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Foreword 

In this project, a coupled CFD-DEM approach has been employed to 
reproduce the rock erosion process observed in a previously conducted 
physical experiment of the erosion of a single rock block. The results 
show that the CFD-DEM successfully can be used to model the erosion 
process, and it could also provide a reference to determine the threshold 
for initiation of the process. 

The project has been carried out as a part of the Swedish Hydropower Center, 
SVC. This report has been written to further elaborate on the article Modelling 
erosion of a single rock block using a coupled CFD-DEM approach, which is included as 
an annex.  
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Sammanfattning 

Bergerosion i spillfåror nedströms utskov kan vara betydande och i vissa 
fall även underminera delar utskoven, vilket i värsta fall (om åtgärder 
inte vidtas) kan påverka dammens stabilitet. Tidigare har risken för 
bergerosion i första hand analyserats med semi-empiriska metoder och 
blockteori. En modell som kan beskriva processen för blockerosion, och 
den dynamiska samverkan mellan bergblock och flödande vatten som 
orsakar erosionen, saknas emellertid fortfarande. I föreliggande rapport 
har ett tillvägagångssätt baserat på en kopplad Computational Fluid 
Dynamics (CFD)-Discrete Element Method (DEM) modell använts för att 
reproducera erosionsprocessen som observerats i de experimentella 
försök som utfördes av George 2015 vid UC Berkeley och som beskrivs i 
hans doktorsavhandling. Tillvägagångssättet modeller samverkan 
mellan det flödande vattnet och det intakta bergblocket och visualiserar 
även erosionsprocessen. Resultaten visar att CFD-DEM på ett 
framgångsrikt sätt kan användas för att modellera bergerosion av 
enstaka block, och att processen även kan användas för att bestämma 
kritiska flödeshastigheter för initiering av erosionen. CFD-DEM kan 
därför utgöra ett möjligt framtida verktyg vid utvärderingar av risken för 
bergerosion. 

Erosion av bergmassor som inducerats av flödande vatten är en komplex process 
som utgör en del av utvecklingen av naturliga landskap. För kraftstationer kan 
bergerosion vara problematisk för viktiga delar av stationen såsom utskov och 
spillfåror. Progressionen av bergerosion nedströms utskov kan reducera deras 
livslängd och därmed leda till höga åtgärdskostnader. I värsta fall, om åtgärder 
inte vidtas, kan erosionen äventyra dammens stabilitet. Att kunna prediktera och 
förebygga bergerosion i dessa typer av projekt med ofördelaktiga hydrauliska 
förhållanden är därför av största vikt. 

Bergerosionen i spillfåror innebär att hydrauliska krafter lösgör och flyttar på 
blocken i berggrunden. Initieringen av rörelsen inträffar när den eroderande 
kapaciteten från det flödande vattnet överskrider bergblockens mothållande 
kapacitet. För utvecklat turbulent flöde beror den hydrauliska eroderbara 
kapaciteten i huvudsak på det dynamiska vattentrycket och flödeseffekten (de 
skjuvspänningar som utvecklas av vattnet). Den mothållande kapaciteten för 
bergblocken beror i huvudsak på det intakta bergets materialegenskaper samt 
bergsprickornas karaktäristiska egenskaper. Exempel på viktiga parametrar är det 
intakta bergets tryckhållfasthet, bergets densitet, blockens storlek och form, samt 
sprickornas avstånd, orientering och skjuvhållfasthet. Det är denna komplexa 
samverkan mellan det flödande vattnet och berggrunden som resulterar i en 
erosionsprocess, vilket innebär en utmaning i att kunna prediktera förekomsten av 
bergerosion. 

Omfattande undersökningar har studerat initieringen av erosion av bergblock vid 
en mängd olika flödesförhållanden i öppna kanaler, vid hydrauliska språng samt 
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vid energidödande bassänger. Semi-empiriska tillvägagångssätt och fysiskt 
baserade modellförsök används vanligtvis för att prediktera initieringen av 
bergerosion, då de kan tillämpas för en mängd olika flödesförhållanden. De semi-
empiriska tillvägagångssätten bestämmer vanligtvis gränsen för initiering av 
erosion genom att jämföra den eroderbara kapaciteten hos det flödande vattnet 
med bergmassans mothållande kapacitet. Dessa tillvägagångsätt reflekterar 
vanligtvis inte de verkliga mekanismer som ligger till grund för erosionen och är 
därmed behäftade med stora osäkerheter. För att bättre kunna förstå 
erosionsprocessen är det emellertid nödvändigt med en ökad kunskap kring de 
mekanismer som ligger bakom processen. I tidigare studier har nedskalade 
hydrauliska modellförsök utförts i syfte att öka kunskapen kring erosion av 
enstaka block, spröda brott och utmattningsbrott. Trots dessa ansträngningar har 
modellförsöken sällan lyckats återskapa den erosionsprocess som observerats i fält. 
För att förenkla det komplexa problem som bergerosion i fält utgörs av genomförs 
ofta experimentella försök i laboratorium av till exempel erosion av ett enstaka 
bergblock. I verkligheten involverar emellertid bergerosion mer komplexa 
tredimensionella blockgeometrier som inkluderar flera block och varierande 
flödesförhållanden. En tillförlitlig metod som kan modellera dessa komplexa 
förhållanden i syfte att prediktera bergerosion saknas.   

För att komplettera de semi-empiriska tillvägagångssätt som tagits fram, samt de 
fysiska modelltester som tidigare genomförts, undersöks i föreliggande rapport 
möjligheten att använda en kopplad numerisk CFD-DEM metod för att modellera 
bergerosion och de processer som ligger till grund för erosionen.  

Baserat på ett tidigare fysiskt modellexperiment utfört av George 2015 vid UC 
Berkeley, och som redovisas i hans doktorsavhandling, reproducerades två 
tredimensionella bergblock som användes i experimentet i de numeriska 
simuleringar som utförs i denna studie. Därefter tillämpades tillvägagångssättet 
med den kopplade CFD-DEM modellen för att simulera erosionen av blocken 
under olika flödesförhållanden. Den kritiska flödeshastigheten för initiering av 
erosion beräknades tillsammans med banorna för de eroderade blocken. Slutligen 
jämfördes resultaten med data från de experimentella försöken.  

De numeriska resultaten visar på en god överensstämmelse med experimentella 
data av George, även om de numeriska resultaten visar på en något lägre kritisk 
flödes-hastighet jämfört med resultaten i de experimentella försöken. De 
beräknade banorna av det intakta blocket under erosionsprocessen visar på en 
mycket god överensstämmelse. Slutsatsen kan därför dras att tillvägagångssättet 
med att använda CFD-DEM för att studera erosionsprocessen av enskilda block är 
möjligt under de förhållanden som rådde i de experimentella försöken. I denna 
rapport modellerades emellertid endast ett enskilt block. Hur flera block påverkar 
erosionsprocessen, och om CFD-DEM klarar av att hantera flera block, behöver 
emellertid undersökas i framtida studier för att kunna implementera det 
utvecklade verktyget. Det rekommenderas därför att framtida forskning 
inkluderar fysiska och numeriska experiment där erosionsprocessen inkluderande 
multipla block undersöks. 
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Summary 

Erosion of rock channels downstream spillways may cause significant 
deterioration of the spillways, raising concerns for the safety of the dam. 
Rock erosion has previously been investigated by semi-empirical 
methods and block theory. However, a model that can describe the 
erosion process of intact rock blocks dominated by the dynamic 
interaction between the rock and the flowing water is still missing. In 
this report, a coupled Computational Fluid Dynamics (CFD)-Discrete 
Element Method (DEM) approach is employed to reproduce the rock 
erosion process observed in a previously conducted physical experiment 
of the erosion of a single rock block (George 2015 Ph.D. Thesis. UC 
Berkeley). The approach models the interaction behaviors between the 
flowing water and the intact rock block and visualizes the erosion 
process. The results show that the CFD-DEM successfully can be used to 
model the erosion process, and it could also provide a reference to 
determine the threshold for initiation of the process. As a result, the 
CFD-DEM may constitute an important future tool for rock erosion 
assessment. 

Erosion of rock masses induced by fluid flow is a complex process in the evolution 
of natural landscapes. Rock erosion in bedrock channels can be very problematic 
for important parts of power stations such as spillways and channels. The 
progression of rock erosion downstream dams may shorten their lifespan and can 
lead to high remediation costs. In a worst-case scenario, if measures are not 
implemented, it can even compromise the stability of the dam. Accordingly, being 
able to predict and prevent rock erosion in these types of projects with unfavorable 
hydraulic conditions is essential. 

The rock erosion process in bedrock channels implies that hydraulic forces remove 
bedrock blocks. The incipient motion of the rock block occurs when the erosive 
capacity of the flowing water exceeds the ability of the rock block to resist it. For 
developed turbulent flows, hydraulic erosional capacity mainly depends upon the 
dynamic water pressure, the stream power, or the shear stresses. The resistance of 
the rock blocks relies on their material parameters and the characteristics of the 
rock joints, such as the strength of the intact rock, the block weight and size, the 
block shape, the joint spacing and the joint orientations. The complex interactions 
between flowing water and bedrock dominate the process of rock erosion, 
resulting in a challenge in predicting the occurrence of rock erosion. 

Extensive investigations have studied the incipient motion of rock blocks subjected 
to a variety of flow conditions, including open channels, hydraulic jumps and 
plunge pools. Semi-empirical and physically-based approaches are typically used 
to predict the threshold condition of the motion of the rock blocks, since they are 
simplified and can be widely applied to various flow conditions. The approaches 
commonly determine the incipient rock block motion by comparing the erosive 
capacity of the flowing water against the erodibility of the rock mass. However, 
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these models seldom reflect the actual mechanism of the rock erosion process, and 
are also associated with large uncertainties. Insights into the mechanism are, 
therefore, essential to improve the understanding of the rock erosion process. 
Scaled hydraulic model tests have been conducted to represent the rock erosion 
failure modes such as block removal, brittle failure and fatigue failure. Despite 
these efforts, experimental studies rarely managed to represent the erosion process 
that has been observed in the field. To simplify the complex problem that erosion 
constitutes in the field, a local rock erosion process is usually studied 
experimentally in laboratory, e.g. erosion of a single rock block. In nature, 
however, the occurrence of rock erosion involves more complex three-dimensional 
(3D) rock geometries comprised of multiple blocks and various flow conditions. 
Hence, a reliable method to handle real-life scenarios is needed. 

To complement the semi-empirical approaches and the physical model tests, an 
unresolved coupled Computational Fluid Dynamics (CFD)-Discrete Element 
Model (DEM) approach was employed in this study to model the interaction 
behaviors dominating the erosion process of rock blocks.  

Based on a previous physical model experiment conducted by George (2015 Ph.D. 
Thesis. UC Berkeley), two 3D rock blocks used in the experiment are reproduced 
for the numerical simulations performed in this study. After that, the coupled 
CFD-DEM approach is used to simulate the blocks’ removal process under various 
flow scenarios. The threshold of the rock blocks’ incipient motion is determined, 
and the trajectories of the rock blocks are then examined. Finally, a comparison 
with experimental data is performed.  

The numerical results show a good agreement with experimental data, even if the 
simulation results show slightly lower critical flow velocities compared to the 
physical experiments conducted by George. The calculated trajectories of the intact 
rock block during the erosion process also show a good agreement with the 
experimental data. It can therefore be concluded that the CFD-DEM approach can 
successively be used to study the erosion process of a single rock block under the 
conditions that was used in the physical experiments. However, in this report, the 
erosion process was only reproduced for a single rock block. The multi-block 
influences on rock erosion would be needed, in order to promote implementation 
of the developed tool for prediction of rock erosion. Therefore, physical and 
numerical experiments on multi-block erosion processes are recommended to be 
performed in future research.  
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1 Introduction 

1.1 BACKGROUND 

Erosion of rock channels by flowing water is a complex process in the evolution of 
natural landscapes. As such, it is also a critical issue for important structural parts 
of dams such as spillway channels. 

Since climate change seems to increase the amount of precipitation in the country, 
many aging dams have to be upgraded to handle increased floods (Mörén, 2005; 
Billstein et al., 2006; Persson and Eriksson, 2018). A large discharge from spillways 
leads to high water velocity and strongly turbulent flows in the river channels 
downstream of the spillways. This may further increase the susceptibility for 
erosion in the rock channels downstream of the spillways in the future.  

In Sweden, river channels downstream spillways usually consist of raw or 
excavated rock surfaces. Generally, the unlined rock channel is judged to be 
resistant to erosion for high-frequency floods. Rock erosion, however, has been 
observed in many outflow channels of dams that have experienced large 
discharges (Mörén, 2005; Billstein et al., 2006; Persson and Eriksson, 2018). The 
erosion is usually in the form of the removal of rock blocks. Figure 1-1 shows the 
erosion of rock channels in Midskog dam and Harsprånget stations, where major 
erosion has occurred (Mörén, 2005; Persson and Eriksson, 2018). Excessive erosion 
can be very problematic for the rock channels and spillways, and could even raise 
concerns regarding the overall stability of the dam as a result from the progression 
of erosion in the channel (George and Sitar, 2012; George, 2015; Pells et al., 2015; 
Lesleighter et al., 2016). 

 

(a) 

 

(b) 

Figure 1-1:  Erosion of rock channels (a) Midskog dam (Billstein et al., 2006), (b) Harsprånget dam (Mörén, 
2005). 

Currently, the prediction/assessment of rock erosion still relies on semi-empirical 
and physically based approaches, i.e., the Erodibility Index Method (EIM), the 
Comprehensive Scour Model (CSM) and the NRCS-WINDAM model (Annandale 
1995, 2006; Bollaert, 2002; Asadollahi, 2009). However, these approaches cannot 
fully describe the erosion process dominated by the dynamic interaction behaviors 
between the rock and water flow. 

To be able to describe this dynamic interaction between the rock and the flowing 
water, a coupled Computational Fluid Dynamics (CFD)-Discrete Element Method 
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(DEM) may be a possible way forward. This method has been applied as an 
alternative way to model particle-laden flows in engineering applications such as 
coastal sediment transport, gas-solid fluidization, and aerosol deposition. In this 
report, an unsolved coupled CFD-DEM approach has been utilized to reproduce 
the rock erosion process observed in a previously conducted physical experiment 
of erosion of a single rock block (George, 2015), in order to study if CFD-DEM can 
be a potential tool to model rock erosion. 

1.2 AIM 

This report aims to investigate the possibilities of using the coupled CFD-DEM 
method to evaluate the rock erosion process and propose suggestions for further 
research. 

1.3 DISPOSITION 

The report starts in Chapter 2 with a state-of-the-art literature review regarding 
rock erosion studies. Chapter 3 summarizes the performed simulations. The 
summary includes an introduction to the theory of the CFD-DEM approach and 
the numerical model setup, results of the numerical calculations and discussions. 
Additionally, the limitations of the study are stated, and future works are 
suggested. Chapter 4 presents the conclusions of the work.  
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2 Literature review 

Erosion of rock by intense turbulence flows exists in various infrastructures 
including bridges, dams, tunnels, and in pipeline crossing in rivers and oceans, 
which can adversely affect these structures. For dams, excessive erosion of the rock 
channel downstream spillways may be the root cause for significant deterioration 
of dam foundations, which could raise a risk of the overall stability of the dam. 

2.1 FAILURE MODES OF ROCK EROSION 

Erosion of rock is a complex process that occurs when the erosive capacity of water 
exceeds the ability of the rock material to resist it. There are three main 
mechanisms for rock erosion, namely: (i) abrasion, (ii) fracture of intact rock and 
(iii) removal of individual rock blocks. These mechanisms lead to four main failure 
modes shown in Figure 2-1. Block removal and peeling-off rely on the dynamic 
pressure of turbulent flows and are also influenced by block protrusion, while 
brittle failure and fatigue failure are mainly dominated by fluctuating pressure of 
turbulent flows. Brittle and fatigue failures are more likely observed in an intact 
block with fissures, whereas block removal usually appears in jointed rock masses. 
In addition, the duration of water flows acting on blocks also plays a key role in 
fatigue failure and peeling-off. 

 

Figure 2-1. Failure modes of rock erosion. 

The removal of individual blocks of rock is one of the primary mechanisms 
observed in many power stations in Sweden (Mörén, 2005; Billstein et al., 2006; 
Persson and Eriksson, 2018). Block removal refers to the “plucking” of rock blocks 
from the surrounding rock mass due to forces induced by flowing water and 
gravity. It is generally predominant under scenarios including direct flow impact 
on a rock surface or in rock spillway channels. The removal of individual blocks 
from a rock mass is highly dependent on the erosive capacity of water (flow 
turbulent intensity) and inherent rock material characteristics (mass strength, 
dimensions, internal fraction, shape and orientation) (Annandale, 2006). 

Therefore, the basic information required for the analysis of the rock erosion 
process includes quantification of the ability of the rock mass to resist the erosive 
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capacity of the water and quantification of the erosive capacity of the water flows it 
selves. 

2.2 SEMI-THEORETICAL METHODS 

Quantification of the erosive capacity of flowing water is a challenging issue. The 
reason for inducing rock erosion needs to be understood. Erosion is initiated when 
the erosive capacity of flowing water at the boundary between the water and the 
rock block exceeds the ability of the rock mass to resist removal. Therefore, insight 
into boundary flow processes plays an important role in understanding erosion 
and quantifying the erosive capacity of flowing water. 

The boundary flow process is dominated by the condition of different boundary 
layers, which determines the magnitude of the erosive capacity of flowing water. 
Figure 2-2 shows the schematic of the development of the boundary layers over a 
flat plate in parallel flows. Under laminar flow conditions, the effects of viscous 
forces are greater than the effects of inertial forces and dominate the interaction 
behaviors between flowing water and rock blocks.  

 

Figure 2-2. Schematic of boundary layer development over a flat plate in parallel flows. 

Most flowing water downstream spillways are fully developed turbulent flows. 
Additionally, the high degree of roughness of the rock channel downstream the 
spillways could result in rough turbulent flows. The viscous sublayer in the rough 
turbulent flows decreases as the Reynolds number increases and becomes unstable 
(Kim et al., 1971; Offen and Kline, 1974; Offen and Kline, 1975). The instability of 
the viscous sublayer could result in the creation of turbulence at the boundary to 
the rock channel. As a result, eddies are produced near the boundary, inducing 
pressure fluctuations on the boundary (Annandale, 2006). The existence of 
pressure fluctuations on the boundaries in turbulent flows dominates the incipient 
motion of rock blocks. The pressure fluctuations are quantified by either using the 
indicator parameter of flowing water or directly obtained from physical and 
numerical experiments. 

Comparative methods  

Commonly, the magnitude of the erosive capacity of flowing water can be 
quantified by the indicator parameters such as shear stress, averaged water 
velocity and stream power. The material resistance threshold to scouring can be 
evaluated by the Erodibility Index, the Rock Mass Erosion Index (RMEI), or the 
geological strength index (GSI/eGSI).  
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The most prominent method for predicting rock erosion is the Erodibility Index 
Method (EIM) (Annandale 1995, 2006), in which the erodibility of the rock mass, K, 
is compared with the erosive capacity of flowing water to determine the critical 
condition of rock erosion. The K is defined as: 

𝐾 = 𝑀! ∙ 𝐾" ∙ 𝐾# ∙ 𝐽!                                                   (2-1) 

where 𝑀! is the mass strength number, 𝐾" is the block size number, 𝐾# is the 
discontinuity shear strength number and 𝐽! is the relative ground structure 
number. The K value includes the effects of rock mass strength, discontinuity joints 
in the rock mass, joint roughness and discontinuity orientation. More details of 
these parameters can be found in Annandale (2006). 

The erosive capacity of water is quantified by using the unit stream power, Psp 
(W/m2). The Psp is generally formulated as  

𝑃!$ =
%!&'
(

                                                              (2-2) 

where 𝛾) is the unit weight of water (N/m3), 𝑄 is the water flow rate (m3/s), 𝐴 is the 
flow area (m2) and 𝐻 is the energy dissipated over the flow area, expressed as the 
hydraulic head (m). Annandale (1995, 2006) further modified the above equation to 
quantify the erosive capacity for a variety of flow conditions, including open 
channels, knick-points, hydraulic jumps, head-cuts and plunge pools.  

The EIM has been widely used in practical engineering because of its simplicity 
and wide applicability to various flow conditions, but the method does not 
interpret the interaction behaviors between flowing water and rock blocks (George 
and Sitar, 2012; George, 2015).  Moreover, Persson and Eriksson (2018) employed 
the EIM to assess the rock erosion appeared in Swedish dams and point out that 
the method fails to evaluate the degree of the rock erosion observed in the dams. It 
implies that the method is not suitable to use for Swedish condition. 

The Comprehensive Scour Model (CSM) proposed by Bollaert (2002) is based on 
several plunging jet laboratory tests in which the behavior of turbulent 
hydrodynamic pressures on plunge pool floors was observed. He quantified the 
dynamic pressure associated with the impinging jet with the following equation 

𝑃 = 𝛾)(𝐶$ + 𝛤𝐶$∗)𝜑
+"#$%&'
(

,-
                                              (2-3) 

where 𝐶$ is the average dynamic pressure coefficient (dimensionless), 𝐶$∗ is the 
fluctuating dynamic pressure coefficient (dimensionless), 𝛤 is the amplification 
factor to account for resonance in close-end rock fissures (dimensionless), 𝜑 is the 
energy coefficient, 𝑣./$012 is the impact velocity of the jet and 𝑔 is the acceleration 
of gravity. Despite that the block geometry was simplified to a rectangular block, 
the method attempted to represent the physics of the erosion process and analyze 
the various erosion mechanisms (brittle fracture, fatigue failure and block 
removal). The effects of joint orientation were not taken into account in this study. 

Goodman and Hatzor (1991) presented the analysis of 3D rock erosion by the block 
theory in which only the static water pressure on the joint planes was considered. 
The effects of the pressure fluctuations were excluded from the theory. 
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Additionally, a critical Shields stress (Shields, 1936) was also used to determine the 
magnitude of the erosive capacity of flowing water (Coleman et al., 2003; Melville 
et al., 2006; Lamb et al., 2015). 

In recent years, Geological Strength Index (GIS) and Rock Mass Erosion Index 
(RMEI) methods have been proposed by Pell et al. (2017b), which are more 
accurate in calculating the erodibility of a rock mass. However, the methods are 
based on detailed field investigations. Accordingly, the results of the field 
investigations highly depend on the experiences of investigators, which could lead 
to significant uncertainties. 

2.3 PHYSICAL AND NUMERICAL EXPERIMENTS 

Apart from the semi-empirical methods introduced above, experimental tests and 
numerical simulations are also conducted to quantify the erosive process of rock 
blocks.  

Experimental studies rarely managed to represent the erosion process that 
appeared in field sites. To simplify the complex problem that erosion constitutes in 
the field, a local rock erosion process is usually studied experimentally in a 
laboratory, e.g., erosion of a single rock block (Coleman et al., 2003; Melo et al., 
2006; Federspiel et al., 2009; Asadollahi et al., 2011). Dubinski (2009) conducted 
detailed physical hydraulic model experiments using cubic blocks to evaluate the 
mechanics of knick-point migration in bedrock channels.  

Additionally, this study is based on the physical experiments conducted by George 
(2015). He investigated the influence of discontinuity orientation on block 
erodibility over a range of flow scenarios. The parameters such as water velocity, 
dynamic water pressure and block displacement were directly measured. Based on 
the experimental data, he presented the effects of the block mold orientation, 
turbulent intensity and block protrusion height on the rock erosion process.  

It is worth noticing that Koulibaly et al. (2022) conducted a laboratory-scale 
physical model to determine the effects of rock mass parameters on erosion. They 
studied the individual and interactive effects of several hydraulic and rock mass 
parameters on erosion. In nature, however, the occurrence of rock erosion involves 
more complex three-dimensional (3D) rock geometries comprised of multiple 
blocks and various flow conditions. Hence, a reliable method to handle real-life 
scenarios is needed. 

To complement semi-empirical approaches and physical model tests, numerical 
methods are an alternative means to model the rock erosion process, even under 
the prototype scale.  

Dasgupta et al. (2011) performed numerical simulations to determine plunge pool 
erosion formation at Kariba Dam in Zimbabwe. They employed 3D computational 
fluid dynamics (CFD) to simulate erosive capacities of flowing water, and then 
coupled the 2D universal distinct element method (UDEC) to model the dynamic 
interaction between the flowing water and the rock mass. The dynamic pressures 
at the bottom of the plunge pool were directly obtained and their effects on the 
rock mass were analyzed. Although the numerical method cannot fully describe 
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the interaction behavior between flowing water and the surface of the bedrock, 
they still help to improve the understanding of the erosion process. 

In the past decades, particle-fluid flows have been successfully simulated by 
different numerical approaches, in which the coupled Lattice Boltzmann Method 
(LBM)-Discrete Element Model (DEM) and Computational Fluid Dynamics (CFD)-
DEM approaches have been mostly used in engineering applications, e.g., 
hydraulic fracturing, coastal sediment transport, gas-solid fluidization, and aerosol 
deposition. Besides, Robinson et al. (2014) employed a coupled Smoothed Particle 
Hydrodynamics (SPH)-DEM to simulate single and multiple particle 
sedimentation in a 3D fluid column. It is worth noticing that Gardner and Sitar 
(2019) employed a coupled LBM-DEM approach to evaluate the potential for rock 
erosion induced by fast flowing water in rock channels, which simulates the 
dynamic interactions between the rock block and its surrounding flow.  

In this paper, an unresolved coupled CFD-DEM approach is employed to simulate 
rock erosion processes. In the approach, the Navier-Stocks equations are solved by 
the Finite Volume Method (FVM) to describe the fluid motion and the movement 
of individual particles is simulated by DEM following the Newton’s law. The 
approach has become an increasingly promising for modeling particle-laden flows 
in engineering applications such as coastal sediment transport, gas-solid 
fluidization, and aerosol deposition (Goniva et al., 2012; Schmeeckle, 2014; Tao and 
Tao, 2017). Teng et al., (2022) employed the coupled CFD-DEM approach to 
represent the erosion process of infillings in the fractures under dam foundation. 

To represent the rock erosion process, the CFD model is able to capture the 
features of water, such as pressure fluctuations, turbulent intensity and the details 
in the flow field, while the DEM model has the capacity of describing the spatial 
and geometrical changes of rock blocks based on the network theory (Sahimi, 1994; 
Rucker, 2004; Annandale, 2006). 

Thanks to a CFD-DEM coupling engine, it is possible to couple the DEM approach 
to a CFD framework. As a result, the coupled CFD-DEM engine provides the 
possibility to capture the responses of an intact rock block when impacted by an 
external flow. 
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3 Numerical modelling of rock erosion 

This study aims to employ the coupled CFD-DEM approach to model erosion of a 
single rock block and its subsequent movement. Moreover, the numerical model is 
validated by the rock erosion processes observed in the experimental tests by 
George (2015) at the University of California’s Richmond Field Station. The 
detailed model setup is presented in the appended paper. 

3.1 COUPLED CFD-DEM MODEL 

3.1.1 CFD and DEM models 

For developed turbulent flows, the erosional capacity of flows mainly depends 
upon the dynamic water pressure, the stream power, or the shear stresses 
(Coleman et al., 2003; Billstein et al., 2006; Lamb et al., 2015; Dubinski and Wohl, 
2013). Accordingly, the project employs a large eddy simulation (LES) using CFD 
to model the characteristics of flowing water, especially turbulence behaviors. The 
model resolves the eddy motions with a scale larger than the mesh size of the 
numerical grid, whereas the smaller-scale motions are modelled using unresolved 
sub-grid fluid stress. The unresolved stress is provided by the dynamic 
Smagorinsky model (Germano et al., 1991).  

To model the features of the two rock blocks used in the simulations, this report 
employs the Discrete Element Model (DEM). In addition, the model calculates the 
force and torque acting on the rock blocks based on Newton’s second law.   

3.1.2 CFD-DEM coupling process 

As mentioned in Chapter 2, the interactions between flowing water and bedrock 
mainly dominate the process of rock erosion. Accordingly, reasonably describing 
the interaction behaviors is essential for the numerical model used in the report. 
Thanks to the CFD-DEM coupling engine, the DEM is coupled with a CFD 
framework, providing the possibility to capture the responses of an intact rock 
block when impacted by an external flow. The coupling process between CFD and 
DEM is accomplished through the particle-fluid interaction force model detailed in 
the appended paper. 

3.2 MODEL SETUP 

In this report, all simulations are based on the experimental tests by George (2015). 
To represent the flow conditions in his experiments, all simulations are performed 
in a domain of 2.193×0.300×0.864 m in the streamwise (x), vertical (y) and cross-
stream (z) directions, respectively, shown in Figure 3-1. The geometry of the block 
mold is simplified based on the tetrahedral mold used in the experiments by 
George. The block tip at the bottom of the mold is truncated to facilitate the 
structured grid generation in the block mold region in order to improve the 
numerical stability of the simulations. 
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Figure 3-1. Computational domain of simulations (From Teng et al. 2023, CC-BY 4.0). 

Meanwhile, based on the block geometries used in the experiments (George, 2015), 
two rock blocks shown in Figure 3-2 are generated by the multi-sphere method 
(Kruggel-Emden et al., 2008; Amberger et al., 2012). The method clumps multiple 
particles together and integrates them as one rigid body and then employ a Monte 
Carlo resampling procedure to calculate the clump volume, mass and center of 
mass (Amberger et al., 2012, Nan et al., 2022; Shen et al., 2022). Total forces and 
torques on each rock block are computed as the sum of the forces and torques on 
its constituent particles. It is worth noticing that George (2015) conducted block 
yield tests where the block mold was inclined from near horizontal to sub-vertical 
until the block slide out. From the tests, the angle of wall friction was determined 
to 16°. Accordingly, the coefficient of friction for the particle-wall contact in the 
DEM model is set to 0.286. 

 

Figure 3-2. Two blocks used in the simulations: (a) geometries of the two blocks (b) blocks 
reproduced by the multi-sphere method (From Teng et al. 2023, CC-BY 4.0). 

In the simulations, the rock blocks are placed in the block mold with different 
protrusion heights (h) between the block top surface and channel bed shown in 
Figure 3-3. The block mold is varied at 30, 75, 120 and 180 degrees (𝛼) to change the 
block’s orientation with respect to the streamwise direction (x positive direction) 
shown in Figure 3-3b. A varied water velocity is imposed on the inlet surface 
shown in Figure 3-1, and its value is increased every 8 s with increments of 0.05 
m/s, from 1 to 3 m/s, to determine the critical condition of the incipient motion of 
the rock block. A total of 9 simulations are performed. 
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Figure 3-3. Initial scenarios of the blocks. (a) protrusion heights (h) of the two blocks; (b) four 
different block model orientations (From Teng et al. 2023, CC-BY 4.0). 

3.3 NUMERICAL RESULTS 

To determine the critical flow condition inducing rock erosion, the incipient 
motion of the rock block is first examined. As described in the above section, the 
flow velocity imposed in the inlet is gradually increased to ensure the occurrence 
of block motion in the simulation. The simulation results clearly present the 
behaviors of the rock block shown in Figure 3-4. As the flowing water impacts the 
block, the block starts to move and reaches a temporary steady state (at uw = 1.12 
m/s). After that, the block remains in a static state until the value of uw increases to 
2.19 m/s inducing the incipient motion of the block. The block subsequently starts 
to move and is finally taken out of the mold. Through the observation of the 
simulation results, the critical flow velocity inducing block incipient motion is 
determined. More simulation results can be found in the appended paper. 

 

Figure 3-4. Streamwise displacement of the modelled blocks with h = 1.7 at 𝛼 = 30º. The instantaneous 
flow velocity field is illustrated at the centreplane of the computational domain. The dotted lines 

with arrows in each figure indicate the block positions with the increase of uw (From Teng et al. 2023, 
CC-BY 4.0). 

Once the incipient motion of a block occurs, the subsequent movement of the block 
can reflect the block’s failed mode (Tonon, 2007; Lamb et al., 2015). Accordingly, 
the trajectories of the rock blocks monitored are shown in Figure 3-5. In the 
simulations, the blocks appear in translation motion until sliding out of the block 
mold occurs, and no rotation is observed. For the same value of 𝛼, the motion of 
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two different protruding blocks presents a similar tendency. For a fixed h value, 
the movement behavior of the block is highly dependent on the degree of 𝛼. 

 

Figure 3-5. Trajectory of block motion with h = 1.7 at 𝛼 = 30º. The dotted lines with arrows in each 
figure indicate the block positions (From Teng et al. 2023, CC-BY 4.0). 

In addition, dimensional analysis is performed, resulting in a relationship between 
the critical dimensionless shear stress and block mold orientation. For a fixed value 
of protrusion height, the critical dimensionless shear stress in inducing block 
incipient motion highly depends on the block mold orientation. Furthermore, it is 
worth noting that, with the increase of block protrusion height, the effect of block 
protrusion becomes more dominant on the block incipient motion. 

3.4 DISCUSSIONS 

The simulations in this study are based on the physical experimental tests 
conducted by George (2015). Therefore, the simulation results are compared with 
the experiment in terms of the block erodibility threshold and block removal 
behaviors shown in Figure 3-6. 

 

(a) critical flow velocities over a 
range of 𝛼 

 

(b)		block	trajectories 

Figure 3-6. Comparison with physical experiments by George (2015) (From Teng et al. 2023, CC-BY 
4.0). 

In Figure 3-6a, the numerical results present slightly lower critical flow velocities 
but a similar tendency to the test data. The discrepancies between the numerical 
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results and experimental data may mainly be caused by the blocks’ protrusion and 
recession effects. As a result, the block protrusion is increased perpendicular to the 
streamwise direction, lowering the resistance to block incipient motion. 
Meanwhile, the block trajectories in the simulations show a good agreement with 
the experimental data in Figure 3-6b.  

In addition, the flow feature leading to the block incipient motion is also examined 
by monitoring the dynamic flow pressure in the numerical calculations. Like the 
experimental data, the numerical results show a fairly constant dynamic pressure 
head from the block incipient motion to block removal. However, the value of the 
dynamic pressure in the simulations is slightly smaller, since the values of the 
critical flow velocities in the simulations are slightly smaller than the values in the 
experiments. 

3.5 LIMITATIONS AND FUTURE RESEARCH 

This study represents block removal under pure water flow conditions. In practice, 
however, the flow inducing rock block erosion usually entrains a large amount of 
air (Dubinski et al., 2013) and even particles of sediment, which could also affect 
the rock block erosion process. These aspects could be included in the numerical 
model by implementing more physics-based models such as two-phase models 
and are recommended to be studied in future work. Besides, two tetrahedral 
blocks are used in the simulations rather than rectangular blocks that are closer to 
real rock blocks. Future works are therefore recommended to focus on the erosion 
process of more rectangular blocks. Another limitation of this research is the 
absence of multi-block influences. Lamb et al. (2015) pointed out that surrounding 
rock blocks could significantly affect the rock erosion process. In future work, it is 
recommended that physical and numerical experiments are conducted to represent 
the process of multi-block erosion. Besides, the fracture aperture is a fixed 
parameter in this paper. Thus, the influence of fracture aperture and the 
propagation of pressure pulses on the erosion process are recommended to be 
studied in future work.  
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4 Conclusions 

In this report, a coupled CFD-DEM approach was employed to simulate the 
erosion processes of a single rock block. Two blocks with different protrusion 
heights were generated according to the geometries of the blocks in physical 
experimental tests conducted by George (2015). Each block was placed at four 
different orientations with respect to the streamwise direction. The results show 
that the numerical model can describe the interactions between the flowing water 
and the block reasonably well and can capture the block removal process. 
Moreover, the removal process of the block was visualized and quantitatively 
characterized. Based on these results, the following conclusions can be made: 

• Under the conditions valid in experiments by George, the CFD-DEM 
approach can successively be used to study the erosion process of a single 
rock block. 

• Compared to the physical experiments conducted by George, the 
simulation results in slightly lower critical flow velocities, and the 
trajectories of the numerical results show good agreement with the 
experimental data. 

• The simulations represent the effect of block protrusion on rock erosion. 
As the value of protrusion height increases, it gradually plays a more 
dominant role in the block incipient motion. 

• In addition, the report only reproduces the erosion process of a single rock 
block. How multiple blocks influence rock erosion is recommended to be 
studied in future research in order to promote implementation of the 
developed tool for the prediction of rock erosion. Furthermore, physical 
and numerical experiments on multi-block erosion processes are 
recommended to be performed. 
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Rock block removal is the prevalent physical mechanism for rock erosion and could affect the stability of
dam foundations and spillways. Despite this, understanding of block removal is still inadequate because
of the complex interactions among block characteristics, hydraulic forces, and erosive processes acting on
the block. Herein, based on a previously conducted physical experiment of erosion of a single rock block,
the removal processes of two different protruding blocks are represented by a coupled computational
fluid dynamics-discrete element model (CFD-DEM) approach under varied flow conditions. Additionally,
the blocks could be rotated with respect to the flow direction to consider the effect of the discontinuity
orientation on the block removal process. Simulation results visualize the entire block removal process.
The simulations reproduce the effects of the discontinuity orientation on the critical flow velocity
inducing block incipient motion and the trajectory of the block motion observed in the physical ex-
periments. The numerical results present a similar tendency of the critical velocities at different
discontinuity orientations but have slightly lower values. The trajectory of the block in the simulations
fits well with the experimental measurements. The relationship between the dimensionless critical shear
stress and discontinuity orientation observed from the simulations shows that the effect of block pro-
trusion becomes more dominant on the block incipient motion with the increase of relative protrusion
height. To our knowledge, this present study is the first attempt to use the coupled finite volume method
(FVM)-DEM approach for modelling the interaction behavior between the block and the flowing water so
that the block removal process can be reproduced and analyzed.
� 2023 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/

by/4.0/).
1. Introduction

Rock erosion induced by fluid flow is a complex process in the
evolution of natural landscapes. Rock erosion in bedrock channels
can be problematic for important parts of power stations such as
dam foundations, spillway channels, and other hydraulic structures
(Annandale, 2006; Lamb et al., 2015). The progression of rock
erosion downstream dams may compromise the stability of their
foundations and spillways, and even shorten their life (Coleman
et al., 2003; Billstein et al., 2006; George and Sitar, 2012; Pells
et al., 2015). Consequently, the existence of erosion leads to high
remediation costs and even poses a considerable risk to dam safety.
ock and Soil Mechanics, Chi-
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Accordingly, it is essential to predict and prevent rock erosion in
these types of projects with unfavourable hydraulic conditions.

The rock erosion process in bedrock channels implies that hy-
draulic forces remove bedrock blocks (Wohl, 1993; Whipple et al.,
2000a,b; Chatanantavet and Parker, 2009). The incipient motion
of the rock block occurs when the erosive capacity of the flowing
water exceeds the ability of the rock block to resist it (Annandale,
2006; George and Sitar, 2016). For developed turbulent flows, hy-
draulic erosional capacity mainly depends upon the dynamic water
pressure, the stream power, or the shear stresses (Coleman et al.,
2003; Billstein et al., 2006; Lamb et al., 2015; Dubinski and Wohl,
2013). The resistance of the rock blocks relies on their material
parameters and the characteristics of the rock joints, such as the
strength of the intact rock, the block weight and size, the block
shape, the joints spacing and the joint orientations (Wohl, 1993;
Annandale, 2006; Chatanantavet and Parker, 2009; Li and Liu,
2010). The complex interactions between flowing water and
block using a coupled CFD-DEM approach, Journal of Rock Mechanics
1
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bedrock dominate the process of rock erosion, resulting in a chal-
lenge in predicting the occurrence of rock erosion.

Extensive investigations have studied the incipient motion of
rock blocks subjected to a variety of flow conditions, including open
channels, hydraulic jumps and plunge pools (Fiorotto and Rinaldo,
1992; Bollaert, 2002; Coleman et al., 2003; Bollaert and Schleiss,
2005; Annandale, 2006; Chatanantavet and Parker, 2009; Duarte,
2014). Semi-empirical and physically based approaches, such as
the erodibility index method (EIM) (Annandale, 1995, 2006) and
the comprehensive scour model (CSM) (Bollaert, 2002), are typi-
cally used to predict the threshold condition of the motion of the
rock blocks, since they are simplified and can be widely applied to
various flow conditions. The approaches commonly determine the
incipient rock block motion by comparing the erosive capacity of
the flowing water against the erodibility of the rock mass (George,
2015; George and Sitar, 2016). These models seldom reflect the
actual mechanism of the rock erosion process. Insights into the
mechanism are, therefore, essential to improve the understanding
of the rock erosion process. Scaled hydraulic model tests have been
conducted to represent the rock erosion failuremodes such as block
removal, brittle failure and fatigue failure (Coleman et al., 2003;
Melville et al., 2006; Chatanantavet and Parker, 2009; Dubinski and
Wohl, 2013; Lamb et al., 2015). Despite these efforts, experimental
studies rarely managed to represent the erosion process that
appeared in field sites. To simplify the complex problem that
erosion constitutes in the field, a local rock erosion process is
usually studied experimentally in a laboratory, e.g. erosion of a
single rock block (Bollaert, 2002; Coleman et al., 2003; Melo et al.,
2006; Federspiel et al., 2009; Asadollahi et al., 2011; George, 2015).
Koulibaly et al. (2022) conducted a laboratory-scale physical model
to determine the effects of rock mass parameters on erosion. They
studied individual and interactive effects of several hydraulic and
rock mass parameters on erosion. In nature, however, the occur-
rence of rock erosion involves more complex three-dimensional
(3D) rock geometries comprised of multiple blocks and various
flow conditions. Hence, a reliable method to handle real-life sce-
narios is needed.

To complement semi-empirical approaches and physical model
tests, numerical methods are an alternative means to model the
rock erosion process, even under the prototype scale. A computa-
tional fluid dynamics (CFD) model has been combined with a two-
dimensional (2D) universal distinct element code by Dasgupta et al.
(2011), and curvilinear immersed boundary method was used by
Khosronejad et al. (2011, 2013) to estimate the erosion formation
induced by flowing water. These numerical models first represent
the flowing water features from the CFD simulations; and there-
after, the obtained flow features are used as input parameters by
the other solver that evaluates the occurrence of the erosion of the
rock/channel bed. Although these numerical methods cannot fully
describe the interaction behavior between flowing water and the
surface of the bedrock, they still help to improve the understanding
of the erosion process.

In the past decades, particle-fluid flows have been successfully
simulated by different numerical approaches, in which the coupled
lattice Boltzmann method (LBM)-discrete element model (DEM)
and CFD-DEM approaches have been mostly used in engineering
applications, e.g. hydraulic fracturing, coastal sediment transport,
gas-solid fluidization, and aerosol deposition. Besides, Robinson
et al. (2014) employed a coupled smoothed particle hydrody-
namics (SPH)-DEM to simulate single and multiple particle sedi-
mentation in a 3D fluid column.

The LBM coupling with the DEM has been developed in recent
decades (Han and Cundall, 2011; Owen et al., 2011; Galindo-Torres,
2013; Zhang et al., 2014; Soundararajan, 2015; Rettinger and Rüde,
2022). LBM is a class of CFD methods, which discretizes the fluid
Please cite this article as: Teng P et al., Modelling erosion of a single rock
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domain at the mesoscopic scale where the discrete Boltzmann
equation is solved with a collision model. The primary variable is
the distribution function. The macroscopic variables, e.g. density
and velocity, are calculated indirectly. Wang (2019) investigated the
proppant transport and the conductivity of proppant-packed hy-
draulic fractures by using the LBM-DEM approach. It is worth
noticing that Gardner and Sitar (2019) employed a coupled LBM-
DEM approach to evaluate the potential for rock erosion induced
by fast flowing water in rock channels, which simulates the dy-
namic interactions between the rock block and its surrounding
flow.

In this paper, an unresolved coupled CFD-DEM approach is
employed to simulate rock erosion processes. In the approach, the
Navier-Stocks equations are solved by the finite volume method
(FVM) to describe the fluid motion and the movement of individual
particles is simulated by DEM following the Newton’s law. The
approach has been successfully used in particle-laden flows such as
sediment transportation, geodynamical magmatic and seepage
flows (Chen et al., 2011; Furuichi and Nishiura, 2014; Zhao et al.,
2014; Fantin, 2018; Teng et al., 2021). Previous studies have
shown that the approach could reasonably capture not only the
motion of spherical particles under various flow conditions (Zhou
et al., 2010; Schmeeckle, 2014; Sun and Xiao, 2016a,b), but also
handle behaviors of non-spherical rigid bodies derived by flowing
water (Kruggel-Emden et al., 2008; Guo et al., 2012; Sun et al.,
2017). Accordingly, the coupled CFD-DEM approach has a great
potential to be a suitable tool for simulating the erosion process of
rock blocks; in this paper, the approach is used for the first time in
an attempt to model the rock erosion process. Since the erosion of
rock blocks highly depends on the interaction between the flowing
water and the rock blocks, the approach is expected to capture the
responses of a rock block when impacted by external flows.

This study adopts the coupled CFD-DEM approach to reproduce
the rock erosion processes observed in the experimental tests by
George (2015) at the University of California’s Richmond Field
Station. He conducted scaled hydraulic model tests in order to
investigate the influence of discontinuity orientation on block
erodibility over a range of flow scenarios. The experimental results
not only determined the threshold of the incipient motion of rock
blocks, but also reflected the failure mode of rock block erosion, i.e.
block removal. Based on the rock block geometries in the experi-
ments, this study reproduces two 3D rock blocks. After that, the
coupled CFD-DEM approach is used to represent the blocks’
removal process under various flow scenarios. The simulation re-
sults are used to determine the threshold of the rock blocks’
incipient motion and then examine their subsequent motion tra-
jectories. Finally, a comparison with experimental data from
George (2015) is performed, and the results are discussed.
2. Methodology

2.1. Coupled CFD-DEM framework

The coupled CFD-DEM approach consists of two open-source
software packages: OpenFOAM and LIGGGHTS. In the numerical
framework, the fluid behaviors described by Navier-Stokes equa-
tions are solved with the aid of CFD, whereas the dynamics of a
particle are described using Newton’s law and simulated by DEM.
The DEM assumes that the material, i.e. granular matter, bulk ma-
terial and rocks, is made of separate, discrete particles. Thanks to a
CFD-DEM engine, it facilitates accomplishing the coupling process
between fluids and particles. The coupling process is presented in
Section 2.1.3. Details of the two software package codes can be
found in Kloss et al. (2012) and Goniva et al. (2012).
block using a coupled CFD-DEM approach, Journal of Rock Mechanics
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Table 1
Dimensions of block mold.

Edge Dimension (m)

1 0.11
2 0.1477
3 0.1477
4 0.0881
5 0.0881
6 0.1
7 0.0219
8 0.0293
9 0.0293

Fig. 2. Grid of computational domain: (a) Normal grid, and (b) Finer grid.
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2.1.1. Fluid motion model
In this study, fluid motions are modeled by a large eddy simu-

lation (LES), wherein the spatially-filtered 3D Navier-Stokes equa-
tions are directly solved over time. As such, the eddymotions with a
scale larger than the mesh size of the numerical grid are resolved,
while smaller-scale motions are modeled using a sub-grid scale
model.

The fluid momentum equation is formulated as

rf

�
vεfvf
vt

þV$
�
εfvfvf

��
¼ �Vp� f pf þV$sþ rfεfg (1)

where rf is the density of fluid (kg/m3); vf is the velocity of fluid (m/
s); g is the acceleration of gravity (m/s2); εf is the volume fraction
occupied by the fluid in a cell; Vp is the pressure gradient; f pf ¼PNp

i¼1f
f
pi=DV is the force per unit volume of the particles acting on

the fluid, in which DV is the mesh-cell volume (m3); Np is the
particle number inside the cell; and f fpi is the interaction force
imposed by the fluid to the ith particle in the cell. s ¼ � 2ntSij is the
unresolved subgrid fluid stress provided by the dynamic Smagor-
insky model (Germano et al., 1991), where Sij is the resolved rate of
strain and nt ¼ ðCsDÞ2

ffiffiffiffiffiffiffiffi
2Sij

q
Sij is the sub-grid scale eddy viscosity

inwhich D is the characteristic filter length, i.e. the cubic root of the
cell volume and Cs is the Smagorinsky constant dynamically
computed to adapt to local flow conditions. The LESmodel has been
widely used for modeling flow around bluff bodies (Lysenko et al.,
2012, 2014; Lloyd and James, 2015; Etminan et al., 2017).

Herein, all simulations are performed in a domain of
2.193 m � 0.3 m � 0.864 m in the streamwise (x), vertical (y) and
cross-stream (z) directions, respectively, as shown in Fig. 1, and L is
the length of the block mold. The direction of the acceleration of
gravity is 77.5� from the bottom of the domain to mimic the flow
conditions in George (2015)’s experiments. The geometry of the
block mold is simplified based on the tetrahedral mold used in the
experiments by George (2015). The block tip at the bottom of the
mold is truncated to facilitate the structured grid generation in the
block mold region in order to improve the numerical stability of the
simulations. The dimension of the modified block mold is illus-
trated in Table 1. The origin of the coordinate is at the middle point
of edge 1. The block mold is 5L away from the inlet of the compu-
tational domain and at a distance of 10L from the outlet. The inlet
and outlet surfaces are selected as the water velocity inlet and
pressure outlet (atmospheric pressure) boundary conditions,
respectively. The top of the domain is treated as a frictionless rigid
lid, and a no-slip wall boundary condition is applied at the bottom
of the domain and at the side surfaces.

Fig. 2a shows the grid of the domain. The computational grid
contains 522,000 cells. The mesh is refined around the block mold
to better capture the interaction between the flowingwater and the
rock block. The first cell distance of the surfaces of the bottom and
Fig. 1. Computational domain of simulations.
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block mold is 2.4 mm. Since unresolved coupling CFD-DEM used in
this study deals with particles’ size (introduced in the following
section) smaller than the CFD computational grid, the smallest size
of the grid cell, 2.8 mm � 2.4 mm � 2.8 mm, is close to the particle
size to increase the accuracy of the fluid-filled void area. In addi-
tion, to study the grid independence of the simulation, a more
refined grid shown in Fig. 2b is also generated. The number of cells
is 722,000, with the increased mesh resolution around the block
mold.

2.1.2. Particle motion model
The DEM is a Lagrangian method used for calculating the dy-

namics of each particle. The force and torque equations are based
on Newton’s second law and are written as follows:

mp
dvp
dt

¼ f gp þ f cp þ f fp (2)

Ip
dup

dt
¼ Tcp þ T fp (3)

where vp and up are the translational (m/s) and angular velocities
(rad/s) of an individual particle, respectively; f gp ¼ mpg is the
gravitational force (N), in whichmp is the mass of a particle (kg); f cp
is the contact force (N) due to interparticle collisions; and f fp is the
particle-fluid interaction force (N) acting on each particle by sur-
rounding fluid (introduced in Section 2.1.3); Ip is the angular
moment of inertia (kg m2); Tc

p is the torques (kg m2/s2) arising from
particle-particle or particle-wall collisions, which is computed by
inter-particle contact represented by an elastic spring and a viscous
damper. Further details are available in the work of Tsuji et al.
(1993). T fp is the torques (kg m2/s2) due to the particle-fluid inter-
action forces acting on the centroid of a particle.

2.1.2.1. (1) generation of irregular rock blocks. Two tetrahedral rock
blocks were used in George (2015)’s experiments to investigate the
block using a coupled CFD-DEM approach, Journal of Rock Mechanics
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Table 2
Dimensions of the two blocks.

Edge Block A dimension (m) Block B dimension (m)

1 0.1066 0.1037
2 0.1402 0.1387
3 0.1402 0.1387
4 0.087 0.084
5 0.087 0.084
6 0.1083 0.1062
7 0.0189 0.0183
8 0.0248 0.0244
9 0.0248 0.0244

P. Teng et al. / Journal of Rock Mechanics and Geotechnical Engineering xxx (xxxx) xxx4
effect of rock protrusion height on the erosion process. In this study,
based on the block geometries used in the experiments (George,
2015), two simplified rock blocks shown in Fig. 3 are generated
by the multi-sphere method (Kruggel-Emden et al., 2008;
Amberger et al., 2012). The method clumps multiple particles
together and integrates them as one rigid body and then employs a
Monte Carlo resampling procedure to calculate the clump volume,
mass and center of mass (Amberger et al., 2012; Nan et al., 2022;
Shen et al., 2022). Fig. 3b shows the reproduced blocks A and B.
They consist of 2820 and 3120 spherical particles with a constant
diameter of 0.002 m, respectively, in which the degree of overlap
between the particles is 12%. The approximations of the geometries
for these two multi-spherical blocks are more than 90% compared
to the dimensions of the blocks used by George (2015). The di-
mensions of the blocks are listed in Table 2.
2.1.2.2. (2) contact force. Thanks to the multi-sphere method, the
algorithm of the contact force detection for multispheres is the
same as the method used for single spherical particles. Total forces
and torques on each multisphere are thus computed as the sum of
the forces and torques on its constituent particles. The contact force
model is formulated by springs in both tangential and normal di-
rections based on the work by Mindlin and Deresiewicz (1952),
which employs the Hertzian contact theory and the tangential force
displacement relationship. This study treats the multisphere as an
elastic body, whereas the boundary is defined as a stiffness wall.
The f cp due to particle-particle or particle-wall collisions consisting
of normal f n and tangential f s forces (N) is written as follows:

f cp ¼ f nþ f s ¼ ðkndn � rnvnÞ þ ðktdt � rtvtÞ (4)

where vn and vt are the relative velocities (m/s) of the two particles
in normal and tangential directions, respectively; and dn and dt are
the overlap distance (m) of two particles in the normal and
tangential direction, respectively. The elastic stiffnesses of a particle
(N/m) in the normal and tangential directions are

kn ¼ 4
3
E*

ffiffiffiffiffiffiffiffiffiffi
R*dn

p
(5)

kt ¼ 8G*
ffiffiffiffiffiffiffiffiffiffi
R*dn

p
(6)

where
Fig. 3. Two blocks used in the simulations: (a) Geometries of the two blocks, and (b)
Blocks reproduced by the multi-sphere method.
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R* ¼ 1
Ri

þ 1
Rj
; E* ¼ �w2

i þ 1
Ei

þ
�w2

j þ 1

Ej
;G* ¼ 2ð2þ wiÞ

Ei

þ 2
�
2þ wj

�
Ej

where R, E and w are the radius, the Young’s modulus and the
Poisson’s ratios of two contacting particles i and j. The viscoelastic
damping constants (kg/s) of normal and tangential contact are

rn ¼ � 2
ffiffiffiffiffiffiffiffi
5=6

p
b
ffiffiffiffiffiffiffiffiffiffiffi
snm*

p
(7)

rt ¼ � 2
ffiffiffiffiffiffiffiffi
5=6

p
b
ffiffiffiffiffiffiffiffiffiffi
stm*

p
(8)

where Sn ¼ 2E*
ffiffiffiffiffiffiffiffiffiffi
R*dn

p
, St ¼ 8G*

ffiffiffiffiffiffiffiffiffiffi
R*dn

p
, m* ¼ 1

mpi
þ 1

mpj
and b ¼

ln effiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðln eÞ2þp2

p , in which e is the coefficient of restitution.

All parameters of the contact model are presented in Table 3.
The density of the blocks is set as the values measured in the ex-
periments. Since previous numerical studies have demonstrated a
negligible effect of the decreased value of Young’s modulus (E) on
the particles’ physical behaviors in the DEM model (Zhou et al.,
2010; Chand et al., 2012; Zhao and Shan, 2013), a magnitude of
5� 108 Pa less than real values is chosen for E to decrease the time-
step size of the simulations. George (2015) conducted block yield
tests where the block mold was inclined from near horizontal to
sub-vertical until the block slide out. From the tests, the angle of
wall friction was determined to 16�. Accordingly, the coefficient of
friction for the particle-wall contact in the DEM model is set to
0.286. The value of the coefficient of restitution is 0.01, since the
rebound induced by particle collisions is assumed to be negligible.

2.1.3. CFD-DEM coupling process
The coupling process between CFD and DEM is accomplished

through the particle-fluid interaction forcemodel, which is detailed
in the work of Zhou et al. (2010). The forces acting on the particle
are calculated based on the volume fraction of particles and mean
particle velocity in a CFD cell when the particles in the CFD cell are
located. The formulation of the interaction force, f fp, is commonly
problem-specific. This study aims to numerically represent the
threshold of rock blocks’ incipient motion and their subsequent
Table 3
Particle parameters.

Parameter Unit Value

Particle diameter m 0.002
Coefficient of restitution 0.01
Poisson’s ratio 0.45
Young’s modulus Pa 5 � 108

Coefficient of friction 0.286
Particle density kg/m3 2360

block using a coupled CFD-DEM approach, Journal of Rock Mechanics
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movement. Accordingly, the f fp consists of the fluid pressure
gradient, buoyancy, viscous, drag and lift forces since these forces
mainly contribute to the interaction between a particle and the
fluid (Zhou et al., 2010; Kloss et al., 2012). The f fp is then formulated
as

f fp ¼ f d þ f l þ f Vp þ f v (9)

where f d, f l, f Vp and f v are the drag, lift, pressure gradient
including the effect of buoyancy and viscous forces, respectively.

The f d is expressed by the following equation used in the work
of Schmeeckle (2014), who modeled the sediment transport pro-
cess from bedload to suspend-load condition:

f d ¼ 1
8
prfCdD

2
			vp � vf

			�vp � vf
�

(10)

where vp is the particle velocity vector (m/s) and Cd is the drag
coefficient calculated as

Cd ¼
�
0:9þ 4:8ffiffiffiffiffiffiffi

Rer
p

�2
(11)

where Rer is the relative Reynolds number

Rer ¼

			vp � vf
			rfD

mf
(12)

where mf is the dynamic water viscosity (kg/(m s)).
The f l acting on a spherical particle is modeled according to

Saffman lift arising from the pressure distribution on a particle in a
velocity gradient (Saffman, 1968) as

f l ¼ Clrfn
0:5D2

�
vp � vf

�
�
			vp � vf

			 (13)

where n is the kinematic viscosity (m2/s) and Cl ¼ 1.6 is the lift
coefficient.

The viscous and pressure gradient forces are defined as f v ¼ �
vp � V$s and f Vp ¼ � vp � Vp, respectively.

2.2. Simulation cases

Fig. 4a shows the initial scenarios (simulation time, t ¼ 0 s) of
the blocks with different protrusion heights (h) between the block
top surface and channel bed. The joint apertures for the two blocks
are 2 mm corresponding to the value of fixed discontinuity opening
Fig. 4. Initial scenarios of blocks: (a) Protrusion heights (h) of the two blocks, and (b)
Four different block model orientations.
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used in the experiment conducted by George (2015). The block
mold is varied at 30�, 75�, 120� and 180� (a) to change the block’s
orientation with respect to the streamwise direction (x positive
direction) shown in Fig. 4b. Since George (2015) conducted a scaled
physical model test, the flow velocities in the experiments are in a
range of 2e3 m/s, which correspond to flow velocities of 6e10 m/s
in the prototype level. For each simulation, a varied water velocity
(uw) is imposed on the inlet surface shown in Fig. 1, and the value of
uw is increased every 8 s with increments of 0.05 from 1m/s to 3m/
s to determine the critical condition of incipient motion of the rock
blocks. All simulation cases are listed in Table 4. A total of nine
simulations are performed, in which case No. 5 with a finer grid is
used to study the grid independence.
3. Results

3.1. Threshold of incipient motion

As described in Section 2.2, the value of uw in each simulation is
gradually increased to ensure the occurrence of block motion in the
simulation. Through the simulation results, the behaviors of the
rock block can be clearly observed. In addition, to determine the
threshold conditions of rock block motion, the streamwise
displacement of the block, S ¼ xc e xint, is monitored, in which xc is
the location of the centroid of the block in the x direction and xint is
the initial position of the centroid of the block in the x direction.

Fig. 5aeh presents the change of Swith increasing uw. The value
of S at each simulation’s initial condition (t ¼ 0) is 0 m. As the
flowing water impacts the block, the block starts to move and
reaches a temporary steady state, as shown in Fig. 5. After that, the
block remains in a static state until uw increases to a critical value
inducing the incipient motion of the block. The block subsequently
starts to move and is finally taken out of the mold.

A combination of S values with the observed block positions is
then used to determine the critical flow velocity, uwc, inducing the
block incipient motion. Table 5 lists the value of uwc of each
simulation case. For a fixed h value, the threshold condition for
incipientmotion of the blocks is highly dependent on the value of a.
The block at a ¼ 120� presents a maximum resistance to scouring
and a minimum at a ¼ 75�. Based on previous works (Whipple
et al., 2000b; Coleman et al., 2003; Dubinski and Wohl, 2013), it
has been shown that increased block side length parallel to the flow
increases the block stability, whereas increased side length
perpendicular to the flow decreases the block stability. At a ¼ 75�,
the block has its maximum side length perpendicular to the flow
and its minimum side length parallel to the flow. However, this
suggestion is opposed to the block at a ¼ 120�. The block profile
protruding into the flow at a¼ 120� is narrow, leading to a minimal
drag force imposed on the block. In addition, the force induced on
the blockmold surfaces could also affect the erodibility of the block.
For a fixed a value, the block is more erodible with a larger value of
Table 4
Simulation cases.

Case No. uw (m/s) h (mm) a (�)

1 1e3 1.7 30
2 75
3 120
4 180
5 180 (refined grid)
6 4.5 30
7 75
8 120
9 180

block using a coupled CFD-DEM approach, Journal of Rock Mechanics
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Fig. 5. Streamwise displacement of the modeled blocks. The instantaneous flow velocity field is illustrated at the centerplane of the computational domain. The dotted lines with
arrow in each figure indicate the block positions with the increase of uw.
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Fig. 5. (continued).
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Table 5
Critical flow velocity inducing block incipient motion.

h (mm) a (�) uwc (m/s)

1.7 30 2.19
75 1.81
120 2.53
180 2.3
180 (refined grid) 2.28

4.5 30 1.82
75 1.57
120 1.95
180 1.84
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h since a small change in protrusion can have a significant effect on
the uplift of the block. Montgomery (1984) and Reinius (1986) have
pointed out that the uplift pressure coefficient for a block could be
increased with increasing protrusion height because of the
increased local velocity surrounding the exposed block. This is also
in line with the results by Lamb et al. (2015), who showed that to
Fig. 6. Trajectory of block motion: (a) h ¼ 1.7, a ¼ 30�; (b) h ¼ 1.7, a ¼ 75�; (c) h ¼ 1.7, a ¼ 12
and (h) h ¼ 4.5, a ¼ 180� . The dotted lines with arrow in each figure indicate the block po
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increased protrusion height increase the critical Shields stress and
thereby the risk for plucking.
3.2. Trajectory of block movement

Once the incipient motion of a block occurs, the subsequent
movement of the block can reflect its failed mode (Tonon, 2007;
Lamb et al., 2015). Herein, the block trajectory of each simulation is
examined through a combination of observations, monitoring the
coordinates of the centroid of the blocks. Fig. 6 presents the tra-
jectory of the motion of the blocks. The blocks appear in translation
motion until sliding out of the block mold occurs, and no rotation is
observed. Under the value of a, the motion of two different pro-
truding blocks presents a similar tendency. For a fixed h value, the
movement behavior of the block is highly dependent on the degree
of a. The change of a varies the orientation of the block mold sur-
faces relative to the streamwise direction, varying the direction of
the forces induced by the block mold surfaces. Consequently, the
resultant force acting on the block is altered. As a result, the tra-
jectory of the block motion shows different tendencies for different
0�; (d) h ¼ 1.7, a ¼ 180�; (e) h ¼ 4.5, a ¼ 30�; (f) h ¼ 4.5, a ¼ 75�; (g) h ¼ 4.5, a ¼ 120�;
sitions.
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Fig. 7. Mean flow velocity profile of block with h ¼ 1.7 mm at a ¼ 180� . The mean flow
velocity field is at the centerplane of the computational domain.

Fig. 8. Critical dimensionless shear stress as a function of block mold orientation.
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degrees of a. As a¼ 75�, 120� and 180�, the trajectories of the blocks
present a relative constant direction. In contrast, the motion of the
blocks at a ¼ 30� shows a varied direction.

As indicated in Figs. 5d and 6d and by the results in Table 5, the
refined grid case 5 shows a good agreement with the results ob-
tained in case 4. It implies that the simulation results are inde-
pendent of the numerical grid.
Fig. 9. Comparison with the critical flow velocities over a range of a in the physical
experiments.
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3.3. Shear stress based description of block incipient motion

For no resistance to motion from surface interactions between
the block and block mold, the variables describing the incipient
motion of a protruding block are the flow parameters, including
critical flow shear velocity (u*wc), rf , g, mf ; and the block parameters
of rs, h, and block height (H) (Coleman et al., 2003). Herein, as
described in the previous sections, the effect of the block mold
surfaces on the blocks’ incipient motion is varied as the a changes.
Thus, the dimensional analysis yields the following dimensionless
parameters describing the blocks’ incipient motion in this study:

Incipient motion ¼ f

 
u*wc

2

gh
;
rs
rf
;
u*wcgh
mf

;
h
H
;a

!
(14)

where the first term is the particle Froude number, the second
term is the particle specific gravity, the third term is the particle
Reynolds numbers, and the fourth term is the relative protrusion of
the block. According to themanner of the analysis of Shields (1936),
the first two terms of Eq. (14) can be replaced by the critical
dimensionless shear stress, s*c ¼ sc=½ghðrs � rf Þ�. For fully turbu-
lent flows, the Shields diagram indicates that the threshold of the
incipient motion of a particle is not a function of particle Reynold
number formulated as the third term of Eq. (14) (Raudkivi, 1998).
Eq. (14) is then reduced to

Incipient motion ¼ f
�
s*c ;

h
H
;a

�
(15)

Herein, the shear stress, sc, is derived from the temporally-
averaged streamwise velocity profile:

sc ¼ m

�
vuw
vz

�
(16)

where the flow velocity profile of uw is obtained at the blue line
upstream of block x ¼ �0.06 m as shown in Fig. 7.

Fig. 8 presents the s*c as a function of a, with the data grouped
according to the relative protrusion height of the block h=H. It is
indicated that for a fixed value of a, protrusion has an inherent
effect on the erodibility of the block. With an increased value of
h=H, the s*c reduces. For a fixed h=H, the value of s*c significantly
relies on the degree of a. It is reasonable to hypothesize that the
difference of s*c values will narrow down if the value of h=H in-
creases. With the increase of h=H, the largest discrepancy of s*c
among degrees of a decreases from 33.1% to 16.9%, which may
imply that the effect of block protrusion becomes more dominant
on the block incipient motion. As evidenced by the work of
Coleman et al. (2003) for protruding fractured rock, the effect of
relative protrusion gradually dominates the erodibility of blocks as
it becomes larger.
4. Discussions

This study is based on the physical experimental tests conducted
by George (2015). He investigated the effects of 3D discontinuity
orientation on block erodibility over a range of flow conditions. The
results were analyzed to (1) determine the block erodibility
threshold and (2) examine the block removal behaviors. As such,
the numerical results herein are also analyzed on account of the
above aspects and then compared with the experimental data.
block using a coupled CFD-DEM approach, Journal of Rock Mechanics
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Fig. 10. Comparison with the block trajectories obtained in the physical experiments: (a) a ¼ 30� , and (b) a ¼ 180� .

Fig. 11. Comparison with the dynamic flow pressure head obtained in the physical experiments by George (2015): (a) At a ¼ 30� , the occurrence of block incipient motion occurred
around t ¼ 190 s; and (b) At a ¼ 180� , the occurrence of block incipient motion occurred around t ¼ 208 s.
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4.1. Block erodibility threshold

Fig. 9 illustrates the comparison of the numerical results with
the experimental data from George (2015). The numerical results
present slightly lower critical flow velocities but a similar tendency
to the test data. The maximum differences between the numerical
results and experimental data are 13.8% and 11.2%, corresponding
to h ¼ 1.7 mm and 4.5 mm, respectively. These discrepancies may
mainly be caused by a combination of protrusion and recession
effects of the blocks. Fig. 5 shows the block with a combination of
protrusion and recession after the block reaches a temporary steady
position, in which the upstream and downstream block edges
protrude above and recess below the surface of the channel bed,
respectively. As a result, the block protrusion perpendicular to the
streamwise direction is increased, lowering the resistance to block
incipient motion. This could also be evidenced by the works of
Montgomery (1984) and Reinius (1986) that stated that a small
increased protrusion could significantly affect block uplift. In
addition, the blocks in the numerical simulations are slightly
modified compared to the ones in the experiments. Their weights
are 8% less than the blocks in the physical experiments. Moreover,
Please cite this article as: Teng P et al., Modelling erosion of a single rock
and Geotechnical Engineering, https://doi.org/10.1016/j.jrmge.2023.06.00
the blocks are reproduced by spherical particles, resulting in a
rounded shape of the edges of the blocks rather than a sharp shape
as appeared in the experiments. As a result, the flow field around
the block edges could be influenced, which may also contribute to
the discrepancy.
4.2. Block removal behaviors

George (2015) studied block removal behaviors by analyzing
block removal modes and flow characteristics resulting in erosion
due to hydraulic loading. The trajectory of block motion reflects the
removal modes. Fig. 10 shows the trajectories of numerical results
compared with experimental data. Herein only cases 2 and 4 are
compared with the data available in George’s experiments. The
numerical results show a good agreement with the experimental
data. At a ¼ 180�, the trajectories of the block show a relative
constant direction, while a trajectory with a more varied direction
is observed at a ¼ 30�. This could be explained through the results
in Section 3.2, which indicates that the trajectory of the block is
mainly dominated by the degree of a. For a fixed a value, the
block using a coupled CFD-DEM approach, Journal of Rock Mechanics
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different blocks could have similar behavior in their movement, as
shown in Fig. 6.

In addition, the flow feature leading to the block incipient mo-
tion is examined by monitoring the dynamic flow pressure since
the dynamic pressure in the fissure may create an uplift pulse
inducing the block motion (Hager et al., 2021). In George’s exper-
imental tests, the dynamic flow pressure is collected at the surface
of the block mold rather than at the surfaces of the block. As such,
the dynamic flow pressure head (hp) of each simulation is obtained
at the points as shown in Fig. 11b. Points 1, 2 and 3 are the same as
the positions 4, 8 and 12 in the experiment by George (2015). Fig. 11
shows the flow dynamic pressure head during block removal. Like
the experimental data, the numerical results show a fairly constant
dynamic pressure head from the block incipient motion to block
removal. No obvious impulses are monitored at any of the block
mold surfaces. This implies that the contribution of dynamic water
pressure in the block mold is limited on rock erosion process in the
simulation cases, which implies that it is not a critical parameter in
this particular case. At a ¼ 30�, the experimental data at point 1
show the value in a range of 1.75e1.95 m, and the data at points 2
and 3 are in a range of 1.45e1.55 m. At a ¼ 180�, the experimental
data at points 1, 2 and 3 are almost the same over a range of 1.72e
1.94 m. Compared to the experiments, the value of hp in the sim-
ulations is smaller. The difference comes from the different critical
flow velocities between the experiments and simulations. As
indicated in Fig. 9, the values of uwc in the simulations are slightly
smaller than the values in the experiments, resulting in lower
turbulent intensity. As a result, the strength of the dynamic water
pressure decreases in the simulations.
4.3. Limitations and further research

This study represents block removal under pure water flow
conditions. In practice, the flow inducing rock block erosion usually
entrains a large amount of air (Dubinski and Wohl, 2013) and even
particles of sediment, which could also affect the rock block erosion
process. These aspects could be included in the numerical model by
implementing more physics-based models such as two-phase
models and are recommended to be studied in future work. Be-
sides, two tetrahedral blocks are used in the simulations rather
than rectangular blocks that are closer to real rock blocks. The
following work therefore will focus on the erosion process of
rectangular blocks. Another limitation of this research is the
absence of multi-block influences. Lamb et al. (2015) pointed out
that surrounding rock blocks could significantly affect the rock
erosion process. In our future work, we will focus on conducting
physical and numerical experiments to represent the process of
multi-block erosion. Additionally, the fracture aperture is a fixed
parameter in this paper. Thus, the influence of fracture aperture on
the erosion process is recommended to be studied in future work.
5. Conclusions

This study applied a coupled CFD-DEM approach to simulate the
erosion processes of two 3D rock blocks. The two blocks are
generated according to the geometries of blocks in physical
experimental tests conducted by George (2015). Each block is
placed at four different orientations with respect to the streamwise
direction. A varied flow condition is then employed to induce the
incipient motion of the block. The numerical model describes the
interactions between the flowing water and the block, and can
reasonably well capture the block removal process. This study, for
the first time, attempts to use the coupled FVM-DEM approach to
model this interaction behavior that dominates the block erosion
Please cite this article as: Teng P et al., Modelling erosion of a single rock
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process. Moreover, the removal process of the block is visualized
and quantitatively characterized.

Throughout the period of each simulation, the threshold of
block incipient motion is determined, which highly rely on the
degree of the block’s orientation with respect to the streamwise
direction. The trajectory of the block movement is subsequently
monitored. All blocks appear in translation motion until sliding out
of the block mold occurs. Furthermore, the effect of the orientation
of the block on the threshold of incipient motion is quantitatively
characterized by s*c. The effect of block protrusion gradually plays a
dominant role in the block incipient motion as the value of pro-
trusion height increases.

In addition, the simulations yield results in reasonable agree-
ment with the physical experimental data obtained by George. The
numerical model is able to capture the block removal behavior
since the trajectory of the block observed in the simulations is
almost identical to experimental data.
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List of symbols

a Block’s orientation with respect to the streamwise
direction (�)

w Poisson’s ratios of a particle
s Fluid stress tensor (Pa)
sc Critical bed shear stress (Pa)
s*c Dimensionless critical shear stress
dn Overlap distance of two particles (m)
dt Tangential displacement between two particles (m)
up Angular velocity of a particle (rad/s)
εf Fluid volume fraction in a unit cell
mf Water viscosity (kg/(m s))
n Water kinematic viscosity (m2/s)
nt Sub-grid scale eddy viscosity (m2/s)
rf Water density (kg/m3)
rs Particle density (kg/m3)
D Characteristic filter length (m)
Vp Pressure gradient (N/m3)
DV Mesh-cell volume (m3)
Cd Drag coefficient
Cl Lift coefficient
Cs Smagorinsky constant
D Particle diameter (m)
E Young’s modulus of a particle (Pa)
E* Effective Young’s modulus (Pa)
e Coefficient of restitution
f Vp Pressure gradient force including buoyancy (N)
f d Drag force (N)
f l Lift force (N)
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f v Viscous force (N)
f n Normal force between particles (N)
f s Tangential force between particles (N)
f pf Averaged interaction force imposed by particles to

surrounding fluid in a mesh cell (N)
f cp Contact force between particles (N)
f fp Particle-fluid interaction force acting on a particle by

surrounding fluid (N)
f fpi Interaction force imposed by the fluid to the ith particle in

a cell (N)
f gp Gravitational force of a particle (N)
g Acceleration of gravity (m/s)2

G* Effective of shear modulus
h Protrusion height (m)
hp Dynamic flow pressure head (m)
H Block height (m)
Ip Angular moment of inertia (kg m2)
kn Elastic stiffness of a particle in the normal direction (N/m)
kt Elastic stiffness of a particle in the tangential direction (N/

m)
L Length of block mold (m)
mp Mass of a particle (kg)
mi Mass of ith particle (kg)
n Number of a particle
Np Particle number inside a cell
R Particle radius (m)
R* Effective of particle radius (m)
Rer Relative Reynolds number
rn Viscoelastic damping constants of normal contact (kg/s)
rt Viscoelastic damping constants of tangential contact (kg/

s)
S Streamwise displacement of the block (m)
Sij Resolved rate of strain (s�1)
Tcp Torques due to the contact forces (kg m2/s2)
T fp Torques due to the particle-fluid interaction forces (kg

m2/s�2)
uw Water velocity imposed on the inlet surface of the

computational domain (m/s)
uwc Critical mean water velocity (m/s)
u*wc Critical flow shear velocity (m/s)
vi Velocity of ith particle (m/s)
Vp Particle volume (m)3

vf Velocity of fluid (m/s)
vp Velocity of a particle (m/s)
vn Relative velocity of two particles in a normal direction (m/

s)
vt Relative velocity of two particles in a tangential direction

(m/s)
xc Location of the centroid of the block in the streamwise

direction (m)
xint Initial position of the centroid of the block (m)
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2     EL FRÅN NYA ANLÄGGNINGAR 2021

NUMERICAL MODELLING OF 
EROSION IN ROCK SPILLWAY 
CHANNELS
In this project, a coupled CFD-DEM approach has been employed to reproduce the 
rock erosion process observed in a previously conducted physical experiment of the 
erosion of a single rock block. The results show that the CFD-DEM successfully can be 
used to model the erosion process, and it could also provide a reference to determine 
the threshold for initiation of the process. As a result, the CFD-DEM may constitute an 
important future tool for rock erosion assessment.
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