM 25 5 1
CR_25_PS PS 5 1




Table 4 Experimental program for pull-off tests without thermal ageing and crystallization tests

Origin Type of  Specimen Type of Type Type Type Type of  Width of N. of N. of pull-
specimen labels reinforcement of of of adhesive fibre strip pull-off off (mortar
configuration brick  mortar fibre (cm) (brick) joint)
Italy  Soldier S1 CR-SCl1 brll mol MB BP +BS 8 2 1
course
Running T1 CR-RB1 brll mol MB BP +BS 8 4 0
bond

only, both for thermal ageing and crystallization
tests.

As for thermal ageing, two types of Italian bricks
were considered; they were reinforced with a CFRP
textile, applied with two types of epoxy resins.

The Polish bricks were reinforced with one type of
fiber (laminate S812) 8 cm wide, applied with four
types of adhesives (S30, PM, PT and PS). For each
configuration one specimen was tested, for both Italian
and Polish bricks.

For crystallization tests, Italian soft mud bricks
were considered, and only one type of fibre (MBrace)
was applied, in four lay-outs. Polish bricks were
reinforced with two types of fibres (laminate S512 and
textile W) covering part of the bricks (strips of 5 cm
for S512) or the whole surface (textile W), applied
with two types of adhesives (PM and PS). Moreover
two unreinforced specimens were prepared, one with
head joints filled by the same mortar as for the
reinforced ones, whilst the other using polymer PM.
For each configuration one specimen was tested, for
both Italian and Polish bricks.

One soldier course and one running bond reinforced
specimen (S1 and T1 labelled) were used as reference
for both thermal ageing and crystallization tests; two
pull-off tests were performed on the brick and one on
the mortar joint for specimen S1, four pull-off tests
were performed on the mortar joint for specimen T1.
The small number of specimens was decided upon,
since the research developed is an initial phase
intended to test the reliability of the program.

In Table 2 all the thermal tests carried out are
reported. In some cases the specimens were not
subjected to pull-off, due to their bad condition after
the thermal test (value 0) or they were not tested
(empty space). The samples exposed to crystallisation
cycles are listed in Table 3. In some cases the pull-off
strength tests were not carried out, since after

crystallisation cycles the samples were extensively
damaged (value 0).

4.1 Description of the procedure for thermal
ageing tests

In the absence of a standardised method, both the test
program and the procedure were proposed according
to other previous experiences, basically thermal cycles
carried out in the presence of epoxy resin injections
[5], also taking into consideration the typical temper-
atures measured on facades exposed to sun in summer
which can even reach 70 °C.

The following procedure was set out in the
experimental programme:

(1) Preliminary control of moisture level in the
specimen, that should be lower than 12 %, with
the specimen cured in a controlled environment
(20 °C and 50 % RH) for 24 h.

(2) Execution of the artificial ageing (at 60 % RH)
with the following cycles:

(a) +20to +70 °Cin 1 h (0.8 °C/min),
(b) 3hat70 °C,

(¢) +70to —10 °Cin 1:30 h (1.0 °C/min),
(d 3hat—10 °C,

(e) —10to+70 °Cin1:30 h(1.0 °C/min).

Preliminary results [25] obtained on strengthened
specimens composed by soft mud bricks indicated a
deep delamination of the composite, involving the
portion of the brick impregnated by resin. Therefore,
to allow for the detection of the commencement of the
delamination phenomena, intermediate inspections
were carried out every two cycles, these consisted of
the following: (a) visual inspection, (b) photographic
survey, and (c) description of the observed damage.
Forty cycles were performed according to the



procedure mentioned above. Then following that
stage, pull-off tests were carried out on surviving
specimens.

4.2 Description of the procedure
for crystallization tests

Crystallization tests were carried out according to the
Recommendation RILEM MS A.1 [20]. The speci-
mens, were put in contact with their bottom side with a
10 % (w%) Na,SO, solution (anhydrous Na,SOy4
reagent grade, Fluka) at the bottom end of the
specimens and then stored over a layer of dry gravel
in a plastic container open at the top, sealed along the
borders with the upper face exposed to the environ-
ment (controlled laboratory environment of 20 °C and
50 % RH). Due to the fact that the water introduced
can evaporate, hence stopping the phenomenon, water
was added every 4 weeks, setting up a cycle of water
feeding in order to increase the aggressivity of the salt
crystallization.

Every 4 weeks the specimen were subjected to:
(a) visual inspection, (b) photographic survey,
(c) cleaning from efflorescence and detached materials
with a soft brush and a vacuum cleaner, (d) photo-
graphic survey, (e) description of the observed dam-
age, and (f) reading of the surface profiles by means of
a laser profilometer to quantify the damage [6].

Then, after each cycle of 4 weeks, de-mineralised
water was added again to restart the process of
degradation which can be reduced by the water
evaporation.

Eleven cycles were performed according to the
procedure mentioned above. Then pull-off tests were
carried out on surviving specimens to measure the
remaining strength.

Damage induced by salt crystallisation to the
substrate and to the bond between CFRP and the
masonry in order to predict the effectiveness of the
bond adhesion in “real” environmental conditions.
Some hypotheses had to be verified: (i) the presence of
the stiff and waterproof strips could induce higher
damages into the surrounding masonry, and (ii)
crypto-efflorescence could be formed underneath the
strips and bring to the delamination of the strip itself.
The decay mechanisms induced by the salts crystall-
ising into the pores are influenced not only by the
porosity characteristics, but also by the pore distribu-
tion which varies from material to material.

The test simulated an aggressive environment in
which salts can arrive into the masonry by capillary
rise. A total number of 16 specimens were prepared
and tested.

4.3 Description of the procedure for pull-off tests

The pull-off test is considered as a simple and direct
way of quantifying the effectiveness of bond
between reinforcement and substrate. Although
results can be used directly to calibrate analytical
formulations in limited cases (as for detachment of
fibres applied at the intrados of vaults [8, 24], since
for the majority of applications in building materials
(e.g., walls, extrados reinforcement on vaults) is the
shear component which is involved in the bond
phenomenon [26], pull-off tests constitute a com-
mon method for the preliminary characterization of
bond. Moreover, the procedure is standardized in
ASTM C1583 [3] and be easily performed both in
laboratory and in situ. The observation of the failure
mode (type A, B, C or D) and the measure of the
stress of detachment, provide qualitative and quan-
titative information on the composite-to-substrate
bond. Four types of failure modes are presented in
ASTM C1583 [3].

5 Results of thermal cycles tests

The number of thermal cycles applied amounted to 40
cycles and caused a deep delamination in the case of
the Italian soft mud bricks. The delaminated layer was
trimmed and the section was observed under the
stereomicroscope (Fig. 5).

The different layers of FRP, as well as the zone in
the brick impregnated by the primer and the resin are
presented in Fig. 6a. The figure also shows the
delaminated layer with a clear horizontal crack of 1
or 2 cm under the fiber. There was a clear penetration
of the primer into the brick (1-2 mm), as it is clear that
the impregnated brick is more compact and probably
stronger.

On the contrary, the deeper zone which has not been
impregnated remained porous and weak. The delam-
ination was observed to have occured at this point. The
contact angle test confirms the penetration zone of the
primer (Fig. 6b). The reason why this phenomenon
happened can be connected with differences between



Fig. 5 Damage observed in the specimens after 40 thermal cycles; detail of the trimmed section

(a)

(b)

Fig. 6 Visual inspection: a delamination on the porous brick after 40 thermal cycles, and b presence of a border below the fibers at the

limit of the impregnated layer

the thermal factors of the soft mud brick and that of the
layer of epoxy penetrated into the brick (thin layer of
the brick impregnated by the primer). In such a case,
the brick of low strength does not withstand the shear
stress level causing failure, generated by different
deformation of both layers. In real applications on
masonry structures exposed to sunlight, the CFRP
strengthening system reaches high temperature faster
than the masonry substrate, thus the temperature
gradient between both materials is higher, generating
bigger differences in deformation as presented in
Fig. 1.

Four single brick specimens were used, two
belonging to the same type of bricks used for the
Italian masonry specimens: (a) soft mud ones, char-
acterized by high porosity, and (b) extruded type,
characterized by a low porosity. The porous brick
suffered delamination after only one cycle, while the
five extruded bricks did not have any delamination
after all the 40 cycles. The same behavior was
observed in the case of the Polish specimens. This
confirms that extruded bricks of higher strength were
able to withstand shear stress generated by thermal
deformations.

6 Results of salt crystallization tests

The results indicate the rising of the salt from the
uncovered surface as from the first week of observa-
tion, and also a concentration of stresses underneath
the fibres [6]. The damage by the salt crystallisation is
due to the fatigue caused to the material by the
repeated cycles. This measurement is possible because
the decay due to salt crystallisation in these porous
materials is proceeding from the external surface
inward [9].

Furthermore; in these cases it seems that a different
damage is induced by the presence of FRP which are
partially covering the specimen on the upper surface.
Figure 7 indicates that salts are concentrated at the
interface between the brick and the fibre, in the zone
where most damage occurs due to microcracking.

7 Pull off tests results and discussion
The results of the pull-off tests obtained on specimens

subjected to thermal ageing tests are shown in Figs. 9,
10 and 11.



Fig. 7 Damage after 11 cycles of crystallization: a general view and detail of concentration of stresses underneath the fibres in Italian
specimens, and b general view and detail of concentration of stresses underneath the fibres in Polish specimens

On the delaminated brick and on the non-damaged
five ones, some preliminary pull-off tests were
performed after the thermal cycles and compared with
reference pull-off test results, obtained on specimens
conditioned in the room temperature. For Polish
specimens detailed reference results are presented in
[16], where mean values of pull-off tests, obtained for
the S30, PT, PS and PM adhesives on Polish Bonarka
bricks, were 1.99, 2.34, 1.48 and 0.63 MPa, respec-
tively. For Italian bricks mean values of pull-off
reference tests are 1.50 and 3.11 MPa for the soft mud
and the extruded bricks, respectively [18, 19].

Results presented in Fig. 11 indicate that in the case
of Polish bricks the applied thermal ageing caused
pull-off strength reduction: of about 18 % up to value
1.62 MPa for epoxy S30 adhesive, of about 30 % up to
value 1.63 MPa for polymer PT adhesive, of about
31 % up to value 1.01 MPa for polymer PS adhesive
and pull-off strength increase of about 9 % up to value
0.69 MPa for polymer PM adhesive. In the case of
Italian bricks with epoxy adhesive the reduction was:

very high 89 % up to value 0.17 MPa for soft mud
bricks and very low 5 % up to value 2.96 MPa for
extruded ones.

One has to be careful in the analysing of the pull-off
results after thermal ageing cycles, particularly in the
interpretation of relatively good results (pull-off
strength higher than 1.0 MPa) obtained especially
for epoxy adhesives. This kind of material loses its
properties (starts to be soft) in the temperature range
40-80 °C (Fig. 8), close to the characteristic glass
transition temperature T, depending of the particular
kind of epoxy resin used (producer data). This aspect is
very important if strengthening systems are loaded
[15, 21]. The presented pull-off test results indicate
only the response of the tested strengthening systems
surviving after the thermal ageing cyclic process. It
cannot be assumed that the obtained in laboratory tests
post thermal ageing strength will be the same on the
system applied on a real structure, because epoxy
resins recover their properties, when temperature goes
back under the softening temperature range. In real
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application, epoxy adhesives (fastening fibres to
structures) work under loading, thus, loos of bonding
properties of epoxy in the temperatures close to the
characteristic glass transition temperature 7T, results
in failure of the working strengthening system—there
is not any post thermal ageing strength anyway.

On the other hand, polyurethane adhesives (poly-
mers PM, PS, PT) work in the environmental temper-
ature range (—25 to +70 °C or even to +100 °C—
Fig. 8) beyond their characteristic glass transition
temperature T, and are therefore safer in practical
applications, when considering thermal aspects. An
example dynamic mechanical analysis (DMA) results,
for the polymer PM—[13], confirms that this poly-
urethane works in stable conditions beyond T, =
—50 °C in the environmental temperature range
(visible in Fig. 8, presenting characteristic of Young’s
modulus, also named “storage modulus”, in the wide
temperature range).

The results of the pull-off tests obtained on
specimens subjected to crystallisation cycles are
shown in Figs. 9, 10 and 11. The reference pull-off
test results on brick specimens (without fibres) are
represented by mean values 2.10 MPa for the Polish
brick [16] and 1.14 MPa for Italian soft mud brick (S1
type) and 0.92 MPa for Italian extruded brick (T1
type).

In the case of Polish specimens (only brick—
Fig. 11), the crystallisation cycles led to reduction of

Temperature [°C]

about 18 % up to value 1.71 MPa for CR_M and of
about 9 % up to value 1.91 MPa for CR_PM. The
same crystallisation cycles affected specimens with
fibres—Fig. 11. Obtained results (according to refer-
ences presented for the thermal ageing test) were as
follows: about 14 % reduction up to value 0.54 MPa
for CR_5_PM, about 6 % increase up to value
0.69 MPa for CR_25_PM, about 61 % reduction up
to value 0.58 MPa for CR_5_PS and about 3 %
reduction up to value 1.43 MPa for CR_25_PS.

In the case of Italian specimens (with fibres—
Fig. 11), the crystallisation cycles resulted in: about
15 % reduction up to value 0.96 MPa for S2, about
15 % reduction up to value 0.96 MPa for S4, about
5 % reduction up to value 1.08 MPa for S5, about
23 % increase up to value 1.13 MPa for T2, about 3 %
reduction up to value 0.89 MPa for T4 and about 6 %
reduction up to value 0.86 MPa for T5.

The obtained results (compared with reference)
indicate that no significant reduction in strength was
observed (except CR_5_PS) but even small increase of
strength was noticed (CR_25_PM, T2). It is noted that
there is a reduction in strength in some cases, this
cannot be considered to be the rule after crystallisa-
tion. Other factors which can possibly have influenced
the discrepancy in results have been observed, such as
the presence of the mortar joint, the strength of the
brick, the failure mechanisms. Taking into consider-
ation mortar present, it was noted that in some cases
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Fig. 10 Result of pull-off test after crystallization and thermal tests for Italian specimens
the strength at failure was reduced drastically, whilst drastic reduction in strength. Yet one can note the way
in other cases, the strength was quite similar to the test in which the failure mechanisms vary, with respect to
carried out for the brick only without mortar joint. the Polish samples. As discussed above, this depends
The pull-off results for tests carried out on the on the use of different bricks and different materials

Italian samples indicate that there is no apparent for the application of fibres.
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Fig. 12 Damage after 11 cycles of crystallization test for Italian specimens: a concentration of salt underneath the fibers, and

b detached protruding fibre filaments in the pull-off test

In the case of the Italian samples, a failure mode A is
observed in general, while in the case of the Polish
samples, the failure mode is in general type C-D.
Therefore in the first case the failure of the brick is
recorded while in the second case the fibres are detached.
The latter mode of failure is preferred for cultural
heritage applications since through this mechanism, the
failure of the substrate does not occur and permanent
damage to the structure and material is avoided.

One can observe how the salt crystallisation has
occured at the interface between the fibre and the
brick, in Fig. 12a, which shows an Italian sample. This

phenomenon has not occured in the case where the
fibres had a good bond.

8 Conclusion

Durability and bonding of FRP system on masonry is
crucial, especially for possible application in historical
context, where moisture and consequent salt migration
in the substrate can influence the application phases,
and where thermal cycles occurring in the environ-
ment can cause de-bonding.



Masonry specimens repaired with CFRP strips were
subjected to thermal cycles and to sodium sulphate
crystallization tests according to a RILEM
Recommendation.

Tests on thermal ageing applied with a procedure
set on purpose within the research on various types of
bricks and composites, showed that some irreversible
damage can occur due to the different behaviour of the
resin connecting the FRP to the masonry, in case of
weak highly porous bricks, as present in the historical
context. In case of less porous bricks the damage does
not apparently occur. Nevertheless, the aspect of
loading in the temperature range close to the charac-
teristic glass transition temperatures of bonding adhe-
sives (especially epoxy resins) has to be taken into
consideration, in future research, in order to check the
possibility of choosing appropriate resins and FRPs.
This aspect should be investigated not only in the
unloaded state but also loaded specimens should be
taken into consideration during thermal tests.

On some masonry specimens subjected to crystal-
lization tests, after 11 cycles lasting 4 weeks each the
effect of the salts damage was surveyed and measured.
The damage caused by the salts seems to be higher on
the masonry repaired with this technique than on the
blank specimens, due to the higher accumulation of
humidity and salts around the strips and within them.
The salts crystallize as crypto-florescence underneath
the depth of penetration of the primal and within the
strip itself causing delamination and detachment of the
strip.

Nevertheless, not only decrease in strength after
salts crystallization was observed but also strength
increase. This phenomenon should be investigated in
further research, as well as the compatibility and
durability of FRP repair.
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