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ABSTRACT

Evaluating rock mass quality using three-dimensional (3D) point clouds is crucial for discontinuity extraction and is

widely applied in various industrial sectors. However, the utilization of this method in geological surveys remains limited.

Notable limitations of current research include the scarcity of validation using simple geometric shapes for discontinuity

extraction methods, and the lack of studies that target both planar and linear discontinuity. To address these gaps, this study

proposes a workflow for identifying discontinuity planes and traces in rock outcrops from photogrammetric 3D modeling,

employing the Compass and Facets plugins in the open-source CloudCompare software. Prior to field application, the

efficacy of the extraction methods was first evaluated using experimental datasets of a cube and an isosceles triangular prism

generated under laboratory-controlled conditions. This validation demonstrated exceptional accuracy, with the dip and dip

direction (DDD) of extracted structures consistently within ±2° of the actual values. Following this rigorous laboratory

validation, this methodology was applied to a more complex natural rock outcrop (Miocene–Pliocene deposits in Japan),

demonstrating its applicability in realistic geological settings for identifying structures. The results showed that the dip

and dip direction trends of the extracted bedding planes and faults were consistent with field measurements, achieving a

time reduction of approximately 40% compared to traditional methods. In conclusion, through strictly controlled initial
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verification and subsequent successful application to a complex natural setting, this study confirmed that the proposed

workflow can effectively and efficiently extract discontinuous geological structures from point clouds.

Keywords: Digital Outcrop Model; Rock Discontinuities; Geological Information; Point Cloud

1. Introduction

Rock masses are defined as blocks of rock material

separated by discontinuities (e.g., joints, faults, and bedding

planes) [1], and identifying these discontinuities is essential

for mine planning, quarry monitoring, slope stability anal-

ysis, and tunneling [2–5]. Jaboyedoff et al. [2] used digital

elevation models from airborne laser scanning to analyze

structural characteristics, aiding in the understanding of pro-

gressive failure in large rock slopes. Similarly, Viero et al. [6]

utilized laser scanning to detect rotational movements associ-

ated with deep-seated gravitational instabilities, highlighting

the potential of three-dimensional (3D) data for monitor-

ing dynamic geological processes in landslides. In recent

years, Digital Outcrop Models (DOMs) [7], which are 3D

frameworks derived from laser-scanning or photogrammetry-

based surveys, have become widely used for rock disconti-

nuity identification. Riquelme et al. [8] introduced a method

for discontinuity spacing analysis directly from 3D point

clouds, which showed improved accuracy and efficiency

over traditional field methods. Chen et al. [9] developed an

automatic method to extract discontinuity orientation from

3D point clouds of rock mass surface, streamlining charac-

terization. Ge et al. [10] proposed an automated technique

for measuring discontinuity geometric properties from 3D

point clouds using a modified region growing algorithm. The

Structure-from-Motion (SfM) technique, an adaptation of

photogrammetry that creates 3D models from multiple over-

lapping images [11], is a convenient and cost-effective method

for generating high-resolution DOMs [12–14]. This approach

has been demonstrated to significantly reduce the time re-

quired for DOM generation and facilitate the extraction of

rock discontinuities [15–17].

A review of the extant literature on rock mass discon-

tinuities can be broadly divided into three categories: (1)

discontinuity plane extraction, (2) discontinuity trace extrac-

tion, and (3) other methods, such as roughness, spacing, and

block size analyses [18]. Furthermore, methods for extract-

ing planes from point clouds can be broadly categorized as

follows: (1) clustering-based methods, (2) region growing-

based methods, and (3) other methods, such as random sam-

ple consensus and principal component analysis [19]. The

general approach to trace extraction methods involves utiliz-

ing geometric characteristics within 3D point clouds [20,21].

Among these techniques, clustering methods have become a

prominent research topic in the fields of rock mechanics and

geotechnical engineering [22]. Rock discontinuity clustering

has historically been based on a single parameter, primar-

ily orientation data [9,23–26]. However, recent studies have

adopted multi-parameter approaches that integrate geomet-

ric and mechanical attributes, such as trace length, aperture,

roughness, and infilling materials, to enhance analytical pre-

cision [22,27,28]. Wang et al. [27] employed a combined weight-

ing analysis method that integrates the relative weights of

discontinuity orientation, trace length, aperture, roughness,

and filling conditions. The study showed that the objectivity

of the multi-parameter clustering results was significantly

improved. Liu et al. [28] integrated manifold learning and

fractal theory to analyze orientation distribution patterns and

characterize multiple discontinuity features. By employing

manifold learning to reveal low-dimensional structures within

high-dimensional datasets, they demonstrated that orientation

data could undergo dimensionality reduction. This facilitated

the integration of orientation data with other features without

requiring extensive algorithmic modifications. On the other

hand, there is no consensus on the most suitable parameters

for clustering a given set of discontinuities [22]. Therefore,

current multi-parameter approaches mainly rely on the ex-

perience of experts, and complete objectivity has yet to be

achieved. Rock mass discontinuity extraction is widely ap-

plied in rock engineering [4,5,18]. However, there is a paucity

of literature addressing the application of rock discontinu-

ity extraction in geological surveys [14]. Understanding the

properties of rock discontinuities, such as joints, faults, and

bedding planes visible on outcrop surfaces, is crucial for geo-

logical surveys. Therefore, the accurate extraction of these

features provides a powerful tool for assessing geological

structures in the future. Although recent studies have utilized
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color variations in point clouds to detect discontinuity traces

on rock surfaces [15,17], the effectiveness of this approach for

extracting faults and lithological boundaries from weathered

and eroded outcrops requires further investigation.

In this study, we tested the discontinuity extraction

capabilities of the DOMs using the Compass and Facets plu-

gins of CloudCompare, which is an open-source software.

These plugins are designed to extract discontinuity struc-

tures from point clouds [3,15,29,30]. The Compass plugin semi-

automatically extracts discontinuity traces using both general

and case-specific cost functions [15]. The structural orienta-

tion of the extracted traces is estimated using least-squares

plane fitting. The plugin can utilize multiple cost functions,

such as color brightness, color similarity, color gradient, and

curvature, making it applicable to various geological struc-

tures [15]. The Facets plugin automatically performs planar

segmentation using Kd-trees or fast marching methods and

calculates the dip and dip direction (DDD) of the extracted

plane [29]. For instance, Chandra et al. [31] applied the Facets

plugin to DOMs generated by drone-based photogrammetry

to extract discontinuity planes. By measuring the DDDs

of outcrop surfaces, they conducted kinematic analyses of

the slope failures. Similarly, Lukačić et al. [32] utilized the

Compass plugin within CloudCompare to extract rock discon-

tinuity orientations from DOM. These extracted orientations

were subsequently used as primary input data for the 3D

rockfall susceptibility assessment. Sevil-Aguareles et al. [33]

utilized the Compass plugin in CloudCompare to analyze

the DOMs of the notches in a gypsum cave, revealing that

the notch roofs consistently slope towards the modern en-

trance. This finding enabled them to successfully reconstruct

the direction of ancient water flow. Despite these advance-

ments, a significant limitation remains: the lack of rigorous

initial validation using simple geometric shapes to confirm

measurement accuracy prior to field application. Further-

more, previous studies have typically employed only one

plugin, and the effectiveness of methods integrating both

the Compass and Facets plugins has not been fully explored.

To overcome the challenges posed by inaccurate traditional

measurements, in which on-site compass-clinometer read-

ings are susceptible to errors due to operator skill [34], we

first evaluated our methodology under controlled conditions.

Specifically, these discontinuity plane and trace extraction

methods were first evaluated using experimental 3D datasets,

a cube (3 cm side) and an isosceles triangle (1.75 cm height).

Following laboratory validation, the combined discontinuity

plane and trace extraction method was applied to a more

complex dataset (a natural rock outcrop). This approach en-

abled testing the extraction of various geological structures,

such as bedding planes and faults, in a realistic setting. This

methodology provides a robust framework for identifying

geological structures within rock outcrops.

2. Data Acquisition

2.1. Case Study 1

The verification dataset for the discontinuity structure

extractionwas created using 3Dmodels of seven cubic blocks

with a side length of 3 cm and one isosceles triangular prism

block with a height of 1.75 cm (Figure 1). To verify the

accuracy of the discontinuity extraction on inclined planes,

the cubic and triangular prism blocks were placed on a stable

surface in a laboratory environment. These models were con-

structed using a SfM-Multi-View Stereo (MVS) processing

technology based on images acquired under strictly con-

trolled laboratory conditions to ensure geometric fidelity.

The precise lengths and heights of each block were

known, and their simple and accurate geometric shapes al-

lowed for the direct comparison and verification of the ex-

traction method against true and pre-defined geometries. The

data obtained through this process were invaluable for quanti-

tatively assessing the accuracy and reliability of the proposed

methodology.

2.2. Case Study 2

The developed extraction methods were applied to the

DOM of Miocene–Pliocene fore-arc deposits (Misaki For-

mation), located in the southern part of the Miura Peninsula,

south-central Japan [35] (Figures 1 and 2). The Misaki For-

mation, which is up to 1300 m thick, has been extensively

investigated through stratigraphic, petrological, and struc-

tural geological studies [36–40]. In this study area, the Misaki

Formation is lithologically monotonous, comprising white

tuffaceous mudstones, grayish-white siltstone–sandstone,

and dark-greenish to black coarse-grained scoriaceous sand-

stone [41,42] (Figure 1). The tuffaceous mudstone, siltstone,

and sandstone frequently show graded bedding (Figure 1).
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The formation is highly deformed and exhibits an extremely

wide variety of soft-sediment deformation structures, such

as load casts, associated flame structures, dish-and-pillar

structures, multilobated convolutions, chaotic deformation

structures, and sedimentary veins and dykes. Additionally,

the formation records evidence of multiple stages of fault-

ing and large-scale layer-parallel shortening, such as duplex

structures and imbricate thrusts [35,40,42].

Figure 1. Field photographs from case studies 1 and 2. (a) Cube and isosceles triangle blocks utilized in the laboratory setting for case

study 1; (b–f): Photographs from the rock outcrop for case study 2, showing: (b) Awashboard-like relief structure with alternating layers

(ridges of scoriaceous sandstone and troughs of tuffaceous mudstone and siltstone–sandstone); (c) Scoriaceous sandstone with normal

grading and a normal fault displaying a displacement of a few centimeters; (d) RTK-GNSS survey; (e) Terrestrial photogrammetric

survey; (f) Field geological survey.

Figure 2. (a) Geological map of the Miura Peninsula [42]; (b) Location of the study area in the Miura Peninsula.

Source: The basemap image is an aerial photograph taken by the Geospatial Information Authority of Japan [43].
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Despite their structural complexity, lithological varia-

tionmakes it easy to distinguish between different units based

on color. The area is located along the coast, and the outcrop

exhibits high-quality exposure owing to the constant action of

waves washing the rocks. Furthermore, the region is charac-

terized by wave-cut benches with distinctive washboard-like

relief surfaces. This topographical feature is attributed to

differential erosion and weathering resistance [44]. The ridge

parts of the relief are composed of scoriaceous sandstone,

whereas the trough parts are composed of tuffaceous mud-

stone and siltstone–sandstone (Figure 1). Therefore, topo-

graphic information facilitates the easy tracing of structures

such as bedding planes. These characteristics, that is, excel-

lent outcrop exposure, clear lithological distinguishability,

and easy structural tracing aided by topographic information,

provided ideal conditions for evaluating the survey method-

ology and comparing it with existing approaches. Therefore,

this area was selected as the study site for the present re-

search.

3. Methods

The comprehensive workflow proposed in this study

is illustrated in Figure 3, which is divided into two primary

phases: in-situ measurement and data processing. The in-situ

measurement phase involves data acquisition, including the

emplacement and surveying of ground control points (GCPs)

and checkpoints (CPs), image capture for photogrammetry,

and manual measurement of DDDs of discontinuity data.

The subsequent data processing phase consists of DOM cre-

ation using Metashape software and discontinuity extraction

using the Compass and Facets plugins in CloudCompare. A

detailed examination of this workflow is presented in the

following sections.

Figure 3. Proposed workflow of this study.

3.1. In-Situ Measurement

In case study 1, conducted under laboratory-controlled

conditions, we first meticulously measured the length, height,

and local coordinates of the cubic and isosceles triangular

prism blocks. In addition, six GCPs and two CPs were em-

placed, and their positions were precisely measured. These

GCPs were used to transform the point cloud into a coordi-

nate system, while CPs were used to evaluate the accuracy of

the georeferenced point cloud [12,16,45]. All objects and points

were photographed using a RICOHGR II digital camera with

a fixed focal length of 18.3 mm (35 mm equivalent focal

length of 28 mm). The images were acquired in approxi-

mately 30 min.

In case study 2 of the rock outcrop, GCPs and CPs were

first placed throughout the study area. Their geographic coor-

dinates were collected using a Real-Time Kinematic (RTK)-

Global Navigation Satellite System (GNSS) survey with a

Trimble R10 GNSS receiver (Figure 1). This georeferenc-

ing process, including the emplacement and measurement

of markers, took approximately 45 min. Subsequently, a

terrestrial imaging survey of the study area was performed

using a RICOH GR II digital camera mounted on a monopod

(Figure 1). Image acquisition was completed in approxi-

mately 50 min, resulting in a total data acquisition time of

about 95 min for the proposed photogrammetric workflow.

For comparative validation, traditional geological surveys

were performed using a compass-clinometer to collect the
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DDDs of bedding planes (14 structures) and faults (10 struc-

tures) in the studied outcrop (Figure 1). The manual process

required approximately 4 h and was conducted over two

separate days to verify the data and perform the remeasure-

ments. These manual measurements were then compared

with the results obtained from the DOM-based analysis. The

datasets for case studies 1 and 2 comprised 159 and 218

images, respectively. The image acquisition parameters for

both case studies comprised exposure times ranging from

1/125 s to 1/1600 s, f-stops between 2.8–3.5 and 2.8–6.3,

and ISO values of 200 and 100–200, respectively.

3.2. Data Processing

3.2.1. DOM Creation

The DOMs were created using the SfM-MVS tech-

nique in Agisoft Metashape Professional v.2.1.3 (Agisoft

LLC) (Figures 4 and 5). Table 1 summarizes the specific

processing conditions and parameters for both case studies 1

and 2. This software is widely used in geosciences [12,14,16,46].

The DOM creation process followed four main steps: (1)

photograph alignment and sparse point cloud creation using

SfM processing; (2) sparse point cloud georeferencing using

measured GCPs; (3) quality evaluation of the georeferenced

point cloud by comparing measured CPs coordinates with

their predicted model coordinates; and (4) dense point cloud

construction and DOM generation using MVS processing

(Figure 3). All processing was performed on a 64-bit Win-

dows 10 computer (3.0 GHz Intel Xeon Gold 6136 CPU,

128 GB RAM, and two NVIDIAQuadro P5000 GPUs) con-

figured for optimal performance. The positional accuracy of

the GCPs and CPs was specifically determined from these

calculated errors, and root mean square errors (RMSEs)

were calculated for the east (X), north (Y), and vertical (Z)

coordinates, as well as for the total (XYZ) RMSE (Table

2).

Figure 4. DOM creation and discontinuity extraction from the DOM for case study 1: (a) DOM generated using Metashape software.

The pink circles indicate the locations of GCPs and CPs. To verify the accuracy of the extraction for inclined planes, the coordinates of

the DOM were rotated so that the ground plane had a 10-degree slope; (b) Selected planes from the DOM extracted using the Facets

plugin. The extraction surfaces are shown in red, light blue, purple, lime green, and gray; (c) Selected traces from the DOM extracted

using the Compass plugin. The white lines and yellow areas represent the extracted trace points and their distribution ranges, respectively.
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Figure 5. DOM creation and discontinuity extraction from the DOM for case study 2. (a) DOM generated using Metashape software.

The pink circles indicate the locations of GCPs and CPs; (b) Discontinuity plane extraction results from the DOM using the Facets

plugin; (c, d) Selected bedding planes (red areas) from the extraction results; (e) Selected faults from the DOM extracted using the

Compass plugin. The blue lines and yellow areas represent the extracted trace points and their distribution ranges, respectively.

Table 1. Data processing parameters for DOMs creation using Metashape software and for discontinuity extraction using Facets and

Compass plugins in CloudCompare software.

Parameters Case Study 1 Case Study 2

(1) DOMs construction using Metashape software

Number of images 159 218

Align Photos

Accuracy Middle Middle

Generic preselection Check Check

Reference preselection Source Source

Key points limit 40,000 40,000

Tie points limit 4000 4,000

Camera calibration
Checked all (f, b1, b2, cx, cy,

k1–k4, p1, and p2)

Checked all (f, b1, b2, cx, cy,

k1–k4, p1, and p2)

Build dense cloud
Quality Middle Low

Depth filtering Mild Mild
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Table 1. Cont.

Parameters Case Study 1 Case Study 2

Coordinate system Local coordinate
JGD2011 / Japan Plane Rectangular

CS IX (EPSG:6677)

Metashape version v. 2.1.3 build 18946 v. 2.1.3 build 18946

(2) Discontinuity extraction using Facets plugin

Kd-tree cells fusion parameters
Max angle 10 10

Max relative distance 1 1

Facets

Max distance @ 99% 0.002 0.1

Min points per facet 10 50

Max edge length 0.1 1

(3) Discontinuity extraction using Compass plugin

Cost functions
Curvature Curvature

RGB gradient RGB gradient

Table 2. Accuracy of the georeferenced model evaluated using GCPs and CPs.

X Error (m) Y Error (m) Z Error (m) XYZ Error (m)

(1) Case Study 1

GCPs

No.1 0.000 0.000 0.000 0.000

No.2 0.000 0.000 0.000 0.000

No.3 0.000 0.000 0.000 0.000

No.4 0.000 −0.001 0.000 0.001

No.5 0.000 0.000 0.000 0.001

No.6 0.000 0.000 0.000 0.000

Max 0.000 0.000 0.000 0.001

Min 0.000 −0.001 0.000 0.000

RMSE 0.000 0.000 0.000 0.000

CPs

No.7 0.000 0.000 0.000 0.001

No.8 0.000 0.000 0.000 0.000

Max 0.000 0.000 0.000 0.001

Min 0.000 0.000 0.000 0.000

RMSE 0.000 0.000 0.000 0.000

(2) Case Study 2

GCPs

No.167 0.001 0.001 −0.007 0.007

No.169 0.000 −0.010 0.016 0.019

No.170 0.000 0.001 −0.003 0.003

No.172 −0.002 0.008 −0.006 0.010

Max 0.001 0.008 0.016 0.019

Min −0.002 −0.010 −0.007 0.003

RMSE 0.001 0.007 0.010 0.012

CPs

No.168 0.007 −0.018 0.036 0.041

No.171 0.003 −0.005 −0.012 0.013

Max 0.007 −0.005 0.036 0.041

Min 0.003 −0.018 −0.012 0.013

RMSE 0.005 0.013 0.027 0.030

Note: Positive and negative values indicate that the model coordinates are greater and lower than the reference coordinates, respectively.

In SfM processing, where feature points are extracted

and matched using descriptors, challenging image matching

environments can introduce numerous erroneous points [47].

These errors can degrade the estimation of the surface normal

and curvature [48]. Han and Han [47] reported that filtering

point clouds based on confidence values effectively iden-

tifies and removes these error points in difficult areas, im-

proving geometric quality without compromising accuracy.

The Metashape software normalizes these confidence values

to a range of 0–255 based on the maximum and minimum

image overlap counts. To mitigate the impact of erroneous

points and ensure high-quality structural extraction, the final

DOMs were created by removing points from dense point

clouds with low confidence (≤1).
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3.2.2. Discontinuity Extraction

Discontinuity structures (both planes and traces) were

identified and extracted from the DOMs using the Facets and

Compass plugins in CloudCompare (Figures 3–5). Table 1

summarizes the parameters used for the Facets and Compass

plugins in both case studies 1 and 2.

To extract discontinuity planes, the Facets plugin was

utilized to perform a fully automated segmentation of the

point cloud. This process employs the Kd-tree algorithm,

which recursively subdivides the point cloud into smaller

cells until the points within a cell fit a best-fitting plane ac-

cording to a specific root mean square threshold (referred to

as the “max distance”). Subsequently, the algorithm merges

adjacent cells into larger planar facets if they share a com-

mon orientation (within a specific “max angle”) and are

sufficiently close along their common normal [29]. To en-

sure the reliability of this automated process, the processing

parameters, specifically the max distance threshold, were

carefully determined through an iterative sensitivity analysis.

We evaluated a range of threshold values for each dataset

through visual inspection to determine the specific setting

that most accurately preserved the typical structural shapes.

Discontinuity traces were extracted using the Compass

plugin. While not a fully automated method, this tool facil-

itates semi-automated mapping by employing a least-cost

path algorithm [15]. In this study, we carefully observed the

DOMs to visually identify and distinguish specific discon-

tinuous structures, such as faults and bedding planes. For

each target feature, the start and end control points were man-

ually defined, allowing the plugin to compute the optimal

path along the structure. To mitigate errors in path genera-

tion and improve the accuracy of structural DDD estimation,

any deviations in the automatically generated traces were

corrected by manually adding intermediate control points,

ensuring that the traces accurately followed the visible ge-

ological boundaries. The trace extraction was performed

using a combination of color gradient and curvature cost

functions. These specific functions were selected for their

ability to effectively delineate and distinguish the boundaries

of linear geological structures (faults and bedding planes) on

the rock outcrop surfaces.

The validity of the extracted discontinuous structures

was evaluated by comparing the results with the discontinuity

data (DDDs) collected during the in-situ measurement phase.

This step confirmed that the extraction methods were con-

sistent with the field observations. Both field measurements

and DOM-based analysis results were plotted and evaluated

using Stereonet 11 software [49] (Figure 6).

Figure 6. Stereonet plots (black points) of bedding planes from: (a) field measurements; (b) DOM-based analysis; and faults from: (c)

field measurements; (d) DOM-based analysis.
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4. Results

4.1. DOMs Characteristics and Accuracy

The described procedure generated DOMs for both

case studies 1 and 2. Each DOM comprised 773,249

and 8,350,727 points and covered areas of approximately

1362 cm2 and 326 m2, respectively. By leveraging a high-

performance workstation, we achieved an efficient computa-

tional process. Specifically, the DOM generation workflow

for case studies 1 and 2, from photo alignment to dense cloud

reconstruction, was completed in approximately 25 min per

case study. Table 2 presents a detailed comparison of the

GCP and CP coordinates of the measurement results with

their corresponding model coordinates. Each difference in

Table 2 represents the difference between the analytical and

measured values. A positive sign indicates that the model

coordinate is greater than the reference coordinate, and a

negative sign indicates that the model coordinate is lower

than the reference coordinate. In this process, GCPs were

used for the georeferencing of the point cloud, whereas CPs

were used to evaluate the accuracy of the georeferenced point

cloud.

The case study 1 was conducted under strictly con-

trolled laboratory conditions and demonstrated extremely

high accuracy. The maximum XYZ errors were 0.001 m for

the GCPs and CPs, and the RMSEs in XYZ were negligible

at under 0.001 m for the GCPs and CPs (Table 2). These

exceptionally low errors confirm that the DOM created from

datasets obtained under laboratory-controlled conditions is

highly accurate. This effectively minimizes environmental

noise and human-induced biases, making it an ideal bench-

mark for the accuracy verification of the model. In case

study 2 (rock outcrop), the accuracies of the GCPs and CPs

were of the same order, with larger magnitudes than those in

case study 1. Specifically, the maximum XYZ errors were

0.019 m for GCPs and 0.041 m for CPs, and the RMSEs in

XYZ were 0.012 m for GCPs and 0.030 m for CPs (Table 2).

This increase in error is attributed to the inherent precision

limits of the RTK-GNSS receiver used for field measure-

ments, as opposed to the sub-millimeter precision achieved

in the laboratory using simple and accurate 3D shapes. Nev-

ertheless, these results indicate that the generated DOM has

centimeter-level positional accuracy.

4.2. Discontinuity Extraction

In case studies 1 and 2, 28 and 24 discontinuities were

extracted, respectively, using the Compass and Facets plu-

gins in CloudCompare. The extraction process identified

two types of features: discontinuity planes and traces. The

semi-automated extraction phase was highly time-efficient,

processing the entire dataset for case studies 1 and 2 in ap-

proximately 25 min per case. The DDDs of the extracted

structures were then compared with the measured field re-

sults (Tables 3 and 4). InTables 3 and 4, the discrepancies in

dip direction are expressed as clockwise (positive) or counter-

clockwise (negative) differences of the DOM-based results

from the in-situ measurements. Conversely, for dip, a posi-

tive value shows that the in-situ measurement is larger than

the DOM-based value, while a negative value indicates that

the in-situ measurement is smaller.

Table 3. Comparison of the DDD for selected planes and traces in case study 1, contrasting direct measurements with those obtained

through DOM-based analysis.

ID
Field Measurement DOM-Based Analysis Difference Detection

MethodsDip Dip Direction Dip Dip Direction Dip Dip Direction

(1) Planes (22 Structures)

284 80 0 81 0 1 0 Facets

285 80 0 80 359 0 1 Facets

288 10 180 10 179 0 −1 Facets

289 80 0 81 359 1 1 Facets

290 90 89 269 −1 Facets

291 80 0 80 359 0 1 Facets

292 80 0 79 358 −1 2 Facets

293 55 180 54 180 −1 0 Facets

294 80 0 79 0 −1 0 Facets

295 35 0 33 0 −2 0 Facets

297 90 89 89 −1 Facets

298 90 89 270 −1 Facets
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Table 3. Cont.

ID
Field Measurement DOM-Based Analysis Difference Detection

MethodsDip Dip Direction Dip Dip Direction Dip Dip Direction

(1) Planes (22 Structures)

299 80 0 80 0 0 0 Facets

300 10 180 10 179 0 −1 Facets

302 80 0 80 359 0 1 Facets

303 90 88 89 −2 Facets

304 10 180 9 180 −1 0 Facets

305 90 89 89 −1 Facets

306 90 89 271 −1 Facets

307 90 89 88 −1 Facets

308 90 89 270 −1 Facets

309 10 180 10 180 0 0 Facets

Max 1 2

Min −2 −1

RMSE 1 1

(2) Traces (6 Structures)

1 90 90 270 0
Compass (RGB

gradient)

2 80 0 80 0 0 0
Compass (RGB

gradient)

3 80 0 79 0 −1 0
Compass

(Curvature)

4 80 0 80 359 0 1
Compass

(Curvature)

5 80 0 79 358 −1 2
Compass

(Curvature)

6 80 0 78 1 −2 1
Compass

(Curvature)

Max 0 2

Min −2 0

RMSE 1 1

Note: For dip direction, positive and negative values indicate clockwise and counterclockwise differences of DOM from field measurements, respectively. For dip, positive and

negative values indicate that the field measurements are larger or smaller than the DOM results, respectively.

Table 4. Comparison of the DDD for selected bedding planes and faults in case study 2, contrasting field measurements with those

obtained through DOM-based analysis.

ID
Field Measurement DOM-Based Analysis Difference Detection

MethodsDip Dip Direction Dip Dip Direction Dip Dip Direction

(1) Bedding Planes (14 Structures)

1 52 345 53 338 1 −7 Facets

5 54 349 55 353 1 4 Facets

10 50 337 51 345 1 8 Facets

21 60 350 54 344 −6 −6 Facets

22 50 342 51 339 1 −3 Facets

24 44 346 49 354 5 8
Compass (RGB

gradient)

26 60 346 45 346 −15 0
Compass (RGB

gradient)

27 55 345 53 345 −2 0 Facets

32 64 334 73 343 9 9
Compass (RGB

gradient)

33 70 342 70 348 0 6
Compass (RGB

gradient)

35 60 344 55 355 −5 11 Facets

37 52 336 55 343 3 7 Facets

44 50 346 53 348 3 2 Facets

46 60 352 51 343 −9 −9 Facets

Max 9 −9

Min −15 −9

RMSE 6 7
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Table 4. Cont.

ID
Field Measurement DOM-Based Analysis Difference Detection

MethodsDip Dip Direction Dip Dip Direction Dip Dip Direction

(2) Faults (10 Structures)

1 82 293 77 295 −5 2
Compass

(Curvature)

8 72 317 82 336 10 19
Compass (RGB

gradient)

10 90 84 77 101 −13 17
Compass

(Curvature)

12 90 48 86 51 −4 3
Compass

(Curvature)

14 84 234 76 255 −8 21
Compass

(Curvature)

15 52 34 64 28 12 −6
Compass

(Curvature)

16 90 50 85 53 −5 3
Compass

(Curvature)

17 84 270 77 270 −7 0
Compass

(Curvature)

21 68 284 79 284 11 0
Compass

(Curvature)

22 78 280 81 271 3 −9
Compass

(Curvature)

Max 12 −9

Min −13 −9

RMSE 8 11

Note: For dip direction, positive and negative values indicate clockwise and counterclockwise differences of DOM from field measurements, respectively. For dip, positive and

negative values indicate that the field measurements are larger or smaller than the DOM results, respectively.

In case study 1, a comparison of the selected planes and

traces revealed a DDD difference of less than ±2° between

the measured values and the DOM-based results (Table 3).

The RMSEs for the selected planes and traces were 1°, indi-

cating no significant difference between the methods (Table

3). Although the Compass plugin uses semi-automated, user-

guided mapping, which is less objective than fully automated

methods, it is still more objective and efficient than purely

manual extraction [15]. Therefore, despite the potential for

some artificial bias in the trace extraction results, these results

quantitatively confirm the high accuracy of DOM-based ex-

traction under laboratory-controlled conditions. In case study

2, the DOM-based analysis successfully captured the DDD

trends of the discontinuity structures. The extracted bed-

ding planes exhibited a remarkable uniformity, consistently

dipping into the NNW direction with dip angles generally

ranging from 50° to 70°. This structural consistency indicates

a homoclinal structure, suggesting that no significant folding

or ductile deformation is present within the rock outcrop

of the study area. The extracted faults were predominantly

high-angle (dip angle > 70°) and generally dipped into the

WNW and NE directions (Table 4 and Figure 6). Overall,

the stereonet plotting of the DDD results obtained from the

field measurements and DOM-based analysis showed a high

degree of consistency. The high concentration of poles in

both datasets indicates excellent consistency between the

DOM-based results and the in-situ measurements, which

reveals the reliability of the extraction method.

This study demonstrates the effectiveness of the Facets

and Compass plugins of CloudCompare for extracting geo-

logical planes and traces, thereby supporting their potential

for the efficient mapping of entire rock outcrops. However,

the differences observed in case study 2 were larger than

those in the laboratory tests. The maximum absolute DDD

difference between the selected planes and traces exceeded

±10° at certain sites (Table 4). In the selected planes, the

RMSEs of the DDDs were 6° and 7°, respectively. In the

selected traces, the RMSEs of the DDDs were 8° and 11°,

respectively (Table 4).

5. Discussion

In case study 1, the comparison results of the DDDs

from 22 discontinuity planes and 6 discontinuity traces re-

vealed consistently very low differences and RMSEs (Table

3). This high accuracy is attributed to the creation of the
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3D model from simple, geometrically precise shapes, cou-

pled with excellent positional accuracy (Table 2). In this

study, it was found to be essential to use datasets acquired

under controlled laboratory conditions with objects of sim-

ple and accurate shapes to accurately verify the extraction

of discontinuous structures. This approach introduces mini-

mal bias that affects the quality of the point cloud, allowing

for a precise evaluation of the extraction accuracy. Slight

differences in the DDD values were observed between the

measured and analyzed results. These discrepancies may

stem from the processing parameters used for DOM creation.

To manage the processing time and prevent memory over-

flow, the generation of the dense point cloud for case study

1 was performed at Medium Quality, downscaling images

by a factor of 4. As the quality of the DOM is influenced

by the image pixel resolution [12,50], resulting in smoother

edges, this may have affected the quality of the discontinuity

extraction. Nevertheless, these validated results provide a

solid basis for extracting geological structures using DOMs

in complex natural rock outcrops.

The difference in DDD between the measurement and

analysis results was notably higher in case study 2 than in

case study 1 (Tables 3 and 4). This is likely due to the

complex geometry of the rock outcrops in case study 2 and

the fact that the DOM was created from images acquired

under outdoor conditions. As mentioned above, positional

errors on the order of centimeters are inherent to the DOM

generated in this environment due to the accuracy limits of

the RTK-GNSS receiver. Under such conditions, the DOM

quality is affected not only by the pixel resolution [12] but

also by noisy pixels caused by shadows and saturation [51].

Additionally, similar to the procedure in case study 1, to

manage processing time and avoid memory overflow, the

dense point cloud generation for case study 2 was executed

at a Low Quality, effectively downscaling the images by a

factor of 8. This reduction in resolution likely compromised

the repeatability of the DOM, which may have subsequently

affected the accuracy of discontinuity extraction. Further-

more, several researchers have reported that the presence of

non-rock objects, such as vegetation, creates noise that pre-

vents accurate 3D model generation [31,52]. Bemis et al. [52]

reported that model accuracy is often reduced by surface re-

flections, flat surfaces with little texture variation, and deep

shadows. They also noted that detrimental lighting changes

can result from self-shadowing, shadows cast by the pho-

tographer, shifts in the sun’s position, or filtering by clouds.

Riquelme et al. [53] reported that SfM-based DOMwas highly

accurate when the target surface was perpendicular to the

camera axis. However, the accuracy tended to decrease at

oblique angles and near the edges. Furthermore, they noted

discrepancies in complex surface topographies when com-

paring SfM-based DOM with those obtained from terrestrial

laser scanning. In case study 2, parts of the rock surface

were covered by weathering products and boulders. Further-

more, the complex morphology and irregular geometry of the

outcrop surface, combined with the smooth slope profile re-

sulting from weathering and erosion, disrupted the continuity

of the surface geometry, thereby complicating the segmen-

tation process. Previous studies have indicated that some

plane and trace extraction methods lack sufficient robust-

ness when applied to rock mass data that exhibits weathering

features [17,19]. Although vegetation was barely recognized

on the rock outcrop in case study 2, the surrounding topo-

graphic relief obstructed sunlight, resulting in cast shadows

in certain areas. Given these factors, the results in case study

2 were likely influenced by a combination of photographic

and environmental conditions, the inherent precision limits

of the RTK-GNSS receiver, as well as potential errors from

operator skill during the comparative compass-clinometer

measurements [34].

Despite these challenges, the proposed workflow has

significant advantages over traditional methods, such as re-

ducing operator errors and enhancing survey efficiency. Tra-

ditional manual measurements using a compass-clinometer

are inherently subjective and susceptible to human error. Pre-

vious studies have indicated that manual compass-clinometer

measurements typically have a mean error ranging from

1° to 8°, depending on the engineer’s expertise and judg-

ment [12,54,55]. In addition, these measurements are affected

by systematic errors caused by magnetic interference from

ferrous objects [54]. Wong et al. [56] indicated that the man-

ual measurements may lead to problems associated with

selective sampling and human bias, particularly among inex-

perienced practitioners. Our validation using the laboratory

dataset (case study 1) demonstrated that the results from the

DOM-based method were closely aligned with manual mea-

surements. The proposed workflow relies on automated and

semi-automated extraction, which enhances objectivity and
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reduces human-induced biases that are typical of traditional

compass-clinometer measurements. Furthermore, traditional

methods require manual adjustments for magnetic declina-

tion, which is susceptible to arithmetic errors. In contrast,

the proposed method automates the calculation of the DDD,

effectively eliminating the risk of errors in manual calcu-

lations. The results of case study 2 also demonstrated that

the DOM-based results were in strong agreement with the

field measurements. While the discrepancies were larger

than those observed in laboratory tests, they reflect the chal-

lenging image acquisition conditions, the precision limits of

the RTK-GNSS receiver, and the inherent complexity of the

natural environment. These results emphasize the critical

importance of using simple, accurately defined 3D models to

initially verify discontinuity extraction techniques. This step

ensures that any errors observed in the field can be correctly

attributed to environmental and acquisition factors rather

than issues with the extraction technique.

In terms of work efficiency, the proposed workflow

demonstrated a significant reduction in the field survey dura-

tion. In case study 2, the traditional geological survey required

approximately 4 h of working time. This process required vis-

its on two separate days to verify the data and perform remea-

surements. In contrast, the proposed workflow was completed

in a total of 145 min: approximately 50 min for image acquisi-

tion, 45 min for GCP and CP emplacement and surveying, 25

min for DOM creation, and 25min for discontinuity extraction

(Table 5). This represents a time reduction of approximately

40% compared to the traditional method. In particular, the

DOM generation and discontinuous extraction phases were

rapid. This efficiency allows geologists to dedicate more time

to interpretation rather than data collection. Furthermore, the

proposed method offers a significant advantage in terms of

data verification and remeasurement because it enables dis-

continuous structures to be extracted from the DOM without

requiring a return visit to the site.

Table 5. A comparison of the time requirements between the traditional and proposed methods in case study 2.

Traditional Method Proposed Method

Working Time (min)

In-site measurement 240 95

DOM creation 25

Discontinuity extraction 25

Total 240 145

In conclusion, while challenges in photogrammetry-

based DOM creation remain due to photographic and envi-

ronmental conditions such as vegetation, shadows, complex

topography, and eroded surfaces, the DDDs extracted from

the DOM demonstrated a strong correlation with field mea-

surements. This demonstrates that DOMs can effectively

identify discontinuous geological structures, suggesting them

to be valuable tools for quantitative analysis. Furthermore,

this approach has significant advantages, such as reducing

potential human bias, improving survey efficiency, and over-

coming the limitations associated with surveys in inaccessi-

ble areas.

6. Conclusions

This study addressed the significant disparity between

the widespread adoption of photogrammetric 3Dmodeling in

rock engineering and its limited application in traditional ge-

ological surveys. A critical gap in existing research remains:

the lack of rigorous validation using controlled geometries

prior to field application and a limited focus on studies that in-

tegrate both planar and linear structural extraction. To bridge

this gap, we introduced and validated a comprehensive work-

flow for identifying discontinuity planes and traces using

an SfM-based photogrammetric approach integrated with

the Facets and Compass plugins in CloudCompare. We then

implemented a two-stage validation approach to evaluate

this workflow. First, we evaluated the extraction techniques

using experimental datasets of a cube and an isosceles tri-

angular prism generated under strictly controlled laboratory

conditions (case study 1). The use of these precise, known ge-

ometries established an invaluable baseline for assessing the

intrinsic performance of the algorithms. The results from this

phase demonstrated high geometric fidelity, with extremely

low RMSEs for both the position and DDD compared to the

field measurements. This quantitatively confirmed that the

proposed extraction workflow achieved high accuracy under

ideal conditions, where environmental noise and human-

induced biases were minimized. Following this laboratory

validation, the methodology was applied to a complex natu-

42



Journal of Environmental & Earth Sciences | Volume 08 | Issue 01 | January 2026

ral rock outcrop of the Misaki Formation (case study 2) to

demonstrate its practical applicability in a realistic geologi-

cal setting. Despite the challenges posed by irregular surface

topography, weathering, and erosion, the DOM-based anal-

ysis successfully identified geological structures, including

bedding planes and high-angle faults. These results showed a

strong correlation with in-situ measurements, confirming the

reliability of the method for determining structural trends.

This study also emphasized the significant improve-

ments in the survey efficiency and data objectivity. The

proposed workflow reduced the time required for the sur-

vey by approximately 40% compared to traditional methods.

Specifically, the entire process, from image acquisition to dis-

continuity extraction, was completed in 145 min, whereas tra-

ditional surveys required approximately 4 h. Notably, DOM

creation and extraction phases were rapid. Furthermore, by

automating or semi-automating the extraction processes, the

workflow effectively mitigates the human-induced biases as-

sociated with traditional compass-clinometer measurements.

However, certain limitations remain. While the laboratory

results showed negligible errors, the field applications re-

vealed that the precision of 3D models was influenced by the

measurement and environmental conditions. Therefore, we

emphasize the critical importance of using simple, accurately

defined 3D models for the initial verification of discontinu-

ity extraction techniques. This step ensures that any errors

observed in the field can be correctly attributed to environ-

mental and acquisition factors rather than issues with the

extraction technique. In conclusion, the proposed workflow

offers a robust, efficient, and highly accurate framework for

identifying geological structures from point clouds.
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