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ABSTRACT
Keywords: Natural stones, Granite, Sandstone, Weathering, Damage Mapping,
Monuments, Repair, Stone stitching, Conservation, Chemical
weathering, Preservative treatment.

Natural stones were used to construct monuments and to create art objects in ancient
days. Though these monuments are maintained and conserved regularly, they are still
undergoing damages due to small scale and large scale deteriorations. Not much
research works has been carried out to study the weathering actions or other structural
damages in Indian monuments. In order to predict the behaviour of the stone
monuments for repair and retrofitting measures, it is essential to understand the
deterioration mechanisms. This in turn requires detailed study on characteristics of the
material, damage mapping and detailed weathering study. From the analysis and
interpretation made on deterioration mechanisms, suitable preservative measures and
repair methods are proposed.

This study is conducted to study and evaluate the deterioration mechanisms for five
representative monuments (4 granite monuments and 1 sandstone monument) in
Tamil Nadu, India. The objective of the research work is to study the characteristics
of granite and sandstone obtained from the representative monuments, to understand
the weathering mechanisms, to evaluate the effectiveness of the chemical
preservatives and to develop and evaluate the crack repair method for granite and
sandstone.

Field studies revealed that major damages are due to weathering and structural cracks.
Characterisation of granite and sandstone samples revealed chemical weathering
vi

(kaolinisation) happening in granite monument samples and they showed less strength
under compression in comparison to the minimum values recommended by the codes.
Subsequently, the surface samples were studied under Scanning Electron Microscope
and the kaolinisation was proved through feldspar analysis. These are natural
weathering processes, accelerated due to rain water ingress and CO2 from atmosphere.

Other weathering studies were carried out by conducting accelerated tests which
revealed that salt crystallisation is the reason for the damages in sandstone
monuments. Weathering forms observed in the field were confirmed with the
laboratory experiments. Thus water in combination with CO2 or salt causes
weathering damages.

From the studies conducted, it was found that water is the primary catalyst of
weathering reaction. Hence, two popular water repellents were identified and
evaluated. Silicone based penetrant are recommended based on the results obtained.
For cleaning granite monuments, high pressure cleaning is recommended after trial
application made on granite Mandapa.

Stone stitching method has been developed and evaluated on granite and sandstone
samples in laboratory and implemented on site as well. This method is proposed for
repairing structural cracks in both granite and sandstone monuments.
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CHAPTER 1

INTRODUCTION
1.1 BACKGROUND

Monuments are built heritage that gives us a sense of wonder and makes us want to know
more about the people and culture that produced it. Monuments have architectural,
aesthetical, archaeological, economic, social, political and spiritual or symbolic
importance, as part of our heritage. Each monument will have its own style and
importance, pertaining to the period of its construction. These monuments are in the form
of temples, tombs, palaces, pillared halls etc., and have been built with locally available
materials like brick, stone, timber, etc. Many of these monuments have been lost due to
natural calamities, war, vandalism, climatic and environmental factors, poor maintenance,
ageing. If a monument has survived the risk of natural exposure for about a century, then
it can be called historic (Feilden, 1982). Many of them are listed as nationally important
archaeological sites and they are protected.

India is one among the ancient countries in the world. The Indian monuments are living
edifices which take us back thousands of years and help in exploring the history of the
country. These monuments offer a great help to study and know more about the ancient
civilizations of India. They also attract a large number of tourists from all over the world.
The ancient monuments in India have boosted the tourism scenario, as a lot of foreigners

flood to India to have a glimpse of them. The ancient Indian monuments have a rare and
unique architecture, which reflects about ancient India. These monuments across the
country are considered to be the real treasure of India, which are being preserved with
great effort. India has lost many of its important and great historic monuments, due to the
invasions of the foreign powers over a long period. Some of these monuments in India
are also pilgrimage centers for various religions. The style and architecture of these
ancient and heritage monuments distinctly vary from the north to the south of the
country.

The monuments of south India have exclusive style and architecture. They comprise
mainly the Dravidian architecture and style. There are a large number of historic and
ancient monuments in south Indian states such as Andhra Pradesh, Karnataka, Tamil
Nadu and Kerala. Among them Tamil Nadu is well known for its ancient temples that are
unique in style and historic. The monuments like Kailashanatha temple - Kanchipuram,
Brihadisvara temple - Thanjavur, Meenakshi Amman temple - Madurai, Ekambranath
temple - Kanchipuram, Ranganathan temple - Srirangam are famous monuments with
religious significance and high artistic features. These monuments are distributed in
different geographical locations in south India and have different styles and architecture.
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1.2 PROTECTED MONUMENTS

The conservation and strengthening of some of the monuments were done by the
organizations like Archaeological Survey of India (ASI), Hindu Religious and Charitable
Endowment (HR&CE), Indian National Trust for Art and Cultural Heritage (INTACH),
Rural Education and Conservation Heritage (REACH foundation, Chennai). From the
information collected from ASI (ASI, 2009), about 3650 monuments were undertaken
and maintained by them. Similarly other organizations also protect several monuments
but they are only 5 – 10 % of total number of monuments that exist in India.

The United Nations Educational, Scientific and Cultural Organization (UNESCO) seeks
to encourage the identification, protection and preservation of cultural and natural
heritage. It is considered to be of outstanding value to humanity all over the world. From
the data collected from the UNESCO website (World heritage, 2009) about 689 cultural,
176 natural and 25 mixed properties in 148 countries are identified worldwide in world
heritage list. Out of which 27 religious sites are from India. In Tamil Nadu, Monuments
at Mahabalipuram and the Brihadisvara temple, Thanjavur are listed as world heritage
monuments, which are included for the current research study.

1.3 MOTIVATION FOR THE STUDY

From time immemorial, natural stones have been used to construct buildings and
monuments. In course of time, all natural stones are affected by weathering. Stone
monuments represent a vital role in our world’s cultural heritage. The awareness of
3

increasing stone damage in monuments coupled with danger of irretrievable loss of
cultural heritage has resulted in great efforts in our country for monument preservation
(Fitzner and Heinrichs, 2001).

New scientific approaches are urgently required to conserve our built heritage. The
conservation of these heritage structures needs multidisciplinary investigations on
historic, structural and material conditions, different phases of construction, later
interventions and the environmental context surrounding the building. Not much
systematic research works were undertaken to study the weathering actions or other
structural damages in Indian monuments, particularly by analyzing the engineering
properties and durability studies of stones used in their construction. In order to predict
the behavior of the stone monuments for repair and retrofitting measures, it is essential to
understand various facets of their properties and problems. Hence, there is a need to
understand the deterioration mechanisms, which requires the following investigation
aspects
i.

Meaningful damage diagnosis by damage identification, categorization and
mapping them.

ii.

Characterization of the material in terms of microstructural, chemical, physical and
mechanical properties.

iii.

Evaluation of material properties and environmental parameters is required to
understand the weathering mechanisms for monument preservation.
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Based on the above analysis and interpretations, suitable restoration measures can be
evolved, developed and evaluated to save our built heritage.

1.4 OBJECTIVES AND SCOPE

The objectives of the study are:


To select the representative monuments of national importance made of granite
and sandstone in Tamil Nadu in consultation with ASI.



To identify the weathering forms and to quantify the damages with the software
metigoMAP 2.2.



To characterize the granite and sandstone samples from selected monuments and
from their original quarries using physical, chemical & microstructural
investigation.



To study the weathering mechanisms and the resistance offered by the material
through accelerated tests.



To evaluate the stone preservative treatments and repair methods for granite and
sandstone.
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The scope of the current research study is identified as follows:


Study is restricted to five representative monuments (4 granite monuments and 1
sandstone monument) of national importance made of granite and sandstone
maintained by ASI



Since the structures under study are monuments, sample collection was possible
only in three monuments (2 granite monuments and 1 sandstone monument).



Study involves field investigations, laboratory tests, weathering studies,
evaluation of two commonly available stone treatments and development and
evaluation of repair method.

The research methodology is explained in detail in Fig. 1.1
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7
Fig. 1.1 Research methodology

1.5 ORGANISATION OF THESIS

This thesis consists of 10 chapters including the current one. In Chapter 2 literature
review of granite and sandstone is presented. The review of definitions, geological,
mineralogical aspects are first given. Available literature on engineering properties is
discussed. Weathering studies of granite and sandstone are summarized. Cleaning,
preservation and restoration methods are also reviewed and presented. Finally a summary
of conclusions drawn from literature is presented.

Chapter 3 outlines the site study and the problem identification. Descriptions of the five
chosen monuments were presented. The weathering and structural problems identified at
these monuments were categorized, tabulated and presented. Chapter 4 describes the
damage mapping using a special software metigoMap2.2. The description of the software
and its requirements is presented. The methodology adopted and the damage mapping
and quantification for southern façade of Shore temple, Mamallapuram is presented.

Chapter 5 describes the physio-mechanical properties of 3 monuments and 1 original
quarry and chemical composition and mineralogical aspects of the granite and sandstone
samples are discussed. Chapter 6 describes the chemical weathering study carried out
with the help of SEM and accelerated weathering tests carried out on granite and
sandstone samples are analysed and discussed.
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Chapter 7 describes the cleaning trial with water jetting method using high pressure water
jet machine to clean a mandapa of Srinivasa Perumal temple at Semmancheri, OMR near
Chennai. This is followed by Chapter 8 which describes the evaluation of two popularly
available stone preservatives available in the market for chemical treatment and Chapter
9 describes the evaluation of proposed crack repair methods.

Significant results obtained from this research work are summarized, analyzed and
discussed in Chapter 10. Various parameters are linked and analyzed to have a broad
understanding on weathering mechanisms of granite and sandstone. Based on this study
preservative and repair methods are identified and the guidelines are proposed.
Conclusions drawn from the present study and works identified for future research are
also outlined.
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CHAPTER 2

LITERATURE REVIEW
2.1 INTRODUCTION

The structural form of a monument is mainly dependent on the material used for its
construction. Utilization of locally available materials determined the architectural
style and structural form of that particular region. Natural stones were the common
building materials for the construction of monuments. Therefore there is a need to
understand the geological composition of the stones to evolve appropriate measures to
repair and restore the monuments (Anuradha Kumar, 2001).

Rocks are basically classified into three categories namely igneous rocks, sedimentary
rocks and metamorphic rocks. Further these rocks are subdivided based on their
chemical composition, texture etc., which determines their durability. The monuments
that are taken up for the research work are made of granite (Igneous rock) and
sandstone (Sedimentary rock). The properties of these stones vary due to their origin
and mineral content. The rock forming minerals present in the stones determine their
weathering rate (Parbin Singh, 1997).

2.2 GRANITE

2.2.1 Definition

Granite is defined as plutonic leucocratic igneous rocks. The word granite is derived
from GRANUM meaning a grain and obviously refers to the equigranular texture of

the rock (Parbin Singh, 1997). Granite is a rock formed essentially from an
assemblage of crystalline grains of feldspars and quartz with a small proportion of
mica flakes and occasionally hornblende. Granite signifies that the rock consists of
grains.

2.2.2 Origin

Granite is formed out of the hot molten mass called magma. During the course of
crystallization the younger minerals are interstitial to early formed older minerals
(Rosenbusch, 1910). Quartz forms as interstitial mineral to feldspars.

2.2.3 Mineralogy

Two most common and essential minerals in granite are quartz and feldspar. Quartz is
recognized by its vitreous lustre, high hardness (H=7), free from cleavage planes and
its conchoidal fractures. Two types of feldspars are seen namely potash feldspar and
soda-calcium bearing plagioclase. Among the potash feldspars, orthoclase, microcline
and perthite are the notable minerals frequently seen in granite. Microcline shows
cross-hatched gridiron twinning. Perthite shows exsolved twinning lamellae of albite.
In granite, the composition of plagioclase varies between albite to andesine.
Plagioclase of this range often shows parallel polysynthetic twinning lamellae.
Common accessory minerals are biotite, hornblende, augite, garnet and hypersthenes
are also seen in minor proportions (Parbin Singh, 1997).
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2.2.4 Color, Texture and Structure

In granite feldspars are abundant minerals. They have cleavage lamellae in two
directions. The color of the alkali feldspars varies from pink to grey. The variations in
tints are due to microscopic inclusion of hematite, magnetite. Quartz shows vitreous
luster often colorless in nature (Raguin, 1965). Mafic or dark minerals contribute to
the dark spots or patterns in granite. Texture of granite is granular in shape and
composed of interlocking grains (Raguin, 1965). The structure of granite is generally
massive. In places it is foliated, indicating lineation of parallel arrangements of biotite
or hornblende. Biotite shows the tendency of parallel orientation along foliation
direction of the granite bodies.

2.2.5 Types

Many types of granites are distinguished on the basis of relative abundance of some
accessory minerals and textural features. When mica is a prominent accessory
mineral, the granite is named as muscovite-granite (white mica) or biotite-granite
(black mica). A mix of both is named as muscovite biotite granite (Parbin Singh
1997). Charnakite, pink granite and other locally available granites are predominantly
used for temple construction in south India. Black granite is used for idols of cella
(Garbhagriha).
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2.3 SANDSTONE

2.3.1 Definition

Sandstones are sedimentary rocks of arenaceous group. These are mostly composed of
sand grade particles that have been compacted and consolidated together in their
natural beds (Parbin Singh, 1997).

2.3.2 Origin

Sandstones are clastic in origin. They are formed from the cemented grains that may
be fragments of a pre-existing rock or else just mono-minerallic crystals. The cements
binding these grains together are typically calcite, clays and silica (Parbin Singh,
1997). The principal mechanism for the formation of sandstone is by the
sedimentation of grains out of river, lake or sea. The environment of deposition is
crucial in determining the characteristics of the resulting sandstone, which on a finer
scale include its grain size, sorting, composition and on a larger scale include the rock
geometry. Principal environments of deposition may be split between terrestrial and
marine (Pettijohn, 1956).

2.3.3 Mineralogy

Some varieties are entirely made of quartz. Silica in the form of quartz is the
dominant mineral. Other minerals in small proportions are feldspar, micas, garnet and
magnetite. Cementing material may be siliceous, calcareous, argillaceous, or
ferruginous.
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2.3.4 Color, Texture and Structure

The commonly available colors of sandstone are red, brown, grey, and white. The
color depends on composition, especially the nature of the cementing material. The
texture of sandstones is medium to fine grain. However, component grains show
considerable variation in size, shape and arrangement in different varieties. Sandstone
consists primarily of a framework (which is the detrital sand fraction of 0.1mm to
2mm in diameter) and voids (which is the empty space or pores in the framework).
Normally these are packed such that each grain is in contact with neighbor so that the
whole framework is a mechanically stable structure in the gravitational field. In such
framework, sand is reasonably uniform in size and closely packed (Pettijohn, 1956).

The grains may be round or angular in shape. They are either loosely packed or
densely packed with interlocking arrangement. The shape and packing of components
are responsible for the properties like porosity and permeability.

Structures are formed during deposition. Sandstones vary from well bedded to
massive in character. The internal structures of bedding units are more significant.
Commonly, the unit shows cross-bedding, the scale of which is some function of both
the coarseness of the sand and the thickness of the sedimentary unit. Cross bedded
sandstones are commonly ripple marked. Calcareous or ferruginous sandstones
commonly have concretionary bodies. Stylolites are common in quartzite varieties.
This is commonly present along the joints, perpendicular to the bedding and are
possibly less common along bedding planes (Pettijohn, 1956)
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2.3.5 Types

Sandstones are classified on the basis of nature of cementing material and
mineralogical composition (Parbin Singh, 1997). Calcareous sandstones (Upper
Gondwana sandstones) were used for temple construction in Tamil Nadu.

2.4 ENGINEERING PROPERTIES

Stone is a heterogeneous substance characterized by a wide range of mineral
compositions, textures and rock structures. Consequently, the physical properties,
chemical properties and the durability are quite variable.

Porosity of natural stones helps to determine the strength and durability; in addition it
permits to estimate the moisture content and its ingress through the masonry. A full
understanding of size and character of such channels is therefore important. (Winkler,
1994).

Igneous rocks formed under conditions of high temperature and pressure is relatively
dense materials with a tight fit of the minerals that permit very little open pore space.
They contract more than half their volume during crystallisation of the magma. This
change in volume is exceedingly higher than surrounding minerals resulting in
extensive development of micro-cracks around the quartz particles. This leads to a
micro-crack porosity of about 1% of the total volume, which is twice the amount of
quartz-free igneous rocks.
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Sedimentary rocks are relatively less dense compared to other types of stones. Their
porosity is influenced by the origin of the constituents, the process of lithification,
grain size and shape. Nearly unlimited variety of pore sizes and shapes are
characteristic of its kind. Therefore, it shows a wide variety in porosity and pore size
distribution (Anuradha Kumar, 2001)

The uniaxial compressive strength of rock has been used as the general index for rock
strength. Bedded and foliated rocks record different rock strengths depending on the
angle of bedding and banding. The compressive strength increases with decreasing
grain size in homogenous rocks (Winkler, 1994).

Flexural strength is the resistance of a rock slab to bending or flexure. Wind stresses,
stacking loads and warped stone slabs in building may bring forth such stresses. The
presence of water in stone reduces its strength and makes it more susceptible to
deterioration (Anuradha Kumar, 2001).

2.4.1 Indian standard specification for granite

Indian standard specification (IS 3316-1974) lays down requirements for dimensions
and engineering properties for granite stone for masonry purposes. The specifications
are tabulated in Table 2.1
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Table - 2.1 Standard specifications for granite

Characteristic

Code limits

Method of test

Water absorption

Less than 0.5%

IS 1124 (1974)

Specific gravity

2.52 – 2.78

IS 1122 (1974)

Compressive strength

90 - 125 MPa

IS 1121 (Part I) (1974)

Compressive strength test specimens could be in the form of cylinders or cubes.
Compressive strength is determined in saturated as well as in dry condition.

2.4.2 Indian standard specification for sandstone

Indian standard specification (IS 3622-1974) lays down requirements for dimensions
and engineering properties for sandstone are tabulated below

Table - 2.2 Standard specifications for sandstone

Characteristic

Code limits

Method of test

Water absorption

Less than 2.5%

IS 1124 (1974)

Specific gravity

2.00 – 2.65

IS 1122 (1974)

Compressive strength

20 MPa – 170 MPa

IS 1121 (Part I) (1974)
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2.5 WEATHERING OF BUILDING STONES

The awareness of increasing stone damage to monuments coupled with the danger of
irretrievable loss of cultural heritage has resulted in great efforts worldwide for
monument preservation. Improvement in scientific knowledge on stone deterioration
facilitates important information for monument preservation measures and this can be
applied to all stone types (Fitzner and Heinrichs, 2001). Today, all experts agree that
precise damage diagnosis is the prerequisite for understanding causes, processes and
characteristics of stone damage and for sustainable monument preservation. During
the last few decades, interdisciplinary research and new technologies have been
introduced in damage diagnosis and monument preservation activities. In situ
investigation of damages and classification of weathering forms provide an important
contribution to damage diagnosis of monuments (Fitzner and Heinrichs, 2002).

A comprehensive monument mapping method has been developed by the working
group ‘Natural stones and weathering’ / Aachen University of Technology as a nondestructive procedure for in situ studies on weathering damages of natural stones.
Damage categories and damage indices have been introduced as new tools for
consequent quantification and rating of stone damages as an important scientific
contribution to damage diagnosis and monument preservation. The monument
mapping method has been especially developed for historical stone monuments. It can
be applied on monuments constructed with dimension stones as well as on
monuments carved from bedrock. In the same way it can be used on modern stone
buildings. Monument mapping can be applied to all stone types and to all kinds of
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stone buildings ranging from sculptures, individual stone structures to façades or
entire monuments (Fitzner and Heinrichs, 2001)

Weathering forms are used for precise description of deterioration phenomena at the
mesoscale (cm to m). They characterize the visible results of weathering processes
which are initiated and controlled by weathering factors. The hierarchical structure of
the classification scheme was prepared. At the uppermost level I it is distinguished
into four groups of weathering forms, group 1 – loss of stone material, group 2 –
discoloration /deposits, group 3 – detachment, group 4 – fissures / deformation. In
level II, each group of weathering forms is subdivided into 25 main weathering forms.
These are further differentiated into individual weathering forms in level III. In level
IV, each individual weathering form is additionally differentiated according to its
intensity (Fig.2.1)
LEVEL I

4 GROUPS OF WEATHERING FORMS

LEVEL II

25 MAIN WEATHERING FORMS

LEVEL III

75 INDIVIDUAL WEATHERING FORMS

DIFFERENTIATION OF

LEVEL IV

INDIVIDUAL WEATHERING FORMS
ACCORDING TO INTENSITIES

Fig. 2.1 Structure of classification scheme of weathering forms
(Fitzner and Heinrichs, 2001)
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Turkington and Paradise (2004) observed that weathering is a result of the sequential
or simultaneous operation of a wide range of processes. So the emphasis is placed on
intensive study of relationship between processes, weathering form, rock properties
and environmental studies. Jenz gotze and Heiner seidel (2004) confirmed that
weathering mechanism can be checked with a good knowledge of mineral
composition and microstructure properties. Kasthurba and Mathews (2001)
investigated the sandstone exposure to the environment and identified water as one of
the major cause for all types of decay. The other agents of weathering are atmosphere,
rain water, rising ground moisture, stream water, lake water and sea water with or
without dissolved salts. Moisture and salt are the most damaging factors in stone
decay. Sources of moisture are from ground, atmosphere and rain. The salt source
may be from the natural constituent, ground, sea spray, chemical treatment, etc.,
(Winkler, 1994)

2.5.1 Granite Weathering

Despite, limited researches available regarding granite weathering in monuments, few
papers on granite weathering are reviewed below. Major weathering problems in
granite happens at surface level and leads to scaling, granular disintegration and break
off. Branson and Tarr (1952) confirmed that the cracks and joints developed in the
granite due to earth movement will act as the opening for chemical agents, water and
air leading to further disintegration and break off.

Internal stresses develop in a rock through the mountain building process. The
removal of confined stress during the quarry operations gradually leads to expansion
20

towards the original prestresses condition, like relaxing a compressed spring. The
expansions of prestressed granites take years to recover. Residual stresses affecting
bare rock surfaces can develop exfoliation and bursting by horizontal compression
forces. This is further accelerated by rising ground moisture and especially in the
presence of salts from the soil or deicing compounds. Unstressing may be relatively
quick process in humid climates, occurs in less than 15 years of exposure (Winkler,
1994). Rapid stress relief can lead to micro-cracking and undesirable changes to the
physical properties (Obert, 1962).

Raguin (1965) observed that during weathering action, quartz and muscovite in
granite remains unchanged, feldspar is reduced to kaolin due to acidic water or
sericite due to alkaline water, depending on the composition of micro solution. Biotite
transforms to chlorite. Hornblende reduces to chlorite and epidote. Other accessory
minerals resist weathering. Schiavon (2007) declared that anthropogenically derived
gaseous SO2 from air pollution is responsible for accelerated kaolinisation of
feldspars in an urban environment. Thus SO2 from air pollution plays a dual role in
the weathering action leading to the formation of sulphate salts such as gypsum as
well as the weathering of feldspar minerals to kaolinite. The kaolinisation reaction
weakens the granite micro fabric leading to enhanced decay of the building stone.
Smith et al. (2005) observed that much of the decay is associated specifically with the
presence of halite (NaCl) and gypsum (CaSO4.2H2O)

In a CO2 + H2O rich atmosphere, the idealised stoichiometry of the kaolinisation
reaction for orthoclase (K[AlSi3O8]) and albite (Na[AlSi3O8]) may be written as
follows (X = K, Na) (Stoch and Sikora 1976; Yatsu 1988; Blum1994; Wilson 2004)
21

4 X[AlSi3O8] +4H2O + 2CO2

Al4(OH)8[Si4O10 ] + 2X2CO3 + 8SiO2

(2.1)

It is thus accelerated because of acidic environment due to pollution and rainfall,
which in turn gets kaolinized and forms scaling, granular disintegration and break out
type of weathering. Orthoclase feldspar and muscovite mica are much more sensitive
to CO2 charged waters than other minerals. Keller et al. (1963) studied to quantify the
weathering of silicate minerals by leaching common rock forming silicates with both
distilled and CO2 charged water. The CO2 charged water doubled the leaching rates of
Ca, Na, Mg and K. Much attention should be paid to feldspar weathering, which
contributes nearly two-thirds of all minerals present in igneous rocks. The degree of
kaolinisation of igneous rocks strongly determines the rock strength and durability.
The degree of discoloration should be carefully observed as a warning for the
progressive weakening of the stone (Winkler, 1994)

Heather Viles (2004) experimented for weathering exposure of the blocks of local
marble and granite and monitored over a period of 3 years, with changes observed
visually and with scanning electron microscopy. Granite blocks showed no visible
changes even after 2 years of weathering, whereas marble blocks show SEM evidence
of structural weakening after 1 year.

Song et al. (2006) carried out batch system experiments (granite specimen in a 500 ml
solution including NaCl, glucose, extract of yeast and bacteria bacillus subtilis at 27°
C) for 30 days. B. subtilis had a strong influence on granite weathering by forming

22

pits. Plagioclase was more vulnerable to bacterial weathering than biotite among the
granite composing minerals.
2.5.2 Sandstone Weathering

Weathering in sandstone is relatively a direct kind of physical breakdown (Young and
Young, 1992). In sandstone the major weathering form is “tafoni”, small scale
weathering, which forms on surface displaying varieties of pits, hollows, and box
work patterns of indurate joints. Large scale weathering is due to the response of the
rock to the stress and strain. Weathering is the result of the sequential or simultaneous
operation of a wide range of processes. So, the focus is on the relationships between
processes, weathering form, rock properties and environmental studies. New
sophisticated equipment and technologies have further extended the weathering study
(Turkington and Paradise, 2004).

Weathering research on sandstone emerged during 19th century. Salt damage and frost
damage are similar and they are studied by salt crystallisation test developed by
Schaffer (1932). Young and Young (1992) analyzed the ability of chlorides to
disintegrate quartz constituents in rock. They found that moisture in it stimulated the
crystallization of chlorides which resulted in wedging and particle disruption.

During 20th century weathering research was based on the physical break down,
particularly on the role of insolation (induced temperature changes) on rock surfaces.
The themes under which sandstone weathering studies were carried out through the
time are influence of moisture and insolation, mechanical weathering, chemical
weathering, tafoni features, urban decay and rates of weathering.
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Research work on insolation weathering has been divided into insolation weathering
versus moisture availability. Sandstone shows significant moisture expansion because
of active porosity by volume and potentially high saturation co-efficient. Quartz has a
co-efficient of expansion of 0.36 at 20°C - 100°C. (Turkington and Paradise - 2004)

There were no precise relationship between solar radiation-induced temperature
fluctuations and weathering. Fahey and Dagresse, 1984; Jenkins and Smith, 1990;
Ollier, 1984; Kerr et al. 1984 and McGreevy and Smith, 1985 demonstrated that
insolation may work through the separation of the clast particle from its matrix. The
volumetric change of quartz on thermal expansion and contraction could also develop
micro cracks in the matrix (Jenkins and Smith, 1990). However, thermal cycling may
have an appreciable effect on the operation of other weathering mechanisms such as
salt crystallisation or hydration, oxidation or solution. The concern of recent research
is the role played by the temperature and moisture regimes in the acceleration of
weathering processes (Turkington and Paradise, 2004).

During 21st century, research into sandstone weathering remained as secondary part of
rock weathering research. Biological impacts on sandstone deterioration have recently
been given much consideration, with many studies conducted on historic or cultural
stone. Scale issues clearly need to be examined in weathering research. (Smith, 1996;
Goudie and Viles, 1999; Heather Viles, 2001). Stieger and Zeunert, (1996) carried out
field surveys in salt-rich environments which have illustrated the importance of
flaking, scaling and crust development and stated that granular disintegration is the
only mode of breakdown for such damages.
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Uchida, (1999) observed that high porosity, apparent bedding plane and alteration of
constituent minerals are the factors that are responsible for deterioration of sandstone,
especially keeping away moisture from monuments is a prime requirement.

2.6 CLEANING METHODS

Soiling, deposition of dirt, paint coats, dropping of birds and insects are the
predominant factors of discoloration and deposits in the monuments. Discoloration
can also be due to mineral alterations. Deposits and discoloration spoils the aesthetical
appearance of the monument. These deposits also hide the intricate works in
monuments. Some photographs showing soiled surfaces are given below (Figs. 2.2,
2.3 & 2.4)

Fig. 2.2 Deposits due to
atmospheric pollution

Fig. 2.3 Soiling due to rain
water

Fig. 2.4 Discoloration
due to mineral alteration

Cleaning is often one of the first steps to be undertaken in monument restoration. By
removing the dirt, one can better see the condition of the underlying stone and thus
judge what further conservation may be necessary. Cleaning may also serve in some
circumstances to remove harmful materials from the surface. However, the primary
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reason for cleaning will often be the dramatic change in appearance that can be
achieved (Price, 1996). The stone surface should be cleaned prior to the surface
treatments. There are wide ranges of cleaning methods available namely water
cleaning, chemical cleaning, mechanical cleaning and special techniques like laser
cleaning and ultrasonic cleaning (Anuradha Kumar 2001). Detailed investigation must
be undertaken to determine whether cleaning should be undertaken.

Water and Air cleaning - Air abrasive cleaning systems are usually considered when
soiling is not water-soluble and for the reasons of site logistics or material
incompatibility, chemical processes are inappropriate or less preferable. A wide range
of air abrasive techniques is currently available. These include a variety of machines,
nozzles and abrasives. All air abrasive techniques operate by directing particles of
abrasive onto the soiled masonry in a stream of compressed air. Cleaning is
accomplished by impingement of the particles which dislodge or pulverize the surface
layer of the masonry. An air abrasive stream cannot differentiate between the removal
of soiling and the removal of masonry. So damage to the masonry can be avoided
through the skilled workmanship of the operator by making the necessary adjustments
in technique. In the normal use of abrasive cleaning, two factors are of utmost
importance: the velocity and the concentration of the particles which impact on the
surfaces. These parameters are controlled by the pressure and volume of the air flow
and the concentration of abrasive feed into the line. Important parameters will also
include the size of the abrasive particle, its shape and its hardness. Commonly
available abrasives for facade cleaning include aluminum silicate, calcium silicate,
olivine and calcium carbonate. More specialist materials are also available,
particularly for pencil abrasive equipment used by conservators (Ashurst, 2009).
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In water abrasive cleaning, water is the prime material in use. Nozzle shape, nozzle
size, rate of water flow and working distance are the parameters to be considered. The
pressure variations according to the substrate or cleaning surface is to be determined
essentially to avoid damages to the cleaning surface (Ashurst, 2009).

Chemical methods are applied as liquids or poultices; these may employ the use of
alkaline treatments, acidic treatments or organic solvents, singly or in combination
(Ingval Maxwell, 2009). Dilute hydrofluoric acid of concentration less than 5 % is
used for chemical cleaning. Some formulations contain phosphoric and other acid
types. In alkali types, sodium hydroxide is used. Acid gels like ammonium bifluoride
gel releases hydrofluoric acid on contact with water. But this type of cleaning is not
permitted on porous stone. The successful use of this chemical cleaning requires
precise control of its concentration and the time of application (Giovanni Amoroso
and Vasco Fassina, 1983)

Laser cleaning techniques is an attractive and a recently upcoming method. The
principle is essentially a simple laser beam impacting on the surface, and the energy
of the beam is dissipated by vaporization of the dirt. When the stone is dirty, the light
is absorbed and cleaning proceeds. Once the dirt has been removed, the light is
reflected by the clean surface (Price, 1996).

Desalination - The removal of water-soluble salts sounds easy, but it can prove
difficult in practice. The real problems start when one attempts to remove salts from
the masonry of a building or monument. In an early study, Bowley (1975)
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demonstrated that it was possible to extract a good quantity of salt from masonry
through the repeated use of clay poultices. While little would be gained in the long
run unless one could eliminate the source of further salt ingress. Desalination of
masonry is usually attempted through the use of poultices, which may consist of clay,
paper pulp, or cellulose ethers. In those instances where calcium sulfate is to be
removed, additional materials may be added in order to increase its solubility.

In marine conditions, desalination is done by paper pulping method, application of
clay packs (traditional method) where clays like attapulgite or sepiolite are used. It is
a slow but safe action for desalination process. Application of basic gellies that
contain bicarbonates and chemical agents that are capable of removing calcium ions
are used. Lowering the water table level and artificial drainage systems will reduce
water entry through capillary action. By preventing moisture passage and passivating
salt action, the salt decay can be controlled (Batra, 1996)

Negative effects of stone cleaning methods (Young et al. 2003) – In water jetting,
due to excessive pressure during cleaning, erosion, loss of details or sharpness, pitting
etc., are caused and increased moisture penetration, biological growth and stone decay
are also found as long term effects. Chemical cleaning method and poulticing causes
potential harmful consequences like chemical residues, salt formation, increased stone
decay, bleaching and staining. Laser cleaning causes high risk to user and public.
Bleaching and unintended color changes may occur especially on colored stone.
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2.7 RESTORATION AND PRESERVATIVE MEASURES

Disintegration of stone that has lost its cohesion may result from dissolution of stone
material cementing the grains or from disruption of salts or thermal expansions.
Scaling, flaking may be cleaned gently with sponge and denatured alcohol or acetone.
The surfaces are then faced temporarily or bandaged with adhesives mixed with
parent rock powder. The other surfaces are treated with consolidants to prevent
further scaling action. Consolidation is impregnation of deteriorated part and
underlying layer of sound stone with appropriate material. This in turn imparts
strength and also gives hydrophobicity to the stone surface. As water plays a main
role in stone decay, prevention of water ingress constitutes an indispensible step.
Water repellents which penetrate deeply into the pores without sealing the pores of
the stone can be used. Thus the breathability of stone is not affected and negligible
water vapor permeability is allowed. (Anuradha Kumar, 2001)

In case of structural conservation, not much research works were carried out in this
area. Techniques like shoring, centering and scaffolding are used as an immediate
temporary intervention to support the structure and secure them from collapse. Cracks
and fissures are filled with lime mortar or concrete, sometimes with epoxy resin and
pinned with stainless steel dowel pins. Treatments of broken beams were done
constructing masonry support pillars to hold them intact. The damaged and broken
pillars were secured by using iron bands. Steel stirrups were used for supporting the
broken beams. The broken beams of Kailasanatha temple, Kanchi was repaired by
inserting copper rods in addition to epoxy resins (Lakshmana Murthy, 1997). Kozub
(2004) put forward a model for the development of suitable injection materials for
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preservation and protection of works of art made of rose granite from Aswan in the
area of Tell Basta. This conventional injection material is a blend of hybrid binders –
water emulsifiable epoxy resin and colloidal silica dispersion with hollow glass beads
as aggregates and a rheological additive in the form of a modified urea resin. This
injection mass gave a positive results in filling cracks and fissures in rose granite.

2.8 SUMMARY AND CONCLUSIONS

Variation in rock property exists even in the rocks from the same quarry. Hence there
is need for intrinsic study of mineralogical and chemical properties. Understanding of
mechanical properties like compressive strength and flexural strength are required to
analyze the strength characteristics of the material, as they in turn contribute to the
durability issues. As the mechanical property varies with the physical properties like
water absorption, porosity, etc., a detailed study of physical properties is also
necessary.

Durability of stone depends on the internal structure, petrography, environment to
which it is exposed, stone quarrying technique, influence of water, soluble salts
atmospheric pollutants and porosity of stone. Hence there is a need for detailed
understanding of the decay mechanism and material properties, to determine the
possible causes and to arrive at appropriate solution.

Stone cleaning is a complex issue. In the past it has been undertaken without
sufficient consideration being given to the consequences. As a result, an immense
amount of permanent damage has been caused to the built heritage (Ingval Maxwell,
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2009). A number of authors described the damages that can be caused by cleaning:
loss of surface, staining, deposition of soluble salts, or making the stone more
vulnerable to pollutants or biological growths. Hence extreme care needs to be taken
while selecting the cleaning methods. Every cleaning method requires several trial
and error processes, skill and experience in the implementation part.

Water repellents which penetrate deeply into the pores and do not affect the
breathability of stone must be evaluated and recommended. Several repair methods
have been implemented by various agencies, but none of them were tested or
evaluated. In fact, almost all the structural repair methods were exposed and thus
spoiling the aesthetics of the monument. Hence there is a need to develop and
evaluate a repair method which is concealed and effective with respect to the strength
requirements.
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CHAPTER 3

SITE STUDY AND PROBLEM IDENTIFICATION

3.1 INTRODUCTION

A large number of monuments as well as sculptures with high artistic and cultural
importance are made of different types of locally occurring sandstones and granite in our
country. The most important of these monuments are under the custody and care of ASI
and HR&CE. These organizations repair and preserve these monuments. The monuments
like

Kailashanatha temple -

Kanchipuram,

Shore temple –

Mahabalipuram,

Brahatheeswara temple – Thanjavur, Brahatheeswara temple at Gangaikondacholapuram
(near Kumbakkonam), Meenakshi Amman temple – Madurai, Ekambranath temple –
Kanchipuram are important monuments with high artistic features, heritage values and
religious importance.

With the passage of time these monuments are undergoing weathering and structural
damages. Hence the monuments need to be restored and maintained for the benefit of
future generations. In order to preserve them, a detailed study of granite and sandstone
monuments with respect to their weathering characteristics and structural properties has
to be carried out. In consultation with Archaeological Survey of India, Chennai circle,
five monuments were chosen for case study and problems to be addressed are identified.

This chapter describes a comprehensive investigation of the five chosen monuments,
(Brihadisvara temple, Thanjavur, Brihadisvara temple, Gangaikondacholapuram,
Kunnandar koil, Kiranur, Shore temple, Mamallapuram, Kailasanatha temple,
Kanchipuram). Their weathering and structural problems are studied in detail. Out of the
five chosen monuments 4 are made of granite and one is of sandstone. Two monuments
(Brihadisvara temple, Thanjavur and Shore temple, Mamallapuram) are in world heritage
monuments list. An attempt has been made to study and bring out the appropriate
preservative measures to preserve the built heritage.

3.2 GRANITE MONUMENTS

3.2.1 Brihadisvara Temple, Thanjavur

Fig 3.1 Brihadisvara temple, Thanjavur

The Brihadisvara temple, a world heritage monument is located in 10˚46’57 N longitude,
79˚07’52 E latitude. It is situated in a place called Rajarajeshwaram - Thanjavur, Tamil
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Nadu. Rajaraja Cholan, the great Chola king built “The Brihadisvara” temple (985-1010
A.D.) also known as Big Temple (Fig. 3.1). The structural temple construction witnessed
its high water mark in the Brihadeeswara temple at Tanjore (Sundararajan, 1991). The
temple is built in south Indian Dravidian style. The thuvithalam of vimana displays some
of the finest examples of Dravidian art (See Appendix A). The Vimana tower of the
temple is 59.82 meter high and is topped by a block of granite called sikhara of 7.62
meter square and 80 tons in weight. This stone was hauled four miles over an inclined
plane and put on top of the tower (see Appendix A). The dome carved from a single stone
weighing 80 tons, is surrounded by 250 arcades, each containing a lingam. The Vimana
consists of two levels above the Garbha-graham with a circumambulatory space at first
level. This ambulatory path has bharatanatyam panels which have been a source of great
attraction to the curious scholar, the dance theorist and the performing artiste. The
wooden supports found at the inner side of the tower, evidences that these levels seem to
be covered with wooden panels (see Appendix A). The temple has thiruchutrumaligai
(cloister) all around the periphery of the temple complex. In the Sections 3.4 the
weathering and structural problems found at the Brihadisvara temple, Thanjavur are
described.

3.2.2 Brihadisvara Temple, Gangaikondacholapuram

The temple was located at the center of the Gangaikondacholapuram city.
Gangaikondacholapuram, now in the Udaiyarpalayam taluk of Tiruchi district, in Tamil
Nadu, was erected as the capital of the Cholas by Rajendra I, the son and successor of
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Rajaraja I at the beginning of the 11th century A.D. (Nagasamy, 2009). The temple of
Gangaikondacholesvaram (Now known as Brihadisvara temple, Gangaikondacholapuram
– Fig. 3.2) is approached through the northern entrance from the road. The passage passes
through the enclosure wall and leads on to the inner court. Though the temple of
Gangaikondacholapuram follows the plan of the great temple of Thanjavur in most
details, it has an individuality of its own like two storied thiruchutrumaligai, in its size
and proportions etc.

Fig 3.2 Brihadisvara temple, Gangaikondacholapuram

The temple occupies around 6 acres of land. The temple is constructed with locally
available pink granite. There seems to have been two praharams surrounding the
srivimana, most of the walls of which were destroyed and the granite rocks were used to
construct the lower Anicut during the British rule. Archeological Survey of India has
renovated the srivimana and painted it beautifully after the chemical cleaning.
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Gangaikondacholesvaram

is

compared

with

that

of Rajaraja-I's

Brihadisvara temple at Thanjavur. The main difference that is obvious is this srivimana
has 8 sided (Octagonal) in structure and Thanjavur srivimana has 4 sided (Quadragonal)
in structure. In the Sections 3.4 the weathering problems found at the Brihadisvara
temple, Gangaikondacholapuram are described.

3.2.3 Kunnandar Koil, Kiranur

Kunnandar koil at Kiranur (Fig. 3.3) has been declared to be a monument of
national importance under the ancient monuments and archeological sites. This
monument is situated at 11˚41’60 N latitude, 79˚16’60 E longitude in a place called
Kiranur near Thiruchirapalli.

Fig 3.3 Mandapam at Kunnandar koil, Kiranur
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The monument is a cave temple of Chola period and developed by the Pandyas and
Nayakas. The mandapa next to the temple is taken for the study. The monument and
mandapa are constructed out of pink granite that is available in Pudhukottai region. It has
the Chola style stage with the mandapa of Nayakas style and a decorative front porch in
the form of a chariot. In the Sections 3.4 the weathering and structural problems found at
the Kunnandar koil, Kiranur are described.

3.2.4 Shore Temple, Mamallapuram

In the field of art and architecture, the Pallavas created many cave temples and
monolithic rathas. It was followed by many structural temples of which the Shore temple
at Mahabalipuram and the Kailasanatha temple in Kanchi are the earliest. (Sundararajan,
1991).

Fig 3.4 Shore temple, Mamallapuram
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The Shore temple, Mamallapuram (Fig. 3.4) is one of the first structural stone temples in
the south Indian Dravidian style built by Mahamalla or Rajasimha, the Pallava King
(Nagasamy, 1980). It was intentionally built half in the sea and half on land, in the 7th –
8th century AD and was used for ceremonies in which water played a major role (Henri
Stierlin, 1994). The circumstances in which the monument was built made it necessary to
deviate in certain respects from the standard ground plan and vertical section.

The principle shrine has its entrance on the eastern side. In the circuit wall of the temple
an opening was left at a point that could not be reached from the shore, through which
mariners could catch a direct glimpse of the cella. This cella contains Shiva lingam and it
is dedicated to lord Shiva. To the west of the main shrine is the small shrine with a statue
of Vishnu in the cella, dedicated to Vishnu (Henri Stierlin, 1994) (see Appendix A). This
monument also acted as a landmark for mariners.

The ancient builders were relatively inexperienced in erecting the temple, but the basic
principles of Hindu architecture have been well preserved. The good quality, locally
available granite has been used to construct the temple, which is capable of withstanding
wind and environmental forces for long years. The foundation and base were built with
bedrock and a layer of stronger variety of granite stone has been laid as a damp proof
course. The superstructure is built with relatively next level good quality granite. In the
Section 3.4 the weathering problems found at the Shore temple, Mamallapuram are
described.
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3.3 SANDSTONE MONUMENT

3.3.1 Kailasanatha Temple, Kanchipuram

Fig 3.5 Kailasanatha temple, Kanchipuram

Kailashanatha temple (Fig. 3.5) is situated in Kanchipuram, the pilgrimage city and
former capital of Pallava dynasty. King Rajasimha, of the Pallava dynasty, built this
Shiva temple in the early 8th century. It is an early structural temple built of sandstone
and partly renovated in recent times. The modest scale of the temple (prakara aalayaas)
and the closeness of its enclosing wall, lend a feeling of intimacy to the surroundings.

Kailasanatha temple in origin contains many of the features of the rapidly emerging
South Indian style namely; gopuram, pilastered walls, srivimana and parivaara aalayaas
of the complex (see Appendix A). In the Sections 3.4 the weathering and structural
problems found at the Kailasanatha temple, Kanchipuram are described.
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3.4 WEATHERING FORMS AND STRUCTURAL PROBLEMS

Weathering forms were classified according to classification scheme developed by
working group ‘Natural stones and weathering’ / Aachen university of Technology,
Germany. The classification scheme was discussed in detail in Chapter 2.

A. Loss of stone material
1. Uniform loss of stone material parallel to the original stone surface is called
“Back weathering”.
2. Loss of compact stone fragments (block of stone) is called “Break out”.
3. Alteration of gloss due to corrosion or loss of smallest stone particles on
smoothed stone surface is called “Roughening”.
4. Rounding of edges and features. Concave or convex blunt forms of sculptures is
called “Rounding”
5. Large depressions or pockets formed on the stone surface. The form is
comparable to honeycombing is called “Alveolar”
6. Small pits found on the stone surface due to corrosion of wind is called “Pitting”

B. Discoloration/ deposits
1. Alteration of the original stone color due to chemical weathering is called
“Discoloration” and dirt deposit on the stone surface is called “Soiling”. It can be
due to anthropogenic impact, atmospheric pollution, dropping from birds, bat etc.,
2. Loose salt deposits on the surface are called “Efflorescence”
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C. Detachment
1. Detachment of individual grains or small grain aggregates is called “Granular
disintegration”
2. Detachment of large compact stone pieces of irregular shapes is called “Crumbly
disintegration”

D. Fissures/ deformation
1. Fissures are cracks of various sizes formed on the stone. It can be formed
independent or dependent of stone property. Independent of stone property – cracks
occurred due to stress factor of that particular area or part. Dependent of stone
property - cracks occurred due to formation, leaching of one or more minerals or
may be due to less strength.
2. Deformation is the alteration or dislocation of the stone. It may be due to
settlement.

E. Structural damages
Apart from the above weathering damages, structural damages are also found in
Brihadisvara temple, Thanjavur and Kunnandar koil, Kiranur.

The images of weathering forms and structural damages in the chosen monuments are
shown in the below Table 3.1.
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Table 3.1 Weathering forms in the selected monuments
A. Loss of stone material
Weathering form: Back weathering
Monument: Shore temple, Mamallapuram
Stone type: Granite

Weathering form: Back weathering
Monument: Kailasanatha temple, Kanchipuram
Stone type: Sandstone

Weathering form: Break out
Monument: Brihadisvara temple, Thanjavur
Stone type: Granite

Weathering form: Break out due to vandalism
Monument: Brihadisvara temple,
Gangaikondacholapuram
Stone type: Granite
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Weathering form: Break out due to vandalism
Monument: Kailasanatha temple, Kanchipuram
Stone type: Sandstone

Weathering form: Break out found in entrance
porch
Monument: Kunnandar koil, Kiranur
Stone type: Granite
Weathering form: Roughening
Monument: Shore temple, Mamallapuram
Stone type: Granite

Weathering form: Rounding
Monument: Shore temple, Mamallapuram
Stone type: Granite

Weathering form: Rounding
Monument: Kailasanatha temple, Kanchipuram
Stone type: Sandstone
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Weathering form: Alveolar
Monument: Shore temple, Mamallapuram
Stone type: Granite

Weathering form: Alveolar
Monument: Kailasanatha temple, Kanchipuram
Stone type: Sandstone

Weathering form: Pitting
Monument: Shore temple, Mamallapuram
Stone type: Granite

B. Discoloration or Deposits
Weathering form: Soiling due to chemical
weathering
Monument: Brihadisvara temple, Thanjavur
Stone type: Granite
Weathering form: Soiling due to atmospheric
pollution
Monument: Brihadisvara temple,
Gangaikondacholapuram
Stone type: Granite
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Weathering form: Soiling due to atmospheric
pollution
Monument: Kailasanatha temple, Kanchipuram
Stone type: Sandstone
Weathering form: Soiling in the ceiling due to
efflorescence
Monument: Kunnandar koil, Kiranur
Stone type: Granite
Weathering form: Soiling due to efflorescence
Monument: Shore temple, Mamallapuram
Stone type: Granite

Weathering form: Soiling due to efflorescence
Monument: Kailasanatha temple, Kanchipuram
Stone type: Sandstone

Weathering form: Soiling due to anthropogenic
impact (man-made interventions)
Monument: Brihadisvara temple, Thanjavur
Stone type: Granite
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Weathering form: Soiling due to anthropogenic
impact (man-made interventions)
Monument: Kunnandar koil, Kiranur
Stone type: Granite
Weathering form: Soiling by droppings
Monument: Shore temple, Mamallapuram
Stone type: Granite
C. Detachment
Weathering form: Granular disintegration
Monument: Brihadisvara temple, Thanjavur
Stone type: Granite

Weathering form: Granular disintegration
Monument: Brihadisvara temple,
Gangaikondacholapuram
Stone type: Granite
Weathering form: Granular disintegration
Monument: Kailasanatha temple, Kanchipuram
Stone type: Sandstone
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Weathering form: Crumbling
Monument: Kailasanatha temple, Kanchipuram
Stone type: Sandstone

D. Fissures/Cracks
Weathering form: Fissures formed dependent of
stone property
Monument: Brihadisvara temple, Thanjavur
Stone type: Granite
Weathering form: Fissures formed dependent of
stone property
Monument: Brihadisvara temple, Thanjavur
Stone type: Granite
Weathering form: Fissures formed independent of
stone property (horizontal crack in column)
Monument: Kunnandar koil, Kiranur
Stone type: Granite
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Weathering form: Fissures formed independent of
stone property (vertical crack found in the column)
Monument: Kunnandar koil, Kiranur
Stone type: Granite

Weathering form: Fissures formed dependent of
stone property (vertical crack)
Monument: Kailasanatha temple, Kanchipuram
Stone type: Sandstone
Weathering form: Fissures formed dependent of
stone property (horizontal crack)
Monument: Kailasanatha temple, Kanchipuram
Stone type: Sandstone

A. Structural Damages
Structural damage: Crack in the beam.
Monument: Brihadisvara temple, Thanjavur
Stone type: Granite
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Structural damage: Lintel beam crushed
Monument: Brihadisvara temple, Thanjavur
Stone type: Granite

Structural damage: Crack in the roof slab due to
settlement
Monument: Brihadisvara temple, Thanjavur
Stone type: Granite
Structural damage: Deformation due to settlement
Monument: Brihadisvara temple, Thanjavur
Stone type: Granite

Structural damage: Crack in column with stone
inscription
Monument: Brihadisvara temple, Thanjavur
Stone type: Granite

Structural damage: Crack in the beam
Monument: Kunnandar koil, Kiranur
Stone type: Granite
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Structural damage: Crack in the column capital
Monument: Kunnandar koil, Kiranur
Stone type: Granite

3.5 SUMMARY

Table 3.2 Major problems to be addressed in the selected monuments
Structural

Weathering problems

damages

Monuments Vs
Damages

Scaling

Breakout

Granular

Efflorescence

Rounding

disintegration

Roughening

Cracks

due to
erosion

Brihadisvara
temple, Thanjavur

No

Yes

No

No

No

No

Yes

Brihadisvara
temple,
Gangaikondachola
puram

No

Yes

No

No

No

No

No

Kunnandar koil,
Kiranur

No

Yes

No

Yes

No

No

Yes

Shore temple,
Mamallapuram

Yes

No

Yes

Yes

Yes

Yes

No

Kailasanatha
temple,
Kanchipuram

Yes

Yes

Yes

Yes

Yes

No

No

Site study and the damage documentation reveal the importance of mitigations of
damages in the monuments. After centuries of natural weathering, these monuments are
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continuing to undergo deterioration. There are a range of weathering forms related to
granite and sandstone. Some common weathering forms found in these monuments is
scaling, granular disintegration, efflorescence and structural cracks. Table 3.2 given
below show the major problems to be addressed in the chosen monuments. The
breakdown and weathering mechanisms of less porous natural stone like granite is not
well understood. It is essential to understand the process of weathering in granite and
sandstone and to determine the appropriate preservation techniques for such monuments
through a number of experiments. Damage documentation and mapping were carried out
to record the damages. Damage mapping is explained in detail in Chapter 4.
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CHAPTER 4

DAMAGE MAPPING
4.1 INTRODUCTION

Though stone monuments are considered durable, they are susceptible to increasing
damages caused by climatic conditions, pollution, saline environment etc. Hence a need
arises for conservation, which requires detailed damage assessment and thorough
understanding of material properties. Damage mapping is a valuable tool to document
and analyze the damages in monuments. Archaeologists use various methods of
photomapping

namely,

aerial

photography,

LiDAR

airborne

laser

scanning,

photogrammetry, topographic mapping, GIS services and GPS positioning for
documenting and managing the monuments. The above listed photomapping methods are
done at large scale level. At the monument level, damage mapping can be done using
photomontage and mapping the damages over the photographic base.

The current

Chapter explains about the damage mapping carried out at Shore temple, Mamallapuram
using metigoMAP 2.2.

4.2 DAMAGE MAPPING USING METIGOMAP 2.2

Photomapping involves the process of drawing a map from a photographic base.
Computer map making, including digital processing, have replaced 90 % of manual map
making.

Photomapping is the process of making a map with cartographic enhancements that have
been drawn from a photo-mosaic. Photo-mosaic is nothing but the assemblage of
individual photographs, which are rectified for tilt and brought to a common scale (Estes
et al. 1977).

The southern façade of the big tower of Shore temple, Mamallapuram was taken for
damage mapping. This monument was selected because of its location in marine
environment. The big tower is towards the sea and the southern side is particularly
exposed to the sea and damaged because of the marine environment. Hence the southern
façade of big tower was taken as a case-study for damage mapping.

4.2.1 Photo Montage
About 250 photographs have been taken at various levels
and parts of the southern side of the big shrine and montage
work (Fig 4.1) has been done to avoid any abnormality or
distortions in the photographic base. Montage is nothing
but mounting a number of photographs of a single object
brought to a common scale which have been rectified for
Fig 4.1 Working stills for
photo montage

tilts, skew or 3d projections.

4.2.2 MetigoMAP 2.2 – Special software
Metigo MAP is the ideal software solution for conservators, restorers and urban
preservationists to perform digital mapping in the rectified image/photomap. In the
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context of restoring and conserving work the documentation forms a substantial focus.
MetigoMAP (Fig 4.2) offers the possibility to create equalized pictures directly at the
building site or in the studio.

Fig 4.2 Screenshot of mapping using metigoMAP 2.2

MetigoMAP was developed in close cooperation with conservators and restorers.
MetigoMAP 2.2 is a software solution for digital rectification and subsequent mapping in
the rectified photomap. MetigoMAP is accessible since 2004. It is a combination of
image processing and CAD-functionality in the program. It involves digital rectification
of the image, damage mapping and quantification.
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4.3 CLASSIFICATION OF WEATHERING FORMS

The following weathering forms are found in the Shore temple, Mamallapuram. As
already discussed in Chapter 2, the classifications are made as per Fitzner’s classification
of weathering forms (Fitzner and Heinrichs 2001). Weathering forms are used for
accurate description of stone deterioration phenomena according to type and intensity.
The definitions for various weathering forms and categorization of weathering forms in
all the five monuments are listed in Section 3.4.

Before mapping, the weathering forms are grouped and registered systematically.
Weathering forms are grouped into two. Group 1 (Fig 4.3) consists of weathering forms
which leads to loss of stone material. Group 2 (Fig 4.4) consists of discoloration and
deposits. Alveolar, pitting, rounding, roughening and back weathering (scaling) are the
weathering forms grouped into group 1 and efflorescence and soiling due to dropping of
birds, bat etc. are grouped into group 2. The combinations and intensities of the
weathering forms are mapped with different representations and the area of each damage
type is quantified with the help of the software.

4.4 MAPPING OF SOUTHERN FAÇADE OF THE SHORE TEMPLE,
MAMALLAPURAM.

The image is first rectified to the real scale and the damages/ weathering forms are
mapped in order to have precise quantification. Damage mapping with metigoMAP 2.2
involves the following steps listed below,
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1. Load the image to be mapped for damages
2. Rectify the image to the true scale
3. Map each type of weathering forms in separate layer
4. MetigoMAP will quantify the damages (in cm2 or m2) as we map the area of
weathering forms
5. Label the weathering forms and mark them with legend
6. Quantified areas of weathering forms are taken to excel sheet and tabulation, bar
charts etc. are plotted.

Fig 4.3 Group 1 Loss of stone materials
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Fig 4.4 Group 2 Discoloration/Deposits

4.5 QUANTIFICATION OF WEATHERING FORMS

Quantification (Table 4.1 and Fig 4.5) has been carried out and the results are given
below. The overall area of the southern façade is 105.675 sq. m. The quantification of the
weathering forms using the metigoMAP software revealed that roughening and rounding
are the predominant weathering forms in this case. As the monument is situated in the
marine environment the susceptibility of stone towards salt decay is also found
prominent. Efflorescence is seen even after regular cleaning and maintenance works are
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carried out at intervals by ASI, Chennai circle. Next level significant damages are pitting
and alveolar. They are found at the tower level. Much less quantity of scales and soiling
due to dropping by birds and bat are found.

Table 4.1 Damage quantification using metigoMAP 2.2

S. No.

Weathering form

1
2
3
4
5
6
7
8

Roughening
Rounding
Round and roughen combination
Efflorescence
Pitting
Scaling
Alveolar
Soiling

Area (m2)
Slight
Severe
0
70.79
0
60.13
19.01
51.78
28.26
6.52
4.96
9.31
5.02
0
0
4.97
0
1.26

Fig. 4.5 Evaluation of damage mapping
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% of total area
Slight
Severe
0
66.98
0
56.9
17.9
48.99
26.74
6.16
4.7
8.8
4.75
0
0
4.7
0
1.2

4.6 DISCUSSIONS

The most effected weathering forms are rounding, roughening and efflorescence,
which are mainly due to the marine environment and the driving breeze from the sea
towards the shore. The wind action along with sand particles erodes the temple wall and
roughens the surface and rounds the features of the sculpture. Almost all the sculptures
and other intricate features on the temple walls and towers have worn out due to wind
action. This shows the severity of the wind action on the monument.

Efflorescence is being regularly cleaned, but still it is found on the surface. This
shows that the pitting could have paved way for salt spray ingress. Pitting and alveolar is
again due to wind action.

The above analysis and conclusions give a clear picture stating that the damages
due to wind and salt actions are severe and are on the increase. Damage mapping was
carried out only for southern façade of big tower, Shore temple, Mamallapuram.
Likewise, it has to be carried out for all sides of the monument and the damages have to
be quantified. A series of trees can be planted on the sea side to control the wind erosion.
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CHAPTER 5

CHARACTERIZATION OF THE MATERIALS
5.1 INTRODUCTION

This Chapter deals with the characteristics of the granite and sandstone from the chosen
monuments and the quarry. Experiments were carried out to characterize their physical
and mechanical properties. Physical properties which are relevant to analyze the
weathering mechanisms like porosity, water absorption, specific gravity and capillary rise
were determined in laboratory as per standards. Since, the permissible limits for pink
granite and sandstones available in India are given in Indian Standards that is used for
comparison. Mechanical properties such as compressive strength and flexure strength
were also determined.

The megascopic investigations were carried out along with the chemical compositions
and micro-structural studies. In order to study the mineralogical properties, thin sections
were prepared and investigated through optical microscope. Micro-structural properties
are important in determining the weathering pattern and durability of natural stones
(Fitzner and Heinrichs, 2001). This study aims at the understanding the essential
properties of granite and sandstone. This intrinsic property is the basic need to forecast its
weathering behavior.

5.2 PREPARATION OF SAMPLES

The samples are obtained from site and quarry and they are sized at the site. These sized
blocks are cut with the help of diamond tipped rotary saw cutting machine to the test
requirement for determining physical and mechanical properties (Fig. 5.1 & 5.2). The test
samples are named and labeled as follows (Fig 5.3, 5.4, 5.5, & 5.6) before the
experiments.

BT

= Samples acquired from Brihadisvara temple, Thanjavur

KK

= Samples acquired from Kunnandar koil, Kiranur

KN

= Samples acquired from Kailasanatha temple, Kanchipuram.

NM

= Samples acquired from Narthamalai, quarry, Pudhukottai.

Fig. 5.1 Blocks are sized by means of
hand cutting machine

Fig. 5.2 Specimens are sized with the
cutting machine
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Fig. 5.3 Sized
specimens from
Brihadisvara temple
Thanjavur (BT)

Fig. 5.5 Sized
specimens from
Narthamalai quarry,
Pudhukottai (NM)

Fig. 5.4 Sized
specimens from
Kunnandar koil,
Kiranur (KK)

Fig. 5.6 Sized
specimens from
Kailasanatha temple,
Kanchipuram (KN)

5.3 PHYSICAL PROPERTIES

5.3.1 Mercury Intrusion Porosimetry

The experiment was conducted in Ramco R&D, OMR, Thuraipakkam, Chennai. The
experiment was carried out in fully automated mercury porosimeter with computer
control. The samples of BT, KK and NM in granite and KN in sandstone were tested for
porosity, pore size etc. The samples were prepared and loaded in the penetrometer one
after the other. The penetrometer consists of nut, seal, a sample cup, capillary tube and a
cap (Fig. 5.7). The instrument consists of three vessels (1 low pressure vessel and 2 high
pressure vessels). The sample was first evacuated and then the mercury filling process
was carried out in the low pressure vessel.
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Fig. 5.7 Penetrometer and its components (Paul Webb and Clyde Orr, 1997)
The penetrometer is mounted horizontally to minimize the effects of head pressure. The
vacuum valve opens for an interval of time and the sample and the interior of
penetrometer are freed from atmospheric gases and vapors. It then closes and the mercury
valve opens filling the penetrometer. The minimum pressure that can be admitted is 3.4
kPa which causes mercury penetration into the sample (Fig. 5.8) (Paul Webb and Clyde
Orr, 1997). The gas pressure is then increased and the quantity of mercury absorbed
verses the varying pressure is plotted automatically.

Fig. 5.8 Schematic diagram of mercury intrusion porosimetry (Paul Webb and Clyde Orr,
1997)
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The pore sizes were then calculated using Washburn’s equation 5.1
D = - 4γcosθ / P

(5.1)

Where
D = Pore diameter (nm)
P = applied pressure (mmHg)
γ = Surface tension
θ= contact angle

The void volume determination was done by measuring the weight of empty
penetrometer (Wp), weight of sample (Ws) and the total weight of loaded penetrometer
(W). Weight of mercury is then calculated by reducing the weight of sample from total
weight. With the above data envelope density (ρse) and skeletal density (ρsa) were
calculated.

Finally the percent porosity (ρ) was calculated using the equation 5.2 and the results are
presented in Table 5.1 and 5.2.
(5.2)

5.3.2 Water absorption, Specific gravity and Porosity

Water absorption and specific gravity were determined on cube specimens of 50 mm size
as per ASTM C 97 (2003) which is practically the same as the IS 1124 (1974). Cubes are
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oven dried at 60 ± 2˚ C for 48 hours and cooled down to room temperature and weighed
(Md). The specimens were then immersed in distilled water at 22 ± 2˚ C and stored for 48
hours. Following this, they were removed from the water and wiped with a damp cloth,
and the surface dry mass (Ma) was determined, followed by buoyant mass Mb (by
suspending in water). Water absorption and specific gravity were then calculated as per
equation 5.3 &5.4 respectively and tabulated in Table 5.1
Water absorption (%) =

(5.3)

Saturated surface dry specific gravity =

(5.4)

True specific gravity of the samples was determined as per IS 1122 (1974). Randomly
selected lumps of the samples of about 0.5 kg were ground and sieved through 150
micron IS sieve. About 50 g of the powdered sample was taken and dried to constant
mass at 110 ± 5˚ C. A 50 ml pycnometer was dried and weighed (W1). The dried stone
powder was introduced in the pycnometer and were weighed (W2). Subsequently, the
pycnometer was then filled with the distilled water and the entrapped air was removed by
gently stirring for 10 minutes. The bottle was dried and weighed (W3). The pycnometer
was cleaned and filled with distilled water and weighed (W4). The results are calculated
as per equation 5.5 and tabulated in Table 5.1

True specific gravity G =

(5.5)
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Table 5.1 – Physical properties of granite samples

S. No.

Granite
type

True
specific
gravity

Water
absorption
(%)

Porosity
(MIP)
(Vol. %)

Average
Pore size
(nm)

BT

Saturated
surface
dry specific
gravity
2.74

1

2.78

0.30

2.63

1872.7

2

KK

2.62

2.62

0.29

2.81

2555.7

3

NM

2.64

2.61

0.13

2.88

1141.9

0.4% - 4%

-

Permissible
4

less than
2.52 – 2.78

limits

0.5%

Table 5.2 – Physical properties of sandstone samples

S. No.

Sandstone
type

1

KN

2

Permissible

Saturated
surface
dry specific
gravity
2.52

True
specific
gravity

Water
absorption
(%)

Porosity
(MIP)
(Vol. %)

Average
Pore size
(nm)

2.63

1.87

5.92

163.1

5 % - 25 %

-

less than
2.00 – 2.65

limits

2.5 %

5.3.3 Capillary absorption coefficient

The water absorption by capillarity was measured as per RILEM recommendations.
Capillary water uptake was measured using granite and sandstone samples of 50 mm x 50
mm x 50 mm size cubes. Granite samples from 2 monuments (BT and KK) and 1 quarry
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(NM) were evaluated. Sandstone sample (KN) from a monument was also evaluated.
Two samples of each type were taken and tested. The specimens were dried to constant
mass (by heating at 60
˚C), and the initial mass (M

0)

was recorded after cooling. All

specimens were wrapped with thin transparent coating of epoxy on four sides in order to
avoid evaporation.

The cubes were then kept in a container
above the plastic bar support (Fig. 5.9)
and water was poured into the container
until the height of 2 mm from the bottom
Fig 5.9 Test setup for capillarity
of the specimen.

The specimens were taken out at 1, 4, 9, 16, 25, 36, 49, 64, 81, 100….. 3600 minutes and
their masses were recorded after wiping the surface in contact with water using a damp
cloth.

The amount of water absorbed (Mw) at time t was calculated as the difference between
the mass of the sample at time t (Mt) and the original mass (M0). The mass of water
absorbed per unit area (m2 or mm2) was then plotted as a function of the square root of
time (√t). This plot is initially a straight line passing through the origin. The slope of the
straight line corresponds to capillary water absorption coefficient. The results of total
water absorption by capillary action are shown in Fig. 5.10 & 5.11 and the calculation of
water absorption coefficient is presented in Fig. 5.12 & 5.13.
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Fig 5.10 Water absorption by capillary action in granite samples

Fig 5.11 Water absorption by capillary action in sandstone samples
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Fig 5.12 Coefficient of water absorption by capillarity in granite samples

Fig 5.13 Coefficient of water absorption by capillarity in sandstone samples
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In granite samples, KK and NM showed less water absorption of 0.29 % and 0.13 %
respectively and BT showed 0.3 % (Table 5.1). From Fig. 5.12 it is seen that capillary coefficient of BT (0.0010 g/cm2/√min) is low compared to the other 2 varieties KK (0.0021
g/cm2/√min) and NM (0.0023 g/cm2/√min). However, it is interesting to note that
capillary coefficient is comparatively more in KK and NM than in BT, which can be
attributed to the presence of micro cracks and other micro fissures in the surface of the
sample. Thus the capillary co- efficient is low, so the water ingress through ground is
negligible.

In sandstone samples, KN showed 5.92 % which is at the lower end of the permissible
limits for sandstone and from Fig. 5.13, the capillary coefficient of KN is 0.0031
g/cm2/√min. Thus KN is less porous type of sandstone and hence showed less capillary
co-efficient.

5.4 MECHANICAL PROPERTIES

5.4.1 Compressive Strength Test

Five number of cube samples of 50 mm size were taken in each group for the
compressive strength test. The experiment was carried out as per - ASTM C170 (2004),
which is practically the same as the IS – 1121 (Part I) - 1974. Before testing the
specimens in a dry condition, the specimens are dried for 48 hours at 60 ± 2˚ C. At the
46th, 47th, and 48th hour, the specimens are weighed to ensure the weight is the same.
After removing the specimens from the oven, they are cooled to room temperature in a
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dessicator before testing them. Before testing the specimens in a wet condition, they are
immersed in water for 48 hours at 22 ± 2˚C. The specimens are tested immediately upon
removal from the bath after wiping the specimens free of surface water.

Fig. 5.14 Universal Testing Machine

The specimens are then tested for failure under compression in universal testing machine
(100 tonnes capacity) (Fig 5.14) and the results are calculated as per equation 5.6 and
tabulated in Table 5.3

C = W/A

Where,

C

= Compressive strength of the specimen, MPa

W

= Total load on specimen failure, N

A

= Area of the bearing surface in mm2
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(5.6)

Table 5.3 – Results of compressive strength test for granite samples

S.
Granite type
No.

Compressive strength (MPa)
Wet

Dry

1

BT

37.94

37.95

2

KK

51.10

55.15

3

NM

92.00

105.96

Permissible limit as per
IS 1123-1975

90-250 MPa

Table 5.4 – Results of compressive strength test for sandstone samples

Compressive strength (MPa)
S. No.

Sandstone type

Wet

Dry

1

KN

34.01

42.45

Permissible limit as per
IS 1123-1975
20-170 MPa

Granite: 90-250 MPa

Sandstone:
20-170 MPa

Fig. 5.15 Compressive strength of the granite (BT, KK &NM) & sandstone (KN) samples
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These results (presented in Table 5.3 and Fig 5.15) indicate that there is some difference
between the strengths of the wet and dry conditioned samples, with the former case
giving lower values, as expected. It may be due to very less amount of water absorbed by
the samples. Samples acquired from Narthamalai quarry (NM) shows satisfactory results
and other samples from Brihadisvara temple (BT) and Kunnandar koil (KK) shows less
strength. This may be due to the presence of micro-cracks already present in the material
or due to the natural weathering process where the feldspar mineral is kaolinized through
ages which in turn lead to weakening of the material fabric. The sample from
Kailashanatha temple (KN) (presented in Table 5.4 and Fig 5.15) shows satisfactory
results.

5.4.2 Flexural Strength Test

Five numbers of samples of 102 mm (wide) x 32 mm (thick) x 381mm (long) with span
of 318 mm is prepared in each group and tested for flexure. The experiment was carried
out as per ASTM C 880 (2003) which is practically the same as the IS 1121 (Part II)
1974. Before testing the specimens in a dry condition, the specimens are dried for 48
hours at 60 ± 2˚ C. At the 46th, 47th, and 48th hour, the specimens are weighed to ensure
the weight is the same. After removing the specimens from the oven, they are cooled to
room temperature.
Before testing the specimens in a wet condition, they are immersed in water for 48 hours
at 22 ± 2˚C. The specimens are tested immediately upon removal from the bath after
wiping the specimens free of surface water.
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Fig. 5.16 Line sketch of flexural strength test set up

Fig. 5.18 Flexural strength test done in
computer based universal testing machine

Fig. 5.17 Flexural Strength test set up

The specimens are then tested in computer operated universal testing machine (Fig 5.16,
5.17 & 5.18) and the results are calculated as per equation 5.7 and tabulated in Table 5.5
& 5.6

σ = 3WL/4bd2
Where, σ = flexural strength, MPa; W = maximum load, N; L

(5.7)

= span, mm (which is

equal to 10d); b = width of specimen, mm; d = depth of specimen, mm
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Table 5.5 – Flexural strength of granite specimens in wet and dry conditions
S

Granite

Flexural strength (MPa)

No

type

Wet

Dry

1

BT

8.63

8.77

2

KK

10.31

12.37

3

NM

8.75

8.78

Permissible limits as per
IS 1123 – 1975

7-25 MPa

Table 5.6 – Flexural strength of sandstone specimens in wet and dry conditions

S

Sandstone

Flexural strength (MPa)

No

type

Wet

Dry

IS 1123 – 1975

1

KN

7.99

8.55

4-25 MPa

Permissible limits as per

Granite: 7-25 MPa

Sandstone: 4 -25 MPa

Fig. 5.19 Flexural strength of the granite and sandstone samples in wet and dry conditions
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The results obtained for the three granite samples namely BT, KK and NM are 10.31,
8.63, 8.83 MPa at wet condition (presented in Table 5.5 and Fig. 5.19) and 12.37, 8.77,
8.78 MPa in dry condition. The results are satisfactory as per IS 1123 (1975). KK
showed higher value when compared to BT and NM. The sandstone sample namely KN
showed 7.99 MPa at wet condition and 8.55 MPa in dry condition, which is satisfactory
as per IS 1123 (1975).

5.5 CHEMICAL PROPERTIES

Table -5.7 Chemical composition of the samples
(Tested by Chemical Testing and Analytical Laboratory, Guindy)

S.

Content

No.

Chemical composition (% by mass)
BT

KK

NM

KN

1

Silica (as SiO2)

61.52

76.85

62.67

64.82

2

Iron (as Fe2 O3)

7.9

0.79

3.47

2.73

3

Aluminium (as Al2 O3)

15.94

14.38

19.12

11.89

4

Titanium (as TiO2)

1.57

Nil

Traces

Nil

5

Calcium (as CaO)

7.19

3.01

3.64

12.62

6

Magnesium (as MgO)

0.73

Nil

1.4

4.25

7

Sodium (as Na2O)

2.09

3.66

3.5

1.94

8

Potassium (as K2O)

2.36

1.24

4.51

1.72
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Fig. 5.20 Chemical compositions of granite sample from Brihadisvara temple, Thanjavur-BT

Fig. 5.21 Chemical compositions of granite sample from Kunnandar koil, Kiranur-KK
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Fig. 5.22 Chemical compositions of granite sample from Narthamalai quarry, Pudhukottai-NM

Fig. 5.23 Chemical compositions of sandstone sample from Kailasanatha temple, Kanchipuram-KN
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In granite samples BT, KK and NM, silica content ranges from 60 – 80%. Aluminium
ranges from 14 - 20%. Significant amount of K, Na, and Ca are also present, which
contributes to the framework silicate minerals like quartz and feldspar. BT shows
comparatively more Ca content (7.19 %) showing more Anorthite (CaAl2Si2O8) content.

In sandstone sample KN, silica content is 65 %. Aluminium content is 12 %. Significant
amount of K, Na, and Ca contributes to the framework silicate minerals like quartz and
feldspar. Calcium content is 12.62 % which contributes to the calcareous cementing
matrix.

5.6. MINERALOGY

5.6.1 Thin section preparation

Petrographic studies of granite and sandstone samples were conducted by observing thin
sections under the optical polarizing microscope. Thin sections of rock fragment from the
surface samples of granite and sandstone samples obtained from the monuments were
studied. The rock fragments were ground to 0.03 mm thickness and mounted in the glass
slide by using Canada balsam or araldite (as per the preparation method proposed by
Bullock et al. 1985). Subsequently, the samples are studied under optical polarizing
microscope.
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5.6.2 Optical microscopic studies

The samples are studied under Optical polarizing microscope (Fig. 5.24). The significant
portions of various granite and sandstone samples were captured at 100x magnification
and the photomicrographs are presented.

Fig. 5.24 Microscope used for thin section study – Dept of civil engg. IIT Madras.
Photograph courtesy: Basics of polarizing microscopy, Olympus manual (2009)
Micrograph of BT and KK: Both the rock exhibits similar patterns with few differences
in content and changes due to weathering. It exhibits hypidiomorphic granular texture
with interstitial grains of quartz amidst feldspar grains (Fig 5.25). The rock is composed
of quartz, sodic oligoclase, orthoclase and microcline (Fig 5.26).
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Quartz

Biotite

Plagioclase

Microcline

Microcline

Plagioclase
Quartz

Potash feldspar
Magnetite

Fig. 5.25 Micrograph of BT granite,
showing minerals like quartz, plagioclase,
biotite, potash feldspar

Fig. 5.26 Micrograph of BT granite,
showing minerals like microcline, a
variety of feldspar

Quartz
Albite release
from potash
feldspar

Microcline

Potash feldspar
Quartz with
corroded ends

Fig. 5.27 Micrograph of BT granite,
showing albite release from potash
feldspar

Potash feldspar

Fig. 5.28 Micrograph of BT granite,
showing quartz with corroded ends,
microcline, potash feldspar
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Potash
feldspar with
micro-cracks

The accessory minerals like biotite (Fig 5.25
& 5.28), hornblende (Fig. 5.29 & 5.30), and
magnetite (Fig. 5.25 & 5.31) are also present.

Plagioclase

Both bluish green and yellowish biotite and

Hornblende

hornblende are seen. In places orthoclase is
subjected

to

deuteric

alteration

with

dispersion of small flakes of sericite in
orthoclase.
Fig. 5.29 Micrograph of BT granite,
showing potash feldspar,
plagioclase, hornblende
The shape of feldspar grains varies from lath / prism shaped to subhedral grains. Both
feldspars and quartz grains appear to be almost equigranular with intersertal mosaic
texture.

Biotite

Potash
feldspar

Potash
feldspar
with albite
release
Quartz

Potash
feldspar
Biotite

Hornblende

Magnetite
Quartz

Fig. 5.30 Micrograph of KK granite,
showing potash feldspar (with albite
release), hornblende, biotite.

Fig. 5.31 Micrograph of KK granite,
showing potash feldspar, quartz,
magnetite, biotite.
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The rock exhibits interlocking mosaic grains of quartz and feldspar. Biotite and sericite
are present as significant accessory minerals. Hornblende and magnetite are other
accessory minerals present in the rock. In BT & KK micrographs release of albite from
potash feldspar is also seen (Fig 5.25 & 5.28).

Magnetite

Plagioclase

Potash
feldspar

Quartz

Plagioclase
Plagioclase

Hornblende
Cementing
matrix

Quartz

Biotite
Plagioclase

Fig. 5.32 Micrograph of KN sandstone,
showing plagioclase, quartz, biotite,
hornblende

Fig. 5.33 Micrograph of KN sandstone,
showing plagioclase, quartz, magnetite,
cementing matrix

Micrograph of KN: The rock is majorly composed of quartz (Fig 5.32). Subsequently,
potash feldspar and plagioclase (Fig 5.33) are found in major proportions with accessory
minerals like hornblende, biotite (Fig 5.32) and magnetite (Fig 5.33). These mineral
aggregates are packed together with cementing matrix of calcareous composition (Fig
5.33).
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5.7 DISCUSSION AND SUMMARY

The physical properties of granite and sandstone samples were satisfactory and within the
code limits. From the results, the values of pore sizes and the water absorption were
found to be very less for granite. Though the porosity values of sandstone samples were
more compared to granite samples, they are less porous variety of sandstone referring to
the code limits of sandstone. Capillary co- efficient values state that the water ingress
through ground is negligible.

The compressive strength varied and the values were less in BT and KK. This may be
due to micro-cracks already present or induced during the preparation process. As the
samples are from monuments they might have undergone various impacts of the
environmental factors which in turn lead to weathering through ages. As already
discussed in Chapter 2, weathering actions weaken the rock fabric and reduces the
strength (Winkler, 1994).

The flexural strength showed satisfactory results in both

granite and sandstone samples.

In the chemical composition of granite samples, silica content ranges from 60 – 80 %.
Aluminium ranges from 14 – 20 %. Significant amount of K, Na, and Ca are also present
with slight difference in their proportions as they contribute to various types of feldspar.
This composition shows the presence of framework silicates and it was further confirmed
by optical microscopy. Optical microscopy revealed the granitic mosaic texture and the
presence of feldspar with the interstitial quartz and other accessory minerals like biotite,
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magnetite and hornblende. Feldspar contributes more than 50 % of proportion in granite
samples. Hence there are possibilities of feldspar getting weathered due to natural
weathering process and converted to form kaolin, which in turn reduce the strength.

In Sandstone sample, silica, aluminum and significant amount of K, Na, and Ca
contributes to the framework silicate minerals like quartz and feldspar. Calcium content
is 12.62 % which contributes to the calcareous cementing matrix. Optical microscopy
further revealed the presence of quartz in larger proportion than feldspar and other
accessory minerals. The minerals were found packed with the calcareous cementing
matrix, which reveals the sedimentary pattern. The calcareous cement has the tendency to
leach with time and other climatic and environmental factors, leaving the mineral
aggregates. Thus it forms granular disintegration.
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CHAPTER 6

WEATHERING STUDY
6.1 INTRODUCTION

Adverse changes in a material property are known as deterioration. The phenomenon of
decay or deterioration pertain to the alteration of appearance, consistent strength,
dimensional changes or chemical changes of the stone, either as individual elements or as
parts of structures. Weathering is a physical breakdown of rock to sediments. Turkington
and Paradise (2003) stated that the stone surface alterations in the polluted atmosphere
are significant during the initial stages of deterioration. Deterioration is the law of nature,
only the process may be slowed down by effective interventions (Fielden, 1982).
Understanding of decay mechanism is a prerequisite for stone preservation (Ashurst and
Ashurst 1995; Price 1996)

Simplified simulated tests and field exposure trials introduced in the last few decades
enable study of stone weathering trend and their development under real conditions
(Prikryl and Dudkova, 2002). The durability of stone not only depends on the internal
structure and petrographic compositions but also on the environment to which it is
exposed (Winkler, 1994).

This chapter focuses on the understanding of chemical weathering mechanism of granite
and physical weathering mechanisms of granite and sandstone.

1. Chemical weathering was studied under optical microscope and scanning electron
microscope with a surface sample obtained from Brihadisvara temple, Thanjavur
(BT).

2. Physical weathering mechanism was studied with the help of accelerated tests
such as salt resistance test and wetting and drying cycles and their changes are
recorded for granite samples (BT, KK & NM) and sandstone samples (KN) .

6.2 CHEMICAL WEATHERING

The weathering of granite has been well known to architects and conservators.
Weathering is a complex phenomenon. Intensity of weathering varies due to orientation
of granitic materials and nature of weathering agencies attacking during the course of
time. Tamil Nadu as a tropical region, the prevailed weathering agencies like running
water, rainwater, gravity, atmosphere (composed with nitrogen and oxygen as major
constituents and water vapor, carbon dioxide, sulphur dioxide, hydrogen sulphide as
minor constituents), sunlight, wind, temperature, pressure variation and climatic changes
are the physicochemical factors influencing weathering. Chemical weathering also
influences by dissolution of atmospheric gas constituents and reacting with rock and
earthy materials. The products of chemical weathering on rock, soil and other materials
formed by oxidation, dissolution, carbonation, hydration, reduction and precipitation are
subjected to leaching and deposition at the site of weathering or transported to elsewhere.
Hence weathering is a complex process of action during the course of time. According to
the crystal field stabilization theory, during the course of magmatic crystallization edge
points of seed crystal of feldspar grow initially, then its flat crystal faces develop. During
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weathering, the feldspar material facing the weathering agencies is more affected. Hence,
intensity of weathering varies due to its orientation and exposure. Early formed feldspar
minerals are enriched with anorthite molecules which are easily susceptible to
weathering. The granite sample is predominantly composed of alkali-feldspars about 60
%. The alkali feldspars are composed of mixed proportions of solid solution series of
potassium, sodium and calcium feldspars. Hence, impacts of weathering agents on these
feldspar grains are more complex and irregular and vary grain to grain of the feldspars
depending upon their orientation, crystal forms and chemical compositions. The
alterations of feldspar grains to kaolinites and carbonates widely vary depending upon
their original compositions and other physical properties. An attempt has been made to
study the impact of physical environment of the weathering processes and the
geochemical compositional variations of feldspars due to weathering.

6.2.1 Selection of Sample

A broken piece of pink granite sample from the Brihadisvara temple, Thanjavur was
taken and analysed. Whole temple is inspected and the sample was collected from highly
weathered part of northern façade of the main shrine. As the sample is obtained from the
monument, there are technical difficulties in obtaining samples from weathered surface.
Hence only one sample was chosen for this study and several analyses were made on that.
The sample was obtained from the surface perpendicular to ground at plinth level and
examined (Fig 6.1 a & b).
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a

Fig. 6.1a Sample
collection spot –
predominantly weathered
part of facade

b
Fig 6.1 b Damage map of Brihadisvara temple, Thanjavur
and the location of the sample collection spot

As discussed in Chapter 2, these weathering agents further accelerated the weathering
process. The focus was on the study of weathering of feldspar due to its major occurrence
in granite and its susceptibility to weathering. From the megascopic examinations, it is
known that the outer surface of the sample was subjected to alteration by weathering.
Thin sections were prepared for mineralogical investigations on the surface sample and
studied under polarizing microscope. SEM analysis was also carried out on the surface
sample. Three feldspar grains were selected considering size, shape, crystal morphology,
orientation, and altered patches and Energy Dispersion X-ray analysis (EDAX) was
carried out. Based on the restrictions and limitations in performing the analysis, only
three grains were selected and 29 analyses were carried out.
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6.2.2 Mineralogical Investigations

The rock sample is pink in color. It is a hard and compact medium grained to coarsegrained holocrystalline rock with glistening grains of vitreous quartz and feldspar with
speck of dark green biotite, hornblende and magnetite. Thin section analysis showed the
symptoms of weathering. Secondary minerals formation by alteration was not found in
the thin sections. However, features of kaolinisation of potash feldspar (Fig 6.2b) are seen
in some parts of thin sections of the rock. This feature of kaolinisation appears to be
primary alteration formed during the course of metasomatic alteration by hydrothermal
processes. The potash feldspar is composed of significant amount of albite lamellae often
exsolved from the potash feldspar. The interlocking granitic mosaic texture showed that
the rock belongs to granite with significant amount of quartz in equal volume plagioclase
and potash feldspars.
Biotite

Magnetite

Biotite

Quartz

Kaolinizedfeldspar

Quartz
K-feldspar

K-feldspar
Quartz
a

b
Fig 6.2 b Micrograph of granite sample
procured from Brihadisvara temple,
Thanjavur shows the effect of kaolinisation
due to primary hydrothermal action, under xnicol position in polarizing microscope

Fig 6.2 a Micrograph of the fresh granite
sample procured from Brihadisvara
temple, Thanjavur
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6.2.3 Scanning Electron Microscopic Study

Micro- crack
Euhedral cylindrical
prism form

A flat bottom surface is prepared and the
rock sample is fixed with glue on an
inert

disc

with

0.00o

tilt.

The

morphology of the weathered skin of
feldspar grains was observed under the
Micro-cavities

scanning

electron

microscope

with

varying magnifications. Under higher
magnifications, the feldspar grains
Fig 6.3 Outer morphology of feldspar grain 1
shows weathered surface, under secondary
imaging in SEM
Microcracks

appear to be euhedral or idiomorphic
in form with well developed crystal
faces. The grain 1 (Fig. 6.3) is
euhedral cylindrical prism in shape.

Gliding and
alteration

Interpenetratin
g twinning

Numbers of micro-cavities are present

Micro-cavities

at the contact of the cylindrical grain.
The top of the grain 2 is subjected to

Patches and staining

gliding and alteration along a cleavage
plane. The bottom portion is projected
above the surface with a micro-cavity.
A number of patches and staining are

Fig 6.4 Outer morphology of feldspar grain 2
shows weathered surface, under secondary
imaging in SEM

found on the surfaces of the grain 2
(Fig.

6.4).

Projections

of

interpenetrating twins are also found in
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the near top face. A number of patches
Micro-cavities
Micro-cracks

and stains are seen over the grain 3
(Fig. 6.5). Peripheral micro cavities are
seen

Patches and staining

around

the

grain.

The

morphology of the three grains shows
that they were rapidly crystallized
from

the

magma

under

high

temperature condition.
Fig 6.5 Outer morphology of feldspar grain 3
shows weathered surface, under secondary
imaging in SEM
SEM studies reveal that presence of microcracks of varying dimensions and shapes at the
contact of feldspars. However most of them appear to be open and are limited to a depth
of few microns. Though under higher magnification the rock appears to be porous in
nature, the pores are not interconnected and are isolated. This observation was confirmed
as discussed in Chapter 5. SEM observation reveals that the outer surface of the rock is
irregular and very rough in nature. Under higher magnification, SEM reveals that
presence of innumerable patches or staining on the surfaces of mineral grains studied.
Alterations due to weathering are extensively seen along grain boundaries. Staining is
often found as patches and may be caused by surface tension phenomena encountered by
hydrophilic and hydrophobic nature of mineral face subjected to alteration by rain water.
Thus rain water plays a critical role on the weathering of the feldspar grains.

The above discussed 3 feldspar grains were studied under EDAX to estimate the elements
like Si, Al, Fe, Na, Ca, K, and O which commonly present in the feldspar. Each grain is
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analysed in length and breadth to study the systematic geochemical variations present in
the grains. In the first grain 11 analyses were carried out and in the second and third
grains 9 analyses were carried out. (Fig 6.6 a-k, 6.7 a-i, 6.8 a-i and Table 6.1, 6.2 and
6.3). The elemental analyses were recalculated to their oxide proportions. The structural
formulae were calculated on the basis of 32 (O) anions distributions (Deer et al. 1966).

a

b

c

d

e

f

g

h

j

k

i

Fig 6.6 a-k Pointer shows site of microprobe analysis on feldspar grain 1 by EDAX
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Table 6.1 Electron microprobe analyses of 1st feldspar grain from BT sample
Analysis

1

2

3

4

5

6

7

8

9

10

11

SiO2

79.01

80.66

83.75

77.85

79.91

85.98

87.66

86.89

86.30

79.77

77.30

Al2O3

4.67

5.22

5.04

8.90

5.62

4.74

4.15

4.93

5.15

5.57

6.12

FeO

0.73

0.71

0.74

0.94

0.73

0.50

0.86

0.47

0.44

0.86

1.30

CaO

12.99

10.82

6.94

7.05

10.61

6.27

5.36

5.45

5.11

9.74

11.31

Na2O

0.55

0.45

1.34

1.60

1.33

0.83

0.24

1.24

1.16

1.49

1.64

K2O

2.05

2.14

2.19

3.66

1.80

1.67

1.73

1.03

1.83

2.57

2.32

Total

100.00

100.00

100.00

100.00

100.00

100.00

100.00

100.00

100.00

100.00

100.00

32(O)
Si

13.84

13.99

14.32

13.56

13.88

14.53

14.73

14.59

14.55

13.90

13.61

Al

0.96

1.07

1.02

1.83

1.15

0.95

0.82

0.98

1.02

1.15

1.27

Fe

0.14

0.14

0.15

0.18

0.14

0.10

0.18

0.10

0.09

0.17

0.25

Ca

2.44

2.01

1.27

1.32

1.98

1.14

0.97

0.98

0.92

1.82

2.13

Na

0.19

0.15

0.44

0.54

0.45

0.27

0.08

0.40

0.38

0.50

0.56

K

0.46

0.47

0.48

0.81

0.40

0.36

0.37

0.22

0.39

0.57

0.52

CLI

-5.60

-3.89

-3.20

-1.46

-4.42

-1.87

-0.88

-1.21

-1.52

-4.96

-5.19

CWPI

-263.63

-231.5

-243.8

-99.2

-209.5

-282.5

-300.1

-273.3

-259.0

-204.8

-163.5

TCWI

-134.6

-117.7

-123.5

-50.3

-107.0

-142.2

-150.5

-137.2

-130.2

-104.9

-84.3
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a

b

c

d

e

f

g

h

i

Fig 6.7 a-i Pointer shows site of microprobe analysis on feldspar grain 2 by EDAX
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Table 6.2 Electron microprobe analyses of 2nd feldspar grains from BT sample

Analysis

1

2

3

4

5

6

7

8

9

SiO2

76.43

87.64

91.82

89.27

88.39

68.65

83.68

89.18

88.57

Al2O3

7.87

4.48

3.27

3.72

4.02

8.04

5.71

4.57

4.55

FeO

1.40

0.76

0.52

0.63

0.62

1.54

1.04

0.65

0.61

CaO

8.82

3.99

2.73

3.65

5.43

15.46

5.04

3.20

4.11

Na2O

1.67

1.03

0.22

1.10

0.00

1.49

1.18

0.27

0.64

K2O

3.81

2.10

1.44

1.62

1.53

4.81

3.35

2.13

1.51

Total

100.00

100.00

100.00

100.00

100.00

100.00

100.00

100.00

100.00

32(O)
Si

13.48

14.73

15.15

14.90

14.79

12.63

14.32

14.86

14.79

Al

1.64

0.89

0.64

0.73

0.79

1.74

1.15

0.90

0.90

Fe

0.26

0.16

0.11

0.13

0.13

0.27

0.21

0.13

0.13

Ca

1.67

0.72

0.48

0.65

0.97

3.05

0.92

0.57

0.74

Na

0.57

0.34

0.07

0.35

0.00

0.53

0.39

0.09

0.21

K

0.86

0.45

0.30

0.35

0.33

1.13

0.73

0.45

0.32

CLI

-3.59

-1.45

-0.05

-1.61

-0.59

-8.40

-2.29

0.18

-0.32

CWPI

-110.6

-283.64

-436.73

-362.61

-334.23

-98.47

-194.44

-287.15

-291.14

TCWI

-57.07

-142.54

-218.39

-182.11

-167.41

-53.44

-98.37

-143.48

-145.73
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a

b

c

d

e

f

g

h

i

Fig 6.8 a-i Pointer shows site of microprobe analysis on feldspar grain 3 by EDAX
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Table 6.3 Electron microprobe analyses of 3rd feldspar grains from BT sample

2

3

4

5

6

8

9

48.75

49.17

48.75

24.32

24.88

24.25

26.69

2.39

1.09

1.41

1.41

1.40

15.58

24.76

7.31

11.95

10.60

8.48

8.11

2.71

4.05

2.53

2.67

3.61

2.67

3.24

4.72

12.91

11.35

14.64

10.33

10.96

12.01

100.00

100.00

100.00

100.00

100.00

100.00

100.00

100.00

Analysis

1

SiO2

38.44

49.23

49.73

47.14

43.37

50.10

Al2O3

18.95

26.33

27.42

20.45

14.08

FeO

1.10

2.17

1.02

1.20

CaO

33.11

13.53

9.00

Na2O

5.02

5.49

K2 O

3.38
100.00

Total

7

32(O) Basis
Si

8.00

9.34

9.40

9.49

9.17

9.79

9.47

9.58

9.44

Al

4.65

5.89

6.11

4.85

3.51

5.61

5.70

5.57

6.10

Fe

0.12

0.28

0.13

0.16

0.31

0.15

0.19

0.19

0.18

Ca

7.38

2.75

1.82

3.36

5.61

1.53

2.49

2.21

1.76

Na

2.02

2.02

2.97

1.06

1.66

0.96

1.01

1.37

1.00

K

0.90

0.78

1.14

3.32

3.06

3.65

2.56

2.72

2.97

-14.38

6.94

4.18

-7.63

-21.88

0.44

2.93

0.74

5.15

CWPI

16.20

35.19

35.95

20.22

-4.79

30.50

32.08

30.57

36.31

TCWI

0.91

21.07

20.06

6.29

-13.34

15.47

17.50

15.66

20.73

CLI
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In order to study impact of weathering processes on feldspars both chemical leaching and
new mineral formation are taken into account. A new chemical weathering index for
feldspathic component is proposed, after carefully reviewing the formulae proposed for
chemical weathering indices of rocks and soil materials (Ceryan, 2007, Parker, 1970,
Hodder, 1984; Kim and Park 2003). The intensity of weathering depends on the mobility
and immobility of the major chemical element present in the mineral. In feldspar the
mobile elements are Si, Na, K and Ca and the immobile elements are Al and Fe.

The chemical leaching index (CLI) proposed by Ceryan (2007) is (equation 6.1)

CLI = (100(Amobile- Bmobile)) / Amobile

(6.1)

Where, total volumetric concentration of mobile anions in fresh feldspar grain (Amobile)
and the total volumetric concentration of mobile anions in analyzed weathered spots
(Bmobile). Anions have equal volume proportions and one anion replaces another anion
without any spatial variations. Al and Fe are less affected by chemical leaching than
alkalies and alkaline earth elements and tend to concentrate in weathering products.
Among the mobile elements namely Ca, Na, K and Si, Si is less mobile. It often remains
as residual constituent. If drainage is well developed, Si anions moves away, if not it also
tends to concentrate in weathering products. The ratio of the total amount of these oxides
in the weathering product to those in the fresh sample yields the amount of weathering
products. Therefore, the Chemical Weathering Product Index (CWPI) proposed by
Ceryan (2007) is defined through the following equation 6.2
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CWPI = (100 (Bimmobile-Cimmobile)) /Bimmobile

(6.2)

Where, Bimmobile and Cimmobile are the total volumetric concentration of immobile anions in
the weathered sample and unaltered portion of the sample, respectively.

Ceryan, 2007 analyzed the bulk rock samples composed of various essential minerals like
quartz, alkali-feldspar and plagioclase and accessory minerals of hornblende, biotite,
magnetite and other minor minerals in their bulk rock oxide proportions. Owing to the
advent of using the facility of sophisticated EDAX elemental analyses in SEM, it was
possible to determine elemental composition of points at weathered surfaces. It is
necessary to re-modify the formulae used by Ceryan, 2007 as we deal with feldspar
analysis only. Hence, the formulae are slightly modified based on the structural formulae
units of feldspar on the basis of 32(O). The structural formulae of fresh unaltered
feldspars are composed of 12 mobile units for Si in tetrahedral site and it has 4 mobile
units for Ca, Mg, Na, and K in octahedral co-ordination. Further it has 4 units of
immobile constituents of Al and Fe in six fold co-ordination.

Thus the Chemical

Leaching Index (CLI) is modified here by using the differences between total volumetric
concentration of mobile anions in fresh feldspar grain (Amobile) and the total volumetric
concentration of mobile anions in analyzed weathered spots (Bmobile) considering Ceryan,
2007. Amobile is substituted with the structural formula unit of fresh feldspar (X4Al4Si12O32
i.e., X4 = (4=Ca+Na+K). X4 and Si12 makes 16 units (i.e. 16 = 12 Si + 4 (Ca+Na+K))
based on the basis of 32 (O) (Deer et al. 1966). Thus chemical leaching index can be
modified as (equation 6.3)

100

CLI = (100(16-Bmobile)) / 16

(6.3)

Where, Bimmobile and Cimmobile are the total volumetric concentration of immobile anions in
the weathered sample and unaltered portion of the sample respectively. Considering that
from Ceryan, 2007, Cmobile is substituted with structural formula unit of fresh feldspar (i.e.
4). As per the formula unit X4Al4Si12O32 i.e., Al is 4 i.e. hexahedral coordination
formulae unit of fresh feldspar, (Deer et al. 1966). Hence, it is modified as equation 6.4
and the sample calculation were given in Appendix B.

CWPI = (100 (Bimmobile- 4)) /Bimmobile

(6.4)

The structural formulae calculated on the basis of 32(O), reveal that the compositions of
the analyzed feldspars greatly deviate more than 0.5 atom from normal structural
formulae of feldspar compositions (Fig. 6.9) indicating that the feldspar was subjected
extensive degree of weathering. During the course of genesis of feldspar, structural
formula unit varies within the range limits of 0.5 atoms only due to fluctuation in
temperature, pressure and fluid regime present during the course of its formation.

Fig 6.9 Distribution of Si, Al, Ca, Na, K against three feldspar samples
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The tetrahedral (Si) greatly excess over 12 in the mineral grains 1 and 2 indicating that
these points are subjected to very low degree of drainage and they are subjected to low
degree of leaching. However Si is deficient in the grain 3, indicating that the point is
subjected to chemical leaching with relatively high degree of draining of rainwater or
pore water. The excess of tetrahedral site over 12 anions are due to enrichment of residual
silica by release or dissolution of equivalent Al and Ca+Na+K anions. The enrichment of
Al and Ca+Na+K in the grain 3 reveals that the altered feldspar is subjected to dissolution
and removal of silica with equivalent precipitation of kaolin and carbonates of calcium
and alkalies. Ferromagnesian minerals like biotite, hornblende and magnetite are oxidized
and coated as patches at some places of feldspar grains indicating early stages of
oxidation and weathering.

6.3 ACCELERATED WEATHERING STUDIES

6.3.1 Salt resistance test

The aim of this experiment was to determine the resistance offered by the stone
against salt crystallization as per EN standards (EN 12370).

Fig. 6.10 BT samples before the tests

Fig. 6.11 KK samples before the tests
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Fig.6.13 KN samples before the tests

Fig. 6.12 NM samples before the tests

Test samples were prepared from the granites from Brihadisvara temple, Thanjavur (BT)
(Fig 6.10) and Kunnandar koil, Kiranur (KK) (Fig 6.11) and fresh granite from
Narthamalai quarry, Pudhukottai (NM) (Fig 6.12) Sandstone samples from Kailasanatha
temple, Kanchipuram (KN) (Fig 6.13). Six cubical specimens of 40 mm size were
adopted for the tests. The specimens were weighed for the initial mass (Md). Then
specimens were oven dried at a temperature of 105 ± 5° C for 24 ± 2 hours. Then the
specimen was allowed to cool in room temperature for 5 hours. Again the specimens
were weighed (Md1).

The specimens were then immersed in the 14 % solution of sodium sulphate decahydrate
for 2 hours in a bath and covered to avoid evaporation (Fig 6.14 & 6.15). The specimens
were then placed in heat chamber for 10 – 15 hours and then cooled to room temperature
for 5 hours and this method was repeated for 15, 30, 45, 60… cycles and weighed at
every 15 cycles (Mf). The weight loss is calculated using equation 6.5.

ΔM = (Mf – Md1/Md)*100
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(6.5)

Fig.6.14 Test samples are kept in salt
solution in a bath

Fig. 6.15 Test samples are kept in salt solution
in a bath and covered to avoid evaporation

The results from these experiments are reported in Table 6.4 and 6.5 in terms of weight
loss expressed as percentage of initial dry weight and the number of cycles required to
induce disintegration. Fig 6.16 & 6.17 shows the trends in mass change with the increase
in weathering cycles in granite and sandstone samples. The photographs showing the
condition of the specimens after the test are presented (Fig 6.18 - 6.21).

Table 6.4 Results of salt resistance test for granite samples

Weight loss at the end of 60

Resistance offered for

cycles (%) (average of 6

disintegration (minimum

samples)

number of cycles)

BT

-0.96

33 (cracks initialized)

KK

-0.55

23 (cracks initialized)

NM

-0.57

24 (cracks initialized)

Granite type
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Table 6.5 Results of salt resistance test for sandstone samples

Sandstone type

KN

Weight loss at the end of 60

Resistance offered for

cycles (%) (average of 6

disintegration (minimum

samples)

number of cycles)

-9.99

14 (cracks initialized)

Fig.6.16 The trend in mass changes for granite samples
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Fig.6.17 The trend in mass changes for sandstone samples

Fig.6.18 BT samples after the tests

Fig.6.19 KK samples after the tests
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Fig.6.20 NM samples after the tests

Fig.6.21 KN samples after the tests

From the experimental studies, it is seen that degree of increase in NM is seen and in
other granite samples (BT & KK) there is no weight loss seen. Crack initialized in 23 and
24 cycles for KK and NM respectively. After 45 cycles marginal amount of disintegration
is formed along the crack edges. BT showed good degree of resistance towards salt
weathering. It did not show any visual deformation but broke out suddenly after 45
cycles.

It can be said that the resistance offered by the granite samples varies depending upon the
porosity and strength of the material. BT samples offered better resistance than KK and
NM samples. This trend can be due less porous nature of BT sample. However after 60
cycles granite samples showed less significant amount of disintegrations (Fig 6.16).

Sandstone samples offered very less resistance, surface cracks initiated at 14 cycles and
thereafter started crumbling at wet condition during the subsequent cycles (Fig 6.17).
There was an initial weight increase due to salt supply. When the degree of crystallisation
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exceeds a threshold limit the stresses develops and results in cracking, scaling and
crumbling.

6.3.2 Wetting and drying cycles

The monuments are exposed to alternate wetting and drying along with thermal variations
due to rainfall and temperature. In order to simulate such conditions in the laboratory
wetting and drying cycle was determined as per ASTM standard test method ASTM D
5313 (1997). Slabs of 125 mm x 125 mm x 60 mm were prepared from granite and
sandstone samples. They were then dried to constant mass at 105 ± 5˚ C, and weighed for
initial mass (A). The specimens were then placed in a container with a thin layer of sand
cushion. Water was added till the specimens were fully immersed and it was kept
undisturbed for at least 12 hours. Following this, the specimens were dried in oven at
60˚C to 70˚C for 6 hours. This constitutes one cycle and the process was repeated for a
total of 80 cycles and the samples are weighed at regular intervals.

At the end of 80 cycles, the change in mass was recorded. Water absorption and specific
gravity were also measured before and after the cycles. Results are presented in Table 6.6
& 6.7 indicates the mass change in percentage of initial mass with number of cycles.
Results indicate no considerable change in samples even after 80 cycles.
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Table 6.6 Results of wetting and drying cycles for granite samples

Granite type

Mass change (%)

Observations

BT

-0.06

No significant changes

KK

-0.05

No significant changes

NM

-0.06

No significant changes

Table 6.7 Results of wetting and drying cycles for sandstone samples
Sandstone
Mass change (%)

Observations

-0.08

No significant changes

type
KN

6.4 DISCUSSIONS AND CONCLUSIONS

6.4.1 Chemical Weathering

The analyzed portion of the feldspar component ideally deviates from the structural
formulae of feldspars subjected to magmatic differentiation or metasomatic changes
during the course of their geneses. These deviations can be only because of weathering
alterations. The addition and subtraction diagram of anion proportion on the basis of
32(O) indicates dissolution of Al and Ca+Na+K with accumulation of residual silica
(quartz) in grains 1 and 2 and reverse is true in the grain 3 (Fig. 6.22).
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A linear negative correlation is found to be in negative direction between the distribution
of Si versus (Ca+Na+K) indicating leaching effect on the feldspars during the course of
weathering (Fig. 6.23). The chemical leaching indices in the first feldspar grain vary in
the longitudinal direction top to bottom from -5.80 to -0.88, similarly in the horizontal
direction north to south it varies from -5.19 to 1.21. Nearness to cavity, negative indices
is seen indicating depositional environment. Negative values are prominent in the second
and third grains. Chemical weathering product indices are highly negative in the grains 1
(300.15) and in grain 2 (436.73) but it is considerably positive in the grain 3 with
accumulation of weathering products up to the index of 36.31. Total weathering indices
are negative for grain 1 (up to -150.51) and in grain 2 (up to -218.39)

Fig 6.22 Addition and subtraction diagram of the samples on 32(O) basis
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Fig 6.23 Enrichment of silica at the expense of alkalies in weathered granite

Fig. 6.24 Negative indices of chemical leaching and weathered products indicate removal
of materials from the feldspar grains subjected to intensive weathering
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Fig. 6.25 Total weathering indices of feldspar grain subjected to intensive weathering

But grain 3 shows positive total weathering indices ranges up to 21.07 indicating that
grain 3 is subjected to accumulation of weathered products. The above described features
are illustrated in the Fig. 6.24 & 6.25. The negative values of chemical leaching indices,
chemical weathering product indices and total weathering indices reveal the complete
removal of the weathered materials either in solution or by mechanical transportations by
rain water drops. However, the positive values indicate accumulation of weathered
materials in patches over the surfaces of the mineral grains.

As discussed in Chapter 2, the results obtained from the study prove the equation 2.1.
However, the rate of weathering is difficult to evaluate because of too many natural
factors influencing the natural weathering processes. Silicate minerals have tight crystal
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lattices with SiO2 tetrahedral acting as the skeleton to which Al, Fe and other Ca, Na, K,
Mg, Fe cations are attached. The tightness of such lattices determines the case of
separation from the almost inseparable SiO2 molecules. Leaching or solubilization can
unlock and free some or all of these ions and fill the void spaces with water. As chemical
weathering continues, clay and quartz grains remain in the material attached to the
surface of the clay minerals. H+ ions (from H2O) with their high charge tend to penetrate
the mineral surfaces readily breaking down the silicate structures. The parent mineral
breaks down with the release of cations whereby the silica in the rock may either retain
its original atomic arrangement or enter the dispersed state. CO2 charged water doubled
the leaching rates for Ca, Mg, Na and K. Orthoclase or mica are much more sensitive to
CO2 charged waters than are other minerals. The naturally weathered surfaces of
feldspars are rough, pitted and covered in inorganic and organic debris and reaction
products.

Pink granites have notable amount of fluid inclusions in feldspars and quartz. Such fluid
inclusions have varying volume proportions and concentrations of brine solutions, sylvite
(KCl) and halite (NaCl) daughter minerals. Breaking down of minerals containing these
fluid inclusions during the weathering process and dissolution in rain water accelerates
weathering activities.

The early formed feldspar crystals are deposited over the crystal projections, edges and
solid angles than in the flat faces. There exist compositional differences between the early
formed feldspar minerals than the later formed minerals. Generally more anorthite
concentrate in the early formed feldspar at the core. Plagioclase grains are normally
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zoned with plagioclases of lower anorthite contents during the course of crystallization
and differentiation from common parent magma. Several different magmatic and
metasomatic processes involved during the course of crystallization of feldspars often
reveal their complex evolutionary trends.

The compositional changes of feldspar grains during their growth should be adequately
correlated with the compositional variations caused by weathering processes. During
weathering geochemically mobile elements, alkali and alkali-earth elements are easily
leached from rocks, leaving the residual elements. These residual elements combine with
feldspathic components to form new minerals. Some of the free silicon ions that existed
during weathering of the rocks formed clay minerals and the others moved away as
colloid in a solution. Because of the low solubility of Al2O3, it tends to concentrate in
residual weathering products rather than solutions. CaO and Na2O decrease quickly
during the early stages of weathering. Some Ca and Na are probably fixed on the newly
formed alteration products, such as clays.

The present study shows that the three feldspars analyzed from the granite surface sample
collected from Brihadisvara temple, Thanjavur are subjected to alterations. They formed
kaolinite and carbonates in patches on the outer surfaces of the grains in different
proportions. The grains 1 and 2 are extremely enriched with residual Si ions by
dissolution and removal of Al by removal of kaolin and removal of Ca, Na, and K by
dissolution of carbonates by rain water attacked during the course of time. The grain 3 is
deficient in Si ions by dissolution and removal of altered amorphous silica by the rain
water. Deposition of patches of kaolin with enrichment of Al and deposition of thin films
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and patches of secondary carbonates with enrichment of Ca, Na and K are also seen in
grain 3. These variations are mainly due to their different sizes, shapes, orientations of
feldspar grains as well as their associations with adjoining micro cavities, cleavage
planes, micro fractures and their hydrophilic and hydrophobic characteristics of their
outer surfaces. The significant chemical changes are incurred due to the impacts
differential weathering processes which warrant for the need of adequate protection.

6.4.2 Salt resistance test

In granite sample, there were no significant changes; there was a very less weight gain in
the beginning in NM sample only, which was a negligible amount of increase. And after
45 cycles there was a gradual weight loss but less than 1% of weight loss was seen, which
was negligible.

The granite samples showed slight granular disintegration and few surface cracks after 45
cycles. There were no adverse effects or changes seen. In salt solution, granite samples
were able to resist the weathering action.

In sandstone sample, there was a weight gain in initial cycles due to its porous nature.
The salt solution ingress and salt supply may be the reason for weight increase. The
sandstone was able to resist till 30 cycles and subsequently there was a gradual weight
loss of about 10 % of initial weight. The changes observed are granular disintegration of
the surface layer in the salt solution. Peeling off of the surface layers in dry state (Fig
6.26 & 6.27).
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Fig 6.26 Scaling of
surface layer in
sandstone observed in
lab experiment

Fig 6.27 Scaling of
surface layer in
sandstone observed at
site – Kailashanatha
temple, Kanchipuram

Fig 6.28 Rounding
of sandstone
samples observed in
lab experiment.

Fig 6.29 Rounding
of sandstone
observed at site –
Kailashanatha
temple,
Kanchipuram

The changes observed in the laboratory matched with the weathering forms observed in
the site (Fig 6.28 & 6.29). Thus, in the salt resistance test, scaling and granular
disintegration have been observed, which in turn lead to rounding of the sandstone.

6.4.3 Wetting and drying cycles

In both granite and sandstone samples there were very negligible amount of weight loss
(0.01 % of initial weight). Physical observations also revealed no changes in the samples.
Due to less porous nature of granite there was very less ingress of water. The Maximum
temperature that prevails in Tamil Nadu is 45º C; the temperature used for drying process
in laboratory conditions (60 - 70º C) was more than the prevailing maximum temperature
which did not cause any change to the samples. Thus it shows that thermal cycles do not
cause weathering forms in the monuments.
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These weathering studies were conducted to evaluate the various causes of stone decay.
In turn, these studies could facilitate the development of appropriate measures to control
the decay process for conserving the monuments taken up for the study.
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CHAPTER 7

STONE CLEANING
7.1 INTRODUCTION

The stone surfaces exposed to the attack of atmospheric pollution develop a layer of
soiled surface layer that substantially affects the aesthetics of the monuments. The main
pollution agents that are typically recognized to be responsible for superficial
modification of stone in urban environments are sulfuric acid, carbon dioxide,
hydrocarbon compounds and particulate materials (Anuradha Kumar, 2001)

Deposits and layers are formed in various thickness and morphologies. Beside the artistic
and aesthetic deterioration of the artworks, deposits and encrustations cause further
damages that are both physical and chemical in nature. They require timely restoration
interventions before the artistic content of the stonework are lost. The cleaning of
exposed surfaces represents a crucial step in the restoration procedure of stone. Thus, a
high degree of control is required during all the phases of cleaning.

In addition, the cleaning technique employed should provide a high selectivity in order to
discriminate the original substrate from the degraded layers and to preserve the surface
layer. Finally, a very concise formulation of general criteria for stone restoration also
includes the requirements to avoid unstable chemical species (e.g. soluble salts) produced
by the treatment or residual substances. To minimize physical modifications of the

original surface such as micro cracks and abrasions, which increase superficial porosity
and roughness (Renzo Salimbeni et al. 2000). Hence several trial and error processes in
less important surfaces or skilled workmanship is very much required. An attempt has
been made to experiment with the water jet high pressure cleaning method offered by
Alfred Karcher GmbH & Co. This Chapter describes the details and the trial attempt of
high pressure cleaning method made at Srinivasa Perumal temple, Semmancheri,
Chennai.

7.2 KARCHER HIGH PRESSURE CLEANING

Alfred Karcher GmbH & Co is a German manufacturer of cleaning systems and
equipment, known for its high-pressure cleaning techniques. Today the family owned
company is based in Winnenden near Stuttgart, selling cleaning equipment. Karcher
expertise has been used in the restorative cleaning projects of cultural monuments such as
the Berlin Brandendburg Gate, Germany, and Mount Rushmore, United States.

Karcher invented the high-pressure cleaner in 1950 and has been optimizing the principle
of high pressure cleaning ever since. Karcher offers a range of products and its scope of
applications are cold water or hot water units, powered by electric motor or petrol/diesel
engine, mobile or stationary (Alfred Karcher GmbH & Co GK, 2009)
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7.3 TRIAL METHOD

Fig 7.1 Mandapa at Srinivasa Perumal temple, Semmancheri, Chennai

The trial application was carried out in a mandapa at Srinivasa Perumal temple,
Semmancheri, Chennai (Fig 7.1). According to temple authorities, the temple is dated to
1500 to 1600 AD. The mandapa attached to the sanctum was painted with two coatings,
first layer was with yellow colored lime wash and the subsequent layer was with enamel
coat. The water jet cleaning was used to clean the painted surface and expose the natural
appearance of the material. But this required several trial processes in order to remove the
two layers without disturbing the material surface.
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7.3.1 Equipment Used

The equipment used was HD10/25(4S) with accessories like dirt blaster with pencil jet,
fan jet nozzles and innofoam set (Fig. 7.2, Fig.7.3 & Fig. 7.4). The pressure control was
at the gun. The equipment also has 6 litres detergent tank with variable metering valve.
Detergent was applied in low pressure mode by simply changing the nozzle. A motor
pump is also housed in the equipment. The whole system is
mounted over 2 wheels for mobility. Technical data about the
equipment are given below in Table 7.1 (Alfred Karcher
GmbH & Co GK, 2009)

Fig 7.2 HD 10/25(4S)
– A high pressure
water jet cleaning
machine

Fig 7.3 Dirt blaster
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Fig 7.4 Innofoam jet
accessory

Table 7.1 Technical data of the equipment

1.

Current phase

3

2.

Voltage (V)

3.

Water flow rate (l/h)

4.

Operating pressure (MPa)

5.

Maximum water feed temperature (˚C)

6.

Connected load (kW)

9.2

7.

Weight (kg)

62

8.

Dimension (LxWxH) (mm)

9.

Detergent tank (l)

400
500-1000
3-25
up to 60

560 x 500 x 1090
6

7.3.2 Site Trial

Two columns in the mandapa were identified to do the trial application. The pressure and
the accessories are the two parameters, which are changed and several trial applications
were carried out at a constant distance and the results are recorded.

Column 1 without any sculpture was taken and the trial was made with dirt blaster –
pencil jet (Fig. 7.6). Column before and after cleaning with dirt blaster – pencil jet is
shown in Figs. 7.5 and 7.7.
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Fig. 7.5 Column 1, taken for
trial cleaning, before
cleaning

Fig. 7.6 Column 1,
cleaning with dirt blaster

Fig. 7.7 Column 1, taken for
trial cleaning, after cleaning

Column 1 - Cleaning was also carried out using dirt blaster - fan jet (Fig. 7.8), a
changeover in dirt blaster accessory. The angles of fan jet cleaning were made at 90˚ and
45˚ and the differences were recorded. The surface after cleaning is presented in Fig. 7.9

Fig 7.9 Column 1, after
cleaning with fan jet

Fig 7.8 Column 1, cleaning
with fan jet
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Column 2 with sculpture (Fig. 7.10) was chosen to do trial application with innofoam jet.
It is an accessory with two nozzles (Fig. 7.4) where with one nozzle neutral foam was
sprayed on a 45 cm high sculpture ornamented on the column surface. The foam is
basically a neutral soap solution (RM81) with pH 7. Then the sprayed foam was kept for
15 minutes (Fig 7.11) without cleaning.

After a particular interval of time the cleaning was made using another nozzle fitted with
fan jet accessory (Fig 7.12). The direction of fan jet spray hitting the surface was changed
from vertical to horizontal directions (Figs. 7.13 & 7.14) according to the requirements of
cleaning surface. The cleaned surface is shown in the Fig. 7.15. Whole mandapa after
cleaning is shown in Fig. 7.16.

.

Fig 7.10 Column 2, (with
sculpture) taken for trial
application, before cleaning

Fig 7.11 Column 2, (with
sculpture) neutral foam
applied for 15 minutes
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Fig 7.12 Column 2 (with
sculpture) cleaning with fan
jet

Fig 7.13 Column 2, (with
sculpture) cleaning with fan
jet at horizontal direction

Fig 7.14 Column 2, (with
sculpture) cleaning with fan
jet at vertical direction

Fig 7.15 Column 2, (with
sculpture) after cleaning

7.3.3 Results

The results and consequences of the trial method by varying the pressure and accessories
were briefly described in Table 7.2
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Table 7.2 Results of high pressure cleaning method in granite mandapa, Srinivasa
Perumal temple, Semmancheri, Chennai.

Pressure
applied
(MPa)

Time
taken
(approx.
in sec)

Column
no

Accessories
used

1.

Column 1

Dirt blaster –
pencil jet

20

10

Pitting occurred in the
stone surface.

2.

Column 1

Dirt blaster –
pencil jet

18

10

Slight pitting occurred

3

Column 1

Dirt blaster –
fan jet (90˚
angle spray)

18

25

Very slight abrasion

4

Column 1

Dirt blaster –
fan jet (45˚
angle spray)

15

35

5.

Column 2

Innofoam –
fan jet

15

1000
(incl.
foam
applicatio
n for 15
mins)

80-90% of paint
coatings were washed
out without affecting
the stone surface
80-90% of paint
coatings were washed
out without affecting
the stone surface

S.no.
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Consequences

7.4 DISCUSSIONS

Fig 7.16 View of granite mandapa after cleaning with
high pressure cleaning method

The trial application was done with high pressure cleaners. In the beginning, the pressure
level was at 20 MPa. Then it was gradually reduced to avoid damages to the original
stone surface. The dirt blaster fan type was able to clean the surface without any damages
to the substrate, whereas pencil jet created pitting on the original stone surface. It has also
cleaned 80 – 90 % of the painted coats within 30-35secs. While using fan jet the angle
should be adjusted according to the location place and requirement of cleaning
environment.

127

Using Innofoam Jet cleaner, a column with sculpture was cleaned without affecting its
intricate details. As already discussed in Chapter 2, excessive pressure may cause loss of
details, pitting etc. Hence, control over the pressure level and proper selection of
accessories according to the material property is essential to use this method of cleaning.

In spite of delayed in time, cleaning at low pressure level showed very few damages to
the granite surface. Less porous material may absorb water and causes deterioration to the
material. Thus this cleaning method is recommended for monuments made of less porous
materials like granite.
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CHAPTER 8

EVALUATION OF CHEMICAL PRESERVATIVES
8.1 INTRODUCTION

The weathering studies revealed that water is the primary catalyst for weathering actions
in granite and sandstone. As water plays a main role in stone decay, prevention of water
ingress constitutes an indispensible step. Water repellents which penetrate deeply into the
pores and do not seal the pores of the stone can be used (Anuradha Kumar, 2001).
Though these materials are non-porous in nature, due to grain boundary opening, micro
cracks, micro cavities present in the material can pave way for water ingress. Hence
water repellent treatments could protect the granite and sandstone from further decay or
weathering. Recently new products have been introduced and popularized as stone
preservatives.

Selection of an ideal preservative involves following criteria
1. Reduction in water absorption and other harmful substances
2. Good adhesion to the material
3. No discoloration
4. Invisible and reversible treatments

This chapter deals with the evaluation of protective treatments for granite and sandstone
with the help of standard laboratory test methods. Preservative treatment evaluation was

carried out using RILEM recommended tests for water drop absorption as well as water
absorption under low pressure (Tube method) to check the hydrophobicity of the
material. In addition contact angles were measured using Goniometric instrument, in
Department of Chemical Engineering, IIT Madras. Two commercially available
preservatives in Indian market were selected for evaluation. The details about the
preservatives and their application are discussed in 8.1.1.

8.2 APPLICATION OF PRESERVATIVES

Two preservatives were chosen for this study. One silicone based and the other is
methacrylate based. Their properties are given in Table 8.1 and Table 8.2. Granite (BT
and KK) and sandstone (KN) samples from monument are prepared and water repellents
are applied on it.
Table 8.1 Characteristics of silicone based penetrant

S.No.

Title

Details

1.

Market name

Wacker BS 290

2.

Company name

Wacker Chemie GmbH

3.

Active ingredient

Silane/ siloxane

4.

Solvent

Solvent free silicone concentrate dilutable with aliphatic
hydrocarbons/ aromatic hydrocarbons/ low odour isoparaffin hydrocarbons

5.

Appearance

colorless, hazy

6.

Density at 25˚ C

1.05 g/cm3

7.

Proportion used

1:11-1:15 (by weight)

8.

Application

Brush application
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method
9.

Processing

Wet on wet coat till the surface is saturated. No long
breaks in between coats.

Table 8.2 Characteristics of acrylic based coatings

S.No.

Title

Details

1.

Market name

Ceracryl

2.

Company name

Cera-Chem private Limited

3.

Active ingredient

Methacrylate based coating

4.

Solvent

Solvent type single component

5.

Appearance

Colorless, glossy

6.

Proportion used

Ready to use

7.

Application method

Brush application

8.

Processing

1st coat is applied on the dry surface and the next
coat is applied after 2 hours interval.

8.3 WATER DROP ABSORPTION

According to RILEM test No.II.8.b, the water drop absorption rate is defined as the time
taken for absorption of 1ml water by the surface of the material. 1ml of water was
dropped on surface of granite specimen from a burette fixed at a height of 150 mm above
the specimens, as shown in Fig. 8.1
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Fig 8.1 Water drop absorption test

Fig 8.2 In order to judge the
evaporation rate of water, 1ml water is
dropped on the glass plate

The results of the test, in terms of time taken to absorb 1ml of water are presented in
Table 8.3. For judging the evaporation rate of water, 1ml of water was also dropped on
the surface of a glass plate and given in Table 8.3 (Fig. 8.2)

Table 8.3 Results of water drop absorption test

Sample

Time taken
Normal

Acrylic

Silicone

BT

2 hrs 35 mins

5 hrs 30 mins

5 hrs 30 mins

KK

2 hrs 40 mins

5 hrs 30 mins

5 hrs 30 mins

KN

2 hrs

4 hrs 20 mins

5hrs 30 mins
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Evaporation at
glass plate

5 hrs
30 mins

8.4 CONTACT ANGLE MEASUREMENT [GONIOMETRY]

Small tablets (samples) of 15 mm x 5 mm x 40 mm size were prepared from granite (BT
& KK) and sandstone (KN) samples. The samples were coated with silicone based
penetrant and acrylic based coating. These coated samples along with a set of untreated
samples were tested for contact angle in GBX goniometer instrument at 28.8˚ C
temperature, 51 % humidity shown in Fig 8.4. The working principle of goniometer is
shown in Fig. 8.3.

Fig 8.3 Principle of Digidrop GBX goniometer

Fig 8.4 Digidrop GBX goniometer

A drop of 4 µl was dropped on the sample kept in the substrate holder using a micro
regulated syringe (Fig. 8.3). The camera records for the 30 seconds and the average
contact angles are automatically measured using software (DIGIDROP). The average
contact angles are given in the Table 8.4
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Table 8.4 Results of contact angle measurement using goniometer

Sample

Contact angle at 30 seconds
Normal

Acrylic

Silicone

BT

65˚

72˚

73˚

KK

65˚

69˚

71˚

KN

58˚

79˚

95˚

8.5 WATER ABSORPTION UNDER LOW PRESSURE

This test was conducted as per RILEM test no. II.4 (RILEM 1980) to measure the
quantity of water absorbed under low pressure on a definite surface of a material. Volume
of water absorbed for a definite time determines the hydrophobicity of the material. The
apparatus called Karsten tube or RILEM tube consists of a graduated tube for
determining water penetration. These tubes were sealed up on the vertical faces of the
sample with electrometric acrylic sealants for water tightness (Fig. 8.5)

Water was slowly poured up to the 0 level. To prevent evaporation, the top surface was
covered with polythene cover and provisions were made to avoid air tight condition. The
apparatus along with the sample was kept undisturbed for about 48 hours and the water
absorption was observed and presented in Table 8.5
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b

a

c

Fig 8.5 a-c Water absorption under low pressure (tube method) on BT, KK & KN
samples

Table 8.5 Results of water absorption under low pressure (tube method)
Sample

Water absorbed at 24 hours

Water absorbed at 48 hours

Normal

Acrylic

Silicone

Normal

Acrylic

Silicone

BT

0 ml

0 ml

0 ml

0.4 ml

0.1 ml

0 ml

KK

0 ml

0 ml

0 ml

0.2 ml

0 ml

0 ml

KN

0 ml

0 ml

0 ml

0.8ml

0.2 ml

0 ml

8.6 DISCUSSIONS

The hydrophobicity of the water repellents are evaluated in comparison with the
untreated samples of granite and sandstone. After applying the coatings there was a
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transparent appearance noted in the silicone based coated samples and a shine or glossy
appearance was noted in the acrylic based coated samples.

In water drop absorption test, granite samples coated with acrylic and silicone behaved
equally hydrophobic. But in sandstone sample, silicone coats performed relatively better
than acrylic coats. The contact angles measured using goniometer showed similar results
for granite samples with negligible amount of water absorption. However, in sandstone
samples, it was more than no wetting angle (90˚ is the no wetting angle) for silicone
penetrant. This proved that silicone penetrants are hydrophobic.

In water absorption under low pressure, till 24 hours there were no change observed.
Silicone based samples performed well. They were able to retain the water level even
after 48 hours. Acrylic based coated granite samples retained water till 48 hours but there
was 0.2 ml of water absorption found in sandstone sample.

Thus in appearance and hydrophobicity silicone based samples performed well. Hence
they are recommended as preservative coats in granite and sandstone monuments.
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CHAPTER 9

EVALUATION OF CRACK REPAIR METHOD
9.1 INTRODUCTION

This chapter deals with repairing of cracks using stone stitching method.
Experiments were carried at 2 levels. At Level 1, experiments were carried out in the
laboratory to find the load carrying capacity of the repaired beams. The testing was
carried out in 3 stages. In the first stage, reference beams were tested to fail in flexure and
shear. From the test results obtained from the reference beams, strengths were determined
and appropriate steel reinforcing bars sizes were identified. With the selected reinforcing
bar sizes, pullout tests were carried out to determine the anchorage bond strength at the
second stage. Subsequently, the repaired beams are prepared and tested for their flexure
and shear strengths at the third stage. The strength of reference and the repaired beams
were analyzed and compared. While repairing the beams, two parameters were varied,
which include reinforcing bar diameter and the embedment length and the orientation of
the embedment (namely horizontal and inclined).

At Level 2, site repair trial was carried out on the repaired beams. The cracks in the plinth
were filled with mortar. Then, drills of appropriate (stainless steel rod) diameters were
made to embed the stainless steel bars. The stainless steel rods were used to minimize the
corrosion. After performing the necessary cleaning operation, the gap between the

reinforcing bar and the drill was filled with epoxy. The epoxy was commercially
procured from HILTI (i.e. HIT RE 500). The details are presented in section 9.7

9.2 METHODOLOGY

The methodology followed for repairing the cracked beams is given below in Fig 9.1

Fig. 9.1 Methodology for repairing and testing of the beams
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9.3 PREPARATION OF REFERENCE BEAM

9.3.1 SAMPLE

Since the number of beams to be procured (repaired) and tested was very large, it could
not be possible to test the beams from the monuments. In order to understand the strength
and behavior of the beams, samples were prepared from quarry and tested in the
laboratory. The dimensions of the beams prepared for the research work are; 150 mm x
150 mm x 600 mm and 150 mm x 150 mm x 450 mm were prepared from granite and
sandstone for testing under flexure and shear loading respectively.

9.3.2 FLEXURAL LOADING

In beams for flexural capacity, notches of 100 mm depth and 5 mm wide were formed at
the mid-span of the beam in order to initiate the crack in flexural loading. The test set up
is shown in Fig. 9.2. The beams were simply supported over a span of 580 mm. The load
was applied as point load at the mid span of the beam. The load set up is shown in Fig.
9.3 & 9.4. The test results are shown in Table 9.1.

Fig. 9.2 Reference beam at flexural loading
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Fig. 9.3 Granite reference beam at flexural loading

Fig. 9.4 Sandstone reference beam at flexural loading
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9.3.3 SHEAR LOADING

In the beams for shear, notches of 30 mm deep and 5mm wide were formed on both the
faces of the beam at a distance of 150 mm from the ends. These notches served as crack
initiators in shear loading (Fig. 9.5). A special testing set-up was created to achieve pure
shear failures of the beams. The beam was supported from below on two roller supports
at a distance of 190mm and from the top; two-point loading set-up was used. The test setup is shown in Fig. 9.6 & 9.7. The failure loads are presented in Table 9.1.

Fig. 9.5 Reference beam at shear loading
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Fig. 9.6 Granite reference beam at shear loading

Fig. 9.7 Sandstone reference beam at shear loading
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Table 9.1 Results of reference beam at flexure and shear loading

Flexure (kN)

Samples

Failure load
Granite 1

14.5

Granite 2

13.5

Sandstone 1

5

Sandstone 2

3

Shear (kN)

Average
14

Failure load
243

Average
223.5

204
94
4
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From these results, the strength and the required reinforcing bar diameters were
calculated. Calculations are presented in Appendix C

9.4 PULLOUT TESTS

Fig. 9.8 Pullout test setup

Fig. 9.9 Pullout test carried
out on granite samples
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Fig. 9.10 Pullout test carried
out on sandstone samples

Pullout test was carried out with the selected rod sizes, 10 mm, 12 mm & 16 mm. Granite
and sandstone samples of 150 mm x 150 mm x 150 mm size were prepared (Fig. 9.8) and
reinforcement bars of selected diameters are inserted. The rods were bonded to the stone
at the central part for 50 mm using epoxy. In order to keep the ends unbounded PVC
sleeves were used. The pull out test setup is shown in Fig. 9.9 & 9.10. The failure loads
and the calculated bond strength are presented in Table 9.2 & 9.3 and the calculations for
determining the anchorage bond strength is presented in Appendix C.

Table 9.2 Results of pull out tests on granite samples

Samples

Failure load (kN)

Bond strength (N/mm2)

Granite 1 -10mmφ

4.0

2.5

Granite 2- 10mmφ

1.9

Granite 1- 12mmφ

2.2

Granite 2- 12mmφ

1.5

1.2

Table 9.3 Results of pull out tests on sandstone samples

Samples

Failure load (kN)

Bond strength (N/mm2)

Sandstone 1 -10mmφ

2.8

1.8

Sandstone 2 - 10mmφ

2.9

Sandstone 1- 12mmφ

4.5

Sandstone 2- 12mmφ

1.85
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2.4

9.5 REPAIRED BEAMS

9.5.1 Preparation of Repaired Beams

Granite and sandstone blocks of 150 mm x 150 mm x 300 mm were stitched together by
using 8mm and 10mm diameter steel reinforcing bars. To stitch the stones, drills of
required diameter with 2 mm tolerance in radius were made at the bottom tensile part of
the beam. After cleaning the drilled holes, epoxy was filled in the hole and the rebars of
required diameter were inserted and glued together to act as flexural beam.

Fig. 9.11 Location of drill holes two at one
block (150 mm x 150 mm x 300 mm)

a

b

Fig. 9.12 Embedment of steel reinforcing bar
into stone blocks with glue to form into a unit
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Fig. 9.13 a & b Types of stitching: straight
and cross embedment

Three granite and sandstone blocks of 150 mm x 150 mm x 150 mm cubes were taken
and four holes (2 at the top and 2 at the bottom) were drilled horizontally up to a depth of
100 mm in to the stone blocks and 50 mm on either side of the middle block. The holes
were filled with epoxy. Then the steel bars were inserted and the blocks were glued
together to form in to one unit as beam for testing in shear.

In the case of cross embedment, the stone blocks were glued together and then drills were
made for embedding the steel reinforcement in both flexural and shear tests.

9.5.2 Flexural loading

To determine the flexural capacity of the beams, stitching of cracks was done using 8 mm
and 10 mm diameter reinforcement bars. The embedment length was determined and the
reinforcement rods were embedded over the required length in both types of embedment
i.e. straight and cross. The beams were simply supported over a span of 580 mm. The
load was applied as point load at the mid span of the beam. The load set up is shown in
Fig. 9.14 & 9.15. The results are presented in Table 9.4. The calculation for determining
embedment lengths are given in Appendix C.
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Fig. 9.14 Failure of granite beam at flexural loading

Fig. 9.15 Sandstone beam at flexure loading
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Table 9.4 Results of granite and sandstone sample at flexural loading

Samples

Straight (kN)
Failure
load

Avg

Granite 1 8mmφ

26

24.5

Granite 2 8mmφ

23

Granite 1 10mmφ

35

Granite 2 10mmφ

32

Sandstone
8mmφ

1

43

Sandstone
8mmφ

2

40

Sandstone
10mmφ

1

36

Sandstone
10mmφ

2

41

Cross (kN)

Failure load / Ref
load

Average
load on
reference
beam, (kN)

Straight

Failure
load

Avg

23

32

14

1.75

2.28

22

14

2.39

1.57

31.5

4

10.375

7.875

29.5

4

9.625

7.375

Cross

41
33.5

26
18

41.5

30
33

38.5

26

33

9.5.3 Shear Loading

In beams for shear, the rod sizes of 10 mm and 12 mm were used for stitching. The
embedment lengths were selected randomly as 150 mm for straight type and 100 mm for
cross type. Experiment was carried out using the same test setup used for reference beam
testing. The test setup is shown in Fig. 9.16 & 9.17. The results are presented in Table 9.5
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Fig. 9.16 Granite beam at shear loading

Fig. 9.17 Sandstone beam at shear loading
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Fig. 9.18 Straight and cross embedment types in shear beams

Table 9.5 Results of repaired beams at shear loading

Samples

Straight (kN)
Failure
load

Avg

Cross (kN)
Failure
load

Avg

Average
load
on
reference
beam, (kN)

Failure
load

Straight
Granite
1
12mmφ/150mm
Granite
2
12mmφ/150mm

110

170

Sandstone
1
10mmφ/150mm

155

155
160

Sandstone
2
10mmφ/150mm

165

150

Sandstone
1
12mmφ/150mm

180

145
170

160

Ref

Cross

175

130
120

Sandstone
2
12mmφ/150mm

load/

160
150

172.5

223

0.54

0.77

152.5

125

1.28

1.22

152.5

125

1.36

1.22

The beams were prepared and tested with specially prepared experimental set-up to
ensure the failure of beams in shear and flexure. The experimental results were compared
with those obtained on the reference beams. The granite beams failed before the expected
load. Hence, the dimensions of the beams were altered and the bar embedment lengths
were increased.

9.5.4 ALTERED SHEAR BEAM

Fig. 9.19 Altered beams with sufficient embedment length and equally distributed on
both sides of the crack

Similar procedure was adopted for stitching and installation of the beams to be failed in
shear. The altered beams to be failed in shear are; 2 end blocks of 150 mm x 150 mm
x150 mm and 1 middle block of 300 mm x 150 mm x 150 mm size were joined together
and glued, in order achieve increased embedment length (see Fig. 9.19 & 9.20).
Modifications were also made by increasing 150 mm of embedment length to 200 mm.
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The bars were located symmetrically and distributing equally on both the sides of the
crack.

Fig. 9.20 Setup for shear loading on altered beams

The altered beams were tested to fail in shear. The results are presented in Table 9.6. The
performance of the beams with modified embedment length was found to be better. The
modified beams could carry additional load of about 4-6 percent than the reference
beams. As the embedment length was increased, its load carrying capacity was increased.
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Table 9.6 Results of altered repaired beams at shear loading

Avg

Avg
reference load
(kN)

Failure load/ Ref
load

232

223

1.04

235.5

223

1.06

Straight (kN)
Samples

Failure load

Granite 1-12mmφ/200mm

228

Granite 2-12mmφ/200mm

236

Granite 1-12mmφ/250mm

241

Granite 2-12mmφ/250mm

230

9.6 DISCUSSIONS

In granite repaired flexure beams, failures were due to flexure crack at the bottom end
nearer to the repaired zone (with cross embedment) as shown in Fig. 9.21. The crack
opened and subsequently slip of the rods occurred (with straight embedment) as shown in
Fig. 9.22. In sandstone beams, the crack initiated in the region next to the stitched area
(with cross embedment) as shown in Fig. 9.23. The crack propagated in the stone next to
the stitched area (with straight embedment) as shown in Fig. 9.24. Both the granite and
sandstone beams performed well. The load carrying capacity of the stitched beams was
found to be more than that of the reference beams.

153

Fig. 9.21 Failure of repaired granite beam
with cross embedment due to flexural loading
(Flexure crack occurred at the bottom end
nearer to the repaired zone)

Fig. 9.23 Failure of repaired sandstone beam
with cross embedment due to flexural loading
(crack initiated diagonally on the material
next to the stitched region)

Fig. 9.22 Failure of repaired granite beam
with straight embedment due to flexural
loading (crack opened with subsequent slip of
the rebar)

Fig. 9.24 Failure of repaired sandstone beam
with straight embedment due to flexural
loading (crack opened next to the stitched
region)

In the repaired granite beams subjected to shear loading, diagonal cracks were formed as
shown in Fig. 9.25. Granite beams failed prior to reaching their target load due to
insufficient embedment length. Hence modifications were made to the block sizes to
incorporate increased embedment length and the beams were tested in shear loading (Fig
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9.26). Embedment length was distributed equally on either side of the crack. Initial
embedment length of 50mm was increased to 150mm, 200mm and 250mm. At every
embedment length, the strength of the stone beams was studied. The load at the failure
with 150mm, 200mm and 250mm embedment length were 110 kN, 239 kN and 241 kN
respectively. It clearly shows that the performance of the beams with increased
embedment length was found to be better. The stitched zone was found to be intact and
the shear cracks were found next to the repaired zone.

Fig. 9.25 Failure of repaired granite beam
with straight embedment due to shear loading
(crack initiated diagonally, failed prior to the
target load)

Fig. 9.26 Failure of altered granite beam
with straight embedment due to shear
loading (stone crushing occurred at the
support; stitched zone was intact).

In the repaired sandstone tested in shear, diagonal cracks were formed as shown in Fig.
9.27. The stitched zone was found to be intact and the cracks occurred in the zone next to
the repaired area. Hence the system was found to be successful. The failure was due to
the shear cracks as shown in Fig. 9.28. In both the cases, the beam performed well and
was able to take higher load than the reference beams.
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Fig. 9.28 Failure of repaired sandstone beam
with straight embedment due to shear
loading (Shear crack initiated diagonally.
Crack found next to the stitched area)

Fig. 9.27 Failure of repaired sandstone
beam with cross embedment due to shear
loading (crack initiated diagonally)

Totally 36 beams prepared in granite and sandstone were tested in flexure and shear
loading (Fig 9.29 to 9.36). Thus, this system was experimentally proved successful for
repairing the stone beams and is proposed for both granite and sandstone monuments.

Fig. 9.29 Granite repaired beams
with straight embedment, tested
under flexural loading

Fig. 9.30 Granite repaired beams
with cross embedment, tested
under flexural loading
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Fig. 9.32 Sandstone repaired
beams with cross embedment,
tested under flexural loading

Fig. 9.31 Sandstone repaired
beams with straight
embedment, tested under
flexural loading

Fig. 9.33 Granite repaired
beams tested under shear
loading

Fig. 9.34 Granite repaired beams, altered and tested
under shear
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Fig. 9.36 Sandstone repaired
beams tested under shear (cross
embedment)

Fig. 9.35 Sandstone repaired
beams tested under shear
(straight embedment)

As a field application this method was adopted in a temple in Uttaramerur. The details are
discussed in the following section.

9.7 SITE TRIAL

Fig. 9.37 Kailasanatha temple, Uttaramerur
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The temple selected for the trail application is Kailashanatha temple, Uttaramerur, (Fig.
9.37) which is a historical village in Tamil Nadu. Its history dates back to Pallava period
(8th century AD). The monument is conserved by REACH foundation Chennai. The
monument is made of brick superstructure and granite till plinth. Several cracks were
found at plinth level and they were stitched by the stone stitching method. Stainless steel
rods were used to stitch the stone in order to avoid corrosion. Stone stitching at site
basically involves the following five steps.
1. Cracks of width ≥ 1cm are selected and filled with combination mortar (Fig. 9.42)
2. The holes are drilled alternatively on either side of the crack at 45˚ angle to the
surface. The number of holes is determined according to the length of the crack.
(Fig. 9.38 & 9.43)

3. The holes are cleaned from dust with vacuum pump and filled with adhesive,
namely HIT-RE500. (Fig. 9.39, 9.44 & 9.45)

4. The stainless steel rods of 16 mm or 20 mm diameter are inserted in the holes.
(Fig 9.40 & 9.46)

5. The holes are then finished with parent rock powder, which will hide the hole
drilled for inserting the steel rods. (Fig. 9.41 & 9.47)
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Fig. 9.38 Drilling the hole

Fig. 9.39 Fill the hole with adhesive

Fig. 9.40 Insert stainless steel rod

Fig. 9.41 Finishing with parent rock
powder

Photographs of the stone stitching at site are presented below.

Fig. 9.42 Spots found with cracks

Fig. 9.43 Drilling of holes
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Fig. 9.45 Filling of adhesive

Fig. 9.44 Cleaning the holes with
vacuum pump

Fig. 9.47 Finishing of the hole with powder
and adhesive

Fig. 9.46 Insertion of stainless steel rod
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CHAPTER 10

CONCLUSIONS AND SCOPE FOR FURTHER STUDY
10.1 INTRODUCTION

This interdisciplinary research contributed to the understanding of most used ancient
building material in Tamil Nadu, India – granite and sandstone. The characterization of
these materials gave an idea about the material property of samples procured from 2
granite monuments and a sandstone monument. A series of experiments using several
test methods were adopted to evaluate a range of parameters involved. Weathering
studies were supported by in situ identification. Categorization and mapping of
weathering forms and other damages is followed by a range of laboratory tests to
understand the physical and chemical weathering mechanisms. Subsequently, appropriate
solutions to the damages and weathering forms like repair method called stone stitching
method was developed and evaluated. Additionally chemical preservatives and stone
cleaning method for granite monuments were evaluated.

An attempt has been made to provide a link between the physical, chemical, and microstructural properties of granite and sandstone. Conceptual model of salt decay is proposed
in this study to understand and predict the engineering properties and performance of the
material under weathering environment. The damages were identified in the site study

and experimentally analyzed to identify the possible causes and primary weathering
agents. Specific conclusions drawn from the studies are given below.

10.2 STUDIES ON DETERIORATION MECHANISMS

10.2.1 Damage Mapping

The in-situ documentation of various damages was performed for all the five monuments
and the mapping was made only on the southern façade of Shore temple. The southern
façade which is the most affected side as it is exposed to the sea. Such mapping needs to
be done on all the sides of the monuments to fully document the damages in monuments.
Based on the documentation prepared at site, the major weathering forms which are
found predominantly were presented and discussed in Chapter 3. To consolidate, the
predominantly found damages or weathering forms are listed below

1. Scaling
2. Granular disintegration
3. Soiling – Efflorescence, Anthropogenic soiling
4. Rounding
5. Roughening
6. Other structural damages
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Few conclusions were arrived based on the mapping and they are listed below.


The most effected weathering forms are rounding, roughening and efflorescence
which are mainly due to the marine environment and driving breeze from the sea
towards the shore.



The wind action coupled with sand particles erodes the temple wall and roughens the
surface and rounds the features of the sculpture. Almost all the sculptures and their
intricately carved features have worn out due to wind action. This shows the severity
of the wind action on the monument.



In spite of regular cleaning, efflorescence is found on the surface. This shows that the
pitting could have paved way for salt spray ingress. Pitting and alveolar is again due
to wind action.



The above conclusions reveal that the damages due to wind and salt actions are severe
and are on increase. Interventions like wind shield (planting a dense row of trees) in
the wind direction to cut off the wind action on the monument is essential. Further
studies on the shore temple are essential to understand the saline environment and its
impact on the monument to arrive at appropriate solutions for salt decay.

10.2.2 Consolidated Results

Major results obtained from the study on granite and sandstone monument samples is
tabulated in Table 10.1
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Table 10.1 Consolidated results of granite (BT, KK & NM) and sandstone samples (KN)

Selected Results

KK

76.85
14.38
3.01
3.66
1.24
Feldspar
dominant
with
interstitial
quartz and
accessory
minerals
like biotite,
magnetite
etc.,
with
granitic
mosaic
texture

NM

Specific
gravity

Bulk
True

Water
absorption
(%)

48 hours

0.3

0.29

0.13

1.87

Porosity (%)

MIP

2.63

2.81

2.88

5.92

Petrography

Special
features

62.67
19.12
3.64
3.50
4.51
-

KN

61.52
15.94
7.19
2.09
2.36
Feldspar
dominant
with
interstitial
quartz and
accessory
minerals like
biotite,
magnetite,
hornblende
etc.,
with
granitic
mosaic
texture
Dominant
feldspar
contributes
to
natural
weathering
process,
Kaolinized
feldspar seen
with micro
cracks.
2.74
2.78

Chemical
analysis (%)

Si content
Al content
Ca content
Na Content
K content
Mineral
distribution

BT

Dominant
feldspar
contributes
to
natural
weathering
process.
Albite
release from
K feldspar
is seen
2.62
2.64
2.62
2.61
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Code Limit
(IS 11231975)
-

64.82
11.89
12.62
1.94
1.72
Quartz
dominant
with
feldspar and
accessory
minerals
like biotite,
magnetite
etc.,
as
aggregates
held
together by
cementing
matrix
Cementing
matrix
being
calcite has
the
tendency of
leaching.

2.52
2.63

Granite:
2.52 – 2.78
Sandstone:
2.00 – 2.65
Granite:
< 0.5%
Sandstone:
< 2.5%
Granite:
0.4% - 4%

Average pore
size (nm)
Coefficient of
Capillarity
(g/cm2/√min)
Compressive
strength
(MPa)

Flexural
strength
(MPa)

MIP

1872.7

2555.7

1141.9

163.1

Sandstone:
5-25%
-

RILEM

1.0x10-3

2.1x10-3

2.3x10-3

3.1x10-3

-

Dry
Wet

37.95
37.94

55.15
51.10

105.96
92.00

42.45
34.01

Dry
Wet

8.77
8.63

12.37
10.31

8.78
8.75

8.55
7.99

- 0.55

- 0.57

- 9.99

Granite :
90-250
MPa
Sandstone :
20 – 170
MPa
Granite:
7-25 MPa
Sandstone:
4 – 25 MPa
-

23

24

14

-

- 0.06

- 0.06

- 0.08

-

- 0.96
Salt resistance Weight
loss (%)
test
Resistance 33
offered
(No.
of
cycles)
- 0.05
Wetting and Weight
drying cycles loss (%)

10.2.3 Characterization

Laboratory characterization of granite (Table 10.1) revealed


Based on the chemical analysis results, the presence of chemicals which contribute to
framework silicates and accessory minerals are found.



Further the petrographical investigations proved the presence of framework silicates
like feldspar in abundance and interstitial quartz with other accessory minerals like
biotite, magnetite and hornblende embedded in a granitic mosaic pattern.
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In petrographical investigations, certain features like kaolinisation of feldspar and
alterations in feldspar were found in BT and KK respectively. This showed the
chemical weathering process.



The physical properties within the permissible limits of IS 1123 (1975). The water
absorption and porosity values show that the material is less porous in nature (see
Table 10.1).



Coefficient of capillarity was 1.0 x 10-3 and 2.1 x 10-3 for BT and KK respectively
which shows that the water ingress through ground is negligible.



Flexural strength of the granite samples were satisfactory and within the limits of IS
code 1123 (1975). However, the compressive strength values were not up to the
permissible limit and were relatively lesser in strength due to the presence of microcracks and weathering action in the sample.

Laboratory characterization (Table 10.1) of sandstone revealed


Based on the chemical analysis results, the presence of chemicals which contribute to
frame work silicates and accessory minerals are found. Presence of excessive calcium
in the composition contributes to the cementing matrix.



Further the petrographical investigations proved the presence of framework silicates
like quartz in abundance with feldspar and other accessory minerals like biotite,
magnetite and hornblende in lesser proportion. These minerals were held together by
the cementing matrix of calcite.
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The physical properties were within the permissible limits of IS 1123 -1975. The
porosity value shows that the material is less porous variety of sandstone as the values
obtained from the experiment were at lower end of the limits.



Coefficient of capillarity was 3.1x10-3 for KN sample which shows that the water
ingress through ground is less.



Flexural strength of the granite samples were satisfactory and within the limits of IS
1123 (1975). The compressive strength values were also satisfactory and within the
limits of IS 1123 (1975).

10.2.4 Weathering Studies

To address the damages listed in Chapter 3 based on the site study, experiments were
carried to analyze the physical and chemical weathering process and the conclusions were
given below.


Chemical weathering was studied using microprobe analysis (SEM) in granite sample
(BT) and the results revealed that the kaolinisation process was happening. In this
process, CO2 from the atmospheric pollution in combination with water from rain etc.
reacts with feldspar to reduce into kaolinite and other by products like silicates and
carbonates of Na, K.



This process at initial stages can be controlled by reducing the rain water ingress
through the material surface by treating them with water repellents. However, in
severe cases replacement of stone blocks are suggested. Hence, Narthamalai quarry
granite samples were evaluated and suggested for replacement.
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Salt decay is found to be the reason for decay in sandstone. Salt in combination with
water was able to create salt decay. In order to control the water ingress, chemical
preservatives were evaluated and recommended.



The weathering forms seen in the field investigation was confirmed with laboratory
accelerated tests with respect to primary mechanism of damages in sandstone are due
to salt decay.



In salt resistance test, the resistance offered by the granite was quite satisfactory and
the weight loss was also less than 1 % of initial weight. But, in sandstone there was
disintegration of surface layers and the weight loss was about 10 % of initial weight.
The material was able to resist only 14 cycles, after which surface cracks initiated and
gradual disintegration occurred then on. Based on this salt decay model has been
shown in Fig. 10.1.



Thermal cycles revealed no significant changes even after 80 cycles and weight loss
was also less than 0.1 % of initial weight.



It is concluded that water and thermal gradient are not only the reason for weathering
in granite and sandstone. However, their combination with CO2 and salt cause
damages. Thus water is considered to be the primary catalyst in accelerating the
weathering process.
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Fig 10.1 Conceptual model for salt decay
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10.3 EVALUATION OF APPROPRIATE CONSERVATION METHODS

10.3.1 Stone Preservatives

From the above studies on weathering mechanisms, it is found that water is the primary
catalyst of weathering reaction. Hence two popular chemical preservatives (acrylic
coating and silicone penetrant) in Indian market were evaluated. They were evaluated for
their hydrophobicity and found that silicone based penetrant performed better then acrylic
coating. Thus silicone based water repellents were recommended.

10.3.2 Stone Cleaning

High pressure cleaning method was evaluated in granite mandapa of a Srinivasa Perumal
temple at Chennai and the conclusions are as follows.


High pressure cleaning method was studied on granite mandapa as a trial application
and found that dirt blaster with fan jet at the pressure of 15-17 MPa can be suggested
to clean the soiled surface in granite monuments.



Innofoam jet with fan jet accessory at 15 MPa can be suggested to clean the oil based
soiled surfaces or anthropogenically soiled surfaces in granite monuments.

10.3.3 Repair Method

An attempt has been made to evolve a repair method for structural damages. Stone
stitching method has been developed and evaluated based on which conclusions are listed
below.
171



The reference beams were tested under flexure and shear and the failure loads were
recorded and compared with the repaired beams. In flexure, the embedment length
and rod sizes were derived as per working stress method and found that the load
carrying capacities of repaired beams were increased.



In shear loading, granite beams failed due to insufficient embedment length and
further with the increase of embedment length, the load carrying capacities were also
found to be increasing. Sandstone samples performed well at shear loading.



Hence stone stitching method is suggested to overcome structural damages in granite
as well as sandstone monuments. This finding was implemented as a trial application
in Kailashanatha temple, Uttaramerur.

10.4 SUMMARY

This research explains the characteristics of the monument sample (granite and
sandstone) based on chemical, micro structural, physical and mechanical properties.
Strength and durability depends to the weathering changes of the material and their
porosity which paves way for ingress of several weathering agents. Based on studies
made on weathering of granite and sandstone certain solutions were identified and
evaluated. With these results and conclusions certain recommendations were made for
the chosen five monuments and presented in Table 10.2
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Table 10.2 Conclusion and Recommendations
Weathering problems
Monuments
Scaling

granular Efflorescence
Rounding
disintegration / Soiling

Brihadisvara temple,
Thanjavur

Structural
damages
Roughening
Structural
due to
Cracks
erosion
Stone
N
stitching

CW – at initial stages
N
SC - High
Silicone based water
pressure
repellent
cleaning
Brihadisvara temple,
Severe Case:
N
N
N
(AnthroGangaikondacholapuram
replacement of stone
pogenic
Kunnandar koil,
Stone
soiling)
N
N
N
N
Kiranur,
stitching
Shore temple,
N
W E - Cleaning by
Mamallapuram
SD-Cleaning by paper pulp method
paper pulp method and
+ Silicone water repellent
Kailashanatha temple,
wind shield
N
Kanchipuram

Where,
N

– No damage

CW

– Chemical Weathering

SC

– Stone Cleaning

SD

– Salt Decay

WA

– Wind Erosion

10.5 SCOPE FOR FURTHER STUDIES

This research study has raised many queries on granite monuments because granite
weathering was less studied than sandstone weathering. This has to be investigated by
further studies. The main issues to be studied in future are listed below.
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Damage mapping has been carried out on a single side of the monument in this
study. This should be extended to all the sides of the monuments and the damages
need to be analysed and documented.



The Shore temple, Mamallapuram, as it is in an alarming saline environment,
further studies need to be done. Intensive study on the marine environment and
the salt decay of the monument is very much required to set up an appropriate
solution to cut down the actions of saline environment.



Only one cleaning method has been evaluated in this study. But other cleaning
methods are available. So, a study should be carried out to explore various
cleaning techniques.



Only 2 preservatives are studied; other types of preservatives have to be studied.



In stone stitching method, at shear loading only straight embedment type has been
evaluated in this study. Further study should be carried out on various aspects of
cross embedment type by varying the angles and embedment lengths.
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APPENDIX A
DETAILS OF THE MONUMENTS
The available plans and details of the monuments taken for the study are given below
A.1 Brihadisvara Temple, Thanjavur

Main gopuram

Nandhi mandapa

Thiruchutrumaaligai
(Cloister)
Maha mandapa

Artha mandapa

Garbhagriha

Fig. A.1 Plan of Brihadisvara temple, Thanjavur

Fig. A.2 Planning of Brihadisvara temple, Thanjavur
(Image Courtesy – Information centre, Brihadisvara temple, Thanjavur)
Planning of south Indian temple follows the repetitive modules. The temple complex of
Brihadisvara temple, Thanjavur has been divided into two squares, forming a rectangle, which
forms the temple boundary (Fig. A.2). Longer side of the boundary is the “Aayamam” and the
shorter side is the “Vistharam”. The Garbhagriha is placed on the centre or maiyam of the rear
square. Having placed the maiyam, the rectangular enclosures wrap the maiyam at constant
distances on 3 sides and an increasing distance on the fourth side. The maiyam is also the point of
intersection of the cardinal axes: the Purvasuthram, the east west axis and the Somasuthram, the
north south axis.
Akin to the modern day concept of modular coordination consisting of repetitive modules is the
“Kaalpuravaai” in temple architecture. The Kaalpuravaai is the basic unit (Fig. A.3). The outer to
outer distance between the extreme pilasters of the shorter side of the Garbhagriha (sanctum
sanctorum) is the “Kaalpuravaai”. It is to be noted that the outermost dimensions are of greater
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concern than centre measures or inner dimensions. This is a clear manifestation of the regard for
correctness of form and accuracy of shape

Fig. A.3 Kaalpuravaai and its derivatives

The following measures are designed to be multiples of the Kaalpuravaai


Height of the vimana (tower above the Garbhagriha)



The incremental increase in enclosure width on one side (the reason for doing so is
believed to be to prevent inter shading between temple elements across enclosures)



Height of gopuram



Width of the entrance gopuram



Door openings

A common rule is that no element within the temple complex should be greater than 2.5 times the
Kaalpuravaai. This rule holds good even for the tallest vimana of the Thanjavur temple.
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Fig. A.4 Filling sand to the height of srivimana forming an incline plane to haul the single stone
sikhara in Brihadisvara temple, Thanjavur
Section of the srivimana of Brihadisvara temple displaying its details are shown in Fig. A.5.

Single stone sikhara

Second floor level, destroyed
during the early period due to fire
Wooden supports evidencing the
wooden panel above
First floor level, ambulatory path
with bharatanatyam panel
Garbhagriha with Shiva lingam
in the centre (maiyam)

Fig. A.5 Section of srivimana, Brihadisvara temple, Thanjavur
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The elevation of srivimana is named in comparison with human figure (Fig. A.6).

Kalasam
Sikhara
Mahanasi
Gereevam

Thuvithalam

Yali Varisai
Kabootham
Araithoon
Kabootham
Araithoon
Athitanam
Upapeedam
Fig. A.6 Elevation and parts of srivimana, Brihadisvara temple, Thanjavur
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A.2 SHORE TEMPLE, MAMALLAPURAM

Garbhagriha 3
– small tower
Garbhagriha 2

Garbhagriha 1
– big Tower

Circuit wall

Fig. A.7 Plan of Shore temple, Mamallapuram (James Fergusson, 1910)
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A.3 KAILASHANATHA TEMPLE, KANCHIPURAM

Garbhagriha

Artha mandapa

Maha mandapa

Enclosure wall with
many small shrines
(Prakara aalayaas)

Fig. A.8 Plan of Kailashanatha temple, Kanchipuram (James Fergusson, 1910)
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APPENDIX B

SAMPLE CALCULATION FOR CHEMICAL WEATHERING
The SEM elemental analysis using EDAX has been carried out. Twenty nine analyses were made
on 3 feldspar grains of a granite surface sample from Brihadisvara temple, Thanjavur. The values
were recalculated using ‘Feldspar analysis’ (Deer et al. 1966). Subsequently new chemical
weathering index were calculated. On sample analysis (grain 1, analysis 1) is presented here.

Data obtained from SEM elemental analysis (Grain 1 analysis 1)
Si = 41.58%
Al = 1.39%
Fe = 0.64%
Ca = 10.45%
Na = 0.23%
K = 0.96%
O = 44.74%

Step 1: CONVERSION TO OXIDES

From Si to SiO2

= (41.58x60.09)/28.09 = 88.95

(Molecular weight of SiO2 is 60.09; Atomic weight of Si is 28.09)

From Al to Al2O3

= (1.39x101.94)/26.98 = 5.25

(Molecular weight of Al2O3 is 101.94; Atomic weight of Al is 26.98)

From Fe to FeO

= (0.64x71.85)/55.845 = 0.82

(Molecular weight of Al2O3 is 71.85; Atomic weight of Al is 55.845)

From Ca to CaO

= (10.45x56.08)/40.08 = 14.62

(Molecular weight of CaO is 56.08; Atomic weight of Ca is 40.08)

From Na to Na2O

= (0.23x61.98)/22.99 = 0.62

(Molecular weight of Na2O is 61.98; Atomic weight of Na is 22.99)

From K to K2O

= (0.96x94.2)/39.09 = 2.31

Molecular weight of K2O is 94.20; Atomic weight of K is 39.09)

Total

= 112.58

Step 2: REDUCE TO 100%
SiO2

= (88.95/112.58) X100 = 79.01

Al2O3

= (5.25/112.58) X100 = 4.67

FeO

= (0.82/112.58) X100 = 0.73

CaO

= (14.62/112.58) X100 = 12.99

Na2O

= (0.62/112.58) X100 = 0.55

K2 O

= (2.31/112.58) X100 = 2.05

Total

= 100
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Step 3: CONVERSION TO O EQUIVALENT (32 O BASIS)
SiO2

= (2X79.01)/60.09

= 2.63 (Molecular wt. 60.09)

Al2O3 = (3X4.67)/101.94

= 0.14 (Molecular wt. 101.94)

FeO

= 0.73/71.85

= 0.01 (Molecular wt. 71.85)

CaO

= 12.99/56.08

= 0.23 (Molecular wt. 56.08)

Na2O = 0.55/61.98

= 0.01 (Molecular wt. 61.98)

K2 O

= 0.02 (Molecular wt. 94.20)

= 2.05/94.2

Total

= 10.53

Step 4: CONVERT BACK TO ELEMENTS
From SiO2 to Si

= (1X2.63X10.53)/2 = 13.84

From Al2O3 to Al

= (2X0.14X10.53)/3 = 0.96

From FeO to Fe

= (1X0.01X10.53)/1 = 0.14

From CaO to Ca

= (1X0.23X10.53)/1 = 2.44

From Na2O to Na

= (2X0.01X10.53)/1 = 0.19

From K2O to K

= (2X0.02X10.53)/1 = 0.42

Step 5: WEATHERING INDEX
Chemical Leaching Index = (100(16 – B mobile)) / 16
Where,
Si, Na, K, &Ca are the mobile elements present.
16 = Total volumetric concentration of mobile anions in the fresh Sample (Si+ (Ca/Na/K) = 12 +
4) (Deer et al, 1966)
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B mobile = Total volumetric concentration of mobile anions in the weathered Samples.
CLI = (100 (16 – 13.84+2.44+0.19+0.42)) /16)
= (100 (16 – 16.89)) / 16
= (100 x -0.89) / 16
CLI = - 5.6
Chemical Weathering Product Index = (100(B immobile – 4)) / B immobile
Where,
Al & Fe are immobile elements
4 = Total volumetric concentration of immobile anions in the Unaltered Samples (Al / Fe = 4)
(Deer et al, 1966).

B immobile = Total volumetric concentration of immobile anions in the weathered Samples.

CWPI = (100 ((0.96+0.14) – 4)) / (0.96+0.14)
= (100 (1.1 – 4)) / 1.1
= (100 x -2.9) /1.1
CWPI = - 263.636
Total Weathering product Index = (CWPI+CPI)/2
TWPI = (-263.636) + (-5.6)/2
TWPI = -134.6

Likewise the calculations were carried out for all the 29 analyses made on three feldspar grains.

185

APPENDIX C

CALCULATIONS FOR CRACK REPAIR METHOD

Data from Reference Beam

Beam Dimensions

Flexure beam – 150mm x 150mm x 600mm
Shear beam

- 150mm x 150mm x 450mm

Granite Beams

Average maximum load in flexure (Pmax)

= 14,000N

Average maximum load in shear (Pmax)

= 2, 23,500N

Sandstone Beams

Average maximum load in flexure (Pmax)

= 4,000N

Average maximum load in shear (Pmax)

= 1, 25,000N

Step: 1 D etermination of Steel Bar D iameter

In flexural Loading – Granite Beam

M

max

 P max .L 
 

4 


Where,
Mmax = Maximum bending moment
Pmax = average maximum load
L

= Span of supports

Therefore,

 14000  580 
M 
 = 20, 30,000 N.mm
4


 5D D

M  F st A st 
6
 6


 .n


(D/6 ~ 25mm)

 415   d 2  0 . 67 D  2 

2030000  
4


 415   d 2  0 .67  150  2 

2030000  
4


 2030000 
2
d2  
  30 . 98 mm
 65522 . 5 

d = 5.56 mm
In the present study, rebars of diameter 8mm and 10mm were adopted in the stone specimen tested
under flexure loading. The rebars were embedded in the tension face at a distance equal to 25mm
from the bottom face of the beam, which is equal to D/6.

In flexural Loading – Sandstone Beams
 4000  580 
M 
 = 5, 80,000 N.mm
4


 5D D 

M  F st A st 
 .n
6 
 6
 415   d 2  0 . 67 D  2 

580000  
4
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 415   d 2  0 . 67  150  2 

580000  
4


 580000 
2
d2  
  8 . 85 mm
 65522 . 5 

d = 3.0 mm
In the present study, rebars of diameter 8mm and 10mm were adopted in the stone specimen tested
under flexure loading. The rebars were embedded in the tension face at a distance equal to 25mm
from the bottom face of the beam, which is equal to D/6. The rebars were embedded in the tension
face with straight and cross orientation of the rebars.

In Shear Loading – Granite Beams
P max  n A st st

where,

n

= number of bars

Ast

= Area of steel

τst

= Shear stress of steel (which is 0.4 times the yield strength of steel)

Pmax

= Average maximum load

4 x (πd2/4) x 0.4fy = 2, 23,500/2
πd 2 x166 = 111750
d2 = 111750/521.24 = 214.39
d

= 14.6mm

The steel bars used for strengthening the failed stone beams are 12mm and 16mm in diameter. Use
of 16mm diameter bars posed some practical difficulties in the laboratory. We could not install the
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16mm diameter bars in the stone cross section of 150x150mm. In order to insert the 16mm
diameter bars, we were supposed to drill 20mm drill holes. The stone block splitted when the
20mm drill holes were made. In order to avoid splitting failure of the stone blocks, only 12mm
diameters bars were adopted for the study, in shear loading for the granite beams.

In Shear Loading – Sandstone Beams
4 x (πd 2/4) x 0.4 fy = 1, 25,000/2
πd2 x166 = 62500
d2 = 62500/521.24 = 119.91
d = 10.95 mm
The rod size of 10mm and 12mm diameter rods were chosen and tested in shear loading for
sandstone samples.

Step 2: BOND STRENGTH

Pullout test were not carried out for 8mm diameter rods as the size is too small.

 d L.  b  Pmax
Where, d

= diameter of rod

L

= Length of bonded area

σb

= Bond strength

Pmax = Maximum load
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In Granite Specimens 10mm φ bars

3.14x10x50x

σb = 4000N
σb = 4000 / (3.14x500)
σb = 2.5477
σb = 2.55 N/mm2

Therefore,

In Granite Specimens - 12mm φ bars

3.14x12x50x

σb = 2200N
σb = 2200 / (3.14x600)
σb = 1.1677
σb = 1.17 N/mm2

Therefore,

In Sandstone Specimens - 10mm φ bars

3.14x10x50x

σb = 2900N
σb = 2900 / (3.14x500)
σb = 1.847

Therefore,

σb = 1.85 N/mm2
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In Sandstone Specimens - 12mm φ bars

3.14x12x50x

σb = 4500N
σb = 4500 / (3.14x600)
σb = 2.388
σb = 2.39 N/mm2

Therefore,

Step 3: EMBEDMENT LENGTH

In Flexure – Granite Beams
 M 

 t  
 jD 

 2030000 
t  

 0 . 67  150 

σt =

20199.0 N/mm2

σt = πdL .σb. n
20199.0 = 3.14x10xLx2.55x2
L = 20199.0/160.14
L = 126 mm
Therefore, Embedment length of 125mm was made for both 8mm and 10mm diameter rods in
both straight and cross fashion.
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In Flexure – Sandstone
 M
 t  
 jD





 580000 
t  

 0 . 67  150 

σt =

5771.14 N/mm2

σt = πdL .σb. n
5771.14 = 3.14x10xLx1.85x2
L = 5771.14/116.18
= 50 mm
Therefore, the embedment length of 100mm was adopted in the stone beams using both 8mm and
10mm diameter bars in both the straight and cross orientation. For the beams tested in shear
loading, the embedment lengths were randomly selected. Several trials were made to achieve
sufficient embedment length for attaining the strength more than that of the reference beams.

Calculation of Lever Arm Distance

Assuming the beam center of gravity coinciding with the neutral axis of the beams. That is the
reinforcement in the stone beam is neglected and the variation of bending stress is linear from the
neutral axis towards the far ends.
 5D D  2 D
 
jD  
 0.67 D
6
3
 6
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