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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 b l ,  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 b l ,  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 a l ,  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 b l  (from 
thermomechanical analysis), for example, a? will be assigned the thermal properties of rubble 
and b l  (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, V e r s i o n F - - \  
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Horizontal G F 
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. 

4 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. 

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 

to estimate rubble amounts will need to be applied to the 

Recorded by: Date 



. Project No. 

Book No. 
3 TITLE 

for performance assessment. 

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. 

3 

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

1. 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. 

Investiaator's Name 

Goodluck Ofoegbu 

Roman Kazban 

Initials 

w 
.ow 



Thermal Conductlvitv of Host Rock I 
ThermalConductivity (J/s-m-K) ThermalConductivity (J/yr-m-K) Temperature (C) Time (yr) 

1.859994222 5.869695E+07 20 0 
1.859994222 5.869695E+07 80 0 
1.859794635 5.869066E+07 85 0 
1.852889835 5.847276E+07 90 0 
1.832699848 5.783561 E+07 92 0 
1.685449662 5.31 8875E+07 96 0 
1.6273001 52 5.135369E+07 98 0 
1.6071 10165 5.071654E+07 100 0 
1.601740141 5.054707E+07 102 0 
1.600005778 5.049234E+07 110 0 

1.28 4.039373E+07 114 0 
1.28 4.039373E+07 120 0 
1.28 4.039373E+07 130 0 

Thermal Conductivitv of Other Materials 
ThermalConductivity (Jls-m-K) ThermalCondtivity (J/yr-m-K) Material 

0.2 6.31 1520E+06 Rubble 
10.0 3.155760E+08 Air 
11.1 3.502894E+08 EBS metal 

Specific Heat of Host Rock 
Specific heat (J/kg-K) 

969 
969 

4741 
474 1 
988 
988 

I 
I emperature (C) Time (yr) 

20 
92 
96 

112 0 
116 0 
120 0 

Specific Heat of Other Materials 

Rubble Same as host rock 
Air 
EBS metal 

Density 

Host rock 
Rubble 
Air 

Material Specific heat (J/kg-K) 

Material Density (kg/mA3) 

EBS metal 8690 
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Table 3-1. Statistical Description of Unconfined Compressive Strength of Lithophysal 
Rock Units as a Function of Young's Modulus' 

Unconfined Compressive Strength (MPa) 
Lower 95 Percent Upper 95 Percent 

Young's Modulus (GPa) Confidence Limit Mean Confidence Limit 
5.0 4.8 13.5 21.5 
10.0 7.9 19.1 29.6 
15.0 11.1 24.7 37.7 
20.0 14.2 30.3 45.8 

'Based on data In Bechtel SAlC Company LLC "Drift Degadation Analysis - ANL-ERS-MD-000027 Rev 03 Las V e g a  
Nevada Bechtel SAlC Compmy LLC 2003 

Table from page 3-5 of the report, 
Ofoegbu, G., R. Fedors, C. Grossman, S. Hsiung, L. Ibarra, C. Manepally, J. Myers, M. Nataraja, 

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 
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. \ -,+ .- cx 

0. Pensado, K. Smart, and D. Wyrick Revised CNWRA 2006-02, Summary ofcurrent - -  
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350 m below drift axis 

Full Model Geometry 
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EBS (red redangle) 1 
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Submodel Geometry 
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The Mohr-Coulomb failure criterion defines rock strength in terms of the equation 

01 = qu + 0 3  tan2(450 + (b/2), 

where 0 1  and 0 3  are the maximum and minimum principal stresses, and (b is the friction 
angle. The unconfined compressive strength, qu (see table on p. 5), is related to the 
cohesion parameter, c, and the firction angle through the equation 

qu = 2c tan (45" + $/2) 

Overstress ratio is calculated as (T,/(TLIM, where CJLM is the quantity on the right-hand side 
of Eq. (1). A friction angle of 40" will be used for the calculation based on information in 
reference [2] (p. 5 of this notebook). An overstress ratio of 1 .O 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 .O indicates rock that could experience delayed failure, as discussed 
in more detail on page 4- 1 8 of reference [ 11 (first reference on p. 5 of this notebook). 

SUBRWTINE UVARM(UVAR,DIRECT,T,TIME,DTIME,CMNAME,ORNAHE, 
1 NUVARM,NOEL,NPT,LAYER,KSPT,KSTEP,KINC,NDI,NSHR,COORD, 
2 JWC,JMATYP,MATLAYO,LACCFLA) 

HARACTER*3 FLGRAY(l5) 
IMENSION UVAR(NUVARM),DIRECT(3,3),T(3,3),TIME(2) 

(1  5) ,JMAC( ) , JMATYP ( ' ) ,COORD( ) 

f o r  ABAWS Vers ion  6.6 
Date: Feb 13, 2007 
Author: G.I. Ofoegbu 

Computes r o c k - l o a d  f a c t o r  ( s t r e s s l s t r e n g t h  r a t i o )  
us ing  procedure documented i n  CNWA S c i e n t i f i c  Notebook 
U.321, p. 87, and mean s t r e n g t h  parameters f o r  h igh -g rade  
l i t h o p h y s a l  rock  

Values o f  p r i n c i p a l  s t r e s s  r e q u i r e d  f o r  t h e  c a l c u l a t i o n  a re  
obta ined through ABAQUS u s e r - i n t e r f a c e  sub rou t ine  GETVRM 

E x t e r n a l l y  s u p p l i e d  i n p u t  parameter: 

FRIC F r i c t i o n  angle (degrees); 
CPAR Cohesion parameter (MPa); 

The c a l c u l a t e d  r o c k - l o a d  f a c t o r  
i s  s to red  i n  v e c t o r  UVAR as f o l l o w s  

Loca t ion  i n  UVAR . .________.___._ 
1 

Recorded by: 

Sto red  Var iab le  

l o a d  f a c t o r  a t  c u r r e n t  t ime  
.__._._._...-_- 

ZTIME = 2.OE-6 
IF (TOTIME .LT. ZTIME) THEN 

UVAR(1) = 0.0 
RETURN 

ENDIF 

FRIC = 40.0 
CPAR = 7.06 

P I  = 3.141592654 

C 

C 

ALPHA = p I / 4 . 0  4' (FRIC/2.0)'(PI/reo.ot 
TA = DTAN(ALPHA) 

Ob ta in  c u r r e n t  va lues o f  p r i n c i p a l  s t r e s s  componel 

JRCD = 0 
CALL GETVRM( 'SI" ,ARRAY ,JARRAY ,FLGRAY ,JRCD,JM,JM 

I F  (JRCD .NE. 0) THEN 

C 
C 

MATLAY0,LACCFLA) 1 
C 
C WRITE( 6,1000) NOEL ,NPT,TIME(P) 
C 
C END I F  
C 

RETURN 

PSMAX = -ARRAY(l) 

UVm(1)  = PW/(2.0*CPAR*TA t PSUIN*TA'TA) 
RETURN 

PSMIN = -ARRAY(3) 

C 
C----67--1--.--.---2----.~-~-3~--------4--~------5---- C 

1000 FORMAT( / ,  'ERROR I N  UVARM-CALL FOR VARIABLE PE' $ 4  

1 10X,'FOR ELEMENT NUMBER ' , IS, / ,  
lOX,'INTEGRATION POINT = ',IS,/, 2 

3 10X,'AT TIME = ',E12.3) 

Date 
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10 45.345000000000006 
15 46.21030624204638 b +'. I-&!- 
20 46.2781 7563726818 %- - 
25 46.01061530256914 
30 45.57216436311962 @ c * l a *  
35 45.18713387691777 % S, 
40 44.7951874894141 26 
50 43.541999999999994 
55 125.27 
60 140.67000000000002 
65 149.202513861 56949 
70 153.13000000000002 
75 153.78291917991382 
80 155.64381604272003 
85 157.68 
90 159.27741624125176 
95 160.16736383070605 
100 160.81 
100 160.81 
200 143.44222403371006 
300 133.27455292517115 
400 125.4521 8855778543 
500 11 7.60999999999999 
600 113.30919625633148 
700 110.12140399269924 
800 107.36976779671096 

Figure 5 Driftwall Temperature Histories for Indad Drift Case 7:: 
Recorded by: Verified by: & ,. 
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-rw-r--r-- 

02/14/2007 02:00:, , , -rw-r--r-- 

4,323 DEF Fde 02/27/2007 03:38:. . 
3 gmInitemp,def 720,068 DEF File 02/27/2007 03:22: 
3 gmMatAssignment ,deF 179 DEF File 
3 gmNodes.def 
3 gmNodeSets I def 
3 IvleanHighGrade,f 

mElements . def 

3 mMatAssignment ,deF 
3 Materials,deF 

3 tBaseMaterials,def 
4 tElements.def 
3 tgm01 ,inp 
3 tgm-Elements , def 

t8aseMatAssignment ,deF 

1,826,O 16 
19,805 
2,161 

730,291 
7,767 

540,179 
1,712 

542 
1,537 

552 
730,290 

6,873 
540,176 

DEF File 
M F  File 
F File 
DEF File 
INP File 
DEF File 
DEF File 
DEF File 
DEF File 
DEF File 
DEF File 
INP File 
DEF File 

02/27/2007 02:02:, . I 
02/27/2007 0253: I 

021 13/2007 02: 27: I 

02/15/2007 09:01:,., 
02/27/2007 02:55:. . . 
02/27/2007 02:24:, , , 
02/22/2007 01 :23:, , , 
02/22/2007 01:23: I 

02/27/2007 02:34:, 
02/27/2007 0236: 
02/15/2007 08:52: I 

02/27/2007 02:32:,. . 
02/27/2007 02: 1 1 : , , , 
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Remote- I /  Sbeblrpe - ,QmFied \AtbibUtes * -  

02/23/2007 02:53:. I -rw-r--r-- 
6,879 INP File 02/23/2007 02:53:, , -rw-r--r-- 
4,323 DEF File 02/15/2007 05:34:, I I -rw-r--r-- 

404,3 15 DEF File 02/27/2007 03:25:. . . -rwq--r-- 

3 ddtherm,fil 165,140,. . . FIL File 
3 ddtherm,inp 
3 DrFtSrc,deF a srnInitemp,deF 
3 smNodes, def 
@ smNodeSets.deF - 
3 tOMaterials,deF - 
3 tElements,def - 
3 tMatAssignment ,deF - 3 tMatAssignment01 ,deF 1,535 DEF File 02/14/2007 02:20:, , -rw-r--r-- 
3 tMaterials,deF 1,595 DEF File 02/23/2007 02:22:, , . -rw-r--r-- 
3 tMaterialsO1 ,deF 

- 
- 

1,039,233 DEf File 02/22/2007 08:43: I -rw-r--r-- - 

7,771 DEF File 02/22/2007 08:44: I -rw-r--r-- 

754 DEF File 02/14/2007 0203: -rw-r--r-- 

730,290 DEF File 02/15/2007 08:52:. -rw-r--r-- 
1,834 DEF File 02/23/2007 01 :38:. . -rw-r--p- 

- 
552 DEF File 02/19/2007 03:41:... -rw-r--r-- 

t moteName / I  
- ddmech , inp 7,100 INP File 02/23/2007 03:30:, -rw-r--r-- 

ddtherm , f il 165,140, , , , FIL File 02/23/2007 02:53:, , . -rw-r--r-- 
MeanHighGrade . F 2,161 F File 02/13/2007 02:27:, -rw-r--r-- 
mElements,deF 730,291 DEF File 02/15/2007 O9:Ol: , , , -rw-r--r-- 
mMatAssignment ,deF 1,7 12 DEF File 02/22/2007 01 :23:, , , -rw-r--r-- 
mMaterials,deF 542 DEF File 02/22/2007 0 1 : 23:. . . -rw-r--r-- 
smInitemp, deF 404,315 DEF File 02/27/2007 03:25:. , , -rw-r--r-- 
smNodes , deF 1,039,233 DEF File 02/22/2007 08:43:, , , -rw-r--r-- 
smNodeSets , deF 7,771 DEF File 02/22/2007 08:44:, , , -rw-r--r-- 
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ddtherm. inR 

*Heading 

- -  

- 

~ Thermal analysis submodel ddtherm * *  
~ * *  

* *  
* *  
* *  
* *  
* *  
* *  
* *  
* *  
* *  
* *  
* *  
* *  
* *  

I * *  
* *  
* *  
* *  

~~ 

I 

- 
Page 1 

Thermal load (defined through DrftSrc.def) 
includes 10% of drift thermal load during the first 50 yrs and 
100% of the drift thermal load thereafter 
90% of the thermal load during first 50 yrs is assumed removed 
through ventilation 

See CNWRA Scientific Notebook Number 850 for more model information 

Calculate temperature distribution for thermal-mechanical analysis 
based on heat conduction with thermal properties modified to account 
for thermal-hydrological effects 

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 
temperature histories from a larger model (global model) 

KE 

* * *  
* * *  Node Definitions 

*Include, input=smNodes . def 
*Include, input=smNodeSets . def 
*Nset, nset=histNodes 
245, 643, 256, 699 

* * *  Element Definitions 

*Include, input=tElements .def 

* * *  Submodel specification 

* Submodel 
top-submodel, base-submodel, 

* * *  Material property assignments and definitions 

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

* * *  Initial conditions 
* * *  Heatsource definition 

*Initial condition, type=temperature, input=smInitemp.def 
*Initial condition, type=field, variable=l 
allnodes, 0.0 
*Amplitude,name=HeatSrc,time=totaltime,input=DrftSrc.def 
*Amplitude,narrie=theTime,time=totaltime 
0.0, 0.0, 1000.0, 1000.0 

* * *  

* * *  

* * *  

* * *  

* * *  

* * *  

* * *  

* * *  

* * *  

* * *  
* *  ________________________________________------------------------ 
* *  
* *  Step 1: Initial state 

*Step, name="Initial State" 
Initial thermal equilibrium state 
*Heat Transfer, end=PERIOD, deltmx=lO. 
2.0e-6, 2.0e-6 

* *  BOUNDARY CONDITIONS 

*Boundary, step=l, submodel 

* *  

* *  

* *  
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base-submodel , 11, 11 
top-submodel, 11, 11 

* * *  Define field variable that holds value of total time 

*Field, variable=l., amplitude=theTime 
allnodes, 1.0 

* * *  

* * *  

* *  
* *  OUTPUT REQUESTS 

*Restart, write, Krequency=999999 
* *  

* *  
* *  FIELD OUTPUT: F-Output-1 * *  
*Output, field, frequency=9999!39 
*Node Output, nset*=allnodes 
NT # * *  
* *  HISTORY OUTPUT. H-Output-1 * *  
*Output, history, frequency=l 

, *Node output, nset-=histNodes 
6 NT, 
*El Print, freq=O 

' * N o d e  Print, freq=:0 
, *Node file, nset=allnodes, frequency=l 
NT I 

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

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

*Heat Transfer, end=PERIOD, de Ltmx=lO. 
0 .1 ,  25.0, 0.00015, 0.5, 

* *  BOUNDARY CONDITIONS 

* *  

1 Apply thermal loading 

* *  

* *  
, *Boundary, step=2, submodel 
l base-submodel, 11, 11 
I top-submodel, 11, 11 * * *  

Define field variable that holds value of total time I * * *  , * * *  
1 *Field, variable=?-, amplitude=theTime 
j allnodes, 1.0 

1 *DflUx, amplitude-HeatSrc 
~ ebs, BF, 1.0 
I * *  

I * *  
1 * *  LOADS * *  

I 
~ * *  OUTPUT REQUESTS 
' *Restart, write, frequency=999999 I * *  

* *  FIELD OUTPUT: 17-output-1 I * *  
I 
*Output, field, frequency=999999 

' *Node Output, nset=allnodes I NT, 

1 * *  HISTORY OUTPUT- H-Output-1 

* *  

I 

* *  
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* *  
*output, history, frequenw=l 
*Node output, nset=histNodes 
NT, 
*El Print, freq=cl 
*Node Print, freGF0 
*Node file, nset=allnodes, frequency=l 
NT I 

*End Step * *  

* *  
* *  STEP 3: Thermal loading, time 25-50 yr 

*Step, name="Thermal time 25-50 yr" , inc=10000, amplitude=step 
Apply thermal loading 
*Heat Transfer, end=PERIOD, deltmx=lO. 
0 .5 ,  25.0, 0.00015, 1 .0 ,  

* *  BOUNDARY CONDITIONS 

*Boundary, step=3, submodel 
base-submodel, 11, 11 
top-submodel, 11, 11 

* * *  Define field variable that holds value of total time 

*Field, variable=l, amplitude=theTime 
allnodes, 1.0 

* *  LOADS 

*Dflux, amplitude=HeatSrc 
ebs, BF, 1.0 

* *  

* *  

* *  

* * *  

* * *  

* *  

* *  

* *  
* *  OUTPUT REQUESTS * *  
*Restart, write, frequency=999999 * *  
* *  FIELD OUTPUT: F-Output--l * *  
*Output, field, frequency=999999 
*Node Output, nset=allnodes 
NT I * *  
* *  HISTORY OUTPUT: H-Output-1 
* *  
*Output, history, frequency=l 
*Node output, nset=histNodes 

*El Print, freq=O 
*Node Print, freq=O 
*Node file, nset=allnodes, frequency=l 

*End Step 

NT, 

NT, 

* *  

* *  
* *  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=lO. 
1.0, 50. ,  0.00015, 1.0, 

* *  

* *  
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- * *  BOUNDARY CONDITIONS 
* k  

*Boundary, step=4, submodel 
base-submodel, 11, 11 
top-submodel, 11, 11 

Project No. 21 I 
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* * *  
* * *  Define field variable that holds value of total time 

*Field, variable=l, amplitude= theTime 
allnodes, 1.0 

* *  LOADS 

*Df lux, amplitude=HeatSrc 
ebs, BF, 1.0 

* *  OUTPUT REQUESTS 

*Restart, write, frequency=999999 

* * *  

* *  

* *  

* *  

* *  

* *  
* * FIELD OUTPUT: F-Output--l * *  
*Output, field, f requency=999999 
*Node Output, nset=allnodes 
NT , 

* *  HISTORY OUTPU1': H-Output-1 
* *  

* *  
, *Output, history, frequency=l 

*Node output, nset=histNodes 
NT , 
*El Print, freq=O 
*Node Print, f reg=O 
*Node file, nset:=allnodes, frequency=l 
NT I 

*End Step 

Apply thermal loading 
*Heat Transfer, end=PERIOD, deltmx=lO. 

* *  
' * * BOUNDARY CONClITIONS 

* *  
*Boundary, step=5, submodel 
base-submodel , 11, 11 
top-submodel, 11, 11 

* * *  Define field variable that holds vah 

*Field, variablcsl, amplitude=theTime 
allnodes, 1.0 

* *  LOADS 

* *  Name: Load-1 Type: Body heat flux 
*Df lux, amplitude=HeatSrC 
ebs, BF, 1.0 

* *  OUTPUT REQUESTS 

% *** 

* * *  

* *  

* *  

* *  

KI * *  

Page 4 
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*Restart, write, frequency=999999 * *  
* *  FIELD OUTPUT: F-Output-1 * *  
*Output, field, frequency=999999 
*Node Output, nset=allnodes 
NT I * *  
* *  HISTORY OUTPUT: H-Output-:L * *  
*Output, history, frequency=l 
*Node output, nset=histNodes 
NT I 

*El Print, freq=O 
*Node Print, freq=O 
*Node file, nset=allnodes, frequency=l 

*End Step 
NT, 

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

*Step, name="Thermal time 101-250 yr", inc=10000, amplitude=step 
Apply thermal loading 
*Heat Transfer, end=PERIOD, deltmx=lO. 
0.5, 149., 0.00015, 2.0, 

* *  BOUNDARY CONDITIONS 

*Boundary, step=5, submodel 
base-submodel, 11, 11 
top-submodel, 11, 11 

* * *  Define field variable that holds value of total time 

*Field, variable=l, amplitude=theTime 
allnodes, 1.0 

* *  LOADS 

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

* *  OUTPUT REQUESTS 

*Restart, write, frequency=999999 

* *  

* *  

* *  

* * *  

* * *  

* *  

* *  

* *  

* *  

c *  

'* FIELD OUTPUT: F-Output-1 
t* 

'toutput, field, frequency=999999 
*Node Output, nset=allnodes 
NT , 

* *  HISTORY OUTPUT: H-Output-1 
* *  

* *  
*Output, history, frequency=l 
*Node output, nset=histNodes 
NT , 
*E1 Print, freq=Ci 
*Node Print, freq=O 
*Node file, nset=allnodes, frequency=l 
NT , 
*End Step 
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* * *  
* * *  Thermal Material Definitions 
* * *  To be expanded as rock layers fail 

* * *  Thermal conductivity J/ (yr-m-K) 
* * *  Density kg/mA3 
* * *  Specific heat J/ (kg-K) 

*Material, name=hostroc /------- 
*Conductivity 
5.86969537, 
*Density 
2325. 
*Specific Heat 7 4 

* * *  

* * *  

> \47+1 
\ 

\ - 4t;P 
969.0, 0.0 
969.0, 92.0 
4741.0, 96.0 
4741.0, 112.0 
988.0, 116.0 
988.0, 150.0 

* * *  
*Material, name=ebsinetal 
*Conductivity 
3.50289438, 
*Density 
8690. 
*Specific Heat 
423., 

*Material, name=air 
*Conductivity 
3.15576038, 
*Density 
1.2 
*Specific heat 
1000.0, 
* * *  Layer b001, rock to air 
*Material, name=bOOlmat 

* * *  

*Conductivity, dependencies=l 
5.86969537, 25.0, 0.0 
5.86969537, 25.0, 100.0 

3.15576038, *Density, dependencies=l 25.0, 101.0 Lay-  - lomi c L c - 2  &€Y- 

i t  rocj\L(' & \ O G  "&r 2325.0, 25.0, 0.0 
2325.0, 25.0, 100.0 
1.2, 25.0, 101.0 
*Specific Heat, dependencies=l ak- %qe \ 0 \ J 

969.0, 0.0, 0.0 
969.0, 92.0, 0.0 
4141.0, 96.0, 0.0 

988.0, 116.0, 0.0 
4741.0, 112.0, 0.0 LL -A p -23,  %L 
988.0, 150.0, 0.0 
969.0, 0.0, 100.0 
969.0, 92.0, 100.0 
4741.0, 96.0, 100.0 
4741.0, 112.0, 100.0 
988.0, 116.0, 100.0 
988.0, 150.0, 100.0 
1000.0, 0.0, 101.0 
1000.0, 150.0, 101.0 
* * *  Layer a001, air to rubble , *Material, name=aOCIlmat 
*Conductivity, dependencies=l 
3.15576038, 25.0, 0.0 

U '  
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.3.15576038, 25.0,. 100.0 
6.31152036, 25.0,, 101.0 
*Density, dependencies=l 
1.2, 25.0, 0.0 
1.2, 25.0, 100.0 
2325, 25.0, 101.0 
“Specific heat, ciependencies=:L 

1000.0, 25.0, 100.0 
969.0, 0.0, 101.0 
969.0, 92.0, 101.0 

4741.0, 96.0, lCll.0 
4741.0, 112.0, 101.0 
988.0, 116.0, 1011.0 
988.0, 150.0, 101.0 

1000.0, 25.0, 0.0 

Recorded by: Date 
- -  

Verified by: 
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* * *  
* * *  Thermal property assignment to elements 
* * *  Will be modified as rock layers fail 

* * *  Element set rocklayers includes all host rock layers 
* * *  

* * *  that have not failed. To be modified as 
* * *  as rock layers fail 

I * * *  
, *Elset, elset=rocklayers 
bL25, b124, bl23, b122, b121, b120, 

~ t b117, b116, b:L15, b114, b113, b112, 
bL09, b108, b:L07, b106, b105, b104, 
b101, b100, bO99, b098, b097, b096, 

, bO93, b092, b091, b090, b089, b088, 
b085, b084, b083, b082, b081, b080, 

' b077, b076, b075, b074, b073, b072, 
b069, b068, b067, b066, b065, b064, 

I b061, b060, b059, b058, b057, b056, 
I b053, b052, b051, b050, b049, b048, 
b045, b044, b043, b042, b041, b040, 
b037, b036, b035, b034, b033, b032, 
b029, b028, b027, b026, b025, b024, 

' b021, b020, b019, b018, b017, b016, 
b013, b012, b011, b010, b009, b008, 

' bO05, b004, bO03, bo02 1 *'*b005, b004, b003, bOO2, bOOl 
*E 1 set , e 1 set = a i r I. ayer s 

1 a017, a016, a015, a014, a013, a012, a011, a010 
a009, a008, a007, a006, a005, a004, a003, a002 

I- ***a001 
~ * * *  

* * *  Property assignments 

- 

b119, 
blll, 
b103, 
b095, 
b087, 
b079, 
b071, 
b063, 
b055, 
b047, 
b039, 
b031, 
b023, 
b015, 
b007, 

* * *  
* * *  Host rock zones 
*Solid Section, el.set=rocklayers, material=hostrock 
1 .. , 
*SOLID SECTION, EI,SET=rock,-top ,. MATERIAL=hostrock 
I., 
*SOLID SECTION, ELSET=rock-mid, MATERIAL=hostrock 
I., 
* SOLID SECTION, EI,SET=roc k-bo t tom, MATERIAL= hos t roc k 
I., 
* * *  Air zones 
*Solid Section, el.set=airlayersj, material=air 
1 .. , 
* * *  EBS metal zones 
*Solid Section, el.set=ebs, material=ebsmetal 
L O ,  
* * *  

b118 
bllO 
b102 
bo94 
bo86 
b07 8 
bo70 
bo62 
bo54 
bo46 
b03 8 
b03 0 
bo22 
bo14 
bo06 

, 

1 

* * *  Property changes to account: for rock spallation and rubble 
* * *  accumulation 

* * * bOOl rock to air 100-101 yr 
* * *  a001 air t.o rubble 100-101 yr 

*Solid Section, el.set=bOOl, mat:erial=bOOlmat 
* So 1 id Section, el. set = a 0 0 1 , mat: er i a 1 = a0 0 lma t 

* * *  

* * *  

' Recorded by Date Verified by Date 

I I 
1 
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*Heading 
Thermal-mechanical analysis submodel ddmech * *  

* *  Temperature distribution from thermal model ddtherm 
* *  10% of heat load applied for 50 yr; 
* *  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 
* *  displacement histories from a larger model (global model) 

* *  Linear-elastic analysis 
* *  Stress distributions post-processed to calculate 
* *  stresslstrength ratio distributions 

* *  Elastic stiffness: High-grade lithophysal rock 
* *  Strength: Mean strength of high-grade lithophysal rock 
* *  Young's modulus: 2.OE4 MPa 
* *  Friction angle: 40 degrees 
* *  Cohesion: 7.06 MPa 

* * *  Node Definitions 

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

* * *  Element Definitions 

*Include, input=mElements.def 
*Elset, elset=histElements, gen 
3917, 3920, 1 
3908, 3911, 1 
***3899, 3902, 1 

* * *  Submodel specification 

* Submodel 
top-submodel, base-submodel, 

* * *  Material property assignments and definitions 

*Include, input=mMatAssignment.def 
*Include, input=mMaterials.def 

* *  BOUNDARY CONDITIONS 

* *  

* *  

* *  

* *  

* * *  

* * *  

* * *  

* * *  

***  

* * *  

* * *  

* * *  

* *  

* *  
*Boundary 
left-submodel, 1, 1 
right-submodel, 1, 1 

* * *  Initial conditions 

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

* * *  

* * *  

ebs , 0.0, 347.5, -15.7048, -322.5, 0.25, 0.25 
airlayers, 0.0, 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 
roc k-mi d , 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 * * *  
* *  ____________________--------- -_-------- - - - - - - - - -_-------- - - -_---  
* *  
* *  STEP 1: Init Static Equilibrium 

-- 
Page 1 
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* *  
*Step, name="Init Static Equilibrium", amplitude=STEP 
Initial Static Equilibrium 
*Static 
1.OE-6,1.OE-6 

* * BOUNDARY CONDITIONS 
* *  

* *  
*Boundary, step=l, submodel 
base-submodel, 2 ,  2 
top-submodel, 2 ,  :2 

* *  LOADS 

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

* *  

* *  

ebs, BY, - 0 . 0 2 3 4 4  
airlayers, 13Y, - 0 . 0 2 3 4 4  
rocklayers, 13Y, - 0 . 0 2 3 4 4  
rock-top, 13Y, - 0 . 0 2 3 4 4  
roc k-mi d , 13Y, - 0 . 0 2 3 4 4  
rock-bottom, 13Y, - 0 . 0 2 3 4 4  

* *  OUTPUT REQUESTS 

*]Restart, write, frequency=9999 

* *  

* *  

* *  
* *  FIELD OUTPUT: F-Output-2 
* *  
*Output, field, f requency=9 9 99 9 
*]Element Output 
S I  WARM 
*Node Output 
U 
*Output, history, frequency=l 
*Element Output, elset=histElements 
WARM 
*Node file, freq=O 
*E1 Print, freq=O 
*Node Print, f reqZ.0 
*End Step 
* ' t  

* *  
* *  STEP 2 : End Exc!avation 

*Step, name= I' End Excavation 'I 
End of drift excavation 
*Static 

* *  

1 . OE-6,1.0E-6 

*"  BOUNDARY CONDITIONS 

*Boundary, step=2, submodel 
base-submodel, 2,  2 
top-submodel, 2, >! 

*Model change, remove 
ebs, airlayers , 

* *  OUTPUT REQUESTS 

*Restart, write, frequency=9999 

* *  

* *  

* *  

* re 

* *  

* *  
* *  FIELD OUTPUT: E'-Output-2 
* *  

Page 2 
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*Output, field, f requency=99999 
*Element Output 
S ,r WARM 
*Node Output 
U 
*Output, history, f requency=l 
*Element Output, elset=histElements 
WARM 
*Node file, freq=Cl 
*El Print, freq=O 
*Node Print, freq.0 
*End Step * *  
* *  
* *  STEP 3: Thermal-Loaded (End of excavation to 25 yr) 

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

* *  BOUNDARY CONDITIONS 

*Boundary, step=3, submodel 
base-submodel, 2, 2 
top-submodel, 2, 2 

* *  FIELDS 
* *  Temperature distributions from thermal analysis 

*Temperature, file=ddtherm, bstep=2, estep=2 

* *  OUTPUT REQUESTS 

*Restart, write, f requency=9999 

* *  

* *  

**  

* *  

* *  

* *  

* *  

* *  
* *  FIELD OUTPUT: F-Output-2 * *  
*Output, field, frequency=99999 
*Element Output 
S I  INARM 
*Node Output 
U 
*Output, history, frequency=l 
*E'Lemen t Output , ell se t =hi s t Elements 
WARM 
*Node file, freq=O 
*E:L Print, freq=O 
*Node Print, freq=O 
*End Step 
* *  
* *  
* *  STEP 4: Thermal-Loaded (time 25-50 yr) 

*Step, name="Thermal time 25-50 yr", amplitude=step, inc=10000 
App 1 y temperature h is t o r y  
*Static 

* *  

0.5,  25.0, 0.0015, 1.0 

* *  BOUNDARY CONDITIONS 

*Boundary, step=4, submodel 
base-submodel, 2, 2 
top-submodel, 2, 2 

* *  

* *  

* *  

- 1  

- 

- - I  

- t  

t 
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* *  FIELDS 
* *  Temperature distributions from thermal analysis 

*Temperature, f ile-=ddtherm, bstep=3, estep=3 

* *  OUTPUT REQUESTS 

*Res tart, write, f requency=9999 

* *  

* *  

* *  

* *  
* *  FIELD OUTPUT: F-Output-2 * *  
*Output, field, frequency=99999 
*Element Output 
S ,  WARM , 
*Node Output 
U 
*Output, history, frequency=l 
*Element Output, elset=histElements 
WARM 
*Node file, freq=O 
*El Print, freq=O 
*Node Print, f req=O 
*End Step 
* *  
* *  
* *  STEP 5: Thermal-Loaded (time 50-100 yr) * *  
*Step, name="Thermal time 50-100 yr", amplitude=step, inc=10000 
App 1 y temperature Iii s tory 
*Static 
1.0, SO.,  0.0015, 1.0 

* *  BOUNDARY CONDITIONS 

*Boundary, step=5, submodel 
base-submodel , 2, .2 
top-submodel, 2, 2 

* *  FIELDS 
* *  Temperature distributions from thermal analysis 

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

* *  OUTPUT REQUESTS 

*Restart, write, frequency=9999 

* *  

* *  

* *  

* *  

* *  

* *  

* *  
* *  FIELD OUTPUT: F-Output-2 
* *  
*Output, field, frequency=99999 
*Element Output 
S,WARM 
*Node Output 
U 
*Output, history, frequency=l 
*Element Output, elset=histElements 
WARM 
*Node file, freq=O 
*El Print, freq=O 
*Node Print, freq=O 
*End Step 
* *  - - -_________________--------- - - - - -_-------- - - - - - - - - - - - - - - - - - - - - -  
* *  
* *  STEP 6: Thermal-Loaded (time 100-101 yr) 
* *  

1 
A 
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*Step, name="Thermal time 100-101 yr", amplitude=step, inc=10000 
Apply temperature history 
*Static 
0.05, 1.0, 0.0015, 0.1 

* *  BOUNDARY CONDITIONS 

*Boundary, step=6, submodel 
base-submodel, 2, 2 

* *  

* *  

1 

top-submodel, 2, 2 

***  Rock layer bOOl overstressed at end of year 100 

*Model change, remove 
bOOl, 

* *  FIELDS re mYJ 

* * *  

* * *  

* *  

* *  Temperature distributions from thermal analysis 

*Temperature, file=ddtherni, bstep=5, estep=5 
* *  

* *  
* *  OUTPUT REClUESTS 

*Res tart, write , f requency=99 99 
* *  

* *  
* *  FIELD OUTPUT: F-Output-2 * *  
*Output, field, f requency=:9 9 9 9 9 
* El emen t Output 
S I  WARM 
*Node Output 
U 
*Output, history, frequenc:y=l 
*El emen t Output , else t = hi E; t El emen t s 
W A R M  
*Node file, freq=O 
*El Print, freq=O 
*Node Print, freq=O 

*End * *  Step ( p i  

* *  * *  STEP 7: Thermal-Loaded (time 101-250 yr) 

0.5, *Static 149., 0.0015, 2.0 

p$' 

q$ 

* *  
*Step, name="Themal time 101-250 yr", amplitude=step, inc=10000 
Apply temperature history 

ddmech. inp p v * *  
* *  BOUNDARY CONDITIONS *Output, field, frequency=ggggg 

*Boundary, st.ep=6, submodel S, WARM 
base-submodel, 2, 2 *Node Output 

*Element Output * *  

9 top-submodel, 2, 2 U * *  
*Output, history, frequency=l 
*Element Output, elset=histElements 

*Node file, freq=O 
*El Print, freq=O 
*Node Print, freq=O 

* *  FIELDS 
* *  Temperature distributions from thermal analysis 

*Temperature, file=ddtherm, bstep=6, estep=6 

* *  OUTPUT REQUESTS *End Step 

*Restart, wri.te, frequency=9999 

* *  

* *  

* *  

* *  
* *  FIELD OUTPUT: F-Output--2 
* *  
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f . f  

* + *  Mechanical property assigrment :o elements 

+ * *  Element set rocklayers includes all host rock layers 
* * *  that have not failem9. To be modified as  
* * +  as rock layers fail 

'Elset, elset=rocklayers 
b125. b124, b123, b122, blZ1, bi20. b119, b118 
b117, b116, b115, b114, b113. b:lI;!, blll, bllO 
b109. blO8. b107, b106, blO5, b:104. b103, b102 
b101. b100, b099, b098, b097, bl19h. b095. bo94 

* * *  

..* 

' ...* 
, .. . Mechnical Material Definitions 
* * *  
* b  

* '  Linear-elastic model 
* *  Parameters frorr high-grade lithophysel-rock data .. Mean strength properties 
* '  Stress distributions post-processed to cdculate 
f .  stress/strength ratio distributions 

* '  Young's modulus: 2.0E4 MPe 
* *  Friction angle: 40 degrees 
* *  Cohesion: 7.06 MPa 

*Material, name=hostrock 
'Elastic 
20000.. 0.20 
*Expansion 

., 
*. 

7.14e-06. 0. 
7.14e-06. 50. 
7.47e-06. 75. 
7.46e-06,100. 
9.07e-06.125. 
9.07e-06.225. 

*User Output Variables 
1. 

~~ 
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