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SECTION 1

Introduction and Background

This report describes the set up and execution of @ number of Benchmark
Problems for repository design models that were completed with the
STEALTH 2D computer code (Ref. 1). These problems are a subset of the
Benchmark Problems described in the NUREG/CR-3636 document (Ref. 2).

In September, 1985 Benchmark Problems 2.4, 2.8, 2.9, 3.2, 3.5, 5.2,
5.3, 6.1, and 6.3 were selected (by Teknekron) for analysis with the
STEALTH code. Under a subcontract from Sandia National Laboratories
(SNLA), Dr. K. Wahi, who was with SAIC at that time, was asked by the
NRC to assist Teknekron in setting up and partially completing some of
these problems. The plan was to provide sufficient guidance to
Teknekron such that Teknekron personnel could carry out each problem to
completion. In the spring of 1986, results of the above effort were
transmitted to Teknekron. Specifically, Benchmark Problems 2.4, 2.8,
3.2, and 6.1 had been run to completion, Problem 2.9 was partieally
completed, and Problem 5.3 had been set up to be started. In a
three-day meeting with Dr. D. Vogt and Mr. R. Chapman, Dr. Wahi
discussed the code modifications, problem set-up and unique input
requirements of each problem. At the conclusion of that meeting all
the data files, printout, microfiche output and hardcopy plots were
handed over to Mr. Chapman. In addition, handwritten notes and helpful
hints on STEALTH application were provided.

In July, 1986 at the request of Dr. Rosselle, GRAM, Inc. submitted &
proposal to Teknekron to complete the remaining Benchmark Problems with
STEALTH. This proposal was finally accepted and authorization given in
April, 1987 to initiate the work. The information and discussions that
follow pertain to Benchmark Problems 2.9, 3.5, 5.2, 5.3 and 6.3 only.
The SNLA computing facility was used under an arrangement between the
NRC and SNLA. As & result, any computer costs incurred have been ar
will be paid by the NRC.

General Discussion

Calculations previous to the current effort had been carried out on the
SNLA CRAY-1 maechine which operated on the LCray Operating System (COS)
until January, 1987. At that time a new operating system (CTSS) was
installed which necessitated a conversion of the STEALTH source files
and generation of new binary files. Known "bugs" in STEALTH were fixed
in the process of generating CTSS source and binary files. This is an
important distinction between the previous sets of Fortran updates and
the new updates. Note that Fortran updates before generally consisted
of two parts: one to effect problem-specific modeling changes and the
other to fix known generic "bugs" or errors in the code. However,
certain updates in the present set of calculations are still common to
more than one problem to obtain certain types of non-standard output.
Aside from that, Fortran updates associated with & given problem are
specific to that problem in the present exercise.




Problems 3.2, 5.3, and 6.3 have been run in more than one step. There
are two reasons for this multistep approach; one or both may apply to a
given problem. For problems in which an underground opening exists
(e.g., Problem 5.2), it is necessary to first obtain an equilibrium
state of stress after the perturbation of the in-situ stress field
created by the excavation. For problems requiring a large number of
computational cycles (i.e., & relatively large amount of CPU time) it
is a good. practice to examine the solution at intermediate stages to
ensure an error—-free progress with minimal waste of computer
resources. Due to the explicit numerical scheme employed in STEALTH,
it is necessary to increment time with each computational cycle (or
iteration) even if time is & dummy parameter. Therefore, a reference
time may have to be subtracted from the STEALTH time to establish the
proper simulation time. For example, in Problem 6.3 & heater test is
to be simulated for 500 days. In the STEALTH simulation, a run was
first made to establish the equilibrium state of stress around the
tunnel for the heater test. This run consisted of 200 computational
cycles which advanced the STEALTH time to B.1588B x 10¢ seconds. The
heater test was started in a subsequent run from cycle 201 with time
advancing from B8.1588 x 10 seconds. This time value is the

reference time at which the simulation time is zero. Problems for
which equilibration was not necessary (e.g., Problem 5.3) the
simulation began at cycle 1 and the STEALTH time is equal to the
simulation time; i.e., the reference time is zero. An examination of
the Fortran updates demonstrates how time is properly calculated for
transient source description. SI units have been used in defining the
STEALTH input. The output is, likewise, in SI units. For convenience
of interpretation, the time scale on certeain plots has been relabeled.
STEALTH output was obtained in hardcopy as well as on microfiche.
Plots were obtained in hardcopy. A listing of Fortran updates and
STEALTH input data is included for each problem in an appropriate
section of this report. Copies of data files (updates and input data)
have also been stored on floppy disks and will be transmitted to
Teknekron.

The discussion and results for each problem are presented in a separate
section of this report. In general, each section presents the
necessary Fortran updates, the STEALTH input data set, and the desired
results. Note that the start run for each problem requires seven
phases of input data. The first phase, PRB phase contains global data
for the problem. The information in this phase defines the problem
dimensionality, type of physical behavior to be modelled (i.e.,
thermal, mechanical, or thermomechanical), symmetry, overall mesh
limite in the I-J (column-row) space, and magnitude of acceleration due
to gravity when appropriate. The number of nodes is I x J and the
number of zones or elements is (I - 1) x (J - 1) in a two-dimensional
formulation. The MAT phase (Card Type ixx) is used to select model
types for material(s) and internal source(s) as well as to define
thermal/mechanical material property data and source strength. The GPT
phase (Card Type 2xx) contains input data for mesh generation and for
defining the coordinates of geometric constraints. The ZON phase (Card
Type 3xx) defines the sub-regions of the mesh and the initial
conditions in each sub-region. The BDY phase (Card Type 4xx) defines
boundary segments, boundary conditions for each segment, and boundary
interactions with geometric constraints. The TIM phase (Card Type Sxx)



includes data to define initial, minimum, and maximum time-steps. The
overall limits on number of computational cycles and problem time, and
the dynamic relaxation frequency (i.e., damping) are also defined in
this input phase. The relaxation frequency or damping can be defined
on Card Type 514 in two ways. I1f a positive number is entered, it is a
measure of the lowest frequency mode that needs to be critically
damped. If a negative number is entered, it is interpreted as the
number of cycles (or iterations) in which equilibrium is to be
achieved. A determination of this input parameter is sometimes
difficult even for experienced users. The EDT phase (Card Type é&xx)
contains any and all information regarding the type and frequency of
desired output and plot requests. In a restart run (i.e., the second
or higher steps in a multi~-stage problem) only the PRB, TIM, and EDT
phases are required as input. However, certain input data may be
redefined in the MAT, GPT, ZON, and BDY phases at restart time. The
User's Manual clearly describes which card types are required at start
time, which card types are required at restart time, and which card
types are forbidden at restart time. Restart edits may be specified at
celected times (or cycles) and saved such that it is possible to
restart the problem from any of those edit times by using the edit data
(saved on file) as the "initial" conditions at that time.



SECTION 2

Benchmark Problem 2.9

This problem is concerning the transient thermal response of a slab
exposed to a uniform radiative environment. The slab has infinite
length and width and & finite thickness (L = 0.25m). The rear surface
is insulated, and the front surface is exposed to a uniform radiative
environment.

The STEALTH 2D Code does not have a standard external radiation
boundary condition option. Furthermore, the code calculates
Yzone-center" temperatures that are associated with the mass of a zone
(element). The calculated temperature is, thus, the average
temperature over the volume of & zone, and not a nodal temperature.
The cross-section area of a zone is bounded by four straight line
segments between nodes (i.e., the four corners) of that zone. Fortran
updates were developed that permit: a calculation of the nodal
temperature at the front surface, and a thermal radiation boundary
simulatiaon. These updates are listed in Table 1. The updates to
Subroutine MYBDY calculate the equilibrium surface temperature by
balancing the surface heat flux. To work within the framework of
standard STEALTH variables, a new zonal temperature is inferred from
this surface temperature for the zone adjacent to the surface. The
usual STEALTH boundary flux calculation is then carried out, with
appropriate heat added or removed from the boundary zone. The time
step, At is controlled by a stability criterion as follows:

At < Ax= _PCp
2K

where Ax is the characteristic zone length, P is the mass density,
Ce is the specific heat, and K is the thermal conductivity. The
quantity "K/ PC." is also known as the thermal diffusivity.

By appropriately choosing the boundary conditions, a two-dimensional
model was made to behave as a one-dimensional slab. The
finite~-difference mesh was generated such that there were 21 nodes
along the slab thickness and 3 nodes along its width for a total of &3
nodes. This mesh is shown schematically in Figure 1 along with the
thermal boundary conditions. As may be seen in Fiqure 1, there are 20
equal zones (or elements) along the slab thickness and two elements
along the width. At a given distance from the slab surface the two
elements along the width should have identical thermal response. For
this mesh, Ax was 0.0125m, which resulted in a stable time step of 144
seconds for the given set of constant thermal properties. Using the
input specifications given in NUREG/CR-363& and the mesh configuration
discussed above, & STEALTH input data set was prepared. These data are
listed in Table 2. 1t was necessary to run the model a total of 2404
computational cycles to simulate 96 hours of the transient response.
The data on CPU time, 1/0 time, and memory are summarized for all the
problems at the end of this report. The output specifications are for
surface temperature of both sides of the slab at 4, 24, and 95 hours.
These results are tabulated below.



Time (hrs) Temperature (K)

Front Surface Near Rear Surface
4 372.88 533.96
24 317.92 382.21
96 276.15 279.65

Note that the temperatures are provided near the rear surface (instead
of at the rear surface) because STEALTH does not calculate nodal
temperatures. In any event, the true location at which the "“near rear
surface" temperature is provided is 6.25 x 10-"m from the rear
surface. For the boundary conditions of this problem, the nodal
temperature at the rear surface would be slightly higher. To
facilitate comparison with the analytical solution presented
graphically in Figure 2.9-2 of NUREG/CR-~3636 (Ref. 2), the results are
presented in dimensionless parameter form as follows:

Cooling Radiation Number, Mo = 2.006 and 1 is the Fourier Modulus.

Time (hrs) 1 I - T ) i
Tea — To Te = To
Front Surface Near Rear Surface
4 0.1247 0.6341 0.0441
24 0.7484 0.8355 0.6000
?6 2.9936 0.9885 0.9756

Temperature time histories at distances of 6.25 x 10~=m, 0.118m, and

0.2438m from the front surface of slab are shown in Figures 2, 3, and
4, respectively. Profiles of temperature across the slab at 4 hours,
24 hours and 96 hours are given in Figures 5, &6, and 7.



TABLE 1

Fortran Updates to STEALTH 2D for Problem 2.9

«1D PRB29
oC STEALTH
ol MYBDY2.14
eCALL GPTARY2
eCALL ZONARY2
¢CALL TIMVAR
c .

DATA SIGMA, T2 / 5.67E-8, 273.¢ /
D MYBDY2.21,22

LNOR = NOR(1X,JX)

GO TO (31,890,990,31,990,990,31,990,880) ., LNOR

31 JXT = JC

IF(LNOR .EQ. 1) JXT = JT

TMPZ = TMP(IX+1,JXT)

COND = CON(IX+1,JXT)

DELX = XPN(IX+1,JX) = XPN(IX,JX)

GM = 2.¢COND/(DELX o SIGMA ¢ T2e¢s3)

TZ = TMPZ / T2

BT = GMeTZ + 1.

TS = (1.472) / 2.

DO 11 IWAH = 1,4

FT = TSeed + GMeTS - BT

FP = 4. o TSee3 + GM

1S = 1S - FT/FP

11 CONTINUE

TSURF = T2 o TS

TMPZON = 2.¢TSURF - TMPZ
c es PRINT SURFACE TEMPERATURE AT SELECTED TIMES s

1F(NSPRT .EQ. 2) GO TO 99
6o T0 990 _
99 WRITE(NFMSG,1111) QDOT, TSURF
1111 FORMAT(/1H ,18X,7HQDOT = ,F12.4,18X,EHTSURF = ,F12.4)
«D PLTTTL.53
3¢ CALL PLTLBL(NPLT,MAXCDN,1,0,0.18,2.98,HGT WID,@.8,CDN)



1TL
PRB
PRO
DTS
GRD
END
MAT
114
121
1582
154
END
GPT
211

221

247
END
Z0N
311

321

322
END
80Y
411

411

411

411

412
412
412
412
END
TIM
S11

512
513
521

END
EDT
611

613
€21

621

622
623
624
641

€71

674
674
674
€74
674

TABLE 2

STEALTH 2D Input Data Set for

PROBLEM 2.9, SLAB RADIATION
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TABLE 2 concluded

674 6.
END
END

11082.



(=1, J=3) Adiabatic Boundary (=21, J=3)

o <

. Rear
Surface, Surface,
Radiative Adiabatic
Boundary L Boundary
I=1, J=1 Adiabatic Boundary (1=27, J=1)
¢ L = 0.25m ]
Figure 1. Finite—difference Mesh and Boundary Conditions for Benchmark

Problem 22 {not to scale).




»STEALTH 20 V4-1A WI-1832/05/21 15.56.16
PROBLEM 2.9, SLAB RADIATION
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Figure 2. Temperature time history near the front surface of slab, Benchmark Problem 2.9.



»xSTCALTH 20 V4a-1A W] 1305721 15.56.16
PROBLEM 2.9, SLAB RADIATION

550.
500 .——
—
v —
s 450.—_—_‘
H -]
FL —
©
1 —
% 400 ./
p—
S |
350 ,.—
]
300 .——
::qﬁprs ZQ*prs 6 hrs
0.0 1.0 2.0 3.0
time, 1055
TIME HISTORY AT I - 11 J - 2

Figure 3. Temperature time history near the middle of slab, Benchmark Problem 2.9.



Figure 4.

xSTEALTH 20 V4-1A WI- 1805721 15.56.16
PROBLEM 2.9, SLAB RADIATION
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Temperature time history near the rear surface of slab, Benchmark Problem 2.9.




«STEALTH 20 V4-1R WI-18x05/21 15.56.16
PROBLEM 2.9, SLAB RADIATION
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Figure 5. Temperature profile through slab thickness at 4 hours, Benchmark Problem 2.9.



Figure 6.

»STEALTH 20 V4-1A Wl-1EA/05/21 15.56.16
PROBLEM 2.9, SLAB RADIATION
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Temperature profile through slab thickness at 24 hours, Benchmark Problem 2.9,




»STERLTH 20 V4-1A WI-1&83s/05/21 15.56.16
PROBLEM 2.8, SLAB RADIATION
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Figure 7. Temperature profile through slab thickness at 96 hours, Benchmark Problem 2.9.



SECTION 3

Benchmark Problem 3.5

This problem is designed to exercise two different yield criteria in
the ‘repository design codes. The criteria of interest are the von
Mises criterion and the Drucker-Prager criterion. The plastic yielding
and flow of a rectangular block loaded by a uniform pressure in one
direction is to be modeled. The block is constrained in a second
orthogonal direction and is free to expand in the third orthogonal
direction. Two cases of this problem, one for each criterion, have
been run. When using & two-dimensional code, this problem must be
modeled in a plane-strain geometry. Whereas the von Mises criterion is
the standard yield criterion in STEALTH, the Drucker-Prager criterion
is not a standard option. The code does use the Prandtl-Reuss flow
rule and allows a strain hardening yield surface. Fortran updates were
developed to formulate the Drucker-Prager criterion as a user-defined
yvield model. Updates were also needed for each case to define the load
increment function. Starting with an initial load of 300 MPa, the load
is incremented by 30 MPa every 100 computational cycles. These updates
to STEALTH are listed in Table 3 (von Mises case) and Table 4
(Drucker-Prager case). The boundary conditions needed for this problem
are available as standard options in STEALTH. A rectangular mesh was
generated that had 11 rows (J lines) and 16 columns (]I lines) resulting
in a total of 176 nodes and 150 zones. The mesh and the boundary
conditions (same for both cases) are shown in Figure B. The statement
of the von Mises criterion in STEALTH is not identical to its statement
in Equation (1) of Reference 2. Specifically, the numerical value of
ke Nneeds to be multiplied by & factor of “¥3 " for the two statements
to be consistent. Accordingly, the km value of 190 MPa is multiplied
by V3 to obtain the value 329.1 MPa and entered on input card type 132
for the von Mises case data set. The entire data set is presented in
Table S. For the Drucker-Prager case the kpe value of 36 MPa given

in Reference 2 in incorrect. The correct value of 362 MPa was obtained
by solving Equation (9) given on page 82 of the reference. The kpe

and a values are entered on card type 132 for the Drucker—-Prager case
data set. Except for the yield model parameters, all input data for
the Drucker-Prager case, given in Table 6, is identicel to that for the
von Mises case. STEALTH does not calculate total strains; it works
with strain rates and strain increments. Furthermore, it is not clear
from the output specifications in Reference 2 which strain components
are desired at what locations in the slab. It is possible to compute
by hand the strains in a given element or global strains in the slab
from the deformed mesh coordinates. Time is a dummy parameter in this
problem; an arbitrary time step of 0.1 seconds has been chosen. Load
is incremented every 100 cycles (i.e., every 10 seconds) starting with
an initial load of 300 MPa. In other words, roughly 100 computational
cycles or iterations are run to achieve equilibrium for a given
external load. Printout of relevant variables is obtained every S50
cycles starting at cycle 45. Thus, the printout at cycle 95 gives the
equilibrium solution at a load of 300 MPa, and the printout at cycle
195 gives the solution at a load of 330 MPa, etc. Intermediate
printouts are for monitoring convergence. The maximum number of cycles



requested in each case is 1195 corresponding to a final load of 630
MPa, which is 2.1 times the initial loead.

The results for the von Mises case will be presented first. In the
elastic range at applied load values of 300 MPa and 330 MPa the stress
componentse in the center of the slab and the total strains are
presented in Table 7. The solution is not identical in each
computational element. The element-to-element variations are
relatively small in the elastic range. For comparison with the
analytical solution the stress values selected are for the element
(I=16, J=2) near the slab mid-height and the right edge. The ¢,
strain is hand-computed from the deformation of the node (I=1, J=11) at
the top left corner of the mesh. Likewise, the ¢z strain is
hand-computed from the deformation of the node (I=146, J=1) at the
bottem right corner of the mesh. The solution when the applied load
is 360 MPa indicates plestic deformation nearly everywhere in the

mesh. Theoretically, initial yielding should occur at 3592 MPa. The
slab should remain plastic as long as the load is maintained at 359 MPa
or higher. This is indeed the response at higher load levels. In
Teble B8, values of 0,, %., 0o, ¢, and €z from the STEALTH

results are given at different applied loads in the plastic range. To
provide an indication of stress variations within the mesh at a given
load, the ranges of different stress components are listed in Table 9.
Plots of principal components of stress versus "time" at selected
locations in the slab are shown in Figures 9 through 12. Time in these
figures is actually a discrete measure of load increments starting with
300 MPa. Load is increased by 3OMPa every 10 units of "time." For
instance, at a "time" of 110 the 6, value in the center of slab at

an applied load of 600 MPa is 605 MPa (Figqure 9), and the oz value

is approximately 314 MPa (Figure 10).

The results for the Drucker-Prager case are presented next. For the
kpe and a values assigned to the yield parameters, initial yield is
expected to occur at approximately 359 MPa. The solution in the
elastic range is compared with the analytical solution in Table 10.

The locations of stresses and hand-computed strains from the numerical
solution are the same as in the von Mises case. The solution in cycle
295 for an applied load of 3460 MPa does indicate plastic failure as
expected. Values of o6,, 0z, 93, ¢t and ¢z based on STEALTH

results are given in Table 11 at applied loads of 3460 MPa and higher.
Stress variations within the mesh at a given load are quite large after
initial yield. Not every element indicates plastic failure even at
relatively high loads. The ranges of different stress components at
selected loads are shown in Table 12. It is not clear whether the
spatial variation of stresses within the mesh is realistic or reflects
an inability of the model to converge to the proper equilibrium
solution. Another possibility is that instability or "ultimate
failure" occurred at a load only slightly larger than the initial vyield
point. In any event, a computed vield strength of zero (or less) leads
to a hydrostatic state of stress. Plotes of stress versus "time" at
selected locations in the slab are presented in Figures 13 through 1é.
The parameter "time" on the abscissa is, in fact, representative of
load increments every 10 units of time (100 computational cycles) as
stated earlier.



TABLE 3
Fortran Updates to STEALTH 2D for Problem 3.5 (von Mises Case)

+1D BM35VM
+C STEALTH
«D MYFNO.27,28
VAL = FCA(1) + FCA(2)sINT(NCCYC/FCA(3))
«D PLTTTL.53
3¢ CALL PLTLBL(NPLT,MAXCDN,1,0,0.18,2.98 HGT,WID,®.0,CDN)
o1 DMPPRO.24
RETURN




TABLE 4
Fortran Updates to STEALTH 2D for Problem 3.5 (Drucker Prager Case)

»1D PRB35DP

«C STEALTH

e] MYYLD.Z20
¢CALL ZONVAR
«CALL MATVAR
«D MYYLD.25,26

se YIELD STRESS BASED ON DRUCKER-PRAGER MODEL s
se YLD@ AND YLD1 ARE KDP AND ALPHA VALUES e
se YLDN 1S COMPARED WITH SORT(J2) IN SUB. ZONSDV2 e+«

OO0 0

YLON = SQRT(3.) ¢ (YLD@ - 3.¢PRHNeYLD1)
oD MYFNO.27,28
VAL = FCA(1) + FCA(2)sINT(NCCYC/FCA(3))
oD PLTTTL.53 .
3¢ CALL PLTLBL(NPLT,MAXCDN,1,0,0.18,0.98,HGT,WID,0.2,CON)
+1 DMPPRO.24
RETURN



TABLE 5
STEALTH 2D Input Data Set for Problem 3.5 (von Mises Case)

TTL ELASTIC PLASTIC BLOCK, PROB 3.5 (VON-MISES YIELD CRIT.)
PRB 1.

PRO 2.0

DTS 2.0 .

GRD 1.0 1.e 16.0 11.0

END
MAT
11
112
121
122
132
134
136
END
GPT 2. 1.0
211
212
212
212
221
247
END
ZON 1.0
311 1.
321 1.
322 1.
END
BDY
411
419
411
411
412
412
412
412
422
431
432
481
481
482
482
END
TIM
511 .1

512 .1 0.
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514 -95.0
521 1600.0 1185,

END
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611
613
616
621
€22
€23
€23

" 624

641
671
674
€74
€74
€74
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€74

- €74

€74
675
END
END
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TTL
PRB
PRO
DTS
GRD
END
MAT
11
112
121
122
132
134
136
END
GPT
21
212
212
212
221

T 247

END
ZON
311
321
322
END
eoy
411
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Elastic Stresses and Strains in the Slab,

Table 7

von Mises Case

Comparison Between Analytical and Numerical Solutions

Stress or Applied Load, Applied Load,
Strain P_= 300 MPa P = 330 MPa
Component Analytical Numerical Analytical Numerical
Cycle 95 Cycle 195
c, -300 MPa -299.01 MPa -330 MPa -329.95 MPa
o ¢) ~0.14 MPa 0 -0.01 MPa
Oy -60 MPa -60.00 MPa -66 MPa -66.20 MPa
£, -6.40%x10—= -6.344%x10~= -7.04x10—= ~7.008x10—=
€. 1.60%x10—= 1.563x10—= 1.76x10—= 1.764x10~=



Table 8

Post-Yielding Stresses* and Strains in the Slab, von Mises Case

Applied o, c., C. €, €

Load, Mpa (M?a) (MPa) (MPa) (%) (Z)
360 =359.63 -0.05 -73.43 ~-0,765 0.194
420 -378.74 -2.68B -143.47 -1.226 0.514
480 -385.67 -5.7%9 -187.65 -1.994 1.269
540 =389.65 -%.65 -198.81 -3.025 2.503
600 =-393.95 -13.96 =203.61 -4.,275 4.176

*Refer to the text for location(s) at which stresses and strains are
monitored for this table.



Table @

Variation in Stress Components at Different Load Levels*,‘von Mises Case

Applied o,, MPa -, MPa -, MPa

Load, MPa max. min. max. min. max. min.
300 ~-298.22 ~300.11 -0.09 -2.45 -60,00 -60.69
330 ~329.85 =330.03 0.00 -0.21 -66.20 -66.25
360 ~359.63 -359.99 -0.02 -0.86 ~72.33 -75.15
420 -378.74 -425,43 -2.68 -53.14 -137.20 -234.06
480 -385.67 -514.71 -5.79 -1350.96 -183.11 -300.23
540 -389.65 -595.30 -9.65 -268.27 -198.81 -364.40
600 -392.19 -654.91 -12.36 ~374.40 -202.36 ~-429.03
630 -392.96 -684.98 -13.08 -349.18 =203.19 -458.9

*Spatial variation in stress across the numerical mesh at selected
loads 1is given to caution against interpreting local stresses as

representing global stresses.



Table 10

Elastic Stresses and Strains in the Slab, Drucker-Prager Case

Comparison Between Analytical and Numerical Solutions

Stress or Applied Load, Applied Load,
Strain P = 300 MPa P = 330 MPa
Component Analytical Numerical Analytical Numerical
Cycle 95 Cycle 1935
<, -300 MPa -299.01 MPa -330 MPa ~329.95 MPa
o, 0 ~0.14 MPa 0 -0.01 MPa
Ox -60 MPa -60.00 MPa -66 MPa -66.20 MPa
L2 -6.40x10—= -6.344x10—= -7.04x10-= -7.008x10-=

> 1.60%x10—= 1.563%x10—= 1.76x10—-= 1.764%x10-=



Post-Yielding

Stresses* and Strains

Table 11

in the Slab, Drucker-Prager Case

Applied c, LS Cx 2y €2

Load, MPa (MPa) (MPa) (MPa) (%) (%)
360 -331.36 83.95 -49.60 -1.151 0.105
420 -330.63 -19.25 -163.36 -2.363 1.287
480 -326.83 6.88 -163.30 -4.,085 4,043
540 -323.58 -77 .64 ~196.16 -5.66%9 6.174
600 -97.94 -213.10 ~7.165 8.837

*Refer to the text for location(s)

-318.27

are monitored for this table.

at which stresses and strains



Table 12

Variation in Stress Components at Different Load Levels*,
Drucker-Prager Case

Applied S, ., MPa c MPa MPa

Load, MPa max. min. max. min. max. min.
300 -298.22 -300.11 -0.0%9 -2.45 -60.00 ~460.69
330 -329.87 -330.03 0.00 -0.21 -66.20 -66.25
360 -177.19 -392.14 310.64 -392.14 11.65 -392.14
420 -240.00 -441 ,45 360.37 -441 .45 12.31 =441 .45
480 -56.97 -477.80 135.93 -477.80 ~73.27 ~477.80
5S40 -15.34 -534.58 98.80 -534.58 -91.80 -534.58
‘600 ?.13 -595.63 B86.58 -595.63 -105.74 ~595.63
630 32.36 -626.12 &7.31 -626.12 -109.13 -626.1

*Spatial variation in stress across the numerical mesh at selected
loads is given to caution against interpreting local stresses as

representing global stresses.



Figure 8.

«STEALTH 20 V4-1A WI-1C~ 87/08/24 14.51.01
ELASTIC PLASTIC BLOCK, PROB 3.5 (mesh for both cases)
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INITIAL REPRESENTATION OF GRID NO. 1

Undeformed mesh and boundary conditions, Benchmark Problem 3.5.




»STEALTH 20 V4-1A WI-1Cx 87/08/26 12.40.46
ELASTIC PLASTIC BLOCK, PROB 3.5 (VON-MISES YIELD CRIT.)
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Figure 9. Principal stress o4 in center of slab as a function of applied load, von Mises Case.




xSTEALTH 20 V4-1A WI-10x 87/08/26 12.40.46
ELASTIC PLASTIC BLOCK, PROB 3.5 (VON-MISES YIELD CRIT.)
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Figure 10. Principal stress o, in center of slab as a function of applied load, von Mises Case.



»STEALTH 20 V4-1A WI-1Cx 87/08/26 12.40.46
ELASTIC PLASTIC BLOCK, PROB 3.5 (VON-MISES YIELD CRIT.)
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Figure 11. Principal stress o, near top center of slab as a function of applied load, von Mises Case.




»STEALTH 20 V4-1R WI-1Cx 87/08/26 12.40.46
ELASTIC PLASTIC BLOCK, PROB 3.5 (VON-MISES YIELD CRIT.)
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Figure 12. Principal stress o near top center of slab as a function of applied load, von Mises Case.




»STEALTH 20 V4-1R WI-1Cx 87/08/27 10.55.09
ELASTIC PLASTIC BLOCK, PROB 3.5 (DRUCKER-PRAGER CRIT.)
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Figure 13. Principal stress o, in center of slab as a function of applied load, Drucker-Prager Case.,



Figure

14.

#STEALTH 2D V4-1A WI-1Cx 87/,08/27 10.55.09
ELASTIC PLASTIC BLOCK, PROB 3.5 (DRUCKER-PRAGER CRIT.)

b
o
o
m
+
c?

0.00E+0

llllTJlH_

]
A
o
[
m

*
?

111

-2.00€+08—]

TXX

—

~3.00E+08—
-

——

-—]
-Q.OOE‘OBT:

——

-5.00E+08—]

—

i lll | lll i lll HENEEER
.00 5.0 0.0 5.0 00.
Tin

TIME HISTORY AT 1 - 2 J - 2
X = 0.50000 Y - 0.50000

Principal stress o, in center of slab as a function of applied load, Drucker-Prager Case.



»STEALTH 20 V4-1A WI-1Cx 87,08/27 10.55.09
ELASTIC PLASTIC BLOCK, PROB 3.5 (DRUCKER-PRAGER CRIT.)
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Figure 15. Principal stress o, near top center of slab as a function of applied load, Drucker-Prager Case.



»STEALTH 20 V4-1A WI-1Cx 87,08/27 10.55.09
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SECTION 4

Benchmark Problem 5.2

This problem requires a simulation of the thermomechanical response in
the near field. 1t is designed to test the two-dimensional (plane)
transient thermal and plane-strain mechanical response. The assumed
medium for the STEALTH analysis is basalt.

A STEALTH 2D model was constructed according to the specifications in
Section 5.2 of Reference 2 with a few exceptions as noted below. A
two-dimensional plane-strain geometry was chosen which in essence
provides the unit thickness as specified. Due to the fact that STEALTH
performs a simul taneous thermal and mechanical solution, it is not
feasible to have separate meshes with different overall model
dimensions. Therefore, a mesh with a model height of 200m was selected
for thermal and mechanical analyses; even though the specifications
call for a 3500m high model for thermal analysis. The spatial
resolution desired in the vicinity of the emplacement trench and the
room puts a severe restriction on the size of thermal time step in the
explicit formulation of STEALTH. This limits the length of time over
which a simulation is affordable. Based on preliminary estimates of
the stable thermal time step, it was decided to carry out the
simulation only to a time of 30 years following emplacement. A mesh
was generated in which the smallest element dimension was 0.305m and
the solution carried out for a few hundred computational cycles. Due
to the high anticipated cost, it was decided to make the radius of the
trench twice its specified size. This caused the smallest element
dimension to be 0.460m which resulted in a four-fold increase in the
stable time-step. A comparison of early time thermal response was
favorable for the two trial meshes. [t was necessary to make Fortran
updates to the code to achieve certain problem—-specific capabilities.
The updates, at start time, were to subroutines ZONSTR, EDTINP, DMPPRO,
GENCHK, ZONMDL, ZONZHE, ZONPRH, ZONSSS, RADLOS, and PLTTTL. The update
directives and statements are listed in Table 13 for the start run, and
Table 14 for the restart run. Subroutine ZONSTR updates allow a
definition of the in-plane principal stresses which are not standard
variables in STEALTH. The EDTINP updates allow a sub-grid definition
for plotting purposes thus allowing enlargement of a localized region
{(such as & drift region). The DMPPRO update suppresses an
inappropriate error message. The GENCHK updates establish the initial
stresses and temperatures as a function of depth. Updates to ZONMDL
zero out the stresses in the dummy elements that comprise the cavity
area. For continuity of I and J lines and for easier automatic mesh
generation, dummy elements are sometimes created for convenience. The
ZONZHE updates add the logic for finding the interior surface segments
and for computing convection losses. A data statement defines the
coefficient of convective heat transfer and the ambient temperature.
The ZONPRH updates provide a correct equation-of-state for
thermomechanical (TM) response. The existing TM equation-of-state in
STEALTH has errors. The ZONSSS update makes a corresponding correction
to the sound speed calculation for cosmetic purposes, since sound speed
in @ quasi-static calculation is not meaningful. The RADLOS updates



define a new cutoff to avoid accumulation of round-off error and they
fix erroneous temperature definition in certain portions of the
subroutine. A cosmetic fix to the top label on plots and printout is
made by the update to subroutine PLTTTL. Updates listed in Table 14
include, in addition to those in Table 13, ZONZSE updates that define
the reference time at which the heater is turned on. A picture of the
computational mesh and the boundary conditions are given in Figure 17.
There are 2 I lines and 87 J lines in the mesh giving a total of 783
nodes and 688 elements. A complete listing of the STEALTH input data
set for the start run is provided in Table 15. The purpose of this
first 200 cycle run is to establish the state of stress around the room
cavity without the heat source. The development of excavation-induced
stresses is illustrated in Figure 18. The vertical stress near the
middle of the floor is shown to reach a new equilibrium value; the
abscissa should be interpreted as 200 iterations each with a dummy
time-increment. In two subsequent restart runs the simulation is
carried from O to 15 years, and 15 to 30 years, respectively. A total
of 2566 computational cycles were needed to reach & time of 30 years.
The input data set for the second restart run is listed in Table 16é.
The temperature history at the mid-height of trench surface is plotted
in Figure 1%a (0 - 15 years) and Figure 19b (15 - 30 years). At
roughly 4.4 years the temperature reaches a peak value of about

72.2=C. The temperature contours at 30 years are shown in Figure 20;
only a 30m vertical and S5.5m horizontal sections of the model are
included in this illustration. Contours of maximum and minimum
principal stresses are presented in Figures 21 and 22 at a time of 30
years. The contours provide a qualitative measure of where stress
concentrations and large gradients arej; other tham that they are
difficult to decipher. A profile of temperature along the vertical
centerline passing through the roaom is shown at 30 years in Figure 23.
Undeformed (0 years) and deformed (at 30 years) profiles of the room
surface are plotted in Figure 24. This provides a measure of the
vertical and horizontal closures. The maximum vertical closure at 30
vyears is approximately 16.0 ecm. The maximum horizontal closure at that
time is 3.4 cm (twice the horizontal displacement). Some numerical
noise is evident from the room surface profile shown in Figure 24. The
x, y displacements of each node along the room surface are tabulated in
Table 17. A general uplift due to the thermal load is seen everywhere,
though it is only significant along the floor.



TABLE 13
Fortran Updates to STEALTH 2D for Problem 5.2 (Start Run)

«1D FRB528BS

oC STEALTH

*] ZONSTR.42

c se DEFINE ESTIMATED TOTAL STRESSES e
c se FOR PLANE STRAIN SYMMETRY ONLY s

SIGXX = SXXN — (PRHN+AVSH)
SIGYY = SYYN — (PRHN4AVSH)
SSUM = SIGXX + SIGYY
SDIF = SIGXX - SIGYY
c so DEFINE PRINCIPAL STRESSES o«
S1G1 = SSUM/2. + SQRT(SDIF+¢2/4. + SXYNes2)
S1G2 = SSUM/2. - SQRT(SDIF+s2/4. + SXYNes2)

PANG = @.
1F(SDIF .EQ. ©. .AND. SXYN .EQ. ©.)GO TO 71
c e+ PANG 1S THE PRINCIPAL STRESS ORIENTATION IN DEG. ee

PANG = 28.6364 ¢ ATAN2(2.+SXYN, SDIF)
71 CONTINUE
EXIN = SIGH
EX2N = SIG2
EX3N = PANG
«D EDTINP.S547

c
o *s« RECORD §664 DEFINES A SUB-GRID FOR PLOTTING ==«
c
€4¢ MINIPL = IFIX({(DTAFLD(1) + .1)
MAXIPL = IFIX(DTAFLD(2) + .1)
IF (MINIPL .GE. 1 .AND. MINIPL .LE. MAXGPT) GO TO 641
CALL RGEERR(INPTYP,1,1 ,MAXGPT ,MINIPL)
641 IF (MAXIPL .GE. 1 .AND. MAXIPL .LE. MAXGPT) GO TO 642
CALL RGEERR(INPTYP,2,1 ,MAXGPT MAXIPL)
642 IF(MINIPL .LE. MAXIPL) GO TO 643
CALL LIMERR(INPTYP,MINIPL,MAXIPL,1,2)
€43 LMIN = 3
IF(NSPRO .EQ. 1 .OR. NSPRO .EQ. 11) GO TO 95@
c
MINJPL = IFIX(DTAFLD(3) + .1)
MAXJPL = 1FIX(DTAFLD(4) 4+ .1)
1F (MINJPL .GE. 1 _AND. MINJPL .LE. MAXROW) GO TO 644
CALL RGEERR(INPTYP,1,1 MAXROW,MINJPL)
€44 1F (MAXJPL .GE. 1 .AND. MAXJPL .LE. MAXROW) GO TO 645
CALL RGEERR(INPTYP, 2,1, MAXROW, MAXJPL)
€45 1F(MINJPL .LE. MAXJPL) GO TO 646
CALL LIMERR({INPTYP,MINJPL,MAXJPL,1,2)
€46 LMIN = 5
GO T0 9580
+] DMPFRO.24
RETURN

o] GENCHK2.54
DATA SEOT, TBOT, TGRAD / -1.57252E7, 26.878, ©.82 /
o] GENCHK2.86
1F(JN .EQ. JLNBOT) TYINC = 0.8
1F(JN .EQ. JLNBOT) TMFINC = ©.0
+1 GENCHK2.269

continued



TABLE 13
continued

TYINC = - ARDN(MPNO) s GRVY' s (YPNNTR-YFNNBR)
TMPINC = — TGRAD » (YPNNTR-YPNNBR)
TYYN = SBOT + TYINC/2.

TMPN = TBOT + TMPINC/2.

IF(MPNO .EQ. 2) TYYN = ©.@

TXXN = TYYN

TZZN = TYYN

PRHN = = (TXXN+TYYN+TZZN) / 3.
TXX(1,dT) = TXXN

TYY(1,JT) = TYYN

T22(1,J7) = TZ2N

»D GENCHK2.342,344

TMPO = TMPN

e] GENCHK2.363

SBOT = SBOT 4+ TYINC
TBOT = TBOT + TMPINC

s] ZONMDL.116

c
c

ss SET STRESSES TO ZERO IN AIR ZONES e+
1F(MPNN .NE. 2) GO TO 95e
PRHN = PRHO
TXXN = TXXO
TYYN = TYYO
TZIN = 1220
TXYN = TXYO
SXXN = SXXO
SYYN = SYYO
SZZN = SZ20
SXYN = SXYO

950 CONTINUE

»] 20NZHE2.57

c

DATA HCONV, TAMB / ©.40 , 24.890 /

«] ZONZHE2.67

c

DO 5 LL = 1,NUMRM
IF(MPNN .EQ. MPNRM(LL)) TMPO = TAMB
S CONTINUE

«D ZONZHE2.298

c

IF(MFNN .EQ. MPNRM(LL) .AND. MPN(IC,dT) .NE. MPNRM(LL))
1 GO T0 564
IF(MPN(1C,JT) .EQ. MPNRM(LL)) GO TO 563
GO TO 561
563 DELY = (YPNOTL + YFNOTR)/2. - YCEN
TSURF = (HCONVsTAMB + CONO«TMPO/DELY)/(HCONV+CONO/DELY)
HTFHT = — HCONV ¢« WOTOP s (TSURF-TAMB)
GO T0 561
564 DELY = YCENT - (YPNOTL+YPNOTR)/2.
TSURF = (HCONV+TAMB + CONOT+TMPOT/DELY)/{HCONV+CONOT/DELY)
HTFHT = — HCONV s WOTOP o (TAMB-TSURF)
561 CONTINUE

D ZONZHEZ2.348

continued



TABLE 13
concluded

1F(MPNN .EQ. MPNRM(LL) .AND. MPN(IR,JC) .NE. MPFNRM(LL))
1 GO TO 583
GO TO 582
583 DELX = XCENR - (XPNOTR+XPNOBR)/2.
TSURF = (HCONVeTAMB 4+ CONOReTMPOR/DELX)/(HCONV+CONOR/DELX)
HTFHR = ~ HCONV ¢ WORHT + (TAMB-TSURF) )
582 CONTINUE
«] ZONZHE2.369
DO 769 LL = 1,NUMRM
IF(MPNN .EQ. MPNRM(LL)) DL2ZHEH = 2ER
769 CONTINUE
«D 20NPRH.76,78
«D 2ONPRH.B4,85
PRHRLY = E0S2 » (1./RLVN - 1./RLVO) + PRHO
PRHZIE = THR » EOS2 + EOSE s (ZHEN-ZHEO + ZSEN-2SEOQ)/SHCO
c FROM A FUNCTION OF RELATIVE VOLUME (THERMOMECHANICAL)
«D ZONSSS.87,97
SSSPRH = VAL
+] RADLOS.114
IF(ABS(TMPS(T1,LL)-TMPV(IT,LL)).LT. 1.E-8)
1 GAVRG(11,LL) = 2ER
«] RADLOS.139
TMP(I11,JC) = TMP(I11,JC) + ENRDEN/SHC(11,JC)
e] RADLOS.160
TMP(I1+41,0C) = TMP(II+1,JC) 4+ ENRDEN/SHC(I1+1,4C)
+] RADLOS.18@
TMP(11,JC) = TMP(11,4C) 4+ ENRDEN/SHC(I1,4C)
«1 RADLOS.199
TMP(I11,0C) = TMP(I1,JC) + ENRDEN/SHC(11,J¢C)
«D PLTTTL.53
3@ CALL PLTLBL(NPLT,MAXCDN,1,2,0.18,0.98,HGT,wiD,®.0,CDN)



e

TABLE 14
Fortran Updates to STEALTH 2D for Problem 5.2 (Restart Run)

<10 PRBS52BS

«C STEALTH
s ZONSTR.42
c es DEFINE ESTIMATED TOTAL STRESSES s+
c se FOR PLANE STRAIN SYMMETRY ONLY 9o+
SIGXX = SXXN - (PRHN+AVSH)
SIGYY = SYYN - (PRHN+AVSH)

SSUM = SIGXX + SIGYY
SDIF = SIGXX - SIGYY

c oe DEFINE PRINCIPAL STRESSES e
SIG1 = SSUM/2. + SQRT(SDIFes2/4. 4+ SXYNes2)
SI1G2 = SSUM/2. — SORT(SDIFes2/4. + SXYNes2)

PANG = 0.
IF(SDIF .EQ. @. .AND. SXYN .EQ. €.)GO TO 71
c . es PANG 1S THE PRINCIPAL STRESS ORIENTATION IN DEG. e

PANG = 2B.6364 ¢ ATAN2(2.+SXYN, SDIF)
71 CONTINUE
EXIN = SIG1
EX2N = $162
EX3N = PANG
¢1 ZONZSE.45
DATA TREF / 8.0E7 /
+D ZONZSE.59 . )
c se DEFINE REF. TIME FOR HEAT SOURCE AFTER EQL. RUN s
30 TYEAR = (TIMH - TREF) / 3.1536£7
D EDTINP.547
c _ .
c +s RECCRD f664 DEFINES A SUB-GRID FOR PLOTTING e»
c
842 MINIPL = IFIX(DTAFLD(1) + .1)
MAXIPL = IFIX(DTAFLD(2) + .1)
1F (MINIPL .GE. 1 .AND. MINIPL .LE. MAXGPT) GO TO 641
CALL RGEERR(INPTYP,1,1,MAXGPT ,MINIPL)
641 IF (MAXIPL .GE. 1 .AND. MAXIPL .LE. MAXGPT) GO TO €42
CALL RGEERR(INPTYP,2,1,MAXCGPT ,MAXIPL)
642 1F(MINIPL .LE. MAXIPL) GO 10 643
CALL LIMERR(INPTYP ,MINIPL,MAXIPL,1,2)
€43 LMIN = 3
1F(NSPRO .EQ. 1 .OR. NSPRO .EQ. 11) GO TO 958

MINJPL = IFIX(DTAFLD(3) + .1)
MAXJPL = IFIX(DTAFLD(4) + .1)
IF (MINJPL .GE. 1 .AND. MINJPL .LE. MAXROW) GO TO €44
CALL RGEERR(INPTYP,1,1,MAXROW,MINJPL)
€44 IF (MAXJPL .GE. 1 .AND. MAXJPL .LE. MAXROW) GO TO 645
CALL RGEERR(INPTYP, 2,1, MAXROW,MAXJPL)
645 1F(MINJPL .LE. MAXJPL) GO TO €46
CALL LIMERR(INPTYP,MINJPL ,MAXJPL,1,2)
646 LMIN = 5
GO 10 s5@
o1 CMPFRO.24
RETURN
«1 GENCHK2.54

continued



TABLE 14
continued

DATA SBOT, TBOT, TGRAD / -1.57252E7, 26.878, ©.02 /
o] GENCHK2.86
IF(JN .EQ. JLNBOT) TYINC = 0.0
1IF(JN .EQ. JLNBOT) TMPINC = 0.0
¢] GENCHK2.269
TYINC = — ARDN(MPNO) s GRVY ¢ (YPNNTR-YFNNBR)
TMPINC = —~ TGRAD » (YPNNTR-YPNNBR)
TYYN = SBOT + TYINC/2.
TMPN = TBOT + TMPINC/2..
1F(MPNO .EQ. 2) TYYN = ©.0
TXXN = TYYN
TZZN = TYYN
PRHN = -~ (TXXN+TYYN+TZZN) / 3.
TXX(1,JT) = TXXN'
TYY(1,47T) = TYYN
T22(1,JT7) = T22ZN
oD GENCHK2.342,344
TMPO = TMPN
«] GENCHK2.363
SBOT = SBOT + TYINC
h TBOT = TBOT + TMPINC
«1 ZONMDL.116
c . )
(o] ss SET STRESSES TO ZERO IN AIR ZONES s
1F(MPNN .NE. 2) GO TO 85e@
PRHN = PRHO
TXXN = TXXO
TYYN = TYYO.
T2IN = T2Z0
TXYN = TXYO
SXXN = SXXO
SYYN = SYYO
SZZIN = SZ20
SXYN = SXYO
850 CONTINUE
¢] ZON2HE2.57
DATA HCONV, TAMB / ©.40 , 15.00 /
c
] ZONZHEZ2.67
DO 5 LL = 1 ,NUMRM
1F(MPNN .EQ. MPNRM(LL)) TMPO = TAMB
5 CONTINUE
c
«D ZONZHE2.299
1F(MPNN .EQ. MPNRM(LL) .AND. MPN(I1C,d4T) .NE. MPNRM(LL))
1 GO TO 564
IF(MPN(IC,JT) .EQ. MPNRM(LL)) GO TO 563
GO TO0 561
563 DELY = (YPNOTL 4+ YPNOTR)/2. - YCEN
TSURF = (HCONVeTAME 4+ CONO«TMPO/DELY)/(HCONV+CONO/DELY)
HTFKT = - HCONV ¢ WOTOP o (TSURF-TAMB)
GO 70 561
564 DELY = YCENT - (YPNOTL+YPNOTR)/2.

continued



TABLE 14
concluded

TSURF = (HCONV+TAMB + CONOT¢TMPOT/DELY)/(HCONV+CONOT/DELY)
HTFHT = - HCONV # WOTOP « (TAMB-TSURF)
561 CONTINUE
¢
¢D ZONZHEZ.348
IF(MPNN .EQ. MPNRM{LL) .AND. MPN(1R,JC) .NE. MPENRM(LL))
1 GO TO 583
GO TO 582
583 DELX = XCENR - (XPNOTR+XPNOBR)/2.
TSURF = (HCONVsTAMBE + CONORs TMPOR/DELX)/({HCONV+CONOR/DELX)
HTFHR = — HCONV s WORHT » (TAMB-TSURF)
582 CONTINUE
¢1 ZONZHE2.369
DO 769 LL = 1,NUMRM
1F(MPNN .EQ. MPNRM(LL)) DLZHEH = ZER
769 CONTINUE
eD 20NPRH.76,78
+D ZONPRH.84,85
PRHRLV = EO0S2 s (1./RLVN - 1./RLVO) + PRHO
PRHZ1E = THR s E0S2  EOS8 s (ZHEN-ZHEO + 2SEN-2SEO)/SHCO
¢ FROM A FUNCTION OF RELATIVE VOLUME (THERMOMECHANICAL)
«D ZONSSS$.87,97
SSSPRH = VAL
«1 RADLOS.114
1F(ABS{TMPS(I],LL)-TMPV(IT,LLY).LT. 1.E-8)
1 QAVRG(11,LL) = ZER
«1 RADLOS.139 , :
TMP(11,9C) = TMP(11,JC) + ENRDEN/SHC(11,0¢C)
+1 RADLOS.160
TMP(1141,J0C) = TMP(11+41,JC) + ENRDEN/SHC(11+1,JC)
«1 RADLOS.188
TMP(11,JC) = TMP(I1,JC) + ENRDEN/SHC(I1,JC)
+1 RADLOS.189 : '
TMP(11,JC) = TMP(11,JC) + ENRDEN/SHC(11,JC)
D PLTTTL.S3 .
30 CALL PLTLBL(NPLT.MAXCDN,1,2,0.18,0.98,HGT,wWID,®.2,CDN)
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TABLE 15
STEALTH 2D Input Data Set for Problem 5.2 (Start Run)

TTL PROBLEM 5.2 THERMAL-MECHANICAL ANALYSIS - BASALT .
PRE
PRO
DTS
SYM
GRV
GRD
END ,
MAT , 1.
111 BASALTI.
112

114

121

122

123

132

134

136

152

154

111 AIR
112

114

121

122

136

152

154

111 SOURC
112

114

121
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154

156

END
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continued



221
221
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221
221
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247
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1e.
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12.
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[ T .
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Se.
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46 .
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48 .
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Se.
51.
52.
42.

O O ® O O 00

TABLE 15
continued

36.
41,
42.
47.
52.
S52.
52.
-5983.9
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-503.75
-53.75
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41.
42.
47.
52.
87.
87.
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232
232
232
232
232
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232
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ZO0N
311
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321
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a72
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END
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411
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432
431
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481
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TABLE 15
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continued
e 2.5
] 2.5
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) 2.5
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TABLE 15
concluded
END
TIM
511 4.0E405 )
512 1.8£+405 4 0E+05
513 1.1 e.985
514 -200.
521 2.84018E12 200.
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7L
FRB
SOR
END
TIM
521
END
EDT
611
613
616
621
622
623
623
€624
641
671
€74
674
674
674
674
674
€74
674
674
674
€74
€74
€74
END
END

TABLE 16

STEALTH 2D Input Data Set for Problem 5.2 (Restart Run)

2.

1.82610E08

O N OO E WA =2 o e N = A) =

L]

PROBLEM 5.2 T-M ANALYSIS - BASALT, 15 - 3@ yr
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2600.
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14. 53. S4. 61.
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- ot b A
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TABLE 17

Nodal Displacements Along Room Surface at 30 Years

Initial

Node I, Jd Coordinates (m) Displacements (mm)
# indices X Y AX DY

1 1,42 0.000 -496.90 0.00 178.00
2 2,42 0.610 -496.90 18.39 113.00
3 3,42 1.555 -496.90 -16.78 211.00
4 4,42 2.500 -496.90 25.87 33.00
5 4,43 2.500 -495.95 2.26 22.00
1) 4,44 2.500 -495.00 17.21 21.00
7 4,45 2.500 ~494 .05 -2.13 13.00
8 4,46 2.500 -493.10 11.98 17.00
? 4,47 2.500 -492.15 -13.68 6.00
10 3,47 1.555 -491.25 4.20 46.00
11 2,47 0.610 -490.95 -0.96 18.00
12 1,47 0.000 -490.90 0.00 43.00



*STEALTH 20 V4-1A Wi-iCx 87709709 16.00.39
PROBLEM 5.2 THERMAL-MECHANICAL ANALYSIS - BASALT
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Figure 17. 1Initial mesh configuration and boundary conditions,
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»STERLTH 20 V4-1RA WI-1Cx 87/08/04 17.26.31
PROBLEM 5.2 T-M ANALYSIS - BASALT, HEAT ON (0 - 15 years)
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Figure 19a. Temperature history at trench surface (mid-height), 0 - 15 years.



»STEALTH 20 V4-1A WI-1Cx 87708705 10.21.31
PRQBLEM 5.2 T-M ANALYSIS - BASALT, 15 - 30 YR
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Figure 19b. Temperature history at trench surface (mid-height), 15 - 30 years.



*STEDLTH 20 V4-1R WI-iCx 87709709 17.15.19
PROBLEM 5.2 T-M ANALYSIS - BASALT, iS5 - 30 YR

‘;:? - CONTOUR LEVELS
= A 10.0
8 20.0
- 5 3
TS N E  50.0
= N F 60.0
I+
—490 —— ’ ' 1
— .
—_ L
— i
~495.—
= T
- S N
500.—4 -+
~-505. !
_ i L
>10- SRR HITRTR
A
0 2 4
CONTOUR OF TMP IN GRID NO 1

TIME ~ 1.62E+09 CYCLE =~ 2567

Figure 20. Temperature contours in the vicinity of the room at 30 years.



*STEALTH 20 V4-1R WI-1Cx 87/09/09 17.15.19
PROBLEM 5.2 T-M ANALYSIS - BASALT, 15 - 30 YR
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Figure 21. Contours of maximum principal stress in the vicinity.of the room at 30 years.



«STEALTH 20 V4-1A WI-1Cx 87/09/09 17.15.19
PROBLEM 5.2 T-M ANALYSIS - BASALT, 15 - 30 YR
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Figure 22. Contours of minimum principal stress in the vicinity of the room at 30 years.



»STEALTH 2D V4-1A WI-1Cx 87,08/05 10.21.31
PROBLEM 5.2 T-M ANALYSIS - BASALT, 15 - 30 YR
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Figure 23. Temperature profile along vertical centerline (through the room) at 30 years.
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SECTION S

enchmark Problem 5.3

A

This problem is designed to test the thermomechanical capability of two
and three dimensional codes at the far—field scale of a repository. No
openings are to be modeled at depth.

The STEALTH 2D model for this problem assumes an axisymmetric geometry
and a salt medium. The entire region is given the properties of salt
with the repository region generating heat at a prescribed rate. The
thermal loading results from time-dependent volumetric heat generation
in & cylindrical disk with a radius of 14&67m and a height of 15m at a
depth of 500m. In STEALTH, prescribing ventilation at interior nodes
when no cavity exists would require extensive and careful
modification. Ventilation was, therefore, ignored in this model. The
initial and boundary conditions as well as the material property data
specified in Reference 2 have been used, except as noted.

Fortran updates to STEALTH were necessary to properly simulate this
problem. Table 18 lists the updates that were made to subroutines
ZONSTR, GENCHK, ZONCRP, ZONPRH, ZONSSS, PLTTTL, DMPPRO, and EDTINP.
The nature of these updates (except in ZONCRP) is the same as that of
updates for Problem 5.2; however, the specific statements are, in
general, different. Although viable creep models are available in
STEALTH, an improved creep algorithm for the "Exponential - Time Law"
was obtained from SAIC and is included in the updates. Note that it
was not necessary to update ZONZHE or RADLOS for this problem since
cavity radiation and convection were absent. AN equilibrium run was
not needed for this problem because initial stresses were lithostatic
and there were no excavations to alter the in-situ stress field. Also,
the source description was possible through standard input cards. The
updates at start and restart times were identical. It should be
pointed out that GENCHK updates, which establish the initial stresses
and temperatures, are not really needed at restart time. On the other
hand, they do not impact the computation in any way when included at
restart time, and yet provide a record of what was done at start time.

This problem could have been completed in & single run. But for
reasons given in the introduction, we chose to run it from O to 300
vyears in the start run. Restart edits were saved at 30, 100, 200, and
300 years. A listing of the STEALTH 2D input deck is provided in Table
19. Note that the relaxation frequency parameter is set to zero on
card type S14. This is due to the fact that creep provides its own
relaxation that, according to experience, provides sufficient damping
for the purpose of obtaining pseudo-equilibrium. Previous experience
shows that in problems involving creep if a non-zero damping factor is
included, overdamping results which tends to underestimate creep
deformation. The finite-difference mesh and the boundary conditions
are shown on Fiqure 25. There are 41 I lines, 34 J lines, 1,394 nodes
and 1,320 elements in the problem. The source region is bounded by
columns | to 1S and rows 23 to 24. The x coordinate of column 15 is
1,467m and the y coordinates of rows 23 and 24 are -507.5m and -492.5m,
respectively. The results for the first 300 years seemed reasonable



except that a kink in the temperature history appeared at a time of 100
years. For instance, the temperature history for the centermost source
element is shown in Figure 26a. The response beyond 100 years has an
abrupt, pronounced convex-upward shape that is contrary to intuition.
It was suspected that the piecewise-linear source strength data that is
"hard-wired" in STEALTH might be in error. A check of the data pairs
of normalized strength and associated time revealed that the resolution
in the time domain between 100 and 300 years was rather poor. It was
decided to rerun the problem from 100 years with a better source
strength description. Updates were made to subroutine ZONZSE that
included additional data points to capture the curvature of the decay
curve. The update listing for this run is given in Table 20; aside
from the ZONZSE updates it is identical to Table 1B. The corresponding
STEALTH input data at a restart time of 100 years is given in Table

21. This run took the simulation from 100 to 1,000 years. It is
possible to carry the calculation to 10,000 years or to any other time;
however, the computer cost would be beyond the resources available in
this sub-project. All the output specified in Reference 2 was obtained
up to a simulation time of 1,000 years. Figure 26 (a and b) shows the
temperature history at the repository mid-point for O - 1,000 years.
Temperature contours over the modeled region at 30, 100, 300, and 1,000
years are shown in Figures 27, 28, 29, and 30. Contours of maximum and
minimum principal stresses at time values of 30, 100, 300, and 1,000
yvears are given in Figures 31 through 3B. Ground surface displacement
profiles at 30, 100, 300, and 1,000 years are plotted in Figures 39
through 42. A displacement history for the surface mid-point between
100 to 1,000 years is shown in Figure 43. Temperature profiles close
to the vertical certerline at 100 and 300 years are given in Figures 44
and 45. No provision was made in the model for fissure development.
The only failure potential was for an element to undergo plastic
deformation. An inspection of the results (printout) at 30, 100, 300,
and 1,000 years indicated no instance of plastic yielding. Tensile
stress did develop in certain regions that could be construed as
tensile failure. The locations, extent, and times at which tensile
stresses are seen to occur are summarized in Table 22.



TABLE 18
Fortran updates to STEALTH 2D for Problem 5.3

«1D FRBS3SL
*C STEALTH
el 2ONSTR.42
c e DEFINE TOTAL STRESSES e»
SIGXX = SXXN ~ (PRHN+AVSH)
SIGYY = SYYN — (PRHN+AVSH)
S1GZZ = S2ZN ~ (PRHN+AVSH)
SSUM = SIGXX + SIGYY
SDIF = SIGXX - SIGYY ,
c e+ DEFINE PRINCIPAL STRESSES IN THE X-Y PLANE »s»
SIG1 = SSUM/2. 4 SORT(SDIFee2/4. 4+ SXYNee2)
S162 = SSUM/2. = SORT(SD1Fes2/4. 4 SXYNee2)
SIG3 = $1622Z

PANG = 0,
IF(SDIF .EQ. ©. .AND. SXYN .EQ. ©.)GO TO 71
c se PANG 1S THE PRINCIPAL STRESS ORIENTATION IN DEG. ee

PANG = 2B.6364 + ATAN2{2.+SXYN, SDIF)
71 CONTINUE
EXIN = AMAX1(SIG1,51G2,S1G3)
EX2N = AMIN1(S1G61,5162,5163)
EX3N = PANG
«] GENCHK2.54
DATA SBOT, T1BOT, TGRAD / ~7.37953E7, B5., @.e2 /
«] GENCHK2.86
1F(JN .EQ. JLNBOT) TYINC = ©.0
IF(JN .EQ. JLNBOT) TMPINC = 0.0
«1 GENCHK2.269
TYINC = - ARDN(MPNO) s GRVY ¢ (YPNNTR-YPNNBR)
TMPINC = - TGRAD ¢ (YPNNTR-YPNNBR)
TYYN = SBOT + TYINC/2.
TMPN = TBOT + TMPINC/2.
TXXN = TYYN
TZZIN = TYYN
PRHN = - (TXXN+TYYN4TZZN) / 3.
TXX(1,JT) = TXXN
TYY(],JT) = TYYN
T22(1,J7) = T22ZN
eD GENCHK2.342,6344
TMPO = TMPN
e] GENCHK2.363
SBOT = SBOT + TYINC
TB0OT = TBOT 4+ TMPINC
«D ZONCRP2.34
*s [MPROVED CREEP ALGORITHM -- MODELfF3 -= MAY 1,B6(FROM SAIC) se
REAL*E N, L
DIMENSION BETA(3),CT(3),01(3)
DATA BETA /e@.$5De, @.875De, €.99D0e/
DATA MAXSUB /2568/
¢]1 ZONCRP2.71

c MODEL INPUT PARAMETERS

el ZONCRP2.77

c EXR7?7 = OPTIONAL SWITCH TO NOT ALLCW NEGATIVE

c PRIMARY CREEP RATES (DEFAULT = @ = OFF)

continued



EXRS
EXRS

CR1
CR2
CR3
CR4
CRS

CRP2.79

TABLE 18

continued
YJ2N CUTOFF (DEFAULT = 1.80D-5)
MAXIMUM TIME-STEP TEMPERATURE RISE FOR
CREEP MODEL (DEFAULT = 3@ DEG C)

= PRIMARY CREEP STRAIN (EP)
"= STEADY-STATE CREEP STRAIN (ES)
TOTAL CREEP STRAIN = EP + ES
YJ2 AT START OF MODEL
= YJ2 AFTER CREEP ADJUSTMENT

«D ZONCRP2.81,336

SET UP MATERIAL PROPERTIES IF CURRENT MATERIAL
1S DIFFERENT THAN PREVIOUS MATERIAL

3@ IF(MPNN.EQ.MPNLST) GO TO 33

c
c
c
C
c
c
C
c
c
c
eD ZON
C
c
C
c
L]
*
L]
31
c
c
33
c
c
180

*

-

MPNLST =
A -
N -
L -
EA -
B -
Y =
10PT =

MPNN
AEXR1(MPNN)
AEXR2 (MPNN)
AEXR3(MFNN)
AEXR4 (MFNN)
AEXRS (MPNN)
AEXRS (MPNN)
IFIX(AEXR7 (MFNN) + ©.1)

1F(AEXRB(MPNN).LE.SMLNUM) AEXRB(MFNN) = 1.8D-5
1F(AEXRY (MFNN) . LE.SMLNUM) AEXR9(MPNN) = 30.¢D®

SHRN
A/ (1.0D6) N

(BETA(I1)es (ONE - N) - ONE)

(ONE - BETA(11)se(N + ONE))

(ONE - BETA(}1))es2 / (Nes2 — ONE)
(ONE - BETA(I1)ee(N + ONE))

(N + 1) / (ONE - BETA(11))

START OF MODEL

¢ -
AA =
DO 31 11=1,3
CT(11) =

[ ]

/
Q1(11) =

/
CONTINUE
DTMP =

TMPN - TMPO

CHECK FOR LARGE TEMPERATURE RISE
1F(DTMP.LE.AEXRS (MFNK)) GO TO 34
WRITE(6,1000) I, J, AEXRO(MPNN), DTMP

FORMAT (

/10X ,18Heess00s00s,

J1ex,16HE R R O R ,

/16X ,27HTHE TEMPERATURE RISE DURING,
/18X ,24HTHE TIME-STEP IS GREATER,

/18X, 13HFOR ZONE I = ,l10, €H, J = (1180,
/1ex, SHTHAN ,1PE12.5,

/10X, 19HTEMPERATURE RISE = ,1PE12.5

)
NSERR =

3

continued
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TABLE 18
continued

NSEXT = 2
GO 70 998

TEMPERATURES IN DEGREES KELVIN
34 TMPH = (TMPN + TMPO) « ©.5D¢ + 273.eDe
GAM = L ¢« DTMP / TWO / TMPHss2
AF 1.5D0 & AA o (ONE + GAMes2 / €.0D0) « EXP(~L / TMPH)
YJ2N SQRT(THR / TWO s (SXXN##2 + SYYNe¢e2 + S2ZNes2)
THR » SXYNe#+2)

+ 1

YJ20 IS CURRENT YJ2N AT BEGINING OF CREEP MODEL
YJ20 = YJ2ZN

FIRST UPDATE STEALTH CREEP STRAINS
CRIN = CR10 .
CR2N = CR20

CR3N = CR30

TRANSFER STEALTH CREEP STRAINS INTO LOCAL MODEL
CREEP STRAINS

EP = CRIN
ES = CR2N
ET = CRI3N

IF YJ2N IS LESS THAN CUTOFF SKIP CREEP MODEL
1F(YJ2N.LT.AEXRB(MPNN)) GO TO 998
NSUB = ©
HH = ZER

BEGIN SUBSTEP LOOP

3ee 2D = AF » YJ2NesN
NSUB = NSUB + 1
11 = 1

1IF(EP.LT.1.0D~4) 1] = 2
1IF(EP.LT.1.0D-5) 11 = 3
1F(NSUB.EQ.1) 11 = 3
IF(2D.LT.1.5D@sY) GO TO 325

FAST BRANCH
IF(EP.LT.1.5D@+EA) GO TO 301
EP = 1.5D0 s EA
60 TO 358 7

301 Q2 = YJ2N s (ONE ~ BETA(I1)) / TwOo / G
XX = 1.5D@ * EA - EP
W = Q2 / TWO - 1.5D@ / B - XX
DS = W + SQRT(Wee¢2 + THR » Q2 / B)
DP = XX
Yy =B « DS ¢ TRO / THR
IF(YY.LT.50.0) DP = XX s (ONE - EXP(-YY))
H = DS / 2D / Q1(11)
GO TO 380

SLOW BRANCH

continued



TABLE 18

continued
325 IF(1OPT.EQ.1) GO TO 366
IF(EP.LT.EA«2D/Y) GO TO 360
c
c EP 1S SATURATED
350 SIGMAB = YJ2N + (ONE + (N - ONE) » TWO ¢ G » 2D
. / YJ2N ¢ (DLTH — HH))ee(ONE/(ONE-N))
ES = ES + (YJ2N - SIGMAB) / TWO / G
ET = EP + ES
GO TO 399
360 Q2 = YJ2N » (ONE - BETA(11)) / TWO / G
w = (Q2 / TWO + EP) / Q1(11) / 2D
. - (B + EA+ONE) / B/ Y
H = W 4+ SORT(Weo2 + TWO « Q2 / Q1(I1) / 2D / B / Y)
DS = 2D ¢« Q1(I1) ¢ H
XX = EA ¢ QI(II) ¢« 2D / Y / CT(11).- EP
IF(IOPT.EQ.8B) XX = AMAX1(XX,ZER)
OP = XX
YY =B e Y s+ H
IF(YY.LT.50.2) DP = XX « (ONE ~ EXP(-YY))
1F(DP+EP.LT.2ER) DP = ZER
c
c COMPATABILITY FACTOR
38e CF = Q2 / (DS + DP)
oS = DS ¢ CF
DP = DP o CF
H =H o CF
c
c SUBSTEP UPDATE
ES = ES + DS
EP = EP + DP
HH = HH + H « CT(11)
SIGMAB = YJ2N s+ BETA(I1)
c
c DEBUG PRINTOUT
c
c 1F(1.EQ.3.AND.V.EQ.3)
c sWRITE(6,3808) NSUB,ES,EP,YJ2N,SIGMAB,HH,BETA(11)
C3800 FORMAT(2X,'NSUB,ES,EP,YJ2N,SIGMAB,HH* ,13,1X,6(1PE12.5,5X))

1F(HH.GT.DLTH) GO TO 389

c CONTINUE SUBSTEPS
YJ2N = SIGMAB
1F(NSUB.LT.MAXSUB) GO TO 3@e
WRITE(6.390e) 1, J
3960 FORMAT(

. /10X, 1CHes s 0080000,

. /18X, 1eHE R R e R ,

. /10X, 29HMAXIMUM NUMBER OF CREEP MODEL
. /10X ,29HSUBSTEPS HAS BEEN EXCEEDED BY
. /10X, 9HZONE 1 = ,118, 6H, J = ,1180

. )

NSERR = 3

NSEXT = 4

continued
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TABLE 18
continued
GO TO 9g@
389 1F(NSUB.GT.1.0R.11.EQ.3) GO TO 3s@
YJ2N = YJ20

NSUB = @
HH = ZER
Il = 3
GO T0 oo

INTERPOLATE FOR SIGMAB AT DLTH
39e DT = DLTH - (HH - H s CT(11))
0T2 = HH -~ DLTH
SIGMA1 = YJ2N / (ONE + (YJ2Ne's (N-ONE))
. e« (N ~ONE) « THO o« G o AF o DT1)es(ONE/(N-ONE))
DUM = ONE - SIGMABes (N-ONE) s (N = ONE) ¢ TWO o G « AF  DT2
1F(DUM.LT.ZER) DUM = 1.@D-58 .
SIGMA2 = SIGMAB / DUMes(ONE / (N - ONE))
IF(SIGMA1.LT.SIGMAB) SIGMA1 = SIGMAB + (YJ2N - SIGMAB) s+ DT2

. / (DT1 + DT2)
IF(SIGMA2.GT.YJ2N)  SIGMA2 = YJ2N - (YJ2N - SIGMAB) + DT
. / (DT1 + DT2)

SIGMAB = (SIGMA1 s DT2 + SIGMA2 « DT1) / (DT1 + DT2)

CORRECT FOR STRAINS AT DLTH

0D = (YJ2N - SIGMAB) / Two / G / (DS + DP)
ES = ES - DS + (ONE - DD)

EP = EP - DP s (ONE - DD)

ET = ES + EP

ADJUST STRESS DEVIATORS
389 SXXN = SXXN » SIGMAB / YJ20
SYYN = SYYN ¢ SIGMAB / YJ20
SZZN = SZIN ¢ SIGMAB / YJ20
SXYN = SXYN ¢ SIGMAB / YJ20

UPDATE STEALTH CREEP VARIABLES

CRIN = EP

CRZN = ES

CR3N = ET

CR4N = YJ20

CRSN = SIGMAB
ZONPRM.76,78
ZONPRM. 84,85

FRHRLV = EOS2 » (1./RLVN = 1./RLVO) + PRHO

PRHZIE = THR ¢ EOS2 o EOSB o (ZHEN-ZHEO + ZSEN-ZSEO)/SHCO

FROM A FUNCTION OF RELATIVE VOLUME (THERMOMECHANICAL)
20NSSS.87,87

SSSPRH = VAL
PLTTTL.53 .
30 CALL PLTLBL(NPLT ,MAXCON,1,€,0.18,8.98,HGT,wWID,0.0,CON)
DMPPRO. 24

RETURN
EDOTINP.547

continued



640

641

642

643

644

645

€46

TABLE 18
concluded
+¢ RECORD §664 DEFINES A SUB-GRID FOR PLOTTING e

JINIPL = 1FIX(DTAFLD(1) + .1)

MAXIPL = IFIX(DTAFLD(2) + .1)

IF (MINIPL .GE. 1 .AND. MINIPL .LE. MAXGPT) GO TO €41
CALL RGEERR(INPTYP,1,1,MAXGPT MINIPL)

IF (MAXIPL .GE. 1 .AND. MAXIPL .LE. MAXGPT) GO TO 642
CALL RGEERR({INPTYP,2,1,MAXGPT,MAXIPL)

IF(MINIPL .LE. MAXIPL) GO TO 643

CALL LIMERR(INPTYP ,MINIPL,MAXIPL,1,2)

LMIN = 3

IF(NSPRO .EQ. 1 .OR. NSPRO .EQ. 11) GO TO 950

MINJPL = IFIX(DTAFLD(3) + .1%)

MAXJPL = IFIX(DTAFLD(4) + .1) )

1F (MINJPL .GE. 1 .AND. MINJPL .LE. MAXROW) GO TO 644
CALL RGEERR(INPTYP,1,1,MAXROW,MINJPL)

IF (MAXJPL .GE. 1 .AND. MAXJPL .LE. MAXROW) GO TO 645
CALL RGEERR(INPTYP,2,1,MAXROW,MAXJPL)

IF(MINJPL .LE. MAXJPL) GO TO 646

CALL LIMERR(INPTYP,MINJPL,MAXJPL,1,2)

LMIN = S

GO TO 950



TTL
FRE
PRO
DTS
SYM
GRY
GRD
END
MAT
111
112
114
121
122
123
132
134
136
152
154
182
183
111
112
114
121
122
123
132
134
136
152
154
156
182
183
END
GPT
211
212
212
212
212
221
221
221
221
221
221
247
247
247
247

SALT

SOURC

TABLE 19

STEALTH 2D Input Data Set for Problem 5.3 (Start Run)

PROBLEM 5.3 THERMAL-MECHANICAL ANALYSIS - SALT

- ON &N
S0 000

OO0 06

NN NMNNONNMNENNNDNDNRNN 2 @ b o o cd b bbb

o e .
0O 0000 ®

B UN = OO EGN =GN -

[\ 3T )

o000

1.0
-9.8066
1.0 41.¢ 34.0
3.0
2.0 2.0 2.0
2.0 2.0
215@.0
1. e. 1.4706E10
-¢.5 2. 1.
5.7158E+407
5.639¢¢09
-1.0 E+12
4.5
1.7845E6
e. 5.76E-8 4.1@
7.2@E~-2 158.0
3.0
2.0 2.0 2.0
2.0 2.0 3.0
2150.0
1. e. 1.4706E10
-0.5 2.0 1.
5.7158E407
5.6320e09
-1.0 E+12
4.5
1.7845E6
©.88744
e. 5.76E-8 4.10
7.20E-2 158.0
1.
1.0 1.0 e.e
e.o 15.0 2.0
e.o -35080. 1.0
5642. -3500. 1.0
5642, 15. 3.0
1.0 15. 1.0
15. 41. 1.0
1.0 15. 23.@
15. 41. 23.@
1.0 15. 24.0
15. 41. 24.0
e. 1467. -3500.
1467. 4175. -3500.
e. 1467. -507.5
1467. 4175. -507.5%

continued

4.0E-5

4242.0

4 .0E-5

4242.0

1.
-3500.

23.
23.
24,
24.
34.
34.
2992.5
2992.5
15.

15.

oo 6000

[ S s

J.98E-8

3.98E-8

.02
.02
.02
.02

.94
0.94
1.00
1.00



247
247
END
ZON
311
311
321
321
322
322
341
341
END
BDY
411
411
411
411
412
412
412
412
423
423
451
452
451
452
481
481
481
482
482
482
END
TIM
511
512
513
S14
S521
END
EDT
611
613
€16
621
621
622
623
623
€24
641

N =2 N = N = N -

BN = AN e e =Gl AN AN =

3.

©.
9

O N A L 2 e

OO OO0

DO OO0 OO OO OO

e.
1467.
1.0
1.8
1.0
2.¢
1.0
1.6
1.e
41
41.
1.0
1.0
1.0
1.0
1.e
1.¢
3.0
1.e
15.0
1.
85.¢
2.
3.
1.
1.
1.
1.
1536E+07

2.@E+07 3.153¢cte7
1 ©.95

.46e8E09 3se.

.0 41.0

14.
74.

continued

1467. -492.5

4175. -492.5

41.9 1.0

15, 23.e

1.0 41.0

1.0 41.0

34.0 1.0

34.0 1.0

6.0 2.¢

6.2 5.0

3.0 2.8

6.0 5.0

e.e 1.8E449

2.0 1.0E+49

3.

4.

2.

5. 5.

5. 5.

5. 5.
9.4608E8 9.460BE8
9.460BES 3.1536E9

1. 34.9

53, 54.

S1. g2.
©.4ECBEB ©.460BEB

TABLE 19

continued

492.5
492.5

1.02
1.02

o ®
- s -
[~

€1. 7.
$3.

1.1@
1.1e

72.



641
671
674
674
674
674
674
674
€74
674
674
674
674
€74
€74
674
675
675
€75
€75
€75
675
€75
€75
675
END
END

0 N O W r N - =N

NN NN = b cd ot od b wtomdoa D
G = O OOV DSWUN =

A A A A AR REA R BANN2NNNNCS = a2 asa2®O

€1.
€1.
61.
61.
71.
72.

TABLE 19
concluded

9.4608E9
9.4€0BES

61.
61.
14.
72.

14,

14.
14,
61.
61.
€61.
91,
8t.
1.
2.
92.
92.

h bt wd b b mh -
e v e = a4 2 .

3.1536E8
§.4608e7

15024,
150825.

2024
2025.

15024.

8024.

1ee0.
100.

100.
1034.

O W W W WWwWWWwO W

24,
zoee.

.46e8E8 34.

15eee.

.1536E9 34.
.46CBES 34.
.4608ES
.1536¢€8
.4608¢E9
.46C8E8
.1536E9
.4608¢E9
.46C8EE
.1536¢€9
.4€608E9



TABLE 20
Fortran Updates to STEALTH 2D for Problem 5.3 (Restart)

«]1D PRBS3SL

*C STEALTH

*D ZONZSE.29,30

c *s BETTER RESOLUTION BETWEEN 102 AND 300 YEARS see
«+ 15., 20., 3., S5e., 7e., 100., 15e.,

+ 200., 25©., 30e., See., B8ee., 1eee., 3080. /
*D ZONZSE.35,36

o .6847, .6250, .5240@, .3890, .3030, .2400, .1%00,

« .1500, .1200, .1000, .P700, .0500, .0450, .0260 /
«1 ZONSTR.42
c oe DEFINE TOTAL STRESSES ss=

SIGXX = SXXN — (PRHN+AVSH)

SIGYY = SYYN - (PRHN+AVSH)

S162Z = SZZN - (PRHN+AVSH)

SSUM = SIGXX 4 SIGYY

SDIF = SIGXX - SIGYY
c e+ DEFINE PRINCIPAL STRESSES IN THE X-Y PLANE es

SIG1 = SSUM/2. + SQRT(SDIFes2/4. + SXYNeo2)

SIG2 = SSUM/2. — SQRT(SDIFes2/4. 4+ SXYNes2)

SIG3 = S1622

PANG = 0.
IF(SDIF .EQ. @. .AND. SXYN .EQ. ©.)60 TO 71
c ss PANG IS THE PRINCIPAL STRESS ORIENTATION IN DEG. ss

PANG = 28.6364 » ATAN2(2.sSXYN, SDIF)
71 CONTINUE
EXIN = AMAX1(S1G1,S162,S1G3)
EX2N = AMIN1(SIG1,S162,S1G3)
EX3N = PANG
«] GENCHK2.54
DATA SBOT, TBOT, TGRAD / -7.37953E7, 85., ©.82 /
+1 GENCHK2.86
IF(JN .EQ. JLNBOT) TYINC = ©.¢0
1F(JN .EQ. JLNBOT) TMPINC = 0.0
+1 GENCHK2.268
TYINC = — ARCN(MPNO) o GRVY ¢« (YFNNTR-YPNNBR)
TMPINC = - TGRAD s (YPNNTR-YPNNBR)
TYYN = SBOT + TYINC/2.
TMPN = TBOT + TMPINC/2.
TXXN = TYYN
12ZN = TYYN
PRHN = - (TXXN+TYYN+T2ZN) / 3.
TXX(I,JT) = TXXN
TYY(3,JdT) = TYYN
122(1,JT) = T22N
oD GENCHK2.342,344
TMPO = TMPN
¢] GENCHK2.363
SBOT = SBOT + TYINC
TBOT = TBOT + TMPINC
*D ZONCRP2.34
c ee IMPROVED CREEP ALGORITHM -~ MODELf3 -- MAY 1,86(FROM SAIC) e»
REALe8 N, L '
DIMENSION BETA(3).CT(3),Q1(3)

continued
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continued

DATA BETA /0.95De, €.975D0, ©.99De/
DATA MAXSUB /256/ '

«I ZONCRP2.71

c

MODEL INPUT PARAMETERS

s] ZONCRP2.77

OO0 O0O0DO0OO0OOOO0OO0

EXR7 = OPTIONAL SWITCH TO NOT ALLOW NEGATIVE
PRIMARY CREEP RATES (DEFAULT = @ = OFF)

EXRE = YJ2N CUTOFF (DEFAULT = 1.eD-5)

EXR9 = MAXIMUM TIME-STEP TEMPERATURE RISE FOR
CREEP MODEL (DEFAULT = 3@ DEG C)

CR1 PRIMARY CREEP STRAIN (EP)

CR2 = STEADY-STATE CREEP STRAIN (ES)
CRJ3 = TOTAL CREEP STRAIN = EP + ES
CR4 = YJ2 AT START OF MODEL

CRS = YJ2 AFTER CREEP ADJUSTMENT

*D ZONCRP2.79
+D ZONCRP2.81,336

(9]

c
c
c

30

L 4
L]

31

33

iece
.

SET UP MATERIAL PROPERTIES 1F CURRENT MATERIAL
IS DIFFERENT THAN PREVIOUS MATERIAL

IF(MPNN.EQ.MPNLST) GO TO 33
MPNLST = MPNN

A = AEXR1(MPNN)
N = AEXR2(MPNN)
L = AEXR3({MPNN)
EA = AEXR4(MPNN)
B = AEXRS(MPNN)
Y = AEXR6(MPNN)

I0PT = JFIX(AEXR7(MFNN) + ©.1)
JF(AEXR8(MPNN).LE.SMLNUM) AEXR8(MPNN) = 1.eD-5
1F(AEXRS (MPNN) . LE.SMLNUM) AEXR9(MPNN) = 30.0D@
] = SHRN
AA = A/ (1.8D6)eeN
DO 31 [1=1.,3
CT(11) = (BETA(I1)ee(ONE - N) - ONE)

» (ONE - BETA(II)es(N + ONE))

/ (ONE ~ BETA(11))ee2 / (Ns+2 = ONE)
Q1(11) = (ONE - BETA(lI)se(N + ONE))

/ (N + 1) / (ONE - BETA(11))
CONTINUE

START OF MODEL
DTMP = TMPN - TMPO

CHECK FOR LARGE TEMFERATURE RISE
IF(DTMP.LE.AEXRI(MPNN)) GO TO 34
WRITE(6,1000) 1, J, AEXRS(MFNN), DTMP
FORMAT(

/18X, 10Hssoeenenes,
/10X.12HE R R O R ,

continued
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TABLE 20

continued
. /18X, 27HTHE TEMPERATURE RISE DURING,
. /18X, 24HTHE TIME-STEP 1S GREATER,
. /18X, 13HFOR ZONE I = ,110, 6H, J = ,110,
. /18X, SHTHAN ,1PE12.S5,
. /18X, 1SHTEMPERATURE RISE = ,1PE12.5
. )
NSERR = 3
NSEXT = 2
GO TO 99@

TEMPERATURES IN DEGREES KELVIN
34 TMPH = (TMPN + TMPO) « ©.50@ + 273.0D®
GAM = L o DTMP / TWO / TMPHse2

AF = 1.5D@ » AA s (ONE + GAM#s2 / 6.0D@) o EXP(~L / TMPH)
YJ2N = SQRT(THR / TWO.s (SXXNse2 4 SYYNes2 + SZZNee2)
* + THR ¢ SXYNes2)

YJ20 1S CURRENT YJ2N AT BEGINING OF CREEP MODEL
YJ20 = YJ2N

FIRST UPDATE STEALTH CREEP STRAINS
CR1N = CR10
CR2N = CR20
CR3N = CR30

TRANSFER STEALTH CREEP STRAINS INTO LOCAL MODEL
CREEP STRAINS

EP = CR1IN
ES = CR2N
ET = CR3N

IF YJ2N IS LESS THAN CUTOFF SK1P CREEP MODEL
IF(YJ2N.LT.AEXRE(MPNN)) GO TO 839e
NSUB = @
HH = ZER

BEGIN SUBS1EP LOOP
200 2D = AF o YJ2NeeN

NSUB = NSUB + 1
11 = 1
1IF(EP.LT.1.0D-4) Il = 2
1F(EP.LT.1.8D-5) Il = 3
IF(NSUB.EQ. 1) I1 = 3
1F(ZD.LT.1.5D@esY) GO TO 325

FAST BRANCH
IF(EP.LT.1.5D@+EA) GO TO @1
EP = 1.500  EA

GO TO 350
381 02 = YJ2N ¢ (ONE - BETA(I11)) / TwO / G

XX = 1.500 ¢ EA - EP

w = Q02 / TWO - 1.5D@ / B - XX

DS = W + SQRT(Wse2 + THR » Q2 / B)

continued




TABLE 20

continued
DP = XX
YY = B ¢+ DS o TWO / THR
IF(YY.LT.50.2) DP = XX « (ONE - EXP(-YY))
H =0S /2D / Q1(11)
GO TO 38¢
c )
c SLOW BRANCH
325 1IF(IOPT.EQ.1) GO TO 360
1F(EP.LT.EA#+2D/Y) GO TO 360
c
c EP 1S SATURATED
350 SIGMAB = YJ2N » (ONE + (N - ONE) » TWO » G » 2D
. / YJ2N ¢ (DLTH - HH))e¢s (ONE/(ONE-N))
€S = ES 4+ (YJ2N - SIGMAB) / TWO / 6
ET = EP + ES .
GO TO 398
3se Q2 = YJ2N + (ONE - BETA(I1)) / TwOo / G
w = (Q2 / TWO + EP) / Q1(11) / 20
. - (B ¢« EA + ONE) / B/ Y
N = W 4+ SORT(Wee2 + TWO » 02 / Q1(11) /2D / B / Y)
DS = 20 o Q1(I1) « H
XX = EA o Q1(11) ¢« 20 / Y / CT(11) - EP
IF(IOPT.EQ.@) XX = AMAX1(XX,Z2ER)
opP = XX B
YYy - = B o Y o H
IF(YY.LT.50.0) DP = XX o (CONE — EXP{-YY))
IF(DP+EP.LT.ZER) DP = ZER
c
¢ COMPATABILITY FACTOR
388 CF = 02 / (DS + DP)
11 = 0S » CF
oP = DP o CF
H = H o CF
c
c SUBSTEP UPDATE
ES = ES + DS
EP = EP + DP
HH = HH + H » CT(I1)
SIGMAB = YJ2N » BETA(I1)
c
c DEBUG PRINTOUT
c
c IF(1.EQ.3.AND.J.€Q.3)
c +WRITE(6,3800) NSUB,ES,EP,YJ2N,SICMAB,HH,BETA(1])
C3802 FORMAT(2X,'NSUB,ES,EP,YJ2N,SIGMAB,HH',13,1X,6(1PE12.5,5X))
IF(HH.GT.DLTH) GO TO 389
c
c CONTINUE SUBSTEPS

YJ2N = S]IGMAB
IF(NSUB.LT.MAXSUEB) GO TO 3ee
WRITE(6,3%00) 1, J
3500 FORMAT(
. /18X, 1C8Hesss000a 00,

continued



TABLE 20

continued
. /10X, 10HE R R @ R ,
. /108X ,29HMAXIMUM NUMBER OF CREEP MODEL
. /10X ,29HSUBSTEPS HAS BEEN EXCEEDED BY
. /10X, 9HZONE 1 = ,I1e, 6H, J = ,j18
. )
NSERR = 3
NSEXT = 4
GO TO 990

389 IF(NSUB.GT.1.0R.I1.EQ.3) GO TO 3%@
YJ2N = YJ20

NSUB = ©
HH = ZER
11 -3
GO TO 300
(o4 .
c INTERPOLATE FOR SIGMAB AT DLTH
390 DTI = DLTH - (HH - H « CT(11))
DT2 = HH - DLTH
SIGMA1 = YJ2N / (ONE + (YJ2Nes(N-ONE))
. ¢ (N — ONE) » TWO ¢« G & AF + DT1)se¢(ONE/(N-ONE))
DUM = ONE - SIGMABes(N-ONE) ¢ (N — ONE) « TWO o G ¢ AF o DT2
1F(DUM.LT.ZER) DUM = 1.0D-50
SIGMA2 = SIGMAB / DUMss(ONE / (N - ONE))
IF(SIGMA1.LT.SIGMAB) SIGMA1 = SIGMAB + (YJ2N — SIGMAB) s DT2
. - / (DT1 + DT2)
IF(SIGMA2.GT.YJ2N)  SIGNA2 = YJ2N - (YJ2N — SIGMAB) o DT1
. / (DT1 + DT2)
SIGMAB = (SIGMA1 s DT2 + SIGMA2 ¢ DT1) / (DT1 + DT2)
c
c CORRECT FOR STRAINS AT DLTH
0D = (YJ2N - SIGMAB) / TWO / G / (DS + DP)
ES = ES - DS ¢ (ONE - DD)
EP = EP - DP + (ONE - DD)
ET = ES + EP
c
¢ ADJUST STRESS DEVIATORS

398 SXXN = SXXN ¢ SIGMAB / YJ20
SYYN = SYYN » SIGMAB / YJ20
SZZN = S2ZN + SIGMAB / YJ20
SXYN = SXYN » SIGMAB / YJ20

c UPDATE STEALTH CREEP VARIABLES

CR1N = EP

CR2N = ES

CR3N = ET

CR4N = YJ20

CRSN = SIGMAB
«D 20NFRH.76,78
oD 20NFRH.E4,85

PRHRLV = EO0S2 s (1./RLVN - 1./RLVO) + PRHO

PRHZIE = THR ¢ EOS2 ¢ EOSB o (ZHEN-ZHEO + 2SEN-2SEO)/SHCO
Cc FROM A FUNCTION OF RELATIVE VOLUME (THERMCMECHANICAL)
eD ZONSSS.87,87

continued



TABLE 20
concluded

SSSPRH = VAL

oD PLTTTL.S3
3@ CALL PLTLBL(NPLT,MAXCDN,1,0,©.18,2.98,HGT, wID,e.08,CDN)
»] DMPPRO.24

RETURN

*D EDTINP.547

c
c
c
640

641

€42

€43

€44

645

€46

se RECORD 664 DEFINES A SUB-GRID FOR PLOTTING s

MINIPL = IFIX(DTAFLD(1) + .1)
MAX1PL = IFIX(DTAFLD(2) + .1)

1F (MINIPL .GE. 1 .AND. MINIPL .LE. MAXGPT) GO TO 641
CALL RGEERR(INPTYP,1,1,MAXGPT ,MINIPL)

IF (MAXIPL .GE. 1 .AND. MAXIPL .LE. MAXGPT) GO TO 642
CALL RGEERR(INPTYP,2,1,MAXGPT,MAXIPL)

IF(MINIPL .LE. MAXIPL) GO TO 643

CALL LIMERR(INPTYP,MINIPL,MAXIPL,1,2)

LMIN = 3

1F(NSPRO .EQ. 1 .OR. NSPRO .EQ. 11) GO TO 858

MINJPL = IFIX(DTAFLD(3) + .1)

MAXJPL = IFIX(DTAFLD(4) + .1)

1F (MINJPL .GE. 1 .AND. MINJPL .LE. MAXROW) GO TO 644
CALL RGEERR{INPTYP,1,1,MAXROW, MINJPL)

IF (MAXJPL .GE. 1 .AND. MAXJPL .LE. MAXROW) GO TO 645
CALL RGCLRR(INPTYP,2,1,MAXRCOW, VAXJPL)

IF(MINJPL .LE. MAXJPL) GO TO €46

CALL LIMERR(INPTYP ,MINJPL,MAXJPL,1,2)

LMIN = §

GO TO 950



TTL
PRB
SOR
END
TIM
S11
512
513
S14
521
END
EDT
611
613
616
€21
621
622
623
623
624
641
641
€71
674
€74
674
674
674
674
674
674
674
€74
674
674
674
674
END
END

TABLE 21

STEALTH 2D Input Data Set for Problem 5.3 (Restart Run)

PROBLEM §.3 THERMAL-MECHANICAL ANALYSIS - SALT

2. 3.1536E9
3.1536E+07

2.8E+407 3.1536E07
1.1 .95
e

J3.153¢6k18e 1850.

1.

1.

1.

1. 3.1536 E® 6.3072E9 6.3072E9

2. e. 3.1536E10 3.1536t1¢

1.0 41.0 1. 34.0

11. 14, 53. 54. 61. 71. 72.
73. 74. 91. 92. 93.

3.

1. 3.1536E9 6.3072E9 6.3072¢ES9

2. 1.5768E10 1.5768BE1@ 1.5768E10

1. 3.1536E9 3.1536E10 3.1536E8B

1. 1. 61. 1. 13024,

2. 1. 61. 1. 15025.

3. 1. 61. 1. 2024.

4. 1. 61. 1. 2025,

5. 1. 71. 1. 15024.

6. 1. 72. 1. 8024.

7. 1. S. 1.

8. 2. 61, 3ee. 24
9. 2. 61. Jee. 2000,
10. 2. 61, 1020. 24
i1. 2. 72, 3e00. 15000.
12. 1. 14. 1. 1034.

13. 2. 14, 3.1536E10 34.
14. 2. 14, 9.4608E9 34.



TABLE 22

Development of Tensile Stresses at Various Times, Problem 5.3

Location of Max.

Max. Radial Max. Depth Max. Tensile Tenceile Stress
Time (yrs) Extent (m) {(m) Stress (MPa) Depth (m) Radius (m)
30 ~1175 ~325 5.30 ~225 ~950
100 ~1400 ~35 0.63 ~35 ~530
300 ~1290 ~35 0.33 ~35 ~45
1,000 0 0 0 - -



=STEALTH 20 V4-1RA Wi-1Cx 87,0909 16.40.03
PROBLEM™ 5.3 THERMAL-MECHANICAL ANALYSIS - SALT

(free boundary, constant temp.)
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Figure 25. 1Initial mesh configuration and boundary conditions; axisymmetric geometry.



»STEALTH 20 V4-1A WI-1Cx 87/07/28 11.16.45
PROBLEM S.3 THERMAL-MECHANICAL ANALYSIS - SALT
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Figure 26a. Temperature history at repository midpoint (0 - 300 years).



THP (9C)

»STERLTH 20 V4-1R WI-]1Cx 87/07/29 14.27.31
PROBLEM 5.3 THERMAL-MECHANICAL ANALYSIS - SALT
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TIM (1010 sec) 1 year = 3.1536 x 10/ sec

TIME HJSTORY AT 1 - 2 J - 24
X = 91.841 Y - -492.35

Figure 26b. Temperature History at Repository Midpoint (100 - 1,000 years)



*STEALTH 20 V4-1A Wi-|Cx 87,07/30 15.03.20
PROBLEM 5.3 CONTOURS AT 30 YEARS (SALT)
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Figure 27. Temperature contours in the modeled region at 30 years.



»STEALTH 2D V4-1A WI-1Cx 87/07/30  14.56.11
PROBLEM S.3 CONTQURS AT 100 YERRS (SALT)
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Figure 28. Temperature contours in the modeled region at 100 years.



Figure

»STEALTH 20 V4-1A WI-1Cx 87/07/30 13.33.45
PROBLEM 5.3 CONTOURS AT 300 YEARS (SALT)
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29. Temperature contours in the modeled region at 300 years.




»STEALTH- 20 V4-1R WI-1Cx 87/07/30 13.43.05
PROBLEM 5.3 CONTOURS AT 1000 YEARS (SALT)
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Figure 30. Temperature contours in the modeled region at 1,000 years.



»STEALTH 20 V4-1A WI-1Cx 87,07/30 15.03.20
PROBLEM 5.3 CONTOURS AT 30 YEARS (SALT)
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Figure 31. Contours of minimum principal stress at 30 years.



»STEALTH 2D V4-1R WI-1Cx 87/07/30 15.03.20
PROBLEM S.3 CONTOURS AT 30 YEARS (SALT)
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Figure 32. Contours of maximum principal stress at 30 years.




»STEALTH 20 V4-1A WI-1Cx

87/07/30

PROBLEM 5.3 CONTOURS AT 100 YEARS (SALT)

14.56.11

0.00E+086
-5.00E+02—] = et 2
g
S -1 .00E+03—|
o ]
o _
A 0
-1.50E+03—
pu——
-2.00E+03—
-2.50E+03—
FEETTTT R0 [llllgrf|lll IIIIII
0 1 2 3 4 5
Radial distance, km
CONTOUR OF EX1 1IN GRID NO 1
TIME - 3.18E+09 CYCLE = 101

CONTOUR LEVELS

A
8
G
D
£
E
6

-6.00E+Q07 Pa
-5.00E+07
-4.00E+07
-3.00E+Q7
-2.00E+07

-1.00E+07
0.00E+00

Figure 33. Contours of minimum principal stress at 100 years.



»STEALTH 20 V4-1R Wi-1Cx 87/07/30 14.56.11
PROBLEM 5.3 CONTOURS AT 100 YEARS (SALT)
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Figure 34. Contours of maximum principal stress at 100 years.



»STEALTH 20 V4-1A Wi-1Cx 87/07/30 13.33.45
PROBLEM 5.3 CONTOURS AT 300 YEARS (SALT)
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Figure 35. Contours of minimum principal stress at 300 years.



Figure

wSTEALTH 20 V4-1A Wi-1Cx 87/07/30 13.33.45
PROBLEM 5.3 CONTOURS AT 300 YEARS (SALT)
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36. Contours of maximum principal stress at 300 years.



»STEALTH 2D V4-1A W]-1Cx 87/07/30 13.43.05
PROBLEM 5.3 CONTOURS AT 1000 YEARS (SALT)
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Figure 37. Contours of minimum principal stress at 1,000 years.
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»STERLTH 20 V4-1A WI-1Cx
PROBLEM 5.3 CONTOURS AT 1000 YERRS (SALT)
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Figure 38. Contours of maximum principal stress at 1,000 years.
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YPN (m)

wSTEALTH 2D V4-1R WI-1Cx

87/07/28 11.16.45

PROBLEM 5.3 THERMAL-MECHANICAL ANALYSIS - SALT
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Figure 39. Ground Surface Displacement at 30 Years



»STEALTH 20 V4-1A WI-1Cx 87/07/28 11.16.45
PROBLEM 5.3 THERMAL-MECHANICAL ANALYSIS - SALT
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Figure 40. Ground surface displacement at 100 years.



»STEALTH 20 V4-1R Wi-1Cx 87/07/29 14.27.31
PROBLEM 5.3 THERMAL-MECHANICAL ANALYSIS - SALT

1.75—
1.50—]

g 1.25——:
=" -
& 1000_——
-

o o o
R 8 a
ILLITI[IITHIIT>

0.00 ARRERRRRRRRERNRRRRNRRRRRERED
0 1 2 3 4 5 '

05T , km

SNAPSHOT OF ROW 34
TIME =~ 9.46E£+09 CYCLE - 300

Figure 41. Ground surface displacement at 300 years.



YPN (m)

»STEALTH 20 V4-1A WI-1Cx 87/s07/29 14.27.31
PROBLEM S.3 THERMAL-MECHANICAL ANALYSIS - SALT
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Figure 42. Ground Surface Displacement at 1000 Years



»STEALTH 20 V4-1A WI-1Cx 87/07/29 14.27.31
PROBLEM 5.3 THERMAL-MECHANICAL ANALYSIS - SALT
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Figure 43. Displacement history of surface midpoint (100 - 1,000 years).
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%STEALTH 20 V4-1A W]-1Cx 87/07/28 11.16.45
PROBLEM 5.3 THERMAL-MECHANICAL ANALYSIS - SALT
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Figure 44. Temperature Distribution Along Vertical Centerline at 100 Years



»STEALTH 20 V4-1A WI-1Cx 87/,07/29 14.27.31
PROBLEM 5.3 THERMAL-MECHANICAL ANALYSIS - SALT
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SECTION &

Benchmark Problem 6.3

A prediction of the thermomechanical response of one of the two full
scale heater tests (Heater Test #2) conducted at NSTF is the object of
this problem. The predicted response is to be compared with field
measurements of temperatures, displacements, and stresses.

An axisymmetric geometry was chosen for analyzing this problem with
STEALTH 2D. The modeled region dimensions and location of the drift
and heat sources were chosen as specified in Reference 2. In
principle, it is possible to include a bilinear material model in
STEALTH. However, a proper implementation would have required changes
to many subroutines and inclusion of consistency tests. The primary
reason for difficultieg in implementing an apparently simple material
model is related to the manner in which the stress tensor is formulated
in this code. Another concern was with the lack of sufficient guidance
in Reference 2 as to which component of stress to use in deciding the
applicable pair of moduli. For these reasons, & single value of
elastic modulus and Poisson’s ratio was chosen; these were converted to
a8 bulk modulus and shear modulus values for input to STEALTH. As in
other problems, updates to the code were necessary for simulating the
heater test. Specifically, updates were made to subroutines MYFNQO,
MYZSE, ZONSTR, EDTINP, DMPRO, GENCHK, ZONMDL, ZONZHE, ZONPRH, ZONSSS,
RADLOS, and PLTTTL. These updates are listed in Table 23. Many of
these updates are similar or identical to updates in some of the other
problems. Updates to MYFNO define the temperature dependent heat
capacity. The MYZISE updates allow a user—-defined thermal load as a
function of time. Another item of note is the temperature dependence
of the coefficient of thermal expansion. A one-line update in ZONPRH
handled this complexity. The purpose of all other updates has been
stated in previous sections. In axisymmetry, it is not possible to
define unequal horizontal stresses at the boundary when the axis of
symmetry is a vertical line. Therefore, an average horizontal stress
of 4.5 MPa was imposed at the boundary. The vertical stress on the top
boundary was set to 2.0 MPa. O0Other boundary and initial conditions
were selected as prescribed in Reference 2. The STEALTH 2D input data
set for this problem is listed in Table 24 for the start rum and Table
25 for the restart run. The mesh was generated with 15 I lines and 30
J lines. This gives & total of 450 nodes and 4046 elements. The drift
geometry was produced using point-by-point mesh generation option (Card
Type 232) whereas other regions of the mesh were generated with
automatic zoning options. The numerical mesh and appropriate boundary
conditions in the model are shown in Figure 46. The thermal time-step
size was controlled by the radius of the heater (other parameters being
equal at start time). Since an opening exists in the mesh interior, it
was necessary to first develop the excavation-induced state of stress.
This was done in the first 200 computational cycles. The development
of the excavation induced radial stress at some point above the rocof is
illustrated in Figure 47; the abcissa (labelled as TIM) is an indirect
indicator of number of iterations. The total kinetic energy in the
entire mesh reflects proximity to equilibrium. Theoretically, true



equilibrium exists when the kinetic energy is zero. Figure 4B
illustrates how this energy approaches zero after first reaching a
peak. The heater test begins at cycle 201 so that the reference time
at cycle 200 (8.1588x10%) should be Day O in the field test. A total
of 1206 cycles (including 200 cycles for equilibrium) were needed to
simulate S00 days of the heater test. This means the average stable
time step was 0.5 day. For ease of interpretation, the chart below
provides a correspondence between printout values of time in STEALTH 2D
and the days from start of Heater Test #2.

Heater Test Time STEALTH 2D time (sec.)

Day O 8.1588 x 10+

2 Days 8.3316 x 10

100 Days 1.6799 x 107
200 Days 2.5439 x 107
259 Deays 3.0536 x 107
300 Days 3.4079 x 107
350 Days 3.8399 x 107
350 Days 3.9263 x 107
500 Days 5.1359 x 107

All of the output specified in Reference 2 was obtained in the form of
plots. Figure 49 presents the radial temperature distribution at 2.5
days in a horizontal section at a nominal depth of 4.5m. The vertical
temperature profiles at 259 days at radii of 0.4m and 0.71m are shown
in Figures 50 and 5S1, respectively. The radial temperature profiles at
a depth of about 4.25m at 350 days is shown in Figure 52, and at 360
days is shown in Figure 33. The temperature history at heater midplane
and 0.4m radius is given by Figure S4. The horizontal displacement
history at a depth of 1.91m and radius of 1.77m is plotted in Figure
S55. Histories of verticel displacement at a radius of 1.24m and depths
of 3.7m, 4.6m and S5.5m are shown in Figures S&6 through 358. Profiles of
radial temperature distribution at heater midheight at 100, 200, and
300 days are included as Figures 59, 60, and &61. Profiles of major
principal stress distribution at that location and those times are
presented in Figures 62, 63, and &4. The minor principal stress
profiles at heater midheight at the same times are given in Figures 65,
66 and 67. The computer generated profiles of displacement at heater
midheight had poor resolution due to the initial non-alignment of nodes
near that depth (see Figure 24) and due to very small absolute
displacement. Hand-plotted profiles of vertical displacement near
heater midheight at 100, 200, and 300 days are shown in Figure é&8.



TABLE 23
Fortran Updates to STEALTH 2D for Problem 6.3

«1D FRB63BS

«C STEALTH

«D MYFNO.27,28
VAL = FCA(4) o ( FCA(1) + FCA(2)+(VAR+273.) +
' FCA(3)/(VAR+273.)ee2 )

o] MYZSE.17

+CALL ZONVAR

+CALL TIMVAR
DIMENSION WATS(3), DAYS(3)

¢o HEATER VOLUME 1S PJeRsReH = ©.49087 CU. METER =o»
oe TkW 1S EQV. TO 2037.2 W/mee3 e

OO0 O0

DATA WATS / 2037.2, 6111.5, 10185.9 /
DATA DAYS / 8@., 226., 527. /
DATA TREF / 1.0E8 /
eD MY2SE.22,23
TOAY = (TIMN — TREF)/ 8.64E4
FOWER = ©.0@
JF(TDAY .LE. ©.8) GO TO 18

1IF(TDAY .LE. DAYS(1) ) PUWER = WATS(1)
IF(TDAY .GT. DAYS(1) ) PCWER = WATS(2)
1F(TDAY .GT. DAYS(2) ) PCWER = WATS(3)

IF(TDAY .GT. DAYS(3) ) FCWER = 0.9
1® 2SEN = PCWERSDLTH + 2SEO
o] 2ONSTR.42
c es DEFINE TOTAL STRESSES o
SSUM = TXXN + TTYN
SUIF = TXXN - TYYN

c e+ DEFINE PRINCIPAL STRESSES IN THE X-Y FLANE »e
SIG1 = SSUM/2. + SORT(SDIFee2/4. 4+ SXYNee2)
SIG2 = SSUM/2. — -SGRT(SDIFee2/4. + SXYNeo2)
SIG3 = T22N
FANG = ©.
IF(SDIF _EQ. B. .AND. SXYN .EQ. ©.)GO 10 71
c s» PANG IS THE FRINCIPAL STRESS ORIENTATION !N DEG. e

PANG = 28.6364 s ATAN2(2.eSXYN, SDIF)
71 CONTINUE
EXIN = AMAX1(SIG1Y,S)G2,£1G3)
EX2N = AMIN1(S)G1,5162,51G3)
EXIN = PANG
oD FDTINP.547
Cc
[ »s RECCRD #664 DEFINES A SUB--GRID FOR PLOITING s
Cc
€20 MINIPL = JFIX(DTAFLD(1) + .1)
MaAXIPL = IFIX(DTAFLD(2) + .1)
IF (MINIPL .GE. 1 .AND. WINIPL .LE. wariF1) GO TO €41
CALL RGLERR(INFIYP, 1,1 MAXGPT MINIPL)
€4 1T (WAXIPL .GE. 1 .AND. MAXIPL _Lf. MAXGFT) GO 10 €a2
CALL FGEERR(INFTYP, 2,1, MAXGFT MAXIFL)
€42 IF{MINIPL .1E. WMAX;PL) GC 10 643
CALL LIWMERR(INFIYF MINIPL, MAXIPL,.1,2)
643 LMIN = 3

continued



1F(NSPRO

.EQ. 1 .OR. NSPRO

TABLE 23
continued

.EQ. 11) GO TO 950

MINJPL = IFIX(DTAFLD(3) + .1)

MAXJPL = IFIX(DTAFLD(4) + .1)

1F (MINJPL .GE. 1 .AND. MINJPL .LE. MAXROW) GO TO €44
CALL RGEERR(INPTYP,1,1,MAXROW,MINJPL)

644 1F (MAXJPL

RETURN

o] GENCHK2.269
TMPN = 17.0¢@
TXXN = -4 _5E6
TYYN = -2.2E6
TZIN = TXXN

1F(MPNO .EQ. 2) TXXN = ©.@
.EQ. 2) TYYN = 0.9
IF(MPNO .EQ. 2) TZZN = ©.@

1F(MPNO

.GE. 1 .AND. MAXJPL .LE. MAXROW) GO TO 645
CALL RGEERR{INPTYP,2,1,MAXROW,MAXJPL)
645 IF(MINJPL .LE. MAXJPL) GO TO 646
CALL LIMERR(INPTYP,MINJPL ,MAXJPL,1,2)
€46 LMIN = 5
GO 70 9580
1 DMPPRO. 24

PRHN = - (TXXN+TYYN+T2ZN) / 3.
TXX(I1,J4T) = TXXN
TYY(1,JT) = TYYN
122(1,4T) = 122N
+D GENCHK2.342,344
TMPO = TMPN

«] ZONMDL.118

2) GO TO 858

Cc

C )
1F{MPNN .NE.
PRHN = PRHO
TXXN = TXXO
TYYN = TYYO
TZIN = T220
TXYN = TXYOQ
SXXN = SXXO
SYYN = SYYO
SZZN = $220
SXYN = SXYO
EXIN = EX10
EX2N = EX20
EX3IN = EX30
EX4N = EX40

950 CONTINVE

o] ZONZHE2.57

DATA HCONV, TAMB / 1.0e

c

o] ZONZHE2.67

DO 5 LL = 1,NUMRM
IF{MPNN .EQ. MPNRM(LL)) TMPO = TAMB
5 CONTINUE

SET STRESSES TO ZERO IN AIR ZONES se

17.00 /

continued




TABLE 23
concluded

Cc
«0 ZONZHE2.299
IF(MPNN "EQ. MFNRM(LL) .AND. MPN(IC,JT) .NE. MPNRM(LL))
1 GO TO 564
1F(MPN(1C,JT) .EQ. MPNRM(LL)) GO TO 563
GO T0 561
563 DELY = (YPNOTL 4 YFNOIR)/2. - YCEN
TSURF = (HCONV+TAMB + CONOsTMPO/DELY)/(HCONV+CONO/DELY)
HTFHT = - HCONV o WOTOP s (TSURF-TAMB)
GO TO 561
564 DELY = YCENT - (YPNOTL+YPNOTR)/2.
TSURF = (HCONV«TAMB + CONOT+TMPOT/DELY)/(HCONV+CONOT/DELY)
HTFHT = — HCONV o WOTOP ¢ (TAMB-TSURF)
561 CONTINUE
c
D ZONZHE2. 348
IF(MPNN .EQ. MPNRM(LL) .AND. MPN(1R,JC) .NE. MPHRM(LL))
1 GO 7O 583
GO T0O 582
583 DELX = XCENR - (XPNOTR+XPNOBR)/2.
TSURF = (HCONVsTAMB + CONOReTMPOR/DELX)/(HCONV+CONOR/DELX)
HTFHR = — HCONV ¢« WORHT ¢ (TAMB-TSURF)
582 CONTINUE
«] ZONZHEZ2.368
DO 769 LL = 1 ,NUMRM .
1F(MPNN .EQ. MPNRM(LL)) DLZHEH = ZER
769 CONTINUE :
+D ZONPRH.76,78
D ZONPRH.E4,85
PRHRLY = E0S2 » (1./RLVN - 1./RLVO) + FPRHO
DTHETA = (ZHEN-ZHEO+42SEN-2SEO) / SHCO
THETA = TMPO + DTHETA
c - s TEMP. DEPENDENT ALPHA FOR BASALT s
ALPHA = EOS8 4+ EOS9«THETA
PRHZIE = THR « EOS2 e ALPHA « DTHETA
FROM A FUNCTION OF RELATIVE VOLUME (THERMCMECHANICAL)
¢D Z0ONSSS.87,97
SSSPRH = VAL
«] RADLOS.114
1F(ABS(TMPS(11,LL)-TMPV(I1,LL)).LT. 1.E-8)
1 QAVRG(II,LL) = ZER
*]1 RADLOS.138
IMP(I1,JC) = TMP(11,JC) + ENRDEN/SHC(11,4C)
s] RADLOS.168
IMP(I1141,JC) = TMP(1141,0C) + ENRDEN/SHC(11+1,JC)
«] RADLOS.188
TMP(I1,JC) = TMP(11,JC) + ENRDEN/SHC(11,JC)
] RADLOS.199
TMP(I1,0C) = TMP(11,0C) + ENRDEN/SHC(11,4C)
¢D PLTTITL.S3
30 CALL PLTLBL(NPLT ,MAXCDN,1,: ,0.18,0.98,HGT, ,W1D,@.0,CDN)



TABLE 24
STEALTH 2D Input Data Set for Problem 6.3 (Start Run)

TTL PROBLEM 6.3 - Heoter Test §2 ~ NSTF

PRB 1.
PRO .0

DTS . @ 1.

SYM
GRD
END
MAT 1.
111 BASALTH.
112

114

121

122

123

132

134

136

152

154

111 AIR
112

114

121

122

136

152

154

111 sourec
112

114

121

102

123

132

134

136

152

154

156

END

GPT

211
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221
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o006
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continued



221
221
221
221
247
247
247
247
247
247
247
247
247
257
257
232
232
232
232
232
232
232
232
232
232
232
232
232
232
232
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232
232
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232
232
232
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232
232
232
232
232
232
232
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10.
11.
12.
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GGG WG U NN NDRANRD = @@ WE G0 W0 UNNNRNNNN - GG @@ a0 =2 NN 2000 OO0 O - —
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.87
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~ 0O
o .

N e Ny -
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NWOD®Ww OOV

.25
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.32
.13
13
13
.25
.40
.45

TABLE 24
continued

18.
25.
25,
1.
-20.
-20.
-20.
-20.
-5.5
-3.9
0.0
€.5
.8
14,

w»

.25
.25
.25
.25
.25
.25
.55
.55
.55
.55
.55
.55

.25
.25
.25
.28
.3e
.35
.40
.55
-1
-1
.55
.6@
.70

O OO0 O OO OO O OO0 O O O O OO0 O OO O G O OO0 OO0 O 0O O OO0 |

continued

Je.
Je.
Je.
16.

14,
14,
14,
14.

2.
3.

[ BV BNV Y

S
e

te.

3.
4.
4.

PN = OO WN = 0000 N0

5
156
156

.666€67
.83333

.25
.5@
.78
.66667
.83333

.25
.50
.78
.66667
.83333

.28
.50
.75

.Ee
.70
.70
.00
.18
.72

.E0
.70
.70
.95
.08
.7

.8e
.7
.78
.85
.06

- wd mh wd b mbd wh ah b = A
. e .

- el - - - DO OO

[ I I . ]

.95
.95
.85



232
232
232.
232,
232
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232
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232
232
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232
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18.
19.
2e.
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22.
23.
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19.
20.
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22.
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18.
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20.
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22,
23.
24.
18.
19.
20.
21,
22.
23.
24,
18.
19.
20.
21,
22,
23.
24.
11.
12,
13.
14,
15.
16.
11.
12.
13.
14,

TABLE 24
continued

.74
.87
.87
.87
.87
.95
.00
.05
.43
.43
.43
.43
.40
.38
.40@
.99
.99
.99
.99
.80
.70
.75
.55
.55
.55
.58
.45
.ee0
.20
.25
.20
.18
.10
.00
.80
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.96
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.87
.82
.78
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.24
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continued

tl'.ulbUN—'QOU'&UN-‘&QU’#UN—'Q@U‘%HN-‘QOU‘AUN-'@@UU'(AN-000‘

.68

.80
.70
.70
.8¢
.00
.58

.80
.70
.70
.75
.90
.30

.80
.70
.70
.65
.70
.20

.80
.70
.70
.50
.32
.00

.80
.70
.70
.50
.32
.00

.80
.7e
.78
.5¢
.32
.0

.5e
.60
.7
.80
.91
.40
.50
.60
.70
.80




TABLE 24
continued

.77 -1.891
.77 -1.49
.67 -5.50
.67 -4.60
.67 -3.7@
.67 -2.80
.67 -1.91
.67 -1.40

15.
16.
11.
12.
13,
14.
15.
16.

232 12.
232 12.
232 12.
232 12.
232 12.
232 12.
232 12.
232 12.
END

20N 1
3
311
311
a
n
321
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322
341
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J41
371 1. 5.67E-8 273.
372 1. . . .
373 1. 3. .8 .9 0.8
END
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continued



TABLE 24

concluded
511 4.32E04
512 2.16E04 4.32E04
513 1.1 2.95
514 -208.
521 2.84Q018E12  2080.
END
EDT 1.
611 2.
613 2.
616 2.
621 1.0 0. ° 200. 100.
622 1.0 15. 1. 3e.
623 1 14. 53, 54 61. 62.
623 72 73. 91 92 93. 12.
624 3.
641 1. °. 200. 100.
671 1. e. 20e. 2.
674 1. 1. 71. 1. 5018.
674 2. 1. 72. 1. 3012.
674 3. 1. 71. 1. 4025.
674 4. 1. 72. 1. 13022.
674 5. 1. 5. 1.
END

END

71.
15.



TTL
PRB
SOR
END
TIM
511
512
513
S14
521

END
EOY
611

613
616
621

621

621

622
623
623
624
541

641

§41

671

674
674
674
674
674
674
€74
€74
674
674
674
674
674
674
€74
674
€74
674
€74
€74
674
674
674
674
674
€74
674

TABLE 25

STEALTH 2D Input Data Set for Problem 6.3 (Restart Run)

PROBLCM 6.3 - Heoter Test §2 —- NSTF

2. B.158BRERE
4.32€04
2.16E04  4.32EQ04

1.1 1.00

-200.

5.13588E7 14080,

1.

1.

1.

1.0 £.15B80E06 4.320E07 B.640E06

2. 8.15880E06 2.2378E07 2.237BE07

3. 8.15880E06 3.0240E07 3.0240E07

1.0 15, 1.0 3e.

11, 14, 53. 54.

72. 73. 91. 92.

3.

1.0 8.15580E06 4.32CEQ07 B.648L£06

2. 8.1588CE06 2.2378E£07 2.2378E07

3. 8.158R0E06 3.0240C07 3.0240E07

1.0 B.1582CL06 4.320Ee’ 4.320E@S

1. 1. 61. - 1.

2. 1. 11. 1.

3. 1. 14. 1.

4. 1. 14. 1.

5. 1. 14, 1.

6. 2. 61.

7. 2. 61.

8. 2. 61.

9. 2. 61.

10. 2. 61.

1. 2. 91.

12. 2. 92.

13, 2. 14.

14, 2. 61.

15. 2. 91.

16. 2. 92.

17. 2. 14.

18. 2. 61.

19. 2. 81.

20. 2. $2.

21. 2. 14,

22. 2. 61.

23. 2. 91.

24. 2. 92.

25. 2. 11.

26. 2. 11.

27. 2. 61.

continued

61.
93.

3Jo13.
6215.
Se13.
5012,
S011.,

62.
12.

G Gt GGG NN NN a8

8.3316E6
.05264E7
.035364E7
.92628E7
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.67S88E7
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.67988E7
.54288E7
.S4288E7
.54388E7
.S43B8BE?
.40788E7
.42788E7
.40788E7
.4078B8E7
.40788E7
.40788LE7
.40788E7
.4078B8E7
.427BBE?
.E36BBE7

71.
15.

13.
Jeee.
4000.
13.
13.
13.
13.
13.
13.
13.
13.
13.
13.
13.
13.
13.
seee.
5000.
Seo0e.
50¢e0.
40200.
13,



TABLE 25
concluded

END
END



Figure 46.

»STEALTH 20 V4-1A WI-1Cx 87/08/14 15.36.50
PROBLEM 6.3 - HEATER TEST =2 - NSTF

Stress boundary (2MPa),

—] consta em
10- Oy EE o
N
::F o =
S.00— 4 o
— o a,
- E - Z
Sy — { Te)
“ - — i = e o
"o'; o O-OG H \Lj{\ \ 1 Sg‘
oo I o o
B [ i -]
228 oo 2L
nawn —9.0 R
S o e o
Yt ot - S P
&F 3%
n 0 -10.0— 0
E ) oy — n o
" FL ’ "
S W — C 0
o —] N
> -15.0—= 3
— L
- gl |
20.0— “lcl”!llll“”
6.0 .OA 0.0

Radial distance, m
roller boundary,
constant temp.

INITIRL REPRESENTATION OF GRID NO. 1

Initial mesh configuration and boundary conditions, Problem. 6.3.
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Figure 47. Equilibration of excavation-induced radial stress above the roof.
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Figure 48. Total kinetic energy in the mesh; reduction with successive iterations
indicates approach to equilibrium.
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Figure 49. Radial Temperature Distribution at a depth of 4.5m after 2.5 days.
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Figure 50. Vertical temperature profile at 0.4m radius after 259 days.
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Figure 51. Vertical temperature profile at 0.71m radius after 259 days.
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Figure 52. Radial temperature profile at 4.25m depth after 350 days.
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53. Radial temperature profile at 4.25m depth after 360 days.
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Figure 54, Temperature hsitory at heater midplane at 0.4m radius.
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Horizontal "displacement" history at 1.91m depth and 1.77m radius.
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57. Vertical "displacement® history at 4.6m depth and 1.24m radius.
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Figure 58. Vertical displacement history at 5.5m depth and 1.24m radius.
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Figure 59. Radial temperature distribution at heater midheight at 100 days.




»STEALTH 20 V4-1A WI-1GCx 87s08/18 13.13.05
PROBLEM 6.3 - HEATER TEST »2 - NSTF

300.—
250.—]
U —
° 200.—j
% —
(= —
150.—-j
100.—5
50.0—
Illlllllllljllllll
0.00 .50 .00 50
DST » m

SNAPSHOT OF ROW 13
TIME = 2.54E+07 CYCLE - 603

USER PLOT NUMBER = 14

Figure 60. Radial temperature distribution at heater mid-height at 200 days.
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Figure 61. Radial temperature distribution at heater mid-height at 300 days.
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Figure 62, Major principal stress distribution at heater mid-height at 100 days.
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Figure 63. Major principal stress disbribution at heater mid-height at 200 days.




»STEALTH 20 V4-1A HWI-1Cx 87/,08/18 13.13.05
PROBLEM 6.3 - HEATER TEST =2 - NSTF

0.00E+08—

b bm o s

OST, m
SNAPSHOT OF ROW 13
TIME = 3.40E+07 CYCLE - 804

USER PLOT NUMBER - 20

Figure 64. Major principal stress distribution at heater mid-height at 300 days.
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Figure 65. Minor principal stress distribution at heater mid-height at 100 days.
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Figure 66. Minor principal stress distribution at heater mid-height at 200 days.
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Figure 67. Minor principal stress distribution at heater mid-height at 300 days.
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TABLE 26

Summary of CPU and 1/0 Times on CRAY~-XMP

Benchmark CPU Time* I1/0 Time* "Memory* "

Problem (seconds) (seconds) (seconds)
2.9 88 95 24
3.5 VM 174 g5 26
3.5 DP 172 86 21
5.2 2,549 2,857 1,072
5.3 ?16 454 129
5.3 955 616 198

* The time values given are for execution of successful runs for
each problem. The CTSS system at Sandia reports memory usage in
units of time.



