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Analysis to Assess Self-Arresting Potential
of Thermally Induced Degradation of Emplacement Drifts

The analyses described in this notebook are being performed to address an NRC staff inquiry
regarding whether thermally induced drift degradation would self arrest because of changing
thermal conditions at the drift roof caused by the degradation. The self arrest would occur if the
changing thermal conditions cause thermal stress to decrease below values needed to initiate
rock failure. Two effects of drift degradation that may contribute to reduced thermal stress in the
drift roof were identified. First, the accumulated rubble may insulate the waste package and
reduce the heat flux to the surrounding rock. Second, vertical extension of the drift roof
increases the distance between the roof and the heat source, and thus may cause the roof
temperature to decrease below values needed to initiate rock failure.

Simplified thermal-hydrological analyses performed by Scott Painter (as documented in
CNWRA Scietific Notebook Number 282E, Entry of January 26, 2007) to examine the
phenomena indicate temperature at the drift roof may decrease enough to cause a self arrest of
thermally induced drift degradation. The analyses, however, were not detailed enough to
quantify the amount of degradation prior to any self arrest.

A new set of finite element analyses will be performed as described in this notebook. The
objective of the analyses is to quantify the amount and rate of thermally induced degradation of
the roof area of emplacement drifts. A finite element model based on the concepts described in
figure 1 will be developed to perform a series of iterative thermal and thermomechanical
analyses. The emplacement drift will be represented in the model by the octahedron
ABCDEFGH; and rock above the emplacement drift that may be subjected to spalling will be
discretized into layers labeled b1, b2, b3, etc. (24 such layers are shown in figure 1, but there
will be more). For thermal analysis: the heat source will be represented by the red rectangle
FGIJ; and in-drift space will be discretized into layers labeled a1, a2, a3, etc., which may
represent either air or rubble at various stages of the analysis. The in-drift space a1, a2, etc. will
grow as the rock b1, b2, etc. spalls. The model described in figure 1 is part of a larger drift-
scale model that extends approximately 700 m vertically from the water table (approximately
350 m below the drift axis) to the ground surface, and 81 m horizontally between adjacent pillar
centers. Only half of the horizontal extent will be explicitly included in the model because of an
assumed vertical symmetry plane through the drift axis.

Rock temperature, including any effects of drift degradation on temperature, will be calculated
in the thermal analysis; whereas rock spallation will be calculated in the thermomechanical
analysis. The layers a1, a2, a3, etc. initially will be assigned thermal properties of air with a
thermal conductivity suitable to represent radiative heat transfer. At the failure of b1 (from
thermomechanical analysis), for example, a1 will be assigned the thermal properties of rubble
and b1 (re-designated a6) will be assigned the thermal properties of air. The analysis will
proceed iteratively until the thermomechanical analysis indicates no overstress in the drift roof.
Both the rate and amount of thermally induced degradation of the drift roof can be calculated
from the iterative analysis. The thermal and thermomechanical analyses will be performed
using the finite element program ABAQUS, Version 6.6:
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Figure 1. Concepts for A Finite Element Model
for Iterative Thermal and Thermomechanical
Analyses of Drift Degradation
The following features of the proposed analyses are noted.
1. Thermal analysis will be based on heat conduction with thermal-hydrological effects

accounted for using temperature-dependent thermal conductivity (representing coupling
of conductivity and saturation) and specific heat (representing latent heat effects). Also,
the effects of radiation will be included through an equivalent thermal conductivity
assigned to the air layers.

2. Rock bulking (i.e., volumetric bulking of rock after it breaks up to form rubble) will not be
included in the model. Excluding bulking from the model is necessary to maintain the
same thickness and shape for air, rubble, and rock layers. Therefore, a bulking factor
will need to be applied to the calculated amounts of rubble to estimate rubble amounts
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for performance assessment.

? 3! Rubble will not be included in the mechanical model because the system is not expected
to deform enough to generate any mechanical effect from rubble. Any failed rock will be
removed from the mechanical system, thereby increasing the amount of in-drift space.

i The following should be factored into any consideration of the potential for self arresting of
| thermally induced drift degradation.

I» e Previous analyses indicate a fraction of drifts would be subjected to overstress in the

| sidewall that would be persistent for a long time irrespective of thermal loading. The
occurrence of overstress in the sidewall indicates potential progressive spallation of the
sidewall area and may ultimately cause instability of the roof. Such instability is
independent of the roof temperature.

2 The overstress analysis has hitherto been based on comparing the induced stress
against the peak strength of the rock. Delayed failure of rock, however, could occur at
stresses as low as approximately 60 percent of the peak strength.

3 Seismic ground motions with a peak ground velocity of 20—-30 cm/s could cause rock
failure, irrespective of DOE analyses that indicate a threshold velocity of 100 cm/s to
initiate failure of lithophysal rocks.

Calculations performed as part of the analyses will be documented in this scientific notebook.
Entries may be made by any of the following investigators.

Investigator's Name Initials _ Signature
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Mokerial Properties

Thermal Conductivity of Host Rock

ThermalConductivity (J/s-m-K)
1.859994222
1.859994222
1.859794635
1.852889835
1.832699848
1.685449662
1.627300152
1.607110165
1.601740141
1.600005778

1.28
1.28
1.28

ThermalConductivity (J/yr-m-K)

5.869695E+07
5.869695E+07
5.869066E+07
5.847276E+07
5.783561E+07
5.318875E+07
5.135369E+07
5.071654E+07
5.054707E+07
5.049234E+07
4.039373E+07
4.039373E+07
4.039373E+07

Thermal Conductivity of Other Materials

ThermalConductivity (J/s-m-K)

0.2
10.0
111
Specific Heat of Host Rock
Specific heat (J/kg-K)
969
969
4741
4741
988
988
Specific Heat of Other Materials
Material
Rubble
Air
EBS metal
Density
Material
Host rock
Rubble
Air
EBS metal
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ThermalCondtivity (J/yr-m-K)
6.311520E+06
3.155760E+08
3.502894E+08

Specific heat (J/kg-K)
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Temperature (C) Time (yr)
20
80
85
90
92
96
98

100

102

110

114

120

130

Material
Rubble
Air

EBS metal

Temperature (C) Time (yr)
20
92
96

112

116

120
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Table 3-1. Statistical Description of Unconfined Compressive Strength of Lithophysal
Rock Units as a Function of Young’s Modulus*

Young’s Modulus (GPa)

Unconfined Compressive Strength (MPa)

Lower 95 Percent
Confidence Limit

Mean

Upper 95 Percent
Confidence Limit

5.0

4.8

13.5

21.5

10.0

7.9

19.1

29.6

15.0

11.1

247

37.7

20.0

14.2

30.3

45.8

|
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*Based on data in Bechtel SAIC Company. LLC. “Drift Degradation Analysis.” ANL-EBS-MD-000027. Rev 03. Las Vegas,
Nevada: Bechtel SAIC Company. LLC. 2004.

—  Table from page 3-5 of the report,

—  Ofoegbu, G., R. Fedors, C. Grossman, S. Hsiung, L. Ibarra, C. Manepally, J. Myers, M. Nataraja, j
-—  O. Pensado, K. Smart, and D. Wyrick Revised CNWRA 2006-02, Summary of Current I

o
Cf{m]o’}

Understanding of Drift Degradation and Its Effects on Performance at a Potential Yucca -

Mountain Repository. CNWRA 2006-02 December 2006 San Antonio, TX.: Center for Nuclear
Waste Regulatory Analyses: December 2006

The first set of analyses will be performed using Young's Modulus of 20.0 GPa and unconfined
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compressive strength of 30.3 MPa, which is the mean strength of the highest-grade lithophysal
rock (Young’s modulus of 20 GPa) as shown in the above table. 1{,,
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l The Mohr-Coulomb failure criterion defines rock strength in terms of the equation

G1 = gu + o3 tan’(45° + §/2), I —

where o, and o3 are the maximum and minimum principal stresses, and ¢ is the friction
angle. The unconfined compressive strength, g, (see table on p. 5), is related to the
cohesion parameter, ¢, and the friction angle through the equation

gu=2c tan (45° + ¢/2) ¢

Overstress ratio is calculated as o,/ m, where oy is the quantity on the right-hand side
of Eq. (1). A friction angle ot 40° will be used for the calculation based on information in
reference [2] (p. 5 of this notebook). An overstress ratio of 1.0 or greater indicates rock .
subjected to a stress state that would cause instantaneous failure, and a ratio greater than
0.6 but smaller than 1.0 indicates rock that could experience delayed failure, as discussed

in more detail on page 4-18 of reference [1] (first reference on p. 5 of this notebook).

“ ho, auerglress Calwdatn on describad al-ove mh!”oﬁ)mp\yﬁv&v@
POV (NS N hewieed waoded LLSL{\S}M ABRABUS usesr Subrevdine

Ao cunmredad belevo. .

TOTIME = TIME(2)

=80 -6
SUBROUTINE UVARM(UVAR,DIRECT,T,TIME,DTIME,CMNAME ,ORNAME, ZTIME 2E°ELT ZTINE) THEN
1 NUVARM, NOEL , NPT, LAYER,KSPT ,KSTEP,KINC ,NDI,NSHR,COORD, IF (TOTIM Y .
2 JMAC , JMATYP ,MATLAYO, LACCFLA) UVAR(1) = 0.
RETURN

INCLUDE 'ABA_PARAM.INC' ENDIF
HARACTER*80 CMNAME , ORNAME c
HARACTER*3 FLGRAY(15) FRIC
IMENSION UVAR (NUVARM) ,DIRECT(3,3),T7(83,3),TIME(2) CPAR
DIMENSION ARRAY(15),JARRAY(15),JMAC(®),JMATYP(*),COORD(®) G

40.0
7.06

non

PI = 3.141592654
7 ALPHA = PI/4.0 + (FRIC/2.0)*(P1/180.0)
a Code MEANHIGHGRADE e
,LX\ for ABAQUS Version 6.6 TA =

EERESE FELRIs 2000 G Obtain current values of principal stress compone
Author: G.I. Ofoegbu

Cc
JRCD = 0
Computes rock-load factor (stress/strength ratio) L GETVRM('SP',ARRAY,JARRAYyFLGRAYJJRCD!JMACYJM
using procedure documented in CNWRA Scientific Notebook ‘ MATLAYO, LACCFLA)
#321, p. 87, and mean strength parameters for high-grade c IF (JRCD .NE. 0) THEN
lithophysal rock @ WRITE (6,1000) NOEL ,NPT, TIME(2)
. c RETURN
values of principal stress required for the calculation are . END IF
obtained through ABAQUS user-interface subroutine GETVRM C
PSMAX = -ARRAY (1)
Externally supplied input parameter: PSMIN = -ARRAY (3)
UVAR(1) = PSMAX/(2.0*CPAR*TA + PSMIN*TA*TA)
FRIC Friction angle (degrees); RETURN
CPAR Cohesion parameter (MPa); G
| Conno7e-dmrcmennn R Keosonsans R 5----
( The calculated rock-load factor =
| is stored in vector UVAR as follows 1000 FORMAT (/, ERROR IN UVARM-CALL FOR VARIABLE PE',;
3 1 10X, 'FOR ELEMENT NUMBER = ',15,/,
| Location in UVAR Stored Variable 2 10X, ' INTEGRATION POINT = ',I5,/,
E """""""""""""""" 3 10X, 'AT TIME = ',E12.3)
}

f , END__.
| Mw% > z'zlo 7
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77" ddtherm.inp W ) l 16 S / Page 1
7 *Heading T

Thermal analysis submodel ddtherm
* d
L. ** Thermal load (defined through DrftSrc.def)
‘ ** includes 10% of drift thermal load during the first 50 yrs and
T ** 100% of the drift thermal load thereafter
~** g0% of the thermal load during first 50 yrs is assumed removed ;
** through ventilation ‘
* %
** gee CNWRA Scientific Notebook Number 850 for more model information
ok K
_** Calculate temperature distribution for thermal-mechanical analysis
** based on heat conduction with thermal properties modified to account
- ** for thermal-hydrological effects i
% % !
** Model modified with time to account for change in drift configuration
** owing to thermally induced spallation of the drift roof
* %
** This model (the submodel) takes its top and base boundary o

** temperature histories from a larger model (global model)
! * %

% Kk Kk
*** Node Definitions
* 4 Kk
*Include, input=smNodes.def
*Include, input=smNodeSets.def
*Nset, nset=histNodes
245, 643, 256, 699
L &1
: *** Element Definitions
b * % %
*Include, input=tElements.def ;
j * ok ok —
*** gubmodel specification
* %k Kk
*Submodel
top_submodel, base_submodel,
* %k %

*** Material property assignments and definitions

* % &

*Include, input=tMatAssignment.def N
*Include, input=tMaterials.def

* %k H (’07

*** HeatSource definition
* k k

*** Tnitial conditions ?J] 1

*Initial condition, type=temperature, input=smInitemp.def
*Tnitial condition, type=field, variable=1

allnodes, 0.0

*Amplitude, name=HeatSrc, time=totaltime, input=DrftSrc.def
*Amplitude, name=theTime, time=totaltime

0.0, 0.0, 1000.0, 1000.0

* % Kk

K K o o e o o e e o e e = e e o = o = = = o~ — ————— — — — o — — ——
* *

** Step 1: Initial state

* *

*Step, name="Initial State"

Initial thermal equilibrium state

*Heat Transfer, end=PERIOD, deltmx=10.

2.0e~-6, 2.0e-6

* %

** BOUNDARY CONDITIONS

%k

: Re *Boundary, step=1, submodel




THLE : Ty \C// R DA B
ddtherm.inp C’(V&/l,,./ Page -
2\

" base_submodel, 11, 11
top_submodel, 11, 11

Tk %k

. *%*x Dafine field variable that holds value of total time
ook ok

. *Field, variable=1, amplitude=theTime

allnodes, 1.0
Tk

** QUTPUT REQUESTS

* &k

. *Restart, write, frequency=999999

*

© ** FIELD OUTPUT: F-Output-1l

* &

© *Qutput, field, frequency=999999
. *Node Output, nset=allnodes
' NTI

oKk k

. ** HISTORY OUTPUT: H-Output-1

ok

. *Output, history, freguency=1

*Node output, nset=histNodes

NT,

*El Print, freg=0

*Node Print, freg=0

*Node file, nset=allnodes, frequency=1
NT,

*End Step

* %

* K

* Kx

** STEP 2: Thermal loading, time 0-25 yr

* %

*Step, name="Thermal time 0-25 yr", inc=10000, amplitude=step
Apply thermal loading

*Heat Transfer, end=PERIOD, deltmx=10.

0.1, 25.0, 0.00015, 0.5,

d ¥

** BOUNDARY CONDITIONS

J %

*Boundary, step=2, submodel
base_submodel, 11, 11 i
top_submodel, 11, 11

LR 3

o’
*** Define field variable that holds value of total time (’»ty

* &k ;’

*Field, variable=1, amplitude=theTime
allnodes, 1.0
d* ok

** LOADS

* *

*Dflux, amplitude=HeatSrc

ebs, BF, 1.0

% 4

:: OUTPUT REQUESTS

*Restart, write, frequency=999399
* *

:: FIELD OUTPUT: F-Output-1

*Output, field, frequency=999999

;Node Output, nset=allnodes
Tl

* ¥

** HISTORY OUTPUT: H-Output-1
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* K o
*Qutput, history, frequency=1 e
*Node output, nset=histNodes

NT, .
*El Print, freq=0

*Node Print, freg=0 -
*Node file, nset=allnodes, frequency=1

NT, -
*End Step :
* K
K e e e e e — —————— e —— e —————— ;
* % 1
** gpEP 3: Thermal loading, time 25-50 yr I
¥ de H
*Step, name="Thermal time 25-50 yr", inc=10000, amplitude=step T
Apply thermal loading I
*Heat Transfer, end=PERIOD, deltmx=10.

0.5, 25.0, 0.00015, 1.0, R
* %

** BOUNDARY CONDITIONS -

* J

*Boundary, step=3, submodel

base_submodel, 11, 11

top_submodel, 11, 11

* % % e
*** Define field variable that holds value of total time )
* K K

*Field, variable=1, amplitude=theTime

allnodes, 1.0 ;
* % e '
** LOADS i ;
* % T

*Dflux, amplitude=HeatSrc o "j
ebs, BF, 1.0 ‘

* J ~ T
** QUTPUT REQUESTS @L
* Kk

*Restart, write, frequency=999999 k
* % @

s st i

** FIELD OUTPUT: F-Output-1 e

* %

W R L i g o

*Qutput, field, frequency=999999 R
*Node Output, nset=allnodes
NT,

* Kk

T

** HISTORY OUTPUT: H-Output-1 ) i
* % . g
*Qutput, history, frequency=1 i i
*Node output, nset=histNodes s
NT,

*El Print, freqg=0

*Node Print, freqg=0

*Node file, nset=allnodes, frequency=1

NT, oo
*End Step

*
KK e e ;e ——
* %

** STEP 4: Thermal loading, time 50-100 yr -

* %

*Step, name="Thermal time 50-100 yr", inc=10000, amplitude=step
Apply thermal loading

*Heat Transfer, end=PERIOD, deltmx=10.

1.0, 50., 0.00015, 1.0,

* %
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** BOUNDARY CONDITIONS

* ke

*Boundary, step=4, submodel
base_submodel, 11, 11
top_submodel, 11, 11

* x Kk

*** Define field variable that holds value of total time :
* % Kk

*Field, variable=1l, amplitude=theTime

allnodes, 1.0

* *

** LOADS

* %

*Dflux, amplitude=HeatSrc
ebs, BF, 1.0

* %

** QUTPUT REQUESTS

* *

*Restart, write, frequency=999999
* *

** FIELD OUTPUT: F-Output-1l

* k

*OQutput, field, frequency=999999
*Node Output, nset=allnodes

NT,

w Kk |

** HISTORY OUTPUT: H-Output-1

* K

*Output, history, frequency=1 i
*Node output, nset=histNodes ‘
NT, o
*El Print, freg=0 B
*Node Print, freqg=0

*Node file, nset=allnodes, frequency=1
NT, -

*End Step G/L '.\ 5
* & ya ‘
KK e e e e A e 4% i

* % g
** SPEP 5: Thermal loading, time 100-101 yr 2/%41)7

S S {

.
“Heat Transfer, end=PERIOD, deltmx=10. .. . S‘QP

** BOUNDARY CONDITIONS P"""\*’"\'\'\ Qransge o .
base_submodel, 11, 11 olCh: aur W rubde

.

*Step, name="Thermal time 100-101 yr", inc=10000, amplitude=step

Apply thermal loading

0.05, 1.0, 0.00015, 0.1, wmnmcluwdes, wadmeal
* %

%* *

*Boundary, step=5, submodel ‘U’}W bOOL ek -t%' awy
top_submodel, 11, 11

*xw See MEE;WC& ?w At' {‘QLQ‘; &w
*** Define field variable that holds value of total time P Qg 204 ?
*Field, variable=1, amplitude=theTime WALS~L M,F,N v i ;\w,
allnodes, 1.0

* r~ .
** LOADS C(U\) ( ]
* % LL; O
** Name: Load-1 Type: Body heat flux 7/’

*Dflux, amplitude=HeatSrc

ebs, BF, 1.0

* %k

** QUTPUT REQUESTS

* *
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*Regtart, write, fregquency=9999%9

* K

**x PIELD OUTPUT: F-Output-1
%* %k
*Output, field, frequency=999999
*Node Output, nset=allnodes
NT,

* %

** HISTORY OUTPUT: H-Output-1
% d
*Qutput, history, frequency=1
i *Node output, nset=histNodes
" NT,
. *El Print, freqg=0
*Node Print, freg=0
- *Node file, nset=allnodes, frequency=1
NT,
*End Step

* %
* Kk

oKk

! ** STEP 6: Thermal loading, time 101-250 yr

S 2

| *Step, name="Thermal time 101-250 yr", inc=10000, amplitude=step
" Apply thermal loading

*Heat Transfer, end=PERIOD, deltmx=10.

0.5, 149., 0.00015, 2.0,

* %

{ ** BOUNDARY CONDITIONS

Tk ok

| *Boundary, step=5, submodel .
| base_submodel, 11, 11

: top_submodel, 11, 11

* % %

? *** Define field variable that holds value of total time f(

Lokkk D

- *FPield, variable=1, amplitude=theTime QJ;\*
allnodes, 1.0 l ’

o 2

: ** LOADS

Lok

. ** Name: Load-1 Type: Body heat flux
*Dflux, amplitude=HeatSrc
ebs, BF, 1.0

* %

** QUTPUT REQUESTS

bk Kk

*Restart, write, frequency=999999

* %

. ** FIELD OUTPUT: F-Output-1

L& 4

*Output, field, frequency=999999
*Node Output, nset=allnodes

NT,

* &

** HISTORY OUTPUT: H-Output-1

* *

*Output, history, frequency=1

*Node output, nset=histNodes

NT,

*El Print, freqg=0

*Node Print, freg=0

*Node file, nset=allnodes, frequency=1
NT,

*End Step
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tMaterials.def CX\N ’)/\ rage L =

* %k &

*** Thermal Material Definitions
*** To be expanded as rock layers fail

% % %

*** Thermal conductivity J/ (yr-m-K)
*** Density kg/m"3

*** Specific heat J/ (kg-K)

* * Kk

*Material, name=hostrock
*Conductivity
5.869695E7,
*Density
2325,
*Specific Heat
969.0,
969.0,
4741.0,
4741.0, 112.
0 r
0,

T‘———-—‘“—“\q:74‘
." b

/ e ag%

ae9 ’

988. 116.
988. 150.

% %k Kk

o
[«
[oNeNeoNoNolNol

| S L

1
*Material, name=ebsmetal 942 Y WA AR

*Conductivity
3.502894ES8,
*Density

8690.
*Specific Heat

423 .,

*ex C‘({/{)
*Material, name=air ;
*Conductivity JiLr2)01<i7

3.155760E8,

*Density

1.2

*Specific heat

1000.0,

* kK Layer b001, rock to air

*Material, name=b00lmat ’

*Conductivity, dependencies=1 I A
5.869695E7, 25.0, 0.0 %\(‘mag ?\[‘L}KN}\; et c&

5.869695E7, 25.0, 100.0

3.155760E8, 25.0, 101.0 &y b - , v
*Density, dependencies=1 l% Dei C’LI(AA:\_‘S&' (S-'—W

2325.0, 25.0, 0.0 - Y - SR VPR
2325.0, 25.0, 100.0 ‘\‘\“OCJ\A O\_l; tr\/)& \0O =< ‘mr'l
1.2, 25.0, 101.0

*Specific Heat, dependencies=1 CLt ﬁh’\& 101

969.0, 0.0, 0.0

969.0, 92.0, 0.0

4741.0, 96.0, 0.0

4741.0, 112.0, 0.0 loe baclono &

988.0, 116.0, 0.0 Alsc o d ow B 235, e
988.0, 150.0, 0.0 —

969.0, 0.0, 100.0 K‘“’VMC\L DWM% GS— Q"V‘\'SW
969.0, 92.0, 100.0 CLOOJ_ N e g
4741.0, 96.0, 100.0 @ O\V\-(SQ, <€~(‘$’M ALYy AA-
4741.0, 112.0, 100.0 ~

988.0, 116.0, 100.0 e Q - U WLl ok bnme
988.0, 150.0, 100.0 > 160 (= rub

1000.0, 0.0, 101.0 \Q\.

1000.0, 150.0, 101.0 =

*Material, name=a00lmat
*Conductivity, dependencies=1
3.155760E8, 25.0, 0.0

* ok ok Layer a00l, air to rubble G{L{)( lb Q\,’
g

L
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tMaterials.def - /:p(

3.155760E8,
6.311520ES6,

1.2,
1.2,

2325,

1000.
1000.

969.
969.
4741,
4741.
988.
988.

[=RelojoNoNaoNoNe]
~ s N e s .

0.
92.
96.

112.
11e.
150.

25.0,
25.0,

OCcCOoOOoOOoOoO-~

0.0

100.0
101.0
dependencies=1
0.
100.
101.
101.
101.
101.
101.
101.

100.0

101.0

*Density, dependencies=1
25.0,
25.0,
25.0,
*Specific heat,
, 25.0,
, 25.0

[=ReoNeNoNoNaoNeNo!
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. tMatAssignment .def LK\J/PLV' ?/l lv

Project No.

'

TITLE e

P kkk

. *** Thermal property assignment to elements
. *** Will be modified as rock layers fail
ok k

. *** Flement set rocklayers includes all host rock layers

i
|
i
!

*** that have not failed. To be modified as

*** ag rock layers fail

* x Kk

*Elset, elset=rocklayers

bl25, bl24, bl23, bl22, bl21, b120, bl19, bl1l8
bl117, blie, bl1s, bl14, b113, bll2, blli, bl110
b109, b108, bl07, bl106, b105, b104, b103, b102
b101, 100, b099, b098, b097, 096, b095, b094
b093, b092, b091, b090, b089, b08s8, b087, b086
b085, b084, b083, b082, b081, b080, b079, b078
b077, b076, b075, b074, b073, b072, b071, b070
b069, b068, b067, bo66, b065, b064, b063, b062
b061, b060, b059, b058, b057, b056, b055, b054
b053, b052, b051, b050, b049, b048, b047, b046
b045, b044, b043, b042, b041, b04o0, b039, b038
b037, b036, b035, b034, b033, b032, b031, b030
b029, b028, b027, b026, b025, b024, b023, b022
b021, 020, b019, 018, b017, b016, b015, b014
b013, b012, b011, b010, b009, b008, b007, b006
b00os5, b004, b003, b002

***H005, b004, b003, b002, b001

*Elset, elset=airlayers

a0l7, a0l6, a0l5, a0l4, a0l13, a0l2, a0ll, a0lo0

a009, a008, a007, a006, a005, a004, al003, al02

***3001

* %k *

*** Property assignments

* % Kk

*** Host rock zones

*S0lid Section, elset=rocklayers, material=hostrock
1«1

*SOLID SECTION, ELSET=rock_top, MATERIAL=hostrock
1.,
*SOLID SECTION, ELSET=rock_mid, MATERIAL=hostrock
l"l

*SOLID SECTION, ELSET=rock_bottom, MATERIAL=hostrock

lul

*** Ajir zones

*Solid Section, elset=airlayers, material=air

1.,

*** EBS metal zones

*Solid Section, elset=ebs, material=ebsmetal

1.0,

* %k

*** property changes to account for rock spallation and rubble
*** gccumulation

* % k
. *** b0l rock to air 100-101 yr
Coxk* 3001 air to rubble 100-101 yr
* %k

*Solid Section, elset=b001, material=b00lmat
*30lid Section, elset=a00l, material=a00lmat

Recorded by: Date Verified by:

Book No.

Page 1
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Rook N TITLEY )
ddmech?;np : (‘5(\/@@1;’ 07 Page 1
; *Heading

Thermal-mechanical analysis submodel ddmech

R

~ ** Temperature distribution from thermal model ddtherm
*x 10% of heat load applied for 50 yr;
*x 100% thereafter, to 1000 yr

* %

** See CNWRA Scientific Notebook Number 850 for more model information
¥* %

** This model (the submodel) takes its top and base boundary

** digplacement histories from a larger model (global model)

* %

** I,inear-elastic analysis

** Stress distributions post-processed to calculate

*x stress/strength ratio distributions e
* k

** Elastic stiffness: High-grade lithophysal rock

** Strength: Mean strength of high-grade lithophysal rock

** Young's modulus: 2.0E4 MPa

** Friction angle: 40 degrees

** Cohesion: 7.06 MPa

* %k &k - ,,777”71
*** Node Definitions L

* % %

*Include, input=smNodes.def O
*Include, input=smNodeSets.def

* ¥k K s e

*** Element Definitions ——

J ok J

|
*Include, input=mElements.def .
*Elset, elset=histElements, gen o v
3917, 3920, 1 - 4

. D B
3908, 3911, 1 7/(’1&1 g

**%3899, 3902, 1

* X Kk

*x* Sybmodel specification ' f
* %k % N

*Submodel

top_submodel, base_submodel,

* %k

*** Material property assignments and definitions
* %k Kk

*Include, input=mMatAssignment.def

*Tnclude, input=mMaterials.def

* %

** BOUNDARY CONDITIONS
* k

*Boundary
left_submodel, 1, 1
right_submodel, 1, 1

\
* Kk Kk o

*** Tnitial conditions
* % %

*Tnitial condition, type=temperature, input=smInitemp.def
*Initial condition, type=stress, geostatic

ebs, 0.0, 347.5, -15.7048, -322.5, 0.25, 0.25
airlayers, .0, 347.5, -15.7048, -322.5, 0.25, 0.25
rocklayers, 0.0, 347.5, -15.7048, -322.5, 0.25, 0.25
rock_top, 0.0, 347.5, -15.7048, -322.5, 0.25, 0.25
rock_mid, 0.0, 347.5, -15.7048, -322.5, 0.25, 0.25
rock_bottom, 0.0, 347.5, -15.7048, -322.5, 0.25, 0.25
* kK

H K e e e e s o = v dm et o = e e 2 e o e T i o = = = o = = e s et = = = = m = = = = e

* %

** STEP 1: Init Static Equilibrium
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L VA 20'7
ddmech.inp (;{QKJ 2l’211 ! Page 2

* %

*Step, name="Init Static Equilibrium", amplitude=STEP
Initial Static Equilibrium

*Static

1.0E-6,1.0E-6

* %

** BOUNDARY CONDITIONS
¥ *

*Boundary, step=1, submodel
base_submodel, 2, 2
top_submodel, 2, 2

* *

** L,OADS
J* %

** yertical Body Force (MN/m3) Type: Body force
*Dload '

ebs, BY, -0.02344

airlayers, BY, -0.02344

rocklayers, BY, -0.02344

rock_top, BY, -0.02344

rock_mid, BY, -0.02344

rock_bottom, BY, -0.02344

* %k

** QUTPUT REQUESTS

*

*Restart, write, frequency=9999

* %

** FIELD OUTPUT: F-Output-2

* *

*Output, field, frequency=99999

*Element Output .

S, UVARM A) .

;Node Output IZZ leztg?

*Qutput, history, frequency=1
*Element Output, elset=histElements
UVARM

*Node file, freg=0

*El Print, freqg=0

*Node Print, freqg=0

*End Step

K R o o L e e o e e e e e e e e e  — m — —  — —  m —  ——— ———— — — —n = — = ———— = ———— —
* k

** STEP 2: End Excavation

* &

*Step, name="End Excavation"

End of drift excavation

*Static

1.0E-6,1.0E-6

% sk

** BOUNDARY CONDITIONS

* %

*Boundary, step=2, submodel
base_submodel, 2, 2
top_submodel, 2, 2

* %

*Model change, remove
ebs,airlayers,

* %

** OUTPUT REQUESTS

* %

*Restart, write, frequency=9999
* *

** FIELD OUTPUT: F-Output-2

* %
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ddmech.inp Page 3

*Output, field, frequency=99993
*Element Output I
S, UVARM .
*Node Output -
9]

*OQutput, history, frequency=1
*Element Output, elset=histElements R—
UVARM ‘
*Node file, freg=0 SO
*El Print, freg=0 -
*Node Print, freg=0 i

* & [

** gTEP 3: Thermal-Loaded (End of excavation to 25 yr)

* % [P 1
*Step, name="Thermal time 0-25 yr", amplitude=step, inc=10000
Apply temperature history ‘
*Static R
0.01, 25.0, 0.0015, 0.5

i
* % ey
|

** BOUNDARY CONDITIONS

* J

*Boundary, step=3, submodel
base_submodel, 2, 2
top_submodel, 2, 2

4 %

I
1

** FIELDS e
** Temperature distributions from thermal analysis

* X :
*Temperature, file=ddtherm, bstep=2, estep=2 (;03  7L%

* %

** OUTPUT REQUESTS ’L) S

* %

*Restart, write, frequency=9999
L

** FIELD OUTPUT: F-Output-2 |
* * - et
*Qutput, field, frequency=99999

*Element Output 3
S, UVARM e
*Node Output 1
*Output, history, frequency=1
*Element Output, elsetzhistElements
UVARM e
*Node file, freq=0

*El Print, freqg=0 e
*Node Print, freg=0

*End Step PR

* %

* %

** STEP 4: Thermal-Loaded (time 25-50 yr) R
%* %k

*Step, name="Thermal time 25-50 yr", amplitude=step, inc=10000 T
Apply temperature history
*Static

0.5, 25.0, 0.0015, 1.0

* *

** BOUNDARY CONDITIONS o
* *

*Boundary, step=4, submodel
base_submodel, 2, 2
top_submodel, 2, 2

* *

w
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** FIELDS
** Temperature distributions from thermal analysis
* K

*Temperature, file=ddtherm, bstep=3, estep=3

* *

** OQUTPUT REQUESTS

* %

*Restart, write, frequency=9999
* %

** PIELD OUTPUT: F-Output-2

* *

*Output, field, frequency=99999
*Element Output

S, UVARM

*Node Output

U

*Qutput, history, frequency=1
*Element OQOutput, elset=histElements
UVARM

*Node file, freg=0

*El Print, freqg=0

*Node Print, freg=0

*End Step

K K o o e e e e o e e e m on = - —  m  m m m  m ——————— — — — — — —
* %k

** STEP 5: Thermal-Loaded (time 50-100 yr)

* %

*Step, name="Thermal time 50-100 yr", amplitude=step, inc=10000
Apply temperature history

*Static

1.0, 50., 0.0015, 1.0 (;Afs
* %k B
** BOUNDARY CONDITIONS ; ’ '?
% Z’)/L D
*Boundary, step=5, submodel .
base_submodel, 2, 2

top_submodel, 2, 2

* %

** FIELDS

** Temperature distributions from thermal analysis

* k

*Temperature, file=ddtherm, bstep=4, estep=4

¥, x

** OUTPUT REQUESTS

* %

*Restart, write, frequency=9999
* % [

** FIELD OUTPUT: F-Output-2

* k

*Qutput, field, frequency=99999
*Element Output

S, UOVARM .
*Node Output

U

*Output, history, frequency=1
*Element Output, elset=histElements
UVARM

*Node file, freg=0

*El Print, freg=0

*Node Print, freg=0

*End Step

K K e e e e e e e e e e o e e 2m T = = = — it o ———— ——— = — — — = - = -
* *

** GTEP 6: Thermal-Loaded (time 100-101 yr)

* %
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ddmech. inp Page 5

*Step, name="Thermal time 100-101 yr", amplitude=step, inc=10000

Apply temperature history -
*Static

0.05, 1.0, 0.0015, 0.1 e

* %k

** BOUNDARY CONDITIONS

* %

*Boundary, step=6, submodel
base_submodel, 2, 2
top_submodel, 2, 2

*xx EQ,MM re~ovel B

*** Rock layer b001 t d at end of 100 .
i oc ayer overstressed a year Lf\x:/'hy'lwktﬁiflJJWG

*Model change, remove “rlne. Ly

boo1,

* % QMW&,‘} m— N Qgﬂ—w

** FIELDS remwﬁJ. s AAZs'\-v\B-»\'?é

*x T ture distributi f th 1 lysi ’

i emperature distributions from thermal analysis “ !23 ove~ Pea e )
*Temperature, file=ddtherm, bstep=5, estep=5 J.V\ ‘WV‘\L :;g: Ha Gn—~ve 't

* *

** QUTPUT REQUESTS S ‘-C,Q ’
* %

*Restart, write, frequency=9999

* %* " (\
** FIELD OUTPUT: F-Output-2 (/\/‘/ ]D/}
* %k b

*Output, field, frequency=99999 ’Z,‘L
*Element Output

S, UVARM

*Node Output

U

*Qutput, history, frequency=1
*Element Output, elset=histElements
UVARM

*Node file, freqg=0

*El Print, freg=0

*Node Print, freq=0

*End Step C}WD" 4
KK e e - — . e i e e o o T - - = o - —— — ——— A = - 4- = - - . —— . }
* % SG'I

** STEP 7: Thermal-Loaded (time 101-250 yr) 'L{\L,
% X* I
*Step, name="Thermal time 101-250 yr", amplitude=step, inc=10000

Apply temperature history

*Static ' {> _ \“‘ Page 6

0.5, 149., 0.0015, 2.0 ddmech. inp {U ]’},lr/

) v

** BOUNDARY CONDITIONS *Output, field, frequency=99999 .
*Element Output '

*Boundary, step=6, submodel S, UVARM

base_submodel, 2, 2 *Node Output j ‘

top_submodel, 2, 2 U P 71

o *Output, histor =

+* FIELDS put, s Y. frequency=1

. *Element Output, elset=histElem
** Temperature distributions from thermal analysis yyarm P ents

* % *Node file, freg=0

*Temperature, file=ddtherm, bstep=6, estep=6 *El Print, freq=0
*x *Node Print, freqg=0
** QUTPUT REQUESTS *End Step

* %

*Restart, write, frequency=9999
a *

** FIELD OUTPUT: F-Output-2

sk
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. |

3 X -~
Cq"vo )/l;"’ [U’I e -
mMatAssignment .def '?/ Page 1 —TL(/
. 3 YV g\\.e,g
*++ Mechanical ty assi t ot lements " —
e echanical property assignment to elemen W ) Ks—«;

+** Element set rocklayers includes all host rock layers o .
»*+» that have not failed. To be modified as A.Q‘ A N CAM&
**+ as rock layers fail

*Elset, elset=rocklayers dﬁé’\«b MLJV"‘!LJ-X,

bl125, bl24, bl23, b122, bl2l, bi20, b119, bll8

. ‘
b117, b116, bll5, bll4, bl13, bil2, blll, bll0 \\—.—Wﬂy Un M,

bl09, b108, b107, bl106, bl05, bl104, bi03, bl02

b101, bl00, b099, b098, b097, b096,  b095, b094 WMW*L M%C:\

p093.,  b092. 1091, bOS0, b0BY, bO8S, b087, bO86

p085., bOB4, b083, D082, b08L, DHBO, b079, bO78 s _
b077, b076., Db075, b074, b073, b072, bOTl,  b070 . \&‘7 ML/LG-.«;UL
b069, b068, b067, b066, b065, bhe4d, bO63,  b06E2 / .

b061, bO60, b059, b058, b0S57, bO56, bO5S, 054 ] , ,_,lrw\ P‘\q e
b0S3, b052, b0SI, b050, b04%, b048, b047,  b046 ‘ ‘ J, toas
b045. bO44, b043, b042, bO4i, b040, b039,  b038 . .

b037.  Db036, b035, b03d, b033, b032, b031, b030 W"\C'{"“"’jh mmi’
p029, b028, b027, b026, b025, bd2d4, b023,  b022 -

b021, b020, b019, bO18, bO17, bL16, bO15, bol4 O~ AN TS ¢
b013, b012, b0il, b010, b009, bnO8, bO07,  bO0E

b005, b004, b003, b002, 10Ol (/:) Ck’\évv\ E‘“

e

***» Element sets airlayers and ebs include all rock ¢7 . ~l"
**»» within the drift perimeter. After inizial static ()(D b M“L 9(’4& Lo
*** equilibrium is established, element sets airlayers R I)’

*** and ebs will be removed to simulate drift excavation

-

*Elset, elset=airlayers

a017, a016, a015, a014, a013, a0l2, a0ll, a010
a009, a008, a007, a006, a005, a004, a003, a002
a001

‘e

*** Property assignments

PN

*** Host rock zones

*Splid Section, elset=rocklayers, material=hostrock
1.,
*SOLID SECTION, ELSET=rock_top, MATERIAL=hostrock
1.,

*SOLID SECTION, ELSET=rock_mid, MATERIAL=hostrock
1.,

*SOLID SECTION, ELSET=rock_bottom, MATERIAL=hostrock

1.,

*** Drift section

*S0lid Section, elset=airlayers, materialzhostrock

1., - -
*Solid Section, elset=ebs, material=hostrock

K 1.0,

e GTLUM)%L; ’JD7 e >

>

*** Mechnical Material Definitions

PN - -
P

** Linear-elastic model

** Parameters from high-grade lithophysal-rock data

* Mean strength properties

** Stress distributions post-processed to calculate

i stress/strength ratio distributions
.

** Young's modulus: 2.0E4 MPa

** Friction angle: 40 degrees

** Cohesion: 7.06 MPa

e

*Material, namezhostrock ,Q )

*Elastic
20000., 0.20 /% v
*Expansicn @
7.14e-06, 0.
.14e-06, 50.
.47e-06, 75.
.46e-06,100.
.07e-06,125.
.07e-06,225.
*User Output Variables
1,

[T-RV-ING IR N

-
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