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Abstract 

The regulatory compliance determination for the Waste Isolation Pilot Plant includes the 
consideration of room closure. Elements of the geomechanical processes include salt 
creep, gas generation and mechanical deformation of the waste residing in the rooms. 
The WIPP was certified as complying with regulatory requirements based in part on the 
implementation of room closure and material models for the waste. Since the WIPP be- 
gan receiving waste in 1999, waste packages have been identified that are appreciably 
more robust than the 55-gallon drums characterized for the initial calculations. The pipe 
overpack comprises one such waste package. This report develops material model pa- 
rameters for the pipe overpack containers by using axisymmetrical finite element models. 
Known material properties and structural dimensions allow well constrained models to be 
completed for uniaxial, triaxial, and hydrostatic compression of the pipe overpack waste 
package. These analyses show that the pipe overpack waste package is far more rigid 
than the originally certified drum. The model parameters developed in this report are 
used subsequently to evaluate the implications to performance assessment calculations. 
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1 INTRODUCTION 

The Waste Isolation Pilot Plant (WIPP) is an operating deep geological disposal system 
(reuositorv) for radioactive waste. Additional information can be obtained from a con- . . . , 
tinually updated Internet web page (hntx www.wioo.carlsbad.nm.us). The facility is lo- 
cated in southeastern New Mexico. near Carlsbad, and situated 655 meters below the sur- 
face in a bedded salt formation. The WIPP has been certified as meeting regulatory re- 
quirements and has been receiving and disposing waste since the spring of 1999. The 
WIPP is to be "recertified" at least every five years, as part of the regulatory statutes. 
This report supports the compliance recertification application (CRA) by evaluating the 
structural mechanics of waste packages called pipe overpacks. These calculations were 
performed in lieu of laboratory experiments, such as the compression experiments on 
standard waste drums, which supported the original certification. 

1.1 Background 

The compliance certification of WIPP was predicated on many assumptions, including 
mechanical properties of the waste. As of this writing, the repository has received thou- 
sands of waste shipments, of which many contained waste packages significantly differ- 
ent from the basic 55-gallon drum configuration used in the original compliance disposal 
room calculations. This report examines the mechanical characteristics and response of 
one such waste package known as the pipe overpack or POP. 

The structural response of the underground setting has been modeled many times over the 
years. The conceptual model for room closure describes salt creep into a disposal room, 
in which the rock salt impinges on the waste and compresses the waste until stress equi- 
librium is approached. The models for salt and other lithologies proximal to the rooms 
are well understood and documented (NRC, 1996). An appropriate model for waste de- 
formation in response to the stresses and strains resulting from salt creep must be deter- 
mined for a variety of waste packages. The waste constitutive model used in the compli- 
ance certification application (CCA) was developed from empirical stress-deformation 
results obtained from compression tests on surrogate waste in 55-gallon drums (Butcher 
et al., 1991). Similar test data for the POP waste configurations do not exist; however, 
the material properties of the elements of the composite POP package are known and pa- 
rameters can be determined by modeling the POP waste package in compression. This 
report describes the analyses conducted to determine model parameters for the POP. 

The motivation for these calculations derives from ongoing dialogue between the US.  
Department of Energy (DOE) and the U.S. Environmental Protection Agency (EPA) con- 
cerning the realization that assorted waste packages are being disposed at the WIPP 
(Gross, 2002). The inventory is recorded in exacting detail, which includes waste pack- 
aging. From the WIPP waste information system (WWIS) dated July 29, 2003 there are 
39,415 total containers in Panel 1, of which 16,989 are POPS. Another notable example 
of a possible future waste package includes super-compacted wastes from the Advanced 
Mixed Waste Treatment Project (AMWTP) (Hansen et al., 2003). Both waste package 
configurations--POPS and AMWTP--are structurally more rigid than a typical 55-gallon 
waste drum, and may affect repository processes. The super-compacted AMWTP waste 
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and the waste in POPS could create stiff columns within the disposal rooms that can in- 
fluence room closure. It is possible that rigid waste columns would increase overall waste 
porosity by shielding adjacent standard waste from compaction. This effect would be re- 
flected in the porosity surface look-up table accessed for performance assessment (PA) 
calculations. 

1.2 Objective 

This analysis determines model parameters for the POP waste packages. It provides the 
details of the simulations from which the POP mechanical response can be compared to 
the constitutive model used in the final disposal room structural response calculations 
(Stone, 1997a). A subsequent report (Park and Hansen, 2003) will advance this informa- 
tion in concert with structural calculations to develop porosity surfaces for PA. The cal- 
culations reported here are required to define the structural response of the underground 
because the rigidity of the POP has not been determined via mechanical tests in the labo- 
ratory. If the POP crushes readily, the resulting porosity surface would replicate the 
baseline case determined for the 55-gallon drums. If the POP possess sufficient structural 
integrity that they tend to prop open the room, the resulting porosity surface would depart 
appreciably from the CCA baseline. Thus, an evaluation of the POP structural response 
has been approached computationally. 

Once the parameters are determined for the volumetric plasticity model used by Stone 
(1997a), the effects on will be evaluated in a series of scoping calculations. Estimates of 
room closure will be made for a variety of waste-form columns to ascertain the bounds of 
closure and porosity surfaces. To implement new or different models for the waste 
forms, it is necessary to compute parameters for the waste constitutive model such as 
shear modulus, bulk modulus, deviatoric yield surface constants, and a pressure- 
volumetric strain function. In this analysis, laboratory tests for uniaxial, triaxial and hy- 
drostatic stress conditions are simulated to compute model parameters for the POP waste 
configurations. 

1.3 Analysis Overview 

These analyses are prerequisite to comprehensive assessment of waste homogeneity out- 
lined in Analysis Plan AP-107 (Hansen et al., 2003). Results will be described in three 
parts. The first quantifies the shear modulus and bulk modulus from the uniaxial test 
simulation. The second develops the deviatoric yield surface constants from the triaxial 
test simulation. The third yields the pressure-volumetric strain function from the hydro- 
static test simulation. The results from these test simulations are then implemented in 
creep closure calculation of the disposal room to generate the porosity surface data. Fig- 
ure 1 illustrates how these calculations feed into the flow diagram for calculating the po- 
rosity surface of the disposal room, thus providing input for PA analyses. This report in- 
cludes the procedure to determine the parameters for the constitutive model of POP 
waste, as shown in the dotted box in Figure 1. The procedures and results of the creep 
closure analyses of disposal room using SANTOS will be reported in a subsequent report 
(Park and Hansen, 2003). 



The quasistatic large deformation finite element code SANTOS (Stone, 1997b) version 
2.1.7, installed on a Compaq Tru64 UNIX V5.1B, was used for these analyses. SANTOS 
2.1.7 was qualified though 21 test cases and documented in accordance with Sandia 
Quality Assurance requirements in the Verification and Validation PlanNalidation 
Document for SANTOS 2.1.7 (WIPP PA, 2003). 

1.4 Report Organization 

Section 2 of this report illustrates the precise detail of the POP containers and reviews the 
mechanical properties for each of the elemental materials included in the waste package. 
Section 2 also includes design drawings, material properties, and descriptions of the con- 
stitutive models used in the analyses. Section 3 documents the computer codes and file 
name conventions used for these analyses. The subsequent sections provide the simula- 
tions of the uniaxial, triaxial and hydrostatic tests, respectively. Each section includes a 
figure of the model grid, boundary conditions, loading conditions, deformed shapes, and 
results. In Section 4, the uniaxial test simulation produces shear, bulk, and Young's 
moduli and Poisson's Ratio. Section 5 describes the triaxial test simulation, showing that 
yielding is not pressure sensitive. The hydrostatic test simulation described in Section 6 
is used to develop the pressure-volumetric strain function. Section 7 discusses the model- 
ing results, relates how this information is subsequently used in structural calculations of 
the disposal room, and provides concluding remarks. 
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Figure 1. Activity flow diagram for calculating the porosity surface of the disposal room containing 
the POP waste. 



2 ANALYSIS MODEL 

2.1 Configuration 

The pipe-overpack configuration has been used to ship TRU wastes to WIPP. The filled 
pipe component is surrounded by an impact limiter and placed inside a 55-gallon stan- 
dard waste drum. Figure 2 includes a photograph of an actual pipe element and a sche- 
matic illustrating the assembly. The protective packing (impact limiter) is typically fab- 
ricated from polyethylene or a dense fiberboard. The pipe component and impact limiter 
have three key functions: (1) maintain separation of fissile material to prevent criticality, 
(2) provide radiation shielding, and (3) immobilize fine particulate waste materials. The 
POP has been used extensively for wastes &om the Rocky Flats site, which comprise ap- 
proximately half the disposed drums in Panel 1 of the repository. 

Two different inner pipe sections are considered in these analyses. One has a 12-inch di- 
ameter pipe and the other uses a 6-inch diameter pipe section. Design drawings are 
shown in Figures 3 and 4, respectively. The actual design dimensions are used to generate 
the finite element meshes, as shown in Figures 5 and 6, respectively. 

The standard POP consists of a standard 55-gallon drum outer shell, a heavy plastic liner, 
impact-limiting material (protective packing) and a stainless steel inner cylinder. The 
standard 55-gallon drum is approximately 23 inches in diameter by 32 inches in height. 
The drum is made of mild carbon steel with a nominal wall thickness of 0.055 inches. 
The plastic liner just inside of the steel drum is included in the design to meet shipping 
requirements. The impact-limiting material consists of layers of CelotexB glued together. 
The inner package is either a stainless steel pipe section with a welded end plate or a 
formed cylinder with a welded flange and a bolted blind flange. The inner package rests 
on a plywood disc. Leak tightness is achieved with O-ring seals between the flanges 
(Ludwigsen et al., 1998). The wall thicknesses are minimum 0.219 inches for the 12-inch 
diameter pipe section and minimum 0.245 inches for the 6-inch diameter. 



Figure 2. Photograph of a pipe and a schematic of pipe overpack connguration. 
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Figure 3. Drawing of 12-inch POP components (WTS, 2003) 



Figure 4. Drawing of 6-inch POP components (WTS, 2003) 



Figure 5. Simplified 12-inch POP drawing for mesh generation 



figure 6. Simplified Cinch POP drawing for mesh generation 



2.2 Material Properties 

The stainless steel material in the inner pipe was modeled with a realistic analytical mate- 
rial model based on an elastic-plastic power law hardening material (Stone, 199713) to 
represent the post-yield plasticity of the material. The upper rigid platen for applying the 
axial pressure on the drum also was modeled, based on an elastic-plastic power law hard- 
ening material. All other materials were modeled with an elastic-plastic material with 
combined kinematic and isotropic hardening (Stone, 1997b). These materials include the 
outer steel drum, CelotexB impact limiter, the plywood which contributes little to the be- 
havior of overpack, and the contents. The material properties used in this analysis are 
shown in Tables 1 and 2. It should be noted that dynamic analyses of the POP have been 
completed previously by Ludwigsen and co-workers and the material properties used 
here were excerpted from their report (Ludwigsen et al., 1998). 

Table 1. Material properties for elastic-plastic power law hardening material 

Table 2. Material properties for elastic plastic material with combined kinematic and isotropic hard- 
ening (Ludwigsen et al., 1998) 

The pipe material and the upper platen material described in Table 1 are represented by 
an elastic-plastic material model with a power law representation of strain hardening. Be- 
fore yielding stresses are reached, the material is assumed elastic. After the elastic limit 
of the material is reached, the stress-strain relationship can be represented by the power- 
law relationship shown in Equation 1 (Stone, 1997b). 



where, F = Effective stress state 
Zp = Equivalent plastic strain 

my = Initial yield stress 

E, = Liiders strain or yield plateau strain 
A = Hardening constant 
n = Hardening exponent 

The Liiders strain is the flat region of plasticity just after yield, which is common in mild 
carbon steels. For the stainless steel grade 304 used in the model, the Liiders strain is neg- 
ligible and has been set to zero. 

The elastic-plastic material model used to model the carbon steel drum, Celotexm, Ply- 
wood and the contents has an elastic region up to the yield stress limit and a linear hard- 
ening region after yield. Unloading would proceed along a line parallel to the elastic por- 
tion of the stress strain curve. The beta constant is a kinematic hardening term that be- 
comes significant when load reversals exist. No load reversal is expected in these analy- 
ses, so this term has minimal influence on the results, if any. 

The steel drum is modeled with typical values for high strength and mild carbon steels. 
The Celotexm parameters are based upon uniaxial test data of CelotexB samples. The 
Celotexm has a small initial yield strength followed by a relatively flat and long plasticity 
region. The waste contents were modeled as a very compliant material with a density 
similar to wood. To be conservative, the waste inside the pipe was modeled as contribut- 
ing little to the stiffness of the inner cylinder. 

2.3 Waste Constitutive Model 

The stress-strain behavior of the waste was represented by a volumetric plasticity model 
(Stone, 1997a) with a piecewise linear function defining the relationship between the 
mean stress and the volumetric strain. Compaction experiments on simulated waste were 
used to develop this relationship in support of the CCA. The deviatoric response of the 
waste material was not measured in the experiments. It was anticipated that when a drum 
filled with loosely compacted waste is compressed axially, the drum will not undergo 
significant lateral expansion until most of the void space inside the drum has been elimi- 
nated. 

The volumetric plasticity model is implemented exactly as Stone (1997) developed it for 
the CCA calculations. The yield surface in the principal stress space is a surface of revo- 
lution with its axis centered about the hydrostat and the open end pointing into the com- 
pression direction (Figure 7). The open end is capped with a plane that is at right angles 
to the hydrostat. The deviatoric part is elastic-perfectly plastic so the surface of revolution 
is stationary in the stress space. The volumetric part has variable strain hardening so the 
end plane moves outward during volumetric yielding. The volumetric hardening is de- 
fined by a set of pressure-volumetric strain relations. A flow rule is used such that devia- 



toric strains produce no volume change (associated flow). The model is best broken into 
volumetric and deviatoric parts with the deviatoric part resembling conventional plastic- 
ity. The volumetric yield function is a product of two functions, +yd and 4 p .  

The yield surface assumed is a surface of revolution about the hydrostat in principal 
stress space as shown in Figure 7. In addition, a planar end cap on the normally open end 
is assumed. The yield stress is specified as a polynomial in pressure, p (positive in com- 
pression) as 

where, a0 , a,, a2 are constants defining the deviatoric yield  surface,^ is the pressure. 

The plasticity theories for the volumetric and deviatoric parts of the material response are 
completely uncoupled. The volumetric response is computed first. The mean pressure, p, 
is assumed to be positive in compression, and a yield functions is written for the volumet- 
ric responses as 

where, s,, is the volumetric strain. The form of g is defined in this problem by a set of 
piecewise linear segments relating to the pressure-volumetric strain (Stone, 199%). 

This report describes the procedure to compute the SANTOS input data for the POP con- 
figuration. The input data consist of the elastic material parameters derived from the uni- 
axial test simulation, constants defining the yield surface as shown in Figure 7 through 
the triaxial test simulation, and the pressure-volumetric strain through the hydrostatic test 
simulation. The POP waste constitutive model corresponds to the soil and crushable 
foams model which is discussed in more detail in the SANTOS code description docu- 
ment (Stone, 1997b). 

The SANTOS input parameters of the soil and crushable foams model contains the fol- 
lowing entries: 

a PROP (1) - 2p 
a PROP (2) - K : Bulk Modulus 
a PROP (3) - 4 
a PROP (4) - A, 

PROP (5) - A, 
a PROP (6) -Function ID number: Pressure-volumetric strain curve 

Note that the material constants 4, A, and A, are different from a,, a, and a, , as dis- 
cussed in Section 5.1. 



Figure 7. Pressure-dependent yield surface for the waste material model (Stone, 1997b) 



3 COMPUTER CODES AND PILE NAME CONVENTION 

3.1 Computer Codes 

FASTQ version 3.12 is used for generating the FEM mesh for the POP waste drum. The 
input file for the FASTQ mesh generation is provided in Appendix B. The FASTQ code 
is an interactive two-dimensional finite element mesh generation program. It is designed 
to provide a powerful and efficient tool to both reduce the time required of an analyst to 
generate a mesh, and to improve the capacity to generate good meshes in arbitrary ge- 
ometries. It has a number of meshing techniques available. FASTQ has been designed to 
allow user flexibility and control. The user interface is built on a layered command level 
structure. Multiple utilities are provided for input, manipulation, and display of the geo- 
metric information, as well as for direct control, adjustment, and display of the generated 
mesh. Enhanced boundary flagging has been incorporated and multiple element types and 
output formats are supported. FASTQ includes adaptive meshing capabilities with error 
estimation, deformed and undeformed remeshing according to the error, element variable 
remapping, and some basic post-processing plotting (Blacker, 1988). 

SANTOS version 2.1.7 is used for the solver in this analysis. The quasistatic, large- 
deformation finite element code SANTOS is capable of representing 2D planar or axi- 
symmetric solids (Stone, 1997b). The solution strategy, used to obtain the equilibrium 
states, is based on a self-adaptive, dynamic-relaxation solution scheme incorporating pro- 
portional damping. The explicit nature of the code means that no stiffness matrix is 
formed or factorized which results in a reduction in computer storage necessary for exe- 
cution. The element used in SANTOS is a uniform-strain, 4-node, quadrilateral element 
with an hourglass control scheme to minimize the effects of spurious deformation modes. 
Finite strain constitutive models for many common engineering materials are available 
within the code. A robust master-slave contact algorithm for modeling arbitrary sliding 
contact is implemented. SANTOS version 2.1.7 was installed on the Compaq Tru64 with 
the UNIX V5.1B. All of the verification and qualification test problems were exercised 
and documented in accordance with QA requirements (WIPP PA, 2003). 

BLOT112 version 1.39 is used as the final post-processor. The deformation of the drum 
with uniaxial pressure, triaxial pressure, and hydrostatic pressure are plotted using BLOT. 
BLOT is a graphics program for post-processing of finite element analyses output in the 
EXODUS database format. It is command driven with free-format input and can drive 
any graphics device supported by the Sandia Virtual Device Interface. BLOT produces 
mesh plots with various representations of the analysis output variables. The major mesh 
plot capabilities are deformed mesh plots, line contours, filled (painted) contours, vector 
plots of twotthree variables (e.g., velocity vectors), and symbol plots of scalar variables 
(e.g., discrete cracks). Path lines of analysis variables can also be drawn on the mesh. 
BLOT'S features include element selection by material, element birth and death, multiple 
views for combining several displays on each plot, symmetry minoring, and node and 
element numbering. BLOT can also produce X-Y curve plots of the analysis variables. 
BLOT generates time-versus-variable plots or variable-versus-variable plots. It also gen- 
erates distance-versus-variable plots at selected time steps where the distance is the ac- 
cumulated distance between pairs of nodes or element centers (Gilkey and Glick, 1989). 



To calculate the volume change of the POP drum with time, NUMBERS version 1.19 is 
used. NUMBERS is a shell program that reads and stores data from a finite element 
model described in the EXODUS database format. Within this program are several utility 
routines that generate information about the finite element model. The utilities currently 
implemented in NUMBERS allow the analyst to determine information such as: (1) the 
volume and coordinate limits of each of the materials in the model; (2) the mass proper- 
ties of the model; (3) the minimum, maximum, and average element volumes for each 
material; (4) the volume and change in volume of a cavity; (5) the nodes or elements that 
are within a specified distance from a user-defined point, line, or plane; (6) an estimate of 
the explicit central-difference time step for each material; (7) the validity of contact sur- 
faces or slide lines, that is, whether two surfaces overlap at any point; and (8) the distance 
between two surfaces (Sjaardema, 1989). 

These pre- and post-processing utilities are considered systems software and not subject 
to the requirements of NP 19-1 (Chavez, 2003). 

3.2 File Naming Convention 

The general path for any of these subdirectories is: /**/waste/. All of the files related to 
the analyses for the uniaxial test simulation for the 12-inch POP exist in the subdirectory 
of /**/waste/poplunil. Files related to the triaxial test simulation for the 12-inch POP are 
in the subdirectory of l**/wastelpopltri/. Files related to the hydrostatic simulation for the 
12-inch POP are in the subdirectory of /**lwaste/poplhyd/. 

Similarly, all of the files related to the analyses for the uniaxial test simulation for the 6- 
inch POP exist in the subdirectory of l**/wastelpop6/uni/. Files related to the triaxial test 
simulation for the 6-inch POP are in the subdirectory of /**/waste/pop6/tri/. Files related 
to the hydrostatic simulation for the 6-inch POP are in the subdirectory of 
/**lwaste/pop6/hydl. 

All of the files that remain within each subdirectory are listed and described in Table 3. 

The prefix of the files, d12- denotes the 12-inch POP and d06- denotes the 6-inch POP. 
In -/tri/, the suffix of the files, O.Smpa, l.Ompa, . .., etc. express the confining pressure in 
the triaxial test simulation, i.e., O.5mpa means the confining pressure is 0.5 MPa. 



Table 3. File naming convention (* means wild card) 

File PrefixISuffix I File Definition I 
I 

*.fsq I The FASTQ input files for the mesh generation 
* - I The FASTQ output files that will be used for the mesh file of 
' % 

*.i 
*.e 
*.o 

* .num 

*.run 
Pres-Vol strain *.xls 

E-Poisson-* .xls 

TwoMu and K *.mcd 
* A0 N Al*.mcd 

SANTOS 
The SANTOS input files 
The SANTOS output files in the EXODUS database format 
The SANTOS output files in the ASCII format 
The NUMBERS output file in the ASCII format to calculate 
the volume change of the drum with time from the SANTOS 
output files, *.e 
The hatch files for running SANTOS 
The excel file to calculate the pressure-volume strain data 
The excel file to calculate the Young's modulus and Poisson's 
ratio 
The MathCad file to calculate shear and bulk modulus 
The MathCad file to calculate the yield surface constants 



4 UNIAXIAL TEST SIMULATION 

4.1 Theoretical Background 

As discussed in Section 2.3, the input to the soil and crushable foam model in the 
SANTOS code requires the analyst to provide TWO MU (2p) and BULK MODULUS 
(K). The conversion from Young's modulus, E, and Poisson's ratio, v, to the SANTOS 
input parameters is given from the following relationships taken from Fung (1965): 

To calculate 2,u and K, Young's modulus, E ,  and Poisson's ratio, v ,  of the POP drum 
are calculated first. These values can be derived from an experimental uniaxial test of the 
drum in the laboratory. For this analysis, these values are derived from the numerical 
simulation of the experimental uniaxial test. 

Linear relations between the components of stress and the components of strain are 
known generally as Hooke's law, where unit deformation of the element up to the propor- 
tional limit is given by: 

in which E is the modulus of elasticity (Timoshenko and Goodier, 1970). In this uniaxial 
simulation, the axial strain is derived from the vertical displacement of the upper platen 
with the axial pressure. 

This compression of the element in the x direction is accompanied by lateral strain com- 
ponents, such that: 

in which the constant of proportionality v is Poisson's ratio. 

In this simulation, the volume and the axial displacement of the drum with the axial pres- 
sure will be computed through the uniaxial test simulation. The average cross sectional 
area of the drum will be calculated from the instantaneous volume divided by the 
changed height of the drum. The radial strain will be derived from the cross sectional 
area. The Poisson's ratio is obtained from the lateral strain divided by the axial strain of 
the drum. 



4.2 Mesh Generation and Simulation 

Figure 8 shows the mesh discretization and the boundary conditions for the 12-inch POP 
uniaxial test simulation. Making use of axisymmetry, only half section of the drum is 
modeled from the drawings illustrated in Figures 5 and 6. The left boundary is the axis of 
axisymmetry and the right boundary is free. The uniform pressure is applied on the top of 
the upper platen from 0.0 MPa to 16.0 MPa in 16,000 seconds. The increasing rate of the 
axial load is 1,000 Pals. The model contains 1,767 axisymmetric uniform strain quadri- 
lateral elements and 1,876 nodal points. A zero-displacement boundary condition in the 
radial direction (U,=O.O) was applied on the left boundary of the model to represent the 
axisymrnetry condition of the drum. A zero displacement boundary condition (U,=O.O) 
was applied on the lower boundary to react to the applied load. Note that the drum shell 
element looks like a solid line because it is thin (0.0014 m). 

Similarly, Figure 9 shows the discretized FEM mesh and boundary conditions for the 6- 
inch POP uniaxial test simulation. The 6-inch pipe instead of the 12-inch pipe is con- 
tained in the drum and the boundary conditions are the same as those used for the 12-inch 
POP. The model contains 1,763 axisymmetric uniform strain quadrilateral elements and 
1,873 nodal points. The FASTQ input files used to generate the mesh for 12-inch POP 
and 6-inch POP are provided in Appendix B-1 and B-2 respectively. An example of a 
SANTOS input file used to simulate the uniaxial test for 12-inch POP is provided in Ap- 
pendix C- 1. 



Figure 8. The finite element mesh and boundary condltions for the 12-inch POP uniaxial test. 
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Figure 9. The finite element mesh and boundary conditions for the 6-inch POP uniaxial test. 



4.3 Simulation Results 

4.3.1 Deformation pattern 

Figure 10 shows the deformation pattern of 12-inch POP model on which the axial pres- 
sure is applied from 0.0 MPa to 13 MPa at a rate of 1,000 Pals. Owing to large strain, the 
solution fails to converge before 15 MPa, the lithostatic stress, is reached. This occurs in 
several simulations, but is not of a serious consequence to the conclusions of this effort, 
as discussed in Section 7. The buckling pattern of the drum shell and the pipe is similar to 
dynamic experimental test results obtained by Hoffman and Ammerman (1995). They 
carried out a series of tests investigating the dynamic pulse buckling of a cylindrical shell 
under axial impact and compared experimental to numerical simulations. They attribute 
the buckling pattern to load eccentricity relative to the shell wall caused by mid-length 
expansion of the shell, resulting in a bending moment being applied to shell wall. As the 
buckles form, a hardening moment develops (due to differential stress states through the 
wall thickness) which resists further curvature increases. Instability occurs when the ap- 
plied bending moment is greater than the hardening moment, causing the larger of the 
two buckles to become unstable. These simulation results are felt to replicate these ex- 
perimental deformation patterns reasonably well. 

(Unit: rn) 
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0 MPa 4 MPa 8 MPa 13 MPa 

Figure 10. Deformation pattern of 12-Inch POP from the uniaxial test simulation 

Similarly, Figure 11 shows the deformation pattern of 6-inch POP from the uniaxial test 
simulation. The pattern is similar to the 12-inch POP'S except the vertical displacement 



of the 6-inch POP is slightly larger than 12-inch POP'S. This result is reasonable because 
the cross sectional area of 6-inch stainless steel pipe is smaller and less rigid. 

(Unit: m) 

0 MPa 4 MPa 8 MPa 10.2 MPa 

Figure 11. Deformation pattern of &inch POP from the uniaxial test simulation 

4.3.2 Young's Modulus (E) 

The axial stress-strain curve of 12-inch POP drum is plotted in Figure 12 and the axial 
stress-strain curve of 6-inch POP drum is plotted in Figure 13. The linear portions of the 
displacement are denoted as point A and point B on the plots, respectively. The slope of 
the line connected from zero to point A or point B is Young's Modulus. Young's 
Modulus of 12-inch POP drum is 1.874 GPa and is 1.804 GPa for the 6-inch POP. Obvi- 
ously, the elastic response is a minor contributor to the overall deformation of these waste 
configurations. 
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Figure 12. The axial stress-strain curve of 12-inch POP drum 

Axial Straln 

Figure 13. The axial stress-strain curve of 6-inch POP drum 



4.3.3 Poisson's ratio ( v )  

Poisson's ratio was determined over a larger region of strain than the elastic modulus be- 
cause POP waste packages are composite materials. The radial strain-axial strain curve of 
12-inch POP drum is plotted in Figure 14 and a similar plot for the 6-inch POP drum is 
plotted in Figure 15. The volume of the drum with the axial pressure is calculated fust, 
because the radial strain along the drum wall is not uniform. The average cross sectional 
area of the drum is calculated from the changed volume divided by the changed height of 
the drum. The radial strain is derived from the changed cross section area. Poisson's ratio 
is obtained from the lateral strain divided by the axial strain of the drum. The regression 
line of the radial-axial strain curve is Poisson's ratio, which is 0.30 and 0.32 for the 12- 
inch POP and 6-inch POP, respectively. 

Axial Strah 

Figure 14: The radial-axial strain curve of 12-inch POP drum 
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Figure 15: The radial-axial strain curve of 6-inch POP drum 

4.3.4 Shear Modulus and Bulk Modulus 

From the foregoing results, shear and bulk moduli are calculated as mentioned in Section 
4.1. Substitution of the value E and v into Equations (4) and (5) results in the shear 
modulus, G , and the bulk modulus, K, listed in Table 4. The calculation sheet to com- 
pute the above values is provided in Appendix A-1. 

Table 4. The shear modulus and the hulk modulus of POP waste 
I I I I 

I I 12-inch POP I 6-inch POP I 
I I 

G (Two Mu) [Pa] 1 . 4 4 2 ~ 1 0 ~  1 . 3 6 4 ~ 1 0 ~  



5 TRIAXIAL TEST SIMULATION 

5.1 Theoretical Background 

In Butcher and Holmes (1995), the inelastic deviatoric response of the TRU waste is 
characterized by a constitutive equation of the form 

where J ,  is the second deviatoric stress invariant, p is the pressure (positive in com- 
pression), and a,, a, and a, are material constants. Their material constants are defined 
for this particular form of deviatoric response. In SANTOS, the model for the waste is 
written in a different functional form 

where 5 is the von Mises equivalent stress and p is the pressure (positive in compres- 
sion). The material constants A,, A, and A, are different from a,, a, and a,. 

The POP waste is considered isotropic and elastic until yield occurs. The yield function is 
assumed to be governed by the Drucker-Prager (D-P) criterion as follows: 

where, I, = the first stress invariant 

J2 = the second deviatoric stress invariant 

The constants a and C can be defined from conventional triaxial geotechnical tests. 
Later in this report, modeling results are presented using conventional Mohr-Coulomb 
(M-C) diagrams, so the relationship between D-P and M-C is highlighted here along with 
discussion of the yield function. Pressure sensitivity to failure is also commonly repre- 
sented by the M-C criterion in two-dimensional stress space defined by two-constants 
cohesion, c , and friction angle, 4 ,  in the following form 

The D-P criterion (10) is more commonly used in numerical analyses, whereas the M-C 
is convenient to illustrate the lack of pressure effects on the yield surface. This discussion 
is intended to set up the following discussion of the Mohr's circles for yield in Section 
5.3.2. Figure 16 compares the D-P and M-C criteria and shows how the D-P inner circle 
coincides with the M-C polygon in extension and the D-P outer circle coincides with the 
M-C polygon in compression. 
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Figure 16. Deviatoric section of Mobr-Coulomb and Drucker-Prager criteria. 

For the plane strain model, the relationships between D-P and M-C parameters derived by 
Zimmermann et al. (2001) are as follows: 

The soil and foam model used in SANTOS was selected to represent the POP. Using 
Equation (12), D-P constants a and C are obtained from c and 4 which are computed 
from the triaxial test simulation. SANTOS requires the input to the material model which 
describes the nonlinear response to be given in terms of effective stress, 5 = a, and 

I 
pressure, p =' (Butcher, 1997). 

3 

Rewriting Equation (9) in terms of 5 and p , the following relationship is obtained: 

5=J5c-3f iqP 

Thus, the SANTOS input constant 4, A, and A, are: 



A,, =fit 
A, = -3&a 

A, = O  

Note that the value of input parameter A, in SANTOS is required to be positive value 

(i.e., 3&a instead of -3&). 

5.2 Mesh Generation and Simulation 

Figures 17 and 18 show the meshes and boundary conditions for the 12-inch and 6-inch 
POP triaxial test simulations, respectively. The uniform axial pressure is applied on the 
upper platen from 0.0 MPa to 16.0 MPa in 16,000 seconds at a rate identical to the uniax- 
ial simulation. Four levels of confining pressure are applied on the drum wall boundary, 
as shown. The uniaxial test simulation is the case of zero confining pressure. 

The FASTQ input file used to generate the meshes is the same as the one for uniaxial 
simulation. An example of the SANTOS input file for the triaxial test at 1.5 MPa confin- 
ing pressure applied to a 12-inch POP is provided in Appendix C-2. 
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Figure 17. The finite element mesh and boundary conditions for the 12-inch POP triaxial test. 



Figure 18. The finite element mesh and boundary conditions for the 6-inch POP triaxial test. 



5.3 Simulation Results 

5.3.1 Deformation pattern 

Figure 19 is an example exhibiting deformation patterns of the 12-inch POP at various 
levels of axial pressures and a confining pressure of 1.5 MPa. Figure 20 illustrates the 
deformation pattern of the 6-inch POP for a similar range of axial pressures and a confm- 
ing pressure of 1.5 MPa. In both cases, the axial strain in confined conditions is less than 
experienced when the POP is unconfined. The deformation of the 6-inch POP is slightly 
greater than the 12-inch POP. Because the 12-inch POP is slightly more rigid, its place- 
ment in the underground at WIPP will provide slightly more resistance to closure. 

4 MPa 8 MPa 12.8 MPa 0 MPa 

Figure 19. Deformation pattern of 12-inch POP triaxial simulation with 1.5 MPa confining pressure. 
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Figure 20. Deformation pattern of 6-inch POP triaxial simulation with 1.5 MPa confining pressure. 

5.3.2 Yield surface constants 

As discussed in Section 5.1, the SANTOS input constants A,,  A, and A, are derived 
from the Drucker-Prager parameters a and C .  The parameters a and C are obtained 
from c and 4 which are obtained from the triaxial test simulations. Determination of c 
and 4 typically requires ascertainment of a "failure" condition. These simulations did 
not fail the composite material in the sense of loss of load bearing capacity. A subjective 
evaluation involving yield of the inner stainless steel pipe is used here to quantify the 
stress conditions at incipient buckling. This process involves engineering judgment and, 
as explained subsequently, allows determination of D-P parameters. The POP waste drum 
is a composite material, and the yield behavior of the inner drum is complex. The over- 
riding purpose of these simulations is to describe mechanical response of the POP suffi- 
ciently to allow the assemblages to be represented reasonably well in models of the clo- 
sure of disposal rooms at WIPP. 

Figures 21 and 22 are used to illustrate how the yield or incipient buckling stress is de- 
termined. Figure 21 shows the von Mises stress contour at 11,200 seconds (1 1.2 MPa). 
The symbol CB indicates the location of the minimum von Mises stress and the symbol X 
indicates the location of the maximum von Mises stress. The location of the maximum 
value is the bottom comer of the pipe in Figure 21. Figure 22 shows these same reference 
symbols at the next load increment equaling 11.3 MPa. At this loading stage, the maxi- 
mum von Mises stress appears along the pipe wall, approximately % of the length down- 
ward from the top. We have assumed that when the maximal stress migrates from the 



comer to the wall of the inner pipe, buckling is incipient and defines the yield stress con- 
dition. Thus, in this example, 11.3 MPa defines the yield stress in a conservative manner. 

Figure 21. von Mises stress contour for 12-inch POP drum at 11.2 MPa axial pressure 



Figure 22. von Mises stress contour for 12-inch POP drum at 11.3 MPa axial pressure 

Table 5 summarizes the axial pressure at incipient buckling as a function of confining 
pressure. These results show that the buckling phenomenon is essentially independent of 
confining pressure. The nominally zero values for friction angle are listed in Table 6. 

Table 5. Axial pressure as a function of confining pressure to attain incipient buckling - - . 
(Units in MPa) 

12-inch POP d ~ m  I 6-inch POP drum 
Confining Pressure I Axial Pressure at I Confining Pressure I Axial Pressure at 

The friction angle calculated from the numerical simulation of the 12-inch POP on the 
triaxial stress condition was 3.66 degrees. This small friction angle was deemed to be in- 
significant and probably falls within the range of numerical errors. Therefore, the friction 
angle of 12-inch POP is considered zero. The friction angle for 6-inch POP was calcu- 
lated to be -1.592 degrees. This small negative fiction angle was also deemed to be in- 
significant. Similarly to 12-inch POP, the friction angle of 6-inch POP is considered zero. 

( 0 2  =a,) 
n n I a fi n I i 7 Q 

Yield (0, ) I ( 0 2  = 0 3 )  Yield (0, ) 



Then, the cohesions for 12-inch POP and 6-inch POP are calculated to be 4.89 MPa and 
3.88 MPa respectively. The calculation sheet to compute these values is provided in A p  
pendix A-2. 

Table 6. Friction angle and cohesion of 12-inch and 6-incb POP drum 

Substitution of the values in Table 6 into Equation (12) in Section 5.1 results in the 
Drucker-Prager constants, a and C . Then the SANTOS input constants 4, A, and A, 
are determined by Equation (14) as shown in Table 7. 

12-inch POP 

4 (degrees) h 0 0 

Table 7. Drucker-Prager constants and SANTOS input constants 

6-inch POP 

c (MPa) 4.892 3.875 

I 12-inch POP 6-inch POP 

C (MPa) 4.892 3.875 



6 HYDROSTATIC TEST SIMULATION 

6.1 Theoretical Background 

In this section, the pressure-volumetric strain curve corresponding to the function g(8,) 

of Equation 3 in Section 2.3 will be derived fiom the hydrostatic test simulation. Volu- 
metric strain for POP drum is: 

where, V, = initial volume of the POP drum, and V = instantaneous volume of the POP 

drum as hydrostatic pressure is applied. The simulation allows determination of a stress- 
porosity function consistent with the procedure used in the CCA. Data have been con- 
verted into pressure-volumetric strain curves for use in mechanical simulations. The con- 
version from porosity to (natural log of) volume strain is follows (Butcher, 1997): 

where, E, = Volumetric strain 
e = Porosity of the waste 
p, = Solid density of the waste 

p, = Initial density of the waste 

The data points determined from the hydrostatic test simulation define the volumetric 
plasticity model as a piece-wise linear volumetric yield function. 



6.2 Mesh Generation and Simulation 

Figures 23 and 24 show the meshes and boundary conditions for the 12-inch and 6-inch 
POP hydrostatic test simulations, respectively. A uniform pressure is applied to the top, 
the bottom and the wall of the drum from 0.0 MPa to 16.0 MPa for 16,000 seconds (4.44 
hours). The loading rate is 1,000 Pals. 

The FASTQ input file to generate the mesh for 12-inch POP and 6-inch POP is provided 
in Appendix B-3 and B-4 respectively. Also, the SANTOS input file to simulate the hy- 
drostatic test for 12-inch POP is provided in Appendix C-3. 

Figure 23. The finite element mesh and boundary conditions for the 12-inch POP hydrostatic test. 



Figure 24. The finite element mesh and boundary conditions for the 6-inch POP hydrostatic test. 



6.3 Simulation Results 

6.3.1 Deformation pattern 

Figure 25 shows the deformation patterns of the 12-inch POP at hydrostatic loading of 0 
MPa, 4 MPa, 8 MPa and 13 MPa, and Figure 26 shows the deformation patterns of the 6- 
inch POP. The overall deformation of the 6-inch POP is slightly larger than the 12-inch 
POP'S and the patterns are slightly different because of the size differences in the 
stainless steel pipes. The 6-inch POP is slightly more compressible than the 12-inch POP. 

0 MPa 4 MPa 8 MPa 13 MPa 

Figure 25. 12-inch POP hydrostatic test: Deformation with hydrostatic pressure 
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Figure 26. 6-inch POP hydrostatic test: Deformation with hydrostatic pressure 
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6.3.2 Pressure-volumetric strain function data 

To obtain data points for the volumetric plasticity model, the volume change of the POP 
drum with hydrostatic pressure is calculated using Equation 15. The hydrostatic pressure- 
volumetric strain curve of the 12-inch POP drum is plotted in Figure 27 and similar data 
for the 6-inch POP drum are plotted in Figure 28. Coordinates are selected from these 
curves for pressure-volumetric strain data to facilitate comparison between POP and stan- 
dard, 55-gallon drum deformation. This comparison and implementation as a waste con- 
stitutive model in SANTOS is the essential output of these analyses. 



Figure 27. Pressure-volumetric strain curve for the 12-inch POP waste drum. 
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Figure 28. Pressure-volumetric strain curve for the 6-inch POP waste drum. 



7 DISCUSSION AND CONCLUDING REMARKS 

The calculations discussed in this report were executed to ascertain the mechanical prop- 
erties of a WIPP waste package known as the pipe overpack or POP. The transuranic 
waste is packaged in a stainless steel pipe, which is placed inside a standard 55-gal drum. 
The interior pipe is further protected by a concentric, hollow cylinder of fiberboard. The 
composite package appears substantially more rigid and therefore, less compressible, then 
the standard waste residing in 55-gal drums. In addition, approximately half of the inven- 
tory placed in Panel 1 consists of POP waste packages. Rigid waste could affect room 
closure, which is a first-order input to performance assessment calculations in terms of a 
porosity surface. To determine porosity surfaces from room closure calculations, a mate- 
rial model for the constituents residing in the rooms is needed. 

The material model for wastes implemented in the initial compliance certification calcu- 
lations was based on laboratory testing of 55-gal drums containing surrogate wastes. 
Similar laboratory tests have not been conducted on the POP, but the composite material 
properties and geometries are known accurately, thus allowing deformational characteris- 
tics to be modeled readily using finite elements. This report presents the details of the 
several specific analyses used to develop model parameters for the POP. 

The finite element code called SANTOS was used for these calculations. Documentation 
details are included in the main text and in the Appendices. SANTOS was used because 
it has been qualified and certified to requirements of the WIPP Quality Assurance Pro- 
gram. It should be noted that SANTOS results are corroborated in separate calculations 
for which a well-known code, JAS3D, was used. The JAS3D code allows three- 
dimensional calculations, whereas the SANTOS calculations utilize two-dimensional axi- 
symmetry. The JAS3D code is not under WIPP QA configuration control and the calcu- 
lations derived thereby are used only to corroborate the SANTOS results. 

The SANTOS analyses allowed determination of shear modulus, bulk modulus, devia- 
toric yield surface constants, and a pressure-volumetric strain function. Simulations were 
run for 6-inch and 12-inch interior pipes and included uniaxial, triaxial, and hydrostatic 
stress applications. 

Uniaxial Test Simulation The input to the soil and crushable foam model in the 
SANTOS code requires a shear modulus ( 2 p )  and the bulk modulus, K. These values are 
derived from Young's modulus and Poisson's ratio of the POP drum simulations. Shear 
moduli are calculated as 1 . 4 4 ~ 1 0 ~  Pa, 1 . 3 6 ~ 1 0 ~  Pa for 12-inch POP and 6-inch POP re- 
spectively. Bulk moduli are calculated as 1 . 5 6 ~ 1 0 ~  Pa, 1 . 6 9 ~ 1 0 ~  Pa for 12-inch POP and 
6-inch POP respectively. 

Trimrial Test Simulation The POP waste package is considered isotropic and elastic 
until yield occurs. Yield is assumed to be governed by the Drucker-Prager criterion. 
SANTOS input constants for the deviatoric yield surface, 4, A, and 4,  are listed in 
Table 8. 



Hvdrostatic Test Simulation To express the volumetric hardening of the POP, the data 
points defining the volumetric plasticity model are determined from calculating the vol- 
ume change of POP drum with hydrostatic pressure. The pressure-volumetric strain 
curves show the 12-inch POP is slightly more rigid than the 6-inch POP. 

These analyses examined the mechanical response of the pipe-overpack waste package 
under possible stresses in the WIPP disposal room. It is important to assess just how dif- 
ferent the mechanical properties of the POP are from the mechanical properties used pre- 
viously to describe the waste in the initial compliance certification calculations. The 
pipe-overpack waste package is more rigid, much stronger, and far less collapsible 
than the 55-gal drums as characterized for the CCA. These statements will be ex- 
pounded upon in the tables and figures that follow. In Table 8, for example, the elastic 
parameters and the SANTOS input yield stress parameters are five to ten times greater for 
the POPS than for the 55-gal drums of the CCA. 

From the simulations, the pressure-volumetric strain curve can be plotted and compared 
to the data used for standard waste in the CCA. Table 9 contains point-by-point compari- 
sons between the overpack simulations and experimental data from Stone (1997a). Note 
that Table 9 is compiled in terms of stress-strain data from experiments on standard waste 
and from a series of stress levels, subjectively selected to describe the response ade- 
quately. Generally, the volumetric strain of the POP is an order-of-magnitude less than 
the standard waste. A plot of all the available volumetric strain versus pressure data is 
made in Figure 29. 

Table 8. SANTOS input constants for waste constitutive model 



Table 9. Pressure-volumetric strain data used in the waste constitutive model 

Pressure -Volumetric Strain Curve 

16 1 I 

-SANTOS for 12-in POP 

-JAS3D for 12-117 POP 

-CCA for Standard 

-SANTOS for6-ln POP 

- .  
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Figure 29. Simulated volumetric strain for POP compared to the standard 55-gal drum. 



Figure 29 contains four relationships: the standard waste 55-gal drum, the 12-in and 6-in 
POPS from SANTOS runs and a corroborative calculation of the 12-in POP from JAS3D 
(Rath, 2003). The effect of the POP on closure might be appreciable because the volu- 
metric collapse is very limited, especially when compared to the standard waste drums. 
The material characteristics and parameters determined in these studies will comprise the 
waste material models for the POP, which will be incorporated into structural room cal- 
culations in a companion report (Park and Hansen, 2003). 

It is clear that the POP waste is much stiffer than the standard waste and the calculations 
presented here provide reasonable material parameters to facilitate room closure calcula- 
tions. The purpose of these calculations is to characterize mechanical deformation of the 
POP sufficiently to hound closure of a WIPP waste room containing a large proportion of 
POP drums. The pipe overpacks could create stiff columns within the disposal rooms 
and influence room closure. It is possible that rigid waste columns would increase overall 
waste porosity by shielding adjacent standard waste from compaction. This effect would 
be reflected in the porosity surface look-up table accessed in PA. In order to evaluate the 
effect of these pillars on the repository performance, calculations will be made using 
SANTOS for bounding cases to determine the effect of these stiffer columns on the waste 
porosity. 
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APPENDIX A: CALCULATION SHEET 

A-1 Shear Modulus and Bulk Modulus 

12"-POP 

E12:= 1.874 18.pa 

v12 := 0.2999 



A-2 D-P, M-C, and SANTOS input constants 

[12-inch POP drum] 

i:=1..4 03. := 01. := 
6 

MPa = 10 .Pa 

Thus, 

Slope of the line contacting with both circles: 

Intercept of the line contacting with both circles: 

TO show the stress term: 



k := 1 .. 3 

For the line contacting with both the Mohr circle of Test(k) and the Mohr circle of Test(k+l): 

'k+ l - 'k 1 I 
Slope: m; := asin Intercept: .- - k+ 1 - tan(&).%+l 

%+l-%) '- cos (k) 

ror the line contacting with both the Mohr circle of Test(4) and the Mohr circle of Test(1): 

Slope: @4 ::= ,in Intercept: r 4 
c ,= - - tan(b).x4 

' 4 4 4 )  

For the line contacting with both the Mohr circle of Test(3) and the Mohr circle of Test(1): 

For the line contacting with both the Mohr circle of Test(4) and the Mohr circle of Test(2): 

Slope: h := ,in Intercept: r 4 
C '---taIl(46)'X4 

'- C O S ( @ ~ )  

Thus, 

Average Internal 
Friction Angle: 



This small friction angle was deemed to be insignificant and problbly falls within the range of 
numerical errors. Therefore, the friction angle of 12-inch POP is considered zero. 

$,,, := 0,deg 

k : = 1 . . 3  

For the line contacting with both the Mohr circle of Test(k) and the Mohr circle of Test(k+l): 

'k+ l Intercept: .= - - 
k' cog(&) t 4 d % +  1 

For the line contacting with both the Mohr circle of Test(4) and the Mohr circle of Test(1): 

Slope: := 0 lntercept: I 
4 

c .= - - tm($4).x4 
' ~ 4 4 )  

For the line contacting with both the Mohr circle of Test(3) and the Mohr circle of Test(1): 

Slope: b := 0 lntercept: r 
3 

c .=- -tan(b).xj 
5 '  cos(45) 

For the line contacting with both the Mohr circle of Test(4) and the Mohr circle of Test(2): 

Slope: k := 0 Intercept: '4 
c .= - - tan(h).x4 

6 .  cos(k) 



According to "Zimmermann, Th., A. Tmty, A. Urbanski, S. Commend and K. Podles, 
2001,ZSOIL.PC: A Un$edApproach to Stability, Bearing Capacity, Consolidation, 
Creep and Flow for Two and Three-Dimensional Simulations in Geotechnical 
Practice. 1, Zace Services Ltd." 



[6-inch POP drum] 

6 MPa = 10 .Pa 

Thus, 

Slope of the line contacting with both circles: 

Intercept of the line contacting with both circles: 

To show the stress term: 

X 
I - =  

MPa 



For the line contacting with both the Mohr circle of Test(k) and the Mohr circle of Test(k+l): 

[ k + ~  -'kc\ Intercept: r Slope: k := asin k+ l  
.- - - tan(k).\+, 

%+I -\,I k .- cos (k)  

For the line contacting with both the Mohr circle of Test(4) and the Mohr circle of Test(1): 

Slope: b4 := ,,in Intercept: I4 
c .- - - t a ~ ~ ( $ ~ ) . x ~  

'- cos(k)  

For the line contacting with both the Mohr circle of Test(3) and the Mohr circle of Test(1): 

Intercept: r Slope: $5 := asin 3 
c .= - - t a ~ ~ ( + ~ ) . ~  

' cos(b5) 

$5 -- - 0 c5 = 3.9MPa 
deg 

For the line contacting with both the Mohr circle of Test(4) and the Mohr circle of Test(2): 

Slope: & :=asin Intercept: 1 4 
c .= - - tan(&).x4 

' cos(&) 

Thus, 

Average Internal 
Friction Angle: 



This small negative friction angle was deemed to be insignificant and problbly falls within the range 
of numerical errors. Therefore, the friction angle of 6-inch POP is considered zero. 

For the line contacting with both the Mohr circle of Test(k) and the Mohr circle of Test(k+l): 

'k+ l Intercept: , .= - - tan(k).\+, 
' cos(h)  

For the line contacting with both the Mohr circle of Test(4) and the Mohr circle of Test(i\. 

Slope: &, := 0 Intercept: r 4 
c .= - - tan($+4 c4 = 3.85MPa 

' cos(b4) 

For the line contacting with both the Mohr circle of Test(3) and the Mohr circle of Test(1I: 

For the line contacting with both the Mohr circle of Test(4) and the Mohr circle of Test(2): 

Slope: := 0 lntercept: r 4 c '= - 
6 co,(y - '(").'4 c6 = 335MPa 

Average Shear Strength 
Intercept: 



According to "Zimmemann, Th., A. Tmty, A. Urbanski, S.  Commend and K. Podles, 
2001, ZSOILPC: A Uni$ed Approach to Stability. Bearing Capacity, Consolidation, 
Cveep and Flow for Two and Three-Dimensional Simulations in Geotechnical 
Practice.1, Zace Services Ltd." 



APPENDIX B: FASTQ INPUT FILE 

B-112-inch POP Waste Mesh for UTS and TTS 
T I T L E  
Assembled P O P  w i t h  platen - 12 INCH P I P E  (07/10/03-B.Y.PARh1 

$ 
$Define P o i n t  
$ 
$ Lower I m p a c t  L i m i t e r  
P O I N T  101 .O -1.397E-3 
P O I N T  102 
P O I N T  103 
P O I N T  104 
P O I N T  105 
P O I N T  106 
$ 
P O I N T  1 
P O I N T  2 
P O I N T  3 
P O I N T  4 
P O I N T  5 
P O I N T  6 
$ 
P O I N T  11 
P O I N T  12 
P O I N T  13 
P O I N T  14 
P O I N T  15 
P O I N T  16 
$ 
P O I N T  21 
P O I N T  2 2  
P O I N T  23 
P O I N T  24 
P O I N T  25 
P O I N T  26 
$ 
P O I N T  31 
P O I N T  32 
P O I N T  33 
P O I N T  34 
P O I N T  35 
P O I N T  36 
$ 
P O I N T  41 
P O I N T  42 
P O I N T  4 3  
P O I N T  44 
P O I N T  45 
P O I N T  46 
$ 
P O I N T  51 
P O I N T  52 
P O I N T  53 
P O I N T  54 
P O I N T  55 
P O I N T  56 
$ 
P O I N T  61 
P O I N T  62 
P O I N T  63 



POINT 6 4  
POINT 6 5  
POINT 6 6  
$ 
POINT 7 1  
POINT 72  
POINT 7 3  
POINT 7 4  
POINT 7 5  
POINT 7 6  
$ 
POINT 81 
POINT 8 2  
POINT 8 3  
POINT 8 4  
POINT 8 5  
POINT 8 6  
$ 
POINT 9 1  
POINT 9 2  
POINT 9 3  
POINT 94  
POINT 9 5  
POINT 9 6  
$ U p p e r  P l a t e n  
POINT 9 7  
POINT 1 9 1  
POINT 1 9 2  
POINT 1 9 3  
POINT 1 9 4  
POINT 1 9 5  
POINT 1 9 6  
POINT 1 9 7  
$ 
$ D e f i n e  l i n e  
$ 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
$ 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
$ 
LINE 
LINE 
LINE 

STR 1 0 1  1 0 2  
STR 1 0 2  1 0 3  
STR 1 0 3  1 0 4  
STR 1 0 4  1 0 5  
STR 1 0 5  1 0 6  
STR 1 0 1  1 
STR 1 0 2  2 
STR 1 0 3  3 
STR 1 0 4  4 
STR 1 0 5  5 
STR 1 0 6  6 

STR 1 2 
STR 2 3 
STR 3 4 
STR 4 5 
STR 5 6 
STR 1 11 
STR 2 1 2  
STR 3 13 
STR 4 1 4  
STR 5 15 
STR 6 1 6  

STR 11 1 2  
STR 1 2  13 
STR 1 3  1 4  



LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
$ 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
S 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
$ 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
$ 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
$ 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 

STR 
STR 
STR 
STR 
STR 
STR 
STR 
STR 

STR 
STR 
STR 
STR 
STR 
STR 
STR 
STR 
STR 
STR 
STR 

S TR 
STR 
STR 
STR 
STR 
STR 
STR 
STR 
STR 
STR 
STR 

STR 
STR 
STR 
STR 
STR 
STR 
STR 
STR 
STR 
STR 
STR 

STR 
STR 
STR 
STR 
STR 
STR 
STR 
STR 
STR 
STR 
STR 

STR 
STR 
STR 
STR 
STR 
STR 



LINE 
LINE 
LINE 
LINE 
LINE 
$ 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
$ 
LINE 
LINE 
LINE 

STR 
STR 
STR 
STR 
STR 

STR 
STR 
STR 
STR 
STR 
STR 
STR 
STR 
STR 
STR 
STR 

STR 
STR 
STR 

LINE 84 STR 84 85 0  5  1.0 
LINE 185  STR 85 86 0  1 1 . 0  
LINE 8 5  STR 8 1  9 1  0  1 1 . 0  
LINE 8 6  STR 82  92 0  1 1 . 0  
LINE 87 STR 83 93 0  1 1 . 0  
LINE 8 8  STR 84 94 0  1 1 . 0  
LINE 8 9  STR 85 95 0  1 1.0 
LINE 90 STR 86 96 0  1 1.0 
$ 
LINE 9 1  STR 9 1  92 0  1 2  1 . 0  
LINE 92 STR 92  93 0  2  1 . 0  
LINE 93 STR 93 94 0  3  1 . 0  
LINE 94 STR 94 95 0  5  1 . 0  
LINE 1 9 5  STR 95 96 0  1 1 . 0  
LINE 1 9 6  STR 96 97 0 2 1 . 0  
LINE 95 STR 9 1  1 9 1  0  4  1 . 0  
LINE 96 STR 92 1 9 2  0  4  1 . 0  
LINE 97 STR 93 1 9 3  0  4  1 . 0  
LINE 98 STR 94 194  0  4  1 . 0  
LINE 99 STR 95 195  0  4  1.0 
LINE 1 0 0  STR 96 1 9 6  0  4  1.0 
LINE 1 9 7  STR 97 197  0  4  1 . 0  
$ 
LINE 2 0 1  STR 1 9 1  1 9 2  0  1 2  1.0 
LINE 2 0 2  STR 1 9 2  193  0  2  1 . 0  
LINE 2 0 3  STR 1 9 3  194  0  3  1.0 
LINE 204 STR 1 9 4  1 9 5  0  5  1.0 
LINE 2 0 5  STR 1 9 5  1 9 6  0  1 1 . 0  
LINE 2 0 6  STR 1 9 6  197  0  2  1 . 0  
$ 
$ NODEBC CARDS 
$ 
NODEBC 1 1 0 6  5  1 5  2 5  35 45 55 65 7 5  85 95 $ A x i s  of Model 
NODEBC 2  1 0 1  1 0 2  1 0 3  1 0 4  1 0 5  $ Bottom of Model 
$ 
$ SIDEBC CARDS 
s 
SIDEBC 1 0 0  1 0 1  1 0 2  1 0 3  104  1 0 5  $ Bot of Drum 
SIDEBC 2 0 0  1 0 6  5  1 5  2 5  3 5  45 55 65 75 85 95 $ Axis of Model 
SIDEBC 3 0 0  111 1 0  2 0  3 0  4 0  5 0  60 70  80 90 $ R-Side Of Drum 
SIDEBC 400 9 1  92  93 94 1 9 5  $ Top of Drum 
SIDEBC 4 0 1  2 0 1  2 0 2  2 0 3  204 2 0 5  2 0 6  $ TOP of Platen 



SIDEBC 5 0 0  1 0 1  1 0 2  1 0 3  1 0 4  1 0 5  111 1 0  2 0  3 0  4 0  5 0  6 0  7 0  8 0  9 0  9 1  9 2  9 3  9 4  1 9 5  
SIDEBC 5 0 1  1 0 1  1 0 2  1 0 3  1 0 4  1 0 5  111 1 0  2 0  3 0  4 0  5 0  6 0  7 0  8 0  9 0  1 9 6  1 9 7  2 0 6  2 0 5  
2 0 4  2 0 3  2 0 2  2 0 1  
SIDEBC 6 4 3  4 3  $ F l o o r  of S p a c e  
SIDEBC 6 4 8  4 8  $ R i g h t  w a l l  of S p a c e  
SIDEBC 6 5 3  5 3  $ R o o f  of S p a c e  
SIDEBC 6 4 7  4 7  $ L e f t  w a l l  o f  Space 
$ 
$ REGION CARDS 
$ 
REGION 1 
REGION 2 
REGION 3 
REGION 4  
$ 
REGION 11 
REGION 1 2  
REGION 13 
REGION 1 4  
$ 
$ 
REGION 2 1  
REGION 2 2  
REGION 2 3  
REGION 2 4  
$ 
REGION 3 1  
REGION 3 2  
REGION 3 3  
REGION 3 4  
$ 
REGION 4 1  
REGION 4 2  
$REGION 4 3  
REGION 4 4  
$ 
REGION 5 1  
REGION 5 2  
REGION 5 3  
REGION 5 4  
$ 
REGION 6 1  
REGION 6 2  
REGION 6 3  
REGION 6 4  
$ 
REGION 7 1  
REGION 7 2  
REGION 7 3  
REGION 7 4  
$ Drum 
REGION 81 
REGION 8 2  
REGION 8 3  
REGION 8 4  
$ P l a t e n  
REGION 9 1  
REGION 9 2  
REGION 9 3  
REGION 9 4  
REGION 9 5  
REGION 9 6  
$ D r u m  



R E G I O N  1 0 1  5  - 1 0 1  -107 -1 - 1 0 6  
R E G I O N  1 0 2  5  -102 -108 -2 -107  
R E G I O N  103  5  -103 -109 -3  -108  
R E G I O N  104  5  -104 -110 -4 - 1 0 9  
R E G I O N  1 0 5  5  -105 -111 -116  -110  
$ Drum 
R E G I O N  1 0 6  5  -116 -10  -115  - 9  
R E G I O N  1 1 5  5  -115 -20  -125  -19  
R E G I O N  1 2 5  5  -125 -30  -135  -29  
R E G I O N  1 3 5  5  -135 -40  -145  -39  
R E G I O N  1 4 5  5  -145 -50 -155  -49  
R E G I O N  1 5 5  5  -155 -60 -165  -59  
R E G I O N  1 6 5  5  -165 -70 -175  -69  
R E G I O N  1 7 5  5  -175 -80 -185  -79  
R E G I O N  1 8 5  5  -185 -90 -195  -89  
$ 
SCHEME ( M 
E X I T  



B-2 6-inch POP Waste Mesh for UTS and TTS 
TITLE 
Assembled POP pressed with platen - 6" Pipe (07/13/03-B.Y.PARK) 
$ 
$Define Point 
$ 
$ Lower Impact Limiter 
POINT 101 .O -1.397E-3 
POINT 102 
POINT 103 
POINT 104 
POINT 105 
POINT 106 
$ 
POINT 1 
POINT 2 
POINT 3 
POINT 4 
POINT 5 
POINT 6 
$ 
POINT 11 
POINT 12 
POINT 13 
POINT 14 
POINT 15 
POINT 16 
$ 
POINT 21 
POINT 22 
POINT 23 
POINT 24 
POINT 25 
POINT 26 
5 
POINT 31 
POINT 32 
POINT 33 
POINT 34 
POINT 35 
POINT 36 
$ 
POINT 41 
POINT 42 
POINT 43 
POINT 44 
POINT 45 
POINT 46 
$ 
POINT 51 
POINT 52 
POINT 53 
POINT 54 
POINT 55 
POINT 56 
$ 
POINT 61 
POINT 62 
POINT 63 
POINT 64 
POINT 65 
POINT 66 



$ 
POINT 7 1  . O  
POINT 7 2  . 0 7 8 8 7  
POINT 7 3  . 0 8 9 0 5  
POINT 7 4  . I 3 9 7 0  
POINT 7 5  . 2 7 3 0 5  
POINT 7 6  . 2 7 4 4 4 7  
$ 
POINT 8 1  . O  
POINT 8 2  , 0 7 8 8 7  
POINT 8 3  . 0 8 9 0 5  
POINT 8 4  . I 3 9 7 0  
POINT 8 5  . 2 7 3 0 5  
POINT 8 6  . 2 7 4 4 4 7  
$ 
POINT 9 1  . O  
POINT 9 2  . o 7 a a 7  
POINT 9 3  . 0 8 9 0 5  
POINT 94  . I 3 9 7 0  
POINT 9 5  . 2 7 3 0 5  
POINT 9 6  , 2 7 4 4 4 7  
$ U p p e r  P l a t e n  
POINT 9 7  
POINT 1 9 1  
POINT 1 9 2  
POINT 1 9 3  
POINT 1 9 4  
POINT 1 9 5  
POINT 1 9 6  
POINT 1 9 7  
$ 
$ D e f i n e  l i n e  
$ 
LINE 1 0 1  
LINE 1 0 2  
LINE 1 0 3  
LINE 1 0 4  
LINE 1 0 5  
LINE 1 0 6  
LINE 1 0 7  
LINE 1 0 8  
LINE 1 0 9  
LINE 1 1 0  
LINE 111 
$ 
LINE 1 
LINE 2 
LINE 3 
LINE 4 
LINE 1 1 6  
LINE 5 
LINE 6 
LINE 7 
LINE 8 
LINE 9 
LINE 1 0  
$ 
LINE 11 
LINE 1 2  
LINE 1 3  
LINE 1 4  
LINE 1 1 5  
LINE 15 

STR 1 0 1  1 0 2  
STR 1 0 2  1 0 3  
STR 1 0 3  1 0 4  
STR 1 0 4  1 0 5  
STR 1 0 5  1 0 6  
STR 1 0 1  1 
STR 1 0 2  2 
STR 1 0 3  3 
STR 1 0 4  4 
STR 1 0 5  5 
STR 1 0 6  6 

STR 1 2 
STR 2 3 
STR 3 4 
STR 4 5 
STR 5 6 
STR 1 11 
STR 2 1 2  
STR 3 1 3  
STR 4 1 4  
STR 5 15 
STR 6 1 6  

STR 11 1 2  
STR 1 2  1 3  
STR 13 1 4  
STR 1 4  1 5  
STR 1 5  1 6  
STR 11 2 1  



LINE 
LINE 
LINE 
LINE 

STR 
STR 
STR 
STR 
STR LINE 

$ 
LINE 
LINE 
LINE 
LINE 
LINE 

STR 
STR 
STR 
STR 
STR 
STR 
STR 
STR 
STR 

LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
$ 
LINE 
LINE 
LINE 
LINE 

STR 
STR 

STR 
STR 
STR 
STR 
STR 
STR 
STR 
STR 
STR 
STR 
STR 

STR 
STR 
STR 
STR 
STR 
STR 
STR 

LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
$ 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
$ 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 

STR 
STR 
STR 
STR 

STR 
STR 
STR 
STR 
STR 
STR 
STR 
S TR 
STR 
STR 
STR 

STR 
STR 
STR 
STR 
STR 
STR 
STR 
STR 
STR 

LINE 
LINE 
LINE 
LINE 
LINE 
$ 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 



LINE 
LINE 
$ 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
$ 
LINE 
LINE 
LINE 
LINE 
LINE 

STR 
STR 

STR 
STR 
STR 
STR 
STR 
STR 
STR 
STR 
STR 
STR 
STR 

STR 
STR 
STR 
STR 
STR 

LINE 8 5  STR 8 1  9 1  0  1 1 . 0  
LINE 8 6  STR 8 2  92 0  1 1 . 0  
LINE 
LINE 
LINE 
LINE 
$ 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 9 5  
LINE 96  
LINE 97 
LINE 98 
LINE 9 9  
LINE 1 0 0  
LINE 1 9 7  
$ 
LINE 2 0 1  
LINE 2 0 2  
LINE 2 0 3  
LINE 2 0 4  
LINE 2 0 5  

STR 
STR 
STR 
STR 

STR 
STR 
STR 
STR 
STR 
STR 
STR 9 1  1 9 1  0  4  1 . 0  
STR 92 1 9 2  0  4  1 . 0  
STR 93  1 9 3  0  4  1 . 0  
STR 94 1 9 4  0  4  1 . 0  
STR 95 1 9 5  0  4  1 . 0  
STR 96  1 9 6  0  4  1 . 0  
STR 97 1 9 7  0  4  1 . 0  

STR 1 9 1  1 9 2  0  6  1. 
STR 1 9 2  1 9 3  0  2  1. 
STR 1 9 3  1 9 4  0  4  1 . 0  
STR 1 9 4  1 9 5  0  1 0  1 . 0  
STR 1 9 5  1 9 6  1 1. 

LINE 2 0 6  STR 1 9 6  1 9 7  
$ 
$ NODEBC CARDS 
$ 
NODEBC 1 1 0 6  5 1 5  2 5  3 5  4 5  5 5  6 5  7 5  8 5  9 5  $ Axis o f  Model  
NODEBC 2  1 0 1  1 0 2  1 0 3  1 0 4  1 0 5  $ B o t t o m  o f  Mode l  
$ 
$ SIDEBC CARDS 
$ 
SIDEBC 1 0 0  1 0 1  1 0 2  1 0 3  1 0 4  1 0 5  $ Bot o f  Drum 
SIDEBC 2 0 0  1 0 6  5  1 5  2 5  3 5  4 5  5 5  65  7 5  8 5  9 5  $ Axis of Model  
SIDEBC 3 0 0  111 1 0  2 0  30  4 0  5 0  60 70  8 0  90  $ R-Side of Drum 
SIDEBC 4 0 0  9 1  92 9 3  94 1 9 5  $ TOP o f  Drum 
SIDEBC 4 0 1  2 0 1  202  2 0 3  2 0 4  2 0 5  2 0 6  $ TOP o f  P l a t e n  
SIDEBC 5 0 0  1 0 1  1 0 2  1 0 3  1 0 4  1 0 5  111 1 0  2 0  3 0  40 5 0  60  70  8 0  90 1 9 5  94 9 3  92 9 1  
SIDEBC 5 0 1  1 0 1  1 0 2  1 0 3  1 0 4  1 0 5  111 1 0  2 0  3 0  40 5 0  60 70  8 0  90  1 9 6  1 9 7  2 0 6  2 0 5  
204  2 0 3  2 0 2  2 0 1  



SIDEBC 6 4 3  4 3  
SIDEBC 6 4 8  48  
SIDEBC 6 5 3  5 3  
SIDEBC 6 4 7  47 
$ 
$ REGION CARDS 

$ Floor of Space 
$ Right w a l l  of Space 
$ Roof of Space 
$ Left w a l l  of Space 

$ 
REGION 1 
REGION 2 
REGION 3 
REGION 4 
$ 
REGION 11 
REGION 1 2  
REGION 1 3  
REGION 1 4  
$ 
$ 
REGION 2 1  
REGION 2 2  
REGION 2 3  
REGION 2 4  
$ 
REGION 3 1  
REGION 3 2  
REGION 3 3  
REGION 34  
$ 
REGION 4 1  
REGION 42 
$REGION 4 3  
REGION 44 
$ 
REGION 5 1  
REGION 5 2  
REGION 5 3  
REGION 5 4  
$ 
REGION 6 1  
REGION 62 
REGION 6 3  
REGION 64 
$ 
REGION 7 1  
REGION 72  
REGION 7 3  
REGION 74  
$ Drum 
REGION 8 1  
REGION 8 2  
REGION 8 3  
REGION 8 4  
$ Platen 
REGION 9 1  
REGION 92  
REGION 9 3  
REGION 94 
REGION 95 
REGION 96 
$ Drum 
REGION 1 0 1  
REGION 1 0 2  
REGION 1 0 3  



R E G I O N  1 0 4  
R E G I O N  105 
$ Drum 
R E G I O N  1 0 6  
R E G I O N  115 
R E G I O N  1 2 5  
R E G I O N  135 
R E G I O N  1 4 5  
R E G I O N  155 
R E G I O N  1 6 5  
R E G I O N  1 7 5  
R E G I O N  185 
$ 
SCHEME 0 
EXIT 



B-3 1 2 - i d  POP Waste Mesh for HTS 
TITLE 

A s s e m b l e d  POP - 1 2  INCH P I P F  'n7"'"03-B " D m K )  
$ 
$ D e f i n e  P o i n t  
$ 
$ L o w e r  I m D a c t  L i m i t e r  
POINT 1 0 1  
POINT 1 0 2  
POINT 1 0 3  
POINT 1 0 4  
POINT 1 0 5  
POINT 1 0 6  
$ 
POINT 1 
POINT 2 
POINT 3 
POINT 4 
POINT 5 
POINT 6 
$ 
POINT 11 
POINT 1 2  
POINT 13 
POINT 1 4  
POINT 1 5  
POINT 1 6  
S 
POINT 2 1  
POINT 2 2  
POINT 2 3  
POINT 2 4  
POINT 2 5  
POINT 2 6  
S 
POINT 3 1  
POINT 3 2  
POINT 3 3  
POINT 3 4  
POINT 3 5  
POINT 3 6  
$ 
POINT 4 1  
POINT 4 2  
POINT 4 3  
POINT 44 
POINT 45  
POINT 4 6  
$ 
POINT 5 1  
POINT 5 2  
POINT 5 3  
POINT 5 4  
POINT 5 5  
POINT 5 6  
$ 
POINT 6 1  
POINT 6 2  
POINT 6 3  
POINT 64  
POINT 6 5  
POINT 66  



$ 
POINT 7 1  
POINT 72  
POINT 7 3  
POINT 74  
POINT 7 5  
POINT 7 6  
$ 
POINT 8 1  
POINT 82  
POINT 8 3  
POINT 84 
POINT 8 5  
POINT 8 6  
$ 
POINT 9 1  
POINT 92 
POINT 93 
POINT 94 
POINT 95 
POINT 96 
$ 
$Define line 
$ 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
$ 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
$ 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
$ 
LINE 
LINE 
LINE 

STR 1 0 1  
STR 1 0 2  
STR 1 0 3  
STR 1 0 4  
STR 1 0 5  
STR 1 0 1  
STR 1 0 2  
STR 1 0 3  
STR 1 0 4  
STR 1 0 5  
STR 1 0 6  

STR 1 
STR 2  
STR 3  
STR 4  
STR 5  
STR 1 
STR 2  
STR 3 
STR 4 
STR 5  
STR 6  

STR 11 1 2  0  1 2  1 . 0  
STR 1 2  1 3  0  2 1 . 0  
STR 1 3  1 4  0  3  1 . 0  
STR 1 4  1 5  0  5 1 . 0  
STR 15  1 6  0  1 1 . 0  
STR 11 2 1  0  2  1 . 0  
STR 1 2  2 2  0  2  1.0 
STR 1 3  2 3  0  2  1 . 0  
STR 1 4  2 4  0  2  1.0 
STR 15  25 0  2  1.0 
STR 1 6  2 6  0 2  1.0 

STR 2 1  22 0 1 2  1.0 
STR 22 2 3  0  2  1 . 0  
STR 2 3  24 0 3  1 . 0  



LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
$ 
LINE 
LINE 
LINE 

STR 
STR 
STR 
STR 
STR 
STR 
STR 
STR 

STR 
STR 
STR 

LINE 
LINE 

STR 
STR 
STR 
STR 
STR 
STR 
STR 
STR 

STR 
STR 
STR 
STR 
STR 
STR 
STR 
STR 
STR 
STR 
STR 

STR 

LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
$ 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
$ 
LINE 
LINE 
LINE 

STR 
STR 

LINE 
LINE 

STR 
STR 
STR 
STR 
STR 
STR 
STR 
STR 

LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
$ 
LINE 
LINE 
LINE 
LINE 

STR 
STR 
STR 
STR 

LINE 
LINE 

STR 
STR 
STR 
STR 
STR 
STR 
STR 

LINE 
LINE 
LINE 
LINE 
LINE 
$ 
LINE 
LINE 
LINE 

STR 
STR 
STR 

LINE 
LINE 

STR 
STR 

LINE STR 



LINE 7 6  
LINE 7 7  
LINE 7 8  
LINE 7 9  
LINE 8 0  
$ 
LINE 8 1  
LINE 8 2  
LINE 8 3  
LINE 8 4  
LINE 1 8 5  
LINE 8 5  
LINE 8 6  
LINE 8 7  
LINE 8 8  
LINE 8 9  
LINE 9 0  
$ 
LINE 9 1  
LINE 92  
LINE 9 3  
LINE 94  
LINE 1 9 5  
$ 

STR 72  8 2  
STR 7 3  8 3  
STR 74  8 4  
STR 7 5  8 5  
STR 7 6  8 6  

STR 8 1  8 2  
STR 8 2  8 3  
STR 8 3  8 4  
STR 8 4  8 5  
STR 8 5  8 6  
STR 8 1  9 1  
STR 8 2  9 2  
STR 8 3  9 3  
STR 8 4  94  
STR 8 5  9 5  
STR 8 6  9 6  

STR 9 1  9 2  
STR 92  9 3  
STR 9 3  94  
STR 94  9 5  
STR 9 5  9 6  

$ NODEBC CARDS 
$ 
NODEBC 1 1 0 6  5 1 5  
NODEBC 2 1 0 1  1 0 2  1 0 3  1 0  
$ 
$ SIDEBC CARDS 
S 

35 4 5  5 5  6 5  7 5  8 5  $ A x i s  o f  M o d e l  
$ B o t t o m  o f  M o d e l  

SIDEBC 1 0 0  1 0 1  1 0 2  1 0 3  1 0 4  1 0 5  $ B o t  o f  Drum 
SIDEBC 2 0 0  1 0 6  5 1 5  2 5  3 5  4 5  5 5  6 5  7 5  8 5  $ A x i s  o f  M o d e l  
S I D E B C 3 0 0  111 1 0  2 0  3 0  4 0  5 0  6 0  7 0  8 0  9 0 $ R - S i d e o f  Drum 
SIDEBC 4 0 0  9 1  9 2  9 3  94  1 9 5  $ T o p  o f  T o p  In- 
p a c t  L i m i t e r  
SIDEBC 5 0 0  1 0 1  1 0 2  1 0 3  1 0 4  1 0 5  111 1 0  2 0  3 0  4 0  5 0  6 0  7 0  8 0  9 0  9 1  92  9 3  94  1 9 5  
$ V o l  o f  Drum 
SIDEBC 6 4 3  4 3  $ 
SIDEBC 6 4 8  4 8  $ 
SIDEBC 6 5 3  5 3  $ 
SIDEBC 6 4 7  4 7  $ 
$ 
$ REGION CARDS 
$ 
REGION 1 
REGION 2 
REGION 3 
REGION 4 
$ 
REGION 11 
REGION 1 2  
REGION 13 
REGION 1 4  
$ 
$ 
REGION 2 1  
REGION 2 2  
REGION 2 3  
REGION 2 4  
$ 
REGION 3 1  
REGION 3 2  

F l o o r  o f  S p a c e  
R i g h t  w a l l  of S p a c e  
R o o f  o f  S p a c e  
L e f t  w a l l  o f  S p a c e  



REGION 33 
REGION 34 
$ 
REGION 41 
REGION 42 
$REGION 43 
REGION 44 
$ 
REGION 51 
REGION 52 
REGION 53 
REGION 54 
$ 
REGION 61 
REGION 62 
REGION 63 
REGION 64 
$ 
REGION 71 
REGION 72 
REGION 73 
REGION 74 
$ 
REGION 81 
REGION 82 
REGION 83 
REGION 84 
$ 
$ 
REGION 101 
REGION 102 
REGION 103 
REGION 104 
REGION 105 
$ 
REGION 106 
REGION 115 
REGION 125 
REGION 135 
REGION 145 
REGION 155 
REGION 165 
REGION 175 
REGION 185 
$ 
SCHEME 0 
EXIT 



P O I N T  101- 
P O I N T  102 
P O I N T  103 
P O I N T  104 
P O I N T  105 
P O I N T  106 
$ 
P O I N T  1 
P O I N T  2 
P O I N T  3 
P O I N T  4 
P O I N T  5 
P O I N T  6 
$ 
P O I N T  11 
P O I N T  12 
P O I N T  13 
P O I N T  14 
P O I N T  15 
P O I N T  16 
$ 
P O I N T  21 
P O I N T  22 
P O I N T  23 
P O I N T  24 
P O I N T  25 
P O I N T  26 
$ 
P O I N T  31 
P O I N T  32 
P O I N T  33 
P O I N T  34 
P O I N T  35 
P O I N T  36 
$ 
P O I N T  41 
P O I N T  42 
P O I N T  43 
P O I N T  44 
P O I N T  45 
P O I N T  46 
$ 
P O I N T  51 
P O I N T  52 
P O I N T  53 
P O I N T  54 
P O I N T  55 
P O I N T  56 
$ 
P O I N T  61 
P O I N T  62 
P O I N T  63 
P O I N T  64 
P O I N T  65 
P O I N T  66 

B-4 6-inch POP Waste Mesh for HTS 
T I T L E  
P O P  W a s t e  f o r  H y d r o s t a t i c  T e s t  S i m u l a t i o n  - 6" P i p e  (07/13/03-B.Y.PARK) 
$ 
$ D e f i n e  P o i n t  
$ 
$ L o w e r  I m p a c t  L i m i t e r  

. O  -1.397E-3 



$ 
POINT 7 1  
POINT 72 
POINT 73 
POINT 7 4  
POINT 75 
POINT 76  
$ 
POINT 8 1  
POINT 82 
POINT 83 
POINT 84 
POINT 85 
POINT 8 6  
$ 
POINT 91 
POINT 92 
POINT 93 
POINT 94 
POINT 95 
POINT 96 
$ 
$Define line 
$ 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
$ 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
$ 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
LINE 
$ 
LINE 
LINE 
LINE 

STR 
STR 
STR 
STR 
STR 
STR 
STR 
STR 
STR 
STR 
STR 

STR 
STR 
STR 
STR 
STR 
STR 
STR 
STR 
STR 
STR 
STR 

STR 
STR 
STR 
STR 
STR 
STR 
STR 
STR 
STR 
STR 
STR 

STR 
STR 
STR 



LINE 24 
LINE 125 
LINE 25 
LINE 26 
LINE 27 
LINE 28 
LINE 29 
LINE 30 
$ 
LINE 31 
LINE 32 
LINE 33 
LINE 34 
LINE 135 
LINE 35 
LINE 36 
LINE 37 
LINE 38 
LINE 39 
LINE 40 
$ 
LINE 41 
LINE 42 
LINE 43 
LINE 44 
LINE 145 
LINE 45 
LINE 46 
LINE 47 
LINE 48 
LINE 49 
LINE 50 
$ 
LINE 51 
LINE 52 
LINE 53 
LINE 54 
LINE 155 
LINE 55 
LINE 56 
LINE 57 
LINE 58 
LINE 59 
LINE 60 
$ 
LINE 61 
LINE 62 
LINE 63 
LINE 64 
LINE 165 
LINE 65 
LINE 66 
LINE 67 
LINE 68 
LINE 69 
LINE 70 
$ 
LINE 71 
LINE 72 
LINE 73 
LINE 74 
LINE 175 
LINE 75 

STR 24 
STR 25 
STR 21 
STR 22 
STR 23 
STR 24 
STR 25 
STR 26 

STR 31 
STR 32 
STR 33 
STR 34 
STR 35 
STR 31 
STR 32 
STR 33 
STR 34 
STR 35 
STR 36 

STR 41 
STR 42 
STR 43 
STR 44 
STR 45 
STR 41 
STR 42 
STR 43 
STR 44 
STR 45 
STR 46 

STR 51 
STR 52 
STR 53 
STR 54 
STR 55 
STR 51 
STR 52 
STR 53 
STR 54 
STR 55 
STR 56 

STR 61 
STR 62 
STR 63 
STR 64 
STR 65 
STR 61 
STR 62 
STR 63 
STR 64 
STR 65 
STR 66 

STR 71 
STR 72 
STR 73 
STR 74 
STR 75 
STR 71 81 



LINE 76 STR 72 82 0 4 1.0 
LINE 77 STR 73 83 0 4 1.0 
LINE 78 STR 74 84 0 4 1.0 
LINE 79 STR 75 85 0 4 1.0 
LINE 80 STR 76 86 0 4 1.0 
$ 
LINE 81 STR 81 82 0 6 1.0 
LINE 82 STR 82 83 0 2 1.0 
LINE 83 STR 83 84 0 4 1.0 
LINE 84 STR 84 85 0 0 1.0 
LINE 185 STR 85 86 0 1 1.0 
LINE 85 STR 81 91 0 1 1.0 
LINE 86 STR 82 92 0 1 1.0 
LINE 87 STR 83 93 0 1 1.0 
LINE 88 STR 84 94 0 1 1.0 
LINE 89 STR 85 95 0 1 1.0 
LINE 90 STR 86 96 0 1 1.0 
$ 
LINE 91 STR 91 92 0 6 1.0 
LINE 92 STR 92 93 0 2 1.0 
LINE 93 STR 93 94 0 4 1.0 
LINE 94 STR 94 95 0 10 1.0 
LINE 195 STR 95 96 0 1 1.0 
$ 
$ NODEBC CARDS 
$ 
NODEBC 1 106 5 15 25 35 45 5 75 85 $ Axis of Model 
NODEBC 2 101 102 103 104 105 $ Bottom of Mode1 
$ 
$ SIDEBC CARDS 
$ 
SIDEBC100 101 102 103 104 105 $ Bot of Drum 
SIDEBC 200 106 5 15 25 35 45 55 65 75 85 $ Axis of Model 
SIDEBC 300 111 10 20 30 40 50 60 70 80 90 $ R-Side of Drum 
SIDEBC 400 91 92 93 94 195 $ TOP of TOP Impact 
Limiter 
SIDEBC 500 101 102 103 104 105 111 10 20 30 40 50 60 70 80 90 91 92 93 94 195 
$ Vol of Drum 
SIDEBC 643 43 $ Floor of Space 
SIDEBC 648 48 $ Right wall of Space 
SIDEBC 653 53 $ ROO£ of Space 
SIDEBC 647 47 $ Left wall of Space 
$ 
$ REGION CARDS 
$ 
REGION 1 1 -1 -6 -11 -5 
REGION 2 1 -2 -7 -12 -6 
REGION 3 1 -3 -8 -13 -7 
REGION 4 1 -4 -9 -14 -8 
$ 
REGION 11 3 -11 -16 -21 -15 
REGION 12 3 -12 -17 -22 -16 
REGION 13 3 -13 -18 -23 -17 
REGION 14 3 -14 -19 -24 -18 
$ 
$ 
REGION 21 2 -21 -26 -31 -25 
REGION 22 2 -22 -27 -32 -26 
REGION 23 1 -23 -28 -33 -27 
REGION 24 1 -24 -29 -34 -28 
$ 
REGION 31 4 -31 -36 -41 -35 
REGION 32 2 -32 -37 -42 -36 



REGION 33 
REGION 34 
5 
REGION 41 
REGION 42 
$REGION 43 
REGION 44 
$ 
REGION 51 
REGION 52 
REGION 53 
REGION 54 
$ 
REGION 61 
REGION 62 
REGION 63 
REGION 64 
$ 
REGION 71 
REGION 72 
REGION 73 
REGION 74 
$ 
REGION 81 
REGION 82 
REGION 83 
REGION 84 
; 
3 

REGION 101 
REGION 102 
REGION 103 
REGION 104 
REGION 105 
$ 
REGION 106 
REGION 115 
REGION 125 
REGION 135 
REGION 145 
REGION 155 
REGION 165 
REGION 175 
REGION 185 
$ 
SCHEME 
EXIT 



APPENDIX C: SAMPLE SANTOS INPUT FILES FOR TEST SIMULATION 

G I  For UTS 
TITLE $ Card 1 
Uni-axial Test Simulation, 12"-Dia PnP Waste. R y Park 17/14/031 
$ Card 3 
AXISYMMETRIC $ Drum shape 
$ Card 12 $ Default = 0.5 1%) 
RESIDUAL TOLERANCE = 1.0 
$ Card 13 lDefault=Z*num of nodes) 
MAXIMUM ITERATIONS = 10000000 
$ 
STEP CONTROL 
10000, l.E-3 
100, 1. 
100, 1.E3 
150, 16.E3 

END 
PLOT TIME 
1000. 1 .E-3 

1, 16.E3 
END 
OUTPUT TIME 
1000, l.E-3 
10, 1. 
10, 1.E3 
1, 16.E3 

END 
$ Card 8 
PLOT NODAL, DISPLACEMENT, RESIDUAL 
$ Card 9 
PLOT ELEMENT, STRESS, STRAIN, VONMISES, PRESSURE 
$ Card 10 
PLOT STATE, EQCS, EV 
$ Card 32 
FUNCTION,l $ Axial Pressure: 0 to 16 MPa 
0. 0. 
l.E-3 1. 
1. 1.E3 
1.E3 1.E6 

16.E3 16.E6 
END 
5 Card 33 
NO DISPLACEMENT X 1 $ Axis of Model 
NO DISPLACEMENT Y 2 $ Bottom of Model 
5 Card 37 
PRESSURE 401 1 1.0 $ Applying the pressure on the top of Upper Rigid Platen 
$ Card 39: Coarser mesh should be designated as the master surface. 
$ master,slave, mu, dis, tenrel 
CONTACT SURFACE, 643, 647, 0.0, l.E-4, 1.E4 $ btwn floor and LW of space 
CONTACT SURFACE, 653, 648, 0.0, l.E-4, 1.E4 $ btwn roof and RW of space 
CONTACT SURFACE, 643, 648. 0.0, l.E-4, 1.E4 $ btwn floor and RW of space 
$ Card 41 
$Impact Limiter based on SAND98-1003 Table 2 
MATERIAL, 1, ELASTIC PLASTIC, 256.485 
YOUNGS MODULUS 6.89537 
POISSONS RATIO 0.05 
YIELD STRESS 3.44135 
HARDENING MODULUS 2.41337 



BETA 0.5 
END 
$ Stainless Steel Grade 304 based on SAND98-1003 Table I 
MATERIAL, 2, EP POWER HARD, 7908. 
YOUNGS MODULUS 1.931Ell 
POISSONS RATIO 0.27 
YIELD STRESS 1.931E8 

LUDERS STRAIN 0.0 
END 
$Plvwood based on SAND98-1003 Table 2 
MATERIAL, 3, ELASTIC PLASTIC, 427.476 
YOUNGS MODULUS 3.10337 
POISSONS RATIO 0.2 
YIELD STRESS 3.47736 
HARDENING MODULUS 6.89534 
BETA 0.5 
END 
$ Contents based on SAND98-1003 (Table 2) 
MATERIAL, 4, ELASTIC PLASTIC, 256.485 
YOUNGS MODULUS 6.89537 
POISSONS RATIO 0.2 
YIELD STRESS 1.72435 
HARDENING MODULUS 0.0 
BETA 0.0 
END 
$ Drum wall based on SAND98-1003 (Table 2) 
MATERIAL, 5, ELASTIC PLASTIC, 7908. 
YOUNGS MODULUS 1.931Ell 
POISSONS RATIO 0.27 
YIELD STRESS 2.785E8 
HARDENING MODULUS 6.895E7 
BETA 0.0 
END 
$ Riqid Platen based on SANTOS V&Q Problem 8 
$ MATERIAL, 6, ELASTIC, 1. 
MATERIAL, 6, EP POWER HARD, 1 . . 
YOUNGS MODULUS 30.Ell 
POISSONS RATIO 0.3 
YIELD STRESS 1.93139 
HARDENING CONSTANT 1.32939 
HARDENING EXPONENT 0.748190 
LUDERS STRAIN 0.0 
END 
$ Card 31 
EXIT 



C-2 For TTS 
TITLE $ Card 1 
Tri-axial Test Simulation, 1.5Mpa cr, ~'--Dia. POP Waste: B.Y.Park (//17/03) 
$ Card 3 
AXISYMMETRIC $ Drum shape 
$ Card 12 $ Default = 0.5 ( % )  
RESIDUAL TOLERANCE = 1.0 
$ Card 13 (Default=Z*num of nodes) 
MAXIMUM ITERATIONS = 10000000 
$ 
STEP CONTROL 

100, 1.5E3 
145, 16.E3 

END 
PLOT TIME 
1000, l.E-3 
10. 1.5 
10, 1.5E3 
1, 16.E3 

END 
OUTPUT TIME 
1000, l.E-3 

1, 16.E3 
END 
$ Card 8 
PLOT NODAL, DISPLACEMENT, RESIDUAL 
$ Card 9 
PLOT ELEMENT, STRESS, STRAIN, VONMISES, PRESSURE 
$ Card 10 
PLOT STATE, EQCS, EV 
$ Card 32 
FUNCTION,l $ Axial Pressure: 0 to 16 MPa 
0. 0. 
l.E-3 1. 
1.5 1.5E3 
1.5E3 1. 5E6 
16.E3 16.E6 

END 
FUNCTION,2 $ Confining Pressure: 1.5 MPa 
0. 0.0 

END 
$ Card 33 
NO DISPLACEMENT X 1 $ Axis of Model 
NO DISPLACEMENT Y 2 $ Bottom of Model 
$ Card 37 
PRZSSURE 3:: i 1.2 S Apply1r.g the cor.flr.:cg pressure on rhe drum call 
PRZSSU.W 431 1 1.2 j AF3lylr.q Lhe 3ressure on .he too cf :me? hlai.1 ?lc-.en -. . . 
$ Card 39: Coarser mesh shouid be designated as the master surface. 
$ master, slave, mu, dis, tenrel 
CONTACT SURFACE, 643, 647, 0.0, l.E-4, 1.E4 $ btwn floor and LW of space 
CONTACT SURFACE, 653, 648, 0.0, l.E-4, 1.E4 $ btwn roof and RW of space 
CONTACT SURFACE, 643, 648, 0.0, l.E-4, 1.E4 $ btwn floor and RW of space 
$ Card 41 
$Impact Limiter based on SAND~E-1003 Table 2 



MATERIAL, 1, ELASTIC PLASTIC, 256.485 
YOUNGS MODULUS 6.895E7 
POISSONS RATIO 0.05 
YIELD STRESS 3.447E5 
HARDENING MODULUS 2.413E7 
BETA 0.5 
END 
$ Stainless Steel Grade 304 based on SAND98-1003 Table 1 
MATERIAL, 2, EP POWER HARD, 7908. 
YOUNGS MODULUS 1.931Ell 
POISSONS RATIO 0.27 
YIELD STRESS 1.931E8 
HARDENING CONSTANT 1.329E9 
HARDENING EXPONENT 0.748190 
LUDERS STRAIN 0.0 
END 
$Plywood based on SAND98-1003 Table 2 
MATERIAL, 3, ELASTIC PLASTIC, 427.476 
YOLINGS MODULUS 3.103E7 
POISSONS RATIO 0.2 
YIELD STRESS 3.477E6 
HARDENING MODULUS 6.895E4 
BETA 0.5 
END 
$ Contents based on SAND98-1003 (Table 2) 
MATERIAL, 4, ELASTIC PLASTIC, 256.485 
YOLINGS MODULUS 6.895E7 
POISSONS RATIO 0.2 
YIELD STRESS 1.724E5 
HARDENING MODULUS 0.0 
BETA 0.0 
END 
$ Drum wall based on SAND98-1003 (Table 21 
MATERIAL, 5, ELASTIC PLASTIC, 7908. 
YOUNGS MODULUS 1.931Ell 
POISSONS RATIO 0.27 
YIELD STRESS 2.78538 
HARDENING MODULUS 6.89537 
BETA 0.0 
END 
$ Rigid Platen based on SANTOS V&Q Problem @ 
$ MATERIAL, 6, ELASTIC, 1. 
MATERIAL, 6, EP POWER HARD, 1. 
YOUNGS MODULUS 30.Ell 
POISSONS RATIO 0.3 
YIELD STRESS 1.93139 
HARCENING '3CNS:AN: :.?i9:9 
HARCENING ZXPCNZNZ C.74810. 
LUDERS STRAIN 0.0 
END 
$ Card 31 
EXIT 



C-3 For HTS 
TITLE $ Card 1 
Hydrostatic Test Simulation, 12"-Dia. POP Waste . B.Y.Park (7/14/03! 
$ Card 3 
AXISYMMETRIC $ Drum shape 
$ Card 12 $ Default = 0.5 ( % )  
RESIDUAL TOLERANCE = 0.5 
$ Card 13 (Default=Z*nurn of nodes) 
MAXIMUM ITERATIONS = 10000000 
$ 
STEP CONTROL 
10000, 1.OE-3 
100, 1.0 
100, 1.OE3 
150, 16.E3 

END 
PLOT TIME 
1000, 1.OE-3 
10, 1.0 
10, 1.OE3 
1, 16.E3 

END 
OUTPUT TIME 
1000, 1.OE-3 
10, 1.0 
10, 1.OE3 
1, 16.E3 

END 
$ Card 8 
PLOT NODAL, DISPLACEMENT, RESIDUAL 
$ Card 9 
PLOT ELEMENT, STRESS, STRAIN, VONMISES, PRESSURE 
$ Card 10 
PLOT STATE, EQCS, EV 
$ Card 32 
FUNCTION,l $ Hydraulic Pressure 
0. 0. 
1.OE-3 1. 
1.0 1.OE3 
1.OE3 1.OE6 
16.E3 16.E6 

END 
$ Card 33 
NO DISPLACEMENT X 1 $ Axis of Model 
$ Card 37 
PRESSURE 100 1 1.0 $ Applvinq the pressure on the bottom of drum .. - . 
P3ESSL'X 303 1 1.3 $ Ap?lyir.q the ?rssscre or. rhe drxn wa-1 
?3ESSL?E 430 1 1.3 5 AEDlVln? :he Dressure on rhe Loo of dr.2~ lid .- - - 
$ Card 39: Coarser mesh should be designated as the master surface. 
$ master, slave, mu, dis, tenrel 
CONTACT SURFACE, 643, 647, 0.0, l.E-4, 1.E4 $ btwn floor and LW of space 
CONTACT SURFACE, 653, 648, 0.0, l.E-4, 1.E4 $ btwn roof and RW of space 
CONTACT SURFACE, 643, 648, 0.0, l.E-4, 1.E4 $ btwn floor and RW of space 
$Impact Limiter based on SAND98-1003 Table 2 
MATERIAL, 1, ELASTIC PLASTIC, 256.485 
YOUNGS MODULUS 6.89537 
POISSONS RATIO 0.05 
YIELD STRESS 3.44735 
HARDENING MODULUS 2.41337 
BETA 0.5 
END 
$ Stainless Steel Grade 304 based on SAND98-1003 Table 1 



MATERIAL, 2, EP POWER HARD, 7908. 
YOUNGS MODULUS 1.931Ell 
POISSONS RATIO 0.27 
YIELD STRESS 1.931E8 
HARDENING CONSTANT 1.329E9 
HARDENING EXPONENT 0.748190 
LUDERS STRAIN 0.0 ~ ~ 

END 
$Plywood based on SAND98-1003 Table 2 
MATERIAL, 3, ELASTIC PLASTIC, 427.476 
YOUNGS MODULUS 3.10337 
POISSONS RATIO 0.2 
YIELD STRESS 3.41736 
HARDENING MODULUS 6.895E4 
BETA 0.5 
END 
$ Contents based on SAND98-1003 (Table 
MATERIAL, 4, ELASTIC PLASTIC, 256.485 
YOUNGS MODULUS 6.895E7 
POISSONS RATIO 0.2 
YIELD STRESS 1.724E5 
HARDENING MODULUS 0.0 
BETA 0.0 
END 
$ Drum wall based on SAND98-1003 (Table 2) 
MATERIAL, 5, ELASTIC PLASTIC, 7908. 
YOUNGS MODULUS 1.931Ell 
POISSONS RATIO 0.27 
YIELD STRESS 2.78538 
HARDENING MODULUS 6.89537 
BETA 0.0 
END 
$ Card 31 
EXIT 
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