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Abstract

The earliest recorded examples of barrel vault construction in Iran, particularly in the Khuzestan province,
belong to the Elamite period. Understanding the geometric characteristics of these vaults can contribute to
both the comprehension of construction techniques and the conservation of these historical structures while
maintaining their original architectural authenticity. This study aims to identify the geometrical and
technological factors affecting the arrangement methods influenced by the bonding relationships of elements,
the span, and the rise of the vaults, with the goal of reconstructing collapsed sections of these historical barrel
vaults. The primary research question is: What are the construction characteristics of Elamite brick-barrel
vaults in Khuzestan that are influenced by the bonding of elements and the relationship between span and
rise? This research adopts a historical-interpretive methodology, utilizing both library research and field
studies. Fifteen barrel-vaulted tombs with square-shaped materials (three from eatly Elamite, seven from
Middle Elamite, one from Neo-Elamite, and four from Elymaean periods) and six tombs with trapezoidal
materials were selected based on archacological reports and field surveys. The findings indicate that the
construction techniques included the use of Persian, Roman, and hybrid bonding methods, the employment
of pointed arches, a logical relationship between the type of material geometry and vault span, a consistent
pattern between span and rise ratios in Elamite and Elymacan periods, and a uniform vault thickness to
enhance resistance. This study highlights that the geometry, thickness, span-to-rise ratio, and brick
arrangement significantly impact the stability and durability of barrel vaults, providing valuable insights for

reconstructing collapsed vaults from this historical period.
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Introduction

Underground vaulted tombs represent a distinctive form of burial in Elamite culture. These structures required
advanced construction knowledge, particularly in the execution of vaulted ceilings. One of the key architectural
challenges of these tombs was their roofing system, where the barrel vault was a predominant solution. This type
of vaulting has a long-standing presence in southwestern Iran, particularly in Khuzestan, evolving through various
modifications over time. Differences in the execution of barrel vaults can be observed across mountainous and
lowland regions. In the plains and lowlands of Khuzestan, vaults were predominantly built using mudbrick and
baked brick, influenced by both climatic conditions and material availability. Given the historical continuity of
these materials in barrel vault construction, this study focuses on the mudbrick and brick-built vaulted structures
within Khuzestan’s lowland regions, particularly in Dezful, Shush, and Shushtar.

The barrel vault, often constructed on horizontal surfaces and supported by two to four walls, is one of the oldest
and most widespread roofing techniques in Iranian architecture. Evidence of such vaults dating back to around
1500 BCE can be found at Haft Tappeh, Chogha Zanbil, and Susa, marking a significant architectural
advancement during the Elamite period. Over time, the construction techniques of these vaulted tombs evolved,
influenced by practical and aesthetic considerations. Given the high regard for the afterlife in ancient cultures,
burial chambers were constructed with durable vaulted forms to ensure longevity.

Previous studies have primarily referenced two construction methods for these vaults. However, architectural
evidence suggests a greater diversity in techniques employed by ancient builders. The choice of brick arrangement
played a crucial role in determining the vault’s geometry and structural stability. By analyzing these structures, it
is evident that Elamite architects carefully considered the thickness of the span, the vault rise, and the wall
dimensions to establish specific architectural proportions. Despite variations across different periods, there
appears to be a consistent relationship between vault bonding techniques, structural proportions, and
construction technologies in the Elamite and Elymaean periods. Identifying and analyzing these characteristics
not only enhances the understanding of the structural authenticity of these vaulted tombs but also provides
valuable insights for restoring collapsed sections. In many cases, direct analogs for these structures are rare;
however, by identifying recurrent architectural features, effective restoration methods can be proposed.
Furthermore, such research contributes to archaeological studies by introducing new methodologies for dating
historical structures based on their construction techniques.

Materials and Methods

This study adopts an applied research approach, aimed at expanding practical knowledge in the field of historical
architecture and restoration. It utilizes a mixed-method research design, incorporating both qualitative and
quantitative data analysis. The historical-interpretive approach facilitates a comprehensive understanding of past
construction techniques through the examination of historical sources, comparative studies, and field
observations. Data collection was conducted through field surveys (including observations and interviews) as well
as library research.The research sample comprises barrel-vaulted tombs from the Elamite and Elymaean petiods

in Khuzestan, selected based on the availability of documented plans and measurements. A total of 15 tombs
constructed with square-shaped materials were analyzed, including three from Early Elamite, seven from Middle
Elamite, one from Neo-Elamite, and four from the Elymaean period. Additionally, six tombs featuring
trapezoidal construction materials from the Elamite period were examined. The analysis was conducted using
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AutoCAD software to reconstruct the geometric proportions of the vaults, supplemented by the study of
historical photographs and excavation reports.

Results and Discussion
The analysis of Elamite and Elymaean barrel vaults in Khuzestan revealed several recurring architectural
characteristics:

1. Vault Arrangement:

Elamite vaults were constructed using Roman (Elamite) and Persian (herringbone) bonding techniques, with vault
layers either leaning against the rear wall or arranged perpendicularly.

Elymaean tombs introduced a hybrid technique combining Roman and Persian methods, where the initial arc of
the vault used Roman bonding while the upper section employed Persian bonding.

2. Span-to-Rise Ratio:

In Elamite tombs, the vault rise was consistently greater than the span, with an approximate ratio of 1.3.
This ratio gradually decreased over time, reaching values below 1 in the Elymaean period.

3. Vault Thickness:

Vaults with spans of up to 3 meters were constructed with a single-layer brick thickness.

For spans exceeding 3 meters, the thickness increased to one and a half brick layers.

4. Supporting Walls:

Throughout all periods, vertical or slightly inclined supporting walls were used under the vaults.

5. Mortar Thickness:

The mortar thickness between bricks remained consistent at approximately 1.5 to 2 cm, despite a reduction in
brick thickness from 10 cm in the Elamite period to 6 cm in the Elymaean period.

6. Material Usage:

Square bricks were predominantly used for large-span vaults, while trapezoidal bricks were preferred for smaller
vaults under 1 meter in span.

7. Vault Thickness-to-Span Ratio:

The average ratio ranged between 1:8 and 1:9 in Elamite tombs, increasing to 1:12 in Elymaean structures.

8. Orientation:

Vaults were consistently aligned along the longitudinal axis of the burial chamber.

9. Geometric Plan:

The burial chambers were consistently rectangular, with the length typically more than twice the width in Elamite
structures but reduced to a ratio of less than 2:1 in Elymaean tombs.

10. Adjacent Vault Connections:

In I-shaped burial spaces, vaults were either separated by a wall or a corridor, with no direct connection between
them.

In linear arrangements, vaults were separated by an entrance arch.

These findings emphasize the critical role of geometry, thickness, span-to-tise ratio, and brick bonding techniques
in ensuring the stability and durability of batrel vaults. The study also underscores the importance of preserving
these historical architectural features in restoration efforts.

Conclusion

The study concludes that from the Early Elamite to Elymaean periods, the span-to-rise ratio decreased, while
certain architectural elements, such as rectangular burial chambers, single-layer vault thickness, and consistent
vault orientation, remained unchanged. The results also highlight the significance of vault arrangement
techniques, including Persian, Roman, and hybrid methods, in shaping the structural integrity of these tombs.
These insights provide valuable guidance for conservation and restoration efforts, allowing for the reconstruction
of collapsed vaults based on their geometric and structural characteristics.
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Figure 2. From right to left: 1- Inclined multiplication arrangement 2- Roman or Elamite arrangement (Van Beek,
.1987: 98)- 3- Chapile arrangement (Tehran, 1992: 38)
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Table 2. Vaulted tombs of the Elamite period - 2nd millennium BC with square and rectangular materials (Zalghi,
2018 and Grishman 1963-64)
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Table 3. Vaulted tombs of the Middle Elamite period - Haft Tappeh with square and rectangular materials (Nagheban,
1993: 75 and Mofidi, 2019)
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Table 4. Arched tombs of the Middle Elamite period - Chogha Zanbil with square and rectangular materials (Hosseini
et al., 2021)
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Table 5. Neo-Elamite-Susa vaulted tombs with square materials and rectangular shapes (Miroschedji, 1981)
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Table 6. Vaulted tombs of the Elymian period with square and rectangular materials (Rahbar, 1994)
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Table 7. Study of the geometric characteristics of the Tahg-Ahang arche of tombs from the Elamite and Elymais
periods in Khuzestan with square and rectangular materials
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Table 8. Summary of geometric characteristics of the Tagh Ahang arch based on (opening - division - plan and
materials) in the Elamite and Elymais periods
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Figure 3. Dimensions and geometric shape of molded trapezoidal bricks and square bricks from the Elamite and Elymais
petiods, A) Middle Elamite — Chogha Zanbil, 10 X 38 X 38 cm, Trapezoidal Brick, Type 1, B) Middle Elamite — Chogha
Zanbil, 10 X 38 X 17 cm, Semi-trapezoidal Brick, Type 1-1, C) Middle to Neo-Elamite — Susa, 6 X 13 X 20 X 24 cm,
Trapezoidal Brick, Type 2, D) Middle Elamite — Haft Tappeh, 39 X 39 X 10 cm, Square Brick, E) Middle Elamite — Chogha
Zanbil, 35 X 35 X 10 cm, Squate Brick, F) Elymaean — Dastva, 26 X 26 X 6 cm, Square Brick
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Table 9. Study of the charactertistics of the arch arrangement of tombs of the Elamite and Elymais periods
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Figure 4. Types of arrangement with brick materials in the Elamite and Elymais periods
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Table 10. Number of load-bearing walls in the Taghe- Ahang arch from Elamite and Elymais periods
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Table 12. Arrangement methods and types of materials in the studied samples from the Elamite and Elymais periods
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Table 12. Common features of the construction of the Tag-e-Ahang in the Elamite and Elymais periods of Khuzestan
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