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ABSTRACT 
The availability of the UAV (unmanned aerial vehicle) technology and the advances in computer image processing has 
open the door to a new era with several possibilities to determine PSD using aerial photogrammetry, which has been used 
to great effect in topographical surveys and geological mapping for the last 5 years. It is also an alternative to conventional 
sieve analysis for PSD estimation. The PSD is essential to determine the mechanical properties, especially shear strength, 
of the materials (rock fill) stored in waste dumps. Incorrect shear strength and other mechanical parameter estimation are 
often the root cause of major instabilities. For large waste rock fill the PSD is fundamental to the determine the shear 
behavior. Traditionally, particle size distribution for coarse grained materials such as rock fill has been obtained through 
physical sieving. However, the size in hard rock fills can vary significantly and range from smaller particles (<20cm 
diameter) to blocks or boulders greater than 100cm, with the maximum size usually limited by the in-situ ground conditions 
and blasting performance. Essentially, the sieving process is impractical to achieve routinely considering the scale of the 
material and time required. This paper explores the use of UAV photogrammetry to characterize the shear strength in 
waste dump materials and the influence of PSD on shear strength. 
 
Keywords : Particle Size Distribution (PSD), Unammed Aerial Vehicle (UAV), Rock Fill and Waste Dump, Barton-Kjaersly 

 
1 INTRODUCTION 
 
Commonly rock fill is a widely used engineering material in 
embankment dams, retaining walls, shoring systems and 
ground improvements and is defined as rock fragments 
with wide size of fragments including gravels (+2mm), 
cobbles (+60mm) and boulders (+200mm), with a limiting 
size of, typically, 1m, the PSD and shape characteristics 
are fundamental to any geotechnical design and 
construction, since they can greatly affect the performance 
of granular materials, including their strength and load-
bearing capacity [1]. 

These are closely related to the economics for many 
construction projects. With rock fill structures, the PSD of 
the material plays a crucial role in multiple levels [2]. For 
instance, the compaction of the rock fill can be affected by 
its particle size distribution. For construction quality control, 
it would be usually required to ensure that the rock fill PSD 
meets the design criteria and is within the design envelope 
[3]. 

The construction of waste dumps and rock fill dams has 
given new impetus to investigation of the physical and 
mechanical properties of rock fill material. In most cases, 
triaxial testing on the prototype rock fill using conventional 
laboratory equipment is unattainable as the sizes of 
aggregates used in the field are usually too large [4]. This 
in turn emphasizes the need to develop appropriate 
methods to determine the PSD at real scale to be stablish 
as a scaling’s laws [5]. 

Traditionally, the particle size distribution for 
engineering materials is determined through physical sieve 
analysis using a series of screens with squared mesh [6]. 
With rock fill material there is no other accurate 
methodologies to establish PSD except visual rock 
gradation analyses relying heavily on the visual 
examination and engineer’s experience for quality control 
during construction [7]. 

This method usually involves sieving of the finer fraction 
(i.e., up to 60mm) and physical measurements of coarser 
rocks using measuring tapes or other visual aids and is 
considered to be expensive and time-consuming and not 
feasible for routine quality control purpose [8]. 

Commonly a full-scale gradation test on a rock fill and 
waste dump sample would require widely field work 
involving engineers and field technician, dedicating up to 
48 hours to complete [9]. It is recognized that this work may 
be completed by a field geotechnical engineer and an 
assistant [10]. Machinery and safe handling procedures are 
also required for particle sizes in excess of 200 mm (i.e., 
heavier particles) [11]. 

Thereby, there is a strong motivation to establish a 
safer, faster, and simpler approach to assess the size 
distribution of rock fill material on a routine considering the 
actual developments in computer and technologies [12]. 
With recent developments in computing and technology, 
image processing can be employed to determine the PSD 
of rock fill and waste dump materials [13]. 

Similar to conventional visual assessment, the image 
analysis technique allows researchers and practical 
engineers to inspect and measure visible particles within a 
digital photograph using computer algorithms [14]. This 
presents an optimization in rock fill and waste dumps for 
geotechnical characterization optimizing the time 
consuming to collect data and dedicate time to engineering 
analysis [15]. 

However, the availability of the UAV (Unmanned Aerial 
Vehicle) technology and the advances in computer image 
processing has open the door to a new era with several 
possibilities to determine PSD using aerial 
photogrammetry, which has been used to great effect in 
topographical surveys and geological mapping for the last 
5 years [16]. 

It is also an alternative to conventional sieve analysis 
for PSD estimation. This paper explores the use of UAV 
photogrammetry to characterize the shear strength in 



 

waste dump materials and the influence of PSD on shear 
strength. 
 
2 STRENGTH MODEL FOR ROCK FILL, 

STOCKPILES, AND MINE WASTE DUMPS 
 

Estimate the shear strength for coarse materials which 
contain particles of metric scale is challenging because 
commercial laboratory testing devices can only 
accommodate samples composed by a centimeter particle 
[17]. 

Due to testing limitations, the shear strength is 
frequently estimated using the empirical model of Barton & 
Kjærnsli (1981) (B–K criterion), which considers the 
nonlinearity of the shear strength envelope, characterizing 
the behavior of coarse granular materials submitted to very 
high loads [18]. 

In the B–K criterion, the shear strength is parametrized 
using the equivalent roughness (R) and equivalent strength 
(S) [19]. 

The B–K empirical non-linear model is represented by 
Equation [1]. The model is intended to be utilized for 
characterizing coarse materials like rock fill and blasted 
rocks, which typically exhibit a non-linear shear strength 
envelope [20]. 

In the B-K model, the effective friction angle of the 
waste rock is estimated by adding to the residual angle of 
friction (φb) a structural component of strength (which is 
stress-dependent), determined by the degree of roundness 
of the particles and the porosity of the arrangement of 
particles [21]. 

According to the expression, the friction angle is at least 
equal to the residual friction angle and varies in a 

magnitude R for a 10-fold increase of 
𝑆

𝜎𝑐
 [22]. 

𝜏 = 𝜎𝑛 tan [𝑅𝐿𝑜𝑔10 (
𝑆

𝜎𝑐
) + 𝜑𝑏] [1] 

where: 
𝜎𝑛 = Effective normal stress. 

𝜑𝑏  = Residual friction angle of the rock. 
R   = Equivalent roughness of waste particles. 

S = Size-dependent equivalent strength of waste particles. 
 
The parameter R is a function of particles roundness 

and porosity (n) of the arrangement of particles. It is 
determined based on the chart developed by 
Barton - Kjærnsli. R may vary between 0 and 15 for loose 
arrangements of rounded, smooth particles to dense 
arrangements of very angular and rough particles, 
respectively. The parameter S is a function of the 
unconfined compressive strength (UCS) of the rock and its 
characteristic particle size, adopted here as the median 
diameter by weight (D50) [23] 

 
2.1 Strength model parameters 
 
2.1.1 PSD using UAV 
 
Field data collection was conducted using a DJI Mavic Pro 
quadrotor drone, equipped with an 1/2.3” (CMOS), 
Effective pixels:12.35 M (Total pixels:12.71M) [24]. 
Mapping involved the acquisition of multiples photos with 
the aim to collect and determine the geometric details of 
the rock fill and waste dump particles [25]. 

A total of 3855 images were taken and analyzed 
including rock fill materials with particle sizes ranging from 
sand and gravel to boulder sizes of up to 1000mm. The 
images were taken remotely by a drone. The UAV is 
equipped with a GPS and an inertial navigation system that 
can records 3D spatial coordinates and the orientation of 
the camera. 

Four vertical flights with overlap and side lap ensured 
coverage of the entire areas [26]. 

The pictures have been taken from an average distance 
of 30-120 m from the waste dumps and rock fill slope 
surface, yielding an estimated Ground Sample Distance of 
about 1 cm. ShapeMetriX UAV and Fragmenter packages 
by 3GSM GmbH has been used to generate georeferenced 
point clouds and high resolution digital terrain models in 
order to measure PSD [27]. 

Figure 1 shows the photographs orientation and the 
Figure 2 shown the PSD analysis using UAV image. 
Delineation of rock fill particles is rainbow scale. 

 
Figure 1. Location and orientation of photographs relative to point cloud. 
 

 



 

 
Figure 2. Waste dump 3D model comprising >7 million points and >2.6 million mesh elements 

 

 
Figure 3. PSD and D50 at each scenario. 
 

The PSD data assessed from these sources is showed 
at the Figure 3 making a comparison between the entire 
area and the sub-divisions. Average values are plotted to 
quantify the D50 range. 

 

To understand the influence of variability, appropriate 
values and sensitivity, different ranges of PSD and D50 
values are presented in Table 1 and Figure 4 considering 
the discretization process [28]. 
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Figure 4. Characteristics of the population on D50 (in millimetres) by waste dump unit. 
 
Table 1. Statistical data distribution on D50 (in millimetres) by waste dump unit 

Site Count Mean Std Min Perc 25% Perc 50% Perc 75% Max 

WD-1 26 117.9 53.4 39.3 72.3 107.3 171.0 199.7 

WD-2 32 88.6 65.7 43.1 61.1 68.2 73.1 395.9 

WD-3 18 89.8 19.2 44.2 82.3 89.8 98.1 126.3 

WD-4 7 770.6 35.6 724.0 749.6 763.1 791.0 825.9 

WD-5 30 238.1 88.8 78.9 159.3 259.0 311.6 388.5 

 
2.1.2 Equivalent strength (S/𝜎𝑛). 
 
The size-dependent equivalent strength is based on the 
waste rock UCS values and the D50. The S values were 
assessed based on the strength assessment scheme 
proposed by Barton & Kjaernsli, 1981 [29] (Figure 5) 

 
 
Table 2 shows the equivalent shear strength values 

using the mean D50 for each waste dump. The values have 
a range between 0.20 for very coarse material and 0.27 for 
medium materials (D50 <100mm) 
 

 
Figure 5. Equivalent strength (S) for a D50 of 30mm 
(Modified, Barton & Kjaernsli 1981) 
 
 

Table 2. Equivalent strength by waste dump unit using the 
D50 mean value. 

Site 
D50 

Mean 
S/𝜎𝑐 

WD-1 117.9 0.26 

WD-2 88.6 0.27 

WD-3 89.8 0.27 

WD-4 770.6 0.20 

WD-5 238.1 0.25 

 
2.1.3 Residual friction angle (φb). 
 
The residual friction angle φb can be estimated in tilting 
tests using dry, sawn surfaces of the parental rock. In the 
mining context, it is more often obtained from direct shear 
tests conducted on saw-cut samples selected from drill 
cores [30]. In this case, φb was calculated performing 
multiples tilt test. Table 3 shows the results and the 
variation of this parameter. 

Figure 6 shows the distribution of the population for the 
φb on each waste dump. Coarse material like WD-1 
(Limestone), WD-2 (Material with less than 15% fines 
content) and WD-3 (Rocky material) have less variation at 
the φb due to the minimum fine content in the composition 
of the material. 
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Table 3. Statistical data distribution on the residual friction angle (φb) by waste dump 

Site Count Mean Std Min Perc 25% Perc 50% Perc 75% Max 

WD-1 20 30.5 3.6 0.0 28.8 31.0 33.0 37.0 

WD-2 20 36.3 1.9 22.0 35.0 36.5 38.0 39.0 

WD-3 20 31.2 5.5 32.0 29.0 32.5 35.3 39.0 

WD-4 20 35.8 2.4 19.0 34.0 36.0 38.0 39.0 

WD-5 20 36.8 2.2 31.0 35.0 36.0 38.0 43.0 

 

 
Figure 6. Characteristics of the population on the residual friction angle (φb) data by waste dump. 
 
2.1.4 Dump porosity (n) and equivalent roughness of 

waste particles. (R). 
 
The waste rock volume will expand during blasting, 
excavation and dumping process, and with a large range in 
particle size, this is typically represented as a percentage 
increase from the undisturbed in situ volume [31]. 
Segregation is also typical on dump faces during 
construction and material consolidation within increased 
loading conditions will increase density and decrease the 
porosity and void ratio [32]. 
 

These factors result in difficulty in the determination of 
porosity, with limited benchmark data available [33]. In situ 
assessment of the dump density for this case study was 
not practical. A porosity value of 25% was assumed based 
on the literature review and engineering judgement. 

The particle shape for all the cases was considered 
conservatively with a smooth surface and moderate 
angular with and the waste porosity of 25%. Using the 
empirical scheme developed by Barton & Kjaernsli, 1981 
presented in Figure 7 provided a roughness (R) value in 
the range of 6.0 and 6.4. 
 

 
Figure 7. Empirical assessment of equivalent R parameters 
(Modified, Barton & Kjaernsli 1981) 
 
2.1.5 Strength models using Barton – Kjaernsli criterion 
 
To estimate the strength parameters for the rock fill and 
waste dumps the basis concept is showed in Figure 8. The 
base of the value corresponds to shear stress is showed at 
Table 4 and was calculated with the B–K criterion through 
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the equation [1] and using the mean values of φb and D50 
[34]. 
 
Table 4. Input parameters for the B-K non-linear shear strength using the 1 MPa for normal stress 

Site φb (°) R S/σn 
σn 

(Mpa) 
τ 

(MPa) 
φ' (°) 

WD-1 30.5 6.1 0.26 1.0 0.67 33.87 

WD-2 36.3 6.4 0.27 1.0 0.90 42.11 

WD-3 31.2 6.0 0.27 1.0 0.71 35.27 

WD-4 35.8 6.3 0.20 1.0 0.87 41.07 

WD-5 36.8 6.5 0.25 1.0 0.94 43.25 

 

 

 
Figure 8. Basis concept and approach using B-K criterion 
to estimate the shear strength. 

 
Figure 9 and Figure 10 shows 2 trends for the shear 

stress due to the PSD of the materials, coarse materials 
with a D50 up to 200mm average and fine waste materials 
with a D50 underneath 100mm. For coarse materials the 
equivalent strength relation is particular less variable than 
material with a fine PSD average, which means higher 
shear stress will obtain representing stables structures 
[35]. 

 

 
Figure 9. Non-linear shear strength envelopes using B-K 
criterion. 

 

 
Figure 10. Shear strength of rock waste using B-K criterion 
 
3 CONCLUSIONS 
Using UAV photogrammetry to determine the PSD for a 
coarse materials and waste dumps, combines with the B-K 
nonlinear criterions to characterize the shear strength was 
described and illustrated with data from five rock fill and 
mine waste materials. 

The definition of the input parameters of the model 
using the results of field mapping, UAV photogrammetry, 
tilt field determinations and judgement was described, and 
the evaluation of the shear strength represented by shear 
strength and friction angle was developed. 

The availability of high-performance computers and the 
advances in image processing are inarguably set the new 
era allowing to perform PSD in the entire rock fill and waste 
dumps without the bias generate with the sieve analysis, 
obtaining accurate input data which can be used in a 
probabilistic analysis reducing the error at the output 
results. 
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