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Qom Formation, Karaftu Cave, located in the northern parts of Kurdistan Province, Iran, stands as one
Tectonics, of the most sophisticated examples of ancient man-made rock architecture. Unlike
Troglodytic many other cave settlements globally, such as Cappadocia, which were carved into soft
Architecture, volcanic tuffs, Karaftu was meticulously excavated into the hard, massive limestone of
Roof Stability the Qom Formation (Miocene age). The site is not merely a natural cavern but a four-

story complex comprising rooms, corridors, and large halls interconnected by stairs and
lighting systems. The core scientific question addressed in this research is: How did the
ancient architects utilize tectonic structures and geomechanical properties of the
limestone to ensure the stability of this multi-story fortress for over two millennia? This
study employs an interdisciplinary approach, merging structural geology, rock
mechanics, and archaeological analysis. The study area is part of the Sanandaj-Sirjan
zone, characterized by intense tectonic activities. The host rock, the Qom Formation,
consists of thick-bedded to massive cream-colored limestones .Tectonic Control: The

most critical tectonic feature of the site is the presence of three major joint sets
(discontinuities) and a systematic bedding plane with a 20-degree dip. These tectonic
elements defined the "boundary conditions” for the ancient excavators. The research
shows that the primary halls are oriented parallel to the major tectonic strike,
minimizing the risk of wall collapse. Furthermore, the regional tectonic stresses have
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-Chronology: Archaeological evidence spans from the Epipaleolithic period to the Islamic era. However, its
architectural zenith occurred during the Seleucid and Parthian periods.

-The Hercules Inscription: A Greek inscription at the entrance of a third-floor chamber—stating "Here is the house
of Hercules, he who enters shall be safe"—identifies the site as a significant Greco-Iranian military or religious outpost.

- The Fortress-Settlement Concept: The elevated position of the cave in a vertical cliff face provided a "Passive
Defense™ mechanism. Its four stories served as a fortified city (Fortress-Cave) capable of housing a garrison and
civilians during times of war. The architectural layout demonstrates a clear transition from a natural refuge to a highly
engineered military stronghold.

Figure (1): Northward view of the limestone at the Karaftu Cave site, showing differential erosion of medium- to thick-bedded rock
units. The cave entrance and its floors are visible in the central part of the image.

Methodology

1. Empirical Geomechanical Assessment: A preliminary estimation of the rock mass quality was conducted using
the Rock Mass Rating (RMR) system. Due to the site's heritage constraints, parameters such as uniaxial compressive
strength (UCS) and discontinuity conditions were evaluated through field-based empirical methods and visual-manual
descriptions rather than invasive laboratory testing.

2. Structural Mapping: Systemic joint sets, bedding planes, and tectonic lineaments were mapped using a geological
compass to determine the spatial relationship between the cave’s architecture and the regional stress field.

3. Stability Analysis: The Factor of Safety (F.S) was calculated by integrating the estimated RMR values with the
geometric data of the spans, focusing on the stability of the multi-story portals and ceilings.

Results and Discussion
The field data yielded an RMR score of 92, classifying the Karaftu limestone as "Class I: Very Good Rock" This

exceptionally high RMR score explains why the cave has survived without the need for artificial support systems (like
columns or arches) even in spans exceeding 8 meters.

A major finding is the 20-degree dip management. In geotechnical engineering, cutting a horizontal roof across
dipping layers creates "slabbing™ hazards. Ancient architects avoided this by keeping the roofs parallel to the bedding
planes. This resulted in sloped ceilings, which were then compensated for by terracing the floors. This ingenious
"Tectonic Adaptation” is a hallmark of Karaftu's engineering.

Using the flexural strength of the limestone and the thickness of the immediate roof layers (avg. 1.5m), the Factor
of Safety was calculated at 3.84. In modern civil engineering, an F.S. of 1.5 is considered stable. The value of 3.84
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indicates a "Hyper-Stable™ design, capable of withstanding significant seismic shocks common in the Zagros and
Sanandaj-Sirjan regions.

Unlike global rock-cut sites like Cappadocia, which were carved into "soft" volcanic tuffs, Karaftu represents the
Mastery of Competent Rock. This site is a rare example where ancient architects moved beyond simple excavation and
engaged in "Tectonic Negotiation".The study reveals that the builders did not fight the rock’s natural resistance; instead,

they utilized the Anisotropy of the Qom Formation. By aligning chambers with systematic joint sets and keeping roofs
parallel to the 20-degree bedding dip, they prevented Interlayer Shearing—a sophisticated geotechnical decision that
avoided structural collapse. This "Applied Tectonic" logic demonstrates an empirical understanding of rock mechanics
that was centuries ahead of its time, turning a formidable geological barrier into a fortified architectural masterpiece.

Conclusions
The quantitative and qualitative analyses of this study lead to the following definitive engineering conclusions:

-Structural Stability Assessment: Calculations based on the RMR system yield a score of 92, classifying the Qom

Formation limestone at the Karaftu site as "Class I: Very Good Rock." Furthermore, the achievement of a Factor of
Safety (F.S.) of 3.84 for the main hall ceilings confirms the inherent stability of the complex against static dead loads
and the seismic stresses characteristic of the Sanandaj-Sirjan zone.

-The alignment of over 70% of the room walls and all primary corridors with the transverse tensile joint system
demonstrates that ancient architects possessed a profound understanding of rock anisotropy. By utilizing natural fissures
as cutting lines, they not only accelerated the construction process but also ensured the structural stability of the walls.

-Tectonic-Architectural Synchronization: Structural mapping results indicate that ancient architects possessed a

precise understanding of rock mass anisotropy. By aligning the geometry of the chambers with systematic joint sets,
they optimized stress distribution along vertical walls, effectively eliminating the need for artificial support systems or
external reinforcements.

-The site of the cave constitutes the southern limb of a Hanging syncline. The main entrances and halls have been
primarily excavated perpendicular to the bedding strike. The gentle dip of the strata toward the mountain interior
prevents the transfer of overburden pressure toward the cave portal. Consequently, the host rock mass has maintained
its structural integrity over millennia, despite the presence of deep fractures.

-Bedding Dip Management: The intentional synchronization of the room ceilings with the 20-degree bedding dip is
the most significant engineering finding of this study. This adaptation prevented interlayer shearing and slabbing
failures, ensuring the long-term structural integrity of the multi-story complex.

In summary, Karaftu Cave is not a product of fortuitous excavation but a masterpiece of "Empirical Rock

Engineering," where regional tectonic features were utilized as fundamental parameters in the architectural design
process.
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Fig (2): The ceiling of the hall in image (a) shows a rock mass that has maintained its integrity despite the
presence of a deep joint. On the right and left walls, a combination of natural dissolution processes (karst) and
human interventions for widening and shaping the spaces can be seen. The leveling of the cave floor in the
foreground of the image indicates human use and the creation of a surface for settlement or movement. Image

(b), in the exterior view of Karaftu Cave, shows that the limestone sequence of the Qom Formation and a
continuous joint cutting across the bedding have caused the formation of separate rock blocks.
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Fig (3): Image (a): The presence of a transverse joint in the ceiling crown and the conformity of the ceiling form
with this discontinuity indicate the architects' empirical understanding of stress distribution. By creating an
arched section, they have ensured the stability of the hall despite the presence of continuous discontinuities.
Image (b): Interior view of the main corridor of Karaftu Cave, whose ceiling transfers the overburden pressure
to the walls. The stability of the ceiling in this section is provided by the arched geometry and the great thickness
of the massive limestone layers. Image (c): Conceptual schematic model of a suspended syncline composed of

the Qom Formation, in which the formation and extension of tensile transverse joints (blue) on its southwestern
limb caused the formation of Karaftu Cave; graphic design with the help of the GPT-40 Al model.
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Fig (4): This remarkable image shows one of the most fascinating spots in Karaftu Cave, where the art of rock
architecture and ancient engineering experiences converge. In this view, a hall with a very large central space is
seen, in which no artificial support system (such as jacks or metal columns) is visible. This relates to the RMR
value above 92 that you calculated. Due to the interlocking of blocks and the high strength of the limestone, the

rock mass plays a self-supporting role. Also, the surface of the walls has a rough texture and is covered with
secondary deposits (calcium carbonate).
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Fig (5): This image shows the first floor and the sections overlooking the outside. This view is of great importance
in terms of ""natural lighting™ and "'stability of delicate rock structures.” Unlike natural halls that have domed
and uneven ceilings, here the ceiling has been carved relatively flat. This indicates that in this section, the high
RMR (excellent rock mass quality) allowed the excavators to use a "'flat ceiling" geometry without worrying
about the fall of rock blocks. The remaining stone wall between these windows is responsible for transferring

the roof load to the floor.
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Fig (6): North-facing view of the limestones at the Karaftu Cave site, indicating differential erosion of medium-
to thick-bedded rock units. The cave entrance and its levels can be seen in the middle part of the image.
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of the walls of the rooms and main corridors with the transverse tensile joint system. The orientations of the
tensile joints have been added to the figure in red.
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Table (1): Comparison of the site characteristics of Karaftu Cave with famous examples
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