
Hagia Sophia: New Types of Structural Evidence
Author(s): Robert L. van Nice
Reviewed work(s):
Source: Journal of the Society of Architectural Historians, Vol. 7, No. 3/4 (Jul. - Dec., 1948),
pp. 5-9
Published by: University of California Press on behalf of the Society of Architectural Historians
Stable URL: http://www.jstor.org/stable/987423 .
Accessed: 01/05/2012 19:36

Your use of the JSTOR archive indicates your acceptance of the Terms & Conditions of Use, available at .
http://www.jstor.org/page/info/about/policies/terms.jsp

JSTOR is a not-for-profit service that helps scholars, researchers, and students discover, use, and build upon a wide range of
content in a trusted digital archive. We use information technology and tools to increase productivity and facilitate new forms
of scholarship. For more information about JSTOR, please contact support@jstor.org.

University of California Press and Society of Architectural Historians are collaborating with JSTOR to
digitize, preserve and extend access to Journal of the Society of Architectural Historians.

http://www.jstor.org

http://www.jstor.org/action/showPublisher?publisherCode=ucal
http://www.jstor.org/action/showPublisher?publisherCode=sah
http://www.jstor.org/stable/987423?origin=JSTOR-pdf
http://www.jstor.org/page/info/about/policies/terms.jsp


Hagia Sophia: New Types of 

Structural Evidence* 

ROBERT L. VAN NICE 

Historically and architecturally Justinian's great 
church of Hagia Sophia is unparalleled among 
mediaeval monuments. Completed in A. D. 537 
and dedicated to the Orthodox ritual, it was sacked 
in 1204 by Venetians of the Fourth Crusade and 
became for fifty-seven years a Roman Catholic 
church; at the capture of Constantinople in 1453 
it was converted to Moslem rites and for nearly five 
hundred years thereafter served as a mosque; in 
1935 it was made a State Museum of the Turkish 

Republic. Thus, as the center of prescribed re- 

ligions of the three empires with which its fate 
has been intimately connected, the history of Hagia 
Sophia is well documented. But for lack of oppor- 
tunity in the past to examine the building freely, 
what information is available in documentary 
sources cannot be correlated with details of the ex- 

isting structure. 
The purpose of the following remarks is not to 

attempt a solution of any of the varied architec- 
tural problems inherent in, or ascribed to, Hagia 
Sophia; it is to explain briefly and informally some 

types of evidence which have not hitherto been 

brought to bear on these problems. The material 

presented herewith was assembled during an ex- 
tended structural investigation initiated in 1937 

by William Emerson, former Dean of the School 
of Architecture at the Massachusetts Institute of 

Technology, sustained and supervised by him, and 
aimed at identifying the original form of Hagia 
Sophia at the time of its completion in A. D. 537. 
In a strict sense this has not been an archaeological 
undertaking, for it involves neither excavation nor 
re-examination of documents. On the other hand it 
has the advantage, thanks to the friendly collabora- 
tion of scientists at M.I.T., of offering data inter- 

preted according to the most advanced technical 
knowledge of the moment. Before describing some 

*Presented at the Symposium on Medieval Architecture at Oberlin 
College, October 16-17, 1948. 

of the more interesting types of evidence and their 
implications, it may be useful to review in general 
the reasons which establish Hagia Sophia as a key 
monument in the history of architecture. 

This vast domed basilica (Plate 1, Fig. 1), com- 
parable in height to a modern building of fifteen 
stories, was brought to successful completion in less 
than six years, between A. D. 532 and 537, by Jus- 
tinian's architects Anthemius and Isidorus. Fol- 
lawing injury from an earthquake in the previous 
year, the initial dome collapsed in 558. Jus- 
tinian entrusted its reconstruction to Isidorus the 
Younger, nephew of the first Isidorus, who is re- 
ported to have raised the crown of the new dome 
approximately 6.25m., thereby reducing its lateral 
thrusts as compared with those of the first, flatter 
dome. This second dome, which was completed 
before 563 and parts of which remain today, has 
been injured subsequently by earthquakes on two 
occasions: In 986 a segment was injured when the 
western arch gave way, and repairs were accom- 
plished by 994 under supervision of Trdat, an Ar- 
menian architect; in 1347 a segment came down 
when the eastern arch collapsed and restorations 
were finished by 1354 under direction of Astras, 
Faciolatus and Giovanni Peralta. These damages 
which, according to the accepted history, are the 
only instances of major injury incurred by the 
structure, illustrate why Hagia Sophia merits our 
closest attention. The present dome, constructed 
in the sixth century upon supports designed for 
an earlier dome of unknown form, incorporates re- 
pairs of undetermined extent which date from the 
tenth and fourteenth centuries. Further, the sys- 
tem of support for the dome, which is not altogether 
logical, raises questions of unusual structural in- 
terest. 

The rapidity of Hagia Sophia's successful con- 
struction ranks it among the great engineering 
feats of all time, a speed even more remarkable in 
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view of certain novel structural devices employed 
in it. Pendentives of immense size, once thought 
to have been invented and simultaneously to have 
reached their fullest development here, were car- 
ried beyond the farthest limits of previous experi- 
ence. These spherical triangles rise within a square 
formed by four equal arches which convey the im- 
pression that the dome is carried on a regular geo- 
metrical figure. But while the four visible arches 
which appear to carry the dome are apparently 
alike, those which actually support the dome are 
of two kinds and are supported in turn by different 
structural devices. 

The eastern and western arches, which span the 
nave transversely, are thin at their crowns, open 
beneath, and braced by semidomes of equal diame- 
ter; these are working arches. The arches of simi- 
lar span, which are visible along the sides of the 

nave, are not primary supports of the dome but 
are applied to the faces of the working arches; 
the latter are flush with the tympana and there- 
fore invisible from the nave. The northern and 
southern structural arches, as compared with the 
eastern and western, are shorter in span, thicker 
through the crown, broader on soffit, and unsup- 
ported except by buttresses (Plate I, Fig. 2) built at 
right angles against their springings. Hence, be- 
cause of this dual system of support, the lateral 
thrusts of the dome, which are radial and equal in 
all directions, are countered on two sides by semi- 
domes and on the other two by buttresses which do 
not lie in line with the forces they are intended to 
oppose. 

The surpassing interest that ingenious design 
and an eventful history give to Hagia Sophia may 
be summed up as follows: Despite the embodiment 
of an untested and somewhat illogical principle of 
support for the dome, the church was successfully 
erected with unprecedented speed at a scale of size 
and magnificence unrivalled for several centuries; 
it has suffered serious injury from three earth- 
quakes and has survived innumerable others; it has 
endured the effects of time, decay and intermittent 
neglect; yet it comes down to us after 1400 years of 
constant use, not as a lifeless ruin, but with struc- 
ture intact and forces still in action. It is conse- 
quently more than a mediaeval monument of un- 
paralleled historical interest; it is, in effect, a vast 
and living laboratory for studying the best tech- 
niques employed by known architects within pre- 

cisely dated periods at intervals of four hundred 
years throughout the Byzantine epoch. Because of 
the part played by physical forces in disasters that 
have befallen the building, an attempt to explain its 
complex form must take into account certain struc- 
tural principles. 

Since the stability of any structure depends ulti- 
mately upon the character of its foundations, it 
was imperative at the outset of our investigation 
to gauge foundation conditions beneath Hagia 
Sophia. This question has more than technical in- 
terest, for it touches upon one of the most colorful 
legends attached to the building: The belief that 
cisterns of great size are enclosed within its sub- 
structures. In the absence of permission to exca- 
vate, inspection of wells, drains and tunnels lying 
beneath the western half of the nave and nartheces 
was our only available source of information. 
Though data obtained in this manner are not final, 
their implications provide a useful point of de- 
parture for assessing the structure. 

The well which has often been cited as an en- 
trance to the supposed cisterns proved on examina- 
tion to be a shaft cut from natural rock, the sur- 
face of which, it is now clear, lies from 1.0 to 2.0m. 
below present floor level. The proximity of this 
natural rock to the existing floor excludes the pos- 
sibility that large cisterns were built into the origi- 
nal structure and suggests that the main piers and 
buttresses are built on rock. According to an 
analysis made by Prof. Frederick K. Morris, a 
geologist at M.I.T., the rock is a relatively weak 
Devonian layer. Pressures exerted on it by the 
supports of the dome, which were estimated by 
Prof. E. N. Gelotte from sources available before 
the start of work in the building, are in the order 
of magnitude of 105 tons per square meter. With 
these facts in hand, Prof. Morris and Dr. Karl 
Terzaghi, soil mechanics expert at Harvard, ar- 
rived at two significant conclusions: First, the 
estimated pressures are sufficient to cause subsi- 
dence in the Devonian layer; and, second, damage 
caused by earthquakes to buildings of Hagia 
Sophia's size which stand on rock results from the 
vibration in phase of large structural members and 
not from dislocation of their foundations. These 
principles, as will later become apparent, are in- 
dispensable to an understanding of Hagia Sophia's 
past history and present condition. 

Next in importance to the question of founda- 
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PLATE I 

Fig. 2-Hagia Sophia: Southeast Buttress: Section (from a 
preliminary drawing) 

Fig. 1-Hagia Sophia: South Side of the Nave, Showing Southwest Pendentive 
(from negative in archives of the National Museum, Istanbul) 



PLATE II 

Fig. 3-Hagia Sophia: Typical Brickwork of the Fig. 4-Hagia Sophia: Byzantine Brickwork, Pos- Fig. 5-Hagia Sophia: Setting Line on the Cornice 

Earliest Period (right) and Turkish Ma- sibly of the Tenth Century. of the Dome 

sonry (left) 
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tions is that of determining the precise character of 
structural materials. Until now the materials have 
been treated only in general terms because it is 
difficult under the best of conditions to come to 
grips with the actual fabric. Whereas in a Gothic 
cathedral structure and decoration are integral, in 
Hagia Sophia the working masonry is largely hid- 
den by superficial decoration. All structural ele- 
ments as well as non-bearing walls are obscured 
throughout the interior by marble veneer, and their 
details are hidden on the exterior by stucco; vault- 
ing and arches are decorated inside by continuous 
mosaics and are covered outside by lead sheets of 
the roofing. The only places in the entire building 
wherein its fabric can be systematically examined 
are the stairwells enclosed with the four buttresses. 

These buttress stairways (Plate 1, Fig. 2) were 
originally reached from outside the peripheral wall 
of the church at a level halfway between ground 
floor and gallery. From here they rose in eight 
and a half turnings to an overall height of 40m. 
Of the thirty-four turnings contained in the four 
original stairways, ten have been filled during later 
attempts at consolidation. There can be no doubt 
that lower levels of the buttresses, which are an 

integral part of the system of support for the floor 
of the gallery and its roof, were built during the 

original period of construction, but the details of 
walls enclosing the stairways differ so widely that 

general conclusions regarding the four cannot be 
drawn after examination of a single buttress. These 
critical differences necessitated measurement of all 
four which would amount, if their turnings were 
added together, to a single stairway twenty-four 
stories high. Since many of the turnings are light- 
less, their investigation presented earlier investi- 
gators with such insurmountable obstacles that the 
true nature of these complicated spaces is unknown 
and even the amount of their explorable extent has 
not been recorded. This lack is one of the greatest 
hindrances to adequate assessment of the structure, 
for the buttress stairwells are repositories of in- 
valuable data regarding sixth century construction. 
The walls of these modest spaces remain, except 
for thin and recent coatings of limewash, exactly 
as they were left by the builders of various epochs. 
Cracks, changes in materials and techniques, pres- 
ence or lack of bonding, etc., provide a graphic 
history of vicissitudes endured by the structure, 
and the buttresses consequently became the focus 
of our investigation. 

The first notable point regarding materials is 
that the buttresses are not composed of homogeneous 
masonry but contain brickwork of three different 
kinds. That of the earliest period of construction 
(Plate II, Fig. 3, at right) consists of square bricks, 
the exposed edges of which average 0.045 by 
0.375m.; its horizontal joints have a slightly con- 
cave surface, and ten courses measure 1.01m. The 
second type (Plate II, Fig. 4), also Byzantine and 
possibly of the tenth century, is distinguished by 
variety in sizes of bricks, edges of a few being 
0.06 thick and 0.60m. long, by sloping, or "weath- 
ered" joints, and by a wider spacing of courses 
which increases the height of ten to as much as 
1.26m. The third type is Turkish; it consists for 
the most part of two courses of bricks .03 by .285m. 
alternating with one of faced rubble (Plate II, 
Fig. 3, at left). While such obvious diversities 
in the materials provide a point of departure for 
defining the extent to which the original form of 
the buttresses has been changed, the brickwork has 
more to offer than can be learned by inspection. 

Legends tell that the mortar used in Hagia 
Sophia was mixed with a broth of cooked barley 
and willow twigs. If such vegetable substances 
were every employed, Prof. Morris finds no traces 
of them; his analysis of a thin section made from 
a specimen of the earliest mortar shows it to con- 
sist of burnt lime, sand, occasional pieces of gravel 
and a considerable immixture of crushed brick. Of 
these ingredients a grain of sand and a chip of 
brick merit brief digressions. 

In the specimen of mortar Prof. Morris identified 
a grain of a special kind of granite which accord- 
ing to available geological information could only 
have come from exposures along the coast of the 
Black Sea north of Istanbul, perhaps from as far 
as the Dobrudja. This grain of sand was carried 
by ocean currents to within access of the builders 
of Hagia Sophia, and its presence indicates that 
sea sand was used in the original mortar. In this 
connection it may be pertinent to recall Vitruvius' 
suggestion to the effect that mortar made with sea 
sand is improved by an admixure of crushed brick. 
Vitruvius' advice, according to Prof. Walter C. 
Voss, an authority on masonry construction, is 
good, but his reasoning may have been wrong. If 
he thought that chips of brick would counteract 
the effect of salt on the setting up of mortar, he 
was mistaken, for salt has no effect on it. On the 
other hand, the disposal of excess water raises prob- 
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lems in the case of modern cements, and the addi- 
tion to Byzantine mortar of a porous substance like 
crushed brick, which assists the absorption of excess 
water, afforded particles of lime a more intimate 
contact with the bricks and thus improved the den- 
sity of the mortar. From the characteristics of a 
single chip of brick which happened to be in our 
specimen of mortar there emerged another fact 
of importance to the history of building in Con- 
stantinople. 

Mineralogical components of a chip of brick in 
the earliest mortar-a chip from a brick older, of 
course, than the building itself-are identical with 
those of bricks employed in the initial construction 
and those manufactured by the Turks in the fif- 
teenth century or later. This uniformity, which 
Prof. Morris identified by studying thin sections 
of specimens of bricks of the typical sizes men- 
tioned above, indicates that they were made from 
the deposits of marine clays in which Istanbul is 
situated, for clays of marine origin are capable of 
producing homogeneous bricks over a long period 
of time. The minerals identified in a brick of the 
largest size are, in contrast, entirely foreign to the 
clays in the region of Istanbul, and these largest 
bricks must have been imported, possibly from 
Rome where similar sizes were commonly used in 
centuries prior to the Byzantine era. 

As to the capacities and behaviour of masonry 
composed of the bricks and mortar just described, 
there are significant clues. In the first place, the 
beds of mortar are thicker than the bricks them- 
selves; the ratio of brick to mortar, by volume, is 
about 1 to 1.4, and there is consequently about half 
again as much mortar as brick in certain parts 
of the structure. This fact leads Prof. Voss to 
suggest two probabilities: It is likely that brick- 
laying, despite the speed with which the initial 
construction was prosecuted, had to proceed in a 
horizontal direction and rather slowly in order 
to prevent the weight of superimposed courses from 
pressing the uncured mortar out of such thick 
joints; and because considerable time is required 
for mortar in deep masses to dry out and attain 
its full strength it will flow if subjected prema- 
turely to excessive pressure. What might be 
called an "acquired" characteristic of the brick- 
work may be due in part to this action. 

Brick courses at all levels in side walls of the 
buttresses are no longer horizontal but slope down 
and away from the main piers at an average angle 

of about 1 in 40. This measure of the deformation 
undergone by the buttresses is related to the in- 
clination of the piers themselves. 

One of the most striking features of Hagia 
Sophia's nave is the appreciable backward inclina- 
tion of the four piers from which spring the arches 
of the dome. In a height of 23m. between floor 
and springing the faces of the piers lean backward 
an average of 0.50m.-at an angle, in other words, 
of 1 in 48. This deviation of the main piers from 
vertical corresponds closely with the deviation of 
brick courses in the buttresses from horizontal. It 
is obvious that the piers and buttresses have tipped 
backward as a result of lateral thrusts exerted by 
the dome, and we may now by reference to prin- 
ciples suggested above attempt an explanation of 
some of the forces involved. 

The thrust of the first, low dome tended to tip 
over the main piers and their buttresses in a direc- 
tion transverse to the nave. In view of the speed 
of initial construction, it is probable that the arches, 
piers and buttresses were charged with these 
thrusts before their mortar had attained its ulti- 
mate strength, and it may have flowed under the 
pressure. We now know that pressures exerted 
by the main structural elements are sufficient to 
have caused subsidence in the natural rock beneath 
them. But because of the tendency of the thrusts 
of the dome to tip the buttresses outward, these 
bearing pressures were not evenly distributed: 
They increased at the outer ends of the buttresses 
and decreased correspondingly at the front edges 
of the piers. Hence the compression of the rock 
was not uniform but was greater at the outer ends 
of the buttresses. The piers and buttresses slowly 
leaned backward in consequence and their gradual 
movement was accompanied by a corresponding 
widening of the span of the eastern and western 
arches. While these relentless actions were in prog- 
ress, there occurred the violent earthquake of A. D. 
557 which aggravated failures doubtless already 
apparent. It is therefore astonishing that the first 
dome, instead of collapsing at once, stood pre- 
cariously until the following year. 

Before leaving this partial explanation of causes 
contributing to the first major disaster that befell 
Hagia Sophia, three further points deserve men- 
tion. In the first place it should be said in defense 
of Anthemius and Isidorus that they cannot be 
held accountable for the part played by the com- 
pression of natural rock, for the capacity of rock 
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to compress is a relatively recent discovery. In 
the second, it is probable that subsidence reached 
its maximum during the life of the first dome and 
ceased altogether with its collapse in 557. Finally, 
there is the question as to why the inclination of 
the piers and buttresses, which is so startling a 
feature of the interior, is not apparent on the ex- 
terior. Fortunately for the peace of mind of mod- 
ern visitors, the end walls of the buttresses, which 
are out of plumb 1.0 in their height of 40m., have 
in recent times been gradually thickened from the 
top downward (Plate I, Fig. 2); today their end 
walls on the outside are indeed vertical. 

The degree of deformation in these original 
structural walls offers another useful principle for 
determining features that belong to the period of 
initial construction. Since all subsidence appears 
to have ceased when the original dome collapsed, 
any structural element or ornamental detail which 
inclines to the same degree as the piers and but- 
tresses is likely to be original; and, conversely, any 
feature which is today vertical or horizontal must 

necessarily be a later addition or repair. This 

principle is of no use in connection with the dome, 
however, for we know that it was entirely rebuilt 

after, it now appears likely, all deformation had 

ceased, but fortunately there is another kind of 
evidence which simplifies the solution of its 

problems. 
A type of evidence with unusually fascinating 

aspects, which has not received the attention it 

merits, is found in superficial marks on many kinds 
of stones. These marks are of three classes: There 
are graffiti in several languages which may one 

day contribute much of historical interest; there 
are masons' marks which occur on floor slabs, all 
stones with carved ornament and most polished 
structural blocks, more than 1030 of which were 
assembled in the course of our survey; and there 
are setting lines scribed by the original builders 
for the practical purpose of laying out their plans. 
Lines of this last type are immensely valuable for 
a structural study, in that they show the inten- 
tions of the buildes and permit us to gain by in- 
ference a conception of their methods of proce- 
dure. It is primarily on the basis of such a setting 
line that problems connected with the dome may 
be attacked. 

There is incised in the surface of the dome cor- 
nice a broken curving line (Plate II, Fig. 5) which 
coincides with the known history of the dome. It 

is continuous above the northern and southern 
arches, which are not reported to have fallen, and 
it is missing over the western and eastern arches 
which were repaired in the tenth and fourteenth 
centuries. When first surveyed in 1940, no ma- 
sonry of the shell of the dome was visible, and it 
was our preliminary conclusion that five ribs of 
the second dome remain today over the southern 
arch and seven over the northern. Thanks to the 
removal of loose plaster during repairs undertaken 
by the Turkish government in 1946, it is now pos- 
sible to correct our first conservative estimate. Un- 
bonded breaks between two kinds of masonry have 
been uncovered on each side of the dome one rib 
farther west than we had supposed them to be. 
This means that six ribs of the dome of Isidorus 
the Younger remain on the south and eight on the 
north, that Trdat repaired thirteen ribs when he 
rebuilt the western arch in the tenth century, and 
Astras, Faciolatus and Peralta thirteen when they 
reconstructed the eastern arch in the fourteenth 
century. While no setting lines remain from the 
last repair, those employed by Trdat are unbroken 
and offer substantial clues as to the method by 
which he laid out the repair of the western seg- 
ment. The clearest implications of method, how- 
ever, are found in the relationship between remain- 
ing lengths of the earlier line. 

The problem of rebuilding a dome on deformed 
piers was surmounted by constructing a slightly 
elliptical dome. The curves scribed above the 
northern and southern arches both have a radius 
of 15.71m., but they were struck from centers 
2.55m. apart rather than from a single center point. 
They appear to have been marked by a chisel held 
in a loop in one end of a cord which was fastened 
at the other to these fixed points. Since the laying 
out of the curve of the shell was one of the most 
important operations involved in his reconstruc- 
tion, it seems highly probable that the curves were 
incised under the supervision of, and the centers 
personally located by, Isidorus the Younger. 

It is hoped that such new types of evidence as 
have been summarily presented in the foregoing 
pages may contribute to a more complete apprecia- 
tion of the unique qualities of the structure of 
Hagia Sophia. 

BOSTON, MASSACHUSETTS 
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