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Analytical identification using phytochemical test, light and scanning electron microscopy revealed the
presence of Careya arborea stem fibres and rice husk mixed as an organic additive in the historic plaster.
In the coastal regions of Western Ghats, India, C. arborea stem fibre having antioxidant, antimicrobial and
termite resistance properties helped the survival of earthen plasters even in unfavourable climatic con-
dition (immense rainfall region). Moreover, the utilization of agro-waste material such as rice husk
played a role in decreasing density, imparting plasticity, durability and reducing cracks in the plaster.
On comparison of earthen plaster composition of Karla caves to that of Buddhist caves of Bhaja situated
just about 10 km away and belong to the same period, it is noticed that the Karla caves plaster has shown
higher survival rate. This may be due to the inclusion of C. arborea plant stem fibres in earthen plaster of
Karla caves. Bhaja caves plaster contains rice husk and Paspalum grains (a weed growing along rice plant)
as organic additive, which together played a role in imparting properties as discussed above but have not
provided antifungal and insecticidal properties to the plaster leading to its deterioration. This study helps
in understanding that the ancient technicians implemented cost effective, environmentally convenient,
and upgraded traditional technologies with locally available material in the construction of Karla caves
earthen plaster by utilizing an appropriate mixing of vegetable fibres, clay, sand and agricultural waste.
� 2019 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the 3rd International Con-
ference on Innovative Technologies for Clean and Sustainable Development.
1. Introduction

Sustainable development deals with managing the relationship
between the environment (biophysical and social) and human
needs so that the basic human rights (the right of development)
and present day ideas of social fairness and demanding environ-
mental limits does not outpace [1]. Numbers of factors are respon-
sible for determining the link between humans and their
environment. The factors such as quality of life, choice of technol-
ogy, political, economics and other systems have direct impact on
the betterment of livelihood conditions of humans. These factors
not only determine the affiliation between people within the soci-
ety but also how a society acknowledges to its biophysical environ-
ment [1]. The construction industry been one of the dominant
sectors involved in achieving sustainability has a significant impact
on the environment and community [2].

The production of conventional building materials such as steel,
brick and cement uses substantially thermal and electric energy
which subsequently pollutes land, water and air. Annually, Asia
alone generates 4.4 billion tons of solid waste [3]. The construction
industry reports around 30% of CO2 emission; further, globally it
spends more raw materials almost 50% by weight (about
3000 mt/year) than other economic activity clearly showing unsus-
tainable trade [4]. The needs in terms of building and other infras-
tructure and the predicted increase in world population, would
lead to increase the utilization of non-renewable materials as well
as generation of waste.

Due to increasing demand for clean and sustainable construc-
tion materials, the investigation of earthen construction materials
and technologies is now identified a much-needed subject of
research [5–7]. Earthen plaster and mortars employed in ancient
structures have displayed excellent endurance through time.
stainable
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Although cement has replaced the ancient binder, mud looks like
the first binding material occupied to formulate decorative earthen
plasters and mortars in ancient structures [8]. Since the earth
material is freely available and easy to work, its utilization dates
back from the era of Neolithic construction technology [9]. The
world’s one third of the population still uses earthen construction
technology [10].

2. Studied site

The Buddhist origin Karla cave (2nd to 10th century CE) is an
excellent case of earliest excavation and decorative technology of
earthen plaster in western India. About midway to Pune and Mum-
bai as we travel towards the Arabian sea on the right hand side of
the national highway, the decorative Buddhist caves of Karla is sit-
uated, Fig. 1. The caves are well preserved, with largest and finest
chaitya hall (Fig. 2a). Due to continuous smoke from surrounding
temple and cooking fires the inner painted plastered wall has
blackened. The paintings have been executed on earthen plaster
ground on basaltic rock support. The decorative pigments of min-
eral origin are still surviving on the ceiling and pillars of the caves.
The mud plaster is found mixed with organic additives like plant
stem fibres and husk etc. of local origin. The largest and finest
structure indicates the importance of Karla caves during maritime
trade (100–300 BCE). Based on archaeological evidence and the
analysis by various archaeologist/art historians the caves dates
back to 2nd century BCE [11].
Fig. 1. Map showing location of K
The Bhaja caves is also situated adjacent to Pune-Mumbai high-
way about 10 km away from Karla caves (Fig. 1). The Bhaja caves
are facing towards west and many of the caves do not have facades
(Fig. 2b). It is reported that though Bhaja caves were excavated in
1st century BC, earthen plaster was accomplished in 2nd century
AD [12].
3. Materials and methods

3.1. Chemical analysis of the plaster

X-ray fluorescence (XRF) setup (Phillips PW 1410) was used to
determine the chemical composition of the plaster samples (major
oxides) by applying standard procedure i.e. grinding the samples
into fine powder and pelletizing by mixing boric acid as a binder
in a ratio 10 (sample): 1 (binder). The samples were pelletized with
flat dies using automatic press machine.
3.2. Cleaning of the plant additives

To observe the plant additives extracted from the earthen plas-
ter under light and SEM they were macerated in 1:1 mixture of 50%
hydrogen peroxide and 99% glacial acetic acid for 2 h at 60 �C. The
plant additives were then cleaned with soft brush to remove the
adhere dirt.
arla and Bhaja Caves, India.



Fig. 2. External view of (a) 2nd BC Karla caves and (b) Bhaja caves, Western India.
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3.3. Phytochemical test

The phytochemical tests for the presence or absence of sec-
ondary metabolites such as tannin, saponin, alkaloids etc. were
carried as per standard procedure [13] on the collected reference
plant fibres along with the extracted plant fibres from the Karla
earthen plaster (Table 1).
Table 1
Phytochemical tests performed on reference and extracted plant fibres.

Secondary
metabolites

Test performed Indicator

Saponin Methanolic extract + H2O, vigorous
shaking

Persistent foam (Honey
comb shape)

Flavonoids 1 ml extract + 2–3 drops of conc.
HCl + Magnesium

Pink color

Tannin 1 ml extract + 1 ml 5% FeCl3 Dark green color
Terpenes 1 ml extract + 5 ml chloroform

+ 2 ml conc. H2SO4

Reddish brown color at
interface

Alkaloids 1 ml extract + 2 ml 5% HCl + drops
of wagner, mayer and dragandorff
reagents in three aliquots

Red-brown, yellowish-
white and red-orange
precipitate
3.4. SEM and light microscopy

The morphological and anatomical structures of extracted plant
fibres from the earthen plaster and reference plant material fibres
were viewed using scanning electron microscope (SEM/ Zeiss
model, SmartSEM). To observe the anatomical features under
SEM, the cleaned extracted plant fibre was cut into small pieces
(0.5 cm) and placed on a stub in different orientation. They were
sputter coated with gold (Au) under an SPI module sputter coater.
Similar procedure was followed for collected reference plant mate-
rial. The morphological examinations of husk and grain samples
were carried under light microscope.

4. Results

4.1. Chemical analysis

From the chemical analysis of both the plasters, it appears that
the combine percentage of Ca and Mg calcites in earthen plasters of
Karla is 4–11 wt% and of Bhaja is 8–11 wt%, Table 2. The percent-
age of alumina in Karla plaster varies from 16 to 20 wt% and of
Bhaja caves varies from 15 to 18 wt%. The percentage of silica var-
ies from 45 to 51 and from 43 to 45 wt% in Karla and Bhaja caves,
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respectively. The iron oxide percent varies from 12 to 14 and 12 to
15 wt% in Karla and Bhaja caves earthen plasters [12,14].

4.2. Selection of reference plant fibre material

The earthen plaster samples of Karla caves were found admixed
with plant fibres. To precisely identify the fibres present in the
earthen plaster, local survey was carried. In this survey it was
found that the local tribal community mostly uses sisal, flax and
wild guava plant fibres for domestic purpose. The phytochemical
test [13] of the extracted earthen plaster plant fibres and collected
reference materials are presented in Table 3. The morphological
studies under light microscope and phytochemical analysis of
methanolic extract showed the isolated plant fibres have similar
characteristics to the newly collected reference material i.e. Careya
arborea. Therefore the rest of the reference material (flax and sisal)
were eliminated and C. arborea stem fibres were preferred for fur-
ther studies.

4.3. Light microscopy and SEM examination

The light and SEM imaging analysis of the isolated plant addi-
tives from both Karla and Bhaja caves were performed. The plant
fibres from earthen plasters of Karla caves and reference material
under SEM observation showed similar anatomical features. Two
different vessel ray pits cells were detected i.e. circular to oval bor-
dered pits (Fig. 3a & b) and crowded pits (Fig. 3b & c) [15]. The SEM
comparison also showed presence of prismatic crystals, composed
of environmental calcium and endogenously synthetic oxalic acid
[16], Fig. 4. On the basis of these characters, the isolated fibres
were attributed to Lecythidaceae plant family, genus Careya and
species arborea. The light microscopic observation of husk and
grain samples showed characteristic features of rice husk as
organic additive in Karla and Bhaja caves (Fig. 5), and Paspalum
grains in Bhaja caves plaster (Fig. 6). External morphological
Fig. 3. Different vessel ray pits of C. arborea stem fibres observed under SEM (a and c) ci
plasters, (b and d) crowded bordered pits of reference and isolated plant fibres of Karla
surface examination of the rice husk showed the dentate rectangu-
lar elements consisting of coated silica along thick cuticle and sur-
face hairs, Fig. 5.
5. Discussion

The earthen plasters are mainly setup by associating desirable
distribution of sand, silt and clay for optimal performance. Sand
contributes to the construction of plaster, while clay provides the
binding component to the earthen plaster [9]. The intermediate
particles of silt complete the grain size distribution curve [18].
The sand to silt ratio is also very important in determining the
quality of the plaster. On the basis of ternary diagram, it is reported
that clay soil was sourced for the preparation of Karla and Bhaja
earthen plasters. Majority of grains reported were clay followed
by sand and fewest slit size particles [12,14]. The dry strength
causing the drying shrinkage of the soil material is provided by
the clay binder [18,19]. The XRF analysis was performed to com-
pare the elemental composition of Karla and Bhaja caves earthen
plaster. On comparison it is observed that the average values of
all elements are almost similar except silica, whose value differs
by 3%. The standard deviation values of silica and calcium from
Karla caves earthen plasters are found to be more spread out from
the average values on comparison with Bhaja caves earthen plas-
ter, (Table 2). The chemical analysis shows that calcite was invari-
ably been mixed in the earthen plasters. The inclusion of slaked
lime in both the earthen plasters confirmed through calcite reac-
tion with dilute hydrochloric acid (effervescence observed) recom-
mend that the technicians deliberately mixed slaked lime for
better strength and durability of the earthen plaster. It is likely that
the powder calcite addition has developed as a cementing material
for earthen mix constituting chemical bond with sand, silt and clay.

The ancient technicians around the world primarily depend on
multilayer plastering system which strengthen the
protection against rain water penetration and restrict the moisture
rcular bordered pits of referred plant material and isolated plant fibre from earthen
earthen plaster [17].



Fig. 4. Prismatic crystals of Careya arborea fibre observed under SEM (a) Reference material and (b) isolated plant fibre of Karla earthen plaster.

Fig. 5. Stereo microscopic image of isolated rice husk from Karla and Bhaja earthen
plasters.
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accumulation within the plaster masonry [18]. This technique also
promotes active evaporation of moisture entrapped in the
masonry, this is because the earthen plaster can release and
absorb, excess and scare water vapor. In Karla caves the earthen
plasters are observed to be applied in two layers on chiseled basal-
tic rock. The lower layers played a role in leveling the roughness of
the hewn rock surface and an upper finer layer acted as a painting
Fig. 6. Stereo microscopic image of Paspalum seed grains isolated
base. The composition of traditional earthen plaster varies from
place to place and entirely dependent on the materials locally
available.

Materials such as plant straw, coarse sand, plant and animal
based fibres or other mineral aggregates are found admixed in
the sand in order to control the shrinkage and avoiding the forma-
tion of cracks in the plaster [18]. The venerable earthen plasters all
over the world are found added with varied plant and animal addi-
tives like chopped straw, fibres, hairs, animal glue, vegetable oil,
rice husk etc. [20] to improve the performance and physical prop-
erties of the plaster. The qualities required for the use of organic
additives in the earthen plasters are that they should be water
resistant, long lasting, easily suitable and economical, and not be
chemically unsafe. The utilization of different organic additive in
earthen plaster also reduces the tensile toughness, lowers cracking,
decrease density and accelerates drying.

A direct identification of plant fibres is difficult, therefore to
precisely identify the extracted plant fibres from Karla caves plas-
ter samples phytochemical tests were performed. Out of the three
reference plant fibres collected, the phytochemical test of Careya
arborea and extracted plant fibres showed similar results (Table 3).
Further, SEM and light microscopic analysis confirmed the use of
Careya arborea (Wild guava) bark fibres used as organic additives
in the Karla caves earthen plaster. It is observed that raw, unpro-
cessed and chopped (1.5–2.5 cm) fibres of C. arborea bark were
added to the Karla earthen plasters. C. arborea (Fig. 7) is widely dis-
tributed in India, Srilanka, Peninsular and Malay [21]. The
methanolic extract of C.arborea bark is reported competent against
certain bacterial species like Escherichia coli, Pseudomonas aerugi-
from Bhaja earthen plaster, (a) ventral and (b) dorsal view.



Table 2
Composition of Major oxides (% by weight) of earthen plaster of Karla and Bhaja caves observed under XRF. *SD = standard deviation.

Samples Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO MnO Fe2O3

KC1 0.36 1.74 16.97 45.60 0.77 0.93 5.33 1.39 0.20 13.89
KC2 0.36 1.14 20.27 49.95 0.54 0.75 2.89 1.37 0.13 14.29
KC3 0.78 2.27 19.98 45.05 0.54 0.79 7.37 1.40 0.28 14.36
KC4 0.60 2.55 16.04 45.37 0.63 1.57 8.72 1.51 0.16 12.98
KC5 1.21 2.85 16.96 51.65 0.73 0.89 8.36 1.33 0.35 12.75
Mean 0.66 2.11 18.04 47.52 0.64 0.99 6.53 1.40 0.22 13.65
S.D 0.35 0.68 1.94 3.06 0.11 0.33 2.43 0.07 0.09 0.75

BC1 1.10 2.42 17.58 45.20 0.29 0.79 7.3 2.5 0.15 13.49
BC2 0.90 2.52 18.71 43.28 0.24 0.52 6.16 2.69 0.16 14.70
BC3 0.90 3.50 16.58 44.35 0.30 0.88 7.80 1.85 0.16 13.52
BC4 1.29 3.63 15.69 45.20 0.30 0.76 7.96 1.95 0.14 12.29
BC5 1.20 2.35 18.38 44.83 0.25 0.61 6.56 2.56 0.15 15.11
Mean 1.08 2.88 17.39 44.57 0.28 0.71 7.16 2.31 0.15 13.82
S.D 0.18 0.63 1.26 0.80 0.03 0.14 0.78 0.38 0.01 1.12

Table 3
Phytochemical analysis details of reference materials and isolated plant fibre. Intensity of different secondary metabolites ***strong; **medium; *low; and - not detected.

Methanolic extract Tannin Terpene Saponin Alkaloids Flavanoids

Sisal stem fibres ** – ** – **
Flax stem fibres – – – ** *
C. arborea stem fibres *** * ** * **
Karla earthen plaster fibres ** * * * *

Fig. 7. (a) Careya arborea found in Western Ghats of India, (b) flowers of Careya arborea.
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nosa, Salmonella typi etc. and also across certain fungal species like
Candida albicans, Aspergillus flavus and Alternaria solani [17,22]. The
plant is also reported to possess cytotoxic activity [23], antitumor
activity [24], CNS depressant and anticoagulant properties [25,26].
Apart from C. arborea, the light microscopic study also showed
presence of rice husk in the Karla earthen plaster. Rice husk con-
sisting of high content of silica is crucial in regulating growth
and development of the rice plant. Silica deposition provides pro-
tection against bacterial and fungal pathogens, it also reduces the
uptake of toxic metals and coordinates water loss in plants [27].
Silica also helps in lowering bulk density, increasing the normal
flexibility, setting time, probable porosity and to some extent com-
pressive strength in the earthen plaster [28].

The light microscopic identification of organic additives from
Bhaja caves showed presence of rice husk and Paspalum grains.
Paspalum is cultivated in diverse parts of India for grain which con-
stitute the staple diet of the poor agricultural population. It is
perennial crop which also grows along with rice as a weed [29].
The plants are slender to stout measuring around 90 cm tall. It is
an aggressive colonizer and commonly invades agriculture field.
Probably it was first harvested as a weed but later on became
domesticated across most of its ranges.
In general, the addition of plant aggregates and fibres in vari-
able proportions affects the properties of plasters. It is estimated
that the percentage of organic additives in Karla and Bhaja cave
plaster was around 10–15%. A reduced in density with the increase
in fibre content has been observed [30,31]. Density of the plaster is
correlated with the mechanical and thermal property of the com-
plex materials [32]. Wherever, the adhesion between the fibre
and the matrix were better it has been observed that the fibres lim-
ited the cracking, soil contraction and reinforce the matrix [33].
The hollow structure of the stems allows accelerating the evapora-
tion causing shrinkage stabilization. Increasing fibre and plant
aggregate content in the plaster leads to increase in water absorp-
tion and swelling [34]. A slight increase in fibres and plant aggre-
gate content in the plasters is found to increase the water
absorption quality and can cause swelling in the plaster which
pushes away the soil causing voids, decreased volume of the parti-
cle [35,36].

The compressive strength of the plaster can be enhanced by
mixing of aggregates and fibres under different conditions
[32,37]. It is parallel with the quality of the plant material used.
It is also reported that the tensile strength is decreased on addition
of plant aggregates or fibres. Approximately 20% of decrease in ten-
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sile strength is observed on addition of 0.2% of oil palm fibres [34],
while in some cases it is observed to be increased with the addition
of 1% wheat straw by 30% [30]. Plaster strengthen by mixing bar-
ley, wheat straw and wood shavings showed increase in water
vapour absorption than earth alone [38]. The natural aggregates
and fibres improves the water absorption of the material by
increasing the particle weight content [10]. When the earth con-
structions are not balanced with binder content it becomes very
susceptible to environmental factors like meteorological and bio-
logical agencies and insects invasion. Hence it is also important
to choose the organic additives which are bacterial, fungal and
insect resistance. Further, the addition of vegetal fibres works as
cushion and gives flexibility and such plaster can withstand mod-
erate strength earthquakes if used as joining mortar.

It is also necessary that the indoor environment of the building
or a monument should be pleasant, toxin free, clean and environ-
ment comfortable to its habitants. It is reported that 68% of human
disease like aging of skin, shedding of hair, infertility, leukemia,
cancer etc. are linked with indoor pollutions and reduced air qual-
ity [39]. According to the reports four main factors are responsible
for the poor indoor environment viz building material, household
electrical appliance, heater and the cooking soot [40]. Toxic gases
and chemical pollution emitted from the above factors are the
main causes for deterioration of human health. Therefore, it is nec-
essary to use such materials in indoor construction which can pro-
vide clean and comfortable environment. One such example is
India’s Ellora caves, where the use of Cannabis sativa (hemp) fibres
as an organic additive in the earthen plasters is reported. This has
caused no algal, bacterial growth and insect incrustation in the
earthen plasters. The hemp has provided antioxidant, anticancer-
ous and fire resistance properties to the earthen plasters [41].
The use of Careya arborea stem fibres in decorative earthen plasters
of Karla caves is another example reporting use of traditional con-
struction material which has provided antioxidant, anticancerous,
cytotoxic and insect resistance properties. Use of such plant fibres
also purifies the air, control the moisture and provide fire resis-
tance properties to the plaster.
6. Conclusion

To provide clean and sustainable construction material, the
ancient Indian earthen construction technology of Buddhist caves
of Karla and Bhaja was revived. Both the cave plasters showed vari-
ation in the use of organic additives. The comparative study helped
in understanding how the use of appropriate plant fibres/ organic
additives can improve the indoor air quality, high survival rate
and provide clean and environmentally friendly atmosphere. The
use of Careya arborea stem fibres in the Karla caves earthen plaster
have helped its continuity in immense rainfall region of Western
Ghats, India. The stem fibres provided protection to the earthen
plaster against fungal, bacterial and insect incrustation. In contrast,
the earthen plaster of Bhaja caves has been damaged and consider-
ably lost for want of inclusion of C. arborea stem fibres. The use of
rice husk in both the plaster samples suggest the ancient Indian
technicians were well advance in utilizing agricultural waste.
Though use of rice husk in Karla and Bhaja caves plaster has partic-
ipated in decreasing cracks, reducing density, transmitting plastic-
ity and durability to the earthen plaster, but the absence of
antifungal, antibacterial and insect resistance plant fibres has
caused further deterioration of the earthen plasters of Bhaja caves.
The inclusion of C. sativa in the earthen mix of Ellora caves has
shield it from insect attack whereas about 25% of Ajanta painted
plaster has been lost and damage still continuing due to silver
fishes. On the basis of the above finding it is suggested that locally
available plant having antifungal, antibacterial, insect resistance,
heat insulation, moisture control, antioxidant, and fire resistance
properties should invariably be mixed in lime/mud/cement plaster
for providing better indoor environment. This will help in reducing
our dependency on energy and save our planet earth.
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