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The mineralogical and physical behavior of brick aggregates
in twelfth century brick-lime stepwell plasters of Gandhak-ki-
baoli, New Delhi
Sanjeev K. Singha and M. Singhb

aDepartment of Conservation, National Museum Institute, New Delhi, India; bNational Research Laboratory for
Conservation of Cultural Property, Lucknow, India

ABSTRACT
We report studies on brick-lime stepwell plasters used in the
construction of twelfth century Gandhak-ki-baoli in south Delhi.
The analytical examinations were performed using thin section,
sieve analysis, XRD, XRF, FTIR, SEM-EDX and thermal analysis of
the plasters. Studies indicate that elevated temperature fired
coarse brick aggregate mainly improved the mechanical
properties and permeability of the plaster. The coarse brick grains
played the role of filler, as analytical examination evidenced the
existence of partial hydraulicity in the plasters. Sieve analysis
demonstrates the use of mainly medium to coarse size aggregate
grains leading to better carbonation of lime. XRD and FTIR data
indicate brick used was fired at a high temperature that destroyed
the crystalline structure of the clays and loss of pozzolanic activity
due to the reduced surface area and formation of high-
temperature mineral phases. The Calcium silicate formed at the
brick-lime junction reduced the porosity and improved the
strength of the plaster beside making the plaster partial hydraulic.

KEYWORDS
brick-lime plaster; stepwells;
crystloballite; permeability;
hydraulic lime

1. Introduction

India’s stepwells are subterranean water storage techniques of a historical period and also
an architectural wonder. Mostly built in Western India’s desert or low rainfed areas, step-
wells are constructed on a vast deep area that can get filled with rainwater. Preferably con-
structed at the entrance of town or city, stepwells are rectangular shape tall architecture
with intricate carving and hall for users so that Voyager can locate from distance and
take benefit. In historical periods, the stepwells were used not only for water conservation
but also for social /religious gatherings and relaxation in hot summer.

In the Indian capital region of Delhi, there are known 15 stepwells both living and
ruined. Locally named as baoli’s, these stepwells are classic examples of Indo-Islamic
architect and dates back to twelfth century CE onwards.1 Gandhak-ki-baoli is a rectangu-
lar shape large size stepwell in south Delhi. Constructed in red sandstone/quartzite and
lime mortar as the binder, Gandhak-ki-baoli is a five-tier centrally protected structure
(Figure 1). The baoli is believed to have been built during the thirteenth century when

© 2020 Informa UK Limited, trading as Taylor & Francis Group

CONTACT M. Singh m_singh_asi@yahoo.com

JOURNAL OF ARCHITECTURAL CONSERVATION
https://doi.org/10.1080/13556207.2020.1768480

http://crossmark.crossref.org/dialog/?doi=10.1080/13556207.2020.1768480&domain=pdf&date_stamp=2020-06-03
mailto:m_singh_asi@yahoo.com
http://www.tandfonline.com


the Slave dynasty of the Delhi Sultanate Iltutmish (1211–1236) ruled over Delhi. Many
claim that the water of this baoli used to smell like Gandhak (Sulphur) hence the name.
With its incised plaster works, the baoli is an elegant architectural edifice.

In most of the ancient plaster works in northern India, crushed and finally grounded
bricks locally called surkhi has extensively been mixed as aggregates. This is due to the

Figure 1. General view of Gandhak ki Baoli, New Delhi, India.
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presence of very good quality clayey soil in the plain of river Ganga which was exploited
for making bricks, potteries, and ceramics from the archaeological period. The local bricks
were manufactured by removing coarse aggregates from the sourced soil before mixing
with water. The dough prepared was molded and shaped through the wooden vet,
dried in sunlight and fired. The crushed brick aggregates incorporated in the plasterworks
gave mechanical strength and durability.2 Owing to their better mechanical property such
plasters and mortars have specifically been used in the construction of stepwells, bridges,
bath buildings, etc. all over the world.

When fired between 500 and 800°C the crystalline structure of clay gets destroyed and
forms the pozzolanic amorphous substance of metakaolin.3,4 At firing temperature above
800°C, the pozzolanic activity is totally lost due to the reduction of surface area and for-
mation of high-temperature mineral phases such as mullite and crystoballite.5,6

In the present work four samples of lime plaster, one each from top to the fourth tier of
the stepwell was collected. As the fifth subterranean tier is filled with water, it was not
possible to collect the sample. All the samples were free from any external contaminations.
From the characterization of brick-lime plasters from many historical sites, it was con-
cluded that the plasters do not show much pozzolanic activity despite mixing fired
brick aggregates.7,8,9 The large size bricks and potteries aggregates mixed in the plaster
generally improve the permeability of the plaster and significantly contribute towards
higher carbonation of the lime.9 In general the use of powdered bricks and tiles (artificial
pozzolana) increases the hydraulicity of the plaster,5 whereas the lime plaster of western
India’s Farah bagh on using large size brick and pottery pieces showed quite less hydrau-
licity.9 The hydraulicity of the plaster is mainly due to the reaction of lime with the active
alumina and silica of the brick leading to the formation of calcium silicate hydrate and
calcium aluminate hydrate at the brick-lime junction within the pores of the brick.10

This reaction gives partial hydraulicity to the plaster. The chemical reaction of brick-
lime not only improves the strength, durability of the plaster but also signifies its use in
many underwater constructions, bath building, stepwell plasters etc. Further, during the
reaction of brick and lime leading to the formation of calcium silicate hydrate and
calcium aluminate hydrate, large quantity of water is also released justifying its suitability
in construction under a humid environment like stepwells, bathtubs, sea-forts etc. The
many number of sea-forts in Western Ghats of India have mainly been constructed by
this technique.

However, the hydraulicity of the plaster mostly depends on the grain sizes of the poz-
zolanic aggregates. The pozzolanic property of the plaster/mortar is limited to a very fine
powder of aggregates as they exclusively provide a large surface contact area between the
brick and lime allowing extensive pozzolanic reaction.11

The large size brick/pottery pieces mostly serve as an aggregate and may not contribute
much towards the hydraulic property of the plaster/mortar. The pozzolanic property of
the brick is also related to its firing temperature and underfired bricks are mostly
sought for preparing hydraulic mortars in the field of historic conservation. Mortar
identification is, therefore, the necessary steps to determine its intended use and to
prepare repair material that accounts for the compatibility between the original and
new materials.

A large number of historic buildings from Hagia Sofia, Crete, Venice etc. have been
analyzed for their material composition and mineralogical characterization for brick-lime
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junction.12 The investigations report different technology and varying binder/aggregate
ratio of the plaster depending on its geological location. The brick-lime mortar and
plaster from India have not been adequately analyzed so far leading to the preparation
of incompatible plaster for restoration. Many of the stepwells in the Delhi region are in
a ruined condition and need extensive restoration with a compatible material. In the
present study, the mineralogical, microstructural, and compositional characteristics of
stepwell plaster of Gandhak-ki-baoli have been investigated to prepare compatible
plaster for repair. The analytical studies were performed using a petrological microscope,
XRF, XRD, SEM-EDX, thermogravimetric analysis, grain size analysis etc. for the plaster.

2. Materials & methods

To investigate the physical properties, microstructural features and chemical composition
of the plaster, different analytical techniques were used. The microstructure, texture, and
composition of the plasters, brick aggregates, and brick-lime junction were observed using
Carl Zeiss Evo 40 Scanning Electron Microscope coupled with EDX-Bruker X Flash detec-
tor, 3010 (Germany). The mineralogical composition of the plasters and brick aggregates
were examined by X-ray diffraction (XRD), Philips 2404 with graphite monochrometer,
CuKα radiation. The FTIR of the plaster was recorded by using a Bruker (Tensor) FTIR
in ATR mode under the frequency of 4000–600 cm−1.

The chemical composition of historic plasters was determined by using PAN Analytical
Epsilon X-Ray fluorescence spectrometer. The loss on ignition (LOI) was determined at
900°C using a muffle furnace. In the past, the hydraulicity of the plaster has generally
been derived either from the chemical analysis of soluble silica of the plaster13 or by
acid and basic attack of the plaster and analyzing the residue under XRD.14 However,
we have used the chemical composition and soluble silica to determine the hydraulicity
index (H.I) and the cementation index (CI) of the plaster.

Due to the heterogeneity of the plasters, thin section analysis was used for the miner-
alogical examination. For this, the sample was dried at 40°C for 12 h to escape any
entrapped moisture and avoid the formation of micro-cracks. After impregnation in
low viscous resin under vacuum, a thin section was prepared by grinding and polishing
so as to retain a thickness of about 30 µm. The optical observation of the thin section
was performed under Carl Zeiss (JENAPOL) petrological microscope at a magnification
of 10X both under plane-polarized and cross-polar light.

The hydraulicity of the plaster was also determined by weight loss due to chemical
bound water of the hydraulic components between 200 and 600°C and weight loss due
to dissociation of the carbonated lime between 600 and 900°C14 using EXSTAR, model-
Sii, 6300 thermal analyzer. The weight loss between 200 and 600°C is mainly due to the
loss of chemically bound water of hydraulic components such as calcium silicate
hydrate or calcium aluminate hydrate.14 The weight loss of over 600°C is due to CO2

released on the decomposition of the carbonate and the ratio of CO2/H2O denotes the
hydraulicity of the plaster.15 Most of the limestone sources in the Delhi region are associ-
ated with traces of magnesium. All the magnesium should be hydrated as any unhydrated
magnesia may lead to weak plaster prone to damage. The dehydration of magnesia is
identified by weight loss at 250–280°C (hydromagnesite), 350–420°C magnesium
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hydrate.16 The magnesium carbonate decomposes in the temperature range of 450–520°C
and calcium carbonate associated with it in the range of 700–900°C.

The hardness test of the plaster was performed by scratching a mineral of known hard-
ness on plaster/mortar. From the Moh’s hardness of the lime plaster, it is observed that
hardness values varied between 2.0 and 1.5 (Moh’s scale) and all the plaster from first
to the fourth tier were found having almost equal strength.

3. Results

3.1. Brick-Lime junction of the plaster

Crushed bricks are common aggregates in most of the historic plasters in northern India.
The brick aggregates may either work as pozzolanic material or as solid aggregate depend-
ing on its grain size and their original firing temperature. The pozzolanic property of
crushed brick plaster is mainly due to the physico chemical reaction that takes place on
the brick-lime junction. The brick-lime junction reaction leads to the formation of
calcium silicate hydrate and calcium aluminate hydrate at the junction all along with
the brick fragments.17 The penetration depth of lime into the brick at the junction
depends on the porosity and pore structure of the brick aggregate. The porosity of the
brick also impacts their mechanical properties. The penetration depth of lime into the
brick and its consequent reaction also changes the large size brick pores into smaller
ones, thereby further decreasing the overall porosity of the plaster.18 The reduction of
pores denotes the cementitious character of the plaster matrix that provides strength to
the plaster.19 This transformation of pores gives the hydraulic character of the mortar
matrix imparting high physicochemical resistance to the polluted and marine environ-
ment as well as high strength.20 The grain and grain size of crushed bricks directly
influence its hydraulic reactivity as well as physicomechanical property of the plaster.

The brick-lime junction of the plaster was observed under a stereomicroscope at 157X
magnification and photographed (Figure 2). In the photographs, all three layers namely
brick, brick-lime junction, and lime are clearly seen. From the image, no large pores
were observed at the junction and all the pores were compacted with lime. The brick-
lime junction was also observed under the scanning electron microscope and EDX data
taken, simultaneously for all three layers. Figure 3(a) represents the brick aggregate,
Figure 3(b) brick-lime junction and Figure 3(c) represents the calcite matrix with their
corresponding EDX data. From Figure 3, it is observed that at the brick-lime junction
the percentage of calcite has increased and the percentage of silica and alumina has
decreased than the brick. This may be due to the formation of calcium silicate hydrate

Table 1. EDX data for brick, interface and lime matrix of Gandhak Ki Baoli.
Element Brick Interface Lime

Silica 14.64 5.03 2.06
Alumina 6.08 1.06 0.43
Iron 9.86 2.34 1.64
Potassium 1.58 0.45 0.33
Calcium 1.18 7.28 10.31
Magnesium 0.58 0.07 0.14
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Figure 2. Stereomicroscopic image of Lime Brick plaster showing (B) Brick, (I) Brick Lime Junction, (L)
Lime phase.

Figure 3. EDX of stepwell plaster- 3a-brick aggregates; 3b-represents brick–lime junction and 3c-rep-
resents Calcite matrix EDX data of the various parts
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and calcium aluminate hydrate at the junction that has made the stepwell lime partially
hydraulic.

From the quantitative EDX data (Table 1), the variations in the elemental compositions
of important major /minor constituents of brick, junction and calcite matrix can be seen.
From the brick to lime matrix the silica weight percentage has decreased from 14.64% to
2.06% with the junction showing 5.03 weight percentages. Similarly, the alumina and iron
weight percentage decreased from 6.08% and 9.89% to 0.43% and 1.64%, respectively with
the junction layer showing weight percentage of alumina and iron as 1.06% and 2.35%
only. However the weight percentage the calcium and magnesium have increased con-
siderably in the lime plaster. The weight percentage of calcium and magnesium observed
in brick is 1.18% and 0.58% respectively. The lime layer is showing the presence of calcium
and magnesium as 10.31% to 0.14%, and the junction layer 7.28% to 0.07%, respectively. A
minor change in the content of potassium is also noticed as a brick is showing 1.58% and
lime layer 0.35% with junction 0.45 weight percentage of potassium.

This indicates that only the junction layer of brick aggregate has participated in making
the lime partially hydraulic and hydraulicity strongly depends on the grain size of the poz-
zolanic aggregates.

3.2. XRD analysis

The quantitative identification of phases present in the clay bricks by the XRD pattern is
relatively easy, although several factors make complications for accurate identification of
phases present.21

XRD diffractogram of brick is shown in Figure 4(a). The crystalline phases present in
the analyzed brick sample mainly consist of feldspar, quartz, muscovite, biotite, mullite
and crystobalite derived with the help of corresponding JCPDS database. The presence
of crystobalite and mullite phases in the XRD pattern of the brick suggests a high temp-
erature of firing, data also confirmed through FTIR spectra of the brick sample. In the
XRD pattern of brick aggregate (Figure 4(a)) no diffuse band around 20° to 30°, 2θ is
observed. This indicates that there is no formation of an amorphous substance due to
the high temperature of firing. The phases developed during firing can be correlated
with its physicochemical and mechanical properties.22 The presence of mullite and
residual form of Quartz, crystobalite indicate that brick aggregate has good mechanical
and physico-sintering properties. Hydraulicity of the plaster is directly related to the
firing temperature of brick aggregates.

It has been observed that brick aggregates fired at low-temperature show enhanced
hydraulicity. Thus for the Gandhak-Ki-baoli, the brick aggregates have mostly worked
as aggregate, also supported through thermal analysis of the plaster. The presence of
quartz in the brick is due to sand particle used as an additive in brick manufacturing. It
may also form due to dehydration of aluminum silicate leading to the formation of crystal-
line SiO2 at higher firing temperature. The sharpness of the XRD peaks also indicates that
SiO2 could be crystalline form. Figure 4(b) shows the XRD diffractograms of brick-lime
junction with the constituents present in brick as well as lime phases. The amount of
calcium in the brick is also very low as observed through EDX analysis of the brick aggre-
gate (Figure 3(a)). This shows the clay minerals containing traces of calcium were sourced
as raw material for the manufacturing of brick. In general, the mechanical properties of
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fired bricks decrease in the presence of undesired phases like calcite and dolomite some-
times observed in the XRD pattern of fired clay bricks.21

The XRD pattern of lime plaster containing brick aggregate is shown in Figure 4(c). The
main peaks observed are feldspar, quartz, calcite, and mullite coming both from lime
plaster and brick aggregate. The XRD pattern of brick aggregate and plaster corroborate
with the FTIR spectra and EDX data.

Figure 4. XRD diffractogram of Stepwell plaster, 4a-Brick, 4b-Brick-Lime junction and 4c Lime plaster.
Q= Quartz, C= Calcite, F= Feldspar, B= Biotite, Mu= Muscovite, Cr= Crystoballite M= Mullite.
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3.3. FTIR analysis

From the FTIR spectra of the brick (Figure 5), a broad absorption peak at 3708 cm−1 and a
shoulder at 3615 cm−1 are observed due to O-H stretching vibrations.22 The FTIR absorp-
tion peak at 3708 cm−1 has broadened along with a very weak peak at 3615 cm−1. It was
reported that the inner hydroxyl group lying between the tetrahedral and octahedral sheets

Figure 5. FTIR images of Brick (a), Brick-Lime junction (b) and Lime (c).
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of any clay mineral give an absorption peak near 3620 cm−1.23,24 The broadening of FTIR
spectra is influenced by the firing temperature range of clay bricks. Higher the firing temp-
erature applied more the broadening of FTIR spectra in the region of OH stretching
vibration of hydroxide is observed. This absorption band region is accompanied by a
small absorption band at 1630–1636 cm−1 assigned to H-O-H bending of adsorbed
water molecules. The broadening of OH stretching peaks in the spectra denotes that the
brick has been fired at an elevated temperature of more than 600°C.

The FTIR of the analyzed brick shows Si-O stretching and bending as well as OH
bending absorption in the 1300–600 cm−1 range. Different arrangement within the
layer is reflected in the shape and position of these absorption bands.

The FTIR of the analyzed brick sample also shows the intense band at 1053 and
1014 cm−1 attributed to Si-O stretching vibration of a tetrahedral sheet of clay of the
brick. The brick does not show FTIR absorption band at 940 and 918 cm−1 implying
the brick sample analyzed was fired at higher temperatures, more than 600°C. The O-H
deformation vibration is separated into two bands at 940 and 918 cm−1 due to intersheet
and intrasheet hydroxyl that begin to disappear with increasing firing temperature,25 The
FTIR absorption band of clay minerals shows Si-0 stretching and bending vibration at
1420 and 1458 cm−1. The different arrangement with the layers determines the shape
and position of these absorption bands. The FTIR absorption bands at 2926 and
2854 cm−1 may be due to an aliphatic CH2 group of organic matters. The FTIR absorption
band at 876 cm−1 can be assigned to Si-O-H vibration of feldspar and the band at
688 cm−1 shows the presence of quartz.

In the FTIR spectra of brick- lime junction (Figure 5) many of the above-mentioned
bands of bricks are observed. Besides the FTIR also shows bands at 702, 875 and
1424 cm−1 that can be assigned to calcite present within the pores of brick aggregates
mixed in the plaster. The calcium aluminosilicate at the junction of brick reduced its por-
osity and enhanced the durability and mechanical strength of the plaster. In the FTIR
spectra of the lime plaster (Figure 5) very intense absorption bands of calcite at 703,
870 and 1408 cm−1 were observed along with an amide band at 1646 cm−1 pointing
mixing of some adhesive material in the preparation of plaster.

3.4. Chemical analysis of the plaster

Four samples of collected plasters from first to the fourth tier of the stepwell were analyzed
by X-ray fluorescence and the data obtained in the form of major oxides, Table 2. From the
analytical data, it is observed that silica is the major component forming more than 50%
part of the plaster. The main binding agent for the plaster is calcite with CaO content
varying between 19.61–20.86 weight percentage. The percentage of magnesium oxide ana-
lyzed in the plaster is between 1.20% to 1.86% denoting carboniferous limestone contain-
ing traces of magnesium that were sourced as raw material for the plaster. The presence of
a high percentage of silica and alumina (8.91% to 10.30%) relates to the addition of sand as
well as contribution from sand and feldspar present in the brick aggregates. The values of
soluble silica analyzed by wet chemical analysis was found varying between 0.04 and 0.7
for the lime plaster sample. The iron content varies between 2.98% and 3.52%. There is the
presence of sulfur in the plaster in traces probably contamination from the stepwell water.
It is believed that water of stepwell smell like sulfur and the baoli got its name due to this

10 S. K. SINGH AND M. SINGH



reason. The lime/silica ratio of the plaster varies between 0.36 and 0.39 and very close to
the ideal ratio of 0.30 desired for good quality plaster. This shows that a fairly good quality
of plaster was prepared for the stepwell and uniformity in composition was maintained in
all the four levels of the plaster works. The uniformity in the composition of the plasters
also denotes that the stepwell was probably constructed and plastered at one time. The
cementation index (C.I) of the plaster was determined as per the equation suggested26

and the value obtained is always less than 0.70 (Table 2) pointing towards partial hydrau-
licity of the plaster. The hydraulicity index (H.I) calculated on the basis of chemical com-
position as per the equation suggested26 is always low (Table 2) denoting the stepwell
plaster is very partially hydraulic.

3.5. Petrological analysis of the plaster

The mineralogical composition of plaster samples no. 1 and 2 were investigated through
thin section analysis and the result is presented in Figure 6(a,b). The thin section of the
plaster was observed both under plane-polarized light and cross-polar. The historical
lime surkhi (brick) plaster is composed of fine to medium-grained sand particles,
coarse to very coarse-grained brick aggregate, minor organic materials and lime (calcite
and magnesia) as a binder. Sand proportions mainly consist of quartz, feldspar, muscovite,
calcite and dolomite as traces. Quartz (both monocrystalline, polycrystalline) is fine to
medium grained with subhedral to anhedral and elongated in nature. About 2–3% of
quartz shows strain effects with high extinction angles although the extinction angles
could not be determined due to random orientation of the grains in lime mortar.
Calcite formed the chief cementing material with a small amount of brownish iron
oxide. Calcite was colorless and crypto-crystalline and is often filled with subcircular
pores. In the thin section, rectangular fragments and cryptocrystalline calcite are
noticed. This enclosed a few grains of quartz, feldspar (both alkali and potash) is
medium to fine-grained with anhedral to subhedral in shape. Re-crystallization has also
taken place in grains of alkali and potash feldspar. Tiny flakes of mica (muscovite) are
present in the lime-surkhi plaster. The mineralogical composition of both lime-plaster
samples 1 and 2 obtained through the petrological thin section analysis is shown in
Table 3. From the mineralogical data, it is observed that brick-lime plasters are mainly

Table 2. Chemical analysis of the plaster of Gandhak ki baoli.
Sample 1 Sample 2 Sample 3 Sample 4

C.I 0.64 0.64 0.60 0.62
H.I 0.60 0.64 0.58 0.63
Soluble silica 0.7 0.35 0.46 0.04
MgO 1.20 1.86 1.54 1.45
Al2O3 9.13 10.30 8.91 10.21
SiO2 53.17 54.17 54.61 53.56
Cl 0.15 0.43 0.10 0.23
K2O 1.91 2.08 1.85 2.26
CaO 20.86 19.81 20.10 19.61
TiO2 0.36 0.44 0.23 0.38
Fe2O3 3.52 3.21 3.20 2.98
S 0.16 0.49 0.32 0.23
LOI 10.84 9.31 10.65 10.02
Lime/silica 0.39 0.36 0.37 0.37
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composed of 21–23% quartz, 21–25% feldspar, 30–35% binding calcite, 1–2% dolomite, 5–
6% muscovite and 3–4% iron oxides. The percentage of brick aggregates in the plaster is
between 4% and 8% observed through thin section analysis.

3.6. Thermal analysis

Thermal analysis of the plaster sample no.1 and 2 were carried to know the hydraulicity
and purity of the lime and the thermal image are shown in Figure 7. DTG was used to
identify the components of the plaster and the reactions associated with the controlled
heating of the plaster.27 From the TG curve of sample No.1, it is observed that there is
a continuous weight loss of about 5.59% upto100°C due to adsorbed water. There is a
small weight loss of 2.2% from 100°C to 300°C due to internal water bound within the
structure of calcium aluminum silicate. The TG demonstrates the absence of any major
weight loss in the region 100–300°C. Also, the hydrated interlayer water is quite less in
plaster. A small weight loss of 1.74% at around 380°C is mainly due to organic matter pro-
ducing the exothermic effect. There is a small weight loss of 2.37% at around 500°C which
may probably be due to dissociation of magnesium carbonate present in the plaster. A
small weight loss of 2.8% at around 600°C probably due to dissociation of clay minerals
(kaolinite, illite etc) coming from brick aggregates.The weight loss at around 700°C is
due to loss of carbon dioxide not only from pure calcite but also due to argillaceous
material mixed in the plaster mostly clay minerals coming from the bricks causing
lower dissociation temperature. The major weight loss of about 11.38% which corresponds
to 25.85% of calcite was observed between 700°C and 900°C. The high-temperature dis-
sociation of calcite indicates at least part of calcite is well crystalline and pure. As the
loss between the temperature range of 200–600°C is not significant, the stepwell plaster
is only feebly hydraulic and supports the data observed through SEM-EDX and XRD of

Figure 6. Thin section analysis of plaster sample no. 2, 6a-thin section image in plane polarized light
and 6b-in cross polar.

Table 3. Mineralogical composition of lime plaster of Gandhak ki baoli.
Sample No Quartz Feldspar Muscovite Dolomite Surkhi Lime Iron Oxide

1 21–22 21–23 5–6 1–2 7–8 30–35 3–4
2 21–23 20–25 5–6 4–5 4–5 32–35 3–4
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the plaster. The coarse brick aggregates have, therefore, partially contributed towards
hydraulicity of the plaster and mostly worked as the aggregate giving mechanical strength.
The coarse brick aggregates have also contributed towards enhanced carbonation of lime
due to better accessibility of air.

3.7. Grain size analysis

The stepwell plasters have a compact appearance with porosity vary between 32% and 36%
by volume. In order to investigate the nature of aggregate grains, the acid-insoluble frac-
tion of the sample was sieved to understand grain size distribution (Figure 8). The plaster
has been prepared using the medium to large size grains and the proportion of fine-
grained particles is very less. The grain size distribution of the plaster is shown in
Figure 8(a). The aggregate from 1.2–3.8 mm in sizes constitutes around 30% part and
between 0.27 and 0.53 mm about 65% and the very fine size grains about 2–3% of the
plaster. As the proportions of the fine grains are very small, the medium and large size
grains mostly functioned as aggregate fillers without introducing much hydraulicity.

Figure 7. DTA-TGA analysis of the plaster, Thermal curve of Sample no. 1 and Thermal curve of Sample
no. 2.

Figure 8. Granulometric analysis of the plaster 8a- Grain size distribution, 8b-aggregatesshapegraph.
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From the shape analysis of aggregate grains, it is observed that the majority of the grains
are angular to sub-angular with very few grains well rounded. The aggregate grains
obtained after sieving is shown in Figure 8(b). It can be seen that the proportion of
medium to large size grains are higher to finer grains. On the basis of the higher pro-
portion of sub-angular to sub-round grains, it may be stated that sand grains were not
transported far from the source area before its deposition in the fluvial basin from
where the raw materials were sourced for the plaster.

4. Discussion

Examination of many lime plasters from north India reveals the inclusion of crushed brick
as an aggregate. This is probably due to the availability of high-quality soils in the plain of
river Ganga. The bricks prepared by sourcing these soils are regarded as the finest in India.
The optical microscopic observation of the plaster of Gandhak-ki-baoli shows the
inclusion of medium to coarse-grained aggregates. The aggregates are mostly angular to
sub-angular in size embedded in the matrix of calcite (thin section analysis). The quartz
and feldspar coming from brick aggregates dominate the fillers. The proportion of brick
aggregates in the plaster is around 5–8% by weight. The accessory minerals observed in
the plaster are biotite and muscovite and traces of iron minerals. The clayey soils
sourced for manufacturing bricks are also free from calcite leading to the better strength
of brick. The microscopic observation revealed good adherence of the filler grains into the
calcite matrix. No significant hydraulicity was observed for the plaster because of the
addition of coarse brick aggregates (thermal and chemical analysis). The coarse brick
aggregate instead improved the permeability of stepwell plaster and contributed
towards higher carbonation (thermal analysis). It is well known that the addition of pow-
dered bricks and tiles (artificial pozzolana) increases the hydraulicity of the plaster.28

However, the analytical studies have revealed that a large size brick aggregate in the inves-
tigated plaster has mainly played the role of filler contrary to its pozzolanic contribution.
This clearly indicates that the pozzolanic impact of bricks and tiles is limited to their large
surface area contributing towards the hydraulicity of the plaster. The XRD and FTIR
examinations indicated that bricks used as fillers were fired at high temperatures, (more
than 600°C). The brick losts its amorphous state and fired clay also converted into
high-temperature mullite (forms at 1050–1100°C). The lack of any diffuse band
between 20° and 30° in the XRD denotes high temperature firing for bricks and they con-
tributed mainly towards mechanical strength and durability of the plaster. The formation
of calcium silicate hydrate/calcium aluminate hydrate at brick lime junction improved the
strength and reduced the porosity of the plaster, justifying its use in many historic con-
structions in north India. Because of its higher mechanical strength, the crushed brick
lime plaster was specifically applied for stepwell. The lower iron content in the brick-
lime plasters of stepwell can be explained by their relatively high clay content soil that
has less iron. The hydraulicity of the plaster evaluated by weight loss between 200°C
and 600°C by thermal analysis, which corresponds to structurally bound water is relatively
low, typical like air–lime.29 From the thermal decomposition of lime, it is observed that
part of the lime is well carbonated probably due to the better permeability of air
through large size brick aggregates. The thin section analysis shows finally crystallized
calcite due to a higher state of carbonation attributed to intensive penetration of
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atmospheric carbon dioxide due to the inclusion of porous coarse-grained aggregates. The
use of the same type of binder and aggregates in all the plaster suggests that the monument
was probably constructed in the same period and the source of raw material for the plaster
works remained the same. No organic additives like jute fibers (chrochorous) was
observed in this plaster as compared to other plaster works of the similar period examined.
For preparing compatible plaster for repair, it is essential to use brick aggregates fired at
elevated temperature as coarse aggregate for the plaster.

5. Conclusion

From the analytical data, it is elucidated that Gandhak-ki-baoli was probably constructed
and plastered in the same period as there is uniformity in the composition and microstruc-
tural features. The brick pieces used as aggregates for the plaster were fired at an elevated
temperature and it is essential to use similar aggregates for restoration work. Our studies
also demonstrated that brick-lime plasters are ideal cementing materials for the moist, hot
and highly polluted urban environment of Delhi as it gives good mechanical property and
durability. The large size aggregates improved the permeability of the plaster resulting in
better carbonation for the lime. The coarse brick aggregates made plaster feebly hydraulic
and mainly improved its mechanical strength. As compared to other plaster works of the
same period, no vegetal additives were mixed in the studied plaster probably due to the
addition of a high percentage of Silica.
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