NUREG/CR-3681
PNL-5072

Mitigative Techniques and Analysis
of Generic Site Conditions for
Ground-Water Contamination
Associated with Severe Accidents

Draft Report

Prepared by J. M. Shafer, P. L. Oberlander, R. L. Skaggs

Pacific Northwest Laboratory
Operated by
Battelle Memorial Institute

Prepared for
U.S. Nuclear Regulatory
Commission

8405220069 840430

PDR NUREG
cg—abax R PDR






NUREG/CR-3681
PNL-5072

Mitigative Techniques and Analysis
of Generic Site Conditions for
Ground-Water Contamination
Associated with Sever Accidents

Draft Report

Manuscript Completed: January 1984
Date Published: April 1984

Prepared by
J. M. Shafer, P. L. Oberlander, R. L. Skaggs

Pacific Northwest Laboratory
Richland, WA 99352

Prepared for

Division of Health, Siting and Waste Management
Office of Nuclear Regulatory Research

U.S. Nuclear Regulatory Commission

Washington, D.C. 20555

NRC FIN B2454



CONTENTS

EXECUTIVE SUMMRY..‘I....I......l........l.'......."..................

1.0

2.0

INTRODUCTION..........................‘..................0.....I..

1.1
1.2
1.3
1.4

1.5

1.6

pURPOSE nF STUDY....Q.......................'................

ORMNIZATION OF REPORT".............Q.......'...............
BACKGROUNDO.I.................'Ol.l.O.........O.Q............

STUDY OBJECTXVES..O........C........"......C...........‘l...

pROJECT SCOPE.QOOOO..IUOQ.....O.....‘.....l.....l...l‘l......
1.5.1 Release of Contaminant Into the Ground Water

F]OW SyStemooooocoo'c-ootooooco0.0000..0.00.000.00..00
1.5.2 Hydrogeologic Classification of Nuclear Power

p‘ant SiteSCQC....O...l.....'..l.......l..’..'....l...
1.5.3 Analysis of Radionuclide Transport in

Ground Nater....ICO.'........Q.....Q.....l........0...
1.5.4 Identification and Evaluation of Ground Water

Contaminant Mitigation TeChNiqUeSeecssccccescscccessns
1.5.5 Determination of Feasible Mitigative Techniques

for Specific Hydrogeologic ClassificationSeeececcocses
1.5.6 Case Study Ana‘ysiso.Q....l.'........‘................

REALISTIC VERSUS CONSERVATIVE ANALYSES.........‘.............

-
nESCRIPTInN ﬂF CORE MELT RELEASE OF RADXONUCLIDES..........'.C'...

2.1

2.2

2.3
2.4

2.5

XNTRODUCTION TO CORE MELT ACCIDENTS.OICOOIQOOODO......0......
2.1.] Definition of Core Me]t ACCidQNtouoooo.oootoo-ootcoooo
2 Causes oOf a Severe AcClident..essvssssvisnsvsossnosnooss
3 Core Melt Penetration of Reactor Basemat,..ceceseesccss
4 Chemical Composition of Core Melt DebriS,.cececcesesss
5 Sump Water Release Following Basemat PenetratioN......

INDICATOR QADIONUCLIDESO...I.O.......‘....I.000......00......
2.2.1 Initial Amount of Indicator Radionuciides in COre.....
2.2.2 Radionuclide Partitioning...0‘...Q.......O...C......'.

COOLING OF THE CORE MELT nEBRIS....0....l.'.'..............l.

CORE MELT DEBRIS LEACH RELEASE..O....Q..O......‘...00......0.
2.4.1 Introduction tn LeaCh Re]easeSOIUOOOCCOO.l...’..‘...l.
2.4.2 Si‘ic‘c "e‘tSQQ..0....0..0...‘.....0.0..'.......'..0..

2.4.3 Ca‘c‘ﬂe Me‘ts.....‘.'..‘..l............0.....0........

SUMP HATER RELEASE RATES......Q....0‘..........CQ.O...Q"C...

ifi



2.6

2.7

CONCLUSIONS CONCERNING RADIONUCLOIDE RELEASES FOLLOWING

A SEVERE ACCIDENT.......0......'...0..0..00.‘.Ol...........‘.

REFERENCES..Q......0.0...................0..0'.........Q....O

3.0 GENERIC HYDROGEOLOGIC SITE CLASSIFICATION:cecssssosnssscssccscscns

3.1

3.2

3.3

3.4

3.5

3.6

3.7

CLASSXFICATION SCHE"E'II......C..OO....'....‘.l.....‘........
3.1.1 Considerations for a Classification ScCheme...ececcecsee
3.1.2 Defiﬂition Of Genefic Sites.................Q...IO....

pARAHETERS FOR GENERIC SITES...............'............
Hydrau‘ic COnduCt1v1ty...........-..............-.....

Effective P0r051ty|.noo.on-on.cooooolcoooo.ooooooouo..
Hydrau]ic Gradient...............‘..........I....‘....

FLOW
3als
3u2s
3.2
3.2.4 Distance to Nearest Surface Water BOdY.eeeeecescssncss

&-h)h)h-

TRANSPORT PARAMETERS FOR GENERXC S[TEu.C.OQ.QI.....l...0..0..
3s3.1 Long]tUdinal Dispersion Coefficient...-...............
3.3.2 Retardation of Radionuclides by SOrptiON.ceeccccsscsss
3.3.3 Effective Bu‘k Density...'.....'.......0..0..000000000
TRANSPORT EQUATIONS FOR ONE DIMENSIONAL SIMULATION.eeccsssoee
3.4,1 Modeling Cbjectives for Generic ClassificatioNS.eececes
3.4,2 Equation for Contaminant Transport in

Ground water..'...QI..............'...................

CONCLUSIONS OF GENERIC HYDROGEOLOGIC SITE CLASSIFICATION:sese

GENERKC GEOTECHNICAL SITE DATA.'.O............O..l...........
3.6.1 Generic Hydrogeologic Site Classification:
Fractured Consolidated SiliCateS.cecccsssccssssscsnnss
3.6.2 Generic Hydrogeologic Classification: Fractured-
Solutioned Consolidated CarboNateS.eeceececcccocssosss
3.6.3 Generic Hydrogeologic Classification: Porous
Consolidetadl CarbOntes.cossoonsonvinnsssrrnnsosstiares
3.6.4 Generic Hydroaceologic Site: Porous Consolidated
Si]icates...............IO..!.........O.............0.
3.6.5 Generic Hydrogeologic Classification: Porous
UnconSO]iddted 51‘icates......’..'........O'.........Q
3.6.6 Generic Hydrogeologic Classification: Fractured
Conso‘idated Si]icate.............00....0......0......

REFERENCES.......Q....'.....l................l...............

4.0 GROUND‘HATER CONTA"INANT MITIGATION TECHNIQUES’.......'.I.......O.

4.1

TYPES OF MITIGATlON TECHN!O”ES......0'..l............l.......
4.1.1 Static Ground-Water Contaminant Mitigation

Technique......o............................-.........

4.1.72 Dynamic Ground-Water Contaminant Mitigation

TehchniQUE............................................

iv

4.1
4.2



5.0

4.2

4.3

4.4

4.5
4.6

FEASIBILITY CRITERIA FOR GROUND-WATER CONTAMINANT

MIT!MTION TECHN[OllES.............O...O.........Q..........l.
A.Z.l nesign conSiderationScoo-ooooooooooooooo-ooooooooooooo
8:22 COnstruction CONSIORratIONS cscsscesssonsssssossssnssse
4:.2:3 Pertormance CONS AT I ONBscssansssonsssssess sestitnss
.2.4 Implementation ConsiderationS.sccsccoscsesssesessssses

ANALYSIS OF STATIC GROUND-WATER CONTAMINANT

MITIMTION TECHNlQUES........'...........O........C“........
4.3.1 Groutsl..ﬁ.........l................................'.
4.3.2 S]Urry Trenches....Q..........‘.................'.....
4.3.3 Stee‘ Sheet Pi‘ing....0..........'...................I

ANALYSIS OF DYNAMIC GROUND-WATER CONTAMINANT
MITl&TION TECHNXOUES......O..O.......0..0...Q...l..."......
4,4,1 Ground-Water Withdrawal for Potentiometric
Surface Adjustment (Aquifer Dewatering)eececessscccosss

4,4,2 Ground-Water Withdrawal and/or Injection

for p]Ume contro,........0..‘..‘.........C...C........
4.3 Interceptor Trenches (Subsurface Drains).eeccscscssesscs
4,4 Selective Filtration Via Permeable
rredtmeﬂt Beds...........O..C.....Il.........'......'.
Q'Ound Freezing.00.......Ol.....Q.........0...........

5
- .6 Air Injection.............O....Ol.............0....0..

4
4.

R

4.
4
UsSe GEONTECHNICAL ENGINEERING CAPABILITYeeeveecccssccccoccces

REFERENCES....‘......0'............00.'.....IO..........'....

MXTI@TIVE TECHNIOUES FOR GENER[C SITES..Q........................

5.1
5.2

5.3

5.4

5.5

ANALYSIS OF PRE-MITIGATIVE CONTAMINANT DISCHARGE ceeeoccoscses
GENERIC SITE: FRACTUREED CONSOLIDATED SILICATES -

CRYSTALLXNEQOO..0.00'O...........................'.l..'..‘...
5.2.1 Pre-Mitigative Contaminant DisScharge.cecsccccsssccssscs
5.2.,2 Mitigative Techniques for Fractured

Consolidated Sﬂicates.................o..o...........

GENERIC SITE: FRACTURED AND SOLUTIONED CONSOLIDATED

CARBONATESQOOCC.........OQ..................0.....‘.....0...'

5.3.1 Pre-Mitigative Contaminant DiSCharg@.seeescccoscssscss
5.3.2 Mitigative Technique for Fractured and
SO]Utioned Conso‘idated Carbo"ates...Q......Q......Q..

GENERIC SITE: POROUS CONSOLIDATED CARBONATE.csessescccccsnns
5.4,1 Pre-Mitigative Contaminant DiSCharge..cecesccccscescss
5.4,2 Mitigative Techniques for Porous Consolidated

carbonateS.............0.................0............

GENERIC SITE: POROUS CONSOLIDATED SILICATEsesecoccccccsssnes
5.5.1 Pre-Mitigative Contaminant DiSCharge@..ceecesceccossces



6.0

5.6

5.7

5.8

5.9
CASE
6.1

6.2

6.3

6.4

6.5

6.6

5.5.2 Mitigative Techniques for Porous Consolidated

Carbo"ates............0.0......O'.....C..l.....!......

GENERIC SITE: POROUS UNCONSOLIDATED SILICATESsecescccccsocces

5.6.1 Pre-Mitigative Contaminant Discharge..eseeseccccccccce

5.6.2 Mitigative Techniques for Porous Unconsolidated
Carbonates..0.0..Q.OQ.......'...........0.........0...

GENERIC SITE: FRACTURED CONSOLIDATED SILICATES -

SHALE.....I........l“.....l.....'.l..........O..O...........

5.7.1 Pre-mitigative Contaminant DisCharg@.cececcsccccccsces
5.7.2 "1tigative TeChniques for Fractured Sha]eooooooooo.ooo

COMPARISON OF PRE-MITIGATIVE CONTAMINANT DISCHARGESsecescscece
5.8.1 Significant Discharges to Surface Water BodieS.eesvsse
5.8.2 Core Melt Leachate Discharges to Surface Water...eecee
5.8.3 Sump Water Discharges to Surface Water..ecececccececes

CONCLUSIONS FOR PRE-MITIGATIVE CONTAMINANT DISCHARGES.eessees

STUDV NO. 1.0.....l.....‘......l..'...................0......

INTRODUCTION.........0....'0...0..0........O.................
6.1.1 case StUdy Object‘veSOOOOO...........D.C..............
6.1.2 Relationship of Case Study No. 1 to Generic

C13551ficat10n - Mitigation Matr1‘.......0.........0..
6.1.3 General Methodology for Evaluation of Mitigative

Alternat1VES..-....Q..‘0l........C....0...............

6.1.4 Case Study No, 1 Approach and LimitationS.eeeeececsscss

DEFIN!TION OF CASE STUDY NO. 1‘....IC.....'...O..O....‘.'....
6.2.1 Geographical Location and Physical Setting.eeececcecss
6.2.2 Reactor Design and Plant ConfiguratioN.eeecsssccsscscss
6.2.3 mfinition of Accident SCEﬂar"ooooooooooooooocoooooooo

REGIONAL ANALYSIS...C.Q............O.........l...............
6.3.1 Approach.....lCQOOOO....ll....O.............0.0.......

6.3.2 Data Compilation and Conceptual Model Development,....

REGIONAL MODEL DEVELOPMENT ceeeccccccsscoscssssssssocssssssnss
6.4.1 Code SelectiONissssevcssssssssssscsccsssssccsscscccnsce
6.4,2 Initial Regioﬂa] Model Development......-.............
6.4.3 Regiona‘ Model Calibration.cesessscccscossescscescncscs

LOCAL "ODEL DEVELOP"ENTO...'.................'.O.....O.......
f.5.1 Local Area Size and Boundary ConditionS.eeseeseocscess

PRE-MITIGATIVE LOCAL FLOW AND TRANSPORT MODELINGecesoossscoss
6.6.1 Transport Parameter EStimationS.cecscecsscscscsscsnses
6.6.2 Pre-Mitigative Local Transport ResultS..eseccsscssssce

vi

(= 0= e R )
. .
B
OO S

o O
-

AN

. .
Ao, o on
woom (S S o}



6.7 EVALUATION OF MITIGATIVE TECHNIQUESeceeoscscssosssscssscsssse
607.1 ApprOOCh..‘.0000...‘.0..0.0.0....QC.......0.0...I....O
6.7.2 Screening of Mitigative TeChniquUeSseceseeccssccsccssces
6.7.3 Assessment of Feasible AlternativeS.iceeeoccoscssssssss

6.7.4 conc]usionStht.......0.0I..O.C....OI.........00..'.‘.

6.8 REFERENCES.QO......'....O....‘.....0.0..0.'......'.0...00‘0..

vit

6.69
6.69
6.69
6.72
6.87

6.88



1.5'1

1.5-2

2.1.1-1

2.4.2’1

2-402'2

2.4,3-1

2.,4,3-2
3.1.2'1

3.2.1'1

3.2.1‘2

3.2.2-1

3.202'2

3.2.3'1

3.203'2

3.20"1

‘0301’1

‘03-1‘2

FIGURES

Schematic Diagram of Phase 1 Study Components and
lnterre‘ationsh'DSQ.O..O.QQ.O.Q........!........O...........O

Schematic Diagram of Phase 2 Study Components and
Interrelationships for the Site Specific AnalySiS.eeescescses

Two Possible Configurations of a Severe Nuclear
Accident Involving Failure of the Reactor Basement ....eeeees

Configuration of Solidified Core Debris

for S“‘.Cic k't....Q.QC.‘....Q..I..................C........

Long Term Leach Release Rate for Silicic

core *ta'......‘0....0....0....0.................Q........D.

Configuration of Solidified Core Debris for

Calcine Melt-oooooooonoooooooouoooooooooooooooooooooooooooooo
Long Term Leach Rate for Calcine Core Meitesssneoscncscensses

Generic Hydrogeologic Classification Scheme
for Nuclear Power Plants in the U-Socoo.oooooooooooooooooocoo

LOGyn Distribution of Hydraulic Conductivity by
Generic C“SS"‘CC“onoooo.coooo'oooooooo.-oooooooooooooooooo

Linear Scale Distribution of Hydraulic Conductivity
by Generic C“SS"‘C“‘O".-.oooooooooooo.oooooocooooooooooooo

LOGy Distribution of Effective Porosity for
Porous Unconsolidated S"‘CC‘QS...--.....o-oooooooooooo-o.coo

Linear Scale Distribution of Effective Porosity
for Porous Unconsolidated Si“C‘teooooooooooooooooooooooooooo

L0Gyg Distribution of Hydraulic Gradient by
Generic C“SS"‘C‘ttonoooooooooooooocoooooooooo-ooooocooo.ooo

Linear Scale Nistribution of Hydraulic Gradient by
Generic c“ss‘fic‘tionooooocooooooooooooooootoooooooooo.ooooo

Linear Scale Distribution of Reactor Distance
from Surface H‘teroooo.oooootoooooooooooooooooooooooooooooooo

Permeation of Various Grouts in Relation to So1)

Grain S‘z'ooooooooooooocoooo.oooooooo.o00000000000.0000000000

Diagram of Downstage Grouting without PacCKer...eececcssccsess

viti

1.7

1.8

2.17

2.19
2.21

3.8

3.11

3.14

3.16

3.16

3.18

3.19

3.21

4.16
4.18



403.1-3

4,3.2-1
4.3.2-2
4.3.2-3
4.3.2-4

4.3.2-5

4.3.2-6

4.3.2'7

4,3.,2-8

4.3.2-9

4.3.2-10
4.3.2-11

4,3,2-12
403.2'13

40302'1‘

4.3.2‘15

4,3,2-16

‘0302’17
4,3.2-18

Twenty-Eight Day Permeability of a Typical

Cement Grout...I..O.............I.Q..C..l..‘.'........l......

Schematic Section of Slurry Wall ConstructioNesececessscsscse
The A]ternate-slot "ethndootlQ...l..O.COQ...OOOOOOOOOOOOOOOOO
vibrating-seam S]Urry Ha‘] co"strUCt‘onQOOO..........Q..OOO..
Typical Vibrated-Beam (VBT) Injection Set-UPsececsssscscec-se
Reversal of Leakage Direction Through Aquitard/Kaying

Layer as a Result of Pumping Ground Water Within Slurry

Wall Confines to a Level Below the Piezometric Surface

for the Under]ying Aquifer...t..0.......00.................O.

Permeability of Soil-Bentonite Backfill Related to

F‘nes content'..0.l.......0........'.0..'........0...0.......

Relationship Between the Permeability and Quantity of
Bentonite Added to S-B Backfill.seee-cecsccoccscscnccscccenes

Schematic Cross Section of S-B Slurry Trench

Cut u‘l‘0.....0...0..........‘...Ol.........l................

Theoretical Relationship Between Wall Permeability
and Permeability of Filtercake and Backfill, veeoescocvcsnnscse

Schematic of Filter-Press Test App‘ratus...ocoooooooooooooooo

Relationship Between the Filtercake Permeability and
Cake Formation Pressure and TIMRscscossssnesosssssessssesssesd

Vertical Leakage of ContaminantS..eeseesesvocssssosscsossssss

Typical Ground Sequences Where Bentonite Support
H‘s Proved EfoCtive......'..l...OO0.0.0.0.0..00!........0..0

Loss of Slurry Water to Unsaturated, Highly Permeable
Gravel Zone Leads to Loss of s‘urryooooouooooocoooocooooooooo

Soil Boring and Obseroving Well Locations in the Basin F
Area at the ROCky Mountain Arsenll.........................o.

Partial Soil Profile Depicted by Borings Around Basin F
at Rocky Mountain APS@Nndl.cececessccosssscsnsessssncssessssee

Boring Log for Hole NO. #6)icccccsccsccscssancsssnssnnssssene

=N Relaticnship for Standard Penetration TesSt..eeesecessoses

1x

4.20
4.27
4.28
4,30
4,31

4.34

4,36

4,37

4,37

4,39
4,40

4,41
4.43

4,44

4,45

4.47

4.48
4.49
4.51



‘0302‘19

4,3,2-20
4.3.3-1
4.3.3-2
4,3,3-3
4,4,1-1

4.4.1'2

4.401‘3

40402‘l

4,4,8-1
4,4,4-2

4.,4,5-1

4.‘.5'2

5.2.1‘1

5.2.1'2

5.241-3

5.3.1-1

503.1‘2

The Cell Strength and Shear Modulus of Slurry
‘S a FUﬂCtiOﬂ Of Time....0..0.0...O....O.......O.....C.0."..

The Effect of Slag Replacement on Bleedingisscescsssscccssces
Steel Sheet pi"ﬂg Interlock DesfgﬂS.........................
Typical Steel Sheet Pi]ing Shapes...............‘............

In-Place Steel Sheet Piling Cut-0ff Wall.iveeeoesessssssoscsss

Pictorial Representation of Pumping to Lower
Water Table Below Rece‘v1ng Streameccecscosescssosnsssscocscse

Pictorial Representation of Pumping to Lower
Water Table Below Containment seeesssessescsscscsssssscssssssne

Pictorial Representation of Pumping to Prevent
Contamination Through a Leaky Confining Layer.cesesccsssccoss

Pictorial Representation of Extraction/Injection
Contaminant Plume ContP01...........................-..-o....

Schematic Diagram of Permeable Treatment Bed SysteMiceceescces

Permeable Treatment Bed in Combination with a

Grouted Cut-nff.‘......O'.....00..0.0...'.....0....0......O.l
Frozen Straight Wall Development in Fine-frained Soil.eeveces
Frozen Straight Wall Development in Coarse-Grained S0il..eeee

Percentage of Fractured Consolidated Silicates-Crystalline
Sites That Would Discharge Each of the Indicator Radio-
nuclides Prior to 40 Half-Lives of Decay.....................

Discharge Flux of Core Melt Leachate from Fractured
Consolidated Silicates-Crystalline Sites to Surface
Water for Strontium-90 and Ruthenium=106.ceusessnssosnnssssns

Discharge Flux of Reactor Sump Water from Fractured
Consolidated Silicates-Crystalline Sitas to Surface
Water for Strontium-90, Cesium-137 and Ruthenium-106,c00essee

percentage of Fractured and Solutioned Consolidated
Carbonate Sites That Would Discharge Each of the
Indicator Radionuclides Prior to 40 Half-Lives of NeCay.eeses

Discharge Flux of Core Melt Leachate from Fractured and
Solutioned Consolidated Carbonate Sites to Surface We r
for Strontium<90 and RUtReN UMM o sssscessnstoonssssnsssrioss

4,57
4.64
4,71
4,72
4,73

4,80

4,81

4,82

4.89
4.99

4,101

4,109

4,110

5.4

5."

5.7

5.11



5.3.1-3

50‘.1'1

5.4,1-2

5.4.1’3

5.5.1‘1

505.1'2

5.501'3

5.6.1-1

5.6.1'2

506.1'3

50701'1

5.701'2

5.701'3

Discharge Flux of Reactor Sump Water from Fractured and
Solutioned Consolidated Carbonate Sites to Surface Water
for StrontiuM-QO. Ces’um'l37, and Ruthnenium-106.ccecesccsses

Percentay. of Porous Consolidated Carbonate Sites That
Would Discharge Each of the Indicator Radionuclides Prior
to 40 Hﬂ‘f-l.ives of mcaytot....l..........0.0...‘..O.C......

Discharge Flux of Core Melt Leachate from Porous
Consolidated Carbonate Sites to Surface Water for
Strontium-90 and Ruthentum-106,cossosescccsssssssosssesssssnc

Discharge Flux of Reactor Sump Water from Porous
Consolidated Carbonate Sites to Surface Water for
Strontium-90, Cesium-137, and Ruthenium=106sccecccccsscscssss

Percentage of Porous Consolidated Silicate Sites That
Would Discharge Each of the Indicator Radionuclides
Prior to 40 Half-Lives of DeCAYssssssesvnssssssscsssssssssens

NDischarge Flux of Core Melt Leachate from Porous
Consolidated Silicate Sites to Surface Water for
Strontium-90 and Ruthenium=106,.ccecscsssvsscsssssscsssscsssss

Discharge Flux of Reactor Sump Water from Porous
Consolidated Silicate Sites to Surface Water for
Stront1UM-90. CeSiUM~l37, and Ruthenium=-106ssecssscccccscsscs

Percentage of Porous Unconsolidated Silicate Sites
That Would Discharge Each of the Indicator Radio-
nuclides Prior to 40 Half-Lives of DQC"...oocoocooooocooooo.

Discharge Flux of Core Melt Leachate from Porous for
Unconsolidated Silicate Sites to Surface Water
StrOF‘t‘m-go .nd Ruthen‘m-loﬁt0..0.0..0.0.000000....00..00.0

Discharge Flux of Reactor Sump Water from Porous
Unconsolidated Silicate Sites to Surface Water
Strontium-90, Cesium=137, and Ruthenium-106,sessesecscssscass

Percentage of Fractured Consolidated Silicate-Shale
Sites That Would Discharge Each of the Indicator
Radionuclides Prior to 40 Half-Lives of DOCIy................

Discharge Flux of Core Melt Leachate from Fractured
Consolidated Silicate-Shale Sites to Surface Water
for Stront'UM-90 and Ruth!ﬂiuM-IOG...........................

pDischarge Flux of Reactor Sump Water from Fractured

Consolidated Silicate-Shale Sites to Surface Water
for Strontium-90, Cesium-70 and Ruthenium-106..ceeseesccsssss

xi

5.13

5.17

5.18

5.19

5.21

5.22

5.24

5.27

5.28

5.30

5.34

5.35

5.36



508.1'1

50801'2

508.1'3

60201‘1
6.2.2'1
6.2.3‘1

6.3.1-1
6.3.2-1
6.3.2-2
6.3.,2-3
6.3.2-4
6.3.,2-5

6.3.2-6

6.302‘7

6.302“8
60302'9

6.3.2-10
6.3.2-11

6.3.2-12

Percentage of Nuclear Power Plant Sites in Each Generic
Hydrogeologic Classification That Would Discharge
Strontium-90 Prior to 40 Half-Lives Of DeCaYesesossscccnscnne

Parcentage of Nuclear Power Plant Sites in Each Generic
Hydrogeologic Classification That Would Discharge

Cesium-137 Prior to 40 Half-Lives Of DeCAYeessvessssoscsssnns
Percentage of Nuclear Power Plant Sites in Each (eneric
Hydrogeologic Classification That Would Discharge
Ruthenium-106 Prior to 40 Half-Lives of Dec‘yooooooc-oooocooo

STP S‘te LOC“‘O" Np.’.....l.'..................C...........
STP P“nt Area.......C...0................C..................

Hypothesized South Texas Plant Leach Release of

Stront‘um-gooti..OOIO............Q...ll....‘..0....0.........
Major Steps in Ground-Water Mode)l ApplicationS.cececessssssses
USGS Topographic Map for the Vicinity of the STP Site€.eeecees

I1Tustration of the Three Basic Porous Media Aquifer Types...

Geohydrologic Cross-Section A-A''' for the STP Site.cesesesss

I1lustration of Different Aquifer Boundary TypeS..eescesssecs

Observed Potential Contours for the Upper Unit of the
Shallw Aqui'er Zo"e.l.OOOO.QOOOIQOOOOO.I....'..‘......O...‘.

Observed Potential Contours for the Lower Unit of the
ShaHW AQU’fer Zonecoooooooo-ooooooooooooooooooooooolooooooo

Partial Outline of Regional Study Area Superimposed on
the STP Topographfc "‘poooooocooooooooo-ooooooooooooooonoooo.

Complete Grid for the STP RQg‘O"" stUdy Ar@dscsvesosssncsnss

Observed and Estimated Potential Contours for STP Regional

StUdy AreaOOOOOOOOCOOOQOOOOO0.0..OO....O.QQ..0.000.....OO....
Observed Potential Contours for the STP Regional Ared.eeeeees

Geohydrologic Cross-Sections B-B' and B-B" for the

Srp S'tQOOOO.I...........O..'.........C.......I..............

Locations of the Geohydrologic Cross Section A-A''',

B-B' ‘ﬂd B's“...'....ll.................0000..‘....00...0...0

xi1

5.39

5.41

5.42
6.5
6.6

6.10
6.12
6.14
6.18
6.20
6.21

6.23

6.24

6.25
6.26

6.27
6.28

6,30

6.31



LI N

L B

LI I N N




6.6.2-3
6.7.3-1
6.7.3-2
6.7.3-3
6.7.3-4

6.743-5
607.3‘6

6.703-7
6.7.3‘8

647.3-9

6¢7.3-10
6e743-11

6.7.3‘12

Pre-Mitigation Paihline from the STP.ccssecsscsssscssscssssscse
Location of Down-Gradient Cutoff Wall..ceseeescsvsscscccssces
Location of Up-Gradient Cutoff Wall.esesscessccsscsscsscnscsns
Pathline from the STP with 2000 ft Up-Gradient Cutoff....eeee

Simulated Potential Surface: with a 2000 ft Up-Gradient

cutoff.l...0............'......0.0.................OQO..I....

Simulated Pathlines from the STP: with Down-Gradient

CUtOffSOQ.O‘OO...0...‘.0...0.....‘...00................0....0

Simulated Potential Surface: with a 4000 ft Down-

Grdd‘QNt CUtOfooo.ooo-ooo.o.-ooooaoooov.ooocoooooooo.oo-o'oo
Proposed Near-Field Injection Scheme....ececeessccscsssscsses

Simulated Pathline from the STP: with the Near-Field
!njeCtion Scheme....O....‘.0.0....00.........0....00........0

Simulated Pathline Surface: with the Near-Field Injection

Scheme.0|0.0.0.00.....000..OO...Q.l..............0.......00.0
Proposed Far-Field Injection SCheme@...eeeevscoscssesscsssssse

Simulated Pathline from the STP: with the Far-Field
!NJeCt‘On Schemenol.olto0.0.l'.ll.0'..0..0........0.......O..

Stmulated Potential Surface: with the Far-Field Injection

Scheme....'..lO.CC.QC...O......O.........‘..O....C....O..O...

xiv

6.68
6.73
6.74

6.75

6.76

6.77

6.78
6.81

6.82

6.83

6.84

6.85

6.86



2.1.4-1
2.2.1-1
2.242-1
242422

2.4,2-1
2.402'2

2.4.3‘1
J.1.1-1
3.101‘2

J.1.1.3

3.1.2-1
3.2.1-1
30202°1

3.2.3-1

3.204’1

30301’1

3.302’1
3e3.2-2
‘0101‘1

TABLES

concrete Compositions......'.O....I....'....l..l‘.000..0.00..
[ndi(ator Radionuc‘ides....Q...........0..0.......0.0.'...0..
Release Fractions for Indicator RadionuclideSeeeescssssscccsses

Generic Hydrogeologic and Accident Sequence

Var‘ationso.0......0.......0.........I..'O.l."...l...."....

STISCIC Loach ProCesseS.ssccsssssssssstssessassssésnastssansss

Comparison of Long-Term Experimental Data and Silicic

Ledch Mode].......'DCO.....0..00...l.O...............'.0...0.
Estimated Specific Surface Areas for Core DebriS.ceescecsccecs
Percentage of 510, and Ca0 of Common Geologic UnitS.eessseees

Core Melt and Ground-Water Transport Characteristics
Based Qn Chem‘ca] ROCk Type.OO..O...IO............Q..D.O0.0..

Construction Considerations Versus Type of
GEO]OQ1C Formation....‘..'..0.0..00...0.0...Q.......‘....OO..

Generic Site ClassificatioNscescccssvscossesssssssscssssssene
CONDGP‘SO" of Generic Hydraulic Conduct1V1ty.................

Effective Porosities for Generic Hydrogeologic

ClassificationSesscesssssosossssssssssesscsnsssssssssssnessss

Average Mydraulic Gradient for Generic Hydrogeologic

ClassificatioNSssececenencocssnssssissssnnsesssssssssssssssas

Average Nistance to Surface Water Generic Hydrogeologic

Class it iCat IONS coseseersseeressosenseeessssnssdssesesstsssssss

Estimated Dynamic Dispersivity for Various Geologic

"ateria]s......l..Q...l..l........I.....O............'....0..

Equ1libr1um Distribution CoefficientS.vesesccssccssccvssscoss
Generic Equilibrium Distribution CoefficientS.seessesossssses
Static Ground-Water Contaminant Mitigation Techniques
Considered for Application to Severe Power Plant

ACC‘dQ"tSoooooooooooooooooooooooooooooooaoooooooooooooootoooo

xv

2.6
2.7

2.8

2.9
2,13

Z2.16
2,20

3.4

3.4

3.5
3.9

3.13

3.15

3.17

3.22

3.23
3.27
3.30

4,2



4'102'1

4.3.1-1
4.3.1-2
4.3.1-3
4.3.1-4

4.3.1-5
4.3,2-1
4,3.2-2
4.3.2-3
4,3.2-4

4,3,2-5
4.3,2-6
4,3.2-7

4.3.3-1
4.4-1

4,4,1-1
4.4,1-2
4,4,3-1

4,5-1

5.2.2'1

3.302'1

Dynamic Ground-Water Contaminant Mitigation Techniques
Considered for Application to Severe Power Plant

ACCidentSecessesscscsccsscsecesscsscascssnssssssesosssssosces
THRES BF BPONER L o a00s0eb0initostssitsbnssstunitstsenbesssbas
Chemical Grouts and ManufacturerS.essecescsesccscsecccsccscse
Grout Recommendations Based on SO1] TypP@isesesccosesoccccsnss

Permeability Versus Age of a Portland Cement

Grout With w = 0u7seceescssssescssssnsscsssscsssssssnssesnscs
Grouting Material Costs (19808%).ccccssccsccccsccssccsncsncnses
K Values Ranked According to Soil Particle SiZ€.sseecssssoses
Unified Soil Classification SySteM.seeescecocsscsscsossssssses
Determination of Site CharacteristiCSeieecscsssscssssssssscsss

Quality Control Testing Program During S-B Slurry Wall
Construction at Gilson Road Hazardous Sit@.seccesccccsssssses

Summary of S‘urfy Problems and Treatment . sesosssosscsssosnses
Common Slurry Materials and AdditiVeSceeceocccsossscossssssss

S-B Permeability Increase Due to Leaching with
VdriOUS po‘]utantsooc..Q.Cl..0....-........000.I..O..OO.....C

Unit Costs of Steel Sheet PilinNgeseescescccscecoccssosssesnses
Dynamic Mitigation StrategieS.cesscesscscsceccscscssssssscnnse
Advantages of Aquifer Dewatering SChemeS..ececeecscscecssscss
Disadvantages of Aquifer Dewatering SChemeS..eeeccescccescsss

Unit Costs for Subsurface Drainage Collection

Systemsicoi......0...l’.....OC.......O....O..'.........0.....

.Ss Geotechnical Engineering Capabilityecececessesoscscscnse

Mitigative Techniques for Fractured Consolidated

SilicateSOOOOOO..OO.Q.C‘OlO......O.......O.....O...Q...CO..'.

Mitigative Techniques for Fractured and Solutioned
Consolidated Silicates.......................................

xvi

4.3
4.8
4,14

4.15

4,21
4.24
4.35
4,50
4,52

4,55
4,58

4,61

4,66
4,76
4,78
4,86
4.86

4,97
4.113

5.9

5.15



50“.2’1

5.502‘1

5.602'1

5¢742-1
5.8.1-1
5.8.1-2
5.8.2-1

50803°1

6.243-1
6e2.3-2
6.3.2-1
6e3.2-2

6e342-3
6.3.2-4
6.3.2-5
6.3.2-6
6.3.2-7

6.4.2’1

6.6.1.1

6.602’1

Mitigative Techniques for Porous Consolidated

carbonatES............0............0........0......Q..O..‘...

Mitigative Techniques for Porous Consolidated

Si‘icatesocatooooto..ooooooc.oooooocoooo...oo.oooooooooooo.oo

Mitigative Techniques for Porous Unconsolidated

Si]‘cates.............‘.QQI.'l.....Q..l..........‘......QQ...

Mitigative Technigues for Fractured Shal€.eececsccccscscccnss
Generic Classification NUMDering IndeXessessssccssssssssscncs
eneric SQHS‘t‘V‘fy to a Severe Nuclear T T S,

Summary of Pre-Mitigative Core Melt Discharges to

Surface Hater...0'.....0..00...l.l...‘.............0.‘0...O.O

Summary of Pre-Mitigative Sump Water Discharges to

Surface “dterOQCOQOJOQOOOO........C......l..'.l....'.‘.......

In‘tia‘ Amounts of Indicatcr RadionUCI1deSocuuoooooono.oooooo
Release Fractions for the Indicator RadionuclideS.eesscsccnes
Data Required for Ground-Water Modelingeesessescsnscessscsnse

eologic Description and Water-Bearing Properties of
Stratigraphic Units Forming the Gulf Coast Aquiferesececessss

Required Porous Media Hydraulic PropertieS.cecccssccscsssccss
Aquifer Test SUMMArY.eecocsssssscsosscocssosssscsssssssossnse
Pump Test Results for Wells in Matagorda COunty.esescessscses
Representative Porosities for Sedimentary Material..ieesecees

Summary of Estimated 1973 Ground-Water Use in the
Vicinity Of the STP.cesssceescscsssscssssncssssoscsssessossss

TRANS Input Requirements and Source of Data for Initial

Req‘ona] MOd@) seovvncossnssscnsncsscesssssossssssveoscesnonss

Fstimated Longitudinal Dispersivity for Various Geologic

"‘t'ria‘Sooooooooocooooooooooooooooootoooooocoovooooo.ootoo.o

Summary of TRANS Transport Parameter Values for STP
Transport SIMUIALIONSeesssrsesssssesvssessssescncssscsssssses

xvi

5.20

5.25

5.31
5.37
5.40
5.42

5.44

5.47
6.8
6.9

6.13

6.16
6.35
6.36
6.36
6.37

6.42

6.47

6.60

6.64



6.7.3-1 Smry of Cutoff ms‘gﬂ EvaluationS.cececcccccscscssccsccces 6.79

6.7.3-2 Summary of Injection Scheme EvaluationS...eececsscscscscosese 6.86

xviii



EXECUTIVE SUMMARY

Pacific Northwest Laboratory (PNL) has undertaken the study of mitigative
techniques an® analysis of generic hydrogeologic site conditions for ground-
water contamination associated with severe nuclear power plant accidents for
the U.S. Nuclear Regulatory Commission, This draft report describes the
results of the study as completed through 1983. As a draft issuance of study
findings, critical evaluation of report content has been limited to internal
review by PNL staff not associated with the project, The authors solicit com-
ments, suggestions, and constructive criticism from individuals and organiza-
tions with expertise in hydrogeology and geotechnical engineering, The final
report will address, to the extent possible, the comments of respondents,

The purpose of this study is to evaluate the feasibility and desirability
of using specific ground-water contaminant mitigation techniques (e.g. con-
structed barriers to subsurface flow and transport, hydraulic barriers created
by ground-water withdrawal and/or injection, etc,) to control radionuclide
migration in ground water following a severe commercial nuclear power reactor
accident, The objectives of the study are:

1. development of guidelines and supporting information for the
determination of the desirability and feasibility of ground-water
contaminant mitigation in relation to generic hydrogeologic
characteristics of commercial reactor sites in the U.S., and

2. development and demonstration of methodologies for evaluating the
desirability and feasibility of designing and implementing ground-
water contaminant mitigative strategies on a site specific basis,

The first objective has been met with issuance of this draft report, The
second objective is achieved through the conduct of three case studies, one of
which has been completed for inclusion in this report,

Core melt releases of radionuclides from the reactor containment are
described, Previous studies are employed to characterize the nature of a
severe nuclear power plant accident which gives rise to ground-water, and
ultimately surface water, contamination, The two types of accidents investi-
gated are: 1) containment basemat penetration of molten core melt debris which
slowly cools and leaches radionuclides to the subsurface environment, and
2) containment basemat penetration of contaminated sump water without full
basemat penetration by the molten core mass.

Conclusions drawn concerning the release of radionuclides following a
severe accident are:

1. chemical compesition of the concrete and underlying materials would
have a large influence on the leach release rates of core debris,
Calcine materials would leach radionuclides at rates approximately
two orders of magnitude greater than predominately silicic materials,
and
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2. quantities of radionuclides discharged to surface water are highly
sensitive to.hydrogeologic factors as well as release fractions
determined by accident sequences,

Six generic hydrogeologic classifications are developed from an evaluation
of reported data pertaining to the hydrogeologic properties of all existing and
proposed commercial reactor sites., The six classifications based on geologic
unit type are:

1. porous consolidated carbonates,

2. fractured consolidated carbonates,
3. porous consolidated silicates,

4, porous unconsolidated silicates,

5., fractured crystalline silicates, and
6. fractured shale

One-dimensional radionuclide transport analyses are conducted on each of
the individual reactor sites to determine the generic and site specific charac-
teristics of a radionuclide discharge to an accessible (i.e., surface) environ-
ment, The results are evaluated as generic trends within the six hydrogeologic
classifications, Results of the transport analyses indicate that:

1. generic characteristics that would affect (in order of importance)
radionuclide transport following a core melt accident are: 1) bedrock
chemical type, 2) interstitial versus fracture porosity, 3) sorption,
and 4) aquifer hydraulics,

2. the time over which the radionuclides in a sump water release would
be discharged into an accessible environment would be site specific,
but less than for core melt leachate, which would discharge continu-
ously over hundreds of years,

3. fractured flow systems would be more likely than porous flow systems
to discharge contaminants at early times, and

4, peak discharge rates to accessible environments could possibly be one
order of magnitude greater for a sump water release versus core melt
leaching,

Ground-water contaminant mitigation techniques that may be suitable,
depending on specific site and accident conditions, for severe power plant
accidents are identified, The techniques which appear most suitable are
engineered/ronstructed barriers such as grout curtains and slurry walls, and
dynamic plume control techniques which require ground-water withdrawal and/or
injection, Other techniques investijated include subsurface drains, permeable
treatment beds, ground freezing, and air injection, Each mitigative strategy
or technique 1s evaluated according to: 1) conceptual design considerations,
2) construction considerations, 3) performance considerations, and 4) implemen-
tation considerations,
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Feasible mitigative techniques and associated constraints on feasibility

are identified for each of the six hydrogeologic site classifications, The
determination of feasibility is based on the generic hydrogeologic properties
established for each site and the analysis of the constraints on implementation
of each mitigative strategy. The major constraints on the feasibility of
ground-water contaminant mitigation are:

consolidated geologic media,

host geologic material grain size or fissure width,
Tow hydraulic conductivity,

high ground-water velocity,

surface handling of contaminated ground-water,
depth to a basal confining layer, and

depth to the contaminant plume,

The first case study was conducted on a site located on the Texas Gulf

Coastal Plain and included:

le

2.

3.

4,
5.

a detailed hydroaeologic characterization of a porous coastal plain
aquifer,

a complete discussion of data requirements and sources for the
characterization,

development of a two-dimansional ground-water flow and contaminant
transport numerical model,

a baseline pre-mitigative analysis of radionuclide transport, and

an evaluation of the effect of engineered barriers and hydraulic
barriers on radionuclide transport,

The first case study concludes that ground-water contaminant mitigation

would be necessary at this particular site due to the naturally low hydraulic
gradient and associated long travel times, Nevertheless, for demonstration
purposes, mitigative strategies are evaluated for their impact on contaminant
transport, Results show that the techniques evaluated (i.e., a low permeabil-
ity cutoff placed up-gradient from the plant, a low permeability cutoff placed
dowr-gradient from “e plant, a near-field hydraulic barrier, and a far-field
hydraulic barrier) si?ntficantly increase ground-water travel times., Increased

ground-water travel t

mes resulting from more circuitous travel paths allow for

both greater natural decay of radionuclides and increased sorption of radionu-
clides by the geologic host material, Hydraulic barriers appear to be more
effective, in this case, than cutoffs in incr "asing ground-water travel times
to the accessible environment,
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1.0 _INTRODUCTION

1.1 PURPOSE OF STUDY

The purpose of this study is to evaluate the feasibility and desirability
of using specific ground-water contaminant mitigation techniques to control
radionuclide migration in ground water following a severe commercial nuclear
power reactor accident, The evaluation of the necessity and feasibility of
mitigative strategies for ground-water contamination resulting from a severe
accident is accomplished by two separate levels of analysis, The first level
of analysis involves examination of core melt characteristics through an induc-
tive process where a large volume of diverse information is reduced to a small
set of generalized (i.,e., generic) data concerning broad characteristics of
core melt accidents, hydrogeologic properties, and ground-water contaminant
mitigative strategies. The second level of analysis is more of a deductive
process where insight into site specific ground-water contaminant mitigation is
developed through the performance of case studies. These two levels of analy-
ses are complimentary in nature and follow a logical progression in the
development of methodology for evaluation of mitigative techniques for core
melt accidents,

The generic analysis determines the basic geology and hydrologic factors
that affect radionuclide release and transport following a core melt acci-
dent, The key hydrogeologic factors are used to classify existing and proposed
nuclear power plant sites into generic groups. Evaluation of nuclear power
plant sites in a generic manner provides a screening tool that determines:

l. the importance of various hydrogeologic factors related to a core
melt accident,

2. the suite of mitigative techniques that are applicable to each
generic classification, and

3. the relative environmental sensitivity of a generic classification to
a nuclear release,

The second level of analysis determines the site specific aspects of a
severe reactor accident and the methodology for evaluating the impact and the
response, Case studies are developed to detail the individual characteristics
of a site and demonstrate how these characteristics affect the evaluation of
mitigative strategies, [n addition to demonstration of methodological
approaches to the analysis of severe accidents the case studies address:

l. site specific hydrogeologic conditions,

2. development of a conceptual model,

3. selection of mitigative techniques or schemes for evaluation,

4, selection of analytical procedures,

5. design and performance evaluation of mitigative schemes,

6. plant configuration aspects which affect the selection and
performance of the mitigative strategies, and

7. validation of generalized results determined by generic analysis,
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This report is a “draft" issuance of ~he preliminary results of the study
of ground-water contaminant mitigation strategies versus generic hydrogeologic
classifications, - As such, the report hac received limited critical evalua-
tion, However, the final report will reflect the results of a peer evaluation
conducted by volunteer reviewers involved in various aspects of geotechnical
engineering, The final report will contain the results of two additional case
Study analyses conducted using the hydrogeologic characterizations and plant
configurations of two existing or proposed commercial reactor sites., The final
report will also include the results of a review of hydrogeologic site
characterization procedures and methodology.

1.3 BACKGROUND

Several studies related to this study in purpose and scope have been
previously completed. This study draws on these previous studies for basic
definitions involving core melt accident types, reactor designs related to
radionuclide releases, history of events, and characterization of a core melt
accident, The previously completed studies that have influenced the direction
and focus of this study are:

l. Niemczyk, S, J. et al, 1981, "The Consequences From Liquid Pathways
After A Reactor Meltdown Accident," Nuclear Requlatory Commission,
NUREG/CR-1596, USNRC.

2. Office of Nuclear Reactor Regulation, 1981, “Technical Bases for
Estimating Fission Product Behavior During LWR Accidents,"
NUREG-0772, U,5. Nuclear Regulatory Commission, Washington, D.C.

3. Office of Nuclear Reactor Regulation, 1981, “Preliminary Assessment
of Core Melt Accidents at the Zion and Indian Point Nuclear Power
Plants and Strategies for Mitigating Their Effects," NUREG-0850,

Vol. 1, U.S. Nuclear Regulatory Commission, Washington, D.C. This
report is alternately referenced as: PACMA 1981,

4, Office of Nuclear Reactor Regulation. 1978, "Floating Nuclear Power
Plants," NUREG-0502, U,S. Nuclear Regulatory Commission,
Washington, D,.C,

5. Office of Nuclear Reactor Regulation, 1978, “Liquid Pathway Generic
3 Study," NUREG-0440, U,S. Nuclear Regulatory Commission, Washington,
: D.C. This report is alternately referenced as: LPGS 1978,

6. U.S. Nuclear Regulatory Commission, 1975, “Reactor Safety Study -
Appendices VII, VIII, IX, and X, "WASH-1400 (NUREG 75/014), U,.S.
Nuclear Regulatory Commission, Washington, 0,C. This report 1s
alternately referenced as: RSS 1975,

The conclusions of this study are predicated on the results of these previously

completed studies of reactor safety and consequences of a severe nuclear power
plant accident,
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Throughout this report several terms or phrases are used interchangeably
to denote a severe power plant accident (e,g., core melt accident, severe acci-
dert, reactor core accident, core meltdown, etc,). The phrase "severe acci-
dent" is most encompassing of the conceptualizations of the problem addressed
by this study, Within the context of this study a severe accident is con-
sidered any extraordinary sequence of events involving the breach from the
reactor containment of significant amounts of the reactor core radionuclide
inventory which subsequently contact the subsurface environment, This accident
definition includes both a molten core melt-through of the containment basemat
and/or a significant sump water release through a cracked or otherwise damaged
basemat ,

1.4 STuDY OBJECTIVES

Two principal objectives are accomplished by this study:

1. (Pnase 1) evaluation of feasibility ani desirability of using ground-
water contaminant mitigation technigues "2¢ control of radionuclide
migration in ground water following a seve=e r: . lear power reactor
accident, and ~

2. (Phase 2) demonstration of methodology for evaluating the feasibility
and desirability of implementing ground-water contaminant mitigation
strategies via a site-specific case study ap,roach,

These two objectives are accomplished with data from previously published
literature and responses from geotechnical engineering firms and government
agencies to a letter survey of expertise and experience, Field level studies
anu primary data collection efforts were entirely beyond the scope of this
study.

The intent or purpose of this study is to neither verify nor repudiate
previous studies on which this current effort is based. However, judgement 1s
exercised in acceptance of the information provided in previously completed
reports, For example, the hydrogeologic classification scheme is based pri-
marily on data provided by S. J. Niemezyk in an unpublished report by Oak Ridge
National Laboratory,

Some of the early FSAR's and PSAR's do not contain an extensive review of
geologic site conditions, Consequently certain hydrologic parameters had to be
estimated, The content of the hydrogeologic data base was reviewed in three
respects prior to acceptance for use in this study:

1. a spot check of values was made based on FSAR's available at PNL:

2. hydrologic values were examined for “reasonableness” in the context
of the geological classification, and
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3. the ground-water velocities determined from the hydrologic parameters
were examined for unrealistic results. In a few cases combined
conservative values and/or gradients based on possibly perched water
tables resulted in unrealistic ground-water velocities.

In these instances the hydrologic parameters were adjusted with the maximum
ground-water velocity restricted to less than 75 m/day. One site was removed
from the data base because all hydrologic parameters were extreme values. In
addition, four sites where the core melt would reside in the partially
saturated zone above the water table were excluded from analysis. These data,
pertaining to the hydrogeologic properties of commercial reactor sites, were
considered acceptable for use in a generalized manner in this study for the
following reasons:

1. the data were compiled from Preliminary Safety Analysis Reports and
Final Safety Analysis Reports that have been reviewed by NRC,

2. limited comparisons of the data with information contained in
individual FSAR's indicate the data are reasonable estimates,

3. the data pertain to actual reactor sites in the U.S. Therefore,
these data may reflect peculiarities in hydrogeologic properties that
may be unique to nuclear power plant sites due to siting restric-
tions., Such peculiarities would not be evident by simply assuming
general properties for various geologic unit types,

4, the data used to develop, from a statistical perspective, generic
attributes that can be grouped in a few general categories, and

5. the data represent the most thorough and complete description of
hydrogeologic site conditions at nuclear power plant sites in the
u.S.

This study is intended to provide U.,S. Nuclear Regulatory Commission
staff, and other interested parties, guidance in making reconnatssance level
estimates for the urgency and necessity of mitigating the effects of a severe
nuclear power plant accident on ground-water quality. The study also provides
reconnaissance level information on the feasibility and constraints on feasi-
bility of implementing a wide range of potentially applicable ground-water
contaminant mitigation schemes,

The first case study analysis is performed on the South Texas Plant
located on the Gulf Coastal Plain in Matagorda County Texas. It focuses on the
hydrogeologic characterization and conceptual model development for an actual
site. Feasible mitigative strategies are screened and several strateyies are
evaluated in detail,
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1.5 PROJECT SCOPE

Because of the multidisciplinary nature of the informational requirements
of the project objectives, several independent, but functionally related, tasks
were performed in order to nrovide a thorough and sufficiently detailed
analysis, These tasks include:

1. evaluation of contaminant release following a severe nuclear power
plant accident,

2. classification of nuclear power plant sites based on the hydro-
geologic regime,

3. analysis of radionuclide transport in ground water,

4, fidentification and evaluation of ground-water contaminant mitigation
techniques,

5, determination of feasible mitigative techniques for specific
hydrogeologic classifications, and

6. performance of case study analysis of the effectiveness of feasible
mitigative techniques.

Only contaminant mitigation schemes that directly affect the long term environ-
mental consequences by active and/or passive interaction with the contaminant
are considered in this study, Contaminant mitigation schemes that involve
redesign of reactor containment structures or direct manipulation of reactor
core matertals (e.g,, in situ vitrification or core debris removal) are not
within the scope of this analysis, In addition, it 1s assumed that contami-
nated ground-water supplies would no longer be used,

Figure 1.5-1 shows a schematic diagram of the principal technical elements
of the first phase of this study, {.e., the generic analysis, The interactions
and interdependencies of the technical elements of the first phase are also
presented in the figure, The generic analysis 1s basically one of decreasing
specificity, An intensive r Jiew ot literature pertaining to postulated core
melt features, hydrogeologic ‘ite conditions of nuclear power plant sites, and
ground.water contaminant mitigative techniques {s conducted, Based on the
review a vast amount of information is reduced to generalized guidelines
concerning hydrogeologic properties of nuclear power plant sites, radionuclide
release and transport following a severe accident, and feasible mitigative
strategies for resulting ground-water contamination, The generic aniiysis does
not provide sufficient detall required to describe individual sites and such
was not the intent of the first phase of this study,

The case study level of analysis, as schematically presented in
Figure 1,5-2, compliments the generic analysis., The case studies are dosi'ncd
to highlight differing aspects of site-specific considerations and methodol-
ogies that are required to evaluate the necessity and feasibility of tmplement.
ing ground-water contaminant mitigation following a severe accident, The
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site-specific framework of analysis is one of increasing specificity with
increasing detail in the hydrogeologic characterization, radionuclide trans-
port, and evaluation of the performance of mitigative strategies., In summary,
the first phase (i.e., generic analysis) of the study is designed to provide
broad general information concerning severe power plant accidents and the
interdiction of centaminants entering the ground-water pathway, The second
phase (i.e., case study analysis) of the study is designed to demonstrate, to
the extent possible, methodologies and approaches to the analysis of a severe
power plant accident and ground-water contaminant mitigation at a specific
site,

1.5.1 Release of Contaminant into the Ground Water Flow System

The release of contaminant following a severe nuclear accident is a com-
plicated site and accident specific event. The term “"contaminant release" is
used in reference to the release of contaminant by leaching, or by flow of
reactor sump water into the ground-water system, Ccntaminant residing below
the containment structure in the solid phase of the core debris and not being
transported by ground water is not considered to be released.

The release rate, as well as the quantity, is important in characterizing
the release of contaminant. This is especially true for accident situations
where the environmental consequences are evaluated in terms of the time and
spatially dependent concentrations or population doses. The dominant mechanism
controlling the time dependent discharge of core melt leachate to surface water
is not found in the characterization of transport (i.e., dispersion) but rather
in the much greater effect of solid material leaching and hydraulic restric-
tions of a liquid release, In describing the release of contaminant following
a core melt accident the goal is to quantify the major characteristics that
control the time dependence of contaminant migration to an accessible
environment, Conservative estimates for parameters that govern the release
mechanisms allow conservative yet realistic examination of the consequences of
a core melt accident,

The release mechanisms that would liberate contaminant to the ground water
are not precisely described by basic assumptions and simple processes. There
are a host of inner-dependent chemical, hydraulic, thermal and morphological
reactions tnat would control the release rate of contaminant into the ground-
water flow system, This study has concentrated on the long-term, far-field
effects of a core melt accident and, as such does not address the following:

l. Tess than full core melt penetration of the containment basemat ,
2. partial saturation or resaturation adjacent to the core melt debris,

3. transient thermal effects on melt debris leach release rates and sump
water flow rates,

4, less conservative assumptions of core debris morphology (i.e.,
specific surface area),
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1.5.3 Analysis of Radionuciide Transport in Ground Water

For the analysis of radionuclide transport in ground water, a one dimen-
sional transport analysis is conducted for each individual existing and pro-
posed commercial nuclear power plant site in the U.S. The results of the
analyses are "lumped" or categorized according to the hydrogeologic regime into
generic classifications. Transport analysis on individual nuclear power plant
sites when examined as hydrogeologic groups provides considerable insite to the
generic factors of a core melt accident. This approach has distinct advantages
over an approach based solely on a series of average or representative
conditions:

1. hydraulic transport parameters may have a negative correlation (e.g.,
gradient and hydraulic conductivity) and "average" values may not
occur at actual sites,

2. mass transport equations for radionuclides are non-linear and average
values may not produce an "average" or representative contaminant
discharge to an accessible environment,

3. the range of hydraulic and transport factors can cover several orders
of magnitude even in a single generic hydrogeologic classification.
Bracketing the feasible range of several key parameters can create
more transport scenarios, producing a broader range in results, than
found at actual sites,

4. the variations in contaminant transport that can be expected within
each classification are contained within the hydrogeologic data base
and can be carried through the analysis,

5. actual site data may contain associations and correlations unique to
nuclear power plants due to siting requirements that could be masked
by incorporating averaged or assumed data for similar materials
existing elsewhere,

In this manner, the generic characteristics of release, transport and discharge
to the environment are analyzed. The hydrogeologic data base contains suffi-
cient information for a one dimensional transport analysis at each site.

However, there are certain limitations to this approach. The degree of
modeling accuracy is less than if an exhaustive site and modeling study were
conducted for each site. The description of spatially dependent hydraulic
characteristics (i.e., hydraulic conductivity and effective porosity) by a
single representive value permits transport calculations of an approximate
nature. The accuracy of the transport analysis is a function of how well each
site can be described by single dimensional parameters.

The hydrogeologic data base for nuclear power plant sites used in this
study is a combination of measured, extrapolated and estimated parameters,
When hydraulic data were unavai.able (e.g., effective porosity) conservative
values, that is, values that are somewhat biased toward producing more rapid
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Considerations not included in the analysis of mitigative techniques are:

1. multi-layered systems of very different properties requiring a unit
by unit evaluation of feasible mitigative measures,

2. complex hydrogeologic environments where spatial chinges in material
properties require a strategy of multiple mitigative measures,

3. site specific restrictions to access at desired distance from
accident site (i.e., topography and existing structures),

4. mitigative measures interacting directly with the core debris {Fole,
in situ vitrification, injection of sorbing agents along core debris,
or removal of core debris).

The determination of engineering feasibility of the various mitigative
schemes requires an indepth evaluation of implementation considerations which
include:

installation time,

construction cost,

equipment mobilization,

. toxicity of chemical treatments, and
+ worker safety.

O WM e
.

Unfortunately, these issues are highly site specific and site sensitive; espe-
cially worker safety. Thus, great difficulty arises in analyzing these issues
in a generic manner. This study identifies these issues and as far as possi-
ble, within the generic context of the study, describes their implications in
regard to the feasibility of each mitigative technique. Tn go beyond the level
of information provided in this report would be unfounded and potentially
misleaaing and inaccurate within the current scope of the project.

H

1.5.5 eetermination of Feasible Mitigative Technigues for Specific
#ydrogeologic Classifications
E]

Tr® approach taken for the determination of hydrogeologic sites versus
feasibi:e mitigative techniques is to couple the geohydrologic information
pertaireng to the generic sites with information compiled on appropriate geo-
Togic properties for mitigative technique feasibility. The coupling is based
on the -~ange of conditions for which the mitigative technigque is designed and
the hydrogeologic characteristics describing each generic site. As a result, a
practical guide to feasible mitigative techniques with limitations on their
feasibility in each generic geological environment is provided.

1.5.6 Case Study Analysis

A series of three case studies are planned for the final report. The case
studies describe the methodological approach necessary to perform a reconnais-
sance level assessment of the need and feasibility of implementing mitigative
actions at selected commercial reactor sites in the U.S. The case study is not
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intended so much to answer concerns regarding specific courses of action at the
selected sites as to develop and demonstrate a methodology for evaluating miti-
gative alternatives in a site specific manner, The methodology must be broad-
based due to the complicated nature of the problem involved in evaluating the
suitability of various mitigative techniques. In general, the methodology can
be subdivided into two components: 1) the ground-water system which dictates
the need for and acceptability of mitigative actions; and 2) the plant con-
figuration and accient scenario which dictate, In a large part, the feasibility
of implementing mitigative actions. The case studies are designed to focus
attention on different aspects of these two components with hope that in com-
posite they will provide insight into the overall approach necessary for
evaluation of the broad range of issues involved in determining the necessity,
feasibility, suitability and implementability of mitigative techniques for
around-water contamination following a severe power plant accident,

The results of the first case study are presented in this draft report.
The South Texas Plant in Matagorda County, Texas was selected by mutual agree-
ment among NRC and PNL staff, Case study emphasis is focused on charateri-
zation and evaluation of ground-water flow and contaminant transport phenomena
in a porous flow environment., The intent of this case study is to determine
the methods, procedures, and analyses necessary to evaluate, using available
information, the impact of various mitigative strategies on the ground-water
flow regime of a specific site. Subsequent case studies will be more heavily
involved with issues related to power plant configuration and the trade-offs in
performance of various mitigative measures and the trade-offs in performance of
various mitigative measures,

vf the consequences of nuclear accidents is often of a
nservative ire., Simplifications and estimations are made such that under-
estimation of the consequences is unlikely, For many aspects of a consequence
lvsis this approach is valid. However, when a complex series of
errelated events are examined, as in the case of a simulation of a core melt
ident, successive estimates that are conservative can affect the realism of
! extreme cases very conservative analyses produce physically

core melt accidents a balance must be made between
The analysis of the environmental consequences and
ontaminant mitigation must be based on a realistic
1S lver-estimation of the amounts of contaminant
nay not provide a proper basis for an evaluation of
same time however, it must be recognized that
sequences of a core melt accident is far less

mation of the consequences. This study follows a
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Two Possible Configurations of a Severe Nuclear
Accident Involving Failure of the Reactor Basemat

water reactor or a reference boiling water reactor since these design types
encompass most of the commercial power reactors either in service or planned in

the U.S.

The intent of this discussion is not to provide a detailed assessment of
the engineering aspects of a core melt sequence,

2.2

It is intended, however, to



outline, in conceptual terms, the possible causes for the initiation of a
potential core melt sequence and the subsequent steps leading to the breach of
the containment basemat. This outline of a severe accident should provide a
common foundation-for the analysis of radionuclide cransport and contamination
of ground water, determination of hydrogeologic site conditicns, and ultimately
the assessment of ground-water contamination mitigative techniques.

2.1,2 Causes of a Severe Accident

In order for an accident to occur in which the containment is breached
there must be sufficient heat generated to cause a loss of integrity of the
reactor core by either a melting or partial melting of fuel elements., Over-
hrating of the fuel can occur only if more heat is generated in the fuel than
can be removed. This circumstance can be brought about by one of two events.
First, a loss of coolant will allow fuel to overheat because of the continued
decay of radioactive materials in the fuel after the reactor has been shut
down. Second, a heat imbalance can occur if the reactor power is increased
beyond the heat removal capability of the cooling system or the cooling system
capability is reduced to a level below the generation rate. This study is pri-
marily concerned with the loss of coolant accident which results in the
uncovering of the reactor core and subsequent overheating of the fuel.

This class of accident can lead to the initiation of meltdown of the reac-
tor core if there is associated with the loss of coolant failure of the emer-
gency core cooling system (ECCS). The most probable cause of a severe loss of
coolant accident is a break in one of the main coolant loop pipes followed by
operational failure of the ECCS. In the event of a severe core accident there
are specific power plant barriers that must be breached in order for a signifi-
cant release of fission products and hazardous chemicals to the subsurface
environment. The plant barriers that must be breached, in succession, are (RSS
1975):

. Fuel matrix (U0, pellets in most cases),

. Fuel cladding (;ircaloy casing or tube for most plants),
. Reactor vessel and primary system piping, and

. Containment basemat.

R O

During normal reactor operation the majority of radioactivity remains in
the fuel matrix with a small percentage migrating to the gap between the fuel
pellets and the cladding., In order for a significant amount of radioactivity
to be released to the reactor vessel and primary system piping the fuel clad-
ding must fail thus allowing direct exposure of the fuel pellets. It is
assumed that if conditions exist which are severe enough (i.e., high tempera-
ture) to cause melting of the fuel cladding then the fuel pellets would also
melt causing complete core melting. This assumption is conservative however,
due to the higher melting point (~5000°F) of U0, than the surrounding metal.
Once the above sequence of events has taken place the molten core could meit
through the bottom of the reactor vessel (RSS 1975).

It is difficult to predict the physical processes that may occur as a
result of a core melting loss of coolant accident. It is considered "likely"
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that sufficient thermal mass would be available to eventually melt through the
lower concrete structure (i.e., the basemat) of the containment (RSS 1975). In
this study it is assumed that the core melt mass penetrates the bas:mat and
enters the geologic materials under the power plant.

There are several accident sequences for both PWR's and BWF's that could
result in a core melt. Each of these accident sequences has a :haracteristic
release of radionuclides. This study assumes that the most prooable core melt
accident for a PWR or a BWR would occur. The sensitivity of ccntaminant dis-
charge to the environment to various accident sequences 1s discissed in Sec-
tion 2.2.2. The assumed accident sequences are conservative in that: 1) PWR's
would partition the radionuclides between core debris and sump water in a ratio
that favors early hydraulic release; and 2) BWR's and PWR's would release the
maximum amount of radioactivity into the ground-water system rather than the
surface or above-ground environment.

The most probable accident sequence for a pressurized water reactor
designated PWR-7 in the Reactor Safety Study 1975) is summarized as follows:

@ PWR 7 - This accident sequence involves a core meltdown due to fail-
ure in the core cooling systems. The containment sprays would oper-
ate, and the containment barrier would retain its integrity until
the molten core proceeded to melt through the concrete containment
basemat. The radioactive materials would be released into the
ground, with some leakage to the atmosphere occurring upward through
the ground, Direct leakage to the atmosphere would also occur at a
low rate prior to containment vessel melt through. Most of the
release would occur continuously over a period of about 10 hours.
The release would involve 0.002% of the iodines and 0.001% of the
alkali metals present in the core at the time of release. Because
leakage from containment to the atmosphere would be low and gases
escaping through the ground would be cooled by contact with the
soil, the energy release rate would be very low.

The most probable accident of a BWR core melt accident (designated BWR-3
in the Reactor Safety Study 1975) is summarized as follows:

e BWR 3 - This release category represents a core meltdown caused by a
transient event accompanied by a failure to scram or failure to
remove decay heat. Containment failure would occur either before
core melt or as a result of gases generated during the interaction
of the molten fuel with concrete after reactor-vessel melt through.
Some fission-product retention would occur either in the suppression
pool or the reactor building prior to release to the atmosphere.
Most of the release would occur over a period of about 3 hours and
would involve 10% of the iodines and 10% of the alkali metals. For
those sequences in which the containment would fail due to overpres-
sure after core melt, the rate of enerqy release to the atmosphere
would be relatively high. For those sequences in which overpressure
failure would occur before core melt, the energy release rate would
be somewhat smaller, although still moderately high.
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2.1.3 Core Melt Penetration of Reactor Basemat

In the final stage of a core melt sequence the core of the reactor con-
taining nuclear fuel, steel support structure and piping wouid liquify
(Niemczyk et al. 1981). The molten mass sequently would flow under gravi-
tational force to the bottom of the reactor vessel. The molten mass could then
melt through this structure and contact the final barrier - the containment
basemat., The basemat is a limestone or silica sand-based concrete approxi=
mately three meiers in thickness which serves as part of the structural foun-
dation. The decay heat content of the core melt mass would decompose and melt
the basemat., Experimental data indicate that the rate of basemat penetration
is 3 to 7 cm/h (PACMA 1981). During this process the core melt mass would be
accreting material from the structures it contacts. The core melt mass may
penetrate the basemat and continue to melt into the geolocic materials under-
lying the power plant (PACMA 1981). In reference to an analysis of two PWR's
the staff of U.S.NRC concluded that basemat penetration can be precluded only
if the core debris is kept separated from the concrete or if the core debris is
cooled to temperatures below the penetration threshold for concrete (PACMA
1981), The melt mass would accumulate geologic materials and thus initiate
cooling due to convection and conduction. After about one month the melt mass
would no longer contain sufficient heat to melt additional material and the
core melt debris would begin to solidify (Niemczyk et. al. 1981),

2.1.4 Chemical Composition of Core Melt Debris

The physical and chemical properties of core melt debris are, in part, a
function of the construction material comprising the basemat and the undis-
turbed geologic units under the power plant. The precise characterization of a
generic core melt debris is not possible due to physical uncertainties, acci-
dent dependent factors, and site specific conditions. The melt debris can how-
ever be generalized into two basic classifications: 1) core melts into silic
materials; and 2) core melts into carbonate materials. The chemical composi-
tion, solidified geometries, and release of radionuclides would be fundamen-
tally different in these two melt types. In classification of core melts based
on chemical composition of liquified geo-materials there is an assumption that
the basemat and the underlying geologic units are chemically similar. In gen-
eral, this is correct as limestone or silicic aggregate from local sources is
used to construct the basemat. The chemical composition of cement produced
from silicic and carbonate aggregate is given in Tabie 2.1.4-1. Core melt
masses containing a mixture of silica and carbonate are quite possible and
would have physical properties between these two chemical extremes. The two
types of chemical melts span the range of feasible debris conditions (Niemczyk
et al. 1981).

Silicic materials are more easily melted than carbonates and the molten
mass would extend about 11 m below the basemat (RSS 1975). The idealized
configuration of the solidified silicic melt debris is roughly cylindrical.
The geometry of the core melt would be determined by the specific heat of
silicic material encountered (this may change with depth if a layered geologic
unit is penetrated) and the presence of open fractures. The silica melt would
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TABLE 2.1.4-1. Concrete Compositions
(Source: Levine 1977)

Siliceous Carbonate
Material Weight Fercent Weight Percent
siu,(2) 55.7 15.3
cac0,(®) 0.2 64.9
Ca(0H), 21.6 12.7

fa) Includes TiG0,, Nay0, K50
(b) Includes MgC83

not be a massive block of glass (Niemczyk et al, 1981). Mixing of unmelted
materials and some degassing of volatiles would produce a somewhat porous mass
along the outer boundary, Fracturing during cooling, especially if cooling was
rapid, would greatly increase the surface area and permeability of the debris.

Carbonate materials require an order of magnitude more heat than silicate
materials to melt an equivalent volume of rock (Niemczyk et al. 1981). The
depth of penetration below the reactor vessel would be less in carbonate mate-
rials at about 3 meters as shown in Figure 2.,2,2-2, The shape of the solidi-
fied melt mass would be strongly influenced by penetration into solution
cavities., If the cavities contained water, the melt debris would be rapidly
cooled, The core debris would chemically resemble a calcine material and would
have a high density due to degassing of carbon dioxide during melting, The
degassing of a carbonate melt could also impart a relatively high porosity to
the core debris.

2.1.5 Sump Water Release Following Basemat Penetration

Pressurized water reactors have a probability of a sump water release ir
addition to a core melt release of 5 x 10™° per reactor year (RSS 1975). The
sump water would originate from cooling sprays used in the accident sequence
and would acquire radionuclides from the containment atmosphere, The rate of
liquid release is dependent on the permeability of the core melt and surround-
ing areal position of the water table or perched water tables, size of the
basemat penetration, partfally saturated flow characteristics, and pressuriza-
tion of the containment building. The range of variables involve. in determin-
ing the rate of sump water release indicates that the liquid could slowly leak
into the ground-water system over a period of months or could be jetted into
the earth in a few hours, A description of the sump water releases is given in
Section 2.5.
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2.2 INDICATOR RADIONUCLIDES

2.2.1 Initial Amount of Indicator Radionuclides in Core

The reactor core contains an inventory of over 75 radionuclides (Niemczyk
et al. 1981), These radionuclides are in various quantities and have different
half-lives. However, examination of the entire reactor core radionuclide con-
tent is not necessary to characterize generic sites. In this study the radio-
nuclides used to indicate the relative severity of an accident have three
properties: 1) a long half-life to assure that they do not undergo significant

decay prior to surface water discharge; 2) a high initial amount that could
cause environmental concern; and 3) a low degree of sorption so that the con-

taminant would be easily transported by ground water, The three radionuclides
meeting these criteria are listed in Table 2.2.1-1.

By examining the transport of these indicator radionuclides, the severity
of radionuclide nuclear discharges to the accessible environment can be evalu-
ated. The initial amount of each radionuclide is based on a theoretical reac-
tor of a 3,200. thermal megawatt design (RSS 1975). This reactor size is
typical of nuclear power plants in the U.S. which have a design efficiency of
31% yielding 1,000 electrical megawatts (RSS 1975). The differences in
calculation of fuel burnup rates and power densities beiween PWR's and BWR's is
not a sensitive parameter (Niemczyk et al. 1981). The assumption of a single
inventory for both reactor types is conservative in respect to the core melt
process (Niemczyk et al, 1981),

2,2.2 Radionuclide Partitioning

Boiling water reactors would have minor water releases below the contain-
ment structure and the radionuclide inventory would reside in the core melt
debris. Pressurized water reactors could release a fraction of the core inven-
tory during a core melt accident to the cooling water that collects in the con-
taminant sump. Release of the sump water through the basemat melt hole or
through cracks and fractures in the basemat would also enter the ground-water
flow system. The sump water is of note for two reasons: 1) some radionu-
clides, particularly cesium-137, are concentrated in the sump water; and
2) sump water involves a hydraulic release that could occur over a short period
of time thus concentrating and driving contaminant toward the accessible
environment. The release fractions of radionuciides are acciden* and reactor
type specific. The core inventory is partitioned into the atmosphere, the core

TABLE 2.2.1-1. Indicator Radionuclides

Adsorption
Radionuciyrde Initial Amount Half-Life (Relative to Other
Nuclide (p curies) (days) Indicator Radionuclides)
Strontium-90 3.71 x 1018 10519 Low
Cesium-137 4,67 x 1018 11042 High
Ruthenium-106  2.48 x jol9 367 Intermediate
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water. The partitioning

are taken from the (Ni1em

assumed accident sequence T« PWR 1s conservative in that the
amount of radioactivity enters the sump water where 1t can reach the
ysphere in the shortest period of time. Radionuclides not in the sump water

are assumed to be in the core melt debris where they are leached into ground

water over long periods of time.

re melt accident sequence other than PWR-7 or BWR-3 would release les:
1ant into the ground-water flow system than the fracticons indicated in
’-1. The magnitude of variations in hydrogeologic parameters are
with variations in documented accident sequences in Table 2.:
variation in contaminant release fractions due to the occurrence
probable accident sequences is small in comparison to the large range
source and hydraulic transport parameters. The amount of con-
h

o

-
meit

ijischarged into a surface water body is & much stronger function of
hydrogeologic conditions than accident sequence.

The effect of radioactive decay exponentially magnifies the variations in
the hydraulic and transport characteristics when the radionuclide flux at a
distant boundary is evaluated. That is, the large site specific variations in
hydrogeologic transport result in even larger variations in amounts of contami-
nant when discharged into surface water depending on half-life. However, the
accident sequence determined release fractions are linearly related to the
amount of radionuclides discharged from the ground-water system to a surface
water body. The accident sequence is therefore an insensitive parameter in the
computation of radionuclide discharge fluxes to a surface water body and the

amount is assumed to be released in this study.

Release Fractions for Indicator Radionuclides

Airborne Sump Water Core Melt Debris
Release _Release Leach Release

10-4¢(2) ) 89%

- (r
10~ 44 (b 92%
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(a) Includes Ba.
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ncludes Ru, Rh, Co,
ncludes Rb,
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TABLE 2,2,2-2. Generic Hydrogeologic and Accident Sequence Variations

Range of Variations within Generic

Type of Variation Classification (given in orders of magnitude)
Hydraulic Characteristics
Porosity 0-1
Hydraulic Conductivity 3-6
Hydraulic Gradient 1-2

Transport Characteristics
Retardation

Distance to accessible
environment

—
N w

Core melt leach rate 2

Accident Sequence
Leach release fractions 0-2*
Sump water release fractions 0-2*

* Not generically controlled. Includes release categories Xe, I, Cs, Te, Sr,
Ru, and La range of variations are less for indicator radionuclides.

Tre molten core melt mass would vaporize the ground water in the vicinity
of the debris. Other gasses might also form due to volatilization and chemical
reactions in the melting of geologic materials. These gasses would contain
some of the radionuclides released and may migrate around the basemat or
through a ruptured containment structure and enter the atmosphere. This study
conservatively assumes that these releases are negligible and the core inven-
tory is available for ground-water transport.

2.3 COOLING OF THE CORE MELT DEBRIS

The molten core materials will initially cool by 1) a decrease in decay-
heat generation, 2) incorporation of cooler geologic materials, 3) degassing of
volatiles and 4) convection-conduction processes. The mass of the debris can
be estimated to a reasonable degree of certainty based on the heat cortent of
the reactor core and the type of materials penetrated. The shape of the soli-
dified mass is dependent upon the melting point, bulk mass density and water
content of the geologic materials as well as the vigor of core melt mixing
during penetration. The core melt mass would be roughly cylindrical in form.
Liquid core material would flow into any openings or voids (i.e., fractures and
solution cavities) encountered during melt penetration. The melt would quench
quickly if it encountered a highly transmissive saturated fracture.

The emplacemerit of the core melt will alter an undetermined zone around
the debris. Partial melting and dessication of this zone will change its
hydraulic properties. Partial melting may lower the effective porosity and
seal existing fractures. Dessication adjacent to the core debris would grade
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into a partially saturated zone and then an undisturbed area. The residual
heat of the melt would maintain the dessication zone until temperatures dropped
below the boiling point of water. These factors would reduce hydraulic conduc-
tivity around the core melt and delay radionuclide transpurt. The near-field
effects of core melt implacement are not considered further in this study.
Transient hydraulic events such as the re-establishment of a flow field around
the core debris are conservatively assumed to be instantaneous after core
debris cool down.

Ground water contact with the core melt debris will cool the melt at a

much faster rate. As ground water cools the outer skin of the melt mass con-
traction with fracturing along radial and axiai patterns is likely. With time,
ground-water flows would penetrate deeper into the melt debris until the melt
debris became saturated throughout its entire mass. The time period for ground
water to fully contact the debris would be on the order of one to two years.

In PWR's the liquid sump water could initially reside on top of the core melt
mass and hasten cooling by evaporation and condensation inside the containment
structure., The top portion of the core melt debris could cool sufficiently to
allow sump water to flow around the hot debris about six months after the
accident (Niemczyk et al., 1981). The central portion of the core debris would
remain at an elevated temperature after the sump water release. In this study,
radionuclides are assumed to enter the ground-water system one year after the
accident for core melt leached contaminants and six months after the accident
for sump water releases.

2.9 CORE MELT DEBRIS LEACH RELEASE

2.4.,1 Introduction to Leach Releases

The release of contaminant frow .o rore mel lebris would be from leach-
ing of radionuclides into the ground-water flow “v Leach releases by
ground water are dependent on many factors includin,

. chemical composition of material ieached,

. temperature,

ratio of surface area to volume,

density,

. leachate resaturation rate,

. dominant leach mechanism (i.e., molecular diffusion or matrix corrosion),
and

7. amount of core melt debris saturated by ground water.

AW B WM -
-

There are variations and uncertainties associated with ali of these factors.
The computation of a long-term leach rate for a core melt mass involves param-
eter estimates and generalizations with greater ranges than those used to cal-
culate ground-water contaminant transport. There is considerable uncertainty
in computing a radionuclide leach release rate for a core melt mass.

Leaching results of glasses under laboratory conditions can vary by over
an order of magnitude. In addition there are a variety of test methods and
reporting formats. Many tests are conducted on powdered or fine-grained
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material at elevated temperatures for short periods of time. The extrapolation
of these results to a more massive material at ground temperatures over Tong
time periods is somewhat questionable. The initial state of the surfaces being
leached has an important effect on the short-term results. For example,
samples with a flame-polished surface are not typical of the bulk of the glass,
and leaching of such samples will give different initial results. Fractures or
cut surfaces are more typical of the bulk glass surface. Leach tests carried
out at room temperature often show high initial leach rates which drop by 2 or
3 orders of magnitude over a few days. Many accelerated leach tests (particu-
larly the Soxhlet test) obscure this initial efrect (IAEA 1979). Test of glass
leaching are infrequently performed for periods more than a few weeks. Chalk
River Laboratory in Canada has a leach test of glass blocks in progress since
1960 (Merrit 1977)., The difficulty in determining a long term leach rate has
in part, lead to the extremely conservative modeling assumption that the radio-
nuclide release to ground water is instantaneous (LPGS 1978; Niemczyk et al.
1981).

Despite these difficulties the material properties of a silica melt and a
calcine melt are recognized as having leach rates that are different by at
least gne order of magnitude., The leach rate is important when estimates of
radionuclide flux over time at a surface water body are used to calculate
concentrations and subsequent population doses. Obviously, over estimation of
radionuclide release rates by many orders of magnitude (i.=., instantaneous or
prompt releases) causes corresponding over estimation of the environmental
hazards. In addition, the implementation of contaminant interdiction is pre-
dicted by the magnitude and duration of the nuclear release. This study uses
conservative yet realistic long-term estimates of leach release rates for
silicic and calcine materials.

2.4,2 Silicic Melts

2,4,2,1 Leach Mechanisms

For this melt type the geolcgic materials comprising the basemat and
underlying formations are assumed to be predominantly silicon-aluminum-oxides.
A glassy (amorphous silica) core melt mixture is calcula‘ed by Niemczyk et al.
(1981) to contain 86% silica by weight at the time of solidification. Mixing
and degassing would incorporate cavities and particles of rock. Consequently,
the core debris would not resemble a solid block of glass. However, the melt
material can be chemically characterized as similar to a glass or naturai
occurring volcanic obsidian. Cooling would subject the debris to thermal-
induced stress that would cause fracturing. Experiments conducted on nuclear
explosion melt glass indicates that the flow rate of water over the samples did
not effect the leach rate (Chapman et al. 1980; Failor et al. 1983). The core
melt debris is assumed to be sufficiently porous and/or fractured that it would
not form a major hydrualic barrier. The position of the water table is
conservatively assumed to be above the top of the core debris.

The mechanism of glass leaching has undergone extensive study due to the

feasibility of isolating waste products in glass. The leaching mechanism is
described by Barkatt et al (198l1) as:
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Early work on silicate glasses containing alkali metal oxides
and alkaline earth oxides has shown that the attack of water on the
glass starts as a diffusive process through which alkali cations are
preferentially leached from the surface layers, leaving behind a
porous high-silica layer. As the dealkalized layer becomes thicker,
the rate of further diffusion of alkali out of the glass through this
layer becomes progressively slower, until silica dissolution at the
interface between the dealkalized layer and the solution begins to
control the rate of the attack.

After having heen exposed for a sufficiently long time, silicate
glasses with high durability posses silica-rich films which are dense
enough to protect the glass from further rapid attack. In these
cases, a transition layer, highly resistant to diffusion, is observed
to f  “stween the outer porous gel layer and the solid glass. This
is p , due to the replacement of ionized oxygen-alkali bonds by
undissociated matrix dissolution. In glasses, the formation of a
hydration layer generally occurs simultaneously with the depletion of
alkali ions.

A protective gel layer develops more slowly with time and the leach rate
is of a parabolic type (Lanza et al. 1980). The growth of the hydration layer
may be interrupted by cracking or peeling of the gel. There are two mechanisms
that cause disruption of the gel layer: 1) as the glass hydra;es the gel layer
swells; and 2) the exchange of alkali ions by hydrogen (or H30") ions creates
stress along the glass-gel layer due to change in ionic size and bond energies
(Barkatt et al, 1981), Exposing fresh glass would restart the leaching process
without the protective hydration layer and the leach rate would inc:ease.
Mechanical agitation in laboratory tests due t) boiling, mixing and handling
may cause disruption of the hydration rind. These conditions would occur only
in the early stages of core melt cooling and saturation.

Early in the leach process diffusion is noted in glass by the preferential
release of the radionuclides strontium-9C, cesium=137, and alkali ions (Barkatt
et al, 1981). At longer times ionic diffusion from the glass is hindered by
the protective hydration layer. The migration of radionuclides through the
hydration layer is retarded by sorption in the insoluble silicic rind. The
leaching of radionuclides from glass over long time periods can be summarized
as in Table 2.4.2-1.

Leaching of glass over the short term (days) is diffusion controlled.
Long-term (decades to a millennium) leach processes, which are important in
determining the severity of a long radionuclide release period are controlled
by hydration and corrosion of the glass matrix. Leach rates of radioactive
high-level waste glass had not reached a constant value at 639 days and
demonstrated the combination of release mechanisms (Bradley 1978). Matrix
dissolution is an important part of long-term glass leaching (Clark et al.
1979). Matrix dissolution is probably the dominant mechanism at 25°C and
perhaps as high as 75°C (Coles 198lb).
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TABLE 2.4.,2-1, Silicic Leach Processes

1. At early times (days) ionic diffusion process are dominant which become
exponentially less important with time.

2. Hydration of outer layer of giass with subsequent loss of akali ions and
corrosion of the glass matrix.

3. Following corrosion of the matrix radionuclides and other ions migrate
through the hydration layer and are retarded along the pathway.

4, The radionuclide reaches the outer edge of the hydration rind and enters
the ground-water flow system,

2.4.2.2 Silicic Leach Rate

The rate of hydration of glass can be estimated by examination of a vol-
canic glass known as obsidian. These glasses have been exposed to leaching by
ground water over thousands of years and provide an example of long term rates.
The process of degradation of obsidian forms perlite or hydrated obsidian
(Ericson 1981), Obsidian formation is a near surface geologic event and leach-
ing conditions are similar to those of a postulated core melt accident (Ericson
1981), The thickness of the insoluble hydration rind has been correlated with
historic and geologic age and is described by Friedman and Long (1976) as:

L= KT (2.1)

where:
¢ = thickness of hydra?ign (um)
K = hydration rate [(um)“/1000 year]
T = time (yr).

The hydration rate (K) is a function of temperature and chemical composi-
tion. In a shallow geologic environment the earth temperature is assumed to be
20°C, The hydration rate of obsidians in Japan was found to be related to tem-
perature (T) by:

K = (6,76 x 10°13) exp (-8927/T) (2.2)

yielding a X of 5 umz/louu years (Suzuki 1973). This value is in excellent
agreement with the hydration rates of obsidian in the western U,S. (Friedman
and Long 1976) and (Friedman und Obradovich 1980). The correlation of his-
torical date to thickness of the hydration rini indicates that peeling and loss
of th: rind due to stress is not a prevalent event at these time periods (i.e.,
hundreds to thousands of years).

The leach rate of a silica glass is computed by knowing the surface area
of the melt and application of Equations (2.2) and (2.3). The geometric sur-
face area of the melt can be computed to a moderate degree of accuracy. The
configuration of a silicic core melt is illustrated in Figure 2.4.2-1, The
surface area of an actual melt would consist of partially granular to fracture
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where:
M = quantity released to time (t)
Q = amount. of initial radioactivity
Wy radioactive decay fraction at time (t)
Lo = original length of representative fracture cube

Hy hydration thickness at time (t), and other notation as defined
previously,

The number of representative froct.ure cubes (N) cancels in both Equa-

tions (2.4) and (2.5). The release of radionuclides from a core melt by this
mechanism is conservative in four major respects:

the hydration rate would be more rapid in an admixture of silica,
steel, fuel and incorporated partially melted geologic materials,

the surface area of 100 cmz/q is very high and img ies extensive
fracturing and/or a partially granular material,

nydration with subsequent corrosion release of radionuclides would
also include the additional time necessary for material to diffuse
through the insoluble hydration rind,

saturation of core melt is assumed instantaneous after cooling, and
the entire core debris is assumed to be below the water table,

These conservative factors of a silicic leach release are judged to be adequate
to compensate for the uncertainty in the long-range leach mechanisms not

accounted for in the release model. Specifically, there is no method to pre-

dict the possible cracking and pealing of the hydration rind and at early times
(€.g., days) the hydration rind is not fully formed and diffusion dominates the
release of radionuclides,

Comparison with Experimental Results
mp p

Comparison of this methodology to long-term glass leach data indicates
that tneﬁreiults are reasonable. The comparison is based on a leach rate (R)
in g cm™®d”™" is given as (IAEA 1979):

amount of "A" (g) removed in time t (days)
initial amount of "A" (q)

initial weight (g)

surface area (cm®)

time (days)




The parameter A can represent the activity of an isotope, however in this
case A equals grams of silica. The value of R is not always directly com-
parable with other published results, In some cases R is based on geometric
surface area and in others it is based on true surface area. This can chaige
the leach rate by over three orders of magnitude depending on the material com-
position, Values for leach rates used in this study are based on true surface
area, The leach rate (u<ing Equations 2.4, 2.5, 2.6 and the referenced experi-
mental results) at 45 days and at 14 years is given in Table 2.4,2-2,

The leach rate at 14 years is computed for a standard ground-water temper-
ature of 20°C and a lower temperature of 5°C., The lower leach rate observed at
5°C is comparable to measured rates in the cool ground-water (0-5°C) at Chalk
River Laboratory. The hydration rate in near freezing ground water is reduced
by over two orders of magnitude, Leach rate calculations for this study were
made for ground-water temperatures of 20°C,

Figure 2,4,2-2 presents the long-term silicic leach release for stron-
tium-90 and ruthenium-106, The release of these two radionuclides is assumed
to be congruent and at a rate controlled by the hydration-dissolution of the

TABLE 2.4.2-2. Comparison of Long-Term Experimental Data
and Silicic Leach Model

Le““g““f

Material Time (g cm™ d™*%)
Rock-Glass (2) 57 days 6.6 x 10-8
LWR Glass(?) 45 days 1x1077 -1x 108
NTS Nuclear Explosion Glass(P) 45 days 1 x 10-8 - 1 x 10-9
NTS Nuclear Explosion Glass(c) <20 days 5 x 108
Silicic Leach Model(f) 45 days 8.3 x 10-8
Chalk River p 1
Glass Blocks( ) 14 years 5 x 10~11
Silicic Leach Model(e) 14 years 6.9 x 10-12
Silicic Leach Model(f) 14 years 7.8 x 1072

(a) Experimental results from [AEA 1979,
(b) Experimental results from Coles and Ramspott 1982,
(c) Experimental results from Failor, Coles, and Rego 1983,
(d) Experimental results from Merrit 1977,
’e; At 5°C
At 20°C
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SILICIC LEACH FUNCTIONS
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FIGURE 2.4,2-2. Long Term Leach Release Rate for Silicic Core Melt

glass matrix, Obviously, the initial radioactive quantity, release fraction

and radioactive decay is included in the calculation. In long-term leach pro-
cesses individual chemistries of the various elements become less important as

a common leach rate is approached as leaching proceeds (Coles 1981a), The
decreasing rate of radionuclide release is due to a combination of both the
hydration-corrosion model and radioactive decay. Leach rates of nuclear explo-
sion glass have indicated a continued decrease in rate to 420 days and were on

a decreasing trend, Steady leach rates were not obtained in these tests (Failor
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FIGURE 2.4.3-1., Confiquration of Solidified Core Debric for Calcine Melt
(After: Niemczyk et al, 1981)

accuracy of the leach rate prediction is directly proportional to the accuracy
of the estimation of surface area., The core debris surface area can range over
two orders of magnitude depending on the chemical composition and water content
of the geo-materials under the plant, vigor of the carbonate to calcine reac-
tion and fracturing during post accident cooling., The specific surface area of
calcine material is estimated in LPGS (1978) based on geometric surface area
and granular particle sizes. The mean diameter of a particle produced by the
decomposition of concrete by core debris ranges from 200 to 1000 ym (PACMA
1981)2 These particle sizes correspond to specific surface areas of 60 to

12 cm“/g, respectively., A summary of these estimgtes is given in

Table 2.4,3-1. A specific surface area of 100 ¢cm“/g is considered to be
realistic of a calcine material not quenched in standing water,

The effective diffusivity is a fundamental measure of the rate at which a
contaminant will be removed from the solid matrix. Experimental work with
cementitious grouts (Moore et al, 1976) indicates that the release rate is over
100 times greater than for glass. Based on experimental leaching of stron-
tium-90 from hydrofriit grout the Sffegtfve diffusivity based on geometric sur-
face area is 1 x 107*" to 6 «x 10'1 cm®/sec (Moore et al, 1970{5 AQ effective
diffusitivity based on actual surface area is taken as 6 x 107" cm®/s,

Figure 2,4,3-2 presents the calcine leach release rate for strontium-90 and
ruthenium-106,

2.5 SUMP WATER RELEASE RATES

pressurized water reactors could also release contaminated water used in
cooling during the accident sequence, The water would collect in the reactor
sump and may be released due to: 1) the flowing through the hole in the base-
mat formed by the molten core; or 2) flowing through the fractured basemat if
the core did not penetrate the containment structure, Therefore, it is feasi-
ble to have a contaminated sump water release even if the core melt does not
completely penetrate the basemat. The rate of this liquid release would depend
on:
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Estimated Specific Surface Areas for Core Debris

Specific Surface Area Basis for Estimate

eometric surface area

value for land based plant (LPGS-1978)
area enhancement of 1000

less than for water quenched material

']

Particle size minimum of 12 ym for core material

{
\

juenched in standing water\“™/

Determined for calcine core melt geometry of Niemczyk et, al,

." 1981 )

b) LPGS (1978) melt geometry more indicative of silicic material,
Particles are assumed to be spherical grains., The range of
specific surface areas,.in a calcine debris is prodably bounded
between 10 and 1000 cm®/qg,

size of basemat opening,

jfensity and viscosity of sump water,

hydrogeologic properties of underlying materials, and

pressure head,

Assuming that a sump water release occurred at any of the nuclear power
plant sites, the liquid release could take place over several days to several
months, The sump water release rate and radionuclide release rate used in this
study are based on the aquifer properties at each site, There are uncertainty
3s to the actual conditions that might be present at a core melt accident,
Specifically, the permeability of the opening in the basemat (important only
when the basemat is fractured and not penetrated) and the pressure head inside
the containment building,

1f the containment structure ruptured prior to basemat melt-through, the
pressure head would consist solely of the hydraulic head difference between the
jround water and the fluid inside the containment, The position of the water
table at most sites is above the top of the basemat. At these locations if the
containment building ruptured prior to melt-through, ground water would flow up
through the core melt debris and flood the lower pertions of containment, If
this ground-water seepage was allowed to equilibrate with respect to the water
table the average maximum depth of water inside containment would be 8 to
20 meters (Niemczyk undated), As in the case of water flowing out of the con-
tainment structure, the rate would depend upon the site specific conditions 25
noted above., This water could be pumped from the containment structure as a4
part of the mitigative procedures,
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[f the containment structure had rot failed and pressure inside the con-
tainment was above the ground-water pressure head, sump water would exit the
containment. Initially the heat of the core melt mass would prevent sump water
from escapirg, However, the constant vaporizatior. and condensatior of sump
water in con*act with the meit mass would result in more rapid cooling of the
debris, The iop of the core melt mass may become sufficiently cool to allow
sump water Lo enter the ground-water system in as little as six months after
the accident (Niemczyk et al, 1981), This time period of six months for delay
after the accident to time of 'iquid release is used in this study.

A sump water release is evaluated by nexing six practical assumptions:

1. the pressure head insice the contzinment is above the water table
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head by distance from the top of the core melt to the top of the
basemat plus 4,5 meters standing water above the basemat,

2. the ground-water flow system is unconfined and the effective porosity
as reported in Niemczyk (undated) is equivalent to the effective
storage coefficient,

3. the radius of flow is equal to the size of the exterior of the
solidified core melt debris,

4, radionuclides are dispersed in 1135 m3 of sump water liquid,

5. the ground-water flow conditions are saturated and hydraulic
conductivity is as listed for each site in Niemczyk (undated).

6. The sump water has the density and viscosity of average ground-water,

These conditions are known to be conservative with respect to positive
containment pressure and flow hydraulics in the disturbed zone beneath the
containment structure, This is recognized also to be less conservative, but
more realistic than an instantaneous or prompt release. An actual sump water
release would be at slower rates unless the containment building was severely
overpressurized, Under these assumptions the Thies equation for non-steady
radial flow was used to determine the flow rate from the containment (Freeze
and Cherry 1979).

-X
Q=4nkbz[, 4—adx (2.7)
ehe *
Kbt
where:
0 = volumetric flow rate (L3/5)
K = hydraulic conductivity (L“/t)
b = geologic unit thickness (L)
Z = hydraulic head (L)
r = radius of flow input to aquifer (L)
f = coefficient of storage (dimensionless)
t = time

The rate was averaged over a short period of two hours which allows the
peak release rate of radionuclide to be determined. The exponential form of
the Thies equation allows an initial flow rate to be rapid with subsequent
diminishing of the flow with increasing time. !nder these conditions the peak
release rate of radionuclides would occur at the beginning of the sump water
escape, Therefore, the release rate is modeled as a single valued peak release
at each site, The sump water release was not modeled as a time dependent
release due to the short period of release from the containment as compared to
the travel time to the accessible environment and the uncertainty associated
with the volume of water that would be released. The assumptions of the sump
water release are reasonable but do not account for site specific factors other
than hydraulic conductivity and effective porosity.

The sump water release is designed to properly scale the release of radio-
nuclides based on aquifer hydraulics. Although there is recognized uncertainty
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associated with this methodology it is more realistic than assuming the sump
water instantaneously exits. At the least, this method accounts for the gross
vadriations documentated in aquifer hydraulics at the individual commercial
nuclear power plarit sites, Since each plant site was characterized by a dif-
ferent sump water release rate, there is no standard release rate curve for
sump water exiting the containment structure.

2.6 CONCLUSIONS CONCERNING RADIONUCLIDE RELEASES FOLLOWING
CCIDENT

l. In the unlikely event of a coremelt accident it is feasible for core
debris to degrade and penetrate the containment basemat releasing
radionuclides to the ground-water flow system,

2. Chemical composition of the concrete and underlying materials could
have a large influence on the physical properties of the solidified
core debris, The release of radionuclides from silicic materials is
basically a corrosion-dissolution mechanism while calcine materials
release contaminants primarily through diffusion processes.

3. The leach release rates could be 100 times greater in calcine
materials than in materials that are predominately silicic.

4. Sump water liquid release rates are very site and accident sequence
specific. This type of release at a site could occur very slowly or
quite rapidly depending on containment pressurization and the hydrau-
lics of the altered zone around the core debris.

5. Radionuclide discharge quantities to surface water are more a func-
tion of ground-water transport factor than release fractions deter-
mined by arcident sequences (e.g., PWR 1-7 and BWR 1-4),
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3.0 GENERIC HYDROGEOLOGIC SITE CLASSIFICATION

3.1 CLASSIFICATION SCHEME

3.1.1 Considerations for a Classification Scheme

The classification of existing and proposed nuclear power plant sites in
the U.S. is based on their respective hydrogeologies. The classification
scheme follows the concept that the hydrogeological site conditions will con-
tro! the ground-water transport mechanisms and will contribute to the deter-
mination of appropriate mitigative strategies following a core melt accident,
Combining classification criteria for transport with potentially feasible miti-
gative measures results in a matrix of generic hydrogeologies and the associ-
ated mitigative actions. This classification scheme also facilitates the
generic study of important ground-water transport characteristics such as
travel times and radionuclide discharge rates associated with accessible
environments,

The major factors controlling ground-water transport are site geology,
hydrology, geochemistry, and geography. These factors are interrelated and
strongly affect the overall characterization of a core melt accident. For
example, the rock chemistry determines the penetration depth of the core melt
mass, the type and rate of leach release and, in part, the retardation of
radionuclides in transport. In this case, the geochemistry effects the depth
of borings into the contaminated zone, the time scale for project completion,
and the necessity for any mitigative action. The selection of specific miti-
gative techniques is also a function of the hydrogeologic factors at the
site. The hydrogeologic site conditions affect the feasibility of a mitigative
technique at that location, For example, the construction of slurry walls
requires unconsolidated material or very soft consolidated material.,

The classification scheme is based on hydrogeologic parameters that are
most sensitive in affecting radionuclide transport but are also readily deter-
mined for a site., The classification of nuclear power plant sites was limited
in scope so that it would not be unwieldy. However, a representative number of
sites are included in each generic classification., This is similar in practice
to the determination of generic surface water classifications as found in "The
Consequences from Liquid Pathways After a Reactor Meltdown Accident,"
NUREG/CR-1596., Five criteria were used to determine the hydrogeological
classification of each nuclear power plant site, These criteria are based on:

1. geologic unit,

2. rock chemistry,

3. consolidation of material,
4, porosity, and

5. ground-water chemistry,

A1l existing and proposed nuclear power plant sites were reviewed accord-
ing to the above criteria., The generic site classification scheme was then
developed by determining commonalities among the hydrogeologic properties for

certain groupings of sites based on the above criteria, Individual generic
sites embody these common properties,
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The information needed to classify the nuclear power plant sites is taken
from an unpublished report “A Summary of Subsurface Hydrogeological Information
for Light Water Nuclear Reactor Sites" by S. J. Niemczyk at Oak Ridge National
Laboratory. The hydrogeologic data base presented in the report lists the
geologic unit, distance to nearest suface water body and the aquifer properties
for each site. The geotechnical data base used to determine the hydrogeologic
properties of each power plant site was developed from Niemczyk's report.
Portions of the geotechnical data base are presented in Section 3.5 by generic
classification,

3.1.1.1 Geologic Unit Criterion

The basemat of the containment structure at nuclear power plants is con-
structed of concrete up to 3 meters in thickness. Below the basemat and any
intervening engineered backfill at each site lay undisturbed geologic materials
of various compositions. The geulogy may consist of massive units or strati-
fied units of various types. When the geologic media are stratified, the
hydraulic properties can range over several orders of magnitude between adja-
cent units. The geotechnical data base used in this study contains 50 sites
where stratified deposits were noted. At 29 sites the hydraulic properties of
individual units within the stratified materials are known. The determination
of which geologic unit was chosen to characterize each stratified site was
based on three conditions:

1. position of the water table, (which may be perched),
2. silicate or carbonate rock chemistry, and
3. ground-water hydraulics.

The geologic unit must 1ie below the water table. 7The basemat of most
nuclear power plants lies below the water table and therefore a core melt
accident would directly impact the saturated zone. Fifteen sites have water
tables below the basemat. However, the core melt would penetrate into the
saturated zone at all but four of these sites. The sites where the core melt
would reside in the partially saturated zone are excluded from further study
due to extremely slow contaminant transport rates and the complex site specific
data and modeling requirements for characterization. Geologic units above the
water table or above the top of the core melt were not considered for the
purpose of generic classification. A liquid release of sump water from a
pressurized water reactor is assumed to flow through and around the core melt
mass and into the selected geologic unit.

The geologic materials were classified as being silicates or carbonates.
This distinction is necessary because the rock chemistry determines the ulti-
mate depth of the melt and hence controls which geologic units will be in satu-
rated contact with the core melt. There are 47 sites in the geotechnical data
base that list a single geologic unit and it was assumed to be the principal
unit in contact with the core melt. That geologic unit was then used in the
characterization scheme for the generic sites.

When several diverse geologic units contacted the core melt, the third
condition, ground-water hydraulics, was considered. For these cases, the
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geologic unit with the highest transmissivity was selected. Some sites list
extreme and average hydraulic properties. These sites were characterized by
the average hydraulic values.

3.1.1.2 Rock Chemistry Criterion

Geologic materials at nuclear power plant sites can be divided into two
generalized chemical classifications: 1) silicates and 2) calcium-magnesium
carbonates. The chemical composition of a geologic unit is a result of its
formation and any subsequent alteration. Silicic rocks are formed from igneous
processes (i.e., granitic intrusions) and occasionally biological processes
such as deposits of diatoms radiolaria. Silicates are weathered by physical
and chemical actions into unconsolidated sedimentary material such as clay,
silt, sand and gravel. Sedimentary silicates (e.g., sandstone and siltstone)
are consolidated to competcnt rock by deep geologic burial. Carbonates are
formed primarily by marine organisms and deposited as layered media. Both
silicates and carbonates are subjected to a variety of processes that alter
their physical form and chemical composition. The percentage of silica and
carbonate found in common rock types is given in Table 3.1.1-1,

The reaction of these two chemical rock types to a core melt accident
would be markedly different. Silicic materials would be melted to a greater
depth beluw containment structures and would be more resistant to leaching.
Carbonitic materials would produce a more shallow melt zone and leach radio-
nuclides into the ground water at a faster rate. The characteristics of a core
melt are discussed in Section 2.1.1 of this report and in NUREG/CR-1596,
Details of the chemical controls of leaching processes are discussed in
Section 2.2 of this report. Although there is a general distinction between
silicate and carbonate melts and leach rates, there is considerable uncertainty
involved in assigning either melt type an absolute leach release rate.

The geochemical rock type also has as strong influence on ground-water
chemistry and aquifer-nuclide reactions. Table 3.1.1-2 presents a summary
listing of melt formation and transport characteristics based on geological
rock type.

3.1.1.3 Consolidation of Material Criterion

The selection of mitigative strategies is, in part, a function of the
workability of the geologic media. Consolidated materials consist of crys-
talline and sedimentary units which have become competent rock. Unconsolidated
units consisting of clay, silt, sand, and cobbles are characterized is packed
particulate material. The engineering properties of consolidated and uncon-
solidated units are fundamentally different. The competency of geologic
materials in many instances influences the feasibility of mitigative measures.
For example, a radionuclide release into a consolidated limestone will preclude
use of mitigative techniques requiring a deformable geologic media (e.g., sheet
piline). The basic construction considerations of consolidated versus uncon-
solidated materials are listed in Table 3.1.1-3.
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TABLE 3.1.1‘30

Construction
Method

Generalized Construction Considerations Versus Type
of Geologic Formation

Type of Geologic Formation

Consolidated

Unconsolidated

Excavation for
trenching or
disposal

Bore holes as
for:

(injection)

(withdrawal)

(monitoring)

Sheet pile
driving

Ground water
freezing

Requires special equip-
ment, processes are slow
and extensive blasting
may be required

Drilling can be slow,
bores do not usually
require casing

Material enters along
fractures and bedding
planes

Water is from fractures
and interstitital path-
ways drilling technique
may seal fractures

Drilling technique may
disturb chemical analysis
because of muds used

Not feasible

May not be feasible,
karstic limestone with
ground water velocities
over 1 meter/day

Common construction equipment,
requires support for side walls,
limited to practical depths, may
require dewatering below

water table

Drilling is more difficult,
casing and screen required,
drilling technique dependent
on purpose of bore

Material enters between particles
and bedding planes, may cause de-
formation or lifting of unit

Water is interstitial, screen

must be of proper size to avoid
removal of fine material, drill-
ing technique may clog formation

Drilling technique may disturb
chemical analysis because of muds
used

Difficulty dependent on particle
size and strength of unit

May cause ground heave and
damage to existing facilities

The consolidation of materials criterion also has a bearing on ground-
water hydraulics, geochemistry of the radionuclide source term and sorption,
These factors are considered as the remaining criteria,

3.1.1.4 Porosity Criterion

Porosity of geologic materials is due to interstitial voids between

adjacent grains and openings along joints and fractures,

The percentage of

interconnected pathways to bulk rock volume is known as the effective porosity.
Two major distinctions can be made between fractured and interstitial flow

systems,

First, interstitial flow occurs in porous media which generally

affords a higher percentage of open area and secondly, a larger surface area of
rock for the contaminant to contact than in fractured media.
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consistant except for the silicic-consolidated-fractured category. In this
classification were both fractured crystalline rock (i.e., basalt) and shale
which is a fractured sedimentary rock. These rock types would form similar
melts and ground-water flow would be mainly contained along fractures. How-
ever, the ground-water chemistry of these units is different with the crystal-
line material having an oxidizing environment and shale a reducing environment,
The pH of both units is acidic. The differing ground-water chemistry contrib-
utes to contaminants in shale being more sorbed during transport than for
crystaliine rock. In addition shale contains the clay mineral illite that can
cause irreversible geochemical reactions. An additional classification for
shale media was created by this criterion.

A flow chart showing the classification of the sites is given in Fig-
ure 3.,1.2-1. The final generic classifications are: 1) porous consolidated
carbonate, 2) fractured consolidated carbonate, 3) porous consolidated sili-
cate, 4) porous unconsolidated silicate, 4) fractured consolidated silicate in
an oxidizing environment (referred to as fractured crystalline silicate), and
6) fractured consolidated silicate in a reducing environment (referred to as
shale media). Table 3.1.2-1 presents the generic classification and the
associated common aquifer names. Some of the groupings are expected such as
fractured limestones and dolomites. An interesting combination of aquifers
occurs in the fractured consolidated silicate classification which includes
basalt and granite. These geologic units are formed under very different
circumstances and can have a large range of hydraulic properties. However, in
the near-surface ground-water enviroment they can be expected to have similar
transport characteristics. The largest ?oneric classification is porous
unconsolidated silicate with 41 sites. This result is not suprising since many
nuclear power plants are located adjacent to surface water bodies which are
used as a source of cooling water. Many of the surface water bodies are
located on alluvial materials. Breaking this classification into further sub-
aroupings was considered. However, flow and transport properties are similar
1n this classification and further discrimination of generic differences could
not be made,

An examination of the generic classifications and associatod common aqui-
fers show that the classification scheme is indeed generic. The number of
classifications is not excessively large, there is a representative number of
sites in each classification, and each classification contains similar hydro-
geological characteristics.
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TABLE 3.1.2-1. Generic Site Classification

Number
Generic Classification Common Aquifers of Sites

Porous consolidated limestone 10
carbonate dolomite
Fractured consolidated fractured and solutioned limestone 12
carbonate fractured and solutioned dolomite
Porous consolidated sandstone 13
silicate siltstone

claystone

graywacke

arkoses
Porous unconsolidated clay 41
silicate silt

sand

conglomerate

glacial deposits
Fractured crystalline igneous rocks 16
silicate in oxidizing basalt
environment tuff, granite
Fractured consolidated shale 5

silicate in reducing
environment

3.2 FLOW PARAMETERS FOR GENERIC SITES

3.2.1 Hydraulic Conductivity

Hydraulic conductivity is a property of the saturated geologic medium and
the fluid that flows through it., Basically, hydraulic conductivity is a mea-
sure of the capacity for flow in a unit area of an aquifer, It is defined by
Darcy's Law which states:

q = =KI (3.1)

where 3, 2
q = fluid flux rate (L7/L°T = L/T)

K = hydraulic conductivity (L/T), and

1 = hydraulic gradient (dimensionless).

Hydraulic conductivity is a spatial parameter which varies in all three dimen-
sions. Inspection of Equation (3.1) shows that hydraulic conductivity has
dimensional components of len?th and time, however this should not be
considered ground-water velocity. Hydraulic conductivity at a site is
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determined by testing of core samples in the laboratory or by field testing.
The field tests measure a large volume of rock end test results provide a
composite hydraulic conductivity. Even at the field scale, hydraulic
conductivities may range over thirteen orders of magnitude for differing
geologic materials., Coarse porous media such as gravel and solutioned lime-
stone have the highest hydraulic conductivities. Silt, clay, glacial till, are
often tightly compacted and exhibit much lower hydraulic conductivities.
Crystalline rocks have the lowest hydraulic conductivities because these
materials have few flow channels for water movement. For this study, knowing a
site hydrauiic conductivity within an order of magnitude was considered
adequate for generic characterization.

The hydraulic conductivity, for any particular site, may be imprecise.
However, within each generic classification, the grouped hydraulic conductivi-
ties are characteristic of the geologic materials existing at nuclear power
plant sites in the US. The data were fit with a log normal distribution by
generic classification and are presented in Figures 3.2.1-la through
3.2.1-1f, The figures show two standard deviations about the mean of the log
hydraulic conductivities. The data transform to log hydraulic conductivities
allows a normal probability density function to be fit to the data (Freeze ana
Cherry 1979). The generic hydraulic conductivities should be examined from two
perspectives., First, within each classification, the range of values and the
mean value are generically characteristic. Second, comparisons of values among
the generic classifications demonstrate which type of site will overall have
the highest hydraulic conductivity and the largest expected variations about
the mean. The extreme data values from actual nuclear plant sites are indi-
cated by crosses on the left vertical axis. The general ranges of expected
hydraulic conductivities for these geologic materials determined for locations
not associated with this study (Freeze and Cherry 1979) are given along the
right vertical axis for reference purposes.

There is fairly good agreement between the data extremes found at nuclear
plant sites and the expected limits., For three classifications (i.e., porous
carbonate, porous sandstone, and fractured shale) the site data have values
higher than expected. This can be explained as either a possible charac-
teristic of the locations where nuclear power plants have been sited for
construction, or is a pessimistic bias in estimation of individual hydraulic
conductivity values,

The fractured shale classification contains only five sites and may not be
representative of shale media in general. The hydraulic conductivity data are
also based on fractured geologic units whereas the expected range of values is
given for unfractured shale. This accounts for much of the four orders of
magnitude difference between the expected and reported peak values in shale
media. The other classifications are within expected limits. None of the
clas<ifications have lower than reasonable hydraulic conductivities indicating
that the data base is conservative with respect to this parameter,

The highest log mean values are found, as might be expected, in the

fractured-solutioned carbonates. These aquifers can achieve open channel flow,
and water movement can be relatively unrestricted due to large flow channels,
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The porous unconsolidated silicate classification has the second highest log
mean value of hydraulic conductivity. This result is somewhat unexpected and
is probably due to the coarse granular composition of many of the sites. The
hydraulic conductivity log mean for fractured consolidated silicates
(crystailine), porous carbonates and fractured shale are similar in magnitude.
Fractured materials are often most weathered and broken near the surface of the
land. The coremelt mass would not enter the deep fractured zones (over 50 m)
where fracture permeability decreases rapidly with depth (Freeze and Cherry
1979). For this study, the hydraulic conductivities of fractured crys'.alline
silicates may be upwardly biased by their proximity to land surface. The
lowest hydraulic conductivities are found in the porous silicates classifica-
tion. The mean value is not unreasonably low and is a mid-range value as com-
pared to expected limits from Freeze and Cherry (1979). A comparison of the
log hydraulic conductivities by generic cliassifications is given in

Tab]e 3.201‘10

The absolute hydraulic conductivities are given on a linear scale in
Figures 3.2.1-2a through 3.2.1-2f, Again, the data extremes are indicated by
crosses along the left vertical axis. These figures highlight the strong data
skewness toward low values of hydraulic conductivity. The greatest degree of
skewness i1s found in the fractured and porous silicates classifications. Pre-
sented in Figures 3.2,1-2a and 3.2.1-2d these classifications have nearly all
of the values less than 5.0 x 1077 cm/sec, There is an intermediate degree of
skewness in the porous carbonates (Figure 3.2.1-2¢c) and in fract!rded shale
(Figure 3.2,1-2f). These data are generally less than 2.5 x 10°° cm/sec. The
fractured and solutioned carbonates and porous unconsolidated silicates (Fig-
ures 3.2.1-2b and 3,2.1-2e) have relatilely less skewness toward zero with the
data having values mainly below 5 x 107" cm/sec. The skewness toward zero is
more illustrative of data trends than mean values because of the large range of
hydraulic conductivities. Consolidated silicates have the more constrained
hydraulic conductivities probably due to the low rate of silica dissolution-
ing. Another factor affecting consolidated silicate aquifers may be the ten-
dency of secondary mineralization along flow channels. The least skewed data
are in the fractured and solutioned carbonates and the porous unconsolidated
silicates (i.e., sands, clays and siits). Carbonates may have this charac-
teristic because solutioning varies the hydraulic conductivity with ?eo!ogic
time. Therefore, the chemical changes will tend to add an additional nonres-
trictive (whereas secondary mineralization is restrictive) trend to the
hydraulic conductivities. The small degree of skewness in the unconsolidated
silicates is a function of the wide variations in porosity, permeability, and
composition of this classification.

3.2.2 Effective Porosity

The volume of interconnected void spaces divided by the total bulk
volume. The effective porosity is also reported as a decimal fraction. In
this case, the volume of interest is the volume of the continuously inter-
connected voids which provide pathways for ground-water flow. Ground-water
calculations use this parameter to determine flow velocities. There is a
positive correlation between effective porosity and hydraulic conductivity.
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TABLE 3.2.1-1. Comparison of Genmeric Hydraulic Conductivity

{a) Average of 6 log mean values is -3.10.

Standard
Deviation About

Standard Deviation(®)
Relative to Other

the Log Mean Generic Classifications

Data Range Mean ulu("

Generic n Orders Mean Mean Log Relative to Other
Classification of Magnitude Value, cm/s Value, cm/s Generic Classifications
Fractured 3.0 1.53 x w3 -3.28 Lower than average
crystalline
stlicates
Fractured- 1.0 6.42 x 10?2 -1.713 Higher than average
solutione
carhonates
Porous 6 L6 x 107 34 Stightly lower tham
consoligated average
carponate
Poraus 10 L19x 107 a8 Lower than average
consoligated
cartonate
Porous 5.9 5.55 x 10-? 2.53 Wigher than average
wnaconsol1dated
silicates
Fractured 4.0 2.4 x 10” -3.80 Lower than average
consal rdated
silicates-shale

{b) Aversge of 6 standard deviations about the log mean is 1.27.
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There are few measured porosities available in the geotechnical data
base. At most sites, the effective porosity was estimated by assuming a
reasonable value based on geologic rock type. At sites on unconsolidated
materials, poros‘ty was estimated for a wide range of geologic materials giving
a distribution of values., A statistical analysis on assumed porosities based
on a single rock type has little meaning. Representive effective porosities
for these generic classifications are presented in Table 3.2.2-1, The effec:
porosities for unconsolidated silicates are plotted on a log normal distri-
bution in Figure 3,2.2-1 and on a linear scale in Figure 3,2.2-2. Although
porosity is not usually considered log-normally distributed this distribution
is presented for consistency with other analyses. Also, negative porosity has
no meaning which gives credence to a log-normal distribution,

The data extremes in Figure 3.2,2-1 are shown as crosses on the left
vertical axis, The effective porosities have a range of about one order of
magnitude. The mean log porosity is 0.10 which is typical of unconsolidated
sedimentary deposits. The lowest effective porosity for this generic classi-
fication is 0.01 for silt and clay materials. The linear plot of effective
porosities shows a Jefinite skewness toward values below the mean, This
indicates that most sites are located on deposits with some interstitial silt
and clay.

3.2.3 Mydraulic Gradient

The hydraulic gradient is the slope of the water table or potentiometric
surface., The geotechnical data base used for this study determined the
hydraulic gradient by taking the steepest (thus most likely) path along the
potentiometric surface from the containment structure to the nearest surface
water body. In general, low hydraulic gradients are associated with large
hydraulic conductivities and high gradients are found with low conductivities.

TABLE 3,2,2-1, Effective Porosities for Generic
Hydrogeologic Classifications

Effective Porosity

Generic Classification ‘Dimensionless)
Fractured crystalline 0,01
silicates
Fractured and solutioned N.10
carbonates
Porous carbonales 0.10
Porous silicates 0.01
Porous unconsolidated Average value
silicates 0.16
fFractured Shale 0,01
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Hydraulic gradients are a function of aquifer properties and location. Local
changes in gradient are related to changes in hydraulic conductivity, the
presence of hydraulic boundaries and barriers, as well as hydrologic sources
and sinks. A hydrologic source is defined as an addition of water to the
aquifer through recharge or injection and a hydrologic sink is where water
discharges through wells, springs, interaquifer transfer or into surface water
bodies. The hydrogeologic gradient in any given aquifer has a strong relation-
ship to the location in the flow field where it is measured.

The log hydraulic gradient is plotted for two standard deviations about
the log mean in F1?ures 3.2.3-1a through 3.2.3-1f, The data limits are shown
as crosses on the left vertical axis as in previous figures. The log distribu-
tions show that the highest gradients are found in fractured silicate rock.
This generic classification also has a relatively small range of values for
hydraulic gradients., Fractured shale and fractured silicates have the smallest
range of values which indicate a similarity in fracture hydraulics. The lowest
gradients are found in porous carbonates. The relatively low value for this
classification may also be related to site physiography (i.e., location of
plants sites in areas of low relief). The largest spread between data extremes
is in the fractured and solutioned carbonate classification., The upper limit
is in fair correlation with other classifications, the lower limit is extremely
low due to the possibility of karst conditions and open channel flow. A sum-
marized comparison of the hydraulic gradients is given in Table 3,2.3-1.

TABLE 3,2.3-1., Average Hydraulic Gradient for Generic
Hydrogeologic Classifications

Data Range

Arithmetic in Orders of
Generic Classification Mean Log Mean Magnitude
Fractured crystalline -1.2 0.070 1.2
silicates
Fractured and solutioned 2.0 0,010 2.9
carbonates
Porous carbonates -2.2 0.007 1.5
Porous silicates -1.8 0.015 83
Porous unconslidated 2.1 0.009 2.5
silicates
Fractured shale -1.9 0.012 0.9

The hydraulic gradients are presented in Figures 3.2.3-2a through 3,2,3-2f
with the vertical axis as a linear scale. The data extremes are again indi-
cated by crosses, The figures show skewness toward lower values in fractured
and solutioned carbonates, porous silicates, and porous unconsolidated sili-
cates classifications, The least skew is seen in Figures 3.,2.3-2a and
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3,2.3-2f for fractured silicates and fractured shale, respectively. The
hydraulic gradients in these classifications are more likely to have high
values than in unfractured geologic media, The high gradients in fractured
rock are caused by low aquifer transmissivity.

A clear distinction can be seen between the fractured silicate and frac-
tured carbonate classifications (Figures 3.2.3-2a and 3,2,3-2b). The opening
of flow channels via chemical dissolution effectively increases hydraulic
conductivity and decreases hydraulic gradient,

3.2.4 Distance to Nearest Surface Water Body

Nuclear power plants are usually sittd adjacent to surface water bodies
which serve as a source of cooling water, a) The geotechnical data base used
for this study lists the shortest distance to the surface water body. This
distance is assumed to be the approximate ground-water travel distance from the
reactor containment to a surface water body, The distance from containment to
a surface water body is more a function of site geography and physiography than
of the hydrogeological classification, However, there is a relationship
between geology and site topography which affects distance to surface water,
Such a relationship even if it is slight, will have an important influence on a
release of radionuclides into the environment,

The distance to the nearest surface water body is given in meters on a
linear scale in Figures 3,2.4-1a through 3,2.4-1f, The data extremes are
plotted as crosses on the figures, The distances are skewed toward the lower
values but not toward zero., The fractured shale category displays the least
skewness which may be due to the limited number (5) of sites, The data are
summarized in Table 3,2.4-1.

3.3 TRANSPORT PARAMETERS FOR GENERIC SITES

3.3.1 Longitudinal Dispersion Coefficient

Contaminant is transported in aquifers by the flow of ground water, Along
the flow path contaminant is spread both horizontally and vertically by
mechanica) dispersion and molecular diffusion, Mechanical dispersion is a
result of variations in flow velocity due to aquifer inhomogeneities, These
variations in flow velocity can be caused by small scale changes in flow around
an individual sand particle to regional changes in hydraulic conductivity, The
dispersive process is described by the advection-dispersion equation in one
dimension as:

2
> 3_& .V aC
g—?- 0, " i, & (3.2)

(a) The affects of radionuclide release into generic surface water bodies is
covered in "The Consequences from Liquid Pathways After a Reactor Meltdown
Accident” NUREG/CR-1596.
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In geologic materials where ground-water velocities are low molecular dif-
fusion is the dominant factor of hydrodynamic dispersion (Freeze and Cherry
1979). Rapid ground-water flow results in dynamic dispersivity being the major
factor in dispersion. In this study, molecular diffusion is ignored for two
reasons. First, in various geologic media rates of molecular diffusion are
uncertain, Values for this parameter can only be estimated within two orders
of magnitude. Secondly, molecular diffusion along the flow path is important
only when ground-water velocities are slow or when travel distances are long.
In these cases, radioactive decay often diminishes the contaminant to very low
concentrations prior to surface water discharge. These assumptions provide a
realistic yet conservative approach for consideration of this parameter.

There are no measured values of dispersion fcr nuclear power plant sites.
Field tracer tests which inject a nonreactive chemical agent into an aquifer
and monitor concentrations at distance are required to determine true disper-
sfon. Few of these long-term tests are conducted in the field and most disper-
sion data are derived from laboratory experiments involving flow through iso~
lated columns. The applicability of these measurements to field situations and
the parametric content of the advection-dispersion equation are currently
undergoing critical review by several researchers (Matheron and DeMarsily 1980;
Gelhar et al. 1979; Simmons 1982; Molz et al. 1983),

The dynamic dispersivity was estimated for each site based on the geologic
materials, Estimates of dynamic dispersitivity are presented in Table 3.3.1-1.

TABLE 3.,3.1-1, Estimated Dynamic Dispersivity for Various
Geologic Materials (Source: Yeh 1981)

Estimated Dynamic

Geologic Material Dispersivity, m
Clay-Silt 1
Silty Clay 5
Silty Marl 10
Sandy Silt 25
Sand 50
Porous Consolidated(?) 50
Fractured(d) 100

(a) Estimated by authors.,
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3.3.2 Retirdation of Racionuciides oy Sorption

3.3,2.1 Definition of Sorptive Process

The roncentration of contaminant can be a'tered by chemical reactions
along the ground-water flow path. The chemical reactions among the contami-
nant, native ground-water and aquifer material are complex and interrelated.
Possible reactions include: adsorption, fixation, complexing, colloid forma-
tion, precipitation, solutioning and ion exchange., These processes tend to
alter contaminant concentrations by retarding transport with respect to ground-
water velocity, that is causing the contaminant to move at a different rate
than the ground water, The reactions may change in time and space as the
contaminant moves away from the source., The vigor of these reactions depends
upon the chemical species present, ionic strengths, pH (acidity) and Eh (oxida-
tion potential) of the ground water and the type of minerals in the geologic
unit, De:cription of these procesc<es hy coupled geochemical ground-water
transport mocels is in the early stages of cevelopment by researchers,

Site specific ground-water chemiitry ‘o lacking for most nuclear power
plant sites, The most basic measure of ground-water chemistry is pH and this
parameter is available for less than haif of Lhe sites, Most sites have mea-
sured or estimated ground-water pH values tetween 7,0 and 8,5 which is slightly
alkalire(Niemczyk et al. 1981).

sorption is a process by which chemical reactants are adsorbed or adhere
as a thin film onto the surfaces of solias and then by desorption re-enter the
ground-water flow field, Tne mechanism of retardation is a result of con-
taminant not Leing transported during the time 1t is sorbed onto the rock
matrix. The process is modeled by assuming Lnat reactions are instantaneous,
in equilibrium and reversible, 'ne partitioning ot contaminant between solid
phases and liquid in a porous medium is descrited by the equilibrium distribu-
tion coefficient known as Kq. Aquifer properties of porosity and bulk mass
density are also parameters in the determination of retardation by sorption,

When more than one chemica’ species is present, which would most 1ikely be
the case for a core melt accident, each species has an individual value of the
equilibrium distribution coeffic'ent and the ccntaninant stream becomes chem-
icaily segregated, The retardatisn by sorption is described by:

o K
Rg * ¥== 1+ -2 (3.4)

c €

where
Rd = retardation factor expressed &s a ratic of the c¢round-water
velocity to the radionuclide species velscity.
ground-water velocity (L/t),
contaminant velo.ity (&/l).
mass bulk densitv (M/L”),
equilibrium distridution coefficient (L3/M‘, and
effective porosity expressed as a fraction,

©
o
HowonEow
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The value of the equilibrium distribution is empirically determined in the
laboratory by batch (static) experiments or dynamic experiments in which the
contaminant flows through a column of aquifer material, The batch laboratury
tests give a representative value for the Kg of the chemical species while
column experiments can measure the retardation directly, Field tests for this
parameter are less numerous., Comparison between laboratory batch and column
experiments indicate that values can range over an order of magnitude for
similar geclogic materials, Ground-water chemistry changes as mentioned above
can induce additional large scale variations in Kq values.,

Equation (3.4) is valid for granular porous media where there is a large
surface area for contaminant to be sorbed, The presence of very fine grained
material such as clay enhances the sorption process. By contrast in fractured
aquifers the surface area of rock that the contaminant contacts with is much
less. The contaminant is largely confined to the fractures until matrix diffu-
sion forces it into the interior of the rock., Therefore contaminant transport
and retardation have two fundamental differences in fractured rock, First, the
contaminant is hydraulically confined to the fracture for much of its trans-
port. Second, there is much less surface area onto which the contaminant can
be sorbed. The texture of the fracture surface and any secondary mineraliza-
tion are also factors which affect contaminant transport under these conditions.

Examination of Equation (3.4) shows that if typical fractured aquifer
parame.ers are input, the low value of porosity and high value of mass bulk
density will cause a large computed retardation., Clearly this approach is
incorrect because conceptually less retardation should occur on fracture sur-
faces. A better description of retardation in fractured systems than given by
Equation (3.4) is needed to describe the sorptive process.

When radionuclide transport in fractured rock occurs over long time
periods, molecular diffusion of contaminant into the rock matrix is an impor-
tant factor in retardation (Neretnieks 1980)., Diffusion would continue to
carry radionuclides into low velocity zones as long as a concentration gradient
existed between the fracture and the rock matrix., The net effect would be an
equilibrium distribution coefficient that increases with time as observed in
tests of retardation of strontium and cesium in granite (Allard et al, 1978).
In these tests the contaminant concentration was found to be related to the log
of the square root of time, These processes are not considered by Kq mecha-
nisms which assume that reactions are instantaneous, in equilibrium and
reversible. Applying K4 values to geologic media and not considering
diffusion over long times can lead to an under-estimation of retardation., An
equilibrium distribution coefficient based on fracture hydraulics has been
proposed (Burkholder 1976) which requires a description of the fracture
geometry, Knowledge at this level of detail of the hydrologic characteristics
is beyond this study and most other studies on fractured aquifers, In some
instances where fracturing is extensive the retardation is computed with
Equation (3.4) by assuming that on a regional scale the fracture system
performs as an equivalent porous media, The fracture systems in the
geotechnical data base for this study do not meet this requirement in that the
porosities are much below those found in porous media.
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At the present time there is no standard method or accepted means for
computing retardation factors in fractured media. However, not accounting for
sorption in fractured media is undesirable because: 1) sorption is known to
take place in fractures, 2) zero retardation is unduly conservative and would
result in unrealistically high rates of contaminant discharge, and 3) it would
not allow for the gross variations in sorption among the generic classifica-
tions. In keeping with the “order of magnitude" approach of this generic
analysis, a contaminant velocity is determined by applying a correction factor
to laboratory K4 data. In developing this methodology it was also recognized
that the ground-water velocities predicted by the hydrogeologic data base may
already be biased toward high values by conservative estimates of hydraulic
parameters, Therefore, computation of a retardation factor for fractured media
was accomplished with the understanding that it only provided a means of scal-
ing the known differences in retardation among various geologic environments.

A retardation factor in fractured aquifers is determinedd by computing the
Kg value based on a mass value by correcting for the fraction of the aquifer
exposed to contaminant, To accomplish this, the equilibrium distribution
coefficients determined from laboratory results with crushed rock arc divided
by the ratio of fracture porosity over crushed rock porosity. The Kqf value is
defined as:

Kd « fracture porosity
df = crushed rock porosity

K (3.5)

where

Kq = granular media equilibrium distribution coefficient, e.qg.,
(crushed rock porosity = 0.25)
(fractured porosity = 0.01).

Therefore, the resultina Kq¢ in this example is 25 times less than the Kq value
for porous media of the same rock type,

3.3.2.2 Values of Equilibrium Distribution Coefficients

The values of equilibrium distribution coefficients were deteimined by an
extensive literature search for previous test results for the radionuclides
strontium-90, cesium-137 and ruthenium-10o,

The choice of these radionuclides to characterize a core melt is detailed
in Section 2.2.1. Fach generic hydrogeological classification is discussed
separately below and summary Table 3,3,2-1 provides a list of representative
equilibrium distribution coefficients for each radionuclide.

Fractured Crystalline Silicates

Most references for this rock type are based on tests in granite or
gneiss. These reports give data for strontium and cesium but not ruthenium,
Frdal et al, (1979); Tschurlovits (1979); Skagius et al, (1982); Landstrom
(1978); Torstenfelt et al, (1982); and Walton et al, (1982) have conducted the
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TABLE 3,3,2-1. Equilibrium Distribution Coefficients

Radio-
Reference nuclide Ka{me/q)
Erdal et al. (1979) 90-Sr 12
137-Cs 300
Tschurlovits (1979) 90-Sr 2-15

137-Cs  60-2500

Torstenfelt et al, (1982) 90-Sr 7-30
137-Cs 100-400

Skagius et al, (1982) 90-Sr 7
137-Cs  10-15

most recent work on silicate materials, For strontium the K,'s range from

2-15 me/g and cesium K4's range from 60-2500 me/g. The equilibrium
distribution coefficients are listed by source in Table 3,3.2-1. A clear
understanding of retardation of ruthenium is given in Onishi et al, (1981)
which demonstrates that ruthenium is mobile mainly in cases of disposal of fuel
reprocessing wastes containing high nitrate, In natural environments with
neutral pH and not excessive nitrate concentrations the element ruthenium
should not be ground-water coincident, An estimated reasonable value of Kg for
ruthenium is 50 mg/q.

Fractured and Porous Consolidated Carbonates

These two generic classifications have the same rock chemistry and are
discussed as one group. Fractured and solutioned carbonate equilibrium
distribution coefficients are corrected for a lower porosity to differentiate
them from porous carbonates. There are few references for K4 values in this
rock type. In non-saline ground-water conditions values that are most
probable are 1.4 to 20 me/g for strontium and 1.3-2000 me/g for cesium from:
MaClean et al, (1979); Seitz et al, (1979); Serne et al. (1977); Relyea et al.
(1979); and Relyea and Serne (1979). There are no references for ruthenium in
this generic rock type and a reasonable estimated value of 50 mg/g is used for
this study.

Porous Consolidated and Unconsolidated Silicates

Consolidated and unconsolidated silicates are considered together because
they have similar rock chemistries. A distinction is made in determining
equilibrium distribution coefficients between geologic materials that are
described as "dirty" and "clean". Geology literature often refers to aquifers
that contain significant quantities of clay and silt as "dirty" (e.g., a dirty
sandstone), The inclusion of these fine particles in an aquifer provides a
larger surface area and more locations for sorption to take place. A "clean"
sandstone does not have interstitial clay or silt and less sorption is
expected, For cesium the references are: Baetsle et al, (1964); Barney, and
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all geologic environments, Equilibrium cistribution coefficients used in this
study and in previous reports on core melt accidents are presented in
Tab]e 3.3.2‘20

3.3.2.3 General Comments on Geochem:istry and Sorption

The geochemical effects on sorption are assumed uniform within each
generic classification, At a site where mitigative measures would be needed
the ground-water chemistry would be an important consideration in the choice of
chemical treatment methods and predictions of sorption. We can make several
observations as to the effect of ground-water chemistry on sorption that
applies to all sites., These are ?isted below for the three radionuclides of
concern (i.e., strontium-90, cesium-137, and ruthenium-106).

Variations in Equilibrium Distributions Coefficients

Laboratory values for K4's can be subject to wide variations as noted in
Section 3,3.2.2. The range of Kg values for equivalent rock samples was
documented by an interlaboratory compariscn of batch tests (Relyea and Serne
1979). In these tests cesium and strontium sorption on linestone showed over
an order of magnitude variation in resultant K, values. There was much less
variation in test results for cesium and Strongium sorption on silicate
(basalt). The mechanisms responsible for the wide range of values have been
attributed to a strong dependence of sorption to concentration (Seitz et al,
1978, and Anderson et al, 1981). Diffusion of contaminant into the rock matrix
was considered as the mechanism for variations in Kq values by Neretniek's
reinterpretation of the data in Seitz et al, (1978) (Neretnieks 1980).

The siza of the rock particle has also been observed to effect Kq
values, Tests of cesium sorption on carbonate showed that K4 was proportional
to particle surface area for large particles (diameter >0,2 mm), but
proportional to mass for smaller particles (Rancen 1967). A diffusion
mechanism was also believed to be responsible for these ¥q variations, The
diffusion of contaminant into the rock over time is just as important as the
sorption equifibrium values in determiningy retardation (Neretnieks 1980). Not
accounting for diffusion in time plus concentration dependent experiments may
be responsible for some of the reported range in values. Incorporation of time
dependent K4 values into ground-water transport calculations is in the early
stages of development,

In summary five general statements can be made concerning computational
time-concentration dependent retardation:

1. Retardation mechanisms are not presently parametrically defined and
Kq values are emperically determined. These values have a wide range
09 reported results for a single nuclide in similar geologic
materials.,

2. Time-concentration dependence is observed in long-term laboratory
tests. Cesium is noted for this characteristics possibly because
cesium has a high diffusivity, This woild support the diffusion
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TABLE 3.3.2'2.

Repre-
Range in sentative Kd Value
Generic Radio Kd values Kd's Porosity This Study
Classification nuclide me /g me/a Correction me/q
Fractured Sr 2 -1 10,9 0.04 0.4
silicates Cs 60 - 25M) 200, 0.04 8.0
Ru - 50.0 0.04 2.0
Fractured Sr 1.4 - 20,0 5.0 0.4 2.0
carbonates Cs 1.3 - 2000 60,0 0.4 240
Ru - 50,0 0.4 20,0
Porous Sr 1.4 - 20,0 5.0 - 5.0
carbonates Cs i.3 - 2000 60.0 - 60.0
Ru 50.0 - 50.0
Porous | 30( lU( ) 0,04 0.4
silicate Sr 50 - 2000(3) s0(2 2.0(2)
0 - 100 50( 0,04 2.0
Cs 70 - 3000(3) o) 12.0(2)
S0 0,04 2.0
Ru 200 - 700(2) 200(2) 8.0(2)
Porous 1 - 30( ) 10( ) - 10.0
unconsol idated Sr 50 - 20002 spl@ 50.0(2)
silicate 0 - 100 (a) 50( ) - 50
Cs 70 - 3000'? 300'2 300(2)
50 - 50
Ru 206 - 700(3) 200t2) 200(2)
Fractured Sr 10 - In0 34 0.04 1.2
shale Cs 180 - ROU0 1000 0.04 40
Ru 300 - 440 200 r.04 8

T3] GeoTogic Materials Containing Clay and Silt

Generic Equilibrium Distribution Coefficients

Kd Value Kd Value
nSS 197% LPGS 1978
mi/g me/q

2.0 20.0

20.0 200
0.0 4,0 0,08 4.0
2.0 20.0

20.0 200

0.0 %40 0,08 4.0
2.0 20.0

20.0 200.0

0.0 44,0 0.044,0
2.0 20.0

20.0 200.0

0.0 A 4.0 0.0 & 4,0
2.0 20.0

20.0 200.0

0.0 84,0 0,08 4.0
2.0 20.0

20.0 200.0

0.0 84,0 0.0 & 4.0



mechanism as the cause of time dependent K4 values. Diffusion rates
for contaminant entering the rock matrix would be greater than the
rates for contaminant leaving the matrix because of the difference in
concentration gradients,

3. Coefficients for these mechanisms and their interrelationships have
not been experimentally determined, Measurement of the depth and
number of micro fractures as well as surface area have been shown to
be important (Neretnieks 1980).

4, The dominant mechanisms for retardation are related to the site
specific geochemical environment, Geochemical processes that alter
contaminant mass transport will vary among geologic sites,

5. Ground-water contaminant transport codes do not describe the ever
increasing surface area exposed to contaminant for either granular or
fractured media,

pH Effects

When the pH is constrained between values of 5 to 10 the rock matrix will
not be dissolved at an appreciable rate and the sorption of strontium and
cesium will not be altered, This lack of sensitivity to pH is caused by the
fairly simale aqueoys chemistry of strontium and cesium. They remain simple
cations Sr® and Cs  in ground water at these ph values, Ruthenium adsorption
versus pH is more complicated., Ruthenium ajueous chemistry suggests that at pH
values 5 to 8 there is high adsorption, below pH 5 there would be lower adsorp-
tion, Above pH 9 adsorption also dacreases because ruthenium solution species
ravor anienic forms which do not readily adsorb onto geologic media, The
following rcferences were used: Baetsle et al., (1964'; McHenry (1954, 1355,
1958); Rhodes (1957); Rhodes and Nelson (1957): and Prout (1958, 19.3).

Eh Effects

th does not affect adsorption of strontium and cesium. As ground water
becomes more reducing (i.,e., contain: less dissclved cxygen) it is predicted
thaa ruthenium_adsorption would 1ncrsase as the ox‘dized forms uf ruthenium
Ru0* and Ru0,2- would convert to Ru** and Ru>* (Relyea and Washburne 1980;
Onishi et al, 1981),

Temperature Effects

Between 4° and 60°C cesium-137 adsorption seems to drop slightly (a factor
of 2 to 3) with increasing temperature, Between these two temperature ranges
strontium-90 adsorption is not affected significantly., The thermal effects on
sorption of ruthenium-106 are not menticned in the literature reviewed, The
following references were used: Ames et al, (1981, 1982, 1983a, 1983b); Ames
and McGarrah (1980a, 1980b); Barney (1982); Daniels et al., (1981); Erdal (1979,
1980); McKinley and Greenwood (1980); McKinley and West (198la. 1981b); and
Salter et al, (198la, 198'b).
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lonic Strength

Both strontium-90 and cesium-137 adsorption are directly aEfecteg by
increases in ionic strength. As competing cations (Na*, k*, Ca¢*, Mg¢")
increase both elements show diminished adsorption, In salt brines, Sr and Cs
adsorption is essentially zer>, This is due to cation competition for positive
exchange sites on the rocks snd clays. For limestone and dolomite rock, the
high ionic strength (high Ca *) can cause precipitation of more calcite-
dolomite and thus some retention of strontium-90 by co-precipitation pro-
cesses. In general, ruthenium-106 .dsorption is not affected by increases in
salt content from (distilled water to seawater). Ruthenium-106 sorption is not
controlled by a cation exchange process.

Unique Properties of Rocks

Carbonate-based rocks such as limestone and dolomite can enhance, via
precipitation, strontium removal when compared to silicic rocks. High cation
exchange capacity is observed in sediments and in shale, which is a high
adsorber, Also, illite-clay-bearing sediments and rocks such as shale, are
very good adsorbents., Cesium fits between the plate crystal structures and
gets "locked in", Precipitation without subsequent dissolution would deposit a
radionuclide permanently in the rock matrix, The following references were
used: Coleman et al. (1963); Lomenick et al, (1967); Sawhney (1964); Jacobs
(1962); Tamura (1963a, 1963b); Tamura and Jacobs (1960, 1961).

Dissolved Organics

In general, strontium-99 ana especiaily cesium-137 are little affected by
di so'ved organics, They form very weak aulub'e organic complexes, Most of
the strontium-90 and c:sium=137 remain Sr¢* and Cs™ thus organics do not
interfere with adsorptior. Thare are only a few studies or ruthenium-106
adsorption in the presence of organics. The studies split equally between
ciaiming increased adsorption ana decreased adgorption, Many of the authors
used very high concentratiors of organics (IO'iM. These concentrations are at
least 100 times greater than any expected ground-water corcentrations., The
following references were used: Amy (1972); Povard et al, (1968); Essington
et al. (1965); Essington and Nishita (1966); Kilikov (1968); Kilikov and
Molchanava (1972); Schell et al. (1980); and Wilding and Rhodes (1963).

Effect of Inorganic Ligands

Inorganic ligands (C17, SO 2', HCOS/C032'. NO3 and P043') do not affect C¢
adsorption and only slightly af#ect Sr adsorption, If the concentrations of
sulfate, carbonate or phosphate become quite high, Sr adsorption increases
because of precipitation of gypsum CaS0,+2H,0, calcite CaCO, and apatite

Ca (P04)2. Strontium can substitute for cafcium in some of "the crystal

lattices.
Complexes of ruthenium-106 nitrate are very strong and can keep ruthenium

mobile, Reprocessing wastes are very high in nitrate and at Hanford Washinqgton
ruthenium migration is observed, In normal ground waters nitrate levels should
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not be high enough, even in organic rich sediments, to impact ruthenium
adsorption. The following references were used: Ames and Rai (1978) and Rai
and Serne (1978).

3.3.3 Effective Bulk Density

The retgrdation equation [Equation (3.4)] requires a known mass bulk
density (M/L”) for each nuclear power plant site. This information is not
contained in the geotechnical data base and was estimated for each site. In
consolidated formations the effective bulk density was estimated by
Equation 3.6:

Pp = Py (1 =n,) (3.6)
where
pp = effective bulk density,
ne = effective porosity, and
ppm = average mass density of rock (2.65 g/cm3).

Unconsolidated deposits were assigned a bulk density based on3the sand, silt
and clay content., Sandy units were given a valge of 1.4 g/cm”, silty units
were assumed to have a bglk density of 1.6 g/cm” and clay units were assumed to
have a value of 1.8 g/cm” as suggested by Yeh (1981). The mass bulk density of
an aquifer can be estimated to a fair degree of accuracy and this is not con-
sidered a sensitive parameter.

3.4 TRANSPORT EQUATIONS FOR ONE DIMENSIONAL SIMULATION

3.4,1 Modeling Ubjectives for Generic Clissifications

The geotechnical data base, given in Section 3.5, was used to simulate the
transport of radionuclides in the ground-water flow system from each of the
nuclear power plant sites to their respective nearest surface water body. The
purpose of this modeiing effort is to determine the jeneric hydrogeological
characteristics of a radionuclide release inte surface water. The single
valued parameters contained in the gectechnical data base dictate that simple
mathematical models be u:ed. There is little to be gained by applying a com-
plex multi-dimensional mode' to a single dimensional data set under steady
state ground-water conditions. At the same time it must also be recognized
that simple modeling, in this case one dimensional, does not produce the same
degree of accuracy that would result from an extensive site specific field and

modeling study.

The modeling approach is centered around the determination of what con-
stitutes a generically characteristic radionuclide release to a surface water
body. Simply using average or median hydraulic characteristics for each
generic classification to evaluate transport would have produced unacceptable
results for four reasons. First, hydraulic parameters at a site may have a
negative correlation (e.g., gradient and hydraulic conductivity) and thus aver-
age parameters may not occur simultaneously at actual sites. Second, mass
transport equations of radionuclides are non-linear and average values would

3,33



not necessarily produce an "average" radionuclide discharge to surface water,
The third reason is that even within a generic hydrogeologic classification the
hydraulic parameters cover several orders of magnitude, Average parameter
values would not represent the range of feasible radionuclide discharges. The
variations in radionuclide discharges are generically contained in the geotech-
nical data base and should be carried through the analysis. Fourth, the actual
site data may contain associations and correlations that are unique to nuclear
power plant sites which should also be carried through the analysis.

The generic hydrogeologic characteristics of a radionuclide release were
determined by modeling each power plant site and presenting the results by
generic classification, The rational of this modeling approach is that consid-
eration of actual sites (with subsequent analysis as a generic group) is more
beneficial than simply analyzing aquifer properties with assigned average
values. The modeling results for 97 nuclear power plants are presented by
generic classification and not as individual nuclear plant sites,

3.4,2 Equation for Contaminant Transport in Ground Water

The transport of radionuclides was simulated using the computer code
AT123D (Yeh 1981). The code represents an analytical transient model of
radionuclide transport and can be applied in one, two, or three dimensions.
For this study the one dimensional option was appropriate, A simplified form
of the transport equation [Yeh 1981, equation (7)] can be written as:

» -
Bove(Reve)-veue-ac+dy (3.7)
ed
where

C = dissolved con entraiins of contaminant (ML'3),

¢ = time (t),

v = gradient operator, »

K = retarded dispersion tensor D /Rd (L° T.+)s

i} = retarded flow veiocity (L/T), i

» = radionuzlide decay constant (T‘l),
Rq = retardation factor, 3.-1

M = rate o1 .ontaminant mass release (ML™°T"'), and
"o = effective porosity (dimensionless).

This equation is also subject to a series of boundary conditions that are
not detailed in this report, The retarded flow velocity (U) is defined as:

K+ 1
U = R (3.8)

d " e

where
Rq = retardation factor (Eq. 3.4)
K = hydraulic conductivity (L/T),
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[ = hydraulic gradient (dimensionless), and
ne = effective porosity (dimensionless).

A continuous release of contaminant is further simplified to:

t
e

0
where
(X,Y,Z,t;y) = the space and time coordinants, and
Fijk = the integral of Green's Function in three dimensions.

In a one dimensional solution of a release from a point source the
integral of Green's Function is expressed as:

(xxg) = u(t=1) ©

1
F. = exp | - - A (tet) (3.10)
i 4 nKxx(t-r) 4Kxx(t-1)
whe re
x = distance from source down the hydraulic gradient,
Kyx = x component of the retarded dispesion tensor,
§s = x coordinate of point source,
y = total time of release,

and the other parameters as previously defined.

The release of nuclear mass from the core melt (M) is described for sump
water and the core mass in Section 2,2,

The model AT123D determines concentrations at a point., These values were
converted to a radionuclide flux (M/T) in order to effectively judge the
potential environmental imnacts of a core melt release.

3.5 CONCL JSIONS OF GENERIC HYRROGEOLOGIC SITE CLASSIFICATION

l. A hydrogeologic c'assification scheme for nuclear power plants must
consider not only basic hydrogeologic transport factors, but also the
geologic properties that affect the radionuciide source term and the
feasibility of mitigative techniques,

2. Parameters contained in the hydrogeologic data base have values that
tend to produce relatively rapid ground-water velocities, These
values are not unrealistic, but rather represent conservatism in
parameter selection and/or properties characteristic of nuclear power
plant sites,

3. Simulation of ground-water transport by a one dimensional-homogeneous
model may not produce ext-emely accurate results, However, in
consideration of the large differences in contaminant release and
transport rates among the generic classifications this methodology is
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adequate to describe the relative characteristics of severe nuclear
power plant accidents in various geologic environments,

3.6 GENERIC GEOTECHNICAL SITE pATA(2)

The following sections list the individual reactor site hydrogeologic
properties by generic classification. These data were used in the preceding
equations to establish the probable range in the hydrogeologic properties for
each generic classification, The results of the generic hydrogeologic analyses
are presented with the applicable mitigative techniques in Section 5,

3.6.1 Generic Hydrogeologic Site Classification: Fractured Consolidated
Silicates (Crystalline)

Total Number of Sites: 16

GENERIC SURFACE HYDRAULIC EFFECTIVE HYORAULIC CISTANCE TO
WATE= CLASSIF, CONDUCTIVITY POROSITY GRADIENT SURFACE waTER
. (C™/8) - - (METERY)
EST=0s 0,10E=02 0.01 0,120 76,
QCu=0e 0,10E«02 0,01 0,025 122,
Qfve i 0,47E=02 0,01 0,060 3128,
RESw0} 0,25€en3 0,01 0,073 762,
RESeN? 0,37E-03% 0,901 0,144 457,
RES=10 0,10E=N2 0,01 2.7220 320,
RESe12 0,19E=03 n,01 0,042 ine,
KES=13 Vel1JEeNQ 0,01 L.080 143,
REjeld 0,552=04 0,01 0,150 Ts.,
RESe A 0,10E=7] 0,01 0,033 vi.
Hlveld D A0Ee02 0,30 0,040 152,
“xv'aa ".115'02 ).0; 0.0“3 970.
Alved? U,S3Ewu3 3,01 0,019 i12%,
,‘1v.§4 Ue9'Eeud Vel \;.’970 ‘5290
Rivel? U B -1 I 0,91 0,229 107,

(a) These data are taken from: Niemczyk, S. J., unpublished, "A Summary of
subsurface Hydrogeological Information for Light Water Nuclear Reactor
Sites," Dak Ridge National Laboratory, 0Oak Ridge, Tennecsee, A discussion
of this data base is provided in Section 1.4,
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3.6.2 Generic Hydrogeologic Classification: Fractured-Sclutioned Consolidated

Carbonates
Total Number of Sites: 12
GENERIC SuwFACE HYDRAULIC EFFECTIVE <“YORAULIC DISTANnCE TO
WATE® CLASSIF, CONDUCTIVITY PORUSITY GRADIENT SUUNFACE WATER
- (C~/8) - - (METERS)
GaL=02 0,28E«02 .10 0,008 61,
GAaL=0s 0,10Ew02 0,01 0,007 229,
GRL=13 0,10€+00 0,10 0,006 122,
ESTe(S 0,10Ee02 0,10 0,092 133,
UCNe=Q ] 0,53E=ut 0,10 0,001 510,
OCne=14 0,10E+00 0,10 0,000 183,
RES=0S 0,10E+00 .19 0,088 122,
HESwin 0,10E+90 0,10 0,023 229,
RIveus 0,1VE+00 D10 0.009 2927,
R[/=09 N 10E«00 0,10 0,008 543,
Rlve2o 0,10E+09 0,10 0,051 198,

3.6.3 Generi: Mydrogeoloaic Classification: Porous Lonsolidated Carbonates

Tot: 1 Number of Sites: 10

GENE= T SUNFACE HYIRAULIC EFFECTIveE HYNQAYLIC DISTAMCE TC
WATES CLASSIF, CONOUCTIVITY POROSITY GFADLIENT SURFACE wATER
- (C=/3%) - - (METERS)
GeL=04 N,1)Fe22 0,19 0,001 732,
GRL=0S )y S58E=02 0,19 0,003 61,
aC =7 D 1uEei] 0,10 0,002 793,
ZSTeq] DelUE=02 0,10 0.009 2744,
RE3m(3 0,97V 4 0,00 0.204 183,
#ESe11 0,10ceny 0,01 0,030 1067,
RES=2y 0,23E=05 J,01 0,018 244,
RAMveysd 0,10€E400 0,10 0,004 4s7,
Rlvel? 0,1%E=03 Ueld 0,008 2287,
RIve4n N,10E=04 0,02 0,019 19Se,
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3,6.4 Generic Hydrogeologic Site: Porous Consolidated Silicates

Total Number of Sites: 13

OrAULIC CTIVE HYDRAULIC DISTANCE TO
ONOUCTIVITY OROSITY GRADIENT SUMFACE wATER

(CM/8) (METERS)
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3.6.6 Generic Hydrogeologic Classification: Fractured Consolidated Silicate

(Shale)
Total Number of Sites: 5
¢ STANCE TO
NERIC SURFACE HYDRAULIC EFFECTIVE nYDRAULIC Dl
2§7€9 CLASSIF, CONUUCTIVITY  PORQSITY GRADIENT SURFACE wATER

- (CM/8) - - (METERS)
GaL=l2 0,10E=05 0,01 0,008 396,
AES=02 n,10E=02 0,01 0,009 251,
RESel9 0,1VE=D2 2,01 0,014 918,
Rlve02 D, 10E=04 2,01 0,015 1708,
Rive=3s 1.,10E=01 Je?1 0,039 1250,
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4.0 GROUND-WATER CONTAMINANT MITIGATION TECHNIQUES

4.1 TYPES OF (ITIGATION TECHNIQUES

There are two general classes of ground-water contaminant mitigation
alternatives that may be appropriate, in individual cases, for application to
ground-water contamination resulting from a severe commercial nuclear power
plant accident., These two classes are: 1) static or passive techniques, and
2) dynamic or active strategies. The individual techniques or schemes that
comprise each class are designed to interact directly with ground-water flow
and consequently contaminant transport to achieve an acceptable level of con-
taminant mitigation. Indirect ground-water contaminant mitigation schemes that
involve redesign of reactor containment structures or manipulation of reactor
core material (e.g., in situ vitrification) are not considered.

4,1.1 Static Ground-Water Contaminant Mitigation Techniques

Static or passive mitigation techniques are typically engineered/construc-
ted barriers to ground-water flow and consequently contaminant transport. The
primary objective of a constructed barrier is to redirect the ground-water flow
away from potentially accessible surface environments (e.g., surface water
bodies, production well fields, etc.). Achievement of this objective usually
results in ground-water being forced to follow more circuitous routes with
longer travel times. The longer travel times provide longer time for the natu-
ral decay of radionuclides. Also, there may be additional benefits to longer
travel times through increased opportunity for contaminant retardation.

Constructed barriers are considered static ground-water contaminant miti-
gation techngiues because once in-place they are not readily adaptab’e to
changing conditions of ground-water contamination. Barriers are alsu corsid-
ered passive rather than active because they do not directly influence tne
ground-water contaminant concentrations as, for instance, pumping of ground
water for surface treatment would directly infleince contaminant concent-iu-
tions. Engineered/constructed barriers do not rormally require a significant
amount of maintenance. When properly designed and constructed these types of
barriers (except steel sheet piping) are considered, from a practical view-
point, to be permanent. However, constructed barriers do not last indefi-
nitely. Barriers tend to be more costly than other mitigation alternatives and
the time for construction can be significant.

Three basic types of constructed barriers were analyzed for their feasi-
bility and suitability as mitigation measures for ground-water contamination
resulting from a severe power plant accident. The barriers considered are
grout curtain cut-off walls, slurry trench cut-off walls, and steel sheet pil-
ing. Table 4,1.1-1 provides a further breakdown of the static ground-water
contaminant mitigation techniques. Only steel sheet pilings are considered
because other materials (such as wood or reinforced concrete) are not capable
of forming a watertight seal to an effective depth. Reinforced concrete
pilings are not normally placed to depths that would allow complete vertical
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TABLE 4.1.1-1. Static Ground-Water Contamirant Mitigation
Techniques Considered for Appiicat .on o
Severe Power Plant Accidents
1. Grout curt2' n cut-off walls
la. Particulate grouts: Cement-based grouts
1b. Non-particulate grouts: Chemical-baseu grouts
Slurry trench cut-off walls
2a. Soil-bertonite slurcy trenches
2b. Cement-bentonite sl .rry trenches
Lean concrete slurry trenches
Vibrating beam slurry trenches

sheet piling

cutoff of ground-water fiow, Each of the ground-water flow barriers listed in
Table 4.1.1-1 are analyzed in letail as to their engineering feasibility for
speci ic applications.

Extensive monitoring is required during and following construction in
order to verify performence characteristics of nstructed darriers,

2

le :jnamx( rju'd-uxte' Contaminant Mitigation ‘Pchqjquei

nDynamic or active grourd-water contaminant mitigation techniques are
primarily conceptual strateqgies for actively (i.e,, directly) influencing the
state of ground-water contamiiszatiun, Active influence is ¢ccomplished by
either changing the ground-water flow reqgime by pumping and /or injection,
directly treating the contaminatea arouna-water or combinations of »oth ap-
ive ground-water contaminant mitigation schcwes are generally
hetter aple to respond to changes in the state (i.e., contaminant plume veloc-

ity, concentration, etc,) of cround-water contamination i{han constructed bar-
riers. However, typicallly associated with dynamic schemes are relatively high
maintenance costs. Also extensive monitoring feedd

to insure adequate performance,

r ne
proaches,

is usually recummended

he dynami wround-water cont.aminant mitigation schemes may be applicable
13 temporary mitigation measures while permanent measures are being designed
constructed. Also, severa! of the dynamic schemes may be most effective 1n
inztion with permanent barriers. The design f a dvnamic mitigation scheme
mav necessarily require surface handi:ng of cantaminated ground water, This
ircumstance may cause significant saveil; oreoiems related tc handling, trans-
portin:, treating, and disposing of contaminated grouna water,
The dynamic ground-water contaminanrt mitigation schemes analyzed for their
feasibility and applicability to mitigate the ffects of ground-water contami-
lowina a severe power plant accident are pre:zented in Table 4,1.2-1.

nation fol




TABLE 4,1.2-1. Dynamic Ground-Water Contaminant Mitigation
Techniques Considered for Application to
Severe Power Plant Accidents

l. Ground-water withdrawal for potentiometric surface adjustment
la., Prevent discharge to receiving stream
b, Prevent saturated contact with core melt mass
lc. Prevent contamination of leaky aquifers

2. Ground-water withdrawal and/or injection for contaminant
plume control

2a, Withdrawal and injection
2b, MWithdrawal without injection
2c, Withdrawal with surface treatment and recharge
2d, Injection only
3. Subsurface drains
4, Selective filtration via permeable treatment beds
5. Ground freezing
6. Air injection

4.2 FEASIBILITY CRITERIA FOR GROUND-WATER CONTAMINANT MITIGATION TECHNIQUES

There are several important considerations for determining the suitability
of mitigative techniques for ground-water contamination resulting from a severe
power plant accident, Thece considerations encompass: 1) design, 2) construc-
tion, 3) performance, and 4) implementation issues related to each mitigation
measure, These issues are addressed in specific detail for each of the
mitigation alternatives, A brief overview of each issue follows,

4,2.1 Design Considerations

Design considerations include the variations in specific types of tech-
niques (e.g., particulate versus non-particulate grout), appropriate host geo-
logic media, size, location, and orientation of the various mitigation measures
and design limitations, Passive ground-water barriers (i.e., slurry trenches,
grout curtains, and steel sheet piling cut-offs) have better defined engineer-
ing design considerations than typically do dynamic ground-water contaminant
mitigation strategies which are more conceptual in design (i.e., less
rigorously defined from an engineering standpoint),

4,2.2 Construction Considerations

Construction considerations are a major concern in determining the feasi-
bility of specific mitigation strategies. Construction considerations include
appropriate methods of installation, limitations of construction methods,
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equipment required f- stiuction, etc. Several of the mitigation strategies
(1.e., slurry trenc .- suc urface drains, and permeable treatment beds)
require extensive ex. ation Trenching is realistically feasible only in
unconsolidated media and sof , easils ripped semi-consolidated media. The
strategies ~equiring extensive trenching are not practically feasible in a
consolidated mediuw such as a crystal’‘ne silicate medium, for example.

Several of the dyuamic mitigat -1 strategies require well construction.
The type of wall system developed ,1.e., vel)l point versus deeu well) can have
a significant impact on the cverall performance of a particular mitigation
alterrative.

Grouting and arcund frea; .ng operations require special expertise and
equipment which may not be reaaily available. Permeable treatment beds require
a permeable material with hijh ion exchange capacity. Naturally occurring
glauconite greensands have bevn recommended but suitable deposits of glauconite
may exist only in the Mid-Atlantic region of the U.S. This may preclude
application (becavse of transportation costs) in other regions of the U.S.

Similar to design considerations, construction conside-~ations are a
function of the mitigation techuique itself, the pnysical properties of the
c¢ite, and the accident s-enaric.

4,2.32 Performance Considerations

Performance considerations include permeability reduction (if appropriate
to the technique), durability, continuity, and contaminant compatibility. In a
practical sense, the performance is related to how well the strategy can
achieve and maintain an acceptable level of ground-water quality at predeter-
mined locations. Embodied in this philosophy i the protection of accessible
environments such as surfaze woter bodies or producing ground-water well
fields.

A1 of tne performance consideraticns (e.g., permeability reduction) vary
with time. For instance, steel sheet piling may be expected to corrode sig-
nificantly in approximately 40 years thus reducing its 2ffective performance.
Durability is closely related to permeability reduction and maintenance
requirements. How long a barrier will perform as designed is a function of
quality centrol during construction and ground-water chemistry. For example,
cement-based constructed barriers will lose their integrity more rapidly in a
saltwater environment or if expcsed to treeze/*aw cycles. Also, sulphate
attack on concrete can lead to a 1oss of integrity. Most, if not all, of the
dynamic mitigution strategies are temporary and their design with respect to
the overall miticatior nlan should reflect this condition.

4.2.4 Imolementation Considerations

In determining the engineering feasibility ¢t yround-water contaminant
mitgetion schemes implementation considerations play a key role. The implemen-
taticn considerations include:



. Installation/construction time,

Cost,

Equipment mobilization,

« Toxicity (some chemical grouts are highly toxic), and
« Safety of workers,

DN B W N e
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Difficulty arises in analyzing these issues in a generic sense however, because
of their site-specific and site dependent nature. Unit values for the esti-
mated time required to perform a specific task (e.g., well drilling) and asso-
ciated cost are provided as available. The EPA has estimated the total cost of
hypothetically designed mitigation schemes involving several of the techniques
analyzed herein. EPA's estimates are included for comparison of alternative
methods. 1In other instances, only very general time for installation, relative
to other techniques, is provided.

Equipment mobilization requirements are not only dependent on the mitiga-
tion strategy employed but also on the site configuration and geographical
location of the site. Standard excavating and/or drilling equipment is used to
construct most ground-water contaminant mitigation measures but specialty
equipment is required for grouting and ground freezing. Unobstructed right-of-
way must be provided for drilling and excavating equipment and subsurface
obstacles such as utility services must be avoided by mitigation techniques
involving trenching or extensive drilling.

Worker safety during the installation and maintenance of a ground-water
contaminant mitigation scheme is of primary concern. However, worker exposure
to radiation resulting from atmospheric releases or diffusion of vapor through
the unsaturated soil column would be extremely site sensitive and accident
specific. Meteorological conditions at the time of the atmospheric release of
radiation would greatly influence transport and deposition rates of atmospheric
contaminants in the vicinity of the plant. Due to the (in general) several
orders of magnitude higher transport properties of airborne contaminants versus
ground-water transport of contaminants a time delay from the occurrence of an
accident and the implementation of a ground-water contaminant mitigation scheme
may enhance worker safety without sacrificing mitigation performance. In most
cases however, the closer to the contaminant source the mitigation scheme is
implemented, in general, the more cost effective the scheme will be. A site-
specific thorough investigation of ground-water flow and contaminant transport
should be conducted in relation to the accident scenario to determine the time
delay that can be tolerated in implementing a ground-water contaminant
mitigation strategy if one is necessary.

Another safety issue involves the safe handling, treatment, and disposal
of contaminated ground water. Several of the mitigation schemes require above
ground handling of contaminated ground water thus requiring special care to
insure the safety of workers and integrity of the surface environment. A
related concern is the secondary contamination of drilling and pumping equip-
ment in prolonged contact with contaminated ground water.

In summary, the implementation considerations for ground-water contaminant
mitigation schemes are extremely important in the overall assessment of the
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applicability of each measure., However, these issues are also highly sensitive
to specific and individual site characteristics ranging from the physical plant
configuration, to local meteorological conditions at the time of the accident,
to the time history of events of the accident itself. Therefore it is diffi-
cult, if not impossible, to address these issues in a generic manner, In the
analysis of individual mitigation techniques each impiementation issue (if
relevant) is addressed to a level of detail consistent with the generic nature
of this study.

4.3 ANALYSIS OF STATIC GROUND-WATER CONTAMINANT MITIGATION TECHNIQUES

The static mitigation techniques analyzed for their applicability to
mitigate the effects of a severe power plant accident on ground-water quality
are constructed barriers to ground-water flow, The primary differenes among
these interdiction techniques are their method of construction and composition.
They all divert ground-water flow in a similar passive manner,

The three barriers to ground-water flow analyzed are grout curtain cut-
offs, slurry trenches, and sheet piling cut-offs., The fundamental purpose of
each technique is to redirect ground-water flow and consequently contaminant
transport (if placed down-gradient from the contaminant source) away from
accessible surface environments of concern, From an engineering standpoint
these barriers, except sheet piling cut-offs, are considered permanent even
though over time their performance (i.e., imperviousness) will deteriorate.
Their ability to redirect ground-water flow becomes increasingly impaired as
their permeability increases.

0Of the static ground-water contaminant mitigation techniques considered,
grouting is the most generally applicable across all generic hydrogeologic site
classifications. However, grouting operations can be expensive and time
consuming plus special expertise and equipment is necessary for construction of
grout curtain cut-offs, Slurry trench construction requires excavation which
limits application to unconsolidated media or soft, semi-consolidated media and
also limits the depth to which a slurry trench can be installed. Sheet piling
application is also limited to unconsolidated host materials,

Constructed parriers to ground-water flow placed transverse to the
direction of flow have the propensity to “backing-up" water in unconfined
aquifers., A low permeability barrier may cause a "bathtub effect" immediately
up-gradient from the barrier under certain flow and ground-water recharge and
conditions. Depending on the specific circumstances giving rise to the "bath-
tub effect” pumping may be required to contro! the ground-water mounding, If
the barrier is placed up-gradient from the contaminant source uncontaminated
water may be forced to the surface but cause little concern, However, if a
“bathtub effect" causes contaminated water to rise to the surface, then a
ground-water dewatering scheme (Section 4.4.1) should be implemented, In
confined flow situations, a constructed barrier may cause an increase in the
hydraulic head immediately up-gradient from the barrier, The increased head
may cause increased vertical leakage downward with the potential from con-
taminating lower aquifers, In this instance a reduction in head through
ground-water withdrawal maybe advisable., 1In any event, the creation of a
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“bathtub effect” resulting from an engineered barrier and the potential
consequences would be an integral part of the site-specific analysis of the
performance of the mitigative strategy. Control or reduction of ground-water
mounding would depend on site-specific factors including level of contamina-
tion, degree of mounding, ground-water discharge opportunities, and the plant
configuration. As a final note, even if the contaminant source was totally
contained, the potential for ground-water mounding would exist from local
precipitation percolating to the water table,

4.3.1 Grouts

Grouting is the process of filling soil voids and/or rock cavities and
fissures with some type of stabilizing material which acts as a sealing agent
and thereby reduces soil/rock permeability, The stabilizing material, or
grout, is injected into the geologic medium in the liquid phase by various
mechanisms and, upon curing, results in the increased strength of the host mat-
erial. Permeability reduction is achieved by consolidation and densification
of the grouted materizl,

There are many grouting mechanisms and a wide variety of grouts exhibiting
varied in-place mechanical properties. The choice of grout penetration mechan-
isms depends largely on the properties of the host material and the purpose of
the treatment. Within the context of this study, the grout treatment purpose
is to develop ground-water cut-offs to control the lateral movement of radio-
nuclides through the geologic medium under consideration. Structural stability
and strength of the resulting soil-grout complex are of lesser importance. The
choice of grout material is dependent on its rheological behavior, particularly
viscosity, rigidity, and granular state (Harris et al. 1982a).

4.3.1.1. Grout Penetration Mechanisms

There are five basic grouting mechanisms (Attewell and Farmer 1976):

l. Permeation Grouting - Even injection into soil or rock pore spaces result-
ing in a series of cylinders around thie grout sources. Successive grout
applications (i.e., primary, secondary, tertiary, etc.) result in the
formation of a reduced permeability ground-water cut-off,

Applicability - pervious sands or gravels; porous rock

2. Fissue Grouting - Well-dispersed, water-cement grout injection into fis-
sures, High pressures are often used to slightly enlarge (i.e., widen)
the fissures to facilitate passage of the grout., Subsequent deposition of
cement particles is relied upon to "silt up" the fissures,

Applicability - fissured rock and layered soils having a low intrinsic

permeability,

3. Fracture Grouting - Hydrofracture in vicinity of grout injection source to

increase penetration rates,
Applicability - low or variable permeability rocks and soils
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4, Compaction Grouting - High pressure injection

grout with high solids

content with high penetration characteristics. Compaction grouting is
)

also referred to as consolidation grout

FEPJl~jEDJ't' - Loose, unconsolidated soils or sands.

1na
i

such as caves or abandoned

ace of the host material.

land cement or fine-
synthetic chemicals.

very coarse sands and

*rate fine-grained host
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TABLE 4,3,1-1.

(Cont'd)

Group Type Composition
Clay Bentonite Suspension water, bentonite (10 per cent)
Grouts Bentonite-silicate water, bentonite, sodium
silicate, sodium phosphate
Bentonite-diesel bentonite, diesel oil, water
Silicate Joosten sodium silicate solution,
Grouts calcium chloride solution
Guttman sodium silicate, calcium
chloride, sodium
carbonate solutions
Silicate-Bicarbonate sodium silicate, sodium
bicarbonate solutions
Silicate-Ethylacetate sodium silicate solution,
ethylacetate
Silicate-Aluminate sodium silicate solution +
sodium aluminate
Organic Epoxy Resin non-aqueous resin
Polymers Polyester Resin non-aqueous resin

Chrome-lignin

Urea-Formaldehyde

calcium lignosulphonate and
sodium dichromate

urea and formaldehyde in
acid solution

Polythixon polyurethane
Resorcinol- resorcinol and formaldehyde
Formaldehyde in aqueous solution

4,3.1.3 Design Considerations for Particulate (Cement and Clay) Grouts

The physical properties of the host geologic medium play a major role in
the design and construction of cement grout cut-offs, Houlsby (1982a) lists
eight effects of geology on cement grouting:

1. Sgacing of Open Joints. Widely spaced joints make grouting easier while
close spacing can lead to surface leaks and patchy grouting,

Joints wider than 2 mm assist grout penetration,

Con-

2. Size of Open Joints,
Joints wider than 6 mm inhibit proper tightening to grout refusal,
versely, joints tighter than 0,5 mm make penetration difficult,

3, Direction of ggen Joints, An average dip between 30° and 60° is easiest
to intercept by vertical grout hoies and is less likely to permit rock
movement than a more vertical or horizontal dip.
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4. Rock Strength. Rock should be massive, tough and well-anchored to bed-
rock, Weak rock or weakly imbedded slabs may tend to shift under grouting
pressure,

5. Rock Soundness. Rock soundness is important in keeping grout injection
drill holes from collapsing.

6. Tectonic Stress. Strain energy release resulting from tactonic stress can
cause open joints between the detached rock and bedrock on the order of
several centimeters,

7. Uniformity., Irregular host material (i.e., jointing, variable rock types,
intrusions, faults, etc.) can greatly complicate the grout layout proce-
dure, Weak fractures may require intensive localized grouting, The more
uniform the geologic medium the easier it is to layout the grout holes.

8, Proneness to Piping, The seepage removal of material in joints is
referred to as piping., If piping is possible more intensive grouting may
be required than would otherwise be necessary.

The constituent materials used in cement-based grouts are: 1) water,
2) cement, and 3) various fillers primarily used to lower the overall grout
cost without significantly effecting the flow properties and strength, The
principal variable which effects the properties of cement grouts is the water/
cement ratio (w) by weight, Excessive water increases bleeding, causes shrink-
age, decreases durability and lowers the grout strength (Littlejohn 1982).
Fillers consist mainly of clays, pozzolans, fine sands, and other admixtures.
Admixtures are materials other than water, aggregates, or cementitious mate-
rials, used as a grout ingredient for cement-based grouts.

Clay/cement grouts have an ability to form gel structures due to the
absorptive capacity of the clay (usually sodium montmorillonite). Sodium
montmorillonite is generally referred to as bentonite., The setting time for
bentonite/cement grouts is not well-defined and strength development is slow
(Littlejohn 1982). Normally within 24 hours the clay/cement grout sets up to
a strength of soft to firm clay (Harris et al, 1982a). In clay/cement grouts
where high proportions of clay are used (e.g., 50 percent clay content) the
clay filler increases the volume yield par unit weight of material thus reduc-
ing the cost in relation to low clay/cement ratio grouts with lower volume
yie'ds per unit weight,

Pozzolans such as naturally occurring finely ground shale, pumicite, and
diatomite or artificially produced flyash and ground blast furnace slag are not
cementitious but react with free lime cement (in the presence of water) to form
a cementitious compound (Littlejohn 1982). Pozzolans are primarily used as
cheap bulk fillers for large cavity grouting where strength may not be of great
concern,

Sand fillers are used in grouts requiring high frictional shear strength,

These grouts typically have a low water content, Sand/cement ratios are
usually limited to a maximum of three parts sand to one part cement to maintain
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particle suspension (Littlejohn 1982). Occasionally admixtures are combined
with grouts to alter their flow, or set properties. They should not be used
Indiscriminately however, and are not a substitute for good grout practices

(Littlejohn 1982).

4.3.1.4 Design Considerations for Non-Particulate Grouts

Non-particulate grouts (i.e., chemical grouts) normally consist of solu-
tions of two or more chemicals which react to form a gel. The reaction causes
a decrease in fluidity and facilitates solidification and subsequent formation
of occulusions in fill voids of the host material (U.S. Army Office of the
Chief of Engineers 1973). The viscosities of chemical grouts tend to be very
low and generally (except for fillers that are sometimes added) contain no
particulate matter. Chemical grouts can therefore be injected into materials
with voids small enough to limit penetration of cement-based grouts. Chemical
grouts have been used primarily in fine granular material and to seal fine
fissures in fractured rock (U.S. Army Office of the Chief of Engineers 1973),

Most chemical grouts belong to one of the following four groups:

Sodium silicate grouts

Acrylamide grouts

Lignin grouts

Epoxy and polyester resins grouts

Each grout exhibits certain characteristics that make it suitable for certain
applications, For several chemical grouts the speed of the chemical or physi-
-ochemical reaction limits the radius of grout penetration. Other factors
arfecting grout penetration include: 1) concentrations of constituent chemi-
cals, 2) permeability of the material being grouted, 3) grouting pressure, and
4) continuity of injection technigue (U.S. Army Office of the Chief of
Engineers 1973).

Sodium Silicate Grouts

Sodium silicate is the chemical basis of a variety of silicate grouting
processes. Sodium silicate forms a gel in the presence of specific reac-
tants. The gel fills voids and binds particles together when injected into
granular material. Several reactants can be used and the choice is based on
desired gel time, strength and permanence requirements, and cost.

The chemical reaction occurs when sodium silicate (an alkaline) is mixed
with an acidic material. A gel is formed if the silica concentration in the
silicate solution is greater than one or two percent by volume, Acidic mixers
commonly used are: chlorine, ammonium salts, bisulfates, bicarbonates, sulfur
dioxide, and sodium silicofluoride (U.S. Army Office of the Chief of Engineers
1973).

Sodium silicate is injected in either a two-solution process or as a

single solution. The two-solution (termed "two-shot method") process consists
of the injection of a solution of sodium silicate followed by a second separate
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Lignin grouts consist of materials that are rapidly soluble in water. The
gel in normal grout concentrations (i.e., the weight ratio of water to ligno-
sulfonate of 4:1 to 5:1) has a rubbery consistency and is practically imperme-
able to water. If protected against drying and freezing the grout ordinarily
does not deteriorate (U.S. Army Office of the Chief of Engineers 1973).

Lignin grouts are used primarily in fine granular material. They have
also been successfully used to grout fine fissures in fractured rock. The U.S
Army Office of the Chief of Engineers (1973) does not recommend lignin grouts
for use in soils containing an appreciable amount of material finer than the
No. 200 (0.0029 in,) sieve. A dilute solution of lignosulfonate can be used to
grout fine, nonargillaceous sands for permeability reduction.

Epoxy and Polyester Resin Grouts

Epoxy and polyester resins are organic compounds comprising two-component
systems made of a resin base and a hardener. Epoxy resins are resistant to
acids, alkalies, and other organic chemicals and they cure without volatile by -
products thus preventing formation of bubbles or voids. Epoxy resins are also
compatible with various thickening agents (e.g., bentonite). Epoxy resins are
thermosetting (i.e., they will not liquify once they have hardened even when
heated) (U.S Army Office of the Chief of Engineers 1973). This property may be
important for applications in close proximity to a core melt accident where
ground-water temperatures may be significantly higher than surrounding ambient
temperatures.

Polyester resins are also two-component systems that have been used to
stabilize or strengthen fractured rock. Polyester resins are low viscosity,
thermosetting liquid plastics that chemically cure to a solid. Polyester
resins do not bond as well to moist rock as due epoxy resins, Also, they are
more brittle and exibit greater shrinkage than epoxy resins (U.S. Army Office
of the Chief of Engineers 1973).

The four categories of non-particulate grouts discussed above are not all-
encompassing of chemical grouts, although they encompass the most frequently
used non-particulate grouts. Other chemical grouts include (U.S. Army Office
of the Chief of Engineers 1973):

l. Cationic organic - emulsions utilizing diesel oil as a c2 fer
2. Resorcinol - formaldehyde

3. Epoxy - bitumen

4. Calcium acrylate

5. Aniline - furfural

6. Aluminum octoate compounds

7. Urea - formaldehyde

8. Polyphenolic polymers

These additional grouting compounds and systems are all classified as Newtonian

low viscosity grouts. A complete listing of chemical grouts and their trade
name and manufacturer is included in Table 4,3.1-2.
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TABLE 4.3.1-2.

Chemical Grouts and Manufacturers (Source: U.S.

Army Office of the Chief of Engineers 1973)

Type

Acrylate
Acrylamide Pre-polymer
Resin

Resin
Silicate
Silicate

Silicate
Silicate
Silicate
Lignin

Lignosulfonate

Epoxy resin

Polyester resin
Polyphenolic polymer
Resorcinol-formaldehyde
Phenoplast or resorcin-formal
Aluminum octoate

Cationic organic-emulsion
Aminoplasts or urea-formols
Epoxy-bitumen

Calcium acrylate
Aniline-furfural
Polyurethane

Polyurethane

(a) Identified by Karol 1982a.
(b) Identified by Baker 1982,

Trade Name

AC-400(2)
Injectite 80(2)
Cyanaloc

Heoculua
Tndecirol =G
Siroc

Geloc-4(?)
Terraset(b)
Hardener 600(P)
Blox-All

Terra Firma

Terranier
CR-726

Firmgel
§5-13

TACSS
CR250*

4.14

Manufacturer, Producer,
or Distributor

Cynamid International

Halliburton 0i1 Well
Cementing Co.

Halliburton 011 Well
Cementing Co.

Raymond International
Inc.

Halliburton 011 Well
Cementing Co.

Concrete Chemicals Co.
George W. Whitesides Co.
Cyanamid International
Rayonier, Inc.

Catalin Corp. of America
Soletanche

Byron Jackson, Inc.
Brown Mud Co.



4.3.1.5 Choice of Grouts

The choice of grout is made so as to allow effective penetration of the
host material and provide the necessary reduction in permeability with accep-
table duration. The effect of ground water on the various grouts also in-
fluences the choice of the grout. Ground water can dissolve some soluble
elements of a grout and can cause certain chemical and physicochemical changes
in the grouts. According to Caron (1982) these two effects may result in a
redur ion of the imperviousness of a grout that is variable among the differing
types . jrouts.

Soil penetration by a grout is primarily by impregnation and occasionally
by fracturing-impregnation for most applications to control ground water and
contaminant movement via grouted cut-off walls., Impregnation grouting (i.e.,
permeation grouting) requires grouts that are adopted to the size of the voids
of the host material in order to penetrate the soil voids. Thus a wide range
of grouts, both particulate and non-particulate, are potentially applicable
(Caron 1982),

In most cases cement-based grouts are suitable for fissured coherent
soils. In granular soils there is a filtration of cement-based grouts as
grainsize decreases. Chemical grouts may be more suitable because of lower
viscosities and lack of particulate matter as the host material becomes more
fine. The criteria of grainsize distribution (d o)s permeability (K), and
specific surface (S) can be used to recommend types of grouts appropriate to
each type of granular soil (Caron 1982)., Table 4.3.1-3 lists three soil types
and the recommended grout.

Caron (1982) suggests that the limit between chemical grouts and cement-
based grouts is fairly well-defined. When cement-based grouts can only proceed
by fracturing because of the fineness of the host material, chemical grouts
become more suitable. The limit between gels and resins, however, is not as
well-defined because the only significant difference in preset properties is
viscosity.

The permeation characteristics of both particulate grouts and chemical
grouts are limited by increasing shear resistance of the interface between the
grout and the host soil (Attewell and Farmer 1976). Figure 4.3.1-1 shows the
soil size limitations on g out permeation.

TABLE 4.3.1-3. Grout Recommendations Based on Soil Type
(Source: Caron 1982)

Gratn Size Permeabl lity Specific Recommended
5011 Type Distribution (mm) (cm/sec) Surface (1/cm) Grout
L. Coarse-gratned ), > 0,05 k> 107} S /10 Cement and clay/e)ement
2, Medium-grained .02 ¢ ‘lo < 0.0% 103 ¢ x < 107! 171000 < § 1/1000 Sodium silicate, 1ignochrome

gels, collotdal solutfon, and
prepolymer grouts,

3. Fine-grained dyg € 0.02 £ <10? § < 1/1000 Acrylamide-based grouts and
other pore solution grouts
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Layout

Penetration grout curtains are constructed in a series of primary,
secondary, tertiary, etc. grout applications. This construction process,
termed “split-spaced injection staging", refers to multiple grouting episodes
in the same zone or area. Primary grouting is the initial grouting of a pre-
viously ungrouted area. Individual grout cylinders or "bulbs" are not in
contact or overlap only slightly. Secondary and tertiary grouting successively
fills the ungrouted areas remaining in the same zone. Grout pipe spacing is
desigied to locate primary and secondary grout injection points. The secondary
loc;gions are usually at the midpoint between primary injection points (Baker

982).

Project costs are highly sensitive to grout pipe spacing. Pipes spaced
too close to each other (i.e., less than 0.5 m) will result in excessive costs
for drilling. Pipes spaced too far apart (i.e., more than 2.5 m) will result
in Tong pumping times and loss of control of the grouting process die to uncer-
tainty about the location of the grout front. Most grouting operations have a
pipe spacing between 0.8 m and 1.5 m (Baker 1982). The U.S. Army Corps of
Engineers suggests that the proper spacing for the "split-spaced method" pri-
mary grout holes should be rarely less than 3.0 m (Albritton 1982).

There are four basic stage grouting methods (Houlsby 1982a):

l. Downstage without packer,
2. Downstage with packer,

3. Upstage, and

4, Circuit grouting downstage,

For high standard grouting (which would be required to assure control of radio-
nuclide migration fcllowing a severe power plant accident) Houlsby (1982a)
recommends downstage grouting without packer (Figure 4,3.1-2)., The steps
involved in downstage grouting require repeated drilling/grouting operations at
successively greater depths in the same grout hole. The advantages of this
procedure are proving of upper grouted stages and automatic handling of mate-
rial weaknesses as they exist (Houlsby 1982a),

Grout Hole Drilling

Minimum diameters as small as 38 mm have been successfully used for grout
hole specifications. However, for deep or inclined grout holes larger diame-
ters are recommended because the stiffness of the drill rods will result in
straighter boring. Also, distribution of grouting pressures in the host medium
is affected by the diameter of the boreholes., Smaller holes require greater
pressures to achieve the same relative results compared to larger holes with
less pressure (Albritton 1982),

Both rotary drilling and percussion drilling with water are acceptable
means for grout hole boring. Caution must be exercised to insure that no pre-
mature plugging of fine fissures by dry rock flour, drilling mud, or clay
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grouting operations. Variations (i.e., non-uniformity of final grout curtain
properties) result from three causes (Littlejohn 1982):

1. [Inadequate/improper mixing of grout,
2. Variations in grout material (both quality and quantity), and
3. Apparent variations from the testing procedure.

The assurance of acceptable quality requires rigid engineering supervision of
all grouting operations.

Grout Curtain Permeability

For cement-based grouts the cured permeability is a function of the
original water/cement ratio (w). For fresh or aging cement grouts the perme-
ability is related to the age of the grout, Figure 4.3.1-3 shows the
relationship between water/cement ratios and 28 day permeability for a typical
cement-based grout. Table 4.3.1-4 shows the permeability increase with age for
a Type I (ordinary porland cement) grout.

Chemically grouted cut-off walls can achieve the same relative perme-
ability reduction as cement-based grout curtains, Permeability testing in
fine, medium, and coarse grained sands indicate tnat permeabilities as low as
5 x 1077 cm/sec can be achieved with acrylate grouts such as AC-400® (Clarke
1982). The U.S. Army Corps of Engineers states thgt sands with ungrouted
permeabilities in the range of 1 cm/sec to 1 x 107 iﬂ/sec were grouted with a
10% acrylamide solution to permeabilities of 2 x 107"" cm/sec (U.S. Army Office
of the Chief of Engineers 1973).
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FIGURE 4.3.1-3, Twenty-Eight Day Permeability of a Typical
Cement Grout (Source: Littlejohn 1982)
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TABLE 4,3,1-4, Permeability Versus Age of a Portland Cement
Grout with w = 0,7 (Source: Littlejohn 1982)

A days Permeability (cm/sec)
Fresh 2 x 10-¢

5 4 x 10°8

6 1 x 10°8

4 a4 x 109

13 5 x 10-10

24 1 x 10-10
Ultimate

(Estimated) 6 x 10-11

Test grouting of alluvial sands with silicate-based grouts indicate that
under field conditions permeability reductions of one to two orders of magni -
tude Tower than the untreated permeability can be realized, Laboratory tests
w1t9 the same grout material achieved permeability values averaging 4.5 «x
107" cm/sec or two to three orders of magnitude lower than the field-grouted
sand (Davidson and Perez 1982),

[n general, chemically grouted sands exhibit permeability reductions of
approximately three to six orders of magnitude lower than the original
ungrouted sand (Baker 1982),

Grout Curtain Durability

Grout durability and grout compatibility with the surrounding environment
are closely related. The durability (i.e., maintenance of permeability reduc-
tion) of cement-based grouts is effected primarily by the chemistry of the
ground water in contact with the set grout, Deterioration of cement grouts can
be caused by high concentrations of dissolved suiphates or acids in ground
water, large-scale temperature fluctuations causing freeze/thaw cycles, and
prolonged exposure to sea water (Littlejohn 1982),

Littlejohn (1982) recommends a water/cement ratio of 0.4 for grouts sub-
jected to freeze/thaw cycles. Increased resistance to chemical breakdown of
cement grouts can he achieved by using higher cost aluminous cements.,

Silicate-based chemical grouts with silicate concentrations of 35% or more
by volume tend to resist deterioration by freeze/thaw and by episodes of wet-
ting and drying. Silicate grouts containing iess than 30% silicate by volume
should be used only for temporary applications. Repeated freezing and thawing
will cause deterioration of acrylamide-type grouts because of the rupture of
gel particle bonds. Laboratory tests indicate however, that for host materials
grouted below the water table no significant deterioration of acrylamide-type
grouts occurred in 15 years (U.S, Army Office of the Chief of Engineers 1973),
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4,5.1.8 Effects of Ground Water on Grouting

The effect of ground water on grouting operations and the resulting grout-
ed barrier is twofold., First, there are mechanical impacts associated with the
ground-water pressure head and the velocity of the moving ground-water chemis-
try. Second, there are influences on the durability of the in-place grout
caused by variations in ground-water chemistry.

As grouting closes drainage pathways, up-gradient ground-water elevations
will rise thus causing increased pressure head on the grout itself. These
higher pressures, caused by the placement of the grout, may cause the grout to
be pushed out of the seepage zones and result in reopening of the flow path-
ways. Karel (1982b) recommends injecting grout near the end of treatment at
pressures higher than the maximum anticipated future ground-water head.

Recause ground water will be flowing in contact with the grout curtain
there is a continuous potential for weakening of the grout., If grouts with
high water/cement ratios are used, loss of most of the effectiveness of the
barrier can occur as early as one year after construction (Houlsby 1982b).
Uneven grouting may be caused by instability and mixing at the grout/ground-
water interface, If the grout viscosity is greater than the viscosity of the
water being displaced mixing wili be reduced (Attewell and Farmer 1976),

For chemical grouts, the flow of the grout will be reversed due to their
low viscosity as soon &s the pumping injection pressures are eliminated. To
avoid reverse flow pumping pressures should be maintained until the grout has
developed some set strength (Attewell and Farmer 1976),

As long as the mechanical and chemical effects of ground water are con-
sidered in the design and installation of the barrier grouting can be success-
fully performed above and below the water table. Some precautions need to be
exercised, however, For instance, ground water with a high pH can lead to
premature deterforation of silicate-based grouts by inhibiting initial gella-
tion, Conversely, low pH ground water may accelerate gellation of silicate
grouts while preventing the setting of acrylate grouts., It is also necessary
to determine {f perched water exists in the grout zone and to establish the
presence of any artesian pressures (Baker 1932).

4,3,1.9 Grouting Implementation Considerations

The five key issues related to implementation of grout barriers to miti-
gate ground-water contamination resulting from a severe power plant accident

1. Construction time,

2. Cost,

3. Toxicity of grout material,
4, Equipment mobiltzation, and
5., Worker safety,
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Construction Time

The time required to construct a grout barrier to ground-water flow is
highly variable and site specific, Construction time is a function of:

1. Stze and orientation of barrier,
2. Grout hole spacing,

3., Grouting method,

4, Lithology of host material

5. Nrilling method, and

6. Grout take rates and setting time,

Since each job is unique or customized there are no adequate unit timings for
the various procedures comprising a grouting operation, Compared with other
techniques, however, most grouting operations are significantly slower

(Harris et al, 1982a). Several months may be required for a complete grouting
operation,

Cost.

The total cost of a grouting operation is a function of (U.S. Army Office
of the Chief of Engineers 1973):

1. Inftia)l cost of matertals,

2. Location of job site,

3. Nuantities and types of grout to be used,
4, Volume of material to be placed,

5. Labor,

6, Overhead,

7. Equipment rental, and

8, Drilling cost,

Of the total cost, direct contractor costs for supply of labor and plant may
typically range from 40% to 55%, Site preparation, maintenance, and supplies
costs may be expected in the range “rom 25% to 30% of the total cost, Finally,
design and engineering costs may typically range from 20% to 30% of the total
project cost ?Fox and Jones 1982), The actual cost is highly vartiable from job
to job and may not breakdown into the above ranges in every case,

Chemical grouts are commercially available at prices ranging from $0.13 to
$2.64 per 1iter, Sample grout material cost data are presented in
Table 4,3,1-5, While grouting material costs may vary 20 to 1 the overall in.
place costs typically vary from 3 to 1 because the cost of grout placement 1s a
major cost factor in the overall cost of the job (karol 1982a),

Additional costs related to radiation protection should also be
considered.
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TABLE 4,3,1-5, firouting Material Costs (1980%)
(Source: EPA 1982)

SGrout Material Unit Cost ($/1iter)
Portland Cement 0.25
Bentonite 0.33
Silicate

20% N.46

30% 0,55

a0y
Lignochrome 0.41
Acrylamide 1.76
lirea Formaldehyde 1.51

Toxicity

Most cement -based and clay/cement-based grouts are considered non-toxic
although they are skin irritants, HWowever, certain types of chemical grouts
are highly toxic and manufacture of some otherwise very useful grouts, has been
stopped due to their toxic behavior,

Sodium silicate grouts are considered non-toxic and non-corrosive and
consequent ly do not pose any health threats, However, some of the reactant
compounds used with silicate gels may be toxic and thus require a certain
measure of care when handling (Karol 1982a),

Acrylamide qrouts have been found to be neurotoxins and their manufacture
has been discontinued in the 1,5, Only the powders and solutions are toxic,
however, The gel does not exhibit toxic behavior, An acrylate polymer grout
(AC-400)® was made commercially avatlable 1n 1980 as a replacement to acryla-
mide grout, AC-400" possesses much of the same properties as the discontinued
AM-9® grout with approximately 1/100 the toxicity of AM-9 (Clarke 1982),

Lignosulfonate grouts containing a hexavalent chromium compound are
extremely toxic, The resulting gels formed by these grouts may leach toxic
materials into the ground water (Karol 1982a),

Grouts containing phenal or formaldehyde and an alkaline base represent
potential health hazards, frouts using urea solutions are also toxic and
corrosive because of formaldehyde concentrations (Karol 1982a),
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Equipment Mobilization

Many different pieces of equipment are necessary to complete a grouting
operation, Drilling equipment is required for grout hole development and
selection of a clear, continuous drilling right-of-way of several meters width
should be part of the layout process.

Based on the size of the job (i.e,, amount of grout to be placed) a
variety of equipment component types may be suitanle, Rasic equipment require-
ments include mixer, agitator, pump, circulation line, and control fittings,
These items can be individual components or in some cases combined into single
units, For very large jobs the machinery can be installed in a central mixing
and pumping station with circulation lines to particular site locations
(Mou'sby 1982a), This approach may be particularly conducive to grout curtain
construction after a severe accident since the majority of heavy equipment
could be placed in relatively “safe’ areas on the site, Circulation lines up
to two miles return have been successfully used, For most power plant sites
grouting equipment mobilization would not exclusively preclude a grouting
operation,

Worker Sa'et:_

Worker safety and protection from radiation exposure would be a serious
fmplementation issue, The grouting should be automated and streamlined as much
as practically possible in order to minimize the size of work crews,
Consoirdation of equipment in relatively safe zones should also be
considered, The layout of the grout curtain should consider opportunities for
placement of the curtain upwind from the prevailing wind direction if possible,

4,3.2 Slurry Trenches

Slurry trenches or cut-off walls are engineered/constructed barriers that
may be appropriate for use in protecting local water supplies from contaminated
ground water resulting from a severe power plant accident,

A slurry trench is a ground-water barrier that penetrates vertically
through pervious laye-s of sotl, [t is keyed (V,e,, built) into an underlying
soll layer that is impervious to local ground-water flow, A gel Iike slurry
mixture of bentonite clay and water 1s normally used to support a trench
excavated for development of the slurry wall, The slurry supports the trench
sidewalls and prevents collapsing of the excavation,

The slurry 1s efther replaced with a backfill matertal, or with the direct
addition of cement the slurry ftself will harden to form the cut-off wall,
Slurry walls are designed to specifications that are made on a site-specific
basis, The wall must be sufficiently impervious to ground.water flow, resis.
tant to degradation by the ground.water contaminants, and relatively permanent,

Sturry wall construction originated in Europe, but 1s now used extensively

in the 1,5, Over seventy ;lurr{ walls were bullt in the 1,5, during the two
year period before 1980 (D'Appolonia 1980), They have been used 1n subways,
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mine shafts, and building construction for structural stability, in dams to
control seepage, at waste disposal sites for isolating contaminated ground
water, and at construction sites for Cewatering.

Slurry cut-off walls have several advantages over other types of ground-
water barriers., They generally cost less than other methods. Also slurry
walls can key into the underlying impervious layers without interlocks that are
necessary for steel sheet piling. There is also no need to estimate overlap as
in grouting, Finally, homogeneity and continuity can be tested by sampling
excavation cuttings. Sampling insures that the wall will be placed to the
appropriate depth (Miller 1979),

4.3.2,1 Design and Construction Considerations for Slurry Trenches

There are four general types of slurry walls, Each has its own set of ad-
vantages and disadvantages that require consideration on a site-specific basis.

Soil-Bentonite (S<B) Slurry Wall

The soil-bentonite slurry wall, sometimes referred to as the American
method, 1§ the most deformable and plastic slurry wall, Construction starts
with marking and leveling the area where the trench is to be excavated. A
backhoe usually begins the excavation by digging several feet along the planned
trench alignment. A slurry mixture is then continuously added to the trench to
prevent the sidewalls from caving during excavation, The slurry is a viscous
mixture of bentonite clay and water. Bentonite is a high sodium montmoril-
lonite clay that expands when wetted, It is prepared using a mixing technique
best suited for the time and space restrictions at the project site,

Backfilling begins when the maximum trench depth has been reached over
a portion of the wall length, The sides and bottom of the trench should be
cleared of sediments by scraping them with excavation tools, Soundings of the
trench depth, and cuttings or samples from the trench bottom are sometimes made
to insure that the entire trench bottom is open and cleared (Miller 1979), If
the sediments encountered are less permeable than the backfill their removal is
usually not required and will only add cost and time to the project
(D'Appolonia 1980),

Some construction companies use mechanical desanders or sedimentation
methods to clean the slurry before backfilling, D'Appolonia (1980) states that
these methods are useless and do not increase the performance of a slurry wall,

The backfill is usually mixed at the side of the trench, Eicher excavated
soil or sofl imported to the site 1s slufced with the slurry, and then mixed by
tracking and blading with a bulldozer, It is recommended (D'Appolonia 1980)
that the slurry, to be used in the backfill, be taken directly from the trench,
This slurry 18 thicker than freshly mixed slurry and contains a higher level of
suspended particles, These two properties of the slurry that was used durin
the excavation process tend to decrease the porncab!ltt‘ of the completed wall
when the slurry 1s used as a constituent in the backfill,
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Mechanical batchers and pugmills have been used to mix the backfill at
sites that do not have enough room to use a bulldozer or where backfill mate-
rials are costly (D'Appolonia 1980), The backfill is placed initiaily in the
bottom corner of the trench with clamshells, or pumped there through pipes that
extend to the trench bottom, Placement continues until the backfill reaches
ground level, Additional backfill is bulldozed into the trench causing down-
ward slough over the initially placed backfill, Excavation, cleaning of the
trench bottom, and backfilling occur simultaneously as pictured in
Figure 4,3,2-1 until the wall is complete,

To finish construction a compacted clay cap. two to three feet thick, is
usually placed over the trench,

Cement -Bentonite (C-B) Slurry Wall

In the construction of a cement-bentonite slurry wall, there is no need
for backfilling, Cement is added to the bentonite-water slurry right before it
is placed in the trench, The slurry itself hardens and forms the ground-water
barrier, {?e wall has a relatively high strength and 1s not deformable like
the S-B wall,

The alternate-slot method 1s usually used for deep trenches or for
trenches passing through unstable sotls, As shown in Figure 4,3,2-2, trench
sections between 3 and 6 meters (10 and 20 ft) long are dug with the same
length of unexcavated ground between them, The primary panels are formed when
the C-B slurry hardens in the initially excavated trenches, The slots between
panels are then excavated and filled with slurry to form the secondary panels
(Harris et al, 1982n),

BACKHOE XEYS TRENCH
INTO BEDROCK

BACKFIL |
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& . 2 : . v
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FIGURE 4,3,2-1. Schematic Section of Slurry Wall Construction
(Source: Ayres et al, 1983)
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FIGIRE 4,3,2-2, The Alternate-Slot Method
(Source: Harris et al, 1982b)

Cement -bentonite slurry walls have several advantages over S$S-B slurry
walls, There is less length of open trench during construction of a C-B
wall, The shorter trench length coupled with a faster slurry hardening time,
stabilizes the ground and leaves less chance for trench failure, In the event
of a fatlure, repairs are easier because the slurry mixture hardens relatively
quickly, Trenches can be cut through a C-B wall without causing sloughing of
the backfill, Traffic can cross the trench in a few days, Finally, C-R wall
construction i1s not dependent on the avatlability or quality of soil for back-
fi111 (Ryan undated),

Lean-Concrete (L-C) Slurry Wall

Lean concrete (34.48 kg/mz unconfined strength) slurry walls are best
Sulted for deep trenches or when highly pervious zones are encountered (Harris
et al, 1982h), In this method concrete is pumped through tremie pipes that
extend to the hottom of a trench filled with bentonite slurry, The slurry 1s
displaced by the concrete and removed at the top of the trench, The tremie
pipes should remain at least 1.5 meters (5 ft) below the level of concrete in
the trench, Ry keeping the same concrete in horfzontal contact with the ben-
tonite slurry, the concrete can be ¢leaned ‘S the top of the trench of 1mpuri.
ties transferred from the bentonite slurry( "

(a) Information from advertising brochure of Bencor Corporation of America,
Nallas, Texas,
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To prevent discontinuities in the completed wall, some contractors will
desand before concreting hegins, One desanding method requires suckiny the
slurry out of the trench through a pipe. The slurry is then sent through a
vibrating screen to sift out large particles and subsequently through a fine
grain desander. Sand can also be removed from the slurry by reducing the power
of suspension of the slurry by adding sodium tripolyphoshpate. The sand that
falls to the bottom can be removed with a clamshell,

The alternate slot method is used during construction, One tremie pipe
per 4.6 meters (15 feet) is standard procedure (Millet and Perez 1981). To
ensure the continuity of the wall, the ends of the primary panels are shaped by
using end-pipes or wide-flanges. These ends are filled in when the secondary
panels are tremied in,

Vibrating-Beam Thin (VBT) Slurry Wall

This technique was brought to the U,S5, from Europe in 1975(‘). There
exists some controversy vibrating-beam slurry wall effectiveness as a yround-
water barrier because they are very thin; usually no more than 10 cm (4 1in,)
wide,

A special crawler crane equiped with vibrator, leads, and injection beam
repeatedly injects a C-B slurry into the soil forming a continuous impervious
wall (Figure 4,3,2-3), The slurry is made in a mixer, pumped to the injector
and forced into the soil; no backfilling 1s necessary, Slurry Systems states
that the VBT method accurately keys into the bottom impervious layer, increases
the homogeniety of }R’ wall, and uses slurry that is less contaminated than
backfilled trenches'™’,

Slurry Systems follows specific procedures when mixing C<B slurry
(Schmednecht undated), HBentonite 1s augered into a stream of water and pumped
through a centrifugal pump for approximately six minutes, Cement is added and
a centrifugal pump mixes it for roughly 3 additional minutes. The slurry is
then stored for a limited time or 15 pumped directly to the vibrating beam
injection rig.

The mixed slurry is jetted into the ground with the aid of an injection
beam driven by a vibrating pile<hammer (Figure 4,3,2-4), The injection beam is
a standard wide flange section, Wear tips are welded to the end of the injec-
tion beam to adjust the width of the slurry wall, The lead on the crane can be
adjusted laterally and vertically to assure plumbness on uneven or loose
ground, There 15 a vertical hydraulic support ram with a bearing pad on the
hottom of the lead for stability,

(a) Information from advertising brochure of Slurry Systems, a division of
Thatcher Enqtnﬁorin? Corporation, Gary, Indiana,

(h) Letter from Frank Zlamal, Slurry Systems Diviston of Thatcher Engineering
Carporation, to John Shafer, PNL,
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FIGURE 4,3,2-3, Vibrating Seam Slurry Wall Con¢iruction
(Source. Slurry Systems Brochure)

While the injection beam is removed from the ground, the =B slurry is
jetted under pressure into the depression, The slurry wall is constructed by
successive injections of slurry into the ground.

fhe main problem with the VBT method is assuring continuity at depth
between adjacent pssises, Calculations must be done at cach site to make sure
the vibrator is powerful enough to force the beam into the soil. The VBT tech-
nique works best in sandy type solls which ire easy to penetrate. Keying-in to
consolidated underlying layers is not possible (Schaednecht undated).

There are several advantages to the VB' methed., Construction is not
dependent on the quality of on-site soil for backfill as in the S-B method, and
mixing can be done at a distance from the trench, The cement in the backfill
makes for a quick set, The VBT method uses less materfals and time than other
slurry wall methods,
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FIGURE 4,3,2-4, Typical Vibrated-Beam (VBT) Injection Set-Up
(Source: Schmednecht undated)
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Size

The depth of a slurry wal' is dependent on both the geologic formations
into which the slurry wall i: to be keyed, énd the strategy used to control
radionuclide migration (Millet and Perez 1981), Backhoes can dig up to
17 meters (55 ft) into the iround; draglines to about 30 meters (100 ft),
Clamshells can be used up to 85 metzrs (280 ft), which is the practical limit
for excavating unconsolideted layers., Long wall drills (i.e., multiplg head
drills) can be lowered by ¢ steel c¢ble and block to break up bedrock ).
percussion drills (i.e., compressed air driven pistons which transmit hammer
blows to the drill rods) will penetrate down to 60 meters (200 ft) which is
therefore the consolidated layer !imit (Harris et al, 1982b),

The choice of width of a slurry wall depends on the required permeadility,
the material make-up of the wall, the hydrajlic head across the wall, and the
size of the available excavatior equipmert (Millet and Perez 1981), A S-8B
trench width can range from N.6 to 2,5 meters (2 to 8 ft) in width, Most are
pui't 2 to 2,5 meters (6 to B ft) wide, The average width of a C-B trench is
narrowar: 0.6 meters (2 ft), A wider trerch is needed during construction of
a S-B slurry wall in order fo~ the backfil) to overcome the frictional forces
of the trench sidewalls and siough downward,

At depths up to 15 reters (49 ft), continuous excavating and backfilling
can be done in order to form an entire C-k wall, AL depths beyond this lower
limit, and up to 75 meters (250 ft), the alternate-slot method is mest often
Usedc

Widths of slurry walls constructed using the VBT method ranye from a
micimum of 8 cm (3 in,) (5chmednecht undated) to a maximum of 16 cm (6 in,)
(Harris et al, 1982b),

Tha average width of a VT slurry wall is about 10cm (4 in,) (Harr et al,
undated), The wall should be thicker for more permeable soil, To adjust the
width of the wall, wear plates are welded to the tip of the injection beam
(Schmednecrt undated), Depths of 30 ieters (100 feet) can be reached in perme-
able soils (Harr et al, undated),

Loca*ion and Orientation

The iocation of the siurry wall depands on the direciion and the gradient
of ground-water flow. If (he aquifer has a well-defined unidirectional hydrau-
\ic gradient and is laterally contined, then either an up-gradient or down-
gradient slurry wall coild be corstructed, The barrier must divert ground
water around the contaminated site, stop the movement of contaminants, or
sufficiently slow their migration to the point where they decay to acceptable
levels, Various shapes such as L-shaped walls should be considered,

(a) Information from advertising brochure of Bencor Corporation of America,
Dallas, Texas.
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A wall placed up-gradient from the power plant may effectively divert
local ground water around the contaminated area, The wall may even divert
ground water below the contaminant source without being keyed into a low perme-
ability soil layer, A slurry wall placed down-gradient may sufficiently retard
or stop the contaminated leachate (FPA 1482), Contaminated ground watee that
reaches the wall could be pumped to temporary storage for treatment and sub-
sequent recharge,

Another strategy to prevent contaminated ground water from migrating, is
to completely surround the plant with the barrier, This type of barrier is
best suited to areas where the direction of ground water may reverse, such as
tidal areas and near major rivers (EPA 1982), Surrounding the site with a
barrier may have two advantages: 1) uncontaminated ground water is effectively
diverted around the contaminant source, and 2) the barrier will isolate the
site from the regional hydraulic gradient which would considerably reduce
contaminant transport,

As discussed in the section on key-in integrity, there is a possibility
that contaminants may vertically leak through irregularities in the keying
layer and out of the slurry wall confinement area, Pumping water out of the
slurry wall confine can be used to mitigate this downward leakage, As shown in
Figure 4,3,2-5, when the fluid level in the slurry wall confinement area is
kept at a lower level than the surrounding ground water, flow will be into the
confined area, and no contaminants will escape (D'Appolonia undated),

Water should be pumped until a balance in the hydrostatic pressures inside
and outside of the contained area directs flow inward, Additional pumping may
be needed to maintein this balance, aithough the slurry wall will greatly
reduce the required pumping volume by slowing down the movement of ground water
into the confinement site., Pumping to create an inward flux of ground water
might not be economical at sites where leakage is great (Harris et al, 1982b).

Care must be taken to avoid hydrofracturing of the slurry wall when pump-
ing. This occurs when the ground-water pressure exceeds the gel strength of
the slurry. Blowout tests on slurry samples can be done to determine the
hydraulic gradient at which a failure may occur (Harris et al, 1982),

4.3.2.2 Performance Considerations for Slurry Trenches

The effectiveness of slurry walls in restricting ground-water flow depends
on several factors. These factors include ground-water conditions, soil
limitations, and keying layer restrictions (Harris et al, 1982b). Low perme-
ability is the most important performance criterion that must be met. However,
deformability, strength, ant <urability of the wall should also be considered.

Permeability

Typical values for ihe coefficient of permeability (k) for several soil
types are presented in Table 4,3,2-1,
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The grade of the bentonite used has an effect on the permeability of 2
slurry wall, Bentonite of higher grade has a greater swelling potential and
will be less pervious (Ayres et al., 1983),

Filtercake Versus Backfill Permeability

As shown in Fiqure 4,3.2-3 there are two phases for a S-B slurry wall.
First there is an outer filtercake layer formed by the seeping of the slurry
through the walls of the trench, The bentonite penetrates through the side-
walls to a distance dependent on the surrounding soil permeability and on the
viscosity and gel strength of the bentonite suspension (Harris et al, 1982b).
This thickness ranges from less than a meter to a meter,\ Seepage stops when
the filtercake tnickness limits any more flow (Ryan undated).

The inner phase of the cut-off wall is made up of the backfilled material
(5-B method), concrete (L-C method), or the hardened slurry (C-B and VBT
methods). The down-gradient side of the filtercake is often ruptured by seep-
age forces and extruded into the trench sidewall (D'Appolonia 1980). The up-
gradient side usually stays intact, Separate permeability tests on the filter-
cake and the backfill of C-B slurry walls have been carried out (Harr et al,
undated),

(a) Information from advertising brochure of Bencor Corporation of America,
Dallas, Texas.
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To measure filtercake permeability with these tests, water is suctioned
through a sand bed covered thinly with C-B slurry. After a layer from 3 to
4" mm forms, it is covered with a layer of water. A head of about 9 meters is
applied to the saﬁgle by suctign from below. The resulting permeability values
range from 3 X 10°° to 5 X 107" cm/s.

When measuring backfill permeability the slurry is put in a container in
contact with a Millipore filter held by a fritted glass support. A head of
about 30 cm is applied by capiilary column on the 3 cm thick specimen. e
typical coefficient of permeability determined with this test is 3 X 107" cm/s.

From the experimental results it is postulated (Harr et al. undated) that
the filtercake is less permeable than the backfill because the bentonite parti-
cles have more time to orient themselves._ In situ tests using drawdown methods
in test wells yield values of 106 to 10-7 cm/s, which fall between the labora-
tory test results for the two phases. There exists some debate as to the
effect of the filtercake on the overall permeability of C-B slurry walls.

A thorough study of the relative permeabilities of the filtercake and
backfill layers was done by D'Appolonia (1980) for S-B slurry walls. The aver-
age permeability (K) of the wall is presented in Figure 4.3.2-9.

The average permeability of the wall is calculated using Darcy's Law and
making the assumption that the thickness of the backfill is very much greater
than the thickness of the filtercake. The study (D'Appolonia 1980) concluded
that the overall permeability of the slurry wall is controlled by the backfill
when the backfill permeability is low. However, when the backfill permeablity
is high the filtercake is the controlling factor. Furthermore, due to the low
permeability of ghe filtercake, the upper limit of the wall permeability is on
the order of 10°° c¢m/s. This figure is accurate assuming that the up-gradient
filtercake does not rupture under the hydraulic pressure of the ground water.

The permeability and thickness of the filtercake depend on several
criteria. One criterion is the bentonite-water ratio of the slurry. The
greater the permeability of the soil the slurry wall penetrates, the hi?her the
concentration of bentonite needed. For soil permeabilities between 107" and
107¢ cm/s, a bentonite concentration of 4 to 6% will suffice. For highly
permeable soils, concentrations up to 12% may be needed, although flocculants
can be added to reduce the fitrate loss and to save on the added expense of the
bentonite. Lightweight aggregate or plastics are other additives used to plug
fissured soils and rock formations (Harris et al. 1982b).

The American Petroleum Institute filter press test was used to compare
filtercake permeability and filtrate loss for several different types of
bentonite. In the investigation the slurries that form thin filtercakes were
less pervious than the thick filtercakes. The permeability to thickness (K/t)
ratio, therefore, remains unchanged as thickness is varied. This cancelling
effect makes filtrate loss irrelevant for use as a quality control criteria.
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The Marsh Funnel Test is commonly used to determine viscosity. The test
involves simply recording the time it takes for a slurry to run through a fun-
nel of standard size. This amount of time is referred to in "Marsh-seconds".
D'Appolonia (1980) found the viscosity of the slurry to have little effect on
filtercake permeability if it is measured greater than about 38 Marsh seconds.

The time it takes for the filtercake to form and the difference in head
oetween the slurry and the pore fluid in the soil also have an effect on the
filtercake (D'Appolonia 1980). In a filter press test, using the apparatus
shown in Figure 4,3.2-10, permeability (K/t) is measured by the flow rate of
water through the filtercake layer, divided by the head and area of the sample.

In an experiment done by D'Appoplonia (1980) cake permeability is plotted
against the head applied to the sample for four varying lengths of time
(Figure 4.3,2-11). The four seperate curves plotted from the data imply that
the filtercake permeability is more dependent on the formation time than on the
pressure applied to it. Lower permeabilities were found for filtercakes formed
over greater periods of time. Letting a siurry with a viscosity of over
40 Marsh seconds sit in the trench for 24 hours before backfilling allows a
filtercake of a sufficiently low permeability to form,

Soil Permeability Limits for Slurry Wall Use

A typical soil-bentonite slurry wall containing 10-20% fine particles
(No. 200 standard sieve) and 2-4% bentonite clay by weight will have a
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(Source: D'Appolonia 1980)

permeability of about 10'7 cm/sec (Millet and Perez 1981). DNarcy K factors
between 107" and 1077 cm/sec are found with field measurements for cement-
bentonite slurry walls (Harr et al, undated), This range in permeability
values encompasses that of clay (shown in Table 4,3.2-1). A slurry wall,
therefore, placed in a ciay medium would not decrease the flow velocity of
contaminated ground water through that area; the wall would be a redundant
feature, The wall would be helpful if there were highly fissured zones within
the relatively impervious soil, or if a less permeable slurry wall was uaed.
Newlb developed C-B slurry mixes are reaching Darcy K values between 107" and
107" cm/s (Harr et al, undated).
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When seepage velocities are above 5 c¢cm/s the bentonite particles in the
soil-bentonite slurry cannot layer themselves to form filtercake on the trench
sidewalls. The slurry will seep through highly permeable soils and will not
fulfill its function of stabilizing the trench. Plastics or light-weight
aggregate can be used to slow slurry losses through rock, gravel, and other
very permeable layers (Harris et al., 1982b).

[n summary, the utilization of slurry walls is limited to soils having
Darcy K values greater than 10~® cm/s and ground-water velocities less than
5 cm/s. This range is sugtable for most soils, since their permeability range
averages from 107¢ to 107° cm/s.

Continuity

A slurry wall must be continuous and have good integrity to maintain low
permeablility., Often times C-B slurry walls and 1 -C slurry walls are con-
structed in sections. The connections between the sections must be good to
avoid cold joints or windows through which ground water could leak. Retarders
can be used to slow the hardening process and permit better contact between
panels (Millet and Perez 1931).

A high level of plasticity will permit the healing of cracks caused by
the ground shifting or other pressures put on the wall. A S-B slurry wall is
similar to a slowly thickening gelatin, The slurry migrates toward the point
of higher liquid flow. This expansion tends to repair seal deformations and
fissures in the wall,

C-B slurry walls are not considered infinitely plastic. Although they can

withstand compressive strains of several percent under in-situ conditions with-
out cracking., A new slurry wall construction method having elastic properties
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several reasons, First of all, the shear strength (i.e., internal frictior)

of each soil layer must be greater than the hydrostatic pressure exerted by

the slurry on the trench sidewalls. Some loose soils such as marine clays,
alluvium, and fresh hydraulic fill, do not meet this requirement, and may cause
the trench to cave in (Harris et al, 1982b).

Seepage of slurry out of the trench through a highly permeable layer such
as gravel, combined with ground-water inflow from a saturated layer may also
cause trench failure (Figure 4,3,2-14). To prevent such an event, tests for
permeability, density, water content, hydiologic pressures, and porosity for
each soil type should be conducted (Harris et al, 1982b).

If loose soils are an expected problem, the wall should be designed as

straight as possible, Draining with well-point systems is also recommended in
some cases to decrease the soil void ratio and increase the shearing strength,
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A dense array of well-points may be needed to draw water from soft soils which
have low permeabilities, The likelihood of trench collapse can also be
lessened during construction by excavating smaller panels and backfilling them
appropriately.

The type of geological media encountered is a factor in choosing the type
of slurry wall, Compact soils have greater shear strengths and exert less
pressure against a slurry, whereas loose and soft scils would tend to collapse
in the trench, A C-B slurry may be the best choice in soils prone to trench
failure, A C-8B slurry wall is more viscous than the S-B slurry, provides more
physical strenghth when hardened, and is easier to repair if a failure does
occur (Harris et al, 1982b).

A C-B slurry may be the best choice in very permeable soils such as sands,
Due to its high viscosity and density, there would be less slurry loss by seep-
age through the trench walls,

The saturated loose type soils are best for the VBT method because less
force is needed to penetrate these soils (Schmednecht undated). The beneficial
qualities of a C-B slurry (i.e.,, viscous and self-hardening properties) also
exist for a VBT slurry in loose soils, because they are basically the same
mixtures,

The L-C wall is most appropriate in deeper trenches that pass through
coarse gravel and boulder zones (Harris et al, 1982b). A C-B slurry wall might
ordinarily be effective in highly permeable zones except it might set before
the excavating depth is reached,
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In mid-range permeable soils the S-B method is the cheapest if the
excavated soil can be used to backfill the trench. S5-B walls are more elastic
and could prove to hold up better in areas with more ground shifting (Miller
1979).

The slurry wall at the Bonneville Dam in Washington is a good example of a
slurry wall that was successfully built through many different layers of soils.
The wall was constructed to control seepage through a bottom pervious alluvium
layer while a powerhouse was built next to the dam. Excavation of the trench
was made through the toe of an ancient Cascade slide mass. Various layers
consisted of preslide alluvium, slide blocks, slide debris, recent alluvium,
and deep sand deposits. To make matters even more difficult, the ground-water
level in the topmost alluvial deposit fluctuates with rainfall. Despite the
challenging combination of soil layers and vafzing ground-water levels, a L-C
wall was successfully tremied into the trench'™’.

Slurry walls can be effective ground-water barriers even when built
through soils made up of many different layers. The combined effects these
layers have on trench stability, seepage through the sidewalls, and the soil
needed for backfill (S-B wall), should be thoroughly studied while designing
and chonsing the type of slurry wall to be used. The geological history of the
area and boring tests are good sources of this information.

Preconstruction Testing

Soil characteristics important in designing a slurry trench cut-off wall
for a specific site are: permeability, the amount of soil stratification, and
the depth and nature of the impervious layer.

Many techniques are used to gather this information. At the Rocky Moun-
tain Arsenal (Miller 1979), located in Denver, Colorado, test boring holes were
made around a contaminated basin (Figure 4.3.2-15). The results were used to
determine the depth to bedrock and the orientation of subsurface materials to
be penetrated by the slurry wall.

In Figure 4.3,2-16, four borings depict a two-dimensional vertical cut
into the ground. Table 4.3.2-2 shows the Unified Soil Classification used in
the boring profile. The horizontal line that approximately bisects the pro-
files divides the top most clay soils from the sandy soils below. The shale
key-in layer is shown by the lower line. Rock quality designation (RQD)
indices and qualitative hardness are sometimes used to characterize the bedrock
to determine ripability. It was decided that the slurry wall was to be keyed
into the shale layer by at least 0.6 meters.

The borings were made by a hollow stem auger. Split spoon samples were
taken at 1.5 m increments of change in stratum. Tests results from these
samples for boring profile #461 can be seen in Figure 4,3.2-17. The table

(a) Information from advertising brochure of Bencor Corporation of America,
Dallas, Texas.
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directly next to the boring shows the blows per foot, or N value, a measure of
the relative density of the soil. These values were estimated from Standard
Penetration Test results (Figure 4,3,2-18). This test is fairly reliable for
sands, but is a crude measurement for clays (Peck 1953).

The water content naturally occuring in the soil types is indicated by an
unfilled circle in Fiqgure 4,3.2-17. The dark dots mark the Atterberg plastic
state limits which define the effect of exchangeable ion composition and are
sketched for only the clay minerals. The minimum moisture content at which a
clay exibits plasticity is the plastic limit, The liquid limit is the point at
which the clay begins to flow (Attewell and Farmer 1976¢). Specific gravities,
and estimated values of density, strengths, and porosities are also tabulated,.

At the Nashua, New Hampshire site (Ayres et al, 1983), gradation tests

were done using on-site soils and soils brought in from elsewhere, Hydraulic
conductivity tests on S-B mixtures using both short term, high gradient and
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FIGURE 4.3.2-16, Partial Soil Profile Depicted by Borings Around Basin F
at Rocky Mountain Arsenal (Source: Warner 1979)

long term, low gradient methods along with x-ray diffraction tests, of samples
permeated with the contaminated leachate, were used to set limits on the amount
of fine grained borrow and bentonite additives to be used,

Other preconstruction testing includes hydrogeologic investigations to

determine the depth, flow rate, direction, and chemical characteristics of
ground water. These characteristics need to be known to prevent caving in of
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