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Architechtural features and characterization of 16th century Indian Monument
Farah Bagh, Ahmed Nagar, India
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ABSTRACT
This paper reports a unique lime construction technology practiced to create natural air cooling in
late 15th century Mughal’s summer palace in western India, Farah Bagh. The materials used in
construction were characterized through analytical examinations; sieve analysis, petrological thin
section, XRF, XRD, FTIR, EDX and SEM photomicrographs. The lime plaster is made up of lithologi-
cally heterogeneous clasts and embedded with porous potsherds/brick pieces. The special type of
plaster is capable of absorbing moisture from surrounding fountains that escaped slowly through
the outerplaster layer in dry hot season leading to a cool environment. The heterogeneous
aggregates, local sand and organic additives like jute fibers and dry paddy stem provided desired
porosity, strength, durability and flexibility to the plaster. The high open porosity of air lime and
hygric nature of potsherds contributed towards the exchange of moisture from the underlying
materials without causing any functional instability. Moreover, the large brick pieces and potsherds
mainly worked as aggregates and did not contribute towards hydrolicity of the plaster. The
analytical results are important to prepare compatible materials for major restoration of the site.
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1. Introduction

Lime is probably the most versatile structural binder
available which can often be modified to suit diverse
uses and exposure (Barba et al. 2009; Hansen, Rodríguez-
Navarro, and Balen 2008; Maravelaki-Kalaitzaki, Bakolas,
andMoropoulou 2003; Ortega et al. 2008; Van Balen et al.
2005). The quality lime mortars do not contain elements
capable of forming harmful salts and are mostly compa-
tible with the original fabric of the structural elements
(Casadio, Chiari, and Simon 2005; Meir, Freidin, and
Gilead 2005; Van Balen et al. 2003).

Inadequate and faulty interventions during the
restoration of historic buildings are responsible for the
disappearance of original mortar fabric. It has also
created new problems of functional incompatibility
due to the difference in mechanical, physical and che-
mical properties (Middendorf et al. 2005a, 2005b; Van
Hees, Pel, and Lubelli 2000) between old and the new
material. To design a functional and aesthetical compa-
tible new plaster, a detailed study of original is desired.
Recent analytical developments have considerably
improved the material characterization including cul-
tural heritage materials such as heterogeneous mortars/
plasters. The present methodologies of chemical and

mineralogical examination of the plasters in combina-
tion with the physical properties give enough precision
for planning conservation interventions and for the
formulation of compatible repair mix. The composition
and mix properties of any repair plaster must, there-
fore, take into account the physical properties, the
composition of existing masonry and the original plas-
ters to be restored (Pavía and Bolton 2000).

Lime plasters mostly damage when repeatedly sub-
jected to moisture. Non-hydraulic lime or aerial lime
possesses high permeability, flexibility, and plasticity as
well as a tendency to shrink in the early stages of
hardening due to significant evaporation of the mixing
water and low mechanical strength (Cowper 1998;
Vicat and Smith 1837). Therefore, non- hydraulic
lime is generally used for more ductile, porous and
weathered masonry in a sheltered area (Ashurst and
Ashurst 1988; Holmes and Wingate 0000). Compared
to aerial lime, the hydraulic mortars possess lower
permeability and flexibility. They also show better resis-
tance to moisture, frost and salt attack (Gibbons,
Centre, and Scotland 1995). Hydraulic mortar is gen-
erally used for strong masonry in exposed or damp
environments. Mortars and plasters are made hydraulic
by mixing ingredients that have constituents of
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pozzolanic properties. In the absence of natural pozzo-
lanic materials, Romans employed ceramic particles
and brick dust to create hydraulicity (Rua 1998).
A mortar prepared by mixing lime and sand with the
addition of previously grinded and sieved potsherds is
recommended for plastering. It has the advantage that
the ceramic particles will make the mortar performance
better. The use of this kind of render is suggested for
walls subjected to continuous damps (Velosa et al.
2007). Mortars of reddish color are frequently applied
in tanks, pools and other water-bearing constructions.
They are found mixed with potsherd particles. The
durability of this kind of mortar is remarkable, how-
ever, in very damp condition there is a need for repair
(Moropoulou, Cakmak, and Biscontin 1998).

The detailed scientific examinations of Indianmortars/
plasters (Singh 1993; Singh, Kumar, andWaghmare 2015;
Singh et al. 2016; Singh, Waghmare, and Kumar 2014)
reveal huge variations. These variations in the mortars
include the composition as well as the mixing of ingredi-
ents and aggregates in the different geological regions of
the country. The investigative observations of the Indian
plasters have not only helped to understand the sophisti-
cation of ancient technologies but also to prepare
a compatible repair mix. It appears that in the vast num-
ber of Indian structural heritage sites, different kinds of
materials and technology were used in lime plaster works
(Charola et al. 1984). An interesting example of ancient
lime construction technology is observed in the western
India historical monument of Farah Bagh, a late 15th-
century Mughal summer palace. This monument was
particularly designed to create natural air cooling system
for the summer season as the day temperature in India’s
tropical regions reaches around 46°-48°C during the sum-
mer season (March to June). This paper reports the con-
struction technology introduced at Farah Bagh summer
palace along with the characterization of the materials
used in construction. In order to obtain as complete as
possible materials characterization, the analytical exam-
inations include determination of binder/aggregate ratio
by means of acid attack, determination of particle size and
shape distribution through sieve analysis, visualization of
plasters macro/microstructure through thin section,
determination of mineralogical composition by XRD,
chemical composition by XRF and examination through
scanning electron photomicrographs.

FarahBagh (also called Faria Bagh) is situated in
Ahmednagar district of Maharashtra in India’s Western
Deccan plateau. Build by the Nizam Shahi rulers of
Ahmednagar, Farah Bagh is the centerpiece of a huge
palacial complex that was completed in 1583 (Michell
1987). The monument is octagonal with a flat-roofed
upper storey, constructed over a domed central hall. The

texture of the basalt stone used is rough and plastered
with stucco. The palace was a recreational place for the
Nizam Shahi rulers with gardens surrounding the lake,
and a shallow water body for bathing. The central eight-
sided palace is now in ruins and except for an embank-
ment, no sign of the pond remains. Between the garden
and the Ahmednagar city are seventy domes and forty
mosques that contain the tombs of many of the royal
favorites (Michell 1987).

1.1. Architectural, structural and technological
construction features: -

The general view of the palace is shown in Figure 1(a). The
palace has been constructed on a platform which is about
five feet above the ground level. The monument is con-
structed at a distance of about 8 meters all around from the
platform perimeter. There are nine openings from one end
to the other on either side of the palace. Being at height and
devoid of any surrounding structure, cool breezes rush
through the structure due to its elevation and architectural
design. Around the elevated platform about 25 meters
surrounding the monument, the surface soil has been
strengthened with hydraulic lime to store water and pre-
vent sub-terranean water drainage (Figure 1(b)).

The height of the monument is about 52 meter and
constructed in two floors of equal height (Figure 1(c)).
The main building material for the monument is local
basaltic rock approximately 46 cm by 30 cm size, joined
together with lime mortar. There are numbers of doors
and opening in the monument with the lintels portion
having thick teak wood supports 30.5-38 cm width and
1.5-1.8 meter in length depending on the dimensions of
doors. There are many recesses in the wall constructed
using a lime mortar and ancient thin bricks and shaped
with thick lime plaster (Figure 1(c)).

There is a large water fountain at the center of the
monument and four small fountains surrounding this.
In addition, four large fountains are on the exterior
platform outside the structure. There are holes in the
teak wood rim on top for door fittings. In the course of
time, the original doors disappeared and now the door
fitting holes are clearly visible in the teak wood lintels.
The pillars and walls of the upper floor are crumbling
due to the load from the top ceiling causing plaster to
fall and pillars to crack at isolated places within the
structure (Figure 1(d)).

Four different kinds of plastering techniques were
noticed in the palace.

(1) The external part of the monument has two
layers of plaster. The inner lime plaster layer
is about 20-25 mm thick intended for use as
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a leveling layer for the basaltic wall. It has been
prepared by mixing coarse aggregate in the
lime mix to maintain porosity of the surface.
The outer plaster layer is about 10-15 mm thick
of slightly smoother finish and mostly designed
to maintain proper permeability of moisture on
the external surfaces.

(2) In the second plastering technique, the plaster is
found applied in five layers with a combined
thickness of about 13 cm (Figure 2(a)). The
innermost layer (i) is about 2.5-4 cm thick in
which coarse aggregates were found abundantly
mixed. This layer is a leveling layer for the basal-
tic stone surface. On top of the innermost layer,

Figure 1. General and axillary view of Farah Bagh, Ahmednagar. (a) General view of summer palace. (b) Ancient bathing pond and
garden around the palace. (c) View of the top floor of the palace. (d) Recesses and fractured pillars of top floor.

Figure 2. Plaster techniques in the interior of the summer palace. (a) Fire layers of lime plaster. (b) Potsherds embedded in the lime
plaster. (c) Rough chisel surface of wooden lintels. (d) Iron nails hammered in wooden lintels to hold plaster.
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another layer of plaster (ii) about 5 cm thick has
been applied. This layer strategically seems to be
the most important layer as fired clay potsherds
of about 2.5 cm thickness, 12-15 cm in length and
10-12 cm width are found embedded in this layer
(Figure 2(b)). On top of this layer, another layer
of coarse lime plaster (iii) about 4 cm thick is
noticed. The plaster in this layer has abundantly
been mixed with a vegetal additive mostly of jute
fibers. At many places, we have noticed insertion
of red/black fired potsherd in second and third
plaster layers that probably to hold moisture and
release it slowly within the palace making cool
and pleasant environment in summer (Carr
1995; Pintér et al. 2011). The next inner layer
(iv) is about 4-5 mm thick of smoother finish
and give homogeneous appearance for the plaster
surface. The outermost layer (v) is about 1-2 mm
thick and mainly executed to give a finish to the
interior of the palace.

(3) The teak wood door lintels have been engraved to
create rough surfaces to hold the thick lime plas-
ter (Figure 2(c)). In the third plastering technique
specifically noticed on the wooden doors beams;
three layers of plaster were observed with
the combined thickness of about 6.5-7.0 cm
(Figure 2(d)). The inner plaster layer is about
2.5 cm thick and contains coarse aggregates and
iron oxides of local origin formed due to the
disintegration of basaltic stone. A second plaster
layer of about 2.5-4 cm. thick has been applied
over the innermost layer and of equal or little less
coarse to the inner layer. The final smooth layer
on top is about 1.5-2 mm thick finish layer but
now looking dirty white due to deposition of
dirt & dust and regular touching of visitors.

(4) The fourth kind of plastering technique is specifi-
cally noticed on the wooden lintels extensively
used during construction. All the wooden mem-
bers of the palace have been chiseled on its exterior
surface to create a rough ground to hold the thick
lime plaster. At places where lime plaster is thicker
and applied in 2-3 layers over the teak wood
lintels, iron nails have been hammered to hold
the thick plaster (Figure 2(d)). The plastering by
this technique has specially been executed on the
front portion of lintels as well as on the wooden
inner parts just above doors andwindows. Besides,
the lime plaster at Farah bagh has abundantly been
mixed with jute fibers and dry paddy stem to give
porosity, strength, flexibility, durability to the plas-
ter and to check cracking during drying.

2. Materials and methods

The sampling of the plasters was done as per stan-
dard procedure for characterization methodology for
lime works (Ashurst and Ashurst 1988; Cowper 1998;
Holmes and Wingate 0000). All the samples were
initially observed under Olympus Magnus MS2
Stereomicroscope for identification of lime lumps,
aggregates, and organic fibrous additives. Thin sec-
tion of lime plaster was prepared under vacuum
impregnation with low viscosity Canada balsam and
observed under Carl Zeiss Jenapol petrological
microscope at 10 X magnification under transmitted
and reflected polarized light enabling identification of
morphology, dimension, types of aggregates, binders
and additives etc. The aggregates were sieved to var-
ious grain sizes from residue left after acid digestion
of the plaster. 10% dilute hydrochloric acid was used
for digestion of plaster at the room temperature for
1 hour. The potsherd samples were also subjected to
a thin section examination. The petrographic results
of lime plasters and potsherds were correlated with
data obtained through X-ray diffraction analysis. The
X-ray diffraction (Philips 2404, Holand) was used to
determine the mineralogical composition of the sam-
ples using graphite monochromator and CuKα radia-
tions. The samples were scanned from 2θ ranging
from 5° to 80° and the presence of minerals con-
firmed with the help of data file JCPDS 1994.

Five numbers of lime plaster samples and three
numbers of potsherds were subjected to analytical
examination in the present studies. The samples were
collected from top and ground floor of summer
palace. The X-ray fluorescence spectroscopy (Philips
1410, Holand) was used to determine the chemical
composition of lime plaster and potsherds samples
by mounting compressed boric acid pellet of the sam-
ple in the instrument holder. A current of 30 mA and
voltage of 40 kV were used for X-ray lamp and results
obtained in the form of oxides. From the mass of the
dry plaster and potsherd sample, the mass of the 24
hours immersed water-saturated sample, the open por-
osity was determined as per standard methodology
mentioned in the literature (Anovitz and Cole 2015).
For FTIR, the samples were mixed with KBr and
pellets were freshly prepared and used. FTIR spectra
were recorded in the range of 4000–550 cm−1 using
Agilent 600 series FTIR spectroscopy equipped with
nitrogen cooled detector. The SEM photomicrograph
of lime plaster and potsherds were observed using
a Zeiss scanning electron microscope at a range of
magnifications.
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3. Results and discussion

3.1. Chemical analysis

The five samples of inner lime plasters collected from the
first and second floor of the palace and 3 samples of
embedded potsherds removed from the plaster matrix
were investigated for their composition. A wide range of
oxide concentrations was identified through x-ray fluor-
escence including calcium, silica, alumina, magnesium,
iron as principal components of the plaster and sodium,
potassium, titanium etc. as minor components Table 1.
From the chemical analysis data, it is observed that the
calcium is the main component of the plaster that make
around 45 weight percent. The detection of silica, magne-
sium and alumina in the range of 19-26% relates to the
addition of local sand in the plaster mix. All the lime
plasters are binder rich with lime/silica ratio varying
between 1.8 to 2.86%. Vegetal additives in the form of
jute fiber and dry paddy stem were significantly mixed in
the plaster that has resulted in higher loss on ignition
(between 30-35%), determined by heating the sample at
900°C in a furnace. It was also very much visible in the
lime plaster samples. From the analytical data, it is clear
that the inner lime plasters of Farah Bagh are almost
identical in chemical composition and rich in binder.
The vegetal additives might have provided necessary por-
osity and flexibility to the plaster.

Examination of three potsherd samples showed it is
mainly composed of silica that forms half weight percen-
tage. The higher percentage of alumina reflects the use of
aluminosilicate or local clay for potsherds. The normal
content of calcite in the black cotton soil present in and
around Ahmednagar is between 7-14% (Deshmukh
2012). It seems clay rich in calcite and iron-rich minerals
were sourced for potsherds (Table 2). The red/black color
of the potsherds is on account of the different form of iron
oxides during firing. The iron oxide represents around 10
weight percentage of the potsherds.

3.2. Petrological analysis

Petrographic analysis is an established technique for
mortar analysis that reveals mortar types, origin and
proportion of raw materials, the present condition of
mortars and reasons for failure (Charola et al. 1984).
This examination helps to prepare a compatible mortar
mix for restoration work (Michell 1987). The petrologi-
cal analysis was performed for samples 2 and 3 with the
purpose to determine the composition, morphology, and
dimension of aggregates as well as to the binder. From
the optical observation to macroscopic appearance of
mortar, it is observed that the plaster was made up of
calcite matrix with visible calcite grains and aggregates.
The calcite binder clasts and fragments of aggregates
were heterogeneous in composition and color (Figure
3). The main binder of the plaster violently reacted with
dilute hydrochloric acid during separation of aggregates
from the plaster. The visible aggregates in the thin sec-
tion and the embedded fragments of the aggregates in
the calcite matrix revealed the presence of calcite, iron
oxide, muscovite, quartz, feldspar, and agate. Through
thin section examination of the samples some non-
homogeneous, essentially clay size materials rich in
potash, soda feldspar and silicates were also observed.
Few iron oxide and aluminous materials were also seen.
The orthoclase feldspar has dominated the matrix show-
ing pink color while the plagioclase is white in color.
Both the feldspar grain showed shiny sub-vitreous, tub-
ular appearance. The quartz grains observed were mas-
sive, vitreous to sub-vitreous covered with thin coating
of gray color clay matter.

The clasts and the fragment of bricks, brown to reddish
in color, subrounded to subangular with a maximum
dimension of 4×6 mm were observed in the aggregate
fraction of the plaster after digestion in 15% dilute hydro-
chloric acid (Figure 4). The large size brick particles have
mostly acted as aggregates without imparting hydraulicity
to the plaster. The quartz clasts are of gray color. The large

Table 1. Chemical composition of Farah bagh lime plaster (weight %).
Sample Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO Fe2O3 LOI

1 0.14 1.62 2.15 16.34 0.25 0.24 43.32 0.42 0.06 2.76 31.68
2 0.17 1.72 2.00 15.23 0.07 0.15 43.68 0.40 0.07 2.54 32.56
3 0.06 1.43 2.06 16.48 0.12 0.21 44.04 0.41 0.07 2.82 32.02
4 0.09 1.50 2.33 17.36 0.10 0.21 43.51 0.44 0.07 2.90 30.89
5 0.12 2.60 3.76 20.96 0.25 0.30 38.53 0.57 0.21 3.90 28.23

LOI= Loss of Ignition

Table 2. Chemical composition of Potsherd (weight %) embedded in Lime plaster.
Sample Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO Fe2O3 LOI

1 1.23 3.82 11.65 52.54 0.54 1.39 12.49 2.79 0.17 8.91 4.25
2 1.06 3.87 10.25 50.64 0.49 1.52 10.50 2.50 0.17 8.90 9.36
3 1.25 3.75 11.62 53.87 0.54 1.33 11.85 2.79 0.17 9.03 3.26

LOI= Loss of Ignition
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clasts having cubic forms and dimension up to 1 cm were
rounded and subrounded while the finer fragments were
mostly angular to subangular. The binder calcite is mostly
of white color, porous, crumbling and loose grained. The
majority of the aggregate were subrounded to subangular
shape in the proportion of 62% to 24%, respectively. Very
few aggregate grains i.e. about 2% to 5% showed angular
and rounded shape (Figure 4). The size of the aggregate
was found varying from very coarse sand to clay size
particles. The sample of plaster essentially consists of
sand, silt and clay-sized particles in the proportion of
20.7, 20.20 and 40.20%, respectively.

On the basis of the size of the aggregates sourced for the
preparation of lime plaster of Farah Bagh, it is clearly
evident that sediments are moderately mature due to mod-
erate rate of transportation before its deposition and it can
be noticed from the Granulometric curve (Figure 5). The
binder is mostly homogeneous with carbonate composi-
tion. The apparent porosity of the plaster calculated on the
basis of absorption of water varies between 35-40%. It
appears that lime plaster of Farah bagh is quite porous
for the exchange of moisture to its surrounding from the
potsherd and fired brick sediments incorporated in the
plaster during the course of construction.

Figure 3. Petrological thin section images of lime plaster, Farah Bagh.

Figure 4. Lime plaster aggregates separated after acid digestion.
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The potsherds samples embedded within the plaster
matrix at Farah bagh were also subjected to thin section
examination under a petrological microscope. The major
minerals observed were calcite, feldspar, quartz, iron
oxide and muscovite (Figure 6). For the preparation of
thin section, both red and black pottery pieces represent-
ing sample no. 1 and 2 were selected with identical results.
The apparent porosity of fired potsherds was calculated
on the basis of absorption of water by the dry mass. The
porosity found was between 32–37%. It appears that the
porosity of embedded potsherds pieces are less than that

of lime plasters. The statigraphic diagram (Figure 7)
which shows the macro-micro structure of lime plaster
of Fariah Bagh that will give an idea regarding the vapor
transportation through plaster. The moisture may escape
slowly through the plaster to the surrounding area in the
dry season leading to the cool environment within the
palace for comfortable living in hot summer.

Figure 5. Granulometric curve for aggregate grains of the lime
plasters.

Figure 6. Petrological thin section images of potsherds, Farah Bagh.

Figure 7. Stratigraphic diagram of lime plaster, Farah bagh
palace.
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3.3. XRD analysis

The XRD powder pattern of embedded potsherd, pot-
sherd-lime interface, and lime plaster is shown in
Figure 8(a–c). The mineralogical, physicochemical,
mechanical and thermal properties of the potsherds
are strongly dependent on its firing temperature. The
composition of clay minerals as principal raw material
largely affects the technological properties of the pot-
sherds. SiO2 decreases shrinkage and refractoriness of
the potsherds. Feldspars are strong flux which decreases
the viscosity of the liquid phase. The high Fe2O3 and
TiO2 of the clay reduce the quality of the product but
offer higher plasticity and modified strength (Aduda
and Nyongesa 2000; Alves, Melchiades, and Boschi
2012; Andreola, Leonelli, and Romagnoli 2000; Pickup
1997). The porosity of the potsherds also affects its
mechanical properties. The phase developed during

the firing of ceramic bodies is generally correlated
with their physicochemical and mechanical properties.
Thus, the mineralogical analysis of the potsherd is
a widely accepted tool for the approximate determina-
tion of firing temperature. The crystalline phases pre-
sent in the fired potsherds are mostly quartz, feldspar,
crystoballite, biotite, muscovite identified with the help
of corresponding JCPDS file. The mechanical proper-
ties of the fired clays are generally worsened in the
presence of undesired phases like calcite, dolomite
observed in the XRD pattern of the clay bodies
(Cultrone, Sebastián, and de la Torre 2005; Sokolář
et al. 2012; Tite, Kilikoglou, and Vekinis 2001; Traoré
et al. 2007). The potsherds embedded in the lime plas-
ters at Farah bagh was prepared by exploiting local clay
soils derived from the disintegration of surrounding
Deccan basalt which contains 7-14% of lime as impu-
rities. Chemical analysis of potsherds (Table 2) also
shows the presence of 10.50-12.49% of calcite and
3.75-3.87% of dolomite. The potsherds studied are
therefore always weaker and can easily be broken.

The XRD diffractogram of potsherd is shown in
Figure 8(a). The main phases identified are quartz,
feldspar, calcite, muscovite and biotite. There is no
formation of high-temperature phases of crystoballite/
mullite denoting the potsherds was probably fired at
a low temperature of less than 600°C. This has also
been confirmed through the FTIR spectra of the pot-
sherd. In the XRD pattern of the potsherd diffused
band around 20°to 30°,2θ is observed. This indicates
the formation of amorphous substances due to a low
temperature of firing. The absence of any high-
temperature phases in the potsherds indicates poor
mechanical and physico-sintering properties.
However, owing to its very large size (≃15cm length
and 12 cm width), the potsherd pieces could not induce
much hydraulicity to the plaster and instead helped in
better carbonation of lime.

The potsherds-lime interface XRD diffractogram is
shown in Figure 8(b). The main crystalline phases
observed are quartz, feldspar, muscovite, calcite and
biotite coming from both potsherd and lime. The
XRD powdered pattern of lime plaster samples 2, 3
and 5 were studied. As XRD diffractogram of all the
samples is identical, we present the result of sample no.
3. From the XRD data. Figure 8(c) it is observed that
peaks at d-spacing (Å) 3.84637, 3.03444, 2.489, 1.912
etc. represent the most intense peak of calcite. The peak
of quartz at d-spacing 3.3414, 2.489, 2.285, 1.438 etc.
are seen in the XRD pattern. This proved that the major
constituents of the lime plasters are calcite and quartz.
The XRD data of plaster and potsherds of Farah bagh
are in agreement to the petrological and FTIR results.

Figure 8. XRD pattern of (a) potsherd, (b) potsherd-lime inter-
face, (c) lime plaster.(Where, F= Feldspar, Q= Quartz, C=
Calcite, M= Mullite, Mus= Muscovite, B= Biotite).
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3.4. FTIR analysis

The FTIR spectra of potsherd, potsherd-lime interface
and lime plaster samples are shown in Figure 9(a–c),
respectively. From the FTIR spectra of potsherd
(Figure 9(a)), a very small peaks at 3615 and
3650 cm−1 are observed mostly due to OH stretching
vibrations. It has been reported that inner hydroxyl
group lying between the tetrahedral and octahedral
sheets of any clay minerals give an absorption peak
near 3500 cm−1(Moropoulou et al. 2002). The very
small peaks of O-H stretching vibration occur in con-
jugation with an absorption band at 1635 cm−1

assigned to H-O-H bending of an adsorbed water
molecule (Böke and Akkurt 2003). The occurrence of
very small and narrow H-O-H stretching and bending
in the spectra denotes that potsherd has been fired at
a low temperature of less than 600°C.

The FTIR of the studied potsherd (Figure 9(a)) shows
an intense band at 1005 cm−1 attributed to Si-O stretching

vibration of tetrahedral sheet of the clay. The spectra also
show a weak absorption band at 905 cm−1 implying that
the potsherd was fired at a low temperature of less than
600°C (Moropoulou et al. 2002; Vandiver, Druzik, and
Galvan 1995). A small FTIR band around 1430 cm−1 may
be due to the presence of calcite associated in the clay
deposits of the basaltic source. A small FTIR absorption
band around 840 cm−1 may be assigned to Si-O-Al vibra-
tion of feldspar and a small peak around 650cm−1 due to
the presence of quartz. The band around 450cm−1 is due
to Si-O of the microcline in the potsherd. The FTIR
results of the potsherd correlate to XRD denoting low
firing temperature.

In the FTIR spectra of the potsherd-lime interface
(Figure 9(b)), the functional bands of potsherd as well
as calcite bands at 711, 873 and 1428 cm−1 were
observed. However, the main calcite band around
1430 cm−1 is small due to its low content at the inter-
face. The interface layer clearly shows bands at
840 cm−1 and 667 cm−1 for feldspar, 778 cm−1 for
quartz and 440 cm−1 for the presence of microcline.
In the FTIR spectra of the lime plaster (Figure 9(c)), the
calcite bands observed at 712, 872 and 1397 cm−1 are
very strong owing to its high concentration.

3.5. SEM analysis

SEM analysis gave valuable information about the mor-
tars materials namely binder, aggregates and reaction
compounds that allowed the observation of their
forms, sizes, textures and distribution in the mortars.
Figure 10(a,b) taken at a magnification of 5000X and
4000X showed the most important microstructural fea-
tures of the studied samples of Farah bagh lime plaster.
Analysis by SEM revealed that all mortars have
a compact microstructure, typical of old lime plaster,
with aggregates well embedded in the matrix. It was
possible to identify aggregates mainly consisting of
quartz, calcite. Large areas of the surface and pores
were filled with calcite crystals formed possibly by
a carbonate dissolution/recrystallization process of the
binder. Figure 11(a–d) shows the SEM images of pot-
sherd of Farah bagh. Figure 11(a-b) represents SEM
micrographs of red colored potsherd & Figure 11(c,d)
SEM images of black colored potsherd. From
Figure 11(a) some partly resorbed detrital K — feldspar
grains were observed. From the SEM analysis, Figure 11
(b,c), show that the quartz and calcite are the main
constituents of potsherd. The presence of clay mineral
and hematite is observed in Figure 11(d) SEM photo-
micrograph of the potsherds. The SEM analysis results of
the potsherds agree to the XRD and petrological reports
of the samples.

Figure 9. FTIR spectra of (a) potsherd (b) potsherd + lime
interface and (c) Lime plaster.
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3.6. Potsherd- lime interface of the plaster

As already stated, a large number of potsherds have
been embedded in stratigraphically 3 and 4 layers of
thick lime plaster. The pozzolanic property of the plas-
ter is mainly due to the physicochemical reaction at the
potsherd- lime interface (Bantignies, Moulin, and
Dexpert 1997; Farmer 2000). The penetration depth of
lime into porous potsherd at the interface and its sub-
sequent reaction with the active alumina and silica
reduces pore size of the potsherds. The reduction of
pores at the interface imparts cementations character of
plaster matrix that also provides strength to the plaster
(Cheng et al. 2012).

The potsherd- lime interface of the plaster was
observed under denolite microscope at 200X magnifi-
cation and photograph taken (Figure 12). It is clearly
observed that the interface is free from large pores and
compacted with lime filled in the pore- matrix. In the
photograph, all the three layers are clearly seen along
with its physical appearance. The potsherd- lime inter-
face was observed under the Scanning Electron
Microscope and EDX data were taken simultaneously.
Figure 13(a) represents the potsherd, Figure 13(b) the
potsherd with the lime interface and Figure 13(c) the
calcite matrix. From EDX data it is observed that there
is a high percentage of silica, alumina and iron in the

Figure 10. (a,b) SEM photomicrographs of lime plaster at magnification of 5000X and 4000X.

Figure 11. SEM photomicrograph of potsherds. (a,b) SEM image of red color potsherd. 10 (c,d) SEM image of black color potsherds.
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potsherd along with calcium probably from the sourced
basaltic soil. The percentage of silica, alumina and iron
have considerably decreased at the interface with an
increase in calcium content. This clearly indicates that
at the interface some hydraulic component has formed
making the Farah bagh plaster feebly hydraulic.

From the quantitative EDX data (Table 3), the var-
iations in the elemental composition of potsherd, inter-
face, and calcite matrix can be observed. From potsherd
to calcite matrix the silica percentage has decreased
from 17.36% to 3.03% with the interface showing silica

content of 6.88%. The iron and alumina percentage has
also decreased from 8.63% and 5.54% in the potsherd to
1.20% and 0.99% in the calcite matrix with an interface
showing iron and alumina content of 2.53% and 1.33%,
respectively. Moreover, the calcium percentage has
considerably increased from 8.26% in the potsherd to
34.99% in the calcite matrix with the interface showing
calcium content of 25.60%.

4. Mechanism of air cooling at Farah Bagh: -

The Farah Bagh lime plaster has embedded brick pieces
and fired potsherds of large and variable sizes. The
incorporation of bricks and potsherds pieces might
have improved the permeability of the plaster. It also
may have the effect on the higher carbonation rate for
the very thick plasters (thickness varies between 5 cm to

Figure 12. Stratigraphy of the plaster aggregate.

Figure 13. EDX data of (a) potsherd (b) potsherd — lime interface (c) Lime plaster.

Table 3. Elemental composition of potsherd, interface and cal-
cite matrix as per EDX data (weight %).

Weight %

Element Potsherd Interface Calcite matrix

Silicon 17.36 6.88 3.03
Aluminium 5.54 1.33 0.99
Iron 8.63 2.53 1.20
Calcium 8.26 25.60 34.99
Magnesium 2.12 0.98 0.86
Potassium 1.52 0.52 -
Sodium 0.57 - -
Titenium 0.81 - -
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13 cm). The existence of hydraulic components was not
evidenced during scientific examination despite the pre-
sence of bricks and potsherd pieces. It is well known that
use of very fine bricks and potteries (artificial pozzolanic
materials) increase the hydraulicity of the lime plaster
with a decrease in porosity of such plasters. However, the
pozzolanic effect is limited to very fine powdered mate-
rial since it exclusively contributes to the large surface
contact area between the artificial pozzolana and the
lime allowing the extensive reaction besides providing
mechanical strength to the plaster. Therefore, the large
chunks of bricks and potsherds pieces observed within
the investigated plaster presumably served as aggregates,
contrarily to the pozzolanic contributions. Thus, the
Farah Bagh lime mostly remained non-hydraulic with
far greater porosity.

The porosity for the potsherd samples varied between
32–37% and that of lime plaster between 35-40% for the
various samples examined. The higher percentage of
open pores and the higher hygroscopic nature contrib-
uted to the diffusion of moisture from the underlying
building materials. As the open porosity of the potsherds
and the lime plasters are almost very close, this did not
create any functional instability to the plaster works.
Instead, the embedded potsherds provided mechanical
strength to the plaster and helped in its survival.

The surrounding water pool and thick forestation
might have been contributed for the flow of cool breeze
in and around the palace. It appears that improvement
in the mechanical properties resulting from the pot-
sherds probably matched the increased stress due to the
higher hygric expansion of the constructed materials.
The analytical data will help prepare compatible mate-
rials for major restoration works of this ruined site for
restoration.

5. Conclusion

The analytical examinations revealed unique 16th cen-
tury Mughal’s architect construction technology for the
Farah bagh summer palace. Historical construction
technology like extensive use of teak wood, insertion
of iron nails to secure thick plaster on wooden lintels,
giving roughness to wooden surfaces to hold thick
plaster and incorporation of potsherds/brick pieces
inside the plaster were practiced for the summer palace.
The close similarity of apparent porosity of lime plaster
and potsherds did not create any structural instability
for the plasters. Analytical studies also showed the
introduction of heterogeneous aggregates, local sand
and organic additives like jute fibers & dry paddy
stem to give strength and durability to the plaster.
The porous ingredients like potsherds/brick pieces

absorbed moisture that slowly escaped through the
lime plaster creating natural air cooling. The monu-
ment is also marked by many types of plastering tech-
niques depending on its function at the different
location of the monument. The stone rubble, hydraulic
lime and bricks extensively used in the construction of
rooftop have collapsed causing extensive damage to the
plasterworks. Since many parts of this monument are
now in ruined condition, the analytical characterization
will help preparing compatible plaster to undertake
major restoration measures.
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