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Abstract
In order to evaluate historic and restoration mortars regarding their behaviour
on the masonry level, non destructive tests are applied. Fibre Optics
Microscopy (FOM) allows for the observation of the building materials on site
and permits their identification and classification to the various already studied
mortar types (lime, hydraulic lime, crushed brick-lime, lime-cement mortars,
e.t.c.). Ultra-Sonic (US) measurements allows for the comparative study of the
outer (weathered) to the inner (sound) material layer and the various strengh
levels of the different building materials. /nfra-Red Thermography (IR-TH)
allows for recording the thermal maps of the surfaces under study and provides
information on the differential behaviour of the various materials on the
masonry scale regarding as well the impact of the microclimatic variations on
the same building material, since the water evaporation cycles are controlling
the weathering effects in porous media. Pilot investigation has been performed
regarding ancient, Byzantine, Venetian and recent monuments in Crete
allowing for the comparison among various types of historic mortars and
restoration ones (lime-cement mortars). The combined use of the above non-
destructive techniques leads to conclusions regarding :
= The weathering depth and the damage level of ancient mortars (US)
measurements as classified per mortar type and microstructure (FOM)
observations

= The compatibility of restoration mortars and plasters with the original
building units on the historic masonry scale, related to :

* The elastic moduli of the various types of historic and restoration mortars
(comparative study by US),
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* The physico-chemical behaviour of the capillary systems of the various
building materials, governing the percolation and evaporation of salt
solutions within the historic masonry (evaluation by IR-Th).

Finally, it is indicated that the longevity of the historic masonries might be
investigated as a function of these behavioral patterns on the scale of the
masonry by non destructive techniques.

Introduction

The main function of the mortar is to bind the building units together to
provide a durable masonry. The historical masonry is thus, a composite system
whose durability is related both to the nature of the single consituents and to
the particular interaction between mortar and stone or mortar and brick. The
adhesion between building units and mortar in all these complex systems can
be really different depending on the interaction between binder and load
bearing units under various operating conditions, regarding the environment
and the structure [1].

The adhesion and the durability of the masonry is influenced by
workmanship and by the environmental conditions or the pollution. The
environmental conditions (humidity, in particular) can play an important role :
favoring the reactivity between the constituents inducing the disaggregation of
the matrix, or modifying the kinetics of the hardening [2]. The study of the
elastic behaviour of the mortars gives information on bonding between binder
and bearing unit and to the aggregate / matrix interface governing compatibility
of masonry materials on the masonry structure [3,4].

The longevity of the examined historic composites is more or less related to -

= The degradation of historic mortars, which is attributed mainly to the
chemical dissolution of the mortar matrix, i.e the calcitic binder and is
known as the washing out of mortar joints, concerning specifically lime
mortars [4]. Damage processes as acid attack or salt crystallization vary,
according to the physicochemical and the mineralogical characteristics of
the mortars, their microstructure and the adhesion of the binder to the
aggregates.
The original mortars, which have been deteriorated by natural weathering,
salt decay and by the corrosive action of polluted atmosphere, had to be
replaced. ‘
At the same time, the uncontrolled and rather extensive use of cement and
polymer-based mortars, erroneously believed to be more resistant than the
traditional ones, gave very unsatisfactory results, due to the high content of
soluble salts and the limited compatibility between these hard, impermeable
materials and the original components of the masonry.
Modern mortars and adhesives are less porous than building stones and
bricks, with higher values of hardness, mechanical resistance and thermal
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expansion coefficient attributing to them a performance rather incompatible
to the original materials [5].

= The compatibility to the wall constituents, as far as the raw materials, the
mortar production process and the physico-chemical and microstructural
properties are concerned, which allows for continuous stresses and strains.
Study of the historic mortars behaviour is a priority need in terms of
restoration of the historical buildings in marine and urban centers.These
systems, in fact, are deemed more compatible with the porous building
stones than the modern cement. Acid attack of cement generally involves
expansions due to the ettringite formation, successively followed by the
gypsum one, in the cracks which directly damages the masonry. On the
other hand, if cement is used in restoration, it infers sulphates to the
masonry as an inner source of acid attack and efflorescences [6].

Hence, the compatibility of conservation interventions to historic masonries
becomes a critical factor for the selection of appropriate conservation materials
(repair mortars, grouts and consolidants). In order to assess and evaluate the
compatibility of conservation materials to various types of historic masonries
and original building materials, several techniques should be employed. Non-
destructive in situ applied techniques have been proved, in previous works
[7,8], to permit evaluations, like -

- the Fibre Optics Microscopy to identify the microstructure and to
classify the investigated materials to several categories according to
their mineralogy, texture, etc.,

- the Infra-Red Thermography to evaluate the respiration behavior and the
compatibility of the capillary systems of the materials on the masonry
scale.

These in situ techniques validated by laboratory investigations of the actual
microstructure, composition, texture, etc. have been proved that they might
develop a tool to interpret compatibility or incompatibility phenomena at
material / material interfaces on the masonry scale regarding its behavior to the
water percolation and evaporation phenomena. This tool might be integrated
with other adjoint techniques like Ultra Sonic measurements relating ultrasonic
velocity to the moduli of elasticity, in order to serve integrated on site non-
destructive evaluation of conservation interventions and materials on historic
masonries [9,10].

Measurement techniques and procedures
The following Non Destructive Tests have been performed on site:

Fiber Optics Microscopy

By using the Fiber Optics Microscopy (FOM), with the aid of a video recorder,
pictures can be obtained in several magnitude range, examining on site the
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morphological characteristics of the surface [11], like the texture, the structure
— even the microstructure — the salt growth, efflorescences, etc. The method is
used for the first time in combination with Infra Red Thermography and Ultra
Sonic measurements.

In previous works [3, 11, 12] various mortar types were studied by FOM,
and their classification to certain well distinct historic mortar technology was
achieved (lime, hydraulic lime, crushed brick-lime, lime-cement mortars,
e.t.c). In the present work FOM is performed on site, in order to permit
mortars classification on the basis of previous standardization.

Fiber Optics Microscopy was applied in the field (by PICO-SCOPEMAN-
MORITEX) in several magnifications, X25, X50, X100, X200. The images
were stored in a video system, and they were processed in the laboratory
(Fig.1: FOM;; - Fig. 2: FOM3,s - Fig. 3: FOM; - Fig. 4. FOM; — Fig. 7:
FOMg o 10).

Infra Red Thermography

In large heterogeneous systems like masonries it is the capillary movement and
evaporation rate of water - either ground water rising or sea salt spray attacking
- that plays the most important role within the processes of leaching out,
transport, concentration, and precipitation of soluble salts in the porous
building stones. The humidity rises up as far as a steady state is reached
between the water supply and the evaporation [13]. The capillary rise
phenomenon proceeds with migration of water or aqueous solutions according
to well-defined equilibrium laws [14,15,16]. The phenomenon is more
complex, due to the presence of salts and the deriving physicochemical effects,
related with the solubility of salts, in conjunction with the susceptibility of the
porous stones as determined by their micro-structure [17]. From
multicomponent solutions the different salt phases precipitate in sequence
according to the different solubilities or ion activities. The system fractionates
and the salts are being deposited from the moving solution at different places
on the wall forming a spatial sequence.

Infra Red Thermography detects the radiation that different parts of the
masonry emit and can render the image of the surface area in colors, in relation
to a temperature scale [18]. Since the surface roughness determines the
emissivity of the various parts under examination [19,20], porosity estimations
by FOM are coordinated as well, in order to support the interpretation of the
Infra Red Thermography.

Infra Red Thermography (IR) is a measurement technique providing thermal
maps. A thermographical system consists of an Ir Detecor (TVS-2000 MK II
LW) and a Processor (AVIO Thermal Video System). The IR Detector uses
germanium optics with a peak coating at about 10 im, manufactured by
mercury-cadmioum-telluride (HgCdTe) which gives a spectral responce
between 8 and 14 um wavelengths and requires a stirring cooler system (He
gas 99,99 %). The IR Detector is connected with a processor which detects the
electronic signal , stores it in memory, processses it according to a given
software and presents it in an LCDS, by the form of a thermograph (Fig.1:
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Thermal Images;» — Fig.2: Thermal Imagess s - Fig.3: Thermal Imagess7 -
Fig.4: Thermal Imagesgoio - Fig.5: Thermal Images;; 2 - Fig.6: Thermal
Images;s 14 - Fig.7: Thermal Images;sis). The temperature range of an IR
Detector spans from -40 C to + 300 C.

Ultra Sonic measurements

The ultrasonic velocity is related to the moduli of elasticity of rocks, such as
Young's modulus and Poisson's ratio. Furthermore, it is a very good index for
rock quality classification and weathering determination (ASTM 597, ASTM D
2845- 8, Clark, 1966).

Tests are made using the direct or the indirect method, depending on the
case. The direct method is referred to the arrangement of the transducers of the
apparatus on the opposite surfaces of the specimen tested. The indirect method,
used especially on in-situ measurements, refers to arrangement of the
transducers on the same surface of the stone.

The depth of weathering at a
stone surface can be evaluated
using the indirect ultrasonic
velocity technique [9]. In this case
the transmitter is placed on a ! sorouaren
suitable point of the surface and
the receiver is placed on the same
surface at ' successive positions
along a specific line. The transit
time is plotted in relation to the
distance between the centres of
the transducers. A change of slope
in the plot could indicate that the
pulse velocity near the surface is e T e
gxuch 'lower than it s deeper Diagram showing the depth of the
own in the rock. This layer of i
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result of weathering,
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The thickness of the weathered surface layer is estimated as follows :
Xo [Vs-Vd
2 YVs+Vd

Where,  Vs: Pulse velocity in the sound rock (Km/s)
Vd: Pulse velocity in the damaged rock (Km/s)
Xo: Distance at which the change of slope occurs (mm)
D: depth of weathering (in mm)




On site investigation on monument masonries

On site investigation was performed on ancient, Byzantine, Venetian and
recent monuments in Crete, allowing for the comparison among various types
of historic mortars (lime, hydraulic lime, crushed brick-lime, lime-cement
mortars, e.t.c.) and restoration ones (lime-cement mortars).

More specifically, the masonries investigated on monuments, were :

® On the Venetian fortifications of Heraklion. The surfaces under
investigation were related to previous sampling and analyses performed on
the building stones and mortars [22] at the Vituri (Fig. 1) and Bethlehem
(Fig. 3) Bastions and at the fortification masonry facing the National
Stadium (Fig. 2).

" On the recent industrial monument (19 c. AD) of the Tobacco Cutting
Factory situated in the center of the historic Heraklion market nearby the
seaboard. More specifically, the Northern (Fig. 4 north-western, Fig. 5
Northern Facade on the center) and the Western Facade (Fig. 6) were
examined, as well as the garden wall surface (Fig. 7).

= Building stones vary :

* from biomicritic calcarenites (sub-yellow to white-yellow, compact
enough, comprised of small clastic grains of quartz dispersed in the main
biomicritic calcareous mass),

* to bioclastic lime-stones (porous calcarenites among grey-yellow and
brown-grey comprised of fossiliferous clasts and porosity augmenting up
to 35%, when calcareous sandstones are concerned),

* or, marly fossiliferous limestones (white-yellow to grey-yellow compact
stones, of low porosity, comprised mainly of a calcareous matrix
enriched by argillaceous compounds, embedded by fossiliferous clasts
and quartz) [21].

Results and Discussion
The ultrasonic method can be used for the determination of the weathering
depth of a mortar or a stone unit investigated on surface level. In this case, the
first part of the diagrams corresponding to the exterior layer presents lower
velocity until the infiltration depth. Then the velocity becomes higher,
corresponding to the sound part of the building unit. Actually, at the Heraklion
fortification site 1 (Vituri Bastio/OANAK) the U.S comparative Diagram 1,
shows that building stones are more durable that the mortar and less weathered
i.e. in smaller depth.

The same observation accounts for the Heraklion fortification site 2
(National Stadium) as shown in the U.S comparative Diagram 2.
The lower velocity and the higher depth could be explained by the weathering
mechanism of the mortar. Dissolution of the calcitic binder is taking place
along with Ca®" depletion at the outer sound zone due to the Ca®" diffusion
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towards the outer surface. This phenomenon, as far as mortars are concerned, is
happening in rather higher velocity than in the limestones, due to the more
active and finer crystallized calcite cementing material of the mortar.

The lime - cement restoration mortars are more durable to acid attack, by the
salts solution in the masonry as shown by the higher velocity at the sound part -
U.S comparative diagram 3 - in relation to the old mortar - diagram 2.
However, the restoration mortar presents lower velocity as compared to the
limestones in the masonry — diagram 3.

Regarding Tobacco Cutting Factory, the U.S comparative Diagram 4, shows
that all the old mortars at the Northern Facade present lower velocity than the
new ones, at the relative layers. This is attributed to the different damage level,
as well as to the most porous microstructure of the old mortars. The later, can
explain the lower velocity, which is observed at the inner part, which may be
characterized, as more durable. The U.S velocity regarding new mortars at the
sound inner part is relatively lower than that of the fossiliferous bioclastic
calcarenite, while at the weathered outer zone the velocities are more or less
coinciding.

At the Western Facade the old sound mortars present velocities relative to
these of the new mortars and the limestones at the inner depths. However, the
weathered friable old mortars present dramatically different velocities, due to
the more porous microstructures. As far as crushed-brick-lime mortars in the
garden wall are concerned, they present the same velocities as lime-cement
restoration mortars, as expected by their similar elastic behaviour, studied
exhaustively in other works. [3]

Finally, it is clear that apart from the different elastic behavior at the inner
part and the different weathering depths estimated, U.S measurement all alone
can not discriminate incompatible materials on the masonry, or different mortar
types.

Hence, a combined interpretation of these results along with these of IR
Thermography and FOM is performed.

In figure 1 Fibre Optics Microscopy shows a masonry comprised by
compact limestone (FOM 2) and of a relatively coherent but more porous old
mortar (FOM 1). Actual interventions by cement-restoration mortars are
observed even macroscopically.

'IR Thermal images show a different respiration / evaporation behavior of
the joint mortar i.e. cold building stones and hot joint mortars among which the
old ones attain nearer temperatures to the stones (violet to blue), while the
cement mortars achieve much higher temperatures (red to yellow), due to their
impermeability to salt solutions (FOM 3)..

In Figure 2 Fibre Optics Microscopy (FOM 3) shows the same compact
limestone but with colour variations due to iron oxidized phases.

These allocated building stones may be distinguished at the Thermal Images
at the bottom of the masonry by hotter colours, due to their composition
(higher emmissivity). Old dissaggregated crushed brick — lime mortars (FOM
5) are observed, along with the cement restoration mortars (FOM 4).
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Along the height of the masonry - Thermal Image 4 - presents the

evaporation zone, where salt solution’s evaporation and crystallization promote
massive disaggregation at a certain height (~2/3 of the wall - Natural Photo 3).
At this part, Thermal Image 4 distinguishes the various damage levels by
different colours: the more deep parts with colder ones and the outer with
hotter. Disaggregated old mortars behave in the same way, while at the outer
part of the masonry (Thermal Image 5), new cement restoration mortars are
discerned by hot yellow lines.
In Figure 3 the new mortars (FOM 6) are observed in the Thermal Images 6
and 7 - rendering the Natural Photos 4 and 5 - by hotter colours (violet to
yellow), as compared to the colder ones of the stones, indicating an
incompatible percolation by soluble salts.

In Figure 4, at the Northern Facade of the Tobacco Cutting F actory, the new
cement mortars observed (FOM 7) are rendered by the Thermal Images 8
(bottom), 9 (middle), 10 (up) by hotter colours than the stones, presenting
higher impermeability to salt solution as expected. Hence, incompatibility to
water percolation is induced in the masonry by this restoration intervention,
overloading building stones with humidity. As a result, the yellow saturated
limestone (T1d) presents lower U. S. velocity than the fossiliferous limestone
(T1c), which due to its composition and texture is less wet.

In figure 5, at the center of the Northern Facade of the Tobacco Cutting
Factory, old and new, weathered and sound mortars (U. S. 14, 15) co-exist
rendered by various colours in the Thermal Images 11, 12. The more weathered
old mortars by colder colours (deep violet-blue), the sound old mortars by
intermediate (light violet) colours, while the cement impermeable mortars by
(red-yellow) hot colours. The same interpretation applies to site 4, where
diminishing damage levels of old mortars (U.S. Diagrams 18, 19, 20) are
presented by increasing temperature scale of colours, while cement restoration
mortars, plastered on the masonry, present hot red - yellow spots.

On the Garden Wall, Figure 7, old white mortars are observed (FOM 9) as
well as cement and dust - brick restoration mortars (FOM 8, 10). The old
mortars present lower velocity and higher weathering depth as compared to the
new restoration ones, interpreting thus the Thermal Images 15, 16, where old
mortars are deemed as more compatible (violet to blue) to the blue building
stones, while cement plastered on the masonry develop red to yellow spots.

Conclusions
The combined use of the above non-destructive techniques leads to conclusions
regarding :

" The weathering depth and the damage level of ancient mortars (U.S)
measurements, as classified per mortar type and -microstructure (FOM)
observations.

= The compatibility of restoration mortars and plasters with the original
building materials on the historic masonry scale, related to :



* The elastic moduli of the various types of historic and restoration mortars
(comparative study by US),

* The physico-chemical behaviour of the capillary systems of the various
building materials, governing the percolation and evaporation of salt
solutions within the historic masonry (evaluation by IR-Th).

Finally, it is indicated that the longevity of the historic masonries might be

investigated as a function of these behavioral patterns on the scale of the
masonry by non-destructive techniques.
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Ultrasonic Comparative Diagram 3 - Site 3
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FIGURE 1 - SITE 1 - OANAK (IRAKLIO, CRETE)
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FIGURE 2 - SITE 2 - STADIUM (IRAKLIO, CRETE)

FOM 3 Limestone - compact (x25 ) Thermal Images 3(bottom), 4(middle),

5(up

FOM 4 New Mortar (x25) FOM 5 Old Mortar (x50)
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FIGURE 2 — SITE 2 — STADIUM (IRAKLIQ, CRETE)
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FIGURE 3 - SITE 3 - BASKETBALL COURT (IRAKLIO, CRETE)

Photo 4 ' Photo 5

FOM 6 New Mortar (x25)
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FIGURE 3 - SITE 3 - BASKETBALL COURT (IRAKLIO, CRETE)
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FIGURE 4 - SITE 5 - TOBACCO CUTTING FACTORY (NORTH) (IRAKLIO,
CRETE) :

Photo 6 (bottom), 7 (up) Thermal Images 8(bottom), 9(middle),
10(up)

FM New Mortar (xSU)
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FIGURE 4 - SITE 5 - TOBACCO CUTTING FACTORY (NORTH) (IRAKLIQ,
CRETE)
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FIGURE S — SITE 5 — TOBACCO CUTTING FACTORY (NORTH/CENTRE)

(IRAKLIO, CRETE).
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FIGURE 6 - SITE 5 - TOBACCO CUTTING FACTORY {WEST) (IRAKLIO,

CRETE).
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FIGURE 7 — SITE 5 —- TOBACCO CUTTING FACTORY (GARDEN WALL)
(IRAKLIO, CRETE).

Photo 12 Thermal Image 16
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FIGURE 7 — SITE 5 — TOBACCO CUTTING FACTORY (GARDEN WALL)
(IRAKIIO, CRETE).
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