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Abstract. For the past decades the importance of structural rehabilitation of historical buildings, in
order to preserve the cultural heritage, has increased considerably. The weak masonry (made from
bricks and bounded with low-strength mortars) were created using mortars which, depending on
different external factors, were degraded and there are necessary urgent rehabilitation interventions
in order to assure the masonry’s durability by protecting the joints with new, compatible and
reversible materials and techniques (according to Venice charter requirements). In order to increase
the durability characteristics of the weak masonry, the design and application techniques of some
particular materials and solutions used will be considered in present paper. The used procedures are
based on joints reinforcing using fibre reinforced mortar (fibres made of steel, carbon and glass).
The test results have revealed a significant improvement of the structural response and a noticeable
increased durability depending on the materials and techniques used.

1. Introduction

Ever since ancient times the masonry buildings have been based on local materials, such as stone
and ceramic brick units bonded with mortars of various mixtures. Except for the dry masonry, the
utilized mortars were based on local natural resources.

It is important to understand that the life span as well as the environmental factors such as: water
and freeze-thaw cycles, differential settlements accompanied occasionally by extraordinary actions
including earthquakes and windstorms, produce permanent deteriorations on masonry buildings,
imposing remedial actions, restoration or reconstruction.

Our current actions, trying to preserve the vestiges of the past, have been a concern since ancient
times; the roots of this approach can be found in the Western Europe, even since Roman antiquity,
continued into the Middle Ages when the first "laws" related to the preservation and protection of
monuments have been issued. Later on, during the Renaissance period followed by the late
nineteenth and the beginning of the twentieth century the foundations of scientific restoration of
historical monuments, based on the notion of authenticity initiated by Camillo Boito (1835-1914)
and completed by the Venice Charter Conservation and Restoration of Monuments (1964) have
been elaborated [1,2].

The scientific basis for interventions on heritage old buildings has undergone many conceptual
changes over time and there are few who believe that existing remedial solutions will not be later
altered. Therefore the current concept of sustainable construction should include the idea of
reversibility caused by the daily changes, resulting from the emerging of new technologies and
material properties that are becoming more efficient. In addition, the evolution of human thinking
has also generated and accelerated new transformations in the recent years [3].

It can be realized from the current practice that the concept of reversibility is almost entirely
neglected in case of monument restoration.
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It can be envisaged that some future technological approaches might eliminate the current
strengthening solutions and replace them with new ones, able to preserve more of monuments
identity. This is possible only if the present procedures utilized nowadays would preserve the
original integrity of the system and the reversibility is possible.

Any rehabilitation system should be adjacently connected to the basic structure using links that
can be easily removed without damaging the substrate.

The specialized literature describes various methods of improving the building safety utilizing
adjacent means such those made of steel or reinforced concrete elements, involved with the sole
purpose to preserve the "temporary integrity" while maintaining the reversibility. Since these
procedures might sometimes be too expensive, any other solution that preserves the basic principles
of reversibility could be a viable alternative [1,2,3].

Research works carried out nationally and internationally have been focused on the rehabilitation
of historical masonry following two main directions [4]:

1. rehabilitation using traditional building materials by:

- fully replacing the deteriorated parts;

- re-pointing the mortar joints with compatible material;

- strengthening of joints with rigid reinforcing bars;

- caulking, injecting as well as using steel dogs across the cracks;

2. rehabilitation by surface treatments:

- jacketing the masonry units with cement-based mortars and/or ferocement reinforced with

various materials (wire meshes, individual reinforcing elements);

- attachment of adjacent elements made of steel, wood, reinforced concrete or composite
materials to the main framing system.

Some of the processes mentioned above do not take into account the principle of reversibility,
material compatibility and minimal interference on the structure, occasionally causing
deteriorations even more severe than the original ones.

Regardless of the damaging factors causing the deterioration of masonry, it is necessary that the
material used for their rehabilitation or strengthening should comply with the two apparently
opposite requirements [5,6,7]:

- it should be sufficiently porous (to enable the drying out of the walls) and mechanically

compatible with the original materials;

- despite its porosity, the material should not be vulnerable to the aggressive external attacks
(rain, frost, polluted air) or inside the masonry elements (due to sulphates and alkali-reactive
components).

In addition to the above mentioned factors the amount of water used in mixtures that can interact
with the compounds of the degraded structure should be considered. A number of pollutants within
water or atmosphere can react and lead to the formation of salts with adverse effects on the masonry
similar to the freeze-thaw cycles and changes of the mechanical characteristics.

Typical degradation caused by corrosive effects of these salts is materialized in the wall
efflorescence produced by crystallization volume growth, that can cause irreversible damage to
finishes, frescoes and murals that are found frequently in masonry buildings of historical heritage.

There are currently no mortars for the masonry joints that would simultaneously satisfy the two
above mentioned conditions. Therefore in this paper several new concepts/solutions are analyzed
and implemented and they partially improve the material of masonry joints. Since the overall
behaviour of the masonry structural system is critically dependent on the mortar-brick interface, the
proposed solutions will ensure the integrity of the existing structural system in terms of joint
material, on a span life larger than the regular 25 years service period.

The joint strengthening procedure

The paper presents new approaches to the rehabilitation techniques using fibre reinforced
mortars that join the masonry units; the types of fibres that have been analyzed and tested are:
carbon, glass and steel fibres as well as polypropylene textile chords [6].
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In this way the following improvements are envisaged:

- increased long term resistance of the masonry joints utilizing sustainable fibre reinforced
materials;

- increased load bearing capacity of masonry against horizontal actions, and improved energy
dissipation capacity of the joint materials;

- increasing the durability of the strengthened masonry by using materials that can protect the
joints against environmental aggressive agents;

- increased bonding between the masonry units and protection of the joint infill mortar, against
the friability of the clay mortar.

Materials used for the masonry joints strengthening

Several panel type specimens have been conceived and manufactured to perform the tests. The
reinforcing of the masonry joints has been achieved using the following coated fibre products: glass
fibres (MapeWrap G Fiocco, fig. 1a), carbon fibres (MapeWrap C Fiocco, fig. Ic), steel fibres
(MapeWrap Steel, fig. 1b) and regular polypropylene yarns (fig. 1d). The external chord diameter
including the protective mesh is 10 mm for the first three fibrous products and 4 mm for the textile
yarns (requiring the of three twisted strings within the joints). The main characteristics of these
materials are given in Table 1.

C .. d

Fig.1 The fibres utilized for the flexible reinforcing of the joints
a. glass fibres, b. steel fibres, c. carbon fibres, d. polypropylene textile fibres

Specific laboratory tests have been performed to evaluate the physical and mechanical
characteristics for each type of the material used in the strengthening solutions [8, 9,10-14].

An adherence mortar type M10Z with ECO-CEMENT (SR-EN 197-1:2002) type CEM 11 / BM
(S-LL) 42.5 N has been used for the joint re-pointing.
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Table 1. Principal characteristics of the chords used for the joint reinforcing

Material MapeWrap C MapeWrap G MapeWrap S
Fibre type carbon E-glass steel
Density (g/cm’) 1.8 2.62 4.84
Tensile strength (N/mm®) 4830 2560 2086
Elasticity modulus (N/mm?): 230,000 80,700 210,000
Ultimate tensile strain (%): 2 >3 >2
Equivalent fibres area (mm®) 26.79 27.58

Preparation of test specimens

The experimental panels used in the research program have been made of brick units extracted
from a masonry structure built in the early twentieth century; the bricks dimensions were
240x120x80 mm and the clay mortar has been applied in layers of about 10-15 mm thick.

15 specimens (two bricks long, one brick wide and a depth equal to five brick thicknesses) have
been manufactured to be tested in compression.

A plain leveling layer of cement mortar has been applied on the top of panel type specimen to
ensure the flatness during testing, fig.2.

Leveling layer with
cement mortar

Masonry joint
with clay mortar

Fig.2 The witness/control specimen for compression testing

The test specimens were kept under laboratory conditions while three specimens have been
assigned as control samples. The other 12 panels were prepared for the joint re-pointing procedure.
The joints, on both sides (fig.3), have been capped to a depth of 25 mm, cleaned of dust and primed
with mortar; after this, the chord type fibre reinforcement has been inserted and covered with M10Z
mortar (fig. 4).

Capped
masonry joint

Fig.3 The specimen with 25 mm joint capping
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Chord type
insertion

Cement mortar

Fig.4 Disposal of the chords and mortar within the specimen joints

For each of the fibre chords (Fig. 1) groups of 3 samples were prepared by joint priming with
M10Z mortar and insertion of the corresponding ropes.

Testing procedure of specimens

The experimental program consisted of testing all 15 specimens loaded in compression utilizing
a universal testing machine of 3000kN load capacity. A special load cell (Fig. 5) equipped with
electrical strain gauges has been utilized to ensure precise reading needed during the experimental
program.

The deformations undergone by the compressed specimens have been recorded using 4 Linear
Voltage Displacement Transducers (LVDTs) placed symmetrically on each side (Fig. 5). Their
positions have been assigned on the central portions of the masonry panels. The instalment of the
transducers has been specially chosen to enable the loading up to the specimen failure. The distance
between the measuring points corresponds to the interval between four layers of mortar. Each test
has been performed until the specimen failure.

A specialized data acquisition and processing system has been utilized during the experimental
program, providing a speedy interpretation of the results.

Load cell

Loading beam

LVDT device

Fig.5 The instrumentation of the specimen

The experimental results

The average values of the ultimate axial compressive forces are presented in Table 2. Some
typical failure modes are illustrated in Figures 6+10.
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Table 2 — Experimental results on the compressed samples with reinforced joints

Failure load [kN]
Specimen Control Reinforcement fibres type
sample Glass fibres | Carbon fibres Steel fibres | Polypropylene
1 150 220 200 250 270
170 260 200 310 270
3 190 245 207 250 290

Fig.7 The failure mode of the specimen with
joints reinforced with glass fibres chord

Fig.9 The failure mode of the specimen with

joints reinforced with steel fibres chord

4,

Fig.8 The failure mode of the specimen with
joints reinforced with carbon fibres chord

Fig.10 The failure mode of the specimen with
joints reinforced with 3 polypropylene strings
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Conclusions

The load bearing capacities of the control specimens are different due to the non-uniformity of
the material properties utilized in masonry panels (the source of the brick units from various
locations of the initial building).

The failure of all masonry control specimens is characterized by large cracks penetrating the
whole structure.

A significant increase of the load bearing capacity has been obtained by inserting within the
joints various chords covered with eco-mortars.

The failure modes of the reinforced joint masonry differs from those observed on the control
specimens, namely with vertically developed cracks near the joint reinforced area, with a less
affected central area.

Comparing the structural response of the tested masonry panels a substantial increase in rigidity
of the reinforced samples has been achieved with respect to the control specimens.

The polypropylene fibre insertion resulted in higher resistance and less increase in stiffness, but a
more convenient cost-effective solution.
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