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Abstract

The underground tombs of the Elamite period in present-day Khuzestan Province are among the
most significant examples of funerary architecture in Iran. One of their most distinctive architectural
features is the batrel vault, constructed using various materials and building techniques. Among these
monuments, the underground tombs of Susa are particularly notable for their use of trapezoidal-
shaped bricks and the diversity of their construction methods. Investigating the structural
characteristics of these vaults contributes to a better understanding of ancient building technologies
and supports conservation approaches based on the physical authenticity of historic monuments. This
study aims to identify and analyze the structural characteristics of Elamite vaulted tombs, with
particular emphasis on roofing techniques, vault construction, and the use of molded trapezoidal
bricks. Fifteen vaulted tombs attributed to the Elamite period, including ten examples documented by
de Mecquenem and five reported by Ghirshman, were selected for analysis based on archaeological
reports and field investigations. The research combines documentary studies and field surveys within a
historical-interpretive framework. The main research question addresses the construction
characteristics of mud-brick and brick barrel vaults built with trape-zoidal-shaped bricks in the
Elamite tombs of Susa.The findings indicate that the vaults were primarily constructed using a
pitched-vaulting technique supported by the rear wall, while short vertical or slightly inclined walls
commonly served as springing supports. In some cases, a combination of pitched and radial (Roman)
vaulting methods was identified. The molded trapezoidal bricks enhanced structural stability and
facilitated construction. Other important findings include the use of vault rises greater than the span in
small chambers and the application of three different methods for controlling the inclination of vault
courses. These results suggest that this construction technology developed at Susa before its
appearance at Haft Tappeh and demonstrate a progressive refinement in the use of standardized
trapezoidal bricks for the construction of formwork-free pitched batrel vaults in Elamite architecture.
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Introduction

The barrel vault is among the oldest and most significant

roofing systems in the architectural history of Iran.
Archaeological evidence from southwestern Iran, particularly
Khuzestan, indicates the use of vaulted structures since at least
the second millennium BCE. Due to its structural efficiency and
relative simplicity of construction, the barrel vault became one
of the most widely adopted architectural forms in ancient
Iranian architecture. Among its various forms, vaults
constructed with trapezoidal bricks during the Elamite period
represent a distinctive technological achievement. However,
despite their importance, the construction principles and
masonry arrangements of these vaults have received limited
scholarly attention. The gradual deterioration of archaeological
remains and the scarcity of systematic technical studies have
further obscured the understanding of their structural logic.
Ancient Susa, which contains a considerable number of
subterranean vaulted tombs, provides valuable evidence for
investigating these construction techniques. This study aims to
analyze the arrangement patterns of trapezoidal bricks in Elamite
barrel vaults and to examine how brick geometry and vault
proportions contributed to the construction of pitched vaults

with little or no need for centering.
Methodology

This applied study employs a mixed qualitative—quantitative
approach within a historical-interpretative framework. Data
were collected through documentary research, archaeological
excavation  reports, architectural  records, and field
documentation. A comparative analytical method was used to
examine the architectural, structural, and constructional
characteristics of Elamite vaulted tombs in Khuzestan. Fifteen
funerary monuments were selected based on the availability of
reliable documentation, the presence of brick or mudbrick barrel
vaults, and the use of trapezoidal building units. The sample
includes ten tombs excavated by de Mecquenem and five
examples documented by Ghirshman. Architectural plans,
sections, and elevations were re-evaluated

and digitally

reconstructed using AutoCAD and SketchUp software to verify

dimensions and construction details. Historical photographs and
archival records were also analyzed to recover missing
information. The collected data were then compared to identify

common vaulting techniques, construction technologies, and

architectural characteristics.
Results

The analysis of vaulted tombs from the Elamite period at
Susa revealed several significant technological and structural
characteristics related to the construction of barrel vaults. One
of the most important findings is the use of specially molded
trapezoidal bricks, whose upper surfaces were shaped by
modifying square bricks into trapezoidal forms. Unlike wedge-
shaped bricks employed in Chogha Zanbil, these bricks
maintained a uniform thickness while providing greater contact
between adjacent units. Their standardized dimensions indicate a
well-developed production system.

The study identified three principal patterns in the
arrangement of trapezoidal bricks within the vaults. In the first
pattern, uniformly shaped bricks were alternately rotated at the
springing point, creating a straight inclined segment before the
curvature of the arch began. In the second pattern, curvature
started directly from the springing level, producing a continuous
arch profile. The third pattern combined two different sizes of
trapezoidal bricks and incorporated locking elements at the
crown. These arrangements allowed adjacent bricks to fit tightly
together, minimizing gaps.

The investigation also revealed that all examined vaults were
constructed using inclined pitched-brick courses leaning toward
the rear wall. The trapezoidal geometry of the bricks facilitated
the formation of the arch profile and reduced the need for
excessive mortar joints. Furthermore, four distinct patterns of
pitched-course arrangement were identified. These included
entirely inclined courses, combinations of initial vertical courses
followed by inclined ones, alternating vertical and inclined
courses, and mixed configurations at different stages of the
vault. In all patterns, the first brick was positioned against the
rear wall to provide support for subsequent courses. Additional

evidence demonstrates the existence of structural measures for
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ensuring stability, including the reinforcement of crown joints,
the use of locking bricks, the integration of side walls with
surrounding soil masses, and the gradual thickening of structural

elements to counter lateral thrust.
Discussion

The findings suggest that the use of trapezoidal bricks
constituted a deliberate architectural strategy aimed at improving
structural stability and construction efficiency. Their geometry
increased the contact area between adjacent units and facilitated
tighter bonding within the vault structure. The identified brick-
arrangement patterns reveal different approaches to controlling
arch geometry while maintaining structural coherence. The
incorporation of locking elements at the crown further enhanced
the integrity of the vault system.

The inclined pitched-brick construction method, together
with the trapezoidal geometry of the bricks, enabled builders to
construct vaults without centering or temporary formwork,
thereby simplifying and accelerating the construction process.

Although different pitched-course arrangements were
employed, they all followed the same structural principle of
relying on the rear wall as the initial support for the construction
sequence.

The combination of locking systems, reinforced crown
joints, wall-soil interaction, and increased structural thickness
demonstrates a sophisticated understanding of stability and load
transfer. Collectively, these findings indicate that Elamite
architects possessed advanced knowledge of brick geometry,
structural behavior, and construction techniques, and that the
vaulted tombs of Susa represent an important stage in the
barrel-vault construction

development of formwork-free

technology in ancient Iran.
Conclusion

This study investigated the arrangement and construction
techniques of barrel vaults built with trapezoidal bricks in the
Elamite tombs of ancient Susa. The findings indicate that the use
of molded trapezoidal bricks with relatively standardized
dimensions was a continuous construction practice from the

Early Elamite to the Neo-Elamite periods. These vaults were

primarily constructed using pitched-brick courses inclined
toward the rear wall, allowing the vaults to be erected without
centering or temporary formwork. This technique represents an
important stage in the development of formwork-free barrel-
vault construction in ancient Iran.

The results show that the introduction of trapezoidal bricks
facilitated construction, improved stability, and enabled the
efficient execution of wvaults over relatively small spans.
Characteristic features of these structures include a vault rise
greater than the span, short vertical or inclined side walls,
horizontal courses beneath the vault, and the combination of
corbelled and pitched-brick arrangements. Two principal arch
profiles were identified: one with an initial straight inclined
section followed by curvature, and another in which the
curvature begins directly from the springing level.

Furthermore, three distinct patterns of pitched-course
arrangement were recognized, demonstrating considerable
technological flexibility and adaptation to the geometry of
trapezoidal bricks. Despite these variations, all methods relied on
positioning the first brick against the rear wall, reflecting a
sophisticated understanding of structural behavior. Overall, the
findings highlight the technological innovation of Elamite
builders and contribute to a better understanding of ancient

Iranian vaulting traditions, while providing valuable knowledge

for future conservation and restoration studies.
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Figure 1. Right and center: Geographic location of Khuzestan Province within Iran and its administrative counties (iraniju.ir, n.d.). Left: The

archacological site of Susa and the location of its principal archaeological mounds (Achaemenet — International Project on Achaemenid Studies, n.d.).
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Figure 2. Right:Distribution map of the investigated mudbrick- and brick-vaulted structures in Khuzestan according to historical period. Left:

Distribution map of the investigated mudbrick- and brick-vaulted structures according to building function.

aolal )3 1wl 039 (youd S 5 peiSegd yloj O g (Sliwl dbgme ooy &S0l 4 dase b eyd )5 flo o dlie gl o &S @S ler
(Y Jods) cowl ons aidly yy ladiges oyl (8520 4 2 UK glas jed d);?T s b oad yosls" lasls olXelyl 51 (gl

YA WA (V) Y VFd ot il dmg


http://jra-tabriziau.ir/article-1-484-fa.html
http://dx.doi.org/10.66224/jra.2026.12.109

[ DOI: 10.66224/jra.2026.12.109 |

Downloaded from jra-tabriziau.ir at 22:40 +0330 on Sunday November 15th 2026

e 5 )

g5 o] pllas 4l o (ol ;o9 o Mic 0,95 L5l slo o/faé/’dlo'lw‘)ﬂ'

(\RYA—\R\\‘ ) Lglmle 2 F}‘&nﬁ.} ngla.a:ﬁuul) Lgllbo.)l.) uul.wl » L)i L&fﬁs 9 49))9.) CJL\M l} L)"’?‘:J :\]99>u )2 un)'t& axlllas .))90 )‘..\SUG dlholin‘)j .‘ J,J«?

Table 1. Elamite vaulted tombs at Susa constructed with trapezoidal bricks and their architectural characteristics based on the archaeological

excavations of de Mecquenem (1914-1928).
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Table 2. Vaulted tombs constructed with trapezoidal bricks and their architectural characteristics based on Ghirshman’s excavations (1962—1968).
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Table 3. Constructional and architectural characteristics of the investigated vaulted tombs at Susa.
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Figure 3. Dimensions of trapezoidal bricks recovered from the tombs excavated by Ghirshman at Susa. Sample 1: Tomb No. 5; Sample 2: Tomb No.
4; Sample 3: Tomb No. 2.
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Figure 4. Geometric formation of wedge-shaped bricks employed in the vaults of Chogha Zanbil (A, B) and mould-made trapezoidal bricks from the

tombs of Susa based on the geometry of a complete rectangular brick.
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Figure 5. Construction sequence of vaults built with trapezoidal bricks and the corresponding arch profile in the vaulted tombs of Susa, from the

springing course to the crown.
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Figure 6. Three brick-laying arrangements at the springing course based on the bonding configuration of trapezoidal bricks.

sl P33 oo R s
(e}

5 el
FEn
Sty e Jladt
Sl o
S

e 2l ”

o s bl
- P 21 9 G el
| \\ S S oM
= ’l' e e sl
-

Mo las] ! = e’ 3 5la]
APt e —>
e aledd | o -
sond 2 b N,
Loyl (gl Sl
a5y S
98 Jlaal Jilas (o105 290 & G (ol (g1 e Jlail g (55180 L iy s
Gl (gl oS5 G Ll o ol (ol e oy P gl dipd ol phe
gl @l g 21 g 3Kl G s

0 10 20 30 50 cm

g 3 b il Gl o 2l dwiis (S L dle (it 4 bt Jole Y JSW

Figure 7. Stages in achieving an optimal vault arrangement through geometric modification of brick forms in the vault construction at Susa.
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Table 4. Rise-to-span ratio, construction technique of trapezoidal-brick vaults, and variations in arch
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Figure 9. Types of vault construction at Susa based on masonry arrangement and the combination of brick-laying techniques employed in different

parts of the vault.
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Figure 10. Three different methods of pitched-brick vault construction using trapezoidal bricks in the vaulted tombs of Susa (Ghirshman & Steve,
1964-1965; de Mecquenem, 1928).
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Figure 11. Schematic representation of brick inclination angles in the lower, middle, and upper sections of pitched-brick vaults constructed with

trapezoidal bricks in the vaulted tombs of Susa (Ville Royale, de Mecquenem, 1928).
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Figure 12. Brick-placement techniques at the vault crown and the use of gaz (small triangular wedge bricks) in Elamite vaulted tombs constructed

with trapezoidal bricks (Ghirshman & Brinkman, 1968: 29).
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Figure 13. Two structural stabilization measures employed in Elamite barrel vaults. Top: Placement of a locking brick at the vault crown. Bottom:

Backfilling behind the vault from the springing course to the haunch.
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