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ABSTRACT

The objective of the study was to develop a site characterization methodology to enable the design of
Recirculating Wells (RWs). These wells have been used in Europe and around the world by European
firms to remediate groundwater contamination. Because RWs do not require the extraction of
contaminated water nor the alteration of the hydrogeological conditions, they are often proposed for sites
that have a fragile ecological system and are scrutinized by interest groups. One such site is Ashumet Pond
at Cape Cod, Massachusetts. Both homeowners and environmentalists demand clean-up of contamination
threatening the pond but are adamantly opposed to methods that would in any way alter the existing water

levels that in turn could potentially change the existing ecology.

These aspects of proposed RW sites severely limit subsurface characterization efforts required for design.
One hydrogeological parameter that becomes especially difficult to quantify is hydraulic conductivity (K).
Pumping tests, although generally deemed the most effective means of measuring K, were found to be
unfeasible for RW sites because they require substantial groundwater extraction that induces a water-level

depression in the vicinity of the pumped well.

In this study, an alternative methodology to estimate K using particle-size distribution curves is developed.
In the process, the strengths and deficiencies of existing correlations between particle-size and K were
evaluated. The proposed methodology incorporates the strengths and mitigates the deficiencies of existing

methods.

The thesis begins with an introduction of RW technology that identifies hydrogeological parameters
required for design. Techniques available to obtain these design parameters are then presented, followed
by the recommended method of estimating K. The proposed method is then evaluated through a case

history.

Thesis Supervisor: Dr. Charles C. Ladd
Title: Professor of Civil and Environmental Engineering



ACKNOWLEDGMENTS

To my Lord and Savior Jesus Christ, I thank you for breathing substance into all my endeavors and for

giving relevance to my existence.

Mom, your altruism puts all my discomforts in perspective. Dad, you have taught me to take pride in

integrity and to thrive under pressure. Frankie, thanks for manning all the stations while I was away.

For allowing me to draw from your vast fountain of knowledge, I will forever be grateful to you Dr.

Charles C. Ladd.

Dr. Dave Marks, founder and coordinator of the Master of Engineering program, you are a cat too cool to

hold a Ph.D. Yet you wear it with impeccable style. I cannot adequately express my gratitude for your

support.
Charlie Helliwell and Shawn Morrissey, [ appreciate your guidance and always open door.
Dr. Peter Shanahan and Bruce Jacobs, thank you for your capable help in the team project.

To my project team members, Paul “the godfather” Cabral, Tina “spunkmeister” Lin, and Mathew
“babyface” Smith, I thank you for your patience and encouragement. Paul, you more than any other have
labored incessantly to bring the project to fruition. As I have said before, God used a more resilient

material to mold you.

The relationships I developed with those previously mentioned and many others has proven to be an
invaluable acquisition. The cultured Frenchman Arnaud Morange, his side-kick “air” Ralph Olaye,
Captain Dave Cook and family, sweet Julia (Choi), night-owl Christophe Bésch, swift-as-a-dolphin Dianne
Keen, merciful Esther Wong, the omni-talented Lady Blade (Salma Qarnain), Thomas “hopeless cardinal”
Lee, Mike “Terminator” Dixon, my Boston tour guide Ann Suk, the inimitable OTP (Dave Lockwood),
Juan Carlos Pérez “el pescador”, Ron “da-Korean-vegetarian” Lee, Becky “bellybutton” Kostek, Jill “mci”
Manning, Carrie “merlot” Morton, Mia “cal bear” Lindsey, I’italliana da Parma Susanna Galloni, and

others, with pride I will always call you friends.

And to you Joyce. The vision of you with open arms at the end of this present darkness spurs me onward,

€ven now.

ck 5/11/97



TABLE OF CONTENTS

1. INTRODUGTION ...t oietitittieeteeeeseeeesisssssssssesessssesesesssessssssesenessssessasssentessnessessessnessonessessenesenssassessentosesans 13
2. RECIRCULATING WELL TECHNOLOGY ....ccootviiririeriinieienintsieeresiessessssestssessreessssesessesessessesessssessones 16
2.1 THEOTY w.evvieii ettt sttt s s bbb b st bbb b et s n s bbb s R s s s s st n s bt 16
2.2 Flow Mechanism and RW CONSITUCHON........coetrueriertrentetriecetereeie e sresteseesesese st sreseessessensenseneeneens 16
2.3 Advantages over Conventional Pump-and-treat SYStems. ..o 18
2.4 Feasibility of Using RW TeChnOIOZY .......ccovuimiiimieiiiiniiniincinniei s 18
2.5 DESIZN MEOG ...covviiriiiieir e 19
3. METHODOLOGIES AVAILABLE TO OBTAIN REQUIRED PARAMETERS ..o 28
3.1 Site Characterization ODBJECHIVES........c.ceuciiiiiiiiintne ettt 28
3.2 Typical Staged Approach to Site INVESHZAION ...c..cvurvriiiiiiiiiiciiiii e 28
3.2.1 Stage 2: Data REVIEW ....c.couiiiiiiiieiii s 28
3.2.2 Stage 3: Formulation of Field Investigation and Laboratory Testing Programs............c.ceccecene.. 30
3.2.3 Stage 4: Implementation of Field Investigation and Laboratory Testing Program...............c....... 31
3.2.4 Stage 5: Interpretation of Data and Design of Remediation ............ccocuueeeuecomvucrniinniinciniinennn. 31

3.3 Field Investigation TEChNIQUES.......c.oviuiviiiiiirietrri e 31
3.3.1 Minimally Intrusive Methods ..........cooiuemimiiiiiic s 31
3.3.2 Exploratory Techniques (Testa, 1994) .......cocvirininiimrriniiicinen s 33

3.4 In-situ Measurement of Hydraulic ConductiVity .........cccccvirennniiiiniiiniciiicei e 35
34,1 SIUZ TESLS 1reerenricercriimeairee ettt ses bbb 35
3.4.2 PUMPING TESLS ...ovuiveiiimriminrtintiseist ettt 41

3.5 LabOTAtOry TESES .cucuuvuiuiisierieieieiscie ettt s 48
3.5.1 Hydraulic CONAUCHVILY TESE ......iveiiiereiiritinneeses e 48

3.6 Hydraulic Conductivity COITEIations.........c.cewuriuirenrureisimntiniineineicinietccieiei e 49
3.6.1 TREOTY woeeierieeeeeie ettt es bbb bbb s b n s s e s e s s e e e n s e oS 49
3.6.2 Methods Correlating Effective Particle Diameter (D,) to K ....cooovviviriiiniiiiiiiiicinee 51
3.6.3 Correlations Accounting for the Shape of the Grain-size Distribution Curve...........ccoceeuivinnes 53
30,4 DISCUSSION e eeeeereeeeeeeteeeesseesseseesseeseessessasseessasssesseasssarsesnstssnessssessaestnsanseessntnssesssnenssssneessesssnesaaaes 55
3.60.5 SUIMMATY ....cueueveeiriireeteteeaeieiis ettt e s b s bbb e b se s b b e bt s b s b e ke s b et e b e b ebe s an b et et ek e bbb et ebessebates 57

4. PROPOSED METHOD OF ESTIMATING HYDRAULIC CONDUCTIVITY AND ANISOTROPY ..86
4.1 Evaluation of Available Techniques to Evaluate K..........ccccoovviiiiiiiiniicccene 86
4.2 Issues Specific to Recirculating Well DeSigni.........oveuiiieiniininiiiiiis s 87
4.3 Proposed Methodologies to Evaluate HOrizontal K ..o 87
4.3.1 PUMPING TESLS .....cocuiviiiiiiiriteinites ittt 87
4.3.2 SIUE TESES c.eevrereieeeeietitiiis sttt ettt b b e sttt bt b b ettt ann et 88
4.3.3 Laboratory Permeameter TESIS ...ttt 88
4.3.4 Proposed Methodology to Develop Site-specific Correlations of Grain size with K .................. 89
4.3.5 Evaluation of Proposed Site-specific Correlations of Grain-size with K ...........cccocoevvreinnenene. 91

4.4 Proposed Methodology to Measure ANiSOTOPY (Ii) .....euevrrereserseesesssssssnisssieisisissie s issssasseseses 95

5. Summary and CONCIUSIONS ......c.ovriiciriiiiiiiriiee sttt ettt bbb bbb bbb n s rebes 128
6. RETEIEIICES .vevveveiriieieeeeieee et eete b et et ee s e e e besee bt st e bt et e s em e e st esa e s et e st e b e ees e s bt st ea st eaeesheenneaneseteneesrteueeenesnntan 132



LIST OF TABLES

Table 2-1: Limitations to the Feasibility of Recirculating Wells (Metcalf & Eddy, 1996)...........ccooun......... 21
Table 4-1: Details of Constant-rate Pumping test with 1440 min. duration (Optech, 1996)........................ 97
Table 4-2: Results from the Constant-rate Pumping Test (Optech, 1996) ..........oooeeeeoemmvmmoo 98
Table 4-3: Available GSD Data (Optech, 1996)..........coimueimrimmrunrrnrceeeeeeeeereeceeeee oo 99
Table 4-4: GSD Data of Samples Taken in the Vicinity of Pumping Test (Optech, 1996)........ccoeovunn.... 100
Table 4-5: Results of Slug Tests at CS-10 Site (Optech, 1996)............ueveeveeeceeereeeeesres oo 101
Table 4-6: GSD Data Assigned t0 SIUZ TESLS........c.ocuvevriurrereiririeeeee s eeeeeseeeeeeeee s oo 102
Table 4-7: K of the Outwash Sand at the MMR from Previous Studies..............oooveeermeereemeoeonoooooo 103



LIST OF FIGURES

Figure 1-1: Site Location Map of the Massachusetts Military Reservation (Jacobs, 1996) .........ccceevn.... 14
Figure 1-2: Approximate Extent of the CS-10 Plume within the MMR and Proposed RW Locations
(JACODS, 1996).....coiireieriiticit ettt s e et e 15
Figure 2-1: Schematic of Recirculating Well (Metcalf & Eddy, 1996)......cuuiririrememeeeeseeeeeeeeeeesee 22
Figure 2-2: Recirculating Well Construction Schematic (Jacobs, 1996)..........ovvevvovvmvoooooo 23
Figure 2-3: Comparison of the Effect of Pump-and-treat vs. RW Technology (Jabobs, 1996) .................... 24
Figure 2-4: Volatility Characteristics Associated with Various Ranges of Henry’s Law Constant (Thomas,
1990 oottt et et 25
Figure 2-5: Solubility, Vapor Pressure, and Henry’s Law Constant for Selected Chemicals ..................... 26
Figure 2-6: Effect of Anisotropy Ratio on RW’s Capture Zone (Herrling, 1991) .......coooovvvoemvoooeoo] 27
Figure 3-1: Soil Classification from CPT Results (Robertson et al., 1986) ..........coovveveooeoooooo 58
Figure 3-2: Examples of Rising Head Tests (Springer, 1991)........c...ovevuiureveeueeeeeeseeeeseeoeoeeoeoeooooooo 59
Figure 3-3: Example of Rising Head Test (Optech, 1996) ............oueeuveeveeeeereeeeeeeeeees oo 60
Figure 3-4: Fully Penetrating Well in a Confined Aquifer (Springer, 1991) ........ovovvevmoooeoooeoooooooo 61
Figure 3-5: Partially Penetrating Well in an Unconfined Aquifer (Springer, 1991) ........oooovveoovooeooo. 62
Figure 3-6: Parameters A, B, and C as a Function of L /r,, for Calculation of In RITL) o, 63
Figure 3-7: Dimensionless Discharge, P = Q/2pKLy, for the Isotropic, Confined Condition as a Function
of L/r, and H/L (MolZ €t al., 1990) .....cuovuimiieieeeceeeeieeeeieeeet et 64
Figure 3-8: Dimensionless Discharge, P = Q/2pKLy, for the Isotropic, Unconfined Condition as a
Function of L/r,, and H/L (Molz et al., 1990) .......covremeiireiieteeeeeeeeeeee oo 65
Figure 3-9: Dimensionless Discharge, P, as a Function of H/L and L/r,, for the Confined Case and Various
Anisotropy (K./K,,) (MOIZ €t al., 1990) .....ououiiieiiieeeereeeee oo 66
Figure 3-10: Dimensionless Discharge, P, as a Function of H/L and L/r,, for the Unconfined Case and
Various Anisotropy (K/K;) (Molz et al., 1990)........ooiuiueiiuoineeeeeeeeeeeeeeeeeeeeeeeeeeeeoeoeoeeoeoeoeeeeoeso. 67
Figure 3-11: Examples of Oscillating Slug Test Data (Springer, 19971).......ooemvmeveoeeeoeoeeoeoeooeoooooo 68
Figure 3-12: Constant-rate Pumping Test (Todd, 1980) ........c.e.ovueviuireremeeeeeeeeeeeeeeeeeoeeoeoeeeeoeoeoeoeeoeooe 69
Figure 3-13: Values of W(u) for Values of u (Todd, 1980) ...........cooueveemeeeeeeeeeeeeeeeeeeeeeoeoeoeeeoooo 70
Figure 3-14: Theis Method of Superposition (Todd, 1980) ............c.ouereeeeeeeereeee oo 71
Figure 3-15: Cooper-Jacob Method (Todd, 1980)..........c.ooceueviuerieeeeieneeeeeeeeeeeeeeeeeeeeoeeeeeeoeoeoeoeeoeooo 72
Figure 3-16: Recovery Test (Todd, 1980).......cccoueeueuieuerereerereiteriieeteeeeeeeeeeee e oo 73
Figure 3-17: Type Curves Accounting for the Effect of Delayed Yield in Unconfined Aquifers................ 74
Figure 3-18: Type Curves Accounting for Delayed Yield (Neuman, 1972) ........coovevemvommeooooo. 75
Figure 3-19: Permeameter Tests: (a) Constant Head, (b) Falling Head (Freeze and Cherry 1979) ............ 76
Figure 3-20: Grain Size Distribution Curve (Lambe, 1951)........c.vuiveveeeeeeeeeceee oo 77
Figure 3-21: Plots of Permeability (k) vs. d,,: (a) Pettijohn and Potter (1972), and (b) Bear (1972)........... 78
Figure 3-22: K S, djg (DM-7) coueiiiirieieieiee ettt eee s 79
Figure 3-23: Soils with the Same d,, but Different C, ......ooooveriuvereeeeeenereeeeeeeeeeeeeeeeoeeeeeoeoeeoooo 80
Figure 3-24: Curve for the Masch and Denny Correlation (1966) ...........ooooooeeeemomeoooooooooo 81
Figure 3-25: K vs. Grain Size Parameter (Alyamani and Sen, 1993).........oeovememoomooeooeeeeooeoooooo] 82
Figure 3-26: (a) GSD of Several Granular Soils (Holtz and Kovachs, YEAR), ........oooovimoveveooooo, 83
Figure 3-27: Comparison of K from GSD Correlations and from Pumping Tests (Uma et al., 1989)......... 84
Figure 3-28: GSD Curves for Three Soils and the Composite GSD ..........o.eueeeeeereoeeeemeeooooooooo 85
Figure 4-1: K of Various Classes of Geologic Materials (Todd, 1980)..............c.oceuemeeererereeeroe, 104
Figure 4-2: Location Map for Optech (1996) TeSt PrOgram .............cc.oeeeereeeeeeoeoeoeooeoeooeeooeoeooon 105
Figure 4-3: Cross-section A-A’ (OPtech, 1996) ........ooueuiuiuereeiieiieieeee e oo oo e 106
Figure 4-4: Cross-section B-B’ (Optech, 1996) .........ceeueuemieimieeeeieeeeeeeeeeeeeee oo 107
Figure 4-5: GSD and Slug Test Data vs. EIGVAION .......c..covuriueiuerereeececeeceeee e 108
Figure 4-6: GSD and Slug Test Data from MW-41A and MW-41B.............coeoemmomoeoooooooo 109
Figure 4-7: GSD and Slug Test Data from MW-54A and MW-54Z .............coooemmommmeeoomooooo 110
Figure 4-8: Proximity of Available GSD Data for Slug Test at MW=54Z. ...........cocooomemmomooo 111
Figure 4-9: Proximity of Available GSD Data for Slug Test at MW-40A. .............cocovommrmeroeereoe. 112
Figure 4-10: Proximity of Available GSD Data for Slug Test at MW-43C. .........coooooomerooeroeoo 113



Figure 4-11: Proximity of Available GSD Data for Slug Test at MW-56. .........ccovvevvevmveommooooo 114
Figure 4-12: Proximity of Available GSD Data for Slug Test at MW=57B. .....co.ovvvvvvemoeooeooooooooooo 115
Figure 4-13: Proximity of Available GSD Data for Slug Test at MW-58..........ooeovvvovooooooooo 116
Figure 4-14: Proximity of Available GSD Data for Slug Test at MW-60..........ocovvmeremmemoooooo 117
Figure 4-15: Radial Distance of GSD Assigned to SIug TeStS ...........c.eveeeeeeereneeerersereseeoeeooooeoooooooo 118
Figure 4-16: Hazen-type COTEIAtION.............ccouevueeereereensieeiees et eeeeseessees e 119
Figure 4-17: Alyamani & Sen-type COITEIAtON ...........cv.uevuveereeiereeeeeeeeeeeeeeeeesees oo 120
Figure 4-18: Pumping Well Screen Location, Slug Tests, and ds, vs. EIeVation..................ooooooooooooonn 121
Figure 4-19: K from Site-specific COITEIations ...........c.ovueemruerueiereeceeeeceeeeeseeeese e e 122
Figure 4-20: K Distribution from Hazen-type Correlation...................o.eeeeeeeeeeeeeereomeeeresseseoooooo 123
Figure 4-21: K Distribution from Alyamani & Sen-type COITelation ..............oooveveveeoeovemseooooooo 124
Figure 4-22: K Distribution from Geometric Mean of Hazen-type and Alyamani & Sen-type Correlations125
Figure 4-23: Comparison of K values for Pumping Test COITelations.................oceveemmmemremresoesoorsoo 126
Figure 4-24: Comparison of K values for Slug Test Correlations..................c.oeveeveemereemeresosoooooo 127
Figure 5-1: Stratigraphy and CS-10 Plume Location at Proposed RW Site (Jacobs, 1996)...................... 131



LIST OF EQUATIONS

=l
=—— E IO 21 1ottt et et
C, quation 19
Ly
H= -? EQUALION 2=2 .ottt et e e eeesen 19
Ah Ah Ah oh _
Kx¥+Kyé)— +K. ?_S{&_ EQUation 3-1 ... 37
2 2
K,(é’—ﬁ+ ! éh) K. ﬁ—fl—S i EqQUAtion 3-2 ..ot 37
at ro V24 a
dh
=K== EQUALON 3-3 cccooooeiriiiineneeenieeene et ssssssseeeessessse s sesese s s s e eeeeeeeeeee 37
dr
O=q(27L)  BQUALION 3-8 ..o 38
d
Q—r =27KLAR  EQUAON 3-5 ..o eeeseese e eeeseses s ss e oo oo eeeeeeeeoeee 38
r
27KL(h, — h, Eouation 3.6
= EIOML 30 1.ttt sttt et
In(r, /7)) quation 38
27KLy
S EQUAION 3-7 e e e et eeseeee e
0 In(R. /7.) quation 38
27K
Q=_ Q2 =—— il EqQUAtION 3-8 ... 38
dt ! . In(R, /r,)
*In(R, /
K= rc—r-l(z—Lei)b EQUALION 3-9.....ccoviiiiiiiiceti sttt 38
1 (yo) .
b=—In — EQUAtion 3-10 ..ottt 38
Lo\,
O = q(47zr,.2) EqUAtion 3-T1 ..ottt 39
Q", dr = Kdh  EQUAtion 3-12 cccooooooooiooooooeeeeeeoeeee oo oo eeoeeeeeeeen 39
4’
yi=h —hy=— Z EQUALION 3-13 wooooteervecoesseses s seesssnsessesse e 39
b 4mr K
Yy, = (4 %(L)Y EQUAtiON 3-14 ..ottt e 39
21 1( LJ+ (lmLJZH Equation 3-15 39
= —m— —m— UALON 3-15 ..o
e . 20 r, 2 r, 4

K, Equation 3-16
m=_[— UALION 3=16...cniiiiiiiiiie ettt s et e e e et et 39
Kk,



L
Y =2 ln(m—) EQUAtION 3-17 ...t e e e 39
rw

L
r} ln(m—]
rw

K, = A D BQUALON 3-18 .....ooouceerreeeemrenenessessissesse oo eseeseseeeesessee oo 40
R 11 A+BIn[(D-H)/r,]|
— + Equation 3-19 .....c.coovmmmiecier e 40
r, ln(H/rw) L/rw |
rz
K= 2LP D EQUALON 3-20 coooooieeeieereeiniiiseseee oo eesee s e oo 40
w= woe M cos ot EQUAtION 3-21 ..ottt ee et e ee et et 41
r2(w® + A) Eeuation 322
= t 2 P ORR R
g1 quation 41
B=-aIn(0.797;SNW? + A7) EQUAtion 3-23 ..cccccuveeeoeerermsoeceeeeseeesceseeeeseessees e 41
=f+alnT, Equation 324 et 41
0
T=KD=———"""—"—IN"" EQUation 3-25 ......esomemeeeeeerrrerereeesemrerrerreeres oo
27Z'(h i) n quation 43
T= —Q— In o EQUAtioN 326 .......ouiiiiiiiieecnete et 43
27(sy = 5,) 1
dh
O =27PKh = EQUALON 3-27.....ooooeieeeeeeeieeeeeeeeeeeeeeee e ee e e 43
ar
0= LAl 3-28
7K ——— t TLOQ e et er e e et e a e e b e an st e e e e e e enneeaennenns
In(r, / 7,) quation 43
0 r, .
=N EQUALHON 3-29 et
ﬂ'(hzz — hz) n " quation 43
e "du
s=Ah= 47Z'KD J‘ y EQUAtION 3-30 . ..ucueuimieceeeeeeeeeeeeeee ettt 44
) Equation 3-31
U=—— 23 s et ettt e e s et es e s e
aq; Eduation 44
O | 05772 tnusu- s 2 | ption 332
= — V. —MuUu+Uu— "+ 4. Equation 3-32.......coooemireemre,
S 4nkD I 4' quation 3-3 44
r’ 4KD Eouation 3.33
—= u 3 S sttt ettt e e enees
. S quation 3-33 44
s= 42KD W (1)  EQUALION 3-34 .oouuivieeerceeeeeeceeeeececee e seseeeees e s e e e 44
Q| 05772-1n "3 | Equation 335
= — . = I 7| EQUALION 333 ..ttt eieeeee e e e e e e e e et
Ky AnKD AKDr1 quation 45



_230Q . 225KDt

47Z'KD og g EQUAtion 3-36 ......ouovuiiiiiiiieccte et 45
225KDt,
=T EqQUAtion 3-37 ettt 45
r
2300 225KDt,, 225KDt, | 2300 1,
As = 1 -1 log—
1 KD’: og pErS og 2 4n’KD g Equation 3-38..........cccovnnene 45
230
K= ETA_SQ— EQUAtion 3-39 ..ottt 45
=7 KD [W(u) =W (u')]  EQUation 3-40 ..ot 47
D d r°s Equati 41
U=— = B PR
aT; and u'= ATy quation 3 47
230 t
K= 4”5 log}—' EQUALION 342 ..ottt 47
s(r,z,t)y=—"—= J4xJ x K [wo )+ Z , (x)]dx EqQUation 3-43 ..o 47
{1 — e o anh(45,)
@y (xX) = — EQUAtION 3+44 .oooooooooooeoeooooo 47
R ey Ty W T
1=t tanh(4,5,)
o, (x)= - - Equation 3-45.......ocooeeeeeeeeeeeeeeeee, 47
{x? =1+ )8 (x> + B1) by / olfby 3,
bi B, sinh(B,b,) — (x> = B2) - cosh(Byby) = 0 EQUation 346 oo 48
D
bi B, sin(B,b,) + (x> + 2)-cos(B,5,) =0 EQUAtON 3-47 oo 48
D
L
K= ;%7 EQUALION 3-48 ...ttt ren et s e a et s s s e et e e 49
k=2 (H"J Equation 3-49
=1\ — T e e e e e s bt e e e aan e enens
T H, quation 49
k -
K =8 (LT)™ BQUAON 3-50..seerssstteeeeeeeeeeee 49
7
3
K=D; (E&)( ¢ )C EQUALION 3-51 w.oooerreeeeemmsnenserecessssssenssssssssssasesesseesseesseseessseseessssssseesesenee 50
u)\l+e
Vs
R, = eA—‘ EQUALION 3-52 ..ottt ettt et sae st e e e s e e st 51
1
gﬂDse
R, = D} =gDS EQUAtION 3-53 ...ttt 51

10



k= f1()fo (M)A EQUAHON 3-54.....cc.cooeteserrsreneeomoeoeesese et 52

K= k(-pﬁ) = C'dlz0 EQUAtion 3-55 ...ttt 52
Y7,
dy, —d dy +d
o, = 844.0 L 956.5 3 EQUAtION 3-56..........coovuiieeieinineieeteeee e 53
K =a[l, +0025(dsy — dy)] EQUAHON 357 e 55
K =1300[1, +0.025(dsy ~ d\)]" EQUALION 3-58 .o 55
Kz, +K,z,+.+K
K, = Kz, + Koz A EQUALON 3-59 ....courmerreeeesrseennnereeeeese s eeeoesseseeseesses s oo, 57
[z, +z,+...2,
O R T 90
log K =21ogd)y +2.8 EQUAtON 4-2 .....o.ooooeeeeeieeeoeeeeeeeeeeeeeeeeeeeeeeeseseee oo 93
K =63 1d,20 EQUAtiON 4-3 ........oomiiiiceceee ettt e 93
K= 0.2261120 EQUAtION 4-4 ...ttt e eeeeeeeoe 93
K =1L111[1, +0.025(dsy — dg)] EQUAtion 4-5.....oocceveeoeeeeeeoeseseceeeoeeeoeeseeeoeeoeoeooo 93
+ 2z, 4.
K, = 2+ 2y 42, ] EQUALION 4-6 .........coooeceeesemeeneeneneessssmssssneeeeeeess e seoeseeeee e 95
H 5 g
Kl KZ Kn

PR EE
[ 1z, +K,z,+..K z, +—+..

r,o= K—h = 5 - Equation 4-7 .....ccooveviviviiie 96
v ztoral

11



LIST OF APPENDICES
Appendix A: Pumping TeSt Data.........c.ucvuivuiunienceecienineesesineiensies e seee e s
Appendix B: SIUg TSt DAta........ccociuiiuiiiiiiirisieciieeceeceees sttt sa e es et s e e s e

12



1. INTRODUCTION

This thesis presents a methodology to characterize sites for Recirculating Well (RW) design. The sudy was
performed as part of a project (Project) evaluating the effectiveness of RW technology in remediating
groundwater contamination. Specifically, Project team members analyzed the proposed design for two RW
pilot tests at the Massachusetts Military Reservation (MMR) to remediate the contaminant plume
designated as Chemical Spill 10 (CS-10). Figure 1-1 shows the location of the MMR and Figure 1-2 shows
the CS-10 plume.

Recirculating wells have been used in Europe and around the world by European firms to remediate
groundwater contamination (Herrling, 1992). Because RWs do not require the extraction of contaminated
water nor the alteration of the hydrogeological conditions, they are often proposed for sites that have a
fragile ecological system and are scrutinized by interest groups. One such site is Ashumet Pond into which
CS-10 may potentially discharge contaminants (the plume actually flows beneath the pond). Both
homeowners and environmentalists demand clean-up of contamination entering the pond but are adamantly

opposed to methods that would in any way alter the existing water levels that in turn could potentiaily

change the existing ecology.

The author, as the geotechnical engineer of the Project team, provided hydrogeological data, such as
geology, stratigraphy, aquifer thickness, hydraulic conductivity, and hydraulic anisotropy, required to

simulate operation of RWs by computer models.

The objective of this thesis is to develop a site characterization methodology to enable the design of RWs.

The tasks performed to achieve this objective are summarized below.

The thesis begins with an introduction of RW technology followed by the identification of hydrogeological
parameters required for design based on the results of the project and literature review. Techniques used to
obtain design parameters are reviewed, followed by a study of the available methods of estimating K. A

pseudo-empirical correlation of grain-size distribution with K is proposed and is evaluated using a case

history.

The results of the Project are presented in a separate report titled: “Evaluation of Recirculating Well
Technology with Specific Reference to the CS-10 Contaminant Plume at the Massachusetts Military

Reservation” (Kim et al., 1997).
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2. RECIRCULATING WELL TECHNOLOGY

2.1 Theory

Recirculating Well technology is a recently developed method for in-situ remediation of volatile organic
compounds (VOCs). The treatment system removes VOCs from groundwater by the process of air
stripping (Herrling, 1991). Simply defined, air stripping is the transfer of VOCs from the liquid phase to
the vapor phase. Hence, air stripping facilitates the “volatilization” out of the water of contaminants such
as VOCs that by definition transfer to the vapor phase when exposed to air. The objective of RWs is to
enhance this process by inducing circulation to continuously move VOC-contaminated groundwater from
below the water table a the surface in contact with air. An added benefit of a circulation system that
exposes groundwater to air is the infusion of oxygen into the water. The increased dissolved oxygen
content of the circulated groundwater enhances aerobic biodegradation of the VOCs. In other words, the
added oxygen promotes the proliferation of oxygen dependent bacteria or other biological entities that

consume these contaminants (Jacobs Engineering, 1996).

2.2 Flow Mechanism and RW Construction

A schematic of a well that induces the type of groundwater circulation described above is presented in
Figure 2-1. Figure 2-1 shows the mechanism that draws water from the bottom of the contaminated plume,
transports it up to contact with air, and returns it to the top of the plume and thereby achieve the desired
circulation. For the circulation shown in Figure 2-1, the entire depth of the contaminant plume would be
eventually circulated and exposed to air. This of course assumes that the intake and discharge locations
bound the plume, as shown in Figure 2-1. Because this type of circulation re-introduces the groundwater
to air several times, these wells are called “Recirculating Wells”. As Figure 2-1 shows, discharged water at
the top of the plume, like the rest of the groundwater influenced by the induced flow, will have a tendency
to flow toward the intake screen. This recirculating flow effects the re-treatment of the groundwater,

further reducing contamination.

The RW shown in Figure 2-1 illustrates the typical method of inducing recirculating flow. The outer
casing of the well has the intake at the bottom and the discharge screen at the top of the contaminant
plume. The discharge screen is hydraulically isolated from the intake screen by a separation plate. In
addition, an inner casing separates the water withdrawn through the intake screen from the treated water
that is discharged. Before operation commences, the water level inside the outer and inner casing have the

same water level, reflecting the piezometric water elevation at the particular location.
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A vacuum blower is then used to lower the air pressure in the well and to raise the water level equally in
both the inner and outer casings to a level near the top of the inner casing. The column of water in both

casings above the phreatic surface will have a pressure head lower than atmospheric pressure.

The flow is induced by introducing fresh ambient air through a pipe into the water in the inner casing (in
contact with the intake screen) at a level above the phreatic surface (as shown in Figure 2-1). Due to the
pressure difference, ambient air will flow from its end open to the atmosphere (at atmospheric pressure) to
a pinhole device inside the inner casing (at below atmospheric pressure). The pressure difference will
cause the water at and above the location of the pinhole device to “boil” over to the outer casing. The
water bubbles created by this process serve two purposes: (1) VOCs in contact with the surface of the
bubbles immediately volatilize, and (2) the reduced density of the water creates a pumping effect. As
water boils over from the inner casing, new groundwater in drawn from the intake screen. To enhance the

flow of ambient air into the water in the inner casing of the RW, a blower is often used (Figure 2-1).

The water in the outer casing, due to its increased head by the additional water that boiled over from the
inner casing will be discharged through the discharge screen. Because the pumping effect of the air
bubbles is relatively small, a submerged pump is usually installed within the inner casing to obtain required

circulation rates.

Once this recirculating flow is established, VOCs are stripped from the groundwater both by the contact
with air bubbles and by contact with air as it boils over from the inner casing to the outer casing. The
contaminant vapors are collected by the vacuum blower that continuously pumps air out of the well for

treatment before release into the atmosphere.

Recirculating wells are generally installed in a 10-inch well casing within a 16 to 18-inch diameter
borehole. Dual air-rotary drill rigs are the preferred method of installation because conventional hollow-
stem augers don’t have the torque required to advance large-diameter boreholes to significant depths and
formation clogging by the use of mud or water to remove cuttings is avoided. Thus disturbance of the
aquifer parameters in the immediate vicinity of the well is minimized. The dual drive allows the

simultaneous advancement of a borehole-stabilizing outer steel casing.

After borehole completion, well screens are set at design locations inside the outer casing. The screens are
then sand packed with a filter pack between the well screen and the natural formation materials. A layer of
bentonite chips is added after each filter pack interval to seal and isolate the screen area. Remaining spaces

are generally filled with cement grout. Figure 2-2 shows a typical recirculating well construction diagram.
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2.3 Advantages over Conventional Pump-and-treat Systems

Conventional pump-and-treat systems consist of recovery wells that draw contaminated groundwater out of
the aquifer, pipelines that transport the contaminated water to a treatment facility, and a disposal system.
An aquifer is defined as “a geologic formation, or a stratum, that (a) contains water, and (b) permits
significant amounts of water to move through it under ordinary field conditions” (Bear, 1972). The
disposal system can include wells that inject the treated water back into the ground, and/or holding

facilities for eventual discharge at a later date.

Recirculating Wells have two advantages over conventional pump-and-treat systems. One lies in its ability
to remediate in-situ: RWs can continuously remove VOCs from groundwater without removing water from
the ground. The need to handle, transport, and discharge contaminated or partially contaminated water is
nullified. The other advantage is derived from the nature of the recirculating flow. Pumping wells can
severely disrupt an area’s ecology by inducing a cone of drawdown by its pumping. As shown in Figure 2-
3, pumping can lower the water level of existing surface water bodies (lakes, streams). Recirculating
Wells, on the other hand, only momentarily disrupt the normal hydraulic equilibrium of an area. All of the

captured and treated water eventually resumes its course after treatment.
2.4 Feasibility of Using RW Technology

Unfortunately not all contaminated groundwater sites can be effectively remediated using RWs. First, the
contaminant targeted for cleanup must be volatile. The air-stripping cleanup mechanism of RWs will be
effective only on contaminants with a tendency to transfer into their vapor phase. As described in more
detail in Section 2.5, a contaminant’s volatilization can be quantified by its vapor pressure and its Henry’
law contant (H). Although contaminants with H > 3 x 10”7 atm-m*/mole are considered volatile (Thomas,
1990), H > 5 x 10** atm-m*/mole is required for effective air stripping . Figure 2-4 presents volatility

characteristics associated with H.

In addition to contaminant characteristics, hydrogeological parameters can control the feasibility of RWs.
The effectiveness of RWs is largely dependent on its ability to create a recirculating flow within the
contaminant plume. Horizontal and vertical hydraulic conductivities control the flow of fluids through a
soil medium. A minimum horizontal K of 10” cm/sec is desired. Otherwise, elaborate pumping and
pressure reduction schemes, whose cost may prove prohibitive, would be required to develop the
recirculating flow. Layers or lenses with very low vertical K can altogether prevent the development of

circular flow cells.
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Some limitations to the feasibility of RW technology were listed by Metcalf & Eddy (1996) based on

evaluations of past RWs installed in Europe and in the US. These are shown in Table 2-1.

In light of the parameters controlling the feasibility and design of RWs, special care must be taken to

provide detailed information on the parameters listed in Table 2-1.

2.5 Design Method

The design of RWs is ultimately based on the air to water ratio required to strip VOCs from the
groundwater The first task in designing RWs is to determine the maximum concentration of pollutants
present at the site. The thermodynamics of chemical systems induce a specific equilibrium ratio of a given
contaminant’s concentration in the vapor and liquid phase. A contaminant’s volatilization can be

quantified by its Henry’s law constant (H).

H=—% Equation 2-1

where C,, is the concentration in gas phase at the liquid/gas interface (g/cm®) and C,, is the concentration in
liquid phase at the interface (g/cm’). Henry’s law constant can also be expressed as the ratio of its partial

pressure in air and its tendency to dissolve into the liquid phase:

H=-"2 Equation 2-2

where P, is the contaminant’s vapor pressure (partial pressure) in atm and S is its solubility (moles/m?).
Figure 2-5 presents solubility, vapor pressure, and H for various chemicals. The limiting vapor pressure

and H for the feasibility of RWs are outlined in Figure 2-5.

The air to water ratio is the amount of air that is required to volatilize the organic chemical from the
aqueous phase to the gas phase. The RWs treatment process is generally designed with the capacity to

volatilize the maximum concentration of contaminants.

The air surface available to volatilize contaminants is often constrained by the size of the inner and outer
casing that is standardized by several manufacturers of RWs. Thus the air to water ratio is used to
determine the groundwater pumping rate, air blower rate, and vacuum blower rate. By adjusting these, the
required air to treat the maximum concentration of contaminants can be accommodated. The pumping rate
controls the speed with which contaminated water passes through the treatment zone. The air blower and
vacuum blower rates in turn supply the required amount of fresh air to collect the volatilizing contaminants

based on a given pumping rate.
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Once the air to water ratio has been calculated and its constraint in the pumping rate quantified, the capture
zone that can be developed within the acceptable pumping rates is calculated. A study of how the size of

the capture zone changes with pumping rate changes is also generally performed.

The capture zone is a function of the pumping rate (Q), RW dimensions, and hydrogeologic parameters.
Recirculating Well dimensions affecting capture zone size include: size of intake and discharge screen (h)
and distance between intake and discharge screen (H) (usually a function of the vertical thickness of the
contaminant plume). Hydrogeologic parameters controlling capture zone size include: hydraulic
conductivity in the horizontal direction (K,), hydraulic conductivity in the vertical direction (K,), and
hydraulic gradient (i). Figure 2-6 presents a typical chart showing the function of the aforementioned

parameters in determining capture zone size (Herrling, 1991).

The pumping rate is then optimized to determine a cost-effective balance between the number of wells and

the pumping rate. The number of wells and the pumping rate control the overall capture zone.

In summary, essential contaminant characteristics for RW design include vapor pressure and solubility
(and hence H). Essential hydrogeological parameters include K (horizontal and vertical), hydraulic

gradient, and depth of the phreatic surface.

The next section presents techniques available to provide said parameters in addition to other required

information for characterizing contaminated sites in general.
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Table 2-1: Limitations to the Feasibility of Recirculating Wells (Metcalf & Eddy, 1996)

FACTOR PARAMETER LIMITS/DESIRED RANGE
Contaminant Henry’s Law Constant (H) >5x10 atm-m*/mole
Vapor Pressure >5 mm Hg
Solubility <20,000 mg/1
Biodegradability not required, but system
performance is enhanced
Hydrogeology Hydraulic Conductivity >10" cm/sec (clayey-sand)
Stratigraphy Caution with layers and lenses
with much lower K
Depth of Vadose Zone >10 ft
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B and By are the lateral extent of groundwater captured at the aquifer top and bottom, respectively.
H = aquifer thickness, a = screen height, Q = pumping rate, and v = groundwater flow velocity.

Figure 2-6: Effect of Anisotropy Ratio on RW’s Capture Zone (Herrling, 1991)
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3. METHODOLOGIES AVAILABLE TO OBTAIN REQUIRED
PARAMETERS

This section provides an overview of techniques available to characterize sites with groundwater
contamination to enable RW design. After outlining the objectives of the site investigation, a staged
approach that has proven effective and efficient in accomplishing those objectives is presented. Finally,

special considerations required for RWs are discussed.
3.1 Site Characterization Objectives

In addition to the parameters required specifically for RW design presented in Section 2.5, the site
characterization must also provide basic information required for all sites with groundwater contamination.
First the contaminant sources must be located and removed. Contaminant sources can be used to identify
the nature of the groundwater contamination, including its chemical properties (H, vapor pressure,
solubility, etc.). Then the extent of contamination, determined by concentration and spacial distribution in

the subsurface, is quantified.

Along with contaminant characterization, the hydrogeologic parameters that influence contaminant
migration must also be quantified. For contaminants dissolved in groundwater, migration will be affected
by many of the same parameters that control groundwater flow. Such parameters include subsurface
geology, stratigraphy, depth to groundwater, hydraulic gradient, K, and r,,. Groundwater recharge and
discharge, influencing the hydraulic gradient, flow direction, and seasonal variability in the phreatic

surface elevation, must also be assessed.

3.2 Typical Staged Approach to Site Investigation

An approach that has proven effective and efficient in accomplishing the objectives listed above is

described below. The tasks involved are divided in the optimal chronological order.
3.2.1 Stage 2: Data Review

Although primarily a desk study, this stage generally also includes a visual inspection of the site. The chief
objective of this stage is to decide whether further investigation is warranted. Thus before investing
resources in performing invasive subsurface exploration, a comprehensive review of available site-specific

information is conducted. Available data on both the contaminants and the hydrogeology is procured.
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3.2.1.1 Source of Contamination

Before intruding into site soils, the site development history is thoroughly reviewed. Site history can
provide information on the likely location and nature of contaminants at the site. The knowledge of what
the site was used for and where potential contaminants were stored can help guide further investigative

efforts.

This information will be helpful not only in identifying contaminants but site development records may
include previous geotechnical reports that would reduce the amount of required exploration. Furthermore,
old reports may give the geotechnical engineer an idea or confirmation of the type of soils expected at the
site. With this information, the optimal exploration and testing techniques to obtain the outlined objectives

may be identified.

3.2.1.2 Surrounding Land Use

A reconnaissance of the surrounding area to investigate what activities the area supports is required to
quantify the risk posed by the potential contamination. Potential receptors such as wells and surface water
bodies (lakes, streams) would be noted in addition to existing residential, commercial, and industrial
facilities. Non-developed land use for recreation and agriculture would also be noted. The impact of

contamination on each of these existing and proposed future activities must be assessed.

3.2.1.3 Hydrology and Climate

Previous reports and numerous organizations can provide hydrologic data for most regions of the United
States. The United States Geological Survey (USGS) and the National Oceanic and Atmospheric
Association (NOAA) publish reports and provide requested hydrological and climatological information
for the US. Previous site-specific reports may provide abundant hydrologic information on the subject site.

This data however, especially if several years old, must be validated with recent information.

Some of the required hydrological data include: precipitation, watershed area, amount and paths of surface
runoff, and methods of aquifer recharge. Using this data, the recharge mechanism of the aquifer can be

quantified.

Information on the climate and seasonal variation is required because the contaminants may react
differently at different temperatures. Remediation efforts and the inherent character of the contamination

may be affected by changes in temperature.
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3.2.1.4 Hydrogeology

A comprehensive review effort would include the review of previous reports and studies, published and
unpublished maps, and aerial photographs. Published geologic maps for almost all of North America can
be procured. Soils maps or surficial geology and hydrogeological maps for many areas have been
published. The study of geologic maps and reports can provide preliminary information on the rock
formations and soil stratigraphy. Soil maps, surficial geology maps, and topographic maps can together
provide an introductory image of the source and distribution of the surficial deposits and its associated
landforms. Available hydrogeologic maps provide topographic, geologic, hydrogeologic, geochemical,
and water resource data. Airphotos can be used by a geologist to prepare maps of landforms, soils, land

use, vegetation, and drainage.

3.2.2 Stage 3. Formulation of Field Investigation and Laboratory Testing

Programs

Upon completion of data review, the collected data is evaluated to establish whether further investigation is
warranted. Should the data review provide all the information targeted in the objectives, then a field
investigation program would obviously be reduntant. However, often redundancy itself is an objective and
field investigations may be performed to validate the data review information. Generally, data review will

provide incomplete or dated information requiring validation.

If additional investigation is required, the appropriate scope of subsurface exploration will be outlined.
The scope of the field investigation program will depend on several independent variables. The quantity
and quality of existing data that was retrieved, the purpose of the study, and the financial and time

restraints are three such variables.

Once the scope of the investigation has been outlined, site-specific constraints noted during the site visit(s),
such as access, utility clearance, and level of environmental hazard, are resolved by the selection of proper
equipment, marking of existing utility lines, and procurement of required permits. The optimal

methodologies in obtaining the required parameters can then be implemented.

The field investigation is generally supplemented by a laboratory testing program. For information that

cannot be retrieved directly at the field, samples are transported to a laboratory for testing.
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3.2.3 Stage 4: Implementation of Field Investigation and Laboratory Testing

Program

With the objectives of the field investigation and laboratory testing clearly established, the required
technology and operators are engaged to retrieve the required data. Available technologies to implement

the field investigation program are summarized in Section 3.3.

An important part of the field investigation at sites with groundwater contamination is the installation of
monitoring wells. These are used to quantify the contamination in the groundwater. In addition, field tests
can be performed in these installations to evaluate aquifer parameters such as transmissivity (T), storativity
(S), and hydraulic conductivity (K) that not only control RW design, but also determine the feasibility of

RW technology. Field tests performed in monitoring installations are presented in Section 3.4

The laboratory testing program required for RW design is presented in Section 3.5.

3.2.4 Stage 5: Interpretation of Data and Design of Remediation

Once the site investigation adequately supplements the previously gathered existing data, a solution is
engineered. Often, additional research of existing published data and/or additional field investigation is
performed to provide data lately identified as essential to devise an appropriate solution. Stages 3, 4, and 5
are iterated until all essential information is gathered. This information is then interpreted and solution

alternatives assessed.

3.3 Field Investigation Techniques

The techniques available to implement the field investigation program can be broadly categorized as
minimally intrusive and exploratory. Techniques that require minimal disturbance of in-situ conditions to
retrieve the required data classify as minimally intrusive. Exploratory techniques, on the other hand,
involve temporary and often permanent alteration of the location investigated. Capabilities, advantages,
and limitations of the available technology are evaluated to tailor the proper program for specific project

sites. The myriad of technologies available are summarized and evaluated below.

3.3.1 Minimally Intrusive Methods

Techniques such as gas sampling and various geophysical methods are considered minimally intrusive.
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3.3.1.1 Gas Sampling

Gas sampling consists of collecting vapor samples for chemical analysis. Suction Probes that collect
vapors above the groundwater table through a hollow tube attached to a gas chromatograph enable rapid
sampling of the near surface soil. Accumulator devices (usually chunks of organic carbon) inserted into
the subsurface also adsorb vapors above the groundwater table for a designated time period (hours to

months) and are then transported to the laboratory for analysis.

Through gas sampling, VOC vapors can be effectively identified and analyzed. Using the relative
concentrations, a general idea of the nature and areal extent of the plume can be established. A large area
can be investigated for VOC vapors quickly and relatively cheaply with Suction Ground Probes. But since
soil gas analysis in general only provide qualitative indications of VOC contamination in unsaturated areas,
characterization of contamination below the water table generally requires exploratory methods and the

installation of monitoring wells.

With access to existing piezometers or other types of wells, the Headspace Method is often used to quantify
contamination below the groundwater table. This method involves the collection of a groundwater sample
in a vial that is shaken to induce volatilization of contaminants into vapors. The vapors are then sampled

for chemical analysis.

3.3.1.2 Geophysical

Geophysical methods can provide non-destructive, in-situ measurements of both the contamination and
hydrogeology. A variety of methods, which can be performed inside a borehole (down-hole) or on the

surface, are employed to perform geophysical surveys.

A fundamental limitation of all geophysical methods is that a set of data cannot be associated with a unique
set of hydrogeological conditions or contaminants. Thus geophysical measurements need correlation with
site-specific information derived from more direct measurements (e.g., subsurface exploration). Some

common geophysical methods include the following:

Radiation: Nuclear logs can provide values for in-situ bulk density and moisture content in the vicinity of

the test.

Electrical Resistivity: By measuring the variation in resistivity, soil type, porosity, and chemical

composition of pore fluid can be interpreted (Urish 1983).

Electromagnetic (EM) Techniques: The conductivity of the subsurface can be determined. The presence

of buried objects (storage tanks, pipes) can also be inferred (Jansen, 1991).
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Seismic Techniques: Subsurface conditions can be inferred. The subsurface delineation lies in
interpreting the different seismic velocities of rock (fast) and deposited materials or fill (slower).

Generally, the groundwater surface can also be identified (Whiteley and Jewell, 1992).

Magnetometry: A magnetometer measures the intensity of the earth’s magnetic field. The presence of
buried ferromagnetic materials can be detected by analyzing the distortion of the earth’s magnetic field

(Reynolds, 1991).
Summary:

Generally, a geophysical specialist will be contracted to perform these types of surveys. For environmental
studies geophysical methods can provide a rough image of a wide area of interest relatively quickly and
cheaply. These techniques have proven effective in determining macro-level characteristics. Some of data
that can be reliably obtained with geophysical surveys include:

e  General soil type, depth to bedrock, depth to groundwater

¢ Mapping of contaminant plumes

e Detecting cavities, buried drums, pipelines, tunnels, etc.

Relative to exploratory methods, a large area can be more quickly characterized at a much smaller cost.
Furthermore, the macro-level information provided by these methods can lead to cost savings by

empowering an efficient plan of subsequent surveys and subsurface exploration.

For contaminant plume delineation, meaningful contrasts must exist in the physical property surveyed
between the contaminated and uncontaminated regime. In addition, a relatively uniform geology,
topology, stratigraphy, and water depth across the site is required for meaningful cross-interpretation and

comparison. Localized and detailed characterization is difficult at best.

3.3.2 Exploratory Techniques (Testa, 1994)

3.3.2.1 Boreholes

Despite development of the above-mentioned less invasive techniques, drilling remains the primary
techniques for contaminated site investigation. Some of these methods include boring by hand or using a
drill rig to advance a hollow-stem auger or rotary drill. These methods enable sampling the subsurface

soils at the bottom of the borehole.

Soil sampling is usually performed by passing a smaller diameter drill rod with a sampler attached at the
bottom. Disturbed samples collected using Standard Penetration Test samplers are standard practice in the
US. Standard Penetration Test samplers are driven into the soil with hammer blows. For undisturbed

sampling, a thin-wall Shelby tube sampler is generally hydraulically pushed into the soil. Samples can be
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continuously retrieved, although in practice samples are routinely retrieved at five-foot intervals or
significant changes in lithology. The sampler is driven into the soil at the desired sampling interval ahead

of the auger bit.

The capabilities of borings include the following:
e Provides stratigraphical and lithological data
* Soil samples can be obtained for visual classification and chemical and geotechnical testing
¢ Monitoring wells can be installed

Actual in-situ samples can be collected for visual inspection and for testing. The cuttings themselves can
be visually analyzed and can be tested. Various in-situ tests are made possible by the borehole and

subsequent monitoring well installation. Monitoring installations are discussed in Section 3.4.

Access can be a constraint because heavy machinery is required to auger down very resistant subsurface or
down to substantial depths. In addition, the level of contamination can be so high that any disturbance of
the subsurface is prohibited. In this case, non-intrusive alternatives must be employed. Whenever

contaminated soil is excavated, the costs of disposal can be considerable.

3.3.2.2 Test Pits

Test pits, open excavations into which a geologist or engineer can descend, can be dug to obtain samples,
to observe in-situ stratigraphy, and perform in-situ tests. Test pits generally prove to be expensive and are
limited to shallow depths. The integrity of the pit walls, presence of groundwater, and the reach of
excavation equipment limit their depths. However, test pits are often dug at sites where soil removal is a

potential remediation alternative.
3.3.2.3 Cone Penetration Testing (CPT)

This method is less intrusive than borings because it does not produce soil cuttings from the subsurface that
need disposal. A conventional cone penetration device measures the sleeve friction and end-bearing (cone)

resistance, while a piezocone also measures penetration pore pressure.

Cone penetration testing delineates sediment stratigraphy by measuring the sleeve friction and end-bearing
resistance and possible penetration pore pressures of a 10 to 15 cm®-diameter metal rod, usually tipped by a
60-degree cone, which is hydraulically pushed into the ground. Empirical correlations have been

developed to provide estimates of soil type and hence general soil stratigraphy can be obtained at relatively

lower cost compared to borings. Figure 3-1 presents a typical chart correlating cone tip resistance (q;) and
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friction ratio or pore pressure ratio (B,) with the soil type. The soil between borings can be probed to

enhance and confirm stratigraphy information.

CPT probes can be adapted to allow collection of soil, vapor, and groundwater samples during insertion.
Additional sensors also can be installed on the probe to measure radioactivity, and resistivity. At
completion, resulting probe holes are relatively small in diameter and are easily sealed with bentonite or
grout, making the CPT relatively less intrusive. Robertson and Woeller (1991) provide a more thorough

entreaty of this technique.

3.4 In-situ Measurement of Hydraulic Conductivity

Through methods summarized in Section 3.3, the majority of the site investigation’s objectives (Section
3.1) can be accomplished. However, important aspects of the site’s hydrogeology and the adequate
characterization of contamination below the water table cannot be evaluated by those methods alone. Thus
an additional purpose of drilling boreholes is to install ground water table monitoring wells and

piezometers.

Water-table wells simply detect the water table and its location is measured directly in the well.
Piezometers screen a discrete interval below the water table. The water level measured in a piezometer

reflects the total head (hydraulic potential) at that particular location.

In addition to enabling the measurement of the piezometer water levels and their seasonal fluctuations,
monitoring installations allow the sampling of the groundwater for contaminants. As importantly for RW
design, piezometers enable field tests to determine aquifer parameters such as transmissivity (T), storativity
(S), and hydraulic conductivity (K). Two common tests performed to evaluate these aquifer parameters are

the slug test and the pumping test.

3.4.1 Slug Tests

In-situ K values of the soils in the immediate vicinity of the piezometer screen can be determined by
performing slug tests or bail tests in the completed piezometer. Both tests are initiated by causing an
instantaneous change in the piezometer’s water level by a sudden introduction or removal of a known
volume of water and monitoring the recovery of the water level with time. The water level before and
during the test can be measured periodically with a well sounder (tape with water sensor at tip) or measured
continuously by installing a pressure transducer connected to a data logger. Alternatively, a steel tape with

a weighted tip can be used. A section of the weighted end of the tape is generally chalked to mark the

water level.
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Several methods can be used to induce an instantaneous water level change in the piezometer. A known
volume of water can be measured and poured into the piezometer to raise the water level and the falling
water level can be monitored. Conversely, a known volume can be “bailed” out of the piezometer by using
a container of known volume (volume can also be measured after water is drawn out) that fits inside the
piezometer casing. Thus bail tests lower the water level and monitor the rising head in the piezometer.
When the test induces a water level depression and monitors the rising water level, it is called a rising head

test. Conversely, if a water level rise is induced and its descent monitored, it is called a falling head test.

Slug tests induce piezometer water level change by the introduction or removal of a solid cylinder (slug) of
known volume. A falling head test can be performed by lowering the slug into the piezometer below the
equilibrium water level. Once the piezometer water level falls to re-establish equilibrium, a rising head test

can performed by removing the slug.

In an environmental study, the removal of potentially contaminated groundwater for bail tests creates
needless additional tasks, including systematic treatment or re-injection. Thus slug tests are generally
preferred. Conventional slug tests, however, require the handling of the cylinder and attachment cord that

are contaminated by groundwater.

To circumvent handling of contamination, the most common slug test for environmental studies is the
Pneumatic slug test (PST). PST can lower the water level in the casing by forcing water out of the well
through the screened area by the addition of air pressure within the casing. Each pound per square inch
(psi) of air placed into the well, the water level lowers about 2.2 feet by forcing the water to flow out of the

casing and into the soil. The equilibration process is then monitored.

Ideally, analysis of slug test data provide horizontal hydraulic conductivity values for the soils in the
immediate vicinity of the well screen. Difficulties in obtaining representative data include the alteration of
soil structure by drilling and piezometer installation and inadequate hydraulic isolation of the screened

interval.

Figure 3-2 shows results of rising head tests that exhibit an exponential water level recovery. Because the
mechanisms driving water level recovery are the same for rising and falling head tests, observed data from

both types of tests are often presented as displacement vs. log time (Figure 3-3).

For results exhibiting exponential such an exponential change in head, K can be analyzed by several
methods using pseudo-steady state techniques. Commonly used methods include Hvorslev (1951), Bouwer
and Rice (1976), and Molz et al. (1990). The theory underlying these methods will be introduced followed
by an overview of each method. For convenience, “slug tests” will be used hereafter in reference to all

types of falling/rising head tests.
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Horizontal flow through a porous medium, such as soil, can be expressed as

5h S h Fh h
Kx—dc—2'+Ky‘57+KzE=Ss3 Equation 3-1
where Ky, K, K; are the hydraulic conductivity in the X, y, and z axis, h is the hydraulic head, and Sy is the
specific storage, defined as the volume of water a unit volume of saturated aquifer releases from storage for

a unit decline in hydraulic head, per unit depth of the aquifer. In radial coordinates, Equation 3-1 can be

expressed as

Equation 3-2

For steady state flow, the right hand term, (E) is zero, which is obviously not the case for slug tests.

The pseudo steady-state technique neglects the right hand term of the above equation by assuming that due
to the small volume of water involved in the test, effects due to storage (a function of S,) are close to zero
(Dagan, 1978). This assumption is easily justified for the confined conditon, for which storativity (S = S, x
D) of most aquifers fall between 10 and 10~ (Bear, 1972). Although unconfined aquifers have S
commoly ranging from 0.1 to 0.25 (Bear, 1972), storage effects for the volume of water used in slug tests
will approximate those of the confined case because the phreatic surface can be assumed to be unchanged.

This point is discussed further in Section 3.4.2.

For the pseudo-steady state, Darcy’s law can be applied to calculate the flow:

_ |
q= ar Equation 3-3

d
where ¢ is the specific discharge (flow per unit area) and —— is the head difference driving the flow.

dr

The methods above mentioned differ in their application of Darcy’s law to represent flow. Figure 3-4 and
Figure 3-5 present the two common configurations for slug tests. For convenience, rising head tests will be
described. Equations for the falling head will be exact negatives (only differ by having the opposite sign).
In addition, the water levels will be referred to as heads. The following overview of Hvorslev’s methods is

excerpted from Springer (1991).
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3.4.1.1 Hvorslev (1951)

For the confined, fully penetrating case shown in Figure 3-4, Hvorslev calculates the change in the

piezometer water level with the total flow into or out of the well screen area. Then
Q=q(2mwL) Equation 3-4

where Q is the total flow into the well, g is the specific discharge,  is the distance from the center of the

piezometer, and L is the screen length. Combining Equation 3-4 with Darcy’s law,
dr
QT =27KLdh Equation 3-5

integrating the left side from / and r2 and the right side from 4/ and A2, the Thiem equation is obtained:

_27KL(h, = hy)

Equation 3-6
In(r, / 7,) a

Defining r) as the effective radius (Rg), the radius at which the head remains constant throughout the test,

r1 as the outside radius of the well (), and (h,-h,) as the drawdown (y), Equation 3-6 becomes

27KLy

= E ion 3-7
In(R, /7,) quation 3

Because Q equals the piezometer head change times the area inside the casing of radius r,,

dy 0 27KLy
e = - E i -
dt r} wlIin(R,/r,) quation 3-8

4

combining like terms and integrating yields:

r’In(R /r,)
K=-<—"¢ ¥ —_—
2L Equation 3-9
where
=-In — Equation 3-10
t Y,

b is the slope from the plot of the natural log of drawdown vs. time. One obvious difficulty in applying
this method is estimating R,. Bouwer and Rice (1976), as discussed in the next section, present a method

of estimating Re.
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For the partially penetrating well in an unconfined aquifer, as shown in Figure 3-5, the flow is modeled as
spherical instead of cylindrical because groundwater can flow from above and below the well screen. For a

point (7) in the middle of the casing, at the center of the well screen, Equation 3-4 becomes

0 = q(4ﬂ7',.2) Equation 3-11
substituting for g,
9 :
——dr = Kdh Equation 3-12
47,

integration from r; (radius of casing at point i) to infinity and h; to h, yields:

Yi=h —hy=- Equation 3-13

Accounting for the full length (L) of the screen, Hvorslev derives the drawdown at the center of the screen

0e):

=)
= —=—|\Y Equation 3-14
Ve (4EKL ‘ 1
where
y.= Equation 3-15
and
Kf
m= Equation 3-16
K. a
For mL/r\, >4,
L
Y =2In| m— Equation 3-17
rW
and
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K,=———5b Equation 3-18
where b is defined by Equation 3-10.
3.4.1.2 Bouwer and Rice (1976)

Expanding on the Horvslev analysis presented in the previous section, Bouwer and Rice developed a
method of evaluating K using partially penetrating piezometers. Noting that Equation 3-9 and 3-18 differ
only by the In [R,/ r,] term in Equation 3-9, a means of calculating this term was developed allow direct
application of Equation 3-9 to the partially penetrating case. The Thiem equation (Equation 3-6) in
conjunction with an electrical resistance circuit representing axisymmetric flow, and assuming an isotropic
aquifer, R, was parameterized as a function of L, r,y, H (depth of piezometer bottom below water table),

and D (height of water table above lower confining boundary).

Re can be calculated with the following equation:

R, 11 A+BIo[(D-H)/r,]|

l —_—= + 2 . -
n r ln(H/ rw) Lir Equation 3-19

The parameters A and B are found from a graph of L/r,, vs. A and B (Figure 3-6). Although originaily
developed for the unconfined case, this method can be used to calculate the K from slug tests for confined
conditions (Bouwer, 1989). Usually, the outside radius of the screen is used as r,, although arguments
have been made to include the sand pack annulus around the screen. Another difficulty reported by
Bouwer and Rice is that their parametrization for In (R/r,) only matches observed values to within 25%

for screens located more than 4 screen lengths (L) below the water table.

3.4.1.3 Moilz et al (1990)

This analysis was developed to address the limitations of the methods previously presented. Using a finite
element computer model (EFLOW), an equation accounting for partial penetration, proximity to the water
table and impermeable boundaries, and vertical flow components was developed. EFLOW was used to
solve Equation 3-12 for a wide range of r,, D, L, and H (well-aquifer parameters). From the results, Molz

et al tabulated a set of dimensionless flows (P) for various combinations of well-aquifer parameters. Their

equation for K is

K=——=b Equation 3-20
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where P can be found from a set of tables listing P as a function of r, and well-aquifer parameters (Figures

3-7 through 3-10).

3.4.1.4 Van Der Kamp (1976)

Slug test results sometimes do not exhibit exponential recovery. Figure 3-11 presents slug test data that
oscillate and cannot be used to calculate K with the methods previously presented. Van Der Kamp
developed a methodology to calculate K from oscillatory slug test data for both the confined and

unconfined case.
The fluctuating water level (w) is expressed as:
w=w,e ¥ cosar Equation 3-21

where A is the damping and o is the frequency of the oscillation. Using A and o calculated from the plot of

w vs. time, parameters a and f are calculated.

ri(@® + A7)
o=——"

Equation 3-22
81 a

p=-« ln(O.79rf2 Svw® +1%) Equation 3-23

where r; is the distance from the center of the casing to the edge of the sand pack and S is the storativity
(also commonly referred to as the storage coefficient). Reasonable estimates of rfand S are sufficient as
the effect of their variation on f is minimal. Then the aquifer transmissivity (7) is calculated by iteration of

the equation:

T,=pB+alnT,

n-1

Equation 3-24

A first estimate of T, = B is suggested. Van Der Kamp states that convergence to the final value of T

occurs within 3 or 4 iterations. Hydraulic conductivity is obtained by dividing T by H.

3.4.2 Pumping Tests

Hydrologists generally consider constant-rate pumping tests to be one of the most effective methods of
measuring aquifer properties. There are actually three common field tests that involve pumping large
volumes of groundwater out of a well to determine aquifer properties: (1) constant rate, (2) recovery, and
(3) stepped rate. All three tests involve monitoring the change in the groundwater’s piezometric head

(head) induced by pumping (Figure 3-12).
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The constant-rate test involves pumping at a uniform rate for a period sufficient to approach steady state
conditions, so that the “drawdown curve” shown in Figure 3-12 becomes essentially constant with time.
The change in head is monitored at the pumping well and usually two or more piezometers at different
distances from the pumping well. Aquifer parameters T (K x aquifer depth) and S are obtained by solving

Equation 3-2 using the observed change in head vs. time.

The recovery test is performed at the end of pumping tests by observing the rate of water level rise to its
original level after pumping has stopped. Transmissivity (T) can be obtained from this test. Step-rate tests
are performed to obtain the specific capacity (s, ) of the well. Specific capacity is defined as the ratio of
pumping rate to change in head (drawdown) in the pumping well. This test is generally performed before a

constant-rate test to select the appropriate pumping rate.

Because head change (drawdown) induced by pumping out large volumes of groundwater (“drawdown
curve” in Figure 3-12) extends a relatively large distance from the well, the parameter values obtained
represent the average properties of this “sampled” aquifer volume. In other words, pumping induces
groundwater flow through the aquifer volume within the influence of the drawdown curve (actually a
drawdown cone because pumping the effect is 3-dimensional). The theory upon which constant-rate
pumping tests are based will be introduced, followed by a review of methods commonly used to analyze

the results. The following sections were excerpted from Chapter 4 of Todd (1980).

3.4.2.1 Steady-state Approximation

As discussed in Section 3.4.1, Equation 3-2 describes the flow in a porous medium. For convenience, this

equation is shown below.

lh 16k S h
Kr(—2+—'—— +Kz-—2=S5ﬂ1-
a° roa 174 a .
Equation 3-2
For slug test analysis, Equation 3-2 is solved by assuming a negligibly small S, that makes the equation’s
right hand term zero. But when significant volumes of water are removed, the assumption of a negligibly
small S; is not accurate. Because aquifers with essentially constant head distribution (not including
temporal or seasonal fluctuations due to weather) have equal recharge and discharge volumes, the water

pumped by a well is taken from the storage of the influenced aquifer volume, as delineated by the

drawdown cone. Thus S; must be accounted for in Equation 3-2.

The simplest method of solving Equation 3-2 for pumping tests is to set the right hand term to zero by

assuming steady state conditions, which would mean that 3 is zero. Assuming pumping has continued
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long enough to establish steady-state conditions, Equation 3-6 can be used to obtain K for the confined

case shown in Figure 3-4. For convenience, Equation 3-6 is shown below:

_ 27KL(h, = hy)
In(r, /1) Equation 3-6

where Q is the constant pumping rate, D is the aquifer depth, h is the head, and r is the radial distance from

the pumping well. K can then be calculated from

Y 4!

In— Equation 3-25

T=KD=——"7555-—-
27(hy —h)

where D is the aquifer depth and assuming D=L. The effect of partially penetration (L<D) will be
discussed in Section 3.4.2.5. Equation 3-25 assumes that steady-state conditions have been achieved. As
mentioned before, the water pumped out is the discharge from the aquifer’s storage. As more water is
pumped, the drawdown cone continues to descend. This indicates that the steady-state assumption is not
valid. However, according to Todd (1980), the difference in drawdowns (s, - s,) in Figure 3-12 becomes
essentially constant even as each term increases. Thus, using drawdown (s = Ah at a given point as shown
in Figure 3-12),
0 4

=—In— Equation 3-26
27(s,-5,) 1 1

For the unconfined aquifer, as shown in Figure 3-5, and assuming that D=L, Equation 3-5 becomes

dh
0= ZﬂTKh; Equation 3-27
because h = D, then
h? - h?
Q=K —2 1 Equation 3-28
In(r, / 1)

which can be expressed as

K=—F5"——~In— Equation 3-29
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3.4.2.2 Solutions for Transient (Unsteady) Flow

As mentioned in Section 3.4.2.1, the continued lowering of the drawdown curve means that the steady-state
assumption is not valid. Thus Equation 3-2 must be solved without neglecting the right-hand term. Using

an analogy to heat conduction, Theis (1935) developed the following solution of Equation 3-2 for confined

aquifers:
Q ‘tedu
s=Ah= '[ Equation 3-30
4nKD 5 u
where
)
= :ﬁ’? Equation 3-31

where S (storativity) = S, x D (aquifer depth).

Equation 3-30 can be written as a convergent infinite series:

2 3 4
u u

2217331 4.4

§

= 42KD [— 05772 -lnu+u-

:l Equation 3-32

Solving for Equation 3-31 has the added benefit of providing a measure of S and requiring drawdown data
from only one location. Methods commonly used to solve Equation 3-30 are presented in the following

sections.

3.4.2.2.1 Theis Method

Theis rearranges Equation 3-31 to

r* 4KD
—t- = S u Equation 3-33
and simplifies Equation 3-30 to
§= W(u Equation 3-34
4xkD" ) quation

Because the relation between W(u) and u must be similar to the relation between s and r*/t, Theis suggested
using a graphic superposition method to solve for S and KD. To that end, the logarithm of W(u) vs. u is
plotted (referred to as a “type curve”). Figure 3-13 presents a table of W(u) values vs. u (Todd, 1980).
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Then the logarithm of s is plotted vs. r*/t in a scale that is consistent with the type curve. The curves are
superimposed to obtain the best fit. Equations 3-32 and 3-33 are solved by using W(u), u, s, and t values
from any single point chosen from the fitted curve. Figure 3-14 presents an example of this method of

superposition.

3.4.2.2.2 Cooper-Jacob Method

Noting that u is small for small r values and large t values, Cooper and Jacob simplified Equation 3-32 to

2
r-S
s= -05772-1n Equation 3-
47KD [ 4KDr quation 3-35
which can be expressed as
2300 225KDt )
s= 42KD log g Equation 3-36
which indicates that a plot of s vs. log t should be a straight line. Figure 3-15 shows an example of this
225KDt
plot. Fors =0, the term —2—‘5-;— must equal 1. Thus
r
225KDx,
S= Y Equation 3-37

where t, is the x-intercept of the fitted line shown in Figure 3-15. KD is derived by considering As during

one logarithmic time cycle. Thus

As

2300[ . 225KDr,, 225KDt,]| 2300, 1,
log = 1 Equation 3-38

= . -1 = LA
47KD PS8 25 | ankD %%,
which, because log (t,/t,) = 1, yields

_2300 |
= rAs Equation 3-39

where As is the slope of the fitted line.

3.4.2.3 Recovery Test

Theis proposed that the end of a constant-rate pumping test can be represented by the addition of a
hypothetical well recharging at the same constant-rate while the pumping continues. Figure 3-16 presents

idealized drawdown and recovery curves. Then s’ (recharge drawdown) can be expressed as
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s'= 42KD [W(u) -Wu )] Equation 3-40
for
r’s d ' r’s
U=—— =— i -
aTT an u ATy Equation 3-41

where t’ is the time since the end of pumping. Again assuming large t’ and small r, Equation 3-35 is used

to rearrange Equation 3-38 into

K= log— Equation 3-42

The plot of s’ vs. log(t /t’) is used to obtain As, which is then used to solve Equation 3-42.

3.4.2.4 Delayed Yield in Unconfined Aquifers

The methods presented Sections 3.4.2.2 and 3.4.2.3 can be applied to unconfined aquifers if the drawdown
(s) is small in relation to aquifer depth (D). If drawdown extends to a significant depth, the delayed yield
needs to be accounted for. Delayed yield quantifies the delay in discharge of water from storage after a
given change in head. For confined aquifers, this discharge due to change in head is assumed to be

instantaneous (Bear, 1972).

The storativity, defined by Bear as “the volume of water released from (or added to) a vertical column of
aquifer of unit horizontal cross-section, per unit decline (or rise) of the piezometric head”, can be used to
explain the concept of delayed yield. The storativity (S = S, x D) of most confined aquifers fall between
10” and 10~ while unconfined aquifers have S ranging from 0.1 to 0.25. This implies that given the same
decrease in head, an unconfined aquifer discharges a much larger volume of water from its pore space, a
fact validated by field observations. The unconfined condition’s larger S arises from the fact that unlike
the confined condition in which the storativity is mainly a function of the compressibility of water and the
elastic properties of the aquifer, the discharge in the unconfined condition is due to actual gravity-driven
drainage as the phreatic surface is lowered. Drainage due to gravity is not instantaneous. According to
Bear, “a certain amount of water is held in place against gravity in the interstices between grains under

molecular forces and surface tension”.

Boulton (1954, 1963, 1975) developed type curves accounting for delayed yield. Figure 3-17 presents
these curves. Boulton uses three different type curves to account for the effects of delayed yield. For the
initial condition (seconds to minutes after start of pumping), the type curve for the confined condition can

be used because the change in the phreatic surface will be small. The intermediate curve shown on Figure
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3-17 quantifies the increasing delay in discharge. The rightmost curve in Figure 3-17 represents a constant
drainage rate after the forces governing unconfined aquifer discharge have equilibrated. The type curves
for the confined and unconfined conditions are developed by using a S representative of each. The general

solution that takes into account the effects of storage developed by Neuman (1972) is presented in the next

section.

3.4.2.5 Neuman Method (1972)

Using a first-order linear approximation, Neuman derived a general solution to Equation 3-2 that accounts
for delayed yield. The mathematical derivation involved will not be presented herein (Newman and
Witherspoon, 1970, and Dagan, 1964, 1967a, 1967b). The general solution is expressed in terms of five
dimensionless parameters: G, Zp, by, Kp = ry (anisotropy) Ky, and t,. o is the storativity ratio, S/S,, where S
quantifies the volume of water instantaneously released, as in a confined aquifer, S, quantifies volume of

water released by gravity drainage. The other dimensionless parameters are defined below.
= z/b (aquifer depth)

bp, = b/r (radial distance from pumping well)

Kp, = 1y (anisotropy) Kragial trorizoniat Kz (vertical)

t, = Tt/Sr, where T is transmissivity as shown in Equation 3-31

Newman’s approximation of drawdown in an unconfined aquifer:

0 o
s(r,z,t) = —"—T j 4xJ x+/K [(o0 )+ Z , (x)] Equation 3-43
0

n=

where
fi- e oA} tani(f b))
a)()(x) - {x2 _ (1 + O')ﬁ%z _ [(x2 + ﬁ)z )2 bD / O']}bDﬁo qulatlon 3'44
and
{1 _ e-.z;Ko(xz—ﬂ,.z) } tanh(/,5, )
o,(x)= Equation 3-45

(x' ~(+ o) ~[(x* + 5 b, | Slfb,

the terms P, and P, are the roots of the equations
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Ay sinh(Ay) - (= B)- cosh( ) = 0 Equation 3-46
D

for B, < x,, and

biﬁn sin(8,b,) + (x 2+ ,an )-cos(B,b,)=0 Equation 3-47
D

for (2n-1)n/2 <B,b, <nm

In current practice, aquifer and well parameters are input into a computer to generate type curves based on
the above equations. Then the superpositon method described in Section 4.4.2.2.1 is used to obtain aquifer

parameters T, S, Sy, and r,. Figure 3-18 presents a set of these curves as an example.

3.4.2.6 Discussion

The advantage of pumping tests is that they provide in-situ values of T and S averaged over a large aquifer
volume. However, care must be used in determining that the conditions in the field do not violate the
assumptions made in developing the analysis methodologies. The K values obtained are only as valid as
the assumptions incorporated in the analysis procedures. Some field conditions that require special
attention include weather effects (changes in atmospheric pressure, precipitation) and the presence of
streams and other pumping or recharge wells. Todd (1980) discusses how these conditions can be
accounted for in the analysis. The effect of partially penetrating pumping wells (L<D) is also discussed by

Todd.

3.5 Laboratory Tests

Tests quantifying the physical and chemical properties of the soils and chemical properties of the
groundwater are performed on samples recovered from the field. Chemical tests can identify the chemicals
present and their concentrations. Physical tests often include moisture content, dry density, specific
gravity, porosity, particle size distribution, and hydraulic conductivity. Because the hydraulic conductivity
(K) is a parameter controlling the feasibility and design of RWs, techniques to measure K from laboratory

test results are presented below.
3.5.1 Hydraulic Conductivity Test

Hydraulic conductivity is measured in a permeameter test. Figure 3-19 presents two types of permeameter

tests: constant-head permeameter and falling-head permeameter. In a constant-head test, a soil sample of
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length L and cross-sectional area A is enclosed between two porous plates in a cylindrical tube, and a

constant head H is set up across the sample. Darcy’s law leads to the expression:

_9r

= JH Equation 3-48

where Q is the steady flow through the system.

In a falling-head test, the head measured in a tube of cross-sectional area g, is allowed to fall from H, to H,

during time t. K then is calculated from:

X al 1 (HOJ
=—Inl — Equation 3-49

At \H, 1
See ASTM (American Society of Testing Materials) Method D 5084-90 for details of test procedures with
a flexible boundary for both types of tests. Tests run at room temperature and test results should be

reported for a temperature of 20 degrees Celsius.

There are several limitations in testing granular soils. For undisturbed samples of stratified deposits,
usually only K, is tested. Although K, tests can be run on these samples by manipulating the orientation,
several tests will be required. Generally, disturbed samples reconstituted to in-situ densities are tested.
The K obtained from these tests may not be representative of field conditions because the macrofabric is

destroyed, yielding K, values that are too low.
3.6 Hydraulic Conductivity Correlations

When K data from permeameter tests or from field tests are not available, correlations exist that utilize
results of index property tests to estimate K. Many empirical correlations between grain size distribution
and hydraulic conductivity of granular soils have been published. The theory and background leading to

these correlations will be reviewed.

3.6.1 Theory
Hydraulic conductivity depends both on the properties of the soil and the fluid. Nutting (1930) expressed
Kas
k -
K= —z—g (LT) 1 Equation 3-50
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in which k = physical permeability of the porous medium (soil) (L?), p = fluid density (ML?), g =
gravitational acceleration (LT?), and p = fluid viscosity (ML''T™"). According to Nutting, k is solely a
property of the soil medium, while pg/u is a property of the fluid (Note: for water at 20° C, pg/m = 1.02 x
10, cm,;s,;). Considering that in most locations the density and viscosity of the fluid remains relatively
constant, the assumption that variations in K are almost wholly due to variations in k is reasonable. Large
changes in temperature can affect the fluid’s viscosity enough to influence K (e.g., 25% change in viscosity
for a 10° change from 20°. For areas with extreme temperatures, K should be adjusted to account for the

variation in fluid viscosity.

Although the correlations that will be discussed herein do not specify water as the referenced fluid, the
derivation procedure and the use of these correlations justify constraining their applicability to water.
After all, the laboratory or field testing performed to derive these correlations used water as the fluid.

Moreover, these correlations are most often used to help characterize groundwater aquifers.

Using Poiseuille’s law, Taylor (1948) developed an equation for K. The equation was developed by
assuming that flow through a porous media is similar to flow through a bundle of capillary tubes. The

equation is as follows:

3

e

K=D! (ﬁj (—) C Equation 3-51
u)\l+e

where D is the effective particle diameter, e is the void ratio (volume of voids per unit volume of solids),
and C is a shape factor. Taylor defines D, as “the diameter of the spherical grain which has the same ratio
of volume to surface area as holds collectively for all grains of a given soil”. The equation implies a

proportional relation between K and the square of some effective particle diameter.

Lambe and Whitman (1969), on the other hand, suggest that four soil characteristics influence K of a
saturated soil: (1) particle size, (2) void ratio, (3) composition, and (4) fabric. Thus in addition to D, and e,
the composition and fabric also influence K. Composition refers to the mineral types of particles. Fabric
refers to the orientation of particles. Lambe and Whitman do add however that the effects of any one of
the four are “hard to isolate since they are all closely interrelated - e.g., fabric usually depends on particle
size, void ratio, and composition”. Furthermore, the influence of soil composition and fabric on K is

considered of little importance for cohesionless silts, sands, and gravels according to Lambe and Whitman.

The parameter most often selected to correlate K is particle size, specifically some effective particle
diameter. This is directly analogous to Taylor’s equation presented above. Because the void space in a

soil medium comprises the flow channels that allow the movement of fluids, one should expect K to vary
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with void ratio (e) and Equation 3-51 attempts to capture this effect. However, the possible range of e for

granular soils is very small compared to variations in D,.

Moreover, because grain-size distribution tests are easy to perform, particle size is the commonly selected
parameter. Also, Lambe and Whitman state “it is logical that the smaller the soil particles the smaller the
voids, which are the flow channels, and thus the lower the permeability”. They add: “A relationship
between permeability and particle size is much more reasonable in silts and sands than in clays, since in
silts and sands the particles are more nearly equidimensional and the extremes in fabric are closer
together”. This would indicate that the K of aquifers, which generally consist mostly of sands and silts, can
logically be correlated to particle size. Because the present discussion will be restricted to granular soils

(gravels, sands, and silts), particle size and grain size will be used interchangeably.

3.6.2 Methods Correlating Effective Particle Diameter (D,) to K

The first task in correlating an effective grain size to K is determining what the effective grain size is.
Taylor (1948) developed D, as a means of representing the flow channels through soil. The hydraulic

radius (R;)) quantifying the size of the flow channel was expressed as:

14

5

4

5

R,=e Equation 3-52
where V; is the total volume of solids and A, is the total surface area of the soil grains. Using D,, as

defined in Section 3.6.1, Equation 3-52 for uniform spheres becomes

1
—7nD’e

6
=—D Equation 3-53

R, =4—
H ”D‘?_ 6 K

According to Taylor, “the ratio V/A, is a constant for any given specimen of soil. Difficulties may be
encountered in some soils if accurate evaluations of this ratio are attempted, because surface areas of
irregular grains are not easily determined and a large part of the total surface area may be contributed by a

small fraction of very small grains”.

Before commencing the evaluation of the various types of correlations that have been proposed, a review
of grain-size distribution curves and conventions used to convey information derived from these curves is
presented. As shown in Figure 3-20, the weight percentage of the sample that is finer than a given
diameter is presented in a semi-log graph. The median diameter (ds;) of a soil sample corresponds to the
diameter where the 50%-finer line intersects the grain-size distribution curve. Similarly, d,, corresponds to

the diameter where the 10%-finer line intersects the grain-size distribution curve.
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As previously discussed, the smaller particles are expected to control K. Experimental work performed by
Hazen (1893) and Harleman et al. (1963) and others indicate that d,, is a good representative grain size for

K.

Figure 3-21 presents the relationship between k values measured from laboratory permeameter tests on
unconsolidated sands and d,, by Pettijohn and Potter (1972) and by Bear (1972). A darcy unit equals 9.613
x 10-4 cm/sec for water at 20° C. These results and those from the work by Hazen and Harleman et al.
indicate a power-law relationship between K and d. That is, the relationship appears linear if presented in a

log-log plot.

Although some investigators suggest using ds, as the effective parameter, both the theory and the resuits
from such correlations are less convincing than those using d,,. Correlations relating only d,, as the
effective parameter will not be discussed. One correlation that will be discussed later does use ds,, but only

as one of several parameters used in the relation with K.
Commonly used correlations relating d,, to k are presented below.

Bear (1972) suggested accounting for both the shape of particles and the void ratio in order to correlate

grain size to k. Bear’s equation is as follows:
k= fi(s)f, (”)dlzo Equation 3-54

where f,(s), the shape factor, expresses the effect of the shape of particles; f,(n) is the porosity (e/(1+¢)

factor.

Others. including Hazen, Harleman et al., and Uma et al. (1989) combine the product of fi(s), f,(n), and
pg/u into a single coefficient C. Then the relationship between K and d,, can be expressed as:

K= k(&g-] =Cd}, Equation 3-55

Y7,
The suggested values of C vary. Hazen suggests using C = 100 for d,, given in cm and K in cm/sec while
Harleman et al. suggest using C = 64.1 for d,, given in cm and K in cm/sec. Both Hazen and Harleman et
al. correlations were developed from comparing d,, to results of laboratory permeameter (constant-head)
tests on uniformly graded sands. In fact, precautions were taken to use sands that were uniform in size and

shape as documented in the publications introducing these correlations.

Uniformity quantifies the particle-size homogeneity of a soil sample. The coefficient of uniformity (C,) is

defined as the ratio of dg, / dy,. A soil having a coefficient of uniformity smaller than 2 is considered

“uniform”.
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Considering how the Hazen and Harleman et al. correlations were developed, their use should be restricted
to K evaluation for uniform sands. Hazen and Harleman et al. used uniform sands that were in essence
created in the laboratory through sieving to isolate the relationship between specific particle sizes and K.
Hazen tested sands with d,, between 0.1 and 3 mm with uniformity coefficients (C,) not exceeding 5. The
discrepancy between Hazen’s and Harleman’s C is indicative of the level of confidence these correlations
merit. Their use should be restricted to estimating K’s order of magnitude. Accordingly, Design Manual 7
(DM-7) published by the Naval Facilities Engineering Command states that correlations such as Hazen’s
have a standard deviation of about + log 3. Figure 3-22 presents a DM-7 chart with several K vs. grain size
correlations. Given that these correlations establish a power-law relationship between K and d,,, a standard

deviation of log 3 indicates that K may be up to 3 times smaller or 3 times larger than the K derived.
3.6.3 Correlations Accounting for the Shape of the Grain-size Distribution Curve

Acknowledging the limitations of attempting to estimate K in the field using correlations that relate K and
d,, of laboratory-created uniform sands, alternative procedures incorporating grain size distribution were
introduced. By using Hazen’s or Harleman et al.’s correlations to infer K of soils encountered in the field,
the overriding importance of the soil’s finest grained 10-percentile in determining K is implicitly assumed.
This is analogous to stating that a soil with C, = 10 should be expected to have the same K as a soil with C,

=2, as long as both soils have the same d,,. Figure 3-23 graphically represents these two soils.

Masch and Denny (1966) and Alyamani and Sen (1993) developed methods that incorporate the shape of

the grain-size distribution (GSD) curve.

3.6.3.1 Masch and Denny Correlation (1966)

This method attempts to correlate the entire grain-size distribution curve with K by using the value of ds,
[MDq, = -log, ds, (mm)], and the dispersion (o;) defined as:
dyy —dig  dys +d;

o, = 20 + 65 Equation 3-56

which is in essence a measure of the uniformity of the soil about dy,, to obtain the value of K from graphs

provided by Mash and Denny (Figure 3-24).

This correlation was also derived using constant head permeameter tests of soil samples prepared in the
laboratory. Mash and Denny claim, however, that “although synthetic sand samples were used, attempts
were made to reproduce grain-size graduations that are commonly encountered in natural geologic

materials”. In other words, sands with C, >2 were incorporated in the process of deriving the correlation.
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They suggest restricting the use of this correlation to unconsolidated sands. Egboka (1983) estimated that
the useful range of K values calculated by this method fall within 10 and 102 cm/sec.

3.6.3.2 Alyamani and Sen Correlation (1993)

This method also formalizes the representation of the grain-size curve shape in the correlation. Not only
the magnitude of d,,, but also the shape of the grain size curve for particles finer than d., is accounted for
in the correlation. The correlation was derived using K values measured from a constant-head
permeameter tests on 22 sand samples reconstituted in the laboratory with C, of up to 5. Disturbed samples
of alluvial deposits from various sites of Saudi Arabia were collected and reconstituted attempting to
“reestablish their original conditions”. All tested samples contained less than 5% silt (assumed to be mean

particles smaller than 74 pm).

Alyamani and Sen acknowledge that their method is analogous to Mash and Denny’s method in its attempt
to represent the grain-size variability of the samples. However, unlike Mash and Denny, they propose to
anchor their correlation about d,, and consider the variability between d,, and d,. They argue that the
mean value (ds,) “does not by itself have much meaning as far as the hydraulic conductivity is concerned”.
They continue by stating: “Physically, fine particles play a more significant role with respect to hydraulic
conductivity and therefore, it is plausible to select a central tendency value biased toward the fine grain-

sized diameters”. Thus particles sizes smaller than ds, are considered.
The procedure used to derive this correlation is as follows:

1. d; through dos vs. %-finer in 5-percentile increments is plotted on ordinary paper (linear-linear

scale).

2. Considering only d, and finer diameters, plot a straight line that best fits the data. d, from

this plot is designated as I,

3. Determine the slope of this line from dj, to d,,, defined as As = (50%-10%) / (ds, - d,,)

4. Because K o I, and o 1/As, K can be expressed as K o [I, + 1/As], or K « [I, + 0.025 (ds, -
dyo)]

The expression [ I, +0.025 (ds, - do)] assumes that K is directly proportional to the finest-sized particles.
The inverse relationship with As rests in the logic that for a given I, the steeper that As is, the finer the
average grain-size of particles finer than ds,. In addition to the twenty two samples previously mentioned,
Alyamani and Sen included GSD data of 10 samples presented by Wiebenga et al. (1970) as part of a study

of unconsolidated quartz sands and silts in Australia. The samples used had d,, ranging from 0.11 to 0.54
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mm with C,s not exceeding 6.5. The relation [ I, +0.025(ds, - d,,)] produced a nearly straight line on a log-

log plot (Figure 3-25). Values of a and b are derived from this log-log plot, leading to
b
K =d[I, +0025(dy, - d)] Equation 3-57

The parameter a is the K value at [ I, +0.025(ds, - d;p) ] = 1, and b is the slope of the straight line shown in
Figure 3-25. The final formula derived by Alyamani and Sen for deposits used in their investigation

(classified as slightly coarse grained alluvium) is
2
K =1300[1, +0.025(dy, — dy)] Equation 3-58

The units for this correlation are: K in m/day, I,, ds,, and d;, in mm. However, a review of Figure 3-25

suggest slightly different parameters for the fitted line shown: a = 1900 and b = 2.2.

One limitation in the use of this approach is identified. As shown in Figure 3-26, for some natural soils,
the portion of the grain-size distribution curve finer than dy, cannot be fitted appropriately with a straight

line from ds, to d,.

3.6.4 Discussion

If the more complicated correlations (incorporating measures of C,) provide better estimates, the

coefficient of uniformity (C,) does indeed have an effect on K that should be independently accounted for.

A deficiency of all grain-size correlations presented in the previous sections is their reliance on the
applicability of laboratory permeameter tests to K in the field. Uma et al. (1989) argue that K values
calculated from correlations based on permeameter test results performed on uniform sands created in the
laboratory “may have little relation to the K of similar but natural materials” because “such uniformly sized

and shaped sands do not occur under natural geologic conditions”.

Moreover, Uma et al. reference Todd (1980) to identify another more pernicious deficiency of correlations
based on laboratory permeameter results. Todd states: “Permeameter results may bear little relation to
actual field hydraulic conductivities”. He adds that “disturbed samples experience changes in porosity,
packing, and grain orientation, which modify hydraulic conductivities”. Todd concludes his argument by
stating that “one or even several samples from an aquifer may not represent the overall hydraulic
conductivity of an aquifer. Variations of several orders of magnitude frequently occur for different depths

and locations of an aquifer”.

Uma et al. (1989) argue that the only means of truly correlating grain-size to field K values is to derive a
correlation using field tests, namely pumping tests. The virtues of pumping tests were discussed in Section

3.4.2 and will not be repeated here. They suggest using a relationship analogous to Hazen’s (K = C d,2).
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But by using field tests, factors that were neglected by correlations using permeameter tests will be
intrinsically incorporated. Some factors that cannot be accounted for in the laboratory are said to include

“compaction, consolidation, and cementation”.

As support for their claims, Uma et al. present results of their study comparing K from pumping tests to K
derived by using the Hazen, Halerman et al., and Masch and Denny correlations. They selected forty seven
piezometers installed in sandstone aquifers of the southeastern sedimentary basin of Nigeria for analysis.
These were selected because Uma et al. believed that the selected piezometers had both reliable pumping

test and grain-size data.

The results of their study comparing K from pumping tests and grain-size correlations are presented in
Figure 3-27. As shown in Figure 3-27, the grain size correlations all overestimated K. The solid lines in
Figure 3-27 indicate agreement between pumping test K and K from grain-size correlations. Test results
were sorted into two groups based on the tested aquifers’ degree of cementation. For the less cemented
Group 1 aquifers, the methods of Hazen, Harleman et al., and Masch and Denny overestimated K by
average factors of 14, 9, and 3, respectively. For the more cemented Group 2 aquifers, the methods of
Hazen, Harleman et al., and Masch and Denny overestimated K by average factors of 31, 18, and 8,

respectively.

Having stated all the above, Uma et al. admit that “the variable-compaction, cementation, consolidation,
etc., on which A (coefficient for Hazen type relation, K = Ad,,?) depends, are difficult if not impossible to
measure or calculate empirically. The gist of their contribution appears to be the confirmation of Lambe
and Whitman’s list of soil parameters affecting K. As mentioned in Section 3.6.1, four soil characteristics

influence permeability: (1) particle size, (2) void ratio, (3) composition, and (4) fabric.

The discrepancy between pumping test K’s and K’s calculated from grain-size correlations in Uma et al.’s
study may due to the cementation, consolidation, and stratification in the sandstone. Uma et al. attempted
to use correlations developed for unconsolidated sands to evaluate the K of sandstone rock. Grain-size
distribution curves (GSD) cannot represent in-situ cementation or consolidation. Once the sandstone
sample is processed to obtain a GSD, it may well look like a loose, unconsolidated deposit. Correlations of
K vs. GSD do not account for the much smaller void ratio of the in-situ sandstone due to consolidation and
cementation compared to unconsolidated sand deposits, which may explain the resuits in Figure 3-27.

Moreover, GSD tests run on soils with cemented fine grains yield particles that are large with respect to in-

situ grain size.

In general, for unconsolidated sands without cementation, K values from pumping tests are expected to be

higher than K values obtained from GSD correlations, which the opposite of what Figure 3-27 shows.
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One contributing factor to the discrepancy between pumping tests and GSD correlations is disturbed
sampling of the soil. Usually conventional disturbed sampling is performed to collect samples for GSD
tests. Disturbed samples, unless considerably cemented, will not portray stratification (soil layering).
Moreover, even layers in samples indicating stratification were probably not isolated for separate grain-size

analysis.

Because the macrostructure of the soil medium will generally be destroyed during conventional disturbed
sampling, even correlations that relate K data from field tests to grain-size cannot be expected to be
completely accurate for stratified soils. For example, consider K, for a layered soil comprised equally by
three sands shown in Figure 3-28. The effective K for flow parallel to soil layers (horizontal) was

calculated by using the following equation

P Kz, +K,z,+..+K,z, ]

n“n
h

Equation 3-59
[z, +z,+...2,]
for n layers with thickness z and hydraulic conductivity K. If the Hazen correlation [K (cm/sec) = d,,2

(mm?)] is used to evaluate K’s for each soil type, the effective horizontal K would be 0.35 cm/sec.

However, a GSD run on a disturbed sample with equal portions of the sands also shown in Figure 3-28.
The composite GSD was constructed by considering that each soil makes up a third of the total weight.
Since the finest particle size of Soil A is greater than the coarsest particle of Soil B, and Soil B’s finest
particle is greater than the coarsest particle of Soil C, Soil A makes up the coarsest third, Soil B the middle
third, and Soil C the finest third of the GSD. Then the effective horizontal K would reduce to 3.84 x 107

cm/sec, a reduction by a factor of almost 100.
3.6.5 Summary

Hydraulic conductivity can be empirically calculated by using correlations relating grain-size to K. The
correlation selected should be applicable to the site soils being evaluated. It would be difficult to justify
using correlations derived from testing uniform sands to calculate the K of a soil that is equal parts gravel,
sand, and silt. Based on the types of soils tested to derive the relationships, all the correlations presented in

Section 3.6 should be restricted for use with sands that have less than 5% fines (< 74 um) content.

Relating K values from field tests (assumed to have been performed correctly) to grain size distributions of
long, undisturbed (e.g., vibracore) samples would be more accurate. With these types of samples, layers

could be isolated for grain-size analysis and its combined effect on K evaluated.

57



10003 ; 7 : 3
] 3
] T ]
5 4 4
2
~.1003 =
-4 = -
o ] ;
z . &
@ p .
<
w
~ @ 104 E
=} w 3 3
z p
L s 3 .
o0 (3] . 4
.z -4
P 2
— 1= ; ; ; ; ; ; ; .
" (o] | 2 3 4 5 6 7 8
@ FRICTION RATIO (%)
A
4 10007 - - " - 3
8- :so O ]
49,10, 1t 1
— Jori27T, UQTT 'q, ]
(] - h IE3LAALL
" 5 b = Umox h
© 2
° - 1003 3
- o 3 3
© p ]
z 4 4
x 4 4
<
w
@ |04
w 3
2 3
o) p
o B
1

02 0 02 04 06 0B 10 1.2 14
PORE PRESSURE RATIO, 8,

Zone Soil Behaviour Type
sensitive fine grained
organic material

clay

silty clay to clay
clayey silt to silty clay
sandy silt to clayey silt
silty sand to sandy silt
sand to silty sand

sand

10 gravelly sand to sand

11 very stiff fine grained* .
12 sand to clayey sand*

WO NN WN -

* overcongsolidated or cemented.

Figure 3-1: Soil Classification from CPT Results (Robertson et al., 1986)
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Figure 3-5: Partially Penetrating Well in an Unconfined Aquifer (Springer, 1991)
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TABLE [I-1. DIMENSIONLESS DISCHARGE, P, AS A FUNCTION
OF H/L AND L, FOR THE CONFINED CASE WITH K/K, = 10.

L, = i on B U B 4 N 9%
HL
1 4117 3610 3196 2964 2675 2497 293 2147
125 4448 3905 3456 4202 2882 2685 4SS 3296
15 4617 4045 350 303 2965 217 2515 2348
2 4805 4219 3MS 5402 3045 288 2975 2400
‘ S8 470 3RS 3519 3140 2908 2645 4S9
' 3155 4463 3898 356 3183 2M4S 2674 2484
16 3243 4526 345 2610 3207 2964 2687 2496
TABLE [-2. DIMENSIONLESS DISCHARGE, P, AS A FUNCTION OF
H/L AND L/, FOR THE CONFINED CASE WITH KKK, = 02.
Ik, = 8 12 8 U % 4 7 9%
BA
1 3205 2874 25N 2434 2230 2102 1955 1847
125 JA428 3076 2778 2601 287 2238 8 1957
15 3533 3165 2882 2667 AN 2288 2124 1997
2 360 W 2950 2741 AT 2336 2168 204
¢ I MG 013 2806 S5l 22 215 2006
8 3837 341 3083 3340 8T 248 292 2w
16 AR 3442 3076 2858 2569 2434 13T 2096
TABLE [I-3. DIMENSIONLESS DISCHARGE, P, AS A FUNCTION OF
H/L and LJr, FOR THE CONFINED CASE WITH K/K, = 0.1.
= g 2B U % e 7 %
HL
1 2016 2634 2398 2286 2078 L1966 1839 1742
125 A2 2821 2561 2410 20 2085 1949 1840
15 3209 2894 2630 2457 2SS 219 990 1876
2 3295 2979 2701 2523 20 2172 2028 1909
4 3401 305§ 2765 2588 .36 2219 2068 4945
3 3453 3096 2798 2615 2378 2238 2081 1058
16 34683 3105 2800 2616 288 205 2083 1960

Figure 3-9: Dimensionless Discharge, P, as a Function of H/L and L/r,, for the Confined Case and
Various Anisotropy (K/K,) (Molz et al., 1990)
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TABLE I<4, DIMENSIONLESS DISCHARGE, P, AS A FUNCTION OF

H/L AND Lk, FOR THE UNOONFINED CASE WITH K/K, = 1.0.

e, = § 12 s U % “ " 9
BL
123 564 481 AGSE  A1E6 36 39 91 32
15 £07  S29 A4S A0I8  8SIS 30 /LT 2667
2 5912 4998 4341 3883 3410 3132 2413 2608
4 35616 AT 4% U8 305 32 M6 2540
8 5505 4701 A6 3697 a4 3007 2107 2516
16 SAS) AR A0 3612 a2 2990 2695 2505

TABLE II.S. DIMENSIONLESS DISCHARGE, P, AS A FUNCTION OF

H/L AND L#r, FOR THE UNCONFINED CASE WITH K/K, = 02.

Lty = 8 12 18 u % 4 n %
BL .
135 452 39 340 3187 285 2650 248 05
15 A8 3302 3386 3000 T4 2582 2362 2206
2 4201 3683 3356 3018 208 234 21 2162
4 AT A6 3166 am6 269 2463 259 2017
] 3088 3517 3128 254 2612 244l 242 2102
16 3060 3494 310 289 2601 2491 2238 2097

TABLE I-6. DIMENSIONLESS DISCHARGE, P, AS A FUNCTION OF

H/L AND L/r, FOR THE UNCONFINED CASE WITH KK, = 0.1

L, = ] 12 18 % 3% “ 7 %
BL
125 3960 98 3114 2883 2605 2434 2937 209
15 3624 :Es 308 2804 253 26 2088 2081
2 314 391 294 2T U@ 28% 24 2012
4 3581 3195 2867 2661 24 2074 2098 L1974
8 3540 3167 2835 2640 2402 3285 2085 1962
16 357 2139 2 228 293 2UB 2083 1960

Figure 3-10: Dimensionless Discharge, P, as a Function of H/L and L/r,, for the Unconfined Case and
Various Anisotropy (K/K,) (Molz et al., 1990)
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Figure 3-11: Examples of Oscillating Slug Test Data (Springer, 1991)
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Values of W(u) for Values of u

1.0

2.0

3.0

4.0

5.0

6.0

7.0 8.0 9.0
X1 0.219 0.049 0.013 0.0038 0.0011 0.00036 0.00012 0.000038 0.000012
X 10-1 1.82 1.22 091 0.70 0.56 045 0.37 0.31 0.26
X 10~2 4.04 3.35 2.96 2.68 2.47 - 230 2.15 2.03 1.92
X 10-3 6.33 5.64 5.23 4.95 4.73 4.54 4.39 4.26 4.14
X 10~ 8.63 7.94 7.53 7.25 7.02 6.84 6.69 6.55 6.44
X 10-3 10.94 10.24 9.84 9.55 9.33 9.14 8.9 8.86 8.74
X 10-6 13.24 12.55 12.14 11.85 11.63 11.45 11.29 11.16 11.04
X 107 15.54 14.85 14.44 14.15 13.93 13.75 13.60 13.46 13.34
X 10-% 17.84 17.15 16.74 16.46 16.23 16.05 15.90 15.76 15.65
X 10~° 20.15 19.45 19.05 18.76 18.54 18.35 18.20 18.07 17.95
X 10-1° 2245 2176 21.35 21.06 20.84 20.66 20.50 20.37 20.25
X 10-11  24.75 24.06 23.65 23.36 23.14 22.96 22.81 22.67 22.55
X 10-12  27.05 26.36 25.96 25.67 25.44 25.26 25.11 24.97 24.86
X 10~ 29.36. 28.66 28.26 27.97 27.75 27.56 27.41 27.28 27.16
X 10-4 3166 30.97 30.56 30.27 30.05 29.87 29.71 29.58 29.46
X 1015 33.96 33.27 32.86 32.58 32.35 3217 32.02 31.88 31.76

Figure 3-13: Values of W(u) for Values of u (Todd, 1980)
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Dimensionless drawdown versus dimensionless time ¢, and ¢, for ¢ = 107, br = 1,
and Kp = 1.

Dimensionless drawdown versus dimensionless time ¢ and ¢, for ¢ = 10 zn = 0,
and Kp = 1.

Figure 3-18: Type Curves Accounting for Delayed Yield (Neuman, 1972)
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4. PROPOSED METHOD OF ESTIMATING HYDRAULIC
CONDUCTIVITY AND ANISOTROPY

An essential task required to enable the estimation of hydraulic conductivity is the subsurface
characterization. The soil type, stratigraphy, depth to bedrock, depth to groundwater, presence of lenses
with considerably higher or lower permeabilities, etc., must all be quantified before K can be evaluated.
As discussed in Section 3.6.5, the subsurface conditions must be adequately characterized for the proper

interpretation of K values obtained from both field tests and laboratory tests.

Summarizing, the principal techniques available to calculate K are: field pumping test and slug tests, and

laboratory permeameter tests and grain-size correlations.

4.1 Evaluation of Available Techniques to Evaluate K

Most hydrologists would argue that pumping tests provide the best estimates of transmissivity and
storativity, which in turn are used to estimate K given the average thickness of the aquifer. However,
precisely because pumping tests measure values averaged over uncertain volumes of the aquifer, the results
must be quantified by supporting data. Without extensive investigation of the aquifer stratigraphy and
thickness, irregularities may control the results. For example, a discrete impermeable clay layer or an
unusually permeable gravel layer will skew the results. Moreover, the cone of depression itself must be
adequately defined, requiring an additional investment in piezometer installations. Nonetheless, with
adequate characterization of the aquifer and cone of depression, pumping tests provide better accuracy than

the alternative methods mentioned above (slug tests, permeameter tests, and grain size correlations).

Contaminated sites present a more difficult problem for pumping tests because the pumped water will be
contaminated and its disposal regulated. The permitting process to obtain approval for discharge or

reinjection may prove difficult and costly enough to make pumping tests unjustifiable.

Moreover, if the plume thickness is small compared to the thickness of the aquifer, transmissivity, relating
the average K for the entire aquifer depth, obtained from pumping tests may not be as applicable. In these
cases, slug tests at various depths within the plume may be more appropriate. As the plume thickness

approaches the thickness of the aquifer, pumping tests become more applicable.

Slug tests have the advantage of not removing contaminated water. These tests provide values
representative of a much smaller area, namely in the immediate vicinity of the piezometer’s screened

interval. Thus while grain-size correlations, and permeameter tests, when compared with pumping tests,
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provide essentially point values of K, slug tests give values representative of the test piezometer’s screened

length (generally several feet).

4.2 Issues Specific to Recirculating Well Design

The drawdown cone created by pumping tests defeats one of the reasons for using Recirculating Wells.
Recirculating Wells are generally proposed for sites where the phreatic surface must be unchanged, thus
eliminating pump-and-treat systems as an alternative. For example, sites adjacent to bodies of water may
require a remediation or containment system that does not disturb the environmental equilibrium of the

area. Changes in the water level of a pond for example could damage the existing ecological system.

Furthermore, point values of K, as obtained from slug tests, permeameter tests, and grain-size correlations,
would enhance the design of Recirculating Wells. Instead of a value of K and anisotropy (r, = K,/K,)
averaged over the entire depth of the aquifer, the point values providing the variation of K with depth
would enable a more realistic model of the process. Although slug tests could be used to test different
depths of the aquifer to derive this variation of K with depth, the costs of installing a series of wells to

perform these tests may prove to be prohibitive.

4.3 Proposed Methodologies to Evaluate Horizontal K

4.3.1 Pumping Tests

Pumping tests should be performed if possible. When performed correctly, this method provides K values
that are most representative of the actual field K values averaged over the entire aquifer depth. Thus if the
plume size is considerably less than the aquifer size, K values from pumping tests may not be strictly
applicable to the area of the plume. Moreover, pumping tests are often limited by their considerable cost.
Also, as discussed in the preceding section, because pumping tests alter the aquifer’s phreatic surface

(Figure 2-3 and Figure 3-12), they may not even be feasible near the proposed location of RWs.,

If pumping tests cannot be performed at the proposed location of RWs, a pumping well located elsewhere
(preferably within the subject site) with similar subsurface characteristics to the proposed location can be
used. If the geologic history and present condition of the substitute pumping well’s subsurface mirrors the
subsurface of the proposed RW location, K values from the alternate site can be used directly. Factors
determining the match between two locations include: topography, stratigraphy, source and method of

sediment deposition (aquifer sands are generally sedimentary), and groundwater elevation and gradient.

The results from pumping tests should be verified, either by other pumping tests from similarly relevant

locations or by alternate methods, such as slug tests, or permeameter tests on undisturbed samples. If the
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soil is homogeneous, permeameter tests on reconstituted disturbed samples would be appropriate. At the
very least, the reasonableness of the calculated K values’ order of magnitude should be checked with
typical values from published studies. Figure 4-1 presents an example of typical K values for different

soils.

4.3.2 Slug Tests

In case an adequate alternative pumping test location cannot be used, a slug test program should be
implemented. The subsurface in area of interest (usually a diameter commensurate with the width of the
contaminant plume) should be scrutinized to delineate irregularities (e.g., clay layers that are almost
impermeable and gravel layers that are highly permeable) that can strongly influence the value of K.
Frequent sampling for visual classification and GSD tests should be performed, especially in and around
the slug test piezometer’s screened area location. Slug tests should be conducted both in areas
representative of the most common conditions and in areas of irregularities. And similarly to the procedure
for pumping wells, slug test results should be verified by other existing data (from previous studies in

similar areas, permeameter tests, published typical values, etc.)

Ideally, slug test results would provide a characteristic K for each unit that exists in the subsurface. For
example, K values representative of irregularities, homogeneous zones, and layered zones would be
obtained. After dividing the subsurface in the area of interest according to characteristic units, Equation 3-

59 can be used to calculate the effective horizontal K (Kj).

4.3.3 Laboratory Permeameter Tests

Often, the expense of installing enough piezometers to adequately characterize the vertical and lateral
variance of a site’s K will make a systematic slug test program costly. Permeameter tests, on the other
hand, can be performed from samples obtained during the initial field investigation to characterize the
subsurface. The applicability of the K values measured from laboratory permeameter tests to field
conditions depend directly on the quality of samples used and whether or not they are truly representative

of in-situ conditions.

If undisturbed samples are used, these tests could ideally provide K values directly corresponding to the
sample’s location. By testing vertical and horizontal samples, the values of K for flow along layers and
across layers can also be measured. Only flow along layers is considered in the present section. Flow
across layers is discussed in Section 4.4. Technologies exist that allow undisturbed sampling of granular
materials (e.g., vibracore, fixed piston). As will be discussed in Section 4.4, undisturbed samples may be

required if the subsurface is thinly stratified. Although a soil may be highly stratified, if the stratification
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has a regular pattern that is consistent with depth, it can be considered to be “uniformly” layered or

stratified.

Again, the costs of undisturbed sampling laboratory testing must be taken into account. Although
undisturbed samples would be indispensable for measuring the vertical K for layered soils, alternative

methods previously mentioned, such as slug tests, can be used to evaluate horizontal K.

As discussed in Sections 3.6.4 and 3.6.5, permeameter tests on reconstituted disturbed samples may bear
“little relation to actual field hydraulic conductivities” (Todd, 1980). However, if the soil is homogeneous,
permeameter tests on reconstituted disturbed samples should be applicable. Unfortunately, granular soils
(sands, gravels) that generally comprise aquifers are rarely homogeneous. Sands, and gravels are usually
sedimentary soils. The depositional mechanism of sedimentary soils will cause stratification. Although the
degree of stratification can vary with the method of deposition and source material, stratification should be
expected in most sedimentary soils. Thus permeameter tests on reconstituted disturbed samples should be

restricted to the rare instances where homogeneous conditions are encountered.

4.3.4 Proposed Methodology to Develop Site-specific Correlations of Grain size
with K

Grain size correlations should only be used either as a preliminary estimate or in situations where K cannot
be evaluated by pumping, slug, or laboratory tests. If K data, established from either field tests or
permeameter tests on undisturbed samples, is available from areas with the same source and method of
deposition, site-specific correlations can be developed to calculate K. This methodology is analogous to
the study by Uma et al. (1989). It is proposed to develop correlations relating both the effective particle
size to K and a correlation incorporating a measure of actual grain size ditribution (GSD). The two

recommended relationships are Hazen’s K = C d,y’ and Alyamani and Sen’s K = a[ I, +0.025(d, - d,o)]".

4.3.4.1 Slug and Permeameter Tests vs. GSD

As stressed in Section 3.6.1, four soil characteristics influence K of saturated soils: (1) particle size, (2)
void ratio, (3) composition, and (4) fabric. The measurement of K values directly from the field or by
permeameter tests on undisturbed samples would intrinsically incorporate all the factors influencing K. As
discussed in Section 3.6.1, GSD was selected as the correlation parameter because its relationship with K

has a theoretical basis and because GSD tests are relatively simple.

Field K values obtained from pumping or slug tests can be used to develop a correlation with GSD of
“bulk” soil, even for layered soils. A correlation developed by relating bulk samples with field K can be

used to estimate K of similar bulk samples. However, the applicability of the developed correlation will be
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confined to the specific site. As discussed in Section 3.6.5, GSD tests on disturbed samples give no
indication of the sample’s in-situ layering, cementation, or density. But as long as the GSD is
representative of the subsurface, the developed correlation is valid. For example, consider a homogeneous
subsurface consisting of thin coarse and fine sand layers alternating regularly with depth. A grain-size
distribution curve of a sample that contains several coarse and fine sand layers should be very similar to
other samples containing several coarse and fine sand layers. Correlating these grain-size distribution
curves to K values at corresponding locations merely develops a relationship between K and a grain-size

parameter from a composite GSD instead of different parameters representing each layer.

The methodology to correlate GSD with slug tests and permeameter tests on undisturbed samples is
straightforward. For the Hazen type correlation, the point values of K are plotted against d,,> from samples

representative of the test or test sample locations. The coefficient C for the equation
K=Cd}) Equation 4-1
is obtained from the plot.

Similarly, the parameters a and b required to implement the Alyamani and Sen correlation presented in
Section 3.6.3.2 can be calculated by plotting the measured K and [ I, +0.025(ds, - d,,)] in a log-log scale.
The detail of this procedure are presented in Section 3.6.3.2. Although a bit more complicated, this

procedure incorporates a measure of the uniformity coefficient (C,) that may correlate with less scatter.

4.3.4.2 Pumping Tests vs. GSD

Developing a GSD correlation from pumping test K values is more complicated. Because K values from
pumping tests represent an average from a large aquifer, a grain-size distribution representing a similar
average of the test area must be developed. This representative grain-size curve may just be the results
from the predominant unit in the area of interest. If the subsurface incorporates various soil types as
distinct units, the selection of a representative grain-size curve becomes more difficult. For example, if in a
50-foot-thick clean sand aquifer, several one-foot-thick silty sand lenses are present, how should the lenses
be accounted for in selecting the representative grain-size curve? The answer is to ignore them. The
horizontal flow rate quantified by pumping tests to measure transmissivity will be controlled almost
exclusively by the homogeneous sand. However, if the thickness or frequency of these lenses is

significant, the aquifer thickness used to derive K from T measured in pumping tests should be reduced to

account for the lenses.

Calculating the coefficient C for a Hazen-type relation with d,y is straightforward since only one value of
K is required. However for the Alyamani and Sen correlation, an assumption must be made about the

coefficient b, which is dependent on the power-law relationship between [ I, +0.025(d;, - d,,)] and K.
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Since the relationship between an effective particle size (usually d,,) and K has proven valid in the
previous studies mentioned in Section 3.6, assuming that b would be approximately 2 is justified in most
cases. After all, the term [ I, +0.025(ds, - d,o)] is merely a quantification of the effective parameter
adjusted by a measure of uniformity. Then the coefficient a can be calculated directly from the equation.
In all instances, grain-size correlation coefficients derived from pumping tests should be verified by

alternative methods previously mentioned (slug, permeameter tests on undisturbed samples).

Once the site-specific correlation coefficients are defined, they are used to get point values of horizontal K
for all available grain-size distribution curves in the area of interest. A profile of the variation of K with

depth as well as contours of lateral K variation can thus be developed.

4.3.5 Evaluation of Proposed Site-specific Correlations of Grain-size with K

Field investigation data from the Massachusetts Military Reservation performed by Optech (1996) at the
Chemical Spill 10 (CS-10) site was used to evaluate the proposed correlation methodology. Optech
performed pumping tests and slug tests at the subject site in addition to numerous grain-size distribution
tests during the fall of 1995. Figure 4-2 presents the location of piezometers and cross sections. Figure 4-3

presents cross-section A-A’ and Figure 4-4 presents cross-section B-B’, as interpreted by Optech (1996).

4.3.5.1 Correlation with Pumping Tests

Optech performed a pumping test at Well-B, and monitored the drawdowns with piezometers PZ-1A, PZ-
1B, MW-40A, MW-40B, and MW-40C. Well-B was pumped at a constant rate of 700 gallons per minute
for 1440 minutes. The test information is summarized on Table 4-1 and Figure 4-3 shows a cross-section
through the well and piezometers. Pumping test data was analyzed by Optech using the Cooper-Jacob
method at Well-B and the Neuman (1972) approximation at the piezometers. The results are summarized
in Table 4-2. The curves used in the analysis are shown in Appendix A. The estimated aquifer thickness

used to calculate K was 176 ft. The water table elevation was at approximately 55 feet (msl).

Grain-size distribution curves from Optech’s investigation of CS-10 are presented in Appendix C and
summarized in Table 4-3. Samples with large C, and small d,, yielded negative I, values. For these
samples, an I, of zero was assigned. For correlation with pumping tests, only samples in the immediate
vicinity and between the groundwater table and the estimated aquifer thickness (176 ft used in the analysis

of pumping test results) were considered. The selected GSD data are summarized in the Table 4-4.

Based on the subsurface interpretation presented in Figure 4-3, an erratic contact between the outwash
sediments (fine to coarse-grained sand) and the lacustrine sediments (silty sand/very fine sand or silt) is
inferred in the vicinity of the pumping test. Grain-size distribution curves, however, suggest a sand/silty

sand contact at a depth between elevation -33.75 feet (msl) and elevation -63.25 feet (msl).
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Because the flow will be controlled by the upper sand layer, the mean values of the top four samples in
Table 4-1 were selected to get representative correlation parameters. The arithmetic mean and standard
deviation of the relevant parameters from these four samples are as follows: d,, = 0.26 + 0.05 mm, [, =

0.1475 +0.041 mm, and [T, + 0.025 (ds; - d,)] = 0.159 + 0.041.

For K=400 ft/day = 0.14 cm/sec, a correlation similar to Hazen’s (i.e. K = C d,,?), leads to C = 2.1 for K in
cm/sec and d,, in mm. For the same units of measure, Hazen (1893) reported a C = 1.0 for uniform clean

sands.

For the Alyamani and Sen (1993) relation (i.e. K = a [I, + 0.025 (d, - d,¢)]%), with [I, + 0.025 (ds, - d,)] =
0.159 mm and assuming b = 2, leads to a = 5.5 for K in cm/sec. By comparison, Alyamani and Sen

reported a = 1.5 for the same units of measure.

4.3.5.2 Correlation with Slug Tests

Correlations were also developed from comparison with field slug tests. Results from slug tests performed
by Optech in the CS-10 site are presented in Table 4-5. Only results that exhibited an exponential water
level recovery were analyzed by Optech using the Bouwer and Rice (1976) methodology for unconfined
aquifers, as is the case at the MMR. Slug test data and curves generated for analysis are presented in
Appendix B. There was no raw data available for the slug test at MW-40A. The information shown in

Table 4-5 was obtained from the main text and a summary table.

Most slug test locations did not have corresponding GSD curves. The K from slug tests and d,, from GSD
tests run by Optech are plotted vs. elevation in Figure 4-5. Because the site consists of glaciofluvial
deposits (soil sedimented by outflows from a melting glacier), grain size can vary substantially with
elevation. Thus an emphasis was placed on selecting samples at similar elevations to develop the

correlation.

As Figure 4-5 shows, only the piezometer clusters (several in close proximity differentiated by suffixes A,
B, C, etc.) at MW-41 and MW-54 had both slug tests and GSD curves. Figure 4-6 and 4-7 show the
available GSD and slug test elevations for clusters at MW-41 and MW-54. As shown on Figure 4-8, the
nearest GSD for the slug test at MW-54Z is from MW-41A, which is over 3,000 ft away. The dearth of

GSD data made this a common difficulty in selecting GSD curves for each slug test.

Figures 4-8 through 4-14 present the proximity of available GSD curves for the rest of the slug tests.
Because using only two slug tests with GSD data in the immediate vicinity would have meant developing
the correlation from two points, the nearest available GSD data at similar elevations were selected for other

slug tests. The GSD curves selected for each slug test are shown in Table 4-6 and the distance of assigned

92



GSDs is shown in Figure 4-15. As shown in Table 4-6, the slug test from MW-58 was not used because no

GSD data from similar elevation was available (Figure 4-13).

The logarithm of slug test K values were plotted vs. log d,, and vs. log [l;+0.025(ds,-d,0)]. Figures 4-16
and 4-17 present these two plots. As shown on the plots, slug tests matched with GSD data from over
1,000 feet away were not used in the regression. Also, due to the considerable scatter, any number of lines
could have been fitted to the data. A slope of 2 was chosen based on the theoretical relationship between

D.? and K (Section 3.6.1).
For the Hazen-type relationship (i.e. K = Cd,,’), the regression line (Figure 4-16), with r* = 0.65, yields
logK =2logd,, +2.8 Equation 4-2

for K in ft/day and d,, in mm, which can also be expressed as:

K =631d;, Equation 4-3
for K in ft/day and d,, in mm, and

K =022d;, Equation 4-4
for K in cm/sec and d,, in mm. In comparison, Hazen’s correlation for the same units is K = d,,%.

The Alyamani and Sen-type correlation developed is shown in Figure 4-17. Also using a slope of 2, the

regression line (r* = 0.69) leads to
K =1111[1, +0.025(d, — d,,)] Equation 4-5

for K in ft/day and I, ds,, and d,, in mm. For comparison, the published Alyamani and Sen correlation for

the same units is of K = 3,645 [I, + 0.025 (d,, - d,o)]?

4.3.5.3 Discussion

The values of K obtained from the pumping test were much higher than K values from slug tests. Pumping
tests indicated K’s ranging from 275 to 790 ft/day. The arithmetic mean and standard deviation are 430
ft/day and 195 ft/day respectively. Slug tests, on the other hand, gave K values ranging from 7 to 53
ft/day; with an arithmetic mean of 22 ft/day with a standard deviation of 17 ft/day. The lowest value

obtained from the pumping test is five times larger than the highest value of K given by slug tests.

The main reason for this discrepancy is the fact that the two tests tested different soils. Figure 4-18 shows
the pumping well’s screened elevation in relation to GSD (d,,) and slug test elevations. The GSD

distribution indicates that the contact between the sand and silty sand ranges from el. -25 to el. -50. Since
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the bulk of the slug tests were performed in the sand with more silty fines, the K values obtained are lower.
In addition, based on the GSD data, the actual K from the pumping test is 700 ft/day because the aquifer
depth is closer to 100 ft (el. 50 to el. -50) than the 176 ft used in the analysis.

Either pumping test value (400 and 700 ft/day) falls within the range of values previously obtained for the
outwash sand in Cape Cod (Table 4-7). Table 4-7 summarizes studies performed to the south of the CS-10
site, within the MMR. The outwash sand deposit is classified as “fine to coarse-grained sand” that overlies
the glaciolacustrine deposit classified as “silty sand/very fine sand or silt” (Figure 4-3). Accordingly,
because soils at and below the contact between the two deposits were tested, slug tests values from the

current study fall at the lower range of previous slug test values for the outwash sand (Table 4-7).

Table 4-7, however, indicates a general trend of higher K values from pumping tests (assuming slug tests
were also performed in the outwash sand). One factor that contributes to the higher K values obtained
from pumping tests may be installation disturbance, including smear zones adjacent to screens, and poor
sand packing. The large volume of flow through the well screen in the pumping test will mitigate the
effects of disturbance. These alterations of the subsurface will be much less significant after a large
volume of water “flushes” out the disturbed zone. A slug test is much more sensitive to installation

disturbance because only a small volume of water is used.

In regard to the proposed site-specific GSD correlation, the correlation with the pumping test results has
been changed to reflect an aquifer depth of 100 ft. With K=700 ft/day = 0.25 cm/sec, a correlation similar
to Hazen’s (i.e. K = C d,y%), leads to C = 3.65 for K in cm/sec and 10,350 in ft/day and d,, in mm. For the
Alyamani and Sen (1993) relation (i.e. K = a [I, + 0.025 (ds, - d,;)]°), a=9.7 for K in cm/sec and 27,500 in
ft/day with [I, + 0.025 (ds, - d,,)] in mm and b = 2.

In developing the slug test correlations, the lack of piezometer-specific GSD data is problematic. Figures 4-
16 and 4-17, suggest that GSD data from over 1,000 ft do not represent the conditions at the slug test
location. Ideally, GSD tests performed specifically to characterize the soils at the piezometer screen would
be available. Lacking such data, the correlation developed in Section 4.3.5.2 made a tenuous assumption

that the soil did not vary with elevation within 1,000 ft and that the slope of the fitted line would be 2.

Using the correlations developed from pumping and slug tests, all GSD data (Table 4-3) were used to
evaluate the distribution of K vs. el.. Figure 4-19 shows K values of all GSD data for the Hazen-type
correlation using parameters from both types of tests. However, because the pumping test is likely to have
tested the outwash sand while slug tests tested the finer glaciolacustrine deposit, the GSD data above the
approximate contact (el. -50 ft) used the pumping test correlation and those below the contact used the slug

test correlation (Figure 4-20). GSD data above the water table were not used.
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The distribution of K vs. el. is shown on Figure 4-20 for the Hazen-type correlation and on Figure 4-21 for
the Alyamani and Sen-type correlation. The geometric mean of K values from both correlations is plotted
vs. el. in Figure 4-22. As shown on Figures 4-23 and 4-24, K values from the Alyamani & Sen-type
correlation were higher (113% on average) based on the pumping test and lower (74% on average) based
on slug tests. This difference suggests that the uniformity term [0.025 ( ds, - d,, )] of the Alyamani & Sen
GSD parameter becomes increasingly influential as grain size grain size increases. For those with smaller

d,, (slug test), the I, term dominates the correlation.

4.4 Proposed Methodology to Measure Anisotropy (r,)

Anistropy (r,) is defined as the ratio of horizontal K to vertical K. Up to this point, the discussion of K has
focused on horizontal flow. Pumping tests and slug tests measure horizontal K. Permeameter tests
performed on reconstituted samples measure a pseudo-homogeneous K. The reconstitution of disturbed
samples destroys whatever structure the sample may have had in the field. Reconstituted samples of
stratified materials that have a much higher horizontal K than vertical K due to differing layers will not be
very representative of the in-situ condition. The grain-size correlations presented in Section 3.6 that were

derived from permeameter test results relate this pseudo-homogeneous K to grain size.

According to Todd (1980), anisotropy in sedimentary deposits comprising aquifers results from two
conditions: “one is that individual particles are seldom spherical so that when deposited underwater they
tend to rest with their flat sides down. The second is that alluvium typically consists of layers of different
materials, each possessing a unique value of K”. Although it is true that vertical K is smaller than
horizontal K even in homogeneous soils due to the first condition, for granular soils, the second condition

dominates anisotropy.

The effective K for flow perpendicular to the soil layers can be calculated by Equation 4-6. For n layers

with thickness z and each layer having an isotropic hydraulic conductivity K:

[z, +2,+...25]
K, = L 2 & Equation 4-6
[_Zl_+z_z+ Z"J
K, K, K,

By comparing with Equation 3-59 for the effective horizontal K presented in Section 3.6.5, it can be seen
that K, is much smaller than K,. To quantify this, consider a two-layer system with z, =z,= 1 and K, = 1

and K, = 10. K, is calculated as 5.5 while K, is only 1.8. The anisotropy ratio (r,) for this hypothetical case

equals 3.
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By combining the equations for K, and K,, r, can be directly calculated as

"k

[Kz + K.z, + Kz][z—’+z—2+ Z"}

1“1 242 "t aen

_K _ s .

r = X - 3 Equation 4-7
v

z total

where n layers have thickness z and isotropic K.

If the subsurface characterization indicates that the stratigraphy consists of alternating thick layers that are
homogeneous within the layers themselves, permeameter tests performed on reconstituted samples of each
layer would suffice. This statement assumes that the layers are thick enough to be sampled and tested by
conventional means. Permeameter tests would provide K’s for each discrete layer. Using layer thicknesses

obtained from the site characterization, Equation 4-7 can be directly used to calculate r,.

Soils with finer stratigraphy (thinner layers) pose a considerable challenge. For soils with layers that are
too thin to sample separately, the best method of evaluating anisotropy is procuring undisturbed samples.
Techniques exist that allow the removal of a soil sample from the subsurface without significant
disturbance of its layering. Vibracore methods, for example, can extract relatively undisturbed soil
samples that are up to 10 m in length. The effect of layering can then be directly evaluated with

permeameter tests by testing the K for flows parallel and perpendicular to the layering.

Because permeameter tests provide point values of K, enough samples must be tested to adequately

represent the area of interest.
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Table 4-1: Details of Constant-rate Pumping test with 1440 min. duration (Optech, 1996)

Radial Surface |Top of Bottom |Groundwater |Groundwater |[Maximum
Distance el. screen el.|of screen |el. prior to el. at end of|Drawdown
from Well-B el. pumping pumping
(ft) (ft) (ft) (ft) (ft) (ft) (ft)
Well-B [0 70 20 -20 55 50.4 4.6
PZ-1A |26 70 -80 -85 54.3 53.8 0.51
PZ-1B |31 70 -90 -95 54.7 52.8 1.93
MW-40A 132 65.7 -116.8 -121.8 53.1 52.7 0.36
MW-40B |136 66.5 -27.5 -32.5 53.1 52.1 1.03
MW-40C |135 66.1 59.1 49.1 53.0 52.0 1.04
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Table 4-2: Results from the Constant-rate Pumping Test (Optech, 1996)

Piezometer Method of | Transmissivity | Hydraulic
Analysis Conductivity
(ft?/day) (ft/day)
Well-B (pumping) Cooper-Jabob | 48,326 274.58
PZ-1A Neuman 86,256 490
PzZ-1B Neuman 59,832 339.95
MW-40A Neuman 139,018 789.87
MW-40B Neuman 48,557 275.89
MW-40C Neuman 71,885 408.44
Range (274.58 - 789.57)
Arithmetic Mean, standard deviation 430 + 195
400

Geometric Mean = m
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Table 4-3: Available GSD Data (Optech, 1996)

Piezometer Mean EL dsp d1o lo

(ft, msl) {mm) (mm) (mm)
GTB-1 84.25 3 0.24 0
GTB-1 79.25 0.55 0.25 0.175
GTB-1 74.25 0.6 0.12 0
MW-41A 41.75 0.64 0.28 0.19
MW-41A 41.75 0.7 0.3 0.2
MW-41A -28.25 0.205 0.105 0.08
MW-41A -28.25 0.2 0.1 0.075
MW-41A -58.25 0.135 0.06 0.041
MW-41A -58.25 0.7 0.23 0.113
MW-41A -78.25 0.105 0.03 0.011
MW-41A -78.25 0.1 0.04 0.025
MW-41A -98.25 0.084 0.03 0.017
MW-41A -98.25 0.105 0.044 0.028
MW-41A -108.25 0.06 0.014 0.002
MW-41A -108.25 0.054 0.012 0.002
MW-45A 63.25 0.55 0.2 0.113
MW-45A -36.75 0.135 0.061 0.043
MW-45A -56 0.014 0.001 0
MW-45A -63 0.44 0.2 0.14
MW-54A 34.25 0.61 0.25 0.16
MW-54A 14.25 0.405 0.2 0.149
MW-54A -11.25 0.44 0.235 0.184
MW-54A -39.75 0.605 0.23 0.136
MW-54A -49.75 0.365 0.156 0.096
PZ-1A 56.75 0.65 0.04 0
PZ-1A 56.25 1.2 0.17 0
PZ-1A 46.25 0.92 0.3 0.145
PZ-1A -23.75 0.55 0.205 0.119
PZ-1A -28.75 0.72 0.24 0.12
PZ-1A -33.75 0.7 0.305 0.206
PZ-1A -63.25 0.105 0.04 0.024
PZ-1A -89.756 0.072 0.001 0
PZ-1A -91.75 0.1 0.022 0.003
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Table 4-4: GSD Data of Samples Taken in the Vicinity of Pumping Test (Optech. 1996)

Well [Surface |Depth of Sample Mean El. |Density |Specific |d5g dio lo
ElL (top-bottom) Of Sample
(feet, (feet, bgs) |(feet, bgs) [(feet, msi) |(pcf) Gravity [(mm) (mm) (mm)
msl)
PZ-1A |70 23.5 24 46.25 1244 |2.64 0.92 0.3 0.145
PZ-1A |70 93.5 94 -23.75 1214 |2.63 0.55 0.205 0.119
PZ-1A |70 98.5 99 -28.75 1079 |2.66 0.72 0.24 0.12
PZ-1A |70 103.5 104 -33.75 105.2 |2.68 0.7 0.305 0.206
PZ-1A |70 133 133.5 -63.25 96.3 2.66 0.105 0.04 0.024
PZ-1A |70 159.5 160 -89.75 101.1 |2.68 0.072 0.001 0
PZ-1A |70 161.5 162 -91.75 109.3 {2.68 0.1 0.022 0.003

100




Table 4-5: Results of Slug Tests at CS-10 Site (Optech, 1996)

Piezometer Mid-Screen Average K

Elevation

(feet - msl) (feet/day)
MW-40A -565.3 43.34
MWwW-41B -59 6.61
MW-43C -25.6 711
MW-54A -62.5 22.95
MW-542 -118 52.85
MW-56 -76 - |7.76
MW-57B -63 26.2
MW-58 -148 7.01
MW-60 -125 21.65

101



Table 4-6: GSD Data Assigned to Slug Tests

Piez. Mid- Average |GSD GSD EL.  |d,, die |l [1,+0.025(ds,-d1o)] | Distance
Screen |K Location
El
(ft - msl) [(ft/day) (ft -msl) |mm mm [(mm |[mm (ft)
MW-40A |-55.3 43.34 PZ-1A  |-33.75 0.7 0.305 |0.206 {0.216 350
MW-41B |-59 6.61 MW-41A [-58.25 0.135 |0.06 [0.041 [0.043 same cluster
MW-41A |{-58.25 0.7 0.23 10.113 (0.124 same cluster
MW-43C |-25.6 7.1 MW-41A (-28.25 0.205 |0.105|0.08 (0.085 1400
MW-41A [-28.25 0.2 0.1 ]0.075 {0.078 1400
MW-54A |-62.5 22.95 MW-54A (-39.75 0.605 [0.23 |0.136 (0.145 same cluster
MW-54Z {-118 52.85 MW-41A (-108.25 [0.06 ]0.014 (0.002 |0.003 3250
MW-41A (-108.25 [0.054 (0.01210.002 |0.003 3250
MW-56 |-76 7.76 PZ-1A |-63.25 0.105 (0.04 |0.024 (0.026 1950
MW-57B |-63 26.2 MW-54A (-49.75 0.365 |0.15 |0.096 {0.101 200
MW-58 |-148 7.01 no comp. [elevation
MW-60 |-125 21.65 MW-41A |-108.25 {0.06 |0.014]0.002 (0.003 4750
MW-41A |-108.25 {0.054 [0.012]0.002 (0.002 4750
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Table 4-7: K of the Outwash Sand at the MMR from Previous Studies

Source K (horizontal) Source of Data
(ft/day)

Pumping test 700-800 E.C. Jordan Co. (1988)

Pumping test 519 EJ. Flynn Eng. Inc.

(1985)

Pumping test 380 LeBlanc (1991)

Impeller flow meter, velocity profiles | 142 Hess et al. (1988)

modified pump test

Drawdown analysis 3-D finite difference | 380 Garabedian (1987)

computer model

Slug tests (depth range 54-175 ft bgs) 26-225 E.C. Jordan Co. (1989)

average depth = 105 + 32 ft

mean =73 + 50
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Hydraulic conductivity, meters/day

10¢ 10° 10? 10 1 10-! 10-2 10-3 10— 10-5
Relative hydraulic conductivity
Very high High Moderate Low Very low

REPRESENTATIVE MATERIALS

Unconsolidated deposits

Clean gravel - Clean sand and - Fine sand - Silt, clay, and mixtures - Massive clay
sand and gravel of sand, silt, and clay
Consolidated Rocks

Vesicular and scoriaceous - Clean sandstone - Laminated sandstone, - Massive igneous
basalt and cavernous and fractured shale, mudstone and metamorphic
limestone and dolomite igneous and rocks

metamorphic

rocks

Figure 4-1: K of Various Classes of Geologic Materials (Todd, 1980)
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Figure 4-11: Proximity of Available GSD Data for Slug Test at MW-56.
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Figure 4-14: Proximity of Available GSD Data for Slug Test at MW-60.
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5. Summary and Conclusions

The environmental constraints imposed by sites that are best suited for remediation using RWs present
difficulties in characterizing the subsurface. The feasibility and effectiveness of RWs depend not only on
the chemical characteristics of the contaminants but also on the site’s hydraulic conductivity (K) and

anisotropy (r,), parameters that are notoriously problematic to measure.

Because RWs use air stripping to remove contaminantion from the groundwater, only volatile
contaminants can be effectively remediated with this technology (Table 2-1). The treatment mechanism of
RWs require the development of circular flow cells within the contaminant plume (Figure 2-1), the

characteristics of which depend on the site’s hydrogeologic conditions.

As discussed in Section 3.1, the field investigation program for RWs must provide accurate information on
both the contamination and subsurface conditions. Methodologies to obtain K, which include pumping and
slug tests in the field, laboratory permeameter tests, and grain-size correlations, are described in detail in

Sections 3.4 through 3.6.
Pumping Tests

As discussed in Section 4.3.1, pumping tests provide K values that best represent actual field conditions
because a relatively large volume of the aquifer is tested. However, precisely because such a large volume
of the aquifer is tested, the proper analysis of the results requires detailed subsurface information of a large
area. Without information on the aquifer stratigraphy and thickness, the aquifer properties (K and
storativity, S) interpreted from pumping test results may not reflect field conditions. Irregularities,
including layers and lenses of very high or low K, a semi-permeable aquifer bottom, underground streams,

etc., may control pumping test resuits.

Contaminated sites also present the problem of regulated discharge or reinjection of the pumped
groundwater. Moreover, if the contaminant plume is restricted within a discrete zone of the aquifer,
average parameters for the entire aquifer depth may not be applicable. In these cases, slug tests at various
depths within the plume may be more appropriate. Moreover, RWs are proposed usually for sites that do

not allow the type of water level drawdown required to perform the pumping test.
Slug Tests

Slug tests have the advantage of not removing contaminated water. These tests provide values
representative of the piezometer’s screen’s immediate vicinity. As shown in Tables 4-5 and 4-7, slug test
results usually vary greatly, even within the same aquifer. The main reason for the variation is because

different materials are tested. The variation in subsurface soils will be reflected in slug test results. Proper
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interpretation of slug tests performed in each soil type existing in the field can yield a thorough

characterization of K in the aquifer.

However, as discussed in Section 4.3.5.3, slug tests are particularly vulnerable to instailation disturbance
because only a small volume of water is used. Because the piezometric head driving the flow through the
screen and disturbed zone is small (compared to pumping tests), the effects of smear zones, dirty screens,
and improper sand packing often control the results. The quality of slug test data depends on the quality of

piezometer installation.
Laboratory Permeameter Tests

Permeameter tests on undisturbed samples can not only accurately measure field conditions, may be the
best means of measuring anisotropy of soil with thin layers (Section 4.3.3 and 4.4). As discussed in
Section 4.3.3, tests on reconstituted disturbed samples will rarely provide K values representative of field

conditions.
Grain-size Correlations

Published grain-size correlations allow an inexpensive rough estimate of an aquifer’s K, if grain-size
distribution (GSD) data are available. The main difficulty in using published correlations is finding the
appropriate one for the specific conditions that are encountered in the field. Existing correlations were
developed from permeameter tests on uniform clean sand samples within a specific range of grain sizes and
uniformity (Section 3.6). If the site’s subsurface does not consist of uniform clean sands, the applicability
of these correlations is questionable at best. As discussed in Section 3.6.4, some of these published
correlations [Hazen (1983), Harleman et al. (1963), and Masch and Denny (1966)] all overestimated K
values of sandstone aquifers. However, with adequate GSD, field K, and laboratory permeameter
(undisturbed samples) tests, the procedure outlined in Section 4.3.4 can used to develop the site-specific

GSD correlation for K.
Site-specific Correlation

The inherent applicability of a correlation developed with soil samples and field K values from the same
site is obvious. Developing a site-specific GSD correlation for K not only provides an efficient means of
estimating K at all GSD test sample locations; but more importantly, it can help determine the validity of
assumptions incorporated in field test interpretation methods. Because developing such a correlation will

necessitate additional sampling for GSD tests, the subsurface characterization will be enhanced.

As discussed in Section 4.3.5.3, without the proper interpretation of aquifer depth, field K values from

pumping tests would have underestimated field K values by half. Frequent sampling while installing wells
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and piezometers, especially in the vicinity of the screen should actually be performed regardless of whether
or not a site-specific correlation is developed. Knowing what the soil conditions are will help determine
what installation procedures are necessary to minimize disturbance. If GSD data from the piezometer or
well’s screen location is available, the difficulties encountered in developing the correlations would have

been avoided (Section 4.3.5.2 and 4.3.5.3, Figures 4-16 and 4-17).

In addition, undisturbed sampling should be performed to investigate thinly layered soils. GSD tests run
on disturbed samples destroy layering and other macro-structural characteristics of the soil. Although
correlations developed from bulk samples can be valid for application within the same aquifer (Section
3.6.4), they will not be applicable to zones with significant differences in soil macro-structure from field
test locations. GSD data from layers isolated from undisturbed samples can be used to adjust the

correlations for application at zones with different conditions (within the same site, aquifer).

The current study confirms the fact that quality of K data obtained from any method is heavily contingent
on the interpretation of the subsurface. The scarce GSD data available for the CS-10 site and other areas of
the MMR, suggest that the geological characterization of the subsurface is of secondary importance for
environmental projects. This is practice that should be corrected because all commonly used analysis
methods were developed by making certain assumptions. Some of these assumptions include: the nature of
the flow into the well or piezometer screen, fully or partially penetrating well screen, confined or
unconfined aquifer conditions, aquifer depth, and surface elevation of the water table (Section 3.4.1 and
3.4.2). Values obtained from analysis of field tests are only as good as the assumptions made. A thorough

subsurface characterization is essential in determining which analysis method is appropriate.

One additional recommendation is to verify the applicability of K data to each application. In the initial
design of the proposed RWs at the CS-10 site, K = 160 ft/day was selected for the contaminant plume,
referencing both pumping tests and slug tests. The plume is shown in Figure 5-1. The approximate
location of the plume is between el. -60 ft and el. -160 ft. As shown on Figure 4-20, 4-21, and 4-22, K for
this zone is likely to be less than 50 ft/day. As discussed in Section 4.3.5.3, the pumping test screen
location was between el. 20 ft and el. -20 ft. Pumping test results should not have been used to estimate K

for the aquifer within the plume elevations.
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APPENDIX A

PUMPING TEST DATA
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Corrected Drawdown (ft)
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Corrected Drawdown (ft)
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AGUIFER MODEL:

unconfined

SOLUTION METHOD:

Cooper-Jacob

TEST DATA:

G = 95.2 ft3/min
r=0.ft

re= 1. ft

[ 2. ft

b = 176.5 ft

PARAMETER ESTIMATES:
T = 33.56 ft%/min
S = 4.3676-05

10. 100. 1000. 10000.

Time (min)

AC
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Drawdown (ft)

10 | LLLLL LR TN UL UL
= | | | - Data sET:
- WEBP1AV.DAT
= 11/15/85
R ] 'AQUIFER MODEL:
Unconf ined
- ~ SOLUTION METHOOD:
Neuman (approx.)
0°1 :_ —: gE-Sgﬁ.gA:té:/mm
~ d r =26 ft
= - remt.ft
= - r,~ 2. ft
| b-178.5 1t
T & Pumping Well Screen Depth:
i . ] top = 36.5 ft
. : bot.= 76.5 ft
= Obs. Well Screen Oepth:
* top = 136.5 ft
0.01 - , = bot.= 141.5 ft
T - PARAMETER ESTIMATES:
T 1 T = 59.85 ft</min
18 T S =0.1
4 . . . — Sy = 0.2326
p = 0.007954
O 001 | llllllll | | Illllll | llllllll | lllllll' L L1ttt
0.1 1. 10. 100. 1000. 10000.

Time (min)
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Drawdown (ft)

10.

| llllHq 11T TTHHI I llll”q UIILIALLLLL IR RELL:: DATA SET:

WEBP 1BV .DAT
10/16/95

AQUIFER MODEL:

Unconf ined

SOLUTION METHOD:

Neuman (approx.)

TEST DATA:

0 = 66.2 ft3/min

r = 31, ft

re= 1. ft

re™ 2. ft

b = 176.5 ft

Pumping Well Screen Depth:
top = 36.5 ft
bot.= 76.5 ft

Obs. Well Screen Oepth:
top = 46.5 ft
bot.= 51.5 ft

PARAMETER ESTIMATES:

e
[y

0.01 = _E T = 41.55 ft%/min
— s - o.03s2
— 1 sy - 0.02118
R Jd p = o0.02412
0.001 ool vl ol vl
0.1 1. 10. 100. 1000. 10000.

Time (min)
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Drawdown (ft)

0.1

0.01

0.001

0.0001

1.E-05

1.E-06

ISRLRRALLL

1 llllllll 1 llllllll I llllllll I lllll"l

] lllllﬂl

LI Illll[r

1 1 IIHIII

ILELRLLY

111 Ullll

IBLLLLLY

11 Illllll

| IHHIII HLLLRL

Lol

Ll Illlll

| IlllJlll L L yitin

0.1

1.

10.

100.

Time (min)

DATA SET:
WEBP40AV .DAT
10/14/95

AQUIFER MODEL:

Unconf ined

SOLUTION METHOD:

Neuman (approx.)

TEST DATA:

@ - 66.2 ft/min

r o= 132, ft

re= 1. ft

r= 2. ft

b= 176.5 ft

Pumping Well Screen Depth:
top = 36.5 ft
bot.= 76.5 ft

Obs. Well Screen Depth:
top = 169. ft
bot.= 174. ft

PARAMETER ESTIMATE&
T = 96.54 ft</min

S = 0.0009123

Sy = 0.0008925

p = 0.001

1000. 10000.
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Drawdown (ft)

10.

LILLRLRRLL

I IIIT"q

0.1

LB lllllq

0.01

1 llllHq

0.001

0.0001

L llll“q

IILLLLRLL [ llllll ILIL lllll] IR RERELL IR

5

1 11 lllld

11 llll"l

L 11 IlllI | 111 Illll ] 111 lllll P L1l lllll 1 1 iLitll

1.E-03
0.1

DATA SET:
WEBP40BV .DAT
10/14/95

AQUIFER MODEL:

Unconfined

SOLUTION METHOD:

Neuman (approx.)

TEST DATA:

Q = 66.2 ft3/min

r = 136. ft

™ 1. ft

) 2. ft

b = 176.5 ft

Pumping Well Screen Depth:
top = 36.5 ft
bot.= 76.5 ft

Obs. Well Screen Depth
top = 80.5 ft
bot.= 85.5 ft

PARAMETER ESTIMATES:
T « 33.72 ft</min

S = 0.01024

Sy = 0.07897

p = 0.1845

1. 10. 100. 1000. 10000.

Time (min)
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Drawdown (ft)

10.

0.1

0.01

0.001

LI llllll LILLLLLLL

[ llll“l [LLLLLLL LILLLRLLL BRI IILRRLL::

L1 Illld

i

L1 1 lllld

1 1 llllHI P 1 IIIIHI 1 1 IlleI L1 llIIHI L1 Ll

0.1

DATA SET:
WEBP4OCV .DAT
10/16/95

AQUIFER MODEL:

unconfined

SOLUTION METHOO:

Neuman (approx.)

TEST DATA:

0 = 66.2 ft3/min

r = 135, ft

re® 1. ft

ry= 2. ft

b = 176.5 ft

Pumping Well Screen Depth
top = 36.5 ft
bot.= 76.5 ft

Obs. Well Screen Depth:
top = 0.1 ft
bot.= 3.5 ft

PARAMETER ESTIMATES:
T = 49.92 ft°/min

S = 0.001962

Sy = 0.001451

p = 0.001744

1. 10. 100. 1000. 10000.

Time (min)
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APPENDIX B

SLUG TEST DATA
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r &"Rlce‘ Calculatbﬁ

< i T A £ g 2 AR e L

Run Title

(Ver1 0

ik R s

Summary of Resulits

Hyd. Conductivity: 7.14E+00 FV/Day Pick1 X: .08 Min

YO: 6.62 Ft Pick1-Y: 577 Ft

Effective Radius (Re): 3.22 Ft Pick2 X: 1.22 Min

Maximum Drawdown: 8.51 Ft Pick2 Y: 53 Ft

C:\MMR\SECTRIP\WPROCESSD\WMW418_3.8R Run Date: 11-09-1985

10" —y — T3
]
J
10°L .
z . C ]
g 3 J
o 10'L e i
° £ 3
2 £ 3
© r 3
I~ ol .
Q - J
1M7 3

10 E‘ ! f " : s i n ! L L

0 5 1 1.5
Time (Min)
C:WMMR\SECTRIP\PROCESSOWW418_3.8R “1ot2- ECE. Inc.
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T x w‘,,_,g?.,‘.w -
eca1culator (Ver 0)

Run Title
HermltData 11/8/95 10 58 28 AM for c: \mmr\sectrlp\tlmshft\MWM B_4. TSD

Summary of Results

Hyd. Conductivity: 6.08E+00 Ft/Day Pick1 X: .10 Min
YO: 749 Ft Pick1Y: 6.30 Ft
Effective Radius (Re): 322 Ft Pick2 X: 1.51 Min
Maximum Drawdown:; 8.95 Ft Pick2 Y: 51 Ft
C:MMR\SECTRIPPROCESSDWMW418_4 8R Run Dats: 11-09-1995
10

T - T ——— T T L a— - T T T LI S S

PR

I

109

T T
L arsid

Y
"

Drawdown (Ft)
3

T
a
Liaaiul

T
I

1079

T T
i taainl

T
aal
[
7

N

108 : PR ST RS SO SHNT SN SH N TS SU SR E ST A
0 5 1 1.5 2
Time (Min)
CMMR\SECTRIP\PROCESSDWMW418_4.8R -1of2- ECE, inc.
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Summary of Resuits

Hyd. Conductivity: 7.04E+00 Ft/Day Pick1 X: 14 Min
YG: 7.82 Ft Pickt Y: 573 Ft
Effective Radius (Re): 279 Ft Pick2 X: 1.29 Min
Maximum Drawdown: 8.51 Ft Pick2 Y: 48 Ft
C:MMR\SECTRIP\PROCESSDWMW43C_3.8R Run Date: 11-09-1995
10!

T g T T T T T T —T

r

L4 iaaa)

1

100

it paaul

LEn e B Rl

Drawdown (Ft)
]

s ]

L 4
103 .

o 3

E ]
10\1 L : : . ' n . N | i ‘ n A . 1 n . . "

0 5 1 1.5

Time (Min)
C:WMMR\SECTRIP\WPROCESSDWWA43C_3.BR -lof2- ECE, Inc.
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Run Tltle

HermxtData 11/8/95 10:58:28 AM for c: \mmr\sectrlp\tlmshft\MW:isc 4.TSD

Summary of Resuits
Hyd. Conductivity: 7.17E+00 FYDay

Y0: 8.27 Ft
Effective Radius (Re): 2.79 Ft
Maximum Drawdown: 10.30 Ft

C:\WMMR\SECTRIP\PROCESSDWW43C _4.8R

Pick1 X:
Pick1 Y:
Pick2 X:
Pick2 Y:

.01 Min
8.03 Ft
1.14 Min
.69 Ft

Run Date: 11-09-1995

Drawdown (Ft)

i ! i . )

T
i

a Laaul 1 1 aaaul A1

L1 1l

A il

Time (Min)

C:WMASECTRIP\PROCESSD\MW43C_4.BR -1of2.

ECE. Inc.



Summary of Results

Hyd. Conductivity: 2.35E+01 FUDay Pick1 X: 01 Min
“YO: 8.14 Ft Pickt Y: 743 Ft
Effective Radius (Re): 3.22 Ft Pick2 X: 1.04 Min
Maximum Drawdown: 9.01 Ft Pick2 Y: .01 Ft
C:MMRSECTRIPPROCESSDWWS4A_3 8R Fun Date: 11-09-1995
10' v - T r ; T T - - T T 3
w0°p 3
g | ]
e | 1
E 10"
® [ E
3 E 3
I C ]
Q - 4
0% 3
L o o ]
10 E L . ! . . . ! : ; . )
0 5 1 1.5
Time (Min)
C:\MMA\SECTRIP\PROCESSDWW54A_3.8R ~tof2- ECE, Inc.
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Bouwer & Rice Calcuiator. (Ver 1.0)

O

Run Title
'HermitData 11/8/95 10:58:30 AM for c:\mmnisectrip\timshfttMW54A

_4.TSD

Summary of Results

Hyd. Conductivity: 2.24E+01 Ft/Day Pick1 X: .01 Min
Y0: 9.37 Ft Pick1 Y: 8.59 Ft
Effective Radius (Re): 3.22 Ft Pick2 X: 1.02 Min
Maximum Drawdown: 1041 Ft Pick2 Y: .01 Ft
C:WMMASECTRIPPPROCESSOWMW54A_4.BR Run Date: 11-09-1995
102 Y T T T 3
10! E
L o0 L E
2 ]
o E 1
3 4
S 10k 4
Q
L 4
10.2‘: =
109 E i L ! . "
0 5 1
Time (Min)
CAMMR\SECTRIPPROCESSDWWS4A_6BR -1of2. ECE. Inc.
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_ Effective Radius (Re):
Maximum Drawdown:

C:\MMR\SECTRIRPROCESSDWWS4Z_3.BR

Summary of Resuits
Hyd. Conductivity: 5.75E+01 FtDay

Pick1 X:
Pickt Y:
Pick2 X:
Pick2 Y:

Q
=

T T T TTIT

-+

T

Drawdown (Ft)

3

T YT

I

Time (Min)

C:MMR\SECTRIP\PROCESSDWMW542_3.BR

-1o0f2-

Run Date: 11-09-1995

Lol

n

Lot syl

a1 1aqal




TR

Bouwer & Rice. Calculéto. (

e Lo n R AT s i o Eden S
Run Title

HermitData 11/8/95 10:58: 32 AM for c: \mmr\sectnp\txmshft\MWSdZ 4. TSD

prn e o

Summary of Resuits

Hyd. Conductivity: 4.82E+01 Ft/Day Pick1 X: 05 Min
Yo: 1960 Ft - Pick1.Y: 553 Ft
Effective Radius (Re): 3.56 Ft Pick2 X: .32 Min
Maximum Drawdown: 8.83 Ft Picik2 Y: 14 Ft
C:WMMR\SECTRIPPROCESSD'MW54Z_4 BR Run Date: 11091995
10‘ N M 1] v ' i 1 " ) v ] T T 3
X j
=1 3
g ¢ :
c o 3
3 F i
- ]
2 1
©
I~
Q
1071 .
: 3
10 E IR R S .
0 . 6 7 .8 ’9 1
Time (Min)
C:\MMA\SECTRIP\PROCESSDWMW542Z_4 BR Slof2- ECE. Inc.

154



Run Tme
HermltData 11/8/95 10:58:32 AM for c: \mmr\sectrlp\tlmshﬂ\l\/lwss 3.TSD

Summary of Resuits

Hyd. Conductivity: 8.39E+00 Ft/Day Pickt X: .06 Min
Yo: 448 Ft Pick1 Y: 3.89 Ft
Effective Radius (Re): 281 Ft Pick2 X: .85 Min
Maximum Drawdown: 8.93 Ft Pick2 Y: .50 Ft
C:\MMRSECTRIP\PROCESSDWMWS6_3 BR Run Date: 11-09-1955
10'

T T T T T T T

AN ST

=TTy
a2l

At 2l

Drawdown (Ft)
3

YT

104 .
10 i n 1 i I i L 1 I
0 5 1
Time (Min)
C:\MMR\SECTRIP\PROCESSDWWS6_3.8R <1of2- ECE, Inc.

155



Run Tm:

Summary of Resuits

Hyd. Conductivity: 7.12E+00 FYDay Pick1 X: .05 Min
YC. §.33 Ft - Pick1Y: 4.78 Ft
Effective Radius (Re): 2.81 Ft Pick2 X: .69 Min
" Maximum Drawdown: 8.77 Ft Pick2 Y: 1.19 Ft
C:MMRSECTRIPPROCESSDWWS6_4 BR Run Date: 11-09-1995
10' T T " ™

2

1000
=~ I
£ ° 1
e I 1
% 10" -
T E 3
2 F ]
° 4
o o -
Q = 4
109 3
L ;
13
106 i . . ! : i I L 1 L
0 5 1
Time (Min)
C:MMR\SECTRIP\PROCESSDWWS6_4.BR “1of2- ECE, Inc.
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Summary of Resulits

Hyd. Conductivity: 2.71E+01 Ft/Day
YO0: 8.86 Ft
Effective Radius (Re): 3.15 Ft
Maximum Drawdown: 8.64 Ft

C:MMR\SECTRIP\PROCESSDWWS78_3.8R

Pick1 X:
Pick1 Y:
Pick2 X:
Pick2 Y:

Run Date: 11-09-1995

10!

T 7Ty

Drawdown (Ft)
3

A4 4 aaau

L 12l

N ]
03 E

3 ]

: ]
109 : . ;

0 5 1

Time (Min)
CMMR\SECTRIP\PROCESSDWWS578_3.BR -tof2- ECE, Inc.
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Run Tme
HermltData 11/8/95 10: 58 32 AM for c: \mmr\sectnp\timshft\MWS?B 4. TSD

Summary of Results
Hyd. Conductivity: 2.53E+01 Ft/Day Pick1 X: .01 Min
YO: 9.42 Ft- Pick1 Y: 8.53 Ft
Effective Radius (Re): 3.15 Ft Pick2 X: 1.02 Min
Maximum Drawdown: 9.91 Ft Pick2 Y: .00 Ft
C:MMR\SECTRIPPPROCESSDWWSTB_4.BR Run Date: 11-09-1995

T LA R S S SR S H T D R B

NN BT

n

A
2
T

a1 a4l

Drawdown (Ft)
a

T T I(lll“

A2yl

0% E
s ]
L a o a 4
10 el ! i e 1 I sl — Ty Y 1
5 1 1.5 2 25
Time (Min)
CAMMR\SECTRIPPROCESSDWMWS78_4.8R “1of2- ECE, Inc.
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Summary of Results
Hyd. Conductivity: 6.88E+00 FtDay

YO: 521 Ft
Effective Radius (Re): 4.04 Ft
Maximum Drawdown: 624 Ft

C:\MMR\SECTRIP\PROCESSOWWS8_3.8R

Pick1 X:
Pick1-Y:
Pick2 X:
Pick2 Y:

.01 Min
5.08 Ft
1.01 Min
.76 Ft

Run Date: 1109-1995

10' - .

YT

T

Drawdown (Ft)
3

T

Al L 08421

' WY

n

r 3
r 1
0% 3
10 E i . ! . L .
0 5 1
Time (Min)
CMMRSECTRIPPROCESSOWWSS_3.BR -1ot2- ECE.Inc.
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Hun“l‘ltle
HermltData 11/8/95 10: 58 32 AM for c: \mmr\sectnp\ttmshft\MWSB 4 TSD

Summary of Resuits

Hyd. Conductivity: 7.14E+00 Ft/Day Pick1 X: .01 Min
YO: 6.49 Ft . . Pick1 Y: 832 Ft
Effective Radius (Re): 4.04 Ft Pick2 X: 1.01 Min
Maximum Drawdown: 822 Ft Pick2 Y: .88 Ft
C:WMMRSECTRIP\PROCESSDWMWS8 4 8R Run Date: 11-09-1595
10' - r - T g

S d 41 gLl

100

aaaul

YT

Drawdown (Ft)
3

YT

Aed a pastal

T

102 e

E E

}: 1
S 13 '
1 : . L L ! " . : : . " L A

0 5 1

Time (Min)
C:MMRSECTRIP\PROCESSOWWS8_4.BR -1ot2- ECE, Inc.
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Summary of Results
Hyd. Conductivity: 2.15E+01 F¥Day

Yo: 4.63.Ft
Effective Radius (Re): 343 Ft
Maximum Drawdown: 7.36 Ft

C:\WMMR\SECTRIP\PROCESSDWW6E0_3.BR

Pick1 X:
-Pick1 Y:
Pick2 X:
Pick2 Y:

.04 Min

3.67 -Ft

1.06 Min

.01 Ft

Rurn Date: 11-09-1995

00—

T

AL Laais

1001 .
= ]
L )y
o
c F E
g 10 ‘»_- -
° E E
2 F 3
[ o 4
e o -
(=] + .
1021
E o E
.EEE 1
109 : —
0 3 1.5
Time (Min)
C:WMR\SECTRIP\PROCESSOWWSE0_3.8R ~1of2- ECE, Inc.
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Summary of Results

Hyd. Conductivity: 2.18E+01 Ft/Day Pick1 X: 09 Min
YO:- 6:07 Ft Pick1.Y:. 3.55 Ft
Effective Radius (Re): 343 Ft Pick2 X: 97 Min
- Maximum Drawdown: 8.59 Ft Pick2 Y: .01 Ft
C:WMMR\SECTRIP\PROCESSDWMW60_4 BR Run Date: 11-09-1995
10'
——— T

-
Q
©

T T

Drawdown (Ft)
3

T T

103

T T T

T W E T i s a1l Aol L g 1144

At aantal

109 1 e
0 5 T 15
Time (Min)
C:\MMR\SECTRIP\PROCESSDWW60_4.BR «1of2- ECE, Inc.
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er-& Rice Calculators(

Slug Test Data Listing
Data Set Title: HermitData 11/8/85 10:58:34 AM for c:\mmnsectrip\ti
e nput Data ;iesy,

Duration Displace- Duration Displace- Duration Displace- Duration Displace-

of Test  ment of Test  ment of Test ment of Test ment
(Min) (Ft) (Min) (Ft) (Min) (Ft) {Min) (Ft)

0.000  8.585 0.133  2.759 0267 1118 0773  0.039
0.003  8.582 0.137  2.696 0270  1.096 0780  0.033
0.007 8.425 0.140 2,633 0273  1.071 0.807  0.033
0010  8.208 0.143 2573 0277  1.049 0.823  0.029
0013  7.969 0.147 2513 0280  1.024 0.840  0.026
0017 7711 0.150  2.456 0283  1.002 0.857  0.023
0.020  7.449 0.153  2.402 0287  0.980 0.873  0.020
0.023  7.185 0.157  2.349 0280  0.958 0.890  0.020
0.027  6.924 0.160  2.295 0293  0.939 0.907  0.017
0.030  6.666 0.163 2242 0297 0917 0.923  0.017
0033  6.423 0.167  2.191 0.300  0.897 0.940  0.017
0037  6.187 0170 2144 0303 0879 0957  0.014
0.040 5.973 0.173 2.097 0.307 0.860 0.973 0.014
0043 5782 0177 2,049 0.323  0.759 1173 0.007
0.047 5567 0.180  2.002 0.340  0.674 1.373  0.004
0.050  5.384 0.183 1.958 0.357  0.598 1.573  0.004
0.053  5.211 0.187 1.914 0.373  0.531 1773  0.004
0057  5.044 0.190 1.873 0390  0.472 1973 0.001
0.060 4.886 0.193 1.828 0.407 0.418
0063 4735 0.197 1.787 0423 0370
0.067 4.597 0.200 1.749 0.440 0.329
0.070 4.461 0.203 1.712 0.457 0.295
0.073 4.335 0207 1.674 0.473 0.260
0.077 4212 0.210 1.636 0.490 0.231
0.080  4.095 0213 1.598 0.507  0.206
0.083 3.985 0.217 1.563 0.523 0.184
0.087  3.881 0220  1.529 0.540  0.165
0.080 3.780 0.223 1.494 0.557 0.148
0.083 3.686 0.227 1.462 0.573 0.134
0.097 3.554 0.230 1.431 0.580 0.121
0.100  3.503 0233  1.399 0.607  0.108
0.103  3.418 0237  1.368 0.623  0.096
0.107  3.336 0240  1.336 0.640  0.086
0.110  3.254 0243 1.308 0.657  0.077
0.113  3.175 0247 1.279 0.673  0.067
0.117 3.102 0.250 1.251 0.690 0.061
0120  3.030 0.253 1.223 0.707  0.055
0.123 2.957 0.257 1.197 0.723 0.052
0.127  2.888 0260  1.172 0740  0.045
0.130 2.822 0263 1.144 0.757 0.042

C:\MMR\SECTRIP\PROCESSD\MWEO_4.8R -20t2- ECE, Inc.
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Slug Test Data Listmg

Data Set Title: HermitData 11/8/95 10:58:34 AM for c: \mmr\sectﬁp\timshn\mwso 3.TSD

Duration Displace-

Duratmn Displace-

Duration Displace-

Duration Displace-

of Test  ment of Test ment of Test ment of Test ment
(Min) (FY) (Min) (Ft) (Min) (Ft) (Min) (Ft)

0.000 7.364 0.133 2.014 0.267 0.862 0.760 0.048
0.003 7.301 0.137 1.867 0270 0.847 0.777 0.045
0.007 7.037 0.140 1.923 0273 0.828 0.793 0.042
0.010 6.722 0.143 1.878 0277 0.812 0.810 0.038
0.013 6.413 0.147 1.837 0.280 0.796 0.827 0.035
0.017 6.165 0.150 1.793 0.283 0.780 0.843 0.032
0.020 5.947 0.153 1.785 0287 0.765 0.860 0.029
0.023 5.733 0.157 1717 0290 0.752 0877 0.026
0.027 5.510 0.160 1.680 0293 0.736 0.893 0.026
0.030 5.270 0.163 1.642 0.297 0.720 0.910 0.023
0.033 5.037 0.167 1.607 0.300 0.708 0.927 0.023
0.037 4.820 0.170 1.572 0.303 0.695 0.943 0.019
0.040 4.621 0.173 1.538 0.307 0.679 0.960 0.019
0.043 4.445 0177 1.506 0.310 0.667 0.977 0.016
0.047 4.281 0.180 1.475 0.327 0.597 1177 0.007
0.050 4130 0.183 1.443 0.343 0.537 1.377 0.007
0.053 3.988 0.187 1.411 0.360 0.487 1.577 0.001
0.057 3.852 0.180 1.383 0.377 0.436
0.060 3.723 0.193 1.355 0.393 0.395
0.063 3.603 0.197 1.326 0.410 0.354
0.067 3.484 0.200 1.298 0.427 0.319
0.070 3.373 0.203 1.273 0.443 0.288
0.073 3.266 0.207 1.244 0.460 0.259
0.077 3.165 0.210 1.219 0477 0.237
0.080 3.067 0.213 1.194 0.493 0.212
0.083 2.979 0217 1.169 0.510 0.193
0.087 2.891 0.220 1.146 0.527 0.174
0.080 2.812 0.223 1.121 0.543 0.158
0.093  2.733 0.227 1.099 0.560  0.146
0.097 2.657 0.230 1.077 0.577 0.130
0.100 2.588 0.233 1.055 0.593 0.117
0.103 2.519 0.237 1.036 0.610 0.108
0.107 2.456 0.240 1.014 0.627 0.098
0.110 2.389 0.243 0.992 0.643 0.089
0.113 2.329 0.247 0.973 0.660 0.083
0.117 2273 0.250 0.954 0.677 0.076
0.120 2216 0253 0.935 0.693 0.067
0.123 2.162 0257 0.916 0.710 0.064
0.127 2.112 0.260 0.897 0.727 0.057
0.130 2.061 0.263 0.881 0.743 0.051

C:WMR\SECTRIPWPROCESSD\WMW60_3.BR -20f2- ECE, Inc.
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Slug Test Data Listing

Data Set Title: HermitData 11/8/95 10:58:32 AM for c: Vnmr\sectﬂp\tlmshﬂwwsa 4.TSD

Duration Displace-

Duration Displace-

Duration Displace-

Duration Displace-

of Test ment of Test ment of Test ment of Test ment
(Min) (Ft) (Min) (FH (Min) (F) (Min) (FY)

0.000 8.226 0.133 4.866 - 0.267 3.865 0.720 1.618
0.003 8.084 0.137 4.838 0.270 3.843 0.737 1.562
0.007 7.345 0.140 4.806 0.273 3.818 0.753 1.508
0.010 7.119 0.143 4.778 0277 3.799 0.770 1.445
0.013 6.638 0.147 4.750 0.280 3.777 0.787 1.394
0.017 6.405 0.150 4.721 0.283 3.758 0.803 1.341
0.020 6.367 0.153 4.693 0.287 3.736 0.820 1.290
0.023 6.298 0.157 4.665 0.280 3.717 0.837 1.240
0.027 6.289 0.160 4.636 0.293 3.695 0.853 1.193
0.030 6.248 0.163 4.608 0.297 3.676 0.870 1.142
0.033 6.141 0.167 4.583 0.300 3.654 0.887 1.095
0.037 6.031 0.170 4.554 0.303 3.632 0.803 1.051
0.040 5.911 0.173 4.529 0.307 3.613 0.920 1.007
0.043 5.813 0177 4.504 0.310 3.594 0.937 0.963
0.047 5.760 0.180 4.476 0.313 3.575 0.953 0.921
0.050 5.725 0.183 4.451 0.317 3.553 0.970 0.877
0.053 5.706 0.187 4.425 0.320 3.534 0.987 0.836
0.057 5.684 0.190 4.400 0.337 3.424 1.187 0.310
0.060 5.653 0.193 4.375 0.353 3.320 1.387 0.001
0.063 5.609 0.197 4.350 0.370 3.219
0.067 5.559 0.200 4.325 0.387 3.121
0.070 5.508 0.203 4.299 0.403 3.027
0.073 5.464 0.207 4.274 0.420 2.936
0.077 5.426 0.210 4.252 0.437 2.841
0.080 5.392 0.213 4.227 0.453 2.756
0.083 5.360 0.217 4.202 0.470 2.668
0.087 5.326 0.220 4.180 0.487 2.586
0.090 5.288 0223 4.155 0.503 2.504
0.093 5.250 0.227 4.133 0.520 2.425
0.097 5216 0.230 4110 0.537 2.350
0.100 5.181 0.233 4.085 0.553 2274
0.103 5.146 0.237 4.063 0.570 2.201
0.107 5.115 0.240 4.041 0.587 2.129
0.110 5.083 0.243 4.016 0.603 2.060
0.113 5.052 0.247 3.994 0.620 1.993
0.117 5.017 0.250 3.972 0.637 1.927
0.120 4.986 0.253 3.950 0.653 1.864
0.123 4.957 0.257 3.928 0.670 1.798
0.127 4.926 0.260 3.906 0.687 1.738
0.130 4.894 0.263 3.884 0.703 1.678
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Slug Test Data Listing
Data Set Title: HermitData 11/8/95 10:58:32 AM for c: \mmr\uctrlp\ﬂmshftwwss 3.TSD

Duration Displace- Duration Displace- Duration Displace- Duration Displace-

of Test ment of Test ment of Test ment of Test ment
(Min) (Ft) (Min) (Ft) (Min) (FY) (Min) (Ft)

0.000 6.245 0.133 4.023 0.267 3.216 0.760 1.246
0.003 6.018 0.137 3.997 0.270 3.197 0.777 1.199
0.007 5.679 0.140 3.975 0273 3.182 0.793 1.155
0.010 5.235 0.143 3.950 0277 3.166 0.810 1.114
0.013 5.081 0.147 3.928 0.280 3.147 0.827 1.070
0.017 5.068 0.150 3.906 0.283 3.131 0.843 1.029
0.020 5.103 0.153 3.884 0.287 3.115 0.860 0.988
0.023 5.118 0.157 3.862 0.290 3.096 0.877 0.947
0.027 5.062 0.160 3.840 0.293 3.081 0.893 0.809
0.030 4.951 0.163 3.818 0.297 3.062 0.910 0.871
0.033 4.848 0.167 3.796 0.300 3.046 0.927 0.833
0.037 4.791 0.170 3.777 0.303 3.030 0.943 0.795
0.040 4.769 0.173 3.755 0.307 3.015 0.960 0.761
0.043 4.769 0.177 3.733 0.310 2.996 0.977 0.726
0.047 4.763 0.180 3.714 0.327 2.907 1177 0.272
0.050 4734 0.183 3.692 0.343 2.819 1.377 0.001
0.053 4.690 0.187 3.670 0.360 2.734
0.057 4.640 0.190 3.651 0377 2.652
0.060 4.599 0.193 3.632 0.383 2.573
0.063 4.571 0.197 3.610 0.410 2.4385
0.067 4.548 0.200 3.591 0.427 2.422
0.070 4.523 0.203 3.569 0.443 2.347
0.073 4.495 0.207 3.550 0.460 2.277
0.077 4.463 0.210 3.531 0.477 2208
0.080 4.432 0.213 3.512 0.493 2.139
0.083 4.400 0.217 3.490 0.510 2.072
0.087 4.375 0.220 3.475 0.527 2.009
0.090 4.350 0.223 3.452 0.543 1.946
0.093 4322 0.227 3.434 0.560 1.883
0.097 4.297 0.230 3.415 0.577 1.823
0.100 4.268 0.233 3.396 0.593 1.767
0.103 4.243 0.237 3.380 0.610 1.707
0.107 4.215 0.240 3.361 0.627 1.653
0.110 4.193 0.243 3.342 0.643 1.596
0.113 4.164 0.247 3.323 0.660 1.543
0.117 4.142 0.250 3.304 0.677 1.492
0.120 4.117 0.253 3.289 0.693 1.442
0.123 4.092 0.257 3.270 0.710 1.391
0.127 4.070 0.260 3.251 0.727 1.341
0.130 4.045 0.263 3.235 0.743 1.294
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Duration Displace-

Slug Test Data Listmg
Data Set Title: HermitData 11/3/95 10:58:32 AM for c.\mmv\sectrlp\umshmmwna 4.TSD

Duration Displace-

Duration Displace-

of Test ment of Test ment of Test ment of Test ment
(Mm) (Fty (Min) (Ft) {Min) (Ft) {Min) (Ft)

0.600 9.910 0.133 3.550 0.267 1.398 0.733 0.039

0.003 9.335 0.137 3.468 0.270 1.366 0.750 0.033

0.007 8.530 0.140 3.386 0.273 1.335 0.767 0.029

0.010 8.385 0.143 3.311 0277 1.303 0.783 0.026

0.013 8.530 0.147 3.232 0.280 1.275 0.800 0.023

0.017 8.420 0.150 3.159 0.283 1243 0.817 0.020

0.020 8.050 0.153 3.087 0.287 1215 0.833 0.020

0.023 7.707 0.157 3.015 0.290 1.187 0.850 0.017

0.027 7.553 0.160 2.945 0.293 1.158 0.867 0.017

0.030 7.477 0.163 2.879 0.297 1.133 0.883 0.014

0.033 7.323 0.167 2.813 0.300 1.108 0.900 0.014

0.037 7.097 0.170 2.750 0.303 1.079 0.917 0.010

0.040 6.886 0.173 2.687 0.307 1.054 0.933 0.010

0.043 6.732 0.177 2.624 0.310 1.032 0.950 0.010

0.047 6.606 0.180 2.564 0.313 1.007 0.967 0.007

0.050 6.462 0.183 2.504 0.317 0.982 0.983 0.007

0.053 6.295 0.187 2.444 0.333 0.859 1.183 0.004

0.057 6.131 0.190 2.394 0.350 0.755 1.383 0.004

0.060 5.983 0.193 2.334 0.367 0.660 1.583 0.004

0.063 5.851 0.197 2284 0.383 0.578 1.783 0.004

0.067 5722 0200 2.230 0.400 0.506 1.983 0.001

0.070 5.584 0.203 2.176 0.417 0.446 2.183 0.001

0.073 5.448 0.207 2.129 0.433 0.389 2.383 0.001

0.077 5.316 0.210 2.076 0.450 0.342 2.583 0.004

0.080 5.190 0.213 2.032 0.467 0.297

0.083 5.071 0.217 1.987 0.483 0.263

0.087 4.954 0.220 1.940 0.500 0.228

0.090 4.835 0.223 1.896 0.517 0.200

0.093 4.721 0.227 1.852 0.533 0.174

0.097 4.611 0.230 1.811 0.550 0.182

0.100 4.501 0.233 1.767 0.567 0.133

0.103 4.397 0.237 1.726 0.583 0.118

0.107 4.293 0.240 1.688 0.600 0.102

0.110 4.193 0.243 1.647 0617 0.092

0.113 4.095 0.247 1.609 0.633 0.080

0.117 3.997 0.250 1.574 0.650 0.070

0.120 3.903 0.253 1.537 0.667 0.061

0.123 3.811 0.257 1.502 0.683 0.055

0.127 3.723 0.260 1.467 0.700 0.048

0.130 3.635 0.263 1.433 0.717 0.042
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élug Test Data Listing
\mmnsectrip\timshtA\MW57B_3.TSD
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Duration Displace- Duration Displace- Duration Displace- Duration Displace-
of Test ment of Test ment of Test ment of Test ment
(Min) (Ft) (Min) (Ft) (Min) (Ft) (Min) (Ft)
0.000 8.640 0.133 2.858 0267 1.067 0.733 0.023
0.003 8.351 0.137 2.826 0270 1.042 0.750 0.020
0.007 7.518 0.140 2.756 0.273 1.016 0.767 0.017
0.010 6.786 0.143 2.690 0.277 0.991 0.783 0.017
0.013 6.883 0.147 2.624 0.280 0.966 0.800 0.014
0.017 7.304 0.150 2.561 0.283 0.941 0.817 0.014
0.020 7.204 0.153 2.498 0287 0.919 0.833 0.010
0.023 6.782 0.157 2.435 0.290 0.897 0.850 0.010
0.027 6.380 0.160 2.375 0.293 0.875 0.867 0.010
0.030 6.254 0.163 2.318 0.297 0.853 0.883 0.007
0.033 6.254 0.167 2262 0.300 0.830 0.800 0.007
0.037 6.163 0.170 2208 0.303 0.812 0917 0.007
0.040 5.936 0.173 2.151 0.307 0.789 0.933 0.007
0.043 5.700 0.177 2.101 0.310 0.770 0.950 0.007
0.047 5.537 0.180 2.047 0.313 0.752 0.967 0.004
0.050 5.445 0.183 1.997 0.317 0.733 0.983 0.004
0.053 5.348 0.187 1.946 0.333 0.635 1.183 0.001
0.057 5.209 0.190 1.899 0.350 0.553 1.383 0.004
0.060 5.046 0.193 1.852 0.367 0.480
0.063 4.901 0.197 1.808 0.383 0.417
0.067 4.781 0.200 1.764 0.400 0.361
0.070 4.680 0.203 1.719 0.417 0.313
0.073 4.570 0.207 1.678 0.433 0.272
0.077 4.451 0.210 1.638 0.450 0.237
0.080 4.328 0.213 1.597 0.467 0.206
0.083 4.215 0.217 1.556 0.483 0.178
0.087 4114 0.220 1.518 0.500 0.155
0.080 4.016 0.223 1.480 0.517 0.137
0.093 3.915 0.227 1.442 0.533 0.118
0.097 3.818 0.230 1.407 0.550 0.102
0.100 3.717 0.233 1.373 0.567 0.089
0.103 3.623 0.237 1.338 0.583 0.077
0.107 3.534 0.240 1.306 0.600 0.067
0.110 3.446 0.243 1.272 0.617 0.058
0.113 3.364 0.247 1.240 0.633 0.051
0.117 3.279 0.250 1.212 0.650 0.045
0.120 3.200 0.253 1.180 0.667 0.039
0.123 3.122 0.257 1.152 0.683 0.036
0.127 3.043 0.260 1.124 0.700 0.029
0.130 2.970 0.263 1.095 0.717 0.026
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HermitData 11/8/95 10:58:32 AM for c:\mmnsectrip\imshf\MW56_4.TSD

Duration Displace- Duration Displace- Duration Displace- Duration Displace-

of Test ment of Test ment of Test ment of Test ment
(Min) (Ft) (Min) (Ft) (Min) (Ft) (Min) (Fty

0.000 8.772 0.133 4.052 0.267 3.066 0.760 0.82t
0.003 8.662 0.137 4.024 0.270 3.047 0.777 0.777
0.007 8.489 0.140 3.995 0.273 3.025 0.793 0.733
0.010 8.222 0.143 3.967 0.277 3.003 0.810 0.689
0.013 7.910 0.147 3.939 0.280 2.984 0.827 0.648
0.017 7.590 0.150 3.910 0.283 2.962 0.843 0.610
0.020 7.275 0.153 3.882 0.287 2.943 0.860 0.572
0.023 6.983 0.157 3.854 0.290 2.924 0.877 0.534
0.027 6.712 0.160 3.828 0.293 2.902 0.893 0.496
0.030 6.486 0.163 3.800 0.297 2.883 0.910 0.462
0.033 6.306 0.167 3.772 0.300 2.861 0.927 0.430
0.037 6.171 0.170 3.747 0.303 2.842 0.943 0.399
0.040 6.010 0.173 3.721 0.307 2.823 0.960 0.367
0.043 5.787 0.177 3.696 0.310 2.804 0.977 0.339
0.047 5.488 0.180 3.668 0.327 2.694 1177 0.001
0.050 5.239 0.183 3.646 0.343 2.580
0.053 5.075 0.187 3.617 0.360 2.492
0.057 4.968 0.190 3.592 0.377 2.395
0.060 4.890 0.193 3.570 0.393 2.303
0.063 4.827 0.197 3.545 0.410 2.209
0.067 4767 0.200 3.520 0.427 2.120
0.070 4.717 0.203 3.494 0.443 2.035
0.073 4.669 0.207 3.472 0.460 1.953
0.077 4.625 0.210 3.447 0.477 1.871
0.080 4587 0.213 3.422 0.493 1.793
0.083 4.546 0.217 3.400 0.510 1.717
0.087 4.508 0.220 3.378 0.527 1.644
0.090 4474 0.223 3.353 0.543 1.572
0.093 4.446 0.227 3.331 0.560 1.503
0.087 4.405 0.230 3.309 0.577 1.436
0.100 4.370 0.233 3.287 0.593 1.370
0.103 4.336 0.237 3.261 0.610 1.307
0.107 4.301 0.240 3.239 0.627 1.247
0.110 4.269 0.243 3.217 0.643 1.187
0.113 4.238 0.247 3.195 0.660 1.130
0.117 4.206 0.250 3.173 0.677 1.074
0.120 4175 0.253 3.151 0.693 1.020
0.123 4.143 0.257 3.132 0.710 0.966
0.127 4.112 0.260 3.107 0.727 0.919
0.130 4.084 0.263 3.088 0.743 0.869
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Slug Test Data Listing
Data Set Title: HerrnltData 11/8/95 10:58:32 AM for c:\mmnsectrip\timsht\MW56_3. TSD

Duration Displace-

Bouwer & Rlce'Calculator, (\(erp 0)‘

oy e e

ot s e,

Duration Displace-

Duration Displace-

of Test ment of Test ment of Test ment of Test ment
(Min) (Ft) (Min) (Ft) (Min) (Ft) (Min) (Ft)

0.000 8.930 0.133 2.950 0.267 2.168 07077  0.620
0.003 8.317 0.137 2.925 0270 2.152 0.723 0.585
0.007 7.789 0.140 2.903 0273 2.134 0.740 0.550
0.010 7.298 0.143 2.881 0.277 2.118 0.757 0.519
0.013 6.788 0.147 2.855 0.280 2.102 0.773 0.490
0.017 6.332 0.150 2.833 0.283 2.086 0.790 0.459
0.020 5.992 0.153 2811 0.287 2.070 0.807 0.431
0.023 5.750 0.157 2.789 0290 2.055 0.823 0.402
0.027 5.577 0.160 2.770 0.293 2.039 0.840 0.377
0.030 5.422 0.163 2.748 0.297 2.023 0.857 0.352
0.033 5.268 0.167 2.726 0.300 2.007 0.873 0.326
0.037 5.098 0.170 2.704 0.303 1.992 0.890 0.304
0.040 4.925 0.173 2.685 0.307 1.976 0.907 0.285
0.043 4764 0.177 2.663 0.310 1.960 0.923 0.260
0.047 4.623 0.180 2.644 0.313 1.948 0.940 0.244
0.050 4.500 0.183 2.622 0.317 1.932 0.957 0.222
0.053 4.390 0.187 2.603 0.320 1.916 0.973 0.207
0.057 4.273 0.190 2.584 0.323 1.900 0.990 0.188
0.060 4.135 0.193 2.562 0.340 1.818 1.180 0.001
0.063 3.961 0.197 2.543 0.357 1.743
0.067 3.791 0.200 2.524 0.373 1.667
0.070 3.649 0.203 2.506 0.390 1.594
0.073 3.545 0.207 2.487 0.407 1.525
0.077 3.470 0.210 2.468 0.423 1.459
0.080 3.413 0213 2.449 0.440 1.393
0.083 3.369 0.217 2.430 0.457 1.333
0.087 3.334 0.220 2.411 0.473 1.273
0.080 3.300 0.223 2.392 0.490 1.213
0.083 3.268 0.227 2.376 0.507 1.156
0.097 3.240 0.230 2.357 0.523 1.102
0.100 3.208 0.233 2.338 0.540 1.052
0.103 3.180 0.237 2.323 0.557 0.998
0.107 3.155 0.240 2.304 0.573 0.951
0.110 3.126 0.243 2.285 0.580 0.904
0.113 3.088 0.247 2.269 0.607 0.856
0.117 3.073 0.250 2.250 0.623 0.815
0.120 3.044 0.253 2.234 0.640 0.771
0.123 3.019 0.257 2219 0.657 0.733
0.127 2.997 0.260 2.200 0.673 0.692
0.130 2.975 0.263 2.184 0.690 0.655
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Bouwer & Rlce Calculatq »(Ver 1.0)

sl

Slug Test Data Listing
Data Set Title: HermltDau 11/8/95 10:58:32 AM for c: \mmr\sectrlp\tlmshﬂ\MWSdZ 4.TSD

Duration Displace-

Duration Displace-

Duration Displace-

of Test ment of Test ment of Test ment of Test ment
(Min) (Ft) (Min) (Ft) (Min) (Ft) (Min) (Ft)

0.000 8.833 0.133 1.859 0267° G278
0.003 8.430 0.137 1777 0.270 0.269
0.007 7.946 0.140 1.698 0.273 0256
0.010 7.861 0.143 1.620 0277 0247
0.013 7.889 0.147 1.547 0.280 0234
0.017 7.864 0.150 1.481 0.283 0225
0.020 7.675 0.153 1.411 0.287 0.218
0.023 7.414 0.157 1.348 0.290 0209
0.027 7.115 0.160 1.285 0.293 0203
0.030 6.825 0.163 1.228 0.297 0.193
0.033 6.564 0.167 1.172 0.300 0.187
0.037 6.325 0.170 1.115 0.303 0.181
0.040 6.092 0.173 1.064 0.307 0.174
0.043 5.856 0177 1.014 0.310 0.168
0.047 5.623 0.180 0.970 0.313 0.165
0.050 5.393 0.183 0.922 0.317 0.158
0.053 5.175 0.187 0.881 0.320 0.155
0.057 4,968 0.190 0.837 0.337 0.133
0.060 4.766 0.193 0.802 0.353 0.120
0.063 4.574 0.197 0.761 0.370 0.111
0.067 4.391 0.200 0.723 0.387 0.102
0.070 4.211 0.203 0.692 0.403 0.098
0.073 4.041 0.207 0.657 0.420 0.092
0.077 3.877 0.210 0.626 0.437 0.086
0.080 3.717 0.213 0.597 0.453 0.083
0.083 3.565 0217 0.572 0.470 0.076
0.087 3.417 0.220 0.540 0.487 0.073
0.090 3.275 0.223 0.515 0.503 0.067
0.093 3.140 0.227 0.493 0.520 0.064
0.097 3.010 0.230 0.468 0.537 0.061
0.100 2.884 0.233 0.446

0.103 2.765 0.237 0.427

0.107 2.648 0.240 0.405

0.110 2.537 0.243 0.386

0.113 2.427 0.247 0.370

0.117 2.323 0.250 0.351

0.120 2222 0.253 0.335

0.123 2.124 0.257 0.319

0.127 2.033 0.260 0.307

0.130 1.945 0.263 0.291
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Ouration Displace-

Duration Displace-

Duration Displace-

Duration Displace-

of Test ment of Test ment of Test ment of Test ment
(Min) (Ft) {Min) (Ft) (Min) (Ft (Min) (Ft)

0.000 8.953 0.133 1.614 02867 0.191
0.003 8.157 0.137 1.535 0.270 0.181
0.007 7.685 0.140 1.459 0273 0.175
0.010 7.459 0.143 1.387 0277 0.169
0.013 7.160 0.147 1.314 0.280 0.159
0.017 7.024 0.150 1.248 0.283 0.153
0.020 6.930 0.153 1.185 0287 0.146
0.023 6.807 0.157 1.125 0.290 0.143
0.027 6.647 0.160 1.068 0.293 0.137
0.030 6.445 0.163 1.011 0.297 0.131
0.033 6.209 0.167 0.958 0.300 0.127
0.037 5.970 0.170 0.907 0.303 0.121
0.040 5.740 0.173 0.860 0.307 0.118
0.043 5.523 0.177 0.816 0.310 0.115
0.047 5.308 0.180 0.771 0.313 0.112
0.050 5.097 0.183 0.737 0.317 0.109
0.053 4.893 0.187 0.699 0.320 0.105
0.057 4.691 0.180 0.655 0.323 0.102
0.060 4.496 0.193 0.620 0.340 0.090
0.063 4.307 0.197 0.588 0.357 0.083
0.067 4.127 0.200 0.557 0.373 0.077
0.070 3.951 0.203 0.525 0.390 0.071
0.073 3.780 0207 0.497 0.407 0.068
0.077 3616 0210 0.472 0.423 0.061
0.080 3.459 0.213 0.446 0.440 0.058
0.083 3.307 0.217 0.421 0.457 0.055
0.087 3.162 0.220 0.399 0.473 0.052
0.090 3.021 0.223 0.380 0.490 0.049
0.093 2.882 0.227 0.358 0.507 0.045
0.097 2.756 0.230 0.339 0.523 0.042
0.100 2.630 0.233 0.320

0.103 2.510 0.237 0.304

0.107 2.393 0.240 0.289

0.110 2.280 0.243 0.273

0.113 2.172 0.247 0.260

0.117 2.068 0.250 0.244

0.120 1.970 0.253 0.232

0.123 1.876 0.257 0.222

0.127 1.784 0.260 0.213

0.130 1.699 0.263 0.200
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SRR ]
-Rice Calculato
§Iug Test Data istig

et Input Data ‘

Duration Dispiace- Duration Displace- Duration Displace-

Data Set Title: HermitData 11/8/95 10:58:30 AM for c:\mmnsectrip\timsht\MW54A_4.TSD

Duration Displace-

of Test ment of Test ment of Test ment of Test ment
{Min) (Ft) (Min) (Ft) (Min) (Ft) (Min) (Ft)y

0.000 10.412 0.133 3.765 0.267 1.557 0.707 0.077
0.003 8.542 0.137 3.683 0270 1.522 0.723 0.070
0.007 9.196 0.140 3.601 0.273 1.491 0.740 0.061
0.010 9.472 0.143 3.522 0277 1.456 0.757 0.055
0.013 8.595 0.147 3.443 0.280 1.428 0.773 0.048
0.017 8.897 0.150 3.367 0.283 1.396 0.790 0.045
0.020 8.689 0.153 3.295 0.287 1.364 0.807 0.039
0.023 8.233 0.157 3.222 0290 1.336 0.823 0.036
0.027 8.186 0.160 3.153 0293 1.308 0.840 0.032
0.030 7.941 0.163 3.084 0.297 1.279 0.857 0.029
0.033 7.645 0.167 3.014 0.300 1.251 0.873 0.026
0.037 7.503 0.170 2.951 0.303 1.222 0.890 0.023
0.040 7.302 0.173 2.885 0.307 1.197 0.907 0.023
0.043 7.075 0177 2.822 0.310 1.172 0.923 0.020
0.047 6.911 0.180 2.759 0.313 1.144 0.940 0.017
0.050 6.748 0.183 2.699 0.317 1.121 0.957 0.017
0.053 6.568 0.187 2.642 0.320 1.086 0.973 0.017
0.057 6.405 0.190 2.582 0.323 1.074 0.990 0.014
0.060 6.253 0.193 2.529 0.340 0.951 1.190 0.004
0.063 6.102 0.197 2.472 0.357 0.844 1.390 0.001
0.067 5.954 0.200 2.418 0.373 0.749
0.070 5.816 0.203 2.368 0.390 0.667
0.073 5.680 0.207 2.314 0.407 0.594
0.077 5.545 0210 2264 0.423 0.528
0.080 5.416 0213 2.213 0.440 0.468
0.083 5.293 0.217 2.166 0.457 0.418
0.087 5.170 0220 2.118 0.473 0.373
0.090 5.053 0223 2.074 0.490 0.329
0.093 4937 0.227 2.027 0.507 0.294
0.097 4.827 0.230 1.983 0.523 0.263
0.100 4716 0.233 1.939 0.540 0.234
0.103 4612 0237 1.898 0.557 0.209
0.107 4.505 0.240 1.857 0.573 0.187
0.110 4.407 0.243 1.816 0.590 0.165
0.113 4.307 0.247 1.778 0.607 0.149
0.117 4212 0.250 1.737 0.623 0.133
0.120 4.118 0.253 1.699 0.640 0.118
0.123 4.029 0.257 1.664 0.657 0.105
0.127 3.938 0.260 1.626 0.673 0.096
0.130 3.850 0263 1.592 0.680 0.086
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Duration Displace-

RS

Duration Displace-

Bouwer &Rlce Caculato*(V

Slug est Data Listing ‘
Data Set Title: HermitData 11/8/85 10:58:30 AM for c: \mmr\sectrip\umsmmwsu 3.TSD

Duration Displace-

Duration Displace-

of Test ment of Test ment of Test ment of Test ment
(Min) (Ft) (Min) (Ft) (Min) (Ft) (Min) (Ft)

0.000 9.016 0.133 3.156 0.267 1282 0.707 0.061
0.003 7.122 0.137 3.087 0270 1.263 0.723 0.054
0.007 7229 0.140 3.017 0.273 1.235 0.740 0.048
0.010 7.969 0.143 2.948 0277 1206 0.757 0.045
0.013 7.434 0.147 2.885 0.280 1.181 0.773 0.042
0.017 7.251 0.150 2819 0283 1.156 0.790 0.035
0.020 7.339 0.153 2.755 0.287 1.131 0.807 0.032
0.023 7.015 0.157 2.695 0.290 1.106 0.823 0.029
0.027 6.770 0.160 2.636 0.293 1.080 0.840 0.026
0.030 6.729 0.163 2.576 0297 1.058 0.857 0.023
0.033 6.540 0.167 2.519 0.300 1.033 0.873 0.023
0.037 6.278 0.170 2.462 0.303 1.014 0.890 0.020
0.040 6.121 0.173 2.408 0.307 0.992 0.907 0.017
0.043 5.992 0.177 2.355 0.310 0.970 0.923 0.017
0.047 5.825 0.180 2.301 0.313 0.948 0.940 0.017
0.050 5674 0.183 2251 0.317 0.929 0.957 0.013
0.053 5.542 0.187 2204 0.320 0.910 0.973 0.010
0.057 5.403 0.150 2.153 0.323 0.888 0.990 0.010
0.060 5.264 0.193 2.106 0.340 0.787 1.190 0.004
0.063 5.135 0.197 2.058 0.357 0.698 1.390 0.004
0.067 5.015 0.200 2.014 0.373 0.620 1.580 0.001
0.070 4.896 0.203 1.970 0.390 0.550
0.073 4.779 0.207 1.926 0.407 0.490
0.077 4.666 0210 1.885 0.423 0.436
0.080 4.562 0213 1.841 0.440 0.386
0.083 4.451 0217 1.800 0.457 0.345
0.087 4,351 0.220 1.762 0.473 0.304
0.090 4.250 0.223 1.721 0.490 0.272
0.093 4.155 0.227 1.683 0.507 0.241
0.097 4.057 0.230 1.648 0.523 0.215
0.100 3.966 0.233 1.610 0.540 0.190
0.103 3.875 0.237 1.576 0.557 0.171
0.107 3.790 0.240 1.541 0.573 0.152
0.110 3.701 0.243 1.506 0.590 0.136
0.113 3.619 0.247 1.475 0.607 0.121
0.117 3.537 0.250 1.443 0.623 0.108
0.120 3.455 0.253 1.412 0.640 0.095
0.123 3.380 0257 1.380 0.657 0.086
0.127 3.301 0.260 1.349 0.673 0.076
0.130 3.228 0.263 1.320 0.690 0.070
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Slug Test Data Llstmg
Data Set Title: HermitData 11/8/95 10:58:28 AM for c: \mmr\uctrlp\tlmshmwasc 4.TSD

Duration Displace- Duration Displace- Duration Displace- Duration Displace-
of Test ment of Test ment of Test ment of Test ment
(Min)  (FY) (Min) (FY (M) (FY (Min)  (FY)
C.000 10.306 0.133 6.551 0267 5.054 0.720 1.896
0.003 7.387 0.137 6.507 0270 5.019 0.737 1.823
0.007 8.801 0.140 6.466 0273 4.988 0.753 1.754
0.010 9.354 0.143 6.425 0277 4.956 0.770 1.688
0.013 8.022 0.147 6.381 0.280 4.922 0.787 1.622
0.017 8.336 0.150 6.340 0.283 4.890 0.803 1.559
0.020 8.610 0.153 6.299 0.287 4.859 0.820 1.499
0.023 7.940 0.157 6.259 0290 4.827 0.837 1.439
0.027 8.107 0.160 6.218 0.293 4.796 0.853 1.382
0.030 8.264 0.163 6.177 0.297 4.767 0.870 1.329
0.033 7.874 0.167 6.136 0.300 4.736 0.887 1275
0.037 7.934 0.170 6.098 0.303 4.704 0.903 1.221
0.040 8.006 0.173 6.057 0.307 4.676 0.920 1.171
0.043 7.768 0177 6.016 0.310 4.645 0.937 1.124
0.047 7.771 0.180 5.979 0.313 4616 0.953 1.076
0.050 7.796 0.183 5.941 0.317 4.585 0.970 1.029
0.053 7.642 0.187 5.900 0.320 4.557 0.987 0.988
0.057 7.614 0.190 5.862 0.337 4.396 1.187 0.452
0.060 7.614 0.193 5.825 0.353 4242 1.387 0.184
0.063 7.504 0.197 5.787 0.370 4.094 1.587 0.001
0.067 7.463 0.200 5.749 0.387 3.949
0.070 7.447 0.203 5.711 0.403 3.81
0.073 7.356 0.207 5.677 0.420 3.678
0.077 7.312 0.210 5.639 0.437 3.549
0.080 7.287 0.213 5.601 0.453 3.423
0.083 7.221 0.217 5.567 0.470 3.304
0.087 7.170 0.220 5.532 0.487 3.187
0.090 7.139 0.223 5.494 0.503 3.074
0.093 7.082 0.227 5.460 0.520 2.964
0.097 7.035 0.230 5.425 0.537 2.860
0.100 6.997 0.233 5.390 0.553 2.756
0.103 6.950 0.237 5.353 0.570 2.658
0.107 6.900 0.240 5.321 0.587 2.560
0.110 6.862 0.243 5.287 0.603 2.469
0.113 6.815 0.247 5.252 0.620 2.381
0.117 6.768 0.250 5217 0.637 2.293
0.120 6.727 0.253 5.186 0.653 2.208
0.123 6.683 0.257 5.151 0.670 2.126
0.127 6.636 0.260 5117 0.687 2.047
0.130 6.595 0.263 5.085 0.703 1.971
C:WMMR\SECTRIP\PROCESSD\MWA3C_4.BR 20t2- ECE. Inc.
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Bouwer &

Slug Test Data Listing |

Duration Displace-

Duration Displace-

Duration Displace-

Data Set Title: HermitData 11/8/95 10:58:28 AM for c:\mmnsectrip\timshft\MW43C_3.TSD

Duration Displace-

of Test  ment of Test  ment of Test ment of Test  ment
(Min) (Ft) (Min) (Ft) (Min) (Ft) (Min) (Ft)

0.000 8516 0.133 5507 G267  4.267 0.733 1.621
0.003 7.573 0.137 5473 0270 4239 0.750 1.565
0.007 6473 0.140 5438 0273 4214 0.767  1.511
0.010 7.715 0.143 5403 0277  4.185 0783  1.458
0.013  7.391 0.147  5.369 0280  4.160 0.800  1.407
0.017  6.586 0.150  5.334 0283  4.135 0817  1.357
0.020  7.099 0.153  5.300 0287  4.107 0.833  1.309
0.023  7.070 0.157  5.265 0290  4.082 0.850  1.262
0.027  6.599 0.160  5.230 0293  4.056 0867 1.218
0.030  6.831 0.163  5.199 0297  4.031 0.883 1.174
0.033  6.856 0.167  5.164 0300  4.006 0.900 1.133
0.037  6.585 0.170  5.133 0.303  3.981 0917  1.092
0.040  6.636 0.173  5.008 0307  3.956 0.933  1.054
0.043  6.668 0.177  5.067 0310  3.930 0950 1.016
0.047 6.476 0.180 $.035 0.313 3.905 0.967 0.978
0050  6.482 0.183  5.001 0317  3.880 0983  0.944
0.053  6.501 0.187  4.969 0333  3.748 1.183 0518
0.057  6.375 0.190  4.938 0.350  3.619 1.383  0.307
0.060  6.347 0.193  4.906 0.367  3.496 1.583  0.165
0.063  6.353 0.197  4.875 0.383  3.376 1.783  0.067
0.067  6.265 0200  4.843 0.400  3.263 1.983  0.001
0070  6.224 0203 4815 0417  3.183
0073 6215 0207  4.783 0433  3.046
0.077 6.152 0.210 4.752 0.450 2.942
0.080 6.105 0.213 4.724 0.467 2.841
0.083 6.086 0.217 4.692 0.483 2.746
0.087  6.036 0220  4.664 0.500  2.652
0.090  5.988 0223 4632 0517  2.560
0.083 5.960 0227 4.604 0.533 2.475
0.097 5919 0230 4576 0.550  2.390
0.100  5.872 0233 4544 0.567  2.305
0.103  5.841 0237 4516 0.583 2226
0.107  5.803 0240  4.488 0.600  2.151
0.110 5.762 0.243 4.459 0.617 2.075
0113 5727 0247 4431 0633  2.006
0.117 5693 0250  4.406 0.650 1.933
0.120  5.652 0253 4377 0667  1.867
0.123 5.614 0.257 4.349 0.683 1.804
0.127 5.583 0.260 4.321 0.700 1.741
0.130 5.542 0.263 4292 0.717 1.681
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Duration Displace-

Duration Displace-

AR s 2 3
Slug Test Data Listmg
Data Set Title: HermltData 11/8/95 10:58:28 AM for c:\mmnisectrip\timshf\MW41B_4.TSD

Duration Displace-

Duration Displace-

of Test ment of Test ment of Test ment of Test ment
(Min) (Ft) (Min) (Ft) (Min) (Ft) {Min) (Ft)

0.000 8.948 0.133 6.234 0.267 4.903 0.733 2.064
0003  6.382 0.137  6.196 0.270 4.875 0.750 2.004
0.007  B8.165 0.140  6.158 0273 4.847 0.767 1.944
0.010  8.854 0.143  6.120 0277 4818 0.783 1.890
0.013  7.321 0.147  6.085 0.280 4.790 0.800 1.833
0.017  8.130 0.150  6.048 0.283 4.762 0.817 1.783
0.020  8.045 0.153  6.010 0.287 4.733 0.833 1.729
0.023  7.336 0.157 5975 0.290 4.705 0.850 1.682
0.027 7.765 0.160  5.941 0.293 4.676 0.867 1.634
0.030 7.717 0.163  5.803 0297 4.651 0.883 1.580
0.033  7.321 0.167  5.868 0300 4.623 0.900 1.543
0.037 7573 0.170  5.833 0.303 4.598 0.917 1.502
0.040  7.500 0178 5796 0.307 4.569 0.933 1.458
0.043 7.261 0.177 5.764 0.310 4.541 0.950 1.417
0.047 7.393 0.180 5.726 0.313 4.516 0.967 1.379
0.050 7.321 0.183 5.692 0.317 4.487 0.983 1.341
0.053  7.166 0.187  5.660 0.333 4.342 1.183 0.870
0.057 7.232 0.190 5.625 0.350 4.206 1.383 0.611
0.060 7.163 0.193 5.581 0.367 4.071 1.583 0.415
0.063 7.059 0.197 5.559 0.383 3.941 1.783 0.273
0.067  7.081 0200  5.524 0.400 3.818 1.983 0.163
0.070  7.018 0.203 5.483 0.417 3.699 2.183 0.068
0.073 6.943 0.207 5.458 0.433 3.582 2.383 0.001
0.077  6.939 0.210 5.427 0.450 3.468
0.080  6.886 0.213 5.392 0.467 3.361
0.083  6.823 0217 5.361 0.483 3.257
0.087 6.804 0.220 5.329 0.500 3.156
0.090  6.757 0.223 5.297 0.517 3.061
0.093  6.700 0.227 5.266 0.533 2.967
0.097 6.675 0.230 5.234 0.550 2.875
0.100  6.631 0.233 5.203 0.567 2.787
0.103  6.583 0.237 5.171 0.583 2.705
0.107  6.549 0240  5.143 0.600 2.623
0.110  6.508 0.243 511 0617 2544
0113  6.464 0247  5.080 0.633  2.468
0.117  6.429 0250  5.052 0.650 2.395
0.120  6.388 0253  5.020 0.667 2323
0123  6.347 0257 4992 0.683 2256
0.127  6.309 0260  4.963 0.700 2.190
0.130 627 0263  4.935 0717 21427
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Data Set Title: HermitData 11/8/95

o ,;u»%

¥

10:58:28 AM for

"ﬂ m Bt

Duration Displace- Duration Displace- Duration Displace- Duration Displace-
of Test ment of Test ment of Test ment of Test ment
(Min) (FH (Min) (Ft) (Min) (Ft) (Min) (Ft)
0.000 8.516 0.133 5.032 0.267 3.900 0.733 1.523
0.003 5221 0.137 5.000 0.270 3.875 0.750 1.473
0.007 6.163 0.140 4.966 0.273 3.849 0.767 1.422
0.010 7.502 0.143 4.934 0.277 3.827 0.783 1.375
0.013 6.072 0.147 4.903 0.280 3.802 0.800 1.331
0.017 6242 0.150 4.871 0.283 3.777 0.817 1.286
0.020 6.734 0.153 4.843 0287 3.755 0.833 1.242
0.023 €.015 0.157 4.808 0.290 3.729 0.850 1.204
0.027 6.078 0.160 4.780 0.293 3.707 0.867 1.163
0.030 6.412 0.163 4.751 0297 3.682 0.883 1.122
0.033 5.993 0.167 4.720 0.300 3.660 0.900 1.084
0.037 6.006 0.170 4.688 0.303 3.638 0.917 1.050
0.040 6.189 0.173 4.660 0.307 3.613 0.933 1.012
0.043 5.937 0177 4.631 0.310 3.591 0.950 0.977
0.047 5.908 0.180 4.600 0.313 3.569 0.967 0.945
0.050 6.012 0.183 4.568 0.317 3.546 0.983 0.911
0.053 5.852 0.187 4.540 0.333 3.423 1.183 0.513
0.057 5.807 0.190 4.512 0.350 3.307 1.383 0.288
0.060 5.861 0.193 4.483 0.367 3.196 1.583 0.127
0.063 5.757 0.197 4.455 0.383 3.089 1.783 0.001
0.067 5.707 0.200 4.427 0.400 2.982
0.070 5.725 0.203 4398 0.417 2.884
0.073 5.653 0.207 4.373 0.433 2.789
0.077 5.599 0.210 4.344 0.450 2.694
0.080 5.599 0213 4316 0.467 2.606
0.083 5.546 0.217 4.291 0.483 2.518
0.087 5.499 0.220 4.263 0.500 2.433
0.090 5.483 0.223 4234 0.517 2.354
0.093 5.442 0.227 4.209 0.533 2.275
0.097 5.398 0.230 4.181 0.550 2.199
0.100 5.372 0.233 4,152 0.567 2.126
0.103 5.338 0.237 4127 0.583 2.057
0.107 5.294 0.240 4.102 0.600 1.991
0.110 5.265 0243 4.076 0.617 1.924
0.113 5.231 0.247 4.048 0.633 1.861
0.117 5.196 0.250 4.026 0.650 1.798
0.120 5.161 0.253 4.001 0.667 1.741
0.123 5.133 0.257 3.972 0.683 1.684
0.127 5.095 0.260 3.950 0.700 1.627
0.130 5.063 0.263 3.925 0.717 1.574
C\MMR\SECTRIP\PROCESSD\WMW41B_3 B8R -202- ECE. Inc.
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PERCENT FINER BY WEIGHT

50
For crassificat:on of fine-grainec sois and
fine-graineg ‘razuon of coarse-grained

_ 59 - sous
< 40 -
= A
£ -
> 30 - -
;_\ P
520 - -
p )
=10 - - 0»0 MH or OH
‘ e ML or OL
0
0 10 20 30 40 50 60 70 80 90 100
LIQUID LIMIT (LL)
GRAVEL SAND FINES
COARSE FINE COARSE MEDIUM FINE SILT CLAY
U.S. STANDARD SIEVE OPENING U S. STANDARD SIEVE NUMBER HYDROMETER
100 I 2T 3éT B w4 #10 #2040 #60 #100 #200

! b MR
I T B ik
[ R T A .

' b : ! RS
\ X I N T
80 - — ‘ - — ‘

70 »

80 — -—
N
50 ’ ‘ ~
\]3‘ L
40 BEEEESES

30

20 \ ! [ . S

-~
w
N
o
-

0.1 0.01 0.001
PARTICLE SIZE IN (MM)

SAMPLE DEPTH | SAF
s S SAMPLE TYPE , SOILTYPE | GF?;/?) Fi LLPLPI
#2 CS-10 GTB-1 150-16.5  3rass Sleeve ! SP | 47494 N/A
Project No. 1315-243
e ) e MMR DATA GAP
: FIELD WORK

ATTERBERG LIMITS, PARTICLE-SIZE CURVE
(ASTM D4318.0422)

[-X-} =
98-85 Frqure

180



lal

it

fication of fin
in

r ¢t

3

60

MH or OH

o o o o o

(1d) X JONE ALIDILSV

60 70 80 S0
UQUID LIMIT (LL)
SAND

- COARSE’ MEDIUM |

50

40

30

20

10

CLAY

FINES

SILT

FINE

GRAVEL
FINE

COARSE

HYDROMETER

U.S. STANDARD SIEVE OPENING  U.S. STANDARD SIEVE NUMBER

8| —= |\ o T T

o~ e e — —— - e foom e

* - ———— — —————— ] — - —— e

sl— === ===

=]

=

b4 e -
] - — e

S RSy IR JOR
#)- T s

o —

o

*

al

0§ - === e -

[l

.

g

y -

= S Bt B .
O I e Fmmuuy YNty JREhv RSms) [t i) Mpuy
o o o o o o o (@] (@]
o (o] w ~ () wn ~r [} o
e

1HOIGM A8 Y3INI4 INIOH3d

0.001

0.01

0.1

PARTICLE SIZE IN (MM)

1

10

75

LL.PLPI

t
1

GR:SA:FI
(%)

SOILTYPE |

|

! SAMPLE TYPE

DEPTH
()

20.0-21.5

SAMPLE
1D

EoNA

2:97:1

SP

I

#2 CS-10 GTB-1

1315-243

MMR DATA GAP
FIELD WORK

Project No.

i
i

: Brass Sleeve

;1111-@0-:-”:

ATTERBERG LIMITS, PARTICLE-SIZE CURVE

(ASTM D4218.D422)

Siqure

08-95

181



50

50

For ciassification of fine-graineq sous ang <
finegrainec fragtion of ¢coarse-graned

- soils
E
z
> 30 -
520 -
<
o8
10 -
] e ML or OL
o]
0 10 20 30 40 50 60 70 80 90 100
LIQUID LIMIT (LL)
GRAVEL SAND FINES
COARSE FINE COARSE: MEDIUM FINE SILT . CLAY
U.S. STANDARD SIEVE OPENING U.S. STANDARD SIEVE NUMBER HYDROMETER
3" 12 34T 380 = #40 #20 #40#60 #100 #200
100 ‘ ‘ —
. . f I[
‘ S ' SRR
€0 : — —
| \ S i
80 T SN P
= e | SRR A ' N : b
o o . | HERE i i ah '
9 70 o ; \'w’l} " T G .
o ‘ i P b P
< | o oo H iledii
> 60 ; T : R S| '
e ‘ ? '\‘E!‘é"iii e
L \'i‘ ' S RN
w50 ; :
Z I R '
L": . L By IR i
Zz ‘;O [ \ 1 H P L
w L S R i
g . ,z\;: AR Lttt
5 30 ‘ \; g :
= N o
20 ~ :
' \ RN
° | \
0 ‘ — .
75 10 1 0.1 0.01 0.001
PARTICLE SIZE IN (MM)
SAMPLE DEPTH i I GR:SAFI
D. (f) SAMPLETYPE |  SOIL TYPE s LLALPI
#2 CS-10 GTB-1 250-26.5 BrassSleeve |  SP-SM 10:83:7 N/A
© Project No 1315-243
TRREN = R MMR DATA GAP

FIELD WORK

ATTERBERG LIMITS, PARTICLE-SIZE CURVE
(ASTM D4318,D422)

182



PERCENT FINER BY WEIGHT
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PERCENT FINER BY WEIGHT

For glassificanen of ine-graineg sorls and
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PERCENT FINER BY WEIGHT
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PERCENT FINER BY WEIGHT
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PERCENT FINER BY WEIGHT

For classificaton of fine-grained soils ana
fine-grainec traction of coarse-grained

_ 50 -sois

<

X 40 -

o

z

> 30 -

r

S

% 20 -

3

0 - MH or OH

i CLM, ML or OL
0
0 10 20 30 40 50 60 70 80 90 100
LIQUID UMIT (LL)
GRAVEL SAND FINES
COARSE _ FINE COARSE MEDIUM FINE SILT CLAY
U.S. STANDARD SIEVE OPENING U.S. STANDARD SIEVE NUMBER HYDROMETER

100 11 32/4" 3/8" &4 #10 #20 #40 #60 #100 #200
o N\

80 \

70 \

60 \

50 - :

o \

30 \

20 \ :

. \

0  — >~ o
75 10 1 0.1 0.01 0.001
PARTICLE SIZE IN (MM)
SAMPLE DEPTH SAF
ID. () SAMPLETYPE  sOLTYPE  SRBAFL i pupy
GS-10 MW-54A 117.0-118.5 Brass Sleeve SP 1:97:2 N/A
;. Project No. 1315-243
EEREE - R MMR DATA GAP
FIELD WORK

ATTERBERG LIMITS. PARTICLE-SIZE CURVE
(ASTM D4318.0422)

0595 Figure

212



