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Rock Mechanics, The intersection of geology and archaeology provides a unique perspective on
Structural Stability, how ancient civilisations perceived and exploited their physical surroundings.
Tafoni, The Bibi-Kand cave complex, situated within the structural zones of
Troglodytic north-western Iran, exemplifies this synergy. Unlike many troglodytic
Architecture settlements carved into soft volcanic tuffs such as those at Kandovan or

Cappadocia Bibi-Kand is uniquely set within the lithified, high-strength reefal
limestones of the Qom Formation. The primary objective of this study is to
address a fundamental engineering question: how have these man-made
structures maintained their integrity over centuries without the use of internal
supports? This investigation focuses on three key factors: the role of homoclinal
structural control, the geomechanical properties of the host rock, and the
utilisation of natural dissolution features, namely tafoni, in the creation of this
architectural marvel.

The study area lies within the Central Iran zone, and is specifically
characterised by outcrops of the Qom Formation. Stratigraphically, this
formation comprises a sequence of marine limestones, marls, and evaporites
deposited during the Oligo-Miocene epoch. At the Bibi-Kand site, the dominant
facies is a massive, porous reefal limestone. Geomorphologically, the site is
defined by a steep ridge, while its structural framework corresponds to a classic
homocline, in which the sedimentary layers dip consistently at a low angle
Receive: 2026-05-05 approximately 10° to the north whereas the topographic surface cuts across these

layers at a considerably steeper angle of 40° to the south. This geometric
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To ensure a comprehensive assessment, this stusdy employed a multi-tiered methodological framework.
First, digital photogrammetry was carried out using a DJI Phantom 4 Pro UAV to capture high-resolution
images from the otherwise inaccessible cliff faces. The acquired data were then processed to generate a 3D
point cloud and a Digital Surface Model (DSM), enabling detailed analysis of both the fracture network and
the cave geometry. Complementing this remote approach, field-based geotechnical investigations were
conducted through systematic scanline mapping of discontinuities, with key parameters including joint
spacing, orientation, persistence, and surface roughness being recorded in situ. To quantitatively characterise
the rock mass, the Rock Mass Rating (RMR) system was applied. Finally, analytical stability assessments
of the cave ceilings were performed using beam theory in conjunction with the Lauffer-Pacher stand-up time
relationship.

Results and Discussion

The field investigations yielded several findings of critical importance. The reefal limestone proved to be of
exceptional quality, with the estimated Uniaxial Compressive Strength (UCS) ranging between 50 and 75 MPa.
Notably, the cave interiors displayed a near-complete absence of systematic tectonic joints, a feature reflected
in a Rock Quality Designation (RQD) value of 95-100%. The individual Rock Mass Rating (RMR) parameters
were assigned scores of 7 for strength, 20 for RQD, 20 for discontinuity spacing, 25 for discontinuity condition,
and 15 for groundwater, culminating in a total RMR of 87. This places the host rock in Class | (Very Good),
which fundamentally explains the caves' remarkable ability to span wide openings up to 7 metres without
structural failure.

Equally significant is the role of geological structure. The homoclinal dip of 10° appears to be an
engineering masterstroke: because the bedding planes slope gently towards the cave entrance, any meteoric
water that infiltrates through micro-fractures is naturally channelled outward along these planes. This
self-draining geometry effectively prevents water pooling and chemical weathering (karstification) at the rear
of the chambers, and has been a key factor in preserving the interior environment over centuries.

At the cliff face, extensive tafoni weathering ellipsoidal cavities formed by salt crystallisation and
differential erosion is prevalent. Our mapping revealed a high spatial correlation between ancient excavation
sites and large tafoni clusters, leading us to hypothesise that prehistoric masons intentionally exploited these
natural voids as starter points. By enlarging and interconnecting these pre-existing cavities, they would have
substantially reduced the labour required to penetrate the hard reefal limestone.

The Bibi-Kand complex thus exemplifies a profound empirical understanding of rock mechanics. The
ancient builders selected the reefal facies not merely for its topographic prominence, but for its massive, poorly
jointed structure. In rock-mechanics terms, the size effect dictates that unfractured massive rocks behave much
closer to their laboratory-tested strength than do fractured rock masses. By restricting cave spans to a 5-7 m
range, the builders ensured that the induced tensile stresses at the ceiling centre remained well below the
limestone's tensile capacity.

An additional, and somewhat serendipitous, preservation mechanism was also identified. The thick soot
layer coating the ceilings a by-product of centuries of domestic fires has inadvertently acted as a chemical
sealant. This carbonaceous deposit has reduced the rock's permeability to atmospheric moisture, thereby
slowing secondary calcification and preserving the sharpness of the original tool marks with unusual fidelity.

From a geotourism perspective, Bibi-Kand is unquestionably a world-class site, offering a rare opportunity
to showcase geo-archaeology in practice. Unlike conventional archaeological localities, here the narrative is
as much about the 20-million-year-old Qom Formation as it is about the human communities that carved into
it. Nevertheless, the site faces ongoing threats from unregulated tourism and natural cliff-face erosion.
Although our RMR analysis confirms that the internal cave structures remain stable, the external eyebrows the
thin rock ledges above the entrances are susceptible to block falls driven by thermal expansion and contraction,
and thus warrant particular conservation attention.

Conclusions

This study confirms that the longevity of the Bibi-Kand cave complex is a direct consequence of the superior
geomechanical properties of the Qom Formation reefal limestones. With an RMR score of 87 and the inherent
stability conferred by the homoclinal dip structure, the site provided favourable natural conditions that enabled
ancient settlers to establish a permanent, secure, and self-draining habitation environment. The integration of
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UAV photogrammetry with conventional geotechnical classification has, for the first time, furnished
guantitative evidence of the engineering rationale that underpins the site's selection and endurance. On this
basis, we recommend that Bibi-Kand be formally designated as a National Geopark. Future research should
prioritise two-dimensional numerical modelling employing tools such as RS2 or FLAC to simulate stress
distribution around the openings under seismic loading, thereby further consolidating our understanding of this
outstanding geo-cultural heritage.
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Fig (1): View of the access path to the Bibi-Kand troglodytic caves, Shahin Dej, looking toward the southeast.
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Fig (2): Close-up view of the Bibi-Kand troglodytic caves, Shahin Dej, looking toward the east. The small,
irregular cavities visible on the rock surface particularly on the lower right side are the result of tafoni
weathering. Some of these smaller hollows were later enlarged by human activity. The presence of small plants

growing within the fissures indicates moisture retention and root penetration between the bedding layers, which
in turn acts as a gradual agent of rock degradation through biological weathering.
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Fig (3): Close-up view of tafoni weathering on the Bibi-Kand mountain, Shahin Dej, looking toward the east.
The massive nature of the rock and its porous texture are clearly evident. The ceilings of the cavities display an
irregular and rough morphology, indicative of natural dissolution weathering, whereas the floors and portions
of the interior walls have been smoothed to create sitting spaces or shelter. This marks the transitional point
from a natural phenomenon to a human-made structure. Numerous small holes visible on the rock face (upper
left side) represent classic tafoni weathering. These hollows develop rapidly in reefal limestones due to the

heterogeneous nature of the rock texture, specifically the differential resistance between the cement matrix and
the fossil components.
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Fig (4): Interior view of a chamber, clearly illustrating the depth of the space and the mastery of ancient builders

over this rock mass. On the right side of the image, a portion of the rock has been left intact as a thick pillar. In
rock-cut architecture, when joints are absent, builders whether consciously or empirically understood where to

leave the rock mass untouched in order to support the ceiling load.
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Fig (5): The irregular, sub-elliptical morphology of the light-well cavities particularly the smaller ones on the
right side indicates a dissolutional origin. Ancient builders exploited these hollows as starting points; they likely
only carved away the walls between two or more natural cavities to create larger spaces. Additionally, the large
opening on the left side provides access to an adjacent chamber.
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Fig (6): View of a steeply dipping transverse joint at the southern end of the cave site, along with
debris accumulations at the entrance of the largest cave.
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Table (1): Comparison of the site characteristics of the Bibi-Kand cave with other prominent examples in Iran.
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