THE CORROSION RESISTANT
DELHI IRON PILLAR

The Delhi iron pillar is testimony to the high
level of skill achieved by ancient Indian iron smiths
in the extraction and processing of iron. The iron
pillar at Delhi has attracted the attention of

archaeologists and corrosion technologists as it

has withstood corrosion for the last 1600 years.
The several theories which have been proposed
to explain its superior corrosion resistance can be
broadly classified into two categories: the
environmental and the material theories.
Proponents of the environmental theories state that
the mild climate of Delhi is responsible for the
corrosion resistance of the Delhi iron pillar. It is
known that the relative humidity at Delhi does not
exceed 70% for significant periods of time in the
year, which therefore results in very mild corrosion
of the pillar.

On the other hand, several investigators
have stressed the importance of the material of
construction as the primary cause for the pillar's
corrosion resistance. The ideas proposed in this
regard are the relatively pure composition of the
iron used, presence of Phosphorus (P) and
absence of Sulphur/Magnesium in the iron, its slag-
enveloped metal grain structure, and passivity

“enhancement in the presence of slag particles.

Other theotries to explain the corrosion
resistance are also to be found in the literature
like the mass metal effect, initial exposure to an
alkaline and ammoniacal environment, residual
stresses resulting from the surface finishing
operation, freedom from sulphur contamination
both in the metal and in the air, and surface
coatings provided to the pillar after manufacture
(barffing and slag coating) and during use (coating
with clarified butter), '

That the material of construction may be
the important factor in determining the corrosion
resistance of ancient Indian iron is attested by the
presence of ancient massive iron objects located
in areas where the relative humidity is high for
significant periods in the year (for example, the
iron beams in the Surya temple at Konarak in
coastal Orissa and the iron pillar at Mookambika
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temple at Kollur situated in the Kodachadri Hills
on the western coast). It is, therefore, obvious that

‘the ancient Indians, especially from the time of

the Guptas (300-500 AD), produced iron that was
capable of withstanding corrosion. This is
primarily due to the high P content of the iron
produced during these times. The addition of P
was intentional as iron produced during earlier
times does not show the presence of P

 To understand the precise reason for the
corrosion resistance of the Delhi iron pillar, we
analysed the compoesition of the rust on a Gupta .
period corrosion resistant iron clamp and also the
rust on the Delhi iron pillar. Archaecometalturgical
studies form a small component of our research
activities. It is clear that referring to the Delhi iron
pillar as rust-less is misleading as the iron pillar
derives its corrosion resistance from the passive
surface film (i.e. rust) that forms on the surface.
We undertook a detailed rust analysis using
modern sophisticated characterization techniques
like M&ssbauer spectroscopy and Fourier
transform infrared spectroscopy (FTIR), We
summarize below some of the exciting results of
our study. The present study also provides valuable
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insight into the corrosion resistance of steels.

Microstructure

The microstructure of the iron of the Delhi
iron pillar is typical of wrought iron. Iron was
produced in ancient times by solid-state reduction
of iron ore using charcoal and after the reduction
process, the slag particles in iron were squeezed
out by hammering. This invariably resulted in the
presence of slag particles and unreduced iron oxide
in the microstructure, We have earlier shown by
theoretical mixed potential analysis and
experimental potentiodynamic polarization studies
{conducted on ancient iron) that the presence of
slag particles could enhance passivity in these
ancient irons containing P However, the role of P
in the passivation process was not understood.
The characterization of the Delhi iron pillar rust
has provided clear ideas about the passive film
formation process on the Delhi iron pillar.

Rust Analysis

The FTIR spectrum proved the presence of
v-FeOOH, «-FeOOH and §-FeQOH. The §-
FeOOH was the major component of the rust as
the peak was of relatively larger height compared
to the others. An interesting result from the FTIR
spectrum was that there was a distinct signal from
the phase FePO,.2H,0 and the shoulder from this
phase was also identifiable. Therefore, the results
of the FTIR study indicated that the constituents
of the scale were v, o and §-FeOOH, in addition

to a small amount of FePO,. In order to further
understand the nature of the rust, the Méssbauer
spectrum obtained from the rust in the
tfransmission mode was analysed. The presence
of y-FeOOH, . «-FeOOH and §-FeOOH in
superparamagnetic form was confirmed. The very
fine particle size of these oxyhydroxides was also
confirmed. The presence of iron phosphate was
also confirmed. Finally, the rust was also
composed of magnetite that was incorporated with
some ions.

Process of Protective Rust Formation

, The process of protective rust formation en
the ancient Indian iron clamp can now be outlined
based on the results presented above. The surface
film characteristics of the Delhi iron pillar has been
compared with that of mild steel in the
accompanying figure. The rusting of normal mild
steel and weathering steel is first addressed. When
iron is exposed to the environment, the first oxides
that form are the oxyhydroxides of Fe which are
oxidized from Fe(ll} complexes. Although several
different allotropic modifications of the
oxyhydroxides have been proposed to form on the
surface of iron on initial exposure to the
environment, there is firm evidence in the literature
to suggest and prove that the first oxyhydroxide to
form is y-FeOOH. After this is formed, a part of it
begins to transform to another allotropic

modification {(-FeOOH) and the rust at later .

SURFACE FILM CHARACTERISTICS
DELH! PILLAR IRON
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times is composed of both these oxyhydroxides.
These oxyhydroxides are not protective against
corrosion and they readily crack allowing for
ingress of oxygen and moisture to reach the metal
surface and cause further corrosion. However,
with time, a part of the FeOOH formed transforms
to magnetic oxides of iron, which are much more
protective than these oxyhydroxides. Méssbauer
studies of rust formed on steel exposed to the
environment clearly shows that Fe,0O, {more
precisely to be called Fe, O,) forms first and this
is later converted to y-Fe,0,. The formation of this
magnetic oxide results in protection and the
oxidation (corrosion) rates decrease once these
oxides form on the surface from the oxyhydroxides.
In addition to - and y-FeOOH, there can be
another oxyhydroxide 6-FeQOOH which can form
on atmospheric exposure of iron.

It is interesting to note that §-FeOOH is
generally amorphous in nature. In ordinary mild
steels, this phase does not form as a continuous
layer but rather in a discontinuous manner as it
results due to dehydration-oxidation of the Fe(ll)
complexes. Therefore, the §-FeOOH th'c}t forms
in ordinary mild steels is not protective.ify nature.
However, it is possible for this 6-FeOOH\to form
next to the metal surface as a continuous layer in
which c¢ase the steel obtains carrosion resistance,
as the oxyhydroxide is also amorphous in nature.
The formation of 8-FeOOH as a continuous layer
next to the metal surface is catalysed by the
presence of P (also Copper [Cu] and Chromium

.[Cx]) in the material. Moreover, the 8-FeQOH is
enriched with P and other elements that are added
for improving atmospheric corrosion resistance like
Cr and Cu. The presence of this amorphous layer

_ is the reason for the excellent corrosion re51stance

of the so-called weathering steels.

In the case of ancient Indian iron, the
atmospheric corrosion rate of the matrix material
would be accelerated initially, in the presence of
slag particles, leading to the enhancement of P
concentration near the surface. Corrosion rate
measurements (by Tafel extrapolation and weight
loss methods) indicate that the short term
. corrosion rate of ancient Indian iron is an order
of magnitude higher than that of 0.05%C mild steel

in acidic environment while it is:comparable in
mildly alkaline environment. It must be noted that
these measurements were obtained for complete
immersion-conditions, quite different from
atmospheric exposure. Nevertheless, the initial
corrosion of the matrix must lead to enrichment
of P content near the surface. This is verified by
compositional analysis of the metal next to the
oxide which indicated enrichment of P in these
regions, With the enhancement in the P
concentration, the formation of 8-FeQOH is
catalysed and it should form as an amorphous
compact layer next to the metal surface: Therefore,
it appears that the presence of a significant amount
of P is crucial to the corrosion resistance of the
ancient Indian iron. :

The process of passive film formation on the
ancient Indian iron can be visualized as follows.
Initially, the corrosion of the metal leads to the
formation of o~ and y-FeOOH. However, the
presence of slag particles accelerates the corrosion
of iron thereby enhancing the P concentration on
the surface. This enhancement of P on the surface
catalyses the formation of amorphous §-FeOOH
as a compact layer next to the surface and this
results in atmospheric corrosion resistance of the
Delhi iron pillar. With time, conversion of this. §-
FeOOH to a stable form of iron oxide, i.e
magnetite, is possible. The magnetite could be.
doped with ions. This would further enhance the
corrosion resistance of the surface film on the
surface. The FTIR and Méssbauer spectra indicate
the presence of iron phosphates. The presence of

these phosphates would provide further corrosion

resistance to the passive film by lowering ionic
diffusion in the oxide and also by blocking the
pores in the oxide. The golden hue of the pillar
when viewed in certain orientations is due to the
presence of iron phosphates. We hope to
compositionally map the rust on the entire exposed
surface of the pillar in the near future.

For more information contact:
Dr. R. Balasubramaniam.
Depcrtrnent of Materials and MetaHurglcal
Enggneer:ng
IT Kanpur. -Kanpur 208016
Telephone: (0512) 59 7089; e-mail: bala@iitk.ac.in
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New insights on the modular planning of the

Taj Mahal

R. Balasubramaniam

Department of Materials and Metallurgical Engincering, Indian Institute of Technology, Kanpur 208 016, India

Dimensional analysis has revealed that the modular
planning of the Taj Mahal_complex was executed using
the traditional measurement units menfioned in the
Arthasastra, and, in particular, the vitasei measuring
12 angulams of 1.763 em. The riverfront terrace and
garden sections of the complex wWere planned using
square grids of 90 vitasti to the side, while the forecourt

and caravanserai section using square grids of 60 -

vitasti to the side. The logical numbers that result for
the dimensions have been analysed to show the ease of
division of these numbers into symmetric elements to
understand quadratic division of space of the garden
area and the trindic division of space of the mausoleum,
including decimal divisionss A novel approach to
understand the metrology of historical architectural
structures of the Indian subcontinent is revealed.

Keywords: Arthasastra, architecture, measurement, metro-
logy, Taj Mabhal,

THE Taj Mahal complex is one of the most visited and
well-known archaeological structures of India. This is
also one of the wonders of the modern world!. The overal]
plan of the Taj Mahal complex (Figure 1) reveaks that it
was planned tased on ordering of grids, with the main
architecwral features of the complex placed on bilateral
mirror symmetry along the north-south axis. The four
major sections of the complex, as they are referred to in
Figure 1, are (T) the riverfront terrace which contains the

Taj Mahal 1 i s, .
o Mahal mausoleum (M), (C) the charbag (iiterallyf jeomplex is precise and the quality of workmanship is par

W excellence.

‘four gardens’) in front of the riverfront terrace, (J) the
Jilaukhana (literally ‘in front of the house’) which contains
the gate (G), and finally, the caravanserai (5).

The first detailed scholastic examination of the modu-
lar planning of the complex was undertaken only in 1989,
when Begley and Desai® analysed the measurements of
different parts of the complex listed by Lahori’. Lahori
was the official historian of Shah Jahan (AD 1628-56),
who commissioned the construction of the Taj complex.
Lahori stated the measures in terms of the gaz and zira,
which were Mughal linear measures®®. One notices that
the entire description of the dimensions of the complex
by Lahori® is in terms of mainly illogical gaz figures, The
appearance of illogical numbers in the design of the Taj

e-mail: bala@iitk.ac.in
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complex and the Taj Mahal has been ignored so far and
simply considered as being part of geometric under-
standing®®. Begley and Desa® proposed a simple fixed
grid of 400 gaz and its sub-divisions to describe the com-
plex, but their analysis has been shéwn to be imprecise and
incorrect®,

Recently, Barraud’ recorded the most detailed dimen-
sions of the complex and proposed a generated grid sys-
tem to explain the modular layout of the complex®.
Barraud utilized the traditional Mughal linear measure,

. gaz, assuming a conversion of 80.5 cm to a gaz. He con-

cluded that the complex was planned as a tripartite rec-
tangle composed of three 374-gaz squares®. Barraud
proposed that the planning of the riverfront terrace and
the charbag sections can be understood in terms of square
grids of 23 gaz to the side, while that of the jilankhana
and caravanserai sections in terms of square grids of 17
gaz to the side. Further, he noted that the transition from
the 23-gaz grid pattern to the 17-gaz grid pattern occurred
at the main gate (marked as G in Figure 1). The apparent
illogicality; in the numbers 23 and 17 of ths sides of the
grid patterns proposed by him is immediately striking,
when the grid sides are expressed in terms of gaz. Barraud®
has ignored the appearance of illogical numbers and the
disgrepancies in the measurement (which are primary
evidence) as being due to errors fin the contemporary
descriptions, rounding-off errors, inaccuracies of reporting
from third persons and errors in workmanship. These
arguments are not convincing since the planning of the

The modular planning of the complex can be viewed

/ afresh from a totally different angle, by considering the

use of a different system of measurement. Recent studies®™ "

have revealed that the measurement units described in
Kautilya’s Arthasastra'™"?, dated to around 300 Bc, can
be used to understand the engineering plans of most engi-
neered structures of the Indian subcontinent through the
ages, till the adoption of British units in earily 20th cen-
tury. In particular, these studies confirm the use of a con-
stant basic measurement unit (the gngulam) of 1,763 cm.
Interestingly, this unit was derived, without any a priori
assumptions, from plans of Harappan civilization settle-
ment sites'™"*. A similar unit also appears in the Lothal
ivory” and Kalibangan terracotta'® scales of the Harappan
civilization. The important measures mentioned in the

]
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Arthasastra have been summarized in Table 1 in terms of
ihe traditional amgulam and modern centimetre. These
measurement units have been explained in greater detail
elsewhere'’.

The first detailed measurements of the Taj Mahal com-
plex were made by Hodgson”, the then Surveyor General
of India, in 1825. The latest measured dimensions of Bar-
raud” will be utilized in this article.

Riverfront‘terra"c'e and charb;zg
“The modular design of the riverfront terrace and charbag

area can be understood in terms of square grids of each
side corresponding to 10 dhanus (henceforth 10D). This

J
]

Figure 1. The four sections of the Taj Maha! complex have been
marked in this satellite image of the complex. These are (7) the river-
front terrace {northernmost}, (C) the charbag, () the jiloukhana and
(S) the caravanserai. M is the Taj Maha! mausoleum and @ the grand
gate.
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! Table 1. Units of measure mentioned in the Arthasasita in terms of
Y pumber of angulams

modular plan has been shown in Figure 2. The important
lengths in the riverfront and charbag sections have also
been indicated in Figure 2 in terms of dhanus (D).

The intricate construction of the Taj Mahal mausoleum
must have required measures smaller than dhamus. 1t is
most logical to consider the traditional hand-span measure
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Figure 2. Proposed novel medular plan and predicted dimensions of
the riverfront terrace and charbag sections of the Taj Mahal complex,
based on the moduler grid of 10D. The dhanus (D) equals 108 angu-
lams and each angulam measures 1.763 cm.

and centimetres, using the conversion | angr-

Jam = 1.763 cm. This table is fundamental to the understanding of

metrelogy of the Indian subcontinent through the ages. The different
kinds of hastas are explained in Balasubramaniam'®

Measure No. of angulams Centimetres
Angulam 1 1.763
Vitasti 12 21.256
Pada 14 24.682
Aratni 24 42312
P-hasta 24 42312
* C-hasta 28 49.364
F-hasta 54 95.202
Kishku 42 74.046
Kamsa 32 56416
Danda 96 169,248
Dhanus 108 190.404
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Table 2. Comparison of the proposed dimensions with the most recent actual measurements’ of important sections of the Taj Mahal complex. The
vitasti (V) equals 12 angriams and each angufant measures 1.763 cm
Proposed measure
Loecation Vitasti (V) Centimetre Acteal measure (cm) Percentage errar
E~W length of terrace 1440 30464,64 30084 +1.25
N-8 length of terrace 540 11424.24 11189 +2.06
E-W and N-5§ lengths of marble platform 450 $520.20 9569 -0.51
E-W and N--§ iengths of mausoleum plinth 270 5712.12 5690 +(,39
E-W and N-S length of charbag 1440 30464.64 29631 +2.74
E-W length of platform on gate facing jifaukhana 300 6346,80 6436 ~1.d1
N-S length of platform on gate facing jilaukhana 120 2538,72 2620 -3.20
Length of door in gate on N/§ face 60 1269.36 1290 -1.63
Lenpth of door in gate on E/W face 45 952.02 975 -2.41
E-W length of central hall in pate 60 1262.36 1290 -1.63
E-W and N--S length of central square of corner room in gate 24 507.74 523 =3.40
E-W length of jilankhana 1440 3046464 300384 -1.25
E-W length of court in jilaukhana 780 16501.68 16523 -0.13
N-S§ length of court in jilaukhana 600 12693.60 12351 +2,70
E-W tength of bazaar street in jifaukhana 300 6346.30 6250 +1.53
N-S length of bazaar street in jilaukhana 75 1586.70 1618 -1.97
E-W length of south gate in jilaukhana 60 1269.36 1220 ° +3.89
E-W length of inner enclosure of attendants’ quaners in jilaukhana 240 5077.44 4965 ’ +2.2%
N-S length of inner enclosure of attendants® quarters in jilaukhana 165 3490.74 3522 -0.90
E-W length of outer enclosure of attendants’ quaniers in jilankhana 300 6346.80 6185 +2.55
N-S length of outer enclosure of attendants’ quarters in jilaukhana 240 5077.40 5366 —5.68
E-W length of caravanserai 1440 30464.64 30084 -1.25
N-S length of caravanserai 1560 33003.36 33490 ~1.47
E-W length of central sireet of caravanserai - 120 2538.72 2530 +0.34
E-W and N-§ length of typical courtyard of caravanserai 660 13962.96 13777 +1.33

the vitasti. The Arthasastra specifically mentions that 12
angulams equal one vitasti (V). There is no confusion
regarding its exact value in terms of angwlam, unlike
some other units like hgsta (see Table 1 and Balasubra-
maniam'® for definitions) mentioned in the Arrhasastra.
Therefore, 10 dhanus equals 90 virasti. This is the grid
size used in the modular planning of the riverfront terrace
- and charbag sections.

" In order to bring out the accuracy of the dimensions
mentioned in Figure 2, the errors between the proposed
and actual measures are listed in Table 2. The proposed
measures have been expressed in units of vitasti and cen-
timetres. The measured values are most recent’, The error
is defined as the deviation of the proposed measure
from the actual measure expressed in percentage of the
proposed measure. The good match of the predicted
measures with the actual measured values confirms the
novel approach presented in this article, ' namely the
original modular planning of the riverfront terrace and
charbag sections used a grid of pattern of 10D or 90V to
the side. ‘ ’

It may also be worth noting here that the classical unit
of rajju is defined as 10 dhanus in the Arthasasira'''.
Therefore, the perfect expression of several measures in
the Taj Mahal complex in terms of rajjus could hardly all
be coincidences. Although the »ajju will not be used fur-
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ther in this article, its relationship with the dhanus must
be borne i mind.

Of great advantage in using measures expressed in the
Arthasastra units is the fact that the Taj Mahal complex
can be divided into sections whose measures are in logi-
cal numbers. A major dimension is the breadth of the
entire complex. This works out to be 160D or 1440V, if
one does not include the wall enclosure at the sides (Fig-
ure 2), Further, the extent of the riverfront terrace (i.¢. the

‘gh{limensions in the N-8 axis) is 60D.

} The quadrilateral four-part symmetry of the charbag is
Yvident in Figure 1. The length and breadth of the garden

fis 160D. The four-fold symmetry that is inherent in its
design is readily evident when the dimension is expressed
as 160D or (4°x 10)D or {2'x 10)D. For example, the
charbag grid of 160D by 160D can be further divided
into grids of increasing complexity like four (which is 2%)
grids of 80D by 80D, eight (which is 2%) grids of 40D by
40D, sixteen (which is 2*) grids of 20D by 20D, two hun-
dred and fifty-six (which is 2°) grids of 10D by 10D, and
one thousand and twenty-four (which s 2% grids of 5D
by 5D,

The appearance of the multiple 10 in the measure of
the grid side (considering either 10D or 90V) is also signi-
ficant because it allows division of space using the deci-
mal system.

CL&IRRENT SCIENCE, VOL. 97, NO. 1, 10 JULY 2009
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housed the quarters of attendants have been marked in the
northeastern side of the jifoukhana. The street has been
indicated by dotted lines. The predicted dimensions of
major architecture features are indicated in this figure in
units of vitasti (V). The match of predicted values with
measured ones’ is good (see Table 2).
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Figure 5. Proposed novel modular plan and predicted dimensions of
the jilaukhana section, based on modular grid of 60V. The vitasti (V)
equals 12 angulams and each anguiam measures 1:763 cm. The 90V
grids of the modular plan of the adjoining charbag section are marked
at the top using detted lines.
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Figure 6. Proposed novel modular plan and predicted dimensions of

the caravanserai section, based on & modular grid of 60V. The vitasti
(V) equals 12 angulams and each angulam measures 1,763 cm.
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The modular plan of the caravanserai section c¢an also
be understood in terms of the 60V grid pattern, This plan
is shown in Figure 6, where the dimensions of important
features have been marked. The 60V grid pattern has
been marked at the top left quadrant. The excellent match
between the proposed and actual dimensions (see Table 2}
confirms that this was probably the plan on which this
section was designed.

Overall design

_ The overall plan of the Taj Mahal complex along with

dimensions of the different sections is shown in'Figure 7,

}-— 16X 90V = 1440V ———-I
T '(:D 690V = 540V
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1vitasti(¥) = 12angulams = 12x1.763cm = 21166 cm

Figure 7. Proposed dimensions of the Taj Mahal complex in terms of
vitasti. The vitasti (V) equals 12 angulams and each angulam measures
1.763 cm. ’
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with dimensions expressed in terms of vitasti (V). The
riverfront terrace and charbag sections occupy 540V and
1440V length along the N-§ axis respectively. The
Jilaukhana and the caravanserai sections occupy 720V
and 1560V length along the N-8 axis respectively.
According to this plan, the overall length of the complex
is 4260V (="90,124.56 cm). The actual measured value’
is 89,610 cm, which is close to the prediction (off by
error of +0.57%). This remarkable match confirms the
novel modufar planning scheme of the Taj complex,
explained in this arlicle.

It was confirmed earlier that a large grid size (90V)
was used in the meodular planning of the terrace and
charbag sections, while a smaller grid size (60V) was
used for the jilaukhana and caravanserai sections.
Although the overall dimensions of the jilaukhana and
caravanseral were larger, they were divided using a finer
grid. The transition of these two grid patterns was
achieved at the main gate to the charbag (see Figure 4).
The entire charbag and mausoleum present a striking pic-
ture when one enters throngh the impressive gate. It is
reasonable to propose that one of the main reasons for
this visual effect is the entirely different (and larger) grid
pattern on, which the riverfront terrace and charbag sec-
tions were planned, compared to the smaller grid pattern
on which the jilaukhana and the caravanserai sections
were planned.

The mausoleum

The most spectacular engineering construction in the
complex is the Taj Mahal mausoleum.

The relative dimensions of the platform and the plinth
{on which the mausoleum rests), and their relation to the
N-8 length of the riverfront terrace are shown in Figure
8. The length and breadth of the marbie platform is 450V,
while the length and breadth of the plinth of the mauso-
leum ecquals 270V, The match between predicted and -
actual measurements is excellent (see Table 2). In thisf™
manner, the square (representing the plinth of the mauso-
leum) of 270V to the side was planned in the centre of
another square (representing the marble platform) of /
450V to the side. Incidentally, these dimensions are
symmetrically related to the N-S length of the terrace,
which equals 540V. The minarets are located at the four
corners of the platform along the common diagonal axes.
The overall symmetry of this design scheme can be
appreciated in the plan shown in Figure 8.

The proposed moduiar plan and dimensions of different
sections of the mausoleum are shown in Figure 9. The
mausoleum was designed on a master square of 270V to
the side. The appearance of number 270 (=3 x3x
3 % 10) in the modular planning is noteworthy, because
of the many ways in which space represented by a square
of 270V sides can be divided. Apart from the triadic divi-
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_sion (division of space by thirds, which dominate the

plans, elevations and architectural ornaments of the Tyj
Mahal), 270 lends itself to other combinations, reflected
in Figure 9, which are discussed below.

Additionally, the factor 10 in 270 facilitates the deci-
mal division of dimensions. This is important, especially
considering the intricate inlay and exquisite mosaic work
on the walls and floor of the Taj Mahal, which were
planned and executed to a well-devised scheme. The pre-
sent article will not analyse the minor dimensions of the
numerous symmetric geometric patterns seen in the Taj
Mabhal, but it is clear that their dimensions' can be ration-
ally understood in terms of the traditional vifasti unit of
the Arthasastra.

The plan of the mauscleum can be divided into nine
smaller squares of side 90V (see Figure 9). This kind of
division of square space into nine equal squares was aiso
followed in ancient Indian'® and Chinese'” cultures. Fur-
ther subdivision of the 90V length in thirds is evident in

.the length of the large arched doors (60V) and the small

arched doors (30V) on each (outer) face of the mauso-
leum (see Figure 9). The predicted valued for the large
door length is 1269.36 cm (=60V) and this is only
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Flgure 8. Proposed modular plan and predicted dimensions of rivef~
front terrace containing the marble platform on which the plinth of the
Taj Mahal rests. The vitasti (V) equals 12 angulams and each angulam
measufes 1.763 cm.
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—1.70% away from the average measured value’ of
1291 cm.

The lengths of several major sections and architectural
elements of the Taj Mahal reveal that the side of length
270V was also divided into other different schemes, like
GOV + 150V + 60V or 45V + 180V + 45V, These possi-

bilities have been marked in Figure 9. The division of the
270V side into unequal lengths of 60V + 150V + 60V
results in the grid pattern whose intersection points match
precisely the centres of the octagonal chambers on the
four corners. This grid pattern has been shown by a dot-
ted line in Figure 9. Using the scheme of dividing the
270V length into lengths of 45V + 180V + 45V, one can
appreciate the design of the chamfered corners of the Taj
Mahal. Considering each corner square of dimensions
45V by 45V, it is first noted that the length of the corner
section does not correspond to the length of the diagonal
of this square {namely (45/*12)\/ =63.63V). The corner
has been designed such that its length is 45V and the
length of the corner door archway is 30V (see bottom part
of right-hand side of Figure 9).

Central chamber

The central square of the nine-square (9 X 90V X 90V)
modular plan of the Taj Mahal contains the tomb cham-
ber and can be analysed according to the plan proposed in
Figure 10. The central octagon is enclosed in a square of
{90V/2) x (90V/2). This equal-sided octagon outlines the
screened area surrounding the central tomb. Since the
octagon is equal-sided and fully inscribed within a square
of (90V/2) to the side, the length of each side of the octa-
gon can be precisely determined by mathematical methods.
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Figure 9. Proposed modutar plan and predicted dimensions of the Taj
Mahal mausgleum. The vitasti (V) equais 12 angulams and each angu-
tam measures 1,763 cm. The symmetric ditnensions of various architec-
tural features of the structure must be noted.
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The mathematical solution of this geometric problem
gives the length of each side of the octagon as (90V/2) x
tan(90/4) = 18.6396V. This measure has also been marked
in Figure 10. The architectural feature that matches this
central octagon (in Figure 10} is the large octagonal
design on the mosaic floor, just outside the exquisite
sereen. :

The average measured length’ of the side of the
octagonal screen is 359 cm. The average length of each
side of the octagonal design in the mosaic is 394 cm,
based on the detailed plan of the mosaic flooring'. The
predicted value of the iength of each side of the central

“octagonal design is (18.6396 x 21.256) cm = 394.340 cm.

This excellent match of the predicted dimensions with the
average length of the large cenfral octagonal design on
the mosaic floor must be considered as firm proof for the
novel analysis presented in this article.

A word of caution may be appropriate here for scholars
interested in recording dimensions of historical structures
of the Indian subcontinent. Care is needed when relating
the measured dimensions - with traditional units because
the metrological philosophy based on which the design
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Figure 10. Proposed modular plan and predicted dimensions of the
central tomb chamber of the Taj Mahal mausoleum. Notice how the
central octagon has been created from the central inner square measur-
ing 90V/2 1o the side. The virasti (V) equals 12 angulams and each
angulam measures 1.763 cm.
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was marked out has not been understood, prior to this
waork. Therefore, major geometric structures on the floor
patterns {as well as on elevation sections) need to be con-
sidered in actual measurements and not only the architec-
tural elements.

Summary

The modular planning of the Taj Mahal compiex at Agra
has been understeod in a novel approach in terms of the
traditional units of measure mentioned in the Arthasastra
using a constant angulam of 1.763 cm and, in particular,
the vitasti measuring 12 angulams. The riverfront terrace
and garden sections of the complex were planned using
square grids of 90 virasti to the side, while the forecourt
and caravanserai section using square grids of 60 vitasti
to the side. The logical numbers that result for the dimen-
sions have been analysed to show the ease of division of
these numbers into symmetric elements, including deci-
mal divisions. A novel method by which the architectural
structures of the subcontinent can be understood is con-
firmed by the low percentage of errors between the pre-
dicted and actual measurements of the Taj Mahal
complex. Traditional design principles and civil engineer-
ing skills of the Indian subcontinent were utilized in the
construction of the Taj Mahal.
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