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Whenever use of subsurface facilities are comtemplated,

- no matter how deep or how passive these facilities are, the

public perceives a risk from earthquakes. Incongrously, this

risk is not as readily pérceived for surface facilities where
published observations indicate that damage is considerably

greater.

As part of the National Terminal Waste Storage Program, tﬁe )

Savannah River Laboratory is conductiné a series of studies on

the subsurface effects of earthquakes. This report summarizes

three subcontracted studies [Slide 1].

Earthquake Damage to Underground Facilities
The purpose of this study was to document damage and non-
damage caused by earthquakes to tunnels and shallow underground

openings; to mines and other deep openings; and to wells,

*The information contained in this article was developed during
the course of work under Contract No. DE-AC09-76SR00001 with
the U.S. Department of Energy.
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shafts, and other vertical facilities [Siide 2. Thils sty
Terra Tek of Salt Lake City was published in November 1978 by
the Savannah River Laboratory. The results were also presentecd
at the Rapid Excavatibn and Tunneling Conference in Atlanta,
Georgia, in June 1979.

In a study of 72 tunnels, no damage was reported below an
acceleration of 0.2 g, which is a common design acceleration for
surface facilities [Slide 3]. Some slight damage was reported
between 0.2 and 0.5 g. Much of the damage reported above 0.5 ¢
was near the tunnel portals or under shallow cover. Surface
seismic motions may be 4 to 6 times greater than those in deep
mines accérding to Japanese studies. Studies of water, oil, and
gas wells after the Alaska earthquake of 1964 indicate that the
only damage was caused by earth slides. Data from nuclear detona-
tions provide a large quantitative data base on subsurface effects,
but certain dissimilarities indicate that data may not be directly
compared [Slide 4].

Earthquake Related Displacement Fields Near Underground
Facilities

In the first study, the definition of damage was similar
to that used for surface facilities, i.e., the disruption
of the operation of the facilit;“[éiide 5. Although disruption
may be significant during the operational phase of a repository
for underground storage of nuclear waste, for the longer
period of time that integrity of the facility is required,

permeability enhancement is more important. Permeability is



more likely to be enhanced by displacement than by acceleration.
Thus, the second study, also performed by Terru Tek, and mhlished
by the Savannah River Laboratory, concentrated on the displacé-
ment fields due to earthquakes [Slides ¢-107.

The study included an analysis of block moticn, an analvsis
of the dependence of displacement on the orientation and dis-
tance of joints from the earthquake source. and displacement
related to distance and depth near a causative fault as o resuls
of various shapes, depths, and senses of movement on thc causative
fault [Slide 11].

Numerical Simulation of Earthquake Effects on Tunnels for
Generic Nuclear Waste Repositories

~The objective of this study was to use numerical modcling
to determine under what conditions seismic waves might causc
instability of an underground opening or create fracturing that
would increase the permeability of the rock mass [Slide 12j.
This study was done by Science Applications, Incorporated of
Fort Collins, Colorado.

For this study, a model was developed that could simulate
mechanical stresses and thermal stresses as well as seismic
stresses and determine the strains, 301nt slip, and tensile

fracture that might result from these stresses [Slide 13].
Three rock types were used: salt, granite, and shale. Most
of the conditions that were stable through the heating phase

of the repository were also stable through the seismic phase

[Slides 14-301.



The model, thus far, has only been used to investigate generic
situations, but the model should be validated by correlating its

results with rock testing results [Slides 31 and 32].



SUBSURFACE EFFECTS OF EARTHQUAKES
SUBCONTRACTS

¢ EARTHQUAKE DAMAGE TO UNDERGROUND FACILITIES - TERRA TEK,
SALT LAKE CITY, UTAH

o EARTHQUAKE RELATED DISPLACEMENT FIELDS NEAR UNDERGROUND
FACILITIES - TERRA TEK, SALT LAKE CITY, UTAH

. , ® NUMERICAL SIMULATION OF EARTHQUAKE EFFECTS ON TUNNELS FOR
Gt : : _ GENERIC NUCLEAR WASTE REPOSITORIES--SCIENCE APPLICATIONS,
' INC., FT. COLLINS, COLORADO
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EARTHQUAKE DAMAGE TO UNDERGROUND FACILITIES

e PURPOSE: TO DOCUMENT THE DAMAGE TO UNDERGROUND FACILITIES
CAUSED BY EARTHQUAKES

¢ TUNNELS AND SHALLOW UNDERGROUND OPENINGS

o -MINES -

e MWELLS

¢ PUBLISHED BY SAVANNAH RIVER LABORATORY AS DP-1513
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EARTHQUAKE DAMAGE TO UNDERGROUND FACILITIES

CONCLUSIONS:
MORE DAMAGE IS REPORTED IN SHALLOW TUNNELS THAN IN DEEP
MINES. ' : '

MOST DAMAGE IN TUNNELS IS NEAR THE PORTALS.

SUBSURFACE DAMAGE HAS OCCURRED NEAR EXISTING FAULTS OR
FRACTURES.

WELLS AND SHAFTS ARE LESS SUSCEPTIBLE TO DAMAGE THAN
SURFACE STRUCTURES.




EARTHQUAKE RELATED DISPLACEMENT FIELDS
NEAR UNDERGROUND FACILITIES

DAMAGE TO UNDERGROUND FACILITIES IS CAUSED PRIMARILY BY
DISPLACEMENT - NOT ACCELERATION.

PURPOSE: EVALUATE DISPLACEMENT FIELDS AROUND A CAUSATIVE
FAULT.

. fa




EARTHQUAKE RELATED DISPLACEMENT FIELDS
NEAR UNDERGROUND FACILITIES

e BLOCK MOTION PHENOMENA
GEOLOGICAL EVIDENCE
SEISMOLOGICAL EVIDENCE

SIMULATION EXPERIMENTS

MODELS - DISPLACEMENT RELATED TO JOINT ANGLE AND
DISTANCE TO SOURCE

e STATIC DISPLACEMENT FIELDS OF EARTHQUAKES
| DISPLACEMENT AS A FUNCTION OF DISTANCE AND DEPTH

EARTHQUAKE SOURCE RELATIONSHIPS

e MEDIUM EFFECT ON DISPLACEMENT SPECTRA OF SEI%MIC WAVES
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CASE 1 - LONG, SHALLOW FAULT

DisPLACEMENT IN (MM Di1spLACEMENT/MeTER SLIP oN FAULT)

VERTICAL STRIKE-SLIP FAULT

FauLt SEmi-LenNeTH = 1.0

DeptH 10 Top oF FauLt = 0.0

DepTH TO BoTtTom oF FauLt = 0,10

RESULTANT SLiIP

(2,.2) G2, 1 (.2, 2)
140.5 104.9 6.0
117.6 88,8 5.7

16.6 16.9 4,2
2.8 4.4 2.5
3 .8 .8
1 2 3
0.0 1 2

1, .2)

16.5
15.8
11.1
5.5
1.4
5
2

a,

18.2
18.6
15.5
9.0
2.6
9
A

(2, .2) (2, 2)
4.3 5.3
4,2 5.5
4,2 5.7
3.7 5.2
2.2 3.1
1.1 1.7

b .9



EARTHQUAKE RELATED DISPLACEMENT FIELDS
NEAR UNDERGROUND FACILITIES

CONCLUSIONS :

DISPLACEMENTS DECREASE RAPIDLY WITH DISTANCE FROM
CAUSATIVE FAULT.

DISPLACEMENTS DECREASE RAPIDLY WITH DEPTH FOR LONG
SHALLOW STRIKE-SLIP FAULTS.

DISPLACEMENTS DO NOT DECREASE AS RAPIDLY WITH DEPTH
FOR SQUARE FAULTS WHETHER STRIKE-SLIP OR DIP-SLIP.
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NUMERICAL SIMULATION OF EARTHQUAKE EFFECTS

ON_TUNNELS FOR GENERIC NUCLEAR WASTE REPOSITORIES

OBJECTIVE:

fa

TO USE NUMERICAL MODELING TO DETERMINE
UNDER WHAT CONDITIONS SEISMIC WAVES
MIGHT CAUSE INSTABILITY OF AN UNDER-
GROUND OPENING, OR CREATE FRACTURING
THAT WOULD INCREASE THE PERMEABILITY
OF THE ROCK MASS.




NUMERICAL SIMULATION OF EARTHQUAKE EFFECTS ON TUNNELS
FOR GENERIC NUCLEAR WASTE REPOSITORIES

- Work ELEMENTS

¢ [MoDIFY AND COUPLE EXISTING NUMERICAL CODES FOR USE IN SIMULATING:

EXCAVATION STRESS
THERMAL STRESS
SEISMIC STRESS
JOINT SLIP
TENSILE CRACKING

® SELECT INPUT SEISMIC MOTIONS
® SELECT MATERIAL PROPERTIES TO BE USED

® JAKE CALCULATIONS FOR SALT, GRANITE, AND SHALE VARYING JOINT
PATTERN, IN SITU STRESS AND PORE PRESSURE



SELECTION OF INPUT SEISMIC MOTIONS

1. GENERATE ARTIFICIAL EARTHQUAKE AND CALCULATE THE SITE
MOTION.,

2. USE ACTUAL STRONG MOTION RECORDS FROM ROCK SITES.



STRONG MOTION RECORDS SELECTED FOR
USE IN SIMULATION

PEAK
MAGNITUDE  ACCELERATION
RECORD EARTHQUAKE DATE (RICHTER) (g)
CDMG-6 OROVILLE, CA 8/11/75 4.3 0.41
AFTERSHOCK
TEMBLOR PARKFIELD, CA 1966 5.6 0.35
UNDERGROUND EAST RAND 1978 1.5 0.95
RECORD PROPRIETARY

MINES, SOUTH
AFRICA

‘s
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- ASSUMPTIONS COMMON TO ALL ROCK TYPES

DEPTH - TUNNEL 600 M

OVERBURDEN STRESS - 1 PSI/FT

NATURAL TEMPERATURE - 350C

WasTe - 10 yrR OLD SPENT FUEL

THERMAL LOADING - 5 kW CANISTERS 6.5 M APART IN TUNNELS 52 M

ApART, 60 kw/ACRE

SEQUENCE - O YR  EXCAVATION
0.5 YR  WASTE EMPLACEMENT, HEATING
5.5 YR EARTHQUAKE

No BackriLL, No VENTILATION



NUMERICAL SIMULATION OF EARTHQUAKE EFFECTS ON TUNNELS FOR
' GENERIC NUCLEAR WASTE REPOSITORIES

PARAMETERS STUDIED

Rock TypE

SALT
GRANITE
SHALE

EARTHQUAKE LOADING

OROVILLE, M=104,3, Acc. 0,41 g

PARKFIELD, M=25,6, Acc. 0,35 ¢

Mine TReEmor, M = 1.5, Acc. 0,95 ¢
IN S1TU STRESS

HORI1ZONTAL = VERTICAL

Hor1ZONTAL = 2 VERTICAL

Hor1zoNTAL = 1/2 VERTICAL
JOINT'GEOMETRY |

NoNE - SALT

1 m ApART - GRANITE

Imx .2M - SHALE
STRATIGRAPHY

HoMOGENEOUS

Pore_PRESSURE |
NONE = SALT | *
AtmMospHERIC CAVERN TO HYDROSTATIC IN 12 M
ATMosPHERIC CAVERN To HYDROSTATIC IN 30 M




DEFINITION OF DAMAGE/FAILURE

_ DEFORMATION
FAILURE = (RNEL DIMENSION . > °7

DAMAGE IS A DELETERIOUS CHANGE BUT MAY OR MAY NOT LEAD TO
FAILURE.

1. A FRACTURE THAT CROSSES A CALCULATIONAL ZONE (2 M)

2. JOINT SLIP > 1 CM PER JOINT

3. CRACK OPENING > .2 CM.

4. NEW THROUGHGOING CRACKS > 2 TUNNEL DIAMETERS

‘a




NUMERICAL SIMULATION OF EARTHQUAKE EFFECTS ON TUNNELS FOR
GENERIC NUCLEAR WASTE REPOSITORIES

DAMAGE

SALT
‘SIMULATION/ '
PROPERTY Run 1 Run 2 RuN 3 Run 4 Run 5
JOINT GEOMETRY
(No JoINTS) X X X X X
PorRE PRESSURE
(No Pore PRESSURE) X X X X X
IN S1Tu STRESSES
(OH = oy ALL CAsEs) v v/ v/ Y v
FAULT | X X X X LARGE
DIAGONAL
| FRACTURE
THERMAL LOADING 4 4 4 X v/
OROVILLE PARKFIELD ERPM OROVILLE OROVILLE
EARTHQUAK
RTHAUAKE 41 o 35 g .95 g ne 41 g
RESULTS No DaMAGE o DAMAGE VELOCITIES No DAMAGE No TAMAGE
AMPLIFIED,
CRACKS
DEVELOP,
DEFORMATION,
SIGNIFICANT
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NUMERICAL SIMULATION OF EARTHQUAKE EFFECTS ON TUNNELS FOR

GENERIC NUCLEAR WASTE REPOSITORIES

GRANITE
SimuLATIONPROPERTY ___Run 1l _Run2  __ Run3 = _Rund4 Run 5 Run 6 Run 7 __Run 8
JOINT GEOMETRY ImMmx1lm Imxlm IMxlm ImMxlIm 1mMxlm ImMmx1lwm Imxlm ImMmxlm
Pore PRESSURE X X X Hy Ho X X X
IN SiTu STRESSES oy = oy oy = 1/2°V ‘ZH': ZZV oy = %y oy = oy oy = 9y °H1 = 20V c”‘f 1'5°V
Hp= 29y °H2 = oy %, ” 1,59
THERMAL LoADING v/ v v/ v v Y v/ v
EARTHQUAKE OROVILLE OROVILLE OROVILLE OROVILLE OROVILLE ERPM OROVILLE OROVILLE
0.41 g 0.41 9 0.41 9 0.41 9 | 0.41 ¢ 0,95 ¢ 0.41 g 0.41 ¢
RESULTS No DAMAGE No pamace  Damace DURING No DamaGe No DAMAGE SUBSTANTIAL DAMAGE No DAMAGE
HEATING PHASE DamaGe Due DurING
THROUGH JOINT To CRACKING HeaTING
SLip AND JOINT PHASE
SLip THROUGH

JoINT SLip
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NUMERICAL SIMULATION OF EARTHQUAKE EFFECTS ON TUNNELS FOR

GENERIC NUCLEAR WASTE REPOSITORIES

SHALE

SiMULATION/PROPERTY Run 1 Run 2
JOINT GEOMETRY ImMx .2M ImMmx 2M
PoRE PRESSURE X H,
IN S1TU STRESSES

(oy = oy ALL CAsES 4 4
THERMAL LOASiNG 4 /
EARTHQUAKE ,. - OROVILLE OROVILLE

0,41 g 0.41 ¢

ANISOTROPY 4 v
RESULTS STABLE THROUGH DamaGce DurING HEATING

HEATING PHASE
UNSTABLE DUE TO
EARTHQUAKE

PHASE
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NUMERICAL SIMULATION OF EARTHQUAKE EFFECTS
ON TUNNELS FOR GENERIC NUCLEAR WASTE REPOSITORIES

CONCLUSIONS:

IN SITU STRESSES ARE IMPORTANT PARAMETERS TO MEASURE
IN SELECTING A REPOSITORY SITE.

ESTRICTIVE THAN

THERMAL STRESSES ARE GENERALLY MORE R
EARTHQUAKE STRESSES.

Y OF SHALE REPOSITORIES REMAINS TO BE

THE STABILIT
DEMONSTRATED.
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NUMERICAL SIMULATION OF EARTHQUAKE EFFECTS
ON TUNNELS FOR GENERIC NUCLEAR WASTE REPOSITORIES

CONTRIBUTIONS TO STATE-OF-THE-ART:

e DEVELOPMENT OF INPUT EARTHQUAKE MOTIONS

e DEVELOPMENT OF MATERIAL MODELS TO INCLUDE IN SITU
STRESS, HEAT, AND WATER SATURATION

e FIRST TWO-DIMENSIONAL SIMULATION OF AN EARTHQUAKE
WAVE PASSING THROUGH A TUNNEL

e DEVELOPMENT OF A JOINT SLIP MODEL

o DEVELOPMENT OF A 2-D TENSILE FAILURE MODEL THAT
MONITORED THE OPENING AND CLOSING OF. CRACKS




RESEARCH NEEDS

e MODEL VALIDATION THROUGH LABORATORY TESTS

e ADDITIONAL DEVELOPMENT OF MATERIAL PROPERTIES

o COMPARISON WITH FIELD TESTS

o INCREASED USAGE WITH OTHER PARAMETER VALUES AND FOR
SITE SPECIFIC CASES

o VALIDATION OF HYDRAULIC FRACTURING TECHNIQUE FOR
DETERMINING IN SITU STRESS




