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LAGRANGIAN SOLID MODELING

Matthew David Marko

Abstract

The author demonstrates a stable Lagrangian solid modeling method, tracking the in-
teractions of solid mass particles, rather than using a meshed grid. This numerical method
avoids the problem of tensile instability often seen with Smooth Particle Applied Mechan-
ics by having the solid particles apply stresses expected with Hooke’s law, as opposed to
using a smoothing function for neighboring solid particles. This method has been tested
successfully with a bar in tension, compression, and shear, as well as a disk compressed into
a flat plate, and the numerical model consistently matched the analytical Hooke’s law as
well as Hertz contact theory for all examples. The solid modeling numerical method was
then built into a 2-D model of a pressure vessel, which was tested with liquid water particles
under pressure and simulated with Smoothed Particle Hydrodynamics. This simulation was
stable, and demonstrated the feasibility of Lagrangian specification modeling for Fluid Solid

Interactions.

1. Introduction

Computational solid modeling is an incredibly valuable tool for todays engineers [1-4],
thankfully due to the powerful computers available at low costs. Finite Element Analysis
(FEA) is just one of many meshed solid modeling techniques used in countless industries to
study mechanical stresses in numerous different components today. Computational Fluid
Mechanics (CFD) is constantly evolving and is an important tool in engineering design.
These numerical techniques enable a detailed and robust study of complicated geometries
and nonlinear behavior with far less need for costly and time-consuming experimental stud-
ies.

The vast majority of numerical methods in engineering, including Finite Element, are

meshed, analyzing stresses and mass flows in a fixed region of space. This approach to solving
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continuum mechanics is considered the Eulerian specification. This has the advantage of
being simple to implement, and avoids the need for complex link-listing, as the neighboring
particles or elements are fixed in space throughout the study. The disadvantage of this
method is that the entire domain needs to be modeled, and if there are large voids and empty
spaces, there is a waste in computational effort as empty domains are studied repeatedly at
each time step.

Another approach to avoid this wasted computational effort is to use meshless numer-
ical methods, studying the stresses and forces in the Lagrangian specification [5-8]. The
Reynolds Transport Theorem is most often used to convert a continuity equation from

Eularian to the Lagrangian domain,

DF J

Dr - o) M

where 0/0t is the partial derivative, and D/Dt is the total derivative

DF JF oF

o = o + Viar (2)

When characterizing continuum mechanics in the Lagrangian specification, rather than
studying the mass that travels in and out of a specific discrete meshed domain, the mass itself
is simulated as a set of discrete particles. Each particle has its own unique location, velocity,
and stresses. At every time step, every particle is affected by all neighboring particles;
because of this it is necessary to calculate the changes in relative distances between individual
particles. A big challenge of meshless methods is the need to constantly determine the
relative distances between all of the neighboring particles, a task that grows exponentially
with increasing particle quantity. This can be mitigated with link-listing [9] and other
optimizing techniques. Meshless methods, however, have the advantage of not requiring a
grid space for empty regions of space. This can be advantageous for simulations such as
large deformations and explosion studies, the study of planetary motion, or extremely small
nanoparticles floating through a nanofluid.

While meshless methods are a minority of numerical methods in practical applications,
a few have been investigated. One popular method is Smoothed Particle Hydrodynamics
(SPH) [10-13]. SPH utilizes a host of different smoothing functions in order to determine

the magnitude of the force impacts from each neighboring particles, to discretely solve the
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Lagrangian Navier Stokes Equations [5-7, 14]

D’U,L' 8P 82’Ui
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where ¢ and j represent the Einstein notation for the dimensional direction, v; (m/s) is the
velocity, B; (Newtons) is the body force (such as gravity), P (Pa) is the pressure, and p is
the dynamic viscosity.

At every time-step, it is necessary to calculate the separation distance and smoothing
function for each neighboring pair of particles, and thus the computational resources grow
exponentially with particle quantity; link-listing is often used to mitigate this. SPH also
only models incompressible fluids, using a modified Lennard-Jones (L.J) potential force to
represent a fixed solid boundary [10, 11, 13, 15].

Attempts have previously been made to branch off SPH to apply to solid modeling;
this has been referred to as Smoothed Particle Applied Mechanics (SPAM) [16-19]. SPAM
has its origins as an effort to model planetary interaction in space, as well as statistical
mechanics [20]. The Lagrangian based method is quite practical when dealing with relatively
small particles (such as planets and stars) in a large domain filled with empty space; it is
computationally wasteful to model vast sums of empty space with no activity in it. At
smaller scales, however, SPAM and SPH suffers from tensile instability [21-25], as particles
under tensile stress eventually become unstable regardless of the size of time-integration
steps. Efforts to use artificial viscosity approaches have only had limited success [16, 19]. If
these limitations could be overcome, SPH and SPAM could be used together for fluid-solid
interaction (FSI) simulations, a capability that most commercial FEA and CFD software
packages lack.

This effort is to investigate meshless modeling of solid mechanics, with the goals of
eventually evolving into a practical SPAM-like tool for modeling solid mechanics. The
eventual goal is to have a tool that can interact with SPH fluid particles, and perhaps become
a useful FSI tool for fluid flows over a large domain. With an accurate model consisting
of particles of liquids and solids interacting, an engineer could investigate eventual material
failures and crack propagation in real time for highly dynamic fluid flow within a moving

solid boundary.
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2. Mechanics

In a Lagrangian solid modeling algorithm such as SPAM, each neighboring particle would

be characterized by a smoothing function, such as

W) = (10/77)-(1 —3X2/24+3)3/4), A< 1 (4)
= (10/77)-(2 — A)° /4, 1<A<2
= 0, A>2

where A is the dimensionless ratio of the absolute distance between two specific particles

(m) and the smoothing length A (m),
Aab = |za — z8|/B0 (5)
The density is calculated as
pa = ZempW(Aap), (6)

where p, (kg/m?) is the density of particle a, and m; (kg) is the mass of neighboring particle
b.
The Lennard-Jones potential [10, 15, 16] is calculated as

F= D{(2=)™ — (2)M}(Z2)? rgp <o, (7)

Tab

= 0, Tab > 70,

where D (Newtons) is a constant of force proportional to the particle velocity squared, rq
(m) is the specified width of a solid particle, 7,5 (m) is the total distance between particle

a and b, and x4, (m) is the directional distance between particle a and b

The values of M and N are arbitrary coefficients; M =12 and N=4 often has the best results
in practical applications of SPH.

The acceleration of a particle is thus
ve = —m-Ep{(Fa/pa) + (Po/pp)} VW (Aab), (8)

where P, (Pa) is the pressure of particle a, and can be calculated by the stress vector

P = — 04, (9)
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where i represents Einstein notation
c_ 3
1 = X

One of the biggest challenge of Lagrangian solid modeling is overcoming the tensile
instability [10, 16, 19]. If the fluid or solid is under pressure (P > 0), these Lagrangian
specification methods work well. If the solid is under tension, however, where (P < 0) and
the particles of mass are attracted to each other, there is a tendency for all of the mass
particles to clump together due to the fact that the derivative of most smoothing functions
grow exponentially as the particles become closer together. This is a challenge to Lagrangian

modeling of solid mechanics that must be overcome.

3. Algorithm

In previous studies [16, 19], the solid particles were treated similarly to liquid particles
with SPH algorithms, with various techniques to avoid the tensile instability. Rather than
use the traditional smoothing algorithms seen in SPAM, this model works by applying
different steps for liquid-liquid, solid-solid, and liquid-solid particle interactions. All of the
particles move freely (unless specified as fixed) within the domain, but accelerations and
stress calculations are specific to the different classes of particles. The liquid-liquid particle
interactions were all studied using the established Lagrangian CFD method of SPH [10-12].

The solid-solid particle interactions, however, used a much different approach from tra-
ditional SPH. The solid particles are given a specific cubic shape (that undergoes elastic
strain), and particles of mass linked in tension are linked together in a specific contact
matrix. Only particles linked together in this matrix can experience tension stress with a
displacement apart from each other. Non-linked particles exert no stress on each other when
they are proximate to each other unless they are close enough to be within the particles
shaped boundary; in this circumstance they are under compressive stress. While this bears
similarities to a meshed approach, it is not Eulerian as the contact matrix merely relates to
each mass particle which can travel freely within the domain.

This approach avoids the concerns of the tensile instability entirely. Solid particles that
have not always been fused together but comes into contact (such as during an impact)
do not experience any attractive forces; only a repulsive force that only exists when the

particles are within the cubic boundary. When outside of the boundary, no repulsive force
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is possible. For particles pre-defined as in contact and fused together, they only experience
a tensile force when pulled apart; this force reverses itself entirely when the particles are
close enough that they cross each other’s solid boundaries. By using this approach, the issue
of tensile instability, where the attractive forces of particles in tension grow exponentially
and result in solid particle clumping, is avoided entirely.

When there is liquid-solid particle interaction, the particles exert a repulsive force on each
other not dissimilar to Lennard Jones with some unique differences. The biggest difference
in this approach is that the force is proportional to what is needed to stop the particle
from crossing the boundary and stop it from further travel. The traditional LJ approach
(Eq. 7) was originally developed to describe the interactions of molecules; at times using this
approach for macroscopic fluid solid interactions results in liquid particles passing through a
boundary of solid particles, and at other times the exponential nature of the equation results
in unrealistic repulsive accelerations. By using the combination of these approaches, a stable

Lagrangian simulation of solid mechanics and fluid solid interactions can be achieved.

4. Study
4.1. Tension and Compression

A series of studies was conducted to verify this Lagrangian algorithm as a valid means
of studying solid mechanics. First, an extremely simply 3-D bar was pulled in tension, to

determine if the tensile stress would match Hooke’s Law [8, 26]
o = Ey-e, (10)

where o (Pa) is the tensile stress, Fy (Pa) is Young’s modulus, and € is the dimensionless

tensile strain
e = —. (11)

In addition, the simulation aimed to verify that the necking that occured would properly

match the Potisson’s ratio v,

5d = —d-{l—(1+%)’”}, (12)

where L (m) and d (m) are dimensions of the solid under stress.
For this case study, the material parameters of steel will be used. For steel, the Young’s

modulus is Fy = 207 GPa, and the Poisson’s Ratio is ¥ = 0.3. The 3-D steel block was
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Figure 1: The Steel Bar (a) with no stress, (b) in tension, and in (c) compression, with 10° exaggerated
deflection

represented by a series of 23.4 mm? cubic particles, with the particle dimensions of 5-11-5,
pulled 0.8566 pm in tension along the axial direction. All of the particles were in tensile
contact with their nearest neighbor. The peak tensile stress of 1.4758 MPa was observed
at the center of the bar, matching near identically to the analytical stress predicted with
Hooke’s Law. In addition, the width in the X and Z direction decreased at a distance of
0.1329 pm for a Y increase of 0.8566 pm, yielding an equivalent Poisson’s Ratio of 0.34125;
within 13% of the analytical Poisson’s Ratio of 0.3.

This study was then reversed for the model, but in compression rather than tension.
The 5-11-5 block with a Young’s Modulus of 207 GPa and a Poisson’s Ratio of 0.3 was
compressed to have 0.8566 pm of deflection, and as expected, the magnitude of the stress
was identical to the compression case, with 1.4758 MPa of compression stress. In addition,
the width in the X and Z direction increased the exact same distance of 0.1329 um for a
Y increase of 0.8566 pm; the only difference was the direction. As is observable in Fig. 1,
the tensile pulling of the bar resulted necking in the bar in the X and Z direction, whereas

compression results in a bulging in the X and 7 direction.

4.2. Shear

The next step in the validation of this numerical model would be to test it in shear.
This model would also be in steel, with a 11-3-3 block of 23.4 mm? cubic particles. With
the Young’s Modulus Ey of 207 GPa and a Poisson’s ratio of 0.3, the Shear Modulus Gy
(Pa) can be found simply as

Ey
. S— 1
GY 2(1—'—7/)’ ( 3)
207

2:(1+0.3)’
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which ultimately results in a shear modulus of Gy = 79.6154 GPa. The shear modulus can

be used to find the shear stress as a linear function of shear strain,
T = GY"'Y’ (14)

where 7 (Pa) is the shear stress, and « is the dimensionless shear strain

oL

where §L (m) is the tangential deflection, and H is the height 90° of the object tangent to
the deflection.
The model used was subjected to a shear deflection of 18.3429 pm in the X direction.

The dimensionless shear strain « is found by taking the deflection over the height (9.3619
cm) of the bar (Eq. 15)

_18.3429-10°°

and the shear strain can be used in Eq. 14 to find the shear stress 7
7 = (79.6154-10%)-(1.9593-10 %) = 15.5992-10°.

The numerical maximum shear stress was observed to be 15.8993 MPa, an error of less than
2%. This close match further validates this Lagrangian numerical method as a reasonable

approach to solving simple solid mechanics.

4.8. Hertz Contact Simulation

Now that this Lagrangian solid modeling effort was demonstrated effective in tension,
compression, and shear of a simple 3-D steel bar, it will be further validated by simulations
of Hertz contact [27-30] between a large disk and a flat elastic plate. The 2-D model
comprises of an 81 by 10 flat plate of steel, with a particle dimension of 25 cm. The 2-D
disk is represented as a series of 25 particles of identical dimensions assembled to give a
one-particle disk with a radius of 2 meters (Fig. 2). This disk will experience no elastic
deflection due to having an infinite Young’s modulus; the disk would be forced down up to
49 pm into the elastic plate. The elastic plate particles are free to move, except for the final
bottom row (opposite side of the Hertz contact); these particles are fixed. The model will
be validated by comparing the deflection and stresses in this elastic plate, and comparing

the numerical results to analytical Hertz predictions.
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Figure 2: The disk-flat model.

What is the clear control parameter in this simulation is the actual deflection down at
the center of the point of contact § (m); this deflection can be used within Hertz contact
model to determine the maximum stress. The first step is to determine the reduced Young’s
Modulus Ff (Pa) and reduced radius R’ As the disk does not deflect, it is treated as an

infinitely stiff material Ey = oo, and thus

EU T R o
By Ey fiai By dgisk

where Ey (Pa) is the Young’s Modulus, and v is the dimensionless Poisson’s Ratio. As the
disk is infinitely stiff, Fy gisx = 00, and thus the reduced Young’s Modulus (in MPa) is
Evpiae 207

Ey = = = 2274725, 17
Y12, 1-03 )
The reduced radius is easily found as
I n 11 n 1
R Rjpat Raisk 00 Raisk  Raisk’
R’ = Raisk.

Because the disk is of infinite stiffness and does not deflect elastically, the width a (m) of

the contact region can be found with simple trigonometry

a = Rdisk-sin(cosfl{

(18)

Hertz theory would therefore predict that the maximum stress at the point of contact would
be

a-E’

Pmar a 7l
2:R

(19)

The model described was run for five simulations of forced deflections, ranging from 26

to 49 pm. According to Hertz contact mechanics equation the analytical load to accomplish
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Figure 3: Comparison of Hertz and numerical solid modeling, for both (a) the numerically integrated total
load, and (b) the maximum stress, calculated as a function for a given displacement 6.

this would be 2.66 to 5.98 kN, with the peak stress ranging from 7.3 to 10 GPa (Eq. 19).
As observed in Fig. 3, the load and peak stress matched remarkably with the analytical
Hertz predicted stresses and loads, and the displacement (Fig. 4) and velocity (Fig. 5) all
settled into place after a period of time. The error percentages for the load varied from 2%
to 10.4%; the error percentages for the peak stress were even lower, ranging from 0.2% to
5.4%. This close match was repeated for models of identical dimensions, with small disk
radii ranging from 2-5 inches as well as 20 to 50 meter, and in all cases, the predicted load
and maximum stress always matched the Hertz predicted values remarkably. This Hertz
study strongly demonstrates the feasibility of this Lagrangian numerical model to predict

the stresses and strains in a solid model.

4.4. Pressure Vessel

The last step in this effort is to join the Lagrangian specification solid modeling efforts
with Smoothed Particle Hydrodynamics; this was demonstrated with a 2-D pressure vessel.
A model of a 2-D circular pressure vessel was built; the solid pressure vessel was five particles
thick, whereas the liquid was comprised of a 2-D circular region with a radius of twenty
particles (Fig. 6). Each particle, both fluid and solid, had a particle length of 23.4 mm.
The solid particles were steel, with the same parameters as the earlier studies; the Young’s
modulus is Fy = 207 GPa, the Poisson’s Ratio is ¥ = 0.3, and the default density p =7800
kg/m3. The liquid water has a default density of p =1000 kg/m?®, and a bulk modulus

of Ky = 2.15 GPa. The water is initially set in the pressure vessel at a pressure of 1

10
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Figure 6: The pressure vessel, at the start of the simulation. Green circles represent water particles, and
blue dots represent steel particles.

atmosphere (101,135 Pa).

The simulation was ran for 1000 time steps, averaging 146.8 nanoseconds in duration.
The model was stable, with little dramatic shifts in particle position; this is expected as in
the pressure vessel, only elastic expansions are expected as the particles settle into place.
It was observed that the steel particles all pushed outwards (Fig. 7-a). The liquid particles
fluctuated, as they were trapped within the pressure vessel, evenly shifting up and down
radially as the liquid settled in the pressure vessel (Fig. 7-b). This model demonstrated
the feasibility of merging the Lagrangian liquid numerical method of SPH with Lagrangian

solid modeling, with applications in the study of Fluid Solid Interactions.

5. Conclusion

This effort demonstrated a stable method to numerically model solid mechanics with a

Lagrangian specification. Rather than using Eulerian mechanics which utilizes a meshed
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Figure 7: The pressure vessel particle radial movement as a function of time, for the (a) solid steel particles
as well as (b) the liquid water particles.

grid, this model used a Lagrangian approach that tracked individual particles of the mass,
and how these particles interacted with each other. This approach has the advantage of not
being confined to a fixed domain, as well as reduced computational expense for models with
large regions of open space. A solid bar in compression, tension, and shear was simulated,
and it matched the stresses and strains remarkably with the analytical results expected
with Hooke’s Law. A much more detailed simulation of a rigid disk being applied to a flat
plate was then studied, and the model matched the analytical loads, strains, and stresses
expected with Hertz contact theory; the Hertz model matched the numerical model for a
large host of loads, particle dimensions, and disk sizes. Finally, this Lagrangian solid model
was implemented with the Lagrangian computational fluid dynamics method of Smooth
Particle Hydrodynamics to build a stable model of water under pressure in a 2-D pressure
vessel. This demonstrated the ability of using a Lagrangian solid mechanics method to study
fluid solid interactions simultaneously with the modeling of the fluid and the solid, which
often is modeled separately. By using this model, a host of solid mechanics applications can

be better modeled, resulting in overall better engineering design.
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Supplement

Included is a sample of all of the Lagrangian solid modeling code used within this
study. The core of this code, which is written for a Fortran 90 compiler, 1s included
along with several function files: a bar in tension, a bar in compression, a disk
compressed into an elastic steel bar, and the pressure vessel simulation. The code is
written so that the core file spam.f can be compiled along with the model-building
function of choice, and the simulation will run accordingly. The files are:

e spam.f: this is the core of the code, and is entirely self contained except for
the model function file, which defines the model and specifies the material
and simulation properties.

e tension_steel.f: the model function for the bar in tension.

e compress_steel.f: the model function for the bar in compression. It is iden-
tical to the tension function except the top and bottom FixXY values are re-
versed so the direction is reversed.

e ModelSmFixDisk.f: The model function for a rigid 2D disk compressing
into an elastic flat plat.

e PressVessel.f: The model function for the 2D pressure vessel, with both steel
solid particles and liquid particles under pressure, to demonstrate Lagrangian
Fluid Solid Interactions.

In addition, there are several MatLab files used to post-process the data:

e Analyze Data.m: This file is first run, which reads all of the ASCII data files,
and saves it as a single, clean binary MatLab data file Data.mat.

e PlotTension.m: The file processes the tension plot. It will prompt the model
before and after the simulation (exaggerated deflection), as well as calculating
the analytical tension stress and transverse deflections, and compares it to the
numerical results.



e PlotComp.m: Effectively the same as the PlotTension.m script, but with
small modifications for compression simulations rather than tensile.

e Plot_Hertz.m: The plotting function for the Hertz disk-flat simulation. Var-
1ous exaggerated deflection plots are generated, as well as calculation of the
Hertz analytical stresses to compare to the analytical results.

e MakeFigs PresVes.m: Plots the 2D pressure vessel model, as well as the
relative radial deflections.

To run the simulation, first the user compiles the spam.f function with the model
function of interest. The machine-language program of the simulation is run, and
the code will output the results as various ASCII text files of the simulation results.
The user can then go into MatLab and run the Analyze_Data.m script, which reads
all of the ASCII data files and outputs a single compressed binary MatLab file
(Data.mat) of the simulation results. The user can then select the relevant MatLab
script to load the MatLab data file and plot and analyze the results of the simulation.

The Analyze_Data.m script will consistently save the results as a binary Data.mat
file, regardless of the study performed. The saved results are renamed, and the as-
sociated MatLab plotting scripts read these different file-names. The scripts are as
follows:

e Tension_steel.mat
e compress_steel.mat
e Hertz.mat

o PressVess.mat



FORTRAN SOURCE CODE

spam.f

program spam

implicit none

integer
integer
integer
integer
integer

ii, j33,%kk,330,uu,vv,ctbar(3),ctZ,ctZmod
ct,ct2,xx,yy,N,Nsphere,ts, fooint, StudyCt, CenterPt (2)
Nt s, LoopCT, LoopCT2, stop, start2, stop2, ctCyl, StopWeight
XXX, Vyy,uv(2),break,breakct, abreak, split, StartStop
BSx, cubecyl, ctx(2)

complex
double
double
double
double
double
double
double
double
double
double
double
double
double
integer
integer
integer

1
precision
precision
precision
precision
precision
precision
precision
precision
precision
precision
precision
precision
precision

, allocatable,
, allocatable,
, allocatable,

pi,dx3(3),third,Xloc,Yloc,Zloc, StartDefl, NewDef
dx00, dxE, dTfactor,dTdxfactor,dTdxfactor?2, TTxXX
masX, rho_solid, foo3,Xr0,Yr0,Vydt,dtOx,dx0x
deflect, deflectWeight, Rred, Ered, bWeight,mas
h, <¢c02, K_bulk, Vy0,foo,r,dwdx(3),tl,t2

g(3), foo2, foo3vv, dxJ, Arange, dxE]
dt,dt0,Dij(3,3),0MGij(3,3),5133(3,3)

dsdt (6) ,RijAB(3,3),Wi]j, rho_1ij,Radius,RadiusFact
WeightO,Weight, Pweight (3),Vtest (3),Tfract,Efrac
dx,dxd, dE,deltX,deltX2,dxi,a,angleFrac,angle
lambda, mu, Ey,poisson,TT, Time,Bulk_water

Csound, rhoOmin, dV, gamma, dVdx0
X1(3),X2(3),V1(3),V2(3)

(:) :: Mat, FixXY,
(:) WeightXY
(:,1) Contact, ContactDir

dimension IsSolid
dimension

dimension



integer, allocatable, dimension{(:, :) ContactDirCT

integer, allocatable, dimension{(:, :) ContactX, ContactDirX
integer, allocatable, dimension{(:, :) ContactDirCTX

integer, allocatable, dimension{(:, :) : Links

integer, allocatable, dimension{(:) :: BreakContact, RadiusCrap
double precision, allocatable, dimension{:, :) X,X0,X00
double precision, allocatable, dimension{:, :) Vv, V0, dvdx
double precision, allocatable, dimension{:, :) dvdxFct, dvdyFct
double precision, allocatable, dimension{:, :) dvdzFct

double precision, allocatable, dimension{:, :) v0O0

double precision, allocatable, dimension(:,:) :: TcomboOut
double precision, allocatable, dimension{:,:,:) DSDtN, DSDtNO
double precision, allocatable, dimension{:,:,:) Tij,Eij,EijoO
double precision, allocatable, dimension{:,:,:) TTi3,Ti30
double precision, allocatable, dimension{(:,:,:) :: TijCombo
double precision, allocatable, dimension{(:) :: rho,rho0O,P,PO0O
double precision, allocatable, dimension{:) printVar, TvmO
double precision, allocatable, dimension{:) TimeFct

double precision, allocatable, dimension{(:) :: massFct

double precision, allocatable, dimension{:, :) DO, Omg0

double precision, allocatable, dimension{:, :) VonMiss

double precision, allocatable, dimension{:, :) Xout, Yout, Zout
double precision, allocatable, dimension{:, :) VoutX, VoutY, Vou
double precision, allocatable, dimension{:, :) dvdy, Tvm
double precision, allocatable, dimension{:, :) Pout, Rout
double precision, allocatable, dimension{:, :) DPDT, DPDTO
double precision, allocatable, dimension{:, :) T220

double precision, allocatable, dimension{:, :) T11,T12,T13
double precision, allocatable, dimension{:, :) T21,T22,T23
double precision, allocatable, dimension{:, :) T31,T32,T33
double precision, allocatable, dimension(:,:) :: E22,E1l1l

double precision, allocatable, dimension(:) :: dxO

double precision, allocatable, dimension{:) zOffset

(0,

3.141592653589793 !

1) !

4

set the value of pi
set the imaginary number i=sqgrt (-1)



g = (/ 0.0, 0.0, 0.0 /)
third=1.0/3.0

call ModelBlock (N)

open {(unit=1,file="SimSpec.dat"™, STATUS='0OLD’,ACTION='READ")
read (1,%*),Ey

read (1,%*),poisson
read (1,*),rho solid
read (1,*),Vtest (1)
read (1,*),Vtest (2)
read (1,*),Vtest (3)
read (1, *),gamma
read (1, *),Nts
read (1, *),LoopCT
read (1,*),StudyCt
read (1, *),StartDefl
read (1, *),NewDefl
read (1,*),dTfactor
read (1, *),dTdxfactor
read (1,%*),stop
read (1, *),Bulk_water
close (1)

Vy0 = Vtest (2)

K_bulk = Ey/ (3% (1-(2%poisson))) ! bulk modulus of iron
mu=Ey/ (2% (1+poisson))

lambda=K_bulk-(2+mu/3)

Ered=2/({(1l-(poisson=*=*2)) /Ey)

Nt s=NtsxStudyCt

ALLOCATE (X (N, 3))
ALLOCATE (XO( 3))
ALLOCATE (XO00 ( ,3))
ALLOCATE (V(N, 3))



ALLOCATE
ALLOCATE
ALLOCATE
ALLOCATE
ALLOCATE
ALLOCATE
ALLOCATE
ALLOCATE
ALLOCATE
ALLOCATE
ALLOCATE
ALLOCATE
ALLOCATE
ALLOCATE
ALLOCATE
ALLOCATE
ALLOCATE
ALLOCATE
ALLOCATE
ALLOCATE
ALLOCATE
ALLOCATE
ALLOCATE
ALLOCATE
ALLOCATE
ALLOCATE
ALLOCATE
ALLOCATE
ALLOCATE
ALLOCATE
ALLOCATE
ALLOCATE
ALLOCATE
ALLOCATE
ALLOCATE
ALLOCATE
ALLOCATE
ALLOCATE
ALLOCATE
ALLOCATE

0(N, 3))

VOO(N 3))

dx0 (N) )

dvdx (N, 3))

dvdxFct (N, Nts))

dvdyFct (N, Nts) )

dvdzFct (N, Nts) )

Mat (N))

FixXY (N))

IsSolid(N))

rho (N))

rhoO (N))

massFct (N))
(N))

0(N))
Tij(N,3,3))
TTi3(N,3,3))
TijoO (N, 3,3))
TijCombo (N, 3,3))
Eij(N,3,3))
EijO(N,3,3))
DSDEN (N, 3, 3
DSDtNO (N, 3,

)
)

))
3))
DPDT (N, 3)
DPDTO (N, 3
0(N,6))
OmgO(N 6))
Links (N, N+1)
Xout (N,Nts))
Yout (N, Nts))
Zout (N,Nts))
VoutX (N, Nts) )
VoutY (N, Nts) )
)
)
)
)
)

)

)

VoutZ (N, Nts))
dvdy (N, Nts)
Pout (N, Nts)
Rout (N, Nts)
TimeFct (Nts
Tvm0 (N) )

Tvm (N, Nts))

(v
(
(
(
(
(
(
(
(
(
(
(
(
(P
(P
(
(
(
(
(
(
(
(
(
(
(D
(
(
(
(
(
(
(
(
(
(
(
( )
(

(



Q

ALLOCATE (TcomboOut (N,Nts))
ALLOCATE (T11(N,Nts))
ALLOCATE (T12(N,Nts))
ALLOCATE (T13(N,Nts))
ALLOCATE (T21(N,Nts))
ALLOCATE (T22(N,Nts))
ALLOCATE (T23(N,Nts))
ALLOCATE (T31(N,Nts))
ALLOCATE (T32(N,Nts))
ALLOCATE (T33(N,Nts))
ALLOCATE (T220(N,Nts))
ALLOCATE (E22(N,Nts))
ALLOCATE (E11(N,Nts))
ALLOCATE (VonMiss (N,Nts))
ALLOCATE (Contact (N, (N+1)))
ALLOCATE (ContactDir (N, (N+1)))
ALLOCATE (ContactDerT( 3))
ALLOCATE (ContactX (N, (N+l)))
ALLOCATE (ContactDirX (N, (N+1)))
ALLOCATE (ContactDerTX( 3))
ALLOCATE (BreakContact(N))
ALLOCATE (printVar (N))
ALLOCATE (RadiusCrap(N))

open {(unit=1,file="Fixed.dat",STATUS='0OLD’,ACTION='"READ")
do ii=1,N
read (1,*),FixXY(1i1)
enddo
close (1)
open {(unit=1,file="Contact.dat",STATUS='0OLD’,ACTION='"READ")
do ii=1,N
read (1, *),Contact (ii, :)
enddo



close (1)

open {(unit=1,file="ContactDir.dat", STATUS='0OLD’,ACTION='READ")
do ii=1,N
read (1, *),ContactDir(ii, :)
enddo
close (1)

open {(unit=1,file="ContactDirCT.dat",STATUS='0OLD’,ACTION='READ")
do ii=1,N
read (1, *),ContactDirCT (11, :)
enddo
close (1)

open {(unit=1,file="ContactX.dat",STATUS='0OLD’,ACTION='READ")
do ii=1,N
read (1, *),ContactX(ii, :)
enddo
close (1)

open {(unit=1,file="ContactDirX.dat",STATUS='0LD’,ACTION='READ’)
do 1i=1,N
read (1, #*),ContactDirX(ii, :)
enddo
close (1)

open {(unit=1,file="ContactDirCTX.dat", STATUS='0OLD’,ACTION='READ’
do ii=1,N
read (1, *),ContactDirCTX(ii, :)
enddo
close (1)

open {(unit=1,file="Mass.dat",STATUS='0OLD’ ,ACTION='READ")
do 1i=1,N
read (1, *),massFct (i1i)
enddo
close (1)

open (unit=1,file="dX.dat",STATUS='0OLD’,ACTION='READ’)
do 1i=1,N



read (1,#*),dx0(i1)
enddo
close (1)

open {(unit=1,file="X0.dat",STATUS='0OLD’,ACTION='READ")
do 1i=1,N
read (1,=*),X(11i,:)
enddo
close (1)

open {(unit=1,file="V0.dat",STATUS='0OLD’,ACTION='READ")
do 1i=1,N
read (1,*),V(ii, :)
enddo
close (1)

open {(unit=1,file="dvVdX.dat",STATUS='0OLD’ ,ACTION='READ")
do 1i=1,N
read (1, #*),dvdx(ii, :)
enddo
close (1)

open (unit=1,file="rhoO.dat",STATUS='"0OLD’,ACTION='"READ')

do jj=1,N

read (1,*),rho0(37])
enddo
close (1)

open (unit=1,file="rho init.dat",STATUS=’'0OLD’,ACTION='READ’)

do jj=1,N

read (1,*),rho(37)
enddo
close (1)

open (unit=1,file="IsSolid.dat",STATUS='0OLD’,ACTION='"READ")

do jj=1,N

read (1,*),IsSolid(37])
enddo
close (1)



call SpeedSound(Ey,poisson,rho_solid, Csound)
dtO0=dTfactor*0.5% (0.25% (2% (MINVAL (dx0) ) ) /Csound)

X00=X
open (unit = 1, file = "Xoriginal.dat")
do ii=1,N
write (1,%),X00(ii, :)
enddo
close (1)
Time=0
do ii=1,N
do jj=1,3
do kk=1,3
Tij(ii, 33,kk)=
TTij(ii, 37, k)
Eij(ll,jj,kk):
enddo
if (Vtest(jj)==0) then
Ti30(:,33,33)=0
else
Tij0(:,33,3J)=Vtest (33)/ (abs(Vtest (jj)))
endif
enddo
enddo
T1ij0=Tij0* (1le-9)
deflect=0

call cpu_time ( tl )
do ts=1,Nts
call cpu_time ( t2 )
print =*,ts,’/’,Nts,’, Elapsed CPU time = ', (t2 - tl),’ second

xxx={((ts—1)*StudyCt/Nts)
1f (xxx==0) then

10



350

LoopCT2=3*LoopCT
else

LoopCT2=LoopCT
endif
deflectWeight=MINVAL (dx0) * (StartDefl+ (xxx*NewDefl/StudyCt))

do yyy=1,LoopCT2

dt=dTdxfactor* (MINVAL (dx0) ) / (MAXVAL (abs (V) )+ (1le-10))
if (abs{(deflect)<deflectWeight) then
dtOx=abs (dTdxfactorx (MINVAL (dx0) ) /Vtest (2))
else
dt O0x=dt0
endif
1f (dtOx<dt) then
dt=dt0x
endif
1f (dt0<dt) then
dt=dt0
endif
Time=Time+dt

if (ts<=stop) then
if (abs(deflect)<deflectWeight) then
deflect=deflect+ (Vtest (2) xdt)
endif
else
deflect=deflect
endif

call LinkList (N, X,MAXVAL (dx0),Links)

call ContactStress(N,Tij,Contact,ContactDir,Tijo0)
Contact=ContactX

ContactDir=ContactDirX

ContactDirCT=ContactDirCTX

do jj=1,N
if (IsSolid(jj)==1) then

11



ct=ContactX(jj, 1)
do j3j0=1,Links(33j,1)
ii=Links{jj, Jj0+1)

if (ii/=33j) then
call kernel(X(ii,:),X(Jj,:),2+dx0(373),Wij,dwdx, )
do kk=1,3
dx3 (kk)=abs (X (ii,kk)-X(3j,kk))
enddo
fooint=MAXLOC (dx3, 1)
dxE=dx0(jj)*» (1+Eij (3], fooint, fooint))
if (dxE<(dx0(jj)*1.05)) then
dxE=(dx0(j33J)*1.05)
endif

1f (r<dxE) then
kk=1
do uu=2, (ContactX(jj,1)+1)
vv=ContactX{jj,uu)
if (ii==vv) then
kk=0
endif
enddo
if (kk==1) then
ct=ct+1l
Contact (jj,ct+l)=ii
ContactDir (jj,ct+l)=fooint
ContactDirCT(]jj, fooint)=ContactDirCT (]Jj, fooint) +1
Tij0(jj, fooint, fooint)=-1
endif
endif
endif
enddo
Contact (jj, 1) =ct
ContactDir (jj,1)=ct
endif
enddo
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Calculate the new velocity.

X0=X

vO=Vv

do xx=1,3
do ii=1,N

dxE=dx0 (1i) * (1+Eij(ii, xx,xX))
foo = g(xx)
mass=masskct (i

L)
i1f (IsSolid(ii)=

=1) then

if (Contact(ii,1)>0) then
do uu=2, ((Contact (i11i,1))+1)
Jjj=Contact (ii, uu)

i1f (ContactDir(ii,uu)==xx) then
1f (uu> (l+ContactX(ii,1l))) then
call Compression(xx,ii,jj,N,X,Eij,Ey,dx0,mass, foo2,a
else
call Tension(xx,ii,jj,N,X,Ei]j,Ey,dx0,mass, foo, foo2, T
endif
foo=foo+foo?2
else

yy=ContactDir (ii, uu)
call Shear(xx,yy,1ii,Jj,N,X,Eij,mu,dx0,mass, foo2,TT)
foo=foo+foo?2
endif
enddo
endif
endif

if (IsSolid(ii)==1) then
do 33=1,N
if (IsSolid(33)==0) then
X1=X (11, :)
X2=X(J3,1)
call LJfctSolid(xx,X1,X2,dx0(ii),P(ii),a)
foo=foo+ (a/mass)

13



endif
enddo
else
do jj=1,N
if (IsSolid(3j)==1) then

X1=X (i1,
X2=X(373,
V1=V (ii,
V2=V {(j],
call LJfc

1)

1)

1)

1)

t(xx,X1,X2,V1,V2,dx0(ii),dt,a)
foo=foo+a

endif

enddo
endif

ct=2
do jj0=1,Links(ii, 1)
Jj=Links (ii, 730+1)
call kernel(X(ii,:),X(Jjj,:),2+dx0(ii),Wi]j,dwdx, )
if (IsSolid(jj)==0) then
foo2=(P(33)-P(ii)) * (dx0(ii)*%2) /mass
foo2=—fo02* ((X(ii,xx)-X{J3j,xx))/r)
foo=foo2
endif
enddo

dVdx0=dvdx (ii, xx)
dvdx (i1, xx) = foo
V(ii,xx)=V(1ii,xx)+ (dt* (dvdx0+dvdx (ii, xx))/2)
enddo
enddo

X0=X

voo=v

do xx=1,3
do ii=1,N

14



Q0000000000000 00AO0n

if (IsSolid(ii)==1) then
1 then

if ((Contact (ii,1))>0)
foo=0
do uu=2, ((Contact (ii,1))+1)

Jjj=Contact (ii, uu)

foo=foo+VvV00 (Jjj, xx)
enddo
foo=foo/ (Contact (11,1))
foo=(foo+ (V00 (1i1,xx)))/2
V(ii,xx)=foo

endif
endif
enddo
enddo

Definition of FixXY

Free Par
Fixed in
Fixed in
Fixed in
Fixed in
Free in
Free in
Free in
Follows
Follows
Follows
Follows
Follows
Follows
Follows
Follows

End Definition of FixXY

foo2=0

ticle
space
X/1l-direction
Y/2-direction
Z/3-direction
X/1l-direction only
Y/2-direction only
Zz/3-direction only
V_test
-V_test
V_test in the X/l-direction
-V_test in the X/l-direction
V_test in the Y/2-direction
-V_test in the Y/2-direction
V_test in the Z/3-direction
-V_test in the Z/3-direction

Calculate the new location.
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355 do uu=1, 3
do ii=1,N

if (IsSolid(ii)==1) then

dv=vV (ii,uu)+v0 (ii, uu)

if (dv>(0.1%(dx0(ii))/dt)) then
dv=0
V(ii,uu) =0

elseif (abs(dV)<(le-6)) then
dv=0
V(ii,uu) =0

endif

1f (FixXY(ii)==1) then
X{(ii,uu)=X00(i1,uu)

elseif (FixXY(1i)==2) then
i1f (uu==1) then
X{(11i,uu)=X00(i1,uu)
else
X(1i,uu)=X(11,uu)+{dt+xdv/2)
endif

elseif (FixXY(1i)==3) then
1f (uu==2) then
X{(11i,uu)=X00(i1,uu)

else
X(1i1i,uu)=X(11,uu)+{dtxdv/2)

endif

elseif (FixXY(1i)==4) then

1f (uu==3) then
X{(11i,uu)=X00(i1,uu)

else
X(1i1i,uu)=X(11,uu)+{dtxdv/2)

endif

elseif (FixXY(1i)==5) then
i1f (uu==1) then
X(1i1i,uu)=X(11,uu)+{dtxdv/2)
else
X{(11i,uu)=X00(i1,uu)
endif
elseif (FixXY(1i)==6) then
1f (uu==2) then
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X(1i,uu)=X(11,uu)+{dt+xdv/2)
else
X{(11i,uu)=X00(i1,uu)
endif
elseif (FixXY(1i)==7) then
if (uu==3) then
X(1i1i,uu)=X(11,uu)+{dtxdv/2)
else
X{(11i,uu)=X00(i1,uu)
endif
elseif (FixXY(1i)==8) then
1f (uu==2) then
X{(1ii,uu)=X00(1ii,uu)+deflect
else
X{(11i,uu)=X00(i1,uu)

endif
elseif (FixXY(1i)==9) then
1f (uu==2) then

X{(1i,uu)=X00(1ii,uu)-deflect
else
X{(11i,uu)=X00(i1,uu)
endif
elseif (FixXY(1i)==10) then
i1f (uu==1) then
X{(1ii,uu)=X00(1ii,uu)+deflect
else
X(1i1i,uu)=X(11,uu)+{dtxdv/2)
endif
elseif (FixXY(1i)==11) then
i1f (uu==1) then
X{(1i,uu)=X00(1ii,uu)-deflect
else
X(1i1i,uu)=X(11,uu)+{dtxdv/2)
endif
elseif (FixXY(1i)==12) then
1f (uu==2) then
X{(1ii,uu)=X00(1ii,uu)+deflect
else
X(1i1i,uu)=X(11,uu)+{dtxdv/2)
endif
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elseif (FixXY(1i)==13) then

1f (uu==2) then
X{(1i,uu)=X00(1ii,uu)-deflect
else
X(1i,uu)=X(11,uu)+{dt+xdv/2)
endif

elseif (FixXY(1i)==14) then
if (uu==3) then
X{(1ii,uu)=X00(1ii,uu)+deflect

else
X(1i1i,uu)=X(11,uu)+{dtxdv/2)
endif
elseif (FixXY(1i)==15) then
1f (uu==3) then
X{(1i,uu)=X00(1ii,uu)-deflect
else
X(1i1i,uu)=X(11,uu)+{dtxdv/2)
endif
else
X(11i,uu)=X(1i,uu)+{dtxdv/2)
endif
else
X(11i,uu)=X(1i,uu)+{dt*dv/2)
endif
enddo
enddo
C Get new Stress.

call GetDensity(X,V,N,dx0,dt,massFct,rho,IsSolid, rho)

c Calculate the Tensial Stress
Tij=Ti3-TTij
do xx=1,3
do 1i=1,N
mass=masskct (1

L)
i1f (IsSolid(ii)=

=1) then

if (Contact(ii,1)>0) then
foo=0
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ct2=0
do uu=2, ((Contact (i1i,1))+1)
TTxx=0
do vv=1, 3
TTxx=TTxx+Tij0 (ii, vv,vv)
enddo

Jjj=Contact (ii, uu)
1f (ContactDir(ii,uu)==xx) then
i1f (uu>(l+ContactX(ii,1l))) then
call Compression(xx,ii,jj,N,X,Eij,Ey,dx0,mass,a,TT)
else
call Tension(xx,ii,jj,N,X,Eij,Ey,dx0,mass,TTxx,a,TT
endif
foo=foo+TT
ct2=ct2+1
endif
enddo

1f (FixXY(11)>0) then
foo=foo/2
endif
if (ct2==0) then
TTij(ii, xx,xx)=0*«TTij(ii, xx, xx)
else
TTij(ii, xx,xx)=foo/ct2
endif
endif

else
TTij(ii, xx,xx)=(Bulk_water/3)*{((rho(ii)/rho0(ii))-1)
endif
enddo
enddo

c Calculate the Shear Stress
do vv=1l,3
call GetUV(vv,uv)
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do ii=1,N
if (IsSolid(ii)==1) then
foo=0
do uu=2, ((Contact (i1i,1))+1)
Jjj=Contact (ii, uu)
1f (ContactDir(ii,uu)==uv(2)) then
call Shear(uv{(l),uv(2),1ii,3jj,N,X,Eij,mu,dx0,mass,a,T
foo=foo+TT
endif
enddo

1f (FixXY(11)==0) then
1f (ContactDirCT (ii,uv(2))==0) then
foo=0
else
foo=foo/ContactDirCT(1ii,uv(2))
endif
else
foo=foo/2
endif

TTij(ii,uv(2),uv(l))=foo
TTij(ii,uv(l),uv(2))=foo
endif
enddo
enddo

Ti9=Ti3j+TT1i]

Get new strain

do kk=1,N

do ii=1,3
Eij(kk,1i,1i)=(1/Ey)*(Tij(kk,ii,i1))
call GetUV(ii,uv)
foo=(poisson/Ey) *» (Tij(kk,uv(l),uv(l)))
foo=foo+ (poisson/Ey) x (Tij(kk,uv{2),uv{2)))
Eij(kk,ii,1ii)=Eij(kk,1i,1ii)-foo

enddo

20



360

do ii=1,3
do j3=1,3
if (j3/=1ii) then
Eij(kk,1i,33)=Tij(kk, 11, 373)/ (2*mu)
endif
enddo
enddo
enddo

Save Data

do 1i=1,N
foo=(Tij(ii,1,1)-Tij(ii,2,2)) 2
foo=foo+{(Tij(1ii,2,2)-Tij(ii,3,3)) %2
foo=foo+{(Tij(1ii,1,1)-Tij(ii,3,3)) =2
foo2=(Ti3(1i,1,2)*»*x2)+(Tij(ii,2,3)**x2)+(T1J(11i,3,1)*x%x2)
foo=sqgrt ({(foo+ (6*xfo02))/2)
Tvm0 (ii)=foo0
P(ii)=(Tij(ii,1,1)+Tij(ii,2,2)+T13(1i1,3,3))/3

enddo

TimeFct (ts)=Time
Xout (:,ts)=X{(:,1)
Yout (:,ts)=X{(:,2)
zout (:,ts)=X{(:,3)
VoutX(:,ts)=V{(:,1)
VoutY(:,ts)=V(:,2
VoutZ(:,ts)=V(:,3
Rout (:,ts)=rho
Pout (:,ts)=P

T11(:,ts)=Tij(:,1,1)
T12(:,ts)=Tij(:,1,2)
T13(:,ts)=Tij(:,1,3)
T21(:,ts)=Tij(:,2,1)
T22(:,ts)=Tij(:,2,2)
T23(:,ts)=Tij(:,2,3)
T31(:,ts)=Tij(:,3,1)



T32(:,ts)=Tij(:,3,2)
T33(:,ts)=Tij(:,3,3)
Tvm{:,ts)=TvmO0
E22(:,ts)=Eij(:,2,2)
Ell(:,ts)=Eij(:,1,1)
dVdxFct (:,ts)=dVdx (:, 1)
dvdyFct (:,ts)=dvdx (:,2)
dvdzFct (:,ts)=dVdx (:, 3)

enddo
enddo

call cpu_time ( t2 )
print x,’Elapsed CPU time = ', (t2 - tl),’ seconds’

open (unit = 1, file = "VarDat.dat")
write (1,%*),Ey
write (1,%),mu
write (1,*),StudyCt

close (1)

open (unit = 1, file = "X.dat")
do jj=1,Nts
printVar=Xout (:, j7J)
write (1,%*),printVar
enddo
close (1)

open (unit = 1, file = "Y.dat")
do jj=1,Nts
printVar=Yout (:, j7J)
write (1,*),printVar
enddo
close (1)
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open {(unit = 1, file =

do jj=1,Nts
printVar=Zout (:, jj)
write (1,*),printVar

enddo

close (1)

open {(unit = 1, file =

do jj=1,Nts
printVar=Pout (:, jj)
write (1,*),printVar

enddo

close (1)

open {(unit = 1, file =

do jj=1,Nts
printVar=Rout (:, jj)
write (1,*),printVar

enddo

close (1)

open {(unit = 1, file =

do jj=1,Nts
printVar=T11(:, 373)
write (1,*),printVar

enddo

close (1)

open {(unit = 1, file =

do jj=1,Nts
printvVar=T12(:, 373)
write (1,#*),printVar

enddo

close (1)

open {(unit = 1, file =
do jj=1,Nts
printVar=T13(:, 373)
write (1,*),printVar
enddo
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close (1)

open (unit = 1, file
do jj=1,Nts
printVar=T21(:, jJj)

write (1,%*),printVar

enddo
close (1)

open (unit = 1, file
do jj=1,Nts
printVar=T22 (:, jJj)

write (1,%*),printVar

enddo
close (1)

open {(unit = 1, file
do jj=1,Nts
printVar=T23(:, jJj)

write (1,%*),printVar

enddo
close (1)

open (unit = 1, file
do jj=1,Nts
printVar=T31(:, jJj)

write (1,%*),printVar

enddo
close (1)

open (unit = 1, file
do jj=1,Nts
printVar=T32(:, jJj)

write (1,%*),printVar

enddo
close (1)

open (unit = 1, file
do jj=1,Nts
printVar=T33(:, jJj)
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write (1,*),printVar
enddo
close (1)

open (unit = 1, file = "E22.dat")
do jj=1,Nts
printVar=E22 (:, j73)
write (1,%*),printVar
enddo
close (1)

open (unit = 1, file = "Ell.dat")
do jj=1,Nts
printVar=E11(:, j3)
write (1,%*),printVar
enddo
close (1)

open ({(unit = 1, file = "VonMises.dat")
do jj=1,Nts
printVar=Tvm{(:, j7J)
write (1,%*),printVar
enddo
close (1)

open (unit = 1, file = "Vx.dat")
do jj=1,Nts
printVar=VoutX (:, 73)
write (1,%*),printVar
enddo
close (1)

open (unit = 1, file = "Vy.dat")
do jj=1,Nts
printVar=VoutY (:, 73)
write (1,%*),printVar
enddo
close (1)

open (unit = 1, file = "Vz.dat")
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do jj=1,Nts
printVar=Voutz (:, jJj)
write (1,*),printVar

enddo

close (1)

open (unit = 1, file = "Time.dat")
do jj=1,Nts
printVar=TimeFct (77)
write (1,*),printVar
enddo
close (1)

open (unit = 1, file = "Fixed.dat")
do jj=1,N
write (1,%*),FixXY(J7j)
enddo
close (1)

open (unit = 1, file = "Contact.dat")
do jj=1,N
write (1,%*),Contact(3j, :)
enddo
close (1)

open (unit = 1, file = "ContactDir.dat")
do jj=1,N
write (1,*),ContactDir(jj, :)
enddo
close (1)

open (unit = 1, file = "ContactDirCT.dat")
do jj=1,N
write (1,*),ContactDirCT(j]j, :)
enddo
close (1)

open (unit = 1, file = "ContactX.dat")
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do jj=1,N

write (1,

enddo
close (1)

open (unit
do jj=1,N

write (1,

enddo
close (1)

open (unit
do jj=1,N

write (1,

enddo
close (1)

open {(unit
do jj=1,N

write (1,

enddo
close (1)

open {(unit
do jj=1,N

write (1,

enddo
close (1)

open {(unit
do jj=1,N

write (1,

enddo
close (1)

open {(unit
do jj=1,N

write (1,

enddo

*) ,ContactX(3j, :)

= 1, file = "ContactDirX.dat")

%) ,ContactDirX(jj, :)

= 1, file = "ContactDirCTX.dat")

*x),ContactDirCTX (J7, :)

= 1, file = "Links.dat")

*),Links (33, :)

= 1, file = "Mass.dat")

*) ,massFct (j])

=1, file = "dX.dat")
%) ,dx0(37)
=1, file = "X0.dat™)
*x),X(33, )
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close (1)

open (unit = 1, file = "V0.dat")
do jj=1,N
write (1,*),V(3i,:)
enddo
close (1)

open (unit = 1, file = "dvdX.dat")
do jj=1,N
write (1,%*),dVdxFct (3], :)
enddo
close (1)

open (unit = 1, file = "dvdY.dat")
do jj=1,N
write (1,%*),dVdyFct (3], :)
enddo
close (1)

open (unit = 1, file = "dvdZ.dat")
do jj=1,N
write (1,*),dvVdzFct (3], :)
enddo
close (1)

end program

subroutine GetUV (ii,uv)

implicit none
integer, intent(in) :: ii
integer, intent (out) :: uv(2)

integer jj,ct

28



ct=0
do j3j=1,3
if (jj/=1i) then
ct=ct+l
v{ct)=3]
endif
enddo

END subroutine GetUV

subroutine FindL{(N,h,mu,X,V,P,Tij,DSDtN)

implicit none

integer, intent(in) :: N

double precision, intent (in) Tij(N,3,3)

double precision, intent (in) X{(N,3),V(N,3),h
double precision, intent(in) :: mu

double precision, intent{(out) :: DSDtN(N,3,3),P(N)

integer ii, j3j, kk, uu, vv

double precision L(3,3),D(3,3),0mg(3,3),r,W,Wtotal
double precision dv,dx,DO0(3,3),0mg0(3,3),DSDt (3, 3)
double precision foo, fool, foo2, foo3, food,Sij(3, 3)
double precision dwdx(3)

do jj=1,N
Wtotal = 0
do vv=1,3
do uu=1, 3
L{uu,vv)=0
enddo
enddo
do ii=1,N
call kernel(X{(jj,:),X(ii,:),h,W,dwdx, r)
do vv = 1,3
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do uu = 1,3

dv=(V{(ii,uu)-V(3jj,uu))
dx=(X(1ii,vv)-X(3j,vVv))
if (dx==0) then

L{uu, vv)=L{uu, vv)
else

L{uu, vv)=L(uu, vv) + (dwdx (vv) *dV/dx)
Wtotal=Wtotal+W
endif
enddo
enddo
enddo
L=L+x0/Wtotal

do vv=1,3
do uu=1, 3
D (uu,vv)=(L(uu,vv)+L(vv,uu))/2
Omg (uu, vv) ={(L{uu, vv) -L{vv,uu)) /2
enddo
enddo

do vv=1,3
do uu=1, 3
Sij(uu,vv)=Tij(jj,uu,vv)
if (uu==vv) then
Sij(uu,vv)=Sij(uu,vv)-P(3j])
endif
enddo
enddo

do vv=1,3
do uu=1, 3
fool=0
foo2=0
do kk=1,3
fool=fool+ (Sij(uu, kk)*Omg(vv, kk))
foo2=foo02+ (Omg (uu, kk) *Sij(kk,vv))
enddo
foo3=2+mu=D (uu, vv)
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if (uu==vv) then
food=(-2xmu/3) *xD (uu, vv)

else
food=0

endif

DSDtN(Jj,uu,vv)=fool+foo2+foo3+food

enddo
enddo

enddo

END subroutine FindL

subroutine kernel (x1,x2,h,w,dwdx, r)

Subroutine to calculate the smoothing kernel wij and its
derivatives dwdxij.

r : Distance between particles i and j [1
dx : x—, y- and z-distance between i and [1:
h : Smoothing length [in]

W : Kernel for all interaction pairs [ou
dwdx : Derivative of kernel with respect to x, y and z [ou

implicit none

double precision, intent(in) :: x1(3),x2(3),h
double precision, intent(out) :: w,dwdx(3),r
integer i, j, d, skf

double precision g, dw, factor,dx(3),pi,u

do 1=1,3
dx (1) =abs (X1 (1) -X2(1))
enddo
r=(dx (1) **2) + (dx (2) **2) + (dx (3) **2)
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r=sqrt (r)

pi = 3.14159265358979
u=10/(7+pi)
g = zr/h
w = 0.e0
do d=1,3

dwdx (d) = 0.e0
enddo

if (r==0) then

if (g<l) then
w=1+(-1.5% (gx*x2))+(0.75%x (gx=*3))
do 1=1,3
dwdx (1) =((9»r/ (4xh) ) -3) » (dx (1) / (hx=%2))
enddo
else
if (g<2) then
w=((2-q) **3) /4
do 1=1,3
dwdx (1) =(-3/ (4dxh*r) ) * ((2-q) **2) xdx (1)
enddo
else
w=0
dwdx (1)
dwdx (2)
dwdx (3)
endif
endif
endif
W=W*U
do 1=1,3
dwdx (1) =urxdwdx (i)
enddo

0
0
0
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END subroutine kernel

subroutine GetDPDT (N, X,V,dx,K,massFct, rho,DPDT)

implicit none

integer, intent(in) :: N

double precision, intent (in) X{(N,3),V(N, 3)
double precision, intent (in) dx (N) ,massFct (N)
double precision, intent (in) :: K, rho(N)

double precision, intent (out) :: DPDT(N, 3)

integer ii, j3j, kk
double precision WO, dwdx(3),foo,dV,r
double precision h,mass

do jj=1,N
h=2xdx {(j7)
mass=masskFct (j7)
do 1i=1,N
call kernel(X(ii,:),X(jj,:),h,W0,dwdx, )
foo=0
do kk=1,3
dv=v (ii,kk)-V{(jj, kk)
foo=—Kxmass+dVxdwdx (kk) /rho (11)
DPDT (j3, kk)=DPDT (jj, kk) +foo
enddo
enddo
enddo

END subroutine GetDPDT

subroutine GetDensity0 (X,N,dx,mass,rho0,IsSolid, rho)

implicit none
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integer, intent(in) :: N, IsSolid({(N)

double precision, intent(in) :: X (N, 3),rho0(N)
double precision, intent (in) :: dx{(N),mass (N)
double precision, intent (out) :: rho(N)

integer ii, j3j, kk
double precision W0, r0, fooN, fooD, h, r, dwdx(3)
double precision rholIn (N)

rhoIn=rho0
do jj=1,N
fooN=0
fooD=0
h = 3xdx(j3J)
do ii=1,N
if (IsSolid(ii)==IsSolid{(j3j)) then
call kernel(X(ii,:),X(jj,:),h,W0,dwdx, )
fooN=fooN+ (mass (ii) *WO0)
endif
enddo
rho(33)=((3.14159%4/3) xfooN/ (hxx3))
enddo

END subroutine GetDensityO0

subroutine GetDensity(X,V,N,dx,dt,massFct,rho0,IsSolid, rho)

implicit none

integer, intent(in) :: N, IsSolid({(N)

double precision, intent(in) :: X(N,3),V(N,3),rho0(N)
double precision, intent (in) :: dt,dx(N),massFct (N)
double precision, intent (out) :: rho(N)

integer ii, j3j, kk
double precision W, r,dwdx{(3),fool, foo2
double precision h,mass,rhoIn(N)
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rhoIn=rho0
do jj=1,N
h=dx (373)
mass=masskFct (j7)
fool=0
do 1i=1,N
if (IsSolid(ii)==IsSolid{(j3j)) then
call kernel(X{(ii,:),X(jj,:),h,W,dwdx, r)
do kk=1,3
fool=fool-{((mass/rholIn(i1))*V (11, kk) xdwdx (kk))
enddo
else
fool=0
endif
enddo
foo2=dtxfool+*rhoIn(jj)
rho(33j)=rhoIn{(jj)+foo2
enddo

END subroutine GetDensity

subroutine SpeedSound(YM, poisson, rho0Omin, Csound)
implicit none

double precision, intent(in) :: YM,poisson,rhoOmin
double precision, intent (out) :: Csound
double precision CsoundT,CsoundS, G

CsoundT=(YMx* (1-poisson)) /rhoOmin
CsoundT=CsoundT/ ( (1+poisson) * {1- (2*xpoisson)))
CsoundT=sqgrt (CsoundT)

G=(3*(l-poisson)/ (l+poisson)) -1

G=G*YM/ (4% (1-(2xpoisson)))
CsoundS=sgrt (G/rhoOmin)
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if (CsoundT>CsoundS) then
Csound=CsoundT

else
Csound=Csound$S

endif

end subroutine SpeedSound

subroutine LJfct (p,X1,X2,V1,V2,r0,dt, a)

implicit none

integer, intent(in) :: p

double precision, intent (in) X1(3),X2(3)
double precision, intent (in) V1(3),V2(3)
double precision, intent{(in) :: r0,dt
double precision, intent(out) :: a

integer ii
double precision foo,r,r00,coeff,dir, foo2

r=0

do 1i=1,3
r=r+ ((X1(1ii)-X2(ii)) *%x2)

enddo

r=sqrt (r)

if ((abs (X1 (p)-X2(p)))==0) then
dir=0

else
dir=(X1(p)-X2(p))/abs (X1 (p)-X2(p))

endif

i1f (r>r0) then
foo=0

else
coeff=(({r0/r)*%x12)—((xr0/xr) **4))
foo=(V1(p)-V2(p))+coeff*dir/dt
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endif
a=foo

end subroutine LJfct

subroutine LJfctSolid{(p,X1l,X2,r0,P2,f)

implicit none

integer, intent(in) :: p

double precision, intent (in) :: X1(3),X2(3)
double precision, intent(in) :: P2,r0
double precision, intent(out) :: f

integer ii
double precision foo,r,del,trig

r=0
do 1i=1,3

r=r+ ((X1(ii)-X2(1ii)) **2)
enddo

del= (X1 (p)-X2(p))
r=sqrt (r)
trig=del/r

i1f (r>r0) then
foo=0

else
foo=trigxP2xr0*r0

endif

f=foo

end subroutine LJfctSolid
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subroutine Tension{(xx,ii,jj,N,X,E,Ey,dx0,mass,TTxx,a,TT)

implicit none

integer, intent (in) :: xx,1i, Jjj,N

double precision, intent(in) :: X(N,3),E(N, 3, 3)
double precision, intent(in) :: Ey,dx0(N),mass, TTxx
double precision, intent(out) :: a,TT

integer ct,uv(2)
double precision foo,dx,strain,Ai,A0,dir
double precision dxE,straink,a2,TT1,TT2, TTxxR

A0=(dx0(1i1)) %2
dx=X(J7j,xx)-X{(1i, xx)
dxE=(1+((E (i1, xx%, xx)+E (77, xx,xx))/2) ) *dx0(i1)

if (abs{(dx)>0) then
dir=dx/abs (dx)
else
dir=0
endif

strain=(abs (dx)-dx0(ii)) /dx0(ii)
strainE= (abs (dx) -dxE) /dxE

a=0

if (ii==33j) then
a=0
TT1=0

else

call GetUV(xx,uv)

A1=A0* (1+E(11i,uv(l),uv(l)))
Ai=Aix (1+E(11,uv(2),uv(2)))
a=dir*AixEy*strainE/mass
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if (strain>0) then
TTl=Ey*strain
else
TT1=0
endif
endif

call Compression{xx,ii,jj,N,X,E,Ey,dx0,mass, a2, TT2)

TTxxR=TTxx
1f (TTxxR>0) then
TT=TT1
elseif (TTxxR<0) then
TT=TT2
else
1f (strainE<0) then
TT=TT2
elseif (strainE>0) then
TT=TT1
else
TT=(TT1+TT2)/2
endif
endif

end subroutine Tension

subroutine Compression(xx,ii, jj,N,X,E,Ey,dx0,mass,a,TT)

implicit none

integer, intent (in) :: xx,1i, Jjj,N

double precision, intent(in) :: X(N,3),E(N, 3, 3)
double precision, intent(in) :: Ey,dx0(N),mass
double precision, intent(out) :: a,TT

integer ct,uv(2)
double precision foo,dx,strain,Ai,A0,dir
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double precision dxE,strainE

A0=(dx0(1i1)) %2
dx=X(J7j,xx)-X{(1i, xx)
dxE=(1+((E (i1, xx%, xx)+E (77, xx,xx))/2) ) *dx0(i1)

if (abs{(dx)>0) then
dir=dx/abs (dx)
else
dir=0
endif

strain=(abs (dx)-dx0(ii)) /dx0(ii)
strainE= (abs (dx) -dxE) /dxE

call GetUV(xx,uv)

A1=A0* (1+E(11i,uv(l),uv(l)))
Ai=Aix (1+E(11,uv(2),uv(2)))
a=dir*AixEy*strainE/mass

if (strain<0) then
TT=Ey=*strain
else
TT=0
endif
endif

if (TT>0) then
TT=0
a=0

endif

end subroutine Compression

40



380

subroutine Shear(xx,yy,ii,Jjj,N,X,E,G,dx0,mass,a,TT)

implicit none

integer, intent(in) :: xx,vyy,1ii,jj,N

double precision, intent(in) :: X(N,3),E(N, 3, 3)
double precision, intent(in) :: G,dx0(N),mass
double precision, intent(out) :: a,TT

integer ct,uv(2)
double precision delta,gamma, L
double precision foo,Ai,A0,dir

L=dx0(ii)
AO=(dx0 (ii)) »=*2
delta=(X(jj,xx)-X(ii,xx))
if (abs{delta)>0) then
dir=delta/abs (delta)
else
dir=0
endif
delta=abs (delta)
gamma=delta/L

if (gamma>0) then
TT=G+xgamma

else
TT=0

endif
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if (gamma>0) then
call GetUV{(yy,uv)
A1=A0x (1+E(11i,uv(l),uv(l)))
Ai=Aix(1+E(11,uv(2),uv(2)))
a=dir+Ai+Grxgamma/mass

else
a=0

endif

endif

end subroutine Shear

subroutine ContactStress(N,TijIn,Contact,ContactDir, TijoOut)

implicit none

integer, intent (in) :: N,Contact (N,N+1),ContactDir (N,N+1)
double precision, intent(in) :: TijIn(N, 3,3)
double precision, intent(out) :: TijOut (N, 3,3)

integer ii, jJj,xx,uu,cycle,ContactDirCTx
double precision TijO(N,3,3),Tij(N,3,3)
double precision foo,Total (3),Avg(3)

Tij0=TijIn

do cycle=1,1000
do ii=1,N
do xx=1,3
Avg (xx)=0
ContactDirCTx=0
do jj=2, (Contact (ii, 1))
if (ContactDir(ii, jJ)==xx) then
uu=Contact (ii, 7J)
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Avg (xx)=Avg (xx) +T1730 (uu, xx, XX)
ContactDirCTx=ContactDirCTx+1
endif
enddo
i1f (ContactDirCTx==0) then
Tij(ii,xx,xx)=Tij0(ii, xx,xX)
else
foo=Avg (xx)/ContactDirCTx
Tij(ii, xx,xx)=(T1ij0(ii, xx,xx)+fo0) /2
endif
enddo
enddo
Ti30=T1i7
enddo
TijOut=T1ij

end subroutine ContactStress

subroutine LinkList (N, X,h,Links)

implicit none

integer, intent(in) :: N
double precision, intent(in) :: X(N,3),h
integer, intent (out) :: Links (N, (N+1))

integer ii, jj,xx,uu,ct, foolnt,LinkCT(3),LLloc (N, 3)
double precision foo,DistCT(3),Wij,dwdx(3),r

do 1i=1,3
DistCT (1i)=MAXVAL(X(:,1i))-MINVAL(X(:,1i1i))
LinkCT (11)=CEILING(DistCT(11)/h)

enddo

Links{(:, :)=0

do ii=1,N
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do jj=1,3
foo=(X(ii, 33) -MINVAL(X(:,33)))/DistCT (J7)
foo=ceiling (foo*LinkCT(jJ))
if (foo==0) then

foo=foo+l

endif
LLloc(ii, 33)=foo

enddo

enddo

do 1i=1,N
ct=1
do j3j=1,N
xx=1
do uu=1, 3
fooInt=abs (LLloc(ii,uu)-LLloc(jj,uu))
i1f (fooInt>1) then
xx=0
endif
enddo
i1f (xx==1) then
call kernel(X{(ii,:),X(jj,:),h,Wij,dwdx, r)
if (Wij>0) then
ct=ct+l
Links (ii,ct)=73]
endif
endif
enddo
Links (ii,1l)=ct-1
enddo

end subroutine LinkList
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tension _steel.f

subroutine ModelBlock (Nout)
implicit none

integer, intent (out) :: Nout

integer N, ctbar (3),Nsphere,ct,ii, Jj,kk,uu

integer fooint,split

double precision RadiusFactor,Radius,masX,dx00
double precision angleFrac,angle,¥Yr0,dx3(3),third
double precision Zloc,Yloc,Xloc,r,pi,rho_solid

integer, allocatable, dimension{(:) :: FixXY,IsSolid,BreakContact
integer, allocatable, dimension{(:,:) :: Contact,ContactX
integer, allocatable, dimension{(:,:) :: ContactDir,ContactDirX
integer, allocatable, dimension{(:,:) :: ContactDirCT,ContactDirC
double precision, allocatable, dimension(:,:) :: X,V,dVdx
double precision, allocatable, dimension(:) :: massFct,dx0
double precision, allocatable, dimension{(:) :: rhoO,rho
open (unit = 1, file = "SimSpec.dat")
write (1,%),207e9 ! Young’s Modulus of Steel
write (1,%),0.3 ! Poisson’s Ratio of Steel
write (1,=*),7800 ! Density of Steel
write (1,%),0 ! Forced Density in X direction (Vtes
write (1,%),1le3 ! Forced Density in Y direction (Vtest
write (1,%),0 ! Forced Density in Z direction (Vtes
write (1,%),0.3 ! Gamma (blend stress)
write (1,%),250 ! Number of Recorded Time Steps (Nts)
write (1,%),06 ! Time Steps between recorded Time St
write (1,x),1 ! Time Steps between recorded Time St
write (1,*),0.18 !' (StartDefl)
write (1,*),0.05 !' (NewDefl)
write (1,*),0.25 !' (dTfactor)
write (1,*),0.01 !' (dTdxfactor)
write (1,*),250 !' (stop)
write (1,*),2.15e9 ' (Bulk_water)
close (1)
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ctbar {
ctbar (
ctbar (
masX=0.
rho_so

1)
2)
3)

1
1i

=3 '3
=11 P11
=3 '3
d=7800

third=1.0/3.0
dx00=(masX/rho_solid)x*third
N= (ctbar (1) *ctbar (2) xctbar (3))

ALLOCATION
ALLOCATE (FixXY (N))
ALLOCATE (IsSolid(N))
ALLOCATE (BreakContact (N))
ALLOCATE (X(N, 3))
ALLOCATE (V(N,3))
ALLOCATE (dVdX(N 3))
ALLOCATE (rho(N))
ALLOCATE (rhoO (N))
ALLOCATE (massFct (N))
ALLOCATE (dx0(N))
ALLOCATE (Contact (N, (N+1)))
ALLOCATE (ContactDir (N, (N+1)))
ALLOCATE (ContactDerT( 3))
ALLOCATE (ContactX (N, (N+l)))
ALLOCATE (ContactDirX (N, (N+1)))
ALLOCATE (ContactDerTX( 3))
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c Set the parameters for the steel bar

ct = 0
Z1loc=-dx00
do uu=1, ctbar(3)

Zloc=Zloc+dx00

Yloc=-dx00

do jj=1,ctbar(2)

Yloc = Yloc + dx00

Xloc = 0
do 1i1=1,ctbar (1)
ct = ct + 1

if (jj==ctbar(2)) then
FixXY (ct)=12

elseif (jj==1) then

FixXY (ct)=13
else

FixXY (ct)=0
endif
Xloc = Xloc + dx00
X(ct,l) = Xloc
X(ct,2) = Yloc
X(ct,3) = Zloc
Vi{ct,1l) =0
Vi{ct,2) =0
Vi{ct,3) =0
dvdX(ct,1) = 0
dvdX(ct,2) = 0
dvdX(ct,3) = 0
rho(ct) = rho_solid
rho0O(ct) = rho_solid
dx0(ct) = dx00
IsSolid(ct) =1
massFct (ct) = masX

if (Jjj==(ctbar(2)/2)) then
BreakContact (ct) =1

elseif (Jj==(l+(ctbar(2)/2)))
BreakContact (ct) =2
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else
BreakContact (ct) =0
endif
enddo
enddo
enddo

c Set Contact links

do jj=1,N
if (IsSolid(jj)==1) then
ct=0
do ii=1,N
1f (IsSolid(ii)==1) then
if (ii/=j3j) then

r=0
do kk=1,3

dx3 (kk)=abs (X (ii,kk)-X (373, kk))
r=r+((X(ii,kk)-X(j3j,kk))*%x2)
enddo
r=sqrt (r)
if (r<{(dx0(3jj)=*1.1)) then
split=1
if (BreakContact (ii)==1) then
if (BreakContact (jj)==
split=0
endif
endif
i1f (BreakContact (ii)==2) then
if (BreakContact (jj)==
split=0
endif
endif
split=1
if (split==1) then
ct=ct+l
Contact (jj,ct+l)=ii
fooint=MAXLOC (dx3, 1)
ContactDir (jj,ct+l)=fooint
ContactDirCT(]jj, fooint)=ContactDirCT (]Jj, fooint) +1
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endif

endif

endif

endif

enddo

Contact (jj, 1) =ct
ContactDir (jj,1)=ct

endif
enddo

ContactX=Contact
ContactDirX=ContactDir
ContactDirCTX=ContactDirCT

open {(unit
do jj=1,N

write (1,

enddo
close (1)

open {(unit
do jj=1,N

write (1,

enddo
close (1)

open {(unit
do jj=1,N

write (1,

enddo
close (1)

open {(unit
do jj=1,N

write (1,

enddo
close (1)

=1, file = "Fixed.dat")

*) , FixXY (33])

= 1, file = "ContactDirX.dat")

%) ,ContactDirX(jj, :)

= 1, file = "Contact.dat")

*) ,Contact (jj, :)

= 1, file = "ContactDir.dat")

x),ContactDir(jj, :)
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open {(unit
do jj=1,N

write (1,

enddo
close (1)

open {(unit
do jj=1,N

write (1,

enddo
close (1)

open {(unit
do jj=1,N

write (1,

enddo
close (1)

open {(unit
do jj=1,N

write (1,

enddo
close (1)

open {(unit
do jj=1,N

write (1,

enddo
close (1)

open {(unit
do jj=1,N

write (1,

enddo
close (1)

open {(unit
do jj=1,N

write (1,

enddo

= 1, file = "ContactDirCT.dat")

%) ,ContactDirCT (3], 1)

= 1, file = "ContactX.dat")

*x),ContactX(3j, :)

= 1, file = "ContactDirCTX.dat")

%) ,ContactDirCTX (J7, :)

= 1, file = "Mass.dat")

*) ,massFct (j])

=1, file = "dX.dat")
*) ,dx0(37)
=1, file = "X0.dat™)
*) X (33, 1)
=1, file = "V0.dat")
*) ,V(33, 1)
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close (1)

open (unit = 1, file = "dvdX.dat")
do jj=1,N
write (1,*),dvVdx (33, :)
enddo
close (1)

open (unit = 1, file = "rhoO.dat")
do jj=1,N
write (1,*),rho0(37)
enddo
close (1)

open (unit = 1, file = "rho_init.dat")
do jj=1,N
write (1,*),rho(373)
enddo
close (1)

open (unit = 1, file = "IsSolid.dat")
do jj=1,N
write (1,%*),IsSolid(37)
enddo
close (1)

Nout=N

end subroutine ModelBlock
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compress_steel.f

subroutine ModelBlock (Nout)
implicit none

integer, intent (out) :: Nout

integer N, ctbar (3),Nsphere,ct,ii, Jj,kk,uu

integer fooint,split

double precision RadiusFactor,Radius,masX,dx00
double precision angleFrac,angle,¥Yr0,dx3(3),third
double precision Zloc,Yloc,Xloc,r,pi,rho_solid

integer, allocatable, dimension{(:) :: FixXY,IsSolid,BreakContact
integer, allocatable, dimension{(:,:) :: Contact,ContactX
integer, allocatable, dimension{(:,:) :: ContactDir,ContactDirX
integer, allocatable, dimension{(:,:) :: ContactDirCT,ContactDirC
double precision, allocatable, dimension(:,:) :: X,V,dVdx
double precision, allocatable, dimension(:) :: massFct,dx0
double precision, allocatable, dimension{(:) :: rhoO,rho
open (unit = 1, file = "SimSpec.dat")
write (1,%),207e9 ! Young’s Modulus of Steel
write (1,%),0.3 ! Poisson’s Ratio of Steel
write (1,=*),7800 ! Density of Steel
write (1,%),0 ! Forced Density in X direction (Vtes
write (1,%),-1e3 ! Forced Density in Y direction (Vtes:
write (1,%),0 ! Forced Density in Z direction (Vtes
write (1,%),0.3 ! Gamma (blend stress)
write (1,%),250 ! Number of Recorded Time Steps (Nts)
write (1,%),06 ! Time Steps between recorded Time St
write (1,x),1 ! Time Steps between recorded Time St
write (1,*),0.18 !' (StartDefl)
write (1,*),0.05 !' (NewDefl)
write (1,*),0.25 !' (dTfactor)
write (1,*),0.01 !' (dTdxfactor)
write (1,*),250 !' (stop)
write (1,*),2.15e9 ' (Bulk_water)
close (1)
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ctbar (
ctbar (
ctbar (
masX=0.
rho_so

1)
2)
3)

1
1i

=3 '3
=11 P11
=3 '3
d=7800

third=1.0/3.0

dx00=

(masX/rho solid)*xthird

N= (ctbar (1) *ctbar (2) xctbar (3))

ALLOCATION
ALLOCATE (FixXY (N))
ALLOCATE (IsSolid(N))
ALLOCATE (BreakContact (N))
ALLOCATE (X(N, 3))
ALLOCATE (V(N,3))
ALLOCATE (dVdX(N 3))
ALLOCATE (rho(N))
ALLOCATE (rhoO (N))
ALLOCATE (massFct (N))
ALLOCATE (dx0(N))
ALLOCATE (Contact (N, (N+1)))
ALLOCATE (ContactDir (N, (N+1)))
ALLOCATE (ContactDerT( 3))
ALLOCATE (ContactX (N, (N+l)))
ALLOCATE (ContactDirX (N, (N+1)))
ALLOCATE (ContactDerTX( 3))

53



c Set the parameters for the steel bar

ct = 0
Z1loc=-dx00
do uu=1, ctbar(3)

Zloc=Zloc+dx00

Yloc=-dx00

do jj=1,ctbar(2)

Yloc = Yloc + dx00

Xloc = 0
do 1i1=1,ctbar (1)
ct = ct + 1

if (jj==ctbar(2)) then
FixXY (ct)=12

elseif (jj==1) then
FixXY (ct)=13

else

FixXY (ct)=0
endif
Xloc = Xloc + dx00
X(ct,l) = Xloc
X(ct,2) = Yloc
X(ct,3) = Zloc
Vi{ct,1l) =0
Vi{ct,2) =0
Vi{ct,3) =0
dvdX(ct,1) = 0
dvdX(ct,2) = 0
dvdX(ct,3) = 0
rho(ct) = rho_solid
rho0O(ct) = rho_solid
dx0(ct) = dx00
IsSolid(ct) =1
massFct (ct) = masX

if (Jjj==(ctbar(2)/2)) then
BreakContact (ct) =1

elseif (Jj==(l+(ctbar(2)/2)))
BreakContact (ct) =2

else
BreakContact (ct) =0
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endif
enddo
enddo
enddo

c Set Contact links
do jj=1,N
if (IsSolid(jj)==1) then
ct=0
do ii=1,N
if (IsSolid(ii)==1) then
if (ii/=33j) then
r=0
do kk=1,3
dx3 (kk)=abs (X (ii,kk)-X (373, kk))
r=r+((X(ii,kk)-X(j3j,kk))*x2)
enddo
r=sqrt (r)
if (r<{(dx0(3jj)=*1.1)) then
split=1
1f (BreakContact (ii)==1) then
if (BreakContact (jj)==2) then
split=0
endif
endif
i1f (BreakContact (ii)==2) then
if (BreakContact (jj)==1) then
split=0
endif
endif
split=1
if (split==1) then
ct=ct+l
Contact (jj,ct+l)=ii
fooint=MAXLOC (dx3, 1)
ContactDir (jj,ct+l)=fooint
ContactDirCT(]jj, fooint)=ContactDirCT (]Jj, fooint) +1
endif
endif
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endif
endif
enddo
Contact (jj, 1) =ct
ContactDir (jj,1)=ct
endif
enddo

ContactX=Contact
ContactDirX=ContactDir
ContactDirCTX=ContactDirCT

open (unit = 1, file = "Fixed.dat")
do jj=1,N
write (1,%*),FixXY(37)
enddo
close (1)

open (unit = 1, file = "ContactDirX.dat")
do jj=1,N
write (1,*),ContactDirX(3j, :)
enddo
close (1)

open (unit = 1, file = "Contact.dat")
do jj=1,N
write (1,%*),Contact(3j, :)
enddo
close (1)

open (unit = 1, file = "ContactDir.dat")
do jj=1,N
write (1,*),ContactDir(jj, :)
enddo
close (1)

open (unit = 1, file = "ContactDirCT.dat")
do jj=1,N

56



write (1,*),ContactDirCT(j]j, :)
enddo
close (1)

open (unit = 1, file = "ContactX.dat")
do jj=1,N
write (1,*),ContactX(jj, :)
enddo
close (1)

open (unit = 1, file = "ContactDirCTX.dat")
do jj=1,N
write (1,%*),ContactDirCTX (373, :)
enddo
close (1)

open (unit = 1, file = "Mass.dat")
do jj=1,N
write (1,*),massFct(37)
enddo
close (1)

open (unit = 1, file = "dX.dat")
do jj=1,N
write (1,*),dx0(37)
enddo
close (1)

open (unit = 1, file = "X0.dat™")
do jj=1,N
write (1,*),X(33,:)
enddo
close (1)

open (unit = 1, file = "V0.dat")
do jj=1,N
write (1,*),V(3i,:)
enddo
close (1)
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open (unit = 1, file = "dvdX.dat")
do jj=1,N
write (1,*),dvdx (3], :)
enddo
close (1)
open (unit = 1, file = "rhoO.dat")

write (1,*),rho0(37)

do jj=1,N
enddo
close (1)

open {(unit

write (1,%),rho(3j7)

do jj=1,N
enddo
close (1)

open {(unit

1,

1,

file

file

= "rho init.dat")

= "IsSolid.dat")

write (1,%*),IsSolid(37)

do jj=1,N
enddo
close (1)
Nout=N

end subroutine ModelBlock
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ModelSmFixDisk.f

subroutine ModelBlock (Nout)
implicit none

integer, intent (out) :: Nout

integer N, ctbar (3),Nsphere,ct,ii, 3Jj,kk,DiskRat

integer fooint

double precision RadiusFactor,Radius,masX,masXdisk,dx0x,dx0xDisk
double precision angleFrac,angle,¥Yr0,dx3(3)

double precision Zloc,Zloc2,Yloc,Xloc,r,mass,pi,rho_solid

integer, allocatable, dimension{(:) :: FixXY,IsSolid

integer, allocatable, dimension{(:,:) :: Contact,ContactX
integer, allocatable, dimension{(:,:) :: ContactDir,ContactDirX
integer, allocatable, dimension{(:,:) :: ContactDirCT,ContactDirC
double precision, allocatable, dimension(:,:) :: X,V,dVdx

double precision, allocatable, dimension(:) :: massFct,dx0,rho0

Start the Specification Parameters

open {(unit = 1, file = "SimSpec.dat")
write (1,%),207e9 ! Young’s Modulus of Steel
write (1,%),0.3 ! Poisson’s Ratio of Steel
write (1,%),7800 ! Density of Steel
write (1,%),0.0 ! Forced Density in X direction (Vtes
write (1,%),100.0 ! Forced Density in Y direction (Vtes:
write (1,%),0.0 ! Forced Density in Z direction (Vtes
write (1,%),0.3 ! Gamma (blend stress)
write (1,%),100 ! Number of Recorded Time Steps (Nts)
write (1,x),1 ! Time Steps between recorded Time St
write (1,%),1 ! Time Steps between recorded Time St
write (1,*),5%x2.54e-6 !' (StartDefl)
write (1,*),5%x2.54e-6 !' (NewDefl)
write (1,*),0.05 !' (dTfactor)
write (1,*),0.005 !' (dTdxfactor)
write (1,=*),15 !' (stop)
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Q

write (1,%*),2.15e9 ' (Bulk_water)
close (1)

ctbar(l)= 101

ctbar(2)=

ctbar(3)=
Radius=20.0*(2.54e—4)
DiskRat=3

dx0x=0.25% (Radius/20.0)
pPi=ACOS(-1.0)
rho_s01i1id=7800

1f ((ctbar(l) xdx0x)>(2xRadius)) then
angleFrac=pi

else
angleFrac=2+«ASIN( (ctbar (1) *dx0x) / (2+xRadius))
angleFrac=angleFrac/2

endif

dx0xDisk=dx0x/DiskRat
masX=(dx0x#**3)*rho_solid

masXdisk=(dx0xDiskxx3)+rho _solid

Nsphere=(angleFrac*Radius/dx0xDisk)

N=( (Nsphere*DiskRat) + (ctbar (1) *ctbar (2))) xctbar (3)

ALLOCATION
ALLOCATE (FixXY (N))
ALLOCATE (IsSolid(N))
ALLOCATE (X (N, 3))
ALLOCATE (V (N, 3))
ALLOCATE (dde( ,3))
ALLOCATE (rhoO(N))
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400

ALLOCATE (massFct (N))

(
ALLOCATE (dx0(N))
ALLOCATE (Contact (N, (N+l))
ALLOCATE (ContactDir (N
ALLOCATE (ContactDerT(
ALLOCATE (ContactX (N, (N+l)
ALLOCATE (ContactDirX (N
ALLOCATE (ContactDerTX(

)
+1
3)
)

)
)
)
+1
3)

)))

c Set

the parameters for the steel bar

YrO0=(ctbar (2) xdx0x) +Radius

ct=0
Zloc=-dx0x
do kk=1, ctbar(3)
Zloc=Zloc+dx0x
Yloc=-dx0x
do jj=1,ctbar(2)
Yloc=Yloc+dx0x

Xloc=-((dx0Ox*ctbar (1)

do 1i1=1,ctbar (1)
Xloc=Xloc+dx0x

ct=ct+1
if (jj==1) then
FixXY (ct)=1
else
FixXY (ct)=0
endif
X(ct,l) = Xloc
X(ct,2) = Yloc
X(ct,3) = Zloc
Vi{ct,1l) =0
V{ct,2) 0
Vi{ct,3) =0
dvdX(ct,1) = 0
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dvdX(ct,2) = 0
dvdX(ct,3) = 0
rho0O(ct) = rho_solid
massFct (ct) = masX
dx0 (ct) = (massFct{ct)/rho_solid)**0.333333
IsSolid(ct) =1
enddo
enddo

Zloc2=7loc—- (dx0xDisk* (DiskRat+1)/2)
do ii=1,DiskRat
Zloc2=72loc2+dx0xDisk
angle=(angleFrac/2)+(angleFrac/ (2«Nsphere))
do jj=1,Nsphere
angle=angle- (angleFrac/Nsphere)
Xloc=-(SIN{(angle) ) *Radius
Yloc=Yr0-((COS (angle) ) *Radius)

ct=ct+1
FixXY{(ct)=8
X(ct,l) = Xloc
X(ct,2) = Yloc
X(ct,3) = Zloc?2
Vi{ct,1l) =0
Vi{ct,2) =0
Vi{ct,3) =0
dvdX(ct,1) = 0
dvdX(ct,2) = 0
dvdX(ct,3) = 0
rho0O(ct) = rho_solid
massFct (ct) = masXdisk
dx0 (ct) = (massFct{ct)/rho_solid)*x0.333333
IsSolid(ct) =1
enddo
enddo

enddo
print *,N,ct

c Set Contact links
do jj=1,N
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if (IsSolid(jj)==1) then

ct=0
do ii=1,N
1f (IsSolid(ii)==1) then
if (ii/=33j) then
r=0
do kk=1,3
dx3 (kk)=abs (X (ii,kk)-X (373, kk))
r=r+((X(ii,kk)-X(j3j,kk))*%x2)
enddo
r=sqrt (r)
if (r<{(dx0(3jj)=*1.1)) then
if (FixXY(jJ)==FixXY{(ii)) then
ct=ct+l
Contact (jj,ct+l)=ii
fooint=MAXLOC (dx3, 1)
ContactDir (jj,ct+l)=fooint
ContactDirCT(]jj, fooint)=ContactDirCT (]Jj, fooint) +1
endif
endif
endif
endif
enddo

Contact (jj, 1) =ct
ContactDir (jj,1)=ct
endif
enddo

ContactX=Contact
ContactDirX=ContactDir
ContactDirCTX=ContactDirCT

open (unit = 1, file = "Fixed.dat")
do jj=1,N
write (1,%*),FixXY(37)
enddo
close (1)
open (unit = 1, file = "ContactDirX.dat")
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do jj=1,N

write (1,%*),ContactDirX(3j, :)
enddo
close (1)

open {(unit = 1, file = "Contact.dat")
do jj=1,N
write (1,%*),Contact(3j, :)
enddo
close (1)

open (unit = 1, file = "ContactDir.dat")
do jj=1,N
write (1,*),ContactDir(jj, :)
enddo
close (1)

open (unit = 1, file = "ContactDirCT.dat")
do jj=1,N
write (1,*),ContactDirCT(j]j, :)
enddo
close (1)

open (unit = 1, file = "ContactX.dat")
do jj=1,N
write (1,*),ContactX(jj, :)
enddo
close (1)

open (unit = 1, file = "ContactDirCTX.dat")
do jj=1,N
write (1,*),ContactDirCTX (33, :)
enddo
close (1)

open (unit = 1, file = "Mass.dat")
do jj=1,N
write (1,%*),massFct(3])
enddo
close (1)
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open (unit = 1, file = "dX.dat")
do jj=1,N
write (1,*),dx0(373)
enddo
close (1)

open (unit = 1, file = "X0.dat™")
do jj=1,N
write (1,*),X(33,:)
enddo
close (1)

open (unit = 1, file = "V0.dat")
do jj=1,N
write (1,*),V(33i,:)
enddo
close (1)

open (unit = 1, file = "dvdX.dat")
do jj=1,N
write (1,*),dvdx (3], :)
enddo
close (1)

open (unit = 1, file = "rhoO.dat")
do jj=1,N
write (1,*),rho0(37)
enddo
close (1)

open (unit = 1, file = "rho_init.dat")
do jj=1,N
write (1,*),rho0(37)
enddo
close (1)

open (unit = 1, file = "IsSolid.dat")
do jj=1,N
write (1,%*),IsSolid(37)
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enddo
close (1)

Nout=N

end subroutine ModelBlock
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PressVessel.f

subroutine ModelBlock (Nout)
implicit none

integer, intent (out) :: Nout

integer N, ctPV(3),Nsphere,ct,ii, jj,kk,uu

integer fooint,split

double precision RadiusFactor,Radius,masX,massL,dx00,Bulk_water
double precision angleFrac,angle,¥Yr0,dx3(3),third,RR,pi,P

double precision Zloc,Yloc,Xloc,rho_solid,rho_liquid, rho_ligquidC

integer, allocatable, dimension{(:) :: FixXY,IsSolid,BreakContact
integer, allocatable, dimension{(:,:) :: Contact,ContactX
integer, allocatable, dimension{(:,:) :: ContactDir,ContactDirX
integer, allocatable, dimension{(:,:) :: ContactDirCT,ContactDirC
double precision, allocatable, dimension(:,:) :: X,V,dVdx
double precision, allocatable, dimension(:) :: dx0,massFct
double precision, allocatable, dimension{(:) :: rhoO,rho
open (unit = 1, file = "SimSpec.dat")
write (1,%),207e9 ! Young’s Modulus of Steel
write (1,%),0.3 ! Poisson’s Ratio of Steel
write (1,=*),7800 ! Density of Steel
write (1,%),0.0 ! Forced Density in X direction (Vtes
write (1,%),0.0 ! Forced Density in Y direction (Vtes
write (1,%),0.0 ! Forced Density in Z direction (Vtes
write (1,%),0.3 ! Gamma (blend stress)
write (1,%),1000 ! Number of Recorded Time Steps (Nts)
write (1,x),1 ! Time Steps between recorded Time St
write (1,x),1 ! Time Steps between recorded Time St
write (1,*),0.18 !' (StartDefl)
write (1,*),0.05 !' (NewDefl)
write (1,*),0.05 !' (dTfactor)
write (1,*),0.01 !' (dTdxfactor)
write (1,*),15 !' (stop)
write (1,*),2.15e9 ' (Bulk_water)
close (1)
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ctPV(1l)=25 112

ctPV(2)=20 ' 9
ctPV(3)=1 'l
masX=0.1
P=101135+1

rho_s01i1id=7800
rho_liquid=1000
Bulk _water=2.15e9

rho_liquidC=rho_liquidx ((P/Bulk_water)+1)
print +,rho_liquidC

third=1.0/3.0
dx00=( (masX/rho_solid) **third)
massL=rho_liquidC#* (dx00%%*3)

N=0
Xloc=(-ctPV (1) »dx00)—-(dx00/2)
do 1i=1, (2*xctPV (1))
Xloc=Xloc+dx00
Yloc=(-ctPV(1l)+*dx00)—-(dx00/2)
do jj=1, (2%xctPV (1))
Yloc=Yloc+dx00
RR=SQORT ( (Xloc**2)+(Yloc**2))
1f (RR<(ctPV(1l)*dx00)) then
N=N+1
endif
enddo
enddo
N=N=*ctPV (3)
print x,N

ALLOCATION
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ALLOCATE (FixXY (N))
ALLOCATE (IsSolid(N))
ALLOCATE (BreakContact (N))
ALLOCATE (X(N, 3))
ALLOCATE (V (N, 3))
ALLOCATE (dVdX(N,3))
ALLOCATE (rho(N))
ALLOCATE (rhoO(N))
ALLOCATE (massFct (N))
ALLOCATE (dx0(N))
ALLOCATE (Contact (N, (N+1)))
ALLOCATE (ContactDir (N, (N+1)))
ALLOCATE (ContactDerT( 3))
ALLOCATE (ContactX (N, (N+l)))
ALLOCATE (ContactDirX (N, (N+1)))
ALLOCATE (ContactDerTX( 3))
c
print x,N
c Set the parameters for the steel bar
ct=0
Zloc=-dx00
do uu=1, (ctPV(3))
Zloc=Zloc+dx00
Xloc=(-ctPV (1) xdx00)—-(dx00/2)
do ii=1, (2*xctPV (1))
Xloc=Xloc+dx00
Yloc={(-ctPV (1) *dx00)—-(dx00/2)
do JJ=1, (2%xctPV (1))
Yloc=Yloc+dx00
RR=SQORT ( (X1loc**2)+{(Yloc**2))
1f (RR<(ctPV(1l)*xdx00)) then
ct = ct + 1
1f (RR<(ctPV(2)xdx00)) then
IsSolid(ct) = 0
massFct (ct) = massL
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rho0O (ct)=rho_liquid
rho{(ct)=rho_liquidC

else
IsSolid{(ct) =1
masskct (ct) = masX

rhoO (ct)=rho_solid
rho(ct)=rho_solid

endif

FixXY (ct)=0
X{(ct,1l) = Xloc
X{ct,2) = Yloc
X(ct,3) = Zloc

endif
enddo
enddo
enddo

dx0 = dx0 + (dx00)

c Set Contact links
do jj=1,N
if (IsSolid(jj)==1) then
ct=0
do ii=1,N
if (IsSolid(ii)==1) then
if (ii/=33j) then
RR=0
do kk=1,3
dx3 (kk)=abs (X (ii,kk)-X (373, kk))
RR=RR+ ( (X (ii,kk)-X(Jj,kk))*%x2)
enddo
RR=sqgrt (RR)
if (RR<(dx0(jj)*1.1)) then
ct=ct+l
Contact (Jj,ct+1l)=1i1i
fooint=MAXLOC (dx3, 1)
ContactDir (jj,ct+l)=fooint
ContactDirCT (jj, fooint)=ContactDirCT (j]j, fooint) +1
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endif
endif
endif
enddo
Contact (jj, 1) =ct
ContactDir (jj,1)=ct
endif
enddo

ContactX=Contact
ContactDirX=ContactDir
ContactDirCTX=ContactDirCT

open (unit = 1, file = "Fixed.dat")
do jj=1,N
write (1,%*),FixXY(J7j)
enddo
close (1)

open (unit = 1, file = "ContactDirX.dat")
do jj=1,N
write (1,%*),ContactDirX(3j, :)
enddo
close (1)

open (unit = 1, file = "Contact.dat")
do jj=1,N
write (1,%*),Contact(3j, :)
enddo
close (1)

open (unit = 1, file = "ContactDir.dat")
do jj=1,N
write (1,*),ContactDir(jj, :)
enddo
close (1)

open (unit = 1, file = "ContactDirCT.dat")
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do jj=1,N

write (1,*),ContactDirCT(j]j, :)
enddo
close (1)

open (unit = 1, file = "ContactX.dat")
do jj=1,N
write (1,*),ContactX(jj, :)
enddo
close (1)

open (unit = 1, file = "ContactDirCTX.dat")
do jj=1,N
write (1,*),ContactDirCTX (33, :)
enddo
close (1)

open (unit = 1, file = "Mass.dat")
do jj=1,N
write (1,%*),massFct(3])
enddo
close (1)

open (unit = 1, file = "dX.dat")
do jj=1,N
write (1,*),dx0(373)
enddo
close (1)

open (unit = 1, file = "X0.dat™")
do jj=1,N
write (1,*),X(33,:)
enddo
close (1)

open (unit = 1, file = "V0.dat")
do jj=1,N
write (1,*),V(33i,:)
enddo
close (1)
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open (unit = 1, file = "dvdX.dat")
do jj=1,N
write (1,*),dvdx (3], :)
enddo
close (1)
open (unit = 1, file = "rhoO.dat")

write (1,*),rho0(37)

do jj=1,N
enddo
close (1)

open {(unit

write (1,%),rho(3j7)

do jj=1,N
enddo
close (1)

open {(unit

1,

1,

file

file

= "rho init.dat")

= "IsSolid.dat")

write (1,%*),IsSolid(37)

do jj=1,N
enddo
close (1)
Nout=N

end subroutine ModelBlock
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MATLAB SOURCE CODE

Analyze Data.m

clear
close all
tic

Position=[200 200 900 8007;
TitleSz=24; LblSz=20; AxSz=16;
NL=sprintf ("\n’);

raw=load (' VarDat.dat’);
Ey=raw (1) ;

G=raw(2) ;
StudyCt=raw (3) ;

X0=load (' X0.dat");
Xdat=load(’'X.dat’);
Ydat=load(’'Y.dat’);
Zdat=load("Z.dat"’)
Vx=load(’'Vx.dat’);
Vy=load(’'Vy.dat’);
dvdx=load (’'dvVdX.dat") ;
dvdy=load (’'dvdY.dat") ;
dvdz=1load (’'dvdz.dat") ;
P=load('P.dat’);
rho=load (' rho.dat’);
Fixed=load{('Fixed.dat’);

14
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Ell=load('Ell.dat’);
E22=1load("E22.dat’);
dx=locad(’'dX.dat’);
Tll=load('Tll.dat’)
T21=1load('T21.dat’)
T31=lcad(’'T31.dat’)
Tl2=1locad('Tl2.dat’);
T22=1locad('T22.dat’)
T32=1cad(’'T32.dat’)
T13=lcad(’'Tl3.dat’)
T23=1cad (' T23.dat’)
T33=locad("T13.dat’);
IsSolid=load{(’IsSolid.dat’);
Mass=load('Mass.dat’);
rhoO=locad (' rho0O.dat’) ;
rho_init=load(’rho_init.dat’);
TimeFct=load (' Time.dat’) ;

e e e -

Cylrng=find(Fixed==8);
Rl=max (X0 (Cylrng,2))-min(X0(Cylrng, 2))+ (mean (dx)/2);

foo=size (Xdat) ;
ct=foo(l); stop=ct; a=ct;
N=foo(2); clear foo
if stop>ct
stop=ct;
end
plotCt=5; Range={(l:plotCt)*floor{ct/plotCt);
Vy(:,1)=-V0; Vy(:,N)=V0;
Poisson=(Ey/ (2*G))—-1;

Ered=1/((1-(Poisson”2)) /Ey);

Xdat2z2=Xdat;
Ydat2=Ydat;
Zdat2=7zdat;
for ii=1:N

Xdat2 (:,ii)=Xdat2(:,1i1)-(X0(idi, 1)) ;
Ydat2 (:,ii)=Ydat2(:,11)—(X0(1ii,2));
Zdat2 (:,1i)=Zdat2 (:,1i) - (X0(ii, 3));
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end

Xdat3=Xdat?2;
Ydat3=Ydat2;
Zdat3=zdat2;
for ii=l:ct
for jj=1:N
Xdat3(ii, 7j)=Xdat3(ii, jj) -mean(Xdat2 (i1,
Ydat3(ii, jj)=Ydat3(ii, jj)-mean(Ydat2 (ii,
Zdat3(ii, jj)=2dat3(ii, J7) —mean(Zdat2 (ii,
end
end

NL=(["\n"]);
gdtplot=1locad (' Time.dat") ;

Vr=sqrt ( (Vx. 2)+(Vy. " 2));
Xr=sqgrt ((Xdat. 2)+(Ydat. 2));
Xr2=Xr;
for ii=l:ct

Xr2=Xr(ii, :)-Xr(l,:);
end

save Data

toc
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PlotTension.m

clear
close all
tic

Position=[200 200 900 8007;
TitleSz=24; LblSz=20; AxSz=16;
NL=sprintf ("\n’);

% load Data
load Tension_steel

X=Xdat (end, :);
Y=Ydat (end, :) ;
Zz=7dat (end, :);

Xdat2z2=Xdat;
Ydat2=Ydat;
Zdat2=7zdat;
for ii=1:N

Xdat2(:,ii)=Xdat2(:,11)-((Xdat2(1,1ii)));
Ydat2 (:,ii)=Ydat2(:,1ii)-((Ydat2(1l,11)));
Zdat2 (:,1i)=Zdat2 (:,1ii)-((Zdat2(1,1i1)));

end
Poisson=(Ey/ (2%G))—-1;

exagY¥=1;
exag=2el;
exagstr=’ (20) ’;
matstr=’'Steel’;

Xe=Xdat (1, :)+(Xdat2 (end, :) xexaqg) ;
Ye=Ydat (1, :)+(Ydat2 (end, :) »rexagy¥) ;
Ze=Zdat (1, :)+t(Z2dat2 (end, :) xexaqg) ;

dtplot=(TimeFct(:,1)); dt=max(diff (TimeFct)); dx=median (dx) ;
height=max (X0 (:,2))-min(X0{:,2)) +dx;
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width=max (X0 (:, 1)) min(X0(:, 1)) +dx;

ff=find(X0(:,2)==max(X0(:,2)));

Tcalc=Ey*max (Ydat2 (:, ) /height;

Tavg=max (abs (T22(:,£f£)"));

YY=zeros (1l,N);

for ii=2:(N-1)
YY(ii)=(abs(Y(ii)-Y(ii-1))-dx)+(abs (Y (ii)-Y(ii+1))
YY (1ii)=YY (ii)+xEy/dx;

end

ratio=max(T227) .x({(min(T22')."-1)); ratio=ratio-1;

PoissonError=100*abs ( (Poisson/ ( {(max (abs (Xdat?2 (ct

—-dx) ;

y /width) / (max (abs (

—dxmat)

(max (Ye) +dxma:

Ibl)

TensionError = 100+abs((Tcalc(ct)/Tavg{ct))-1);
MaxStress=abs (Tavg{ct));

dxmat=(max (X0 (:,2))min(X0(:,2)))/20;
axismat=[ (min (Xe)-dxmat) (max (X )+dxmat) {min(Ye)
TCstr='Tension’

MaxStressStr=[numZ2str (MaxStress* (le-6)) ' MPa’];
TitleStr=[matstr ’ - Max Stress = '’ MaxStressStr 10];
figure (1)

set (gcf, "Position’ ,Position)

set (0, 'DefaultAxesFontSize’,AxSz, 'DefaultAxesFontWeight’,
hold off

for ii=1:N
if Fixed(ii)==0
plot (Xe (ii)
hold on
else
plot (Xe (ii)
hold on

, Ye (11)

,Ye (1

end
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end

axis(axismat)

title([TitleStr 'Exaggerated ' exagstr TCstr], ' fontsize’,TitleSz,’ font
xlabel ("X’ ," fontsize’,LblSz,  fontweight’, 'b");

ylabel ("Y', ' fontsize’,LblSz, ' fontweight’, 'b");

figure (2)
set (gcf, "Position’ ,Position)
set (0, "'DefaultAxesFontSize’,AxSz, 'DefaultAxesFontWeight’, 'b’)
hold off
for ii=1:N
if Fixed(ii)==
plot (Xdat (1,1ii),Ydat (1,1ii), ko’ , ' LineWidth’,4)
hold on
else
plot (Xdat (1,1ii),Ydat (1,1ii), "kx’,’'LineWidth’,4)
hold on

end
end
axis(axismat)
title([TitleStr "Before ' TCstr],’fontsize’,TitleSz,  fontweight’, b’);
xlabel ("X’ ," fontsize’,LblSz,  fontweight’, 'b");
ylabel ("Y', ' fontsize’,LblSz, ' fontweight’, 'b");

display (" ");

display(['Poisson Error = ' numZ2str (PoissonError) ’'%’1);
display ([’ Tension Error = ' num2str (TensionError) ’'%’1);
display (" ");

toc
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PlotComp.m

clear
close all
tic

Position=[200 200 900 8007;
TitleSz=24; LblSz=20; AxSz=16;
NL=sprintf ("\n’);

% load Data
load compress_steel

X=Xdat (end, :);
Y=Ydat (end, :) ;
Zz=7dat (end, :);

Xdat2z2=Xdat;
Ydat2=Ydat;
Zdat2=7zdat;
for ii=1:N

Xdat2(:,ii)=Xdat2(:,11)-((Xdat2(1,1ii)));
Ydat2 (:,ii)=Ydat2(:,1ii)-((Ydat2(1l,11)));
Zdat2 (:,1i)=Zdat2 (:,1ii)-((Zdat2(1,1i1)));

end
Poisson=(Ey/ (2%G))—-1;

exagY¥=1;
exag=2el;
exagstr=’ (20) ’;
matstr=’'Steel’;

Xe=Xdat (1, :)+(Xdat2 (end, :) xexaqg) ;
Ye=Ydat (1, :)+(Ydat2 (end, :) »rexagy¥) ;
Ze=Zdat (1, :)+t(Z2dat2 (end, :) xexaqg) ;

dtplot=(TimeFct(:,1)); dt=max(diff (TimeFct)); dx=median (dx) ;
height=max (X0 (:,2))-min(X0{:,2)) +dx;
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20 width=max(X0(:,1)) -min(X0(:, 1)) +dx;
ff=find(X0(:,2)==max(X0(:,2)));

Tcalc=Eyxmax (Ydat2(:, :)’) /height;
Tavg=max (abs (T22(:,£f£)"));

YY=zeros (1

14 )’
for ii=2:(N-1)
YY(1i)=(abs(Y(1i)-Y(ii-1))-dx)+(abs(Y(11)-Y(ii+1))-dx);
YY (1ii)=YY (ii)+xEy/dx;

end
ratio=max(T227) .x({(min(T22')."-1)); ratio=ratio-1;

PoissonError=100xabs ((Polsson/ ({max{(abs (Xdat2 (ct, :))) /width)/ (max (abs (
TensionError = 100+abs((Tcalc(ct)/Tavg{ct))-1);

MaxStress=abs (Tavg{ct));

dxmat=(max (X0 (:,2))min(X0(:,2)))/20;
axismat=[ (min (Xe)-dxmat) (max (X )+dxmat) {(min(Ye) -dxmat) {(max(Ye)+dxma

TCstr='Compression’
MaxStressStr=[numZ2str (MaxStress* (le-6)) ' MPa’];

TitleStr=[matstr ’ - Max Stress = '’ MaxStressStr 10];

figure (1)
set (gcf, "Position’ ,Position)
set (0, "'DefaultAxesFontSize’,AxSz, 'DefaultAxesFontWeight’, 'b’)
hold off
for ii=1:N
if Fixed(ii)==0
plot (Xe(ii),Ye(ii), ko', " LineWidth’,4)
hold on
else
plot (Xe(ii),Ye(ii), "kx", " LineWidth’,4)
hold on
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end
end
axis(axismat)
title([TitleStr 'Exaggerated ' exagstr TCstr], ' fontsize’,TitleSz,’ font
xlabel ("X’ ," fontsize’,LblSz,  fontweight’, 'b");
ylabel ("Y', ' fontsize’,LblSz, ' fontweight’, 'b");

figure (2)
set (gcf, "Position’ ,Position)
set (0, "'DefaultAxesFontSize’,AxSz, 'DefaultAxesFontWeight’, 'b’)
hold off
for ii=1:N
if Fixed(ii)==
plot (Xdat (1,1ii),Ydat (1,1ii), ko’ , ' LineWidth’,4)
hold on
else
plot (Xdat (1,1ii),Ydat (1,1ii), "kx’,’'LineWidth’,4)
hold on

end
end
axis(axismat)
title([TitleStr "Before ' TCstr],’fontsize’,TitleSz,  fontweight’, b’);
xlabel ("X’ ," fontsize’,LblSz,  fontweight’, 'b");
ylabel ("Y', ' fontsize’,LblSz, ' fontweight’, 'b");

display (" ");

display(['Poisson Error = ' numZ2str (PoissonError) ’'%’1);
display ([’ Tension Error = ' num2str (TensionError) ’'%’1);
display (" ");

toc

82



Plot_Hertz.m

clear
load Hertz

X=Xdat; Y=Ydat; Z=Zdat;
[ct N]=size (X);

rng=(1:101)+(101%9);

for 1i1=[1 5:5:ct]

figure (1)
plot (X (ii, rng),Y(ii, rng), *")
title([num2str(11) '/’ num2str(ct)]);
pause (0.1)

end

figure(2)

plot (Xdat (1,:),Ydat (1,:),’*")
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MakeFigs _PresVes.m

clear all
close all

load PressVess

Position=[200 200 900 600];

TitleSz=24; LblSz=20; AxSz=16;

MkFig=0; % Set to 1 to save JPEG figures
Res="-r600";

NL=sprintf (‘\n’);

aa=find(IsSolid==1); bb=find(IsSolid==0);
TimeFct=mean (TimeFct’) ;

del=1.10;
axismat=[(del*min(X0(:,1))) (del*max(X0(:,1))) (del+min(X0(:,2))) (del

ha=figure (1) ;
set (gcf, "Position’ ,Position)
set (0, "'DefaultAxesFontSize’,AxSz, 'DefaultAxesFontWeight’, 'b’)
plot (X0 (aa,1),X0(aa,2),"*x’,X0(bb,1),X0(bb,2),’0’, " Linewidth’, 2)
axis (axismat) ;
%legend (' Hertz’,’SPAM’, ' Location’,'Best’);
title('Before Simulation’,’fontsize’,LblSz,’ fontweight’,'b’");
ylabel ('Y (m)'’, ' fontsize’,LblSz,  fontweight’, b’)
xlabel ("X (m)',’'fontsize’,LblSz,  fontweight’, 'b’);
if MkFig==
print (ha,’-djpeg’, Start. jpeg’,Res)
close all
end

ha=figure (2);

set (gcf, "Position’ ,Position)

set (0, "'DefaultAxesFontSize’,AxSz, 'DefaultAxesFontWeight’, 'b’)

plot (Xdat (end, aa), Ydat (end,aa), ' *’,Xdat (end, bb), Ydat {(end,bb), "o’ , " Line
axis (axismat) ;

%legend (' Hertz’,’SPAM’, ' Location’,'Best’);
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title('After Simulation’,’fontsize’,LblSz,  fontweight’, b’);
ylabel ('Y (m)'’, ' fontsize’,LblSz,  fontweight’, b’)
xlabel ("X (m)',’'fontsize’,LblSz,  fontweight’, 'b’);
if MkFig==
print (ha,’-djpeg’, " Final. jpeg’, Res)
close all
end

Xr2=Xr;

for ii=1:length(Xr2)
Xr2(:,1i)=Xr(:,11)-Xr(1l,11);

end

ha=figure (3) ;
set (gcf, "Position’ ,Position)
set (0, "'DefaultAxesFontSize’,AxSz, 'DefaultAxesFontWeight’, 'b’)
plot (TimeFct« (1le6),—Xr2(:,bb) % (1e9),’Linewidth’,2)
title('Radial Displacement - Liquid’,’fontsize’,LblSz, " fontweight’, b’
ylabel (["\delta’ 'R {(nm)’],’'fontsize’,LblSz,’ fontweight’,’'b’)
xlabel ([’ Time (' '{\mu}’ ’'s)’],’fontsize’,LblSz,’ fontweight’,'b’);
if MkFig==

print (ha,’-djpeg’, "Rfct_Liquid. jpeg’, Res)

close all
end

ha=figure (4);
set (gcf, "Position’ ,Position)
set (0, "'DefaultAxesFontSize’,AxSz, 'DefaultAxesFontWeight’, 'b’)
plot (TimeFct« (1le6),—-Xr2(:,aa)+*(1le9),’'Linewidth’,2)
title('Radial Displacement - Solid’,’fontsize’,LblSz,’ fontweight’,’'b")
ylabel (["\delta’ 'R {(nm)’],’'fontsize’,LblSz,’ fontweight’,’'b’)
xlabel ([’ Time (' '{\mu}’ ’'s)’],’fontsize’,LblSz,’ fontweight’,'b’);
if MkFig==

print (ha,’-djpeg’,'Rfct_Solid. jpeg’,Res)

close all
end
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Hertz Study Results

This report discusses a detailed description of all of the simulation results when
studying the Hertz Contact Stress of a Disk and Flat plat in compressive contact.
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Smoothed Particle Applied Mechanics Disk on Flat

About the Study:

The purpose of this study is to better verify and validate the Smoothed Particle Applied Mechanics
(SPAM) model as it applies to Hertzian contact-mechanics.

While the simulation is capable of 3D studies, only a 2D layer of particles are studied.
The model will be represented by an inelastic disk being in contact with a elastic flat plate.
The fixed 2D disk will be comprised of the same Lagrangian particles as the flat plate.

The disk will be forced down at a user-specified velocity and then stay in place for a specified
number of time steps.

The plate will rest on a boundary of fixed solid particles beneath it.

This effort will ensure that the deflection length is less than one tenth the disk radius.

87



Smoothed Particle Applied Mechanics Disk on Flat

Hertzian Equations for Comparison of SPAM:

P,..=[T,| for the Top Center Particle
§=|Y(t)-Y(0)| for the Top Center Particle

a:Rsin(cosl(RT?(S))

o R = Radius of Disk

© a = half length of (theoretical) contact area

Reduced Modulus:
. l _ 1 —vi R 1— vg
E E E

y.1 y.2
= Ey = Young's Modulus of Elasticity (Pa)
= v = Poisson's Ration
= 1 and 2 represent the parameters of the disk and plate respectively

o The disk is assumed to be rigid and inelastic, and thus is assumed to have a Young's Modulus of
infinity. Based on the assumptions taken for the disk radius, though it is safe to assume the disk
is rigid, and thus the Young's Modulus is infinite, therefore:

E
n E= Y
1—v?
2
. E
Weight v (N /m)=2L
Ig N( ) AR

o This is the normalized weight, or the weight per unit length of the disk

The calculated maximum stress is found via;
_ 2 Weighty

calculated ™

o Max Stress
na

Simulated Weight
o Weight=X,(T,,*dx’)
o Taken for all the fixed particles at the bottom of the flat disk

The simulated weight is compared to a calculated total weight based on the simulated (with SPAM)
maximum stress at the center of the top of the flat.

_ Weight

©  MaxSiresSspy, =——Z Weight=r a dx ( Max Stressspay )
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Smoothed Particle Applied Mechanics Disk on Flat

Model:
» Steel: Young's Modulus at 207 GPa, Poisson's Ratio at 0.3
» Color Code:

© Red: Rigid Disk

©  Blue: elastic solid

©  Green = Fixed boundary

3 Original Model
25 x 10
2 ls
— 1 '5 [ A A A A A A A A A A A A A A H A A H A A A f ek fe
1 [ A A A A A A A AN A A A A HE A A A A R A A e K e 3 fe e e e b
0.5 B ek sk sk sk ke o sk sk sk sk sk sk ko sk sk sk sk stk ke kokskok sk sk sk sk kb ok ke kK
0 R * * *
5 0 5
. X (m) x10°

Results of Simulation:

* (Calculated Contact Area Half-Length (a) = 1.6501 meters
© a/R=8.78%

» Simulated Deflection: -0.0125 inch

* Stress (MPa) Tensor of Top Center Particle (Tij):

0 6.4147 0
6.4147 -4.0477 0
0 0 0

*  Pressure — Error = 5.359%
o Simulated (SPAM) Max Pressure, at Top Center Particle = 10.0525 GPa
© (Calculated (Hertz) Max Pressure, at Top Center Particle = 9.9896 GPa
*  Weight — Error = 2.2053%
o Simulated (SPAM) Max Pressure, at Top Center Particle = 5.9842 kN
o Calculated (Hertz) Max Pressure, at Top Ce8119ter Particle = 5.8552 kN



Smoothed Particle Applied Mechanics Disk on Flat

T Simulation Results
2.5 x
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0 e
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X (m) ‘10
. )
Simulation Results
.
p Top Particles Only
22 I %
2_ wl
1.8F .
o~
g
b
1.6F i
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1.2 :
-5 0 5

X (m) x10°
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Smoothed Particle Applied Mechanics Disk on Flat

3 Displacement (Y) of Top Particles

T T

430

5 -
-6 L 1 1 1
0 0.2 0.4 0.6 0.8 1
Time (s) x10°
i Displacement (X) of Top Particles
3 T T T T

0 0.2 0.4 0.6 0.8 1
Time (s) x10°
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Smoothed Particle Applied Mechanics Disk on Flat

Velocity (Y) of Top Particles

20

Vy (m/s)

-100 ‘ ' '
0 0.2 0.4 0.6 0.8 1

Time (s) x10°
Velocity (X) of Top Particles

20

)

Vo

0.2 0.4 0.6 0.8 1
Time (s) x10°

92



Smoothed Particle Applied Mechanics

R =20 meters, L=12.25m, H=25m, dX =0.25m

Disk Deflection Contact Length Weight — SPAM Weight — Hertz

(m)

0.0412
0.0505
0.0595
0.0684
0.0773

(m)

1.2828
1.4206
1.5420
1.6532
1.7566

Disk Deflection (m)

0.0412
0.0505
0.0595
0.0684
0.0773

(GN) (GN)
6.5983 7.3621
8.9462 8.7679
11.1197 10.5022
13.0201 12.4286
14.8473 14.5197

% Error (Weight)

10.3750
2.0330
5.8792
4.7594
2.2565

Disk on Flat

51 * 10 Particles

Max T22 - Max T22 -
SPAM (GPa) Hertz (GPa)
7.3071 7.2952
7.8587 8.0784
8.6718 8.7690
9.5720 9.4015
10.5241 9.9897

% Error (Max T22)

0.1624
2.7202
1.1079
1.8128
5.3490

R =30 meters, L =18.375m, H=3.75m, dX =0.375m

Disk Deflection Contact Length Weight — SPAM Weight — Hertz

(m)

0.0618
0.0758
0.0893
0.1027
0.1159

(m)

1.9242
2.1308
2.3130
2.4798
2.6349

Disk Deflection (m)

0.0618
0.0758
0.0893
0.1027
0.1159

(GN) (GN)
14.8477 16.5667
20.1331 19.7297
25.0249 23.6305
29.3003 27.9638
33.4118 32.6699

% Error (Weight)

10.3760
2.0448
5.9011
4.7793
2.2708
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51 * 10 Particles

Max T22 - Max T22 -
SPAM (GPa) Hertz (GPa)
7.3080 7.2952
7.8595 8.0783
8.6721 8.7689
9.5721 9.4013
10.5244 9.9895

% Error (Max T22)

0.1758
2.7087
1.1036
1.8172
5.3543



Smoothed Particle Applied Mechanics

R =40 meters, L =24.5m, H=5.0m, dX =0.50 m

Disk Deflection Contact Length Weight — SPAM Weight — Hertz

(m)

0.0824
0.1010
0.1191
0.1369
0.1546

(m)

2.5657
2.8411
3.0840
3.3063
3.5132

Disk Deflection (m)

0.0824
0.1010
0.1191
0.1369
0.1546

(GN)

26.3945
35.7889
44.4844
52.0851
59.3943

(GN)

29.4497
35.0722
42.0097
49.7116
58.0780

% Error (Weight)

10.3741
2.0437
5.8907
4.7745
2.2665

Disk on Flat

51 * 10 Particles

Max T22 - Max T22 -
SPAM (GPa) Hertz (GPa)
7.3074 7.2952
7.8588 8.0784
8.6720 8.7689
9.5717 9.4013
10.5241 9.9896

% Error (Max T22)

0.1670
2.7179
1.1050
1.8127
5.3505

R =50 meters, L = 30.625 m, H=6.25m, dX = 0.625m

Disk Deflection Contact Length Weight — SPAM Weight — Hertz

(m)

0.1030
0.1263
0.1488
0.1711
0.1932

(m)

3.2070
3.5513
3.8549
4.1329
4.3916

Disk Deflection (m)

0.1030
0.1263
0.1488
0.1711
0.1932

(GN)

41.2442
55.9236
69.5117
81.3883
92.8097

(GN)

46.0171
54.8013
65.6398
77.6770
90.7467

% Error (Weight)

10.3718
2.0480
5.8988
4.7779
2.2735
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51 * 10 Particles

Max T22 - Max T22 -
SPAM (GPa) Hertz (GPa)
7.3078 7.2951
7.8590 8.0783
8.6720 8.7689
9.5720 9.4013
10.5240 9.9896

% Error (Max T22)

0.1730
2.7142
1.1050
1.8153
5.3501



Smoothed Particle Applied Mechanics

R =0.2 inches, L = 0.1275 inches, H = 0.025 inches, dX = 0.0025 inches
Disk Deflection Contact Length Weight — SPAM Weight — Hertz

(mm)

0.0105
0.0128
0.0151
0.0174
0.0196

(mm)

0.3258
0.3608
0.3917
0.4199
0.4462

Disk Deflection (mm)

0.0105
0.0128
0.0151
0.0174
0.0196

™N)

425.3947
576.8719
716.9652
839.5070
957.3682

™N)

475.1323
565.7163
677.5850
801.8216
936.7987

% Error (Weight)

10.4682
1.9719
5.8118
4.7000
2.1957

Disk on Flat

51 * 10 Particles

Max T22 - Max T22 -
SPAM (GPa) Hertz (GPa)
7.3094 7.2953
7.8591 8.0785
8.6720 8.7690
9.5718 9.4014
10.5245 9.9897

% Error (Max T22)

0.1937
2.7160
1.1066
1.8124
5.3537

R =0.3 inches, L. = 0.1913 inches, H = 0.375 inches, dX = 0.0038 inches
Disk Deflection Contact Length Weight — SPAM Weight — Hertz

(mm)

0.0157
0.0192
0.0227
0.0261
0.0294

(mm)

0.4888
0.5412
0.5875
0.6299
0.6693

Disk Deflection (mm)

0.0157
0.0192
0.0227
0.0261
0.0294

(kN)

0.9572
1.2980
1.6132
1.8889
2.1541

(kN)

1.0689
1.2728
1.5246
1.8042
2.1079

% Error (Weight)

10.4565
1.9760
5.8130
4.6973
2.1928
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51 * 10 Particles

Max T22 - Max T22 -
SPAM (GPa) Hertz (GPa)
7.3087 7.2952
7.8590 8.0785
8.6721 8.7691
9.5721 9.4014
10.5250 9.9898

% Error (Max T22)

0.1853
2.7177
1.1058
1.8153
5.3577



Smoothed Particle Applied Mechanics

R = 0.4 inches, L. = 0.2550 inches, H = 0.5 inches, dX = 0.005 inches
Disk Deflection Contact Length Weight — SPAM Weight — Hertz

(mm)

0.0209
0.0257
0.0302
0.0348
0.0393

(mm)

0.6517
0.7216
0.7833
0.8398
0.8923

Disk Deflection (mm)

0.0209
0.0257
0.0302
0.0348
0.0393

(kN)

1.7066
2.3128
2.8727
3.3629
3.8344

(kN)

1.9001
2.2632
2.7115
3.2089
3.7489

% Error (Weight)

10.1859
2.1896
5.9464
4.7990
2.2794

Disk on Flat

51 * 10 Particles

Max T22 - Max T22 -
SPAM (GPa) Hertz (GPa)
7.3076 7.2955
7.8605 8.0784
8.6760 8.7687
9.5768 9.4012
10.5296 9.9894

% Error (Max T22)

0.1663
2.6967
1.0570
1.8678
5.4081

R =0.5 inches, L. = 0.3188 inches, H = 0.625 inches, dX = 0.0063 inches
Disk Deflection Contact Length Weight — SPAM Weight — Hertz

(mm)

0.0262
0.0321
0.0378
0.0435
0.0491

(mm)

0.8146
0.9021
0.9792
1.0498
1.1155

Disk Deflection (mm)

0.0262
0.0321
0.0378
0.0435
0.0491

(kN)

2.6590
3.6060
4.4818
5.2477
5.9843

(kN)

2.9695
3.5358
4.2352
5.0117
5.8552

% Error (Weight)

10.4552
1.9856
5.8221
4.7098
2.2053
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51 * 10 Particles

Max T22 - Max T22 -
SPAM (GPa) Hertz (GPa)
7.3092 7.2952
7.8593 8.0785
8.6726 8.7690
9.5723 9.4015
10.5250 9.9896

% Error (Max T22)

0.1921
2.7127
1.1000
1.8169
5.3590



Smoothed Particle Applied Mechanics

R =0.2 inches, L. = 0.25 inches, H = 0.025 inches, dX = 0.0025 inches
Disk Deflection Contact Length Weight — SPAM Weight — Hertz

(mm)

0.0102
0.0124
0.0146
0.0168
0.0190

(mm)

0.3224
0.3551
0.3852
0.4129
0.4385

Disk Deflection (mm)

0.0102
0.0124
0.0146
0.0168
0.0190

(kN)

0.4040
0.6047
0.7897
0.9484
1.0611

(kN)

0.5156
0.6508
0.7912
0.9431
1.1126

% Error (Weight)

21.6538
7.0836
0.1923
0.5628
4.6256

Disk on Flat

101 * 10 Particles

Max T22 - Max T22 -
SPAM (GPa) Hertz (GPa)
8.0164 7.2189
9.1878 7.9494
10.2975 8.6234
11.4494 9.2449
12.7192 9.8172

% Error (Max T22)

11.0477
15.5788
19.4141
23.8462
29.5609

R =0.3 inches, L. = 0.375 inches, H = 0.0375 inches, dX = 0.00375 inches
Disk Deflection Contact Length Weight — SPAM Weight — Hertz

(mm)

0.0154
0.0186
0.0219
0.0252
0.0284

(mm)

0.4836
0.5326
0.5777
0.6194
0.6577

Disk Deflection (mm)

0.0154
0.0186
0.0219
0.0252
0.0284

(kN)

0.9090
1.3602
1.7765
2.1337
2.3872

(kN)

1.1601
1.4642
1.7801
2.1220
2.5033

% Error (Weight)

21.6425
7.1023
0.2067
0.5482
4.6363
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101 * 10 Particles

Max T22 - Max T22 -
SPAM (GPa) Hertz (GPa)
8.0157 7.2188
9.1877 7.9493
10.2968 8.6233
11.4491 9.2449
12.7189 9.8172

% Error (Max T22)

11.0386
15.5783
19.4061
23.8431
29.5575



Smoothed Particle Applied Mechanics

R = 0.4 inches, L. = 0.5 inches, H = 0.05 inches, dX = 0.005 inches
Disk Deflection Contact Length Weight — SPAM Weight — Hertz

(mm)

0.0205
0.0248
0.0292
0.0336
0.0379

(mm)

0.6449
0.7101
0.7703
0.8258
0.8770

Disk Deflection (mm)

0.0205
0.0248
0.0292
0.0336
0.0379

(kN)

1.6161
2.4182
3.1581
3.7930
4.2438

(kN)

2.0623
2.6031
3.1648
3.7726
4.4502

% Error (Weight)

21.6366
7.0994
0.2121
0.5425
4.6367

Disk on Flat

101 * 10 Particles

Max T22 - Max T22 -
SPAM (GPa) Hertz (GPa)
8.0156 7.2188
9.1875 7.9494
10.2971 8.6234
11.4494 9.2449
12.7185 9.8172

% Error (Max T22)

11.0375
15.5758
19.4090
23.8448
29.5541

R = 0.5 inches, L. = 0.625 inches, H = 0.0625 inches, dX = 0.00625 inches
Disk Deflection Contact Length Weight — SPAM Weight — Hertz

(mm)

0.0256
0.0311
0.0366
0.0420
0.0474

(mm)

0.8061
0.8877
0.9629
1.0322
1.0961

Disk Deflection (mm)

0.0256
0.0311
0.0366
0.0420
0.0474

(kN)

2.5255
3.8447
4.9896
5.9783
6.6832

(kN)

3.2234
4.0651
4.9451
5.8977
6.9584

% Error (Weight)

21.6513
5.4199
0.8983
1.3672
3.9553
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101 * 10 Particles

Max T22 - Max T22 -
SPAM (GPa) Hertz (GPa)
8.0182 7.2187
9.1820 7.9499
10.2974 8.6234
11.4560 9.2443
12.7286 9.8165

% Error (Max T22)

11.0749
15.4984
19.4129
23.9251
29.6661



