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The mortars of the Indo-Saracenic-styled Madras High Court Domes, constructed in 1888—-1892 in Madras, Tamil Nadu, were
analyzed to investigate their composition, durability, and production technologies. Multiple analytical techniques were em-
ployed, including XRD, FT-IR, X-ray Fluorescence (XRF), Thermo-Gravimetric Analysis (TG-DTA), and Scanning Electron
Microscopy with Energy-Dispersive X-ray Spectroscopy (SEM-EDX), supported by acid loss and color indexing tests. The
binder-to-aggregate ratios of bed-raw mortar (1:2.99), bedding mortar (1:2.94), and external plaster (1:2.74) through acid-diges-
tion analysis. XRD confirmed the dominant calcite peaks (d-spacing =0.303 nm) with secondary silicate and aluminate phases,
while FT-IR spectra exhibited carbonate absorption bands at =1420 cm™' and =875 cm™, along with organic signatures corre-
sponding to polysaccharides and amide groups. TG-DTA revealed a major weight loss of 40-45% between 600-780 °C, consis-
tent with CaCO; decomposition. SEM images showed crystalline hydrated phases of C—S—H and portlandite, whereas EDX
analysis indicated oxygen-rich matrices with Ca contents ranging from 18-25 w/% and Si contents of 10-12 w/%. Acid-loss
tests recorded dissolution rates of 7-9%, highlighting the binder’s durability. Color indices quantified three distinct pigment lay-
ers: hematite-rich red, lead-based yellow, and carbonaceous black. Together, these results demonstrate the use of homogenous
mixes and advanced lime-based technologies with organic additives, underscoring the material sophistication of 19th-Century
construction practices. This comprehensive, quantitatively supported investigation provides critical insights into historic mortar
technologies and serves as a scientific basis for conservation strategies of Indo-Saracenic heritage monuments.

Keywords: 19" Century Heritage, Masonry domes, lime mortars, chemical analysis, characterization methods

Avtorji ¢lanka so analizirali malte kupol vi§jega sodiSca, ki so bile zgrajene v indo-saracenskem slogu med letoma 1888 in 1892
v mestu Madras (sedaj Cenai) v JV indijski drzavi Tamil Nadu. Zanimala jih je sestava uporabljenih malt, njihova trajnost in
tehnologija njihove izdelave. Za analize so avtorji uporabili ve¢ analitskih tehnik, vkljuéno z rentgensko difrakcijo (XRD),
Fourierjevo Transformacijsko Infradeco spektroskopijo (FT-IR), rentgensko fluorescenco (XRF), termogravimetrijo z
diferencialno termi¢no analizo (TG-DTA) in vrsti¢no elektronsko mikroskopijo z energijsko disperzivno rentgensko
spektroskopijo (SEM-EDX), podprto s testi izgube kisline in barvnega indeksiranja. Z analizo kislinske razgradnje so ugotovili
razmerja veziva in agregata v surovi malti (1:2,99), malti za podlago (1:2,94) in zunanjem ometu (1:2,74). Z XRD so potrdil
dominantne vrhove kalcita (razmik d =0,303 nm) s sekundarnimi silikatnimi in aluminatnimi fazami, medtem ko so FT-IR
spektri pokazali karbonatne absorpcijske pasove pri =1420 cm™' in =875 cm™', skupaj z organskimi podpisi, ki ustrezajo
polisaharidom in amidnim skupinam. TG-DTA je pokazala veliko izgubo mase, 40-45 % med 600-780 °C, kar je posledica
razpada CaCO;. Na SEM posnetkih so vidne kristalini¢ne hidrirane faze C—S—H in portlandita, medtem ko je EDX analiza
pokazala matrice, bogate s kisikom, z vsebnostjo Ca od 18 do 25 w/% in vsebnostjo Si od 10 do 12 w/ %. S preiskusi izgube
kisline so avtorji ugotovili stopnje raztapljanja od 7 do 9 w/%, kar poudarja trajnost veziva. Barvni indeksi so kvantificirali tri
razli¢ne pigmentne plasti: rdeco, bogato s hematitom, rumeno na osnovi svinca in ogljikovo ¢rno. Ti rezultati skupaj dokazujejo
uporabo homogenih meSanic in naprednih tehnologij na osnovi apna z organskimi dodatki, kar poudarja materialno dovrsenost
gradbenih praks 19. stoletja. Ta celovita, kvantitativno podprta raziskava ponuja kriticen vpogled v zgodovinske tehnologije
izdelave malt in sluZi kot znanstvena podlaga za strategije ohranjanja indo-saracenskih spomenikov dedisc¢ine.

Kljuc¢ne besede: dedis¢ina 19. stoletja, zidane kupole, apnene malte, kemijska analiza, metode karakterizacije
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1 INTRODUCTION

The Indian sub-continent has been endowed with a
rich and diverse stock of cultural and architectural heri-
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tage buildings, with a significant proportion of them con-
stituting living monuments. India is a land of architec-
tural marvels with some of the world’s prominent reli-
gions tracing their roots deep in this country.! Over time,
different dynasties that ruled or invaded India left their
imprint on monuments and architecture. "However, the
Mughals contributed significantly to India’s Islamic ar-
chitectural traditions, which later influenced heritage
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Figure 1: The Madras High Court Building, Tamil Nadu, India

buildings such as the Madras High Court (Fig. 1), de-
signed by British architects in the Indo-Saracenic style."
Queen Victoria commissioned the construction, which
began in 1888 and was concluded in 1892."2 The Madras
High Court complex, which spans 107 acres, is the sec-
ond-largest judicial complex in the world after the Su-
preme Court of the United Kingdom, London).3

The Madras High Court is one of the oldest courts in
India, located in Chennai, Tamil Nadu, with the latitude
and longitude 13.08° N, 80.28° E across the coromandel
coast of the Bay of Bengal, which was one of the most
important provinces in India during the British colonial
period. Chennai is the most significant cultural, eco-
nomic, and educational center in South India. It has
served as a substantial naval base and administrative cen-
ter for centuries. The shelling on 22 September 1914, at
the start of the first world war, severely damaged the
court building. It remained one of the very few Indian
buildings damaged by a German attack. Various cultures,
including Portuguese and Dutch, further influenced its
architecture.

The 40-meters-high red sandstone building with high
ceilings, arches, ornamental tiling, and tall minarets was
constructed with fired bricks and lime plaster in three
layers. The present study was taken up to investigate the
current status of ancient mortars and plasters of the ma-
dras Madras High Court dome. Modern analytical tech-
niques including; X-Ray diffraction (XRD), Fourier
transform-infrared spectroscopy (FT-IR), XRF-Chemical
composition, Thermal-gravimetric analyses (TG-DTA),
Scanning Electron Microscopy (SEM-EDX) were ap-
plied. The nature and the mix proportions of the mortar,
their production technology and mineralogical forma-
tions were identified, as these aspects are essential for an
understanding of the materials used and to inform the
restoration of the dome structure with compatible materi-
als and technologies. The nature and composition of the
pigments used in ancient construction were also revealed
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for a better match during simulation and replication work
in safeguarding the rich heritage.

1.1 Madras High Court Dome Mortar, Plaster, Pig-
ments and its Current Situation

The Madras High Court structure is holding up well,
and there are no significant cracks on visual inspection.
The longevity of this structure could be due to the raw
materials used such as organic additives. H. Jedrzejevska
(1981) and L. Ventola et al (2011)"? revealed that natural
organics such as curd, jaggery, cactus extract, bel pulp
(wood apple), lentils, oil of margosa, animal blood, wine,
etc. had been used in ancient buildings to enhance their
mechanical properties.* The use of organic materials and
extracts of natural polymers from plants were used to
bring positive changes in the fresh state and the hardened
state properties of mortar.>'>? The Madras Madras High
Court used lime, sand, and a combination of organic ma-
terials to enhance the strength and durability of the struc-
ture. Even though the mortars of antiquated structures
worldwide have been examined, limited works have been
conducted on old Indian mortars, with significantly
fewer publications.!'*!” Researchers like Chen Zhao et.al
(2006), Rampazzi et.al (2016), and Thirumalini et al
(2018) have been studying the characterization of ancient
mortars and organic additives rich in fats, proteins, and
carbohydrates, enhancing the binding capacity and re-
ducing the cracking in plaster.'® The various raw materi-
als used in ancient mortars including organics make it
challenging to understand the characteristics and applica-
tion techniques.!® The climatic conditions, humidity, and
other environmental factors also play a vital role in the
mortar’s strength and durability, making it complicated
to analyze ancient mortars.

The study of pigments is a broader topic because
there is no boundary between the use of raw materials
and production techniques. However, studies are limited
to listing minerals used in different cultures and eras.?

Materiali in tehnologije / Materials and technology 60 (2026) 1, 91-103
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New techniques and innovations continue to lead to the
frequent discovery of natural minerals. However, over
the ages, the production techniques and raw materials ex-
ploited have changed tremendously with little or no re-
cords available, hence making it very unlikely to re-engi-
neer the materials. This work was carried-out, aligning to
the framework of maintenance and restoration of Madras
High Court in collaboration with Heritage Wing to ana-
lyze and re-engineer the damaged portions of the monu-
ments as closely as possible to the original construction.
A bilateral study was carried out to characterize the pig-
ments and the mortar used in the Madras High Court
building, using physio-chemical tests like acid loss anal-
ysis, grain size analysis and advanced analytical tech-
niques like FTIR, SEM, XRF, XRD, TGA-DTA. The
specific reason to restore the dome mortars is the struc-
tural damage and spalling of plasters on environmental
exposure over centuries. The scientific investigation re-
ports the type of raw material, binder to aggregate pro-
portions by acid loss analysis, variety of pigment, and
chemical composition to replicate a similar mortar to re-
store the Madras High Court building. This study serves
as a benchmark for the state archaeology department and
for modern conservators to document the ancient secrets
that could be exploited and adopted for compatible resto-
ration.

Pigment application is considered as one of the oldest
ways to leave a mark (temporary or permanent) on any
object. The architects and artisans of ancient times deco-
rated and beautified buildings with extensive artwork
that included precious and semi-precious stones® as well
as natural pigments made from locally available materi-
als. Properties such as setting time, light fastness, dura-
bility, mechanical characteristics, heat resistance, and
soluble salt content are essential in pigmented mortar.
The mortar’s cohesion increases when pigments are used
in the mortar mixture,* reducing the filler-material ratio
used in the mix%’. Lee et al.,’ in a study on keyed con-
crete blocks using iron oxide pigment as the colorant,
stated that the pigment/cement ratio must be less than
4%. Bruce and Rowe’ used inorganic pigments as a
colorant and found that these pigments are ten times
more acceptable than cement and reported a decrease in
the viscosity and thickness of mortars.

The Madras High Court building was decorated with
permanent pigments that remain intact to date. A variety
of colors is seen clearly in all the buildings. However, for
the purposes of this study, the focus is specifically on
one of the domes. Exposure of the domes to the environ-
ment, causes the pigments to fade, as Figure 2. illus-
trates. The Madras High Court dome’s murals are a
blend of fresco (painting on the coating of wet plaster),
secco (painting on the dry plaster), and stucco type
(weather-proofing blend of anhydrous lime, marble pow-
der, and glue). Generally, artists mix pigments in a paste
or binder such as gum, mortar, or wax to embed them on
a monument. The non-synthetic traditional pigments
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used in the Madras High Court were primarily derived
from plants, animals, and a combination of minerals.
Pigments were synthesized using various chemicals and
physical processes for manufacturing different colors,
such as heating of yellow ochre to create red ochre.

The murals and domes were damaged due to various
reasons such as the saline breeze (due to the proximity to
the seashore), regional rough tropical weather, pigeon
droppings, vibration and pollution due to heavy traffic,
earlier unscientific interventions. The attractive murals
on the Madras High Court domes, which are rare, are

Figure 2: a) View of dome structure, b) Bedding and Bed raw mortar,
c¢) Exterior plaster
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Table 1: Sampling locations and their mortar typology specifications

1. No. Location No. Ofgiﬁgles per |Samp l(eg;?v eight Dimensions | Function of mortar State of sample
1 North-East Dome 1 35.1 3 x 4 cm? Bed Raw mortar Powder?gtzgtd pieces
2 West Dome No.19 1 48.2 5 x 6 cm? Bedding mortar Slightly damaged
3 South-East Dome 1 76.8 3 x4 cm? Exterior plaster Slightly decolored

more than just paintings; they resemble the parquet work
that adorns the Taj Mahal’s monument. A well-refined
colorful floral design pattern is carved in the lime base
and inorganic pigmented material. The pigments are ap-
plied while the lime is wet, acting as a glue to secure the
inserted inorganic pigments in place. The study focuses
on identifying the minerals present in the pigments and
their inorganic source by analytical characterization
techniques, in order to enable the replication of similar
pigments to regain the past glory of Madras Madras High
Court.

2 EXPERIMENTAL PART
2.1 Sampling of mortar

The sampling and collection of mortars, plasters and
pigment layers from the domes were accomplished under
the supervision and in conjunction with the State Ar-
chaeological Survey of Chennai and the Public Work De-
partment (PWD) without causing any significant struc-
tural distress, as shown in Table 1. Three samples were
taken at the following locations i) North East Dome
(Figure 2a) ii) West Dome no 19 (West) (Figure 2b) and
iii) the South-East Dome (Figure 2c¢) of the Madras High
Court building. The locations were chosen to represent
different orientations and exposure conditions of the
High Court domes. The North-East dome provided a rep-
resentative raw mortar sample with minimal prior inter-
vention; the West Dome No. 19 was selected as it had
previously reported structural repairs and hence provided
bedding mortar; and the South-East dome, being highly
exposed to saline breeze and weathering, was chosen for
sampling the external plaster. This ensured that the col-
lected samples captured a broad spectrum of original ma-
terials, environmental exposure, and degradation patterns
across the monument. These samples were sieved
through 75 pm, following Rilem TC-167 COM?! to per-
form different analytical and chemical analyses.

2.2 Acid Loss Test

The acid loss test was performed to evaluate the
binder to aggregate proportions. Mortar samples were
gently crushed, guaranteeing that the aggregates were
not pulverized. 30 g of crushed pieces of the samples
were mixed with 200 mL of distilled water in a 500 mL
measuring beaker. Then 30 mL of hydrochloric acid
(0.1N) was added, stirred continuously for 60 min, and
the filtrate was extracted. The filtrate was washed four

94

times with distilled water to prevent HCI attack. We
adopted the 75-pum threshold to standardize the sample
fineness for reproducibility and to ensure compatibility
with XRF, XRD and FT-IR analyses. The remaining fil-
trate was weighed, and the total proportion (B/Agg) was
given as equivalent to being standardized in the light of
the binder content. The acid-loss test results provide in-
formation on the type of raw materials (binder, clay and
aggregate grain size) used and their proportions.

2.3 Analytical techniques

X-ray fluorescence (XRF) evaluates the elemental
bulk compositions of the finely ground mural pigment
flakes and mortar samples <75 pum powder. Finely
ground sample of 2-5 mg of was fed into Rigaku ZRX
Primus II device mounted on the X-ray tube Rh anode
3 kW high-frequency inverter rotating at 30 min~!, with
continuous scan 12-15 elements at 0.1-240 °C/min that
registers the presence of elements under the nitrogen at-
mosphere.''> Through the elemental analysis, the hy-
draulic and cementation Index was calculated as per the
Eqn. (1) and (2) respectively.???

HI = (%Si0, + %ALO, + %Fe,0,) / (%Ca0) (1)

CI = (2.8 x %Si0, + 1.1 x %ALO, + 0.7 x %Fe,0,) /
(%Ca0 + 1.4 x %MgO) )

The identification of lime was based on hydraulic in-
dex ranges, as developed by Taylor;
If
0.30 < HI < 0.50 — weakly hydraulic
0.50 < HI < 0.70 — moderately hydraulic
0.70 < HI < 1.10 — higher the index, more hydraulic
properties

The classification of lime was based on cementation
index as developed by Eckel,
If
CI <0.15 — Fat lime
0.30 < CI < 0.50 — Slightly Hydraulic lime
0.50 < CI < 0.70 — Moderately Hydraulic lime
0.70<CI<1.10 — Eminently hydraulic lime
1.7 — Natural cement

The mineralogical phases were determined using
X-ray diffraction with. a Rigaku innovative lab II
diffractometer, operating at 9 kW and a 9 mm beam size
(slit aperture) according to the diffraction powder
method. The sample holders were oriented in polymethyl
methacrylate or Si of diameters 25 mm and 20 mm. The
XRD patterns were obtained by scanning at the rate of
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1°/min from 5° to 90° 20 position and at steps of 0.05°
(2 h). The mineral phases were identified in each X-ray
powder spectrum using the pan analytical high score
2.0 c software and the PDF 2/ICSD database. The Bruker
Tensor 27IR, using KBr pellets, performed Fourier trans-
form infrared spectroscopy (FT-IR) to measure the en-
ergy absorption. 5 mg of finely ground (<75 um homo-
geneously mixed powder), with 250 mg of KBr powder
were mixed until the mixture had the consistency of fine
flour and then pressed into a thin 15-mm diameter disc
with infrared spectra obtained at 4000-400 cm™ range,
with a resolution of 4 cm™' 32 scans respectively.'!!?

A Perkin Elmer Pyris-1 instrument was used to per-
form thermogravimetric analysis (TGA). The sample of
2 mg was placed in an alumina crucible. The temperature
program ranged from room temperature to 1200 °C, at a
heating rate of 10 °/min under the nitrogen (non-oxidiz-
ing agent) atmosphere. Field Emission Scanning Elec-
tron Microscopy (FE-SEM Carl Zeiss supra 55 coupled
with energy-dispersive spectroscopy) was used to look at
three different mortar samples and make morphological
observations as well as semi-quantitative micro-chemical
elemental analyses.!*?! Three samples of bed raw, bed-
ding mortar, and external plaster were sputter-coated
with gold or palladium for 30 min in a vacuum evaporat-
ing system. The measurements were performed at vari-
able spot sizes, ranging from 5 kx to 15 kV magnifica-
tion, 20 mm WD, and EDS homogenous sample spot
sizes of 10 um. EDX microanalysis used multipoint ac-
quisition (8 spots per sample: 4 binders, 4 aggregate).
Spots were chosen from a low-magnification survey im-
age using a notional grid to ensure even coverage; each
spot spectra was averaged to produce mean composition
+ SD reported in Figure 9.!1.12.19-21

3 RESULTS
3.1 Visual Examination

The mortar was dull white, which relates to the use of
hydraulic lime during the construction of domes. The ex-
terior plaster was affected by the environmental changes
and found to be degraded, but the inner mortar was
well-preserved and in a good condition.

From the visual observation it could be concluded
that the collected bed raw sample had a rough and
coarser appearance Figure 3. At the same time, the bed-
ding mortar acts as a load-bearing material, revealing the
binder-rich texture; the exterior plaster is a thin-lined
mortar finished with a paint layer on its surface. Climate

| % Badding mortar (12 mm
——- Bed raw mortar (12-15 mm)
» -<-'
/ "‘;“—-Exttfml mortar (3-4 mm)
/4
v
Figure 3: a) Pigment surface, b) Scaled pigment surface, ¢) Dome ele-
vation, d) Dome plaster layers

conditions and environmental changes appear to have
eroded the external mural surfaces over decades of se-
vere exposure to the atmosphere.

The bed raw mortar sample was visualized with a
Munsell color chart that displayed a high degree of cohe-
sion, with color ranging from light yellow to brownish
(Munsell 2.5 YR 6/3 to 10 YR 4/4 colors) as seen in Fig-
ure 3 (a-c). Exterior pigment plaster displayed three dif-
ferent pigments—red, blue and black stains the third pig-
ment (black) was too degraded for XRF quantification to
decorate the domes with the Saracenic style of profiles as
presented in Figure 3d and Table 4. Reference was
made to "The new Munsell student color chart" to map
the sample’s color during the analytical experiment. This
chart described the sample’s shade, tinge, and color. The
chemical composition of mural pigments indicated
21-55 % iron dominance in both red and black pigments,
which gives a dark brown colour to the surface, and also
copper of about 17-36 %, imparting the reddish-brown
color to the profile.?6-2

3.2 Acid-Loss Test

The acid digestion analysis revealed that the binder to
the aggregate ratio of bed-raw mortar is 1:2.99, bedding
mortar is 1:2.74. an external plaster ratio of 1:2.96 (Ta-

Table 2: Binder-to-aggregate ratio of Madras High Court mortar samples

Sample Wt. . Wt. after acid | Wt. of sand re- | Wt. of Binder
Type (® Acid Loss loss (2) tained (2) () B/Agg
Bed raw mortar 30.0 2.71 273 20.45 6.83 1:2.99
Bedding mortar 30.0 24 27.6 20.16 7.35 1:2.74
External plaster 30.0 2.15 27.5 20.82 7.03 1:2.96
Materiali in tehnologije / Materials and technology 60 (2026) 1, 91-103 95
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ble 2). In chapter IV of "Ten books of Architecture",
Vitruvius (1981) described how the best proportion
adopted for hydraulic lime-based mortar is 1:3 for the
highest carbonation. Also, mortar prepared with a 1:3
binder to aggregate ratio provides better workability and
reduces pore spaces. Pliny the Elder stated in his manu-
script, "Natural history”, that when using lime and river
or sea sand, 1:3 ratio should be adopted. Lanas and
Alvarez? reported a binder to aggregate ratio of 1:3,
which has the highest strength and reduced shrinkage
cracks on the surfaces. Most researchers have experi-
enced the mortar’s performance by varying proportions
and found that a 1:3 ratio gives better mechanical
strength and improved durability.!? In aged lime mortars,
a low binder/aggregate ratio was preferred since a higher
ratio could induce cracks. Non-aged lime mortars, on the
other hand, require a high binder to aggregate ratio of 1:3
and do not show any early crack development.?** Gameiro
et al.3! have noted that the higher aggregate proportion of
1:3 compared to 1:2 ratio has resulted in complete car-
bonation. The purpose of adopting the standard propor-
tions was to sequestrate the external CO, to carbonate
the surface, as the lime-based mortar is slow in harden-
ing.3? The re-carbonation process activates the internal
mechanism to develop the early hydrated phases, which
strengthen the mortar. The mortar typologies have played
a significant role in enhancing workability, durability
and mechanical stability. The 1:3 mortar typologies have
demonstrated superior properties worldwide.

3.3. Particle size analysis of aggregate

The aggregate fractions from the acid-loss test were
subjected to the particle size analysis, following IS
383-1970 standard test methods.?* The raw materials
were passed through a series of sieves ranging between
75 pm and 4.75 mm with optimum percentage retain-
ment to evaluate the fineness modulus, as shown in Ta-
ble 3. According to IS 383-1970,% the fineness modulus
results for bedding mortar of 2.12 falls under zone 2,
with the standard fineness modulus range being 2.1-2.5.
The plaster fineness modulus results of 1.5, falls under
zone 4 while the fineness modulus of hydrated lime
range is 1.5-2.5. Fine sand was used for a better finish
over the surfaces. The fineness modulus of sand in the
range between 1.5 and 2.5 would be better for hydraulic

Table 3: Particle size distribution of acid-loss separated aggregates

Sieve size Bedding Mortar (gm) Plaster (gm)
4.75 mm 0 0
2.36 mm 0 1
1.18 mm 20 4
600 um 24 4
300 um 20 8
150 um 20 4
75 um 0 1
Pan 0 0

96

120

100

80

60

40

20

Percentage Passing (%)

0
0,01 oj1 1 10
-20
Particle diameter (0-10mm)

—@— Bedding —@=—Plaster

Figure 4: Particle size distribution on acid-loss separated aggregates

lime, while the sand made with fat lime would have a
range between 2 and 3.3

3.3.1 Grade characteristics of bedding mortar and
plaster

The grain-size distribution of bedding mortar pre-
sented in Figure 4 indicates that the bedding mortar ag-
gregates used were uniformly graded, with the coeffi-
cient of uniformity (Cu) of sand being 3.06, falling
below the range 4-6. Uniformly graded aggregates (IS:
383) will fill the voids between the paste. The curvature
coefficient (Cc), which ranges from 0.60 to 1, indicates
poor grading of the aggregates.>* Similarly, the co-effi-
cient of uniformity for aggregates used in the plaster is
2.93 (falling in the range 4—6), and the coefficient of cur-
vature of plaster is 1.36 (falling in the range 1-3), indi-
cating that the plaster is well graded. The bedding mortar
aggregates show Cu = 3.06 and Cc = 0.9. Under IS:383
grading zones this places the sand in zone 2 (coarser
sand). A Cu of =3 indicates moderate uniformity rather
than the elevated values (>6) typically associated with
well-graded sands for specific structural uses; we there-
fore characterize the bedding sand as moderately uni-
form/less well-graded rather than well-graded.?334

3.4 Chemical composition

3.4.1 Dome Pigments

The separation of pigment from binder was achieved
in accordance with RILEM TC167.COM, through an
acid-loss test. A solution of IN HCL dissolves the binder
part by separating the aggregate fraction and pigment
layer. Table 4 presents the chemical composition of plas-
ter pigments. The red stain pigment comprises iron oxide
at around 53 % and copper oxide at around 17 %. That
imparts a reddish-brown color along with lead and zinc,
ranging around 9-14 %. The zinc white has induced the
property to accelerate the light fading process of paints
that contains the organic pigments and moderately ab-
sorbs the amount of aqueous solution from the
organics.” Red lead blackening is commonly associated
with interaction with reduced sulfur species (e.g., H.S)
and atmospheric pollutants, leading to formation of PbS
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or lead carbonates; this mechanism is consistent with the
partial blackening observed on the pigments. The XRF
analysis on the paint layer reported the presence of Cu in
the range of 17 % in the red pigment sample and
36.24 % in the blue-black pigment sample. The analysis
of the red pigment sample shows that the Fe and Cu at
around 62-65 %, impart a red stain to the surface. Cu-
prite is a copper oxide (Cu,O) recognizable by its red-
dish-brown color. The formation of cuprite depends on
the environment. If directly exposed to the atmosphere,
copper and its alloys form a thin corrosion layer on the
surface.

If the structure is exposed to high levels of humidity,
cuprite formation can be favored by the presence of chlo-
rides. The presence of cuprite has a significant impact on
the degradation of paint layers, as more complex prod-
ucts can be formed.*® The presence of minor traces of
calcium, silica, titanium, and sulphur at less than 5 %
level, act as a primer and improve the particle’s accumu-
lation in the pigment. Moreover, black paint made of car-
bon black was used to outline the patterns of the dome
paintings. It is also seen that the red lead was partially
blackened, likely due to the action of air pollutants.3>-3¢
The composition of the blue-black pigment showed a
significant amount of Cu at approximately 36 %, and Pb
at 17 %, suggesting that the dome’s design utilized the
ultramarine blue color. This ultra-marine blue is often
combined with lead white to obtain different shades.
Hofmann et al. 200337 reported the presence of alumi-
num and silicon indicating the presence of ultramarine
blue (Na;AlsSi60,4S5) while high intensities of lead (Pb)
point to the use of lead white. A high Ca percentage of
13 % has induced the pigment to adhere and is responsi-

Table 5: XRF elemental composition of sampled mortars.

ble for the white color with traces of Si, S, and Ti to im-
prove the pigment’s viscosity.?%3

Table 4: Chemical composition of pigments sampled from the dome

Sample ) ]
w/%/Mass Si | S |Ca| Ti | Fe|Cu|Zn| Pb
Red Pig- 0.59 | 0.29 | 4.12 |2.331|53.14|17.04| 9.09 |13.37
ment
Bg}e-Black 1.06 | 0.44 [13.02| 1.58 |21.24|36.24| 9.86 |16.52
1gment

3.4.2 Dome Mortars

The chemical analysis performed on dome mortars
presented in Table 5 confirms the major element being
Ca at around 65-67 %, and the presence of ceramic ele-
ments of SiO, at 22-25 % in the various spots of extri-
cated dome mortar samples. This confirms that the sam-
ple is primarily hydraulic with the CI and HI index range
between 0.7 and 1.1, Taylor et al (1905). The calcium
content was reported at a maximum, whereas the Mg
content was present in minor traces in all the mortar
samples. The XRD and FT-IR analysis confirmed no sig-
nificant dolomite peaks (e.g., dolomite 26 =30.9°, 33.0°
in XRD; FT-IR bands near 730-730 cm™ / 745 cm™! di-
agnostic) were observed above detection limits in our
XRD/FT-IR patterns. However, the presence of a small
quantity of MgO would resist the drying shrinkage and
contributes to better carbonation action. Minor MgO
(=1-2 %) can reduce drying shrinkage via formation of
slowly reacting Mg-phases that densify the matrix and
by promoting heterogeneous nucleation of carbonate
phases, thus aiding long-term carbonation and micro-
structural stability.!8-2!

W?;b“/;\l/’[is Si Al Mg | Ca Ti Fe Sr Pb S |LOI (%) HI cI

25.8 8.3 1.47 67.16 0.12 3.62 0.23 1.32 0.53 3.58 0.72 0.89

Bed raw mortar | 27.2 7.9 1.95 65.15 0.1 3.44 0.22 1.45 0.45 3.44 0.74 091

24.6 8.1 1.55 63.5 0.14 2.89 0.25 1.3 0.48 3.25 0.70 0.88

Mean 25.8 8.1 1.65 65.27 0.12 3.31 0.23 1.35 0.48 3.42 0.72 0.90

SD 1.3 0.2 0.25 1.83 0.02 0.38 0.01 0.08 0.04 0.16 0.1 0.1

SE 0.43 0.06 0.08 0.61 0.006 0.12 0.005 0.02 0.01 0.05 0.03 0.02

24.13 8.1 2.04 64.9 0.15 3.22 3.82 — — 1.58 0.76 0.96

Bedding mortar | 22.45 7.95 1.95 63.8 0.22 3.4 3.35 1.25 0.74 0.97

25.15 8.22 2.1 64.3 0.18 3.1 3.85 1.46 0.72 0.93

Mean 2391 8.09 2.03 64.3 0.18 3.24 3.67 1.43 0.74 0.95

SD 1.36 0.13 0.07 0.55 0.03 0.15 0.28 0.16 0.1 0.1

SE 0.45 0.04 0.02 0.18 0.01 0.05 0.09 0.05 0.02 0.03

22.34 7.95 1.68 65.7 1.46 2.36 4.13 1.25 — 1.08 0.77 1.03

External plaster | 21.55 7.45 1.65 64.8 1.44 2.1 3.85 1.1 0.98 0.72 1.05

22.1 7.8 1.55 65.1 1.35 2.24 4.1 1.2 1.04 0.73 1.04

Mean 21.9 7.73 1.62 65.2 1.41 2.23 4.67 1.1 1.03 0.75 1.04

SD 0.40 0.25 0.06 0.45 0.05 0.13 0.15 0.07 0.05 0.2 0.02

SE 0.13 0.08 0.02 0.15 0.01 0.04 0.05 0.02 0.01 0.01 0.03
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Figure 5: X-Ray diffraction patterns of: a) Bed raw, b) Bedding mor-
tar, ¢) External lime plaster

3.5 Mineralogical analysis

3.5.1 XRD analyses

The XRD results in Figure 5 (a-c) reveal the princi-
pal peaks to be calcite, silica, and quartz in all the mortar
samples. Besides the presence of high-intensity peaks of
calcite, the results also show other polymorphs of car-
bonates in traces like vaterite and aragonite in the
150-year-old bed-raw mortar sample. These observations
agree with the minor trace of aragonite spectral FT-IR
peaks at 856 cm™! and 1475 cm™!, respectively. The pres-
ence of calcium aluminates (gismondine and anorthite)
peaks indicates the quick hydrated phases formed with-
out portlandite or free calcium**#! (Figures 5 a-c). High
intensity peaks of quartz, cristobalite, albite, anorthite
with minor traces of calcite and metastable vaterite peaks
were observed in the XRD analysis of bedding mortar.
That agrees with the 1068 cm™! silica peak in FT-IR anal-
ysis. The chemical composition (Table 5) of bedding
mortar also revealed a high-intensity silica percentage
(22-25 %), indicating the lime mortar’s hydraulicity,
confirmed with the moderate intensity of O-H peaks ob-
served at 3304 cm™' and 1605 cm™ in the FTIR analysis.
In Figure Sc, the XRD patterns of external lime plaster
revealed high-intensity calcite and quartz peaks with
traces of aragonite and vaterite, indicating the formation
of hydrated phases. Portlandite peaks are absent. Traces
of Wollastonite (CaSiO;) were identified through XRD
analysis, attributing these peaks to the residues of brick
aggregates from the external surface of the dome. The
wollastonite appearance reflects that the lime has been
over calcined at > 848°C, agreeing with 26.95 % mass
loss observed in Figure 7c. The Wollastonite contains a
small amount of iron, magnesium and manganese, sub-
stituting for calcium. The presence of Wollastonite can
be achieved during the extraction of bed raw mortar at-
tached to the masonry units. It can be considered a ther-
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mal indicator with a calcined temperature peak observed
over 850 °C. The predominant peaks of calcite and
quartz in the absence of portlandite, indicate that the en-
tire surface is carbonated* 4243,

3.5.2 FT-IR Interpretation

The FT-IR absorption analyses presented in Figure
6a indicate the formation of several spectral peaks asso-
ciated with calcite vibrations observed at (1421, 874 and
712) cm™!, quartz peak around (645 and 1068) cm™' and
the clay mineral peaks observed at (3779 and 964) cm™!,
respectively. Generally, the stretching and bending
absorbance signals at (2921 and 2854) cm™!, respectively,
suggest the CH bond. The presence of minor traces of
C-H polysaccharide vibration observed at 2926 cm™' in-
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Figure 6: FT-IR for samples: a) Bed raw Mortar, b) Bedding mortar,c)
External Plaster
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dicates organics added in the lime mortar in production
during construction***. The addition of organics led to
the observation of traces of carbonate polymorphs like
aragonite and vaterite (Figure 6a and 6b). The bedding
mortar FT-IR sample reveals the high-intensity quartz
and silica-containing minerals observed at 1060 cm™" and
791 cm'. This observation indicates the addition of high
argillaceous minerals with a low fraction of binder
phases observed at 1421 cm™' in agreement with minor
traces of calcite peaks in the XRD bedding mortar sam-
ple. The spectroscopic results reported in Figure 6c¢. in-
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Figure 7: TGA and DTA graphs of: a) Bed raw, b) Bedding mortar, c)
External plaster
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dicate the high-intensity calcite, silica, and feldspar
peaks observed at 1071 cm™', 790 cm™! and 591 cm™!. #
Rampazzi et al. (2016) reported the presence of C-H
polysaccharide and proteinaceous peaks at 3366 cm™!
and 1631 cm™!, respectively. The FTIR spectra confirmed
that aliphatic C-H stretches around 30002800 cm! and
clay impurities at 3650 cm'. The peaks observed in all
dome mortars represent the predominant formation of
carbonates, clay minerals, and organic additives and are
consistent with the results of the XRD analysis.*

3.5.3 Thermal analyses

Figure 7 (a-c) presents the results of the TG-DTA
analysis. Moreover, the thermal analysis reports the ab-
sorbed water (hygroscopic water) in the temperature
range up to 120 °C, the gypsum dehydration which oc-
curs between (120 and 200) °C, the structurally bound
water to the hydraulic components in the temperature
range 200-600 °C, and the calcite decomposition above
600 °C.A41-43

The bed raw TG-DTA analysis in Figure 7a revealed
the dehydration mass loss of 1.96 %, which is less than
3 % as for typical lime mortar. The second stage refers to
the structurally bound water with the loss of the hydrau-
lic component observed at around 2.01 %, with endo-
thermic calcite decomposition at 823 °C with a mass loss
of about 26.95 % subjected to complete release of
CO,.#% The CO,/H,0 ratio of bed raw mortar ranged at
6.78 up to 10 for the hydraulic mortar. Predominantly the

Figure 8: (a-b) Bed raw mortar images with C-S-H and C-H gel for-
mation (c-d). Bedding mortar images showing carbonate flakes car-
peted over angular shaped aggregate crystals. (d-e). Images show well
compact amorphous calcite and quartz.
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Figure 9: EDX spectrum of Dome mortars: a) Bed raw mortar, b)
Bedding mortar sample, c) External plaster

decarbonation in the lime mortar takes place between
(600 and 800) °C. But in the bed raw mortar, the XRD
analysis revealed the presence of a Wollastonite peak
with the melting point over 1500 °C. The TGA analysis
also signaled the shift in the decarbonation over 800 °C
with a loss of 27 %, as shown in Figure 7. The Wolla-
stonite contains a small amount of iron, magnesium and
manganese, substituting for calcium. The calcite decom-
position was observed at 823 °C with the formation of
hydrated phases of CSH and CH in agreement with simi-
lar calcitic and clay mineralogical peaks observed in the
FT-IR and XRD analyses. Bedding mortar and external
lime plaster resulted in the structurally bound mass loss
of around (2.49 and 4.44) %, as shown in Figure 7 (b-c),
with high mass loss observed in exterior lime plaster, in
the presence of organics decomposition (around 1.90 %)
in association with organic spectral peaks, noted in
FT-IR.* Calcite decomposition was observed, with an
endothermic peak at 780 °C with a mass loss of around
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20.03 % and 32.71 %, indicating the CO,/H,O factor of
9.77 and 7.36 (less than ten), resulting in the take up of
hydraulic lime in the production of traditional mortar.
According to the analysis of all the mortar samples, there
is no clear evidence of the carbonate polymorphic peaks
of aragonite and vaterite. The high-intensity mass loss
observed in external plaster indicates the highly carbon-
ated phases in the formation of calcite.*4¢

3.5.4 FESEM-EDX analyses

The magnification range of 5 kx and 10 kx for bed
raw mortar, and of 10 kx and 15 kx for external plaster,
was adopted in the SEM observations. Hence the overall
range was between 5 and 15 kx. EDX spectra were cap-
tured at a similar location, as shown in Figures 8 and 9.
The morphological observation gave valuable informa-
tion about dome mortar samples such as binders, aggre-
gates and reaction compounds, and also in identifying
their sizes, forms, textures, and distribution matrix. The
bed-raw samples in Figure 8 (a-b) evidenced calcite
crystalline formed phases with distinct hydraulic com-
pounds (CSH and CH). Calcium silicate hydrates and
calcium hydrates have modified the lime mortar mix’s
texture and microstructure, resulting in increased hydrau-
lic properties and enhanced mechanical characteris
tics. 4647

Furthermore, CH contributes to the mix’s compact-
ness and high flexibility. The EDX spectrum in Fig-
ure 9a shows that the major elements (Ca, Si) and typi-
cal K-feldspar are present in the sample, indicating the
carboniferous calcite formation. Figure 8 (c-d) revealed
high siliceous and calcareous compounds distributed
evenly in forming the calcium silicates. These are in
good agreement with XRD, FT-IR, and chemical compo-
sition observations.**%4° Figure 9 (a-c) shows wide-
spread calcite crystals with organics playing a vital role
in forming hydrated phases and resisting environmental
degradation. The presence of both amorphous and crys-
talline phases in the mortar samples contributes to the
self-healing of lime mortar, enhancing its durability. The
EDX spectrum in Figure 9c¢ indicates high calcium and
lower intensity silica and alumina along with lanthanides
(rare-earth elements) ranging around 3.58 % present in
the sample.*® Dome mortar samples with more oxygen
and less carbon, suggest that high calcite has formed.

On the other hand, high carbon and less oxygen re-
semble the low calcite formed in the external plaster
sample. A indicated in Figure 9 (a-c) dome mortar sam-
ples with more oxygen and less calcium implies high
calcite formations. However, this observation also resem-
bles the low calcite formed in the external plaster sam-
ple. All the mortars’ matrices are, obviously, rich in cal-
cium and silicates, as can be seen from the XRD
analysis, where the presence of pure calcite and cal-
cite-silicate limes was identified.!*33
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5 DISCUSSION
5.1 Recipe for Dome mortars

The physio-chemical and analytical techniques show
that the lime used is hydraulic with a binder-to-aggregate
ratio of 1:2.75-3. The particle size of the aggregate falls
under zone 2 IS 2386 (Part 1):1963 for coarse sand,
which is suitable for the bedding mortar. The external
plaster aggregate is well-graded and falls under zone 4
with a reduced grain size between 1.18 um and 600 um.
The bedding mortar layer is proportioned with 1 part of
lime to 2.75, with aggregates passing 2.36 mm. Given
the organic peaks observed through FTIR analysis, it can
be suggested that the Indian organics, namely Jaggery
and Kadukkai, were used, subjected to fermentation at
the ratio of 5 % of weight to 1 liter of water and allowed
for semi aerobic reaction in atmosphere for 14 days.*-2
The justification for the traditional practice and reason
behind organic fermentation are scientifically unknown.
Still, the recent research and scientific study on materials
have reported the fermentation action performed on In-
dian organics is intended to break the organic substrate
into simple monomers forming the alcoholic solution.
The fermented water reacts with the lime, forming cal-
cium alkoxide, increasing the formation of hydration
products and increasing the carbonation.>?

5.2 Dome Pigment

Based on the analytical interpretation conducted, it
can be noted that the pigment is rich in iron oxide,
cuprous oxide and zinc, imparting the reddish-brown
color. It is noted that 53.14 % of Fe, 17.04 % of Cu and
9 % Zn are mixed to formulate the red pigment and
blue-black pigment with 16.52 % Pb, 21 % of Fe, and
36.24 % of Cu, responsible for the ultramarine blue-
black color. The addition of zinc between (9-15 %) pro-
tects the pigment from fading.>*

6 CONCLUSIONS

This study provides a comprehensive scientific char-
acterization of the Madras High Court dome mortars and
pigments, enabling restoration strategies rooted in histor-
ical accuracy. Analyses confirm the original use of hy-
draulic lime mortars with a binder-to-aggregate ratio
close to 1:3, ensuring durability and breathability, while
pigment characterization revealed iron- and cop-
per-based formulations with minor zinc components,
guiding authentic color replication. Environmental expo-
sure and earlier unscientific repairs have degraded the
external plaster layers, highlighting the need for compat-
ible materials.

The restoration must prioritize material compatibility
over modern Portland cement, which risks chemical and
physical incompatibility. Practical restoration recom-
mendations include using lime-based mortars with a 1:3
binder-aggregate ratio matching historical composition,

Materiali in tehnologije / Materials and technology 60 (2026) 1, 91-103

employing graded aggregates (Zone 2 for bedding, Zone
4 for plasters) for structural and aesthetic fidelity, and
recreating pigments using iron-copper formulations with
protective zinc additives for longevity, while avoiding
modern synthetic pigments unless laboratory tests con-
firm compatibility.

Repair mortars should match the original parti-
cle-size distribution and hydraulic properties (HI
=(0.7-0.8) to prevent differential mechanical behavior,
and Portland cement mortars should be avoided.

For pigment replication, inorganic pigment formula-
tions matching XRF compositions must be used, while
thermally altered zones showing Wollastonite traces re-
quire structural testing before large-scale interventions.

Prior to repair, friable external plasters should be
consolidated with breathable lime-compatible conso-
lidants, followed by sacrificial protective coatings where
exposure necessitates, with all interventions thoroughly
documented for long-term conservation records. Re-
stored areas must be monitored using hygrothermal sen-
sors to ensure material compatibility and durability over
time.

Additionally, training local artisans in traditional lime
techniques, integrating preventive maintenance pro-
grams, conducting structural assessments in vulnerable
areas, and implementing periodic inspections will collec-
tively safeguard the monument’s structural integrity and
cultural heritage for future generations.
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