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1 Introduction 
Rock masses are inherently characterised by discontinuities, which influence their mechanical and 
hydraulic behaviours. Therefore, a thorough and precise mapping of these discontinuities is crucial for 
evaluating rock mass behaviour in engineering applications, such as tunnelling and mining. Rock mass 
characterisation utilising digital tools is rapidly becoming a standard across the industry. 

Recent years have witnessed significant advancements in geomatic methods for digitising rock mass 
surfaces into three-dimensional (3D) models, particularly using terrestrial laser scanning (TLS) and 
Structure-from-Motion Multi-View Stereo (SfM-MVS) photogrammetry. These methods facilitate a 
semi-automated approach to mapping rock discontinuities, offering numerous benefits including rapid 
data acquisition, high repeatability, reduced human bias, and the capacity for remote analysis. The 
deployment of fast, large-scale photogrammetry within underground construction environments is 
proving highly effective for modern mapping workflows (Evins et al. 2025). Despite their proven 
advantages, traditional digital mapping methods are not without limitations. Laser scanning, while 
providing exceptional accuracy, often requires expensive, fragile, and specialised hardware. 
Conventional photogrammetry offers a more cost-effective alternative, but it necessitates a 
meticulously planned camera network to ensure sufficient image overlap, which can be challenging 
and time-consuming in active, underground environments. To address these challenges, previous 
research explored the use of 360° cameras for rapid SfM-MVS tunnel mapping (Janiszewski et al. 
2022). While these studies successfully demonstrated the viability of 360° imaging, the hardware 
utilised was often expensive, heavy, and difficult to deploy routinely. 

Recently, inexpensive and highly compact 360° cameras have become widely available on the market, 
presenting new opportunities for rapid data collection and enabling easy data collection for new spatial 
reconstruction methods such as 3D Gaussian Splatting (3DGS). Therefore, the primary goal of this 
study is to test the feasibility of utilising a small, low-cost 360° camera for SfM reconstruction and 
structural rock mass characterisation within an underground hard rock tunnel setting. This paper 
presents a proof-of-concept processing pipeline that integrates 360° panoramic image capture, 
traditional SfM-MVS point cloud and mesh generation, automated discontinuity set extraction, and 
3DGS visualisation, evaluating its potential use for underground rock engineering. 

2 Methodology 
2.1 Data collection 
The data collection for this study was conducted in the Underground Research Laboratory of Aalto 
University (URLA), Finland. The site is located 10-20 meters below ground. The rock mass is 
predominantly composed of granite and granodiorite and is characterised as moderately fractured and 
mostly dry. The fully exposed rock mass makes it an ideal testing ground for photogrammetric 
mapping. To evaluate the methodology under different spatial constraints, two separate areas within 
one tunnel were selected. Site 1 was a tunnel drift that was previously used for videogrammetry tests 
by Janiszewski et al. (2024), though the original control points were no longer present. Site 2 consisted 
of a larger, continuous 20-meter-long tunnel section near the drift (see Fig. 1). 

2.2 360-degree image acquisition 
Image data was acquired utilising a compact DJI Osmo 360° camera (see inset in Fig. 1a). The device 
features two lenses with a 2 mm focal length (8 mm full-frame equivalent). The camera internally 
stitches the dual-lens output to generate equirectangular images with a resolution of 15520 × 7760 
pixels (20 MP) in JPG format. 

At Site 1, to minimise shadows and produce even lighting, the drift was illuminated by a single, 
battery-powered DeWALT DCL074-XJ LED work light, which provided around 5000-lumen 
luminous flux with 360° coverage (Fig. 1a,c). The 360° camera was mounted on a stationary tripod. 
To capture the entire geometry, images were taken at three distinct elevations (high, mid, and low) on 
both sides of the drift, resulting in 17 total camera positions (Fig. 1b). The camera parameters were 
manually set to ISO 200, an aperture of f/1.9, and a shutter speed of 1/2 s to ensure optimal exposure 
in the static environment. 
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Fracture orientation measurements from the compact 360° camera-derived point cloud are comparable 
to previous studies, but slight deviations exist. This is mainly attributed to the simplified orientation 
control method employed in the absence of surveyed targets. To resolve this, a permanent control 
point network with fixed, known coordinates is currently under development at URLA. This will 
facilitate rigorous benchmarking of the 360° pipeline against standardised TLS data in future tests. 

For the extended mapping at Site 2, five discontinuity sets were identified (Fig. 4). Visual assessment 
confirmed that these sets aligned with previous manual measurements. However, precise values for 
Site 2 are not reported here. The primary objective for Site 2 was to validate the feasibility of 
continuous 3D reconstruction over a larger area, which the methodology accomplished. 

3.3 Methodological limitations and future work 
The utilisation of 360° camera with a smaller sensor inherently results in a reduction of visual quality 
compared to high-end DSLR cameras. Nevertheless, the geometric quality of the resulting point 
clouds remains sufficient for extracting reliable rock mass measurements. Lighting strategies present 
another challenge in underground settings. The use of a stationary 360° work light can cast complex, 
distinct shadows across the rock face, which may obscure fine structural details. Alternatively, relying 
on ambient fluorescent lighting by using high ISO settings (as demonstrated at Site 2) proved 
functional but introduced noise into the source images. Future tests will investigate the effectiveness 
of dedicated, camera-mounted 360° lighting rigs to provide uniform, shadow-free illumination during 
mobile capture. Finally, this proof-of-concept was conducted in a controlled underground laboratory, 
which is largely free of dust and high humidity. For the proposed pipeline to become a robust tool for 
daily tunnelling and mining operations, future research must validate its performance in active 
production headings, where dust and humidity may interfere with image capture and the SfM process. 

The proposed combined SfM-MVS and 3DGS method provides a framework for visual as-built 
documentation and for future process automation in underground construction. Integrating this digital 
pipeline into daily operations could facilitate continuous rock mass classification, driving data-
informed decisions for optimised tunnel design and dynamic rock support selection. 

4 Conclusions 
This study successfully implemented a digital rock-mass analysis pipeline using a lightweight, 
inexpensive 360° camera in an underground hard rock environment. The workflow reliably produced 
dense 3D reconstructions and enabled fracture orientation measurements with satisfactory precision. 
By combining a 360° camera-based photogrammetric model and 3DGS with semi-automatic 
discontinuity extraction, the proposed method provides an accessible, low-cost framework for rapid 
rock mass intelligence and visualisation. 
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