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Abstract: Quantitative measuring of gravity erosion contributes to a better understanding of soil-
mass failure occurrence and prediction. However, the measurement of gravity erosion requires the
continuous monitoring of the objective terrain, due to its occurrence, usually within seconds, and
combination with hydraulic erosion. The photogrammetric technique can quickly obtain terrain data
and provide a new method for measuring gravity erosion. Based on a continuous high-overlapping
image-acquisition equipment, a Structure-from-Motion-Multi-View-Stereo (SfM-MVS)-integrated
workflow, and volume calculation, a new working methodology was established for measuring
gravity erosion on steep granitic slopes in the laboratory. The results showed a good match between
the digital point clouds derived from SfM-MVS-integrated workflow and terrestrial laser scanning
(TLS), achieving millimeter-scale accuracy. The mean distance between the point clouds derived from
TLS and SfM-MVS was 1.13 mm, with a standard deviation of 0.93 mm. The relative errors among
the volumes calculated by SfM-MVS and TLS or the conventional oven-drying method were all
within 10%, with a maximum error of 9.3% and a minimum error of 0.2%. A total of 213 gravitational
erosion events were measured in the laboratory by using the SfM-MVS method, further confirming
its feasibility.

Keywords: SfM-MVS; gravity erosion; volume calculation; steep slopes

1. Introduction

Gravity erosion is triggered by gravitational force and defined as the erosion and
transportation processes of soil mass under its own weight. Gravity erosion, a dominant
erosion type on steep hilly slopes, is widely located in gully heads, gully side walls or river
valleys [1–3]. Gravity erosion usually occurs within seconds in combination with hydraulic
erosion, thus posing a great challenge to its site-specific real-time measurement.

Compared with hydraulic erosion, the body of research of gravity erosion is weak be-
cause of the phenomenon’s mechanistic complexity and limited measurement methods [4,5].
The quantitative measurement of gravity erosion is very important for a better understand-
ing of soil-mass failure occurrence and prediction. At present, soil-erosion models (such as
USLE, CSLE, and WEEP) only consider soil loss under hydraulic force, while the sediment
yield produced by gravity erosion is usually indirectly analyzed through the relationship
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between runoff and sediment or determined through the difference between the amount of
total erosion and hydraulic erosion [6–8]. Despite the establishment of soil-erosion models
involving the influence of gravity erosion by some researchers, these models are empirical
equations of soil loss [9]. The study of gravity-erosion models requires a large number of
directly observational data sets; most previous studies of gravity erosion involve qualitative
description rather than quantitative analysis, which also limits the establishment of gravity-
erosion models. Moreover, slope failure is not only a natural hazard but also contributes to
landscape evolution and erosion. It is crucial to understand the relationship between mass
movements on gully slopes and sediment transport for land and water management.

The traditional direct monitoring methods of gravity erosion, such as the strain probe
method, landslide activity maps or drilling-rod method, also have the shortcomings of
limited measurement accuracy and an inability to achieve real-time monitoring [10–12].
In recent years, with the rapid development of 3S (GPS, RS, GIS) technology, significant
progress has been achieved in soil-erosion monitoring technology and analysis methods.
Terrestrial laser scanning, sonar bathymetry, radar altimetry, aerial photography, and an
approach combing aerial photographs with satellite imagery have been used to monitor soil
erosion and geomorphic evolution [13–16]. However, most of these methods are expensive
and mainly applicable to relatively long-term soil-erosion monitoring and geomorphic
evolution, and unsuitable for the real-time dynamic monitoring of gravity erosion.

In the decade or so since its emergence, the photogrammetric technique has become
a powerful tool for topographic surveying [17–20]. With the development and improve-
ment in Scale-Invariant Feature Transform (SIFT), Bundler, Patch-Based Multi-View Stereo
(PMVS), and other algorithms in the computer-vision community, stereoscopic photogram-
metry based on the principle of remote sensing image interpretation, such as Structure-
from-Motion (SfM) and Multi-View-Stereo (MVS), has made new progress in obtaining
high-resolution terrain data [21–25]. Since the first application of SfM-MVS photogram-
metry in geoscientific studies, its implementation has increased significantly, leading to
an established method to generate 3D point clouds depicting the earth’s surface with high
resolution [26,27]. The photogrammetric technique can simultaneously and automatically
calculate camera pose and scene geometry based on matching features in a series of over-
lapping, offset images [23]. Additionally, this technique has also been integrated into image
3D-modeling software, such as VisualSFM [28], 123D Catch [29], Agisoft PhotoScan [30],
CMP SfM [31], etc., which allows one to build a 3D dense point cloud of target objects
from images obtained by ordinary consumer un-calibrated and non-metric cameras or
even mobile phones [32–34]. The precision of the model established by this technique
could be comparable to that of a terrestrial laser scanner (TLS) [15,35–37], leading to its
wide use in geomorphology. Currently, the photogrammetric technique has been used to
survey river-bed topography [38,39], coastal retreat [40], and fluvial [41], glacial [42], and
gully erosion [20,43,44], as well as map landslides [45]. However, to our knowledge, no
report is available about its application in quantitatively measuring gravity-erosion vol-
ume, especially soil collapsing on steeper slopes. In most cases, studying the evolution of
objects requires a high temporal frequency of data collection with a high spatial resolution.
This technique can quickly obtain terrain data and provide new knowledge for the high
temporal frequency of data collection, such as gravity-erosion research [36].

Against the above background, this paper aimed (i) to test the quality of point clouds
generated by the photogrammetric method based on the SfM-MVS technique; (ii) to evalu-
ate the accuracy of the photogrammetric method in the quantitative measurement of the
gravity-erosion volume by comparing TLS with the traditional oven-drying method; and
(iii) to apply the SfM-MVS photogrammetric method for estimating the ratio of gravity
erosion to the total erosion on the steep granitic slopes.
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2. Materials and Methods
2.1. Steep Slope Construction

In order to verify the applicability of the SfM-MVS method proposed in this paper
in monitoring the gravity-erosion process, we constructed a steep granite-soil slope as
shown in Figure 1. The soil slope was 1m high, 1m wide, and 1.5 m long, with a vertical
collapsing wall and a gentle slope of 5◦. The soil slope was modeled using granite residual
soil collected from a collapsing gully in Tongcheng county, Hubei. This area was dominated
by gravity erosion because of thick and loose granite weathered crust [46]. Consistent with
the field, the bulk density and the initial water content were controlled at 1.38 g cm3 and
10%, respectively. The particle size distribution of the collected granite residual soil was
determined using the pipette method and is shown in Figure 2. The basic properties are
presented in Table 1.

2.2. Camera System and Calibration

The primary requirement for SfM-MVS is highly redundant and overlapping well-
exposed images [20]. The imaging sensors of SfM-MVS can be low-grade compact digital
cameras, mobile phones, and even video stills [34], with cost and programmable control
as the main considerations for camera selection. The maximum number of cameras was
determined as eight for one PC based on the program control and the determine interface
restrictions, so eight non-metric cameras (ONTOP X2S) with a USB 2.0 interface were
selected to acquire the images of the steep slope (Figure 1). The camera has a complementary
metal-oxide semiconductor (CMOS) sensor of 8.0 effective megapixels with a size of 12 mm2

(3 mm × 4 mm) and a resolution of 8 MPa (2448 × 3264). The 35 mm equivalent focal
length is 32 mm. In order to control multiple fixed-positions cameras to take continuous
images at the same time, we used C# language to implement a camera control program
based on Afroge.net in the environment of net framework (4.6.1). Before each experiment,
the camera positions were manually adjusted to ensure the cameras’ network could obtain
highly redundant and overlapping images for the establishment of 3D point cloud density,
with the orientation of cameras orthogonal to the steep slope.
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Figure 1. Sketch of experimental equipment. (a) Blue print of the experimental system; (b) Picture of
an experimental site. (1) Image acquisition system; (2) camera, which was used to judge the type and
position of gravity erosion after experiments; (3) computer, which was used to control the cameras
and store images; and (4) constructed slope.
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Table 1. Basic properties of sampling soil.
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1.38 2.61 46.31 38.19 36.42 20.35 4.62 5.97 0.08 2.13 1.64

The lens distortion of a non-metric camera can affect the internal camera parameters [47–49],
so we needed to calibrate the camera to eliminate the effects of lens distortion. Calibration
was performed by using the camera to be calibrated to take pictures of the measured objects
with known specifications, followed by comparing the estimated value with the real value
to calculate the internal camera parameters. Here, the internal camera parameters (focal
length, principal point and distortion estimates) of each camera were acquired through
the built-in calibration tool (Agisoft Lens v0.4.1) of photogrammetric softcopy Agisoft
PhotoScan. The calculated internal camera parameters could improve the quality of cloud
points as initial approximations.

2.3. Referencing Setup

Different from the traditional photogrammetry technique, the SfM-MVS method can
solve the geometry of the scene and camera parameters automatically, and the control
points (CPs) are not necessary for the construction of 3D point clouds. CPs are only used
to scale and georeference the cloud points [50]. The bundle adjustment can be carried
out theoretically by only three CPs. However, many researchers concluded that CPs are
necessary to compensate for the non-linear model misalignment, and the use of CPs can
considerably improve the accuracy of models [48,49]. Here, the relative coordinates of
30 CPs were measured by total station (Trimble M3) to obtain optimal accuracy in the
laboratory. The total station had an estimated 3D observation accuracy of 3 mm. The CPs
were selected to be evenly distributed around the steep slope model, perpendicular to the
camera shooting direction. In order to evaluate the accuracy of 3D point clouds, the 30 CPs
were divided into 20 reference points and 10 check points. The check points were not used
for spatial registration, so the model accuracy can be evaluated by the distance between
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check points and their corresponding points in the dense point clouds. The 20 reference
points were used to scale and georeference the point clouds.

2.4. Photograph Processing and Model Reconstruction

A lot of software can achieve 3D-model reconstruction of an objective scene from
photographs. One of the key techniques is SfM, which was considered as the most promis-
ing method to generate 3D models from multiple 2D images through photogrammetric
methods and computer visualization techniques. Simultaneously, the development of
MVS algorithms improves point clouds by maximizing the description information of the
objective scene through the information in the images [36]. In this study, Agisoft PhotoScan
(http://www.agisoft.ru/products/photoscan, accessed on 24 August 2020) was used to
produce the 3D point clouds from the photographs based on an SfM-MVS integrated work-
flow. The photogrammetric softcopy includes all the steps in 3D model reconstruction, and
the whole procedure is semi-automatic, only requiring camera calibration parameters as
initial inputs and the manual identification of CPs. Additionally, a manual interference is
required for optimizing the 3D-reconstruction process, such as deleting erroneous peaks
and troughs induced by mismatching.

The photographs are first scanned for the identification of matching points using a
point-matching algorithm. For automatic matching-point extraction in individual images
used for image alignment, PhotoScan implements the SIFT algorithm, as the identified
features are invariant to camera rotation and image scaling, and to some extent invariant to
illumination changes and 3D camera viewpoint. Then, the network of matching points in
multiple images is used to estimate both the camera locations and the camera-lens param-
eters by bundle adjustment (BA). Before optimizing camera parameters, non-target and
stray points were eliminated for sparse point clouds. After this initial scene construction,
the CPs were manually marked on multiple images, which could be used to improve the
image alignment and the estimation of camera calibration parameters through an iterative
process in the workflow of PhotoScan. We could check the photograph-alignment process
based on the predicted locations of CPs in the model. Finally, through several iterations of
optimization, the reprojection error and CP error were stable. After the alignment process,
the final dense point clouds were produced from primary sparse point clouds through MVS
dense-image-matching algorithms. Dense-image matching is an important procedure for
improving point clouds derived from SfM matching techniques, and could increase point
density by two or three orders of magnitude. Here, the 3D models were reconstructed with
a moderate-depth filter at high quality. The detailed description of SfM-MVS integrated
workflow can be found in the literature [20,25].

2.5. Calculation of Volumes of Gravitational Erosion Events

The detailed objective terrain data could be obtained in real time through the SfM-MVS
integrated workflow mentioned above. In order to calculate the volumes of gravitational-
erosion events, we needed to identify the timings, types, and areas of each gravitational
erosion event from the video of the experimental process (Figure 1). Then, we could select
the area of interest by comparing the changes in geometric shape of objective surface before
and after each gravitational erosion event. Finally, the volume change in the interested area
was defined as the volume of each gravitational-erosion event [51,52]. In this paper, we
used Cloud Compare (http://cloudcompare.org, accessed on 5 September 2020), an open-
source 3D point-cloud and mesh processing software, to calculate the volume change for
the point clouds of the interested area before and after each gravitational-erosion event [19].

2.6. Experimental Setup and Assessment

The accuracy of the models derived from SfM-MVS could be assessed using the resid-
uals of the CPs. The root-mean-square errors (RMSEs) of the CPs could be calculated by
comparing the measured coordinates through the total station with the interpolated coordi-
nates of the models generated through the photogrammetric process [20]. Additionally, we

http://www.agisoft.ru/products/photoscan
http://cloudcompare.org
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could also evaluate the accuracy of the models by directly comparing the distance between
the clouds of points derived from TLS and SfM-MVS [50]. In order to calculate the distance
between two clouds of points, Cloud Compare was selected for cloud-to-cloud comparisons
as it can avoid the complex and risky meshing or gridding processes and is more robust
to local noise between two methods [53]. For TLS, we used a Z+F IMAGER 5100C, which
has a reported precision of 0.1 mm and an accuracy of 0.3–0.5 mm at a 10 m scan distance
depending on the surface reflectance of its objective. Additionally, in order to evaluate
the reproducibility of the SfM-MVS method, we performed two exercises to obtain two
sets of images of the same steep slope terrain by adjusting the cameras’ network [54–56].
For the two exercises, the camera positions were adjusted to gain two highly redundant
and overlapping image series. Then, the two sets of images were used to generate the
3D density point cloud through the SfM-MVS integrated workflow mentioned above. In
this paper, the reproducibility of the multi-image 3D reconstruction method for the steep
slope in the laboratory was evaluated by the cloud-to-cloud comparison between two point
clouds. The schematic illustration of the data-acquisition and -processing chain developed
for 3D reconstruction with Sfm-MVS is shown in Figure 3.
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reconstruction with Sfm-MVS.

The accuracy of the photogrammetric method in calculating the volumes of gravi-
tational erosion events can be evaluated by the accuracy of point clouds derived from
SfM-MVS. Generally, the higher the accuracy of point clouds derived from SfM-MVS, the
higher the accuracy of the photogrammetric method [19]. However, it is difficult to judge
whether the accuracy of point clouds derived from SfM-MVS could meet the requirements
for calculating the volumes of gravitational-erosion events. In order to evaluate the accu-
racy of the photogrammetric method in calculating the volumes of gravitational-erosion
events in this paper, manual excavation experiments were performed on the steep slope
to simulate gravity-erosion events for the following reasons. One of the most important
reasons is that we could not find any other method to measure the volumes of gravitational-
erosion events under rainfall conditions, so we conducted several excavation experiments
to simulate gravity-erosion events. Another reason is that we could simulate a variety of
slope surface types after the occurrence of gravitational-erosion events, such as circular arcs,
linear lines, etc., while controlling the scales of gravitational-erosion events simultaneously.
In this way, the terrain data could be obtained using TLS and SfM-MVS before and after
manual-excavation experiments. Furthermore, the soil volumes of excavation experiments
were calculated by the weight of soil after drying and by its bulk density (the conventional
oven-drying method). Here, we conducted 20 manual-excavation experiments, and the
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accuracy of the method proposed in this paper could be verified by comparing the volumes
of both the TLS and the conventional oven-drying method.

Finally, this method was applied to monitor the gravitational-erosion processes for
the steep granite-soil slope under simulated rainfall conditions in the laboratory (Figure 1).
In order to monitor many more gravitational-erosion events, two intense and continuous
rainfall conditions were applied, with rainfall intensity designed as 1 and 2 mm min−1,
and the rainfall duration set as 5 h. The gravitational-erosion processes were monitored
through the SfM-MVS method mentioned above.

3. Results and Discussion
3.1. The Point-Cloud Accuracy Evaluation

After photogrammetric processing, the 3D model of the objective terrain was recon-
structed, and the accuracy was assessed in absolute orientation for every CP. Here, the
measured coordinates of CPs were compared with the interpolated coordinates, and the
RMSEs were calculated. The residuals of reference points were 1.19 mm, 4.08 mm, and
1.91 mm for the X, Y, and Z directions, respectively. The residuals of check points were
1.35 mm, 4.09 mm, and 1.56 mm for the X, Y, and Z directions, respectively (Figure 4).
This indicate that millimeter-scale accuracy can be achieved using SfM-MVS-integrated
workflow for the steep soil slopes in the laboratory. Simultaneously, the accuracy of the
SfM-MVS-integrated workflow method was estimated using TLS and photographs to
survey the same steep-slope landscape. The mean distance between the point clouds
derived from TLS and SfM-MVS was 1.13 mm, with a standard deviation of 0.93 mm.
The cloud-to-cloud distance in the range of −5.0 to 5.0 mm accounted for 98.3%, with
88.0% between −1.0 and 1.0 mm (Figure 5). For the reproducibility experiments, the mean
distance between the two point clouds generated through two sets of images of the same
steep slope terrain was 0.65 mm, with a standard deviation of 0.51 mm. The cloud-to-cloud
distance in the range of −5.0 to 5.0 mm accounted for 99.4%, with 94.2% between −1.0
and 1.0 mm (Figure 5). The repeatability test results showed that the SfM-MVS-integrated
workflow method could obtain relatively certain objective terrain data. Furthermore, there
was a good match between the 3D model derived from SfM-MVS and that from TLS.

Generally, the SfM-MVS method can achieve decimeter scale and even sub-millimeter
scale accuracy depending on image characteristics and landform complexity for topographi-
cal investigation [15,35–37]. The highest error of a 3D photo-reconstruction method usually
occurs in a hidden or low-visibility area, such as steep slopes, vegetation, gullies, and
so on [19,42]. In the present study, the orientation of the cameras was orthogonal to the
steep slope, which was different from the investigation of aerial images in the field, so
the steep slope did not seem to be an important impediment for 3D photo-reconstruction
in the laboratory. Additionally, the area of interest was relatively small, and the average
point density could reach 2,000,000 points·m−2. The point density was about two orders of
magnitude higher than that of the topographical model derived from the SfM-MVS method
for the larger areas of terrain in the field [19,42]. Simultaneously, the area of interest was
free from vegetation, and the collapsed terrain was not complex. These were all important
reasons for the model accuracy in this study to reach the millimeter scale, much higher than
the accuracy of models for larger areas of terrain investigations in the field. Furthermore,
the cloud-to-cloud distance of models derived from SfM-MVS and TLS was much higher
in many field investigations than in our study [19,42,50]. This might also be attributed to
the reasons mentioned above. The results of this analysis indicate that the multi-image
3D-reconstruction method is suitable for morphological surface detection in the laboratory
due to simple terrain conditions and controllable environmental elements.
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3.2. Volume Calculation Accuracy Evaluation

The excavation volumes ranged from ~200 cm3 to 20,000 cm3 due to the limitation of
model size (Figure 6). The results showed that the relative errors among the volumes calcu-
lated by SfM-MVS and TLS or the conventional oven-drying method were all within 10%,
with a maximum error of 9.3% and a minimum error of 0.2% for the 20 manual-excavation
experiments (Figure 6). This demonstrates that the SfM-MVS method is suitable for the
volume measurement of both small-scale gravitational-erosion events (e.g., mudslides) and
relatively large-scale collapsing in the laboratory. The linear regression analysis showed
that the volumes of gravitational-erosion events calculated by SfM-MVS, TLS and the
conventional oven-drying method were closely related (R2 > 0.99, p < 0.05) (Figure 6).
The measurement accuracy met the general requirements of gravitational-erosion process
monitoring.
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The 3D photo-reconstruction method is widely applied in soil-erosion monitoring [20,43,44].
Several researchers have concluded that this technique could obtain quite high accuracy
relative to the conventional methods in calculating soil-erosion losses. Song et al. (2016)
found that the soil-erosion measurement accuracy of close-range photogrammetry could
reach 75% using an artificial water washing test, and 83.11% in a natural rainfall experiment.
Ming et al. (2019) reported that the average soil-erosion measurement accuracy of close-
range photogrammetry could reach 90.67% for free-thaw slopes. However, other researchers
argued that close-range photogrammetry was more suitable for surface-elevation change
detections in soil-erosion processes than calculating soil-erosion losses directly. They
mentioned that the calculation of soil losses from the changes in soil surface may lead
to inaccurate results due to alterations in the soil bulk density [5,57]. Even so, the use of
close-range photogrammetry techniques in measuring volumes could obtain satisfactory
results [58]. In this paper, the relative errors among the volumes calculated by the SfM-
MVS method and TLS were all within 10%, indicating that the accuracy of close-range
photogrammetry in calculating volumes is quite high, which has been verified by many
researchers. Additionally, the relative errors among the volumes calculated by the SfM-MVS
method and the conventional oven-drying method were also all within 10%. Therefore, the
changes in soil bulk density can be assumed to mainly occur on the soil surface due to the
erosion–transportation–deposition processes during rainfall. The soil bulk-density changes
might significantly affect the calculation of the soil loss during hydraulic erosion on gentle
slopes, but may have little influence on the calculation of the soil loss for gravitational
erosion on steep slopes. Furthermore, the volumes of gravity-erosion events were calculated
for the interested area before and after each gravitational-erosion event. The calculation
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error for the volumes in uninterested areas was eliminated, which was also important for
improving the calculation accuracy of volumes of gravity-erosion events.

3.3. Application in the Detection of Different Gravitational-Erosion Events

Based on the soil mass failure type, gravitational-erosion events could be divided into
avalanche, slide, and earthflow [51,59]. Earthflows have obvious an flow performance and
a high water content compared with slides and avalanches. During erosion, the failure
block of an avalanche completely separates from the slope surface, whereas that of a
landslide slips down as a whole along a weak belt. A total of 213 gravitational-erosion
events were monitored in the two simulated rainfall tests in the laboratory, including
8 avalanche events, 14 slide events, and 63 earthflow events under 1 mm min−1 rainfall
intensity, and 38 avalanche events, 11 slide events, and 79 earthflow events under 2 mm
min−1 rainfall intensity (Figure 7). The gravitational-erosion volumes ranged from 155 cm3

to 23,557 cm3, with the volume of the avalanche and slide much greater than that of
the earthflow. The total volume of the avalanche, slide, and earthflow was 37,485 cm3,
27,119 cm3, and 27,604 cm3 for 1 mm min−1 rainfall intensity, and 130,648 cm3, 28,147 cm3,
and 21,876 cm3 for 2 mm min−1 rainfall intensity, respectively. Thus, we could calculate the
contribution of gravitational erosion to the total erosion. The proportion of gravitational
erosion to total erosion was 69.57% for 1 mm min−1 rainfall intensity, while it was 77.04%
for 2 mm min−1 rainfall intensity. Additionally, the whole gravitational-erosion process
could be evaluated through this method. Earthflow existed throughout the whole erosion
process with a small value and a large frequency. The avalanche was concentrated in the
early stage of rainfall, while the slide mainly occurred in the late stage. The frequency of
the avalanche and slide was considerably increased with rainfall intensity (Figure 7). This
method could refine and quantify the research on gravitational-erosion processes.
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3.4. Advantages and Limitations

Currently, many devices can be used to monitor changes in surface topography,
such as high-precision GPS, high-resolution remote sensing, and airborne/ground laser
radar [13–15]. However, none of these devices can be used in the study of gravitational-
erosion processes for real-time dynamic monitoring. Mass movements on gully slopes are
the main contributors to gully-bank expansion and are a major source of sediment delivered
to rivers. However, they are often overlooked because they are either too small or too time-
consuming to measure in the field. The SfM-MVS method proposed in this paper can obtain
terrain data in real time to quantify each gravitational erosion event. Specially, this method
relies on a photogrammetric technique, which has made new progress in obtaining high-
resolution terrain data, achieving the millimeter-scale accuracy of the 3D slope model in
this paper (Figure 4). Additionally, the volumes of gravity-erosion events were calculated
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for the interested area before and after each gravitational-erosion event. All of these
contributed to improving the accuracy of the SfM-MVS method. Furthermore, this method
can be equipped with ordinary consumer un-calibrated and non-metric cameras or even
mobile phones [60]. For highly redundant and overlapping images and orthogonal slopes,
high-price DSLR cameras are not necessary [33]. Simultaneously, the images obtained by
cameras are orderly stored in a computer automatically, and the entire equipment does not
require artificial operation in the tests. Therefore, this method has the advantages of a good
real-time performance, high accuracy, a low cost, and being labor-saving.

However, this method also suffers some limitations. Firstly, it is only suitable for the
detection of gravitational-erosion processes for a relatively small area in the laboratory,
and unsuitable for a large area and complex topography in the field, especially for areas
with dense vegetation. Secondly, just like any other photogrammetric or laser surface-
topography detection techniques, the SfM-MVS method also cannot completely reconstruct
the objective terrain in blind or low-visibility areas [19,42]. Gravitational-erosion events
occur frequently on those collapsing slopes where very few deep gullies are observed, and
such a phenomenon did not occur in our tests, but this limitation did exist in our method.

4. Conclusions

This study introduced the SfM-MVS photogrammetric method to quantify the volume
of each gravity-erosion event by controlling multiple cameras to take continuous images at
the same time. This method can generate 3D surface models of steep slopes from multiple
2D images based on an SfM-MVS-integrated workflow in real time. A millimeter-scale
accuracy of 3D models can be achieved using SfM-MVS in the laboratory. The point
clouds derived from SfM-MVS matched well with those derived from TLS. Additionally,
the SfM-MVS photogrammetric method is suitable for the volume measurement of both
small-scale gravitational erosion (e.g., mudslides) and collapsing events in the laboratory,
and all the relative errors were within 10%. Finally, this method was used to monitor the
gravity-erosion processes under continuous heavy rainfall, and the results demonstrate
that this method can refine and quantify these gravitational-erosion processes. Overall, this
method has the advantages of real-time data analysis, a low cost, high precision, and being
labor-saving, but its application to a large area and a complex topography in the field needs
further research.
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