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ABSTRACT

Scour of rock by hydraulically induced plucking of rock blocks is a critical issue facing many of
the world’s dams at which excessive scour of the dam foundation or spillway can compromise their
performance. Our approach has been to directly model the solid and fluid phase by representing
the individual polyhedral blocks using the Discrete Element Method (DEM) and using the lattice
Boltzmann method (LBM) to represent water. An important aspect of this approach is that the LBM
mesh is entirely independent of the DEM discretization, making it possible to refine the LBM mesh
such that transient and varied fluid pressures acting on the rock surfaces are directly modeled.
We use convex optimization and simplex integration to analytically solve for the solid volume
fraction in the coupling computations. Results show that the coupled DEM­LBM implementation
accurately captures the interaction between polyhedral rock blocks and fluid, which allows for a
detailed analysis of the flow conditions and interaction between the rock mass and fluid leading
up to scour. The multiscale nature of rock­fluid interaction requires adaptive meshing in a parallel
computing environment so that fluid flow both through joints and fractures, and over the rock
surface are captured—we are currently implementing this methodology to run in parallel across
multiple compute nodes equipped with graphics processing units.

INTRODUCTION

Erosion of rock by hydraulic forces—scour and plucking—is an important element of natural evo­
lution of the landscape that can have a significant impact on engineered structures. Unlined dam
spillways, bridge abutments, and tunnels are all subject to water erosion and the resulting damage
can cost millions of dollars to repair and, in the worst case, cause loss of life.

A pertinent example of the impact of rock scour and the speed with which it can occur is the
Oroville Dam, located in the foothills of the Sierra Nevada in Northern California. In early Febru­
ary, 2017, the concrete chute of the flood control spillway failed and the underlying rock was rapidly
eroded as water was eventually discharged at high velocity and volumes up to 100,000 cubic feet
per second. Figure 1 shows the extent of the damage caused to the spillway and the erosion of the
underlying rock mass by hydraulic scour and plucking in approximate two weeks.
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Figure 1: Scour damage to service spillway at Oroville Dam in Northern California, 26 February
2017 (Kolke, 2017)

In order to analyze the potential for this type of hydraulic erosion and to gain a better understand­
ing of the mechanisms involved, we decided to build on the previous experimental and analytical
effort by George and Sitar (2016). In particular, we were interested in capturing the dynamic 3­D
interaction between water and the fractured rock mass.

For this purpose we adopted the Discrete Element Method (DEM) (Cundall and Strack, 1979;
Cundall, 1988; Hart et al., 1988) to model the fractured rock mass. The explicit, decoupled nature
of DEM—in the absence of long­range interaction forces—makes it attractive because the scale of
the numerical problem necessitates parallel computations. Only information on blocks’ immediate
neighbors are required to calculate contact forces after which the motion of each block is updated
independently. Additionally, the three­dimensional formulation for polyhedral blocks is relatively
straightforward.

Capturing the interaction between the blocky rock mass and the water flowing over and through
it requires coupling between the numerical models for the solid and the fluid phases. This means
that the hydrodynamic forces and moments exerted on the blocks need to be accounted for when
integrating the equations of motion for the solid phase while the effect of the particles in and moving
through the fluid also needs to be incorporated into the fluid solver. Simulations that capture this
interaction can follow several approaches: a locally­averaged interaction between the two phases
(Anderson and Jackson, 1967; Tsuji et al., 1993; Xu and Yu, 1997; Tsuji et al., 2008; Mikito and
Daisuke, 2014), computational homogenization (Guo and Zhao, 2016; Wang and Sun, 2016, 2019),
or direct simulation of hydrodynamic forces on the solid rock particles (Noble and Torczynski,
1998; Holdych, 2003; Owen et al., 2010; Strack and Cook, 2007). In the locally­averaged approach,
the fluid­solid coupling is done by averaging the interactions over a representative volume and all
particles within a local region experience the same hydrodynamic forces. This makes the method
less computationally expensive compared to direct simulation, since the number of solid particles
is greater than the number of fluid cells. While appropriate in certain applications, it does not offer
sufficient resolution when trying to establish the hydrodynamic interaction for individual particles.
Direct simulation of the fluid­solid interaction attempts to overcome this shortcoming by having
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a much higher density fluid mesh compared to the number of solid particles. This approach is
able to capture the variation in hydrodynamic forces on individual particles, but it does come at
a much higher computational cost. Computational homogenization bridges the gap between the
locally­averaged approach and direct simulation by considering the coupling directly only at certain
locations in the solution within a representative volume.

However, since the individual behavior of rock blocks is important for the kinematic response
of fractured rock, the direct simulation of rock­fluid interaction is necessary. Methods conven­
tionally used in computational fluid dynamics (CFD), such as the Finite Element Method (FEM)
(Zienkiewicz et al., 2014) and the Finite Volume Method (FVM) (LeVeque, 2002) are able to di­
rectly solve the hydrodynamic forces and moments acting on solid particles. However, when blocks
are allowed to move through the mesh, these methods can be computationally prohibitively expen­
sive due to the need to remesh based on updated positions of the blocks. In comparison, the Lattice
Boltzmann Method (LBM) (McNamara and Zanetti, 1988; Succi et al., 1989) allows for fluid­solid
coupling quite efficiently. Additionally, LBM is localized in its formulation, making it amenable
to adaptive remeshing and parallel computing—a necessity for direct simulation of fluid­solid in­
teraction. Consequently, we used LBM to model rock­water interaction. In this paper we give an
overview of this modeling methodology, as presented in Gardner and Sitar (2019), while providing
details on the implementation, example applications, and current efforts to scale computations to
provide insight into engineering problems.

SOLID PHASE MODEL

The mechanical behavior of fractured rock is governed by the discontinuities within the rock mass:
displacements occur along fractures and joints and the strength of these discontinuities is much
lower than that of the surrounding competent rock. This natural jointing within rock leads to frac­
tured rock masses comprised of irregularly shaped polyhedral rock blocks and the orientation of
these blocks relative to the geometry of the slope governs their kinematic response (Goodman and
Kieffer, 2000). Continuum methods are unable to capture the discontinuous, blocky nature of the
fractured rock, necessitating the use of numerical methods that can capture the particulate nature
of rock mass response, such as the Discrete Element Method (DEM) (Cundall, 1988; Hart et al.,
1988) and Discontinuous Deformation Analysis (DDA) (Shi and Goodman, 1988). Here, we have
implemented DEM as it uses an explicit time integration scheme which makes it relatively easy
to implement in parallel—once contact forces between rock blocks during a given time step have
been calculated, block displacements and rotations can be completed independently for each block.

Contact Detection. In order to determine contact forces between blocks within the fractured rock
mass, it is first necessary to establish which blocks are actually physically in contact. This phase of
computations consists of two separate steps: (1) a neighbor search which establishes which blocks
may potentially be in contact, and (2) a fine contact search where potentially contacting blocks
are checked in finer detail to establish if they are in contact. For the neighbor search, we have
implemented the CGRID algorithm (Williams et al., 2004) which falls within the spatial binning
class of neighbor search algorithms. Generally, this class of algorithms is O(N), but what is espe­
cially appealing about the CGRID algorithm is its ability to maintain performance with particles of
significantly different sizes—as is often the case for fractured rock.
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After identifying potentially contacting blocks, their bounding spheres are first checked for in­
tersection to avoid unnecessarily doing the computationally cumbersome fine contact search. In the
event that the bounding spheres do overlap, fine contact checking is required. We implemented the
contact detection algorithm developed by Boon et al. (2012) which solves for the contact between
blocks using linear programming. As shown in Figure 2, each polyhedral block can be represented
by a set of linear inqualities defined by the normals to the block faces and their relative distance
from a local origin (the block center­of­mass, in this case). Contact is then established by solving
a linear program. If an optimal solution to the linear program exists, the blocks are in contact and
the contact point is taken as the analytic center of the region of overlap.

di

Local Origin

ai

Analytic Center

Figure 2: Two colliding blocks showing analytic center as contact point. Arrows indicate the
direction of normal vectors to particle faces. The normal vector, ai, for a particle face and the
distance, di, of that face from a local origin are shown for one of the particle faces. (Modified,
based on Boon et al. (2012))

Contact Forces and Moments. The translational and rotational motion of each of the individual
blocks is described by the Newton­Euler equations:

ẍi + αẋi =
Fi

mi

+ gi

ω̇i + αωi =
Mi

Ii

(1)

where ẍi and ω̇i are the translational and rotational acceleration of block i; Fi and Mi are the
total force and moment acting on block i; α is a damping constant; mi and Ii are the mass and
moment of inertia of block i; and gi is the gravitational acceleration block i. The contact forces and
moments due to the collision between particles established during contact detection are included in
Fi and Mi and are calculated based on the method described in Hart et al. (1988). The translational
motion is integrated using a velocity Verlet integrator (Swope et al., 1982) while block rotations
are integrated using a quaternion­based integrator (Johnson et al., 2007).
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FLUID PHASE MODEL

Lattice BoltzmannMethod Formulation. The physical basis of LBM is rooted in the Boltzmann
equation, but it can be linked to the macroscopic behavior of fluid (Succi, 2001), in effect solv­
ing the weakly compressible Navier­Stokes equations. In its formulation, LBM solves a discrete
form of the Boltzmann equation—the so­called Lattice Boltzmann Equation (LBE) (McNamara
and Zanetti, 1988)—to arrive at the solution of various problems in fluid dynamics:

fi (x+ ci∆t, t+∆t) = fi(x, t) + Ωi(x, t) (2)

where ci is the discrete set of velocities which limits the continuous particle velocity to a carefully
selected subset. In this research, we have used the D3Q27 velocity set developed by Suga et al.
(2015), as shown in Figure 3. Together, Equation (2) and Figure 3 demonstrate the spatial, temporal,
and velocity space discretization in LBM—particles fi(x, t) stream in directions restricted to be
along the discrete velocity set ci to points located at x+ ci∆t. The collision and redistribution of
particles is captured through the collision operator, Ωi. The macroscopic fluid mass density and
momentum are then calculated through weighted sums in velocity space:

ρ (x, t) =
∑

i

f (x, t)

ρu (x, t) =
∑

i

cif (x, t)
(3)

Note that in this formulation, the spatial and temporal discretizations are not independent and are
tied to the fluid viscosity and relaxation times used in the collision operator. For the D3Q27 multiple
relaxation time (MRT) model used here, the link between ∆t, ∆x, collision model parameters, and
the fluid viscosity, ν, are described as follows:

ν = c2s

(

1

s5
−

1

2

)

∆x2

∆t
= c2s

(

1

s7
−

1

2

)

∆x2

∆t
(4)

where cs is the sound speed ratio, 1/
√
3, and s5 and s7 are model parameters.
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Figure 3: D3Q27 velocity set showing discrete velocity ordering
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Body Forces and Turbulent Flow. Our implementation accounts for body forces applied to the
fluid and is also able to consider turbulent flow. For body forces, we have used the approach
developed by Guo et al. (2002). For turbulent flow, we have implemented wall­adapting local
eddy­viscosity (WALE) model (Nicoud and Ducros, 1999) which is a Large Eddy Simulation (LES)
approach.

FLUID­SOLID COUPLING

The presence of the solid rock particles must be accounted for in the fluid simulations, while also
accounting for the forces and moments applied to the rock by the surrounding fluid. In order to do
this, we have implemented a volume­fraction approach as described by Gardner and Sitar (2019).
As shown in Figure 4, as a solid particle moves through the fluid mesh, it will partially or com­
pletely cover fluid cells. Volume­fraction based coupling algorithms account for this interaction
by modifying the original lattice Boltzmann equation to include a collision operator for the solid
phase:

fi (x+ ci∆t, t+∆t)− fi (x, t) =

(

1−
∑

s

B (ϵs)

)

Ωf
i (x, t) +

∑

s

B (ϵs)Ω
s
i (x, t) (5)

Fluid

Boundary Fluid

Boundary Solid

Interior Solid

Figure 4: Polyhedral block moving through fluid mesh. Background grid indicates lattice nodes
which are at the center of fluid cells. Fluid cells are pure fluid, interior solid cells are pure solid.
Boundary fluid and boundary solid cells are some proportion of fluid and solid. (Gardner and Sitar,
2019)

where Ωf
i and Ωis are the fluid and solid collision operators respectively, and ϵs is the volumetric

solid fraction in each fluid cell. This additional collision operator could be viewed as a bounce­back
boundary that has a stronger effect as the solid volume fraction becomes larger. The solid volume
fraction is incorporated in the weighting factor, B (ϵs), which is defined as follows for the D3Q27
MRT model used here:

B =
ϵs

(

1

s5
− 1

2

)

(1− ϵs) +
(

1

s5
− 1

2

) =
ϵs

(

1

s7
− 1

2

)

(1− ϵs) +
(

1

s7
− 1

2

) (6)
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Horizontal Gap

1/8 inch slab offset

Slabs separated by offset joint
Fluid Inflow

Gap boundary

Solid Boundary

Characteristic

   Boundary

Figure 5: Two slabs offset by 1/8 inch separated by a horizontal gap. The gap boundary is modeled
as a solid boundary in the sealed case and as a characteristic boundary in the open case. Boundaries
perpendicular to the y­axis are periodic.

For convex polyhedral rock blocks, ϵs is computed using convex optimization, as described in detail
in Gardner and Sitar (2019). The hydrodynamic force and torque acting on a block moving through
the fluid is calculated as:

Ff =
∆x3

∆t

∑

xn

B (xn)

(

∑

i

Ωs
ici

)

Tf =
∆x3

∆t

∑

xn

(

B (xn) (xn − xCM)×
∑

i

Ωs
ici

) (7)

where xn are all the lattice nodes the block is interacting with and xCM is the location of the center
of mass of the block.

EXAMPLE APPLICATIONS

The coupled DEM­LBM implementation has the potential to be used to analyze a variety of prob­
lems involving fluid­solid interaction applied to scour. Here, we present two examples pertinent to
situations such as those observed at Oroville Dam: uplift on hydraulic structures and erosion of a
polyhedral block through plucking.

Uplift on Hydraulic Structures. Cracks and joints in slabs in hydraulic structures pose a major
risk to their safe and reliable operation—hydraulic pressures can be transmitted underneath the
foundation materials, causing uplift or erosion (Frizell, 2007). We modeled stagnation pressures
and flow patterns associated with offset joints using the coupled DEM­LBM approach similar to the
physical and numerical experiments performed by Frizell (2007). Figure 5 shows the simulation
configuration used for these analyses where simulations were done for joint spacings of 1/2, 1/4,
1/8, 1/16, and 1/32 inches. Fluid enters the domain on the left side at a constant velocity of 50 ft/s
and flows out of the domain at the right boundary.

The boundary at the bottom of the joint is used to model two different possibilities: 1.) The joint
is sealed and no water is allowed to flow underneath the slab, and 2.) the joint is open and water
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can flow freely underneath the slab. For the sealed case, the uplift pressure is observed to decrease
as the horizontal gap between the slabs is increased which is consistent with the particle image
velocimetry (PIV) measurements from the laboratory experiments conducted by Frizell (2007).
Our simulations confirm the postulation by Frizell that this decrease may be associated with the
formation of a driven recirculation zone, effectively blocking transmission of the full stagnation
pressure in the gap between the slabs. This recirculation zone can be seen if Figure 6, where stream
tracers have been colored by pressure.

(a) 1/32 inch gap (b) 1/16 inch gap

(c) 1/8 inch gap (d) 1/4 inch gap

(e) 1/2 inch gap

Figure 6: Stream tracers colored by pressure for sealed gap. As horizontal gap widens, a recircula­
tion zone develops at the gap entrance leading to lower uplift pressures within the gap. Pressures
are shown in pounds per square foot.

In comparison with the sealed case, as shown in Figure 7, the open case shows a decrease
in uplift pressure. This is consistent with the characteristics presented in Frizell (2007). In our
simulations, a characteristic boundary was used to model the gap outflow boundary, which allows
fluid to exit the domain while limiting returning flow. Volume of fluid flowing through the joint
could be estimated using this approach, allowing for evaluation of different drain systems and
configurations.
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(a) 1/8 inch open gap (b) 1/8 inch sealed gap

Figure 7: Comparison of flow pattern and pressure for open and sealed cases. Uplift pressure is
higher in sealed case as velocity is converted to pressure. Pressures are shown in pounds per square
foot.

Rock Erosion. In these simulations, we simulate the erosion of individual rock blocks from a
fractured rock mass. The 3­D fractured rock mass, as shown in Figure 8, was generated using
joint set data from an unlined dam spillway in the Sierra Nevada in Northern California. The joint
set data, along with the flow characteristics, are based on lap and field experiments conducted by
George (2015) and George et al. (2015).

In the coupled fluid­solid simulations, the upstream boundary was held to a constant velocity
varying linearly from 0 m/s at the bottom of the channel to 9 m/s at the top of the domain, while
the bottom and sides were modeled as rigid, frictional boundaries. The downstream boundary
was modeled as an outlet using a non­reflecting characteristic boundary. During the course of the
simulation, one block was eroded due to hydrodynamic loading. This can be seen in Figures 8(a)
and 8(c) which show the displacement of the block as well as the velocity magnitudes along a
section of the incline. Figures 8(b) and 8(d) show a close­up view of the fracture where it can be
seen how flow increases through the fracture as it opens up.

As can be seen, the coupled DEM­LBM implementation captures dynamic rock­fluid interac­
tion; however, it also highlights a significant challenge in modeling this class of problem where the
interaction occurs across multiple scales—the resolution needed to accurately resolve fluid flow
within the fractures is orders of magnitude higher than what is required to describe flow over the
fractured rock mass. In our current implementation, we use global mesh refinement which is not
tractable for running simulations at engineering project scale, especially in three dimensions. This
is the focus of current research where we are implementing adaptive mesh refinement in a dis­
tributed memory framework. This allows us to run computations across multiple compute nodes
and only refine the fluid mesh in regions where it is needed: the fluid mesh is finest in the frac­
tures while not wasting compute and memory resources on a fine mesh interior to rock blocks and
regions of the fluid domain far from solid particles.

CONCLUSIONS

The natural jointing within the rock leads to fractured rock masses comprised of irregularly shaped
polyhedral blocks. The orientation of the blocks relative to slope geometry has been shown to
govern the kinematic response of the rock mass (Goodman and Kieffer, 2000). Accordingly, we
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(a) Initial fracture opening (b) Little to no flow inside fractures dur­
ing initial displacement

(c) Fractures opening increases as block
is eroded by water

(d) Large amount of fluid flowing
through fractures as they widen

Figure 8: Rock block sliding on fracture plane due to hydrodynamic loading

have implemented a coupled 3­D DEM­LBM algorithm, as described in Gardner and Sitar (2019),
that is capable of directly modeling rock­fluid interaction, capturing block orientation and geom­
etry explicitly and directly simulating the hydrodynamic forces and moments acting on individual
polyhedral blocks.

The capabilities of our implementation were showcased for applications relevant to engineering
practice—flow conditions around and through joints in built spillway structures as well as pluck­
ing of rock in unlined dam spillways. These applications highlight the potential of these techniques
to be applied in engineering practice and how they might be used to inform both design and risk
mitigation strategies. However, they also highlight the limitations of the current implementation
to model project scale problems—this capability is still elusive due to the enormous computa­
tional effort dictated by the multiscale nature of these interactions. As such, current research is
focused on developing tools that have adaptive meshing capability such that computational re­
sources are focused on areas where high­resolution results are required. Additionally, thought the
current implementation is parallel capable, it is limited to shared memory environment which lim­
its the amount of computational power that can be brought to bear on simulations. Currently, the
computational framework is being modified to function in a distributed memory, heterogeneous
environment where more computational resources can be leveraged on increasingly large simula­
tions.
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