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1 ABSTRACT

This project addresses directly to the research need outlined in MRSON-17-01 on the topic of “Charac-
teristics of Munitions Underwater and Their Environment”. Large amount of observational and empirical
data has been gathered in field and laboratory studies to reveal the mechanisms behind the motion of
munitions. However, there are still knowledge gaps for the physical and deterministic explanation of the
phenomenology. Our project aims to develop and utilize a three-dimensional (3D) computational model
to predict the initiation of motion, continuous movement, and final deposition of munitions, which are
important for site assessment and remediation actions. The 3D model captures the key physical processes
which control the motion of munitions, including turbulent flow, sediment transport and scour, granular
material dynamics, and the rigid-body motion of munitions. In addition, these processes are coupled and
thus the developed model should be capable of simulating their interactions.

This interim report presents the current status of the project. The development of the coupled 3D model
has finished. Limited validation and calibration have been performed and some preliminary results have
been obtained. Several manuscripts are either under review or in preparation for journal publications. In
the next phase of this project, more extensive validations and simulations will be carried out.

The developed 3D model considers the whole domain as a combination of four sub-domains, i.e., computa-
tional fluid dynamics (CFD) domain, porous bed domain, granular sediment domain (a subset of the porous
bed domain), and the munition rigid body domain. Each sub-domain uses a sub-model which solves the
physical processes within its boundary. The granular sediment domain and its interaction with fluids and
munitions are modeled with a Smoothed Particle Hydrodynamics (SPH) model.

In the CFD domain, a 3D scour model has been developed with the use of an immersed boundary method
(IB Method) to capture the sediment bed deformation and the possible motion of objects. Both bedload
and suspended load can be simulated. The scouring of bed is solved with the Exner equation. During
the development of the scour model, some new computing technologies have been proposed to deal with
problems emerging from scour simulations. In particular, a slope-limited diffusive sand slide flux method
is proposed to model the sliding/slumping of sediment over bed slopes which are larger than the angle of
repose. Simulation results on hydrodynamics, sediment scour, and sand slide are demonstrated.

In the SPH domain, a multiphase model for both phases of water and sediment has been developed. Water
is considered as a Newtonian fluid and sediment is modeled as a visco-elastoplastic material. The Drucker-
Prager yield criterion is employed to determine the state of sediment material. Munitions may be mobile
under the forcing from both water and sediment. The motion of munition is simulated with a 6-Degrees-of-
Freedom (DoF) rigid-body motion solver. The coupling of the multiphase model and the 6-DoF rigid-body
motion model has been implemented in the open-source DualSPHysics code accelerated with graphics
processing unit (GPU) computing. Results from the model for the SPH domain and the simulated munition
motion are presented.

The developed 3D model is the first of its kind which can simulate the simultaneous coupled processes of
turbulent flow, sediment transport, scour, granular material dynamics, 6-DoF rigid-body motion, and ulti-
mately the motion of munitions. With careful calibration and validation, this model adds great value to the
understanding of munition dynamics in underwater environment. Specifically, this model can interrogate
the munition response under different hydrodynamic forcing, sediment characteristics, munition shape,
density, and initial burial.



2 OBJECTIVES

The main objective is to develop a high-fidelity computer model to predict the initiation of motion and
continuous movement of munitions. To the best of our knowledge, such model does not exist before this
project. The second objective is to use the developed model to simulate and analyze munition dynam-
ics under different conditions. The comprehensive model can be used to characterize the hydrodynamic
forces on underwater munitions, model sediment scour around them, and predict their mobility. Different
components of the comprehensive model can be used independently to investigate a subset of physical
processes. In addition, the computational modeling study compliments and benefits from other Munition
Response research projects. In particular, lab and field measurements provide abundant data. However,
there are important quantities for munition dynamics that are almost impossible to be measured directly.
For example, the force and turning moments acting on a moving munition are extremely hard to measure.
Our computer model can simulate the forces and moments at any time during munition movement. This
provides critical information for the central question of munition mobility.

With the availability of such model, several hypotheses will be tested. One prevailing hypothesis regard-
ing munition mobility is that the density of munitions controls the probability of burial or exposure. As
demonstrated in the preliminary results section, the developed computer model is well suited to test this
hypothesis. Another hypothesis is that the pore-pressure generation and liquefaction are among the key
factors that lead to burial or exposure. Since the saturated sediment and its granular material behavior
are considered in the SPH model, the simulated pore-pressure can be used for the evaluation of its impor-
tance.

Other aspects of munition dynamics which can be investigated with the computer model include:
« How do the bottom conditions (e.g., roughness, bedforms, and porosity) affect the munition stability?

+ Are the empirical drag and lift coefficients accurate enough to calculate the initiation of munition
motion? These coefficients have been extensively used in many simple conceptual models for mu-
nition stability.

« What are the differences between waves and current in their dislodging and transporting of muni-
tions? Do the cyclic motion of waves and the induced rocking effect enhance munition mobility?

At the current stage, part of the above objectives have been accomplished and the rest will be done in the
remaining period of the project. Specifically, we have finished the following major tasks (milestones) to
achieve the above objectives:

+ the CFD model using IB method for turbulent flow, the key driving force for munition movement,
has been validated and compared with experimental data.

+ the 3D model for scour around objects has been developed. The object can be either fixed or mobile.
A new physically-based sand slide method is proposed in the scour model by solving a slope-limited
diffusion equation.

« the SPH multiphase model has been developed to capture the granular sediment behavior and its
interaction with the munition.

+ the coupling of SPH multiphase model with the 6-DoF rigid-body motion model has been completed.
Validations have been carried out to compare the simulation results with laboratory experiment on
a specially designed and well instrumented penetrometer (in collaboration with Dr. Nina Stark at
Virginia Tech). More calibration and validation will be performed.



3 TECHNICAL SECTION
3.1 The structure of the modeling framework

The computational framework is designed to predict the initiation of motion and continuous movement
of munitions. In order to achieve this, the physically-based model needs to include all the processes in the
system. The most important physical processes contributing to the fate of underwater munitions include
turbulent flow field and its induced sediment transport, hydrodynamic forces on the munitions and their
6-DoF motion, pore pressure generation and possible liquefaction within the underlying bed, as well as
the behavior of the granular bed supporting the munitions (see Figure 1).

waves and current

Porous
Bed

Figure 1: Physical processes governing the munition dynamics.

Corresponding to the identified key physical processes, the comprehensive modeling framework decom-
poses the simulation domain into several sub-domains as shown in Figure 2. This is probably the most
convenient and natural way to deal with the complexity and multi-physics nature of the problem. In gen-
eral, each sub-domain deals with one major physical processes and the coupling between each sub-domain
pair is through their common boundaries. There are four sub-domains:

+ CFD flow domain: Turbulent flow field and suspended sediment transport are simulated within this
domain. At the interface with the bed, bedload transport flux is calculated with the simulated wall
shear stress. To track the deforming bed due to scour, an immersed boundary method is used to
implicitly represent the bottom of the flow domain. In an immersed boundary method, a wall is not
explicitly represented by the computational mesh. Instead, its effect to flow is implicitly modeled. An
immersed boundary method can easily deal with large deformation and displacement. The munitions
are also represented by the immersed boundary method because of their movement and interactions
with the bed. The flow and sediment transport solver has been implemented in the open source CFD
package OpenFOAM (OpenCFD, 2019).

« SPH granular sediment domain: This is a sub-domain within the porous bed underneath the muni-
tion (see Figure 2). This part is a subset of the porous bed domain. A Smoothed Particle Hydro-
dynamics (SPH) method is used to model the granular sediment behavior and its interaction with
munitions. The open source code DualSPHysics accelerated with GPU computing is used (Crespo
et al., 2015). New development for the purpose of this project includes the addition of the SPH
multi-phase model and the 6-DoF rigid-body motion solver.
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Figure 2: Composition and structure of the integrated computational model. The coupling and embedment
of different model domains are also shown.

+ Porous bed domain: The bed is made of loose sediment and thus it can be treated with classic porous
media flow theory. The flow within the bed is mainly driven by the uneven pressure distribution
induced by turbulence and the presence of munition. Theoretically, the pressure of pore-water can
be modeled with poro-elastic or poro-elasto-plastic soil models. During this project, and more im-
portantly for the purpose of munition motion prediction, it is decided that this part is redundant
to the SPH granular sediment domain model described above. Indeed, the SPH model for sediment,
though in a reduced size domain, uses a poro-elasto-plastic soil model. The porous bed response has
already been modeled with the SPH code.

+ Munition 6-DoF motion domain: This domain is the rigid body of the munition itself. With the hy-
drodynamics forces and the granular material forces (from the SPH model), the 6-DoF rigid-body
motion model has been implemented in the open-source DualSPHysics code.

With the introduction of the physical processes and corresponding sub-domains, the details of the mathe-
matical models and their implementations are described next. During the development of such a complex
coupled modeling system, innovative ideas and solutions are invented and adopted to solve some newly
discovered technical difficulties. For example, within the scour hole around the munitions, there will be
places where the local bed angle exceeding the angle of repose. Under gravity, sediment will slide down
the slope until the bed angle is less than the angle of repose. Although has been studied in the literature,
this sand slide process is hard to model because its physics is not included in the sediment transport theory.
To deal with that, a new diffusive-flux based method is proposed.

3.2 Technical Approach
3.2.1 CFD FLOW DOMAIN

Turbulent flow field and sediment transport are solved in this domain. Turbulent field adjacent to objects
depends on many factors, such as shape and size of objects, bedform and bed material. To capture more
details of the flow field, a 3D computational fluid dynamics (CFD) model is applied to solve the Reynolds-
Averaged Navier-Stokes (RANS) equations. The flow in this problem can be considered as incompressible,
viscous, and Newtonian. When the flow field (velocity, turbulence, and wall shear stress) is known, it will



be used to solve for the sediment transport. On the other hand, the sediment mass conservation equation,
namely the Exner equation, is solved once the sediment fluxes are available. Because the morphological
time scale is much larger than the flow time scale, the bed elevation is not updated in every flow time step.
If such approach is not used, the computational cost will be unnecessarily high.

Flow models: To solve the turbulent flow field, the Reynolds-averaged Navier-Stokes equations can be
written as:

Continuity equation: V -u =0 (1)
. du _ _ 2
Momentum equation: e +V.-(uu)=-Vp+vWu-V-7t (2)

where u (7,7, W) is flow velocity, P is pressure divided by fluid density, v is molecular viscosity, and T is
the Reynolds stress, which is closed by turbulence models. The computational platform adopted in this
work is OpenFOAM, which provides a rich selection of turbulence models. The CFD solver, pimpleFoam
in OpenFOAM is modified to have immersed boundary method capability. As a result, the turbulence
models also need to be modified. Within the scope of this project, only one RANS model is used and will
be described below.

According to the Boussinesq approximation, the Reynolds stresses T can be expressed as the product of
eddy viscosity and the mean strain rate:
1/ T 2
T= iy (Vu + (Vu) ) + gkl (3)
where v; denotes the eddy viscosity and k is the turbulence kinetic energy.

Here, a widely used RANS model, i.e., the standard k — w model is introduced as an example (Wilcox, 2006).
The other popular RANS model, the k — € model was also used in this work. w is the specific dissipation
rate. The transport equations for k and w are:

K4 (V0 =7 (V) — phka + V- [(v 4 0"v) VA] o)
W (V) = (VE) ~ e + V- [(v + 0u) Ve ©)

where « =5/9, B =3/40, B* =9/100, and o=c* = 1/2.

Sediment transport model: Sediment transport induced by the turbulent flow is divided into bed-load
and suspended load transport. Suspended sediment denotes the bed particles transported by turbulence in
the water column and is simulated within this CFD domain by solving an advection-diffusion equation in
the form of

oC _oC _oC oC —=
o U+ + (@ —0)) 5~ = V[DsVC] (6)

where C is volumetric suspended sediment concentration averaged over turbulence, v is the sediment
settling velocity, and D, denotes the kinematic eddy diffusivity of suspended sediment.

The deposition rate D near the bed under non-equilibrium condition can be evaluated as

where C}, is the sediment concentration near the bed (z = b) and b is a reference height. The entrainment
rate E near the bed is calculated as

E =vo,E )



where E is the dimensionless entrainment rate and equal to the near-bed concentration under equilibrium
condition (van Rijn, 1984). This rate in equilibrium condition can be calculated by one of the entrainment
laws in sediment transport theory.

At the interface of turbulent flow with the porous bed, bedload transport rate represents the movement of
particles along the bed. It can be estimated as a function of wall shear stress on bed. Here, the empirical
formula proposed in Engelund and Fredsee (1976) is adopted:

§ 18.74(0 — 6.) (612 — 0.7001/2)  if > 6,
= : ©)
0 otherwise
where g* denotes the dimensionless bed-load transport rate defined as
7= (10)

\/Rgdd

where g is bedload transport rate for flat horizontal bed; 6 and 6, are the Shields number and critical
Shields number, respectively. 6 is given as:

Ty

" sk "

where Tj, is the wall shear stress on bed calculated from hydrodynamic model, R = 1.65 for quartz, and d
is grain size.

To model the effect of local bed slope and local flow direction, 6, is adjusted according to (Engelund and
Fredsge, 1976):

.2 2 .
t
o — QCO@OS&\/ s 5; fan’pr _ cos ffjmﬁl
S S

where B is the angle of local bed, B, is the angle between local flow velocity and bed slope, and ; is the
static friction coefficient. The critical Shields number on a flat horizontal bed 0. is calculated from the
empirical formula amended by Parker et al. (2003).

) (12)

Bedload transport rate q also needs to be corrected according to the bed slope as

T
Qv = Go—= — Clgo|Vz, (13)
| Ty

where zj, is the bed elevation and C is an empirical constant adopted to control the additional sediment
flux by bed slope (Brers, 1999).

With the availability of suspended load and bedload fluxes, the Exner equation is solved to update the bed
elevation based on the continuity of sediment as
aZb 1

& —(-V-q+D-F) (14)

where 7 is bed porosity.

Three-dimensional scour modeling is not trivial and involves many other details. One of the difficulties
that we have to deal with in the model development phase is the sand slide algorithm (Figure 3). It has
been researched in the literature. However, all previous algorithms are either not stable or specifically
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Figure 3: The sand slide process in scour hole.

designed for one scour code. We found they did not fit well into our scour model. Thus, a new algorithm
was developed.

In the process of sediment transport, sand slide happens when local bed slope exceeds the angle of repose
¢o (Figure 3). Sand slide will continue until the bed slope is equal to or below the angle of repose. In
other words, sand will move from high elevation to low elevation to reduce the bed angle. It is similar to
the diffusion process or heat transfer process. However, one major difference is the in heat transfer, the
final status is a uniform temperature while in sand slide the equilibrium is reached once the bed slope is
in compliance. Based on this observation, we propose a slope-limited diffusion equation to simulate the
sand slide process. In addition, special treatment is developed such that this method is computationally
efficient and independent of bed mesh type, which will be shown in the next section.

Similar to Fick’s law of diffusion, the diffusive sand slide flux can be written as
q=—KVz (15)

where q is the sand slide flux and K is the sand slide diffusivity (L2 /T).

In the context of sand slide, one deviation from the Fick’s law is that the flux is limited by the bed slope.
If the bed angle is less than or equal to the angle of repose, there is no sand slide and thus the flux should
be zero. Therefore, the flux formula in Eq. 15 should be limited by the bed slope. To achieve this, the
diffusivity K should be a conditional function as follows:

Ky, if >t
K:{ 0, 1L |Vzb\ -~ an(l)() (16)

0, otherwise

where Kj is the diffusivity once sand slide initiates and has a constant value in this work.



Combined with the mass balance of sliding sand, the governing equation for bed elevation is then

0z
aTb = KV?z, (17)

This unsteady, slope-limited diffusion equation can be easily solved to update the bed elevation z; such
that bed slope everywhere is in compliance.

Immersed boundary method:  One key component of the scour model for this project is the adopted
immersed boundary method. Traditional Arbitrary-Lagrangian-Eulerian (ALE) mesh deformation method
cannot deal with large scour holes and complex geometries, e.g., munition with fins. In the IB method,
simulations are carried out on a simple Cartesian grid (Figure 4) and the boundary condition of moving
bed is imposed implicitly by fixing velocity of the IB cells (the volume fraction of sediment between “0” and
“1” in Figure 4) in the RANS equations. Comparing to the ALE method, the immersed boundary method
has great flexibility to deal with very complex and evolving scour-hole geometries.
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Figure 4: Arbitrary-Lagrangian-Eulerian (ALE) vs. immersed boundary method (IBM) for the tracking of
scoured bed.
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Similar to other IB methods in the literature (Gilmanov and Sotiropoulos, 2005; Jasak et al., 2014; Jasak and
Tukovi¢, 2015; Gilmanov et al., 2015), the present method classifies the cells in a computational domain
into three categories: IB cells, live cells, and dead cells (see Figure 5). IB cells are the cells closest to the
immersed surface I';p in the fluid region. They are used to impose conditions on immersed boundaries.
The algorithm to determine the flags of IB, live and dead cells is as follows:

Step 1: find all the cells intersecting with immersed surface 'y,

Step 2: label the cells, excluding the intersecting cells, in fluid and solid regions as live an dead cells,
respectively,

Step 3: for each intersecting cell:
« if the cell center is in the fluid region, it is labeled as IB cell;

« otherwise, it is labeled as dead cell, and re-label its adjacent live cells (sharing a boundary) as
IB cells.

For each IB cell, a “hit point” (black dot in Figure 5) is then calculated as the normal projection of the IB cell
center (black cross in Figure 5) to the immersed boundary. An “image point” (black circle in Figure 5) is



the image of a hit point with respect to the IB cell center. These different points are used in the calculation
of immersed boundary method.

fluid region

region

@ @ Hit Point
X X B Cell Center
O O Image Point

Figure 5: Schematic view of IB representation: IB cell centers (black cross), hit points (black dots), image
points (black circles), IB cells (red filled), live cells (green filled), and dead cells (white filled). Immersed
interface I';p is represented by the blue curve.

To enforce the correct flow behavior near an immersed boundary I';p, flow variables at IB cell centers
are reconstructed based on their required boundary conditions. The reconstruction requires a proper
interpolation stencil which depends on specific interpolation scheme. In this work, the interpolation stencil
only contains live and IB cells and the building process of interpolation stencil is as follows:

Step 1: find the cell that contains the image point, namely image cell. If image point is located in dead
cells or outside of the computational domain, find the nearest IB/live cell as its image cell.

Step 2: search and select the neighbouring live and IB cells which share face with this image cell. These
neighbouring cells are named as the first-row cells.

Step 3: search and select the neighbouring live and IB cells of the first-row cells. These neighbouring cells
are named as the second-row cells, which should exclude those already in the first-row cell list.

Step 4: repeat Step 2 until the total number of the neighbouring cells for each IB cell is larger than a
specified value, which may depend on the interpolation scheme.

Step 5: sort all the neighbouring cells based on the distance to image point.

The interpolation stencil searching algorithm as well as the interpolation scheme may be very expensive
if the stencil is too large. It is more efficient and cheaper to use image point, instead of IB cell center, as the
center of the interpolation stencil. In parallel computation, if cells in the interpolation stencil are located
in other processors, it will incur additional communication cost.

As suggested in Mittal and Iaccarino (2005), higher-order interpolation needs to be used for high Reynolds
number problems. In this work, a second-order (quadratic) polynomial interpolation scheme is imple-
mented as follows (Seo and Mittal, 2011; Jasak et al.,, 2014; Jasak and Tukovi¢, 2015; Singh et al., 2015):



2 2 2
$(x,7,2) =YY Y Cux'yzt, i+j+k<2 (18)
i=0 j=0 k=0

where ¥ = x — Xpp, J = ¥ — yup, and Z = z — zpp are local (relative) coordinates of a stencil cell center
(x,y,z). Subscript HP denotes hit point. ¢(%,7,Z) is a polynomial function to approximate ¢(x,y,z), a
generic flow variable at (x, y, z). Considering the restriction on i, j, and k, this polynomial has 10 unknown
coefficients C;j in total. For a given IB cell, it is assumed that there are M cells in its interpolation stencil.
For this selected stencil, Eq. (18) can be written in the form of matrix-vector product

¢ = Ac (19)

where ¢ denotes a vector of size M. ¢ denotes a vector consisting of the 10 unknown coefficients Cijj.
A denotes a M x 10 matrix, which can be computed by the local coordinates of each stencil cell center.
A weighted least squares approach is adopted to determine the unknown coefficients (Li, 1998; Seo and
Mittal, 2011). For each cell in the interpolation stencil, the weight function wg can be written as

)
1+ cos <1'15mx n)] (20)

where ¢ is the distance between a stencil cell center and the corresponding hit point. d,,,x is the maximum
value of 4. Applying the weight function to both sides of Eq. (19) and solving for ¢, one can get

_1

wo 5

W¢ =WAc (21)
c=(WA) 'Wo (22)
where W is a M X M matrix with w in Eq. (20) as its elements. This weighted least squares technique

has been proven to have the advantages of robustness, smooth error distribution and locally-supported
second-order accuracy (Li, 1998).

Dirichlet and Neumann boundary conditions are typical for flow variables on immersed boundary. A
generic quadratic function for the Dirichlet boundary condition can be derived from Eq. (18) as follows

2 2 2 o
$(E72) =+ Y)Y Cud'yz, 0<it+j+k<2 (23)
i=0 j=0 k=0

where the number of unknown coefficients C;j is reduced to 9. A then becomes a M X 9 matrix, and the
vector c has a length of 9:

2 2
X1y ozt xiyr x1z1 Y1z X7 Y7 7 €100
2 22
X2 Y2 Zp XY X2Z2  Y2Zo X5 Y5 25 o010
A= . , €= . (24)
2 2 2
XM YM ZM XMYM XMZIM YMZIM Xy Ym Zm €002

Similarly, for the Neumann boundary condition with zero gradient on the immersed boundary, the math-
ematical formula can be written as

Véup -ngp =0 (25)
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where nyp is the normal direction to the immersed boundary I'jp at the hit point. The number of unknown
coeflicients is 10 and the matrix system becomes:

1 x n 21 Xy xz ;o X2y Z2 €000
1 x Y2 Z Xy Xz W2 X5 Y5 % €100
A— : , c= |Co0 (26)
1 xv  Ym  ZM  XMYM XMZM YMZIM X%y Vi 2 :
0 Nyp,x an,y Nnyp,z 0 0 0 0 0 0 C002

where npp x, 1iupy, Hp,; denote the x, y, z components of wall normal vector ngp. A becomes a (M +
1) X (M + 1) matrix. The extra row in Eq. (26) is obtained by incorporating boundary condition in Eq. (25)
into Eq. (19). Once the matrix systems are constructed, the coefficients C;j; for Dirichlet and Neumann
boundary conditions can be obtained by solving Egs. (24) and (26).

The IB wall function in this work is based on the two-layer wall model proposed in Roman et al. (2009).
One of the key parameters in a wall model for wall-bounded turbulent flow is the shear velocity u.. Here,
the shear velocity is calculated with the flow information at image point, which is more representative
than the constructed values in IB cell. Usually, it is assumed that local equilibrium exists in the near wall
region flow, meaning Py ~ € at image point. Thus, for a given IB cell and its corresponding image point,
U, can be estimated as Cpl/ 4,/kip, and the dimensionless wall distance y+ = 1Yy /v is calculated as

1/4 /
. _ G ey + _ .+ YB 927
i ;o YB = Y (27)
v iy
where yp denotes the distance from image point to immersed boundary, yig denotes the distance from IB
cell center to immersed boundary. The ratio of yp /y1s is set to be 2 in this work.

y

According to the two-layer wall model, the shear velocity can be calculated as

1/4 / it +
. C]l/ kIP if ) P > ) Laminar 28
e v|udd |/ if yih < @)
tan,IP y P y P = y Laminar
old

where 1, 1p denotes the interpolated tangential velocity at image point from previous time step or itera-
tion, and | ] denotes its magnitude. The threshold yfaminar has a value of 11. With the shear velocity, the
wall shear stress can be calculated as

Ty = pUs (29)

For the two points (image point and IB cell center) along the same line perpendicular to the immersed
boundary, their velocity should follow the same log-law, i.e., with the same shear velocity. Therefore, the
tangential velocity at IB cell center can be calculated as

Uk o +
I YE > Yiami
uievy = ¢ log (Eypg) i (30)
+ oot +
Ut if s < Yiaminar

where E is an empirical coefficient with a value of 9.8 for smooth walls. Following this, the new values of
eddy viscosity vy, k, and € at IB cell center can be calculated as

Yk
vi = ¢ log (Eyg)
0 lf yi}é < y IZminar

o +
v if yIB > Y Laminar
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Many applications in natural and built environments involve the flow and transport over rough boundaries,
for example the river bed and ocean floor where sediment transport occurs. To cope with that, the present
wall function for immersed boundary method is also designed to include the roughness effect. The rough
wall function changes the value of coefficient E as a function of a non-dimensional roughness height k7.
The functional form of the empirical formula is

205 — sin [0.4258 (log k) ~0.811]
s < + £t
£_ )09 ( e + 05k > itk > 90 ”
0.9 (1+0.5kF) " if ki < 90

where kI = uks/v.

The wall function in the immersed boundary method described above, similar to almost all wall functions
developed with immersed boundary method, often produces non-smooth wall shear stress distribution.
In many applications such as sediment transport and erosion where the flux depends on the wall shear,
the smoothness of wall shear is of critical importance. In this section, the original wall function and its
ill behavior when used with immersed boundary method are firstly analyzed. Then, a new y " -adaptation
method is proposed. For easy argument, Figure 6a shows a schematic view of 1D boundary layer flow
near an immersed boundary. It defines wall distances, y and yp, which are the wall distance from IB cell
center and image point, respectively. The location of immersed boundary I'ig can be varied to change the
wall distances yp and yip.

For many wall functions used with RANS models, it is often required that the near-wall cell center is in the
log-law layer, i.e., the non-dimensional wall distance y is larger than 30. However, this requirement may
not always be satisfied in IB method. The reason is that the background grid is fixed and the immersed
boundary geometry is arbitrary. As a result, there is no direct control on the wall distances yp and yp. In
addition, the immersed boundary may move and consequently wall distances may dynamically change. It
is likely very small wall distances will result and thus violate the y* requirement for wall functions. When
the wall distances are small, i.e., the IB cell and IP point are within the viscous or buffer layer, the resulted
wall shear is very different. The cause of this difference is that the wall function stipulates a nonlinear and
discontinuous behavior depending on whether y; is larger or smaller than v, . .

To prove this point, a simple 1D turbulent channel flow with Re = UH /v =5 x 10 is simulated using the
setup in Figure 6a where the immersed boundary can be shifted vertically to vary the wall distance. Here,
the mean velocity U = 0.5 m/s, the channel depth H = 1 m, and the kinematic viscosity v = 107® m?/s.
The boundary is smooth. Assuming a fully developed open channel flow, the calculated theoretical shear
velocity is 1.84 cm/s. The simulated shear velocity and corresponding IB cell wall distance are plotted in
Figure 6b. It is observed that when the IB cell center is in the log-law layer, i.e., yIE > 30, the simulated
shear velocity approaches the theoretical value. However, when the IB cell is located closer to the immersed
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boundary and not in the log-law layer, the simulated shear velocity has significant error and the error
increases when the wall distance decreases.

Image Point

dead cell

(a) 1D schematic view of wall distances from IB cell
center and image point
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(b) Simulated shear velocity as a function of yﬁ;

Figure 6: Effect of IB cell wall distance on the simulated shear velocity. v, and ;5 denote the dimensionless
wall distance of IB cell center and image point, respectively. The immersed boundary I';y can be moved
vertically in the yellow region to change the IB cell wall distance.

The root of the ill behavior of wall shear is the lack of control on wall distance in immersed boundary
method. To overcome this problem, a y ' -adaptation algorithm is developed. The basic idea is to adjust
the IB cells if their wall distance is too small. Specifically, if y;, < 30 or y; < 11, the corresponding
IB cell will be set as dead cell and a new IB cell will be searched for among its neighbouring live cells in
the direction away from the immersed boundary (see Figure 7a). At every time step, this adaptation of IB
cell will continue until all IB cells are located in the log-law layer. Figure 7b shows the same 1D channel
flow case with the adaptation treatment. It is found that regardless the initial IB cell wall distance, the
algorithm automatically adjusts and makes sure that the IB cell is located in the log-law layer (yﬁ; > 11
and y;p > 30). In addition, the resulted shear velocity is almost constant (/1.8 cm/s) for any given initial
IB cell wall distance.

It is noted that the adaptation ensures well-behaved wall shear stress with the cost of slight reduction in
how accurately the immersed boundary is represented by the labeling of IB, fluid, and dead cells. How-
ever, this reduction in accuracy is not significant if mesh is sufficiently refined near the immersed bound-
ary.
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(a) 1D schematic of the y* adaptation process
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Figure 7: Effect of IB y* adaptation on calculated shear velocity.

3.2.2 Porous BED AND SPH GRANULAR SEDIMENT DOMAIN

The sediment bed domain is treated as a two-phase material which consists of fluid and sediment particles.
Before the mathematical formulations for the two-phase bed model are presented, the basic idea of the SPH
method is presented.

SPH method: Inthe SPH method, the computational domain is discretized with a finite number of parti-
cles, which is shown using a 2D example in Figure 8. These particles can carry material properties such as
density, mass, stress etc., which move with the material velocity. The material properties of each particle
are calculated through the use of summation process over its neighboring particles with a kernel function.
Integral representation of a field function f(x) can be written as:

(FO0) = [ FOWx=x, myax 9

where W(x — X', 1) is the kernel function, and / is the smoothing length which defines the influence
domain of W. The smoothing function W(x — x’, 1) should satisfy several conditions. The first one is the
normalization condition which has the form of

/ W(x—x,h)dx =1 (36)
0

The second condition is that when the smoothing length approaches zero, the smoothing function should
approach the delta function:

lim W(x — X', h) = §(x — x') (37)
h—0
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The third is the compact support condition:
W(x—x",h) =0 when |x —x'| > xh (38)

where « is a constant which controls the effective area of the smoothing function.

S

Figure 8: Particle approximation in SPH method (Liu and Liu, 2010).

With the above definitions in the SPH method, the governing equations can be descretized. The Lagrangian
form of the Navier-Stokes equations are discretized using the SPH scheme to approximate the multiphase
flows in this work. Greek superscripts & and  denote coordinate directions. In the following, the notation
of Einstein’s summation is used. The continuity and momentum equations in the Lagrangian form can be

written as p 3
utX
F+es=0 (39)
du®  1ac*f
dr " poxk T8 (40

where u denotes the velocity, g is the gravitational constant, and *P is the total shear stress tensor in a
fluidic approach that can be written as the isotropic pressure p and the viscous stresses T

0P = —po*f 4 P (41)
where 6*P is Kronecker’s delta function.

In the SPH formulation (Violeau, 2012), the Navier-Stokes equations can be approximated as

dp; _ : mj o« ® awij
a P - ?j(”i uj) Ixt (42)
p ap
du® N 0_{1 + 0. OW::
u ! J ) +guc (43)

1 = .
dt ; 0iPj axp <
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which are applied to each particle 7 in the domain.

To approximate an incompressible fluid, an equation of state (EOS) (Batchelor, 2000; Monaghan, 2005) is
needed to link pressure to density. In this work, the following form is used:

0 Y

where pg is the reference density and B is based on the compressibility which is proportional to the speed
of sound of the fluid as
CaoPo
B=-— (45)
Y
and 7 is the polytropic index which usually takes the value of 7 (Monaghan, 2000) and Cy is the numerical
speed of sound calculated as

CsO Z 10umax (46)

where 1, is the maximum velocity magnitude in the domain.

Within DualSPHysics, it is also possible to apply a §-SPH formulation, which introduces a diffusive term
to reduce density fluctuations. The state equation describes a very stiff density field, and together with
the natural disordering of particles, high-frequency low-amplitude oscillations will populate the density
scalar field (Molteni and Colagrossi, 2009). DualSPHysics uses a diffusive term in the continuity equation,
which has the form of

do; - VW m;
% = Zm]VZ] . ViWi]‘ + 2(5q>hC50 2(‘0] — pz)%p—]
j j ij j

(47)

This represents the original J-SPH formulation by Molteni and Colagrossi (2009), with the free parameter
S that needs to be assigned a suitable value. This can be explained as the addition of the Laplacian of the
density field to the continuity equation. As for the value of coefficient dg, 0.1 is recommended for most
applications.

In the SPH method, the wall boundary condition applied in this work is the dynamic boundary conditions
(DBC) (Crespo et al., 2007) where particles representing the wall are organized in a staggered arrangement
and satisfy the same equations as the fluid particles but their position and velocity are prescribed. The
advantages of the DBC include the straightforward implementation and the treatment of arbitrary complex
geometries. This makes them particularly suitable to be used within the GPU code DualSPHysics (Crespo
et al., 2015).

The time stepping algorithm used in this work is an explicit second-order predictor-corrector integrator
scheme. The scheme predicts the evolution in time at two half time steps. These values are then cor-
rected using the forces at half time steps, followed by the evaluation of the values at the end time step
(Gomez-Gesteira et al., 2012). The scheme is bounded by the Courant-Friedrichs-Lewy (CFL) condition,
the maximum force term, and the numerical speed of sound as demonstrated by Monaghan (1989). In
addition, an extra restriction is imposed based on the viscous forces. The CFL condition reads

h h K
At = Copy | miny [ oo, =, = 4
t==Co mim ' Coo’ v (48)

where f; is the force per unit mass of particle i and Co,,;,, is the Courant number set to 0.3 in this work and
v is the kinematic viscosity. The same time integration scheme is used for both phases using the minimum
At resulting from the CFL condition.
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Fluid phase model: The fluid phase is treated as a simple Newtonian fluid and thus the Newtonian con-

p

. . . . 14
stitutive law is used. The viscous stresses T, are computed as

P = opet? (49)

p

where i is the dynamic viscosity of water and é? is the deviatoric strain rate, defined as

ap_ 1 auf oug | lau?

1

\ 5P 50
€i 2 | ox* * axf 3 ox; (0

where u denotes the velocity, Greek superscripts a and B denote coordinate directions by employing Ein-
stein’s summation, and 6*P is Kronecker’s delta function.

The SPH approximation of Eq. 50 can be written as

N @ IBan]

N

.aﬁ_l
& =5 | i T
Pj i j

m;j aaWij 1 N m; yawi'
—Lut -= —ul (51)
oj "axf | 3 ;Pj 1ox]7

This model has been validated for a range of free-surface flows as described in Fourtakas and Rogers
(2016).

Sediment phase model: The solid state of sediment is assumed to have an isotropic linear behavior, which

obeys a yield criterion. The deviatoric stress rate 7*# are evaluated in line with the well-known elastic
relations, i.e.
E
P = Y b (52)
i 1+ Vp i

where E, denotes the Young’s modulus and v, refers to the Poisson’s ratio.

For large deformation of the sediment phase, a stress rate that is invariant with respect to rigid-body
rotation must be employed. To obtain a material frame independent formulation, Eq. 52 is replaced by the
Jaumann rate with respect to the elastic spin (Ulrich et al., 2013; Ghaitanellis et al., 2018)

E
.af y .af .8 . B
11' = 1 Upei + liwy(di _wi’yli (53)

where wf‘ﬁ denotes the spin-rate tensor

wp 1 (0wl our

== 54
CU T2\ g 54
The final form of the adopted deviatoric stresses reads
E 1
~aff _ Y ap af _ 7750‘5 55
H 1+v, ] 3] (55)

where J*P is the Jaumann rate.
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The viscoplastic fluid state of sediment is considered to be fully saturated and is modeled as a slightly
compressible pseudo-Newtonian fluid in line with the works of Fourtakas and Rogers (2016). The viscous
term is obtained as a function of the apparent viscosity p,pp as

Tiaﬁ = zﬂappé?ﬁ (56)

The apparent viscosity of the sediment is calculated using the Herschel-Bulkley-Papanastasiou (HBP)
model (Papanastasiou, 2002). Thus, in this work the symbol 1 gpp is used to denote the apparent viscosity,
i.e. UHBp = Mapp- The HBP model reads

WHBP = Tm

where 771 controls the exponential growth of stress and 7i is a power-law index that enables simulation of
shear thinning or shear thickening behavior. Note that when 77 = 0 and 7i = 1 the model reduces to a
Newtonian model, whereas when 11 — oo and /i = 1 a simple Bingham model is recovered. The parameter
T, is the yield stress that should be defined by a yield criterion. The advantage of the HBP model is that
it provides information on the pre-yield and post-yield region and thereby avoids the need of setting a
maximum threshold for the viscosity as required in other pseudo-Newtonian approaches.

[1 . e*m@} +2uAllp|"T (57)

Drucker-Prager yield criterion: To determine the state of the sediment SPH particle (yielded or unyielded),
a yield criterion is used to relate the maximum shear strength of the soil sediment to the hydrodynamic
shear strain at the fluid-soil interface. Note that compression is assumed to be positive. Considering a
simple shear case where no motion in the sediment phase takes place until a critical value of shear stress
Ty (Bingham yield stress) is reached, the fluid stresses acting on the sediment are in equilibrium with the
yield strength of the sediment (Fourtakas et al., 2013), i.e.

VE—|n| =0 (58)
where ], is the second invariant of the deviatoric shear stress tensor T defined as
L appup
J2 =TT (59)
2
The rate-dependent isotropic Newtonian fluid expression for the viscous stresses is written as
T = 2P (60)

Then the following equality is obtained

V2 =2u/TIp (61)

where the term IIp is the second invariant of the strain rate tensor defined as
1 . aﬁ . g‘ﬁ
IIp = —€&*¢ (62)
2
Thus, the critical threshold for the sediment yielding at the interface can be written as

‘ry’ < 2u\/Ilp (63)
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At this point, a yield criterion for the sediment phase is needed to provide the critical value of the sedi-
ment shear stress. In this study, the Drucker-Prager yield criterion is selected. The Drucker-Prager model
(Drucker and Prager, 1952) is written in a general form as

\/]>2 — 064;11 —x.=0 (64)

where [; is the first invariant of the deviatoric shear stress tensor. The parameters ay and . can be
determined by projecting the Drucker-Prager (DP) onto the Mohr-Coulomb yield criterion in a deviatoric
plane:

ap = tan(¢o) o — 3¢ (65)
\/9 + 12 tan?(¢y) \/9 + 12 tan?(¢y)
where ¢y is the angle of repose and c is the cohesion of the sediment.
Finally using Eq. 63 yielding will occur when the following equation is satisfied
aply + Ko < 2u\/IIp (66)

Sediment suspension: At the interface, the fluid flow at a sufficiently large velocity (ty < Tfy ) will
suspend the sediment particles in the fluid. This sediment entrainment by the fluid can be controlled by
using a concentration volume fraction of the mixture ¢,

N mj
stafGZh pj

Cvi = oN  m (67)
j€2h p;

where the summation is defined within the support of the kernel and js, refers to the yielded saturated
sediment particles. The size of the concentration sampling is chosen as to adhere with the kernel support
size of SPH. When a sediment particle is suspended, it is modeled as a pseudo-Newtonian fluid using Eq. 56.
The suspension viscosity can be related to the volumetric concentration by

,ususp = ,uf (Cl/) (68)

A suspension viscosity is used based on the Vand experimental colloidal suspension equation (Vand, 1948)

of sediment in a fluid by
2.5¢cy

Msusp = ]’1617%% ¢y <03 (69)

assuming an isotropic material with spherically shaped sediment particles. Eq. 69 is applied only when the
volumetric concentration of the saturated sediment particle within the SPH kernel is lower than 0.3 which
is the upper validity limit of Eq. 69. Hence, when a yielded sediment particle volumetric concentration is
below the threshold of 0.3 which coincides with the validity of the Vand equation, the sediment particle is
treated as a Newtonian fluid, retaining its properties with the exception of the viscosity that follows the
Vand Eq. 69.

3.2.3 MUuUNITION 6-DOF MOTION DOMAIN

To compute the motion of a moving body with 6-DoF, rigid-body dynamics should be solved (Monaghan,
2005). The basic equations of rigid-body dynamics can be written as follows:

av
T: = kafk (70)
k
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aQ,

T Y my(re — Ro) X fi (71)
k

where M is the mass of the object, I is the moment of inertia, Vj, is the velocity of the rigid-body, €2
is the rotational velocity of the body, and f is the net force acting on each particle at the solid boundary.
The net force on each boundary particle can be calculated by all surrounding fluid particles referenced by
the kernel function and the smoothing length. Ry is the center of the object and k indicates the boundary
particle on the rigid-body surface. Thus, force contributions on the entire rigid-body are summed. After
calculating the velocity and the rotational velocity of the rigid-body, the velocity of each particle v on the
rigid-body surface can be updated as follows:

v:Vb—{—be(r—Ro) (72)

4 RESULTS AND DISCUSSION

The models described above have been verified and validated. Some preliminary simulations for the mu-
nition dynamics have been performed. In this result section, these validation and simulation cases will be
presented.

4.1 CFD domain results

This section is divided into three parts. The first part is to show the hydrodynamic results, which is the
emphasis of the project period up until this point. Validation cases for the proposed immersed bound-
ary method, including 1D, 2D, and 3D cases, are presented. The second part will show the results with
the newly proposed sand slide algorithm, which is a key part of the scour model. In part three, some
preliminary 3D scour simulations around both fixed and moving munitions will be presented.

4.1.1 HYDRODYNAMIC RESULTS

1D open channel flow case: A simple 1D channel flow case with water is used to test the proposed rough
IB wall function. The mean velocity U is 0.5 m/s, channel depth H is 1 m, and the Reynolds number
Re = UH /v = 5 x 10°. Figure 9 shows the velocity distributions in the channel with different roughness
height k_s and the comparison with theoretical distribution. Good agreement can be observed.

35 .
O O k_s=le-01 m, u;=0.048 m/s
30 O O k s=1e-02 m, u;=0.032 m/s
25 A A k_s=1e-03 m, u;=0.022 m/s
k s=le-04 m, u;=0.019 m/s
= En(30y/ky)

LA T L T/ B 1 A T/ A TV B T &
y/ks

Figure 9: Simulated velocity distributions in 1D channel with different roughness height using the proposed
rough IB wall function. Here, ut =u/u..
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Pitz-Daily 2D case:  The 2D Pitz-Daily case is a classic backward facing step case commonly used to eval-
uate the performance of turbulence models (Pitz and Daily, 1981). The flow is assumed as incompressible.
The mean inlet velocity is U = 13.3 m/s, step height H = 0.0254 m, kinematic viscosity is v = 1.5 x 107>
m/s?, where Reynolds number is Re = UH /v = 2.2 X 10%. It is used here as a validation case to compare
with results from experiments and simulation with a body-fitted mesh. The case was also simulated with
the IB method reported in Jasak et al. (2014) and Jasak and Tukovi¢ (2015). There are two major differences
between the present IB method and theirs. One is that there is no y*-adaptation process in their method.
The second is that in their k — € turbulence model, the gradient of both k and € are fixed as zero on the IB
faces.

The mesh used with immersed boundary methods has a total of 15,000 cells and the body-fitted mesh has
12,225 cells. The resolutions of both meshes are comparable and they are plotted in Figure 10. The mesh for
the immersed boundary methods uses a uniform background mesh with no local refinement. The red cells
are the IB cells for the upper and lower walls at the end of simulation, which have already been modified
with the y'-adaptation algorithm. The contraction of the outlet leads to the stair-like arrangement of IB
cells, which is very common in the use of immersed boundary method. For the body-fitted mesh, there is
some refinement near the walls and in the zone of shear layer downstream of the step.

upper wall

inlet ©

)

L.

Figure 10: The mesh for immersed boundary methods (upper) and the body-fitted mesh (lower). The red
cells in upper mesh are the IB cells.

At the inlet, the boundary conditions for u, k and € are prescribed using experimental data from (Pitz and
Daily, 1981). At the outlet, pressure is fixed as zero and the boundary conditions for all other variables are
zero gradient. Wall functions are applied to the upper and lower walls.

Figure 11 shows the comparison between the experiment and simulations. Overall, the present IB method
gives satisfactory results. Specifically, as seen in Figure 11a for streamwise velocity, though the present
method is slightly off in comparison with experimental data, it gives almost the same result as the sim-
ulation with a body-fitted mesh. The IB method in Jasak et al. (2014) gives less ideal result where the
re-circulation in the wake zone is weaker than the body-fitted mesh and present IB methods. This might
be induced by the zero gradient condition applied to IB faces in Jasak et al. (2014). In Figure 11b and Fig-
ure 11c for k and €, the IB method in Jasak et al. (2014) overestimated their value in the wake, especially in
the shear layer. The contour, which is not presented here, shows that there are some cells with excessively
large values of k at the corner of the step where shear layer starts to form. These large values are not
observed in the results with a body-fitted mesh or the present IB method. This might again be caused
by the zero gradient condition for k applied on IB faces in Jasak et al. (2014). In Figure 11d for the eddy
viscosity, the present IB model agrees with body-fitted mesh simulation while the IB method in Jasak et al.
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(2014) overestimated the level of eddy viscosity.

It is also noted that in Figure 11c for €, in some near wall region, € appears to be smaller in IB method than
body-fitted mesh. This is caused by different calculation locations of boundary value in these two methods.
In the wall function with body-fitted mesh, € is evaluated at boundary cell center. However, in IB method,
€ is evaluated at IB cell center. According to Eq. (33), the calculated € at a boundary is very sensitive to the
wall distance y (smaller y leads to larger numerical value of €). Due to the y'-adaptation scheme, the IB
cell centers are in general far away from the solid wall, thus the IB cells’ € values are smaller. Despite the
visual difference in the € distribution, the bulk flow behavior from the IB method is comparable with the
body-fitted mesh method.
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Figure 11: Comparison of results among the present IB method, the IB method in (Jasak et al., 2014), and
simulation with a body-fitted mesh, and experiments in Pitz and Daily (1981). The flow is from left to right.
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The two oblique wall boundaries near the outlet are the perfect location to show the capability of the pro-
posed y " -adaptation scheme. For comparison, another case without the " -adaptation was also simulated.
The resulted distributions of wall shear stress are shown in Figure 12. The wall shear stress distribution is
plotted using line or scatters in which their distance to the wall is proportional to the magnitude of wall
shear. The sign of the wall shear (positive in the x-direction) is represented by whether the line or scatters
are located inside (positive) or outside (negative) of the domain. It is noted that the magnitude of wall
shear from the IB method in Jasak et al. (2014) is divided by 10> so the spikes can be plotted within the
figure.

The insert in Figure 12 is a close-up view of the shear stress along the lower wall. It can be observed
that without y ' -adaptation, the wall shear distribution is not as smooth and has a semi-periodic abnor-
mality. The abnormality is located at IB cells whose wall distances are small. The periodicity is due to
the fact that the background mesh is uniform and the lower wall is an oblique line. As a result, the IB
cell distribution without y*-adaptation along the lower wall is stair-like (see IB cells bounded by yellow
lines in Figure 13). On the hand, the y*-adaptation method significantly reduces the abnormality and thus
increases the smoothness in wall shear.

1.0} : ; TP

oo with 3 T -adaptation
& o without y ™ -adaptation
Jasak et al (2014)

z/H

Figure 12: Wall shear stress distribution along the lower and upper walls.

fluid region

solid pegion

X X 1B Cell Center

Figure 13: Schematic view of step IB cells, which are highlighted by yellow frames. IB cells (red filled), live
cells (green filled), and dead cells (white filled). Immeresed interface I'jp is represend by the blue curve.

Flow around 3D cylinder:  To validate the new IB method, the CFD model was used to simulate the tur-
bulent open channel flow over a 3D cylinder and compared with the experimental study in Roulund et al.
(2005). The vertical cylinder was modeled with body-fitted mesh, while the flat and rough bed was mod-
eled with the IB method (Figure 14). This is a common setup for the purpose of scour simulation. The case
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parameters and flow conditions are listed in Table 1. To validate the hydrodynamic part of our model, the
bed was fixed and no sediment transport was included. The blue and red lines in Figure 15 represent the

time-averaged velocity in upstream and downstream regions at different vertical position, respectively.
Both upstream and downstream velocities match well with the experimental data. The horseshoe vortex

system in the front of cylinder (negative velocity of upstream) and flow separation in the wake region

(negative velocity of downstream) are captured.

i

o
fi
()
,,.,‘...

Y
o-

Figure 14: Schematic showing the mesh of flow around a vertical circular cylinder. Blue grid is the 3D

hydrodynamics background mesh and grey board is the rough bed.

Table 1: Test conditions and meshes for flow around cylinder cases.

Rigid-bed

Bed type

hydrodynamics only
IBM

Model selection
Model type

54
54
32.6

Water depth H (cm)

)

cm

Boundary layer thickness J (

cm/'s)

Cylinder diameter D (cm)
Roughness height k

(

Mean flow velocity U

53.6

1.0
2.3

(cm)

S

)

(cm/s
3D background mesh (IBM)

Shear velocity 1

cm)

(

Mesh resolution
Mesh resolution (cm)

2D surface mesh size

4.1.2 SANDS SLIDE SIMULATION RESULTS

6 cm) as shown in Figure 16. In

5 ¢m and hy

this case, the sand slide algorithm is separated from the rest of the scour model to highlight its features

To validate the new sand slide algorithm proposed in this project as part of the 3D scour model, it was

applied to solve the collapse of a sand cylinder (rg
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Figure 15: Flow around a vertical circular cylinder on a rough bed.
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and capabilities. Thus, flow and sediment transport were not simulated. The angle of repose was set as
35° (tan¢g = 0.7). According to the definition of the angle of repose, this sand cylinder will collapse to
a sand cone that has the same amount of sand as the sand cylinder. The bottom angle of the sand cone
will be equal to the angle of repose. In the experiments of sand cylinder collapse reported in Lube et al.
(2004), the cone after collapse will have a bottom angle that is slightly less than (about 3°~5°) the angle of
repose, which depends on the initial aspect ratio of the sand cylinder a = ho/rg. This is because of the
inertia associated with the collapsing, which is not included in the current sand slide model. However, this
process is deemed not as important because in scour holes, the collapsing will not be significant.

o

~
]

0!

1 _———T———_

i ~
& )

-

e

Figure 16: Schematic showing the sand slide of a sand cylinder

When the sand slide algorithm was initially developed, it was found that the results depended on the
mesh type. It is of course not correct. The reason for the initial mesh dependence was identified as the
interpolation scheme within the framework of finite volume method. Sand flux will be biased in certain
directions when a traditional interpolation scheme involving only the two cells sharing one face. To correct
this, a much bigger interpolation stencil should be used. In the following part, we will prove this mesh
type independence of the final sand slide algorithm.

The sand slide case was simulated on four types of mesh as shown in Figure 17. The average mesh size for
all mesh types are Ax ~ 0.5 cm. The time step was At = 0.001 s and the diffusivity was K = 0.001. The
time step and the diffusivity control how much sand per area will slide to its downslope neighbors in one
time step, i.e., Asand = AtKVz;,. The upper limit of time step At and diffusivity K are thus constrained
by Asand, which is the amount of sand needed to reduce the bed slope to be below the angle of repose.
There is probably no lower limit on time step because the smaller time step At and diffusivity K, the
slower the bed slope will change toward equilibrium. However, the smaller product of AtK will increase
the computational time.

Figure 18 shows the contour of sand slide results on different meshes. The profiles and slopes of these sand
piles are plotted in Figure 19. The results on different meshes are cones and their angles are approximately
close to the angle of repose, which shows that the new algorithm works correctly.

4.1.3 SCOUR MODELING RESULTS AROUND FIXED MUNITION

In this case, the munition is fixed in space and has no movement. This preliminary simulation case is to
demonstrate the capability of the 3D scour model when munition’s movement is minimal. The munition
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(a) Square mesh (b) Triangle mesh 1
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(c) Triangle mesh 2 (d) Triangle mesh 3

Figure 17: Illustration of four mesh types: (a) Square mesh, (b) Triangle mesh 1, (c) Triangle mesh 2, (d)
Triangle mesh 3.

has a body and four fins. It was created based on one of the munitions of interest to the SERDP Munition
Response Program. It is placed in the domain with 25% burial as shown in Figure 20. The simulation
domain is a rectangular channel with the inlet velocity being 0.5 m/s. The sediment has a mean size of 0.26
mm and thus the bed is live under this flow condition.

Figure 21 shows the bed scour pattern adjacent to the fixed munition with different angles of attack at
equilibrium state. The simulation results clearly show that the orientation of munition has great influence
on the bed morphodynamics and consequently the munition movement. It is clear that the munition
will be pushed by the flow from the deposition region to the erosion region, i.e., the scour hole. When
the munition is aligned with the flow direction, i.e., angle of attack = 0° and 180°, the scour pattern is
symmetric with respect to the center line of munition. Thus, the munition may settle into one of the two
scour pits without rolling away. For other angles of attack cases in Figure 21, the bed elevation change is
not symmetric around the munition. The munition is more likely to be pushed downstream and roll into
the scour hole in the wake or at the two ends.

To show the representative scour burial of fixed munition, 3D views of scour development for the angle of
attack = 45° case at different time is shown in Figure 22. At the beginning, the undermining starts at the fin
and head of munition where local flow velocity changes rapidly. Sand from upstream of the fin deposits in
its downstream and accumulates there. Then, the scouring continues around the body of munition. Finally,
the fin and the adjacent body are buried in the sand (see time = 16.7 min).

Figure 23 shows the time history of maximum depth of scour hole and deposition with different angles
of attack. The scour pattern of all angles reaches equilibrium in about 1000 seconds. When the munition
is aligned with the flow direction (angle of attack = 0°,180°), the depth of scour hole and deposition are
relatively small because of the blockage induced by the munition is less. In other angles of attack, the
munition is deeply buried and may become unstable if its 6-DoF motion is included.
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Figure 18: Contours of the sand piles on different meshes after sand side: (a) Square mesh, (b) Triangle

mesh 1, (c) Triangle mesh 2, (d) Triangle mesh 3.
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Figure 19: Profiles of the sand piles on different meshes after sand slide: (a) Square mesh, (b) Triangle mesh
1, (c) Triangle mesh 2, (d) Triangle mesh 3. Sy is the slope of each profiles.
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Figure 20: Schematic view of computational domain for scour around fixed munition.
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Figure 21: Scour pattern of fixed munitions with different angles of attack.
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Time: 4.2 min Time: 8.4 min

Time: 12.6 min Time: 12.6 min

Figure 22: Representative scour burial of fixed munition with angle of attack = 45°

4.1.4 SCOUR MODELING RESULTS OF MOVING MUNITION

In this case, to show that the 3D scour model can indeed handle the motion of munition, a prescribed
motion was used to change the position of the munition during the simulation. In the future, the update
of the munition position and orientation can be provided by the SPH model. This case is similar to the
previous one except the munition’s geometry is simpler and without the fins at the tail. The bed and the
munition object are both modeled as an immersed boundary to handle the movement and the interactions
between the two. The inlet velocity is 0.5 m/s and sand diameter is 0.5 mm. The prescribed motion lowers
the munition with a velocity of (0,0,0.8 mm/s) and stops after 50 s as shown in Figure 24. The total lowering
of the munition is then 40 mm (in comparison to its diameter of 58 mm). Three angles of attack, i.e., 0, 45,
and 90 ° were simulated.

Figure 25 shows the bed scour pattern adjacent to the moving munition with different angles of attack at
equilibrium state. The pre-described motion only exists in the vertically direction. Thus the scour patterns
of the moving munition are very similar to those of the fixed munition in Figure 21, except that the scoured
bed appears rougher. This is probably due to flow instability caused by the motion of munition.

As an example, Figure 26 shows the 3D views of the moving munition and deforming bed when angle of
attack = 45°. The undermining again begins at the tip and continues laterally to the body, similar to the
case with fixed munition. However, the difference is that in the case here the munition keeps sinking into
the bed and thus the space for the undermining decreases with time.

4.2 SPH flow-object-sediment domain results

To validate and demonstrate the SPH model, several cases will be presented. First, a classic 2D sediment
dam break experiment was simulated for the validation of the granular material behavior model. The
second case is a 3D penetrometer experiment which not only has all the measurement data for comparison
but also resembles the initial deployment of munitions. The third case is to show that the SPH model
can also simulate the behavior of cohesive sediment. The fourth case is the munition mobility under
cyclic loading and for the demonstration on the importance of munition density. The last case is the
munition dynamics under dam break wave action. Some of these cases were analyzed in depth because
the experimental data are available, while others are only briefly demonstrated.
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Figure 24: Schematic view of moving munition scour simulation.
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Figure 25: Scour pattern of moving munitions with different angles of attack.
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Time: 52.5s Time: 425.0 s

Figure 26: Representative scour burial of moving munition with angle of attack = 45°

4.2.1 TwO-DIMENSIONAL SEDIMENT DAM BREAK

This is a classic case for the validation of granular material behavior. Bui et al. (2008) conducted a series
of 2D dam break experiments with small aluminum bars of diameters of 1 mm and 1.5 mm, length 50 mm
, and density of p = 2,650 kg/m® to model the cohesionless soil. The soil model was initially arranged
into a rectangular box of 200 mm by 100 mm by 50 mm. The aluminum bars were supported by a wall and
the dam break was triggered by quickly removing the wall horizontally to allow the collapse of bars. To
model the experiments, Bui et al. (2008) also used a SPH model based on the Drucker-Prager constitutive
relationship and non-associated flow rule to describe the soil behavior under flow-type failure. The exper-
imental and numerical results of Bui et al. (2008) have been used to validate numerous codes for modeling
large deformation of geomaterials (Chen et al., 2011; Zhang et al., 2014; Mast et al., 2014; Fern and Soga,
2016). Noteably, Fourtakas and Rogers (2016) conducted SPH simulation of the experiments by treating
the soil (i.e., aluminum bars) as a visco-plastic material.

The current SPH model improves the work of Fourtakas and Rogers (2016) by incorporating an elasticity
term in the treatment of the soil. Hence, a comparison between the simulations in Fourtakas and Rogers
(2016) and the present study would highlight the improved capability. Parameters for this case are sum-
marized in Table 2. Figure 27 shows both the SPH models of Fourtakas and Rogers (2016) and the present
study can successfully capture the yield zone and final deposit profile. For the yield zone, the results from
both models are almost identical because the same yield criteria were used. For the final deposit profile, the
present study yielded better match with the experimental results, highlighting the benefit of incorporating
the elastic behavior of the soil into the constitutive relationship.

Table 2: Parameters for 2D dam break.

Sand E,(MPa) v, c(KPa) ¢o(o) m i W specific gravity

Value 0.84 0.3 0 19.8 100 1.2 0.002 2.65
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Figure 27: Comparison between experimental and simulation results for 2D dam break.

4.2.2 THREE-DIMENSIONAL PENETROMETER EXPERIMENT AND SIMULATION

The blueDrop device is a portable free-fall penetrometer (Stark, 2016), which is shown in Figure 28 and
can be used to collect in-situ measurements of surficial sea floor sediments. This small lightweight pen-
etrometer is highly suitable for deployment from vessels and can be easily configured for deployment from
submersibles, making it compatible for use in areas with difficult access such as narrow canyons, highly
energetic areas, and close offshore structures. As the blueDrop penetrates into sediments, its deceleration
time history is recorded by the embedded accelerometer; the stiffness of the sediment can be assessed by
analyzing the recorded deceleration vs. depth.
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Figure 28: BuleDrop penetrometer (Stark, 2016) (unit: mm).

This section shows the simulations of the three penetrometer tests conducted on loose, medium, and dense
sediments in the laboratory (in collaboration with Dr. Nina Stark from Virginia Tech). Figure 29 shows
the setup. The container was transparent and had a length of 1.2 m, a width of 1.2 m, and a height of 1.0
m; the penetrometer had a total length of 0.631 m and a weight of 7.372 kg. The depth of the fluid and
sediment was 0.4 m and 0.2 m, respectively. The release height of the penetrometer was slightly different
among the three tests. As the penetrometer was released, its deceleration time history was recorded by
the embedded accelerometer; its vertical velocity time history was obtained from its vertical position vs.
time recorded by a high-speed camera.

The penetrometer tests were simulated using the model developed in this work. Figure 30 shows different

35



stages of a typical simulation. The main parameters used in the simulations are summarized in Table 3.
The drop height was from the experiments; the bulk density, Ey, vp, c, and ¢ were typical values based
on the consistency of the sediments; and 7, 7i were calibrated against the test results. To demonstrate
the calibration process, Figure 31 shows the effect of m on the simulation results using the experiment
involving loose sediment as an example. Figure 31 indicates that 71 has a negligible effect on the model
simulation, hence a value of 100 is used for all three cases.

Table 3: Parameters for penetration simulation.

Case  E,(MPa) v, c(KPa) ¢o(o) m 1 bulk density drop height (m)

Loose 20 0.48 1 30 100 1 1900 kg/m3 1.3548

Medium 40 0.48 1 33 100 1 2000 kg/ md 1.3827

Dense 60 0.48 1 36 100 1 2100 kg/m3 1.3836
Penetrometer

Figure 29: Case setup for the penetrometer simulation.
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Figure 30: Simulation of dropping penetrometer into loose sediments.
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Figure 31: Effect of the parameter 71 on simulation results (loose sediment).

The effects of two key parameters, Ey and 7, on the simulation results are discussed below. The definitions
of inflection depth and penetration depth of the penetrometer are shown in Figure 32. The inflection depth
is defined when the velocity of the penetrometer reaches its maximum value in the sediment layer whereas
the penetration depth is defined when the velocity of the penetrometer reaches zero. Figure 33a plots the
effect of Ey, which controls the stiffness of the sediment in the elastic solid state, on the simulation results
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for the loose sediment case. It is clearly shown that as the value of E, increases and the sediment becomes
stiffer, the penetration depth decreases. Figure 33a shows that E, = 20 MPa results in the best overall match
with the experimental observations in terms of the inflection and penetration depths; hence, this value is
used (see Table 3). The E, values for the medium and dense sediment cases are similarly obtained and the
results are shown in Figure 34a and Figure 35a, respectively.
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Figure 32: Definition of inflection and penetration depth of the penetrometer.
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Figure 33: Effects of Ey and 7i on simulation results (loose sediment)
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Figure 35: Effects of Ey and 7i on simulation results (dense sediment)

After the Ey values are fixed in all three cases, the effect of 7i on the simulation results is studied. The
power-law index 7i controls the visco-plastic fluid state of the sediment. Figure 33b shows that for a given
Ey value, the penetration depth increases as 71 decreases. Figure 33b shows that 7i = 1.0 results in the best
overall match with the experimental observations in terms of the inflection and penetration depths; hence,
this value is used (see Table 3). Comparing Figure 33a with Figure 33b, it is evident that E, has a bigger
influence on the simulation results than 7i; therefore, a constant 7i value is used for all cases. Another
rationale for this simplified treatment is that in the visco-plastic fluid state of the sediment, a significant
deformation has accumulated and the effect of initial density of the sediment is likely erased, which is
similar to the concept of critical state soil mechanics. Figure 36 summarizes the effects of E, and 7 on the
inflection depth of the penetrometer. Figure 36 indicates that the inflection depth decreases as the relative
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density of sediment increases from loose to dense, Ey increases, and 7i increases. Again, the effect of 7i on
the inflection depth is relatively insignificant.
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Figure 36: Effect of E; and 7 on inflection depth.

Apart from the velocity, the deceleration, which is normalized by the gravity acceleration g, of the pen-
etrometer was also studied. For all three cases (loose, medium, and dense sediment), the deceleration of
the penetrometer undergoes the following process: gradually decreases, then gradually increases to its
maximum value, and finally abruptly decreases to zero. The definition of stop depth of the penetrometer
is shown in Figure 37, in which the stop depth is the depth penetrometer travels when its deceleration
decrease from the maximum value to zero. Figure 38a plots the effect of Ey on the simulation results and
indicates that as E, increases the maximum value of the deceleration also increases. As to the effect of 71
on the deceleration of the penetrometer, which is shown in Figure38b, similar conclusion can be drawn. In
addition, when comparing with all three cases (see Figures 38, 39, and 40), the maximum value of the pen-
etrometer’s deceleration increases when the sediment becomes denser. This makes sense because when
the sediment becomes denser the penetrometer will be more easily and quickly stopped.
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Figure 37: Definition of stop depth.

0.5 T 0.5
Water Surface Water Surface
0.4 : 1 0.4 : 4
~ 03 ~ 0.3
59 Experiment-Loose sediment U L T Experiment-Loose sediment
g 0.2 ‘Simulation £=10 MPa, n=1.0 g 0.2 - - = Simulation £=20 MPa, n=0.8
W Simulation £=20 MPa, n=1.0 b2t N R U Simulation £=20 MPa, n=1.0
A --=-=-Simulation £=30 MPa, n=1.0 A ---=-=Simulation £=20 MPa, n=1.2
= 0.1 = 0.1
£ ol- fomman e setmnteed | 8 o] Sediment e |
-0.17 -0.1
S0 5 10 15 20 25 30 35 40 45 50 55 60 S0 5 10 15 20 25 30 35 40 45 50 55 60
Deceleration (g) Deceleration (g)
(a) Effect of E, on simulation results (b) Effect of 7 on simulation results
Figure 38: Effect of E, and #i on simulation results. (loose sediment)
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Figure 39: Effect of E, and 7 on simulation results. (medium sediment)

Figure 41 summarizes the effect of E, and 7 on the stop depth. It clearly shows that in the stop phase,
effect of E;, on the stop depth is very minimal since the stop depth line is almost flat when changing the
value of E,. While i has a larger effect on the stop depth when compared with Ey, it indicates that 7i plays
an important role in the stop phase. The rationale behind this is that 7i controls the visco-plastic fluid state
of the sediment, and the stop phase falls into this state.

One important advantage of the developed SPH model is that it can calculate the time history of the
force experienced by the munition. It is an important quantity which is hard to measure in experiments.
In addition, the force acting on the object from different phases (water and sediment) can be calculated
separately and their relative contribution can be analyzed. Figures 42, 43, and 44 plot the forces from water
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Figure 41: Effect of Ey and 7i on penetration depth.
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(Fw) and sediment (Fs) acting on the penetrometer. It clearly shows that forces in z direction is dominant
when compared with the other two components. This is of course due to the fact that the object falls freely
into a tank with still water. Also, when the penetrometer approximately touches the water at 0.43 s and
touches the sediment at 0.54 s, both forces from water and sediment in z direction increases abruptly. After
the touching time, the forces from water and sediment in x and y directions only begin to fluctuate. It is
found that the vertical force reaches its maximum approximately at the time the penetrometer touches the
interface (either water or sediment). After these moments, both forces in z direction decrease and then
reach a steady state, which corresponds to the time when the penetrometer totally stops and the vertical
supporting force is balanced by the constant gravity force. Comparing Figures 42, 43, and 44, one can
conclude that the magnitude of force from the sediment increases with the increase of E,. This is because
larger E, makes the sediment stiffer. The magnitude of force from water do not vary too much because
the drop height for three cases is almost the same.
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Figure 42: Forces acting on the penetrometer (loose sediment).
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Figure 43: Forces acting on the penetrometer (medium sediment).
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Figure 44: Forces acting on the penetrometer (dense sediment).

4.2.3 SIMULATION RESULTS OF COHESIVE SOIL

Underwater environment may include cohesive soil and its interaction with munitions is of interest. In
this section, to demonstrate the capability of the SPH model for soil cohesion, the case of cohesive soil
collapse, also known as “slump test” is simulated. The goal is to study the rheology of soil masses in-
volved in flow-slides. In particular, the final run-out distance and deposit profile are studied by varying
sediment properties and initial setup of the slump. Two cases are simulated by changing the initial aspect

ratio. Table 4 summarizes the parameters used in the simulation of cohesive soil. This case is a simple
demonstration.

Table 4: Parameters for simulation of cohesive soil.

Case Ey,(MPa) wv, c(KPa) ¢o(o) m i i bulk density inital aspect ratio

a 0.5 0.48 2 10 100 1.2 0.002 1505.1 kg/m3 1.88
b 0.5 0.48 2 10 100 1.2 0.002 1505.1 kg/m3 2.82
(a) |
, (b)

slumped material

hi

r

Figure 45: Cohesive sediment case: (a) initial profile of the collapsing mass; (b) final profile of the collapsing
mass (Brezzi et al., 2018).

The setup of cohesive soil simulation for two different initial aspect ratios is shown in Figure 46. The
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final run-out distance , height and deposit profile for these two cases are studied and compared with the
experiment of Brezzi et al. (2018). Note that the final run-out distance and height are both normalized by
the initial run-out distance D;. Comparing Figure. 48a and 48b, it can be concluded when comparing with
the experimental result the error of final run-out distance is larger than the final height. But for both cases,
the final run-out distance and height are overestimated by the present model. Further calibration on the
model parameters is needed.

4.3 cm

4.3 cm

12.0 cm
8.0 cm

(a) Initial aspect ratio = 1.88 (b) Initial aspect ratio = 2.82

Figure 46: Initial setup of cohesive soil.

(a) Final profile for initial aspect ratio = 1.88 (b) Final profile for initial aspect ratio = 2.82

Figure 47: Final profile of cohesive soil.

4.2.4 MUNITION MOBILITY UNDER CYCLIC LOADING

There is a consensus in the munition response research community that munition density is the key pa-
rameter for its mobility. However, experiments can only show its importance phenomenologically. With
the 3D SPH model developed in this work, it is possible to make quantitative analysis.

In this section, munition object is placed underwater and above the sediment bed. The whole system is a
closed box. A cyclic loading is applied to “shake” the system. As shown in experiments, the munition’s
movement depends on its relative density with respect to the sediment. Light munition will stay on top
of sediment while heavy ones will sink into the bed. By changing the relative density (munition density
relative to the sediment density), three cases were simulated. Parameters for cases are listed in Table
5.

Figure 49 shows the simulated final position of the munition which indeed demonstrates the importance
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Figure 48: Final run-out distance and height of cohesive soil.

of relative density of munitions. In case (a), see Figure 49a, a munition with small density is initially
put at the bottom of the tank. When a cyclic loading (in x direction) is acted on the tank, the munition
continuously floats up until it arrives at the surface of the sediment bed. In case (b), see Figure 49b, under
the same loading, the munition has a medium density and is initially placed on the sediment bed. The
simulation shows that the munition stays at the sediment bed. In case (c), see Figure 49c, its setup is the
same as case (b) except that the munition has a larger density. The munition sinks down to the sediment
as expected.

Table 5: Parameters for munition mobility under cyclic loading.

Case E,(MPa) v, c(KPa) ¢o(o) m ii y#  frequency amplitude relative density

a 20 0.48 0.5 30 100 1.2 0.002 3 Hz 5cm 0.45
b 20 0.48 0.5 30 100 1.2 0.002 3 Hz 5cm 1.51
c 20 0.48 0.5 30 100 1.2 0.002 3 Hz 5cm 2.97

With the 3D SPH model, it is also possible to extract the forces on the object and analyze the cause of
different behavior of munition. Figure 50 plots the forces acting on the munition for the three cases. It
shows that for all three cases, the force in the x direction Fx has a sinusoidal shape which is because the
cyclic loading is applied in the x direction. In the vertical y direction, the force history depends on the
motion and position of the munition. For case (b), the vertical force oscillates in more chaotic fashion
because it keeps its location at approximate the sediment-water interface.

4.2.5 SIMULATION OF MUNITION DYNAMICS UNDER DAM BREAK WAVES

This case is more close to reality. It simulates the lab experiment performed at the University of Delaware
(in collaboration with Dr. Jack Puleo). In the experiment, the motion of an object (surrogates for UXOs)
on a sloping sediment beach under the action of dam break wave is studied. Detailed measurements on
free surface dynamics and turbulent flow have been provided to us. More data on scour and object motion
trajectory will be available in the next phase of the project. Thus, this section does not contain comparison
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Figure 49: Density effect on munition mobility.
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on scour and munition motion. Only a qualitative analysis is given. Case setup is shown in Figure 51 and
parameters used in the simulation is listed in Table 6.

Table 6: Parameters for munition under dam break waves.

Case E,(MPa) v, c(KPa) ¢o(o) m i i specific density

a 50 0.48 1 35 100 1.8 0.002 3.5
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Figure 51: Simulation setup for munition under dam break waves.
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Figure 52: Forces acting on the munition.

Forces acting on the munition is plotted in Figure 52 and four representative times are selected to describe
different wave stages the munition encounters (Figure 53). Att = 1.2 s, dam break waves has not yet
touched the munition and the only external force acting on the munition comes from the sediment sup-
porting force F, which is balanced by the munition gravity. Att = 1.4 s, the dam break waves front arrives
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at the munition and the horizontal force in the wave propagation direction F, increases abruptly. At the
same time, the munition starts to move due to wave impact. At = 1.8 s, Fy approaches its first maximum
point. The munition keeps moving along with the wave until it hits the end wall. And att = 2.7 s, the
munition collides with the rigid wall and the magnitude of F, increases abruptly but in the negative x
direction.
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Figure 53: Munition mobility under dam break waves.

5 CONCLUSION TO DATE

The major accomplishment till this point is that the proposed computational model has been developed.
This three-dimensional modeling framework captures the main physical processes controlling the dy-
namics of underwater munitions. These physical processes include turbulent flow, sediment transport and
scour, granular material dynamics, the 6-DoF rigid body dynamics of munition, and the interactions among
all the above. For such a complex dynamical system with three phases, i.e., flow, sediment, and munition,
the technical approach proposed to make the problem tractable is to divide the domain into sub-domains
based on the dominant physical processes. The major sub-domains include: (1) the CFD domain for flow
and sediment transport, and (2) the SPH domain for granular material dynamics and munition’s rigid body
motion.

In the CFD domain, an accurate and robust IB method is applied and validated to solve the flow field and
give smooth bed shear stress, which is the driver for sediment transport. The smoothness of bed shear
stress is the result of a new IB method which adaptively adjust the location of IB cells such that its image
point is in the log-law layer. The moving munition and deforming bed can be both modeled with the
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IB method because they interact with each other. This is the great advantage of the new IB method in
comparison with other methods such as the ALE method. In the 3D scour model, both suspended load
and bedload are included and the Exner equation is used to update the bed elevation. To deal with the
sand slide process, a new physically-based solution is proposed based on the similarity and difference
between sand slide and diffusion processes. The model in the CFD domain is extensively validated for
the hydrodynamics. Some scour and sediment transport validation has been done. All simulation cases
show that the 3D scour model is capable of capturing the flow and sediment transport processes when the
munition is fixed or moving.

In the SPH domain, the mixture of fluid and sediment is modeled as a two-phase fluid where the fluid
phase is treated as simple Newtonian fluid and the sediment part is treated as granular material which
has an isotropic linear behavior and obeys a yield criterion. The SPH model also solves the 6-DoF motion
of object and its interaction with other phases. Several validation and demonstration cases have been
shown. In the 2D sediment dam break case, by comparison with previous numerical models, it is shown
that the model developed in this work makes good improvements. More specifically, the surface profile
and yield region of the sediment showed better agreement with the experimental data. Satisfactory results
are observed in the 3D penetrometer simulations where three cases for loose, medium, and dense sediment
were studied. The penetration depth, velocity, and deceleration profiles of the penetrometer showed good
agreement with the experimental results. It is found that the Young’s modulus E, plays an important role
in the present multiphase model. When E, increases, the inflection depth decrease. Also, although 71 has a
similar effect as Ey, E, has a bigger impact than 7i. In particular, E, approximately has a negatively linear
relationship with the inflection depth, while the effect of 7i is negligible. However, in the stopping phase,
the effect of E;, on the stop depth of the penetrometer is very minimal when comparing with 7i. In addition,
the maximum deceleration of the penetrometer is well predicted by the current model. Additional cases to
demonstrate the capability of the model include the collapse of cohesive sediment, the mobility of munition
under cyclic loading to show the effect of density, and the munition dynamics on sloping sediment beach
under dam break wave action. All these cases show qualitatively good results and the unique information,
for example, force history on munitions, provides an important window to unravel the complex dynamics
governing the fate of underwater munitions.
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with Smoothed Particle Hydrodynamics (SPH) Simulations. Acta Geotechnica, 2019

+ Y. Song, Y. Xu, and X. Liu. A gradient-limited diffusive sand slide method in scour models. Journal
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