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ABSTRACT 
 
Erosion of rock channels downstream spillways may cause the significant deterioration of the spillways, raising 
concern for the safety of the dam. To evaluate the occurrence of rock erosion, this paper aims to employ a resolved 
Computational Fluid Dynamics (CFD)-Discrete Element Method (DEM) approach to model the erosion process of a 
single rock block and to investigate the effects of different parameters. The approach models the interaction behaviors 
between flowing water and rock blocks. Simulation results visualize the erosion process of the rock block, which 
provides a reference to determine the threshold of the initiation of rock erosion. The results show that the incipient 
motion of the rock block is significantly affected by the joint aperture. With the increase of the joint aperture size, the 
pressure distribution on the block surface is altered. Simulation results of the rough channel model are compared with 
a smooth model, which points out the influence of channel roughness on the rock erosion process. 
 
 
RÉSUMÉ 
 
Lérosion des canaux rocheux en aval des déversoirs peut entraîner une détérioration importante des déversoirs, ce qui 
soulève des inquiétudes quant à la sécurité du barrage. Pour évaluer simplement loccurrence de lérosion rocheuse, cet 
article vise à utiliser une approche résolue de la dynamique des fluides computationnelle (CFD)-méthode des éléments 
discrets (DEM) pour modéliser le processus dérosion dun seul bloc de roche et pour étudier les effets de différents 
paramètres. Lapproche modélise les comportements dinteraction entre leau courante et les blocs rocheux. Les résultats 
de la simulation visualisent le processus dérosion du bloc rocheux, ce qui fournit une référence pour déterminer le 
seuil de l’initiation de lérosion . Les résultats montrent que le mouvement initial du bloc rocheux est significativement 
affecté par louverture du joint. Avec laugmentation de la taille de louverture du joint, la répartition de la pression sur 
la surface du bloc est modifiée. Les résultats de simulation du modèle de canal rugueux sont comparés à un modèle 
lisse, ce qui souligne linfluence significative de la rugosité du canal sur le processus dérosion de la roche. 
 
  



 
  
CDA 2023 Annual Conference  

 

1 INTRODUCTION 
 
Erosion of rock channels by flowing water is a complex process that poses potential risks to the safety of 
hydraulic structures, such as spillways. In Sweden, river channels downstream of spillways often consist of 
raw or excavated rock surfaces. Although unlined rock channels are generally considered resistant to 
erosion during high-frequency floods, rock erosion has been observed in many outflow channels of dams 
experiencing large discharges (Persson and Eriksson, 2018). This erosion, typically characterized by the 
removal of rock blocks, can pose serious challenges to rock channels and spillways, thereby increasing the 
risk to the overall stability of the dam (Annandale, 2006; Lamb et al., 2015). Consequently, predicting and 
assessing rock erosion are crucial for ensuring the safety and longevity of dams and their associated 
hydraulic structures, and to inform design and maintenance practices for these hydraulic projects.  
 
The rock erosion process in bedrock channels implies that hydraulic forces remove bedrock blocks. The 
removal of rock blocks is triggered when the erosive capacity of water exceeds the ability of the rock 
material to resist it. The occurrence of rock erosion highly depends on the flow and geological 
characteristics, with joint aperture size being a critical factor, as it controls water flow through the rock 
mass and affects the erosive forces acting on rock blocks. Channel bed roughness, on the other hand, plays 
a key role in determining the interaction between flowing water and the rock mass, influencing flow 
turbulence, energy dissipation, and the distribution of hydraulic forces on the rock surface. Despite the 
importance of these factors, the combined effects of joint aperture size and channel bed roughness on rock 
erosion have not been thoroughly investigated, thus motivating the need for further research. 
 
Various methods for studying and assessing rock erosion have been developed, each with their strengths 
and limitations. Semi-theoretical methods involve comparing the erosive capacity of flowing water with 
the erodibility of a rock mass to determine the threshold for rock erosion (Bollaert, 2002; Annandale, 2006; 
Pells et al., 2017b). While these methods provide a basis for understanding the potential for erosion, they 
may not consider the full complexity of the process. Physical experiments provide more accurate results as 
they directly account for erosion mechanisms (Coleman et al., 2003; 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. 
However, physical models can be site-limited, expensive, and may not fully replicate real-world conditions. 
Additionally, numerical simulations offer an alternative method for modeling rock erosion processes, even 
at the prototype scale, allowing for more controlled and easily adjustable simulations.  
 
In recent years, the coupled Computational Fluid Dynamics-Discrete Element Method (CFD-DEM) 
approach has emerged as a promising tool for modeling fluid-structure interactions (Fantin, 2018; Teng et 
al., 2021). The coupled CFD-DEM approach demonstrates significant potential as a suitable tool for 
simulating rock block erosion processes, as it could capture the interaction of rock blocks in response to 
hydraulic forces, providing a detailed understanding of the erosion process. 
 
Accordingly, this study employs the coupled CFD-DEM approach to investigate the individual and 
combined effects of rock joint aperture sizes and channel bed roughness on the rock erosion process. A 
three-dimensional (3D) cuboid block is generated, and the coupled CFD-DEM approach is utilized to 
represent the block’s removal process under the effects of different joint aperture sizes and channel bed 
roughness. The simulation results are used to determine the onset of the block’s incipient motion and 
subsequently visualize the block’s movement trajectory. The findings of this study will not only improve 
the understanding of the effects joint aperture size and channel bed roughness on rock erosion processes, 
but also contribute to the development of more accurate and reliable predictive models for erosion 
assessment. 
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2 METHODOLOGY 
 
This section introduces an overview of the resolved CFD-DEM approach employed in the research, 
including the governing equations, the CFD-DEM coupling process and model validation. This 
methodology enables the investigation of the complex interactions between fluid flow and solid in the 
context of rock erosion downstream of spillways. 
 
2.1 Governing Equations  
 
In the resolved coupling approach, particles encompass multiple cells within the CFD grid, normally at 
least 8 times the CFD mesh length. The particle phase is depicted using a fictitious domain method 
(Patankar et al., 2000), wherein a velocity and pressure field represent both phases. Regions encompassed 
by a particle exhibit the same velocity as the particle itself. 
 
The fluid domain is solved by the incompressible Navier-Stokes equations in conjunction with boundary 
and initial conditions. These equations are applicable to the entire domain Ω, comprising both the fluid (ΩF) 
and particle (ΩP) regions shown in Figure 1. The velocity and pressure fields of the whole domain are 
calculated by the following equations: 
 

𝜌𝜌𝑓𝑓
𝜕𝜕𝑢𝑢𝑓𝑓
𝜕𝜕𝜕𝜕

+ 𝜌𝜌𝑓𝑓�𝑢𝑢𝑓𝑓 ∙ ∇�𝑢𝑢𝑓𝑓 = −∇𝑝𝑝 + 𝜇𝜇∇2𝑢𝑢𝑓𝑓           in ΩF                             (1) 
∇ ∙ 𝑢𝑢𝑓𝑓 = 0                   in ΩF                                                  (2)  
𝑢𝑢𝑓𝑓 = 𝑢𝑢Γ                   on Г                                                   (3) 

𝑢𝑢𝑓𝑓(𝑥𝑥, 𝑡𝑡 = 0) = 𝑢𝑢0(𝑥𝑥)         in ΩF                                                  (4) 
𝑢𝑢𝑓𝑓 = 𝑢𝑢p    and   𝜎𝜎 ∙ 𝑛𝑛� = 𝑡𝑡Γ𝑝𝑝       on Гp                                                  (5)   

 
The first two equations represent the conventional Navier-Stokes equations for incompressible fluids, where 
uf is the fluid velocity, μf is the fluid viscosity and ρf is the fluid density. The subsequent third and fourth 
equations pertain to the boundary conditions across the entire domain and the initial conditions, 
respectively. The final equation addresses the direct coupling between fluid and solid phases, ensuring 
continuity of the velocity field and the normal component of the stress tensor. The fundamental concept of 
the approach involves incorporating a force term into the Navier-Stokes equations, thereby accounting for 
the presence of solid particles. For each iteration for solving Navier-Stokes equation, the correction of 
velocity and pressure fields is performed. Additionally, a continuous force term is updated and added to 
Navier-Stokes equation to take into account the particle body and its motion. The force term, f, is formulated 
as: 
 

𝑓𝑓 = 𝜌𝜌𝑓𝑓
(𝑢𝑢�𝑓𝑓−𝑢𝑢�𝑓𝑓)

∆𝜕𝜕
                                                                         (6) 

 
where 𝑢𝑢�𝑓𝑓 is the interim velocity, 𝑢𝑢�𝑓𝑓 is the velocity in particle domain the velocity taken from the DEM-
data. The force term is corrected at the end of every PISO loop. 
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Figure 1: Sketch of particle domain and fluid domain 

 
The DEM method used in this study is used to simulate the motion of a particle. In this study, the multiple-
sphere (MS) model is employed to represent irregular rock blocks. The blocks generated by MS model are 
called clumps, which fixes component particles together. The clump is treated as a rigid body in simulations 
and its sub-particles will move and rotate together without contact force between sub-particles. The force 
and moment of a clump is based on Newton’s second law: 
 

𝑚𝑚𝑝𝑝
𝑑𝑑𝑢𝑢𝑝𝑝
𝑑𝑑𝜕𝜕

= 𝑚𝑚𝑝𝑝𝑔𝑔 + 𝐹𝐹𝑝𝑝 + 𝐹𝐹𝑝𝑝,𝑓𝑓                                                                (7) 

𝐼𝐼𝑝𝑝
𝑑𝑑𝜔𝜔𝑝𝑝

𝑑𝑑𝜕𝜕
+ 𝜔𝜔𝑝𝑝 × (𝐼𝐼𝑝𝑝 ∙ 𝜔𝜔𝑝𝑝) = 𝑀𝑀𝑝𝑝 + 𝑀𝑀𝑝𝑝,𝑓𝑓                                                        (8) 

 
where mp is the clump mass, up is the clump velocity, Fp is the contact force between clumps, Fp,f is the 
fluid force acting on the clump, Ip is the inertia tensor, ωp is the rotation velocity, Mp is the moment due to 
clumps contact, Mp,f is the moment induced by fluid force. The Fp,f and Mp,f are expressed as: 
 

𝐹𝐹𝑝𝑝,𝑓𝑓 = ∫ (−∇𝑝𝑝 + ∇ ∙ 𝜏𝜏)𝑑𝑑𝑉𝑉Ω𝑝𝑝
                                                                 (9) 

𝑀𝑀𝑝𝑝,𝑓𝑓 = ∫ 𝑟𝑟 × (−∇𝑝𝑝 + ∇ ∙ 𝜏𝜏)𝑑𝑑𝑉𝑉Ω𝑝𝑝
                                                           (10) 

 
where −∇𝑝𝑝 and ∇ ∙ 𝜏𝜏 are the pressure-component and viscous component of fluid force acting on the clump, 
respectively. 
 
2.2 Coupling 
 
The resolved CFD-DEM model is built on CFDEM. The CFDEM couples the OpenFOAM for CFD 
simulations with LIGGGHTS for DEM simulations. The coupling process consists of the following steps: 

1) Setup variables for CFD simulations including velocity, pressure, phase fields, etc. Create 
particles’ initial velocity and position in DEM solver. 

2) The information of particles is passed to the CFD solver. 
3) The fluid field is calculated, and the cells occupied by particles is determined in CFD mesh. 
4) Particle velocity in the occupied region is corrected. 
5) Then, the fluid force acting on particles are calculated and sent to the DEM solver and used 

within the next time step. 

Go to step (2) and iterate for the next time step. 
 
2.3 Model validation 
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To validate the performance of the presented method, experimental data collected by George (2015) are 
selected. He conducted flume tests to study the effects of discontinuity orientation on the erosion process 
of a single rock block over a range of flow scenarios. Accordingly, one of his experimental cases is selected 
to validate the numerical model. For the selected case, the block protrusion height is 4.5 mm, and the block 
orientation with respect to flow direction is 180º. Figure 2 shows the computational domain based on the 
selected experimental case. The dimension of the domain is 2.193×0.300×0.864 m in the streamwise (x), 
vertical (y) and cross-stream (z) directions, respectively.  The direction of the acceleration of gravity is 
77.5° from the bottom of the domain to mimic the flow conditions in George’s experiments. The inlet and 
outlet surfaces are set 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. 
 

 
Figure 2: Computation domain 

 
As mentioned in the section 2.1, rock block is model by MS method. Meanwhile, a Monte Carlo resampling 
procedure is employed to calculate the clump volume, mass and center of mass. The geometry of block 1 
used in the experiments is selected in this study. Herein, the block 1 is represented by six different numbers 
of particles shown in Figure 3a, and the number of particles decreases as particle diameter, D, increases. 
The quality of approximation for the different numbers of particles is calculated by 
 

𝑄𝑄𝑢𝑢𝑄𝑄𝑄𝑄𝑄𝑄𝑡𝑡𝑄𝑄 𝑜𝑜𝑓𝑓 𝑄𝑄𝑝𝑝𝑝𝑝𝑟𝑟𝑜𝑜𝑥𝑥𝑄𝑄𝑚𝑚𝑄𝑄𝑡𝑡𝑄𝑄𝑜𝑜𝑛𝑛 = (1 − �𝑉𝑉𝑜𝑜−𝑉𝑉𝑟𝑟
𝑉𝑉𝑜𝑜

�)                                            (11) 
 
shown in Figure 3b, where Vo is the volume of block 1 and Vs is the volume of reproduced block. The blocks 
with D = 10 and 12 mm are excluded since their quality of approximation are below 85%. Although, for D 
= 2 mm, the reproduced block is closest to the real one, the number of particle significantly increases as 
well. The increase of particle number could lead to the expensive computational cost. Accordingly, the 
blocks with D = 4, 6 and 8 mm are selected to validate the numerical model. Besides, the turbulent feature 
of flowing water is described by two different turbulent models, k–ε and k–ω. 
 

 
Figure 3: Block approximation 
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Figure 4 shows the block motion process. As the flowing water impacts the block, the block starts to move 
and reaches a temporary steady state. After the velocity of water increases to a critical value marked as “I”, 
the block starts to move. Subsequently, the block gradually slides out of the block mold marked as “II”, 
which is identical with the trajectory of block observed from the experiments. 
 

 
Figure 4: Block motion process 

 
The observations of the numerical results facilitate to determine the critical velocity of each case. Table 1 
lists the values of critical velocity. For the cases using the k–ω turbulent model, their critical velocities are 
slightly higher and closer to the value collected from the experiments than the cases with k–ε turbulent 
model. With increased of value of D, the relative error between the simulation and experiment increases. 
For D = 8 mm, the maximum of the error reaches 11.44%. By comparison, for D = 4 and 6 mm, the values 
of the relative error are below 10%. 
 

Table 1: Comparison between different turbulent models 
Turbulent model k–ε k–ω 

D (mm) 4 6 8 4 6 8 
Critical velocity (m/s) 1.86 1.82 1.78 1.88 1.83 1.79 

Relative error compared to data 
from George (2015) 7.46% 9.45% 11.44% 6.46% 8.95% 10.94% 

Particle number 1044 492 257 1044 492 257 
Quality of approximation 93% 91% 88% 93% 91% 88% 

 
The numerical results demonstrate that the resolved CFD-DEM model could replicate the block motion 
observed in the experiments George (2015). The results’ accuracy improves with increased approximation 
quality, and the k–ω turbulence model exhibits superior performance. In cases where approximation 
exceeds 90%, the relative error is below 10%. This suggests that, for accurate outcomes, the quality of 
approximation when employing the MS method to represent a rock block should be at least 90%. 
Furthermore, the simulation with D = 6 mm offers considerable time savings compared to the D = 4 mm 
case, as increasing particle numbers substantially increases computational expenses. 
 
 
3 SIMULATION CASES 
 
After validating the numerical model, this study aims to perform a series of simulation cases to investigate 
the effects of joint aperture sizes and channel bed roughness on the rock erosion process. This section 
presents the details of the rock block geometry used in the simulations, as well as the range of joint aperture 
sizes and channel bed roughness values considered. 
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In the model validation, a tetrahedron-shaped rock block is used for the validation case. However, in 
practical scenarios, eroded rock blocks in rock channels typically have a cuboid shape. Therefore, a cuboid 
rock block geometry is adopted for this study. The cuboid rock block has the same volume and density as 
the block used in the validation case, ensuring consistency in the comparison of results. Figure 5 illustrates 
the cuboid block and the reproduced block. The dimension of the cuboid block is 60×60×64 mm. The 
reproduced block consists of 576 spherical particles with D = 11 mm, and its approximation quality is 
approximately 94%. 
 

 
Figure 5: Dimension of the cuboid block and reproduced block model 

 
The study aims to investigate the influence of joint aperture sizes and channel bed roughness on the rock 
erosion process. Figure 6a shows the computational domain. The dimension of the domain is 1.6×0.4×0.84 
m in the streamwise (x), vertical (y) and cross-stream (z) directions, respectively. Three different joint 
aperture sizes are considered, as shown in Figure 6b. These varying aperture sizes enable the examination 
of the role of joint aperture size in controlling water flow through the rock mass and the erosive forces 
acting on the rock blocks. 
 

 
Figure 6: Computational domain and joint aperture sizes 

 
The effect of channel bed roughness is incorporated by modifying the near-wall velocity profile using the 
logarithmic law of the wall (log-law). This modification is achieved by inserting a function of dimensionless 
wall roughness height (𝐾𝐾𝑆𝑆+) into the log-law. Based on the function of 𝐾𝐾𝑆𝑆+, the turbulent viscosity is 
recalculated to include the effect of wall roughness height (𝐾𝐾𝑠𝑠). For the current simulation cases, 𝐾𝐾𝑠𝑠 is set 
to 9.4 mm, based on the scanning data collected from a side wall of rough channel by Robin et al. (2021). 
The 𝐾𝐾𝑠𝑠 value is larger than the block protrusion height (h = 4.5 mm), ensuring hydrodynamically rough 
conditions (𝐾𝐾𝑠𝑠 > 90) are achieved in the simulations. 
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Table 2 presents the 6 simulation cases performed in this study. These cases encompass various 
combinations of joint aperture sizes and channel bed roughness values, allowing for the examination of 
their individual and combined effects on the rock erosion process. 
 

Table 2: Simulation cases 
uw (m/s) 1 – 3 

 Smooth channel bed Rough channel bed 

𝑏𝑏 (mm) 2 6 12 2 6 12 

Case No. 1 2 3 4 5 6 

 
 
4 RESULTS AND DISCUSSIONS 
 
In this section, the results of the simulations are presented and discussed, providing insights into the rock 
erosion process and the factors that influence it. The analysis focuses on the erosion process of the rock 
block, the critical flow velocity required for block incipient motion, and the influence of joint aperture size 
and channel bed roughness on the incipient motion of the rock block. 
 
4.1 Rock erosion process 
 
Based on the simulation results, the rock erosion process can be observed in Figure 7. Initially, the rock 
block is positioned at the centroid of the block mold. As the water flow impacts the block, it starts to move, 
denoted as “I” in Figure 7. After that, the block reaches a temporary steady state. The block remains static 
until the flow velocity increases to a critical value, causing the upward motion of the block, marked as “II”. 
Subsequently, the block begins to move and is eventually extracted from the mold, indicated as “III”. By 
monitoring the erosion process, the critical velocity (uwc) that triggers the upward motion of the block is 
determined and listed in Table 3. 
 

Table 3: Critical flow velocity inducing the upward motion of the block 
 Smooth channel bed Rough channel bed 

𝑏𝑏 (mm) 2 6 12 2 6 12 

uwc (m/s) 1.88 1.81 2.12 2.51 2.17 2.33 

 
Following the onset of the block’s upward motion, the block is progressively lifted and ultimately removed 
from the mold. The block’s motion is primarily governed by the lift force, which is induced by the pressure 
difference between the top and bottom surfaces of the block, as illustrated in Figure 8. This pressure 
difference results from the pressure drop near the block’s top surface, where the local flow velocity 
accelerates. Conversely, in the validation case (Figure 4), the block slides out of the mold, and the drag 
force mainly dominates the block motion. This observation implies that the block failure mode is 
significantly affected by the block’s geometry, as different geometries can alter the flow patterns and force 
distributions on the block.  
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Figure 7: Displacement of rock block 

 

 
Figure 8: Instantaneous pressure field around the block in the smooth channel bed 
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4.2 Effects of joint aperture size and channel bed roughness 
 
Figure 9 illustrates the relationship between the critical flow velocity and dimensionless joint aperture (b/B). 
As the value of b/B increases, the uwc value of the block in the smooth and rough channel beds shows a 
similar tendency. For b/B = 0.1, the block becomes more prone to erosion. In the smooth channel bed, for 
b/B = 0.033, the block shows the most resistance to be eroded, while the block with b/B = 0.2 presents the 
largest resistance in the rough channel bed. For a fixed b/B, the block in the smooth channel bed is more 
prone to erosion. 
 

 
Figure 9: The relationship between uwc and b/B 

 
The increase in joint aperture modifies the flow field around the block, resulting in changes in the pressure 
distribution on the block surfaces. Accordingly, the hydraulic force acting on the block is altered. 
Additionally, the faces of block mold contribute the force acting on the block as the upward motion of block 
occurs (denoted as “III”), as shown in Figure 8. 
 
For the same joint aperture size, the channel bed roughness considerably affects the incipient motion of the 
rock block. Figure 7 reveals that roughness impacts the velocity field near the channel bed, reducing the 
turbulent intensity in that area. It implies that a greater critical flow velocity is necessary to induce the 
incipient motion of the block, as the presence of roughness reduces the effective hydraulic forces acting on 
the block. It is worth to note that the block protrusion height in these simulations is below the average 
roughness height. When the block protrusion height exceeds the average roughness height, the effect of 
roughness may decrease, as the block would be more exposed to the higher flow velocity away from the 
channel bed. 
 
 
5 LIMITATIONS AND FUTURE WORKS 
 
One of the limitations of this study is that it only considers block removal under pure water flow conditions. 
However, in real-world scenarios, the flow that induces rock block erosion typically entrains a significant 
amount of air and may also contain particles of sediment, both of which could have a substantial impact on 
the erosion process. To address this limitation, future work could incorporate more physics-based models, 
such as two-phase models, to account for the influence of air and sediment particles in the numerical 
simulations. Another limitation of this study is the absence of multi-block influences in the simulations. 
This study focuses on single block erosion, which does not account for these effects. It may lead to an 
incomplete understanding of the complex dynamics governing rock erosion. Future work could involve 
conducting physical and numerical experiments that represent the process of multi-block erosion, providing 
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a more comprehensive understanding of the interactions between rock blocks and their influence on the 
erosion process. 
 
 
6 CONCLUSIONS 
 
In this study, the resolved CFD-DEM approach was employed to investigate the effects of rock joint 
aperture sizes and channel bed roughness on the erosion process of a cuboid rock block. The numerical 
model was validated against a physical experiment, demonstrating its capability for simulating the rock 
block erosion process. The three different sizes of joint aperture are created, and the numerical roughness 
height is added in order to consider the effect of channel bed roughness. The results indicated that the 
increase in joint aperture could change the flow field distribution around the block, which in turn affects 
the pressure field surrounding it. Moreover, channel bed roughness was found to significantly affect the 
incipient motion of the rock block. Increased roughness led to a higher critical flow velocity required to 
induce block incipient motion, primarily due to the reduction of turbulent intensity near the channel bed. 
This result highlights the importance of accounting for channel bed roughness when predicting and 
assessing rock erosion. 
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