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Abstract

In Slovenia, torrent areas and forest roads are being regulated and built mostly in steep,
erosion-prone areas. In addition to the geometry of extrapolated works, calculating bulk factors
is key for estimating haulage masses. We have determined bulk factors for compact carbonate
rock, mixed soil, and carbonate deposits. Each construction site was recorded with an un-
manned aerial vehicle (UAV) before the excavation and after every 4+2 m’ of excavated mate-
rial. The average point cloud density was 9535 points/m’. We processed the point clouds from
each construction site and determined the difference in volume between the volume of exca-
vated area and the volume of deposited material. The average bulk factor for compact carbon-
ate rock is 1.42, 1.20 for mixed soil and 1.15 for carbonate deposits (calculated for fully loaded
eight-wheeled truck). The calculated bulk factors for soils and carbonate deposits match with
the already established values, while the factor for compact rock is 20% lower than the factor
currently in use by the Slovenian forest engineers.

Keywords: excavation, embankment, photogrammetry, dense point cloud, UAV, volume cal-

culations

1. Introduction

There is considerable uncertainty regarding earth-
work calculation in forest road construction and man-
agement of torrent areas. To predict the appropriate
amount of excavated and backfill material, bulk and
shrink factors are used, representing the ratio of bank
(in-situ) to loose volume — the bulk factor — or the ratio
of bank to shrinked material volume — the shrink fac-
tor (Strgar 2004). Knowing the bulk and the shrink
factor values for actual materials at project level fa-
cilitates the investment process (Chopra 1999).

Most forest design engineers use the above factors
based on their own experiences, past information, or
construction handbooks. Factor values differ by water
content, material density or unit weight and soil type
(Burch 1997). Several aspects affect the determination
of bulk and shrink factors: type of rock or lithology,
in-situ porosity which influences the in-situ density,
grain size and shape, rock strength and mass struc-
ture, fall height of individual blocks, vibratory com-
paction, and vertical stress. For the latter, Ofoegbu et
al. (2008) described a negative non-linear relationship
between the bulk factor and overburden stress.

The bulk factor can be determined in a variety of
ways. For granular materials, it can be calculated by
comparing the amount of loose material needed to fill
a wooden box of volume 0.028-0.057 m’ (1-2 ft°)
against the original excavated volume (Peele 1961). For
larger amounts of material — such as excavation and
backfill piles — one of the geometric approaches must
be used (Church 1981). For compact materials, bulk
factors can be determined by comparing the densities
of crushed and compact rock by using samples or de-
termining the bulk density in drill holes. For represen-
tative factor values, it is necessary to make several
volume and mass measurements (Telford et al. 1976).

An alternative way of determining the bulk or
shrink factor is to compare the volumes of crushed
material with the in-situ volume of bank material. For
volume change monitoring, precision laser and photo
scanners attached to different platforms can be used.
Unlike the conventional survey approaches (such as
the use of a total station), these instruments can gener-
ate a dense grid of laser beams or a large number of
high-quality photos which can be used to create a 3D
point cloud (Kobal et al. 2014). This is a base for gen-
erating precise digital surface models; based on the
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difference between two digital surface models, we can
calculate pile volumes and thus determine the bulk
factors. Such modern approaches are common in dif-
ferent forestry industries — there are many research
articles associated with modern techniques of forest
wood production, such as stereovision system for the
in-field estimation of tree parameters (Costa et al.
2018), virtual environment-assisted teleoperation
(Westerberg et al. 2013) that, like in our research, uses
image sensors to create 3D surface model.

In construction engineering, where changes in the
amount and the shape of material are common, the use
of remote data sensing with unmanned aerial vehicles
(UAV) is rapidly increasing. UAVs differ in shape and
dimension: different types of sensors can be mounted
according to the intended use (from multispectral,
RGB cameras to laser scanners). One of the disciplines
that recently made significant progress in this area is
close range photogrammetry. It is the science of ob-
taining reliable metric information, usually from two
or more photos from the same area, resulting in three-
dimensional surface models (Schenk 2005).

There are many studies describing the use of pho-
togrammetry for different purposes, but only few of
them compare the accuracy of photogrammetric mod-
els obtained with this method. When it comes to vol-
ume calculations, the findings mostly confirm the ap-
plicability of the photogrammetric method. The
authors observe that the calculation of volume by this
method is faster, more accurate and better from the
point of view of cost savings, compared to volume
calculation by conventional methods (Yilmaz 2010,
Arango and Morales 2015). Hugenholtz et al. (2015)
found that the vertical accuracy of a point cloud ob-
tained by the photogrammetric method using an UAV
with the correct use of ground control points is com-
parable, if not better than airborne laser scanning, but
less accurate than terrestrial laser scanning. The au-
thors concluded that calculating the volume using an
UAYV makes the most sense in projects of size between
0.05 and 30 km? For smaller areas, volume calcula-
tions are more appropriate using a total station, a ter-
restrial scanner, and a GNSS receiver; for areas larger
than 30 km?, volume calculations make the most sense
using airborne laser scanning.

Sanz-Ablanedo et al. (2018) studied the influence
of the number of ground control points on the accu-
racy of cloud point georeferencing and determined
that the achieved horizontal accuracy in the raster cell
size range was achieved with 2.5 to 3 ground control
points per 100 photos taken. Horizontal accuracy does
not improve significantly with the use of more than 3
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control points per 100 photos, while vertical accuracy
had steadily improved until the use of 4 ground con-
trol points per 100 photos.

The aim of the study was to determine the bulk
factors for three common subsoils often used in forest
construction and torrential areas: carbonate deposits,
mixed soil, and compact carbonate rocks. The focus of
the study was to examine the differences in bulk fac-
tors between these materials regarding the considered
volume of material. We have defined two research
hypothesis:

= bulking factors differ over three common sub-
soils

= bulking factors from literature differ from our
calculated factors.

2. Materials and Methods

Field measurements were taken at three construc-
tion sites on the Jelovica plateau (northwestern
Slovenia), where the construction of forest roads took
place between June and August 2019. The site was
selected according to the geological basis present there
—we analysed:

= mixed soil — construction site Kopisa

= compact carbonate rock — construction site
Kamnica

= carbonate deposits — construction site Pasni
vrh.

2.1 Used Equipment and Machinery

In the study, we used:

= DELL XPS 15 (9570) i9-8950HK, 32GB RAM,
SSD 1TB, GTX1050Ti

DJI Mavic 2 PRO drone
Leica Viva TS12 Total Station

Leica Z Rover GNSS receiver consisting of a
Leica Zeno 20 GNSS receiver with an external
Geodetic Antenna Leica AS10 GNSS

= 7.5t Takeuchi excavator with a 0.3 m’loading
shovel on construction sites 2 and 3

Ul u

= 23t CAT excavator and 3 t hydraulic hammer
on site 1. We used a 1 m’ loading shovel to
load crushed compact rock on the truck.

2.2 Field Data Capture

The construction site 1 with the compact carbon-
ate rock (Kamnica) was divided into 6 plots. Before
the UAV recordings began, the excavator operator
removed the topsoil and the weathered layer in all
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Fig. 1 Total station (a) on construction site 1 (plot 6), GNSS receiver (b), and a UAV (c)

the plots with a loading shovel until the compact
base was reached; from there, we continued with the
hydraulic hammer. The same working conditions
were established at all Kamnica plots: the same ham-
mer power, the maximum grain size of 30 cm, and
side placement of the machine during hammering.
During the excavation process, we performed an im-
age based sieving analysis with Split Desktop pro-
gramme from Split Engineering company LLC (2019).
After the hammering was finished, the excavator
operator placed the loading shovel on the excavator
and then loaded and drove each pile to the turning
zone separately, where they were finally measured
with the total station.

The construction sites 2 (Kopisa) and 3 (Pasni vrh)
were divided into 4 plots. Before the UAV recordings
began, the excavator operator removed the stumps
and the top layer of vegetation in all plots with a
loading shovel, until mineral soil was reached. The
excavator operator loaded the material into the truck
as he went along.

We placed 4 to 5 ground control points (round
black targets with a diameter of 30 cm) on each site,
distributing them evenly across the plots. The coor-
dinates of the points were measured by the arithme-
tic mean of three 10-second independent measure-

Table 1 The main characteristics on individual construction sites

ments using the GNSS-RTK method. At the sites,
where the coordinates of the ground control points
could not be reliably recorded with the GNSS receiv-
er due to the lack of signal, the coordinates were de-
termined by the total station. For different methodol-
ogy comparison, each pile at the construction site 1
(Kamnica) was measured with the total station
(Fig. 1).

The UAV recordings (Fig. 1) were performed in
three consecutive arrays for every 4+2 m’ of exca-
vated material. The UAV was operated using the
Pix4Dcapture mobile application, designed for flight
planning and monitoring, installed on the Android
operating system. All the photos taken were stored
on a microSD card with 64 GB of memory.

The UAV recordings were performed on individ-
ual plots under the same recording conditions.
Therefore, the same flight trajectories and the same
number of photos with the spatial resolution of less
than 1 cm were used in all recordings. We flew at an
altitude between 20 and 27 m with an 85% photo
overlap, using a double grid mission optimal for cre-
ating 3D models. The speed of the drone during the
flight was 2 m/s. A total of 3605 photos were taken
(Table 1).

Kamnica Kopisa Pasni vrh
20 t excavator with a 3 t hammer 7.5 t excavator with an 0.3 m’ 7.5 t excavator with an 0.3 m’
Excavator 3 . .
and an 1 m® loading shovel loading shovel loading shovel
No. of plots 6 4 4
No. of flights 19 1 12
No. of images taken 1772 682 1151
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2.3 Data Processing

First, we performed the bundle adjustment in the
3Dsurvey 2.9.1 program (3Dsurvey 2019) to align the
image blocks, which resulted in a sparse point cloud.
We selected the coordinate system of the imported
data (WGS 1984) and the coordinate system in which
we exported point clouds and digital surface models
(D96). After aligning the image blocks, we entered
the data from ground control points and created a
georeferenced point cloud. The georeferencing ac-
curacy was checked for each point cloud by calculat-
ing the root mean square error RMSE. In total, 43
dense point clouds were created (Fig. 2).

Digital surface models (DSM) with a grid cell size
of 0.02 m were produced for each site. For informa-
tion on the initial state, we used a digital surface
model created with data from an overflight taken
before the construction work was carried out. The
volume of the excavated and deposited material was
calculated as the difference in DSM before construc-
tion work and DSM after each subsequent recording,.
In total, 43 digital surface models were created and
80 volume calculations were carried out.

The bulk factors for selected materials were cal-
culated using the equation below (Chopra 1999),
where the volume was calculated on the basis of the
methods described above.

Determining Bulk Factors for Three Subsoils Used in Forest Engineering in Slovenia (303-311)

BF =VL7V1/E )
Where:
BF bulk factor
Vi bank volume (in-situ)
Vi loose volume of material.

The bulk factor is influenced significantly by the
size and shape of grains, which is why we have deter-
mined grain fragmentation for each plot of deferred
material on construction site 1. We used the Split
Desktop programme (Split Engineering LLC (2019))
and a smartphone with the Split Camera application
to take pictures of the piles.

The statistical processing was carried out using the
R Studio program (RStudio Team 2015). The differ-
ences between the arithmetic mean were checked by
the one-way analysis of variance (one-way ANOVA).
The dependence of bulk factors and loose material
volume was described with linear regression. We used
a logarithmic transformation.

Itis important to know the differences between the
terms bulk factor and bulk percentage. Factors are ap-
plied to earthwork calculations and are used as con-
versions between different volumetric states. Bulk
values refer to the potential of a material to expand in
volume. This potential usually comes in the form of a

Fig. 2 Dense point cloud from plots 3 and 4 on construction site 1
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Table 2 Point cloud characteristics on analysed construction sites

J. Mihelic et al.

Construction | Number of point |  Average time for creating Average time for creating Average density of RMSE — average of all
site clouds a sparse point cloud, min:s a dense point cloud, min:s point clouds, points/m’ point clouds, m

1 —Kamnica 19 23:18 81:04 9949 0.008

2 —Kopi$a " 15:03 58:20 13,106 0.009

3 —Pasnivrh 13 18:55 66:13 5550 0.007

percentage which can be converted to a factor for use
in earthwork calculations (Crooks 2013). In our re-
search, we described the bulk potential with percent-
ages, except for the end result where we provided the
values in factors.

3. Results

3.1 Point Cloud Establishment and
Georeferencing Precision

The average time needed for the creation of a
sparse point cloud ranged from 15 minutes and 33
seconds (construction site 2) to 23 minutes and 18
seconds (construction site 1). The average time re-
quired for the creation of a dense point cloud ranged
from 58 minutes and 20 seconds (construction site 2)
to 81 minutes and 4 seconds (construction site 1). The
average time for the creation of point cloud on con-
struction site 3 ranged from 18 minutes and 55 seconds
(sparse point cloud) to 66 minutes and 13 seconds

Table 3 Point cloud georeferencing statistics

(dense point cloud). In total, it took 64 hours and 44
minutes to process all the point clouds. The average
density of the point clouds was 9535 points/m”and the
corresponding average georeferencing precision
(RMSE) was 0.008 m (Table 2 and Table 3).

3.2 Material Fragmentation

Image-based sieving analysis revealed that, in ev-
ery plot at construction site 1, the maximal grain was
less than 30 cm in diameter. In average, 50% of the
grains were smaller than 10 cm and 25% of the grains
were smaller than 3 cm in diameter. The carbonate
bedrock in plots 5 and 6 visually indicated a more
fractured and porous material; their sieving curves
(Fig. 3), however, did not differ significantly from the
other plots.

3.3 Bulk Factors

The calculated bulk percentages among analysed
materials differ significantly (p<0.001). Taking into
consideration all piles, the largest average bulk was

Construction No. of point | No. of photos No. of
i Plot RMSE,, m RMSE, m RMSE,, m RMSE, .. m
site clouds per cloud targets
1and2 5 84 5 0.004 0.002 0.009 0.005
1 —Kamnica 3and 4 4 67 5 0.012 0.003 0.020 0.012
5and 6 6 94 5 0.004 0.003 0.010 0.006
1 3 62 5 0.006 0.008 0.015 0.009
2 2 62 5 0.008 0.009 0.020 0.012
2 — Kopisa
3 2 62 5 0.008 0.010 0.017 0.012
4 2 62 5 0.003 0.002 0.009 0.005
1 3 80 4 0.003 0.010 0.015 0.003
2 3 80 4 0.005 0.008 0.013 0.009
3 —Padnivrh
3 3 80 4 0.003 0.008 0.011 0.007
4 3 80 4 0.005 0.006 0.009 0.007
Croat. j. for. eng. 43(2022)2 307
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Fig. 3 Image-based sieving curves for compact carbonate material
on construction site 1. X-axis is log transformed, where x means
the logarithm to base 10

found for compact carbonate rock (46.5%), followed
by mixed soil (25.7%), while the smallest average bulk
was found for carbonate deposits (Fig. 4, Table 4).

The bulk percentage decreases by increasing the
volume of loose material (p<0.01; Fig. 5). Statistical pa-
rameters are shown in Table 5.
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Fig. 4 Boxplots of bulk for three analysed materials
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Table 4 Statistical parameters of boxplots

n | Mean | SD SE | Median

Carbonate deposits 12 | 1748 | 219 | 063 | 17.41
Compact carbonate rock 16 | 46.50 | 6.32 | 1.58 | 44.60
Mixed soil 12 | 2570 | 6.16 | 1.78 | 24.46

Table 5 Statistical parameters of regression

Equation n| R p
Compact _
carbonate rock |E = 88:62—12.41 x log(VL)| 16 | 0.66 | p < 0.001
Mixed soil E=54.09-13.73 x log(/)| 12 | 0.63 |p = 0.0012
Carbonate -
deposits E=2518-452 x log(VL) | 12 [0.77| p < 0.001

In forest construction engineering, we are interested
in the bulk factor for larger quantities of material, i.e. in
the size class of one truck, which is why we have given
the final value of the factors from the average value of
the finished piles. Considering Fig. 5 for 9 m’ of scat-
tered material, the mean bulk factor for compact car-
bonate rock is 1.42 (s.e. 1.1), 1.20 (s.e. 1.5) for mixed soil,
and 1.15 for carbonate deposits (s.e. 0.5).
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Fig. 5 Calculated bulk percentages for compact carbonate rock,
mixed soil, and carbonate deposits; points for plots 5 and 6 (in black)
indicate compact carbonate rock with greater porosity than in plots
1t04
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4. Discussion

With modern remote sensing techniques, the vol-
umes of excavated and loose materials were calcu-
lated for three most common materials used in forest
road construction in Slovenia: compact carbonate
rock, mixed soil, and carbonate deposits. A total of
3605 photographs were collected during 43 flights of
the UAV (unmanned aerial vehicle). Their overall
processing into point clouds took 64 hours and 44
minutes.

For each material investigated, the calculated bulk
percentage decreases logarithmically with the volume
excavated. The bulk percentage for compact carbonate
rock varies from 60% on a 2.5 m’ pile of loose material
to 42% on a 11 m’ pile, respectively. The existing re-
search reported the corresponding percentages of 63%
(Wilkinson 1997) and 66% (Peele 1961) for smaller
quantities of loose material, without considering the
consolidation of the material due to own weight (over-
burden stress). Our results for smaller piles are more
similar to the above mentioned percentages than the
ones for bigger piles.

In modern forest road construction, the excessive
excavated material is not dumped over the road bank
but trucked to the ladings or sections with excessive
fills. The commonly reported unit is a fully loaded
eight-wheeled truck, typically hauling 9 m® of loose
material. Using the bulk factor, derived in laboratory
conditions or from small piles, a significant increase in
hauled quantities may appear if the trucks are count-
ed. A typical forest road project on a mountainous ter-
rain requires the allocation of approximately 4 m’/m
of forest road within the construction site. By using
our expansion percentages for compact carbonate
rocks instead of those described in literature, the in-
vestors might experience a 20% decrease in hauling
costs. That does not mean that the percentages report-
ed by Wilkinson (1997) or Peele (1961) are wrong, they
just apply to smaller piles.

In our study, the percentages for compact carbon-
ate rock for plots 5 and 6 were lower than those for the
other plots due to a more fractured and porous origi-
nal bedrock in plots other than plots 5 and 6 noted
during the experiment. Ofoegbu et al. (2008) reported
that bedrock porosity affects its fragmentation par-
ticularly when using a hydraulic hammer — a more
porous bedrock will yield a larger share of smaller
fractions. In our experiment, the excavator operator
was required to produce grains of sizes up to 30 cm in
all the plots. Although our image-based sieving curves
(Fig. 3) for plots 5 and 6 are not significantly different

J. Mihelic et al.

from others, all their calculated bulk percentages are
below the fitted curve (Fig. 5). Since the image-based
sieving analysis is an approximation of physical siev-
ing, we suggest dry physical sieving in further re-
search in order to validate the grain size and distribu-
tion effect on the bulk percentage. It has to be pointed
out that the compact carbonate rock produced in the
experiment was suitable for road bearing course. Con-
sequently, the average bulk percentage derived will
be used for similar purposes.

The bulk percentages determined for mixed soil,
specifically dystric mixed soil, vary from 33%in a5 m’
pile to 20% in a 12 m’ pile of loose material. The cor-
responding bulk percentages in other studies range
from 20% to 30% (Engineering ToolBox 2009, and
Peurifoy et al. 2006), emphasizing the need of target-
oriented investigations for specific projects.

The bulk percentages determined for carbonate
deposits vary from 20% in a3 m’ pile to 16% ina 12 m’
pile of loose material. Referring to the corresponding
values from other studies, we have to be careful re-
garding the influencing factors. Since there is no simi-
lar data, we compared our results to the values for
sand and gravel. Peurifoy et al. (2006) indicate a grav-
el bulk percentage of 14%, Wilkinson (1997) a 15%
bulk percentage for gravel and sand, and Engineering
ToolBox (2009) state bulk percentages of 20% to 30%,
respectively.

In plots with compact carbonate rock, we com-
pared volumes calculated from total station and pho-
togrammetric data. We found out that photogram-
metric data are collected faster and that their
accuracy is greater. By increasing the grid cell, the
error of the volume increases, as was reported by
Urbancic et al. (2015) for larger areas. For areas of
1000 m?, we used a 2x2 cm cell grid. In this case, we
must provide a sufficient density of the point cloud
by choosing a suitable pixel size, photography over-
lapping, and UAV flight height. In our study, the
distances between the points in the cloud were below
5 mm, hence a digital surface model with 1 cm cell
grid could be created. Since the 1x1 cm cell grid does
not significantly improve volume accuracy and tri-
ples the calculation time, we suggest a 2x2 cm grid
cell for similar studies.

Finally, the coordinates for ground control points
were determined on the Kamnica construction site by
arithmetic means of triple independent measurements
with GNSS RTK, while on the Kopisa and Pasni vrh
sites, they were determined by the total station due to
the lack of GPRS signal. The RMSE of all point clouds
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for volume calculations were less than 0.008 m due to
an adequate amount of ground control points sug-
gested by Sanz-Ablanedo et al. (2018).

5. Conclusion

Based on the bulk percentages determined, we sug-
gest material piles of approximately 9 m® for loose
material with the following average bulk factors: 1.42
for compact carbonate rock (s.e. 1.1), 1.20 for mixed
soil (s.e. 1.5), and 1.15 for carbonate deposits (s.e. 0.5).
The bulk factors for compact carbonate rock refer to
uniformly graded material with the maximal grain of
30 cm in diameter. We can confirm hypothesis 1, that
bulking factors differ over three common subsoils.
Bulking factors from literature also differ from our
calculated factors for compact carbonate rock and
mixed soils for over 20% and can therefore confirm
hypothesis 2.

The factors presented, determined by objective re-
mote sensing methods, stand against subjectively as-
sessed figures used daily in forest engineering in
Slovenia. Since they comply well with past studies, we
encourage further examination of the materials found
in the forest infrastructure construction practice (e.g.
sandstone, river deposits, magmatic rocks). The im-
proved set of bulk factors provides a better evaluation
of the materials moved on the jobsite and increases the
reliability of the associated costs.
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