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Abstract

ABSTRACT

This dissertation is the product of a research project which focused on the behaviour of Fibre
Reinforced Cementitious Matrix (FRCM) for the reinforcement of masonry structures in servi-
ce conditions and its latest applications. The research was conducted both experimentally and
analytically, first considering the results from a preliminary state of the art investigation and then
providing an original contribution regarding the durability and new applications of FRCM.
Based on the literature and existing regulations on fibre reinforcements for masonry structures and
their durability in service conditions, it appears clear that although in the past two decades much
work has been done on this subject, still very little is known. Specific conversion factors are pro-
vided in a Bulletin on Technical Recommendations for Constructions composed by the Italian Na-
tional Research Council pertaining to service conditions and Fibre Reinforced Polymers (FRP).
Although there are currently no specific guidelines regarding the environmental effects on FRCM,
these are to be carefully considered and evaluated before designing these systems. The first step
towards a better understanding of the physical behaviour of such systems is through experimen-
tation, but experimental investigations on FRCM systems when subjected to environmental con-
ditions are virtually non-existent. Hence the original contributions of this work, as resulting from
four experimental campaigns. The methodology of the procedure for durability testing on FRCM
analysed in the present dissertation was derived from the literature review of the testing perfor-
med on FRP systems. The first two campaigns are directed toward investigating the behaviour of
fibres combined with cementitious matrices after they have been subjected to artificial ageing. In
the first campaign freeze/thaw cycles are carried out whereas in the second campaign specimens
are subjected to wet/dry cycles in sodium chloride solutions. The third and the fourth campaigns
regard durability testing on masonry reinforced FRCM subjected to wet/dry cycles, specifically
on small pilasters reinforced through glass and steel fibres, and masonry panels reinforced with a
new FRCM technique known as Reticolatus.

The conclusions drawn about FRCM reinforcing systems for masonry in this dissertation are able
to answer questions about these reinforcements that are important in the renovation and restora-
tion of historical structures, such as how long the reinforcement will be able to function effecti-
vely and how much time passes between onset of the degradation of the system and the need for

replacement.
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Abstract

In the Appendix, a preliminary non-linear procedure has been proposed for the numerical analysis
of masonry panels with the reticolatus technique, procedure which implements the non-linearity of
the material in an iterative numerical technique correcting the elastic-linear solution after having
evaluated it, step by step, pursuing the final goal of respecting congruence. Every mortar joint is
represented in discrete form as a curtain of trusses positioned perpendicularly to the interface of
the block and one truss placed in a tangential direction. The trusses perpendicular to the interface
of the blocks are able to transmit only compressive strength and therefore the deformations are
comparable to elastic cushions interposed between the masonry blocks. The reinforcement is con-
stituted by a mesh made by a steel wire of limited section (ca 1 mm) in such a way that it can pass
through the scraped mortar joints and the clutch in the steel bars inserted in the panel. Since the
section of the wire is limited it can sustain only tensile strength, and therefore the reinforcement
is modelled as a sequence of trusses connected to each other and fixed at the ends on the nodes.
FEM modelling was used and an iterative calculus process was proposed for the numerical analy-
sis of this specific type of FRCM. Three model panels were calculated with the proposed iteration
model, with random positioning of the reinforcement wire, in order to check the method of the
analysis. All model panels were subjected to a diagonal compression impressed only on the upper
right corner and then tested. The second step of the numerical analysis was to recalculate the pa-

nels using the modified strength values found from the experimental campaigns described above.
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PART I: Prolegomena to the Critical Enquiry







Chapter 1. Masonry






Masonry

1. General Overview: properties and characteristics

The objectives of the present work concern the durability of fibre reinforcements applied to ma-
sonry structures through cementitious matrices. As will be treated more in depth in the second
section of the present Chapter, the main benefits of FRCM applied to masonry structures lays in
their compatibility with masonry itself, as it allows permeability, and in its reversibility when
compared to FRP reinforcements. Nevertheless, as background material to enhance the present
discussion, a general overview of the main properties of masonry as a building material are de-
scribed in the following paragraphs.

Masonry has been used as a building material for centuries. One need only consider the Coliseum
in Rome or the villas in Pompeii, just to mention the most obvious architectural monuments in
Italy, but the examples are countless worldwide. In these historical constructions, masonry does
not present itself as a standardized material. In fact, there are many types of masonry which may
be found, depending on the location and age of buildings. It is generally constituted of blocks,
which may be of natural stone, clay bricks or compressed earth, with or without a layer of mortar
interposed, and variations depend on geographic location and age of construction. Masonry is
therefore a heterogeneous material, and as documentations as early as Vitruvius’ De Architectura
(ed. 2011) show, both virtues and issues were well known. Vitruvius in fact speaks of a solid part
of masonry, which corresponds to what has been defined as the central core of inertia, and of the
importance of the blocks in masonry constructions being compact. The Romans in fact believed
that the more compact clay bricks were stronger, and brought more stability to the building, and
thus they substituted early on the larger natural stones with bricks in larger and more important
buildings. Bricks were not only more compact and therefore considered more stable, thanks to
the techniques used in their manufacturing, but they were also easier to fabricate than to extract
large stones from quarries, and to transport, and finally to lay into place along regular beds lined
with mortar. The fact that it was used so commonly as a building material allowed for early on
observations of the problems it presented. It was apparent that for high elevations a larger base
was necessary in order for the forces to proceed vertically from the highest point of the building
down to the ground level. The importance of corners and connections was also noted, as was
the danger of humidity in direct contact with the masonry structure constituted of clay bricks, or

stone, and the mortar they were bound with, which absorbed humidity causing degradation to the
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Chapter I

structure. Many different patterns of assemblage were known to the Romans, but in order to keep
this section concise and focused we will briefly mention here only the most relevant assembly
techniques used in historical masonry constructions in selected geographical areas.

The opus quadratum is the first type of organized blocks of tufa stone, found since the IV century
B.C. The blocks, of dimensions ranging from 40 to 60 cm in length, were connected through a thin
layer of lime or lime based mortar, but this layer was also commonly replaced by wooden or metal
connections in the centre of the stones themselves. Later, the opus incertum, a technique which
used smaller stones bound together by a stronger mortar, achieved a great popularity. This type
of masonry was most commonly used for the facing of an inner core of opus caementicium, com-
posed of smaller stones (caementa) bound together by the resistant mortar used in the facing. This
opus caementicium was resistant to the point where it could be used as a building material in and
of itself, and became widely used given its ability of assuming new shapes and forms (i.e., vaults).
Around the I century B.C., the opus reticolatum became a common building technique, using re-
gular square shaped tufa blocks placed at a 45° angle, both as a full wall masonry technique or as
facing for the opus caementicium. This was a transitional period in building knowledge; whereas
before builders needed to devote attention in the horizontality applied to the building blocks, now
the technique required a simple assembly, since the tufa blocks used were already in a regular
square shape. The weaknesses of this system though were well known; as Vitruvius observed in
his De Architectura, the opus reticolatum was particularly prone to cracking in the mortar joints
given the oblique positioning of the stones themselves (Baila et al., 2011). This may be one of the
reasons for the introduction of the opus festaceum, that is the masonry assembly with rectangular
blocks placed in horizontal layers and bonded through the use of mortar. Nero was the first Roman
emperor to have entire buildings constructed with opus festaceum (Mazzanobile, 2005).

It was certainly known to Roman builders that masonry does not cope well with tensile strength
while its resistance to compressive strength is considerably higher. This knowledge was further
developed and refined throughout the centuries, and today there are methods of analysis available
for masonry structures. However, these methods though do not always apply to historical mason-
ry; in fact, since masonry is a heterogeneous material, and therefore the characteristics of both the
bricks and the mortar must be considered in any analysis, its properties also depend on the work-
manship. This factor presents endless variables, for example when analysing a historical masonry

structural element, the bricks do not always belong to the same period if there was a historical
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Masonry

intervention of consolidation, or originate from the same kiln, or the clay may present a different
intrinsic constitution. For this reason and for the purpose of the present work, the main structural
characteristics will be briefly illustrated as follows, as an in depth analysis of the structural beha-
viour of masonry would not be relevant to this excercise.

Masonry works best with compressive strength, and is weak when subjected to tensile strength.
For safety margins when designing or calculating existing masonry structures, tensile strength is
neglected entirely. When subjected to in-plane compressive strength failure is reached for exces-
sive loads causing cracking, in vertical lines parallel to the direction of loading, and subsequently
crushing in the masonry element, both in the bricks and in the mortar layers. In masonry structures
which present a central core of cemented material unsuccessfully connected to the external fagad-
es, elevated compression forces may cause the facades to detach from the inner core, and then col-
lapse due to flexural forces. Shear strength causes collapse through cracks which form within the
masonry assembly at about 45°, involving both the mortar joints, in a step-wise fashion, or both
mortar joints and brick units. Out-of-plane loading, for example, which occurs during earthquakes
or by thrusts transmitted by arches on walls sustaining the imposts, may determine collapse for
excessive shear or flexural strength.

Although this short inventory of the main issues inherent in masonry structures is far from exhau-
stive, it has attempted to give a clear delineation of the problems which the historical techniques

of consolidation were facing, and which are further illustrated in the following section.

2. Structural reinforcement: brief historical excursus

In the V century, after the earthquake of 443 which shook Rome, emperor Theodoric was more
preoccupied with conserving and repairing buildings which had suffered structural damage rather
than demolishing them (Mazzanobile, 2005). In this specific case, his desire remained a good
intention, as it did not prevent many of the monuments of Rome from being ransacked. But it is
a testimony to a general attitude towards architectural heritage which may be confirmed in the
numerous examples of consolidation throughout the centuries, starting from periods of Roman
history which long preceded Theodoric.

In the Roman era the most common consolidation techniques were of two main typologies. The

first typology could be considered a repair or maintenance technique, more than consolidation
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Chapter I

or actual structural reinforcement, although the end result was similar. In fact, repointing of ma-
sonry layers which had been eroded or washed away, or substitution of degraded masonry parts
were, quite common. For example, the aforementioned opus reticolatum often presented extensi-
ve cracking in the masonry joints, therefore parts often required substitution and were rebuilt with
the opus testaceum technique. But the substitution of old materials with new was not reserved
solely to cases of opus reticolatum; this was a technique frequently used when degraded mason-
ry was in need of replacement. Substitution of masonry parts was also often carried out when
cracking appeared due to shear or flexural strength; the consolidation techniques listed below
were not always used due to their cost, mostly for workmanship, so the cracked or crushed parts
were sometimes simply replaced with new masonry.

Along the lines of maintenance and repair, the acknowledgement that masonry was subjected to
degradation caused by excessive humidity, in particular at the foot of the building, was taken into
careful consideration when building or repairing buildings. Special terracotta tiles were found
applied to the walls of the Domus Transitoria in Rome, with small extrusions which permitted a
constant ventilation of the vertical structure in order to avoid dangerous concentrations of humidi-
ty (Mazzanobile, 2005). Another method of keeping the humidity away from the walls used in the
House of the Faun in Pompeii consisted in nailing sheets of lead to the walls designed for frescoes;
humidity was the first enemy of the brilliant colours fixed onto plaster.

The second reinforcement typology consisted in those structural interventions mainly aimed at
eliminating out-of-plane loads. Tie rods were commonly inserted in arches or vaults which had
produced thrust against their sustaining walls. The iron rods were inserted in the masonry vaulted
system, preferably at the height of the impost, at about 30° from the last horizontal voussoirs or
ashlars, and heated in the central section. The rod was then fixed to the external sides of the walls
sustaining the vault or arch through the use of anchor plates. The heat would cause the rod to dilate
and once the rod cooled down it would shorten, applying an action opposite to the thrust of the
arch to the sustaining walls.

The other technique used to eliminate out-of-plane loads was with masonry buttresses. By bu-
ilding large sections of masonry up against the structures which had presented fracturing due to
out of plane loads, the new masonry augmented its width in those specific sections, increasing the
central core of inertia, or the solid part, as mentioned by Vitruvius. It was common knowledge

that, in order to be effective, it was necessary to repeat the buttresses along the entire length of
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Masonry

the building at distances that did not exceed the height of the wall which was in need of reinfor-
cement (Mazzanobile, 2005). Often the buttresses were constructed at an inclination towards the
wall subjected to excessive forces because the largest thrust was believed to be at the foot of the
wall itself. The function of the buttress could formally be carried out by many different types of
structures, all with the same intent of impressing on the wall a force contrary to the one causing
structural deficiency. When there was not sufficient space to build thick buttresses, i.e. in betwe-
en buildings or in small side streets, relieving arches were employed, using as imposts the wall
in need of reinforcement and the wall opposite to it. In some cases the operation was repeated
several times along the entire height of the building. Another expedient for eliminating thrusts
could be found in additional architectural spaces added to the building itself. Porticoes were built
in front of buildings when the facades were giving signs of inclining externally, as in the case of
Livia’s Villa in Pompeii (Mazzanobile, 2005). An entire neighbourhood was built at the foot of the
Palatine hill in Rome with the function of a retaining wall; when the small popular houses were
removed in the XIX century, freeing the Domus Tiberiana, cracks appeared clearly along the walls
of the Roman villa. In 1870, masonry buttresses needed to be applied as structural reinforcement.
Another method of increasing the stability of masonry structures was through filling in openings,
such as found in windows or porticoes. Again, the knowledge from the I century B.C. indicated
that walls should be built over the abovementioned solid parts of the structure and not over ope-
nings; in the case of openings beneath the walls, Vitruvius warned builders that the structures
would not last long. Hence the filling in of openings where more solid part was needed for the
structure above them.

These methods of structural reinforcements were used throughout the centuries with little varia-
tion until more recent times when reinforced concrete came into use. Towards the end of the XIX
century, the enthusiasm of the new technology spilled into the disciplines of consolidation and
structural reinforcement. By the end of the third decade of the XX century, reinforced concrete
had almost completely replaced the traditional reinforcement techniques mentioned above (Serra,
2005). Around the same period, a long lasting debate on correct consolidation methods com-
menced, beginning with the Charter of Restoration drafted during the International Conference
of Athens in 1931, where the use of reinforced concrete for restoration purposes was approved.
The first precautions on the excessive use of this “new” construction technique were put forth

during the Charter of Restoration compiled during the 2nd International Conference of Architects
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in Venice in 1964. By this time, innumerable interventions with reinforced concrete in historical
masonry structures had been completed.

The insertion in a liberal fashion of reinforced concrete ring beams, beams, injections of concrete
grout and reinforced concrete floor slabs, although structurally valid, was soon to be discovered
as an incompatible solution for various reasons, among which the aesthetic presence of such ele-
ment, although this may be easily hidden. The greater problems with these solutions lie in the way
that these rigid structures modify the statics of a building from elastic to hybrid, that is rigid in the
reinforced parts and elastic in others (Baila et al., 2011a). The earthquakes which took place in
Italy in the last decades have in fact proven the restricted efficacy of these types of reinforcements,
as valid as they might seem for a limited amount of time, until compatibility issues emerge, or in
the absence of seismic activity.

Therefore, new reinforcement methods were needed, which could take advantage of the techno-
logical advances achieved in the past three decades but which at the same time respected the fun-

damental principles of restoration, namely reversibility, compatibility and minimum intervention.

3. Structural Reinforcement: recent methods

In the first part of this section recent reinforcement methods will be briefly introduced, including
the well-known Fibre Reinforced Polymer (FRP) system, the first type of fibre applications to
structures which preceded FRCM reinforcement systems by about a decade. This last method,
object of the durability study of the present work, will be discussed in the second part of the pre-
sent section, and a brief inventory of experimental work carried out on FRCM masonry will be

summarised.

a. Various Techniques

Grout injections and steel rod reinforced grout injections are still a common practice in structural
reinforcements (Baila et al., 2011b). Although these methods consist in the insertion of a rigid
system in an elastic structure, they still seem to be the most effective in the cases of masonry
facing and cementitious inner cores which have detached. The grout, which can be cementitious,

resinous or of inorganic material, acts as an adhesive between the detached layers of masonry
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and cementitious materials, which have often become loose in time. The insertion of steel rods
in holes prepared in the same way as for simple grout injections increases the resistance of the
reinforcement. However, it is neither a reversible nor a minimally invasive technique.

Small tie rods inserted in holes drilled in the thickness of masonry walls work best in cases of
several leaf walls, or walls with inner cores of cementitious conglomerate: the principle of the
method is the same as the tie rods used historically to eliminate out-of-plane loads, with the
exception that they are used to hold together portions of walls which have lost the effectiveness
of their connections or never possessed connections at all. At the extremities of the rods, that is
on the external sides of the wall they are inserted in, the traditional anchor plates are replaced by
nuts. They may be subjected to a certain amount of pretension, resulting immediately effective
after application. Although this method may be considered compatible, the drilling of holes in an
already weakened masonry is less than minimum intervention.

Reinforced concrete headers may also be used in the case of masonry walls with inner cores of
weakened and non-cohesive material; in order to create the headers a portion of the wall must be
removed in order to allow for the allocation of the steel reinforcement and the pouring of the con-
crete mixture (Baila et al., 2011b). This is a highly invasive and irreversible technique, although
effective for shear resistance, for which reason it may be considered useful for certain types of
minor architecture.

The use of steel welded meshes applied to the entire height of walls can be further enhanced by
the insertion of carbon or aramid fibre rods in the walls in need of reinforcement, moulded in such
a way that they clasp over the steel mesh. The entire system is structurally effective, but causes a
profound alteration the original structure in terms of section, physical properties of the structural
element, ductility of the original structure and vulnerability to corrosion. This type of intervention
is not applicable in cases of historically relevant architectural buildings.

Steel tie rods are still commonly used in masonry structures and in the case of columns or pila-
sters the hooping of these elements through metal rods seems to be a valid alternative to grout
injections. The hooping may also be used in combination of the grout injections given that there
is no real way of ascertaining the level of penetration of the injected material into the vertical
masonry elements. In the case of steel hooping used in the absence of grout injections, this rein-
forcement method is reversible, compatible and considered a minimum intervention. In fact, if

future events were to require the removal of the hoops this would be possible without leaving
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permanent damage to the structure. In the case of consolidation interventions which used a com-
bination of metal hooping and grout injections, then the technique is as irreversible and invasive
as the injections themselves.

From this brief review of more recent reinforcement techniques with respect to those which desi-
gned the addition of reinforced concrete structures it is possible to understand the difficulties to-
day’s architect or engineer is faced with when structural reinforcement is required in a historical,
and even more complex, in a monumental, masonry building. Of course, traditional techniques
such as tie rods, buttresses and replacement of cracked or damaged masonry with new or even
historical parts which are intact, are always an option for current consolidation techniques. But in
some cases the traditional techniques do not bring sufficient stability to the building, or are not as
accurate in their results as more recent albeit more invasive techniques.

The issue of guaranteeing structural stability, while not increasing the masses of the structure as
buttresses might, and at the same time with easier and swifter application, was considered close
to solved when materials borrowed from the aerospace industry were used in civil engineering. In
fact, carbon and aramid fibres were in use since the early 70’s in aerospace engineering to repair
local damages on aircrafts. About two decades later the technique of applying fibres to structu-
res through the application of epoxy resins (Fibre Reinforced Polymers, FRP) was used in civil
engineering as well, giving a start to extensive experimental campaigns, analysis and regulations
regarding their use. This material is considered to be a composite material, being constituted of
two elements, fibres and matrices, frequently resinous, which, when combined, give the desired
effect of reinforcement. The fibres are the element which take on the structural function, and the
matrix is the medium through which forces are distributed from the original structure to the fibres.
The fibres generally consisted in glass, aramid, carbon and basalt, while matrices were mainly
epoxy resins. The first applications of FRPs were primarily to reinforced concrete, such as ap-
plied to bridges and beams in reinforced concrete buildings. Soon after the first applications on
structures came the concern for the durability of FRP reinforced structures, a topic which will be
analysed in Chapter 2: Durability of Fibre Reinforcements. By the end of the XX century, FRP
was being used in the reinforcement of masonry structures as well, both new and historical. The
most acknowledged advantages of FRP reinforcements consist in the highly elevated strengths of
structures thus reinforced compared to the unreinforced structural elements, their light weight and

ease of application.
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Again the issue of reinforced structures arose, that is the transformation from sole masonry
structures to hybrid ones, where the fibre reinforcement would produce areas of more elevated
resistance than the unreinforced elements in the same structure. Textile fibre reinforcements using
carbon FRP, or CFRP, and aramid FRP (ARFP) confer additional tensile strength in the structures
they are applied to with a negligible addition of dead loads compared to masonry structures with
traditional concrete reinforcements. In fact, the extra mass added by reinforced concrete members
in existing masonry structures modifies the dynamic response of such reinforced buildings due to
the increased seismic forces.

The real problems with FRPs, both on concrete and masonry structures, consisted in the damage
caused to the original structure itself after the fibres were called into action by excessive forces.
In fact, experimental campaigns revealed how, in many cases, once the forces were no longer
sustained by the masonry or concrete structure, crushing commenced, arriving to total damage of
the structure if loads continually increased. Another issue of FRP reinforcements consists in the
ripping effect which may occur with debonding; if forces are excessively elevated or concentrated
in one specific section, the FRP system may detach from the structure. In many cases, the deta-
chment of the FRP strip carries off significant amounts of material of the original structure, given
the elevated adhesiveness of resin matrices. This effect is exceptionally damaging, especially to
masonry structures. Furthermore, the non-permeability of the resin matrices can lead to dange-
rous concentrations of humidity in the masonry structure underlying the reinforcements, leading
to other types of damage, such as mould (see Chapter 2: Durability of Fibre Reinforcements).
Nonetheless, FRP have been widely used in reinforced concrete and masonry, both in new and hi-
storical and monumental, structures in the past twenty years. However, the disadvantages of FRP
reinforcements lead research in the direction of a similar technique that presented a more compa-
tible and reversible solution for historical structures, for which the risk of being more damaged
than helped by the reinforcements was a real concern. This solution is in the application of Fibre

Reinforced Cementitious Matrices, or FRCM.

b. Fibre Reinforced Cementitious Matrix (FRCM)

With the replacement of resinous matrices with cementitious types of adhesives, the compatibility

issue of applying fibres to historical structures was considered resolved. This of course depends
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greatly on the type of cementitious matrix used in the composite reinforcement, as some of the
more recent inorganic matrices still prove to be capable of ripping and limited permeability. The
strength acquired by the structure reinforced through FRCM systems is somewhat less than that
given by FRP. At the same time, FRCM does seem to be a more compatible reinforcement, and
according to the type of application, failry reversible, a quality completely missing from FRP
materials. Following is a brief state-of-the art on the experimentation carried out on the validity

of FRCM reinforcements.

Experimental research: state-of-knowledge

As previously stated, FRP systems have many advantages in structural retrofitting of masonry
structures. However, preservation requirements have conducted researchers to investigate the ef-
fects of FRCM systems as a valid alternative to their resin matrix equivalents.

In Prota et al. (2006), the in-plane behaviour of masonry tuff walls reinforced through a cemen-
titious mortar grid (CMQG) was analysed. Fibres were glass-aramid textiles, while the mortar ma-
trix used was a readymade cementitious mortar with the addition of an acrylic fortifier. Different
reinforcement layouts were used on the tuff masonry walls, such as one sided reinforcing, one or
two-ply strengthening on both sides of specimens, and after an adequate curing time, the speci-
mens were subjected to diagonal compression loading according to specifications contained in
ASTM E519-81. Results were then compared to unreinforced specimens. It was concluded that
the CMG reinforcement system increased shear strength of reinforced walls noticeably, in particu-
lar in the two-ply specimens, while also increasing ductility compared to unreinforced specimens.
All specimens maintained structural integrity at failure, the most important safety characteristic
for reinforced structures.

The efficacy of Textile Reinforced Mortar (TRM) was experimentally investigated by Papanico-
laou et al. (2007) on three different brick apparatuses, simulating brick walls, brick pilasters and
brick lintels. The various configurations all presented control specimens, one and two-ply textile
reinforced mortar specimens as well as one and two-ply polymeric epoxy matrix reinforced spe-
cimens for result comparison. Fibres consisted in high strength carbon roving, the cement mortar
matrix had a 10:1 ratio of polymers by weight, and a two part epoxy adhesive was used for the
FRP system. Testing was conducted for both compressive and shear strength in the brick wall and

pilaster specimens, whereas flexural testing was conducted on lintel simulating specimens. Con-
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trol specimens were loaded monotonically, while reinforced specimens were tested cyclically un-
der in-plane loads. Results proved that TRM retrofitting increased the resistance of the specimens
effectively compared with unreinforced masonry apparatuses, albeit about 65-70% less than their
equivalent FRP configurations. On the other hand, TRM reinforced specimens presented a much
more elevated deformability, of high importance when considering the reinforcement of structures
subjected to out-of plane loading (i.e. seismic activity).

Papanicolaou et al. (2008) continued the extensive testing in exactly that direction on brick wall
specimens subjected to out-of-plane loading. In this case, the brick specimens simulated only pi-
lasters and lintels, and the out-of-plane loads were positioned for failure planes parallel to the bed
joints in the first case and perpendicular in the second. As in the previous study for each specimen
type both TRM and FRP reinforcements were applied, with one or two plies of fibres of bi-di-
rectional carbon roving. As in the previous study, loading was monotonic in the control specimens
and cyclic for reinforced specimens. For the specimens simulating masonry piers or pilasters, the
TRM reinforcements were particularly effective, more so than the FRP systems by about 22%
for one-ply reinforcements, and 17% in the case of two plies. Also, TRM jacketed specimens are
less stiff than their FRP counterparts, endowing the system with a higher degree of deformability.
In the case of lintel simulating specimens, while TRM is still an effective reinforcement system
when compared to the unreinforced control specimens, FRP jacketing presents higher strength
(by about 20%) and deformability (about 15% at failure). The authors attributed the difference in
the values of TRM versus FRP in the two different specimen types to failure mechanisms which
involve tensile fracture of the textile reinforcement in lintel simulating specimens.

Although in this present work attention is mainly directed towards examining the success of
FRCM systems applied to masonry, following is a study conducted on FRCM reinforced concrete.
In Hashemi et al. (2008) the effectiveness of cement based bonding material for fibres was tested
on concrete beams. Four different types of cement mortar matrices were used, consisting in a
simple cement mortar without additives and silica fume, latex or micro-cement modified mortar.
Results showed how all FRCM systems improved load carrying capacity of concrete beams when
compared to unreinforced specimens.

Returning to masonry reinforcement, Augenti et al. (2011) conducted an experimental campaign
on a tuff masonry specimen intended to simulate the behaviour of a wall portion with an opening

(i.e. a window, door, etc.), and tests were directed towards verifying whether the weak span-
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drel obtained improvement from FRCM reinforcement after damage had already occurred in the
structure. The specimen used in the present experimentation underwent three different testing
phases; a first phase was tested as built, under monotonic vertical and horizontal in-plane loads. A
second phase consisted in the cyclic loading of the panel repaired through repointing where cracks
had appeared during the first testing phase. The third phase of testing was conducted with a cyclic
loading on the specimen with glass fibre and cementitious matrix jacketing applied to both sides
of the spandrel and to the joint areas between the spandrel and the piers. Observations after the last
phase of testing showed spread cracking in the reinforced area, indicating an even distribution of
stresses due to the good anchorage of the mortar matrix to the tuff masonry wall. Results confir-
med that the inorganic matrix grid (IMG) not only restored the strength of the masonry wall to the
levels it presented as built, but degradation also occurred at more severe displacement values. Gi-
ven the in-plane nature of the forces applied to the structure, debonding did not take place in this
campaign, avoiding therefore damage to the masonry substrate and abrupt collapse mechanisms.

In Parisi et al. (2013), again tuff masonry was reinforced through different glass fibre IMG layouts
and tested under diagonal compression as specified in the ASTM E 519-07 document. Three series
of reinforced panels were tested and results were compared to as built unreinforced specimens.
The three different layouts consisted in double-sided IMG strengthening, single-sided IMG stren-
gthening and single-sided strengthening with steel FRP ties inserted in the masonry and folded
over the glass fibres. The observation of the physical models after testing highlighted how no spe-
cimen displayed debonding of the reinforcement system, and slight out-of-plane bending occurred
only in one sided strengthening systems. This effect was noticeably reduced in the specimens with
SRP ties, and disappeared completely in two-sided strengthening systems. The ductility of the ma-
sonry walls increased in particular where the SRP ties were present, an important quality needed
in seismic resistant structures.

In Balsamo et al. (2013), testing was conducted on reinforced concrete beams, strengthened with
both traditional composite systems, i.e. carbon laminate with epoxy resin, and SRCM (steel rein-
forced cementitious matrix). The specimens were then subjected to four point bending. Results
show that both reinforcements increase the flexural load carrying capacity in comparison with the
unreinforced specimens, and although the net areas of the steel fibre reinforcement was half that
of the carbon laminate, the SRCM reinforced beams displayed a failure load only 20% lower than

that of the CFRP reinforced beams.
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Differently to what has been reported so far, De Santis et al. (2014) conducted an experimental
campaign on the tensile strength of glass-aramid textiles with four different mortar matrices, as
opposed to the behaviour of structural elements reinforced with FRCM systems. One natural hy-
draulic lime mortar was used, and three mortars containing various binders. Results indicated that
under tension FRCM systems undergo three phases, un-cracked, crack development and crack
widening. The prevalent collapse mechanism consists in the crack development phase, where
strong load reductions were reached.

Continuing along in this investigation technique, De Felice et al. (2014) carried out uniaxial ten-
sile FRCM coupon testing and bond tests on brick and stone substrates. Steel, carbon and basalt
fibres imbedded in cementitious mortars are used in the coupon testing, and results of this first
part of the campaign confirmed the three phases determined in De Santis et al. (2014), that is un-
cracked, crack development and crack widening, indicating that the contribution of the mortar
matrix is prevalent in the first two stages, whereas in the crack widening phase the stiftness and
the ultimate tensile strength of the composites are very similar to the values of the fibres alone.
Regarding the experimentation on the bond between FRCM systems and the substrate they are
applied to, the same types of fibres as in the coupon testing were used. Failure modes were divided
into three different typologies, that is, debonding at substrate-matrix, debonding at the fibre- ma-
trix interface and slipping of the fibre from the matrix. The first failure mode was found to be more
common in short anchorage lengths of SRG reinforcements, while the second and the third failure
modes were more common for long anchorage lengths of carbon and basalt fibres, due to the diffi-
culty of complete penetration between fibres and matrices. In closing, the higher bond performan-
ce was found in those reinforcement systems which presented higher mortar strength and stiffer
textiles and on substrates which had been suitably prepared, for example through sand-blasting
techniques. Unfortunately, it is not always possible to adequately prepare the substrates with such
techniques, as they may prove excessively aggressive for historical and monumental masonry.
Through this brief excursus of the experimentation conducted so far on FRCM systems, it is
clear that although the elevated values of load carrying capacities of FRP systems are not always
levelled by their cementitious matrices equivalents, their application always increases the per-
formance of structures in comparison with their unreinforced state. Furthermore, the possibility
of using compatible materials is in compliance with requirements of restoration techniques of

historical masonry. Although the degree of reversibility has still to be investigated and determi-
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ned, the experimentation analysed up to this point has shown that in the case of debonding the
substrate-matrix interface is often not part of the reinforcement system involved. The fact that the
masonry surface possibly could remain intact is a factor that should not be underestimated in the

case of reinforcements of monuments.

Codes for Design Calculation

One of the major issues architects or engineers must face at the present time is the design of an
FRCM reinforced masonry structure, without specific design codes for calculation or guidelines.
In fact, the codes and guidelines which are currently used in experimentation and structural rein-
forcement have been borrowed from those documents concerning FRPs. There is a formulation of
a document referring to the use of FRCM’s in construction within the Italian National Research
Council, but this document has not been approved at the time of this writing. Therefore, at the mo-
ment two documents in particular are useful in that they provide a sense of the verifications which
need to be completed on a reinforced structure, the CNR-DT 200/2004, and the National Italian
Guidelines of 2012 on the “qualifications and acceptance control of fibre reinforced composite
materials for the structural consolidation of existing structures”.

The CNR-DT 200/2004 Bulletin compiled by an Advisory Committee on Technical Recommen-
dations for Constructions, put together by the Italian National Research Council, is a detailed
guide for application and use of FRP’s on reinforced concrete, pre-compressed concrete, and
masonry structures. Its contents vary from the definition of FRP’s, to technical calculations one
should use during their design and application, to their durability (as more explicitly described in
Chapter II: Durability of Reinforcements). The first part of the document, in fact, consists in the
definitions of FRP materials, and what fibres and matrices are part of this reinforcement composi-
te. Within this part, specifically in section 2.2.3.3, other types of matrices are acknowledged: “(...)
the use of inorganic matrices (cement-based, metallic, ceramic, etc.) for production of fibre-rein-
forced composites for construction is rapidly growing. Even though they are not discussed in this
document, their use is deemed possible when accompanied by suitable technical documentation
and experimental validation to prove their effectiveness”. Therefore, in the case of a reinforce-
ment proposal containing FRCM, the project must be equipped with sufficient experimental data
to prove the validity of the proposed method.

The second part of the Bulletin is dedicated to the application of FRP systems on reinforced con-
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crete and, finally, masonry. The first part of the design considerations are not of particular interest
to the present work, given that they are specific to the FRP reinforcement of concrete structures.
Consequently the indications contained in section 5 of the Bulletin (Strengthening of Masonry
Structures) will be described here. Interestingly, the use of these reinforcements on historical and
monumental architectural heritage is acknowledged, but in section 5.1.2 the code recites: “Stren-
gthening of historical and monumental buildings shall be justified only when inevitable; the adop-
ted strengthening technique shall be in compliance with the theory of restoration”. To this regard,
the document refers to section 3.1.3: “If FRP strengthening concerns structures of historical and
monumental interest, a critical evaluation of the strengthening technique is requires with respect
to the standards for preservation and restoration, the actual effectiveness of the strengthening
technique shall be objectively proven, and the adopted solution shall guarantee compatibility,
durability and reversibility.”

In sum, the experimental campaigns conducted to this point on the reinforcement of historical
structures through the use of FRP have objectively proven that the principles of compatibility,
durability (see Chapter 2: Durability of Reinforcements) and reversibility are not respected. No-
netheless, as better described in the second part of the following section, the calculations referring
to FRP use on masonry structures in the CNR-DT 200/2004 have been useful as comparison
methods for calculations on FRCM systems. The Bulletin, in fact, gives indications on safety
requirements (section 5.4), strengthening of structural members with single or double curvature
(section 5.5), confinement of masonry columns (section 5.6), and design for seismic applications
(section 5.7).

The objectives of the 2012 guidelines mentioned above consist in the qualification and control
of composite FRP materials made of glass, carbon or aramid fibres and polymeric matrices. The
document takes into consideration the drafting of guidelines for FRP composites which use fibres
such as steel, PBO or natural fibres, but these materials would need to be equipped with technical
documentations which prove their compliance to technical construction standards. These guideli-
nes are specifically directed towards FRP qualification, and as described above for the CNR-DT
200/2004 Bulletin, when considering FRCM materials architects and engineers involved in the
design of such retrofitted masonry structures may draw on the indications contained here. In this
specific context of durability of reinforcement systems, the indications given by the guidelines

regarding environmental durability are worth mentioning. The following criteria were meant to
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be applied to coupons of FRP, that is, the fibres with their (resin) matrices.

Freeze/thaw cycles are defined in the guidelines as a 20 cycle process. Each cycle is defined by 4h
at a -18°C temperature alternated with a 12 h period at +38°C temperature at 100% R.H. At the
end of the cycles carried out with these indications, a first visual observation is required in order to
evaluate if superficial alterations took place, such as erosions or micro cracking due to the freezing
of water particles within the FRP, expanding during the 4 h at -18°C. This observation is parti-
cularly important in cementitious matrices due to the role of water during freeze/thaw cycles. As
the water in moist cementitious materials freezes, it expands about 9% its original volume, produ-
cing pressure in the pores. If the pressure developed exceeds the tensile strength of the cementi-
tious matrix, the cavity will dilate and rupture. The accumulative effect of successive freeze-thaw
cycles can eventually cause esuperficial alterations such as cracking, scaling, and crumbling of the
concrete, effects notable during visual observation. Once thermal cycling is complete, specimens
are then subjected to tensile stress in the direction of the fibres. The process is considered to have a
positive outcome if the tensile values of the aged specimens do not decrease more than 15% when
compared to un-aged specimens during testing.

For ageing which involves humid, saline or alkaline environments, the specimens should be expo-
sed through immersion of 1000 hours. For resistance to humidity the prepared environment is to
be at a temperature of 38°C and 100% R.H. For resistance to saline environments, immersion
should be at a temperature of 23 + 1°C, whereas alkaline environments require immersion in a
solution with a pH level of 9.5 or more at 23 + 2°C. Again, visual observation should be carried
out for the assessment of degradation such as erosion, micro cracking or peeling. As for freeze/
thaw cycles, aged specimens should conserve at least 85% of their resistance values compared to
un-aged ones.

The guidelines also specify important mechanical properties FRPs should have both when pre-im-
pregnated, that is, when fibres are already inserted in their matrices in the form of laminates, and
when prepared in situ. The description of how these properties can be tested in laboratories fol-
lowing certain standards, and which documents suppliers should provide the composite materials
with at the distribution phase is also reported, along with acceptance controls to be conducted in
building sites and how to determine equivalence with imported products.

Although the Bulletin and the guidelines described here are not specific to FRCM reinforcement

systems, they do provide, in parallel, useful indications for professional figures in the case of
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structural retrofitting with fibres in cementitious matrices. There is a certain confidence that the
experimental testing which is currently being conducted on FRCM reinforcements will constitute
a bibliography for the draft of standards specific to these newer materials.

In the present research, together with the durability study of FRCM systems applied with a tra-
ditional method, that is, through cementitious matrices applied to the surface of the structure
and reinforcement textiles applied to the cementitious matrix, the application of which is then
repeated, a recent development of FRCM is analysed. In the following section this method, called
reticolatus by its inventors, is described and analysed, in Chapter Ill: Experimental Campaigns,
panels reinforced through this method are tested for wet/dry durability and in Chapter IV: Nume-
rical Analysis applied to Reticolatus, a numerical method is tested on models of panels with this

type of reinforcement.

c. The Reticolatus Method

State of Knowledge: synopsis

The reinforcement we intend to analyse in the present dissertation is a typology conceived by
the research group at the University of Perugia lead by Prof. A. Borri. As is common knowledge
with regard to fibre reinforcements, fibres of small dimensions are easily found on the market as
mats, or textiles, and in the case of steel fibres, as unidirectional sheets which can vary in length.
Unidirectional fibres such as steel fibres are glued on to a net made of polypropane (Fig. 1.3.3),
a thermoplastic polymer, reasonably resistant yet flexible material for which it has been chosen
as an engineering plastic, or polyester. The steel fibres most commonly found in commerce are
produced by Hardwire llcc. and distributed in Italy by Fidia s.r.l., in braided threads composed of

a minimum of 3 to 5 single filaments, as may be seen in Fig.s 1.3.1-2. This allows the single fibre

Figures 1.3.1-3. Types of steel fibres distributed by Fidia s.r.1.: 3X2 cord and 3SX cord. A coil of type 3X2 cord.
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to be very flexible and adaptable to surfaces of various shapes and form while at the same time
maintaining a certain stiffness characteristic of the material.

Recently, other companies such as TECI s.p.a. have produced stainless steel ropes which can be
used for reinforcing purposes in historical structures, being composed of wires in variable number
and diameter. In the technique proposed by Prof. A. Borri and his research team, the filaments or
ropes are used singularly, detached from the polymeric net they may have been originally glued to
and are placed in the structure, be it brick or stone masonry, of regular or irregular construction,
within the thickness of the mortar layers, a part of which has been previously removed to accom-
modate the steel wires. Usually the process of mortar removal from structures proves to be consi-
derably easy since historical mortars are often brittle and crumble at touch. These single fibres are
then drowned in a new layer of mortar and anchored to the structure in such a way that the created
mesh is subjected to a tensile effort. This anchorage, often obtained through rebars or riveted steel
bars that occupy the entire width of the structure, has proven not to provide any relevant preten-
sion in the structure itself. If the mesh on one side of the structure is united by anchoring bars to a
similar mesh placed on the other side of the structure, the reinforcement then works as a cage. The
steel mesh created in this way can also be connected to foundations, if there be the need, and to the
ring beam if one is present at the top of the structure being reinforced. The masonry wall reinfor-
ced with such a procedure doubles its tensile strength with respect to the original capacity of the
structure, without excessively increasing its stiffness. In Fig. 1.3.4, a hypothetical reinforcement

through the Reticolatus technique is shown applied to irregular stone masonry. The anchoring bars
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Figure 1.3.4. Reticolatus applied to an irregular stone masonry structure. Image taken from Borri et al. (2010a)
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in this case cross the entire width of the stone masonry, which is possible in cases of poor mason-
ries built with a high mortar to stone ratio. This consolidation system may be applied on masonry
or stone structures without altering the aesthetic quality since the mesh is placed in the mortar fil-
lers and is also covered with mortar itself. The reinforcement is thus hidden in the structure. This
method of reinforcement could therefore prove to be a valid alternative to composite materials in
situations in which the reinforcement should not be seen at all, such as in buildings of historical
or architectural value. In Europe a large part of the architectural heritage consists of monumental
masonry buildings, many of which are in need of maintenance or consolidation to ensure the sur-
vival of the historic evidence they represent, and to guarantee safety conditions for those who still
use or visit them today (eg. Domus Aurea, Pompei). With today’s technologies it is important that
consolidation materials rehabilitate a structure at risk without altering its architectural or aesthetic
qualities. Equally important is the advancement of knowledge of consolidation materials so that
informed choices can be made in their application. Better choices must be made even for those
buildings which are not necessarily architectural treasures, but which are part of a complex whole,
where if single pieces are lost, the whole is jeopardized. Such is the case of the city of L’Aquila
where, following the 2009 earthquake, the buildings of the historical centre were declared unsafe
and the inhabitants where forced to evacuate.

The reticolatus technique also enhances connections between horizontal and vertical structures
which may have weakened in historical centres or in areas hit by earthquakes. Italian legislation,
in the promotion of the new regulations which constitute the NTC 2008 (D.M. LL. PP. 2008),
has highlighted how the collapse mechanisms of building portions constitute a critical aspect
of historic constructions. For this reason legislation has promoted the evaluation of seismic risk
and degree of stability completing the global analysis of buildings with localized analysis to
prevent potential collapse mechanisms. These critical areas are usually identified by the absence
of connections between the resistant elements of the construction, for example between vertical
elements such as walls and horizontal elements, such as floor slabs or foundations. The absence
of connections may also be found between multiple panels constituting a single wall built without
the use of diatonic elements.

For this technique, as mentioned above, a removal of the most superficial layer of mortar is neces-
sary in order to insert the steel fibre in the layers between the joints. The procedure of removing a

superficial layer of mortar in brick masonry and its subsequent replacement with new mortar en-
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dowed with enhanced mechanical qualities given by its age and thanks to technological advances,
also by its composition, is not new; it was iknown to builders for centuries that mortar if exposed
to difficult environmental conditions for long periods of time would eventually loose adhesion
and crumble or detach itself from the masonry facing. The loss of portions of mortar was the first
step towards losing entire pieces of the masonry structure. Without the “glue” which not only kept
the bricks together but consented a correct structural functioning of the masonry typology — that
is a dispersion of compressive strength evenly throughout what may have been vertical or vaulted
elements in a building — a domino effect of other small detachments could commence. When a
building facade was to be restored, in the past as often as in the present, this included what is cal-
led a repointing of the mortar between the layers of brick or stone, i.e. replacing the old and brittle
mortar to about 6-8cm in depth with a newer and more resistant filling. This method has been
proven by experimental testing (Corradi et al., 2008) to be a good reinforcement in and of itself,
as a new layer of mortar increases shear strength as a consequence of good adhesion between bri-
cks, allowing for forces to flow through the structure without creating dangerous concentrations
of stress in one area rather than another. It is also a valuable alternative to resin injections given
the incompatibility of these materials with masonry in time. Repointing works particularly well
in multiple leaf masonry, where the outer layers have lost connection with inner leaves. The ef-

fectiveness of this repair method is however limited in walls which present elevated thicknesses.

Experimental testing

The first campaigns designed to test the efficacy of the reticolatus technique were carried out
mainly after April 2009, soon after of the above mentioned earthquake which severely damaged
the historical centre of L’Aquila, in the Abruzzo region of Italy. Here in fact, taking advantage
of the program of demolition of dangerous and unsafe buildings laid out by the municipal au-
thorities, it was possible to use real models on which in situ destructive tests could be performed
(Borri et al., 2010). These tests were brought out on masonry panels of buildings programmed
for demolition, some of which had been reinforced for the occasion with reticolatus. The experi-
mental campaigns were carried out through vertical and diagonal compressive strength tests, with
hydraulic jacks, and flexural tests. Subsequent to a first verification of the validity of the method,
more campaigns were programmed. Vertical compressive tests (Borri et al., 2009) were performed

on portion of 14th century walls in the town of Trevi, near Perugia, in the Umbria Region of Italy.
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In this case, the masonry constituting the city walls is a triple-leaf type limestone masonry, made
of elements of roughly 18cm of length connected with lime mortar. Many problems can arise
when dealing with multiple leaf historical masonry, deriving from poor connection between the
leaves, or more often no connection or diatonic elements at all, and the poor quality of the mortar
between the vertical layers. Triple leaf masonry can represent in fact an example of masonry walls
where the repointing technique could be considered inconsequential.

Five portions of the city walls of Trevi were tested for vertical compression, measuring c.a 50 cm
in height each. Hydraulic flat jacks were inserted in slits cut in the masonry previously made to
accommodate the jacks, which were operated manually. Mechanical gauges were applied to the
portions of masonry to measure the deformations obtained during testing, placed at an original di-
stance of 30 cm from one another. The first portion of masonry was tested without reinforcement,
as a control specimen for the original resistance of the masonry. In fact, when testing triple leaf
masonry with flat jacks, the inner leaves of the structure are not involved in the effective testing,
as the flat jacks themselves reach only a certain predetermined depth in the masonry. The first un-
reinforced specimen tested serves as a good comparison for the results obtained with reinforced
masonry. Of the four remaining portions tested, two were simply repointed with new mortar, of
known flexion and compressive strength, and two were reinforced using the reticolatus technique,
with a quantity of cord of 12 m/m?. The results of the stress — strain diagrams were very positive
with regard to the reticolatus technique, given that the compressive strength of the reticolatus rein-
forced wall portion tested amounted to over 110% of the compressive strength of the unreinforced
wall portion. As mentioned above, deep repointing is also considered a good reinforcement, and
proved here to provide the structure with 40% more compressive strength than the same unrein-
forced wall portion.

Two interesting facts can be highlighted from this series of testing, and specifically in the failu-
re mode and in the variation of elastic moduli of the structures tested. The failure modes of the
non-reinforced and deeply repointed specimens were altogether very similar, displaying a small
number of large vertical cracks until failure occurred. The reticolatus reinforced masonry speci-
mens instead show a considerable increase in the number of cracks but with a diminution in their
size. This is a factor which repeats itself in the numerical model analysis which has been carried
out in the following pages of the present work. The elastic moduli instead appeared to the authors

of the experimental campaign to be quite scattered, and this fact was attributed to both the fact
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Figures 1.3.5-7. From left to right, masonry form the panels tested in Pale, Foligno and L’ Aquila. Image taken from
Borri et al. (2010).

that with hydraulic jack testing only the outermost leaf is fully loaded and that the stones in each
portion were variable in length as in height, so in some cases there could be a higher/lower stone
to mortar ratio, hence modifying the elastic modulus of each specific test not necessarily due to
different reinforcement techniques.

The diagonal compression tests were completed according to the ASTM Standard E519-10 (Stan-
dard Test Method for Diagonal Tension (Shear) in Masonry Assemblages, American Society for
Testing Materials, 2010), in which diagonal compression is used to simulate shear tensions in
structures. For a first series (Borri et al., 2010), nine stone masonry panels were set up for on-site
testing, extracted from three different buildings in Pale and Foligno (in the Umbria Region of
Italy) and L’Aquila in the Abruzzo Region. The buildings belong to different historical periods,
but have in common the construction technique of rough cut stone masonry. In Fig.s 1.3.5-7, the
three different irregular stone masonry typologies are shown, respectively, from left to right, in
Pale, Foligno and L’ Aquila. All panels were cut to a size of about 120x120 cm as required by the
ASTM Standard E519 10, and were free on all sides with the exception of the side (lower left
hand corner) to which they remained attached to the original structure by about 70 cm. The pa-
nels in Pale are of the most interest in this case, as there are comparative results for unreinforced,
deep repointed and reticolatus reinforced panels. The thickness of these panels varied between
52 and 53 cm, and the double leaf masonry comprehends roughly cut travertine, white limestone
and solid bricks, connected by a lime based mortar, but no apparent connection between the two
leaves. The structure was in a degraded state, with cracks in the mortar and loose elements. Once
the testing was completed, cylindrical samples of the white limestone and travertine stones were
taken for compression tests, from which a mean compressive strength greater than 35 MPa was

found for all specimens.
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The test set-up consisted in metal beams attached to the upper right and lower left corner of the
masonry panels, connected by steel bars. A hydraulic jack attached to one of the corners applied
stress to the structure through a manually operated pump, loading and unloading the structure with
increases of 10 kN until failure occurred. Four displacement transducers measured deformations
on both sides of the panels. In the panel reinforced with the reticolatus system, steel fibre was
placed on both sides of the panel, and transversal steel bars were used as locking devices for the
cords. This prevented the separation of the masonry leaves during testing. The repointing both
for the reticolatus reinforced panel and for the deep repointed panel was of the same type as the
mortar used in the vertical compression tests. As in these previous tests, both the repointed and the
reticolatus panels showed significant improvements in shear strength, with 170% increase for the
panels reinforced with steel cords and a 70% increase for the repointed panels. Again, the failure
mechanism for unreinforced and repointed panels are similar, as all stones resulted undamaged
and the cracks were all contained in the mortar joints, simulating the 45° angle that shear stress
crack align to. The failure mechanism for the panel reinforced with the reticolatus technique re-
sulted in a debonding in some areas of the cords from the mortar, in areas where the cord locking
device was not present and which involved in diagonal mortar cracks. The shear elastic moduli of
these panels showed a less significant increase in the case of the reticolatus reinforcement than in
the repointed panels, a fact probably due to the quality of the new mortar, compared to which the
original mortar presented a higher stiffness.

A second series of diagonal compression tests (Borri et al., 2013) were completed on three dif-

ferent types of masonry panel in a Laboratory in Udine, in the Friuli Venezia Giulia region of
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Figure 1.3.8. Reinforcement design of the brick masonry panels; to the right the panels reinforced with both
horizontal and vertical steel cords.
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Figures 1.3.9-10. Non reinforced masonry panel and testing device.

Italy. Roughly cut stone, cobblestone and brick masonry were used to build panels aproximately
120x120 cm (+2 cm), reinforced with reticolatus either on one or two sides of the panels, with a
variation in the brick masonry panels where the panels were reinforced with reticolatus on one
side and GFRP (glass fibre mesh) on the other. The eccentric response was negligible given the
comparable stiffness of the glass reinforced plaster and the masonry panels. For the application
of the reticolatus technique studied in this work, only the solid brick masonry panels will be
illustrated. These panels were built using bricks as diatonic elements, as shown in Fig. 1.3.8. A
total of six panels were built and tested: two unreinforced, two reinforced with only horizontally
displayed steel cords and two with both horizontal and vertical steel cord disposition, as may be
seen in the panel in Fig. 1.3.8. These panels were reinforced on one side as shown with the blue
lines through the Reticolatus technique, while on the other side the reinforcement consisted in a
glass fibre reinforcement (green mesh). Only one of the unreinforced panels was repaired with the
Reticolatus technique after testing.

The panels were built on a wooden platform and after a suitable drying period a part of the pla-
tform was removed in order to allow the positioning of the testing device. The testing device is
very similar to the ones described above: a hydraulic jack placed on a metal beam in the upper
right corner of the panel connected to another beam in the lower left corner of the panel by two
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steel bars, as illustrated in Fig. 1.3.10. Four displacement transducers fixed on the two diagonals
of the facade of the panel registered movements and deformations. Two additional transducers
were placed on the central points and the upper corner diagonal of the unloaded fagade in order to
check for out of plane loading of the structure. The load was applied in cycles, between 8 and 12
in number, increasing by about 15 to 30 kN with each cycle and at least two post-peak load cycles.
The panels reinforced with both vertical and horizontal steel cords presented average values of
about 46% increase of the maximum load supported by the unreinforced panels, whereas the
increase of maximum load was higher for the panels reinforced with steel cords positioned only
horizontally, of an average value of 55%. The tensile strength, calculated as f, = a. (P__/A), where
A is the horizontal section of the panel and a is considered 0,5, according to RILEM 1994 speci-
fications, was found to increase by respectively 40% and 48%, and shear strength was calculated
proportionately as T, = f/1.5 (Turnsek — Cacovic). The results regarding the repaired panel should
be mentioned in this state-of-the art outline of the Reticolatus technique as it seems to be a com-
mon situation when reinforcements are required. The maximum load value, the tensile strength
and the shear strength were all above the average results of the unreinforced panels: respectively
11%, 9% and 4%. Comparatively with the sound panels, reinforced before they were subjected
to load cycles, these increments in value are noticeable lower, but still represent an increase from
the unreinforced results.

Flexural tests have also been performed on reticolatus reinforced panels (Borri et al., 2010). Two
panels were built with rubble stone for the exclusive purpose of reinforcing and then testing. The

panels were built in a vertical position and subsequently to a due drying period were laid hori-
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Figure 1.3.11. Set up of Panel 1 for flexural testing. The red line indicates the horizontal steel cords
imbedded in the masonry which contrast flexural strength. Image taken from Borri et al. (2010b). Dimensions in cm
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Figure 1.3.13. Set up of Panel 2 for flexural testing. The red line indicates the horizontal steel cords
imbedded in the masonry which contrast flexural strength. Image taken from Borri et al. (2010b). Dimensions in cm

zontally on two wooden supports. The difference between the panels lies in the dimensions of the
panels themselves and the ratio of steel cords used for reinforcement. Both panels were tested on
site.

In the first panel (Fig. 1.3.11), of larger dimensions (50x268x100 cm), the cords placed longitu-
dinally in the compression zone were 12 cords/m, half in number of those fixed to the structure in
the area which was to be subjected to tension. Another 24 cords/m were fixed transversally, crea-
ting a mesh cage around the panel at a depth of about 3-4 cm in the mortar. The vertical load was
placed on a two point loading surface, which, combined with the two points on which the panel

had been placed in its horizontal position, created a four point loading arrangement (Fig.s 1.3.11-
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12). The two points on which the load was placed were about 38 cm apart, whereas the supports
were 208 cm apart. Six displacement transducers were placed along the sides of the panel, three
per side, at midpoint, one fourth and three fourths of its length. The panel was loaded with its own
weight, as well as vertical loads of 1.5 kN increments at a time. At the third load increment (4.5
kN), first signs of failure appeared through cracking parallel to the supports in the area subjected
to tension. The cracks widened until the fourth load step at 6 kN; at this point, blocks of stones
fell out of the panel given the detachment of mortar needed to keep them in place and the panel
reached failure.

The second panel tested for flexural strength was shorter and wider than the first panel tested,
being 40x180x198 cm (Fig. 1.3.13). This panel was reinforced in a very similar was to the first,
with 12 cords/m both longitudinally and transversally in the area to be subjected to compressive
strain and 24 cords/m in both directions on the opposite side of the panel. Very similarly to the
first panel, this second one was also loaded trough a four point system, two points being the sup-
ports on which the panel rests, and two being the wooden beams through which the applied load
is transmitted to the panel. The load applied to panel n° 2 was increased in step of 1 kN at a time.
This panel never reached failure point, even after a load of 20 kN was positioned on the two wo-
oden load bearing beams. The authors of this test (Borri et al., 2009), carried out a preliminary
investigation, considering the steel cords placed only parallel to the direction of the flexural stress
and the compressive strength of the masonry within normal values of the type used for the panels
in question. Through these considerations, failure values of about 1800 kg for panel 1 and 8000 kg
for panel 2 were the results. These values, as described above, were not reached, in the first case
given the horizontal position of the panel, which facilitated the expulsion of stones in the tensile
area, and in the second case given the in situ nature of the experimentation, for which it was ne-
cessary to carry out testing through manual loading (cement sacks) and not through machinery.
Tests have been carried out on other structural elements, such as columns. Masonry columns are
a common structural element in specific architectural typologies, such as convents, churches, and
civic buildings which may be considered in some cases valuable architectural heritage. Experi-
mentation on the wrapping of columns with different fibres such as steel or carbon has already
been completed, proving its good worth as a structural solution, but this leaves the masonry colu-
mns covered in the resins or mortars used as matrices. Again, reticolatus has proven in laboratory

testing to be a good alternative to traditional FRP use.

31



Chapter I

The technique of steel fibre wrapping of the joints has been proposed in Jurina (2010) and develo-
ped further by the authors of the reticolatus technique in the campaign reported here (Borri et al.,
2013). In the case of these experimental results, different shapes of masonry columns have been
analysed: octagonal, square and rectangular, given the consideration that these sections seem to
be the most common typologies of masonry columns, all about 53 cm in height. The reticolatus
technique has been modified for these structures to function as follows: the mortar joints are strip-

ped of the old mortar to a variable depth, one steel wire is wraned around half of the masonry

¥ )

a) b)

Figure 1.3.14. Two schemes for steel cord wrapping around a square column. Image taken from Borri et al. (2013b).
diameter and then enters through a small hole previously drilled through the width of the column
in order to accommodate the cords which pass through the hole. Another steel cord is wrapped
around the other half of the column and passed through the same hole (Fig. 1.3.14). Two different
procedures were used based on the direction of the second steel cord. In the case of Fig. 1.3.14.a,
both cords around the first and the second half of the column are inserted in the hole and wrapped
around the column in a counter clock-wise direction. In the case of Fig. 1.3.14b, the cord on the
left half of the column is positioned in a counter clock-wise direction while the second cord is pla-
ced in clock-wise direction, specular to the first. The number of times a steel cord is made to pass
through the central hole in the tests described here is one and two for each column shape. The cor-
ners of the column are protected by angle brackets in order not to cause the resection of the cord
due to shear forces, and a specially made bracket is inserted in the central hole. The mortar layers
are then repointed and the hole through the column injected with new mortar in two specimens out
of three for each column type, and with resin for the third specimen of each shape.

The reinforcement in this specific case of structural element was provided with a pretension: a

dynamometer impressed on the steel cords wrapped in the mortar joints about 1/10 of their spe-
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cific collapse load. The purpose of this pretension was to give the reinforcement an active role in
the tensile strength of the structural element. The columns thus reinforced were then subjected to
monotonic axial compression with four displacement transducers along its height for measuring
deformations. Failure modes of the unreinforced columns exhibit a fragile behaviour: large ver-
tical cracks increasing in number and dimension occur until failure. Reinforced columns of all
shapes show a common crisis for deformation of the mortar through vertical cracks which create
several sub-columns with limited stability. The containment action given by the reticolatus slows
down the process of the formation of cracks and increases the failure resistance of the specimens.
The values of maximum resistance to compression in the reinforced columns differ according to
number of times the steel cord was wrapped in the mortar joint and whether resin or mortar was
used for repointing, but calculating an average with the shape of the column as a common deno-
minator the following increments in resistance were found: 158% for octagonal columns and 75%
for square and rectangular columns. As the initial mechanical characteristics of the structural ele-
ment diminish, a more relevant increase of resistance may be observed, for example in the case of
the octagonal columns. With respect to the unreinforced columns, the reinforced ones show more
diffused cracking scheme, with fewer lesions. This experimental campaign was addressed also for
the reinforcing of octagonal masonry columns in a case study building, namely in the cloister of

the convent of S. Girolamo in the town of Spello, in the Umbria region of Italy.

Existing Design Calculation applied to Reticolatus.

An essential part of reinforcement methods and their experimental testing is verifying that they
conform to the national or international regulations, or that the calculation method can be adapted
to express numerically structures with these new reinforcements. The two codes currently most
used and available for calculating the resistance factors designed in reinforcement for masonry are
Eurocode 6, part 1-1, and CNR DT 200/2004 and its updated version 200/2012.

In the experimental campaigns examined above, namely in the diagonal compression testing on
panels from Pale, a design criteria based on the indications given in the codes were adapted to
the specific reticolatus reinforcement used. In the CNR DT 200/2004 regulations, the value of the
shear strength in the reinforced panels is considered a sum of the shear resistance offered by the
unreinforced masonry and that of the steel cords composing the reticolatus mesh:

Vrd - Vrdm + Vra_’f (D
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Vian =1at! (2)

V.=09A °f. 3)
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where [ is the design shear strength of masonry, ¢ the thickness of the panel, / the length of the
panel, A the total area of the horizontal shear reinforcement over the part of the panel being con-
sidered including a reduction factor for safety (0.9), and /| the design strength of the reinforcing
steel.

The authors of this experimentation consider the same sum of efforts contributing to the shear
strength, but, as is necessary since the regulations consider fibres in the form of sheets and textiles

or near surface mounted bars, some modifications have been made:
Vgt V=1, 1d + 094,11 @

In the equation for the shear resistance, we find the length of the panel substituted by its effective
depth, which is the actual thickness of the wall considering only the section of mortar and mason-
ry beyond which the reticolatus is fixed to the section. This is in fact considered in the regulations
for masonry walls or beams reinforce with steel. The shear resistance offered by the steel reinfor-

cement (3) is rewritten as

& .
V= 0.9dp E, r (¢] t
Vyra (5)

where E, in the Young modulus of the steel cord (reported as 206 GPa), ¢, is the ultimate strain
value of the steel cord (reported as 1.8%), y , is a partial factor for the resistance model, taking
account of uncertainties of the assumed model, considered y , = 1 here, and r is a partial factor
depending on the type of application of the fibre reinforcement material and its failure mode
(rupture = 1.10/1.25; debonding = 1.20/1.50). Given that in the specific case of reticolatus the
reinforcement can still be effective even if debonding occurs, due to the transversal clutch system
implemented in the mortar joints, here it is considered » = 1.

In the verification of the experimental campaign with the design calculations offered by the abo-
vementioned regulations and considering the variations just detailed, the authors have found the

comparison between experimental results and calculations to be valid.
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The comparison with regulations was also brought out regarding the experimental campaign on
masonry columns. Currently, CNR DT 200/2004 considers confined masonry columns very ef-
fective for a tri-axial confinement and for their anti-seismic improvement, and regards the reinfor-
cement as sheets or bars: “Confinement with composites may be performed by using FRP sheets
or bars. FRP sheets are applied as external reinforcement along the perimeter of the member to
be strengthened in form of continuous or discontinuous wrap. Instead, FRP bars are inserted in
spread holes drilled through the member that requires upgrade.” The authors of the campaign on
reticolatus reinforced masonry columns (Borri et al. 2013) have found the regulations to be con-
servative in their results.

The axial capacity N of an FRP reinforced member is given by the following equation:
1
Nrmcd - (_} Amfr‘ncd (6)
}/rd

where y_ is the partial factor for the resistance model mentioned above, and for confinement vy,
= 1.10, 4, is the cross sectional area of the confined element and f,  is the design compressive

strength of the column. This last element can be written as:

oea=Toa® K Sy @

where f  is the design compressive strength of unreinforced masonry and fwis the effective con-
fining pressure of the reinforcement. £’ is a non-dimensional factor which can be considered as

follows:
k’=g /1000 (8)

where g _is the mass density of the masonry, expressed as kg/m’. The effective confining pressure
fleﬁis in function of the shape of the cross section of the column and the reinforcement system, and

can be put into relation with horizontal and vertical efficiency coefficients:

g™ Rk, )
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The values of the horizontal efficiency coefficient vary with the shape of the reinforced column,
and the authors (Borri et al. 2013) have found the following equations for square, rectangular and

polygonal shaped columns:

1_%(&’_2'7')2 (10)
3 AH}
P (b=2-r) +(d=2-r)
=T 34 (11)
- z-b,
12-a,,
(12)

where b, r and d are as explicated in Fig. 1.3.15.

FRP—

Figure 1.3.15. Scheme for design calculations of confined masonry
columns. Image taken from CNR technical Document (2004).

Regarding the vertical efficiency coefficient, for discontinuous vertical reinforcements as the reti-
colatus method is, the width of the reinforcement b , and its centre to centre spacing p 2 is conside-

red in the following equation, adopted by the authors:

b o=lao—Prth (13)
2-mm{b;d;2'am}

The confining pressure in cases of continuous horizontal wrapping can be defined as a function of
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the Young modulus of the reinforcement:
|
/i :Epf 'Ef "€ 1 rid (14)

where P, is an a-dimensional parameter indication the geometric ratio in function of the area of
the reinforcement.

Comparing the numerical values following the calculations described above with the experimen-
tal values of the reticolatus reinforced masonry, in most values the authors have found regulations
to be conservative, confirming again that the technique is valid and presents parameters which can

be considered satisfying for further studies and on site use.

Reflections on compatibility and reversibility

In the previous parts of the present section on the reticolatus method, the procedure of this speci-
fic type of reinforcement has been illustrated. Now, referring to the requirements of the theory of
restoration, also mentioned in the CNR-DT 200/2004 Bulletin, the inevitable question arises: is
the reticolatus method an effectively compatible ad reversible reinforcement system? A positive
answer to this inquiry would certainly solve many of the issues that arise when considering valid
options for structural consolidation of the large historic and monumental built heritage of Europe.
The issue of compatibility is of a material nature and the answer lies within the chemical consti-
tuents of the structural substrate and the elements used in reticolatus, that is, steel and mortar. It
depends on the type of substrate (masonry or stone with or without historical mortar joints) and
the type of mortar used for repointing. With an adequate evaluation of these elements prior to the
design of the reticolatus reinforcement, the system very well may be compatible, in the sense that
its presence does not, with time or environmental conditions, damage the structure or introduce
elements, such as epoxy resins, which for example prevent vapour permeability or deformability
of the structure.

The reversibility question seems to be intrinsically more complicated. It appears that the concept
of reversibility is naturally connected to that of minimum intervention, or of minimum invasi-
veness of the original structure. The answer to the issue of reversibility could be comprised in
the definition itself of historic and monumental architecture. In fact, many authors interested in

the issue of consolidation of historic architecture have addressed the question of what type of
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constructions are to be considered of historical value. In (Baila et al., 2011a), it is specified that
historic constructions are not only buildings of monumental importance, that is, those for which
we could consider ourselves as custodians for the future generations. There are also traditional
types of constructions which hold importance because they belong to urban fabrics which define
historical or rural centres comprised in the UNESCO lists together with monumental architecture.
In this specification one could find the difference between invasive (or not) consolidation techni-
ques: when considering a monumental heritage, the invasiveness of an intervention is considered
through a sort of magnifying glass, therefore the reticolatus technique, which requires the scra-
ping of mortar joints and drilling of holes for transversal connections, may be considered in fact
invasive, and not perfectly reversible. Within this consideration, it must be mentioned that no
reinforcement technique presents these pure characteristics. Instead, when analysing what may be
defined as “minor” and traditional architecture, then the reticolatus method is of minimum inter-
vention as possible, since it does not vary in any way the aesthetic characteristics, the stiffness or
the mass of the original structure.

Therefore, the reticolatus method can be considered a success in structural reinforcements, as it is

compatible, and as minimally invasive as recent methods of reinforcements may be.
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Durability of Reinforcements

1. State of Knowledge

The previous sections have amply shown the evidence for the numerous advantages deriving from
the use of fibres as reinforcements or as a repair method to damaged structure. Recent literature,
however, is starting to investigate the durability of FRP reinforcement. In engineering the term
durability indicates the length of time an object, or assembly, or in this specific case a reinforce-
ment technique, will provide its intended function. The effectiveness of the system is an important
criterion for repair techniques, from the standpoints of safety and costs. From an economical point
of view, in fact, it has been considered lately more cost effective to repair and strengthen structu-
res, especially when the historic context is not an issue, rather than demolish and rebuild. This
requires precise design calculations which can ensure that the structural functioning of the object
of intervention is up to par with safety regulations.

Durability is not a new issue. Historically, certain types of building techniques were conceived to
contrast the ageing and wear of structures, such as the use of ceramic tiles in many places in the
vicinity of the sea and with the combined presence of wind, two environmental factors which can
damage both masonry and wooden structures. Another typical building protection known of since
medieval architecture is the large overhang of roof structures (i.e. Florence), built to protect walls
from the rain. External plastering over the brick and stone facades, was not only a matter of the
elegance and beauty of a palace but principally for the protection of the structural exoskeleton.
The same can be said for the typical Florentine/Italian constructive detail of reinforced corners:
these were in a certain way the weakest part of the building, where structural interconnections
were most important, and at the same time these elements are the most exposed to environmental
conditions. Hence the large stone applications, which were then considered a decorative element,
or an element through which historical and noble families could show their wealth and status,
bringing the fashion of applying the large family coat of arms not only over the central entrance of
city palaces, but on the corners as well. Stone applications were also commonly used at the lower
floors of buildings as protection from rising dampness. The idea of a concrete cover in and of itself
is for the durability of reinforced concrete beams, since the steel used as the reinforcement will
lose its resistance through corrosion. These were what may be considered passive techniques to
protect buildings form environmental conditions, but active techniques have long been known as

well. The technique of repointing for example, which was considered also a strengthening techni-
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que, could very well solve problems caused by environmental conditions in non-plastered buildin-
gs: rain, wind and thermal cycles will cause the poor quality mortar used in modest architecture
to crumble, leaving the masonry structure without the “glue” which guarantees solidity and the
flow of forces throughout the building elements. A simple procedure of replacing the missing or
deteriorated mortar with new mortar was considered sufficient. This was true also for wooden ele-
ments, and when protective coatings became available, the durability of wooden elements, both
with regard to environmental conditions and biological attacks, increased significantly.

Today, the increased awareness of two main factors has put the durability of structures in the spot-
light of scientific research. The first factor which has gained importance exponentially over the
last century is safety. Structures must be safe, and be reasonably reliable through violent episodes
such as earthquakes or other natural disasters. And the second factor can be defined as a sense of
architectural and cultural responsibility towards historic buildings. This latter sensibility has not
always existed; one need only remember the many palaces that have been partially demolished,
enlarged, subjected to gross renovations throughout the centuries, without too much attention to
the original nuclei of the structure, or the cathedrals, torn down and rebuilt to accommodate a

quickly growing religious community.

a. Codes and Regulations

The fibre reinforcements studied in this work are subjected to the same environmental conditions
as the structures they reinforce. Stresses and loading are not the only causes for debonding and
degradation of the reinforcement. In fact, crisis may also be caused by real-life environmental
conditions, or service conditions, such as temperature and moisture cycles. The investigation of
the extent of deterioration or loss of effectiveness of fibre reinforcements was originally studied
for the sector in which they were first used, that is the aerospace industry. Since the 1990’s, it has
been a common question in building science as well. Although the literature regarding experi-
mental results for FRP durability has consistently increased in the past 20 years, the generalized
perception is that not much is known. Even more relevantly is the fact that there are few docu-
ments which indicate the correct design regulations for fibre reinforced structures subjected to
environmental conditions, while the experimental studies which have been carried out on the

subject are scattered and not easily accessible, as rightly noted by Karbhari in the gap analysis
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on durability of FRP reinforced infrastructures (Karbhari et al., 2003). In Karbhari’s preliminary
study, aimed towards identifying areas of much needed attention, the authors give the following
definition for the term durability, which otherwise may be loosely interpreted: “the durability of
a material or structure was defined as its ability to resist cracking, oxidation, chemical degra-
dation, delamination, wear, and/or the effects of foreign object damage for a specified period of
time, under the appropriate load conditions under a specified environmental conditions”. The
gap analysis investigation collects data on the perceived and actual lack of data in durability in
specific environmental conditions, among which moisture, alkaline environment, thermal effects
and ultraviolet exposure. In the conclusion of the survey, the recommendations are to collect data,
experimentally and numerically, through long term testing, and to develop a standardized protocol
for the design of fibre reinforcements in certain environmental conditions. This survey however is
limited to civil infrastructures and is concentrated on fibre reinforced concrete structures.

Regarding design regulations of FRP reinforced masonry, one must refer to the CNR-DT 200/2004.
In 2004 the Italian National Research Council createdan Advisory Committee on Technical Re-
commendations for Constructions, with the specific aim of producing guidelines for the use of
FRP’s on reinforced concrete, precompressed concrete, and masonry structures. The resulting
Bulletin gives many specific application criteria for FRP and methods of calculation, as was men-
tioned in Chapter 1.b. Fibre Reinforced Cenentitious Matrix (FRCM) and in Chapter I.c. Retico-
latus. There is a brief description, in section 3.2, of the durability requirements that an FRP system
is expected to present: “A strengthening application shall be designed such that deterioration
over the design service life of the strengthened structure does not impair its performance below
the intended level. Environmental conditions as well as the expected maintenance program need
to be carefully addressed. Durability is of fundamental relevance and all the operators involved
in the FRP-based strengthening processes shall pursue such requirement.” Among the factors
that the Bulletin recommends be taken into account during the design of an FRP reinforcement,
such as loading conditions, quality of workmanship and maintenance programs, there are also the
expected environmental conditions. These are considered to necessitate special design and “shall
be identified at the design stage to evaluate their relevance for a durability point of view, assign
proper values of the conversion factors, and take the necessary provisions for protection of the
adopted FRP system.” The conversion factors #_ are provided by the Bulletin as specified in Table

2.a.
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As can be observed, the environmental conditions which are considered in the conversion factor
are divided into internal, external and aggressive. In paragraph 3.5.1 of the Bulletin, the aggressi-
ve environment which may cause detrimental effects to the mechanical properties of FRP systems
are specified as alkaline environments, moisture, extreme temperatures, thermal cycles, freeze/
thaw cycles and ultraviolet radiations. Although this document may be considered a general over-
view of the environmental conditions which do in fact affect the mechanical properties of FRP
systems, as in the case of the abovementioned gap analysis, these are considered solely for fibre
reinforced polymers. FRCM systems remain without a clear reference framework for durability
issues. The CNR-DT 200/2004 Bulletin attempts to cover this gap by adopting conversion factors,
specifying in paragraph 3.2 section 4 that “When conversion factors for a particular FRP system
are not available, any possible reason of degradation of the adopted strengthening configuration
shall be accurately estimated. Such estimation can be accomplished through theoretical models,
experimental investigations, experience on previous applications, or any combination of the abo-

ve.” These conversion factors, intended to represent the performance of FRP reinforcements after

Exposure conditions Type of fiber/resin Ha
Glass/Epoxy 0.75
Internal Aramid/Epoxy 0.85
Carbon/Epoxy 0.95
Glass/Epoxy 0.65
External Aramid/Epoxy 0.75
Carbon/Epoxy 0.85
Glass/Epoxy 0.50
Aggressive environment Aramid/Epoxy 0.70

Carbon/Epoxy 0.85

Table 2.a. Environmental conversion factor #, for different FRP types and exposure conditions according to the
CNR-DT 200/2004 Bulletin. Table taken from CNR-DT 200/2004.

exposure to certain environmental conditions, consist in deduction factors or conservative esti-
mates to be used when calculating design strain or ultimate tensile strength of FRP’s, based on
the typology of fibres and resins employed and the environmental conditions expected. Therefore,
although there are currently no specific guidelines relating to the environmental effects on FRCM,
these are to be carefully considered and evaluated before designing such reinforcement systems.
The first step towards a better understanding of the physical behaviour of such systems is through
experimentation.

Following is an excursus of experimental research that has been carried out regarding the durabili-
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ty of FRP composite systems until this day. These experimental campaigns were directed towards
answering questions of how environmental conditions varied the behaviour and the mechanical
properties of the reinforcement itself. For clarity, the state-of-the-art review has been divided into
three different groups, according to the object of laboratory testing: durability testing on FRP cou-
pons not considering the interaction of the structure, durability testing on FRP reinforced concrete

and durability testing on FRP reinforced masonry.

b. Durability of fibres and resins

The first concerns regarding the long term durability of fibres were directed towards their resi-
stance at service conditions in aircrafts. In fact, the experimental testing carried out by Adamson
(1980), on the NASA research team at the time of the publication, considers the response of com-
posite materials towards thermal expansion and swelling due to temperature and moisture varia-
tions, which could arguably simulate aircraft service conditions. The main concern in these tests
was not the effects of environmental factors on the graphite fibres themselves, as their mechanical
properties do not vary significantly, but rather the reactions of the composite fibre-resin matri-
ces. Testing was concentrated on cured epoxy resin, which presents on a molecular level a rigid

network structure resistant to molecular rearrangement (Adamson, 1980). The coupons of fibre

Figures 2.1.1-2. 8HS type weave.

and resin were then moisture saturated and exposed to various temperatures. Results indicate that
moisture content triggers an increment in thermal expansion, and an increase in moisture content
is observed when a drastic reduction of temperature is imposed on the specimens, a phenomenon
which has been termed reverse thermal effect.

An extensive study of the environmental effects on Kevlar reinforced resins was conducted by
R.E. Allred (Part I, 1981), divided into two parts, according to the different orientation of fibre

layers used for testing. In the first part the fibre layers were made of 12 plies of 8HS (8 harness
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Satin type weave) stacked in the same direction, while part I examined the behaviour of 12 8HS
plies with 45° angle orientation (quasi-isotropic).

Specimens of Kevlar plies underwent flexural testing before and after extreme temperature expo-
sure and moisture sorption. The temperatures ranged from -55°C to 150°C, temperatures which
are not usually seen in structural elements or buildings reinforced with fibres. Not only the time
period, but the experimental parameters adopted in these tests confirm that attention was still fo-
cused on the long term durability of fibres used in the aircraft industry. The results indicate that
hygrothermal degradation can be extensive, in both ply orientation cases. Failure due to maxi-
mum load carrying capacity diminishes after exposure to elevated temperatures, but not at a cata-
strophic level. Moisture content also affected strength noticeably, at temperatures as low as 21°C,
as the plasticization of the resin allowed the filaments to buckle more easily under the three point
bending test appliance, showing a loss of stiftness up to 40% compared to dry specimens at room
temperature. The recommendation which followed the testing on Kevlar fibre-resin composites
was that highly stressed designs be limited to temperatures of 120°C if exposed to atmospheric
moisture before heating (Allred, 1981, Part I).

The conclusions seen in the experimental studies carried out on these specific typologies of resins
are however valid solely for the aerospace industry, and aerospace grade resins are usually not
applied in engineering and architecture given their excessive costs. Furthermore, the durability
of composite materials exposed to environments such as those of the aerospace, automotive and
marine industry are usually not required by structures.

Approximately 15 years after R.E. Allred conducted experiments on Kevlar fibres, the innovation
of fibre reinforced structures is well on its way to becoming a common structural practice. Interest
in long term durability of CFRP reinforced concrete beams is shown, due to the harsh conditions
in which reinforced bridge structures may be subjected to in environments such as those found in
North America. Researchers from the National Research Council of Canada (Rahman et al. 1996),
studied the effects of ageing on carbon fibre reinforced polymers and glass-carbon fibre reinforced
polymers. For these tests fibre grids were used, not fabrics of woven filaments, and therefore both
tensile and junction strengths were evaluated before and after exposure to environmental condi-
tions. Specimens were tested both under stressed and unstressed conditions, and the environmen-
tal conditions they were subjected to consisted in saline solutions (20% CacCl,), alkaline solutions

(1% Ca(OH),), a mixture of saline and alkaline solutions, UV radiation and wet/dry cycles and
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finale freeze/thaw cycles (5°C/-18°C, 5 cycles per day). The periods of time the specimens were
subjected to each exposure varied from 120, 240 and 360 days. These exposures were designed to
exaggerate the harsh conditions of bridges during Canadian winters. When unstressed specimens
were tested for tensile strength, the carbon only fibre specimens showed a constant decrease, al-
beit small, for all types of exposures. The glass-carbon fibre specimens instead showed a constant
increase in tensile strength for all exposures, which the authors attributed to a statistical aberra-
tion, given the small percentile average of increase (4.5%), and conclude that the real effect of the
exposures on the tensile strength of this fibre type was insignificant. The large loss of strength in
both fibre type specimens subjected to all exposures was found in the junctions but only up to 240
days. Once the specimens had been exposed for 360 days, an unexpected gain of junction strength
was found in almost all specimens subjected to all types of exposure. However, some scattering
of data was encountered, requiring further testing.

The same principles of evaluating long term durability of fibre reinforced infrastructures motiva-
ted the experimental research conducted by Gomez et al. (1996), which focused on the problems
faced earlier in the aerospace industry on FRP coupons. For this experimental campaign, fibre-
glass coupons with two different types of resins as matrices were used. Coupons were divided into
two groups according to the nature of their edges, namely if they were sealed with an extra coat of
epoxy coating or not. All specimens were subjected to a saline solution, while a part of the speci-
mens were also subjected to 50, 100, 150, 200, 250 and 300 freeze/thaw cycles (4.4°C/-17.8°C).
The coupons were then tested to flexural failure, and load versus deflection plots demonstrate
how the freeze/thaw action provokes a loss in load bearing capacity, a fact which is enhanced in
the non-sealed coupons. Although small amounts of moisture were absorbed during freeze/thaw
cycles, the loss of flexural strength can be compared to values observed due to higher moisture
sorption. The authors have attributed this fact to the expansion of moisture during the freeze phase
which caused a loss in strength, rigidity and toughness. Damage to the bond between fibres and
matrix also appeared during testing. The coupons not subjected to thermal cycles all showed a
loss of Young’s modulus of less than 5% compared with the unexposed coupons. Data scattering
was observed here as well, in both virgin and exposed specimens, and was attributed to statistical
scattering of results.

Micelli et al. (2001) investigated the durability of GFRP and CFRP rods to aggressive environ-

ments as potential substitutes for steel in reinforced concrete. Different diameters, fibres (carbon

47



Chapter II

and glass) and external surface treatment of the rods were combined with different resins and then
subjected to thermal cycles and alkali exposure. Two thermal cycles were carried out, a freeze/
thaw program (-18°C/+4°C) and a high temperature cycle (16°C/49°C) alternated with relative
humidity cycles, both combined with UV radiation exposure. The alkali exposure was carried out
at 22°Cor 60°C and for two different exposure periods, 21 or 42 days. The CFRP and GFRP rods
were then tested for tensile and shear strength, and both ultimate strength results of the specimens
subjected to thermal cycles were insignificant for all types of rods. Regarding the specimens
subjected to alkali exposure, there was no substantial decrease in tensile strength for the carbon
fibre rods, and the glass fibres lost tensile strength only when the resin barriers failed, namely in
the case of the polyester resin. Ultimate shear strength proves how fundamental the role of the re-
sins are in the durability of fibres, since the epoxy coated carbon fibres were more resistant to the
alkali exposure, although they showed a decrease in strength due to cracking at the adhesive/fibre
interface, compared to the glass fibres with polyester matrix in which shear strength decreased by
91% of its original value.

In Hulatt et al. (2006) the fibres used in the experimental campaign were unidirectional carbon
fibres, biaxial glass fibres and stitched biaxial glass fibres positioned at a -/+45° angle, all pre-pre-
gnated fibres with cured resin matrices. The tests conducted on the fibre specimens were aimed at
the evaluation of their longitudinal tensile strain after exposure to different temperatures (22°C,
45°C and 60°C), to water and accelerated wet/dry cycles on pre-stressed specimens at 22°C,
to salt solutions and accelerated wet/dry cycles on pre-stressed specimens at 22°C and to UV
radiation. Test results show a noticeable scattering of data, which the authors attribute to manu-
facturing defects in the case of the unidirectional carbon fibres and biaxial glass fibres, and to the
elevated presence of voids in the -/+45° GFRP, which also has an elevated quantity of resin due
to its particular plying. However, when exposed to heat, the longitudinal moduli of the specimens
decrease as the temperature increases, that is, as the temperature approaches the curing tempera-
ture used for the FRP system. For the other exposures, no significant variation is registered in the
longitudinal moduli.

In the campaign carried out by Abanilla et al. (2006), the wet layup process of applying matri-
ces to fibres was used. This kind of technique, as mentioned in a previous chapter, is becoming
increasingly common in structural rehabilitation since it presents a significant flexibility in its

application to structural elements. The disadvantage of this method of application of fibres consi-
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sts mainly in the fact that it is manually applied, and therefore could present irregularities due to
workmanship in the thickness of the adhesive, such as air voids which lead to cracking, causing
an undesirable inconsistent performance in terms of ultimate loading capacities. The specimens
used in this experimental campaign were unidirectional carbon fibres in thicknesses of 2, 6 and 12
layers. The authors specify that this last thickness, while not common in structural rehabilitation
could present interesting scientific results in terms of moisture sorption. The samples of composi-
tes were exposed to immersion in deionized water at 23°C, 37°C and 60°C, to immersion in salt
water at 23°C, to immersion in concrete leachate at 23°C and to freeze/thaw cycles (-10°/23°, 1
cycle per day) for periods lasting up to 100 weeks. Five specimens for each thickness and envi-
ronmental condition were then tested for tensile strength and flexural strength, and the results
were compared to unexposed specimens. The results for the moisture uptake in salt or deionized
water presented small variations; the values of moisture sorption for the specimens immersed in
the concrete leachate solution were higher, a fact which the authors attributed to the deterioration
caused by the alkaline salts in the fibre-matrix interface. This is an important demonstration of
how, although the carbon fibres themselves may not be influenced by environmental factors, the
bond between the fibres and the matrix is susceptible to weaknesses which effect the entire com-
posite system. The evaluation of the tensile strength results required some considerations to be
made on the curing of wet layup systems: in the 100 total weeks of specimen exposure, a slow
progression of cure was noticed in the unexposed sample, thus increasing the values of tensile
strength and modulus. The results of the exposed specimens were therefore compared to this va-
riation of strength, and in the two-ply specimens all deterioration which could be caused by expo-
sure remained within the range determined by the slow cure effect of the unexposed samples. For
6 layer samples the degradation was more evident, since after a 20 week period all results were
below the slow cure range.

The authors indicate that the difference of response between 2-layer specimens and 6-layer speci-
mens could be attributed to a major quantity of resin matrix due to the higher number of fibre-re-
sin interfaces, concluding, reasonably, that the fewer the layers the better the structural response
of FRP reinforced elements. Regarding flexural strength, the specimens present overall a greater
degradation than noticed in tensile strength loss. The reasons could be again found in the inter-
faces between fabric and resin. For the specimens subjected to immersion, degradation seems to

be reversible, especially for the samples subjected to lower immersion periods. A lowering of the
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glass transition temperature was also studied in the process of this campaign.

Another study concentrating on the durability of wet lay-up applied FRP systems, Sciolti et al.
(2010), tested unidirectional CFRP fabric and Glass alkali resistant fibres, both with epoxy resin
matrices, for tensile strain and elasticity modulus after being subjected to immersion in distilled
water at 23°C and to heating under nitrogen atmosphere. Water absorption and thermal characte-
rization were also analysed. This experimental campaign confirms that the deterioration of mecha-
nical properties of the composites due to moisture sorption and thermal effects is mainly caused
by the plasticization effects of the resins, whereas the tensile strain of the composite measured in
the direction of the fibres is not significantly affected. The testing also revealed that the complete
curing time of wet lay-up composites is over 20 weeks, well above that suggested by suppliers,
and about the amount of time in which the 6-layer composites started to deteriorate in the previous
study.

By the year 2010, experimental research had seemed to prove that it was not the fibres that were
responsible for the deterioration of mechanical properties when subjected to environmental ef-
fects as much as the resin matrices used in composites, both in wet lay-up and prepreg techni-
ques. In this perspective it is important to know how fibres other than Kevlar, carbon and glass,
such as steel, may offer resistance to environmental effects. To this end, Borri et al. (2011) car-

ried out experimental testing of steel fibre specimens after being exposed to both natural and

artificial ageing processes. The steel fibres tested

consisted in two types differing by their coating

g_ -

- zinc or brass - and by the type of filament, and

the matrices used were one of two different types:

Figure 2.1.3-4. 3SX and 3X2 cords.

a cement based mortar or a hydrated lime based
mortar. These matrices present a better compati-
bility when the fibre reinforcing system is used on masonry, as mentioned in previous chapters.
A third type of matrix was used, consisting in an inorganic mortar with fibres in its mixture. The
aim of the campaign was to evaluate the long term durability of these composite materials when
exposed to environmental effects, and the different behaviour between zinc and brass coated steel
fibres. Mechanical tests were performed on the specimens in order to evaluate the tensile strength
of unexposed and exposed specimens. The fibres used in the following experimental campaign

were produced by Hardwire, LLC. Testing was carried out on two different typologies of steel
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fibres. Fibre 3SX (Fig. 2.1.3), the most voluminous type of cord produced by the abovementioned
company, is formed by three wires, each 0.48 mm in diameter, externally swathed by one wire of
approximately 0.012 mm in diameter. The wires used to produce the 3SX type cord are made of
steel with a high content of carbon coated in brass. The 3X2 type cord (Fig. 2.1.4) is constituted
of three wires swathed by two wires in a helical manner, all of the same diameter: 0.35 mm in the
case of the brass coated steel wires, and 0.37 in the case of the zinc coated wires. A total of 100
specimens were prepared, 64 of which used a 3SX type cord and 36 used a 3X2 type cord, 18 with
brass coating and 18 with zinc coating.

Eighteen specimens, 6 of each different typology, remained unexposed, whereas the remaining
specimens were exposed to several ageing processes: immersion in a neutral magnesium chloride
solution at 100°C and immersion in nitric acid solution at 110°C for 24 hours, artificial ageing in
a salt spray fog chamber at 35°C for 1, 2 and 4 weeks, and exposure to natural ageing in different
areas, such as near a thermal power station and a cement plant, for 57 and 114 weeks. Mechanical
tests carried out on the specimens without matrices subjected to immersion in neutral and acid
PH solutions did not show substantial variations of the tensile strength (-6%), whereas larger per-
centiles of strength loss were found in specimens with hydraulic and inorganic matrices, which
the authors of the campaign attribute to the formation of corrosion channels within the matrix.
The percentages of deterioration are inferior for the specimens immersed in neutral solutions. The
brass coated specimens subjected to ageing in the salt spray fog chamber presented a decrease
in mechanical properties in the initial week of treatment, whereas after 2 and 4 weeks the tensile
strength improves somewhat. The zinc coated specimens however resist to these environmental
effects presenting a less than 5% decrease in mechanical properties throughout the entire period
of exposure. Specimens subjected to natural ageing gave the worst results in terms of tensile
strength, and comparatively, the specimens with hydraulic mortar matrix behaved worse than
specimens with no mortar: 30% and 42% less resistance respectively at only 57 weeks exposure.
The differences between the locations of the specimens did not cause a substantial difference in
resistance for the specimens without matrix after 57 weeks of exposure, whereas this difference
was noticeable in the specimens with hydraulic mortar. After 114 weeks, the specimens near the

cement plant behaved considerably better compared with those near the thermal power plant.
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c¢. Durability of FRP reinforced concrete

This section will be devoted to an analysis of the durability of fibre reinforcements when applied
to reinforced concrete structural elements. Thus, new phenomena will be observed and compa-
red to the material in the section reviewed above which, as has been noted, concerned solely the
FRP system. In the following review, prediction models have been put forward regarding FRP
reinforced concrete in service life conditions. Since these prediction models regard a specific type
of structural elements (concrete or reinforced concrete) with FRP systems as opposed to FRCM,
object of the present dissertation, they will not be examined in depth but rather acknowledged as
a fundamental part of the continuing research on FRP systems in service conditions.

The first concerns regarding the durability of FRP on reinforced structural elements were directed
towards concrete infrastructures, much like the initial FRP testing on coupons which was carried
out simulating conditions such as those found on bridges (Rahman, 1996).

Sen et al. (1993) investigate the durability of pre-tensioned fibreglass and steel specimens in an
environment such as that which piles driven into tidal waters are exposed to. The application of
FRP examined in this experimental campaign consisted in the insertion of strands, steel or fi-
breglass, in the section of the concrete beam. Since the glass strands were pre-impregnated with
epoxy resin, they may be considered as an internal application of GFRP. Both cracked and un-
cracked specimens were subjected to tidal simulation and then tested under a four point loading
set-up for ultimate load capacity. Twenty-four sample concrete beams were tested, 12 of which
reinforced with steel strands and 12 with fibreglass. Six specimens of each type were pre-cracked
on the extrados and intrados at mid-span, and 16 of the total specimens were subjected to tidal
wave simulation, an effect achieved by placing the beams in an inclined position in tanks in which
the level of a sodium chloride solution varied every 7 days. Un-cracked specimens were removed
from the tanks for testing at intervals of 1.5, 6, 12 and 18 months and cracked specimens were
tested after 3, 9, 15 and 20 months of exposure. The results of the steel reinforced beams proved
that there was no significant loss of load capacity or ductility due to exposure, and 9 out of the
12 beams tested failed through compression mode as anticipated while the remaining three failed
in shear mode. The fibreglass specimens reacted with a larger load capacity loss, consistently
decreasing with the exposure period, and evidenced a new failure mode termed corrosion mode,

where failure occurs immediately after cracking without warning, as if the beams had not been
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reinforced, and without evidence of slip, meaning that bond loss was not an issue. The failure of
the exposed fibreglass reinforced beams seemed to pass from compression to shear to corrosion,
without external visible signs of deterioration. Ultimately, the authors suggested that fibreglass
pre-tensioned beams should not be used for piles driven in water.

A larger experimental campaign conducted soon after by Chajes et al. (1994) tested a total of 60
small scale beams, with and without composite reinforcement, obtained through different types of
fibres: aramid, glass and graphite with epoxy resin matrices. The beams were exposed to aggres-
sive environmental effects, namely freeze/thaw and wet/dry cycles, while immersed in a calcium
chloride solution. The freeze/thaw cycles consisted in placing the beams in airtight containers and
immersed in a calcium chloride solution. The beams were then placed in a freezer at -17°C for 16
hours and then at room temperature for 8 hours allowing them to thaw. This procedure was repe-
ated for 50 and 100 times, after which the beams were tested. The wet/dry cycles consisted in 16
hours of immersion in the same calcium chloride solution used for the freeze/thaw cycles, alterna-
ted with a dry period of 8 hours. These cycles were also repeated 50 and 100 times before beams
were tested. The results of the four point loading tests indicated that the wet/dry environment cau-
sed more severe deterioration than the freeze/thaw cycles. The authors of this investigation note
how there is a failure mode change in the aramid and graphite reinforced beams, from flexural to
shear in some cases, and debonding in others, indicating a loss of bond adherence due to envi-
ronmental deterioration. Altogether though, the testing demonstrated that an increase of ultimate
load capacity was maintained by the exposed reinforced specimens compared to unreinforced and
unexposed specimens. The aramid and glass reinforced beams lost in average half their strength
after environmental exposure, whereas the graphite reinforced beams maintained up to a 120%
increase even after 100 wet/dry cycles, indicating that this type of fibre is the least susceptible of
the three to environmental deterioration.

Toutanji et al. (1998) investigate the freeze/thaw and wet/dry durability of fibre wrapped concrete
columns, using three different types of fibres, two carbon and one glass, and epoxy resin. 24 spe-
cimens were prepared, and divided into three groups of 8 specimens, 6 of which reinforced, and
2 unwrapped. The first group remained unexposed, whereas the second group was subjected to
wet/dry cycles and the third to freeze/thaw. The columns were reinforced through the wet lay-up
technique, and left to dry at room temperature for 7 days before exposure commenced. The first

group was tested 75 days after reinforcement. The second group was exposed to 300 cycles of
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immersion in a saltwater environment for 4 hours, and then in 35°C and 90% RH (relative humi-
dity) for 2 hours. The third group was subjected to 300 freeze/thaw cycles, -17.8°C to 4.4°C for 4
hours, while immersed in a saltwater solution.

Testing was performed through uniaxial compression. The unexposed specimens confirmed an in-
crease in compressive strength of about 100% for the glass fibre reinforced specimens, and 200%
for the carbon reinforced specimens compared to the compression value of unwrapped columns.
In general, the carbon fibre exposed specimens behaved better than the glass fibre ones, where
the reduction after wet/dry cycling was up to 10% compared with the insignificant reduction of
the carbon fibre reinforced columns. Freeze/thaw exposure determined a decrease in compressive
strength in both carbon and glass fibre reinforced specimens, but very little effect on stiffness. The
failure of the specimens subjected to this type of exposure was more catastrophic when compared
to unexposed and wet/dry. However, regarding the comparison to the first group, the results could
depend on the fact that while the unconditioned specimens had 75 day to cure (over 10 weeks),
the conditioned specimens were allowed to cure for only 7 days. Testing has since then demon-
strated (Sciolti, 2010) that the complete curing time for epoxy resins is significantly higher than
producers’ recommendations (over 20 weeks).

In Jia et al. (2005), not only was the degradation due to environmental exposure investigated
experimentally, but a procedure to quantify the degradation of the FRP/concrete bond given by
the exposure was also provided. The experimental procedure was carried out on small scale con-
crete beams, reinforced with unidirectional glass tow sheets with epoxy resin as a matrix, applied
through a wet lay-up technique with three applications of resin. After curing, the beams were pre-
cracked by three-point flexural loading. Following this pre-cracking, the beams were subjected to
a sustained four-point flexural load and then put into four different environmental conditions: dry
freeze at 18°C alternated with a wet thaw period of immersion in water three times a week for 4, 8
and 16 months; room temperature condition (20°-25°C) for 12 and 18 months; outdoor exposure
in State College, Pennsylvania (USA) for 15, 18 and 23 months; and elevated temperatures (50°-
60°C) for 2, 4 and 6 months’ time.

The novelty of this experimental campaign rests in the fact that the beams were subjected to loa-
ding during the exposure period to various environmental effects. This simulates a situation very
similar to service life conditions, as opposed to laboratory conditions in which small scale structu-

ral elements are exposed to different types of conditions but without sustaining their service loads,

54



Durability of Reinforcements

as has been the case in the studies reviewed above.

The results show that all beams failed because of debonding of the fibre from the concrete beams
due to the pre-cracking: since the beams are pre-cracked, the concrete does not provide resistance,
and therefore the FRP system sustains all the strain, which, through continued loading, migrates
towards the unloaded ends of the fibre reinforcement until debonding occurs. All beams presented
failure through debonding except one specimen in which the fibres ruptured, a fact attributed by
the authors to manufacturing defects in the fibres. This specimen in fact was not included in the
analysis of the test results. Generally, the beams subjected to outdoor exposure, room temperature
and elevated temperature present bending moments slightly higher than unexposed specimens,
a fact which could be attributed to the elongated curing time they were allowed (Sciolti, 2010).
The freeze/thaw specimens instead present lower ultimate bending moments compared to the
specimens subjected to other types of exposure. The procedure proposed in this study initiates by
taking into account simplified local shear-slip models (Yuan et al., 2001) used to obtain local bond
stress-slip distribution analytically. When experimental data is available, the local bond stress-slip
relationship can be back calculated, as Savoia et al. (2003) applied, assuming that the FRP was
linear-elastic, that there was no strain at the unloaded end of the FRP strip, and that the strain in
the concrete was negligible, as in the present experimental campaign. In applying the experi-
mental data to all four models, the model that was the best fitting in terms of correspondence to
real behaviour of strain distribution and presented lowest relative error values was adopted and
experimental data was inserted.

Once all data was calculated, the results of this simplified model showed that unconditioned, out-
door and room temperature models presented very similar shear stress values, while the 26 freeze/
thaw cycle (4 months) specimen shows an increase in values, which could very well be attributed
to additional curing. All data, however, presented a downtrend in local slip values. This method
of data analysis could therefore be useful for specific FRP designs.

Al Far et al. (2007) investigated the environmental durability of all the components of an FRP sy-
stem. Thus tests were conducted on resins and CFRP plates, on CFRP applied externally to steel
rebar reinforced concrete (RC) slabs (1600x500x120 mm) with high concentrations of salt, and on
concrete specimens (150x150x45 mm), CFRP reinforced. The study was carried out in coopera-
tion with the Building Research Centre in Amman, Jordan, which provided severe environmental

conditions regarding corrosion of concrete structures, as the Dead Sea environment is characteri-
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zed by elevated temperatures and humidity levels, as well as high levels of chlorides in soil water.
As in the study reviewed previously (Jia et al., 2005), the concrete slabs in this experimental cam-
paign were also pre-cracked and subjected to sustained loading while exposed to environmental
effects. The environmental conditions chosen for the CFRP plates and three different types of
adhesives were moisture, water, salt and alkaline solutions at both 23°C and 50°C temperatures,
as well as two different ultraviolet radiation exposures (UV 250 at 23°C and UV 500at 50°C). The
results on the CFRP plates showed no substantial degradation to their mechanical properties, but
on the contrary an enhancement when the plates were subjected to elevated temperatures. This
result can be attributed to the post curing time allowed for the CFRP plates.

Regarding the adhesives, their tensile strength after exposure revealed a general deterioration
when exposed to high temperatures, to be expected in resins when temperatures close to the
glass transition temperature are reached. Alkaline solutions seemed to be the most detrimental
for the adhesives tested, especially if associated with elevated temperatures. The RC slabs were
pre-exposed, unreinforced and subjected to long-term loading, to different kinds of environmen-
tal conditions for four months, including laboratory conditions, the Dead Sea environment, the
Aqaba environment (in Jordan’s main sea port on the Red Sea) and the environment found in
the capitol city of Amman. After retrofitting the CFRP plates, the initial load was increased by
20% and the slabs were exposed again to their conditioning regime for another year. For all RC
slabs, the results proved that retrofitting with CFRP plates increased their initial ultimate loads,
but failure occurred for all slabs through debonding. While ripping, i.e. the peeling of a thin layer
of concrete, occurred for the specimens subjected to normal conditions, this phenomenon was
not present in the slabs subjected to severe environmental conditions. The failure of conditioned
specimens took place at about the same ultimate loading, evidently not depending on the type of
conditioning. The 66 small scale concrete CFRP reinforced specimens were subjected to the same
pre-conditioning and post reinforcement exposure as the RC slabs. These prisms were tested un-
der pure shear, and the chloride ion contents tested. Coherently, results were comparable in values
and failure modes to the RC slabs tested.

Once testing was completed, a bond capacity model was elaborated for FRP systems exposed to
extreme climates. Neubauer and Rostasy (1997) proposed a general model which highlights the
relationship between the maximum load and parameters affecting bond behaviour. A new model

was proposed by adding an adhesive parameter obtained by performing a regression analysis for
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the test results, the concrete compressive strength, and not its tensile strength, as this is not always
available to the designer, and a constant dependent on an environmental factor (developed from
the test results regarding salt solutions, humidity paired with high temperatures and Amman,
Dead Sea and Agaba environments). The accuracy of this new model to predict failure modes of
CFRP reinforced RC slabs in severe environmental conditions was determined to be an average
of 98.6%, considering all encountered environments.

Tuakta et al. (2011) carried out an extensive experimental campaign on concrete specimens rein-
forced with CFRP plates subjected to constant and cyclic moisture intake at room and elevated
temperatures and then tested for peel and shear fracture. Material characterization for both mecha-
nical properties and moisture sorption was also conducted on specimens of plain concrete (cylin-
drical, 50x100mm), epoxy tensile specimens and concrete/epoxy specimens. The tensile strength
and Young’s modulus of epoxy specimens subjected to continuous moisture ingress decreased,
although the specimens subjected to elevated temperatures presented a slightly better value of ten-
sile strength, probably due to the prolonged curing period. The effect of moisture on the concrete
specimens was irrelevant at both room and elevated temperatures, while the Young’s modulus
was in slight diminution. The specimens tested for peel and shear fracture toughness consisted
in concrete blocks reinforced with a CFRP plate and epoxy resin; only the type of testing varied
between the specimens. These specimens endured continuous moisture ingress (2, 3, 4, 6, 8 we-
eks) and cyclic moisture exposure (1, 2, 3, 4, 6, 8 weeks with a maximum of 8 wet/dry cycles).
The specimens subjected to continuous moisture ingress were tested wet, while the specimens
subjected to cycles were left to dry for four days before testing, the amount of time experimentally
found to allow a minimum weight loss. The intent of subjecting the concrete blocks to these two
types of exposures was to verify if any irreversible degradation was initiated by the continuous
moisture ingress. The results of the continuous moisture exposure for both peel and shear fracture
specimens showed detrimental effects on specimens after only 2 weeks exposure, both for room
temperature and 50°C. After this initial degradation, the values remained similar without substan-
tial variation (asymptotic value for peel fracture specimens after 4 weeks and after 2 for shear
fracture specimens, Tuakta et al., 2011).

The same series of tests was performed on specimens subjected to continuous moisture ingress
but allowed to dry before testing. This series of testing was aimed towards determining if any

moisture reversal was possible. In fact, the specimens allowed to dry showed bond strength reco-
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very when compared to specimens tested wet, but substantial decreases are visible from the fourth
week on in specimens subjected to elevated temperatures, a fact which the authors attribute to
differences in the coefficients of thermal expansion of epoxy and concrete.

Regarding cyclic moisture exposure, the plain concrete samples showed again no decrease in
Young’s modulus, indicating that initial mechanical properties can be regained after drying. The
epoxy specimens instead were unable to gain their initial properties after drying. Reinforced con-
crete blocks subjected to peel and shear fracture tests after cyclic moisture exposure show reduction
in fracture toughness at every intermediate exposure duration, and with every step of exposure
bond strength diminished significantly. This was also expressed by the quantity of concrete debris
found on the debonded CFRP plate. On the less conditioned specimens there was more debris, and
very little on the specimens subjected to longer exposures. Once the experimental campaign was
complete, a prediction model was implemented (Tuakta et al., 2011) using the results acquired

during testing for a pre-cracked FRP strengthened RC beam under moisture cycles.
d. Durability of FRP reinforced masonry

This section of the state-of-the-art review on durability represents a specific interest for the pre-
sent study as it regards the durability of the FRP system applied to masonry.

The first study in this review concerned with the durability of the bond between masonry substra-
tes and FRP systems was carried out by Briccoli Bati et al. (2001) in an experimental campaign
focused on assessing variation of shear strength in exposed brick CFRP reinforced specimens. For
the testing conducted in this investigation, brick specimens composed of three unaligned bricks
bonded with cement mortar where built and left to dry. Six specimens remained non-reinforced
and 78 were reinforced with CFRP strips on both sides placed across the entire width of the spe-
cimens. The reinforced specimens were subjected to wet/dry and freeze/thaw cycles, in the fol-
lowing exposure programs: two different wet/dry conditioning periods for 6, 12, 24 and 48 cycles
each, one consisting in 10 minute immersion in water (tap, at 15°C) and 48 hours drying time,
and the second with a 20’ immersion period followed by a 24h drying time, and 12, 24, 48 and 96
freeze/thaw cycles of 6h at 50°Cand 6h at -8°C, performed in an environmental chamber. After
the exposure was complete the specimens were placed in a testing machine which applied shear

strength to the CFRP strip by compressing the staggered middle brick of the three composing the
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masonry arrangement.

The results for the specimens subjected to wet/dry cycles highlight that a more severe deteriora-
tion is noted for the 20°-24h cycles for intermediate cycles up to 12. From this exposure period
onward, the values are constant and similar in 24 and 48 cycles for both conditioning types, as
about 18% strength loss was observed compared to unconditioned specimens. The failure mecha-
nism does not vary for exposure type but rather for number of cycles; in fact, specimens subjected
to 6 and 12 cycles rupture similarly to unexposed specimens while 24 and 48 wet/dry cycles
present a more fragile behaviour and failure through debonding occurs with a lager quantity of
material attached to the CFRP strip.

The specimens subjected to freeze/thaw cycles showed very little strength loss up to 24 cycles
and insignificant alterations of the interface between masonry and CFRP, but for longer cycles the
degradation trend increases, up to a 15% reduction of strength after 48 cycles and 50% after 96
cycles. The failure mechanism is more severe as well, as after 48 cycles the first flaws are noted
beneath the primer level, and after 96 cycles there was actual detachment between the reinforce-
ment and the masonry, causing the aforementioned 50% reduction in strength of these specimens.
The outcome in masonry reinforced durability that can be extrapolated from this first experimen-
tal campaign could be that, as for FRP reinforced concrete (Chajes, 1994), it is not the carbon fibre
to deteriorate through environmental exposure but the bond between the reinforcement system
and the substrate, a phenomenon which could be dangerous even for as little as 96 cycles.
Enquiries as to the validity of the FRP reinforcement method and masonry when exposed to ag-
gressive environments have been carried out by Binda et al. (2011), and an experimental campai-
gn was set up to investigate the durability of fibre reinforced masonry specimens when subjected
to salt crystallization tests. Previous studies conducted by the authors had shown that salt crystal-
lization is frequently the cause of surface damage in masonry, and the tests were aimed at veri-
fying whether the application of FRP in presence of a sodium chloride environment would reduce
masonry lifetime. CFRP strips were applied through a wet lay-up configuration onto masonry
samples. The masonry specimens were constructed with two methods of assemblage of the bricks
with lime mortar, one which presented soldier course, which is with the wider faces of the bricks
exposed and the thin sides bonded by mortar, and the second with a running bond, that is with the
thin sides exposed and the wider faces bonded with mortar, as in typical masonry walls. The CFRP

strips were applied in 4 different configurations for each masonry assemblage, from single strips
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across the mortar joint to a complete covering of the sample. The accordingly reinforced masonry
specimens were then placed into contact with a sodium sulphate solution and stored sealed along
the sides but with the upper reinforced face exposed to the laboratory environment (room tempe-
rature and 50% R.H.). This type of exposure will show whether the sodium sulphate migration
from the contact face of the specimen inward towards the reinforced face produces damage in the
interface between the substrate and the reinforcement.

Cycles lasted 4 weeks, and at the end of each cycle a laser profilometer conducted a reading
of the surfaces quantifying the damage. Non-destructive infrared thermographic tests were also
performed before exposure of the specimens to sodium sulphate and after 7 cycles, detecting any
detachment of the FRP from the substrate. At the end of the 7" cycle, both control and reinforced
specimens were covered in salt incrustations, but the reinforced specimens also presented mould
due to the presence of FRP which prevented the migration of the salts across the surface of the
bricks and mortar. The laser profilometer measured one unreinforced and two configurations of
reinforced specimens. The maximum area loss (4%) was experienced by a specimen reinforced
with two strips of CFRP after the 7th cycle was complete. The analysis carried out through in-
frared thermography gave proof of detachments between the reinforcement and the CFRP both
around the fibre strip and beneath it. One of the specimens was cut in order to verify these results,
and crystallization in the layer immediately below the FRP was evident. This was causing the
detachments of the FRP and the formation of mould. The conclusive result was that after 7 cycles
of exposure sodium sulphite damages irreversibly the FRP system which is no longer fully fun-
ctional.

Along this same path of research, Valluzzi et al. (2011) tested humidity and temperature durability
through pull-off tests on control specimens and CFRP reinforced masonry assemblages through
wet lay-up application. In this experimental campaign directed towards the effect of humidity
in the FRP bond to the substrate, both single bricks and brick assemblages were subjected to
three different moisture conditions denominated environment (5-6% water content), intermediate
(14%) and saturated (24%). Different failure modes were observed according to the area of failure
following pull-off tests. The most typical failure mode, “A”, with failure within the masonry sub-
strate shows a good adhesion between FRP and substrate. The failure mode “B”, failure between
the reinforcement and the substrate, is caused by a loss in bond strength. Two other failure modes

were observed but they were deemed to be a cause of anomalies in the fibres or the resins and
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not considered in final results. There was a clear correlation observed in failure mode A and a
lower water content in the masonry specimens. As the water content passed from environment to
saturated, the failure mode went from within the substrate to in the interface between support and
FRP, and bond strength experienced a loss of up to 16.8% in areas with both brick and mortar.
Therefore, the full functionality of the reinforcement system is compromised, while maintenance
on reinforced structures could prevent this type of problem.

Regarding the thermal cycles, single soft mud brick CFRP reinforced specimens were subjected
to 40 freeze/thaw cycles (-10°C —70°C, 3h per cycle). At the end of the 40 cycles, pull-off testing
was not possible given that all specimens presented a deep delamination of the CFRP strip at about
1-2 cm under the fibres. The authors attributed the reason for this failure to the fusion temperature
of epoxy resins or the differential deformation of the epoxy which penetrated into the brick. This
damage was irreversible, as the unloaded specimens presented failure only through environmental
exposure. The bricks used were of a particularly porous type, often found in historical masonry,
and when testing was repeated on more compact bricks as found in modern constructions, with
low porosity, the unexpected failure did not represent itself. However, these tests draw attention
to the fact that an important part of pre-reinforcement analysis must be assigned to discovering
the mechanical and physical properties of the masonry in need of reinforcement in order to assess
a certain durability of the reinforcement.

Bond durability in CFRP reinforced masonry substrate was investigated by Sciolti et al. (2012)
after long term immersion in water. This study was conducted as the continuation of a preliminary
study reviewed in the first part of the present state-of-the-art (Sciolti, 2010) on unidirectional
carbon and glass fibres with an epoxy matrix. The subsequent investigation carries out a bond
analysis between carbon and glass FRP experimentally tested in the previous study and a natural
calcareous stone common in a region in the South of Italy. The application of the strips with the
wet lay-up technique was carried out on both sides of calcareous blocks measuring 10x10x25
cm, attached by a bonded region of 15 cm followed by an non-bonded region of 5 cm. The FRP
system applied to these stones was allowed to cure for over 10 months, as the recommendation
of the authors’ previous study of a longer curing period suggested, before being subjected to long
term immersion periods of 8 and 25 weeks. After environmental exposure was completed, the
blocks were tested through a shear test set-up, with steel plates attached to the non-bonded ends of

FRP strips. Non reinforced stone specimens were also subjected to 14 and 25 weeks of water im-
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mersion and then tested for values of compression and flexural strength. In these tests a possible
material anisotropy was considered, therefore testing was conducted both in parallel to the layers
of the stone and perpendicular to them, resulting in unsubstantial differences. However, it did be-
come clear in the analysis of the results that both compressive and flexural strengths of the stone
were consistently almost halved after aging took place. No significant differences were recorded
between the two different exposure periods, but this was to be expected as the stones seemed to
gain most of their wet weight in the first 24 hours of immersion.

Regarding the shear tests performed on the composite stone-FRP system, it was possible to make
several bond type considerations, based on the experimental data collected by the strain gauges
attached in several different sections of the strips. All specimens failed through debonding which
caused failure in the substrate, ripping a layer of stone away with the FRP strip as it started to
detach. Again, it was observed that there was no substantial difference between the results of the
reinforced stones exposed to 8 or 25 weeks conditioning. The greatest differences were found
between unaged and aged specimens, as the maximum strength registered decreasing of about
22% in the latter, and the debonding began at lower load values in aged specimens respect to those
unexposed. Notwithstanding this consideration, there were no relevant differences in the optimal
bond length, which is the minimum bond length able to carry out the maximum anchorage force
as defined in the abovementioned CNR-DT 200/2004 Bulletin. In this Bulletin, a method for eva-
luating the bond strength is suggested, and the authors of the present article have established that
if the values of the aged materials are used for calculation, then the relationship is still effective.
Once more, this study confirms that an attentive pre-reinforcement analysis on the substrate must
be carried out for a correct and long-term effectiveness of the reinforcement system.

The effects of moisture content on masonry reinforced specimens subjected to pull-off tests were
studied by Ghiassi et al. (2012). Masonry bricks were reinforced with GFRP applied through a
wet lay-up application and immersed in water at a 23°C controlled environment for 4 and 8 weeks
duration. Reversibility of moisture effects was also examined in this campaign by removing a
group of specimens from immersion and allowing them to dry for one week prior to testing, while
the other specimens were tested immediately after conditioning. Strength reduction resulting from
the pull-off tests demonstrates a negative effect of moisture on the bond strength, of 15% after 4
weeks exposure and 23% after 8 weeks exposure. The linearly constant reduction noticed here as

opposed to the insignificant variation of results in the study reviewed above (Sciolti, 2012) could
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be attributed to the different substrates used in the experimental campaigns: calcareous natural
stone as opposed to clay brick. The failure mode also varied between unexposed and conditioned
specimens as in the first type failure occurred within the substrate, whereas in the second, failure
occurred in the primer-brick interface, denoting a weakening in the bond. Although the specimens
which were allowed to dry for one week before testing recovered an average 3% of bond strength,
their reduction was constantly decreasing as well.

The durability of FRP reinforced masonry bricks when subjected to thermal cycles was investiga-
ted in a second study conducted by Ghiassi et al. (2013) in an experimental campaign conducted
on single bricks reinforced with sheets of glass fibre applied through the wet lay-up technique and
tested to shear strength. The specimens were exposed to two different thermal cycles, one ranging
between 10°C and 50°C for 6h periods at a constant relative humidity of 90% while the second
exposure consisted in -10°C and +30°C for 6h periods at the same constant relative humidity,
for a maximum of 200 cycles each; intermediate testing was performed every 50 cycles. The first
environmental condition (10°C/50°C) seemed to have the most detrimental effects on the speci-
mens, as soon after 100 cycles the bond strength had decreased by 17%, reaching 45% after 200
cycles. The second condition (-10°C/+30°C) instead showed very little variation of bond strength
between an unconditioned state or no conditioning at all, reaching a maximum decrease of 8%.
In conclusion, this-state-of-the-art review has revealed that experimental investigations on FRCM
systems when subjected to environmental conditions are virtually nonexistent. The original con-
tribution of this dissertation will be to bridge the gap in the knowledge concerning FRCM dura-
bility, by providing new data as a point of departure, responding to this pressing need. Thus, the
experimental campaigns analysed up to this point represent a starting point both for method and

comparison of results.
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Given the lack of previous durability testing conducted on FRCM, the typology of environmental
exposure necessary to proceed was derived not only from the standards (CNR-DT 200/2004; Na-
tional Italian Guidelines, 2012; see Chapter L.b: Fibre Reinforced Cementitious Matrix (FRCM)),
even though specifically designed for FRP solutions, but also by the previous durability testing
references on FRP (Chapter II. Durability of Reinforcements). From the original research carried
out in this work it becomes clear that environmental conditions created for the purpose of durabi-
lity testing of fibre reinforced materials - for FRP reinforcements at any rate - should be directed
towards temperature variations, humidity sorption and saline and alkaline exposure. Furthermore,
due to the fact that testing is conducted on cementitious matrices, classic testing typology for
mortars or cementitious materials was carried out, as freeze/thaw cycling.

With the instruments and devices available at the Laboratory of the Department of Architecture of
the University of Florence, durability testing on specimens subjected to exposure to alkaline solu-
tion was not possible, therefore testing was focused on freeze/thaw and wet/dry cycles, where the
wet environment consisted in saline solutions. Furthermore, the experimental campaigns analy-
sed for the state-of-knowledge show that freeze/thaw and wet/dry cycles seemed to be the most
aggressive for the long-term functionality of the reinforcement itself. These two types of artificial
ageing were not mixed in the following experimental campaigns; in fact, specimens were either
subjected to wet/dry or freeze/thaw cycles, but not cycles that combined effects such as freeze in a
sodium chloride solution and thaw in a dry environment. The reason for this separation of ageing
techniques is that if there were to be specific degradation effects on the FRCM system due to one
specific ageing cycle then the combination with the other type of environmental cycle would have
made it impossible to identify the true cause of degradation. This being said, in future testing the
combination of the environmental effects may display detrimental ageing effects that can be cru-
cial for correct maintenance programs for fibre reinforced structures.

The difference between FRP and FRCM is that the first type of reinforcement uses a polymeric
matrix, while the second kind employs a cementitious matrix. As mentioned above, the motiva-
tion for the present research is the lack of experimental data on durability testing on cementitious
matrices for FRCM reinforcements. The differences in the two types of matrices are such that the
results of testing conducted up to this moment on durability of FRP materials may not be transfe-
rable to FRCM (i.e., total loss of effectiveness together with damage to the substrate caused by

mould and saline concentrations). Cementitious matrices in fact are porous, which is why they are
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compatible with masonry, allowing the structural substrate to “breathe”, that is allowing masonry
to absorb humidity from the environment and then excrete it once the environmental conditions
change. Humidity and liquids are absorbed by cementitious matrices in greater measure than by
resins, which are not porous. Furthermore, evaporation of liquids and humidity completes the
inverse passage in cementitious matrices, which does not occur in resins thus causing concentra-
tions of humidity and mould between resins and substrate.

Due to the abovementioned porous characteristic of cementitious matrices, one of the effects
expected from the wet/dry cycles is sorption of the saline solution used during the wet cycles. This
could cause pulverisation of the mortar, since once the solution is absorbed, the subsequent evapo-
ration during the dry cycle may leave the external layers of the specimen brittle or even detached,
ultimately causing loss of section. Although the humidity content in the specimens may not be
permanent, saline concentrations could also cause cracking as the saline particles migrate towards
the centre of the section. More effects caused in general by humidity sorption and evaporation
could be a loss of adherence to the fibres imbedded in the mortar, due to the brittleness caused by
the evaporation of the solution. In general, if loss of adherence is presented, this could imply the
loss of effectiveness of the FRCM system, similarly to what has been found in FRP reinforced
systems when detachments occur in the frp-substrate interface. As mentioned before, (Chapter
[.3.b: Fibre Reinforced Cementitious Matrix), the expansion of frozen water particles up to 9%
their original liquid volume in cementitious materials causes pressure in the pore walls, possibly
leading to cracking, at even low percentages of humidity, as those in the settings of the environ-
mental chamber. It is not expected that there be any permanent damage caused to the structural
interface, such as mould.

The results of the tests give a better understanding of what happens to FRCM when exposed to
environmental agents. Effects caused by specific conditions could be calculated ahead of time
smaking possible the formulation of adequate maintenance programmes for FRCM systems. For
example, in the case of pulverisation or loss of section due to frequent rain or humidity sorption,
a long term plan of verification of the solidity of the matrix and its potential substitution could be
put in place. As has been done for FRP systems, (Chapterll.1.a: Codes and Regulations) conver-
sion factors taking into consideration the environmental conditions of FRCM systems could also
be adopted when designing such strengthening methods.

The experimental campaigns illustrated in this Chapter were carried out on different types of
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specimens that varied in size and followed the differentiation and testing procedures described
in Chapter II. Durability of Reinforcements. Similarly to what was discussed previously, whe-
re many authors test the durability of FRP systems with and without their structural support,
here both reinforced mortar elements and masonry samples have been subjected to environmental
exposure and then tested, given the nature of FRCM reinforcements which are immersed in a ce-
mentitious matrix. The first testing was conducted on fibres and matrices, then on small masonry
elements and finally on larger masonry portions. More specifically, a large number of smaller and
more manageable specimens, consisting in the fibres and matrices alone, were tested; next, a small
number of masonry pilasters reinforced with common types of FRCM, such as glass reinforced
cement matrix; and, finally, four larger masonry panels reinforced through the reticolatus method
illustrated in Chapter 1.c:Reticolatus.

Studies in reinforced masonry have shown how the choice of cementitious matrices is a more
compatible solution in fibre reinforcement. The present work should determine whether this fact
remains true in service conditions, with experimental campaigns aimed toward the comparison of

FRCM and FRP reinforced masonry subjected to moisture and temperature cycles.

1. Freeze/Thaw Durability on Reinforced Mortar Specimens

In this first investigation (Sinicropi et al., 2014), mortar prisms created ad-hoc were tested to flexu-
ral strength after having been exposed to freeze/thaw cycles. The mortar prisms were subjected
to flexural testing and not pull-off tests since the interest here was primarily the analysis of the
structural behaviour of the fibre-matrix composite, namely the flexural behaviour of the reinfor-

ced element, when subjected to environmental conditioning. The prisms were made and tested

N° of Type of Type of
Specimens l\igrtar Reingoprcement AEOAREE AN G s
Unreinforced (9) [ 0(3) | 52 (3) [ 100 (3)
27 Lime Steel (9) 0(3) | 52(3) [ 100 (3)
Glass (9) 0(3) | 52(3) [ 100 (3)
Unreinforced (9) [ 0(3) | 52(3) [ 100 (3)
27 Cement Steel (9) 0(3) | 52(3) [ 100 (3)
Glass (9) 0(3) | 52(3) [ 100 (3)
18 MX Unreinforced (9) [ 0(3) | 52(3) [ 100 (3)
PBO (9) 0(3) | 52(3) [ 100 (3)

Table 3.a. Test matrix. In parenthesis the number of specimens per type.
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with both the dimensions and the test setup determined by the European standardization EN 1015-

11 on the determination of flexural and compressive strength of hardened mortar.

Experimental Programme and Materials

The experimental program can best be summed up in Table 3.a. A total of 63 mortar specimens
were tested. The specimens were divided into series of three for each typology of mortar, reinfor-
cement and number of cycles in order to obtain results which could reasonably represent average
values. Each typology of mortar specimen was prepared with the same batch of mixture in order
to avoid differences due to varied conditions during preparation. The mortar typologies prepared
consisted in lime mortar, cement mortar and MX, an inorganic mortar provided by Ruredil spa.
The lime mortar (water, lime sand) proportions used were 2:1:7.5 in weight, while the cement
mortar (water, lime, 42.5 MPa cement, sand) proportions in weight were 2:1:1:8.

Lime mortar was commonly used for masonry buildings in the past, given its readily available
ingredients. The type of lime mortar used in the present campaigns was chosen for its similarity to
historical mortars. Cement mortar is now used in its place, given the added ingredient of cement
which increases the mechanical properties of the mortar. These two mortars have been widely
used in historical and non masonry buildings, and have proven their complete compatibility, hen-
ce their adoption in the present campaigns as fac-simili of an FRCM reinforcement.

The choice of the third type of mortar used in the following experimental campaigns fell on Rure-
dil’s MX mortar. While the first two mortars, lime and cement, are prepared by hand and therefore
the proportions of the ingredients may vary according to necessity (i.e., a humid construction
environment) or the hand which combines them, MX presents a mortar ready to mix with water,
and therefore with known flexural and compressive behaviour listed in its attached specifications.
Furthermore, the system MX-PBO fibre is a readymade FRCM reinforcement, which makes it ap-
pealing for its use in building sites where the cost of labour is an ever present issue. Regarding its
composition, MX is a stabilised inorganic mortar, thus offering all the advantages of cementitious
matrices in fibre reinforcement methods, which employs pozzolanic ash as a hydraulic binder.
This specific combination of MX mortar with PBO fibres produced by Ruredil and known as X
Mesh Gold™, is protected by patent, and for this reason it is not possible to obtain a more detailed
description of the ingredients of the mortar itself.

Once the mortar was prepared, it was poured into steel forms with three separate voids of
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used in the moulding of specimens; prisms in the environmental chamber.
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Figures. 3.1.3-5. Position of the fibres in the prisms according to fibre type; dimensions in mm.
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Figure. 3.1.6. Temperature Variation.

4x4x16cm which latched onto a machine that eliminates residual air bubbles or areas of uneven
density through beating the wet prisms. In the reinforced prisms the strips of steel, glass or PBO
(Poliparaphenylene benzobisoxazole) fibres were positioned at 1cm from the lower section (Fig.
3.1.1), attached to the beating machine in order to render the mortar as compact as possible, hence
avoiding slipping of the fibres throughout the section during curing. The specimens were then fil-
led to their final measure and then latched to the machine again. The prisms were then left to cure
in a humid free environment for 28 days. The prisms subjected to thermal ageing were placed in
an environmental chamber (Fig. 3.1.2), which was programmed to vary its internal temperature
from -20°C to 50°C every 6 hours, employing circa 90 mins for the temperature variation, as illu-
strated in Fig. 3.1.6. One limit of this research consists in the fact that specific relative humidity
values were not established for the freeze or thaw settings of the environmental chamber used for
this campaign.The chamber was programmed for duration of cycles, and temperature variation.
The relative humidity of the chamber, without being specifically set, was therefore an automatic
value of 45% circa. As stated in the general introduction to the present Chapter, in the experimen-
tal campaigns that constitute the original contribution of this work the effects of freeze/thaw and
wet/dry cycles were considered in separate analyses. This approach was used in order to establish
damage or the diminution of resistance for separate causes. The limitation of this approach is that
the damage due to freeze-wet/thaw-dry does not form a part of the enquiry. Elevated humidity
values during freezing of porous materials such as the hand mixed lime and cement mortars used

for the experimental campaigns in this work usually cause damage, especially to the external
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Steel Cords

Glass Fibre

PBO

Cord Diameter: 0.89 mm

Bar section: 10 mm?

Fibre Density: 1.56 g/cm’

Tensile Failure Load: 1540 N

Tensile Failure Load: 3500 N

Tensile Strength: 5.8 GPa

Strain to Failure: 2.1%

Strain to Failure: 1.5%

Strain to Failure: 2.15%

Table 3.b. Mechanical properties of the fibres provided by manufacturers.
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Figure. 3.1.7. Test set-up; dimensions in mm.
Average Flexural Strength | Average Compression Strength
Mortar Type (MPa) (MPa)
Lime 0.17 0.5
Cement 0.42 4
MX 5.83 (3.5) 27.14 (20)

Table 3.c. Average values of flexural and compression strength obtained through testing on mortar

specimens.

layers of the specimens. Porous materials present an easy intake of water and humidity, and the

damage would consist in scaling of the surface, provoked by the rupture of the pore walls which

have been saturated. As freeze/thaw cycles progress, the pressure in the pore walls grows, indu-

cing cracking (Mu et al., 2010). This is what would be expected from porous materials subjected

to both temperature and humidity variation. However, in the cases illustrated here, the separate

effects of temperature and humidity were investigated.

The steel fibre used in this experimental campaign is the 3x2 Cord provided by Hardwire, llc. It

consists in three linear threads wrapped by two threads, all of a 0,35 mm diameter. The glass fibre

was FB MESH 66X66T96AR, provided by FibreNet, produced with Textrusion™ technologies,

with a 66x66 mm mesh of alkaline resistant glass fibre bars saturated in an epoxy resin. Both the
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MX mortar and the PBO fibres were provided by Ruredil. Mechanical properties of the fibres used
are shown in Table 3.b.

The mechanical properties of the lime and cement mortar were obtained through testing perfor-
med according to the document EN 1015-11: first flexural tests were performed on un reinforced
mortar prisms, then compression tests were performed on the two halves of the specimens resul-
ting from the previous flexural tests. The resulting values are shown in Table 3.c. With regard to
the MX mortar, the values which were registered in the laboratory on MX mortar specimens are
registered in black whereas the values assumed for flexural and compression strength were those
provided by Ruredil, in blue in Table 3.c. Experimental values show an increase with respect to
the company provided values which were probably calculated using a safety factor.

After the programmed thermal cycles were complete, the prisms were placed onto the test ma-
chine for three point bending, set up according to the requirements of the European Standards
contained in the document EN 1015-11 and as illustrated in Figure 3.1.7. All tests were performed

in the Laboratory of the Department of Architecture of the University of Florence.

Test Set-up and Instrumentation.

The specimens were loaded through a hydraulic actuator with two loading phases: the first pha-
se worked under a displacement control at 2mm/min until reaching a load of 50 N (Soft Start).
The second phase can be considered the proper loading phase. This phase, as specified in the EN
1015-11 Standards, should be programmed in such a way that collapse occurs between 30 and 90
seconds. Given the considerable differences of resistance of the three different types of mortar,
the speed with which loads were applied was varied ad hoc for each mortar type. Once the load
peak diminished by 50%, testing was automatically considered complete and specimens were
unloaded. Data was acquired through a National Instrument system in terms of load/displacement
diagrams. Maximum load values were then used to calculate flexural strength of unreinforced

specimens according to the formula:

£,= 1,5 (FD/(bd) (1)

where F is maximum load in Newton, / is the distance between the axis of the cylindrical supports,

and b and d are respectively the width and the depth of the specimens, equal in this case.
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Specimens were given the notation XyZ, where X denominates the type of mortar (L for lime, C
for cement and MX), y is the kind of reinforcement (nr for un reinforced, st for steel, gl for glass
and PBO) and Z is the number of cycles the specimen is subjected to. For example, specimen
6Lst100 is a steel fibre reinforced lime mortar specimen which has been subjected to 100 freeze/

thaw cycles.

Results

The initial results were quite contradictory since in both lime and cement mortar specimens it see-
med as though the artificial ageing process in the environmental chamber inconsistently increased
and decreased their flexural values, regardless of the number of cycles they had been subjected to.
It was therefore inferred that the extra curing time in the environmental chamber, no matter what
the internal temperature, facilitated the specimens to develop higher resistance values. Conse-
quently, testing was repeated on all specimen typologies, with new specimens that were allowed
to cure for a minimum of 8 weeks, allowing for the mortar to reach a complete maturing process.

After this longer curing period, the specimens were tested either un-aged or put back in the en-
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vironmental chamber for freeze/thaw cycling. Although values did not change for the inorganic
MX mortar provided by Ruredil, the hand mixed cement and lime mortars showed great benefit
from the extra curing time, as shown in the charts below regarding lime mortar specimens where
the values of the un-aged specimens almost doubled (Lime Glass and Cement Glass in particular,
Figs. 3.1.8-9).

The results illustrated in the following sections are those of the repeated tests on specimens al-
lowed to cure for at least 8 weeks, results which prove to be congruent with a certain expected

degradation of the materials after 100 freeze/thaw cycles.

Lime Mortar Specimens

From the photographic survey it appears that failure of reinforced specimens does not occur solely
for flexural strength. In Figures 3.1.13 and 3.1.14 the evident fractures are not only vertical, but
also at a 45° angle, proving failure to be of a mixed type, of both shear and flexural. The first crack
to commence in these specimens is the vertical one, given by excessive flexural strength. The
crack then propagates horizontally, causing slipping through bond adherence loss, along the line
of the reinforcement, and once it reaches the area of the lower supports shear strength failure pre-
vails, as flexural rupture is prevented by the presence of the fibres. The expected behaviour of the
reinforced and aged specimens would be to decrease in a more constant manner: mortar generally
presents lower shear resistance that flexural. In fact, the glass reinforced specimens gradually lose
resistance as the cycles continue, albeit the largest loss is between 0 and 52 cycles, while there is
little variation in the remaining cycles. This may be also said for steel fibre reinforced specimens,
while values increase between 0 and 52 cycles. From the observation of the failure mode of the
reinforced specimens, it is clear that all specimens present a loss of bond strength to the fibres

during collapse.

Lime mortar
Type of Specimen Average Flexural | Standard Deviation CoV Flexu.ral‘ Strength
Strength (MPa) (MPa) Variation (%)
NR 0.17 0.12 0.70
NR52 F/T 0.21 —— . -25%
NR100 F/T 0.23 0.06 0.26 35%

Table 3.e. Average values of flexural strength of unreinforced lime mortar specimens subjected to thermal cycles.
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Figure 3.1.12. Average Maximum load of lime mortar specimens, unreinforced, steel reinforced and
glass reinforced, subjected to thermal cycles.

Figures 3.1.13-14. Lime mortar specimens reinforced with steel fibre subjectedt 52 n 100 freeze/thaw cycles:
mixed failure mechanism.

Cement Mortar Specimens

The testing on cement mortar specimens presents rather different behaviour compared to the pre-
viously described lime mortar specimens. There seems to be a recurring recovery of strength in
the period between 52 and 100 cycles in the reinforced specimens. The scattering of these results
could be due to the aforementioned mixed failure mechanism, present in the cement mortar spe-
cimens as well, where the crack propagation goes from flexural to shear following the horizontal
line of the reinforcement. In fact, as can be observed in Figure 3.1.15, glass reinforced specimens
subjected to 100 freeze/thaw cycles recover about half the strength lost after 52 cycles. Although
it is believed that a certain strength loss is in fact given by the ageing process, values which scatter
to this extent seem exaggerated. In this case the registered results for specimens subjected to 52
cycles could be misrepresentative of flexural values and more appropriate for shear strength. The

glass reinforced specimens present only 3% enhancements of their strength once 100 freeze/thaw
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cycles were completed, nonetheless confirming the fact that forced curing increases the flexural
strength of reinforced cement mortar. After only 52 thermal cycles however their strength had
slightly decreased, but again the mixed failure mode was encountered and loss of strength could
partially be attributed to this apparently common occurrence. Bond adherence loss between mor-

tar and reinforcement was observed in every reinforced specimen.

Cement Mortar
Tvpe of Specimen Average Flexural | Standard Deviation CoV Flexural Strength
P p Strength (MPa) (MPa) Variation (%)
NR 0.63 0.09 0.14
NR52 F/T 0.68 0.25 0.37 8%
NR100 F/T 0.47 0.03 0.06 -16%
Table 3.f. Average values of flexural strength of unreinforced cement mortar specimens subjected to thermal
cycles.
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Figure 3.1.15. Average maximum loads for cement mortar specimens, unreinforced, steel reinforced and glass rein-
forced, subjected to thermal cycles.

Specimen 4Cst 100

Specimen 2Cgl 52

Figures 3.1.16-17. Mixed failure mechanism of steel and glass reinforced cement mortar specimens.
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MX Mortar Specimens Reinforced with PBO

This series of testing was significantly different from the first two, both because of the flexural
strength demonstrated by the specimens and the failure modes observed. The flexural strength
of the MX mortar specimens was considerably higher than that of the lime and cement mortar
prisms, as was to be expected given the reinforced nature of the mortar itself and the high mecha-
nical characteristics of the PBO fibres. In this case, ageing seems to steadily increase the flexural
strength between 0 and 52 cycles, from an average value of 5.83 MPa of non-aged specimens to
7.64 MPa of the specimens subjected to 52 freeze/thaw cycles (Table 3.g and Figure 3.1.18). In
the reinforced specimens a slight decrease in the average maximum load was registered between
52 and 100 cycles, which is more evident in the unreinforced specimens, where in fact a flexural
strength decrease of 1% is registered with comparison to the unaged specimens. The observed
failure mode was flexural in all specimens, and a yielding in the fibres was observed but not, as in

the other mortar specimens, a loss in bond quality (Figs. 3.1.19 and 3.1.20).

MX Mortar
Type of Specimen Mean Flexural | Standard Deviation CoV Flexu‘ral‘ Strength
Strength (MPa) (MPa) Variation (%)
NR 5.83 0.84 0.14
NR52 F/T 7.64 0.56 0.07 31%
NR100 F/T 5.76 0.18 0.03 -1%

Table 3.g. Average values of flexural strength of unreinforced MX mortar specimens subjected to thermal cycles.
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Figure 3.1.18. Average flexural strength of MX mortar specimens reinforced with PBO fibre and subjected to
thermal cycles.
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|

Specimen 5RPBO 100

Conclusions

From the results of the flexural tests conducted on the 63 mortar specimens subjected to freeze/
thaw cycles, the following conclusions can be drawn. Unreinforced lime mortar specimens ap-
pear to decrease in flexural strength mainly after going through 52 thermal cycles, while a slight
resistance loss is registered between 52 and 100 cycles. Reinforced lime specimens, both aged
and unaged, collapse due to a mixed failure mode which could lead to a misrepresentation of test
results. Unreinforced cement mortar specimens steadily decrease in flexural strength in the period
between 0 and 52 cycles, while there is a recovery of resistance in the remaining cycles. The
collapse mechanism is through a mixed failure mode for all reinforced specimens aged and not,
which may lead to a misrepresentation of test results. There is always a loss of bond adherence in
all reinforced lime and cement specimens. Unreinforced MX mortar specimens present an incon-
gruent peak of resistance after 52 thermal cycles, after which, at 100 cycles, the value of flexural
strength returns almost to the value of unaged specimens. MX mortar reinforced with PBO fibres
increase their flexural strength after thermal cycles and in every specimen fibre yielding, and not
bond loss, is observed.

The results presented in this experimental campaign suggest that Fibre Reinforced Cementitious

Matrices are not heavily influenced by thermal cycles.
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2. Wet/Dry Durability on Reinforced Mortar Specimens

The second experimental campaign was also carried out on reinforced mortar specimens. The
typology of the specimens was identical to those of the first campaign, where lime, cement and
MX mortar was used as the matrix component and the fibres consisted in glass and steel for the
lime and cement mortar and PBO for MX mortar (fig. 3.1.3-5). The preparation of the specimens

was likewise equal to that in campaign number 1.

Experimental Programme and Materials

The experimental program can be best summed up in Table 3.h. Once an adequate number of
specimens was defined for each typology of lime, reinforcement and cycle duration, the attention
was directed towards the typology of wet and dry cycles to use in the campaign. Specimens were
named according to a nnXyyZZ lettering system, where nn corresponds to the number of the spe-
cimen, X to the type of mortar (L = lime, C = cement and MX), yy to the type of reinforcement (nr
= non reinforced, st = steel fibre, gl = glass fibre and PBO) and ZZ to the number of wet/dry cycles
the specimens has been subjected to. For example, specimen 16Lst100 is a steel fibre lime mortar
reinforced specimen which has been subjected to 100 wet dry cycles.

Different variables needed to be determined before the cycles could commence such as the dura-
tion of the wet cycle opposed to that of the dry cycle and the type of solution to be used. Through
the state-of-the-art research, it appeared that it was most common for wet cycles to last up to 20’
for smaller specimens, while the dry period could last up to 24h. Therefore, two types of cycles
were tested in order to find the cycle period that would best fit the purpose: an aggressive acce-
lerated ageing process that would allow the specimens to absorb the solution and dry, producing
an authentic cyclic action. The first trial was composed of 20’ wet cycles and 12h dry cycles at a
constant temperature of 40°. During all wet cycles, care was taken that the specimens had at least
25 mm of solution covering the surface of the specimens. This was as specified in ASTM E 2098-
00. In the case of this specific standard the specimens consisted in glass fibres, but as has been
mentioned above, there are no specific regulations on durability testing of FRCM at this point in
time, and therefore many testing procedures have been borrowed from other areas which have
their own regulations and standards. The aggressive action of the first trial caused the weight loss

of the specimens to be so irrelevant during the dry cycles that it could not have been properly de-
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fined as cyclic. Furthermore, after very few cycles of this type, 50% of the lime specimens broke;
another indication of the excessive aggressiveness of this cycle. The second type of wet/dry cycles
was the one adopted (Fig. 3.2.2): 15’ of wet cycle and 24h of dry cycle at a constant temperature

of 35°. In this case the specimens were in fact able to lose a more consistent percentage of the

N° of Specimens Flfdygftgf Type of Reinforcement | N° of Wet/Dry cycles
Unreinforced (12) 0(4) | 50(4) | 100 (4)
36 Lime Steel (12) 0(4) | 50(4) 100 (4)
Glass (12) 0(4) | 50(4) | 100 (4)
Unreinforced (12) 0(4) | 50(4) | 100 (4)
36 Cement Steel (12) 0(4) | 50(4) 100 (4)
Glass (12) 0(4) | 50(4) | 100 (4)
inf d (12 0(4 50(4) | 100 (4
24 Ruredil MX Unreinforced (12) ) @) @)
PBO (12) 0(4) | 50(4) |100 (4)

Table 3.h. Test Matrix for the Wet/Dry durability campaign on reinforced mortar specimens. In pa-
renthesis the number of specimens per type.

Figure 3.2.1. Mortar specimens during the
wet portion of durability cycles in plastic ba-
sins filled with 5% sodium chloride solution
specimens.

wet

Exposure

dry

0 2 48

4
Time (hrs)
Figure 3.2.2. Wet/Dry variation mortar specimens were subjected to.
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weight gained during the wet cycle. The temperature of the dry cycle was decreased so that the
difference between the water temperature (20° circa) and the air temperature was not quite 1:2.
This was done so that the specimens were subjected solely to a harsh wet cycle and not to a harsh
drying period as well, which could have caused a double effect in the results. This was avoided so
that the cause of degradation could remain clear.

Regarding the type of solution used for the wet cycle, once again guidance was found in the sta-
te-of-the-art research. The type of solution most used consisted of a small percentage of sodium
chloride dissolved in water. Other solutions consisted of calcium chloride in distilled water and
calcium hydroxide in distilled water. It was decided to use a 5% solution of sodium chloride in tap
water, in order to exceed slightly the percentage of sodium chloride contained in the ocean (3.5%,
Toutanji et al., 1998).

Another issue on the procedure for the wet/dry cycles arose after the first wet cycle as to whether
the water basins containing tap water with a 5% NaCl solution contained in fact the same amount
of solution after the cycles as before. The difference would result in the need to constantly change
the solution in the water basins. The water was weighed in a 250ml flask (Fig. 3.2.3) before and
after the immersion of the mortar specimens, indicating an increase in weight of about 3%, and
therefore a difference in the chemical composition of the solution. Hence, the necessity of a fresh
solution for every wet cycle.

The objective of the second experimental campaign was not only to verify whether the mechanical
properties of fibre reinforced cementitious matrices effectively decrease after cycles of artificial
ageing, but if these mechanical properties could in some way be recovered if adequate time was
allowed for the specimens to recover. Testing that followed a recovery period was used in Ghiassi
et al. (2012) on masonry reinforced through FRP, with scarce results. The intuition that cementi-
tious matrices recover their properties more consistently than polymeric matrices, in which mo-
lecular degradation seems to commence after artificial ageing, was the reason for which in this
experimental campaign specimens were divided into groups of 4 per mortar type, reinforcement
and cycle period, 2 of which were tested at the end of their last wet cycle, still fully saturated with
the sodium chloride solution, while the remaining two specimens were allowed a drying period,
or recovery period, before testing. The suffix “ REC” in the notation of these specimens is the
marker they carry of being tested after a recovery period. There was no time limit given to the

recovery period. Specimens were considered to have completed their recovery when their weight
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seemed to have reached a plateau: initially (when weighed)
the recovery specimens showed a constant decrease in wei-
ght, attributable to the constant loss of solution intake du-
ring cycles. Although the specimens might not reach their
original curing weight before cycles, the weight loss would

reach a certain percentage before stopping completely.

Test Set-up and Instrumentation

Both the test set-up and the instrumentation used in this

campaign were identical to those described in section 1 of

S - the present Chapter for the first experimental campaign (Fig.
Figure 3.2.3. Flask used for determining

weight difference prior to and after wet

| 3.1.6). the notation also followed the same principle as the
cycles.

specimens in the previous section.

Preliminary Considerations and Results

Some preliminary considerations of the degradation of the specimens may be made on the basis
of the physical observation of specimens during the cycles.

The first consideration is directed towards the loss in specimen section. While the specimens be-
fore cycles began were all regularly 4x4x16 cm in size, the cycles produce a large loss in section
particularly with regard to the lime specimens. The measured diminution of section varies from a
minimum of 5% in the first few cycles, to a maximum of 25% in the lime prisms, where the mortar
covering the fibres had almost completely detached (Fig. 3.2.4).

The loss of section in the cement mortar prisms is much less noticeable, varying from a range of
2% to 5%, whereas the section variation in the MX mortar specimens in virtually non-existent.

A second observation of the artificial ageing reveals permanent discoloration of the specimens

' T N LT e T A TR

Figure 3.2.4. Evident loss of section after less than 10 Figure 3.2.5. Discoloration of lime mortar specimens.In
cycles in an unreinforced lime specimen. the middle specimen the rust of the steel fibres is evident.
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during the progression of the cycles. Figure 3.2.5 demonstrates how the specimens present a light
coloration as the curing time is concluded, whereas after cycles their colour reaches darker shades,
an apparently non-reversible effect during the dry cycles. This could be due to factors such as the
permanent variation of moisture content.

The permanent variation of moisture content of the specimens is shown in graphs in Figures
3.2.6-8. The weight of each specimen was registered before and after every wet cycle. Following
are graphs of specimens’ weight variation for unreinforced lime, unreinforced cement and unrein-
forced MX mortar (Figs. 3.2.6-8). Lime and cement mortar have a higher weight variation after
the first wet cycle, and this increase remains throughout the cycles. In the case of cement mortar,
the weight increase is constant, that is, after an obvious initial weight gain, it seems to settle on
an average level of cyclic weight loss and gain. Instead, in the case of lime mortar, the curve that
follows the average weight gain/loss is descending, consistent with the physical observation of
section loss mentioned above. The conclusions in fact are clear: the sodium chloride solution
erodes the surface of the lime mortar specimens with ease, whereas the cement mortar specimens
are more resistant. Regarding the inorganic MX mortar, the percentage of initial weight increase
is very low, and remains consistent throughout all cycles. Therefore, it may be concluded that the
amount of sorption is minimal, and the results of the flexural testing, as well as the lack of section
loss, confirm this last observation.

These considerations may not give a complete idea of the variation of mechanical properties du-
ring and after artificial ageing via wet/dry cycles, but they do confirm the initial idea of a higher
level of degradation than that caused by freeze/thaw cycles.

Testing was carried out on a machine for three point bending as described in the freeze/thaw
campaign. Given the great differences in the reactions of the specimens to the wet/dry cycles, the

conclusions are again divided by type of mortar.
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Figures 3.2.6-8. Unreinforced mortar specimens: weight variation.
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Lime Mortar Specimens

Lime mortar is particularly delicate, as is clear from the flexural and compression values of una-
ged specimens provided in the previous section. It was commonly used in historical constructions,
without the use of cement, and the sand in its composition was probably river sand, or very fine
sand that was available in the area of construction. It does not offer great resistance; this was
known to historical notables such as Leon Battista Alberti who, in his De Re Aedificatoria (ed.
1991), suggested the addition of ground brick or larger gravel to the mixture of water, lime and
sand in order to render it more resistant. In the wet/dry cycles, the delicate nature of this mortar is
quite evident, as can be noted by the values in the table and the graphs below. Along with the great
loss in section and in weight observed above, the specimens did not always survive the cycles.
This in fact was the case for unreinforced specimens 12Lnr50, 14Lnr50 REC, 15Lnr100, and
18Lnr100_ REC, and for steel reinforced specimen 12Lst50.

There were also cases in which the specimens survived the cycles but not the soft start phase of
the testing machine, such as for 11LgI50 and 12Lgl50 — which explains the pale blue in the graph,
since this value is not taken from the actual loads supported by the specimens but from the loads
at which the soft start phase registered rupture. This is in some way an explanation for the pecu-
liar trend in graph ii where the average loads are shown. Notwithstanding this lack of data, some
interesting considerations may still be made. In unreinforced and glass reinforced specimens, the
recovery period proved that mortar recuperates its original resistance values and even more so
when given adequate time to dry.

This was not true for steel reinforced specimens as the rust in the steel fibre, noticeable from as
early as the first 10 cycles, had given way to a type of degradation that is not interrupted through
drying. The rust was so far advanced in specimens subjected to 100 cycles that, upon rupture, up
to 2 cm of loss of the original length of the fibres was recorded (Fig. 3.2.9-10). Considering that
the results for the glass reinforced specimens subjected to 50 wet/dry cycles are not reliable, a
trend may nevertheless be observed in the results regarding the other specimens: those subjected
to 0 cycles, 50 cycles with recovery, 100 cycles and 100 cycles with recovery. In these specimens
it seems clear that when tested wet, the specimens lose strength which is regained when dried. If
instead one were to consider the results of the glass reinforced specimens subjected to 50 cycles as
reliable, then the spontaneous recovery obtained in the specimens subjected to 100 cycles would

be consistent with the results found for cement mortar specimens (see section below).
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In the weight variation graphs below, showing glass reinforced and steel reinforced specimens,
some elements of interest come to light. For both types of specimens, there seems to be a thinning
spot in the graph just before a more substantial weight loss in the specimens. This would indicate
that the specimens had been fully saturated and in the allocated time for drying were incapable of
losing the solution absorbed. This precedes a loss of section, after which the weight gain and loss
during and after cycles picks up again. In all cases of reinforced specimens weight at testing was
less than the original weight at the end of the curing period.

With respect to the sorption of the sodium chloride solution, in most specimens efflorescence
occurs after the 20" cycle. This common effect of sodium chloride is visible mostly around the
edges of the specimens as may be noted in Figure 3.2.11. Again, as in the first experimental
campaign, reinforced specimens’ collapse is due to two main factors: flexural strength and she-
ar strength. This is clear in the photographic and video survey of the specimens during testing,
where an initial vertical crack is registered which then gives way to a crack that runs along a 45°
angle. In the unreinforced specimens the cracks propagate along the height of the parallelepiped
in a vertical manner, given that the collapse is due, in both aged and unaged specimens, solely to
flexural strength (Figs. 3.2.11-12). Regarding the behaviour of the fibres in the mortar specimens,
as was noticed in the previous freeze/thaw durability campaign, a conspicuous bond quality loss

was registered at collapse for both steel and glass reinforced mortar.

Lime mortar

. Average Flexural | Standard Deviation Flexural Strength
Type of Specimen Strenggth (MPa) (MPa) CoVil " Variation (%%
NR 0.17 0.12 0.70
NR50 W/D 0.065 0.003 0.05 -32%
NR50 W/D_REC 0.23 - - 35%
NR100 W/D - - - -
NR100 W/D_REC 0.014 -—- - -92%

Table 3.1. Values of flexural strength, standard deviation and Coefficient of Variation for unreinforced lime mortar
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Specimen 18Lst100
REC

2
-

Figures 3.2.9-10. Total erosion of steel fibre in specimens 17Lst100_REC and 18Lst100 REC subjected to 100 wet/

400
350
300
250
200
150

100

Average Maximum Load (N)

50

Figure 3.2.13.

Figures 3.2.11-12. Unreinforced speciens with evident efflorescence and flexural collapse and glass reinforced

dry cycles.

Specimen 17Lgl50
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L3 P

specimen with mixed collapse mechanism.

B Unaged Specimens

W 50 W/D cycles

W50 W/D cycles REC

J m 100 W/D cycles
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Average failure loads for lime mortar specimens subjected to none, 50 and 100 wet/
dry cycles and relative recovery specimens.

91



Chapter 111

Steel Reinforced Lime Mortar
480

470

460 - o

51 Wik

440 —11lst
CEEE /\v Y AVAVAVAVAVAVAVVWWVV\/W\MMMNWWMWVWWV\/\ —12Lst
E‘ 420 VAVAV‘\/‘\ W '”AVI&AA. Mhtity g :13"“
S | g WMMWWNWW\WV s

il iy i o

ikt i W

380

370

360

0 11 21 31 41 51 61 71 81 91
Number of Cycles

Glass Reinforced Lime Mortar

— 1118l
— 1218l
——13Lgl
—141gl
——15Lgl

AR 4, V\A/\/\/\NVVV\M\"—/! e

vvvv vv ”VVVVVVVVV\NV\N\/VV\/\N\AA
10 WY W _
390 WVVWV\/\’/\VA'AVMV\'AVA'AVN\/\/\MM,N\M \ \[’ i;tg:
380 MNVWAV\'/\/\'/\/\ &
370 W AVVW R
360 V VVWV

0 11 21 31 41 51 61 71 81 91
Number of Cycles

Figures 3.2.14-15. Steel and glass reinforced mortar specimens: weight variation.

Cement Mortar Specimens

Cement mortar is more resistant than the previous lime mortar thanks to the mixture which com-
poses it which contains cement. This gives cement mortar an inherently stronger quality which
is observable during cycles and testing, not only through the ultimate load values, but also in the
physical phenomena mentioned above such as section variation. Test results in unreinforced spe-
cimens for flexural strength are consistent, in that the values progressively decrease during wet/
dry cycles, but recover to values greater than original values on unaged specimens. Regarding
steel and glass reinforced specimens, it can be observed that maximum loads diminish for 50 wet/
dry cycles and then regain strength during the remaining 50 cycles. In fact, the specimens that
were allowed a recovery period after 100 cycles returned to their original weight and exceeded
the strength of the unaged specimens. In the case of cement mortar, the weight loss due to loss of

section is less consistent than for the previously analysed lime mortar specimens; in fact, the en-
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velope of the progression of the weight variation graphs is horizontal rather than descending. The
loss of section is in most cases insignificant, as mentioned before, and efflorescence is common
to most specimens. In the cases of the specimens in the figures below, efflorescence was found to
be well embedded inside the section as well as concentrated along the line on which the fibre was
placed during the construction of the specimen itself. This leads to the conclusion that the sorption
of sodium chloride penetrated to the core of the parallelepiped and gathered around an “obstacle”,
in this case represented by steel fibres.

The mixed collapse mechanism is verified again in the reinforced cement mortar specimens; the
first crack is of flexural type, vertical along the height of the specimen, and then a crack at a 45°
angle occurs, causing collapse. Again, as in the lime mortar specimens, there is a loss in bond

quality between the mortar and the fibres, and no rupture in the fibres was registered.

Cement Mortar
Type of Specimen Average Flexural | Standard Deviation CoV Flexu.ral. Strength
Strength (MPa) (MPa) Variation (%)

NR 0.42 0.06 0.14

NR50 W/D 0.27 0.05 0.18 -35%
NR50 W/D_REC 0.51 0.03 0.07 -19%
NR100 W/D 0.1 0.008 0.08 -74%
NR100 W/D_REC 0.55 0.01 0.02 -13%

Table 3.m. Values of flexural strength, standard deviation and Coefficient of Variation for unreinforced cement
mortar specimens.

Specimen 15Cst100
Specimen 16Cnr100 S

Figures 3.2.16-17. Unreinforced specimen with evident efflorescence and flexural collapse and steel reinforced
specimen with mixed collapse mechanism.
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Figures 3.2.19-20. Steel and glass reinforced cement mortar specimens: weight variation.
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MX Mortar Specimens

The particular type of inorganic mortar represented by Ruredil’s MX mortar when combined with
the PBO fibres used in the first experimental campaign described above seems to be quite indiffe-
rent to ageing phenomena, and even perhaps to benefit from the cycles it has been subjected to in
this and the previous campaigns. In fact, the histogram relative to its average load capacity shows
that during cycles the fibre reinforced mortar increases in flexural strength. This is not true for
the unreinforced specimens: the mortar in fact, as is described in the table below, gradually loses
flexural strength with the progress of the cycles. The specimens allowed to recover after 50 cycles
regain strength, above the level of the unaged specimens, as do those allowed recovery after 100
cycles, although not quite to such a high level. However, as can be seen in the weight variation
graphs, there is a constant loss for the specimens which are tested wet, notwithstanding the fact
that their sodium chloride sorption is limited, and the lack of loss of section. As for collapse me-
chanisms, similarly to the first experimental campaign illustrated above, both in reinforced and
unreinforced specimens the collapse is due solely to flexural strength. The crack propagates verti-
cally starting approximately from the midpoint of the parallelepiped and moving upward towards
the point of load pressure (Figs. 3.2.17-18). As in the freeze/thaw durability campaign, bond loss

was not observed, while there was fibre yielding.

MX Mortar
. Average Flexural | Standard Deviation Flexural Strength

Type of Specimen Strenggth (MPa) (MPa) Cov Variation (%%

NR 5.83 0.84 0.14

NR50 W/D 4.85 2.26 0.47 -17%

NR50 W/D_REC 6.76 0.16 0.02 16%

NR100 W/D 1.99 0.11 0.06 -66%

NR100 W/D_REC 4.04 2.35 0.58 -31%

Table 3.n. Values of flexural strength, standard deviation and Coefficient of Variation for unreinforced MX mortar
specimens.

g

Specimen 17PBO100 Specimen 17MX100
REC REC

Figures 3.2.21-22. Unreinforced and reinforced specimens with flexural collapse mechanism.
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Figure 3.2.23
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Figures 3.2.24. Weight variation registered in PBO reinforced MX specimens.
Conclusions

Regarding lime mortar specimens, with the exception of those reinforced through steel fibres, the
final results show that although the wet specimens decrease their flexural strength consistently,
there is a recovery of the strength registered on unaged specimens in those specimens which have
been allowed to dry. This phenomenon does not occur in the steel reinforced specimens given
the extensive damage to the fibres due to the formation of rust on the fibres themselves, so much
so that the original length is diminished. In all reinforced specimens the loss of bond strength is

evident during collapse. Cement mortar specimens do show decreased values of resistance when

96

4000 v

3500 -
Z
< 3000 -
P B unaged Specimens
A -
g 2500 W 50 W/D cycles
£ 2000 - m 50 W/D cycles REC
(T
% 1500 - m 100 W/D cycles
? 100 W/D cycles REC
g 1000 -
<

500 -
0

MXPBO MX

cycles and relative recovery specimens.

PBO Reinforced MX Mortar

W 1'1 Ly AnA N AANLL A ANNAAAANLAAAA A,A,M
v e

NAA) A
il

. Average failure loads for MX mortar specimens subjected to none, 50 and 100 wet/dry

——11PBO
——12PBO
——13PBO
——14PBO
——15PBO
——16PBO
——17PBO
——18PBO



Experimental Campaigns

tested wet, but recovery periods allow the specimens to recuperate resistance: in unreinforced
specimens there is not more than a 19% strength loss in recovery specimens after cycles. Again,
bond strength loss is evident in all specimens. In both lime mortar and cement mortar reinforced
specimens, collapse mechanisms are mixed and failure occurs for both flexural and shear strength.
MX mortar, while proving to be more compact, and therefore less penetrable to the sodium chlo-
ride solution, is nonetheless affected by the cycles in the unreinforced specimens, with flexural
values decreasing constantly when tested wet. It must be noted, however, that only for specimens
subjected to 100 cycles and tested wet is the performance less than what is guaranteed by the
producer, that is 1.99 < 3.5 MPa, as can be verified in Table 3.c. All other values, though less than
the values on unaged specimens registered experimentally for the present work, are above the
producer guaranteed value of 3.5 MPa.

There is then significant recovery when specimens are allowed to dry. In the case of the reinforced
specimens, as in the first experimental campaign, it seems that the cycles increase the specimens’
resistance. In all cases, collapse mechanisms are for flexural strength, and no reinforced speci-
mens present a loss of bond strength.

Considering all results, for all types of mortar, it can be stated that although flexural values may be
cut down in wet specimens, in those allowed a recovery period resistance values are often compa-
rable to those for unaged specimens. Therefore it can be said conclusively that wet/dry cycles in

5% sodium chloride solution do not have long lasting effects on FRCM.

3. Wet/Dry Durability on Brick Masonry Reinforced Pilasters

The third experimental campaign focuses on larger specimens. After having tested fibre reinforced
mortar specimens and discussed their results, the next step was to verify these results on actual
masonry structures. The motivations behind this consequential experimental campaign lie once
again in the state-of-the-art research on FRP durability. After an initial period of durability testing
solely on the fibres, with and without their polymeric matrix, attention turned to research that
would prove if the degradation of the FRP system when applied to structural support would incre-
ase damage or simply result in not providing the structural reinforcement it had been designed to
give. There were cases in fact in which the degradation which started in the FRP system caused

mould or other aggressive attacks to the underlying structural system, provoking more damage
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than if the FRP had not been present (Binda et al., 2011). From the data analysed from the first two
experimental campaigns, the more aggressive durability testing performed on the reinforced mor-
tar specimens consisted in wet/dry cycles in a 5% sodium chloride solution. Therefore this type of
cycle was chosen for the durability on an FRCM reinforced structural element, in the attempt to
verify whether the artificial ageing registered in the second experimental campaign described abo-

ve had the same detrimental effects when the FRCM system was applied to masonry structures.

Experimental Programme and Materials

Small brick pilasters were assembled, subjected to wet/dry durability cycles and tested at the
Laboratory of the Department of Architecture at the University of Florence. Each pilaster was
composed of five bricks of 20x10x5 cm, bricks smaller than average size (Fig. 3.3.1). It was im-
portant for the size of the pilasters to be sufficiently small as to be able to repeat testing and carry
out cycles contemporaneously on all specimens. The test matrix below best describes the present

campaign (Table 3.0).

o . Type of Cementitious Ma- . N° of Wet/
N° of Specimens trix for Reinforcement Type of Reinforcement iy el
g Lime Steel (4) 0(2)|75(2)
Glass (4) 0(2)175(2)
g Cement Steel (4) 0(2)175(2)
Glass (4) 0(2)175(2)
2 None Unreinforced (2) 0()

Table 3.0. Test matrix for wet/dry durability on brick masonry pilasters. In parenthesis the
number of specimens per type.

a) b)

290
290

200 100

fibre
cementitious matrix

Figure 3.3.1. Graphic scheme with measurements (mm) of the brick masonry pilasters, plan and elevations, a) un-
reinforced pilaster, b) reinforced pilaster.
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Two pilasters of a total of 18 remained unreinforced, as control specimens. All other pilasters,
16 in total, were reinforced though steel or glass fibres placed on the wide faces of the pilasters
(20x29 cm) with either lime or cement mortar, in the manner of reinforced plaster.

The steel and glass fibres used in the present campaign were those used and described in campai-
gns 1 and 2, illustrated in Table 3.b. The lime and cement mortar used as cementitious matrices
for the FRCM system were also of the same hand mixed qualities as described in the sections in
Table 3.c.

Small cubic specimens of bricks, 4x4x4 cm in size, were tested for compression. Results are
shown in Table 3.p. The mortar used in the assembly of the pilasters was a cement mortar, hand
mixed (water, lime, cement 32.5 MPa, sand) with proportions in weight 1.5:1:1:6. This mortar was
used solely in the building of the pilasters, and not in their reinforcement. Nevertheless, this type
of mortar, named hereafter PCement (cement mortar for pilasters) was subjected to freeze/thaw
and wet/dry cycles as described for lime, cement and MX mortar in parts 1 and 2 of the present
Chapter. The 4x4x16 cm specimens of PCement mortar were prepared in a steel framework and
left to dry for 60 days in the same manner as the other mortar specimens described above. Fibres
were not used to reinforce the specimens of PCement mortar given that in the present campaign
this type of mortar was not used for the reinforcement of the pilasters, but only for the assembly

of the bricks. In the following table and graphs, average resistance values, flexural values and

Clay Bricks
Average Maximum Average Maximum Compressive .
Compression Load (kN) Strength (MPa) Standard Deviation | CoV
14215 47.04 8.57 0.18

Table 3.p. Average Compressive strength, standard deviation and Coefficient of Variation for clay bricks used
to build the pilasters.

PCement Mortar

Type of Specimen Mean Flexural | Standard Deviation CoV Flexu.ral' Strength

Strength (MPa) (MPa) Variation (%)
NR 0.25 0.04 0.16
NR52 F/T 1.43 0.32 0.22 572%
NR100 F/T 0.33 0.04 0.11 32%
NR50 W/D 1.18 0.12 0.10 472%
NR50 W/D_REC 1.67 0.08 0.05 668%
NR100 W/D 0.35 0.007 0.02 40%
NR100 W/D_REC 1,34 --- --- 536%

Table 3.q. Average Flexural strength, standard deviation and Coefficient of Variation for PCement mortar
specimens.
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standard deviation for unaged and aged specimens of PCement mortar are shown (Table 3.q, Fig.
3.3.2), as well as weight variation during wet/dry cycles (Fig. 3.3.3).

Once the pilasters were assembled with the cement mortar described above, they were left to cure
for 60 days in a humidity free environment at room temperature (circa 19°). Once curing was
completed, the pilasters were reinforced, in number and type of reinforcement as described in
Table 3.0. A layer of cementitious matrix was applied to the surface of the pilaster, covering the
entire facade evenly. The fibre was then applied and pressed to ensure attachment to the applied
layer of mortar. A second layer of mortar was applied, thus covering the fibre (Fig. 3.3.4). The
reinforced pilasters were left to cure again for another 60 days and in order to ensure complete

curing, in order to avoid that this process could occur during the artificial ageing cycles.

800 -

700 -
z
T 600 - M unaged Specimens
o
TE' 500 - B 50 W/D cycles
>
£ 200 M 50 W/D cycles REC
3
§ W 100 W/D cycles
p 300 -
% m 100 W/D cycles REC
a>3 200 -
<

100 -+

0

PCement

Figure 3.3.2. Average load capacity for PCement mortar specimens subjected to wet/dry cycles.
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Figure 3.3.3. Weight variation registered for PCement mortar specimens during wet/dry cycles.
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Once curing was complete, wet/dry cycles on eight reinforced pilasters commenced. The cycles
were similar to the ones performed on the mortar specimens in campaign 2 described above, na-
mely a wet period in a solution of sodium chloride at 5% followed by a dry period in a ventilated
oven at 35°C. The period of time the pilasters were left in the solution was of course modified ac-
cording to the volume of these specimens, noticeably larger than the mortar prisms of the previous
experimental campaign. These specimens required a period of time of 45 minutes for complete
sorption to occur. This amount of time was determined through weighing the specimens dry, and
then at intervals of 5 minutes until weight stabilized indicating sorption was at maximum values
(Fig. 3.3.7). The pilasters were immerged in plastic basins with the 5% sodium chloride solution
at a level which covered the specimens for at least 2.5 cm (Fig. 3.3.5) and then placed in the oven

and left to dry for 24 hours. In this campaign, only one cycle duration of 75 days was chosen for

all aged specimens.

Figures 3.3.4-5. Two pilasters, reinforced through glass fibre and cement mortar, and glass and steel fibre reinfor-
ced pilasters in a plastic basin filled with the 5% sodium chloride solution. Three pilasters immersed in 5% sodium
chloride solution. In the steel reinforced specimens the rust phenomenon is eident after as few as 5 cycles.

i~ &

Test Set-up and Instrumentation

Testing was carried out through eccentric compression loading. One of the objectives of this
campaign was to verify whether the fibres, in an aged condition albeit artificially, could follow
the different solicitations they are subjected to when eccentric compression occurs; that is, if the
fibres could resist compressive and tensile strength simultaneously. To this end, the central core
of inertia was identified in order to ensure that the compressive and tensile forces were actively
being applied to the pilasters as is shown in Figure 3.3.6.

Loading was applied through a load cell (TCLP — 10B Tokyo Sokki Kenkyujo Co, Ltd.) with a
maximum capacity of 10 kN applying pressure on a steel cylinder positioned at exactly 50 mm
to the right of the central axis of the pilaster. The steel cylinder is the exact width of the pilaster,
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guaranteeing that the load is applied only on the masonry structure and not on the FRCM on the
facades of the pilaster (Fig. 3.3.8). Data was recorded through two mechanical strain gauges (PI-
5-100 Tokyo Sokki Kenkyujo Co, Ltd.) on the short sides of the pilasters and two cantilevered
displacement transducers (CE-10 Tokyo Sokki Kenkyujo Co, Ltd., Fig. 3.3.9). The two displace-
ment transducers attached to the upper face of the pilasters measured the vertical displacement of
the pilaster during loading. The second typology was applied for recording relative movements
between the two extremities of the gauges. Shaped as a Greek letter Omega (figure 3.3.10), the
ends of these strain gauges are attached to the specimens and their hemispherical central part al-
lows these ends to follow the displacements of the specimen. The data recorded shows whether

the extremities of the instrument move closer together or farther apart during testing.

200 200
central core of inertia

001

a) b)

Figure 3.3.6. Graphic scheme of the pilasters (mm), plan and central core of inertia for
a) unreinforced specimens and b) reinforced specimens.

wet B M B

Exposure

dry

24 48
Time (hrs)

Figure 3.3.7. Wet/dry variation for pilasters.
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50 (eccentricity)

cantilevered displacement /
transducers

mechanical strain gauge

Figures 3.3.8-9. Steel cylinder through which load is applied of the exact width of the masonry and cantilevered di-
splacement transducer. Graphic scheme of the positions of the mechanical strain gauges and transducers during
testing (mm), with Left Hand (LH) and Right Hand (RH) sides indicated.

Results

Some preliminary considerations can be made from the ob-
servation of the photographic survey conducted during te-
sting which seem to be relevant to all unaged specimens.
Values for both reinforced and unreinforced specimens re-
main within values that range from 40000 to 50000 N (Fig.
3.3.15). The small variation between reinforced and unrein-

forced specimens may be due to the fact that the FRCM sy-

stem is simply applied to the fagades of the pilasters without
Figre 1.3.10. Mechanical strain sauge, anchoring systems. While the ultimate loads values do not

vary greatly, the collapse mechanisms are different. Unrein-

forced specimens fracture more gradually. Cracks at first appear immediately below the point of
load application, given by excessive compression strength at about 30000 N. At this point there is
a drop in the load - displacement diagram (Figs. 3.3.16-17). A secondary crack then appears at the
bottom of the pilaster opposite the loading point (Fig. 3.3.18a). This mechanism is not visible in
the FRCM reinforced pilasters until the fibres detach completely from the side they are attached
to, and even when detachment occurs it does not reveal cracks due to tensile strength; the rupture
in reinforced specimens is abrupt and due to excessive compressive force as opposed to the gra-
dual collapse verified in unreinforced specimens. In fact, the FRCM system does not prevent the
masonry pilaster from cracking due to excessive compression (Fig. 3.3.11). The shorter sides of
the pilasters are free from reinforcement. Therefore when cracking or rupture of the bricks occur,

there may be a rotation of the elements shortly after the detachment of the fibres commences. This
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is common in eccentric compression, when the loads are
outside the central core of inertia of the pilaster. The fact
that the slate of FRCM detaches either completely or only
partially makes little difference to the resistance of the
pilaster; in fact, once the FRCM begins to detach, it is as
if the fibre reinforcement is virtually non-existent. In this

regard, there is little variation between glass or steel fibre

SpecimmJCmS

i e
v N
Figure 3.3.11. Steel-fibre Cement-matrix

Specimen 1 after testing; the fibre reinfore- ~ 3.3.40-43; 3.3.48-51).
ment has completely detached.

reinforced matrices, differently from what was observed
in the previous two campaigns where the values of the

fibre reinforced mortar prisms differed greatly depending

mainly on the type of mortar (Figs. 3.3.23-26; 3.3.32-35;

In the graphs shown in the following pages, negative
numbers indicate compressive stress while positive numbers indicate tensile stress. The program-
me which was used to record displacements was developed purposely and specifically for the
Laboratory at the Department of Architecture of the University of Florence. This programme
was encoded in such a way that when the instruments needed to measure displacements are con-
nected to the computer, settings could be adjusted at will with regard to the sign (+ or -) of the
registered movements. This means, for example, that the vertical movements registered by the
cantilevered displacement transducers (Fig. 3.3.9) can be set for either negative or positive values
for deflections. In this case, deflections registered by the two transducers have been set for po-
sitive values. The same can be said for the mechanical strain gauges, where contractions, which
correspond to compressions, have been set here to be represented by negative values. Once the
graphs were developed, this arbitrariness in assigning the sign of displacements would have given
a contrasting report in the outcome of the test, which would have indicated that while the transdu-
cers registered positive movements from the upper level of the pilasters, the strain gauges were
simultaneously registering negative displacements. Therefore, for clarity, the signs of the transdu-
cers have been inverted when positive values indicated negative deflections so that the sign of the
displacements of the instruments match.

It is possible that strain gauges and transducers register concurrently opposing displacements (for
example, Fig. 3.3.32-33). Due to the position of the instruments, in fact, separated by two bricks
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If rotation occurrs here,
there may be
contemporarily opposing
displacements

cantilevered
displacement
transducers

| __mechanical strain
7 gauge (RH)

Figure 3.3.12. Axonometry of pilasters with strain gauges and displacement transducers. The mortar layers where
possible rotations may lead to discording diagrams are highlighted.

Ix

mechanical
strain gauge

Figures 3.3.13-14. The upper section of the pilaster, showing larger displacements on the right side of the pilasters,
and a graphic scheme of elongations that might occur in the right side of specimens.

which may rotate and move in directions other than those of the two bricks the gauges are glued
to (Fig. 3.3.12), displacements may have opposing sign when referring to one side of the speci-
men. However, this is not the case for all the specimens tested, particularly for the unreinforced or
unaged ones. In the testing condition of the present campaign, that is eccentric compression, what
is certain is that the larger displacement will be registered under the loading point. The displace-
ments on the other side of the pilaster are expected to be smaller, but there may not necessarily
be negative values, that is a positive deflection, or even rotations. After collapse, vertical cracks

often appear and there may be phenomena of elongation of the right side (Fig.s 3.3.13-14). As
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Figure 3.3.15. Average maximum loads for unaged and aged pilasters.

for the differences in behaviour between aged and unaged specimens, none of the values of the
aged specimens differed greatly from those of their unaged control specimens, as is clearly shown
in figure 3.3.15. The aged specimens were tested after a last 24 h dry cycle, therefore without a
proper recovery period in which they were allowed to return to their original weight (c.a 12 kg), in
a semi-dry state. Of the eight specimens which were subjected to wet/dry cycles, 2 lost their rein-
forcement (Specimen 4 Glass fibre - Lime matrix and Specimen 3 Steel fibre Cement matrix) and
consequently collapsed before they reached the end of the period of cycles. Therefore, the values
in Figure 3.3.15 of the aged specimens Glass fibre - Lime matrix and Steel fibre - Cement matrix
are not average values, but values of the only specimens which reached the end of the cycles. One
specimen, specifically Specimen 3 Glass fibre - Cement matrix, lost its reinforcement completely
but withstood the entire duration of the wet/dry cycles. In this case, the specimen was tested as an
unreinforced aged specimen. In comparison to the unreinforced and unaged specimens it increa-
ses in resistance when subjected to wet/dry cycles (Fig. 3.3.15), in compliance with the values of
the aged cementitious mortar used for the joints (Fig. 3.3.2). Therefore, considering the lack of
average values for Glass fibre - Cement matrix aged speciments, it is difficult to determine whether
the difference of ultimate load between the aged and unaged specimens shown in Figure 3.3.15 is
by chance or due to ageing.

As may be inferred by the following graphs, all of the reinforced pilasters reach their ultimate
load abruptly with no substantial differences between aged and unaged specimens. From physical

observations of the aged specimens, the most evident effects of the ageing cycles is in the efflo-
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renscence of the saline solution on the surface of both the brick structure, visible at the sides of
the pilasters, and the cementitious matrix covered faces of the pilasters. The glass fibres did not
show any signs of degradation after the artificial ageing cycles were complete, while the steel fibre
reinforced specimens began to show rust on the surface of the matrix used to cover them as soon
as the 5" cycle. By the end of the 75 wet/dry cycles, the rust was heavily distributed throughout
the matrix surface. However, rust was not detected on the surface of the masonry once the reinfor-
cement detached after testing, and no other kinds of spots or smears were detected; the formation
of mould which could eventually detach the fibre reinforcements from their structural supports did
not appear in the aged specimens.

In the following pages a more detailed description of failure and diagrams is provided.

Unreinforced Pilasters 1 and 2

Unreinforced and unaged pilasters 1 and 2 collapse due to excessive compressive strength at a ma-
ximum value of 38716 N and 49742 N, respectively. Collapse is gradual, as cracks appear almost
immediately under the point of force application. In the diagram relative to unreinforced pilaster
1 (Figs. 3.3.16-17) there is a drop in the graphs given by the displacements registered by both the
strain gauges and the displacement transducers at 25895 N, showing the instant the crack crossed
the entire width of the first brick. A secondary crack due to tensile strength appears at the bottom
of the pilaster opposite the loading point (Fig. 3.3.18a). In unreinforced pilaster 2 the first crack
to form immediately under the loading point goes through the first brick, creating an initial rota-
tion of the right side of the brick and causing the transducer to register positive (upward) vertical
movements (Fig. 3.3.21). Once the crack moves towards the mortar layer between the first and
the second brick, and eventually reaches the mortar between the second and the third brick, the
vertical movements of the right side of the pilaster return to negative values. The strain gauges for
both unreinforced and unaged specimens indicate that the sides of the pilasters were subjected to
compressive strength on the right side, that is, the side geometrically closer to the point of appli-

cation of the load, and tensile strength on the left.
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Figures 3.3.19-20. Un-
reinforced Specimens 1
and 2 after testing.
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Steel fibre - Lime matrix 1 and 2

Unaged Steel fibre - Lime matrix reinforced specimens 1 and 2 collapsed due to compressive
strength at 46010 N and 40350 N, respectively. As previously stated, reinforced pilasters tend
to collapse more abruptly than the unreinforced pilasters, as resistance diminishes abruptly once
the slate of reinforcement detaches, not being attached to the fagade of the pilaster by any par-
ticular method. In fact, both pilasters form cracks between the slates of steel fibre in the lime
matrix almost immediately after testing commences and once the reinforcement is detached from
one fagade (in both cases the front one, with no damage to the underlying masonry fagades) the
pilaster is free to crack completely and consequently reach its ultimate load carrying capacity
(Figs. 3.3.28-31). Both steel fibre lime matrix reinforced pilasters show one main crack running
quasi-vertically from the loading point to the base of the pilasters (Fig. 3.3.27). Smaller cracks
appear horizontally, indicating a slight rotation; those on the left side of the pilasters may explain
deflection in the left hand displacement transducers, which present both positive and negative
values throughout loading (Figs. 3.3.23; 3.3.25).

Figure 3.3.23. Load - di-

splacement diagrams for

Steel Fibre - Lime Matrix
50000 Specimen 1; values given

by cantilevered vertical
? ‘ § displacement transducers.
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Figure 3.3.24. Load - di-
splacement diagrams for
Steel Fibre - Lime Matrix
Specimen 1; values given
by Omega transducers.

Figures 3.3.25-26. Load
- displacement diagrams
for Steel Fibre - Lime
Matrix Specimen 2; va-
lues given by cantileve-
red vertical displacement
transducers and Omega
transducers.
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Chapter II1

Figure 3.3.27. Graphic
description of the cracks
that occurred in Steel

‘ _ _ _ Fibre - Lime Matrix

g specimens; a) Specimen 1
and b) Specimen 2.

%
e
.

Figures 3.3.28-29. Steel
Fibre - Lime Matrix
Specimens 1 and 2 prior
to fibre detachment.

Figures 3.3.30-31. Steel
Fibre - Lime Matrix
Specimens 1 and 2 after
testing.
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