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A petrochemical study of Mughal plasters of Quila-1-Ark, Aurangabad with
respect to technology and repair

Abstract. This paper reports the mineralogical composition of western India's 16-
17th century Mughal plasters of Quila-1-Ark, Aurangabad to prepare compatible
repair mortar and document ancient Indian lime technology. Analytical studies were
undertaken for aggregate grain size distribution, thin section analysis, Fourier
Transform Infrared Spectrometer (FTIR), X-ray diffraction (XRD), and chemical
composition of the plasters by x-ray fluorescence (XRF analysis). The analysis
revealed the inclusion of large size basaltic aggregate grains mostly sourced from the
water channel of nearby Harsullake. Some of the plaster works show prominent
inclusion of small size grains pointing different periods of construction. Creamy white
zeolites were found specifically added in the mortar mix to maintain a certain level of
humidity during the dry season. The zeolite is highly porous and breaks easily both in
dry and wet conditions. The calcite rich limestone with traces of magnesium was
sourced as raw material for the plasters. Based on mineralogical composition and
binder/aggregate ratio, three phases of historical constructions were documented.
FTIR and thin section analysis showed the mixing of some proteinaceous adhesive juice
in the lime for improvement in rheological and waterproof properties. The high
quantity of large size aggregate grains ensured better carbonation of lime and the
source of aggregates remained the same for all phases of historical constructions. The
cementation index (C.1.) and hydraulicity index (H.l.) vary between 0.10 to 0.96 and
0.20 to 3.43, respectively showing the plaster is aerial lime with traces of magnesium.
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The plaster is feebly hydraulic as the hydraulic component calculated varies between
0.88 to 6.10 percent in different samples. A moderate strength plaster with a lime/silica
ratio close to 0.33 was prepared for most phases of construction except a few isolated
locations. The analytical data will now help to prepare compatible mortar with
identical additives for a major repair.
Keywords: ancient mortar; aggregates; non-hydraulic; mineralogy; organic
additives; provenance

Introduction.

For architectural conservation of ancient lime works, a thorough knowledge of all
the physicochemical properties of ancient lime is desired to prepare compatible repair
mortar matching in composition & microstructural characteristics. The conservators of
historic mortars try to gather information about mortar composition, possible causes of
damage, and different phases of building constructions based on mortar
characterization (Papayianni, 2009; Jedrzejewska, 1960; Cliver, 1974). The other
important areas of investigations for the preparation of compatible repair mortars are
the hydraulicity of the binder, the aggregate/binder ratio, the grading of aggregate
grains, and their nature (Leslie & Gibbons, 1999). From the analytical reports on
ancient mortars, the archaeologists particularly look towards the chronology and spatial
distribution of raw materials and the final product to gather adequate information about
the socio-economic conditions of the dynasty, the provenance of the raw materials and
the process of burning and mixing of mortar ingredients (Leslie & Hughes, 2002;
Viaene et al., 1997). Due to topography and uneven wall surfaces, very often the plaster
is applied in thickness. This helps in the slow removal of water from the pores of
stone/brick walls to save the inner building materials. Very often in historical periods,
the plasters have been applied in several layers with a distinctive difference in the
materials for each layer having different thermal and hygric expansion coefficients.
The high percentage of open pores in mortar layers and high hygroscopicitycontribute
to the removal of water from the underlying building materials. The porosity and pore
structures in ancient plasters are related to grain size distribution and the
binder/aggregate arrangements within the plaster. The size and distribution ofpores are
also linked to the carbonation rate, dimensions of the calcite crystals, and those of
aggregates. Lime mortar with large size aggregates shows better carbonation due to the
easy accessibility of atmospheric carbon dioxide (Singh, Sanjeev, & Singh, 2020). In
general, the porosity of ancient plasters and mortars varies between 20% to 45% in
most cases. However, the high heterogeneity in composition and high porosity may
also affect the durability of the plasters by making them easily attackable by external
damaging agents. This further contributes to the deterioration of underlying building
materials by stimulating access to damaging agents. The environmental deterioration
of lime mortar is mainly caused by the chemical dissolution of micro-crystalline
binding calcite when the pore dimensions are adequate. The calcium carbonate with its
equilibrium pH of 9.93 is far from neutral. When in contact with water having dissolved
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COy, the solubility of calcite will increase until reaching an equilibrium.
Anydissolution of binder lime will further cause enhancement of porosity and
permeability and a decrease in mechanical strength. The leaching of calcium salts from
the plaster surfaces will also disturb the aesthetic look of the historical constructions.
The burning of limestone and slaking conditionsin general play an important role in
the reactiveness of lime and long-lasting slaking in the pits enhance durability (Davey,
1961; Boynton, 1966). From the analysis of many ancient Indian plasters & mortars of
different archaeologist periods (Singh, Kumar, & Sabale, 2018; Singh, Waghmare, &
Vinodh Kumar, 2014; Singh & Sharma, 1995; Singh, Ganorkar, Rama Rao, & Role of
chemistry in archaeology, 1992), it appears that the technicians were well aware of the
grading of aggregates (Malinowski, 1981; Baronio, Binda, & Lombardini, 1997;
Malinowski, & Garfinkel, 1991), the proportion of lime to sand and selection of
aggregates of suitable size and quantity as filler for plasterworks. To further improve
the rheological, mechanical and waterproofing characteristics of the plasters, organic
additives, vegetal fibers, animal hairs, etc. were also added as reinforcement in Indian
plasters. The nature and type of inorganic aggregates found in Indian plasterworks are
very diverse Dbecause they were selectively sourced from different geological
formations including several types of sand resources and crushed rock formations etc.
Any study on the mineralogy of the aggregates will reflect their geological origin and
give valuable information about their provenance. The aggregates may or may not react
with the binding calcite thus modifying the setting, aging, and hardening properties of
the mortar. The historic mortars may be hydraulic or aerial binding lime depending on
the amount, size, and characteristics of aggregate grains used as fillers. A great
improvement in the mechanical property of the mortars was noticed on the addition of
pozzolanic admixture in mortar mix (Singh, Sanjeev, & Singh, 2020) that may also
considerably reduce the porosity of the plasters.

Until 1970-1980, wet chemical analysis was mostly used in the characterization
of ancient mortars (Jedrzejewska, 1960; Cliver, 1974; Papayianni, Pachta, &
Stefanidou, 2013). With the advancement of many investigative techniques, the mortar
IS now characterized by chemical and microscopical techniques that have refined our
present understanding about its composition, original material, and possible
provenance (Cuezvaet al., 2016; Miriello et al., 2013; Schiavon & Mazzocchin, 2009).
In the present work an attempt has been made to characterize the 16"-17"century lime
plasters of the Mughal monument of Quila-I-Ark of Aurangabad, Maharashtra using
petrological, chemical and instrumentation techniques of FTIR, XRF, XRD. The main
purpose of this investigation is to prepare compatible plasters with identical aggregates
and additives for major repair of the fort plaster.

Quila-1-Ark.

Aurangabad, the cultural capital of western India Maharashtra state is located in
the Sahyadri hill range of the Deccan plateau (Fig. 1a). The world-famous rock-cut
caves of Ajanta-Ellora is situated close to Aurangabad.

165


http://www.hst-journal.com/

http://www.hst-journal.com Icmopis nayku i mexHiku, 2020, mom 10, sunyck 2
History of science and technology, 2020, vol. 10, issue 2

Mabharashtra State Second Phase Aurangzeb (1630-1720)

a b
Figure 1. Aurangabad, the cultural capital of western India Maharashtra: a — location
of Aurangabad; b — fortification wall around Quila-I-Ark.

On appointment as viceroy of the Dakhan in 1653 for the second time, the Mughal
king Aurangzeb made Fatehpur his capital and called it Aurangabad (Jayavanta, Patel,
& Kamathe, 2015). On arrival ofShivajiMahraj in 1666 and Maratha warriors in 1682,
a fortification wall around the city was constructed to protect from the sudden attack
of Marathas (Fig. 1b). The Aurangzeb himself arrived in 1692 and ordered the
construction of a magnificent palace to the north of the city near the great water
reservoir, the ruins are now seen in the Quila-1-Ark. Shortly after the death of
Aurangzeb, the Nizam-ul-Mulk arrived at Aurangabad in 1720 to establish his dynasty
in Dakhanbut in around 1724 he transferred his capital from Aurangabad to Hyderabad
(Beed district, 1969). During the political reign of Aurangzeb (1618-1707) various
monuments and fortified Quila-I1-Ark were constructed with three-layered moat walls
for the city. The Quila-I-Ark was the court of Aurangzeb with several princes and
noblemen in attendance and comprises of several structures like Diwan-e-Khas,
MardanaMahal, Shahi Masjid, fortification walls, and five gates. The unplanned and
hazardous developments around the fort complex and encroachment have now ruined
the whole distinctive characters of the area. Many ancients structures have fallen or
ruined due to the growth of trees and shrubs (Fig. 2). The ancient plasters are falling
and building fabric is slowly collapsing for want of restoration.

Materials & Methods.

On visual inspection and observations under a magnifying lens, it is seen that lime
plaster is applied in two layers. The inner thick rough plaster layer and outer smooth
layer (Fig. 3).
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Figure 2. Quila-1-Ark: a — general view of Quila-I-Ark; b — growth of trees and
shrubs on the monument; ¢ — view showing layers of damaged plasters.
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Figure 3. Acid insoluble aggregates in the plaster samples: a— No. 2; b — No. 5; ¢ —
No. 6;d — No. 7.

169


http://www.hst-journal.com/

http://www.hst-journal.com Icmopis nayku i mexHiku, 2020, mom 10, sunyck 2
History of science and technology, 2020, vol. 10, issue 2

The samples for analysis were collected from different locations of the monument
as shown in table 1. These plaster samples represent different phases of the historic
construction of the monument. The samples were collected from the edges of damaged
plasters with the help of small chisel by rejecting any external contamination. The
samples were immediately packed in a sterilized container for further laboratory
investigations.

As no inclusion of calcareous grains as filler was noticed in the plaster, the
aggregate analysis was performed by dissolving the known weight of the plaster in
25% dilute hydrochloric acid. The plaster sample was first gently broken using mortar
and pestle taking due precaution not to break any aggregate grains. The sample was
subsequently dissolved in 25% dilute hydrochloric acid and left overnight and filtered
using a vacuum. The wet residue was again dissolved in hydrogen peroxide solution
overnight followed by slow evaporation on a hotplate. The aggregate was washed with
distilled water, centrifuged, dried at 105°C, and subsequently weighed that gave actual
sand content of the plaster. The insoluble residue was subsequently mechanically
sieved with ISO565 series sieve. The sieved aggregates were used to estimate grain
size distribution and grain shape analysis for the plaster.

Table 1.Showing the location of collected lime plaster samples.
Sample The lime plasters samples for analysis were collected from the
No. following points of Quila-1-Arch
Outer wall Shahi Masjid
Arched room at the wall near Jananamahal
Wall near Moti Masjid
Zebunnissa palace wall
Khas gate, Quila-1-Ark
Wall of Mardana Masjid
Wall of Moti Masjid

~N oo wWwiNEk

Due to the complexity and heterogeneity of historic mortars, the thin section is
the first step for the mineralogical characterization of the plaster. The study of the
polished section under the reflected light microscope is very useful in identifying many
minerals & hydraulic phases. The preparation of fault free thin section of uniform
thickness requires great precision. For thin section preparation, the sample was first
dried at 80°C to remove any entrapped moisture and to avoid the formation of
microcracks during sample preparation. The sample was impregnated in low viscous
resin under vacuum and a thin section was prepared for grinding & polishing to get a
uniform thickness of 30mu (Table 2). The thin section was observed under Carl Zeiss
Jenpol polarising microscope. The thin section images were used for the petrological—
mineralogical characterization of the mortar constituents as well as microscopic
observation of different mineral phases in the matrix.
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Table 2.Grain size analysis of lime plaster Quila-1-Ark (wt%)

Size Sample 2 Sample 5 Sample 6 Sample 7
4 mm 22.26 22.88 6.230 5.46

2 mm 8.54 4.61 3.23 5.24

1 mm 7.36 4.38 7.37 8.68
500 um 5.31 5.14 14.00 17.66
250 pm 341 8.04 19.68 16.44
125 um 9.908 19.36 24.93 12.38
75 pm 6.320 8.25 3.84 4.50
<75 pm 1.240 1.04 0.49 0.310

All the lime plaster samples were analyzed under Micro XRF (Artax 200 Bruker,
Germany) at National Research Laboratory for Conservation of cultural property
(NRLC), Lucknow. The instrument was operated at 50kV, 700mA current, and data
collection time was 300 live seconds. At least four measurements were taken and the
data averaged. The results are reported in table 3 in the form of major oxides. The
hydraulicity index (H.l.) and cementation index (C.I.) of soluble silica of the plasters
were determined as per equation suggested by Elsen et.al. (Elsen, Van Balen, &
Mertens, 2012) and Boynton (Boynton, 1966), respectively. As reporting chemical
analysis data in standard oxide form does not reflect the true nature of any plaster, it is
essential to estimate the mineralogical composition of the plaster based on its chemical
composition. In the present work mineralogical composition of plaster has also been
evaluated from its chemical composition and data listed in table 4-6.

Table 3. Chemical composition of lime plasters Quila-I-Ark — Aurangabad (wt%)

Sample | SiO2 | Al2Os | Fe203 | CaO | MgO | Na:0 | K:O | P20s | TiO2 | MnO | LOI | Total
No

1 4159 | 6.08 | 396 | 2422 278 | 0.23 | 0.19] 0.09 | 0.69 | 0.06 | 19.34 | 99.23
2 4541] 777 | 662 | 1824 3.01 | 1.45 [ 1.04 | 0.99 | 0.42 | 0.13 | 15.33 | 100.41
3 08.03 | 2.38 | 181 |4586| 1.88 | 1.05 | 0.84 | 0.04 | 0.28 | 0.04 | 37.75 | 99.96
4 07.09 | 1.56 | 1.32 [4820] 1.38 | 0.03 | 0.79 | 0.03 | 0.56 | 0.04 | 38.82 | 99.82
5 5954 | 3.71 | 1.03 |17.21| 1.66 | 0.30 | 045 | 0.08 | 0.12 | 0.03 | 17.21 | 101.34
6 60.15| 491 | 052 |1843] 071 | 1.18 | 1.24 | 0.12 | 0.07 | 0.02 | 1357 | 100.92
7 5691 | 463 | 053 [1883 | 1.72 | 0.12 | 1.05 | 0.06 | 0.07 | 0.02 | 1578 | 99.72
The lime plaster samples were analyzed under fouriertransform infrared

spectrometer (FTIR) (Model agilent 600) at the Archaeological Survey of India (ASI)
laboratory at Aurangabad. The KBr pellet technique was used in the FTIR recording
of spectra in the spectral range of 4004000 cm™. The resolution of the instrument was
4 cm* and the number of scans was 32 within the standard wave number. The precision
of the instrument was +5 cm™.
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The mineralogical composition was obtained by analyzing the plaster samples by
X-ray diffractogram (Model PAN analytical X per PRO). The single-crystal X-ray
diffractogram was operated at 40 keV, 40mA current using Ni fitter with an optimized
diffraction angle at 50-90° (20). The XRD analysis was performed at the advance

instrumentation center, 11T, New Delhi.

Table 4.Aggregate and a soluble component of the plaster (in percentage)

Sample Acid Insoluble | Total | Cementation | Hydraulicity

No. soluble HCI Index Index
component (C.1) (H.1.)

1 46.60 52.63 99.23 0.69 1.91

2 39.40 60.89 100.29 0.96 2.81

3 86.89 13.50 100.39 0.11 0.26

4 85.90 12.25 98.15 0.10 0.20

5 33.56 64.86 98.42 0.45 3.41

6 32.45 67.23 99.68 0.61 3.43

7 36.85 63.15 100.00 0.41 3.02

Table 5.Hydraulic and other components of the plaster (in percentage)

Sample | MgCO3 | Hydraulic| CaCOs; | Quartz Non- Total
No. hydraulic
1 5.83 6.10 35.91 23.45 29.18 100.47
2 6.35 5.94 27.27 23.99 36.90 100.45
3 3.94 0.88 81.09 2.68 11.82 100.41
4 2.90 1.46 83.76 0.47 11.78 100.37
5 3.48 2.82 28.28 51.40 13.16 99.14
6 1.49 4.32 29.06 47.78 18.45 101.10
7 3.60 2.30 31.57 48.37 14.78 100.62
Table 6.% mineralogical composition of the plaster
No. | R20s | N-H | SiO; | CaCOs. | CaO/ | MgO/ | CaOsiiic | CO3*
R203 | Insyc | MgCO3 SiO; CaO
1 5163 | 056 | 0.79 | 4174 | 058 | 0.11 355 | 25.71
2 598 | 0.62 | 0.75 | 3362 | 0.40 | 0.16 2.97 | 13.09
3 1222 | 0.97 | 0.59 85.03 | 5.71 | 0.04 0.44 | 28.82
4 9.97 | 118 | 0.58 86.66 | 6.79 | 0.03 0.73 | 29.90
5 64.28 | 0.20 | 0.92 31.76 | 0.29 | 0.10 1.41 | 1151
6 65.58 | 0.28 | 0.89 3055 | 0.31 | 0.04 2.16 | 11.56
7 62.07 | 0.24 | 0.90 | 35.17 | 0.33 | 0.09 1.15 | 1253
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Results and Discussion.

1. Aggregate Analysis.

The acid-insoluble part of the plaster was mechanically sieved to examine the size
of the aggregate grains.The plaster samples 2, 5, 6, and 7 were subjected to aggregate
analysis, and insoluble fractions separated through sieve analysis are shown in figure 3.
All the samples showed coarse to medium grained inclusion of aggregate grains as
filler. The coarse grain aggregates vary in size from 4 mm to 1 mm and mostly derived
from weathering of basaltic rocks of local origin. From figure 3 it is observed that all
the fort plasters were preferably mixed with greyish brown, light brown to creamy
white colored unsorted aggregate grains of local origin. The creamy white aggregates
soak water and changes to reddish-brown color. The creamy white aggregate also
crushes very easily both in dry & wet conditions and shows porous nature. Aurangabad
and its surrounding are the dry regions of Maharashtra having acute drinking water
deficiency. The climate is mostly dry with day temperature reaching up to 38-40°C in
the summer season. The hot climatic condition may desiccate the lime works of the
region and cause loss to the plasters. It appears that the technicians deliberately added
the hygroscopic creamy white porous aggregates to retain moisture for the long
survival of plasterworks. The increased moisture in the plaster has also facilitated a
better carbonation reaction. The creamy white aggregates have been identified as
zeolites of local origin (Singh & Arbad, 2015). All the aggregate grains mixed in the
plaster are the decay product of amygdaloidal basalt of light brown to reddish-brown
color. The other finer fragments of aggregate grains are in the size range of 500 to 75
micron with particles < 75-micron size is very less in the quantity (Fig. 3).

The amount of various size aggregate grains is shown in table 2. As the Quila-I-
Ark was constructed in different historical periods, we find non-uniformity in the
number of aggregate grains mixed in plaster works. Wherein samples 2 & 5 showed
large addition of big size aggregate grains (1 mm — 4 mm) mostly in the range of
31.87— 38.16 wt%,the plaster samples 6 & 7 show high addition of aggregate grains in
the size range of 125 to 500 micron (58.61 to 46.48 wt%). The addition of a varied
quantity of aggregates grains of different grain sizes indicates different phases of
construction though the source of aggregates remained almost the same. It is also
observed that in the majority of the cases aggregate grains mixed during the plaster
preparation vary from 64.33 to 79.77 weight percentage per 100 gm of plaster sample.

2. Granulometric Analysis.

The grain size distribution is a powerful tool to describe site geomorphic settings,
interpretation of fluid dynamics in the natural environment and to distinguish local
sediment transport mechanisms (Huggett, 2007). Grain size analysis also helps to
understand the size and shape of aggregate grains, the source of aggregate grains,
depositional environment, and provenance. The grain size distribution of plaster
samples 2, 5, 6 & 7 is shown in figure 4(a-b). The majority of the grains are of coarse
sand to medium silt size and the percentage of clay size grains is very negligible. This
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indicates that the inner plaster layer is mostly rough with coarse size aggregate grains
of local origin. The coarse grains have helped in better carbonation of lime besides
increasing mechanical property. From the grain shape analysis of the plaster (Fig. 4c),
it is observed that the majority of the grains are angular to sub-angular with very

angular to sub-rounded grains quite less in the plaster.
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Figure 4. Characteristics of the composition of plaster: a — grain size distribution of
the plasters; b — average of grain size distribution; ¢ — grain shape analysis of the
plasters.

From the microscopic view of the fort plasters, it is observed that aggregate grains
were derived from weathered basaltic rock of Sahayadri range of hills. The source of
sediments is in-situ deposits of local origin probably sourced from the water channel
of nearbyHarsullake situated at the foot of the hills near the fort. The aggregates were
probably surface in-situ deposits of water channel originating from the surrounding
basaltic hillock. The aggregate grains show angular to sub-angular shapes denoting that
the sediments have traveled less distance from their source of origin. The sediments
belong to fluvial in origin and traveled to short distance as no round-shaped grains
identified. Microscopic observation of sediments shows the major presence of
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plagioclase, orthoclase, and silicate minerals. This indicates the basalt as the pre-
existing rock.

3. Thin Section Analysis.
The thin section analysis of plaster samples 2 & 3 is shown in figure 5(a-f).

: v - 4: *'. - ;.-,
v et AN
gp="Brick red ¢ g R
PR 1y g ]
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Figure 5. Thin section analysis of plaster:a-d — sample No. 2; e-f — sample No. 3.

175


http://www.hst-journal.com/

http://www.hst-journal.com Icmopis nayku i mexHiku, 2020, mom 10, sunyck 2
History of science and technology, 2020, vol. 10, issue 2

Calcite is the main binding material for the plaster and figure 4c shows the calcite
grains in the plaster. The calcite is white buffy to crypto-crystalline under a thin section.
An opaque brown iron oxide mineral in the thin section is seen forming part of
cementing material. Figure 5(a, €, f) shows the abundantly present feldspar grains of
basaltic origin as aggregate in the plaster. Most of the grains are plagioclase feldspar
distributed in the calcite matrix. Fig. 4b shows a honey color organic additive mixed in
the plaster.

The presence of organic adhesive in the plaster was also confirmed through FTIR
analysis. Figure 5d shows the presence of a brick red color material in the plasterworks
which could not be identified. The plaster is mainly composed of calcite, feldspar, and
local origin basalt rock aggregates. Calcite is the ground matrix in the plaster.

4. Chemical composition of the plasters.

The chemical composition of plaster samples 1 to 7 is shown in table 3 in the form
of major oxides (Wt%). From the wt% of silica three phases of historical construction
for the fort are estimated. Samples 1 & 2 show silica in the range of 41.59-45.41wt%,
in sample 3 & 4 silica wt% is 7.09-8.03, and in the rest of the samples, the
SiOzpercentage is in the range of 56.91 to 69.15 wt%. The samples showing low
content of sand is also marked by high wt% of CaO. The CaOwt% in samples 1 & 2 is
between 18.24-24.22, sample 3 & 4 is 45.86-48.20 wt% and in samples 5-7 between
17.21 to 18.83 wt%. There is considerable wt% of alumina denoting the addition of
aggregates rich in plagioclase feldspar. The iron content found in the plaster is between
0.52 to 6.62 wt% due to the addition of ferruginous sand as filler for the plasters.

Since chemical composition does not give desired information about the nature
and characteristics of binder & fillers in the plasters, a detailed mineralogical
composition was sought. To derive the mineralogical composition of the plasters based
on chemical composition data, the modified three equation system suggested in the
literature was used (Singh, 1993; Charola et al., 1984).

The plaster samples were sprayed with phenolphthalein indicator and no color
change was noticed indicating the absence of any uncarbonated lime. The hydraulic
silicate present in the plaster was differentiated from the non-hydraulic by dissolution
in 1:4 HCI solution and the value is shown as Ins.nci. The loss on ignition (LOI) of the
plasters was used in the calculation of calcium and magnesium carbonate. It was
assumed that traces of magnesium present in the plaster has completely carbonated.
The cementation index (C.1.) and Hydraulicity index (H.l.) of the plaster are shown in
table 4. The various components of the plasters obtained through the three equation
systems are shown in Table 5-6. SiO2nux corresponds to all hydraulic (H) and non-
hydraulic (N.H.) components. CaOisiiic is the calcium bound to hydraulic silicate. The
non-hydraulic components are the main source of iron and alumina in the plaster and
the ratio of N-H/R>Ozalmost gives a constant value for most of the samples. This
indicates that the source of non-hydraulic components for the Quila-I-Ark plasters
remained almost the same in different phases of construction. The ratio of SiO2/InSuci
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varies between 0.58-0.92 further confirming the source of aggregates for the plasters
remained the same. The R2O3 content of the plaster (Table 6) samples 3 & 4 is the
minimum (9.97-12.22 wt%) indicating preparation of low mechanical strength plaster
vulnerable to damage. These samples also show high content of CaCO3; + MgCOs as
the values lie between 85.03-86.66%. The CaO/SiO. ratio of the plaster samples 1, 2,
5, 6 & 7 varies between 0.29 to 0.58and in most cases close to 0.33 for a moderate
strength plaster. Sample 3 and 4 show the low addition of filler in the lime mix. The
MgO content in the plaster varies between 0.71 to 3.01 wt% (Table 3) showing the use
of carboniferous limestone with traces of magnesium as raw material for the plaster
works. The hydraulic component in the plaster (Table 4) varies between 1.46 to 6.10%
indicating the plaster as mostly non-hydraulic. The cementation index (C.1.) for soluble
silica (Table 5) varies between 0.10 to 0.96 and the low value indicates formulation of
non-hydraulic aerial lime for fort plasterworks. The hydraulicity index (H.l.) value of
the plaster is quite low indicating the use of aerial lime. The quartz content of samples
3 & 4 is very low (0.47 to 2.68%) indicating preparation of low mechanical strength
plaster in some phases of historical construction (Table 5). The plaster with less amount
of silica also shows low content of non-hydraulic aggregate and a high amount of lime
that leads to the preparation of plaster of low mechanical strength. The value obtained
for COs> showed a large variation for sample 3 & 4 compared to other samples
(Table 6). The MgO/CaO ratio lies between 0.03 to 0.11(Table 6) indicating the use of
carboniferous limestone with traces of magnesium as raw material for the plaster.

5. FTIR Analysis of the plaster.

The lime plaster samples 2, 3, 5, 6 were observed under Fourier Transform
Infrared Spectrophotometer for qualitative information about the functional groups in
the plaster, and the spectra are shown in figure 6. The peaks around 3400-3600 cm* is
mostly due to OH stretching and bending vibrations of hygroscopic water. The most
characteristic peaks of calcite are observed at around 712, 872, and 1400 cm™ in the
spectra. The characteristic band of silicates is observed between 1008-1024 cm™ in the
plaster. A small peak at around 1640 cm™ is observed in the spectra representing the
amide group. The peaks around 1640 cm™! point towards the addition of proteinaceous
organic adhesive mixed during the plaster preparation. The FTIR analysis correlates to
the thin section analysis of the plaster wherein honey color adhesive material was
observed. The peak around 1800 cm is that of calcite. Two very small peaks centered
around 1980 cm™ and 2165 cm™ are observed in all the samples representing the
presence of =C-C bending and C=C stretching respectively. These may be due to the
presence of aromatic groups in the plaster as part of the addition of some adhesive
materials as we also find a very small peak at around 1700 cm in the samples. The
peaks around 496 cm™ and 432 cm™ represent iron mineral derived from the addition
of ferrugineous aggregate as filler in the plaster.
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Figure 6. FTIR spectra of lime plaster sample: a—No. 2;b — No. 3;c— No. 5;d— No. 6.
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6. XRD Analysis of the plasters.

The XRD analysis of plaster samples 1 & 2 is shown in figure 7(a&b). From the
XRD pattern of the sample, it is observed that binding material for the plaster is
represented by calcite. The small quantity of dolomite analyzed by chemical analysis
of the plasters could not be recognized in the XRD pattern due to its poor crystallinity
(Boggs, 2011). As the plaster of Quila-I-Ark is feebly hydraulic no peaks for calcium
silicate hydrate and calcium aluminate hydrate could be observed. The other important
peaks observed in the diffraction pattern are quartz and orthoclase. The plagioclase
feldspar is due to the addition of basaltic aggregate in the mortar mix. The XRD pattern
of the plasters supports the thin section analysis.
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Figure 7. XRD pattern of lime plaster samples:a— No. 1;b — No. 2.
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Conclusion.

The lime plasters of Quila-I-Ark were analyzed with the purpose to prepare
compatible repair mortar. Analytical data revealed at least three phases of historical
construction with contrast variations in a binder to aggregate ratio. The fort plasters
with high calcite content and less of aggregate were weak and found extensively
damaged. The mineralogical composition indicated that the source of aggregate for the
plaster works remained the same, however, the quantity of filler varied in various
phases of construction. The plaster is aerial lime of very low hydraulicity and inclusion
of coarse size aggregates ensured better carbonation. Creamy white color zeolites were
particularly added in the plaster mix to maintain humidity in the dry season. The
aggregates are weathered basaltic stone grains mostly sourced from the water channel
of surrounding Sahyadri hills. The analytical data will help to prepare compatible
plaster for major restoration.
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Cuexa baxmi
Xynosxus maiictepus Pasipamka, [His

Menemxep Paiineo Cinrx
Harmionanpna pocnimnuipka jgaboparopist 31 30epekeHHS KyJIbTYpPHHUX I[IHHOCTEH,
Tamis

Hadroximiune nocainkennsas Moroabcbkux mrykatypok Kina-E-Apk,
Aypanra0anu, 3 TOUYKH 30py TEXHOJIOTII TA pEMOHTY

Anomauia. YV yiti cmammi nOBIOOMAAEMbCA NPO MIHEPANOIYHUL  CKAAO
wmykamypok Benuxux Moeonie 6 3axiouiti Inoii 16—17 cmonims 3 Kina-E-Apk,
Aypaneabao 0nsa npucomy8auHs CyMiCHO20 PEMOHMHO20 PO3UUHY | OOKYMEHMYBAHHS
0ABHLOTHOIICHbKOI mMexHON02ii 8upobHuymea eanHa. bynu euxonawni ananimuuHi
00CNIOJHCEHHS O/ BUBUEHHSI PO3NOOLLY 3epeH 3d PO3MIpAMU, aHali3y MOHKO20
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nepemuny, iHgpauepsonoi cnexmpomempii 3 nepemeopennim Pyp'e (IYCIID),
ougpaxyii penmeeHi8CoKUX NPOMEeHI8 i XIMIUHO20 CKAAdY NAACMI8 3d O0HOMO20I0
penmeeniscbkoi gyopecyenyii. Ananiz euasuU8 BKIOUEHHS eIUKO2ADAPUMHUX 3ePeH
0a3a1bmosuUx 4acmuHoK, WO HAOX00AmMb 6 OCHOBHOM) 3 B00HO20 KAHANY 03epd
Xapcyn, skuti 3naxooumvcsi nooausy. Ha oesaxux wmykamypkax 6UOHO GKIOUEHHS.
OpIOHUX 3epeH, WO 8KA3VIOMb Ha pi3Hi nepiodu 6ydienuymea. Kpemoso-6ini yeonimu
OyU cneyianbHo 000aHi 8 6y0isenbHy cymiut 01t NIOMPUMKU NEBHO20 PIBHSL 601020CHI
npomMA2OM Cyxo2o ce3oHy. Lleonim Oyoice nopucmuil i 1e2Ko 1aMaEmMvcs AK 8 CYXUX,
mak i y 8ono2ux ymoeax. Banwuax 3 eucoxum emicmom xanvyumy 3i crioamu MAazHiio
BUKOPUCMOBYBABCS. 6 AKOCMI Cupoeunu Oas  wmykamypku. Ipynmyouuce Ha
MIHEpanNo2iuHOMy  CKIAdi 1  CRIBBIOHOWIEHHI — NOEOHY8AY/3aN06HI08AY,  OYIU
3a0o0Kymenmosani mpu gaszu icmopuunux 6yoieenv. I'YCIID i ananiz moukux 3piszie
NOKA3aIU 3MIULY8AHHSL NEBHOI KLIbKOCMI OIIKOB020 PO3YUHY, WO Kleimb, 3 6ANHOM 014
NOJIINWEHHsL PeO0NIOIYHUX | 8000HENPOHUKHUX eracmusocmel. Benuxa «xinoxicmo
BEIUKUX 3epeH 3an08HI08aya 3abe3neuysana Kpauly KapooHizayito eanta, i 0xcepeno
HANoBHI0BAYIB 3ANIUUUANOCL HE3MIHHUM HA 8CIX emanax icmopuunux oyoigens. Inoexc
yemenmayii i inoexc eiopompancghopmayii eapiroiomscs 6io 0,10 0o 0,96 i 6io 0,20 0o
3,43, 6i0no6iono, nNokazyuu, wo Wmykamypka sease coboi nosimpsmne 6anHo 3i
cnidamu  maewiro.  lllmykamypka cnabo 2iopagniyuna, mak SK PO3PAXYHKOBULL
2iopasniyHull Komnonenm xoausacmocs 6i0 0,88 0o 6,10 iocomka 8 pizHux 3pa3Kax.
Ina oinvwiocmi emanie 6yOiGHUYMEA, 3a BUHAMKOM OEKLIbKOX i30]1b0BAHUX MICYb,
Oyna niocomosieHa WMYKamypKka CcepeoHboi MIYyHOCmi 3  CNiBBIOHOULEHHAM
sanHa/kpemtnesemy, Oausvbkum 0o 0,33. Ananimuuui Oaui menep O0ONOMONCYMb
npucOmMyeamu CyMiCHULL poO34uH 3 I0eHMUYHUMU 000asKamu O KanimaibHO20
peMonmy.

Knwuosi cnosa: opesuiil po3uun; HAnosH0eaui, He2iOpaeiiuni, MIHepano2is;
Op2aHiuHi 000ABKU,; NOXOOIHCEHHS

CHaexa bakmm
XynoxxecTBeHHasa macrepckas PaBupamxa, Unaus

Menen:xep Paiineo CuHrx
HanmonanbHas wuccneqoBaTelibCKas J1abopaTopusi MO COXPAHEHUIO KYJIbTYPHBIX
nennocreu, Muagus

Hedrexnmuueckoe ncciaenoBanue Morojbckux mTyKaTtypok Knna-3-Apk,
Aypanra0aj, ¢ TOYKH 3peHHsI TEXHOJIOTUH W PEMOHTA

Aunomayua. B smoii cmamve coobwaemcsi 0 MUHEPANIOSUYECKOM COCmase
wmykamypok Benuxux Moeconoe 6 3anaonou Hnouu 16—17 eexos uz Kuna-2-Apk,
Aypaneabad 011 npuecomoeneHus COBMECmUMO20 PEMOHMHO20 paAcmeopa U
OOKYMEHMUpPOB8aHus OpeGHEeUHOULICKOL MEXHOI02UU Npou3eoocmea uzeecmu. buiiu
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8LINOJIHEHbl AHAIUMUYECKUe UCCLe008aHUs O U3VUEHUs PACNpeOeNenusl 3epeH no
pasmepam, aHanu3a MOHKO20 CeYeHus, UHQPPAKPACHOU CHEeKmpOMempuu ¢
npeobpazosanuem @Pypve (UKCIID), ouppaxkyuu peHmeeHOBCKUX Jaydeu U
XUMUYECKO20 COCMABA NAACMO8 C NOMOWbIO PEHMEEHOBCKOU (hiyopecyenyuu. Ananusz
8bIABUT GKIIIOYEHUE KPYNHO2A0ApUMHbBIX 3epeH 0A3aIbMOBbIX Yacmuly, NOCMYNaouux
8 OCHOBHOM U3 600HO20 Kauala Oausnedxcawezo ozepa Xapcyn. Ha nexomopwix
WMYKamypKax 6UOHbl KII0UEHUs] MENIKUX 3€PEeH, YKA3bI8AOWUX Ha pa3Hble nepuoobl
cmpoumenvcmeéa. Kpemoso-benvie yeonumol 6wl cneyuanbHo 0006aenieHbl 8
CMPOUMENLHYIO CMeCb O NOO0EPHCAHUS ONPeOesleHHO20 YPOBHS BLANCHOCMU 8
meuenue cyxoeo ce3oua. Lleonum ouenb nopucmvlll u 1€2K0 10MAEmcsi KaK 6 CyXux,
MAaK U 60 GIANCHBIX YCI0GUAX. M36eCMHAK C 8bICOKUM COOEpICAHUEM KATbYUma co
Ce0amu Ma2Hus UCNOIb308AICA 8 Kauecmeae cbipbsl 015 wimykamypku. OCcHO8b18asCH
Ha4 MUHEpanIocUYecKoM COCmage U COOMHOUEHUU CBA3VIoujee/3anoiHumens, ObLiu
3A00KyMeHmuposanvl mpu ¢hasvl ucmopuveckux nocmpoex. MKCII® u ananusz
MOHKUX CPEe308 NOKA3AIU CMEeUUBAHUE HEKOMOPO20 KOIUYECMBA DENK0B020 KNesaue2o
pacmeopa ¢ u3eecmvio O YIYUUIEHUS PeoNo2Ud4ecKUx U 6000HEeNnpPOHUYAEeMbIX
ceoiicme. bonvuioe konuuecmeo Kpynuwix seper 3anoaHumens 06ecneyusano ayuuyio
KapOOHU3ayuio u3eecmu, U UCMOYHUK 3anoIHUmenel 0CMasaics HeusMeHHbIM Ha 8CeX
amanax  ucmopuyeckux  nocmpoex.  Huoexc — yememmayuu U UHOEKC
euopompancopmayuu eapvupyromess om 0,10 oo 0,96 u om 0,20 oo 3,43,
COOMBEMCMBEHHO, NOKA3bLBAS, UMO WMYKAMYPKA Npeocmasisiem cooou 8030YUIHYIO
useecmsv co caeoamu maeuus. LlImyxkamypka crabo eudpaenuueckas, max Kak
pacuemunlii 2UOpasiIuyeckuti komnorneum xoneonemes om 0,88 oo 6,10 npoyenma &
pasuvix  obpasyax. Lllmykamypka cpeouei npouHocmu ¢ COOMHOWEHUEM
useecmu/kpemuesema, oauzkum k 0,33, Oviia noocomosnena 051 OONLULUHCMBA
9MaAno8 CMpoUmMenbCcmed, 3a UCKIIOYeHUEM HEeCKOIbKUX U30AUPOBAHHBIX MECH.
Ananumuyeckue 0anHvle menepb NOMO2YM NPUSOMOBUNMb COBMECMUMDbIL PACMEOD C
UOEHMUYHBIMU 000ABKAMU OJI51 KANUMATIbHO20 PEeMOHMA.

Kniouegvie cnoea: opesnuti pacmeop; 3anoaHUMmMent;, He2UOPABIUYECKUE,
MUHepano2usl, opeanuieckue 000asKu, NPOUCX0AHCOeHUe
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