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Lea Land LLC Surface Waste Management Facility
Application for Permit Modification

Volume lll: Engineering Design and Calculations
Section 4: HELP Model

June 2019

ATTACHMENT II.4.A-5
TIER 2, SIMULATION 9
ALTERNATIVE LINER WITH SOIL TYPE 10 MODIFIED
ALTERNATIVE FINAL COVER WITH SOIL TYPE 10 MODIFIED
2-YEAR CLOSED CONDITION WITH BARE GROUND

Gordon/PSC
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** **
*x HYDROLOGIC EVALUATION OF LANDFILL PERFORMANCE *x
*x HELP MODEL VERSION 3.07 (1 NOVEMBER 1997) *x
*x DEVELOPED BY ENVIRONMENTAL LABORATORY kel
*x USAE WATERWAYS EXPERIMENT STATION *x
ool FOR USEPA RISK REDUCTION ENGINEERING LABORATORY *x
*x *x
** **
R R o o R S R R S R R AR R A R AR R R AR AR R R R R R AR R R O R R R AR R AR R R R AR R R R R S R R R R AR R R R R SR e R R R R e S S
AEAAAAAAAAAAAAAAAA A A A XAAAA XA A AT AA XA XA AXAATAXAAAAAAAAAXAXAXAAAXAXAXAAXAXAXAAAXAXAAAXAXAAAXAXAAAXXAAAXK
PRECIPITATION DATA FILE: d:\I1111\DATA4.D4

TEMPERATURE DATA FILE: D:\II1IT\DATA7.D7

SOLAR RADIATION DATA FILE: d:\I11T1\DATA13.D13

EVAPOTRANSPIRATION DATA: d:\I11T\DATA11.D11

SOIL AND DESIGN DATA FILE: d:\I1IA\SIMOMC.D10

OUTPUT DATA FILE: d:\TTIR\SIMOMC.OUT

TIME: 10:28 DATE: 7/ 9/2019

AEEEAEA A A AEAEAEA A A A A AEAEAA A A A AEAEAEAXA XA AAEATEXTAA XA AEATEXTAAXAXAAAATXAXAAXAXAAEATXTXTXAAXAXAAAXAXAAAAAAXAAXAAAAXXXX

TITLE: Lea Land Landfill Simulation #9
CLOSED CONDITION WITH BARE GROUND

A A A A A A A A A A A A A A A A A A A AXAAXAAXAAXAAXAAXAAXAAXAAXAEAXAAXAAXAAXAAXAAXAAXAAXAAAAXAAXAAXAALAAXAAAALAAAAAAXh*x

NOTE: INITIAL MOISTURE CONTENT OF THE LAYERS AND SNOW WATER
WERE SPECIFIED BY THE USER.

LAYER 1

TYPE 2 - LATERAL DRAINAGE LAYER - VEGETATIVE
MATERIAL TEXTURE NUMBER O
24.00 INCHES
0.3980 VOL/VOL
0.2440 VOL/VOL
0.1360 VOL/VOL
0.1630 VOL/VOL
0.199999995000E-03 CM/SEC
5.00 PERCENT
285.0 FEET

THICKNESS

POROSITY

FIELD CAPACITY

WILTING POINT

INITIAL SOIL WATER CONTENT
EFFECTIVE SAT. HYD. COND.
SLOPE

DRAINAGE LENGTH

[E



LAYER 2

TYPE 3 - BARRIER SOIL LINER - BARRIER
MATERIAL TEXTURE NUMBER O

6.00 INCHES

0.3980 VOL/VOL

0.2440 VOL/VOL

0.1360 VOL/VOL

0.3980 VOL/VOL
0.199999995000E-03 CM/SEC

THICKNESS

POROSITY

FIELD CAPACITY

WILTING POINT

INITIAL SOIL WATER CONTENT
EFFECTIVE SAT. HYD. COND.

LAYER 3

TYPE 1 - VERTICAL PERCOLATION LAYER — INTERMEDIATE COVER

MATERIAL TEXTURE NUMBER O

12.00 INCHES

0.3980 VOL/VOL

0.2440 VOL/VOL

0.1360 VOL/VOL

0.1871 VOL/VOL
0.199999995000E-03 CM/SEC

THICKNESS

POROSITY

FIELD CAPACITY

WILTING POINT

INITIAL SOIL WATER CONTENT
EFFECTIVE SAT. HYD. COND.

LAYER 4

TYPE 1 - VERTICAL PERCOLATION LAYER - WASTE
MATERIAL TEXTURE NUMBER 22
2592.00 INCHES
0.4190 VOL/VOL
0.3070 VOL/VOL
0.1800 VOL/VOL
0.2759 VOL/VOL
0.189999992000E-04 CM/SEC

THICKNESS

POROSITY

FIELD CAPACITY

WILTING POINT

INITIAL SOIL WATER CONTENT
EFFECTIVE SAT. HYD. COND.

LAYER 5

TYPE 2 - LATERAL DRAINAGE LAYER - PSL
MATERIAL TEXTURE NUMBER O
24._.00 INCHES
0.3980 VOL/VOL
0.2440 VOL/VOL
0.1360 VOL/VOL
0.2440 VOL/VOL
0.199999995000E-03 CM/SEC

THICKNESS

POROSITY

FIELD CAPACITY

WILTING POINT

INITIAL SOIL WATER CONTENT
EFFECTIVE SAT. HYD. COND.



LAYER 6

TYPE 2 - LATERAL DRAINAGE LAYER

— GEOCOMPOSITE (MODELED AS GEONET)
MATERIAL TEXTURE NUMBER 20

= 0.20 INCHES

0.8500 VOL/VOL
0.0100 VOL/VOL
0.0050 VOL/VOL
0.0100 VOL/VOL

10.0000000000 CM/SEC
2.50 PERCENT

1550.0 FEET

THICKNESS
POROSITY

FIELD CAPACITY
WILTING POINT
INITIAL SOIL WATER CONTENT
EFFECTIVE SAT. HYD. COND.
SLOPE

DRAINAGE LENGTH

LAYER 7

TYPE 4 - FLEXIBLE MEMBRANE LINER — TOP HDPE
MATERIAL TEXTURE NUMBER 35

0.06 INCHES
0.0000 VOL/VOL
0.0000 VOL/VOL
0.0000 VOL/VOL
0.0000 VOL/VOL

0.199999996000E-12 CM/SEC
1.00 HOLES/ACRE
4.00 HOLES/ACRE

3 - GOOD

THICKNESS

POROSITY

FIELD CAPACITY

WILTING POINT

INITIAL SOIL WATER CONTENT
EFFECTIVE SAT. HYD. COND.
FML PINHOLE DENSITY

FML INSTALLATION DEFECTS
FML PLACEMENT QUALITY

TYPE 2 - LATERAL DRAINAGE LAYER - GEONET
MATERIAL TEXTURE NUMBER 20
0.20 INCHES
0.8500 VOL/VOL
0.0100 VOL/VOL
0.0050 VOL/VOL
0.0100 VOL/VOL
10.0000000000 CM/SEC
2.50 PERCENT
1550.0 FEET

THICKNESS

POROSITY

FIELD CAPACITY

WILTING POINT

INITIAL SOIL WATER CONTENT
EFFECTIVE SAT. HYD. COND.
SLOPE

DRAINAGE LENGTH



LAYER 9

TYPE 4 - FLEXIBLE MEMBRANE LINER — BOTTOM HDPE
MATERIAL TEXTURE NUMBER 35
0.06 INCHES
0.0000 VOL/VOL
0.0000 VOL/VOL
0.0000 VOL/VOL
0.0000 VOL/VOL
0.199999996000E-12 CM/SEC
1.00 HOLES/ACRE
4.00 HOLES/ACRE
3 - GOOD

THICKNESS

POROSITY

FIELD CAPACITY

WILTING POINT

INITIAL SOIL WATER CONTENT
EFFECTIVE SAT. HYD. COND.
FML PINHOLE DENSITY

FML INSTALLATION DEFECTS
FML PLACEMENT QUALITY

LAYER 10

TYPE 3 - BARRIER SOIL LINER - GCL
MATERIAL TEXTURE NUMBER 17

0.25 INCHES

0.7500 VOL/VOL

0.7470 VOL/VOL

0.4000 VOL/VOL

0.7500 VOL/VOL
0.300000003000E-08 CM/SEC

THICKNESS

POROSITY

FIELD CAPACITY

WILTING POINT

INITIAL SOIL WATER CONTENT
EFFECTIVE SAT. HYD. COND.



GENERAL DESIGN AND EVAPORATIVE ZONE DATA

NOTE: SCS RUNOFF CURVE NUMBER WAS USER-SPECIFIED.

SCS RUNOFF CURVE NUMBER

FRACTION OF AREA ALLOWING RUNOFF
AREA PROJECTED ON HORIZONTAL PLANE
EVAPORATIVE ZONE DEPTH

INITIAL WATER IN EVAPORATIVE ZONE
UPPER LIMIT OF EVAPORATIVE STORAGE
LOWER LIMIT OF EVAPORATIVE STORAGE
INITIAL SNOW WATER

INITIAL WATER IN LAYER MATERIALS
TOTAL INITIAL WATER

TOTAL SUBSURFACE INFLOW

77.00

100.0 PERCENT
75.080 ACRES
14.0 INCHES
2.282 INCHES
-.572 INCHES
1.904 INCHES
0.000 INCHES
729.726 INCHES
729.726 INCHES
0.00 INCHES/YEAR

1 1 1 1 I | A VA |
(@)

EVAPOTRANSPIRATION AND WEATHER DATA

NOTE: EVAPOTRANSPIRATION DATA WAS OBTAINED FROM
ROSWELL NEW MEX1CO

STATION LATITUDE 32.52 DEGREES

MAXIMUM LEAF AREA INDEX = 0.00

START OF GROWING SEASON (JULIAN DATE) = 76

END OF GROWING SEASON (JULIAN DATE) = 310
EVAPORATIVE ZONE DEPTH = 14.0 INCHES
AVERAGE ANNUAL WIND SPEED = 8.70 MPH
AVERAGE 1ST QUARTER RELATIVE HUMIDITY = 49.00 %
AVERAGE 2ND QUARTER RELATIVE HUMIDITY = 40.00 %
AVERAGE 3RD QUARTER RELATIVE HUMIDITY = 53.00 %
AVERAGE 4TH QUARTER RELATIVE HUMIDITY = 52.00 %

NOTE: PRECIPITATION DATA WAS SYNTHETICALLY GENERATED USING
COEFFICIENTS FOR ROSWELL NEW MEXICO

NORMAL MEAN MONTHLY PRECIPITATION (INCHES)

JAN/JUL FEB/AUG MAR/SEP APR/0OCT MAY/NOV JUN/DEC
0.20 0.37 0.76 1.78 0.35 2.35
2.62 2.26 2.83 1.67 0.77 1.10

NOTE: TEMPERATURE DATA WAS SYNTHETICALLY GENERATED USING
COEFFICIENTS FOR ROSWELL NEW MEXI1CO



NORMAL MEAN MONTHLY TEMPERATURE (DEGREES FAHRENHEIT)

JAN/JUL FEB/AUG MAR/SEP APR/0OCT MAY/NOV JUN/DEC
45.80 48.40 53.50 62.00 71.50 78.30
80.50 78.80 71.90 62.60 54.00 43.10

NOTE: SOLAR RADIATION DATA WAS SYNTHETICALLY GENERATED USING
COEFFICIENTS FOR ROSWELL NEW MEXI1CO
AND STATION LATITUDE = 33.24 DEGREES



FEAEIEAALAIAXAALAIAXAALAAXAALAIAAAIATAAALAAAALAAAAIXTAAAITAAALAhAAhLrhdrhrhdrhdrhhrhdxhhhidhhhithhhdkhhiiiiix

ANNUAL TOTALS FOR YEAR 1

INCHES CU. FEET PERCENT
PRECIPITATION 15.63 4250806.500  100.00
RUNOFF 0.049 13255.610 0.31
EVAPOTRANSP IRATION 11.499 3133942.500 73.57
DRAINAGE COLLECTED FROM LAYER 1 0.0001 21.602 0.00
PERC./LEAKAGE THROUGH LAYER 2 3.028878 825491.562 19.38
AVG. HEAD ON TOP OF LAYER 2 0.0066
DRAINAGE COLLECTED FROM LAYER 6 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 7 0.000000 0.065 0.00
AVG. HEAD ON TOP OF LAYER 7 0.0000
DRAINAGE COLLECTED FROM LAYER 8 0.0000 0.059 0.00
PERC./LEAKAGE THROUGH LAYER 10 0.000000 0.006 0.00
AVG. HEAD ON TOP OF LAYER 9 0.0000
CHANGE IN WATER STORAGE 4.082 1112601.620 26.12
SOIL WATER AT START OF YEAR 729.727 198880224 .000
SOIL WATER AT END OF YEAR 733.810 199992832.000
SNOW WATER AT START OF YEAR 0.000 0.000 0.00
SNOW WATER AT END OF YEAR 0.000 0.000 0.00

ANNUAL WATER BUDGET BALANCE -0.0001 -14.865 0.00

AEEEAEA LA AEAEAATAAAAATEAAA A A AAEAAA XA AATEATEXTAXAAAXAATAEAAXAXAXAAXATXAAXAXAAAITEAXAXAAAAAITXAAAAAAA XX AA XA AXXXX
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ANNUAL TOTALS FOR YEAR 2

INCHES CU. FEET PERCENT
PRECIPITATION 19.70 5369045.500  100.00
RUNOFF 0.270 73638.133 1.37
EVAPOTRANSP IRATION 15.081 4110061.250 76.55
DRAINAGE COLLECTED FROM LAYER 1 0.0001 16.335 0.00
PERC./LEAKAGE THROUGH LAYER 2 3.599099 980899.812 18.27
AVG. HEAD ON TOP OF LAYER 2 0.0061
DRAINAGE COLLECTED FROM LAYER 6 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 7 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 7 0.0000
DRAINAGE COLLECTED FROM LAYER 8 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 10 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 9 0.0000
CHANGE IN WATER STORAGE 4.349 1185311.250 22.08
SOIL WATER AT START OF YEAR 733.810 199992832 .000
SOIL WATER AT END OF YEAR 738.159 201178144 .000
SNOW WATER AT START OF YEAR 0.000 0.000 0.00
SNOW WATER AT END OF YEAR 0.000 0.000 0.00

ANNUAL WATER BUDGET BALANCE 0.0001 18.900 0.00

AEE A A A A AEAEAATAAAAAEAEAAT A LA AEATAAXAXAAAEATEXTAAXAAAEAEXTXAAXAXAAAIAXAAALAAAEAIAXAAAXAAAEAAXAAAAXAAAAXAAAATXXAXX
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AVERAGE MONTHLY VALUES IN INCHES FOR YEARS 1 THROUGH 2

TOTALS 0.18 0.25 0.64 2.13 0.34 2.36
2.26 2.20 3.56 0.36 1.42 1.97
STD. DEVIATIONS 0.25 0.01 0.82 0.79 0.47 3.32
0.41 0.62 1.70 0.50 0.91 2.14
RUNOFF
TOTALS 0.000 0.000 0.000 0.006 0.000 0.135

0.000 0.000 0.018 0.000 0.000 0.000

STD. DEVIATIONS 0.000 0.000 0.000 0.008 0.000 0.191
0.000 0.000 0.026 0.000 0.000 0.000

EVAPOTRANSP IRATION

TOTALS 0.409 0.260 0.776 1.216 0.335 1.949
1.376 2.130 2.340 0.792 0.964 0.743
STD. DEVIATIONS 0.044 0.081 0.932 0.987 0.459 2.751
1.590 0.772 1.669 1.046 0.979 0.037
LATERAL DRAINAGE COLLECTED FROM LAYER 1
TOTALS 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

STD. DEVIATIONS 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

PERCOLATION/LEAKAGE THROUGH LAYER 2

TOTALS 0.0000 0.0013 0.0002 0.0000 0.0001 0.7995
0.0005 0.4376 0.9880 0.0717 0.0910 0.9240

STD. DEVIATIONS 0.0000 0.0018 0.0003 0.0000 0.0001 1.1307
0.0008 0.6189 1.3911 0.1014 0.1287 1.3068

LATERAL DRAINAGE COLLECTED FROM LAYER 6

TOTALS 0.0000 0.0000 0.0000 0.0000 0©.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

STD. DEVIATIONS 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000



PERCOLATION/LEAKAGE THROUGH LAYER 7

TOTALS 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

STD. DEVIATIONS 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

LATERAL DRAINAGE COLLECTED FROM LAYER 8

TOTALS 0.0000 0.0000 0.0000 0.0000 0©.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

STD. DEVIATIONS 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

PERCOLATION/LEAKAGE THROUGH LAYER 10

TOTALS 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

STD. DEVIATIONS 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

AVERAGES 0.0000 0.0000 0.0000 0.0000 0.0000 0.0183
0.0000 0.0169 0.0203 0.0014 0.0024 0.0167

STD. DEVIATIONS 0.0000 0.0001 0.0000 0.0000 0.0000 0.0258
0.0000 0.0239 0.0283 0.0020 0.0034 0.0237

DAILY AVERAGE HEAD ON TOP OF LAYER 7

AVERAGES 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

STD. DEVIATIONS 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

AVERAGES 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

STD. DEVIATIONS 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

10
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AVERAGE ANNUAL TOTALS & (STD. DEVIATIONS) FOR YEARS

1 THROUGH

PRECIPITATION

RUNOFF

EVAPOTRANSPIRATION

LATERAL DRAINAGE COLLECTED
FROM LAYER 1

PERCOLAT ION/LEAKAGE THROUGH
LAYER 2

AVERAGE HEAD ON TOP
OF LAYER 2

LATERAL DRAINAGE COLLECTED
FROM LAYER 6

PERCOLAT ION/LEAKAGE THROUGH
LAYER 7

AVERAGE HEAD ON TOP
OF LAYER 7 TOP HDPE

LATERAL DRAINAGE COLLECTED
FROM LAYER 8

PERCOLAT ION/LEAKAGE THROUGH
LAYER 10 GCL

AVERAGE HEAD ON TOP
OF LAYER 9

CHANGE IN WATER STORAGE

4

-159
-290

.00007

-31399

006 (

.00000

-00000

000 (

-00000

-00000

.000 (

.216

( 0
( 2
(o

( 0

.1567)
.5325)

.00001)

.40321)

.000)

.00000)

.00000)

.000)

.00000)

.00000)

.000)

.1886)

4814426.0

43446.87

3622001.75

18.969

903195.687

0.000

0.032

0.029

0.003

1148956.37

100.00

0.902

75.232

0.00039

18.76019

0.00000

0.00000

0.00000

0.00000

23.865

AEEEA A A A AATEAETA A A A AEAEAAT AL AAEAAAXAXAAAATEXTAAXAAAEATEAXAAXAXAAAATXAAALAAAAIAXAAAXAAATXAAXAALAAAIAAAXAAAAXXXAXX
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PEAK DAILY VALUES FOR YEARS 1 THROUGH 2

(INCHES) (CU. FT.)

PRECIPITATION 27 501412.687
RUNOFF 0.270 73590.9219
DRAINAGE COLLECTED FROM LAYER 1 0.00004 11.05608
PERCOLATION/LEAKAGE THROUGH LAYER 2 1.097591  299137.93700
AVERAGE HEAD ON TOP OF LAYER 2 0.671
MAXIMUM HEAD ON TOP OF LAYER 2 0.404
LOCATION OF MAXIMUM HEAD IN LAYER 1

(DISTANCE FROM DRAIN) 3.0 FEET
DRAINAGE COLLECTED FROM LAYER 6 0.00000 0.00022
PERCOLATION/LEAKAGE THROUGH LAYER 7 0.000000 0.06476
AVERAGE HEAD ON TOP OF LAYER 7 0.000
MAXIMUM HEAD ON TOP OF LAYER 7 0.006
LOCATION OF MAXIMUM HEAD IN LAYER 6

(DISTANCE FROM DRAIN) 0.0 FEET
DRAINAGE COLLECTED FROM LAYER 8 0.00000 0.02940
PERCOLATION/LEAKAGE THROUGH LAYER 10 0.000000 0.00185
AVERAGE HEAD ON TOP OF LAYER 9 0.000
MAXIMUM HEAD ON TOP OF LAYER 9 0.065
LOCATION OF MAXIMUM HEAD IN LAYER 8

(DISTANCE FROM DRAIN) 0.0 FEET
SNOW WATER 3.22 878556.3120
MAXIMUM VEG. SOIL WATER (VOL/VOL) 0.3089
MINIMUM VEG. SOIL WATER (VOL/VOL) 0.1360

***  Maximum heads are computed using McEnroe"s equations. ***

Reference: Maximum Saturated Depth over Landfill Liner
by Bruce M. McEnroe, University of Kansas
ASCE Journal of Environmental Engineering
Vol. 119, No. 2, March 1993, pp. 262-270.

12
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FINAL WATER STORAGE AT END OF YEAR 2

LAYER (INCHES) (VOL/VOL)
1 ' 5.7155 ~0.2381
2 2.3880 0.3980
3 3.3046 0.2754
4 720.7014 0.2780
5 5.8560 0.2440
6 0.0020 0.0100
7 0.0000 0.0000
8 0.0020 0.0100
9 0.0000 0.0000
10 0.1875 0.7500

SNOW WATER 0.000

A A A A A A A A A A A A A A A A A A A AKX A XAAXAAXAAXAAXAAXAAXAAAEAXAAXAAXAAXAAXAAXAAXAAXAAAAXAXAAXAAAAXAAAALAAAAAAXh*x

AEEEA A A A AEAEAETA A A A AEATEAAT AL A AEATAAXAXAAAATEXTAAXAXAAATEITAAAXAAAAXAXAAXAXAAAXTXAAAAAAAAXAALAAAAAAXAAAAXXXX
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Lea Land LLC Surface Waste Management Facility
Application for Permit Modification

Volume lll: Engineering Design and Calculations
Section 4: HELP Model

June 2019

ATTACHMENT II1.4.A-6
TIER 2, SIMULATION 10
ALTERNATIVE LINER WITH SOIL TYPE 10 MODIFIED
ALTERNATIVE FINAL COVER WITH SOIL TYPE 10 MODIFIED
28-YEARS CLOSED CONDITION WITH POOR VEGETATION

Gordon/PSC

01041618
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AEAEA A A A A A A AA A A A A AAAA A A A XA AL A XA AAEATEXTAAXAXAAAEXTAXAXAXAXAEAEXTXAAXAXAXAAAXAXAXAAXAXAIXAITXAXAXAXAXAIXIXAAXAXxdxdxd*x

** **
*x HYDROLOGIC EVALUATION OF LANDFILL PERFORMANCE *x
*x HELP MODEL VERSION 3.07 (1 NOVEMBER 1997) *x
*x DEVELOPED BY ENVIRONMENTAL LABORATORY kel
*x USAE WATERWAYS EXPERIMENT STATION *x
ool FOR USEPA RISK REDUCTION ENGINEERING LABORATORY *x
*x *x
** **
R R o o R S R R S R R AR R A R AR R R AR AR R R R R R AR R R O R R R AR R AR R R R AR R R R R S R R R R AR R R R R SR e R R R R e S S
AEAAAAAAAAAAAAAAAA A A A XAAAA XA A AT AA XA XA AXAATAXAAAAAAAAAXAXAXAAAXAXAXAAXAXAXAAAXAXAAAXAXAAAXAXAAAXXAAAXK
PRECIPITATION DATA FILE: d:\I1111\DATA4.D4

TEMPERATURE DATA FILE: D:\II1IT\DATA7.D7

SOLAR RADIATION DATA FILE: d:\I11T1\DATA13.D13

EVAPOTRANSPIRATION DATA: d:\I1IRA\SIM10.D11

SOIL AND DESIGN DATA FILE: d:\11IN\SIM10MC.D10

OUTPUT DATA FILE: d:\TTIRA\SIM10MC.OUT

TIME: 10:47 DATE: 7/ 9/2019

AEEEAEA A A AEAEAEA A A A A AEAEAA A A A AEAEAEAXA XA AAEATEXTAA XA AEATEXTAAXAXAAAATXAXAAXAXAAEATXTXTXAAXAXAAAXAXAAAAAAXAAXAAAAXXXX

TITLE: Lea Land Landfill Simulation #10
CLOSED CONDITION WITH POOR VEGETATION

A A A A A A A A A A A A A A A A A A A AXAAXAAXAAXAAXAAXAAXAAXAAAEAXAAXAAXAAXAAXAAXAAXAAXAAAAXAXAAXAAAAXAAAALAAAALAAXh*x

NOTE: INITIAL MOISTURE CONTENT OF THE LAYERS AND SNOW WATER
WERE SPECIFIED BY THE USER.

LAYER 1

TYPE 2 - LATERAL DRAINAGE LAYER - VEGETATIVE
MATERIAL TEXTURE NUMBER O
24.00 INCHES
0.3980 VOL/VOL
0.2440 VOL/VOL
0.1360 VOL/VOL
0.2381 VOL/VOL
0.199999995000E-03 CM/SEC
5.00 PERCENT
285.0 FEET

THICKNESS

POROSITY

FIELD CAPACITY

WILTING POINT

INITIAL SOIL WATER CONTENT
EFFECTIVE SAT. HYD. COND.
SLOPE

DRAINAGE LENGTH

[E



LAYER 2

TYPE 3 - BARRIER SOIL LINER - BARRIER
MATERIAL TEXTURE NUMBER O

6.00 INCHES

0.3980 VOL/VOL

0.2440 VOL/VOL

0.1360 VOL/VOL

0.3980 VOL/VOL
0.199999995000E-03 CM/SEC

THICKNESS

POROSITY

FIELD CAPACITY

WILTING POINT

INITIAL SOIL WATER CONTENT
EFFECTIVE SAT. HYD. COND.

LAYER 3

TYPE 1 - VERTICAL PERCOLATION LAYER — INTERMEDIATE COVER

MATERIAL TEXTURE NUMBER O

12.00 INCHES

0.3980 VOL/VOL

0.2440 VOL/VOL

0.1360 VOL/VOL

0.2754 VOL/VOL
0.199999995000E-03 CM/SEC

THICKNESS

POROSITY

FIELD CAPACITY

WILTING POINT

INITIAL SOIL WATER CONTENT
EFFECTIVE SAT. HYD. COND.

LAYER 4

TYPE 1 - VERTICAL PERCOLATION LAYER - WASTE
MATERIAL TEXTURE NUMBER 22
2592.00 INCHES
0.4190 VOL/VOL
0.3070 VOL/VOL
0.1800 VOL/VOL
0.2780 VOL/VOL
0.189999992000E-04 CM/SEC

THICKNESS

POROSITY

FIELD CAPACITY

WILTING POINT

INITIAL SOIL WATER CONTENT
EFFECTIVE SAT. HYD. COND.

LAYER 5

TYPE 2 - LATERAL DRAINAGE LAYER - PSL
MATERIAL TEXTURE NUMBER O
24.00 INCHES
0.3980 VOL/VOL
0.2440 VOL/VOL
0.1360 VOL/VOL
0.2440 VOL/VOL
0.199999995000E-03 CM/SEC

THICKNESS

POROSITY

FIELD CAPACITY

WILTING POINT

INITIAL SOIL WATER CONTENT
EFFECTIVE SAT. HYD. COND.



LAYER 6

TYPE 2 - LATERAL DRAINAGE LAYER

— GEOCOMPOSITE (MODELED AS GEONET)
MATERIAL TEXTURE NUMBER 20

= 0.20 INCHES

0.8500 VOL/VOL
0.0100 VOL/VOL
0.0050 VOL/VOL
0.0100 VOL/VOL

10.0000000000 CM/SEC
2.50 PERCENT

1550.0 FEET

THICKNESS
POROSITY

FIELD CAPACITY
WILTING POINT
INITIAL SOIL WATER CONTENT
EFFECTIVE SAT. HYD. COND.
SLOPE

DRAINAGE LENGTH

LAYER 7

TYPE 4 - FLEXIBLE MEMBRANE LINER — TOP HDPE
MATERIAL TEXTURE NUMBER 35

0.06 INCHES
0.0000 VOL/VOL
0.0000 VOL/VOL
0.0000 VOL/VOL
0.0000 VOL/VOL

0.199999996000E-12 CM/SEC
1.00 HOLES/ACRE
4.00 HOLES/ACRE

3 - GOOD

THICKNESS

POROSITY

FIELD CAPACITY

WILTING POINT

INITIAL SOIL WATER CONTENT
EFFECTIVE SAT. HYD. COND.
FML PINHOLE DENSITY

FML INSTALLATION DEFECTS
FML PLACEMENT QUALITY

LAYER 8

TYPE 2 - LATERAL DRAINAGE LAYER - GEONET
MATERIAL TEXTURE NUMBER 20
0.20 INCHES
0.8500 VOL/VOL
0.0100 VOL/VOL
0.0050 VOL/VOL
0.0100 VOL/VOL
10.0000000000 CM/SEC
2.50  PERCENT
1550.0 FEET

THICKNESS

POROSITY

FIELD CAPACITY

WILTING POINT

INITIAL SOIL WATER CONTENT
EFFECTIVE SAT. HYD. COND.
SLOPE

DRAINAGE LENGTH



LAYER 9

TYPE 4 - FLEXIBLE MEMBRANE LINER — BOTTOM HDPE
MATERIAL TEXTURE NUMBER 35
0.06 INCHES
0.0000 VOL/VOL
0.0000 VOL/VOL
0.0000 VOL/VOL
0.0000 VOL/VOL
0.199999996000E-12 CM/SEC
1.00 HOLES/ACRE
4.00 HOLES/ACRE
3 - GOOD

THICKNESS

POROSITY

FIELD CAPACITY

WILTING POINT

INITIAL SOIL WATER CONTENT
EFFECTIVE SAT. HYD. COND.
FML PINHOLE DENSITY

FML INSTALLATION DEFECTS
FML PLACEMENT QUALITY

LAYER 10

TYPE 3 - BARRIER SOIL LINER - GCL
MATERIAL TEXTURE NUMBER 17

0.25 INCHES

0.7500 VOL/VOL

0.7470 VOL/VOL

0.4000 VOL/VOL

0.7500 VOL/VOL
0.300000003000E-08 CM/SEC

THICKNESS

POROSITY

FIELD CAPACITY

WILTING POINT

INITIAL SOIL WATER CONTENT
EFFECTIVE SAT. HYD. COND.



GENERAL DESIGN AND EVAPORATIVE ZONE DATA

NOTE: SCS RUNOFF CURVE NUMBER WAS USER-SPECIFIED.

SCS RUNOFF CURVE NUMBER

FRACTION OF AREA ALLOWING RUNOFF
AREA PROJECTED ON HORIZONTAL PLANE
EVAPORATIVE ZONE DEPTH

INITIAL WATER IN EVAPORATIVE ZONE
UPPER LIMIT OF EVAPORATIVE STORAGE
LOWER LIMIT OF EVAPORATIVE STORAGE
INITIAL SNOW WATER

INITIAL WATER IN LAYER MATERIALS
TOTAL INITIAL WATER

TOTAL SUBSURFACE INFLOW

77.00

100.0 PERCENT
75.080 ACRES
24.0 INCHES
5.714 INCHES
-552 INCHES
3.264 INCHES
0.000 INCHES
738.031 INCHES
738.031 INCHES
0.00 INCHES/YEAR

1 1 1 1 O | A T A |
©

EVAPOTRANSPIRATION AND WEATHER DATA

NOTE: EVAPOTRANSPIRATION DATA WAS OBTAINED FROM
ROSWELL NEW MEX1CO

STATION LATITUDE 32.52 DEGREES

MAXIMUM LEAF AREA INDEX = 0.00

START OF GROWING SEASON (JULIAN DATE) = 76

END OF GROWING SEASON (JULIAN DATE) = 310
EVAPORATIVE ZONE DEPTH = 24.0 INCHES
AVERAGE ANNUAL WIND SPEED = 8.70 MPH
AVERAGE 1ST QUARTER RELATIVE HUMIDITY = 49.00 %
AVERAGE 2ND QUARTER RELATIVE HUMIDITY = 40.00 %
AVERAGE 3RD QUARTER RELATIVE HUMIDITY = 53.00 %
AVERAGE 4TH QUARTER RELATIVE HUMIDITY = 52.00 %

NOTE: PRECIPITATION DATA WAS SYNTHETICALLY GENERATED USING
COEFFICIENTS FOR ROSWELL NEW MEX1CO

NORMAL MEAN MONTHLY PRECIPITATION (INCHES)

JAN/JUL FEB/AUG MAR/SEP APR/0OCT MAY/NOV JUN/DEC
0.20 0.37 0.76 1.78 0.35 2.35
2.62 2.26 2.83 1.67 0.77 1.10

NOTE: TEMPERATURE DATA WAS SYNTHETICALLY GENERATED USING
COEFFICIENTS FOR ROSWELL NEW MEXI1CO



NORMAL MEAN MONTHLY TEMPERATURE (DEGREES FAHRENHEIT)

JAN/JUL FEB/AUG MAR/SEP APR/0OCT MAY/NOV JUN/DEC
45.80 48.40 53.50 62.00 71.50 78.30
80.50 78.80 71.90 62.60 54.00 43.10

NOTE: SOLAR RADIATION DATA WAS SYNTHETICALLY GENERATED USING
COEFFICIENTS FOR ROSWELL NEW MEXI1CO
AND STATION LATITUDE = 33.24 DEGREES
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ANNUAL TOTALS FOR YEAR 1

INCHES CU. FEET PERCENT
PRECIPITATION 15.63 4250806.500  100.00
RUNOFF 0.026 7015.340 0.16
EVAPOTRANSP IRAT ION 14.326 3904476.000 91.66
DRAINAGE COLLECTED FROM LAYER 1 0.0001 20.274 0.00
PERC./LEAKAGE THROUGH LAYER 2 2.486813 677757.125 15.91
AVG. HEAD ON TOP OF LAYER 2 0.0069
DRAINAGE COLLECTED FROM LAYER 6 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 7 0.000000 0.065 0.00
AVG. HEAD ON TOP OF LAYER 7 0.0000
DRAINAGE COLLECTED FROM LAYER 8 0.0000 0.059 0.00
PERC./LEAKAGE THROUGH LAYER 10 0.000000 0.006 0.00
AVG. HEAD ON TOP OF LAYER 9 0.0000
CHANGE IN WATER STORAGE 1.278 348294156 8.18
SOIL WATER AT START OF YEAR 738.033 201143696 .000
SOIL WATER AT END OF YEAR 739.311 201492000.000
SNOW WATER AT START OF YEAR 0.000 0.000 0.00
SNOW WATER AT END OF YEAR 0.000 0.000 0.00
ANNUAL WATER BUDGET BALANCE 0.0000 0.734 0.00

AEEEA A LA A EAAAT A A A AATEAAA A LA AAEAAA XA AEATEATXTAAXAAAEAXAXAXALAAAXAAXAXAXAAAXAATAXAALAAAAITXAAAAAAA XA AAXAXAXAXXX
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ANNUAL TOTALS FOR YEAR 2

INCHES CU. FEET PERCENT
PRECIPITATION 19.70 5369045.500  100.00
RUNOFF 0.217 59089.875 1.10
EVAPOTRANSP IRATION 16.369 4461265.500 83.09
DRAINAGE COLLECTED FROM LAYER 1 0.0000 6.726 0.00
PERC./LEAKAGE THROUGH LAYER 2 1.500252 408879.219 7.62
AVG. HEAD ON TOP OF LAYER 2 0.0042
DRAINAGE COLLECTED FROM LAYER 6 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 7 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 7 0.0000
DRAINAGE COLLECTED FROM LAYER 8 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 10 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 9 0.0000
CHANGE IN WATER STORAGE 3.114 848694 .562 15.81
SOIL WATER AT START OF YEAR 739.311 201492000.000
SOIL WATER AT END OF YEAR 742425 202340688 .000
SNOW WATER AT START OF YEAR 0.000 0.000 0.00
SNOW WATER AT END OF YEAR 0.000 0.000 0.00

ANNUAL WATER BUDGET BALANCE 0.0000 -10.689 0.00

AEE A A A A AEAEAATAAAAAEAEAAT A LA AEATAAXAXAAAEATEXTAAXAAAEAEXTXAAXAXAAAIAXAAALAAAEAIAXAAAXAAAEAAXAAAAXAAAAXAAAATXXAXX
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ANNUAL TOTALS FOR YEAR 3

INCHES CU. FEET PERCENT
PRECIPITATION 1061 5344517.000  100.00
RUNOFF 0.014 3744.603 0.07
EVAPOTRANSP IRATION 18.163 4950027 .000 92.62
DRAINAGE COLLECTED FROM LAYER 1 0.0001 17.300 0.00
PERC./LEAKAGE THROUGH LAYER 2 2.834015 772383.500 14.45
AVG. HEAD ON TOP OF LAYER 2 0.0081
DRAINAGE COLLECTED FROM LAYER 6 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 7 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 7 0.0000
DRAINAGE COLLECTED FROM LAYER 8 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 10 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 9 0.0000
CHANGE IN WATER STORAGE 1.434 390725.875 7.31
SOIL WATER AT START OF YEAR 742 _.425 202340688 .000
SOIL WATER AT END OF YEAR 743.416 202610992 .000
SNOW WATER AT START OF YEAR 0.000 0.000 0.00
SNOW WATER AT END OF YEAR 0.442 120431.141 2.25

ANNUAL WATER BUDGET BALANCE 0.0000 2.565 0.00

AEE A A A A AEAEAATAAAAAEAEAAT A LA AEATAAXAXAAAEATEXTAAXAAAEAEXTXAAXAXAAAIAXAAALAAAEAIAXAAAXAAAEAAXAAAAXAAAAXAAAATXXAXX
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ANNUAL TOTALS FOR YEAR 4

INCHES CU. FEET PERCENT
PRECIPITATION 15.87 4325216.000  100.00
RUNOFF 0.110 30108.326 0.70
EVAPOTRANSP IRATION 13.771 3753223.250 86.78
DRAINAGE COLLECTED FROM LAYER 1 0.0000 4.145 0.00
PERC./LEAKAGE THROUGH LAYER 2 1.131823 308467 .500 7.13
AVG. HEAD ON TOP OF LAYER 2 0.0016
DRAINAGE COLLECTED FROM LAYER 6 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 7 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 7 0.0000
DRAINAGE COLLECTED FROM LAYER 8 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 10 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 9 0.0000
CHANGE IN WATER STORAGE 1.988 541873.375 12.53
SOIL WATER AT START OF YEAR 743.416 202610992 .000
SOIL WATER AT END OF YEAR 745.846 203273296 .000
SNOW WATER AT START OF YEAR 0.442 120431.141 2.78
SNOW WATER AT END OF YEAR 0.000 0.000 0.00
ANNUAL WATER BUDGET BALANCE 0.0000 7.372 0.00

10
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ANNUAL TOTALS FOR YEAR 5

INCHES CU. FEET PERCENT
PRECIPITATION 1720 4687695.000  100.00
RUNOFF 0.037 10114.773 0.22
EVAPOTRANSP IRATION 17.388 4738980.500 101.09
DRAINAGE COLLECTED FROM LAYER 1 0.0000 0.005 0.00
PERC./LEAKAGE THROUGH LAYER 2 0.020041 5462.015 0.12
AVG. HEAD ON TOP OF LAYER 2 0.0000
DRAINAGE COLLECTED FROM LAYER 6 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 7 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 7 0.0000
DRAINAGE COLLECTED FROM LAYER 8 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 10 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 9 0.0000
CHANGE IN WATER STORAGE -0.225 -61398.113 -1.31
SOIL WATER AT START OF YEAR 745.846 203273296 .000
SOIL WATER AT END OF YEAR 745.621 203211888.000
SNOW WATER AT START OF YEAR 0.000 0.000 0.00
SNOW WATER AT END OF YEAR 0.000 0.000 0.00
ANNUAL WATER BUDGET BALANCE 0.0000 -2.013 0.00

AEE A A A A AEAEAATAAAAAEAEAAT A LA AEATAAXAXAAAEATEXTAAXAAAEAEXTXAAXAXAAAIAXAAALAAAEAIAXAAAXAAAEAAXAAAAXAAAAXAAAATXXAXX
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ANNUAL TOTALS FOR YEAR 6

INCHES CU. FEET PERCENT
PRECIPITATION 12.65 3447636.500  100.00
RUNOFF 0.097 26497 .055 0.77
EVAPOTRANSP IRATION 12.615 3438195.000 99.73
DRAINAGE COLLECTED FROM LAYER 1 0.0000 0.533 0.00
PERC./LEAKAGE THROUGH LAYER 2 0.463921 126437 .117 3.67
AVG. HEAD ON TOP OF LAYER 2 0.0010
DRAINAGE COLLECTED FROM LAYER 6 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 7 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 7 0.0000
DRAINAGE COLLECTED FROM LAYER 8 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 10 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 9 0.0000
CHANGE IN WATER STORAGE -0.063 -17050.410 -0.49
SOIL WATER AT START OF YEAR 745.621 203211888.000
SOIL WATER AT END OF YEAR 745_.559 203194848 .000
SNOW WATER AT START OF YEAR 0.000 0.000 0.00
SNOW WATER AT END OF YEAR 0.000 0.000 0.00
ANNUAL WATER BUDGET BALANCE 0.0000 -5.512 0.00

AEE A A A A AEAEAATAAAAAEAEAAT A LA AEATAAXAXAAAEATEXTAAXAAAEAEXTXAAXAXAAAIAXAAALAAAEAIAXAAAXAAAEAAXAAAAXAAAAXAAAATXXAXX
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ANNUAL TOTALS FOR YEAR 7

INCHES CU. FEET PERCENT
PRECIPITATION 1844 5025644.000  100.00
RUNOFF 0.051 13929.297 0.28
EVAPOTRANSP IRATION 18.536 5051771.500 100.52
DRAINAGE COLLECTED FROM LAYER 1 0.0000 1.596 0.00
PERC./LEAKAGE THROUGH LAYER 2 0.604647 164790.734 3.28
AVG. HEAD ON TOP OF LAYER 2 0.0012
DRAINAGE COLLECTED FROM LAYER 6 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 7 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 7 0.0000
DRAINAGE COLLECTED FROM LAYER 8 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 10 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 9 0.0000
CHANGE IN WATER STORAGE -0.147 -40055.988 -0.80
SOIL WATER AT START OF YEAR 745_.559 203194848 .000
SOIL WATER AT END OF YEAR 745.412 203154784 .000
SNOW WATER AT START OF YEAR 0.000 0.000 0.00
SNOW WATER AT END OF YEAR 0.000 0.000 0.00
ANNUAL WATER BUDGET BALANCE 0.0000 -2.059 0.00

AEE A A A A AEAEAATAAAAAEAEAAT A LA AEATAAXAXAAAEATEXTAAXAAAEAEXTXAAXAXAAAIAXAAALAAAEAIAXAAAXAAAEAAXAAAAXAAAAXAAAATXXAXX

13



R o S S o S S R R R AR R AR R R R R R R R AR AR S o R R AR A S R S R e R R e R S S R R SR R R AR SR AR SR AR SR R R R

ANNUAL TOTALS FOR YEAR 8

INCHES CU. FEET PERCENT
PRECIPITATION 18.75 5110132.000  100.00
RUNOFF 2.521 687018.250 13.44
EVAPOTRANSP IRATION 12.937 3525963.250 69.00
DRAINAGE COLLECTED FROM LAYER 1 0.0001 24.741 0.00
PERC./LEAKAGE THROUGH LAYER 2 3.261314 888839.812 17.39
AVG. HEAD ON TOP OF LAYER 2 0.0073
DRAINAGE COLLECTED FROM LAYER 6 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 7 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 7 0.0000
DRAINAGE COLLECTED FROM LAYER 8 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 10 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 9 0.0000
CHANGE IN WATER STORAGE 3.292 897117 .750 17 .56
SOIL WATER AT START OF YEAR 745.412 203154784 .000
SOIL WATER AT END OF YEAR 748.703 204051904 .000
SNOW WATER AT START OF YEAR 0.000 0.000 0.00
SNOW WATER AT END OF YEAR 0.000 0.000 0.00
ANNUAL WATER BUDGET BALANCE 0.0000 8.268 0.00

14
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ANNUAL TOTALS FOR YEAR 9

INCHES CU. FEET PERCENT
PRECIPITATION 2052 5592528.500  100.00
RUNOFF 0.269 73247 .086 1.31
EVAPOTRANSP IRATION 16.626 4531197.500 81.02
DRAINAGE COLLECTED FROM LAYER 1 0.0001 17.184 0.00
PERC./LEAKAGE THROUGH LAYER 2 2.477659 675262 .250 12.07
AVG. HEAD ON TOP OF LAYER 2 0.0057
DRAINAGE COLLECTED FROM LAYER 6 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 7 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 7 0.0000
DRAINAGE COLLECTED FROM LAYER 8 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 10 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 9 0.0000
CHANGE IN WATER STORAGE 3.625 988075.437 17.67
SOIL WATER AT START OF YEAR 748.703 204051904 .000
SOIL WATER AT END OF YEAR 752.329 205039984 .000
SNOW WATER AT START OF YEAR 0.000 0.000 0.00
SNOW WATER AT END OF YEAR 0.000 0.000 0.00
ANNUAL WATER BUDGET BALANCE 0.0000 -8.322 0.00

15
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ANNUAL TOTALS FOR YEAR 10

INCHES CU. FEET PERCENT
PRECIPITATION 12.38 3374050.500  100.00
RUNOFF 0.009 2551.271 0.08
EVAPOTRANSP IRATION 13.242 3608931.500 106.96
DRAINAGE COLLECTED FROM LAYER 1 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 2 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 2 0.0000
DRAINAGE COLLECTED FROM LAYER 6 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 7 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 7 0.0000
DRAINAGE COLLECTED FROM LAYER 8 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 10 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 9 0.0000
CHANGE IN WATER STORAGE -0.871 -237441.516 -7.04
SOIL WATER AT START OF YEAR 752.329 205039984 .000
SOIL WATER AT END OF YEAR 751.458 204802544 .000
SNOW WATER AT START OF YEAR 0.000 0.000 0.00
SNOW WATER AT END OF YEAR 0.000 0.000 0.00
ANNUAL WATER BUDGET BALANCE 0.0000 9.409 0.00

AEE A A A A AEAEAATAAAAAEAEAAT A LA AEATAAXAXAAAEATEXTAAXAAAEAEXTXAAXAXAAAIAXAAALAAAEAIAXAAAXAAAEAAXAAAAXAAAAXAAAATXXAXX
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ANNUAL TOTALS FOR YEAR 11

INCHES CU. FEET PERCENT
PRECIPITATION 190.18 5227324.500  100.00
RUNOFF 0.138 37656.758 0.72
EVAPOTRANSP IRAT ION 17.615 4800667 .000 91.84
DRAINAGE COLLECTED FROM LAYER 1 0.0000 12.872 0.00
PERC./LEAKAGE THROUGH LAYER 2 1.370641 373555.156 7.15
AVG. HEAD ON TOP OF LAYER 2 0.0045
DRAINAGE COLLECTED FROM LAYER 6 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 7 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 7 0.0000
DRAINAGE COLLECTED FROM LAYER 8 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 10 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 9 0.0000
CHANGE IN WATER STORAGE 1.427 388998.875 7.44
SOIL WATER AT START OF YEAR 751.458 204802544 .000
SOIL WATER AT END OF YEAR 752.885 205191536 .000
SNOW WATER AT START OF YEAR 0.000 0.000 0.00
SNOW WATER AT END OF YEAR 0.000 0.000 0.00
ANNUAL WATER BUDGET BALANCE 0.0000 -10.574 0.00

17
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ANNUAL TOTALS FOR YEAR 12

INCHES CU. FEET PERCENT
PRECIPITATION 19.50 5314538.500  100.00
RUNOFF 0.409 111566.586 2.10
EVAPOTRANSP IRATION 15.380 4191632.250 78.87
DRAINAGE COLLECTED FROM LAYER 1 0.0001 25.657 0.00
PERC./LEAKAGE THROUGH LAYER 2 3.170430 864070.250 16.26
AVG. HEAD ON TOP OF LAYER 2 0.0099
DRAINAGE COLLECTED FROM LAYER 6 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 7 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 7 0.0000
DRAINAGE COLLECTED FROM LAYER 8 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 10 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 9 0.0000
CHANGE IN WATER STORAGE 3.711 1011313.940 19.03
SOIL WATER AT START OF YEAR 752 .885 205191536 .000
SOIL WATER AT END OF YEAR 756.596 206202848 .000
SNOW WATER AT START OF YEAR 0.000 0.000 0.00
SNOW WATER AT END OF YEAR 0.000 0.000 0.00
ANNUAL WATER BUDGET BALANCE 0.0000 0.358 0.00

AEEEAEA LA A AEAEAAA A A AEAEAA A XA XA AAEATEATAA XA AEAEAXAXAAXAAAEAAXAXAXAAAEAAXAXAAXAATAXAXAAAAAITXAAAAAAAXAXAALAAXAXXXX
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ANNUAL TOTALS FOR YEAR 13

INCHES CU. FEET PERCENT
PRECIPITATION 19.56 5330890.500  100.00
RUNOFF 0.088 23874.908 0.45
EVAPOTRANSP IRATION 18.101 4933232.000 92.54
DRAINAGE COLLECTED FROM LAYER 1 0.0000 6.461 0.00
PERC./LEAKAGE THROUGH LAYER 2 1.111912 303041.031 5.68
AVG. HEAD ON TOP OF LAYER 2 0.0030
DRAINAGE COLLECTED FROM LAYER 6 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 7 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 7 0.0000
DRAINAGE COLLECTED FROM LAYER 8 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 10 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 9 0.0000
CHANGE IN WATER STORAGE 1.371 373761.625 7.01
SOIL WATER AT START OF YEAR 756.596 206202848 .000
SOIL WATER AT END OF YEAR 757 .967 206576608 .000
SNOW WATER AT START OF YEAR 0.000 0.000 0.00
SNOW WATER AT END OF YEAR 0.000 0.000 0.00
ANNUAL WATER BUDGET BALANCE 0.0001 15.717 0.00
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ANNUAL TOTALS FOR YEAR 14

INCHES CU. FEET PERCENT
PRECIPITATION 1854 5052900.000  100.00
RUNOFF 0.076 20817 .525 0.41
EVAPOTRANSP IRATION 18.344 4999598.000 98.95
DRAINAGE COLLECTED FROM LAYER 1 0.0000 3.930 0.00
PERC./LEAKAGE THROUGH LAYER 2 0.534674 145720.156 2.88
AVG. HEAD ON TOP OF LAYER 2 0.0019
DRAINAGE COLLECTED FROM LAYER 6 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 7 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 7 0.0000
DRAINAGE COLLECTED FROM LAYER 8 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 10 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 9 0.0000
CHANGE IN WATER STORAGE 0.119 32487 .270 0.64
SOIL WATER AT START OF YEAR 757 .967 206576608 .000
SOIL WATER AT END OF YEAR 758.086 206609104 .000
SNOW WATER AT START OF YEAR 0.000 0.000 0.00
SNOW WATER AT END OF YEAR 0.000 0.000 0.00
ANNUAL WATER BUDGET BALANCE 0.0000 -6.439 0.00

AEE A A A A AEAEAATAAAAAEAEAAT A LA AEATAAXAXAAAEATEXTAAXAAAEAEXTXAAXAXAAAIAXAAALAAAEAIAXAAAXAAAEAAXAAAAXAAAAXAAAATXXAXX
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ANNUAL TOTALS FOR YEAR 15

INCHES CU. FEET PERCENT
PRECIPITATION 20,92 5701546.000  100.00
RUNOFF 0.703 191731.359 3.36
EVAPOTRANSP IRATION 18.012 4909085.000 86.10
DRAINAGE COLLECTED FROM LAYER 1 0.0001 39.457 0.00
PERC./LEAKAGE THROUGH LAYER 2 3.139006 855506.062 15.00
AVG. HEAD ON TOP OF LAYER 2 0.0077
DRAINAGE COLLECTED FROM LAYER 6 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 7 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 7 0.0000
DRAINAGE COLLECTED FROM LAYER 8 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 10 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 9 0.0000
CHANGE IN WATER STORAGE 2.204 600673.500 10.54
SOIL WATER AT START OF YEAR 758.086 206609104 .000
SOIL WATER AT END OF YEAR 760.290 207209776 .000
SNOW WATER AT START OF YEAR 0.000 0.000 0.00
SNOW WATER AT END OF YEAR 0.000 0.000 0.00
ANNUAL WATER BUDGET BALANCE 0.0001 16.669 0.00
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ANNUAL TOTALS FOR YEAR 16

INCHES CU. FEET PERCENT
PRECIPITATION 1072 2921633.250  100.00
RUNOFF 0.115 31228.254 1.07
EVAPOTRANSP IRATION 9.755 2658623.750 91.00
DRAINAGE COLLECTED FROM LAYER 1 0.0000 2.242 0.00
PERC./LEAKAGE THROUGH LAYER 2 0.643245 175310.375 6.00
AVG. HEAD ON TOP OF LAYER 2 0.0017
DRAINAGE COLLECTED FROM LAYER 6 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 7 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 7 0.0000
DRAINAGE COLLECTED FROM LAYER 8 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 10 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 9 0.0000
CHANGE IN WATER STORAGE 0.850 231785.781 7.93
SOIL WATER AT START OF YEAR 760.290 207209776 .000
SOIL WATER AT END OF YEAR 761.141 207441552 .000
SNOW WATER AT START OF YEAR 0.000 0.000 0.00
SNOW WATER AT END OF YEAR 0.000 0.000 0.00
ANNUAL WATER BUDGET BALANCE 0.0000 -6.671 0.00
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ANNUAL TOTALS FOR YEAR 17

INCHES CU. FEET PERCENT
PRECIPITATION 1195 3256857.750  100.00
RUNOFF 0.058 15765.994 0.48
EVAPOTRANSP IRAT ION 11.786 3212255.500 98.63
DRAINAGE COLLECTED FROM LAYER 1 0.0000 2.278 0.00
PERC./LEAKAGE THROUGH LAYER 2 0.549308 149708.500 4.60
AVG. HEAD ON TOP OF LAYER 2 0.0016
DRAINAGE COLLECTED FROM LAYER 6 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 7 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 7 0.0000
DRAINAGE COLLECTED FROM LAYER 8 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 10 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 9 0.0000
CHANGE IN WATER STORAGE 0.106 28827.670 0.89
SOIL WATER AT START OF YEAR 761.141 207441552 .000
SOIL WATER AT END OF YEAR 761.246 207470384 .000
SNOW WATER AT START OF YEAR 0.000 0.000 0.00
SNOW WATER AT END OF YEAR 0.000 0.000 0.00
ANNUAL WATER BUDGET BALANCE 0.0000 6.476 0.00

AEEEA A LA A EAAAT A A A AATEAAA A LA AAEAAA XA AEATEATXTAAXAAAEAXAXAXALAAAXAAXAXAXAAAXAATAXAALAAAAITXAAAAAAA XA AAXAXAXAXXX
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ANNUAL TOTALS FOR YEAR 18

INCHES CU. FEET PERCENT
PRECIPITATION 1240 3379501.250  100.00
RUNOFF 0.235 64071.355 1.90
EVAPOTRANSP IRATION 9.492 2587044 .500 76.55
DRAINAGE COLLECTED FROM LAYER 1 0.0001 19.467 0.00
PERC./LEAKAGE THROUGH LAYER 2 1.177493 320914 .500 9.50
AVG. HEAD ON TOP OF LAYER 2 0.0051
DRAINAGE COLLECTED FROM LAYER 6 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 7 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 7 0.0000
DRAINAGE COLLECTED FROM LAYER 8 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 10 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 9 0.0000
CHANGE IN WATER STORAGE 2.673 728376.875 21.55
SOIL WATER AT START OF YEAR 761.246 207470384 .000
SOIL WATER AT END OF YEAR 763.919 208198768 .000
SNOW WATER AT START OF YEAR 0.000 0.000 0.00
SNOW WATER AT END OF YEAR 0.000 0.000 0.00
ANNUAL WATER BUDGET BALANCE 0.0000 -10.910 0.00

AEE A A A A AEAEAATAAAAAEAEAAT A LA AEATAAXAXAAAEATEXTAAXAAAEAEXTXAAXAXAAAIAXAAALAAAEAIAXAAAXAAAEAAXAAAAXAAAAXAAAATXXAXX
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ANNUAL TOTALS FOR YEAR 19

INCHES CU. FEET PERCENT
PRECIPITATION 1132 3085157.500  100.00
RUNOFF 0.147 39934 .387 1.29
EVAPOTRANSP IRATION 10.313 2810795.250 91.11
DRAINAGE COLLECTED FROM LAYER 1 0.0000 2.605 0.00
PERC./LEAKAGE THROUGH LAYER 2 0.683950 186403.953 6.04
AVG. HEAD ON TOP OF LAYER 2 0.0020
DRAINAGE COLLECTED FROM LAYER 6 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 7 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 7 0.0000
DRAINAGE COLLECTED FROM LAYER 8 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 10 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 9 0.0000
CHANGE IN WATER STORAGE 0.860 234414 _.031 7.60
SOIL WATER AT START OF YEAR 763.919 208198768 .000
SOIL WATER AT END OF YEAR 764.779 208433184 .000
SNOW WATER AT START OF YEAR 0.000 0.000 0.00
SNOW WATER AT END OF YEAR 0.000 0.000 0.00
ANNUAL WATER BUDGET BALANCE 0.0000 11.394 0.00

AEE A A A A AEAEAATAAAAAEAEAAT A LA AEATAAXAXAAAEATEXTAAXAAAEAEXTXAAXAXAAAIAXAAALAAAEAIAXAAAXAAAEAAXAAAAXAAAAXAAAATXXAXX
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ANNUAL TOTALS FOR YEAR 20

INCHES CU. FEET PERCENT
PRECIPITATION 1451 3954561.500  100.00
RUNOFF 0.038 10332.851 0.26
EVAPOTRANSP IRATION 13.259 3613720.250 91.38
DRAINAGE COLLECTED FROM LAYER 1 0.0000 1.260 0.00
PERC./LEAKAGE THROUGH LAYER 2 1.552564 423136.531 10.70
AVG. HEAD ON TOP OF LAYER 2 0.0012
DRAINAGE COLLECTED FROM LAYER 6 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 7 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 7 0.0000
DRAINAGE COLLECTED FROM LAYER 8 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 10 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 9 0.0000
CHANGE IN WATER STORAGE 1.213 330495.187 8.36
SOIL WATER AT START OF YEAR 764.779 208433184 .000
SOIL WATER AT END OF YEAR 765.992 208763680.000
SNOW WATER AT START OF YEAR 0.000 0.000 0.00
SNOW WATER AT END OF YEAR 0.000 0.000 0.00
ANNUAL WATER BUDGET BALANCE 0.0000 12.317 0.00

AEE A A A A AEAEAATAAAAAEAEAAT A LA AEATAAXAXAAAEATEXTAAXAAAEAEXTXAAXAXAAAIAXAAALAAAEAIAXAAAXAAAEAAXAAAAXAAAAXAAAATXXAXX
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ANNUAL TOTALS FOR YEAR 21

INCHES CU. FEET PERCENT
PRECIPITATION 15.06 4104458.500  100.00
RUNOFF 0.176 48015.352 1.17
EVAPOTRANSP IRATION 14.462 3941356.500 96.03
DRAINAGE COLLECTED FROM LAYER 1 0.0000 2.121 0.00
PERC./LEAKAGE THROUGH LAYER 2 0.631956 172233.609 4.20
AVG. HEAD ON TOP OF LAYER 2 0.0015
DRAINAGE COLLECTED FROM LAYER 6 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 7 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 7 0.0000
DRAINAGE COLLECTED FROM LAYER 8 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 10 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 9 0.0000
CHANGE IN WATER STORAGE 0.422 115094 .430 2.80
SOIL WATER AT START OF YEAR 765.992 208763680.000
SOIL WATER AT END OF YEAR 766.414 208878768.000
SNOW WATER AT START OF YEAR 0.000 0.000 0.00
SNOW WATER AT END OF YEAR 0.000 0.000 0.00
ANNUAL WATER BUDGET BALANCE 0.0000 -9.911 0.00

AEE A A A A AEAEAATAAAAAEAEAAT A LA AEATAAXAXAAAEATEXTAAXAAAEAEXTXAAXAXAAAIAXAAALAAAEAIAXAAAXAAAEAAXAAAAXAAAAXAAAATXXAXX
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ANNUAL TOTALS FOR YEAR 22

INCHES CU. FEET PERCENT
PRECIPITATION 1369 3731077.750  100.00
RUNOFF 0.462 125873.664 3.37
EVAPOTRANSP IRAT ION 10.980 2992504 .250 80.20
DRAINAGE COLLECTED FROM LAYER 1 0.0000 10.583 0.00
PERC./LEAKAGE THROUGH LAYER 2 1.407575 383621.031 10.28
AVG. HEAD ON TOP OF LAYER 2 0.0024
DRAINAGE COLLECTED FROM LAYER 6 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 7 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 7 0.0000
DRAINAGE COLLECTED FROM LAYER 8 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 10 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 9 0.0000
CHANGE IN WATER STORAGE 2.248 612700.250 16.42
SOIL WATER AT START OF YEAR 766.414 208878768.000
SOIL WATER AT END OF YEAR 768.662 209491472 .000
SNOW WATER AT START OF YEAR 0.000 0.000 0.00
SNOW WATER AT END OF YEAR 0.000 0.000 0.00
ANNUAL WATER BUDGET BALANCE 0.0000 -10.892 0.00

AEE A A A A AEAEAATAAAAAEAEAAT A LA AEATAAXAXAAAEATEXTAAXAAAEAEXTXAAXAXAAAIAXAAALAAAEAIAXAAAXAAAEAAXAAAAXAAAAXAAAATXXAXX
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ANNUAL TOTALS FOR YEAR 23

INCHES CU. FEET PERCENT
PRECIPITATION 1201 3273210.250  100.00
RUNOFF 0.773 210775.203 6.44
EVAPOTRANSP IRATION 10.598 2888264 .500 88.24
DRAINAGE COLLECTED FROM LAYER 1 0.0000 13.384 0.00
PERC./LEAKAGE THROUGH LAYER 2 1.638767 446630.156 13.65
AVG. HEAD ON TOP OF LAYER 2 0.0032
DRAINAGE COLLECTED FROM LAYER 6 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 7 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 7 0.0000
DRAINAGE COLLECTED FROM LAYER 8 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 10 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 9 0.0000
CHANGE IN WATER STORAGE 0.639 174147 .078 5.32
SOIL WATER AT START OF YEAR 768.662 209491472 .000
SOIL WATER AT END OF YEAR 769.301 209665616 .000
SNOW WATER AT START OF YEAR 0.000 0.000 0.00
SNOW WATER AT END OF YEAR 0.000 0.000 0.00
ANNUAL WATER BUDGET BALANCE 0.0000 10.365 0.00
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ANNUAL TOTALS FOR YEAR 24

INCHES CU. FEET PERCENT
PRECIPITATION 2113 5758779.000  100.00
RUNOFF 0.662 180303.656 3.13
EVAPOTRANSP IRATION 17.501 4769745.500 82.83
DRAINAGE COLLECTED FROM LAYER 1 0.0000 5.063 0.00
PERC./LEAKAGE THROUGH LAYER 2 1.102069 300358.250 5.22
AVG. HEAD ON TOP OF LAYER 2 0.0017
DRAINAGE COLLECTED FROM LAYER 6 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 7 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 7 0.0000
DRAINAGE COLLECTED FROM LAYER 8 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 10 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 9 0.0000
CHANGE IN WATER STORAGE 2.967 808721.750 14.04
SOIL WATER AT START OF YEAR 769.301 209665616 .000
SOIL WATER AT END OF YEAR 772.268 210474336 .000
SNOW WATER AT START OF YEAR 0.000 0.000 0.00
SNOW WATER AT END OF YEAR 0.000 0.000 0.00
ANNUAL WATER BUDGET BALANCE 0.0000 3.531 0.00

AEE A A A A AEAEAATAAAAAEAEAAT A LA AEATAAXAXAAAEATEXTAAXAAAEAEXTXAAXAXAAAIAXAAALAAAEAIAXAAAXAAAEAAXAAAAXAAAAXAAAATXXAXX
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ANNUAL TOTALS FOR YEAR 25

INCHES CU. FEET PERCENT
PRECIPITATION o174 5925030.500  100.00
RUNOFF 1.278 348225.875 5.88
EVAPOTRANSP IRATION 17.899 4878158.000 82.33
DRAINAGE COLLECTED FROM LAYER 1 0.0001 30.030 0.00
PERC./LEAKAGE THROUGH LAYER 2 2.967453 808750.937 13.65
AVG. HEAD ON TOP OF LAYER 2 0.0066
DRAINAGE COLLECTED FROM LAYER 6 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 7 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 7 0.0000
DRAINAGE COLLECTED FROM LAYER 8 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 10 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 9 0.0000
CHANGE IN WATER STORAGE 2.563 698617 .687 11.79
SOIL WATER AT START OF YEAR 772.268 210474336.000
SOIL WATER AT END OF YEAR 774.832 211172960.000
SNOW WATER AT START OF YEAR 0.000 0.000 0.00
SNOW WATER AT END OF YEAR 0.000 0.000 0.00
ANNUAL WATER BUDGET BALANCE 0.0000 -0.757 0.00

AEE A A A A AEAEAATAAAAAEAEAAT A LA AEATAAXAXAAAEATEXTAAXAAAEAEXTXAAXAXAAAIAXAAALAAAEAIAXAAAXAAAEAAXAAAAXAAAAXAAAATXXAXX
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ANNUAL TOTALS FOR YEAR 26

INCHES CU. FEET PERCENT
PRECIPITATION 18.40 5014744.500  100.00
RUNOFF 0.643 175259.469 3.49
EVAPOTRANSP IRATION 17.761 4840515.000 96.53
DRAINAGE COLLECTED FROM LAYER 1 0.0001 16.043 0.00
PERC./LEAKAGE THROUGH LAYER 2 1.658180 451921.094 9.01
AVG. HEAD ON TOP OF LAYER 2 0.0036
DRAINAGE COLLECTED FROM LAYER 6 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 7 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 7 0.0000
DRAINAGE COLLECTED FROM LAYER 8 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 10 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 9 0.0000
CHANGE IN WATER STORAGE -0.004 -1047.976 -0.02
SOIL WATER AT START OF YEAR 774.832 211172960.000
SOIL WATER AT END OF YEAR 774.828 211171904 .000
SNOW WATER AT START OF YEAR 0.000 0.000 0.00
SNOW WATER AT END OF YEAR 0.000 0.000 0.00
ANNUAL WATER BUDGET BALANCE 0.0000 2.184 0.00

AEE A A A A AEAEAATAAAAAEAEAAT A LA AEATAAXAXAAAEATEXTAAXAAAEAEXTXAAXAXAAAIAXAAALAAAEAIAXAAAXAAAEAAXAAAAXAAAAXAAAATXXAXX
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ANNUAL TOTALS FOR YEAR 27

INCHES CU. FEET PERCENT
PRECIPITATION 2330 6350193.000  100.00
RUNOFF 0.140 38250.691 0.60
EVAPOTRANSP IRATION 20.468 5578451.500 87.85
DRAINAGE COLLECTED FROM LAYER 1 0.0001 26.618 0.00
PERC./LEAKAGE THROUGH LAYER 2 2.987577 814235.500 12.82
AVG. HEAD ON TOP OF LAYER 2 0.0079
DRAINAGE COLLECTED FROM LAYER 6 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 7 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 7 0.0000
DRAINAGE COLLECTED FROM LAYER 8 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 10 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 9 0.0000
CHANGE IN WATER STORAGE 2.691 733450.437 11.55
SOIL WATER AT START OF YEAR 774.828 211171904 .000
SOIL WATER AT END OF YEAR 777.519 211905360.000
SNOW WATER AT START OF YEAR 0.000 0.000 0.00
SNOW WATER AT END OF YEAR 0.000 0.000 0.00
ANNUAL WATER BUDGET BALANCE 0.0001 13.860 0.00
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ANNUAL TOTALS FOR YEAR 28

INCHES CU. FEET PERCENT
PRECIPITATION __éij;;_ 555&225?566 166?66_
RUNOFF 0.017 4548 .695 0.08
EVAPOTRANSP IRATION 20.452 5574015.500 95.26
DRAINAGE COLLECTED FROM LAYER 1 0.0000 2.487 0.00
PERC./LEAKAGE THROUGH LAYER 2 0.553948 150973.234 2.58
AVG. HEAD ON TOP OF LAYER 2 0.0017
DRAINAGE COLLECTED FROM LAYER 6 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 7 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 7 0.0000
DRAINAGE COLLECTED FROM LAYER 8 0.0000 0.000 0.00
PERC./LEAKAGE THROUGH LAYER 10 0.000000 0.000 0.00
AVG. HEAD ON TOP OF LAYER 9 0.0000
CHANGE IN WATER STORAGE 1.001 272889 .750 4.66
SOIL WATER AT START OF YEAR 777.519 211905360.000
SOIL WATER AT END OF YEAR 778.520 212178240.000
SNOW WATER AT START OF YEAR 0.000 0.000 0.00
SNOW WATER AT END OF YEAR 0.000 0.000 0.00
ANNUAL WATER BUDGET BALANCE -0.0001 -14.109 0.00

AEE A A A A AEAEAATAAAAAEAEAAT A LA AEATAAXAXAAAEATEXTAAXAAAEAEXTXAAXAXAAAIAXAAALAAAEAIAXAAAXAAAEAAXAAAAXAAAAXAAAATXXAXX
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AVERAGE MONTHLY VALUES IN INCHES FOR YEARS 1 THROUGH 28

PRECIPITATION
TOTALS 0.21 0.38 0.62 1.76 0.41 1.99
2.50 2.34 2.45 1.80 1.04 1.49
STD. DEVIATIONS 0.20 0.27 0.62 2.01 0.57 1.55
1.30 1.66 1.48 1.74 1.29 1.23
RUNOFF
TOTALS 0.000 0.000 0.000 0.194 0.003 0.042
0.009 0.006 0.020 0.024 0.000 0.040
STD. DEVIATIONS 0.000 0.000 0.000 0.531 0.018 0.110
0.028 0.030 0.036 0.055 0.002 0.148
EVAPOTRANSP IRATION
TOTALS 0.843 0.392 0.536 1.024 0.667 1.360
2.354 2.055 2.198 1.715 1.129 0.947
STD. DEVIATIONS 0.509 0.083 0.507 0.797 0.627 1.145
1.276 1.424 1.117 1.032 0.761 0.591
LATERAL DRAINAGE COLLECTED FROM LAYER 1
TOTALS 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

STD. DEVIATIONS 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

PERCOLATION/LEAKAGE THROUGH LAYER 2

TOTALS 0.0324 0.0000 0.0111 0.3172 0.0200 0.1140
0.0953 0.0388 0.2857 0.3236 0.0857 0.1641

STD. DEVIATIONS 0.0950 0.0000 0.0546 0.6497 0.0837 0.3477
0.2495 0.1309 0.5513 0.5091 0.3573 0.4421

LATERAL DRAINAGE COLLECTED FROM LAYER 6

TOTALS 0.0000 0.0000 0.0000 0.0000 0©.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

STD. DEVIATIONS 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000



PERCOLATION/LEAKAGE THROUGH LAYER 7

TOTALS 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

STD. DEVIATIONS 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

LATERAL DRAINAGE COLLECTED FROM LAYER 8

TOTALS 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

STD. DEVIATIONS 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

PERCOLATION/LEAKAGE THROUGH LAYER 10

TOTALS 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

STD. DEVIATIONS 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

AVERAGES 0.0008 0.0000 0.0004 0.0087 0.0005 0.0039
0.0038 0.0012 0.0093 0.0088 0.0027 0.0042

STD. DEVIATIONS 0.0024 0.0000 0.0019 0.0182 0.0022 0.0127
0.0104 0.0040 0.0169 0.0158 0.0117 0.0106

DAILY AVERAGE HEAD ON TOP OF LAYER 7

AVERAGES 0.0000 0.0000 0.0000 0.0000 0©.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

STD. DEVIATIONS 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

DAILY AVERAGE HEAD ON TOP OF LAYER 9

AVERAGES 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

STD. DEVIATIONS 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

AEEEA A A A AEAEAEAAAAAAATEAAAAAAEATAAAXAAAATXAAAXAAAEAEATXAAAXAAAXAXAAAAAAAAXAAAAAAAAAAAAAAAALAAAAAXAAXX
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AVERAGE ANNUAL TOTALS & (STD. DEVIATIONS) FOR YEARS 1 THROUGH 28

INCHES CU. FEET PERCENT
PRECIPITATION 17.01 ( 3.730) 4634647 .5 100.00
RUNOFF 0.340 ( 0.5238) 92555.30 1.997
EVAPOTRANSPIRATION 15.220 ( 3.3006) 4147989.00 89.500
LATERAL DRAINAGE COLLECTED 0.00004 ( 0.00004) 11.252 0.00024
FROM LAYER 1
PERCOLAT ION/LEAKAGE THROUGH 1.48790 ( 1.02687) 405513.156 8.74960
LAYER 2
AVERAGE HEAD ON TOP 0.004 ( 0.003)
OF LAYER 2
LATERAL DRAINAGE COLLECTED 0.00000 ( 0.00000) 0.000 0.00000
FROM LAYER 6
PERCOLAT ION/LEAKAGE THROUGH 0.00000 ( 0.00000) 0.002 0.00000
LAYER 7
AVERAGE HEAD ON TOP 0.000 ( 0.000)
OF LAYER 7 TOP HDPE
LATERAL DRAINAGE COLLECTED 0.00000 ( 0.00000) 0.002 0.00000
FROM LAYER 8
PERCOLAT ION/LEAKAGE THROUGH 0.00000 ( 0.00000) 0.000 0.00000
LAYER 10 GCL
AVERAGE HEAD ON TOP 0.000 ( 0.000)
OF LAYER 9
CHANGE IN WATER STORAGE 1.446 ( 1.2984) 394090.81 8.503

AEEEA A A A AEAEAETA A A AAEAEAAT A LA A AEAAAXAXAAAEATEXTAAXAAAEAEITXAAXAXAAAEATXAAALAAAAIAXAAAXAAATAAXAALAAAAAAXAAAITX XXX X
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PEAK DAILY VALUES FOR YEARS 1 THROUGH 28

(INCHES) (CU. FT.)

PRECIPITATION 432 1177374.620
RUNOFF 2.307 628666 .8750
DRAINAGE COLLECTED FROM LAYER 1 0.00007 19.26287
PERCOLATION/LEAKAGE THROUGH LAYER 2 1.266325 345124 _62500
AVERAGE HEAD ON TOP OF LAYER 2 1.630
MAXIMUM HEAD ON TOP OF LAYER 2 0.699
LOCATION OF MAXIMUM HEAD IN LAYER 1

(DISTANCE FROM DRAIN) 4.6 FEET
DRAINAGE COLLECTED FROM LAYER 6 0.00000 0.00022
PERCOLATION/LEAKAGE THROUGH LAYER 7 0.000000 0.06476
AVERAGE HEAD ON TOP OF LAYER 7 0.000
MAXIMUM HEAD ON TOP OF LAYER 7 0.006
LOCATION OF MAXIMUM HEAD IN LAYER 6

(DISTANCE FROM DRAIN) 0.0 FEET
DRAINAGE COLLECTED FROM LAYER 8 0.00000 0.02940
PERCOLATION/LEAKAGE THROUGH LAYER 10 0.000000 0.00185
AVERAGE HEAD ON TOP OF LAYER 9 0.000
MAXIMUM HEAD ON TOP OF LAYER 9 0.065
LOCATION OF MAXIMUM HEAD IN LAYER 8

(DISTANCE FROM DRAIN) 0.0 FEET
SNOW WATER 3.22 8785563120
MAXIMUM VEG. SOIL WATER (VOL/VOL) 0.3264
MINIMUM VEG. SOIL WATER (VOL/VOL) 0.1380

***  Maximum heads are computed using McEnroe"s equations. ***

Reference: Maximum Saturated Depth over Landfill Liner
by Bruce M. McEnroe, University of Kansas
ASCE Journal of Environmental Engineering
Vol. 119, No. 2, March 1993, pp. 262-270.
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FINAL WATER STORAGE AT END OF YEAR 28

LAYER (INCHES) (VOL/VOL)
1 45400 ~0.1892
2 2.3880 0.3980
3 2.7937 0.2328
4 762.7484 0.2943
5 5.8560 0.2440
6 0.0020 0.0100
7 0.0000 0.0000
8 0.0020 0.0100
9 0.0000 0.0000
10 0.1875 0.7500

SNOW WATER 0.000

A A A A A A A A A A A A A A A A A A A AKX A XAAXAAXAAXAAXAAXAAXAAAEAXAAXAAXAAXAAXAAXAAXAAXAAAAXAXAAXAAAAXAAAALAAAAAAXh*x

AEEEA A A A AEAEAETA A A A AEATEAAT AL A AEATAAXAXAAAATEXTAAXAXAAATEITAAAXAAAAXAXAAXAXAAAXTXAAAAAAAAXAALAAAAAAXAAAAXXXX
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April 14, 2016

Melissa Vaught

Enviro Clean Cardinal

1015 N. Broadway Avenue, Suite 300
Oklahoma City, OK 73102

(405) 842-1066

Re: DBS&A Laboratory Report for the Enviro Clean Cardinal Lea Land Landfill Project

Dear Mrs. Vaught:

Enclosed is the report for the Enviro Clean Cardinal Lea Land Landfill project samples. Please
review this report and provide any comments as samples will be held for a maximum of 30 days.
After 30 days samples will be returned or disposed of in an appropriate manner.

All testing results were evaluated subjectively for consistency and reasonableness, and the results
appear to be reasonably representative of the material tested. However, DBS&A does not assume
any responsibility for interpretations or analyses based on the data enclosed, nor can we guarantee
that these data are fully representative of the undisturbed materials at the field site. We recommend
that careful evaluation of these laboratory results be made for your particular application.

The testing utilized to generate the enclosed report employs methods that are standard for the
industry. The results do not constitute a professional opinion by DBS&A, nor can the results affect
any professional or expert opinions rendered with respect thereto by DBS&A. You have
acknowledged that all the testing undertaken by us, and the report provided, constitutes mere test
results using standardized methods, and cannot be used to disqualify DBS&A from rendering any
professional or expert opinion, having waived any claim of conflict of interest by DBS&A.

We are pleased to provide this service to Enviro Clean Cardinal and look forward to future
laboratory testing on other projects. If you have any questions about the enclosed data, please do
not hesitate to call.

Sincerely,

DANIEL B. STEPHENS & ASSOCIATES, INC.
SOIL TESTING & RESEARCH LABORATORY

.. e

Joleen Hines
Laboratory Supervising Manager

Enclosure

Daniel B. Stephens & Associates, Inc.

Soil Testing & Research Laboratory
4400 Alameda Blvd. NE, Suite C 505-889-7752
Albuquerque, NM 87113 FAX 505-889-0258
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Daniel B. Stephens & Associates, Inc.

Summary of Tests Performed

Saturated
Initial Soil Hydraulic Moisture Particle Specific Air

Laboratory Properties' Conductivity? Characteristics® Size* Gravity’ | Perm- | Atterberg |  Proctor
Sample Number G VM:VD[CH:FH:{FW|HC: PP FP:DPP:RH:EP :WHCiKins DS:WS: H| F | C [eability] Limits | Compaction
ST-1(1.64) X i X X

ST-2 (1.63) X i X X

ST-3 (1.63) X i X X

ST-4 (1.63) X i X X

ST-5 (1.63) X i X X

ST-6 (1.63) X i X X

ST-7 (1.63) X i X X

ST-8 (1.63) X X X

ST-9 (1.63) X i X X

ST-10 X i X X

G = Gravimetric Moisture Content, VM = Volume Measurement Method, VD = Volume Displacement Method

2 CH = Constant Head Rigid Wall, FH = Falling Head Rigid Wall, FW = Falling Head Rising Tail Flexible Wall

® HC= Hanging Column, PP = Pressure Plate, FP = Filter Paper, DPP = Dew Point Potentiometer, RH = Relative Humidity Box,
EP = Effective Porosity, WHC = Water Holding Capacity, Kunsat = Calculated Unsaturated Hydraulic Conductivity

* DS = Dry Sieve, WS = Wet Sieve, H = Hydrometer

® F = Fine (<4.75mm), C = Coarse (>4.75mm)



Daniel B. Stephens & Associates, Inc.

Notes

Sample Receipt:

Ten samples were hand delivered on April 1, 2016. Nine samples were received each in a full 5-
gallon bucket sealed with a lid and the remaining sample was received in a 3" x 18" shelby tube
sealed with tape. All samples were received in good order.

Sample Preparation and Testing Notes:

Particles larger than 4.75mm were removed from each bucket sample by splitting the material over
a #4 sieve after gently breaking up larger clods by hand. The samples were processed after air
drying in order to facilitate the splitting process. As directed by the client, the <4.75mm fraction
from each sample was remolded into a testing ring to target 90% of the average maximum dry bulk
density (1.63 g/cm?3) at 2% above the average optimum moisture content, based on previous
standard compaction testing results. Each remolded sub-sample ID was annotated with the actual
remold density achieved (in g/cm3). The remolded sub-samples were subjected to initial properties
analysis and saturated hydraulic conductivity testing.

Oversize correction calculations are presented if the >4.75mm fraction removed was greater than
5% of the bulk sample mass. The percentages of coarse (>4.75mm) and fine (<4.75mm) fractions
used in the calculations are based on the initial splitting process. The percentage of <4.75mm
material would be slightly greater if the material had been soaked and washed during the splitting
process.

An intact sub-sample was obtained from the top of the sleeve sample by using a pipe cutter to
remove an intact section from the original sample. The sub-sample was subjected to initial
properties analysis and saturated hydraulic conductivity testing.

Porosity calculations are based on the use of an assumed specific gravity value of 2.65.




Daniel B. Stephens & Associates, Inc.

Summary of Sample Preparation/Volume Changes

Target Remold Volume Change Post
Parameters' Actual Remold Data Saturation®

% of % % of
Moisture Dry Bulk Moisture Dry Bulk  Target Dry Bulk  Volume Initial

Content  Density Content Density Density Density Change Density

Sample Number (%, g/g) _ (glcm®) (%, g/g) _(glem®) (%) (g/cm’®) (%) (%)

ST-1(1.64) 16.8 1.63 16.6 1.64 100.3% 1.64 --- 100%
ST-2 (1.63) 16.8 1.63 16.8 1.63 100.1% 1.63 --- 100%
ST-3 (1.63) 16.8 1.63 16.8 1.63 100.2% 1.63 --- 100%
ST-4 (1.63) 16.8 1.63 16.9 1.63 100.0% 1.63 - 100%
ST-5 (1.63) 16.8 1.63 17.0 1.63 99.8% 1.63 - 100%
ST-6 (1.63) 16.8 1.63 16.9 1.63 99.8% 1.63 - 100%
ST-7 (1.63) 16.8 1.63 16.8 1.63 100.1% 1.63 - 100%
ST-8 (1.63) 16.8 1.63 16.6 1.63 100.2% 1.63 --- 100%
ST-9 (1.63) 16.8 1.63 16.7 1.63 100.1% 1.63 --- 100%

1Target Remold Parameters: Provided by the client. Remold <4.75mm fraction to target 1.63 g/cm3 at 16.8% moisture content.
*VVolume Change Post Saturation: Volume change measurements were obtained after saturated hydraulic conductivity testing.

Notes:
"+" indicates sample swelling,

indicates sample settling, and "---" indicates no volume change occurred.



Daniel B. Stephens & Associates, Inc.

Summary of Sample Preparation/Volume Changes

Initial Sample Data’

Volume Change Post Saturation®

Moisture  Dry Bulk
Content Density

Sample Number (%, 9/9) (g/cm®)

Dry Bulk % Volume % of Initial
Density Change Density

(glcm®) (%) (%)

ST-10 4.2 1.58

1.58 --- 100.0%

"nitial Sample Data: The 'as received' dry bulk density and moisture content.

*\/olume Change Post Saturation: Volume change measurements were obtained after saturated

hydraulic conductivity testing.

Notes:
"+" indicates sample swelling,
occurred.

indicates sample settling, and "---" indicates no volume change



Daniel B. Stephens & Associates, Inc.

Summary of Initial Moisture Content, Dry Bulk Density
Wet Bulk Density and Calculated Porosity

Moisture Content

As Received Remolded Dry Bulk Wet Bulk Calculated

Gravimetric Volumetric Gravimetric Volumetric Density Density Porosity
Sample Number (%, g/g) (%, cm°/cm®) (%, g/g) (%, cm®/cm®) (g/cm®) (g/cm’) (%)
ST-1(1.64) NA NA 16.6 27.2 1.64 1.91 38.3
ST-2 (1.63) NA NA 16.8 274 1.63 1.91 38.4
ST-3 (1.63) NA NA 16.8 275 1.63 1.91 38.4
ST-4 (1.63) NA NA 16.9 275 1.63 1.91 38.5
ST-5 (1.63) NA NA 17.0 27.7 1.63 1.90 38.6
ST-6 (1.63) NA NA 16.9 275 1.63 1.90 38.6
ST-7 (1.63) NA NA 16.8 274 1.63 1.91 38.4
ST-8 (1.63) NA NA 16.6 271 1.63 1.91 38.3
ST-9 (1.63) NA NA 16.7 27.3 1.63 1.90 38.4
ST-10 14.3 22.6 --- --- 1.58 1.81 40.2

NA = Not analyzed
--- = This sample was not remolded



Daniel B. Stephens & Associates, Inc.

Summary of Saturated Hydraulic Conductivity Tests

Oversize
Corrected
Ksat Ksat Method of Analysis
Sample Number (cm/sec) (cm/sec) Constant Head Falling Head

ST-1 (1.64) 8.2E-04 --- X
ST-2 (1.63) 4 4E-04 2.0E-04 X
ST-3 (1.63) 2.9E-04 1.9E-04 X
ST-4 (1.63) 1.1E-03 6.5E-04 X
ST-5 (1.63) 1.2E-03 1.1E-03 X
ST-6 (1.63) 4 5E-04 2.3E-04 X
ST-7 (1.63) 5.6E-04 3.3E-04 X
ST-8 (1.63) 3.2E-04 1.6E-04 X
ST-9 (1.63) 4 9E-04 3.3E-04 X
ST-10 1.5E-04 NA X

-- = Oversize correction is unnecessary since coarse fraction < 5% of composite mass

NR = Not requested
NA = Not applicable



Initial Properties



Daniel B. Stephens & Associates, Inc.

Summary of Initial Moisture Content, Dry Bulk Density
Wet Bulk Density and Calculated Porosity

Moisture Content

As Received Remolded Dry Bulk Wet Bulk Calculated

Gravimetric Volumetric Gravimetric Volumetric Density Density Porosity
Sample Number (%, g/g) (%, cm°/cm®) (%, g/g) (%, cm®/cm®) (g/cm®) (g/cm’) (%)
ST-1(1.64) NA NA 16.6 27.2 1.64 1.91 38.3
ST-2 (1.63) NA NA 16.8 274 1.63 1.91 38.4
ST-3 (1.63) NA NA 16.8 275 1.63 1.91 38.4
ST-4 (1.63) NA NA 16.9 275 1.63 1.91 38.5
ST-5 (1.63) NA NA 17.0 27.7 1.63 1.90 38.6
ST-6 (1.63) NA NA 16.9 275 1.63 1.90 38.6
ST-7 (1.63) NA NA 16.8 274 1.63 1.91 38.4
ST-8 (1.63) NA NA 16.6 271 1.63 1.91 38.3
ST-9 (1.63) NA NA 16.7 27.3 1.63 1.90 38.4
ST-10 14.3 22.6 --- --- 1.58 1.81 40.2

NA = Not analyzed
--- = This sample was not remolded



Daniel B.

Stephens & Associates, Inc.

Data for Initial Moisture Content,
Bulk Density, Porosity, and Percent Saturation

Job Name: Enviro Clean Cardinal
Job Number: NM16.0071.00
Sample Number: ST-1 (1.64)
Ring Number: NA
Project Name: Lea Land Landfill

As Received Remolded
Test Date: NA 8-Apr-16
Field weight* of sample (g): 555.10
Tare weight, ring (g): 126.54
Tare weight, pan/plate (g): 0.00
Tare weight, other (g): 0.00
Dry weight of sample (g): 367.53
Sample volume (cm®): 224.75
Assumed particle density (g/cm®): 2.65
Gravimetric Moisture Content (% g/g): 16.6
Volumetric Moisture Content (% vol): 27.2
Dry bulk density (g/cm®): 1.64
Wet bulk density (g/cm®): 1.91
Calculated Porosity (% vol): 38.3
Percent Saturation: 70.9
Laboratory analysis by: D. O'Dowd
Data entered by: D. O'Dowd
Checked by: J. Hines

Comments:

* Weight including tares
NA = Not analyzed
--- = This sample was not remolded



Daniel B.

Stephens & Associates, Inc.

Data for Initial Moisture Content,
Bulk Density, Porosity, and Percent Saturation

Job Name:

Job Number:
Sample Number:
Ring Number:
Project Name:

Enviro Clean Cardinal
NM16.0071.00

ST-2 (1.63)

NA

Lea Land Landfill

As Received Remolded
Test Date: NA 8-Apr-16
Field weight* of sample (g): 556.13
Tare weight, ring (g): 133.31
Tare weight, pan/plate (g): 0.00
Tare weight, other (g): 0.00
Dry weight of sample (g): 362.10
Sample volume (cm®): 221.93
Assumed particle density (g/cm®): 2.65
Gravimetric Moisture Content (% g/g): 16.8
Volumetric Moisture Content (% vol): 27.4
Dry bulk density (g/cm®): 1.63
Wet bulk density (g/cm®): 1.91
Calculated Porosity (% vol): 38.4
Percent Saturation: 71.2
Laboratory analysis by: D. O'Dowd
Data entered by: D. O'Dowd
Checked by: J. Hines
Comments:

* Weight including tares
NA = Not analyzed

--- = This sample was not remolded



Daniel B. Stephens & Associates, Inc.

Data for Initial Moisture Content,
Bulk Density, Porosity, and Percent Saturation

Job Name:

Job Number:
Sample Number:
Ring Number:
Project Name:

Enviro Clean Cardinal
NM16.0071.00

ST-3 (1.63)

NA

Lea Land Landfill

As Received Remolded
Test Date: NA 8-Apr-16
Field weight* of sample (g): 559.20
Tare weight, ring (g): 128.31
Tare weight, pan/plate (g): 0.00
Tare weight, other (g): 0.00
Dry weight of sample (g): 368.81
Sample volume (cm®): 225.85
Assumed particle density (g/cm®): 2.65
Gravimetric Moisture Content (% g/g): 16.8
Volumetric Moisture Content (% vol): 27.5
Dry bulk density (g/cm®): 1.63
Wet bulk density (g/cm®): 1.91
Calculated Porosity (% vol): 38.4
Percent Saturation: 71.6
Laboratory analysis by: D. O'Dowd
Data entered by: D. O'Dowd
Checked by: J. Hines
Comments:

* Weight including tares
NA = Not analyzed

--- = This sample was not remolded



Daniel B.

Stephens & Associates, Inc.

Data for Initial Moisture Content,
Bulk Density, Porosity, and Percent Saturation

Job Name: Enviro Clean Cardinal
Job Number: NM16.0071.00
Sample Number: ST-4 (1.63)
Ring Number: NA
Project Name: Lea Land Landfill

As Received Remolded
Test Date: NA 8-Apr-16
Field weight* of sample (g): 568.78
Tare weight, ring (g): 142.22
Tare weight, pan/plate (g): 0.00
Tare weight, other (g): 0.00
Dry weight of sample (g): 364.91
Sample volume (cm®): 223.85
Assumed particle density (g/cm®): 2.65
Gravimetric Moisture Content (% g/g): 16.9
Volumetric Moisture Content (% vol): 27.5
Dry bulk density (g/cm®): 1.63
Wet bulk density (g/cm®): 1.91
Calculated Porosity (% vol): 38.5
Percent Saturation: 71.6
Laboratory analysis by: D. O'Dowd
Data entered by: D. O'Dowd
Checked by: J. Hines

Comments:

* Weight including tares
NA = Not analyzed
--- = This sample was not remolded



Daniel B. Stephens & Associates, Inc.

Data for Initial Moisture Content,
Bulk Density, Porosity, and Percent Saturation

Job Name:

Job Number:
Sample Number:
Ring Number:
Project Name:

Enviro Clean Cardinal
NM16.0071.00

ST-5 (1.63)

NA

Lea Land Landfill

As Received Remolded
Test Date: NA 8-Apr-16
Field weight* of sample (g): 557.42
Tare weight, ring (g): 133.66
Tare weight, pan/plate (g): 0.00
Tare weight, other (g): 0.00
Dry weight of sample (g): 362.13
Sample volume (cm®): 222.70
Assumed particle density (g/cm®): 2.65
Gravimetric Moisture Content (% g/g): 17.0
Volumetric Moisture Content (% vol): 27.7
Dry bulk density (g/cm®): 1.63
Wet bulk density (g/cm®): 1.90
Calculated Porosity (% vol): 38.6
Percent Saturation: 71.6
Laboratory analysis by: D. O'Dowd
Data entered by: D. O'Dowd
Checked by: J. Hines

Comments:

* Weight including tares
NA = Not analyzed

--- = This sample was not remolded



Daniel B. Stephens & Associates, Inc.

Data for Initial Moisture Content,
Bulk Density, Porosity, and Percent Saturation

Job Name:

Job Number:
Sample Number:
Ring Number:
Project Name:

Enviro Clean Cardinal
NM16.0071.00

ST-6 (1.63)

NA

Lea Land Landfill

As Received Remolded
Test Date: NA 8-Apr-16
Field weight* of sample (g): 557.25
Tare weight, ring (g): 133.50
Tare weight, pan/plate (g): 0.00
Tare weight, other (g): 0.00
Dry weight of sample (g): 362.41
Sample volume (cm®): 222.71
Assumed particle density (g/cm®): 2.65
Gravimetric Moisture Content (% g/g): 16.9
Volumetric Moisture Content (% vol): 27.5
Dry bulk density (g/cm®): 1.63
Wet bulk density (g/cm®): 1.90
Calculated Porosity (% vol): 38.6
Percent Saturation: 71.4
Laboratory analysis by: D. O'Dowd
Data entered by: D. O'Dowd
Checked by: J. Hines
Comments:

* Weight including tares
NA = Not analyzed

--- = This sample was not remolded



Daniel B.

Stephens & Associates, Inc.

Data for Initial Moisture Content,
Bulk Density, Porosity, and Percent Saturation

Job Name: Enviro Clean Cardinal
Job Number: NM16.0071.00
Sample Number: ST-7 (1.63)
Ring Number: NA
Project Name: Lea Land Landfill

As Received Remolded
Test Date: NA 8-Apr-16
Field weight* of sample (g): 556.32
Tare weight, ring (g): 128.02
Tare weight, pan/plate (g): 0.00
Tare weight, other (g): 0.00
Dry weight of sample (g): 366.72
Sample volume (cm®): 224.66
Assumed particle density (g/cm®): 2.65
Gravimetric Moisture Content (% g/g): 16.8
Volumetric Moisture Content (% vol): 27.4
Dry bulk density (g/cm®): 1.63
Wet bulk density (g/cm®): 1.91
Calculated Porosity (% vol): 38.4
Percent Saturation: 71.4
Laboratory analysis by: D. O'Dowd
Data entered by: D. O'Dowd
Checked by: J. Hines

Comments:

* Weight including tares
NA = Not analyzed
--- = This sample was not remolded



Daniel B. Stephens & Associates, Inc.

Data for Initial Moisture Content,
Bulk Density, Porosity, and Percent Saturation

Job Name:

Job Number:
Sample Number:
Ring Number:
Project Name:

Enviro Clean Cardinal
NM16.0071.00

ST-8 (1.63)

NA

Lea Land Landfill

As Received Remolded
Test Date: NA 8-Apr-16
Field weight* of sample (g): 572.35
Tare weight, ring (g): 140.39
Tare weight, pan/plate (g): 0.00
Tare weight, other (g): 0.00
Dry weight of sample (g): 370.44
Sample volume (cm®): 226.73
Assumed particle density (g/cm®): 2.65
Gravimetric Moisture Content (% g/g): 16.6
Volumetric Moisture Content (% vol): 271
Dry bulk density (g/cm®): 1.63
Wet bulk density (g/cm®): 1.91
Calculated Porosity (% vol): 38.3
Percent Saturation: 70.8
Laboratory analysis by: D. O'Dowd
Data entered by: D. O'Dowd
Checked by: J. Hines
Comments:

* Weight including tares
NA = Not analyzed

--- = This sample was not remolded



Daniel B. Stephens & Associates, Inc.

Data for Initial Moisture Content,
Bulk Density, Porosity, and Percent Saturation

Job Name:

Job Number:
Sample Number:
Ring Number:
Project Name:

Enviro Clean Cardinal
NM16.0071.00

ST-9 (1.63)

NA

Lea Land Landfill

As Received Remolded
Test Date: NA 8-Apr-16
Field weight* of sample (g): 557.69
Tare weight, ring (g): 132.89
Tare weight, pan/plate (g): 0.00
Tare weight, other (g): 0.00
Dry weight of sample (g): 363.95
Sample volume (cm®): 223.10
Assumed particle density (g/cm®): 2.65
Gravimetric Moisture Content (% g/g): 16.7
Volumetric Moisture Content (% vol): 27.3
Dry bulk density (g/cm®): 1.63
Wet bulk density (g/cm®): 1.90
Calculated Porosity (% vol): 38.4
Percent Saturation: 71.0
Laboratory analysis by: D. O'Dowd
Data entered by: D. O'Dowd
Checked by: J. Hines

Comments:

* Weight including tares
NA = Not analyzed

--- = This sample was not remolded
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Daniel B.

Stephens & Associates, Inc.

Data for Initial Moisture Content,

Bulk Density, Porosity, and Percent Saturation

Job Name:

Job Number:
Sample Number:
Ring Number:
Project Name:

Enviro Clean Cardinal
NM16.0071.00

ST-10

NA

Lea Land Landfill

As Received Remolded
Test Date: 6-Apr-16 -

Field weight* of sample (g): 657.28
Tare weight, ring (g): 179.20

Tare weight, pan/plate (g): 0.00

Tare weight, other (g): 0.00
Dry weight of sample (g): 418.44
Sample volume (cm®): 264.00

Assumed particle density (g/cm®): 2.65
Gravimetric Moisture Content (% g/g): 14.3
Volumetric Moisture Content (% vol): 22.6
Dry bulk density (g/cm®): 1.58

Wet bulk density (g/cm®): 1.81

Calculated Porosity (% vol): 40.2

Percent Saturation: 56.2

Laboratory analysis by: D. O'Dowd
Data entered by: D. O'Dowd
Checked by: J. Hines

Comments:

* Weight including tares
NA = Not analyzed

--- = This sample was not remolded
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Saturated Hydraulic
Conductivity

22



Daniel B. Stephens & Associates, Inc.

Summary of Saturated Hydraulic Conductivity Tests

Oversize
Corrected
Ksat Ksat Method of Analysis
Sample Number (cm/sec) (cm/sec) Constant Head Falling Head

ST-1 (1.64) 8.2E-04 --- X
ST-2 (1.63) 4 4E-04 2.0E-04 X
ST-3 (1.63) 2.9E-04 1.9E-04 X
ST-4 (1.63) 1.1E-03 6.5E-04 X
ST-5 (1.63) 1.2E-03 1.1E-03 X
ST-6 (1.63) 4 5E-04 2.3E-04 X
ST-7 (1.63) 5.6E-04 3.3E-04 X
ST-8 (1.63) 3.2E-04 1.6E-04 X
ST-9 (1.63) 4 9E-04 3.3E-04 X
ST-10 1.5E-04 NA X

-- = Oversize correction is unnecessary since coarse fraction < 5% of composite mass
NR = Not requested
NA = Not applicable
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Daniel B. Stephens & Associates, Inc.

Saturated Hydraulic Conductivity
Constant Head Method

Job Name: Enviro Clean Cardinal Type of water used: TAP
Job Number: NM16.0071.00 Collection vessel tare (g): 10.96
Sample Number: ST-1 (1.64) Sample length (cm): 7.59
Ring Number: NA Sample diameter (cm): 6.14
Project Name: Lea Land Landfill Sample x-sectional area (cm2): 29.62
Temp Head Q + Tare Q Elapsed Ksat Ksat @ 20°C
Date Time (°C) (cm) (9) (cm®) time (sec)  (cm/sec) (cm/sec)
Test # 1:
11-Apr-16  14:34:30 20.5 6.5 17.20 6.2 300 8.2E-04 8.1E-04
11-Apr-16  14:39:30
Test# 2:
11-Apr-16  14:57:30 20.5 4.2 15.06 4.1 300 8.3E-04 8.3E-04
11-Apr-16  15:02:30
Test # 3:
11-Apr-16  15:13:30 20.5 2.95 13.79 2.8 300 8.2E-04 8.1E-04
11-Apr-16  15:18:30
Average Ksat (cm/sec): 8.2E-04
Oversize Corrected Ksat (cm/sec): -
Comments:

-- = Qversize correction is unnecessary since coarse fraction < 5% of composite mass

0.9

Velocity vs. Hydraulic Gradient
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Laboratory analysis by: D. O'Dowd
Data entered by: D. O'Dowd
Checked by: J. Hines

24



Daniel B. Stephens & Associates, Inc.

Oversize Correction Data Sheet

Job Name:

Job Number:
Sample Number:
Ring Number:
Project Name:

Split (3/4", 3/8", #4):
Calculated Porosity of Fines (% vol):

Coarse Fraction*

Enviro Clean Cardinal
NM16.0071.00
ST-1(1.64)

NA

Lea Land Landfill

#4
38.3

Fines Fraction

Subsample Mass (g): 4.40
Bulk Density (g/cm®): 2.65
Volume of Solids (cm®): 1.66
Volume of Voids (cm®): 0.00
Total Volume (cm®): 1.66
Volumetric Fraction (%): 2.76
Mass Fraction (%): 4.40
Ksat (cm/sec): NM

NM = Not measured

Laboratory analysis by:
Data entered by:

95.60

1.64
36.08
22.38

58.46

97.24
95.60

8.2E-04

Porosity and moisture content of coarse fraction assumed to be zero.
Oversize correction is unnecessary since coarse fraction < 5% of composite mass

D. O'Dowd
D. O'Dowd

Checked by: J. Hines

Composite

100.00
1.66
37.74
22.38

60.12

100.00
100.00



Daniel B. Stephens & Associates, Inc.

Saturated Hydraulic Conductivity
Constant Head Method

Job Name: Enviro Clean Cardinal Type of water used: TAP
Job Number: NM16.0071.00 Collection vessel tare (g): 11.01
Sample Number: ST-2 (1.63) Sample length (cm): 7.58
Ring Number: NA Sample diameter (cm): 6.11
Project Name: Lea Land Landfill Sample x-sectional area (cm2): 29.28
Temp Head Q + Tare Q Elapsed Ksat Ksat @ 20°C
Date Time (°C) (cm) (9) (cm®) time (sec)  (cm/sec) (cm/sec)
Test # 1:
11-Apr-16  14:35:30 20.5 6.65 14.73 3.7 300 4. 8E-04 4.8E-04
11-Apr-16  14:40:30
Test # 2:
11-Apr-16  14:58:30 20.5 4.1 13.08 2.1 300 4.4E-04 4.3E-04
11-Apr-16  15:03:30
Test # 3:
11-Apr-16  15:14:30 20.5 2.85 12.33 1.3 300 4.0E-04 4.0E-04
11-Apr-16  15:19:30
Average Ksat (cm/sec): 4.4E-04
Oversize Corrected Ksat (cm/sec):  2.0E-04

Comments:
-- = Qversize correction is unnecessary since coarse fraction < 5% of composite mass

Velocity vs. Hydraulic Gradient
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Laboratory analysis by: D. O'Dowd
Data entered by: D. O'Dowd
Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Oversize Correction Data Sheet

Job Name:

Job Number:
Sample Number:
Ring Number:
Project Name:

Split (3/4", 3/8", #4):
Calculated Porosity of Fines (% vol):

Coarse Fraction*

Enviro Clean Cardinal

Subsample Mass (g): 54.00
Bulk Density (g/cm®): 2.65
Volume of Solids (cm®): 20.38
Volume of Voids (cm®): 0.00
Total Volume (cm®): 20.38
Volumetric Fraction (%): 41.95
Mass Fraction (%): 54.00
Ksat (cm/sec): NM

NM = Not measured

NM16.0071.00
ST-2 (1.63)
NA
Lea Land Landfill
#4
38.4
Fines Fraction Composite
46.00 100.00
1.63 2.06
17.36 37.74
10.83 10.83
28.19 48.57
58.05 100.00
46.00 100.00
4 4E-04 2.0E-04

Porosity and moisture content of coarse fraction assumed to be zero.
Oversize correction is unnecessary since coarse fraction < 5% of composite mass

Laboratory analysis by: D. O'Dowd

Data entered by:

D. O'Dowd

Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Saturated Hydraulic Conductivity

Constant Head Method

Job Name: Enviro Clean Cardinal Type of water used: TAP
Job Number: NM16.0071.00 Collection vessel tare (g): 10.99
Sample Number: ST-3 (1.63) Sample length (cm): 7.61
Ring Number: NA Sample diameter (cm): 6.15
Project Name: Lea Land Landfill Sample x-sectional area (cm2): 29.69
Temp Head Q + Tare Q Elapsed Ksat Ksat @ 20°C
Date Time (°C) (cm) (9) (cm®) time (sec)  (cm/sec) (cm/sec)
Test # 1:
11-Apr-16  14:35:00 20.5 7.15 13.53 25 300 3.0E-04 3.0E-04
11-Apr-16  14:40:00
Test # 2:
11-Apr-16  14:58:00 20.5 5.1 12.72 1.7 300 2.9E-04 2.9E-04
11-Apr-16  15:03:00
Test # 3:
11-Apr-16  15:14:00 20.5 3.9 12.25 1.3 300 2.8E-04 2.7E-04
11-Apr-16  15:19:00
Average Ksat (cm/sec): 2.9E-04
Oversize Corrected Ksat (cm/sec): 1.9E-04
Comments:

-- = Qversize correction is unnecessary since coarse fraction < 5% of composite mass
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Velocity vs. Hydraulic Gradient
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0.9

1.0

Laboratory analysis by: D. O'Dowd

Data entered by: D. O'Dowd

Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Oversize Correction Data Sheet

Job Name:

Job Number:
Sample Number:
Ring Number:
Project Name:

Split (3/4", 3/8", #4):
Calculated Porosity of Fines (% vol):

Coarse Fraction*

Enviro Clean Cardinal

Subsample Mass (g): 35.40
Bulk Density (g/cm®): 2.65
Volume of Solids (cm®): 13.36
Volume of Voids (cm®): 0.00
Total Volume (cm®): 13.36
Volumetric Fraction (%): 25.24
Mass Fraction (%): 35.40
Ksat (cm/sec): NM

NM = Not measured

Laboratory analysis by:
Data entered by:

NM16.0071.00
ST-3 (1.63)
NA
Lea Land Landfill
#4
38.4
Fines Fraction Composite
64.60 100.00
1.63 1.89
24.38 37.74
15.18 15.18
39.56 52.92
74.76 100.00
64.60 100.00
2.9E-04 1.9E-04

Porosity and moisture content of coarse fraction assumed to be zero.
Oversize correction is unnecessary since coarse fraction < 5% of composite mass

D. O'Dowd
D. O'Dowd

Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Saturated Hydraulic Conductivity
Constant Head Method

Job Name: Enviro Clean Cardinal Type of water used: TAP
Job Number: NM16.0071.00 Collection vessel tare (g): 11.02
Sample Number: ST-4 (1.63) Sample length (cm): 7.61
Ring Number: NA Sample diameter (cm): 6.12
Project Name: Lea Land Landfill Sample x-sectional area (cm2): 29.43
Temp Head Q + Tare Q Elapsed Ksat Ksat @ 20°C
Date Time (°C) (cm) (9) (cm®) time (sec)  (cm/sec) (cm/sec)
Test # 1:
11-Apr-16  14:34:00 20.5 5.85 18.93 7.9 300 1.2E-03 1.2E-03
11-Apr-16  14:39:00
Test# 2:
11-Apr-16  14:57:00 20.5 4.8 17.24 6.2 300 1.1E-03 1.1E-03
11-Apr-16  15:02:00
Test # 3:
11-Apr-16  15:13:00 20.5 3.45 15.44 4.4 300 1.1E-03 1.1E-03
11-Apr-16  15:18:00
Average Ksat (cm/sec): 1.1E-03
Oversize Corrected Ksat (cm/sec):  6.5E-04
Comments:

-- = Qversize correction is unnecessary since coarse fraction < 5% of composite mass
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Laboratory analysis by: D. O'Dowd
Data entered by: D. O'Dowd
Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Oversize Correction Data Sheet

Job Name:

Job Number:
Sample Number:
Ring Number:
Project Name:

Split (3/4", 3/8", #4):
Calculated Porosity of Fines (% vol):

Coarse Fraction*

Subsample Mass (g): 42.20
Bulk Density (g/cm®): 2.65
Volume of Solids (cm®): 15.92
Volume of Voids (cm®): 0.00
Total Volume (cm®): 15.92
Volumetric Fraction (%): 30.99
Mass Fraction (%): 42.20
Ksat (cm/sec): NM

NM = Not measured

Laboratory analysis by:
Data entered by:

Enviro Clean Cardinal
NM16.0071.00
ST-4 (1.63)
NA
Lea Land Landfill
#4
38.5
Fines Fraction Composite
57.80 100.00
1.63 1.95
21.81 37.74
13.64 13.64
35.46 51.38
69.01 100.00
57.80 100.00
1.1E-03 6.5E-04

Porosity and moisture content of coarse fraction assumed to be zero.
Oversize correction is unnecessary since coarse fraction < 5% of composite mass

D. O'Dowd
D. O'Dowd

Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Saturated Hydraulic Conductivity
Constant Head Method

Job Name: Enviro Clean Cardinal Type of water used: TAP
Job Number: NM16.0071.00 Collection vessel tare (g): 10.94
Sample Number: ST-5 (1.63) Sample length (cm): 7.58
Ring Number: NA Sample diameter (cm): 6.12
Project Name: Lea Land Landfill Sample x-sectional area (cm2): 29.37
Temp Head Q + Tare Q Elapsed Ksat Ksat @ 20°C
Date Time (°C) (cm) (9) (cm®) time (sec)  (cm/sec) (cm/sec)
Test # 1:
11-Apr-16  14:32:00 20.5 4.25 17.38 6.4 300 1.3E-03 1.3E-03
11-Apr-16  14:37:00
Test # 2:
11-Apr-16  14:55:00 20.5 3.2 15.58 4.6 300 1.2E-03 1.2E-03
11-Apr-16  15:00:00
Test # 3:
11-Apr-16  15:11:00 20.5 2.2 14.05 3.1 300 1.2E-03 1.2E-03
11-Apr-16  15:16:00
Average Ksat (cm/sec): 1.2E-03
Oversize Corrected Ksat (cm/sec): 1.1E-03
Comments:

-- = Qversize correction is unnecessary since coarse fraction < 5% of composite mass

Velocity vs. Hydraulic Gradient
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Laboratory analysis by: D. O'Dowd
Data entered by: D. O'Dowd
Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Oversize Correction Data Sheet

Job Name:

Job Number:
Sample Number:
Ring Number:
Project Name:

Split (3/4", 3/8", #4):
Calculated Porosity of Fines (% vol):

Coarse Fraction*

Enviro Clean Cardinal

Subsample Mass (g): 14.30
Bulk Density (g/cm®): 2.65
Volume of Solids (cm®): 5.40
Volume of Voids (cm®): 0.00
Total Volume (cm®): 5.40
Volumetric Fraction (%): 9.29
Mass Fraction (%): 14.30
Ksat (cm/sec): NM

NM = Not measured

Laboratory analysis by:
Data entered by:

NM16.0071.00
ST-5 (1.63)
NA
Lea Land Landfill
#4
38.6
Fines Fraction Composite
85.70 100.00
1.63 1.72
32.34 37.74
20.36 20.36
52.70 58.10
90.71 100.00
85.70 100.00
1.2E-03 1.1E-03

Porosity and moisture content of coarse fraction assumed to be zero.
Oversize correction is unnecessary since coarse fraction < 5% of composite mass

D. O'Dowd
D. O'Dowd

Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Saturated Hydraulic Conductivity
Constant Head Method

Job Name: Enviro Clean Cardinal Type of water used: TAP
Job Number: NM16.0071.00 Collection vessel tare (g): 10.89
Sample Number: ST-6 (1.63) Sample length (cm): 7.57
Ring Number: NA Sample diameter (cm): 6.12
Project Name: Lea Land Landfill Sample x-sectional area (cm2): 29.42
Temp Head Q + Tare Q Elapsed Ksat Ksat @ 20°C
Date Time (°C) (cm) (9) (cm3) time (sec)  (cm/sec) (cm/sec)
Test#1:
11-Apr-16  14:31:30 20.5 5.85 14.14 3.3 300 4.8E-04 4.7E-04
11-Apr-16  14:36:30
Test# 2:
11-Apr-16  14:54:30 20.5 4.45 13.25 2.4 300 4 5E-04 4.5E-04
11-Apr-16  14:59:30
Test# 3:
11-Apr-16  15:10:30 20.5 3.2 12.51 1.6 300 4.3E-04 4.3E-04
11-Apr-16  15:15:30
Average Ksat (cm/sec): 4.5E-04
Oversize Corrected Ksat (cm/sec):  2.3E-04
Comments:

-- = Qversize correction is unnecessary since coarse fraction < 5% of composite mass
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Laboratory analysis by: D. O'Dowd
Data entered by: D. O'Dowd
Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Oversize Correction Data Sheet

Job Name:

Job Number:
Sample Number:
Ring Number:
Project Name:

Split (3/4", 3/8", #4):
Calculated Porosity of Fines (% vol):

Coarse Fraction*

Subsample Mass (g): 48.30
Bulk Density (g/cm®): 2.65
Volume of Solids (cm®): 18.23
Volume of Voids (cm®): 0.00
Total Volume (cm®): 18.23
Volumetric Fraction (%): 36.45
Mass Fraction (%): 48.30
Ksat (cm/sec): NM

NM = Not measured

Enviro Clean Cardinal
NM16.0071.00
ST-6 (1.63)
NA
Lea Land Landfill
#4
38.6
Fines Fraction Composite
51.70 100.00
1.63 2.00
19.51 37.74
12.26 12.26
31.77 50.00
63.55 100.00
51.70 100.00
4.5E-04 2.3E-04

Porosity and moisture content of coarse fraction assumed to be zero.
Oversize correction is unnecessary since coarse fraction < 5% of composite mass

Laboratory analysis by: D. O'Dowd

Data entered by:

D. O'Dowd

Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Saturated Hydraulic Conductivity
Constant Head Method

Job Name: Enviro Clean Cardinal Type of water used: TAP
Job Number: NM16.0071.00 Collection vessel tare (g): 11.01
Sample Number: ST-7 (1.63) Sample length (cm): 7.60
Ring Number: NA Sample diameter (cm): 6.14
Project Name: Lea Land Landfill Sample x-sectional area (cm2): 29.56
Temp Head Q + Tare Q Elapsed Ksat Ksat @ 20°C
Date Time (°C) (cm) (9) (cm3) time (sec)  (cm/sec) (cm/sec)
Test#1:
11-Apr-16  14:33:00 20.5 5.75 14.85 3.8 300 5.7E-04 5.7E-04
11-Apr-16  14:38:00
Test# 2:
11-Apr-16  14:56:00 20.5 3.95 13.59 2.6 300 5.6E-04 5.5E-04
11-Apr-16  15:01:00
Test# 3:
11-Apr-16  15:12:00 20.5 2.4 12.55 1.5 300 5.5E-04 5.4E-04
11-Apr-16  15:17:00
Average Ksat (cm/sec): 5.6E-04
Oversize Corrected Ksat (cm/sec):  3.3E-04
Comments:

-- = Qversize correction is unnecessary since coarse fraction < 5% of composite mass
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Laboratory analysis by: D. O'Dowd
Data entered by: D. O'Dowd
Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Oversize Correction Data Sheet

Job Name:

Job Number:
Sample Number:
Ring Number:
Project Name:

Split (3/4", 3/8", #4):
Calculated Porosity of Fines (% vol):

Coarse Fraction*

Enviro Clean Cardinal

Subsample Mass (g): 40.30
Bulk Density (g/cm®): 2.65
Volume of Solids (cm®): 15.21
Volume of Voids (cm®): 0.00
Total Volume (cm®): 15.21
Volumetric Fraction (%): 29.37
Mass Fraction (%): 40.30
Ksat (cm/sec): NM

NM = Not measured

Laboratory analysis by:
Data entered by:

NM16.0071.00
ST-7 (1.63)
NA
Lea Land Landfill
#4
38.4
Fines Fraction Composite
59.70 100.00
1.63 1.93
22.53 37.74
14.05 14.05
36.57 51.78
70.63 100.00
59.70 100.00
5.6E-04 3.3E-04

Porosity and moisture content of coarse fraction assumed to be zero.
Oversize correction is unnecessary since coarse fraction < 5% of composite mass

D. O'Dowd
D. O'Dowd

Checked by: J. Hines

37



Daniel B. Stephens & Associates, Inc.

Saturated Hydraulic Conductivity
Constant Head Method

Job Name: Enviro Clean Cardinal Type of water used: TAP
Job Number: NM16.0071.00 Collection vessel tare (g): 10.93
Sample Number: ST-8 (1.63) Sample length (cm): 7.66
Ring Number: NA Sample diameter (cm): 6.14
Project Name: Lea Land Landfill Sample x-sectional area (cm2): 29.60
Temp Head Q + Tare Q Elapsed Ksat Ksat @ 20°C
Date Time (°C) (cm) (9) (cm3) time (sec)  (cm/sec) (cm/sec)
Test#1:
11-Apr-16  14:32:30 20.5 5.9 13.30 2.4 300 3.5E-04 3.4E-04
11-Apr-16  14:37:30
Test# 2:
11-Apr-16  14:55:30 20.5 4.4 12.58 1.7 300 3.2E-04 3.2E-04
11-Apr-16  15:00:30
Test# 3:
11-Apr-16  15:11:30 20.5 3.35 12.05 1.1 300 2.9E-04 2.9E-04
11-Apr-16  15:16:30
Average Ksat (cm/sec): 3.2E-04
Oversize Corrected Ksat (cm/sec): 1.6E-04
Comments:

-- = Qversize correction is unnecessary since coarse fraction < 5% of composite mass

0.00028

Velocity vs. Hydraulic Gradient

0.00024

0.00020

0.00016

Velocity (cm/s)

0.00012

0.00008

0.3

0.4

0.5

0.6 0.7 0.8 0.9

Hydraulic Gradient (cm/cm)

Laboratory analysis by: D. O'Dowd

Data entered by: D. O'Dowd
Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Oversize Correction Data Sheet

Job Name:

Job Number:
Sample Number:
Ring Number:
Project Name:

Split (3/4", 3/8", #4):
Calculated Porosity of Fines (% vol):

Coarse Fraction*

Subsample Mass (g): 48.20
Bulk Density (g/cm®): 2.65
Volume of Solids (cm®): 18.19
Volume of Voids (cm®): 0.00
Total Volume (cm®): 18.19
Volumetric Fraction (%): 36.45
Mass Fraction (%): 48.20
Ksat (cm/sec): NM

NM = Not measured

Enviro Clean Cardinal
NM16.0071.00
ST-8 (1.63)
NA
Lea Land Landfill
#4
38.3
Fines Fraction Composite
51.80 100.00
1.63 2.00
19.55 37.74
12.16 12.16
31.70 49.89
63.55 100.00
51.80 100.00
3.2E-04 1.6E-04

Porosity and moisture content of coarse fraction assumed to be zero.
Oversize correction is unnecessary since coarse fraction < 5% of composite mass

Laboratory analysis by: D. O'Dowd

Data entered by:

D. O'Dowd

Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Saturated Hydraulic Conductivity
Constant Head Method

Job Name: Enviro Clean Cardinal Type of water used: TAP
Job Number: NM16.0071.00 Collection vessel tare (g): 10.97
Sample Number: ST-9 (1.63) Sample length (cm): 7.58
Ring Number: NA Sample diameter (cm): 6.12
Project Name: Lea Land Landfill Sample x-sectional area (cm2): 29.42
Temp Head Q + Tare Q Elapsed Ksat Ksat @ 20°C
Date Time (°C) (cm) (9) (cm3) time (sec)  (cm/sec) (cm/sec)
Test#1:
11-Apr-16  14:31:00 20.5 9.4 16.43 5.5 300 5.0E-04 4.9E-04
11-Apr-16  14:36:00
Test# 2:
11-Apr-16  14:54:00 20.5 7 15.03 4.1 300 5.0E-04 4.9E-04
11-Apr-16  14:59:00
Test# 3:
11-Apr-16  15:10:00 20.5 5.25 13.98 3.0 300 4 9E-04 4.9E-04
11-Apr-16  15:15:00
Average Ksat (cm/sec): 4.9E-04
Oversize Corrected Ksat (cm/sec):  3.3E-04
Comments:

-- = Qversize correction is unnecessary since coarse fraction < 5% of composite mass

Velocity vs. Hydraulic Gradient
0.0007
__ 00006 ————— _--H
Q 1
§ oo005 | — T
z T o
S 00004 o=
g M T
] 1 om
> 0.0003
0.0002 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
0.7 0.8 0.9 1.0 1.1 1.2 1.3
Hydraulic Gradient (cm/cm)

Laboratory analysis by: D. O'Dowd
Data entered by: D. O'Dowd
Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Oversize Correction Data Sheet

Job Name:

Job Number:
Sample Number:
Ring Number:
Project Name:

Split (3/4", 3/8", #4):
Calculated Porosity of Fines (% vol):

Coarse Fraction*

Enviro Clean Cardinal

Subsample Mass (g): 33.30
Bulk Density (g/cm®): 2.65
Volume of Solids (cm®): 12.57
Volume of Voids (cm®): 0.00
Total Volume (cm®): 12.57
Volumetric Fraction (%): 23.51
Mass Fraction (%): 33.30
Ksat (cm/sec): NM

NM = Not measured

Laboratory analysis by:
Data entered by:

NM16.0071.00
ST-9 (1.63)
NA
Lea Land Landfill
#4
38.4
Fines Fraction Composite
66.70 100.00
1.63 1.87
2517 37.74
15.72 15.72
40.89 53.45
76.49 100.00
66.70 100.00
4 9E-04 3.3E-04

Porosity and moisture content of coarse fraction assumed to be zero.
Oversize correction is unnecessary since coarse fraction < 5% of composite mass

D. O'Dowd
D. O'Dowd

Checked by: J. Hines
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Saturated Hydraulic Conductivity
Constant Head Method

Job Name: Enviro Clean Cardinal Type of water used: TAP
Job Number: NM16.0071.00 Collection vessel tare (g): 11.09
Sample Number: ST-10 Sample length (cm): 6.34
Ring Number: NA Sample diameter (cm): 7.28
Project Name: Lea Land Landfill Sample x-sectional area (cm2): 41.65
Temp Head Q + Tare Q Elapsed Ksat Ksat @ 20°C
Date Time (°C) (cm) (9) (cm®) time (sec)  (cm/sec) (cm/sec)
Test # 1:
7-Apr-16 13:52:00 19.5 9.6 12.93 1.8 180 1.6E-04 1.6E-04
7-Apr-16 13:55:00
Test# 2:
7-Apr-16 14:04:00 19.5 6.7 12.27 1.2 180 1.5E-04 1.5E-04
7-Apr-16 14:07:00
Test # 3:
7-Apr-16 14:22:30 19.5 4.3 11.80 0.7 180 1.4E-04 1.4E-04

7-Apr-16 14:25:30

Average Ksat (cm/sec): 1.5E-04
Oversize Corrected Ksat (cm/sec): NA
Comments:

-- = Qversize correction is unnecessary since coarse fraction < 5% of composite mass
NA = Not applicable

Velocity vs. Hydraulic Gradient
0.00026
.
00002 f— e
B -
§oo00018 4 — e
2 1 el
‘S 0.00014 et
8
2 L
> 0.00010 "
0.00006 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ : ‘
0.4 0.6 0.8 1.0 1.2 1.4 1.6
Hydraulic Gradient (cm/cm)

Laboratory analysis by: D. O'Dowd
Data entered by: D. O'Dowd
Checked by: J. Hines

42



Laboratory Tests
and Methods
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Tests and Methods

Dry Bulk Density: ASTM D7263
Moisture Content: ASTM D7263, ASTM D2216
Calculated Porosity: ASTM D7263

Saturated Hydraulic Conductivity:
Constant Head: ASTM D 2434 (modified apparatus)
(Rigid Wall)
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August 21, 2014

Melissa Vaught

Cardinal Engineering, Inc.

1015 N. Broadway Avenue, Suite 300
Oklahoma City, Ok 73102

(405) 842-1066

Re: DBS&A Laboratory Report for the Cardinal Engineering, Inc. Lea Land Landfill

Dear Ms. Vaught:

Enclosed is the report for the Cardinal Engineering, Inc. Lea Land Landfill samples. Please review
this report and provide any comments as samples will be held for a maximum of 30 days. After 30
days samples will be returned or disposed of in an appropriate manner.

All testing results were evaluated subjectively for consistency and reasonableness, and the results
appear to be reasonably representative of the material tested. However, DBS&A does not assume
any responsibility for interpretations or analyses based on the data enclosed, nor can we guarantee
that these data are fully representative of the undisturbed materials at the field site. We recommend
that careful evaluation of these laboratory results be made for your particular application.

The testing utilized to generate the enclosed report employs methods that are standard for the
industry. The results do not constitute a professional opinion by DBS&A, nor can the results affect
any professional or expert opinions rendered with respect thereto by DBS&A. You have
acknowledged that all the testing undertaken by us, and the report provided, constitutes mere test
results using standardized methods, and cannot be used to disqualify DBS&A from rendering any
professional or expert opinion, having waived any claim of conflict of interest by DBS&A.

We are pleased to provide this service to Cardinal Engineering, Inc. and look forward to future
laboratory testing on other projects. If you have any questions about the enclosed data, please do
not hesitate to call.

Sincerely,

DANIEL B. STEPHENS & ASSOCIATES, INC.
SOIL TESTING & RESEARCH LABORATORY

.. e

Joleen Hines
Laboratory Supervising Manager

Enclosure

Daniel B. Stephens & Associates, Inc.

Soil Testing & Research Laboratory
4400 Alameda Blvd. NE, Suite C 505-889-7752
Albuquerque, NM 87113 FAX 505-889-0258



Summaries



Daniel B. Stephens & Associates, Inc.

Summary of Tests Performed

Saturated
Initial Soil Hydraulic Moisture Particle Specific Air
Laboratory Properties' Conductivity? Characteristics® Size* Gravity’ | Perm- | Atterberg |  Proctor
Sample Number GiVM:VD| CH: FH:{FW|HC:PP:FPiDPP:RH:EP iWHC:Kysat| DS i WS: H F C [eability| Limits | Compaction

Sample 1 X i X X X
Sample 1 (81%, 1.46, 13.5%) | X i X X
Sample 1 (95%, 1.73,17.4%) | X : X X

Sample 2 X i X X X
Sample 2 (80%, 1.48,12.3%) | X i X X
Sample 2 (95%, 1.75, 15.7%) X i X X

Sample 3 X i X X X
Sample 3 (80%, 1.44, 13.7%) X i X X
Sample 3 (95%, 1.70,17.4%) | X i X X

Sample 4 X i X X X
Sample 4 (80%, 1.44,13.5%) | X i X X
Sample 4 (95%, 1.71, 17.0%) X i X X

Sample 5 X i X X X
Sample 5 (80%, 1.45,13.0%) | X i X X
Sample 5 (95%, 1.73,16.3%) | X i X X

G = Gravimetric Moisture Content, VM = Volume Measurement Method, VD = Volume Displacement Method

2 CH = Constant Head Rigid Wall, FH = Falling Head Rigid Wall, FW = Falling Head Rising Tail Flexible Wall

HC = Hanging Column, PP = Pressure Plate, FP = Filter Paper, DPP = Dew Point Potentiometer, RH = Relative Humidity Box,
EP = Effective Porosity, WHC = Water Holding Capacity, Kunsat = Calculated Unsaturated Hydraulic Conductivity

* DS = Dry Sieve, WS = Wet Sieve, H = Hydrometer

® F =Fine (<4.75mm), C = Coarse (>4.75mm)



Daniel B. Stephens & Associates, Inc.

Summary of Tests Performed (Continued)

Saturated
Initial Soil Hydraulic Moisture Particle Specific Air
Laboratory Properties' Conductivity? Characteristics® Size* Gravity’ | Perm- | Atterberg |  Proctor
Sample Number GiVM:VD| CH: FH:{FW|HC:PP:FPiDPP:RH:EP iWHC:Kysat| DS i WS: H F C [eability| Limits | Compaction

Sample 6 X i X X X
Sample 6 (80%, 1.44, 13.4%) X i X X
Sample 6 (95%, 1.71,16.8%) | X : X X

Sample 7 X i X X X
Sample 7 (80%, 1.44,12.9%) | X i X X
Sample 7 (95%, 1.71, 16.4%) X i X X

Sample 8 X i X X X
Sample 8 (80%, 1.45, 13.8%) X i X X
Sample 8 (95%, 1.73,17.1%) | X i X X

Sample 9 X i X X X
Sample 9 (80%, 1.45,13.8%) | X : X X
Sample 9 (95%, 1.73,16.8%) | X i X X

Sample 10 X i X X X
Sample 10 (80%, 1.43,13.8%) | X i X X
Sample 10 (95%, 1.70,17.2%) | X i X X

G = Gravimetric Moisture Content, VM = Volume Measurement Method, VD = Volume Displacement Method

CH = Constant Head Rigid Wall, FH = Falling Head Rigid Wall, FW = Falling Head Rising Tail Flexible Wall

HC = Hanging Column, PP = Pressure Plate, FP = Filter Paper, DPP = Dew Point Potentiometer, RH = Relative Humidity Box,
EP = Effective Porosity, WHC = Water Holding Capacity, Kunsat = Calculated Unsaturated Hydraulic Conductivity

DS = Dry Sieve, WS = Wet Sieve, H = Hydrometer

F = Fine (<4.75mm), C = Coarse (>4.75mm)

IS
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Daniel B. Stephens & Associates, Inc.

Notes

Sample Receipt:
Ten samples were hand delivered, each in a full 5-gallon bucket sealed with a lid, on July 22,
2014.

Sample Preparation and Testing Notes:

Each sample was subjected to standard proctor compaction testing. A sub-sample was then
prepared for each sample by remolding the material into a testing ring to target 80% of the
respective maximum dry bulk density at 1.5% below the respective optimum moisture content.
The test results for (80%) samples were initially reported on August 7, 2014, and are also included
in this report. Subsequently, sub-samples were prepared for each sample by remolding the
material into testing rings to target 95% of the respective maximum dry bulk density at 2.0% above
the respective optimum moisture content. These sub-samples were subjected to initial properties
and saturated hydraulic conductivity testing. The percent of maximum density reached, the dry
bulk density achieved, and the moisture content achieved was added to each of the sub-sample
ID’s. Based on the standard proctor compaction method, material larger than 4.75mm was
removed from the sample material prior to remolding. Oversize correction calculations are
presented since the fractions removed were more than 5% of the respective bulk sample masses.

Each sample was also subjected to particle size analysis (PSA) and Atterberg limits testing. The
PSA and Atterberg limits results were initially reported on August 7, 2014, and are also included in
this final report.

Porosity calculations, and the particle diameter calculations in the hydrometer portion of the
particle size analysis testing, are based on the use of an assumed specific gravity value of 2.65.




Daniel B. Stephens & Associates, Inc.

Summary of Sample Preparation/Volume Changes

Volume Change Post

Proctor Data Target Remold Parameters’ Actual Remold Data Saturation®

Optimum % of % of % % of

Moisture Max. Dry Moisture Dry Bulk  Max. Moisture Dry Bulk  Max. Dry Bulk  Volume  Max.
Content  Density Content  Density Density Content Density Density Density Change Density

Sample Number (%, 9/9) (gfem®) (%, glg) (glem’) (%) (%, 9/9) _(glem®) (%) (gem’) (%) (%)
Sample 1 (81%, 1.46, 13.5%) 15.0 1.82 13.5 1.45 80% 13.5 1.46 80.5% 1.46 80.5%
Sample 1 (95%, 1.73, 17.4%) 15.0 1.82 17.0 1.73 95% 17.4 1.73 95.2% 1.73 95.2%
Sample 2 (80%, 1.48, 12.3%) 13.9 1.84 12.4 1.47 80% 12.3 1.48 80.4% 1.48 80.4%
Sample 2 (95%, 1.75, 15.7%) 13.9 1.84 15.9 1.75 95% 15.7 1.75 95.3% 1.75 95.3%
Sample 3 (80%, 1.44, 13.7%) 15.3 1.79 13.8 1.43 80% 13.7 1.44 80.1% 1.44 80.1%
Sample 3 (95%, 1.70, 17.4%) 15.3 1.79 17.3 1.70 95% 17.4 1.70 94.8% 1.70 94.8%
Sample 4 (80%, 1.44, 13.5%) 15.1 1.80 13.6 1.44 80% 13.5 1.44 80.3% 1.44 80.3%
Sample 4 (95%, 1.71, 17.0%) 15.1 1.80 17.1 1.71 95% 17.0 1.71 95.1% 1.71 95.1%

1Target Remold Parameters: Provided by the client: 80% of maximum dry density at 1.5% below optimum moisture content. 95% of maximum dry density at
2.0% above optimum moisture content.

%\/olume Change Post Saturation: Volume change measurements were obtained after saturated hydraulic conductivity testing.

Notes:
"+" indicates sample swelling, "-" indicates sample settling, and "---" indicates no volume change occurred.



Daniel B. Stephens & Associates, Inc.

Summary of Sample Preparation/Volume Changes (continued)

Volume Change Post

Proctor Data Target Remold Parameters’ Actual Remold Data Saturation®

Optimum % of % of % % of

Moisture Max. Dry Moisture Dry Bulk  Max. Moisture Dry Bulk  Max. Dry Bulk  Volume  Max.
Content  Density Content  Density Density Content Density Density Density Change Density

Sample Number (%, 9/9) (gfem®) (%, glg) (glem’) (%) (%, 9/9) _(glem®) (%) (gem’) (%) (%)
Sample 5 (80%, 1.45, 13.0%) 14.4 1.81 12.9 1.45 80% 13.0 1.45 80.0% 1.45 80.0%
Sample 5 (95%, 1.73, 16.3%) 14.4 1.81 16.4 1.72 95% 16.3 1.73 95.2% 1.73 95.2%
Sample 6 (80%, 1.44, 13.4%) 14.8 1.80 13.3 1.44 80% 13.4 1.44 80.0% 1.44 80.0%
Sample 6 (95%, 1.71, 16.8%) 14.8 1.80 16.8 1.71 95% 16.8 1.71 94.9% 1.71 94.9%
Sample 7 (80%, 1.44, 12.9%) 14.3 1.80 12.8 1.44 80% 12.9 1.44 79.9% 1.44 79.9%
Sample 7 (95%, 1.71, 16.4%) 14.3 1.80 16.3 1.71 95% 16.4 1.71 95.1% 1.71 95.1%
Sample 8 (80%, 1.45, 13.8%) 15.3 1.81 13.8 1.45 80% 13.8 1.45 80.1% 1.45 80.1%
Sample 8 (95%, 1.73, 17.1%) 15.3 1.81 17.3 1.72 95% 17.1 1.73 95.3% 1.73 95.3%

1Target Remold Parameters: Provided by the client: 80% of maximum dry density at 1.5% below optimum moisture content. 95% of maximum dry density at
2.0% above optimum moisture content.

%\/olume Change Post Saturation: Volume change measurements were obtained after saturated hydraulic conductivity testing.

Notes:
"+" indicates sample swelling, "-" indicates sample settling, and "---" indicates no volume change occurred.



Daniel B. Stephens & Associates, Inc.

Summary of Sample Preparation/Volume Changes (continued)

Volume Change Post

Proctor Data Target Remold Parameters’ Actual Remold Data Saturation®

Optimum % of % of % % of

Moisture Max. Dry Moisture Dry Bulk  Max. Moisture Dry Bulk  Max. Dry Bulk  Volume  Max.
Content  Density Content  Density Density Content Density Density Density Change Density

Sample Number (%, 9/9) (gfem®) (%, glg) (glem’) (%) (%, 9/9) _(glem®) (%) (gem’) (%) (%)
Sample 9 (80%, 1.45, 13.8%) 15.0 1.81 13.5 1.45 80% 13.8 1.45 80.0% 1.45 80.0%
Sample 9 (95%, 1.73, 16.8%) 15.0 1.81 17.0 0.00 95% 16.8 1.73 95.2% 1.73 95.2%
Sample 10 (80%, 1.43, 13.8%) 15.3 1.79 13.8 1.43 80% 13.8 1.43 80.1% 1.43 80.1%
Sample 10 (95%, 1.70 17.2%) 15.3 1.79 17.3 1.70 95% 17.2 1.70 94.9% 1.70 94.9%

1Target Remold Parameters: Provided by the client: 80% of maximum dry density at 1.5% below optimum moisture content. 95% of maximum dry density at
2.0% above optimum moisture content.

\/olume Change Post Saturation: Volume change measurements were obtained after saturated hydraulic conductivity testing.

Notes:

"+" indicates sample swelling, "-" indicates sample settling, and "---" indicates no volume change occurred.



Daniel B. Stephens & Associates, Inc.

Summary of Initial Moisture Content, Dry Bulk Density
Wet Bulk Density and Calculated Porosity

Moisture Content

As Received Remolded Dry Bulk Wet Bulk Calculated

Gravimetric Volumetric Gravimetric Volumetric Density Density Porosity
Sample Number (%, g/g) (%, cm°/cm®) (%, g/g) (%, cm®/cm®) (g/cm®) (g/cm’) (%)
Sample 1 (81%, 1.46, 13.5%) NA NA 13.5 19.8 1.46 1.66 44.8
Sample 1 (95%, 1.73, 17.4%) NA NA 17.4 30.1 1.73 2.03 34.7
Sample 2 (80%, 1.48, 12.3%) NA NA 12.3 18.1 1.48 1.66 44.3
Sample 2 (95%, 1.75, 15.7%) NA NA 15.7 27.6 1.75 2.03 33.9
Sample 3 (80%, 1.44, 13.7%) NA NA 13.7 19.6 1.44 1.63 45.8
Sample 3 (95%, 1.70, 17.4%) NA NA 17.4 29.5 1.70 1.99 35.9
Sample 4 (80%, 1.44, 13.5%) NA NA 13.5 19.4 1.44 1.64 455
Sample 4 (95%, 1.71, 17.0%) NA NA 17.0 29.1 1.71 2.00 35.5
Sample 5 (80%, 1.45, 13.0%) NA NA 13.0 18.8 1.45 1.64 452
Sample 5 (95%, 1.73, 16.3%) NA NA 16.3 28.2 1.73 2.01 34.8
Sample 6 (80%, 1.44, 13.4%) NA NA 13.4 19.3 1.44 1.63 45.6
Sample 6 (95%, 1.71, 16.8%) NA NA 16.8 28.8 1.71 2.00 35.4

NA = Not analyzed
--- = This sample was not remolded



Daniel B. Stephens & Associates, Inc.

Summary of Initial Moisture Content, Dry Bulk Density
Wet Bulk Density and Calculated Porosity (Continued)

Moisture Content

As Received Remolded Dry Bulk Wet Bulk Calculated

Gravimetric Volumetric Gravimetric Volumetric Density Density Porosity
Sample Number (%, g/g) (%, cm°/cm®) (%, g/g) (%, cm®/cm®) (g/cm®) (g/cm’) (%)
Sample 7 (80%, 1.44, 12.9%) NA NA 12.9 18.5 1.44 1.62 45.8
Sample 7 (95%, 1.71, 16.4%) NA NA 16.4 28.0 1.71 1.99 35.4
Sample 8 (80%, 1.45, 13.8%) NA NA 13.8 20.0 1.45 1.65 452
Sample 8 (95%, 1.73, 17.1%) NA NA 17.1 29.5 1.73 2.02 34.8
Sample 9 (80%, 1.45, 13.8%) NA NA 13.8 20.0 1.45 1.65 452
Sample 9 (95%, 1.73, 16.8%) NA NA 16.8 29.0 1.73 2.02 34.9
Sample 10 (80%, 1.43, 13.8%) NA NA 13.8 19.8 1.43 1.63 45.9
Sample 10 (95%, 1.70, 17.2%) NA NA 17.2 29.3 1.70 1.99 35.8

NA = Not analyzed
--- = This sample was not remolded



Daniel B. Stephens & Associates, Inc.

Summary of Saturated Hydraulic Conductivity Tests

Oversize
Corrected
Ksat Ksat Method of Analysis
Sample Number (cm/sec) (cm/sec) Constant Head Falling Head

Sample 1 (81%, 1.46, 13.5%) 4 4E-03 4 1E-03 X
Sample 1 (95%, 1.73, 17.4%) 5.7E-07 5.3E-07 X
Sample 2 (80%, 1.48, 12.3%) 4 1E-03 3.8E-03 X
Sample 2 (95%, 1.75, 15.7%) 3.0E-06 2.7E-06 X
Sample 3 (80%, 1.44, 13.7%) 6.6E-03 6.1E-03 X
Sample 3 (95%, 1.70, 17.4%) 3.9E-06 3.5E-06 X
Sample 4 (80%, 1.44, 13.5%) 4 9E-03 4 6E-03 X
Sample 4 (95%, 1.71, 17.0%) 1.0E-06 9.4E-07 X
Sample 5 (80%, 1.45, 13.0%) 4 4E-03 4 1E-03 X
Sample 5 (95%, 1.73, 16.3%) 1.1E-06 1.0E-06 X
Sample 6 (80%, 1.44, 13.4%) 5.2E-03 4.7E-03 X
Sample 6 (95%, 1.71, 16.8%) 8.2E-07 7.5E-07 X
Sample 7 (80%, 1.44, 12.9%) 6.0E-03 5.6E-03 X
Sample 7 (95%, 1.71, 16.4%) 5.6E-06 5.3E-06 X
Sample 8 (80%, 1.45, 13.8%) 5.3E-03 5.0E-03 X
Sample 8 (95%, 1.73, 17.1%) 4.4E-07 4.2E-07 X
Sample 9 (80%, 1.45, 13.8%) 7.8E-03 7.4E-03 X
Sample 9 (95%, 1.73, 16.8%) 1.4E-06 1.3E-06 X
Sample 10 (80%, 1.43, 13.8%) 7.5E-03 7.0E-03 X
Sample 10 (95%, 1.70, 17.2%) 1.3E-06 1.2E-06 X

-- = QOversize correction is unnecessary since coarse fraction < 5% of composite mass
NR = Not requested
NA = Not applicable



Daniel B. Stephens & Associates, Inc.

Summary of Particle Size Characteristics

Sample Number (mm) (mm) (mm) C, C. Method Classification Classification
Sample 1 0.00043 0.097 0.14 326 0.84 WS/H Clayey sand (SC) Sandy Loam  (Est)
Sample 2 0.00083 0.12 0.17 205 0.48 WS/H Clayey sand (SC) Sandy Loam T (Est)
Sample 3 0.00082 0.11 0.15 183 0.43 WS/H Clayey sand (SC) Sandy Loam T (Est)
Sample 4 0.00076 0.11 0.16 211 0.39 WS/H Clayey sand (SC) Sandy Clay Loam T (Est)
Sample 5 0.00074 0.082 0.13 176 0.21 WS/H Clayey sand (SC) Sandy Clay Loam (Est)
Sample 6 0.00077 0.11 0.15 195 0.23 WS/H Clayey sand (SC) Sandy Clay Loam T (Est)
Sample 7 0.00079 0.11 0.15 190 0.32 WS/H Clayey sand (SC) Sandy Clay Loam T (Est)
Sample 8 0.00076 0.092 0.14 184 0.13 WS/H Clayey sand (SC) Sandy Clay Loam (Est)
Sample 9 0.00088 0.11 0.15 170 0.40 WS/H Clayey sand (SC) Sandy Loam T (Est)
Sample 10 0.00070 0.11 0.15 214 0.52 WS/H Clayey sand (SC) Sandy Loam T (Est)
dso = Median particle diameter c dso DS = Dry sieve T Greater than 10% of sample is coarse material
v S A
Est = Reported values for d, C,, C,, and soil ° H = Hydrometer
classification are estimates, since extrapolation ) )
was required to obtain the d,, diameter (d3o) WS = Wet sieve

Ce = (dio)(deo)



Daniel B. Stephens & Associates, Inc.

Percent Gravel, Sand, Silt and Clay*

% Gravel % Sand % Silt % Clay
Sample Number (>4.75mm) (<4.75mm, >0.075mm) (<0.075mm, >0.002mm) (<0.002mm)
Sample 1 7.1 471 28.8 17.0
Sample 2 8.5 48.7 25.5 17.3
Sample 3 8.4 47.2 275 16.9
Sample 4 7.2 494 24.9 18.5
Sample 5 5.3 46.3 28.2 20.2
Sample 6 8.3 46.5 25.6 19.6
Sample 7 6.2 50.1 25.0 18.7
Sample 8 5.7 47.3 26.7 20.3
Sample 9 6.2 49.0 27.4 17.4
Sample 10 6.2 494 26.8 17.7

*USCS classification does not classify clay fraction based on particle size. USDA definition of clay (<0.002mm) used in this table.



Daniel B. Stephens & Associates, Inc.

Summary of Atterberg Tests

Sample Number Liquid Limit Plastic Limit Plasticity Index Classification
Sample 1 28 18 10 CL
Sample 2 28 17 11 CL
Sample 3 27 17 10 CL
Sample 4 28 17 11 CL
Sample 5 30 18 12 CL
Sample 6 29 19 10 CL
Sample 7 27 16 11 CL
Sample 8 30 18 12 CL
Sample 9 28 18 10 CL
Sample 10 29 17 12 CL

--- = Soil requires visual-manual classification due to non-plasticity



Daniel B. Stephens & Associates, Inc.

Summary of Proctor Compaction Tests

Measured Oversize Corrected
Optimum Maximum Optimum Maximum
Moisture Dry Bulk Moisture Dry Bulk
Content Density Content Density
Sample Number (% g/g) (g/cm3) (% g/g) (g/om3)
Sample 1 15.0 1.82 13.9 1.86
Sample 2 13.9 1.84 12.7 1.89
Sample 3 15.3 1.79 14.0 1.84
Sample 4 15.1 1.80 14.0 1.84
Sample 5 14.4 1.81 13.6 1.84
Sample 6 14.8 1.80 13.6 1.85
Sample 7 14.3 1.80 13.4 1.83
Sample 8 15.3 1.81 14.4 1.85
Sample 9 15.0 1.81 14.1 1.85
Sample 10 15.3 1.79 14.3 1.83

-- = Oversize correction is unnecessary since coarse fraction < 5% of composite mass
NR = Not requested
NA = Not applicable



Initial Properties



Daniel B. Stephens & Associates, Inc.

Summary of Initial Moisture Content, Dry Bulk Density
Wet Bulk Density and Calculated Porosity

Moisture Content

As Received Remolded Dry Bulk Wet Bulk Calculated

Gravimetric Volumetric Gravimetric Volumetric Density Density Porosity
Sample Number (%, g/g) (%, cm°/cm®) (%, g/g) (%, cm®/cm®) (g/cm®) (g/cm’) (%)
Sample 1 (81%, 1.46, 13.5%) NA NA 13.5 19.8 1.46 1.66 44.8
Sample 1 (95%, 1.73, 17.4%) NA NA 17.4 30.1 1.73 2.03 34.7
Sample 2 (80%, 1.48, 12.3%) NA NA 12.3 18.1 1.48 1.66 44.3
Sample 2 (95%, 1.75, 15.7%) NA NA 15.7 27.6 1.75 2.03 33.9
Sample 3 (80%, 1.44, 13.7%) NA NA 13.7 19.6 1.44 1.63 45.8
Sample 3 (95%, 1.70, 17.4%) NA NA 17.4 29.5 1.70 1.99 35.9
Sample 4 (80%, 1.44, 13.5%) NA NA 13.5 19.4 1.44 1.64 455
Sample 4 (95%, 1.71, 17.0%) NA NA 17.0 29.1 1.71 2.00 35.5
Sample 5 (80%, 1.45, 13.0%) NA NA 13.0 18.8 1.45 1.64 452
Sample 5 (95%, 1.73, 16.3%) NA NA 16.3 28.2 1.73 2.01 34.8
Sample 6 (80%, 1.44, 13.4%) NA NA 13.4 19.3 1.44 1.63 45.6
Sample 6 (95%, 1.71, 16.8%) NA NA 16.8 28.8 1.71 2.00 35.4

NA = Not analyzed
--- = This sample was not remolded



Daniel B. Stephens & Associates, Inc.

Summary of Initial Moisture Content, Dry Bulk Density
Wet Bulk Density and Calculated Porosity (Continued)

Moisture Content

As Received Remolded Dry Bulk Wet Bulk Calculated

Gravimetric Volumetric Gravimetric Volumetric Density Density Porosity
Sample Number (%, g/g) (%, cm°/cm®) (%, g/g) (%, cm®/cm®) (g/cm®) (g/cm’) (%)
Sample 7 (80%, 1.44, 12.9%) NA NA 12.9 18.5 1.44 1.62 45.8
Sample 7 (95%, 1.71, 16.4%) NA NA 16.4 28.0 1.71 1.99 35.4
Sample 8 (80%, 1.45, 13.8%) NA NA 13.8 20.0 1.45 1.65 452
Sample 8 (95%, 1.73, 17.1%) NA NA 17.1 29.5 1.73 2.02 34.8
Sample 9 (80%, 1.45, 13.8%) NA NA 13.8 20.0 1.45 1.65 452
Sample 9 (95%, 1.73, 16.8%) NA NA 16.8 29.0 1.73 2.02 34.9
Sample 10 (80%, 1.43, 13.8%) NA NA 13.8 19.8 1.43 1.63 45.9
Sample 10 (95%, 1.70, 17.2%) NA NA 17.2 29.3 1.70 1.99 35.8

NA = Not analyzed
--- = This sample was not remolded



Daniel B.

Stephens & Associates, Inc.

Data for Initial Moisture Content,
Bulk Density, Porosity, and Percent Saturation

Job Name: Cardinal Engineering, Inc.
Job Number: LB14.0150.00
Sample Number: Sample 1 (81%, 1.46, 13.5%)
Ring Number: NA

Depth: NA
As Received Remolded
Test Date: NA 31-Jul-14
Field weight* of sample (g): 499.34
Tare weight, ring (g): 128.47
Tare weight, pan/plate (g): 0.00
Tare weight, other (g): 0.00
Dry weight of sample (g): 326.72
Sample volume (cm®): 223.30
Assumed particle density (g/cm®): 2.65
Gravimetric Moisture Content (% g/g): 13.5
Volumetric Moisture Content (% vol): 19.8
Dry bulk density (g/cm®): 1.46
Wet bulk density (g/cm®): 1.66
Calculated Porosity (% vol): 44.8
Percent Saturation: 44 1
Laboratory analysis by: D. O'Dowd
Data entered by: D. O'Dowd
Checked by: J. Hines

Comments:

* Weight including tares
NA = Not analyzed
--- = This sample was not remolded
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Daniel B.

Stephens & Associates, Inc.

Data for Initial Moisture Content,
Bulk Density, Porosity, and Percent Saturation

Job Name: Cardinal Engineering, Inc.
Job Number: LB14.0150.00
Sample Number: Sample 1 (95%, 1.73, 17.4%)
Ring Number: NA

Depth: NA
As Received Remolded
Test Date: NA 12-Aug-14
Field weight* of sample (g): 593.60
Tare weight, ring (g): 140.03
Tare weight, pan/plate (g): 0.00
Tare weight, other (g): 0.00
Dry weight of sample (g): 386.38
Sample volume (cm®): 223.32
Assumed particle density (g/cm®): 2.65
Gravimetric Moisture Content (% g/g): 17.4
Volumetric Moisture Content (% vol): 30.1
Dry bulk density (g/cm®): 1.73
Wet bulk density (g/cm®): 2.03
Calculated Porosity (% vol): 34.7
Percent Saturation: 86.7
Laboratory analysis by: D. O'Dowd
Data entered by: D. O'Dowd
Checked by: J. Hines

Comments:

* Weight including tares
NA = Not analyzed
--- = This sample was not remolded
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Daniel B.

Stephens & Associates, Inc.

Data for Initial Moisture Content,
Bulk Density, Porosity, and Percent Saturation

Job Name: Cardinal Engineering, Inc.
Job Number: LB14.0150.00
Sample Number: Sample 2 (80%, 1.48, 12.3%)
Ring Number: NA

Depth: NA
As Received Remolded
Test Date: NA 31-Jul-14
Field weight* of sample (g): 512.59
Tare weight, ring (g): 141.82
Tare weight, pan/plate (g): 0.00
Tare weight, other (g): 0.00
Dry weight of sample (g): 330.24
Sample volume (cm®): 223.61
Assumed particle density (g/cm®): 2.65
Gravimetric Moisture Content (% g/g): 12.3
Volumetric Moisture Content (% vol): 18.1
Dry bulk density (g/cm®): 1.48
Wet bulk density (g/cm®): 1.66
Calculated Porosity (% vol): 44.3
Percent Saturation: 40.9
Laboratory analysis by: D. O'Dowd
Data entered by: D. O'Dowd
Checked by: J. Hines

Comments:

* Weight including tares
NA = Not analyzed
--- = This sample was not remolded
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Daniel B. Stephens & Associates, Inc.

Data for Initial Moisture Content,

Bulk Density, Porosity, and Percent Saturation

Job Name: Cardinal Engineering, Inc.

Job Number: LB14.0150.00

Sample Number: Sample 2 (95%, 1.75, 15.7%)

Ring Number: NA

Depth: NA
As Received Remolded
Test Date: NA 12-Aug-14
Field weight* of sample (g): 585.80
Tare weight, ring (g): 133.78
Tare weight, pan/plate (g): 0.00
Tare weight, other (g): 0.00
Dry weight of sample (g): 390.55
Sample volume (cm®): 222.92
Assumed particle density (g/cm®): 2.65
Gravimetric Moisture Content (% g/g): 15.7
Volumetric Moisture Content (% vol): 27.6
Dry bulk density (g/cm®): 1.75
Wet bulk density (g/cm®): 2.03
Calculated Porosity (% vol): 33.9
Percent Saturation: 81.4
Laboratory analysis by: D. O'Dowd
Data entered by: D. O'Dowd
Checked by: J. Hines

Comments:

* Weight including tares
NA = Not analyzed
--- = This sample was not remolded
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Daniel B. Stephens & Associates, Inc.

Data for Initial Moisture Content,

Bulk Density, Porosity, and Percent Saturation

Job Name: Cardinal Engineering, Inc.

Job Number: LB14.0150.00

Sample Number: Sample 3 (80%, 1.44, 13.7%)

Ring Number: NA

Depth: NA
As Received Remolded
Test Date: NA 31-Jul-14
Field weight* of sample (g): 495.54
Tare weight, ring (g): 133.50
Tare weight, pan/plate (g): 0.00
Tare weight, other (g): 0.00
Dry weight of sample (g): 318.53
Sample volume (cm®): 221.96
Assumed particle density (g/cm®): 2.65
Gravimetric Moisture Content (% g/g): 13.7
Volumetric Moisture Content (% vol): 19.6
Dry bulk density (g/cm®): 1.44
Wet bulk density (g/cm®): 1.63
Calculated Porosity (% vol): 458
Percent Saturation: 42.8
Laboratory analysis by: D. O'Dowd
Data entered by: D. O'Dowd
Checked by: J. Hines

Comments:

* Weight including tares
NA = Not analyzed
--- = This sample was not remolded
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Daniel B. Stephens & Associates, Inc.

Data for Initial Moisture Content,

Bulk Density, Porosity, and Percent Saturation

Job Name: Cardinal Engineering, Inc.

Job Number: LB14.0150.00

Sample Number: Sample 3 (95%, 1.70, 17.4%)

Ring Number: NA

Depth: NA
As Received Remolded
Test Date: NA 12-Aug-14

Field weight* of sample (g): 577.82
Tare weight, ring (g): 133.39

Tare weight, pan/plate (g): 0.00

Tare weight, other (g): 0.00
Dry weight of sample (g): 378.67
Sample volume (cm®): 223.00

Assumed particle density (g/cm®): 2.65
Gravimetric Moisture Content (% g/g): 17.4
Volumetric Moisture Content (% vol): 29.5
Dry bulk density (g/cm®): 1.70

Wet bulk density (g/cm®): 1.99

Calculated Porosity (% vol): 35.9

Percent Saturation: 82.1

Laboratory analysis by: D. O'Dowd

Data entered by: D. O'Dowd

Checked by: J. Hines
Comments:

* Weight including tares
NA = Not analyzed
--- = This sample was not remolded
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Daniel B.

Stephens & Associates, Inc.

Data for Initial Moisture Content,
Bulk Density, Porosity, and Percent Saturation

Job Name: Cardinal Engineering, Inc.
Job Number: LB14.0150.00
Sample Number: Sample 4 (80%, 1.44, 13.5%)
Ring Number: NA

Depth: NA
As Received Remolded
Test Date: NA 31-Jul-14
Field weight* of sample (g): 508.23
Tare weight, ring (g): 142.20
Tare weight, pan/plate (g): 0.00
Tare weight, other (g): 0.00
Dry weight of sample (g): 322.60
Sample volume (cm®): 223.51
Assumed particle density (g/cm®): 2.65
Gravimetric Moisture Content (% g/g): 13.5
Volumetric Moisture Content (% vol): 19.4
Dry bulk density (g/cm®): 1.44
Wet bulk density (g/cm®): 1.64
Calculated Porosity (% vol): 455
Percent Saturation: 42.7
Laboratory analysis by: D. O'Dowd
Data entered by: D. O'Dowd
Checked by: J. Hines

Comments:

* Weight including tares
NA = Not analyzed
--- = This sample was not remolded
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Daniel B. Stephens & Associates, Inc.

Data for Initial Moisture Content,

Bulk Density, Porosity, and Percent Saturation

Job Name: Cardinal Engineering, Inc.

Job Number: LB14.0150.00

Sample Number: Sample 4 (95%, 1.71, 17.0%)

Ring Number: NA

Depth: NA
As Received Remolded
Test Date: NA 12-Aug-14

Field weight* of sample (g): 577.76
Tare weight, ring (g): 125.73

Tare weight, pan/plate (g): 0.00

Tare weight, other (g): 0.00
Dry weight of sample (g): 386.23
Sample volume (cm®): 225.90

Assumed particle density (g/cm®): 2.65
Gravimetric Moisture Content (% g/g): 17.0
Volumetric Moisture Content (% vol): 29.1
Dry bulk density (g/cm®): 1.71

Wet bulk density (g/cm®): 2.00

Calculated Porosity (% vol): 35.5

Percent Saturation: 82.1

Laboratory analysis by: D. O'Dowd

Data entered by: D. O'Dowd

Checked by: J. Hines
Comments:

* Weight including tares
NA = Not analyzed
--- = This sample was not remolded
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Daniel B.

Stephens & Associates, Inc.

Data for Initial Moisture Content,
Bulk Density, Porosity, and Percent Saturation

Job Name: Cardinal Engineering, Inc.
Job Number: LB14.0150.00
Sample Number: Sample 5 (80%, 1.45, 13.0%)
Ring Number: NA

Depth: NA
As Received Remolded
Test Date: NA 31-Jul-14
Field weight* of sample (g): 496.50
Tare weight, ring (g): 132.94
Tare weight, pan/plate (g): 0.00
Tare weight, other (g): 0.00
Dry weight of sample (g): 321.85
Sample volume (cm®): 221.70
Assumed particle density (g/cm®): 2.65
Gravimetric Moisture Content (% g/g): 13.0
Volumetric Moisture Content (% vol): 18.8
Dry bulk density (g/cm®): 1.45
Wet bulk density (g/cm®): 1.64
Calculated Porosity (% vol): 452
Percent Saturation: 41.6
Laboratory analysis by: D. O'Dowd
Data entered by: D. O'Dowd
Checked by: J. Hines

Comments:

* Weight including tares
NA = Not analyzed
--- = This sample was not remolded
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Daniel B.

Stephens & Associates, Inc.

Data for Initial Moisture Content,
Bulk Density, Porosity, and Percent Saturation

Job Name: Cardinal Engineering, Inc.
Job Number: LB14.0150.00
Sample Number: Sample 5 (95%, 1.73, 16.3%)
Ring Number: NA

Depth: NA
As Received Remolded
Test Date: NA 12-Aug-14
Field weight* of sample (g): 591.19
Tare weight, ring (g): 139.44
Tare weight, pan/plate (g): 0.00
Tare weight, other (g): 0.00
Dry weight of sample (g): 388.31
Sample volume (cm®): 224.75
Assumed particle density (g/cm®): 2.65
Gravimetric Moisture Content (% g/g): 16.3
Volumetric Moisture Content (% vol): 28.2
Dry bulk density (g/cm®): 1.73
Wet bulk density (g/cm®): 2.01
Calculated Porosity (% vol): 34.8
Percent Saturation: 81.1
Laboratory analysis by: D. O'Dowd
Data entered by: D. O'Dowd
Checked by: J. Hines

Comments:

* Weight including tares
NA = Not analyzed
--- = This sample was not remolded
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Daniel B. Stephens & Associates, Inc.

Data for Initial Moisture Content,

Bulk Density, Porosity, and Percent Saturation

Job Name: Cardinal Engineering, Inc.

Job Number: LB14.0150.00

Sample Number: Sample 6 (80%, 1.44, 13.4%)

Ring Number: NA

Depth: NA
As Received Remolded
Test Date: NA 31-Jul-14

Field weight* of sample (g): 507.72

Tare weight, ring (g): 140.71

Tare weight, pan/plate (g): 0.00

Tare weight, other (g): 0.00
Dry weight of sample (g): 323.76
Sample volume (cm®): 224.52

Assumed particle density (g/cm®): 2.65
Gravimetric Moisture Content (% g/g): 13.4
Volumetric Moisture Content (% vol): 19.3
Dry bulk density (g/cm®): 1.44

Wet bulk density (g/cm®): 1.63

Calculated Porosity (% vol): 45.6

Percent Saturation: 42.3

Laboratory analysis by: D. O'Dowd

Data entered by: D. O'Dowd

Checked by: J. Hines
Comments:

* Weight including tares
NA = Not analyzed
--- = This sample was not remolded
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Daniel B. Stephens & Associates, Inc.

Data for Initial Moisture Content,

Bulk Density, Porosity, and Percent Saturation

Job Name: Cardinal Engineering, Inc.

Job Number: LB14.0150.00

Sample Number: Sample 6 (95%, 1.71, 16.8%)

Ring Number: NA

Depth: NA
As Received Remolded
Test Date: NA 12-Aug-14

Field weight* of sample (g): 579.72
Tare weight, ring (g): 133.43

Tare weight, pan/plate (g): 0.00

Tare weight, other (g): 0.00
Dry weight of sample (g): 381.99

Sample volume (cm®): 223.11

Assumed particle density (g/cm®): 2.65
Gravimetric Moisture Content (% g/g): 16.8
Volumetric Moisture Content (% vol): 28.8
Dry bulk density (g/cm®): 1.71

Wet bulk density (g/cm®): 2.00

Calculated Porosity (% vol): 35.4

Percent Saturation: 81.4

Laboratory analysis by: D. O'Dowd

Data entered by: D. O'Dowd

Checked by: J. Hines
Comments:

* Weight including tares
NA = Not analyzed
--- = This sample was not remolded
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Daniel B.

Stephens & Associates, Inc.

Data for Initial Moisture Content,
Bulk Density, Porosity, and Percent Saturation

Job Name: Cardinal Engineering, Inc.
Job Number: LB14.0150.00
Sample Number: Sample 7 (80%, 1.44, 12.9%)
Ring Number: NA

Depth: NA
As Received Remolded
Test Date: NA 31-Jul-14
Field weight* of sample (g): 491.13
Tare weight, ring (g): 127.75
Tare weight, pan/plate (g): 0.00
Tare weight, other (g): 0.00
Dry weight of sample (g): 321.91
Sample volume (cm®): 223.98
Assumed particle density (g/cm®): 2.65
Gravimetric Moisture Content (% g/g): 12.9
Volumetric Moisture Content (% vol): 18.5
Dry bulk density (g/cm®): 1.44
Wet bulk density (g/cm®): 1.62
Calculated Porosity (% vol): 458
Percent Saturation: 40.5
Laboratory analysis by: D. O'Dowd
Data entered by: D. O'Dowd
Checked by: J. Hines

Comments:

* Weight including tares
NA = Not analyzed
--- = This sample was not remolded

32



Daniel B.

Stephens & Associates, Inc.

Data for Initial Moisture Content,
Bulk Density, Porosity, and Percent Saturation

Job Name: Cardinal Engineering, Inc.
Job Number: LB14.0150.00
Sample Number: Sample 7 (95%, 1.71, 16.4%)
Ring Number: NA

Depth: NA
As Received Remolded
Test Date: NA 13-Aug-14
Field weight* of sample (g): 590.47
Tare weight, ring (g): 140.05
Tare weight, pan/plate (g): 0.00
Tare weight, other (g): 0.00
Dry weight of sample (g): 387.09
Sample volume (cm®): 226.23
Assumed particle density (g/cm®): 2.65
Gravimetric Moisture Content (% g/g): 16.4
Volumetric Moisture Content (% vol): 28.0
Dry bulk density (g/cm®): 1.71
Wet bulk density (g/cm®): 1.99
Calculated Porosity (% vol): 35.4
Percent Saturation: 79.0
Laboratory analysis by: D. O'Dowd
Data entered by: D. O'Dowd
Checked by: J. Hines

Comments:

* Weight including tares
NA = Not analyzed
--- = This sample was not remolded
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Daniel B.

Stephens & Associates, Inc.

Data for Initial Moisture Content,
Bulk Density, Porosity, and Percent Saturation

Job Name: Cardinal Engineering, Inc.
Job Number: LB14.0150.00
Sample Number: Sample 8 (80%, 1.45, 13.8%)
Ring Number: NA

Depth: NA
As Received Remolded
Test Date: NA 31-Jul-14
Field weight* of sample (g): 499.59
Tare weight, ring (g): 127.87
Tare weight, pan/plate (g): 0.00
Tare weight, other (g): 0.00
Dry weight of sample (g): 326.61
Sample volume (cm®): 225.03
Assumed particle density (g/cm®): 2.65
Gravimetric Moisture Content (% g/g): 13.8
Volumetric Moisture Content (% vol): 20.0
Dry bulk density (g/cm®): 1.45
Wet bulk density (g/cm®): 1.65
Calculated Porosity (% vol): 452
Percent Saturation: 44.3
Laboratory analysis by: D. O'Dowd
Data entered by: D. O'Dowd
Checked by: J. Hines

Comments:

* Weight including tares
NA = Not analyzed
--- = This sample was not remolded
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Daniel B.

Stephens & Associates, Inc.

Data for Initial Moisture Content,
Bulk Density, Porosity, and Percent Saturation

Job Name: Cardinal Engineering, Inc.
Job Number: LB14.0150.00
Sample Number: Sample 8 (95%, 1.73, 17.1%)
Ring Number: NA

Depth: NA
As Received Remolded
Test Date: NA 13-Aug-14
Field weight* of sample (g): 581.20
Tare weight, ring (g): 127.41
Tare weight, pan/plate (g): 0.00
Tare weight, other (g): 0.00
Dry weight of sample (g): 387.58
Sample volume (cm®): 224.30
Assumed particle density (g/cm®): 2.65
Gravimetric Moisture Content (% g/g): 171
Volumetric Moisture Content (% vol): 29.5
Dry bulk density (g/cm®): 1.73
Wet bulk density (g/cm®): 2.02
Calculated Porosity (% vol): 34.8
Percent Saturation: 84.8
Laboratory analysis by: D. O'Dowd
Data entered by: D. O'Dowd
Checked by: J. Hines

Comments:

* Weight including tares
NA = Not analyzed
--- = This sample was not remolded
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Daniel B.

Stephens & Associates, Inc.

Data for Initial Moisture Content,
Bulk Density, Porosity, and Percent Saturation

Job Name: Cardinal Engineering, Inc.
Job Number: LB14.0150.00
Sample Number: Sample 9 (80%, 1.45, 13.8%)
Ring Number: NA

Depth: NA
As Received Remolded
Test Date: NA 31-Jul-14
Field weight* of sample (g): 507.34
Tare weight, ring (g): 139.22
Tare weight, pan/plate (g): 0.00
Tare weight, other (g): 0.00
Dry weight of sample (g): 323.61
Sample volume (cm®): 222.95
Assumed particle density (g/cm®): 2.65
Gravimetric Moisture Content (% g/g): 13.8
Volumetric Moisture Content (% vol): 20.0
Dry bulk density (g/cm®): 1.45
Wet bulk density (g/cm®): 1.65
Calculated Porosity (% vol): 452
Percent Saturation: 44 1
Laboratory analysis by: D. O'Dowd
Data entered by: D. O'Dowd
Checked by: J. Hines

Comments:

* Weight including tares
NA = Not analyzed
--- = This sample was not remolded
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Daniel B. Stephens & Associates, Inc.

Data for Initial Moisture Content,

Bulk Density, Porosity, and Percent Saturation

Job Name: Cardinal Engineering, Inc.

Job Number: LB14.0150.00

Sample Number: Sample 9 (95%, 1.73, 16.8%)

Ring Number: NA

Depth: NA
As Received Remolded
Test Date: NA 12-Aug-14

Field weight* of sample (g): 581.44
Tare weight, ring (g): 127.38

Tare weight, pan/plate (g): 0.00

Tare weight, other (g): 0.00
Dry weight of sample (g): 388.66
Sample volume (cm®): 225.15

Assumed particle density (g/cm®): 2.65
Gravimetric Moisture Content (% g/g): 16.8
Volumetric Moisture Content (% vol): 29.0
Dry bulk density (g/cm®): 1.73

Wet bulk density (g/cm®): 2.02

Calculated Porosity (% vol): 34.9

Percent Saturation: 83.3

Laboratory analysis by: D. O'Dowd

Data entered by: D. O'Dowd

Checked by: J. Hines
Comments:

* Weight including tares
NA = Not analyzed
--- = This sample was not remolded
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Daniel B.

Stephens & Associates, Inc.

Data for Initial Moisture Content,
Bulk Density, Porosity, and Percent Saturation

Job Name: Cardinal Engineering, Inc.
Job Number: LB14.0150.00
Sample Number: Sample 10 (80%, 1.43, 13.8%)
Ring Number: NA

Depth: NA
As Received Remolded
Test Date: NA 31-Jul-14
Field weight* of sample (g): 496.64
Tare weight, ring (g): 132.72
Tare weight, pan/plate (g): 0.00
Tare weight, other (g): 0.00
Dry weight of sample (g): 319.73
Sample volume (cm®): 222.86
Assumed particle density (g/cm®): 2.65
Gravimetric Moisture Content (% g/g): 13.8
Volumetric Moisture Content (% vol): 19.8
Dry bulk density (g/cm®): 1.43
Wet bulk density (g/cm®): 1.63
Calculated Porosity (% vol): 459
Percent Saturation: 43.2
Laboratory analysis by: D. O'Dowd
Data entered by: D. O'Dowd
Checked by: J. Hines

Comments:

* Weight including tares
NA = Not analyzed
--- = This sample was not remolded
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Daniel B.

Stephens & Associates, Inc.

Data for Initial Moisture Content,
Bulk Density, Porosity, and Percent Saturation

Job Name: Cardinal Engineering, Inc.
Job Number: LB14.0150.00
Sample Number: Sample 10 (95%, 1.70, 17.2%)
Ring Number: NA

Depth: NA
As Received Remolded
Test Date: NA 12-Aug-14
Field weight* of sample (g): 576.18
Tare weight, ring (g): 132.87
Tare weight, pan/plate (g): 0.00
Tare weight, other (g): 0.00
Dry weight of sample (g): 378.19
Sample volume (cm®): 222.40
Assumed particle density (g/cm®): 2.65
Gravimetric Moisture Content (% g/g): 17.2
Volumetric Moisture Content (% vol): 29.3
Dry bulk density (g/cm®): 1.70
Wet bulk density (g/cm®): 1.99
Calculated Porosity (% vol): 35.8
Percent Saturation: 81.7
Laboratory analysis by: D. O'Dowd
Data entered by: D. O'Dowd
Checked by: J. Hines

Comments:

* Weight including tares
NA = Not analyzed
--- = This sample was not remolded
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Conductivity
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Daniel B. Stephens & Associates, Inc.

Summary of Saturated Hydraulic Conductivity Tests

Oversize
Corrected
Ksat Ksat Method of Analysis
Sample Number (cm/sec) (cm/sec) Constant Head Falling Head

Sample 1 (81%, 1.46, 13.5%) 4 4E-03 4 1E-03 X
Sample 1 (95%, 1.73, 17.4%) 5.7E-07 5.3E-07 X
Sample 2 (80%, 1.48, 12.3%) 4 1E-03 3.8E-03 X
Sample 2 (95%, 1.75, 15.7%) 3.0E-06 2.7E-06 X
Sample 3 (80%, 1.44, 13.7%) 6.6E-03 6.1E-03 X
Sample 3 (95%, 1.70, 17.4%) 3.9E-06 3.5E-06 X
Sample 4 (80%, 1.44, 13.5%) 4 9E-03 4 6E-03 X
Sample 4 (95%, 1.71, 17.0%) 1.0E-06 9.4E-07 X
Sample 5 (80%, 1.45, 13.0%) 4 4E-03 4 1E-03 X
Sample 5 (95%, 1.73, 16.3%) 1.1E-06 1.0E-06 X
Sample 6 (80%, 1.44, 13.4%) 5.2E-03 4.7E-03 X
Sample 6 (95%, 1.71, 16.8%) 8.2E-07 7.5E-07 X
Sample 7 (80%, 1.44, 12.9%) 6.0E-03 5.6E-03 X
Sample 7 (95%, 1.71, 16.4%) 5.6E-06 5.3E-06 X
Sample 8 (80%, 1.45, 13.8%) 5.3E-03 5.0E-03 X
Sample 8 (95%, 1.73, 17.1%) 4.4E-07 4.2E-07 X
Sample 9 (80%, 1.45, 13.8%) 7.8E-03 7.4E-03 X
Sample 9 (95%, 1.73, 16.8%) 1.4E-06 1.3E-06 X
Sample 10 (80%, 1.43, 13.8%) 7.5E-03 7.0E-03 X
Sample 10 (95%, 1.70, 17.2%) 1.3E-06 1.2E-06 X

-- = QOversize correction is unnecessary since coarse fraction < 5% of composite mass
NR = Not requested
NA = Not applicable

41



Daniel B. Stephens & Associates, Inc.

Saturated Hydraulic Conductivity
Constant Head Method

Job Name: Cardinal Engineering, Inc. Type of water used: TAP
Job Number: LB14.0150.00 Collection vessel tare (g): 11.02
Sample Number: Sample 1 (81%, 1.46, 13.5%) Sample length (cm): 7.59
Ring Number: NA Sample diameter (cm): 6.12
Depth: NA Sample x-sectional area (cm2): 29.42
Temp Head Q + Tare Q Elapsed Ksat Ksat @ 20°C
Date Time (°C) (cm) (9) (cm3) time (sec)  (cm/sec) (cm/sec)
Test#1:
4-Aug-14 9:29:30 23.0 4.2 15.75 4.7 60 4.8E-03 4.5E-03
4-Aug-14 9:30:30
Test# 2:
4-Aug-14 9:50:30 23.0 3.3 14.60 3.6 60 4.7E-03 4.3E-03
4-Aug-14 9:51:30
Test# 3:
4-Aug-14 10:12:00 23.0 2.55 13.72 2.7 60 4.6E-03 4.2E-03

4-Aug-14 10:13:00

Average Ksat (cm/sec): 4.4E-03
Oversize Corrected Ksat (cm/sec): 4.1E-03

Comments:
--- = Oversize correction is unnecessary since coarse fraction < 5% of composite mass

Velocity vs. Hydraulic Gradient
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Laboratory analysis by: D. O'Dowd
Data entered by: D. O'Dowd
Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Oversize Correction Data Sheet

Job Name:

Job Number:
Sample Number:
Ring Number:
Depth:

Split (3/4", 3/8", #4):
Calculated Porosity of Fines (% vol):

Coarse Fraction*

Cardinal Engineering, Inc.

Subsample Mass (g): 1376.71
Bulk Density (g/cm®): 2.65
Volume of Solids (cm®): 519.51
Volume of Voids (cm®): 0.00
Total Volume (cm®): 519.51
Volumetric Fraction (%): 4.03
Mass Fraction (%): 7.07
Ksat (cm/sec): NM

LB14.0150.00
Sample 1 (81%, 1.46, 13.5%)
NA
NA
#4
44.8
Fines Fraction Composite
18098.68 19475.39
1.46 1.51
6829.69 7349.20
5540.12 5540.12
12369.81 12889.32
95.97 100.00
92.93 100.00
4 4E-03 4.1E-03

* Porosity and moisture content of coarse fraction assumed to be zero.

NM = Not measured

Oversize correction is unnecessary since coarse fraction < 5% of composite mass

Laboratory analysis by: D. O'Dowd
Data entered by: D. O'Dowd
Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Saturated Hydraulic Conductivity

Falling Head Method

Job Name: Cardinal Engineering, Inc. Type of water used: TAP
Job Number: LB14.0150.00 Backpressure (psi): 0.0
Sample Number: Sample 1 (95%, 1.73, 17.4%) Offset (cm): 1.7
Ring Number: NA Sample length (cm): 7.61
Depth: NA Sample x-sectional area (cmz): 29.33
Reservoir x-sectional area (cmz): 0.70
Temp Reservoir Corrected Elapsed Ksat Ksat @ 20°C
Date Time (°C) head (cm) head (cm) time (sec) (cm/sec) (cm/sec)
Test# 1:
13-Aug-14 12:11:11 23.0 49.5 47.8 567 6.7E-07 6.3E-07
13-Aug-14 12:20:38 23.0 49.4 47.7
Test# 2:
13-Aug-14 12:20:38 23.0 49.4 47.7 627 6.1E-07 5.7E-07
13-Aug-14 12:31:05 23.0 49.3 47.6
Test # 3:
13-Aug-14 12:31:05 23.0 49.3 47.6 696 5.5E-07 5.1E-07
13-Aug-14 12:42:41 23.0 49.2 47.5
Average Ksat (cm/sec): 5.7E-07
Oversize Corrected Ksat (cm/sec): 5.3E-07
Comments:

-- = Qversize correction is unnecessary since coarse fraction < 5% of composite mass

Velocity vs. Hydraulic Gradient
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Hydraulic Gradient (cm/cm)

6.28 6.29

Laboratory analysis by: D. O'Dowd
Data entered by: D. O'Dowd
Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Oversize Correction Data Sheet

Job Name:

Job Number:
Sample Number:
Ring Number:
Depth:

Split (3/4", 3/8", #4):
Calculated Porosity of Fines (% vol):

Coarse Fraction*

Cardinal Engineering, Inc.
LB14.0150.00
Sample 1 (95%, 1.73, 17.4%)

Subsample Mass (g): 1376.71
Bulk Density (g/cm®): 2.65
Volume of Solids (cm®): 519.51
Volume of Voids (cm®): 0.00
Total Volume (cm®): 519.51
Volumetric Fraction (%): 4.73
Mass Fraction (%): 7.07
Ksat (cm/sec): NM

NM = Not measured

Laboratory analysis by:
Data entered by:

NA
NA
#4
34.7
Fines Fraction Composite
18098.68 19475.39
1.73 1.77
6829.69 7349.20
3630.98 3630.98
10460.67 10980.19
95.27 100.00
92.93 100.00
5.7E-07 5.3E-07

Porosity and moisture content of coarse fraction assumed to be zero.
Oversize correction is unnecessary since coarse fraction < 5% of composite mass

D. O'Dowd
D. O'Dowd

Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Saturated Hydraulic Conductivity
Constant Head Method

Job Name: Cardinal Engineering, Inc. Type of water used: TAP
Job Number: LB14.0150.00 Collection vessel tare (g): 11.03
Sample Number: Sample 2 (80%, 1.48, 12.3%) Sample length (cm): 7.62
Ring Number: NA Sample diameter (cm): 6.11
Depth: NA Sample x-sectional area (cm2): 29.35
Temp Head Q + Tare Q Elapsed Ksat Ksat @ 20°C
Date Time (°C) (cm) (9) (cm®) time (sec)  (cm/sec) (cm/sec)
Test # 1:
4-Aug-14 9:35:30 23.0 3.6 14.80 3.8 60 4.5E-03 4.2E-03
4-Aug-14 9:36:30
Test# 2:
4-Aug-14 9:56:30 23.0 3 1417 3.1 60 4.5E-03 4.2E-03
4-Aug-14 9:57:30
Test # 3:
4-Aug-14 10:13:30 23.0 2.35 13.28 23 60 4.1E-03 3.9E-03

4-Aug-14 10:14:30

Average Ksat (cm/sec): 4.1E-03
Oversize Corrected Ksat (cm/sec):  3.8E-03

Comments:
--- = Oversize correction is unnecessary since coarse fraction < 5% of composite mass

Velocity vs. Hydraulic Gradient
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Laboratory analysis by: D. O'Dowd
Data entered by: D. O'Dowd
Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Oversize Correction Data Sheet

Job Name:

Job Number:
Sample Number:
Ring Number:
Depth:

Split (3/4", 3/8", #4):
Calculated Porosity of Fines (% vol):

Coarse Fraction*

Cardinal Engineering, Inc.
LB14.0150.00
Sample 2 (80%, 1.48, 12.3%)

Subsample Mass (g): 1588.73
Bulk Density (g/cm®): 2.65
Volume of Solids (cm®): 599.52
Volume of Voids (cm®): 0.00
Total Volume (cm®): 599.52
Volumetric Fraction (%): 4.94
Mass Fraction (%): 8.53
Ksat (cm/sec): NM

NM = Not measured

NA
NA
#4
443
Fines Fraction Composite
17026.14 18614.87
1.48 1.53
6424.96 7024.48
5103.82 5103.82
11528.78 12128.30
95.06 100.00
91.47 100.00
4 1E-03 3.8E-03

Porosity and moisture content of coarse fraction assumed to be zero.
Oversize correction is unnecessary since coarse fraction < 5% of composite mass

Laboratory analysis by: D. O'Dowd

Data entered by:

D. O'Dowd

Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Saturated Hydraulic Conductivity
Falling Head Method

Job Name: Cardinal Engineering, Inc. Type of water used: TAP
Job Number: LB14.0150.00 Backpressure (psi): 0.0
Sample Number: Sample 2 (95%, 1.75, 15.7%) Offset (cm): 1.5
Ring Number: NA Sample length (cm): 7.60
Depth: NA Sample x-sectional area (cmz): 29.32
Reservoir x-sectional area (cmz): 0.70
Temp Reservoir Corrected Elapsed Ksat Ksat @ 20°C
Date Time (°C) head (cm) head (cm) time (sec) (cm/sec) (cm/sec)
Test# 1:
13-Aug-14 11:48:15 23.0 28.3 26.8 621 3.3E-06 3.1E-06
13-Aug-14 11:58:36 23.0 28 26.5
Test# 2:
13-Aug-14 11:58:36 23.0 28 26.5 629 3.3E-06 3.1E-06
13-Aug-14 12:09:05 23.0 27.7 26.2
Test # 3:
13-Aug-14 12:09:05 23.0 27.7 26.2 455 3.1E-06 2.8E-06
13-Aug-14 12:16:40 23.0 27.5 26.0
Average Ksat (cm/sec): 3.0E-06
Oversize Corrected Ksat (cm/sec): 2.7E-06
Comments:

-- = Qversize correction is unnecessary since coarse fraction < 5% of composite mass

Velocity vs. Hydraulic Gradient

0.000014
. 0.000013
v
g 0.000012 f e a
S . | ———
>
‘S 0.000011 -
[}
o
> 0.000010

0.000009 ‘ ‘ ‘ ‘ ‘ ‘ ‘

3.40 3.42 3.44 3.46 3.48 3.50
Hydraulic Gradient (cm/cm)

3.52

Laboratory analysis by: D. O'Dowd
Data entered by: D. O'Dowd
Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Oversize Correction Data Sheet

Job Name:

Job Number:
Sample Number:
Ring Number:
Depth:

Split (3/4", 3/8", #4):
Calculated Porosity of Fines (% vol):

Coarse Fraction*

Cardinal Engineering, Inc.
LB14.0150.00
Sample 2 (95%, 1.75, 15.7%)

Subsample Mass (g): 1588.73
Bulk Density (g/cm®): 2.65
Volume of Solids (cm®): 599.52
Volume of Voids (cm®): 0.00
Total Volume (cm®): 599.52
Volumetric Fraction (%): 5.81
Mass Fraction (%): 8.53
Ksat (cm/sec): NM

NM = Not measured

Laboratory analysis by:
Data entered by:

NA
NA
#4
33.9
Fines Fraction Composite
17026.14 18614.87
1.75 1.80
6424.96 7024.48
3293.49 3293.49
9718.45 10317.97
94.19 100.00
91.47 100.00
3.0E-06 2.7E-06

Porosity and moisture content of coarse fraction assumed to be zero.
Oversize correction is unnecessary since coarse fraction < 5% of composite mass

D. O'Dowd
D. O'Dowd

Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Saturated Hydraulic Conductivity
Constant Head Method

Job Name: Cardinal Engineering, Inc. Type of water used: TAP
Job Number: LB14.0150.00 Collection vessel tare (g): 10.95
Sample Number: Sample 3 (80%, 1.44, 13.7%) Sample length (cm): 7.57
Ring Number: NA Sample diameter (cm): 6.11
Depth: NA Sample x-sectional area (cm2): 29.32
Temp Head Q + Tare Q Elapsed Ksat Ksat @ 20°C
Date Time (°C) (cm) (9) (cm®) time (sec)  (cm/sec) (cm/sec)
Test # 1:
4-Aug-14 9:31:00 23.0 4.5 18.65 7.7 60 7.4E-03 6.9E-03
4-Aug-14 9:32:00
Test# 2:
4-Aug-14 9:52:00 23.0 3.8 17.25 6.3 60 7.1E-03 6.6E-03
4-Aug-14 9:53:00
Test # 3:
4-Aug-14 10:12:30 23.0 3.2 16.08 5.1 60 6.9E-03 6.4E-03

4-Aug-14 10:13:30

Average Ksat (cm/sec): 6.6E-03
Oversize Corrected Ksat (cm/sec):  6.1E-03

Comments:
--- = Oversize correction is unnecessary since coarse fraction < 5% of composite mass

Velocity vs. Hydraulic Gradient
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Laboratory analysis by: D. O'Dowd
Data entered by: D. O'Dowd
Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Oversize Correction Data Sheet

Job Name:

Job Number:
Sample Number:
Ring Number:
Depth:

Split (3/4", 3/8", #4):
Calculated Porosity of Fines (% vol):

Coarse Fraction*

Cardinal Engineering, Inc.

Subsample Mass (g): 1647.57
Bulk Density (g/cm®): 2.65
Volume of Solids (cm®): 621.72
Volume of Voids (cm®): 0.00
Total Volume (cm®): 621.72
Volumetric Fraction (%): 4.74
Mass Fraction (%): 8.41
Ksat (cm/sec): NM

LB14.0150.00
Sample 3 (80%, 1.44, 13.7%)
NA
NA
#4
45.8
Fines Fraction Composite
17936.88 19584.45
1.44 1.49
6768.63 7390.36
5730.06 5730.06
12498.70 13120.42
95.26 100.00
91.59 100.00
6.6E-03 6.1E-03

* Porosity and moisture content of coarse fraction assumed to be zero.

NM = Not measured

Oversize correction is unnecessary since coarse fraction < 5% of composite mass

Laboratory analysis by: D. O'Dowd

Data entered by:

D. O'Dowd

Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Saturated Hydraulic Conductivity
Falling Head Method

Job Name: Cardinal Engineering, Inc. Type of water used: TAP
Job Number: LB14.0150.00 Backpressure (psi): 0.0
Sample Number: Sample 3 (95%, 1.70, 17.4%) Offset (cm): 1.7
Ring Number: NA Sample length (cm): 7.57
Depth: NA Sample x-sectional area (cmz): 29.46
Reservoir x-sectional area (cmz): 0.70
Temp Reservoir Corrected Elapsed Ksat Ksat @ 20°C
Date Time (°C) head (cm) head (cm) time (sec) (cm/sec) (cm/sec)
Test # 1:
13-Aug-14 11:48:45 23.0 28.35 26.7 535 4.4E-06 4.1E-06
13-Aug-14 11:57:40 23.0 28 26.3
Test # 2:
13-Aug-14 11:57:40 23.0 28 26.3 650 4.2E-06 4.0E-06
13-Aug-14 12:08:30 23.0 27.6 25.9
Test # 3:
13-Aug-14 12:08:30 23.0 27.6 259 369 3.8E-06 3.5E-06
13-Aug-14 12:14:39 23.0 27.4 25.7
Average Ksat (cm/sec): 3.9E-06
Oversize Corrected Ksat (cm/sec): 3.5E-06
Comments:

-- = Qversize correction is unnecessary since coarse fraction < 5% of composite mass

Velocity vs. Hydraulic Gradient
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Laboratory analysis by: D. O'Dowd
Data entered by: D. O'Dowd
Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Oversize Correction Data Sheet

Job Name:

Job Number:
Sample Number:
Ring Number:
Depth:

Split (3/4", 3/8", #4):
Calculated Porosity of Fines (% vol):

Coarse Fraction*

Cardinal Engineering, Inc.
LB14.0150.00
Sample 3 (95%, 1.70, 17.4%)

Subsample Mass (g): 1647.57
Bulk Density (g/cm®): 2.65
Volume of Solids (cm®): 621.72
Volume of Voids (cm®): 0.00
Total Volume (cm®): 621.72
Volumetric Fraction (%): 5.56
Mass Fraction (%): 8.41
Ksat (cm/sec): NM

NA
NA
#4
35.9
Fines Fraction Composite
17936.88 19584.45
1.70 1.75
6768.63 7390.36
3794.66 3794.66
10563.30 11185.02
94.44 100.00
91.59 100.00
3.9E-06 3.5E-06

* Porosity and moisture content of coarse fraction assumed to be zero.

NM = Not measured

Laboratory analysis by:
Data entered by:

Oversize correction is unnecessary since coarse fraction < 5% of composite mass

D. O'Dowd
D. O'Dowd

Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Saturated Hydraulic Conductivity
Constant Head Method

Job Name: Cardinal Engineering, Inc. Type of water used: TAP
Job Number: LB14.0150.00 Collection vessel tare (g): 10.99
Sample Number: Sample 4 (80%, 1.44, 13.5%) Sample length (cm): 7.63
Ring Number: NA Sample diameter (cm): 6.11
Depth: NA Sample x-sectional area (cm2): 29.28
Temp Head Q + Tare Q Elapsed Ksat Ksat @ 20°C
Date Time (°C) (cm) (9) (cm®) time (sec)  (cm/sec) (cm/sec)
Test # 1:
4-Aug-14 9:31:30 23.0 4.6 16.72 5.7 60 5.4E-03 5.0E-03
4-Aug-14 9:32:30
Test# 2:
4-Aug-14 9:52:30 23.0 3.5 15.19 4.2 60 5.2E-03 4.9E-03
4-Aug-14 9:53:30
Test # 3:
4-Aug-14 10:14:00 23.0 2.1 13.50 2.5 60 5.2E-03 4.8E-03

4-Aug-14 10:15:00

Average Ksat (cm/sec): 4.9E-03
Oversize Corrected Ksat (cm/sec):  4.6E-03

Comments:
--- = Oversize correction is unnecessary since coarse fraction < 5% of composite mass

Velocity vs. Hydraulic Gradient

0.005
. 0.004
“» i
5§ o3 4 — — — — ==
2 ] e
5 00024 — =T
g "ttt -
] u--
> 0.001

0-000 T T T T T T T T T T T

0.1 0.2 0.3 0.4 0.5 0.6 0.7
Hydraulic Gradient (cm/cm)

Laboratory analysis by: D. O'Dowd
Data entered by: D. O'Dowd
Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Oversize Correction Data Sheet

Job Name:

Job Number:
Sample Number:
Ring Number:
Depth:

Split (3/4", 3/8", #4):
Calculated Porosity of Fines (% vol):

Coarse Fraction*

Cardinal Engineering, Inc.
LB14.0150.00
Sample 4 (80%, 1.44, 13.5%)

Subsample Mass (g): 1359.32
Bulk Density (g/cm®): 2.65
Volume of Solids (cm®): 512.95
Volume of Voids (cm®): 0.00
Total Volume (cm®): 512.95
Volumetric Fraction (%): 4.08
Mass Fraction (%): 7.24
Ksat (cm/sec): NM

NM = Not measured

NA
NA
#4
455
Fines Fraction Composite
17414 .45 18773.77
1.44 1.49
6571.49 7084.44
5493.98 5493.98
12065.47 12578.42
95.92 100.00
92.76 100.00
4 9E-03 4.6E-03

Porosity and moisture content of coarse fraction assumed to be zero.
Oversize correction is unnecessary since coarse fraction < 5% of composite mass

Laboratory analysis by: D. O'Dowd

Data entered by:

D. O'Dowd

Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Saturated Hydraulic Conductivity
Falling Head Method

Job Name: Cardinal Engineering, Inc. Type of water used: TAP
Job Number: LB14.0150.00 Backpressure (psi): 0.0
Sample Number: Sample 4 (95%, 1.71, 17.0%) Offset (cm): 1.3
Ring Number: NA Sample length (cm): 7.61
Depth: NA Sample x-sectional area (cmz): 29.70
Reservoir x-sectional area (cmz): 0.70
Temp Reservoir Corrected Elapsed Ksat Ksat @ 20°C
Date Time (°C) head (cm) head (cm) time (sec) (cm/sec) (cm/sec)
Test # 1:
13-Aug-14 11:49:15 23.0 49 47.7 645 1.2E-06 1.1E-06
13-Aug-14 12:00:00 23.0 48.8 47.5
Test # 2:
13-Aug-14 12:00:00 23.0 48.8 47.5 1429 1.1E-06 9.9E-07
13-Aug-14 12:23:49 23.0 48.4 47 1
Test # 3:
13-Aug-14 12:23:49 23.0 48.4 47 1 729 1.0E-06 9.8E-07
13-Aug-14 12:35:58 23.0 48.2 46.9
Average Ksat (cm/sec): 1.0E-06
Oversize Corrected Ksat (cm/sec): 9.4E-07
Comments:

-- = Qversize correction is unnecessary since coarse fraction < 5% of composite mass

Velocity vs. Hydraulic Gradient
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Laboratory analysis by: D. O'Dowd
Data entered by: D. O'Dowd
Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Oversize Correction Data Sheet

Job Name:

Job Number:
Sample Number:
Ring Number:
Depth:

Split (3/4", 3/8", #4):
Calculated Porosity of Fines (% vol):

Coarse Fraction*

Cardinal Engineering, Inc.
LB14.0150.00
Sample 4 (95%, 1.71, 17.0%)

Subsample Mass (g): 1359.32
Bulk Density (g/cm®): 2.65
Volume of Solids (cm®): 512.95
Volume of Voids (cm®): 0.00
Total Volume (cm®): 512.95
Volumetric Fraction (%): 4.79
Mass Fraction (%): 7.24
Ksat (cm/sec): NM

NM = Not measured

Laboratory analysis by:
Data entered by:

NA
NA
#4
35.5
Fines Fraction Composite
17414 .45 18773.77
1.71 1.75
6571.49 7084.44
3613.86 3613.86
10185.35 10698.30
95.21 100.00
92.76 100.00
1.0E-06 9.4E-07

Porosity and moisture content of coarse fraction assumed to be zero.
Oversize correction is unnecessary since coarse fraction < 5% of composite mass

D. O'Dowd
D. O'Dowd

Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Saturated Hydraulic Conductivity
Constant Head Method

Job Name: Cardinal Engineering, Inc. Type of water used: TAP
Job Number: LB14.0150.00 Collection vessel tare (g): 11.03
Sample Number: Sample 5 (80%, 1.45, 13.0%) Sample length (cm): 7.59
Ring Number: NA Sample diameter (cm): 6.10
Depth: NA Sample x-sectional area (cm2): 29.21
Temp Head Q + Tare Q Elapsed Ksat Ksat @ 20°C
Date Time (°C) (cm) (9) (cm®) time (sec)  (cm/sec) (cm/sec)
Test # 1:
4-Aug-14 9:33:00 23.0 5.3 16.86 5.8 60 4.8E-03 4.4E-03
4-Aug-14 9:34:00
Test# 2:
4-Aug-14 9:54:00 23.0 3.75 15.17 4.1 60 4.8E-03 4.5E-03
4-Aug-14 9:55:00
Test # 3:
4-Aug-14 10:16:00 23.0 3.05 14.21 3.2 60 4.5E-03 4.2E-03

4-Aug-14 10:17:00

Average Ksat (cm/sec): 4.4E-03
Oversize Corrected Ksat (cm/sec): 4.1E-03

Comments:
--- = Oversize correction is unnecessary since coarse fraction < 5% of composite mass

Velocity vs. Hydraulic Gradient
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Laboratory analysis by: D. O'Dowd
Data entered by: D. O'Dowd
Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Oversize Correction Data Sheet

Job Name:

Job Number:
Sample Number:
Ring Number:
Depth:

Split (3/4", 3/8", #4):
Calculated Porosity of Fines (% vol):

Coarse Fraction*

Cardinal Engineering, Inc.
LB14.0150.00
Sample 5 (80%, 1.45, 13.0%)

Subsample Mass (g): 1050.28
Bulk Density (g/cm®): 2.65
Volume of Solids (cm®): 396.33
Volume of Voids (cm®): 0.00
Total Volume (cm®): 396.33
Volumetric Fraction (%): 2.96
Mass Fraction (%): 5.27
Ksat (cm/sec): NM

NM = Not measured

NA
NA
#4
452
Fines Fraction Composite
18887.29 19937.57
1.45 1.49
7127.28 7523.61
5882.80 5882.80
13010.08 13406.41
97.04 100.00
94.73 100.00
4 4E-03 4.1E-03

Porosity and moisture content of coarse fraction assumed to be zero.
Oversize correction is unnecessary since coarse fraction < 5% of composite mass

Laboratory analysis by: D. O'Dowd

Data entered by:

D. O'Dowd

Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Saturated Hydraulic Conductivity
Falling Head Method

Job Name: Cardinal Engineering, Inc. Type of water used: TAP
Job Number: LB14.0150.00 Backpressure (psi): 0.0
Sample Number: Sample 5 (95%, 1.73, 16.3%) Offset (cm): 0.4
Ring Number: NA Sample length (cm): 7.61
Depth: NA Sample x-sectional area (cmz): 29.52
Reservoir x-sectional area (cmz): 0.70
Temp Reservoir Corrected Elapsed Ksat Ksat @ 20°C
Date Time (°C) head (cm) head (cm) time (sec) (cm/sec) (cm/sec)
Test# 1:
13-Aug-14 11:51:55 23.0 40.3 39.9 780 1.2E-06 1.1E-06
13-Aug-14 12:04:55 23.0 401 39.7
Test# 2:
13-Aug-14 12:04:55 23.0 401 39.7 815 1.1E-06 1.0E-06
13-Aug-14 12:18:30 23.0 39.9 39.5
Test # 3:
13-Aug-14 12:18:30 23.0 39.9 39.5 798 1.1E-06 1.1E-06
13-Aug-14 12:31:48 23.0 39.7 39.3
Average Ksat (cm/sec): 1.1E-06
Oversize Corrected Ksat (cm/sec): 1.0E-06
Comments:

-- = Qversize correction is unnecessary since coarse fraction < 5% of composite mass

Velocity vs. Hydraulic Gradient
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Hydraulic Gradient (cm/cm)

Laboratory analysis by: D. O'Dowd
Data entered by: D. O'Dowd
Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Oversize Correction Data Sheet

Job Name:

Job Number:
Sample Number:
Ring Number:
Depth:

Split (3/4", 3/8", #4):
Calculated Porosity of Fines (% vol):

Coarse Fraction*

Cardinal Engineering, Inc.
LB14.0150.00
Sample 5 (95%, 1.73, 16.3%)

Subsample Mass (g): 1050.28
Bulk Density (g/cm®): 2.65
Volume of Solids (cm®): 396.33
Volume of Voids (cm®): 0.00
Total Volume (cm®): 396.33
Volumetric Fraction (%): 3.50
Mass Fraction (%): 5.27
Ksat (cm/sec): NM

NM = Not measured

Laboratory analysis by:
Data entered by:

NA
NA
#4
34.8
Fines Fraction Composite
18887.29 19937.57
1.73 1.76
7127.28 7523.61
3804.72 3804.72
10931.99 11328.33
96.50 100.00
94.73 100.00
1.1E-06 1.0E-06

Porosity and moisture content of coarse fraction assumed to be zero.
Oversize correction is unnecessary since coarse fraction < 5% of composite mass

D. O'Dowd
D. O'Dowd

Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Saturated Hydraulic Conductivity
Constant Head Method

Job Name: Cardinal Engineering, Inc. Type of water used: TAP
Job Number: LB14.0150.00 Collection vessel tare (g): 10.96
Sample Number: Sample 6 (80%, 1.44, 13.4%) Sample length (cm): 7.62
Ring Number: NA Sample diameter (cm): 6.13
Depth: NA Sample x-sectional area (cm2): 29.46
Temp Head Q + Tare Q Elapsed Ksat Ksat @ 20°C
Date Time (°C) (cm) (9) (cm®) time (sec)  (cm/sec) (cm/sec)
Test # 1:
4-Aug-14 9:33:30 23.0 4.5 16.62 5.7 60 5.4E-03 5.1E-03
4-Aug-14 9:34:30
Test# 2:
4-Aug-14 9:54:30 23.0 3.6 15.78 4.8 60 5.8E-03 5.4E-03
4-Aug-14 9:55:30
Test # 3:
4-Aug-14 10:16:30 23.0 2.95 14.67 3.7 60 5.4E-03 5.1E-03

4-Aug-14 10:17:30

Average Ksat (cm/sec): 5.2E-03
Oversize Corrected Ksat (cm/sec): 4.7E-03

Comments:
--- = Oversize correction is unnecessary since coarse fraction < 5% of composite mass

Velocity vs. Hydraulic Gradient
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Laboratory analysis by: D. O'Dowd
Data entered by: D. O'Dowd
Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Oversize Correction Data Sheet

Job Name:

Job Number:
Sample Number:
Ring Number:
Depth:

Split (3/4", 3/8", #4):
Calculated Porosity of Fines (% vol):

Coarse Fraction*

Cardinal Engineering, Inc.
LB14.0150.00
Sample 6 (80%, 1.44, 13.4%)

Subsample Mass (g): 1703.91
Bulk Density (g/cm®): 2.65
Volume of Solids (cm®): 642.98
Volume of Voids (cm®): 0.00
Total Volume (cm®): 642.98
Volumetric Fraction (%): 4.70
Mass Fraction (%): 8.31
Ksat (cm/sec): NM

NM = Not measured

Laboratory analysis by:
Data entered by:

NA
NA
#4
45.6
Fines Fraction Composite
18788.19 20492.10
1.44 1.50
7089.88 7732.87
5939.35 5939.35
13029.23 13672.22
95.30 100.00
91.69 100.00
5.2E-03 4 7E-03

Porosity and moisture content of coarse fraction assumed to be zero.
Oversize correction is unnecessary since coarse fraction < 5% of composite mass

D. O'Dowd
D. O'Dowd

Checked by: J. Hines
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S

Daniel B. Stephens & Associates, Inc.

aturated Hydraulic Conductivity
Falling Head Method

Job Name: Cardinal Engineering, Inc. Type of water used: TAP
Job Number: LB14.0150.00 Backpressure (psi): 0.0
Sample Number: Sample 6 (95%, 1.71, 16.8%) Offset (cm): 0.0
Ring Number: NA Sample length (cm): 7.58
Depth: NA Sample x-sectional area (cmz): 29.43
Reservoir x-sectional area (cmz): 0.70
Temp Reservoir Corrected Elapsed Ksat Ksat @ 20°C
Date Time (°C) head (cm) head (cm) time (sec) (cm/sec) (cm/sec)
Test# 1:
13-Aug-14 11:49:45 23.0 39.5 39.5 945 9.7E-07 9.0E-07
13-Aug-14 12:05:30 23.0 39.3 39.3
Test# 2:
13-Aug-14 12:05:30 23.0 39.3 39.3 1070 8.6E-07 8.0E-07
13-Aug-14 12:23:20 23.0 39.1 39.1
Test # 3:
13-Aug-14 12:23:20 23.0 39.1 39.1 1133 8.2E-07 7.6E-07
13-Aug-14 12:42:13 23.0 38.9 38.9
Average Ksat (cm/sec): 8.2E-07
Oversize Corrected Ksat (cm/sec): 7.5E-07
Comments:

-- = Qversize correction is unnecessary since coarse fraction < 5% of composite mass

Velocity vs. Hydraulic Gradient
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Laboratory analysis by: D. O'Dowd

Data entered by: D. O'Dowd
Checked by: J. Hines
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Daniel B.

Stephens & Associates, Inc.

Oversize Correction Data Sheet

Job Name:

Job Number:
Sample Number:
Ring Number:
Depth:

Split (3/4", 3/8", #4):
Calculated Porosity of Fines (% vol):

Coarse Fraction*

Cardinal Engineering, Inc.
LB14.0150.00
Sample 6 (95%, 1.71, 16.8%)

Subsample Mass (g): 1703.91
Bulk Density (g/cm®): 2.65
Volume of Solids (cm®): 642.98
Volume of Voids (cm®): 0.00
Total Volume (cm®): 642.98
Volumetric Fraction (%): 5.54
Mass Fraction (%): 8.31
Ksat (cm/sec): NM

Not measured

Laboratory analysis by:
Data entered by:

NA
NA
#4
35.4
Fines Fraction Composite
18788.19 20492.10
1.71 1.76
7089.88 7732.87
3883.77 3883.77
10973.66 11616.64
94.46 100.00
91.69 100.00
8.2E-07 7.5E-07

Porosity and moisture content of coarse fraction assumed to be zero.
Oversize correction is unnecessary since coarse fraction < 5% of composite mass

D. O'Dowd
D. O'Dowd

Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Saturated Hydraulic Conductivity
Constant Head Method

Job Name: Cardinal Engineering, Inc. Type of water used: TAP
Job Number: LB14.0150.00 Collection vessel tare (g): 10.96
Sample Number: Sample 7 (80%, 1.44, 12.9%) Sample length (cm): 7.60
Ring Number: NA Sample diameter (cm): 6.12
Depth: NA Sample x-sectional area (cm2): 29.46
Temp Head Q + Tare Q Elapsed Ksat Ksat @ 20°C
Date Time (°C) (cm) (9) (cm®) time (sec)  (cm/sec) (cm/sec)
Test # 1:
4-Aug-14 9:37:30 23.0 2.7 15.09 4.1 60 6.6E-03 6.1E-03
4-Aug-14 9:38:30
Test# 2:
4-Aug-14 9:58:30 23.0 2 13.87 29 60 6.3E-03 5.8E-03
4-Aug-14 9:59:30
Test # 3:
4-Aug-14 10:19:30 23.0 1.3 12.89 1.9 60 6.4E-03 6.0E-03

4-Aug-14 10:20:30

Average Ksat (cm/sec): 6.0E-03
Oversize Corrected Ksat (cm/sec):  5.6E-03

Comments:
--- = Oversize correction is unnecessary since coarse fraction < 5% of composite mass

Velocity vs. Hydraulic Gradient
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Laboratory analysis by: D. O'Dowd
Data entered by: D. O'Dowd
Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Oversize Correction Data Sheet

Job Name:

Job Number:
Sample Number:
Ring Number:
Depth:

Split (3/4", 3/8", #4):
Calculated Porosity of Fines (% vol):

Coarse Fraction*

Cardinal Engineering, Inc.
LB14.0150.00
Sample 7 (80%, 1.44, 12.9%)

Subsample Mass (g): 1181.95
Bulk Density (g/cm®): 2.65
Volume of Solids (cm®): 446.02
Volume of Voids (cm®): 0.00
Total Volume (cm®): 446.02
Volumetric Fraction (%): 3.44
Mass Fraction (%): 6.17
Ksat (cm/sec): NM

NM = Not measured

NA
NA
#4
45.8
Fines Fraction Composite
17989.47 19171.42
1.44 1.48
6788.48 7234.50
5728.12 5728.12
12516.60 12962.62
96.56 100.00
93.83 100.00
6.0E-03 5.6E-03

Porosity and moisture content of coarse fraction assumed to be zero.
Oversize correction is unnecessary since coarse fraction < 5% of composite mass

Laboratory analysis by: D. O'Dowd

Data entered by:

D. O'Dowd

Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Saturated Hydraulic Conductivity
Falling Head Method

Job Name: Cardinal Engineering, Inc. Type of water used: TAP
Job Number: LB14.0150.00 Backpressure (psi): 0.0
Sample Number: Sample 7 (95%, 1.71, 16.4%) Offset (cm): 0.0
Ring Number: NA Sample length (cm): 7.66
Depth: NA Sample x-sectional area (cmz): 29.54
Reservoir x-sectional area (cmz): 0.70
Temp Reservoir Corrected Elapsed Ksat Ksat @ 20°C
Date Time (°C) head (cm) head (cm) time (sec) (cm/sec) (cm/sec)
Test# 1:
14-Aug-14 8:55:18 23.0 24.3 24.3 492 6.1E-06 5.7E-06
14-Aug-14 9:03:30 23.0 23.9 23.9
Test# 2:
14-Aug-14 9:03:30 23.0 23.9 23.9 1150 6.1E-06 5.6E-06
14-Aug-14 9:22:40 23.0 23 23.0
Test # 3:
14-Aug-14 9:22:40 23.0 23 23.0 545 5.8E-06 5.4E-06
14-Aug-14 9:31:45 23.0 22.6 22.6
Average Ksat (cm/sec): 5.6E-06
Oversize Corrected Ksat (cm/sec): 5.3E-06
Comments:

-- = Qversize correction is unnecessary since coarse fraction < 5% of composite mass

Velocity vs. Hydraulic Gradient
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Laboratory analysis by: D. O'Dowd
Data entered by: D. O'Dowd
Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Oversize Correction Data Sheet

Job Name:

Job Number:
Sample Number:
Ring Number:
Depth:

Split (3/4", 3/8", #4):
Calculated Porosity of Fines (% vol):

Coarse Fraction*

Cardinal Engineering, Inc.
LB14.0150.00
Sample 7 (95%, 1.71, 16.4%)

Subsample Mass (g): 1181.95
Bulk Density (g/cm®): 2.65
Volume of Solids (cm®): 446.02
Volume of Voids (cm®): 0.00
Total Volume (cm®): 446.02
Volumetric Fraction (%): 4.07
Mass Fraction (%): 6.17
Ksat (cm/sec): NM

NM = Not measured

Laboratory analysis by:
Data entered by:

NA
NA
#4
35.4
Fines Fraction Composite
17989.47 19171.42
1.71 1.75
6788.48 7234.50
3725.27 3725.27
10513.75 10959.77
95.93 100.00
93.83 100.00
5.6E-06 5.3E-06

Porosity and moisture content of coarse fraction assumed to be zero.
Oversize correction is unnecessary since coarse fraction < 5% of composite mass

D. O'Dowd
D. O'Dowd

Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Saturated Hydraulic Conductivity
Constant Head Method

Job Name: Cardinal Engineering, Inc. Type of water used: TAP
Job Number: LB14.0150.00 Collection vessel tare (g): 10.95
Sample Number: Sample 8 (80%, 1.45, 13.8%) Sample length (cm): 7.61
Ring Number: NA Sample diameter (cm): 6.14
Depth: NA Sample x-sectional area (cm2): 29.57
Temp Head Q + Tare Q Elapsed Ksat Ksat @ 20°C
Date Time (°C) (cm) (9) (cm®) time (sec)  (cm/sec) (cm/sec)
Test # 1:
4-Aug-14 9:35:00 23.0 3.8 16.35 54 60 6.1E-03 5.7E-03
4-Aug-14 9:36:00
Test# 2:
4-Aug-14 9:56:00 23.0 3.2 15.09 4.1 60 5.5E-03 5.2E-03
4-Aug-14 9:57:00
Test # 3:
4-Aug-14 10:19:00 23.0 2.7 14.35 3.4 60 5.4E-03 5.0E-03

4-Aug-14 10:20:00

Average Ksat (cm/sec): 5.3E-03
Oversize Corrected Ksat (cm/sec):  5.0E-03

Comments:
--- = Oversize correction is unnecessary since coarse fraction < 5% of composite mass

Velocity vs. Hydraulic Gradient
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Laboratory analysis by: D. O'Dowd
Data entered by: D. O'Dowd
Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Oversize Correction Data Sheet

Job Name:

Job Number:
Sample Number:
Ring Number:
Depth:

Split (3/4", 3/8", #4):
Calculated Porosity of Fines (% vol):

Coarse Fraction*

Cardinal Engineering, Inc.
LB14.0150.00
Sample 8 (80%, 1.45, 13.8%)

Subsample Mass (g): 1079.92
Bulk Density (g/cm®): 2.65
Volume of Solids (cm®): 407.52
Volume of Voids (cm®): 0.00
Total Volume (cm®): 407.52
Volumetric Fraction (%): 3.20
Mass Fraction (%): 5.70
Ksat (cm/sec): NM

NM = Not measured

NA
NA
#4
452
Fines Fraction Composite
17866.51 18946.43
1.45 1.49
6742.08 7149.60
5567.85 5567.85
12309.93 12717.44
96.80 100.00
94.30 100.00
5.3E-03 5.0E-03

Porosity and moisture content of coarse fraction assumed to be zero.
Oversize correction is unnecessary since coarse fraction < 5% of composite mass

Laboratory analysis by: D. O'Dowd

Data entered by:

D. O'Dowd

Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Saturated Hydraulic Conductivity
Falling Head Method

Job Name: Cardinal Engineering, Inc. Type of water used: TAP
Job Number: LB14.0150.00 Backpressure (psi): 0.0
Sample Number: Sample 8 (95%, 1.73, 17.1%) Offset (cm): 0.4
Ring Number: NA Sample length (cm): 7.60
Depth: NA Sample x-sectional area (cmz): 29.53
Reservoir x-sectional area (cmz): 0.70
Temp Reservoir Corrected Elapsed Ksat Ksat @ 20°C
Date Time (°C) head (cm) head (cm) time (sec) (cm/sec) (cm/sec)
Test# 1:
14-Aug-14 9:02:51 23.0 38.2 37.8 1859 5.1E-07 4.8E-07
14-Aug-14 9:33:50 23.0 38 37.6
Test# 2:
14-Aug-14 9:33:50 23.0 38 37.6 2020 4.8E-07 4 4E-07
14-Aug-14 10:07:30 23.0 37.8 37.4
Test # 3:
14-Aug-14 10:07:30 23.0 37.8 37.4 2226 4.3E-07 4.0E-07
14-Aug-14 10:44:36 23.0 37.6 37.2
Average Ksat (cm/sec): 4.4E-07
Oversize Corrected Ksat (cm/sec): 4.2E-07
Comments:

-- = Qversize correction is unnecessary since coarse fraction < 5% of composite mass
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Velocity vs. Hydraulic Gradient

4.94

4.95

Hydraulic Gradient (cm/cm)

4.96

4.97

Laboratory analysis by: D. O'Dowd
Data entered by: D. O'Dowd
Checked by: J. Hines
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Daniel B.

Stephens & Associates, Inc.

Oversize Correction Data Sheet

Job Name:

Job Number:
Sample Number:
Ring Number:
Depth:

Split (3/4", 3/8", #4):
Calculated Porosity of Fines (% vol):

Coarse Fraction*

Cardinal Engineering, Inc.
LB14.0150.00
Sample 8 (95%, 1.73, 17.1%)

Subsample Mass (g): 1079.92
Bulk Density (g/cm®): 2.65
Volume of Solids (cm®): 407.52
Volume of Voids (cm®): 0.00
Total Volume (cm®): 407.52
Volumetric Fraction (%): 3.79
Mass Fraction (%): 5.70
Ksat (cm/sec): NM

Not measured

Laboratory analysis by:
Data entered by:

NA
NA
#4
34.8
Fines Fraction Composite
17866.51 18946.43
1.73 1.76
6742.08 7149.60
3597.44 3597.44
10339.52 10747.04
96.21 100.00
94.30 100.00
4 AE-07 4 2E-07

Porosity and moisture content of coarse fraction assumed to be zero.
Oversize correction is unnecessary since coarse fraction < 5% of composite mass

D. O'Dowd
D. O'Dowd

Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Saturated Hydraulic Conductivity
Constant Head Method

Job Name: Cardinal Engineering, Inc. Type of water used: TAP
Job Number: LB14.0150.00 Collection vessel tare (g): 10.96
Sample Number: Sample 9 (80%, 1.45, 13.8%) Sample length (cm): 7.61
Ring Number: NA Sample diameter (cm): 6.11
Depth: NA Sample x-sectional area (cm2): 29.28
Temp Head Q + Tare Q Elapsed Ksat Ksat @ 20°C
Date Time (°C) (cm) (9) (cm®) time (sec)  (cm/sec) (cm/sec)
Test # 1:
4-Aug-14 9:37:00 23.0 29 16.71 5.8 60 8.6E-03 8.0E-03
4-Aug-14 9:38:00
Test# 2:
4-Aug-14 9:58:00 23.0 1.9 14.64 3.7 60 8.4E-03 7.8E-03
4-Aug-14 9:59:00
Test # 3:
4-Aug-14 10:21:30 23.0 1.15 13.15 2.2 60 8.3E-03 7.7E-03

4-Aug-14 10:22:30

Average Ksat (cm/sec): 7.8E-03
Oversize Corrected Ksat (cm/sec):.  7.4E-03

Comments:
--- = Oversize correction is unnecessary since coarse fraction < 5% of composite mass

Velocity vs. Hydraulic Gradient
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Laboratory analysis by: D. O'Dowd
Data entered by: D. O'Dowd
Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Oversize Correction Data Sheet

Job Name:

Job Number:
Sample Number:
Ring Number:
Depth:

Split (3/4", 3/8", #4):
Calculated Porosity of Fines (% vol):

Coarse Fraction*

Cardinal Engineering, Inc.

Subsample Mass (g): 1180.99
Bulk Density (g/cm®): 2.65
Volume of Solids (cm®): 445.66
Volume of Voids (cm®): 0.00
Total Volume (cm®): 445.66
Volumetric Fraction (%): 3.51
Mass Fraction (%): 6.23
Ksat (cm/sec): NM

LB14.0150.00
Sample 9 (80%, 1.45, 13.8%)
NA
NA
#4
452
Fines Fraction Composite
17774.66 18955.65
1.45 1.49
6707.42 7153.08
5538.62 5538.62
12246.04 12691.70
96.49 100.00
93.77 100.00
7.8E-03 7.4E-03

* Porosity and moisture content of coarse fraction assumed to be zero.

NM = Not measured

Oversize correction is unnecessary since coarse fraction < 5% of composite mass

Laboratory analysis by: D. O'Dowd

Data entered by:

D. O'Dowd

Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Saturated Hydraulic Conductivity

Falling Head Method

Job Name: Cardinal Engineering, Inc. Type of water used: TAP
Job Number: LB14.0150.00 Backpressure (psi): 0.0
Sample Number: Sample 9 (95%, 1.73, 16.8%) Offset (cm): 0.1
Ring Number: NA Sample length (cm): 7.61
Depth: NA Sample x-sectional area (cmz): 29.57
Reservoir x-sectional area (cmz): 0.70
Temp Reservoir Corrected Elapsed Ksat Ksat @ 20°C
Date Time (°C) head (cm) head (cm) time (sec) (cm/sec) (cm/sec)
Test # 1:
13-Aug-14 11:52:15 23.0 39.3 39.2 910 1.5E-06 1.4E-06
13-Aug-14 12:07:25 23.0 39 38.9
Test # 2:
13-Aug-14 12:07:25 23.0 39 38.9 2093 1.6E-06 1.5E-06
13-Aug-14 12:42:18 23.0 38.3 38.2
Test # 3:
13-Aug-14 12:42:18 23.0 38.3 38.2 939 1.5E-06 1.4E-06
13-Aug-14 12:57:57 23.0 38 37.9
Average Ksat (cm/sec): 1.4E-06
Oversize Corrected Ksat (cm/sec): 1.3E-06
Comments:

-- = Qversize correction is unnecessary since coarse fraction < 5% of composite mass

Velocity vs. Hydraulic Gradient

0.0000086
— 0.0000082
(7]
= = .
S L e ———— e [ ]
2 1 i
) 0.0000074
o |
(]
> 0.0000070

0.0000066 \ ‘ \ ‘ \ ‘ \ ‘ ‘ :

4.94 4.98 5.02 5.06 5.10 5.14 5.18
Hydraulic Gradient (cm/cm)

Laboratory analysis by: D. O'Dowd
Data entered by: D. O'Dowd
Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Oversize Correction Data Sheet

Job Name:

Job Number:
Sample Number:
Ring Number:
Depth:

Split (3/4", 3/8", #4):
Calculated Porosity of Fines (% vol):

Coarse Fraction*

Cardinal Engineering, Inc.
LB14.0150.00
Sample 9 (95%, 1.73, 16.8%)

Subsample Mass (g): 1180.99
Bulk Density (g/cm®): 2.65
Volume of Solids (cm®): 445.66
Volume of Voids (cm®): 0.00
Total Volume (cm®): 445.66
Volumetric Fraction (%): 4.15
Mass Fraction (%): 6.23
Ksat (cm/sec): NM

NA
NA
#4
34.9
Fines Fraction Composite
17774.66 18955.65
1.73 1.76
6707.42 7153.08
3589.44 3589.44
10296.86 10742.52
95.85 100.00
93.77 100.00
1.4E-06 1.3E-06

* Porosity and moisture content of coarse fraction assumed to be zero.

NM = Not measured

Laboratory analysis by:
Data entered by:

Oversize correction is unnecessary since coarse fraction < 5% of composite mass

D. O'Dowd
D. O'Dowd

Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Saturated Hydraulic Conductivity
Constant Head Method

Job Name: Cardinal Engineering, Inc. Type of water used: TAP
Job Number: LB14.0150.00 Collection vessel tare (g): 10.97
Sample Number: Sample 10 (80%, 1.43, 13.8%) Sample length (cm): 7.58
Ring Number: NA Sample diameter (cm): 6.12
Depth: NA Sample x-sectional area (cm2): 29.40
Temp Head Q + Tare Q Elapsed Ksat Ksat @ 20°C
Date Time (°C) (cm) (9) (cm®) time (sec)  (cm/sec) (cm/sec)
Test # 1:
4-Aug-14 9:29:00 23.0 3.7 18.18 7.2 60 8.4E-03 7.8E-03
4-Aug-14 9:30:00
Test# 2:
4-Aug-14 9:50:00 23.0 2.95 16.44 5.5 60 8.0E-03 7.4E-03
4-Aug-14 9:51:00
Test # 3:
4-Aug-14 10:23:00 23.0 2.2 14.89 3.9 60 7.7E-03 7.1E-03

4-Aug-14 10:24:00

Average Ksat (cm/sec): 7.5E-03
Oversize Corrected Ksat (cm/sec):  7.0E-03

Comments:
--- = Oversize correction is unnecessary since coarse fraction < 5% of composite mass

Velocity vs. Hydraulic Gradient

0.006
. 0.005
2 1 - a
§ o004 4— — e
> L e [ d
g 0003 ———
2 |
> 0.002

0-001 T T T T T T T T T T T

0.26 0.30 0.34 0.38 0.42 0.46 0.50
Hydraulic Gradient (cm/cm)

Laboratory analysis by: D. O'Dowd
Data entered by: D. O'Dowd
Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Oversize Correction Data Sheet

Job Name:

Job Number:
Sample Number:
Ring Number:
Depth:

Split (3/4", 3/8", #4):
Calculated Porosity of Fines (% vol):

Coarse Fraction*

Cardinal Engineering, Inc.
LB14.0150.00
Sample 10 (80%, 1.43, 13.8%)

Subsample Mass (g): 1177.27
Bulk Density (g/cm®): 2.65
Volume of Solids (cm®): 44425
Volume of Voids (cm®): 0.00
Total Volume (cm®): 444.25
Volumetric Fraction (%): 3.46
Mass Fraction (%): 6.21
Ksat (cm/sec): NM

NM = Not measured

Laboratory analysis by:
Data entered by:

NA
NA
#4
45.9
Fines Fraction Composite
17789.32 18966.59
1.43 1.48
6712.95 7157.20
5686.75 5686.75
12399.70 12843.96
96.54 100.00
93.79 100.00
7.5E-03 7.0E-03

Porosity and moisture content of coarse fraction assumed to be zero.
Oversize correction is unnecessary since coarse fraction < 5% of composite mass

D. O'Dowd
D. O'Dowd

Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Saturated Hydraulic Conductivity
Falling Head Method

Job Name: Cardinal Engineering, Inc. Type of water used: TAP
Job Number: LB14.0150.00 Backpressure (psi): 0.0
Sample Number: Sample 10 (95%, 1.70, 17.2%) Offset (cm): 0.0
Ring Number: NA Sample length (cm): 7.58
Depth: NA Sample x-sectional area (cmz): 29.34
Reservoir x-sectional area (cmz): 0.70
Temp Reservoir Corrected Elapsed Ksat Ksat @ 20°C
Date Time (°C) head (cm) head (cm) time (sec) (cm/sec) (cm/sec)
Test# 1:
13-Aug-14 11:55:14 23.0 37.2 37.2 676 1.4E-06 1.3E-06
13-Aug-14 12:06:30 23.0 37 37.0
Test# 2:
13-Aug-14 12:06:30 23.0 37 37.0 2487 1.4E-06 1.3E-06
13-Aug-14 12:47:57 23.0 36.3 36.3
Test # 3:
13-Aug-14 12:47:57 23.0 36.3 36.3 1073 1.4E-06 1.3E-06
13-Aug-14 13:05:50 23.0 36 36.0
Average Ksat (cm/sec): 1.3E-06
Oversize Corrected Ksat (cm/sec): 1.2E-06
Comments:

-- = Qversize correction is unnecessary since coarse fraction < 5% of composite mass

0.0000078

0.0000070

Velocity (cm/s)

0.0000062

0.0000074
0.0000066

0.0000058 \ \ \ \
4.70 4.74 4.78

Velocity vs. Hydraulic Gradient

4.82

4.86

Hydraulic Gradient (cm/cm)

4.90 4.94

Laboratory analysis by: D. O'Dowd
Data entered by: D. O'Dowd
Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Oversize Correction Data Sheet

Job Name:

Job Number:
Sample Number:
Ring Number:
Depth:

Split (3/4", 3/8", #4):
Calculated Porosity of Fines (% vol):

Coarse Fraction*

Cardinal Engineering, Inc.

Subsample Mass (g): 1177.27
Bulk Density (g/cm®): 2.65
Volume of Solids (cm®): 44425
Volume of Voids (cm®): 0.00
Total Volume (cm®): 444.25
Volumetric Fraction (%): 4.07
Mass Fraction (%): 6.21
Ksat (cm/sec): NM

NM = Not measured

Laboratory analysis by:
Data entered by:

LB14.0150.00
Sample 10 (95%, 1.70, 17.2%)
NA
NA
#4
35.8
Fines Fraction Composite
17789.32 18966.59
1.70 1.74
6712.95 7157.20
3748.09 3748.09
10461.05 10905.30
95.93 100.00
93.79 100.00
1.3E-06 1.2E-06

Porosity and moisture content of coarse fraction assumed to be zero.
Oversize correction is unnecessary since coarse fraction < 5% of composite mass

D. O'Dowd
D. O'Dowd

Checked by: J. Hines
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Particle Size Analysis
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Daniel B. Stephens & Associates, Inc.

Summary of Particle Size Characteristics

Sample Number (mm) (mm) (mm) C, C. Method Classification Classification
Sample 1 0.00043 0.097 0.14 326 0.84 WS/H Clayey sand (SC) Sandy Loam  (Est)
Sample 2 0.00083 0.12 0.17 205 0.48 WS/H Clayey sand (SC) Sandy Loam T (Est)
Sample 3 0.00082 0.11 0.15 183 0.43 WS/H Clayey sand (SC) Sandy Loam T (Est)
Sample 4 0.00076 0.11 0.16 211 0.39 WS/H Clayey sand (SC) Sandy Clay Loam T (Est)
Sample 5 0.00074 0.082 0.13 176 0.21 WS/H Clayey sand (SC) Sandy Clay Loam (Est)
Sample 6 0.00077 0.11 0.15 195 0.23 WS/H Clayey sand (SC) Sandy Clay Loam T (Est)
Sample 7 0.00079 0.11 0.15 190 0.32 WS/H Clayey sand (SC) Sandy Clay Loam T (Est)
Sample 8 0.00076 0.092 0.14 184 0.13 WS/H Clayey sand (SC) Sandy Clay Loam (Est)
Sample 9 0.00088 0.11 0.15 170 0.40 WS/H Clayey sand (SC) Sandy Loam T (Est)
Sample 10 0.00070 0.11 0.15 214 0.52 WS/H Clayey sand (SC) Sandy Loam T (Est)
dso = Median particle diameter c dso DS = Dry sieve T Greater than 10% of sample is coarse material
v S A
Est = Reported values for d, C,, C,, and soil ° H = Hydrometer
classification are estimates, since extrapolation ) )
was required to obtain the d,, diameter (d3o) WS = Wet sieve

Ce = (dio)(deo)
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Daniel B. Stephens & Associates, Inc.

Percent Gravel, Sand, Silt and Clay*

% Gravel % Sand % Silt % Clay
Sample Number (>4.75mm) (<4.75mm, >0.075mm) (<0.075mm, >0.002mm) (<0.002mm)
Sample 1 7.1 471 28.8 17.0
Sample 2 8.5 48.7 25.5 17.3
Sample 3 8.4 47.2 275 16.9
Sample 4 7.2 494 24.9 18.5
Sample 5 5.3 46.3 28.2 20.2
Sample 6 8.3 46.5 25.6 19.6
Sample 7 6.2 50.1 25.0 18.7
Sample 8 5.7 47.3 26.7 20.3
Sample 9 6.2 49.0 27.4 17.4
Sample 10 6.2 494 26.8 17.7

*USCS classification does not classify clay fraction based on particle size. USDA definition of clay (<0.002mm) used in this table.



Daniel B. Stephens & Associates, Inc.

Particle Size Analysis
Wet Sieve Data (#4 Split)

Job Name: Cardinal Engineering, Inc.

Job Number: LB14.0150.00

Sample Number: Sample 1
Ring Number: NA
Depth: NA

Test Date: 31-Jul-14

Initial Dry Weight of Sample (g): 19475.39
Weight Passing #4 (g): 18098.68
Weight Retained #4 (g): 1376.71
Weight of Hydrometer Sample (g): 52.91
Calculated Weight of Sieve Sample (g): 56.93

Shape: Rounded

Hardness: Soft

Test Sieve Diameter Wi. Cum Wt. Wi.
Fraction Number (mm) Retained Retained Passing % Passing
+4
3" 75 0.00 0.00 19475.39 100.00
2" 50 0.00 0.00 19475.39 100.00
1.5" 38.1 0.00 0.00 19475.39 100.00
1" 25 278.58 278.58 19196.81 98.57
3/4" 19.0 93.74 372.32 19103.07 98.09
3/8" 9.5 456.40 828.72 18646.67 95.74
4 4.75 547.99 1376.71 18098.68 92.93
-4 (Based on calculated sieve wt.)
10 2.00 1.30 5.32 51.61 90.65
20 0.85 0.77 6.09 50.84 89.30
40 0.425 1.14 7.23 49.70 87.29
60 0.250 6.33 13.56 43.37 76.17
140 0.106 14.14 27.70 29.23 51.34
200 0.075 3.14 30.84 26.09 45.82
dry pan 0.17 31.01 25.92
wet pan 25.92 0.00

Coefficient of Curvature, Cc --[(d30)2/(d10*d60)]
Mean Particle Diameter --[(dg+ds0+dgs)/3] (Mm

ASTM Soil Classification: Clayey sand (SC)
USDA Soil Classification: Sandy Loam

d4o (Mm): 0.00043
dig (mm): 0.0016
d3o (mm): 0.0071

dsg (mm): 0.097
deo (Mm): 0.14
dgs (mm): 0.36

Median Particle Diameter --dsq (mm): 0.097

(

Uniformity Coefficient, Cu --[dge/d1o] (Mm
(mm
(

): 326
): 0.84
): 0.15

m

Classification of fines: CL

Laboratory analysis by: S. Hanhardt

Data entered by: C. Krous
Checked by: J. Hines

Note: Reported values for d,,, C,, C,,
and soil classification are estimates,
since extrapolation was required to
obtain the d,, diameter
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Daniel B. Stephens & Associates, Inc.

Particle Size Analysis
Hydrometer Data

Job Name: Cardinal Engineering, Inc. Type of Water Used: DISTILLED
Job Number: LB14.0150.00 Reaction with H,O,: NA
Sample Number: Sample 1 Dispersant*: (NaPO;)e
Ring Number: NA Assumed particle density: 2.65
Depth: NA Initial Wt. (g): 52.91
Test Date: 29-Jul-14 Total Sample Wt. (g): 19475.39
Start Time: 9:00 Wt. Passing #4 (g): 18098.68
Time Temp R RL Reorr L D =]
Date (min) (°C) (g/L) (g/L) (g/L) (cm) (mm) (%) % Finer
29-Jul-14 1 21.8 30.0 6.4 23.6 11.4 0.04497 44.6 41.5
2 21.8 28.0 6.4 21.6 11.7 0.03225 40.8 38.0
5 21.8 26.0 6.4 19.6 12.0 0.02068 371 34.4
15 21.8 255 6.4 19.1 12.1 0.01198 36.1 33.6
30 21.8 24.0 6.4 17.6 124 0.00856 33.3 30.9
60 21.9 23.0 6.4 16.6 12.5 0.00609 314 29.2
120 21.9 21.0 6.4 14.6 12.9 0.00436 27.6 25.7
250 22.0 19.5 6.4 13.1 13.1 0.00305 24.8 23.0
420 22.2 16.5 6.4 10.2 13.6 0.00239 19.2 17.8
30-Jul-14 1405 21.9 15.0 6.4 8.6 13.8 0.00132 16.3 15.1
Comments:

* Dispersion device: mechanically operated stirring device

Laboratory analysis by: S. Hanhardt
Data entered by: C. Krous

Checked by: J. Hines
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U.S. STANDARD SIEVE NUMBERS

3 215 1 3/4 3/8 #4 #10 #20 #40  #60 #140 #200
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PARTICLE DIAMETER (mm)
UNIFIED COBBLES GRAVEL SAND SILT OR CLAY
Coarse | Fine Coarse | Medium | Fine
USDA COBBLES GRAVEL SAND SILT CLAY
Very coarsel Coarse I Medium I Fine I Very fine
d10 = 0.00043 d30 = 0.0071 d50 = 0.097 d50 =0.14 Cu = 326 CC =0.84
SAMPLE NUMBER DEPTH ASTM CLASSIFICATION USDA CLASSIFICATION
Sample 1 NA Clayey sand (SC) Sandy Loam

Note: Reported values for d,q, C, C., and ASTM classification are estimates, since extrapolation was required to obtain the d,, diameter

Daniel B. Stephens & Associates, Inc.
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Daniel B. Stephens & Associates, Inc.

Particle Size Analysis
Wet Sieve Data (#4 Split)

Job Name: Cardinal Engineering, Inc.

Job Number: LB14.0150.00

Sample Number: Sample 2
Ring Number: NA
Depth: NA

Test Date: 31-Jul-14

Initial Dry Weight of Sample (g): 18614.87
Weight Passing #4 (g): 17026.14
Weight Retained #4 (g): 1588.73

Weight of Hydrometer Sample (g): 67.03
Calculated Weight of Sieve Sample (g): 73.28

Shape: Rounded

Hardness: Soft

Test Sieve Diameter Wi. Cum Wt. Wi.
Fraction Number (mm) Retained Retained Passing % Passing
+4
3" 75 0.00 0.00 18614.87 100.00
2" 50 0.00 0.00 18614.87 100.00
1.5" 38.1 165.06 165.06 18449.81 99.11
1" 25 114.81 279.87 18335.00 98.50
3/4" 19.0 61.43 341.30 18273.57 98.17
3/8" 9.5 498.13 839.43 17775.44 95.49
4 4.75 749.30 1588.73 17026.14 91.47
-4 (Based on calculated sieve wt.)
10 2.00 2.44 8.69 64.59 88.14
20 0.85 1.47 10.16 63.12 86.13
40 0.425 1.47 11.63 61.65 84.12
60 0.250 10.60 22.23 51.05 69.66
140 0.106 16.72 38.95 34.33 46.84
200 0.075 2.99 41.94 31.34 42.76
dry pan 0.46 42.40 30.88
wet pan 30.88 0.00

ASTM Soil Classification: Clayey sand (SC)
USDA Soil Classification: Sandy Loam T

dqg (mm): 0.00083
dig (mm): 0.0017
dsg (mm): 0.0082

Median Particle Diameter --dsq (mm):
Uniformity Coefficient, Cu --[dgo/d 0]
Coefficient of Curvature, Cc --[(d30)2/(d10*d60)]

Mean Particle Diameter --[(dg+ds0+dgs)/3] (Mm

Laboratory analysis by: S. Hanhardt
Data entered by: C. Krous

Classification of fines:

dso (Mmm): 0.12
dgo (Mm): 0.17
dgg (MmM): 0.42

m

(
(mm
(mm
(

0.12
205

0.48
0.18

CL

Note: Reported values for d,, C,, C,,

and soil classification are estimates,
since extrapolation was required to
obtain the d,, diameter

| T Greater than 10% of sample is coarse material

Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Particle Size Analysis
Hydrometer Data

Job Name: Cardinal Engineering, Inc. Type of Water Used: DISTILLED
Job Number: LB14.0150.00 Reaction with H,O,: NA
Sample Number: Sample 2 Dispersant*: (NaPO;)e
Ring Number: NA Assumed particle density: 2.65
Depth: NA Initial Wt. (g): 67.03
Test Date: 29-Jul-14 Total Sample Wt. (g): 18614.87
Start Time: 9:06 Wt. Passing #4 (g): 17026.14
Time Temp R RL Reorr L D =]
Date (min) (°C) (g/L) (g/L) (g/L) (cm) (mm) (%) % Finer
29-Jul-14 1 21.8 34.0 6.4 27.6 10.7 0.04365 41.2 37.7
2 21.8 32.0 6.4 25.6 11.1 0.03134 38.2 34.9
5 21.8 30.5 6.4 24 1 11.3 0.02004 36.0 32.9
15 21.8 29.0 6.4 22.6 11.5 0.01169 33.7 30.9
30 21.8 28.5 6.4 22.1 11.6 0.00830 33.0 30.2
60 21.9 26.0 6.4 19.6 12.0 0.00597 29.3 26.8
120 21.9 24.0 6.4 17.6 12.4 0.00427 26.3 24.0
254 22.0 21.5 6.4 15.1 12.8 0.00298 22.6 20.6
415 22.2 20.0 6.4 13.7 13.0 0.00235 204 18.6
30-Jul-14 1400 21.9 16.5 6.4 10.1 13.6 0.00131 15.1 13.8
Comments:

* Dispersion device: mechanically operated stirring device

Laboratory analysis by: S. Hanhardt
Data entered by: C. Krous

Checked by: J. Hines
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U.S. STANDARD SIEVE NUMBERS
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PARTICLE DIAMETER (mm)
UNIFIED COBBLES GRAVEL SAND SILT OR CLAY
Coarse | Fine Coarse | Medium | Fine
USDA COBBLES GRAVEL SAND SILT CLAY
Very coarsel Coarse I Medium I Fine I Very fine
d10 = 0.00083 d30 = 0.0082 d5o =0.12 dso =0.17 Cu = 205 Cc = 0.48
SAMPLE NUMBER DEPTH ASTM CLASSIFICATION USDA CLASSIFICATION
Sample 2 NA Clayey sand (SC) Sandy Loam T

T Greater than 10% of sample is coarse material
Note: Reported values for d,q, C, C., and ASTM classification are estimates, since extrapolation was required to obtain the d,, diameter

Daniel B. Stephens & Associates, Inc.

90




Daniel B. Stephens & Associates, Inc.

Particle Size Analysis
Wet Sieve Data (#4 Split)

Job Name: Cardinal Engineering, Inc.

Job Number: LB14.0150.00

Sample Number: Sample 3
Ring Number: NA
Depth: NA

Test Date: 1-Aug-14

Initial Dry Weight of Sample (g): 19584.45
Weight Passing #4 (g): 17936.88
Weight Retained #4 (g): 1647.57

Weight of Hydrometer Sample (g): 61.11
Calculated Weight of Sieve Sample (g): 66.72

Shape: Rounded

Hardness: Soft

Test Sieve Diameter Wi. Cum Wt. Wi.
Fraction Number (mm) Retained Retained Passing % Passing
+4
3" 75 0.00 0.00 19584.45 100.00
2" 50 0.00 0.00 19584.45 100.00
1.5" 38.1 0.00 0.00 19584.45 100.00
1" 25 163.97 163.97 19420.48 99.16
3/4" 19.0 125.16 289.13 19295.32 98.52
3/8" 9.5 613.78 902.91 18681.54 95.39
4 4.75 744.66 1647.57 17936.88 91.59
-4 (Based on calculated sieve wt.)
10 2.00 2.51 8.12 58.60 87.83
20 0.85 1.28 9.40 57.32 85.91
40 0.425 1.19 10.59 56.13 84.12
60 0.250 5.54 16.13 50.59 75.82
140 0.106 17.43 33.56 33.16 49.70
200 0.075 3.56 37.12 29.60 44.36
dry pan 0.29 37.41 29.31
wet pan 29.31 0.00

ASTM Soil Classification: Clayey sand (SC)
USDA Soil Classification: Sandy Loam T

dqg (mm): 0.00082
dig (mm): 0.0018
dsg (mm): 0.0073

Median Particle Diameter --dsq (mm):
Uniformity Coefficient, Cu --[dgo/d 0]
Coefficient of Curvature, Cc --[(d30)2/(d10*d60)]

Mean Particle Diameter --[(dg+ds0+dgs)/3] (Mm

Laboratory analysis by: S. Hanhardt
Data entered by: C. Krous
Checked by: J. Hines

Classification of fines:

dso (mm): 0.11
deo (MmM): 0.15
dgg (MmM): 0.42

m
m

(
(
(
(

m
m

0.11
183

0.43
0.18

CL

Note: Reported values for d,, C,, C,,

and soil classification are estimates,
since extrapolation was required to
obtain the d,, diameter

| T Greater than 10% of sample is coarse material
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Daniel B. Stephens & Associates, Inc.

Particle Size Analysis
Hydrometer Data

Job Name: Cardinal Engineering, Inc. Type of Water Used: DISTILLED
Job Number: LB14.0150.00 Reaction with H,O,: NA
Sample Number: Sample 3 Dispersant*: (NaPO;)e
Ring Number: NA Assumed particle density: 2.65
Depth: NA Initial Wt. (g): 61.11
Test Date: 29-Jul-14 Total Sample Wt. (g): 19584.45
Start Time: 9:12 Wt. Passing #4 (g): 17936.88
Time Temp R RL Reorr L D =]
Date (min) (°C) (g/L) (g/L) (g/L) (cm) (mm) (%) % Finer
29-Jul-14 1 21.8 34.0 6.4 27.6 10.7 0.04365 45.2 41.4
2 21.8 31.0 6.4 24.6 11.2 0.03157 40.3 36.9
5 21.8 30.0 6.4 23.6 11.4 0.02011 38.6 354
15 21.8 28.0 6.4 21.6 11.7 0.01178 354 324
30 21.8 27.0 6.4 20.6 11.9 0.00839 33.7 30.9
60 21.9 255 6.4 19.1 12.1 0.00599 31.3 28.6
120 21.9 23.0 6.4 16.6 12.5 0.00430 27.2 24.9
250 22.0 20.5 6.4 14.1 12.9 0.00303 23.1 21.2
410 22.2 18.5 6.4 12.2 13.3 0.00239 19.9 18.2
30-Jul-14 1395 21.9 15.5 6.4 9.1 13.8 0.00132 14.9 13.7
Comments:

* Dispersion device: mechanically operated stirring device

Laboratory analysis by: S. Hanhardt
Data entered by: C. Krous

Checked by: J. Hines
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PARTICLE DIAMETER (mm)
UNIFIED COBBLES GRAVEL SAND SILT OR CLAY
Coarse | Fine Coarse | Medium | Fine
USDA COBBLES GRAVEL SAND SILT CLAY
Very coarsel Coarse I Medium I Fine I Very fine
d10 = 0.00082 d30 = 0.0073 d5o =0.11 dso =0.15 Cu =183 Cc =0.43
SAMPLE NUMBER DEPTH ASTM CLASSIFICATION USDA CLASSIFICATION
Sample 3 NA Clayey sand (SC) Sandy Loam T

T Greater than 10% of sample is coarse material
Note: Reported values for d,q, C, C., and ASTM classification are estimates, since extrapolation was required to obtain the d,, diameter

Daniel B. Stephens & Associates, Inc.
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Daniel B. Stephens & Associates, Inc.

Particle Size Analysis
Wet Sieve Data (#4 Split)

Job Name: Cardinal Engineering, Inc.

Job Number: LB14.0150.00

Sample Number: Sample 4
Ring Number: NA
Depth: NA

Test Date: 1-Aug-14

Initial Dry Weight of Sample (g): 18773.77

Weight Passing #4 (g): 17414.45
Weight Retained #4 (g): 1359.32

Weight of Hydrometer Sample (g): 53.57
Calculated Weight of Sieve Sample (g): 57.75

Shape: Rounded

Hardness: Soft

Test Sieve Diameter Wi. Cum Wt. Wi.
Fraction Number (mm) Retained Retained Passing % Passing
+4
3" 75 0.00 0.00 18773.77 100.00
2" 50 0.00 0.00 18773.77 100.00
1.5" 38.1 0.00 0.00 18773.77 100.00
1" 25 0.00 0.00 18773.77 100.00
3/4" 19.0 113.75 113.75 18660.02 99.39
3/8" 9.5 527.53 641.28 18132.49 96.58
4 4.75 718.04 1359.32 17414.45 92.76
-4 (Based on calculated sieve wt.)
10 2.00 1.96 6.14 51.61 89.37
20 0.85 1.10 7.24 50.51 87.46
40 0.425 1.05 8.29 49.46 85.64
60 0.250 6.84 15.13 42.62 73.80
140 0.106 14.64 29.77 27.98 48.45
200 0.075 2.92 32.69 25.06 43.39
dry pan 0.42 33.11 24.64
wet pan 24.64 0.00

ASTM Soil Classification: Clayey sand (SC)
USDA Soil Classification: Sandy Clay Loam t

d4o (mm): 0.00076
dig (mm): 0.0015
d3o (mm): 0.0069

dsg (mm): 0.11
deo (Mm): 0.16
dgs (mm): 0.39

Median Particle Diameter --dsy (mm): 0.11

Uniformity Coefficient, Cu --[dgo/d 0]
Coefficient of Curvature, Cc --[(d30)2/(d10*d60)]
Mean Particle Diameter --[(dg+ds0+dgs)/3] (Mm

(

(mm): 211
(mm): 0.39
(mm): 0.17

Classification of fines: CL

Note: Reported values for d,,, C,, C,,
and soil classification are estimates,
since extrapolation was required to
obtain the d,, diameter

| T Greater than 10% of sample is coarse material

Laboratory analysis by: S. Hanhardt

Data entered by: C. Krous
Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Particle Size Analysis
Hydrometer Data

Job Name: Cardinal Engineering, Inc. Type of Water Used: DISTILLED
Job Number: LB14.0150.00 Reaction with H,O,: NA
Sample Number: Sample 4 Dispersant*: (NaPO;)e
Ring Number: NA Assumed particle density: 2.65
Depth: NA Initial Wt. (g): 53.57
Test Date: 29-Jul-14 Total Sample Wt. (g): 18773.77
Start Time: 9:18 Wt. Passing #4 (g): 17414.45
Time Temp R RL Reorr L D =]
Date (min) (°C) (g/L) (g/L) (g/L) (cm) (mm) (%) % Finer
29-Jul-14 1 21.8 30.0 6.4 23.6 11.4 0.04497 44 1 40.9
2 21.8 28.0 6.4 21.6 11.7 0.03225 40.3 374
5 21.8 26.5 6.4 20.1 12.0 0.02061 37.5 34.8
15 21.8 26.0 6.4 19.6 12.0 0.01194 36.6 34.0
30 21.9 25.0 6.4 18.6 12.2 0.00850 34.7 32.2
60 21.9 23.0 6.4 16.6 12.5 0.00609 31.0 28.8
120 21.9 21.0 6.4 14.6 12.9 0.00436 27.3 25.3
250 22.0 18.5 6.4 12.1 13.3 0.00307 22.6 21.0
405 22.2 18.0 6.4 11.7 13.3 0.00241 21.7 20.2
30-Jul-14 1390 21.9 15.0 6.4 8.6 13.8 0.00133 16.1 14.9
Comments:

* Dispersion device: mechanically operated stirring device

Laboratory analysis by: S. Hanhardt
Data entered by: C. Krous

Checked by: J. Hines
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PARTICLE DIAMETER (mm)
UNIFIED COBBLES GRAVEL SAND SILT OR CLAY
Coarse | Fine Coarse | Medium | Fine
USDA COBBLES GRAVEL SAND SILT CLAY
Very coarsel Coarse I Medium I Fine I Very fine
d10 = 0.00076 d30 = 0.0069 d50 =0.11 d50 =0.16 Cu =211 CC =0.39
SAMPLE NUMBER DEPTH ASTM CLASSIFICATION USDA CLASSIFICATION
Sample 4 NA Clayey sand (SC) Sandy Clay Loam 1

T Greater than 10% of sample is coarse material
Note: Reported values for d,q, C, C., and ASTM classification are estimates, since extrapolation was required to obtain the d,, diameter

Daniel B. Stephens & Associates, Inc.
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Daniel B. Stephens & Associates, Inc.

Particle Size Analysis
Wet Sieve Data (#4 Split)

Job Name: Cardinal Engineering, Inc.

Job Number: LB14.0150.00

Sample Number: Sample 5
Ring Number: NA
Depth: NA

Test Date: 1-Aug-14

Initial Dry Weight of Sample (g): 19937.57

Weight Passing #4 (g): 18887.29
Weight Retained #4 (g): 1050.28
Weight of Hydrometer Sample (g): 63.14
Calculated Weight of Sieve Sample (g): 66.65

Shape: Rounded

Hardness: Soft

Test Sieve Diameter Wi. Cum Wt. Wi.
Fraction Number (mm) Retained Retained Passing % Passing
+4
3" 75 0.00 0.00 19937.57 100.00
2" 50 0.00 0.00 19937.57 100.00
1.5" 38.1 0.00 0.00 19937.57 100.00
1" 25 71.03 71.03 19866.54 99.64
3/4" 19.0 85.98 157.01 19780.56 99.21
3/8" 9.5 344.19 501.20 19436.37 97.49
4 4.75 549.08 1050.28 18887.29 94.73
-4 (Based on calculated sieve wt.)
10 2.00 1.98 5.49 61.16 91.76
20 0.85 0.96 6.45 60.20 90.32
40 0.425 1.13 7.58 59.07 88.63
60 0.250 5.59 13.17 53.48 80.24
140 0.106 17.19 30.36 36.29 54.45
200 0.075 4.01 34.37 32.28 48.43
dry pan 1.08 35.45 31.20
wet pan 31.20 0.00

ASTM Soil Classification: Clayey sand (SC)
USDA Soil Classification: Sandy Clay Loam

d4o (mm): 0.00074
dig (mm): 0.0013
d3o (mm): 0.0045

Median Particle Diameter --dsq (mm):

Uniformity Coefficient, Cu --[dgo/d10] (
Coefficient of Curvature, Cc --[(d30)2/(d10*d60)] (m
Mean Particle Diameter --[(dg+ds0+dgs)/3] (Mm

Laboratory analysis by: S. Hanhardt
Data entered by: C. Krous

Classification of fines:

dsg (Mm): 0.082
dgo (MmM): 0.13
dgs (MmM): 0.32

m

Checked by: J. Hines

m
m

0.082
176
0.21
0.13

CL

Note: Reported values for d,,, C,, C,,
and soil classification are estimates,
since extrapolation was required to
obtain the d,, diameter
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Daniel B. Stephens & Associates, Inc.

Particle Size Analysis
Hydrometer Data

Job Name: Cardinal Engineering, Inc. Type of Water Used: DISTILLED
Job Number: LB14.0150.00 Reaction with H,O,: NA
Sample Number: Sample 5 Dispersant*: (NaPO;)e
Ring Number: NA Assumed particle density: 2.65
Depth: NA Initial Wt. (g): 63.14
Test Date: 29-Jul-14 Total Sample Wt. (g): 19937.57
Start Time: 9:24 Wt. Passing #4 (g): 18887.29
Time Temp R RL Reorr L D =]
Date (min) (°C) (g/L) (g/L) (g/L) (cm) (mm) (%) % Finer
29-Jul-14 1 21.8 36.0 6.4 29.6 10.4 0.04298 46.9 44 4
2 21.8 34.5 6.4 28.1 10.6 0.03075 445 42.2
5 21.8 33.0 6.4 26.6 10.9 0.01967 421 39.9
15 21.8 32.0 6.4 25.6 11.1 0.01144 40.6 384
30 21.9 30.0 6.4 23.6 11.4 0.00821 374 354
60 21.9 28.0 6.4 21.6 11.7 0.00589 34.2 324
120 21.9 26.0 6.4 19.6 12.0 0.00422 311 294
250 22.0 23.0 6.4 16.6 12.5 0.00298 26.3 24.9
400 22.2 21.0 6.4 14.7 12.9 0.00238 23.2 22.0
30-Jul-14 1384 21.9 17.0 6.4 10.6 13.5 0.00132 16.8 15.9
Comments:

* Dispersion device: mechanically operated stirring device

Laboratory analysis by: S. Hanhardt
Data entered by: C. Krous

Checked by: J. Hines
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U.S. STANDARD SIEVE NUMBERS
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PARTICLE DIAMETER (mm)

UNIFIED COBBLES GRAVEL SAND SILT OR CLAY
Coarse | Fine Coarse | Medium | Fine
USDA COBBLES GRAVEL SAND SILT CLAY
Very coarsel Coarse I Medium I Fine I Very fine
d10 = 0.00074 d3o = 0.0045 d5o = 0.082 dso =0.13 Cu =176 Cc =0.21
SAMPLE NUMBER DEPTH ASTM CLASSIFICATION USDA CLASSIFICATION
Sample 5 NA Clayey sand (SC) Sandy Clay Loam

Note: Reported values for d,q, C, C., and ASTM classification are estimates, since extrapolation was required to obtain the d,, diameter

Daniel B. Stephens & Associates, Inc.
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Daniel B. Stephens & Associates, Inc.

Particle Size Analysis
Wet Sieve Data (#4 Split)

Job Name: Cardinal Engineering, Inc.

Job Number: LB14.0150.00

Sample Number: Sample 6
Ring Number: NA
Depth: NA

Test Date: 1-Aug-14

Initial Dry Weight of Sample (g): 20492.10
Weight Passing #4 (g): 18788.19
Weight Retained #4 (g): 1703.91

Weight of Hydrometer Sample (g): 53.98
Calculated Weight of Sieve Sample (g): 58.88

Shape: Rounded

Hardness: Soft

Test Sieve Diameter Wi. Cum Wt. Wi.
Fraction Number (mm) Retained Retained Passing % Passing
+4
3" 75 0.00 0.00 20492.10 100.00
2" 50 448.11 448.11 20043.99 97.81
1.5" 38.1 0.00 448.11 20043.99 97.81
1" 25 125.20 573.31 19918.79 97.20
3/4" 19.0 67.47 640.78 19851.32 96.87
3/8" 9.5 507.42 1148.20 19343.90 94.40
4 4.75 555.71 1703.91 18788.19 91.69
-4 (Based on calculated sieve wt.)
10 2.00 2.60 7.50 51.38 87.27
20 0.85 1.20 8.70 50.18 85.23
40 0.425 1.1 9.81 49.07 83.35
60 0.250 4.83 14.64 44.24 75.14
140 0.106 14.83 29.47 29.41 49.95
200 0.075 2.82 32.29 26.59 45.16
dry pan 0.53 32.82 26.06
wet pan 26.06 0.00

Coefficient of Curvature, Cc --[(d30)2/(d10*d60)]
Mean Particle Diameter --[(dg+ds0+dgs)/3] (Mm

ASTM Soil Classification: Clayey sand (SC)
USDA Soil Classification: Sandy Clay Loam t

d4o (Mm): 0.00077
dig (mm): 0.0014
dsg (Mm): 0.0051

Median Particle Diameter --dsq (mm):
Uniformity Coefficient, Cu --[dgg/d1o] (M
(
(

Laboratory analysis by: S. Hanhardt
Data entered by: C. Krous
Checked by: J. Hines

Classification of fines:

dso (mm): 0.11
deo (MmM): 0.15
dgs (mm): 0.54

m

m
m

0.1
195

0.23
0.22

CL

Note: Reported values for d,, C,, C,,

and soil classification are estimates,
since extrapolation was required to
obtain the d,, diameter

| T Greater than 10% of sample is coarse material
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Daniel B. Stephens & Associates, Inc.

Particle Size Analysis
Hydrometer Data

Job Name: Cardinal Engineering, Inc. Type of Water Used: DISTILLED
Job Number: LB14.0150.00 Reaction with H,O,: NA
Sample Number: Sample 6 Dispersant*: (NaPO;)e
Ring Number: NA Assumed particle density: 2.65
Depth: NA Initial Wt. (g): 53.98
Test Date: 29-Jul-14 Total Sample Wt. (g): 20492.10
Start Time: 9:30 Wt. Passing #4 (g): 18788.19
Time Temp R RL Reorr L D =]
Date (min) (°C) (g/L) (g/L) (g/L) (cm) (mm) (%) % Finer
29-Jul-14 1 21.8 33.0** 6.4 26.6 10.9 0.04399 49.3 45.2
2 21.8 31.0 6.4 24.6 11.2 0.03157 45.6 41.8
5 21.8 28.0 6.4 21.6 11.7 0.02040 40.0 36.7
15 21.8 28.0 6.4 21.6 11.7 0.01178 40.0 36.7
30 21.9 27.0 6.4 20.6 11.9 0.00838 38.2 35.0
60 21.9 25.0 6.4 18.6 12.2 0.00601 34.5 31.6
120 21.9 23.0 6.4 16.6 12.5 0.00430 30.8 28.2
250 22.0 20.0 6.4 13.6 13.0 0.00304 25.2 23.1
395 22.2 19.0 6.4 12.7 13.2 0.00242 234 215
30-Jul-14 1379 21.9 15.5 6.4 9.1 13.8 0.00133 16.9 15.5
Comments:

* Dispersion device: mechanically operated stirring device
** Discontinuity in initial data points due to sample characteristics.

Laboratory analysis by: S. Hanhardt
Data entered by: C. Krous

Checked by: J. Hines
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PARTICLE DIAMETER (mm)
UNIFIED COBBLES GRAVEL SAND SILT OR CLAY
Coarse | Fine Coarse | Medium | Fine
USDA COBBLES GRAVEL SAND SILT CLAY
Very coarsel Coarse I Medium I Fine I Very fine
d4o = 0.00077 dso = 0.0051 dso = 0.11 deo = 0.15 C,=195 C.=0.23
SAMPLE NUMBER DEPTH ASTM CLASSIFICATION USDA CLASSIFICATION
Sample 6 NA Clayey sand (SC) Sandy Clay Loam 1

T Greater than 10% of sample is coarse material
Note: Reported values for d,q, C, C., and ASTM classification are estimates, since extrapolation was required to obtain the d,, diameter

Daniel B. Stephens & Associates, Inc.
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Daniel B. Stephens & Associates, Inc.

Particle Size Analysis
Wet Sieve Data (#4 Split)

Job Name: Cardinal Engineering, Inc.

Job Number: LB14.0150.00

Sample Number: Sample 7
Ring Number: NA
Depth: NA

Test Date: 31-Jul-14

Initial Dry Weight of Sample (g): 19171.42
Weight Passing #4 (g): 17989.47
Weight Retained #4 (g): 1181.95

Weight of Hydrometer Sample (g): 67.21
Calculated Weight of Sieve Sample (g): 71.63

Shape: Rounded

Hardness: Soft

Test Sieve Diameter Wi. Cum Wt. Wi.
Fraction Number (mm) Retained Retained Passing % Passing
+4
3" 75 0.00 0.00 19171.42 100.00
2" 50 0.00 0.00 19171.42 100.00
1.5" 38.1 0.00 0.00 19171.42 100.00
1" 25 93.61 93.61 19077.81 99.51
3/4" 19.0 41.21 134.82 19036.60 99.30
3/8" 9.5 462.46 597.28 18574.14 96.88
4 4.75 584.67 1181.95 17989.47 93.83
-4 (Based on calculated sieve wt.)
10 2.00 3.40 7.82 63.81 89.09
20 0.85 1.32 9.14 62.49 87.25
40 0.425 1.34 10.48 61.15 85.37
60 0.250 6.93 17.41 54.22 75.70
140 0.106 18.41 35.82 35.81 50.00
200 0.075 4.47 40.29 31.34 43.76
dry pan 0.43 40.72 30.91
wet pan 30.91 0.00

Coefficient of Curvature, Cc --[(d30)2/(d10*d60)]
Mean Particle Diameter --[(dg+ds0+dgs)/3] (Mm

ASTM Soil Classification: Clayey sand (SC)
USDA Soil Classification: Sandy Clay Loam t

d4o (Mm): 0.00079
dig (mm): 0.0015
dsg (mm): 0.0062

Median Particle Diameter --dsq (mm):
Uniformity Coefficient, Cu --[dgg/d1o] (M
(
(

Laboratory analysis by: S. Hanhardt
Data entered by: C. Krous
Checked by: J. Hines

Classification of fines:

dsg (mm): 0.11
deo (MmM): 0.15
dgs (mm): 0.39

m

m
m

0.1
190

0.32
0.17

CL

Note: Reported values for d,, C,, C,,

and soil classification are estimates,
since extrapolation was required to
obtain the d,, diameter

| T Greater than 10% of sample is coarse material
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Daniel B. Stephens & Associates, Inc.

Particle Size Analysis
Hydrometer Data

Job Name: Cardinal Engineering, Inc. Type of Water Used: DISTILLED
Job Number: LB14.0150.00 Reaction with H,O,: NA
Sample Number: Sample 7 Dispersant*: (NaPO;)e
Ring Number: NA Assumed particle density: 2.65
Depth: NA Initial Wt. (g): 67.21
Test Date: 29-Jul-14 Total Sample Wt. (g): 19171.42
Start Time: 9:36 Wt. Passing #4 (g): 17989.47
Time Temp R RL Reorr L D =]
Date (min) (°C) (g/L) (g/L) (g/L) (cm) (mm) (%) % Finer
29-Jul-14 1 21.8 36.0 6.4 29.6 10.4 0.04298 44 1 41.3
2 21.8 34.5 6.4 28.1 10.6 0.03075 41.8 39.2
5 21.8 33.0 6.4 26.6 10.9 0.01967 39.6 37.2
15 21.9 30.5 6.4 24 1 11.3 0.01156 35.9 33.7
30 21.9 30.0 6.4 23.6 11.4 0.00821 35.1 33.0
60 21.9 27.5 6.4 21.1 11.8 0.00591 314 29.5
120 21.9 255 6.4 19.1 12.1 0.00423 284 26.7
250 22.0 22.5 6.4 16.1 12.6 0.00299 24.0 225
390 22.2 21.0 6.4 14.7 12.9 0.00241 21.8 20.5
30-Jul-14 1374 21.9 17.0 6.4 10.6 13.5 0.00132 15.8 14.8
Comments:

* Dispersion device: mechanically operated stirring device

Laboratory analysis by: S. Hanhardt
Data entered by: C. Krous

Checked by: J. Hines
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PARTICLE DIAMETER (mm)
UNIFIED COBBLES GRAVEL SAND SILT OR CLAY
Coarse | Fine Coarse | Medium | Fine
USDA COBBLES GRAVEL SAND SILT CLAY
Very coarsel Coarse I Medium I Fine I Very fine
d10 = 0.00079 d30 = 0.0062 d5o =0.11 dso =0.15 Cu =190 Cc =0.32
SAMPLE NUMBER DEPTH ASTM CLASSIFICATION USDA CLASSIFICATION
Sample 7 NA Clayey sand (SC) Sandy Clay Loam 1

T Greater than 10% of sample is coarse material
Note: Reported values for d,q, C, C., and ASTM classification are estimates, since extrapolation was required to obtain the d,, diameter

Daniel B. Stephens & Associates, Inc.
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Daniel B. Stephens & Associates, Inc.

Particle Size Analysis
Wet Sieve Data (#4 Split)

Job Name: Cardinal Engineering, Inc.

Job Number: LB14.0150.00

Sample Number: Sample 8
Ring Number: NA
Depth: NA

Test Date: 1-Aug-14

Initial Dry Weight of Sample (g): 18946.43
Weight Passing #4 (g): 17866.51

Weight Retained #4 (g): 1079.92
Weight of Hydrometer Sample (g): 66.07
Calculated Weight of Sieve Sample (g): 70.06

Shape: Rounded

Hardness: Soft

Test Sieve Diameter Wi. Cum Wt. Wi.
Fraction Number (mm) Retained Retained Passing % Passing
+4
3" 75 0.00 0.00 18946.43 100.00
2" 50 0.00 0.00 18946.43 100.00
1.5" 38.1 0.00 0.00 18946.43 100.00
1" 25 49.17 49.17 18897.26 99.74
3/4" 19.0 40.70 89.87 18856.56 99.53
3/8" 9.5 463.32 553.19 18393.24 97.08
4 4.75 526.73 1079.92 17866.51 94.30
-4 (Based on calculated sieve wt.)
10 2.00 2.51 6.50 63.56 90.72
20 0.85 1.10 7.60 62.46 89.15
40 0.425 1.07 8.67 61.39 87.62
60 0.250 6.23 14.90 55.16 78.73
140 0.106 18.74 33.64 36.42 51.98
200 0.075 3.48 37.12 32.94 47.01
dry pan 0.90 38.02 32.04
wet pan 32.04 0.00

ASTM Soil Classification: Clayey sand (SC)
USDA Soil Classification: Sandy Clay Loam

d4o (Mm): 0.00076
dig (mm): 0.0013
dsg (mm): 0.0037

Median Particle Diameter --dsq (mm):
Uniformity Coefficient, Cu --[dgo/d 0]
Coefficient of Curvature, Cc --[(d30)2/(d10*d60)]

Mean Particle Diameter --[(dg+ds0+dgs)/3] (Mm

Laboratory analysis by: S. Hanhardt
Data entered by: C. Krous
Checked by: J. Hines

Classification of fines:

dsg (Mm): 0.092
deo (Mm): 0.14
dgs (mm): 0.34

m
m

(
(
(
(

m
m

0.092
184
0.13
0.14

CL

Note: Reported values for d,,, C,, C,,
and soil classification are estimates,
since extrapolation was required to
obtain the d,, diameter
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Daniel B. Stephens & Associates, Inc.

Particle Size Analysis
Hydrometer Data

Job Name: Cardinal Engineering, Inc. Type of Water Used: DISTILLED
Job Number: LB14.0150.00 Reaction with H,O,: NA
Sample Number: Sample 8 Dispersant*: (NaPO;)e
Ring Number: NA Assumed particle density: 2.65
Depth: NA Initial Wt. (g): 66.07
Test Date: 29-Jul-14 Total Sample Wt. (g): 18946.43
Start Time: 9:42 Wt. Passing #4 (g): 17866.51
Time Temp R RL Reorr L D =]
Date (min) (°C) (g/L) (g/L) (g/L) (cm) (mm) (%) % Finer
29-Jul-14 1 21.8 38.0 6.4 31.6 10.1 0.04230 47.8 45.1
2 21.8 36.0 6.4 29.6 10.4 0.03039 44.8 42.3
5 21.8 34.0 6.4 27.6 10.7 0.01952 41.8 394
15 21.9 325 6.4 26.1 11.0 0.01139 39.5 37.3
30 21.9 325 6.4 26.1 11.0 0.00806 39.5 37.3
60 21.9 31.5 6.4 25.1 11.1 0.00574 38.0 35.8
120 21.9 29.5 6.4 23.1 11.5 0.00411 35.0 33.0
250 22.0 235 6.4 171 124 0.00297 25.9 24 4
385 22.2 22.0 6.4 15.7 12.7 0.00241 23.7 22.3
30-Jul-14 1369 21.9 17.5 6.4 11.1 134 0.00132 16.8 15.9
Comments:

* Dispersion device: mechanically operated stirring device

Laboratory analysis by: S. Hanhardt
Data entered by: C. Krous

Checked by: J. Hines
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U.S. STANDARD SIEVE NUMBERS
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PARTICLE DIAMETER (mm)
UNIFIED COBBLES GRAVEL SAND SILT OR CLAY
Coarse | Fine Coarse | Medium | Fine
USDA COBBLES GRAVEL SAND SILT CLAY
Very coarsel Coarse I Medium I Fine I Very fine
d10 = 0.00076 d30 = 0.0037 d5o = 0.092 dso =0.14 Cu =184 Cc =0.13
SAMPLE NUMBER DEPTH ASTM CLASSIFICATION USDA CLASSIFICATION
Sample 8 NA Clayey sand (SC) Sandy Clay Loam

Note: Reported values for d,q, C, C., and ASTM classification are estimates, since extrapolation was required to obtain the d,, diameter

Daniel B. Stephens & Associates, Inc.
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Daniel B. Stephens & Associates, Inc.

Particle Size Analysis
Wet Sieve Data (#4 Split)

Job Name: Cardinal Engineering, Inc.

Job Number: LB14.0150.00

Sample Number: Sample 9
Ring Number: NA
Depth: NA

Test Date: 31-Jul-14

Initial Dry Weight of Sample (g): 18955.65
Weight Passing #4 (g): 17774.66
Weight Retained #4 (g): 1180.99

Weight of Hydrometer Sample (g): 69.23
Calculated Weight of Sieve Sample (g): 73.83

Shape: Rounded

Hardness: Soft

Test Sieve Diameter Wi. Cum Wt. Wi.
Fraction Number (mm) Retained Retained Passing % Passing
+4
3" 75 0.00 0.00 18955.65 100.00
2" 50 0.00 0.00 18955.65 100.00
1.5" 38.1 0.00 0.00 18955.65 100.00
1" 25 30.62 30.62 18925.03 99.84
3/4" 19.0 50.88 81.50 18874.15 99.57
3/8" 9.5 528.23 609.73 18345.92 96.78
4 4.75 571.26 1180.99 17774.66 93.77
-4 (Based on calculated sieve wt.)
10 2.00 3.04 7.64 66.19 89.65
20 0.85 1.81 9.45 64.38 87.20
40 0.425 1.77 11.22 62.61 84.80
60 0.250 7.60 18.82 55.01 74.51
140 0.106 18.28 37.10 36.73 49.75
200 0.075 3.70 40.80 33.03 44.74
dry pan 0.69 41.49 32.34
wet pan 32.34 0.00

ASTM Soil Classification: Clayey sand (SC)
USDA Soil Classification: Sandy Loam T

dqg (mm): 0.00088
dig (mm): 0.0017
dsg (mm): 0.0073

Median Particle Diameter --dsq (mm):
Uniformity Coefficient, Cu --[dgo/d 0]
Coefficient of Curvature, Cc --[(d30)2/(d10*d60)]

Mean Particle Diameter --[(dg+ds0+dgs)/3] (Mm

Laboratory analysis by: S. Hanhardt
Data entered by: C. Krous
Checked by: J. Hines

Classification of fines:

dso (mm): 0.11
deo (MmM): 0.15
dgg (Mm): 0.41

m
m

(
(
(
(

m
m

0.1
170

0.40
0.17

CL

Note: Reported values for d,, C,, C,,

and soil classification are estimates,
since extrapolation was required to
obtain the d,, diameter

| T Greater than 10% of sample is coarse material
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Daniel B. Stephens & Associates, Inc.

Particle Size Analysis
Hydrometer Data

Job Name: Cardinal Engineering, Inc. Type of Water Used: DISTILLED
Job Number: LB14.0150.00 Reaction with H,O,: NA
Sample Number: Sample 9 Dispersant*: (NaPO;)e
Ring Number: NA Assumed particle density: 2.65
Depth: NA Initial Wt. (g): 69.23
Test Date: 29-Jul-14 Total Sample Wt. (g): 18955.65
Start Time: 9:48 Wt. Passing #4 (g): 17774.66
Time Temp R RL Reorr L D =]
Date (min) (°C) (g/L) (g/L) (g/L) (cm) (mm) (%) % Finer
29-Jul-14 1 21.9 36.0 6.4 29.6 10.4 0.04296 42.8 40.1
2 21.9 34.0 6.4 27.6 10.7 0.03085 39.9 374
5 21.9 325 6.4 26.1 11.0 0.01973 37.7 354
15 21.9 30.0 6.4 23.6 11.4 0.01160 341 32.0
30 21.9 29.5 6.4 23.1 11.5 0.00823 334 31.3
60 21.9 27.0 6.4 20.6 11.9 0.00592 29.8 27.9
120 21.9 25.0 6.4 18.6 12.2 0.00425 26.9 25.2
250 22.0 22.0 6.4 15.6 12.7 0.00300 22.6 21.2
380 22.2 20.5 6.4 14.2 12.9 0.00245 204 19.2
30-Jul-14 1364 21.9 16.5 6.4 10.1 13.6 0.00133 14.6 13.7
Comments:

* Dispersion device: mechanically operated stirring device

Laboratory analysis by: S. Hanhardt
Data entered by: C. Krous

Checked by: J. Hines
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PARTICLE DIAMETER (mm)
UNIFIED COBBLES GRAVEL SAND SILT OR CLAY
Coarse | Fine Coarse | Medium | Fine
USDA COBBLES GRAVEL SAND SILT CLAY
Very coarsel Coarse I Medium I Fine I Very fine
d10 = 0.00088 d30 = 0.0073 d5o =0.11 dso =0.15 Cu =170 Cc = 0.40
SAMPLE NUMBER DEPTH ASTM CLASSIFICATION USDA CLASSIFICATION
Sample 9 NA Clayey sand (SC) Sandy Loam T

T Greater than 10% of sample is coarse material
Note: Reported values for d,q, C, C., and ASTM classification are estimates, since extrapolation was required to obtain the d,, diameter

Daniel B. Stephens & Associates, Inc.
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Daniel B. Stephens & Associates, Inc.

Particle Size Analysis
Wet Sieve Data (#4 Split)

Job Name: Cardinal Engineering, Inc.

Job Number: LB14.0150.00

Sample Number: Sample 10
Ring Number: NA
Depth: NA

Test Date: 1-Aug-14

Initial Dry Weight of Sample (g): 18966.59
Weight Passing #4 (g): 17789.32
Weight Retained #4 (g): 1177.27

Weight of Hydrometer Sample (g): 51.57
Calculated Weight of Sieve Sample (g): 54.98

Shape: Rounded

Hardness: Soft

Test Sieve Diameter Wi. Cum Wt. Wi.
Fraction Number (mm) Retained Retained Passing % Passing
+4
3" 75 0.00 0.00 18966.59 100.00
2" 50 0.00 0.00 18966.59 100.00
1.5" 38.1 0.00 0.00 18966.59 100.00
1" 25 109.39 109.39 18857.20 99.42
3/4" 19.0 33.90 143.29 18823.30 99.24
3/8" 9.5 467.50 610.79 18355.80 96.78
4 4.75 566.48 1177.27 17789.32 93.79
-4 (Based on calculated sieve wt.)
10 2.00 2.47 5.88 49.10 89.30
20 0.85 0.97 6.85 48.13 87.54
40 0.425 0.96 7.81 4717 85.79
60 0.250 4.77 12.58 42.40 77.11
140 0.106 15.03 27.61 27.37 49.78
200 0.075 2.94 30.55 24.43 44.43
dry pan 0.81 31.36 23.62
wet pan 23.62 0.00

Coefficient of Curvature, Cc --[(d30)2/(d10*d60)]
Mean Particle Diameter --[(dg+ds0+dgs)/3] (Mm

ASTM Soil Classification: Clayey sand (SC)
USDA Soil Classification: Sandy Loam T

d4o (Mmm): 0.00070
dig (mm): 0.0016
d3o (mm): 0.0074

Median Particle Diameter --dsq (mm):
Uniformity Coefficient, Cu --[dge/do] (Mm
(mm
(

Laboratory analysis by: S. Hanhardt
Data entered by: C. Krous
Checked by: J. Hines

Classification of fines:

dsg (mm): 0.11
deo (MmM): 0.15
dgs (mm): 0.38

m

0.1
214

0.52
0.16

CL

Note: Reported values for d,, C,, C,,

and soil classification are estimates,
since extrapolation was required to
obtain the d,, diameter

| T Greater than 10% of sample is coarse material
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Daniel B. Stephens & Associates, Inc.

Particle Size Analysis
Hydrometer Data

Job Name: Cardinal Engineering, Inc. Type of Water Used: DISTILLED
Job Number: LB14.0150.00 Reaction with H,O,: NA
Sample Number: Sample 10 Dispersant*: (NaPO;)e
Ring Number: NA Assumed particle density: 2.65
Depth: NA Initial Wt. (g): 51.57
Test Date: 29-Jul-14 Total Sample Wt. (g): 18966.59
Start Time: 9:54 Wt. Passing #4 (g): 17789.32
Time Temp R RL Reorr L D =]
Date (min) (°C) (g/L) (g/L) (g/L) (cm) (mm) (%) % Finer
29-Jul-14 1 21.9 28.5 6.4 221 11.6 0.04543 42.9 40.2
2 21.9 27.0 6.4 20.6 11.9 0.03246 40.0 37.5
5 21.9 26.0 6.4 19.6 12.0 0.02067 38.0 35.7
15 21.9 24.0 6.4 17.6 124 0.01210 341 32.0
30 21.9 24.0 6.4 17.6 124 0.00855 341 32.0
60 21.9 21.5 6.4 15.1 12.8 0.00614 29.3 275
120 21.9 20.0 6.4 13.6 13.0 0.00439 26.4 24.8
250 22.0 18.0 6.4 11.6 13.3 0.00307 22.6 21.2
375 22.2 17.0 6.4 10.7 13.5 0.00252 20.7 19.4
30-Jul-14 1359 21.9 14.5 6.4 8.1 13.9 0.00135 15.7 14.8
Comments:

* Dispersion device: mechanically operated stirring device

Laboratory analysis by: S. Hanhardt
Data entered by: C. Krous

Checked by: J. Hines
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PARTICLE DIAMETER (mm)
UNIFIED COBBLES GRAVEL SAND SILT OR CLAY
Coarse | Fine Coarse | Medium | Fine
USDA COBBLES GRAVEL SAND SILT CLAY
Very coarsel Coarse I Medium I Fine I Very fine
d4o = 0.00070 d3o = 0.0074 dso = 0.11 deo = 0.15 C.=214 C.=0.52
SAMPLE NUMBER DEPTH ASTM CLASSIFICATION USDA CLASSIFICATION
Sample 10 NA Clayey sand (SC) Sandy Loam T

T Greater than 10% of sample is coarse material
Note: Reported values for d,q, C, C., and ASTM classification are estimates, since extrapolation was required to obtain the d,, diameter

Daniel B. Stephens & Associates, Inc.
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Atterberg Limits/
Identification of Fines
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Daniel B. Stephens & Associates, Inc.

Summary of Atterberg Tests

Sample Number Liquid Limit Plastic Limit Plasticity Index Classification
Sample 1 28 18 10 CL
Sample 2 28 17 11 CL
Sample 3 27 17 10 CL
Sample 4 28 17 11 CL
Sample 5 30 18 12 CL
Sample 6 29 19 10 CL
Sample 7 27 16 11 CL
Sample 8 30 18 12 CL
Sample 9 28 18 10 CL
Sample 10 29 17 12 CL

--- = Soil requires visual-manual classification due to non-plasticity
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Daniel B. Stephens & Associates, Inc.

Atterberg Limits

Job Name:

Job Number:
Sample Number:
Ring Number:
Depth:

Test Date:

Cardinal Engineering, Inc.
LB14.0150.00

Sample 1
NA
NA

29-Jul-14

Liguid Limit

Trial 1 Trial 2 Trial 3
Number of drops: 38 25 17
Pan number: LL1 LL2 LL3
Weight of pan plus moist soil (g): 125.75 130.57 125.39
Weight of pan plus dry soil (g) 123.62 127.72 122.89
Weight of pan (g): 115.62 117.57 114.55
Gravimetric moisture content (% g/g): 26.62 28.08 29.98
Liquid Limit: 28
Plastic Limit
Trial 1 Trial 2
Pan number: PL1 PL2
Weight of pan plus moist soil (g): 116.66 117.05
Weight of pan plus dry soil (g) 116.05 116.37
Weight of pan (g): 112.69 112.70
Gravimetric moisture content (% g/g): 18.15 18.53
Plastic Limit: 18
Results
Percent of Sample Retained on #40 Sieve: See Sieve
Liquid Limit: 28
Plastic Limit: 18
Plasticity Index: 10
Classification: CL

Comments:

--- = Soil requires visual-manual classification due to non-plasticity
= 1-point method requested by client

*

Laboratory analysis by: D. O'Dowd

Data entered by: C. Krous
Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Atterberg Limits

Job Name: Cardinal Engineering, Inc.
Job Number: LB14.0150.00
Sample Number: Sample 2
Ring Number: NA
Depth: NA
Test Date: 29-Jul-14
Liguid Limit
Trial 1 Trial 2 Trial 3
Number of drops: 34 26 19
Pan number: LL1 LL2 LL3
Weight of pan plus moist soil (g):  120.65 126.83 128.99
Weight of pan plus dry soil (g) 118.81 124.70 125.33
Weight of pan (g): 112.01 117.17 112.62
Gravimetric moisture content (% g/g): 27.06 28.29 28.80
Liquid Limit: 28
Plastic Limit
Trial 1 Trial 2
Pan number: PL1 PL2
Weight of pan plus moist soil (g): 118.72 123.69
Weight of pan plus dry soil (g)  117.78 122.75
Weight of pan (g): 112.50 117.20
Gravimetric moisture content (% g/g): 17.80 16.94
Plastic Limit: 17
Results
Percent of Sample Retained on #40 Sieve: See Sieve
Liquid Limit: 28
Plastic Limit: 17
Plasticity Index: 11
Classification: CL

Comments:

--- = Soil requires visual-manual classification due to non-plasticity
= 1-point method requested by client

*

Laboratory analysis by: D. O'Dowd

Data entered by: C. Krous
Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Atterberg Limits

Job Name: Cardinal Engineering, Inc.
Job Number: LB14.0150.00
Sample Number: Sample 3
Ring Number: NA
Depth: NA
Test Date: 29-Jul-14
Liguid Limit
Trial 1 Trial 2 Trial 3
Number of drops: 37 26 19
Pan number: LL1 LL2 LL3
Weight of pan plus moist soil (g): 130.51 128.53 127.19
Weight of pan plus dry soil (g) 127.96 126.22 123.96
Weight of pan (g): 117.50 117.45 112.67
Gravimetric moisture content (% g/g): 24.38 26.34 28.61
Liquid Limit: 27
Plastic Limit
Trial 1 Trial 2
Pan number: PL1 PL2

Weight of pan plus moist soil (g):
Weight of pan plus dry soil (g)
Weight of pan (g):

121.19 121.75
120.48 120.98
116.40 116.43

Gravimetric moisture content (% g/g): 17.40 16.92
Plastic Limit: 17
Results
Percent of Sample Retained on #40 Sieve: See Sieve

Liquid Limit: 27

Plastic Limit: 17

Plasticity Index: 10

Classification: CL

Comments:

--- = Soil requires visual-manual classification due to non-plasticity

*

= 1-point method requested by client

Laboratory analysis by: D. O'Dowd
Data entered by: C. Krous
Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Atterberg Limits

Job Name: Cardinal Engineering, Inc.
Job Number: LB14.0150.00
Sample Number: Sample 4
Ring Number: NA
Depth: NA
Test Date: 29-Jul-14
Liguid Limit
Trial 1 Trial 2 Trial 3
Number of drops: 36 25 19
Pan number: LL1 LL2 LL3
Weight of pan plus moist soil (g): 121.79 126.90 129.45
Weight of pan plus dry soil (g) 120.41 124.62 126.82
Weight of pan (g): 115.14 116.50 117.68
Gravimetric moisture content (% g/g): 26.19 28.08 28.77
Liquid Limit: 28
Plastic Limit
Trial 1 Trial 2
Pan number: PL1 PL2

Weight of pan plus moist soil (g):
Weight of pan plus dry soil (g)
Weight of pan (g):

118.80 117.61
117.89 116.62
112.58 110.99

Gravimetric moisture content (% g/g): 17.14 17.58
Plastic Limit: 17
Results
Percent of Sample Retained on #40 Sieve: See Sieve

Liquid Limit: 28

Plastic Limit: 17

Plasticity Index: 11

Classification: CL

Comments:

--- = Soil requires visual-manual classification due to non-plasticity

*

= 1-point method requested by client

Laboratory analysis by: D. O'Dowd
Data entered by: C. Krous
Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Atterberg Limits

Job Name: Cardinal Engineering, Inc.
Job Number: LB14.0150.00
Sample Number: Sample 5
Ring Number: NA
Depth: NA
Test Date: 29-Jul-14
Liguid Limit
Trial 1 Trial 2 Trial 3
Number of drops: 36 28 20
Pan number: LL1 LL2 LL3
Weight of pan plus moist soil (g):  124.92 119.41 127.43
Weight of pan plus dry soil (g) 122.80 117.47 124.57
Weight of pan (g): 115.16 110.85 115.32
Gravimetric moisture content (% g/g): 27.75 29.31 30.92
Liquid Limit: 30
Plastic Limit
Trial 1 Trial 2
Pan number: PL1 PL2
Weight of pan plus moist soil (g): 121.41 122.61
Weight of pan plus dry soil (g) 120.44 121.66
Weight of pan (g): 115.17 116.48
Gravimetric moisture content (% g/g): 18.41 18.34
Plastic Limit: 18
Results
Percent of Sample Retained on #40 Sieve: See Sieve
Liquid Limit: 30
Plastic Limit: 18
Plasticity Index: 12
Classification: CL

Comments:

--- = Soil requires visual-manual classification due to non-plasticity
= 1-point method requested by client

*

Laboratory analysis by: D. O'Dowd

Data entered by: C. Krous
Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Atterberg Limits

Job Name: Cardinal Engineering, Inc.
Job Number: LB14.0150.00
Sample Number: Sample 6
Ring Number: NA
Depth: NA
Test Date: 29-Jul-14
Liguid Limit
Trial 1 Trial 2 Trial 3
Number of drops: 38 24 15
Pan number: LL1 LL2 LL3
Weight of pan plus moist soil (g):  123.35 128.31 122.88
Weight of pan plus dry soil (g) 121.73 125.91 120.90
Weight of pan (g): 115.62 117.57 114.55
Gravimetric moisture content (% g/g): 26.51 28.78 31.18
Liquid Limit: 29

Plastic Limit

Trial 1 Trial 2

Pan number:

Weight of pan plus moist soil (g):
Weight of pan plus dry soil (g)
Weight of pan (g):

PLA1 PL2
119.95 119.45
118.80 118.39
112.69 112.70

Gravimetric moisture content (% g/g): 18.82 18.63
Plastic Limit: 19
Results
Percent of Sample Retained on #40 Sieve: See Sieve

Liquid Limit: 29

Plastic Limit: 19

Plasticity Index: 10

Classification: CL

Comments:

--- = Soil requires visual-manual classification due to non-plasticity

*

= 1-point method requested by client

Laboratory analysis by: D. O'Dowd
Data entered by: C. Krous
Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Atterberg Limits

Job Name: Cardinal Engineering, Inc.
Job Number: LB14.0150.00
Sample Number: Sample 7
Ring Number: NA
Depth: NA
Test Date: 29-Jul-14
Liguid Limit
Trial 1 Trial 2 Trial 3
Number of drops: 37 28 20
Pan number: LL1 LL2 LL3
Weight of pan plus moist soil (g): 123.43 130.42 128.55
Weight of pan plus dry soil (g) 121.15 127.69 126.11
Weight of pan (g): 112.01 117.45 117.68
Gravimetric moisture content (% g/g): 24.95 26.66 28.94
Liquid Limit: 27
Plastic Limit
Trial 1 Trial 2
Pan number: PL1 PL2
Weight of pan plus moist soil (g): 119.00 116.30
Weight of pan plus dry soil (g)  118.11 115.57
Weight of pan (g): 112.58 110.99
Gravimetric moisture content (% g/g): 16.09 15.94
Plastic Limit: 16
Results
Percent of Sample Retained on #40 Sieve: See Sieve
Liquid Limit: 27
Plastic Limit: 16
Plasticity Index: 11
Classification: CL

Comments:

--- = Soil requires visual-manual classification due to non-plasticity
= 1-point method requested by client

*

Laboratory analysis by: D. O'Dowd

Data entered by: C. Krous
Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Atterberg Limits

Job Name: Cardinal Engineering, Inc.
Job Number: LB14.0150.00
Sample Number: Sample 8
Ring Number: NA
Depth: NA
Test Date: 29-Jul-14
Liguid Limit
Trial 1 Trial 2 Trial 3
Number of drops: 35 23 16
Pan number: LL1 LL2 LL3
Weight of pan plus moist soil (g): 126.09 127.80 121.72
Weight of pan plus dry soil (g) 123.23 124.87 119.23
Weight of pan (g): 113.25 115.28 111.63
Gravimetric moisture content (% g/g): 28.66 30.55 32.76
Liquid Limit: 30

Plastic Limit

Trial 1 Trial 2

Pan number:

Weight of pan plus moist soil (g):
Weight of pan plus dry soil (g)
Weight of pan (g):

PLA1 PL2
123.51 118.51
122.35 117.54
115.78 112.07

Gravimetric moisture content (% g/g): 17.66 17.73
Plastic Limit: 18
Results
Percent of Sample Retained on #40 Sieve: See Sieve

Liquid Limit: 30

Plastic Limit: 18

Plasticity Index: 12

Classification: CL

Comments:

--- = Soil requires visual-manual classification due to non-plasticity

*

= 1-point method requested by client

Laboratory analysis by: D. O'Dowd
Data entered by: C. Krous
Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Atterberg Limits

Job Name: Cardinal Engineering, Inc.
Job Number: LB14.0150.00
Sample Number: Sample 9
Ring Number: NA
Depth: NA
Test Date: 29-Jul-14
Liguid Limit
Trial 1 Trial 2 Trial 3
Number of drops: 37 26 17
Pan number: LL1 LL2 LL3
Weight of pan plus moist soil (g):  127.03 127.22 122.35
Weight of pan plus dry soil (g) 125.09 124.88 120.12
Weight of pan (g): 117.50 116.50 112.67
Gravimetric moisture content (% g/g): 25.56 27.92 29.93
Liquid Limit: 28
Plastic Limit
Trial 1 Trial 2
Pan number: PL1 PL2
Weight of pan plus moist soil (g): 117.46 122.46
Weight of pan plus dry soil (g) 116.71 121.55
Weight of pan (g): 112.50 116.40
Gravimetric moisture content (% g/g): 17.81 17.67
Plastic Limit: 18
Results
Percent of Sample Retained on #40 Sieve: See Sieve
Liquid Limit: 28
Plastic Limit: 18
Plasticity Index: 10
Classification: CL

Comments:

--- = Soil requires visual-manual classification due to non-plasticity
= 1-point method requested by client

*

Laboratory analysis by: D. O'Dowd

Data entered by: C. Krous
Checked by: J. Hines
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Atterberg Limits

Daniel B. Stephens & Associates, Inc.

Job Name: Cardinal Engineering, Inc.
Job Number: LB14.0150.00
Sample Number: Sample 10
Ring Number: NA
Depth: NA
Test Date: 29-Jul-14
Liguid Limit
Trial 1 Trial 2 Trial 3
Number of drops: 34 26 16
Pan number: LL1 LL2 LL3
Weight of pan plus moist soil (g):  125.04 126.37 129.76
Weight of pan plus dry soil (g) 122.91 123.35 127.08
Weight of pan (g): 115.27 113.15 118.40
Gravimetric moisture content (% g/g): 27.88 29.61 30.88
Liquid Limit: 29
Plastic Limit
Trial 1 Trial 2
Pan number: PL1 PL2
Weight of pan plus moist soil (g): 124.12 122.58
Weight of pan plus dry soil (g) 123.16 121.69
Weight of pan (g): 117.45 116.43
Gravimetric moisture content (% g/g): 16.81 16.92
Plastic Limit: 17
Results
Percent of Sample Retained on #40 Sieve: See Sieve
Liquid Limit: 29
Plastic Limit: 17
Plasticity Index: 12
Classification: CL

Comments:

--- = Soil requires visual-manual classification due to non-plasticity
= 1-point method requested by client

*

Laboratory analysis by: D. O'Dowd

Data entered by: C. Krous
Checked by: J. Hines
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Proctor Compaction
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Daniel B. Stephens & Associates, Inc.

Summary of Proctor Compaction Tests

Measured Oversize Corrected
Optimum Maximum Optimum Maximum
Moisture Dry Bulk Moisture Dry Bulk
Content Density Content Density
Sample Number (% g/g) (g/cm3) (% g/g) (g/om3)
Sample 1 15.0 1.82 13.9 1.86
Sample 2 13.9 1.84 12.7 1.89
Sample 3 15.3 1.79 14.0 1.84
Sample 4 15.1 1.80 14.0 1.84
Sample 5 14.4 1.81 13.6 1.84
Sample 6 14.8 1.80 13.6 1.85
Sample 7 14.3 1.80 13.4 1.83
Sample 8 15.3 1.81 14.4 1.85
Sample 9 15.0 1.81 14.1 1.85
Sample 10 15.3 1.79 14.3 1.83

-- = Oversize correction is unnecessary since coarse fraction < 5% of composite mass
NR = Not requested
NA = Not applicable
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Daniel B. Stephens & Associates, Inc.

Proctor Compaction Data

Job Name: Cardinal Engineering, Inc. Split (3/4", 3/8", #4): #4
Job Number: LB14.0150.00 Mass of coarse material (g): 1376.71
Sample Number: Sample 1 Mass of fines material (g): 18098.68
Ring Number: NA Mold weight (g): 4211
Depth: NA Mold volume (cm?): 942.23
Test Date: 25-Jul-14 Compaction Method: Standard A
Preparation Method: Dry
As Received Moisture Content (% g/g): NA Type of Rammer: Mechanical
Weight of Weight of Weight of
Mold and Containerand  Container and Weight of Dry Bulk Moisture
Compacted Soill Wet Soil Dry Soil Container Density Content
Trial ()] ()] @) ()] (g/em®) (% 9/9)
1 6031 1273.36 1177.61 269.54 1.75 10.54
2 6080 1196.81 1096.25 300.15 1.76 12.63
3 6180 963.80 872.63 263.71 1.82 14.97
4 6155 1063.46 953.08 297.87 1.77 16.85
5 6103 1136.18 1004.13 300.25 1.69 18.76
Soil Fractions Properties of Coarse Material
Coarse Fraction (% g/g): 7.1 Assumed particle density (g/cm3): 2.65
Fines Fraction (% g/g): 92.9 Assumed Initial Moisture Content (% g/g): 0.0

Oversize Corrected Values for Dry Bulk Density and Moisture Content

Dry Bulk Moisture
Density of Content of
Composite Composite
Trial (g/cm®) (% g/g)
1 1.79 9.80
2 1.80 11.74
3 1.86 13.91
4 1.81 15.66
5 1.73 17.43

-- = Qversize correction is unnecessary since coarse fraction < 5% of composite mass

Laboratory analysis by: N. Candelaria
Data entered by: D. O'Dowd
Checked by: J. Hines
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Dry Bulk Density (g/cm?3)

2.0

1.9

Daniel B. Stephens & Associates, Inc.

Proctor Compaction Data Points with Fitted Curve
Sample Number: Sample 1

Measured Corrected
Optimum Moisture Content (% g/g): 15.0 13.9
Maximum Dry Bulk Density (g/cm?®): 1.82 1.86

Test Date: 25-Jul-14

Zero voids curve

B Compaction curve

A Oversize corrected compaction curve

5 10 15 20
Moisture Content (% g/g)

--- = Oversize correction is unnecessary since coarse fraction < 5% of composite mass

Laboratory analysis by: N. Candelaria
Data entered by: D. O'Dowd
Checked by: J. Hines

25
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Daniel B. Stephens & Associates, Inc.

Proctor Compaction Data

Job Name: Cardinal Engineering, Inc. Split (3/4", 3/8", #4): #4
Job Number: LB14.0150.00 Mass of coarse material (g): 1588.73
Sample Number: Sample 2 Mass of fines material (g): 17026.14
Ring Number: NA Mold weight (g): 4202
Depth: NA Mold volume (cm®): 943.95
Test Date: 25-Jul-14 Compaction Method: Standard A
Preparation Method: Dry
As Received Moisture Content (% g/g): NA Type of Rammer: Mechanical
Weight of Weight of Weight of
Mold and Containerand  Container and Weight of Dry Bulk Moisture
Compacted Soill Wet Soil Dry Soil Container Density Content
Trial ()] ()] @) ()] (g/cm’) (% 9/9)
1 5970 1089.65 1018.13 296.05 1.70 9.90
2 6050 1220.91 1120.79 267.90 1.75 11.74
3 6175 1133.12 1028.62 268.13 1.84 13.74
4 6159 1081.47 972.96 289.71 1.79 15.88
5 6125 1078.00 956.84 283.51 1.73 17.99
Soil Fractions Properties of Coarse Material
Coarse Fraction (% g/g): 8.5 Assumed particle density (g/cm3): 2.65
Fines Fraction (% g/g): 91.5 Assumed Initial Moisture Content (% g/g): 0.0

Oversize Corrected Values for Dry Bulk Density and Moisture Content

Dry Bulk Moisture
Density of Content of
Composite Composite
Trial (g/cm®) (% g/g)
1 1.76 9.06
2 1.80 10.74
3 1.89 12.57
4 1.84 14.53
5 1.78 16.46

-- = Qversize correction is unnecessary since coarse fraction < 5% of composite mass

Laboratory analysis by: N. Candelaria
Data entered by: D. O'Dowd
Checked by: J. Hines
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Dry Bulk Density (g/cm?3)

2.0

Daniel B. Stephens & Associates, Inc.

Proctor Compaction Data Points with Fitted Curve
Sample Number: Sample 2

Measured Corrected
Optimum Moisture Content (% g/g): 13.9 12.7
Maximum Dry Bulk Density (g/cm?®): 1.84 1.89

Test Date: 25-Jul-14

Zero voids curve

B Compaction curve

A Oversize corrected compaction curve

5 10 15 20
Moisture Content (% g/g)

--- = Oversize correction is unnecessary since coarse fraction < 5% of composite mass

Laboratory analysis by: N. Candelaria
Data entered by: D. O'Dowd
Checked by: J. Hines

25
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Daniel B. Stephens & Associates, Inc.

Proctor Compaction Data

Job Name: Cardinal Engineering, Inc. Split (3/4", 3/8", #4): #4
Job Number: LB14.0150.00 Mass of coarse material (g): 1647.57
Sample Number: Sample 3 Mass of fines material (g): 17936.88
Ring Number: NA Mold weight (g): 4202
Depth: NA Mold volume (cm®): 943.95
Test Date: 25-Jul-14 Compaction Method: Standard A
Preparation Method: Dry
As Received Moisture Content (% g/g): NA Type of Rammer: Mechanical
Weight of Weight of Weight of
Mold and Containerand  Container and Weight of Dry Bulk Moisture
Compacted Soill Wet Soil Dry Soil Container Density Content
Trial ()] ()] @) ()] (g/cm’) (% 9/9)
1 5918 1034.09 970.24 269.45 1.67 9.11
2 6006 1243.29 1147.96 289.58 1.72 11.11
3 6111 1108.02 1009.76 292.29 1.78 13.70
4 6160 1149.71 1026.52 269.12 1.78 16.26
5 6124 1114.53 989.78 296.53 1.73 17.99
Soil Fractions Properties of Coarse Material
Coarse Fraction (% g/g): 8.4 Assumed particle density (g/cm3): 2.65
Fines Fraction (% g/g): 91.6 Assumed Initial Moisture Content (% g/g): 0.0

Oversize Corrected Values for Dry Bulk Density and Moisture Content

Dry Bulk Moisture
Density of Content of
Composite Composite
Trial (g/cm®) (% g/g)
1 1.72 8.34
2 1.77 10.17
3 1.83 12.54
4 1.83 14.90
5 1.78 16.48

-- = Qversize correction is unnecessary since coarse fraction < 5% of composite mass

Laboratory analysis by: N. Candelaria
Data entered by: D. O'Dowd
Checked by: J. Hines
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Dry Bulk Density (g/cm?3)

2.0

1.9

Daniel B. Stephens & Associates, Inc.

Proctor Compaction Data Points with Fitted Curve
Sample Number: Sample 3

Measured Corrected
Optimum Moisture Content (% g/g): 15.3 14.0
Maximum Dry Bulk Density (g/cm?®): 1.79 1.84

Test Date: 25-Jul-14

Zero voids curve

B Compaction curve

A Oversize corrected compaction curve

5 10 15 20
Moisture Content (% g/g)

--- = Oversize correction is unnecessary since coarse fraction < 5% of composite mass

Laboratory analysis by: N. Candelaria
Data entered by: D. O'Dowd
Checked by: J. Hines

25
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Daniel B. Stephens & Associates, Inc.

Proctor Compaction Data

Job Name: Cardinal Engineering, Inc. Split (3/4", 3/8", #4): #4
Job Number: LB14.0150.00 Mass of coarse material (g): 1359.32
Sample Number: Sample 4 Mass of fines material (g): 17414.45
Ring Number: NA Mold weight (g): 4202
Depth: NA Mold volume (cm®): 943.95
Test Date: 25-Jul-14 Compaction Method: Standard A
Preparation Method: Dry
As Received Moisture Content (% g/g): NA Type of Rammer: Mechanical
Weight of Weight of Weight of
Mold and Containerand  Container and Weight of Dry Bulk Moisture
Compacted Soill Wet Soil Dry Soil Container Density Content
Trial ()] ()] @) ()] (g/cm’) (% 9/9)
1 6074 1038.23 948.79 209.31 1.77 12.09
2 6094 990.79 901.38 212.69 1.77 12.98
3 6158 977.31 875.21 210.04 1.80 15.35
4 6131 1000.33 893.29 263.22 1.75 16.99
5 6086 1118.32 984.42 291.02 1.67 19.31
Soil Fractions Properties of Coarse Material
Coarse Fraction (% g/g): 7.2 Assumed particle density (g/cm3): 2.65
Fines Fraction (% g/g): 92.8 Assumed Initial Moisture Content (% g/g): 0.0

Oversize Corrected Values for Dry Bulk Density and Moisture Content

Dry Bulk Moisture
Density of Content of
Composite Composite
Trial (g/cm®) (% g/g)
1 1.81 11.22
2 1.82 12.04
3 1.84 14.24
4 1.79 15.76
5 1.72 17.91

-- = Qversize correction is unnecessary since coarse fraction < 5% of composite mass

Laboratory analysis by: N. Candelaria
Data entered by: D. O'Dowd
Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Proctor Compaction Data Points with Fitted Curve
Sample Number: Sample 4

Measured Corrected
Optimum Moisture Content (% g/g): 15.1 14.0
Maximum Dry Bulk Density (g/cm?®): 1.80 1.84

Test Date: 25-Jul-14

2.0 |
Zero voids curve
B Compaction curve
| A Oversize corrected compaction curve
1.9 \
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1.5 b
5 10 15 20 25

Moisture Content (% g/g)

--- = Oversize correction is unnecessary since coarse fraction < 5% of composite mass

Laboratory analysis by: N. Candelaria
Data entered by: D. O'Dowd
Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Proctor Compaction Data

Job Name: Cardinal Engineering, Inc. Split (3/4", 3/8", #4): #4
Job Number: LB14.0150.00 Mass of coarse material (g): 1050.28
Sample Number: Sample 5 Mass of fines material (g): 18887.29
Ring Number: NA Mold weight (g): 4202
Depth: NA Mold volume (cm®): 943.95
Test Date: 28-Jul-14 Compaction Method: Standard A
Preparation Method: Dry
As Received Moisture Content (% g/g): NA Type of Rammer: Mechanical
Weight of Weight of Weight of
Mold and Containerand  Container and Weight of Dry Bulk Moisture
Compacted Soill Wet Soil Dry Soil Container Density Content
Trial ()] ()] @) ()] (g/cm’) (% 9/9)
1 5958 1206.59 1115.54 286.97 1.68 10.99
2 6087 1190.21 1081.84 267.70 1.76 13.31
3 6157 1212.67 1090.66 291.20 1.80 15.26
4 6072 1212.05 1103.68 284.36 1.75 13.23
5 6107 1155.13 1017.30 296.08 1.69 19.11
Soil Fractions Properties of Coarse Material
Coarse Fraction (% g/g): 5.3 Assumed particle density (g/cm3): 2.65
Fines Fraction (% g/g): 94.7 Assumed Initial Moisture Content (% g/g): 0.0

Oversize Corrected Values for Dry Bulk Density and Moisture Content

Dry Bulk Moisture
Density of Content of
Composite Composite
Trial (g/cm®) (% g/g)
1 1.71 10.41
2 1.79 12.61
3 1.83 14.46
4 1.78 12.53
5 1.73 18.10

-- = Qversize correction is unnecessary since coarse fraction < 5% of composite mass

Laboratory analysis by: N. Candelaria
Data entered by: N. Candelaria
Checked by: J. Hines
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Dry Bulk Density (g/cm?3)

2.0

1.9

1.8

1.7

1.6

1.5

Daniel B. Stephens & Associates, Inc.

Proctor Compaction Data Points with Fitted Curve
Sample Number: Sample 5

Measured Corrected
Optimum Moisture Content (% g/g): 14.4 13.6
Maximum Dry Bulk Density (g/cm?®): 1.81 1.84

Test Date: 28-Jul-14

Moisture Content (% g/g)

--- = Oversize correction is unnecessary since coarse fraction < 5% of composite mass

Laboratory analysis by: N. Candelaria
Data entered by: N. Candelaria
Checked by: J. Hines
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Daniel B. Stephens & Associates, Inc.

Proctor Compaction Data

Job Name: Cardinal Engineering, Inc. Split (3/4", 3/8", #4): #4
Job Number: LB14.0150.00 Mass of coarse material (g): 1703.91
Sample Number: Sample 6 Mass of fines material (g): 18788.19
Ring Number: NA Mold weight (g): 4202
Depth: NA Mold volume (cm®): 943.95
Test Date: 29-Jul-14 Compaction Method: Standard A
Preparation Method: Dry
As Received Moisture Content (% g/g): NA Type of Rammer: Mechanical
Weight of Weight of Weight of
Mold and Containerand  Container and Weight of Dry Bulk Moisture
Compacted Soill Wet Soil Dry Soil Container Density Content
Trial ()] ()] @) ()] (g/cm’) (% 9/9)
1 5925 940.11 875.95 270.64 1.65 10.60
2 6049 1099.56 1008.50 297.83 1.73 12.81
3 6130 1148.18 1040.57 269.56 1.79 13.96
4 6163 1155.64 1033.92 263.70 1.79 15.80
5 6108 1138.06 1008.19 300.30 1.71 18.35
Soil Fractions Properties of Coarse Material
Coarse Fraction (% g/g): 8.3 Assumed particle density (g/cm3): 2.65
Fines Fraction (% g/g): 91.7 Assumed Initial Moisture Content (% g/g): 0.0

Oversize Corrected Values for Dry Bulk Density and Moisture Content

Dry Bulk Moisture
Density of Content of
Composite Composite
Trial (g/cm®) (% g/g)
1 1.70 9.72
2 1.79 11.75
3 1.84 12.80
4 1.84 14.49
5 1.76 16.82

-- = Qversize correction is unnecessary since coarse fraction < 5% of composite mass

Laboratory analysis by: N. Candelaria
Data entered by: N. Candelaria
Checked by: J. Hines
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Dry Bulk Density (g/cm?3)

2.0

1.9

1.8

1.7

1.6

1.5

Daniel B. Stephens & Associates, Inc.

Proctor Compaction Data Points with Fitted Curve
Sample Number: Sample 6

Measured Corrected
Optimum Moisture Content (% g/g): 14.8 13.6
Maximum Dry Bulk Density (g/cm?®): 1.80 1.85

Test Date: 29-Jul-14

Zero voids curve

B Compaction curve

A Oversize corrected compaction curve
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Moisture Content (% g/g)

--- = Oversize correction is unnecessary since coarse fraction < 5% of composite mass

Laboratory analysis by: N. Candelaria
Data entered by: N. Candelaria
Checked by: J. Hines

25
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Daniel B. Stephens & Associates, Inc.

Proctor Compaction Data

Job Name: Cardinal Engineering, Inc. Split (3/4", 3/8", #4): #4
Job Number: LB14.0150.00 Mass of coarse material (g): 1181.95
Sample Number: Sample 7 Mass of fines material (g): 17989.47
Ring Number: NA Mold weight (g): 4202
Depth: NA Mold volume (cm®): 943.95
Test Date: 25-Jul-14 Compaction Method: Standard A
Preparation Method: Dry
As Received Moisture Content (% g/g): NA Type of Rammer: Mechanical
Weight of Weight of Weight of
Mold and Containerand  Container and Weight of Dry Bulk Moisture
Compacted Soill Wet Soil Dry Soil Container Density Content
Trial ()] ()] @) ()] (g/cm’) (% 9/9)
1 5889 1166.46 1089.69 293.64 1.63 9.64
2 6019 1251.29 1148.06 284.10 1.72 11.95
3 6129 1118.22 1018.49 292.88 1.79 13.74
4 6146 1109.93 993.50 268.01 1.77 16.05
5 6132 1121.86 996.51 282.26 1.74 17.55
Soil Fractions Properties of Coarse Material
Coarse Fraction (% g/g): 6.2 Assumed particle density (g/cm3): 2.65
Fines Fraction (% g/g): 93.8 Assumed Initial Moisture Content (% g/g): 0.0

Oversize Corrected Values for Dry Bulk Density and Moisture Content

Dry Bulk Moisture
Density of Content of
Composite Composite
Trial (g/cm®) (% g/g)
1 1.67 9.05
2 1.76 11.21
3 1.83 12.90
4 1.81 15.06
5 1.78 16.47

-- = Qversize correction is unnecessary since coarse fraction < 5% of composite mass

Laboratory analysis by: N. Candelaria
Data entered by: N. Candelaria
Checked by: J.Hines
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Dry Bulk Density (g/cm?3)

2.0

1.9

Daniel B. Stephens & Associates, Inc.

Proctor Compaction Data Points with Fitted Curve
Sample Number: Sample 7

Measured Corrected
Optimum Moisture Content (% g/g): 14.3 134
Maximum Dry Bulk Density (g/cm?®): 1.80 1.83

Test Date: 25-Jul-14

Zero voids curve

B Compaction curve

A Oversize corrected compaction curve

5 10 15 20
Moisture Content (% g/g)

--- = Oversize correction is unnecessary since coarse fraction < 5% of composite mass

Laboratory analysis by: N. Candelaria
Data entered by: N. Candelaria
Checked by: J.Hines

25
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Daniel B. Stephens & Associates, Inc.

Proctor Compaction Data

Job Name: Cardinal Engineering, Inc. Split (3/4", 3/8", #4): #4
Job Number: LB14.0150.00 Mass of coarse material (g): 1079.92
Sample Number: Sample 8 Mass of fines material (g): 17866.51
Ring Number: NA Mold weight (g): 4202
Depth: NA Mold volume (cm®): 943.95
Test Date: 29-Jul-14 Compaction Method: Standard A
Preparation Method: Dry
As Received Moisture Content (% g/g): NA Type of Rammer: Mechanical
Weight of Weight of Weight of
Mold and Containerand  Container and Weight of Dry Bulk Moisture
Compacted Soill Wet Soil Dry Soil Container Density Content
Trial ()] ()] @) ()] (g/cm’) (% 9/9)
1 6004 1339.82 1230.88 300.02 1.71 11.70
2 6087 1310.48 1191.33 284.53 1.77 13.14
3 6175 1255.75 1128.86 298.96 1.81 15.29
4 6124 1186.22 1051.11 296.97 1.73 17.92
5 6096 1158.13 1013.43 267.69 1.68 19.40
Soil Fractions Properties of Coarse Material
Coarse Fraction (% g/g): 5.7 Assumed particle density (g/cm3): 2.65
Fines Fraction (% g/g): 94.3 Assumed Initial Moisture Content (% g/g): 0.0

Oversize Corrected Values for Dry Bulk Density and Moisture Content

Dry Bulk Moisture
Density of Content of
Composite Composite
Trial (g/cm®) (% g/g)
1 1.74 11.04
2 1.80 12.39
3 1.85 14.42
4 1.76 16.89
5 1.72 18.30

-- = Qversize correction is unnecessary since coarse fraction < 5% of composite mass

Laboratory analysis by: N. Candelaria
Data entered by: N. Candelaria
Checked by: J.Hines
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Daniel B. Stephens & Associates, Inc.

Proctor Compaction Data Points with Fitted Curve
Sample Number: Sample 8

Measured Corrected
Optimum Moisture Content (% g/g): 15.3 14.4
Maximum Dry Bulk Density (g/cm?®): 1.81 1.85

Test Date: 29-Jul-14

2.0 |
Zero voids curve
B Compaction curve
A Oversize corrected compaction curve
1.9 \

N

Dry Bulk Density (g/cm?3)

A

5 10 15 20 25
Moisture Content (% g/g)

--- = Oversize correction is unnecessary since coarse fraction < 5% of composite mass

Laboratory analysis by: N. Candelaria
Data entered by: N. Candelaria
Checked by: J.Hines
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Daniel B. Stephens & Associates, Inc.

Proctor Compaction Data

Job Name: Cardinal Engineering, Inc. Split (3/4", 3/8", #4): #4
Job Number: LB14.0150.00 Mass of coarse material (g): 1180.99
Sample Number: Sample 9 Mass of fines material (g): 17774.66
Ring Number: NA Mold weight (g): 4202
Depth: NA Mold volume (cm®): 943.95
Test Date: 28-Jul-14 Compaction Method: Standard A
Preparation Method: Dry
As Received Moisture Content (% g/g): NA Type of Rammer: Mechanical
Weight of Weight of Weight of
Mold and Containerand  Container and Weight of Dry Bulk Moisture
Compacted Soill Wet Soil Dry Soil Container Density Content
Trial ()] ()] @) ()] (g/cm’) (% 9/9)
1 5970 1321.97 1219.45 284.77 1.69 10.97
2 6072 1266.40 1155.99 289.55 1.76 12.74
3 6171 1059.23 957.96 284.26 1.81 15.03
4 6145 1103.47 985.78 293.34 1.76 17.00
5 6096 972.58 858.29 269.56 1.68 19.41
Soil Fractions Properties of Coarse Material
Coarse Fraction (% g/g): 6.2 Assumed particle density (g/cm3): 2.65
Fines Fraction (% g/g): 93.8 Assumed Initial Moisture Content (% g/g): 0.0

Oversize Corrected Values for Dry Bulk Density and Moisture Content

Dry Bulk Moisture
Density of Content of
Composite Composite
Trial (g/cm®) (% g/g)
1 1.73 10.29
2 1.79 11.95
3 1.85 14.10
4 1.80 15.94
5 1.72 18.20

-- = Qversize correction is unnecessary since coarse fraction < 5% of composite mass

Laboratory analysis by: N. Candelaria
Data entered by: N. Candelaria
Checked by: J.Hines
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Daniel B. Stephens & Associates, Inc.

Proctor Compaction Data Points with Fitted Curve
Sample Number: Sample 9

Measured Corrected
Optimum Moisture Content (% g/g): 15.0 14.1
Maximum Dry Bulk Density (g/cm?®): 1.81 1.85

Test Date: 28-Jul-14

2.0 |
Zero voids curve
B Compaction curve
A Oversize corrected compaction curve
1.9 \

Dry Bulk Density (g/cm?3)

5 10 15 20 25
Moisture Content (% g/g)

--- = Oversize correction is unnecessary since coarse fraction < 5% of composite mass

Laboratory analysis by: N. Candelaria
Data entered by: N. Candelaria
Checked by: J.Hines
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Daniel B. Stephens & Associates, Inc.

Proctor Compaction Data

Job Name: Cardinal Engineering, Inc. Split (3/4", 3/8", #4): #4
Job Number: LB14.0150.00 Mass of coarse material (g): 1177.27
Sample Number: Sample 10 Mass of fines material (g): 17789.32
Ring Number: NA Mold weight (g): 4202
Depth: NA Mold volume (cm®): 943.95
Test Date: 28-Jul-14 Compaction Method: Standard A
Preparation Method: Dry
As Received Moisture Content (% g/g): NA Type of Rammer: Mechanical
Weight of Weight of Weight of
Mold and Containerand  Container and Weight of Dry Bulk Moisture
Compacted Soil Wet Soil Dry Soil Container Density Content
Trial ()] ()] @) ()] (g/em®) (% 9/9)
1 5994 1264.02 1165.98 267.63 1.71 10.91
2 6083 1113.02 1018.68 296.92 1.76 13.07
3 6151 1059.39 954.51 268.16 1.79 15.28
4 6142 1151.04 1024.28 284.31 1.75 17.13
5 6103 1058.14 933.25 282.98 1.69 19.21
Soil Fractions Properties of Coarse Material
Coarse Fraction (% g/g): 6.2 Assumed particle density (g/cm3): 2.65
Fines Fraction (% g/g): 93.8 Assumed Initial Moisture Content (% g/g): 0.0

Oversize Corrected Values for Dry Bulk Density and Moisture Content

Dry Bulk Moisture
Density of Content of
Composite Composite
Trial (g/cm®) (% g/g)
1 1.75 10.24
2 1.80 12.26
3 1.83 14.33
4 1.79 16.07
5 1.73 18.01

-- = Qversize correction is unnecessary since coarse fraction < 5% of composite mass

Laboratory analysis by: N. Candelaria
Data entered by: N. Candelaria
Checked by: J.Hines
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Daniel B. Stephens & Associates, Inc.

Proctor Compaction Data Points with Fitted Curve
Sample Number: Sample 10

Measured Corrected
Optimum Moisture Content (% g/g): 15.3 14.3
Maximum Dry Bulk Density (g/cm?®): 1.79 1.83

Test Date: 28-Jul-14

2.0 |
Zero voids curve
B Compaction curve
A Oversize corrected compaction curve
1.9 \

Dry Bulk Density (g/cm?3)

5 10 15 20 25
Moisture Content (% g/g)

--- = Oversize correction is unnecessary since coarse fraction < 5% of composite mass

Laboratory analysis by: N. Candelaria
Data entered by: N. Candelaria
Checked by: J.Hines
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Daniel B. Stephens & Associates, Inc.

Tests and Methods

Dry Bulk Density: ASTM D7263
Moisture Content: ASTM D7263
Calculated Porosity: ASTM D7263

Saturated Hydraulic Conductivity:
Constant Head: ASTM D 2434 (modified apparatus)
(Rigid Wall)
Falling Head: Klute, A. and C. Dirkson. 1986. Hydraulic Conductivity and Diffusivity: Laboratory
(Rigid Wall) Methods.Chp. 28, pp. 700-703, in A. Klute (ed.), Methods of Soil Analysis, Part 1,
American Society of Agronomy, Madison, WI

Particle Size Analysis: ASTM D422

USCS (ASTM) Classification: =~ ASTM D422, ASTM D2487

USDA Classification: ASTM D422, USDA Soil Textural Triangle
Atterberg Limits: ASTM D4318
Visual-Manual Description: ASTM D2488

Standard Proctor Compaction: ASTM D698

Coarse Fraction (Gravel) ASTM D4718; Bouwer, H. and Rice, R.C. 1984. Hydraulic Properties of Stony Vadose
Correction (calc): Zones. Groundwater Vol. 22, No. 6
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FOREWORD

Today’s rapidly developing and changing technologies and industrial products and
practices frequently carry with them the increased generation of materials that, if
improperly dealt with, can threaten both public health and the environment. Abandoned
waste sites and accidental releases of toxic and hazardous substances to the environment
also have important environmental and public health implications. The Risk Reduction
Engineering Laboratory assists in providing an authoritative and defensible engineering
basis for assessing and solving these problems. Its products support the policies,
programs and regulations of the Environmental Protection Agency, the permitting and
other responsibilities of State and local governments, and the needs of both large and
small businesses in handling their wastes responsibly and economically.

This report presents guidance on the use of the Hydrologic Evaluation of Landfill
Performance (HELP) computer program. The HELP program is a quasi-two-dimensional
hydrologic model for conducting water balance analysis of landfills, cover systems, and
other solid waste containment facilities. The model accepts weather, soil and design data,
and uses solution techniques that account for the effects of surface storage, snowmelt,
runoff, infiltration, evapotranspiration, vegetative growth, soil moisture storage, lateral
subsurface drainage, leachate recirculation, unsaturated vertical drainage, and leakage
through soil, geomembrane or composite liners. Landfill systems including various
combinations of vegetation, cover soils, waste cells, lateral drain layers, low permeability
barrier soils, and synthetic geomembrane liners may be modeled. The model facilitates
rapid estimation of the amounts of runoff, evapotranspiration, drainage, leachate collection
and liner leakage that may be expected to result from the operation of a wide variety of
landfill designs. The primary purpose of the model is to assist in the comparison of
design alternatives. The model is a tool for both designers and permit writers.

E. Timothy Oppelt, Director
Risk Reduction Engineering Laboratory
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ABSTRACT

The Hydrologic Evaluation of Landfill Performance (HELP) computer program is a
quasi-two-dimensional hydrologic model of water movement across, into, through and out
of landfills. The model accepts weather, soil and design data and uses solution techniques
that account for the effects of surface storage, snowmelt, runoff, infiltration,
evapotranspiration, vegetative growth, soil moisture storage, lateral subsurface drainage,
leachate recirculation, unsaturated vertical drainage, and leakage through soil,
geomembrane or composite liners. Landfill systems including various combinations of
vegetation, cover soils, waste cells, lateral drain layers, low permeability barrier soils, and
synthetic geomembrane liners may be modeled. The program was developed to conduct
water balance analysis of landfills, cover systems, and solid waste disposal and
containment facilities. As such, the model facilitates rapid estimation of the amounts of
runoff, evapotranspiration, drainage, leachate collection, and liner leakage that may be
expected to result from the operation of a wide variety of landfill designs. The primary
purpose of the model is to assist in the comparison of design alternatives as judged by
their water balances. The model, applicable to open, partially closed, and fully closed
sites, is a tool for both designers and permit writers.

This report explains how to use Version 3 of the HELP model. Section 1 provides
background and overview of the model, and lists software and hardware requirements.
Section 2 describes basic landfill design and liquids management concepts. Section 3
presents definitions, options and limitations for input parameters as well as detailed
guidance for selecting their input values. Section 4 provides detailed instructions on how
to enter input, run the simulation and view or print output. Appendix A provides
assistance for estimating material properties for moisture retention and saturated hydraulic
conductivity.

The user interface or input facility is written in the Quick Basic environment of
Microsoft Basic Professional Development System Version 7.1 and runs under DOS 2.1
or higher on IBM-PC and compatible computers. The HELP program uses an interactive
and a user-friendly input facility designed to provide the user with as much assistance as
possible in preparing data to run the model. The program provides weather and soil data
file management, default data sources, interactive layer editing, on-line help, and data
verification and accepts weather data from the most commonly used sources with several
different formats.

HELP Version 3 represents a significant advancement over the input techniques of
Version 2. Users of the HELP model should find HELP Version 3 easy to use and
should be able to use it for many purposes, such as preparing and editing landfill profiles
and weather data. Version 3 facilitates use of metric units, international applications, and
designs with geosynthetic materials.
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SECTION 1

INTRODUCTION

The Hydrologic Evaluation of Landfill Performance (HELP) computer program is a
quasi-two-dimensional hydrologic model of water movement across, into, through and out
of landfills. The model accepts weather, soil and design data, and uses solution
techniques that account for the effects of surface storage, snowmelt, runoff, infiltration,
evapotranspiration, vegetative growth, soil moisture storage, lateral subsurface drainage,
leachate recirculation, unsaturated vertical drainage, and leakage through soil,
geomembrane or composite liners. Landfill systems including various combinations of
vegetation, cover soils, waste cells, lateral drain layers, low permeability barrier soils, and
synthetic geomembrane liners may be modeled. The program was developed to conduct
water balance analysis of landfills, cover systems and solid waste disposal and
containment facilities. As such, the model facilitates rapid estimation of the amounts of
runoff, evapotranspiration, drainage, leachate collection and liner leakage that may be
expected to result from the operation of a wide variety of landfill designs. The primary
purpose of the model is to assist in the comparison of design alternatives as judged by
their water balances. The model, applicable to open, partially closed, and fully closed
sites, is a tool for both designers and permit writers.

1.1 BACKGROUND

The HELP program, Versions 1, 2 and 3, was developed by the U.S. Army Engineer
Waterways Experiment Station (WES), Vicksburg, MS, for the U.S. Environmental
Protection Agency (EPA), Risk Reduction Engineering Laboratory, Cincinnati, OH, in
response to needs in the Resource Conservation and Recovery Act (RCRA) and the
Comprehensive Environmental Response, Compensation and Liability Act (CERCLA,
better known as Superfund) as identified by the EPA Office of Solid Waste, Washington,
DC.

HELP Version 1 (Schroeder et al., 1984) represented a major advance beyond the
Hydrologic Simulation on Solid Waste Disposal Sites (HSSWDS) program (Perrier and
Gibson, 1980; Schroeder and Gibson, 1982), which was also developed at WES. The
HSSWDS model simulated only the cover system, did not model lateral flow through
drainage layers, and handled vertical drainage only in a rudimentary manner. The
infiltration, percolation and evapotranspiration routines were almost identical to those used
in the Chemicals, Runoff, and Erosion from Agricultural Management Systems
(CREAMS) model, which was developed by Knisel (1980) for the U.S. Department of
Agriculture (USDA). The runoff and infiltration routines relied heavily on the Hydrology
Section of the National Engineering Handbook (USDA, Soil Conservation Service, 1985).
Version 1 of the HELP model incorporated a lateral subsurface drainage model and
improved unsaturated drainage and liner leakage models into the HSSWDS model. In



addition, the HELP model provided simulation of the entire landfill including leachate
collection and liner systems.

Version 2 (Schroeder et al., 1988) represented a great enhancement of the capabilities
of the HELP model. The WGEN synthetic weather generator developed by the USDA
Agricultural Research Service (ARS) (Richardson and Wright, 1984) was added to the
model to yield daily values of precipitation, temperature and solar radiation. This
replaced the use of normal mean monthly temperature and solar radiation values and
improved the modeling of snow and evapotranspiration. Also, a vegetative growth model
from the Simulator for Water Resources in Rural Basins (SWRRB) model developed by
the ARS (Arnold et al., 1989) was merged into the HELP model to calculate daily leaf
area indices. Modeling of unsaturated hydraulic conductivity and flow and lateral
drainage computations were improved. Accuracy was increased with the use of double
precision. Default soil data were improved, and the model permitted use of more layers
and initialization of soil moisture content. Input and editing were simplified. Output was
clarified, and standard deviations were reported.

In Version 3, the HELP model has been greatly enhanced beyond Version 2. The
number of layers that can be modeled has been increased. The default soil/material
texture list has been expanded to contain additional waste materials, geomembranes,
geosynthetic drainage nets and compacted soils. The model also permits the use of a
user-built library of soil textures. Computation of leachate recirculation between soil
layers and groundwater drainage into the landfill have been added. Moreover, HELP
Version 3 accounts for leakage through geomembranes due to manufacturing defects
(pinholes) and installation defects (punctures, tears and seaming flaws) and by vapor
diffusion through the liner. The estimation of runoff from the surface of the landfill has
been improved to account for large landfill surface slopes and slope lengths. The
snowmelt model has been replaced with an energy-based model; the Priestly-Taylor
potential evapotranspiration model has been replaced with a Penman method,
incorporating wind and humidity effects as well as long wave radiation losses (heat loss
at night). A frozen soil model has been added to improve infiltration and runoff
predictions in cold regions. The unsaturated vertical drainage model has also been
improved to aid in storage computations. Input and editing have been further simplified
with interactive, full-screen, menu-driven input techniques.

In addition, the HELP Version 3 model provides a variety of methods for specifying
precipitation, temperature and solar radiation data. Now, data from the most commonly
available government and commercial sources can be imported easily. Moreover, data
used in HELP Version 2 can still be used with minimum user effort. Specifying weather
data manually and editing previously entered weather data can be easily done by using
built-in spreadsheet facilities.

The use of data files in Version 3 is much simpler and more convenient than HELP
Version 2 because data are saved permanently in user defined file names at a user-
specified location. Similarly, the user has more flexibility to define units for every type



of data needed to run the HELP model. Finally, Version 3 of the HELP model provides
on-line help at every step of the data preparation process.

Although applicable to most landfill applications, the HELP model was developed
specifically to perform hazardous and municipal waste disposal landfill evaluations as
required by RCRA. Hazardous waste disposal landfills generally should have a liner to
prevent migration of waste from the landfill, a final cover to minimize the production of
leachate following closure, careful controls of runon and runoff, and limits on the buildup
of leachate head over the liner to no more than 1 ft. The HELP model is useful for
predicting the amounts of runoff, drainage, and leachate expected for reasonable designs
as well as the buildup of leachate above the liner. However, the model should not be
expected to produce credible results from input unrepresentative of landfills.

1.2 OVERVIEW

The principal purpose of this User’s Guide is to provide the basic information needed
to use the computer program. Thus, while some attention must be given to definitions,
descriptions of variables and interpretation of results, only a minimal amount of such
information is provided. Detailed documentation providing in-depth coverage of the
theory and assumptions on which the model is based and the internal logic of the program
is also available (Schroeder et al., 1994). Potential HELP users are strongly encouraged
to study the documentation and this User’s Guide before attempting to use the program
to evaluate a landfill design. Additional documentation concerning the sensitivity of
program inputs, application of the model and verification of model predictions are under
development.

1.3 SYSTEM AND OPERATING DOCUMENTATION

1.3.1 Computer Equipment
The model entitled "The Hydrologic Evaluation of Landfill Performance" (HELP) was
written to run on IBM-compatible personal computers (PC) under the DOS environment.
1.3.2 Required Hardware

The following IBM-compatible CPU (8088, 80286, 80386 or 80486) hardware is
required:

1. Monitor, preferably color EGA or better

2. Floppy disk drive (5.25-inch double-sided, double- or high-density; or 3.5-inch



double-sided, double- or high-density)
3. Hard disk drive or a second floppy disk drive
4. 400k bytes or more of available RAM memory
5. 8087, 80287, 80387 or 80486 math co-processor

6. Printer, if a hard copy is desired

1.3.3 Software Requirements

The user must use Microsoft or compatible Disk Operating Systems (MS-DOS)
Version 2.10 or a higher version. The user interface executable module was compiled and
linked with Microsoft Basic Professional Development System 7.1. Other executable
components were compiled with the Ryan-McFarland FORTRAN Version 2.42. The
Microsoft Basic Professional Development System and Ryan-McFarland FORTRAN
compiler are not needed to run the HELP Model.



SECTION 2

BASIC LANDFILL DESIGN CONCEPTS

2.1 BACKGROUND

Over the past 20 to 30 years, the sanitary landfill has come to be widely recognized
as an economic and effective means for disposal of municipal and industrial solid wastes.
Today, modern methods of landfill construction and management are sufficiently
developed to ensure that even large volumes of such materials can be handled and
disposed of in such a way as to protect public health and minimize adverse effects on the
environment.

Recently, public attention has been focused on a special class of materials commonly
referred to as hazardous wastes. The chemical and physical diversity, environmental
persistence, and acute and chronic detrimental effects on human, plant and animal health
of many of these substances are such that great care must be exercised in their disposal.
Hazardous wastes are produced in such large quantities and are so diverse that universally
acceptable disposal methods have yet to be devised. However, for the present, disposal
or storage in secure landfills is usually a prudent approach. The current state of the art
is an extension of sanitary landfill technology using very conservative design criteria.
Some important basic principles and concepts of landfill design are summarized below.
Specific emphasis is given to disposal of hazardous materials, but the discussion is also
applicable to ordinary sanitary landfills.

2.2 LEACHATE PRODUCTION

Storage of any waste material in a landfill poses several potential problems. One
problem is the possible contamination of soil, groundwater and surface water that may
occur as leachate produced by water or liquid wastes moving into, through and out of the
landfill migrates into adjacent areas. This problem is especially important when
hazardous wastes are involved because many of these substances are quite resistant to
biological or chemical degradation and, thus, are expected to persist in their original form
for many years, perhaps even for centuries. Given this possibility hazardous waste
landfills should be designed to prevent any waste or leachate from ever moving into
adjacent areas. This objective is beyond the capability of current technology but does
represent a goal in the design and operation of today’s landfills. The HELP model has
been developed specifically as a tool to be used by designers and regulatory reviewers for
selecting practical designs that minimize potential contamination problems.

In the context of a landfill, leachate is described as liquid that has percolated through
the layers of waste material. Thus, leachate may be composed of liquids that originate
from a number of sources, including precipitation, groundwater, consolidation, initial



moisture storage, and reactions associated with decomposition of waste materials. The
chemical quality of leachate varies as a function of a number of factors, including the
quantity produced, the original nature of the buried waste materials, and the various
chemical and biochemical reactions that may occur as the waste materials decompose. In
the absence of evidence to the contrary, most regulatory agencies prefer to assume that
any leachate produced will contaminate either ground or surface waters; in the light of
the potential water quality impact of leachate contamination, this assumption appears
reasonable.

The quantity of leachate produced is affected to some extent by decomposition
reactions and initial moisture content; however, it is largely governed by the amount of
external water entering the landfill. Thus, a key first step in controlling leachate
migration is to limit production by preventing, to the extent feasible, the entry of external
water into the waste layers. A second step is to collect any leachate that is produced for
subsequent treatment and disposal. Techniques are currently available to limit the amount
of leachate that migrates into adjoining areas to a virtually immeasurable volume, as long
as the integrity of the landfill structure and leachate control system is maintained.

2.3 DESIGN FOR LEACHATE CONTROL

A schematic profile view of a somewhat typical hazardous waste landfill is shown in
Figure 1. The bottom layer of soil may be naturally existing material or it may be hauled
in, placed and compacted to specifications following excavation to a suitable subgrade.
In either case, the base of the landfill should act as a liner with some minimum thickness
and a very low hydraulic conductivity (or permeability). Treatments may be used on the
barrier soil to reduce its permeability to an acceptable level. As an added factor of safety,
an impermeable synthetic membrane may be placed on the top of the barrier soil layer
to form a composite liner.

Immediately above the bottom composite liner is a leakage detection drainage layer
to collect leakage from the primary liner, in this case, a geomembrane. Above the
primary liner are a geosynthetic drainage net and a sand layer that serve as drainage
layers for leachate collection. The drain layers composed of sand are typically at least
1-ft thick and have suitably spaced perforated or open joint drain pipe embedded below
the surface of the liner. The leachate collection drainage layer serves to collect any
leachate that may percolate through the waste layers. In this case where the liner is solely
a geomembrane, a drainage net may be used to rapidly drain leachate from the liner,
avoiding a significant buildup of head and limiting leakage. The liners are sloped to
prevent ponding by encouraging leachate to flow toward the drains. The net effect is that
very little leachate should percolate through the primary liner and virtually no migration
of leachate through the bottom composite liner to the natural formations below. Taken
as a whole, the drainage layers, geomembrane liners, and barrier soil liners may be
referred to as the leachate collection and removal system (drain/liner system) and more
specifically a double liner system.
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After the landfill is closed, the leachate collection and removal system serves
basically in a back-up capacity. However, while the landfill is open and waste is being
added, these components constitute the principal defense against contamination of adjacent
areas. Thus, care must be given to their design and construction.

Day-to-day operation of a modern sanitary landfill calls for wastes to be placed in
relatively thin lifts, compacted, and covered with soil each day. Thus, wastes should not
remain exposed for more than a few hours. Although the daily soil cover serves
effectively to hide the wastes and limit the access of nuisance insects and potential
disease vectors, it is of limited value for preventing the formation of leachate. Thus, even
though a similar procedure can be used for hazardous wastes, the drainage/liner system
must function well throughout and after the active life of the landfill.

When the capacity of the landfill is reached, the waste cells may be covered with a
cap or final cover, typically composed of four distinct layers as shown in Figure 1. At
the base of the cap is a drainage layer and a liner system layer similar to that used at the
base of the landfill. Again, a geomembrane liner would normally be used in conjunction
with the barrier soil liner for hazardous waste landfill but has been used less frequently
in municipal waste landfills. The top of the barrier soil layer is graded so that water
percolating into the drainage layer will tend to move horizontally toward some removal
system (drain) located at the edge of the landfill or subunit thereof.

A layer of soil suitable for vegetative growth is placed at the top of final cover
system to complete the landfill. A 2-ft-thick layer of soil having a loamy, silty nature
serves this purpose well. The upper surface is graded so that runon is restricted and
infiltration is controlled to provide moisture for vegetation while limiting percolation
through the topsoil. Runoff is promoted but controlled to prevent excessive erosion of
the cap. The vegetation used should be selected for ease of establishment in a given area,
promotion of evapotranspiration and year-round protection from erosion. The root system
should not penetrate, disrupt or desiccate the upper liner system (Layers # 3 and # 4).
Grasses are usually best for this purpose; however, local experts should be consulted to
aid in selection of appropriate species.

The combination of site selection, surface grading, transpiration from vegetation, soil
evaporation, drainage through the sand, and the low hydraulic conductivity of the barrier
soil liner serves effectively to minimize leachate production from external water. Added
effectiveness is gained by the use of geomembrane liners in the cap in conjunction with
the barrier soil liner. The cap should be no more permeable than the leachate collection
and removal system so that the landfill will not gradually fill and overflow into adjacent
areas following abandonment of the landfill. This phenomenon is sometimes referred to
as the "bathtub" effect.



SECTION 3

PROGRAM DEFINITIONS, OPTIONS AND LIMITATIONS

3.1 INTRODUCTION

The HELP program was developed to provide landfill designers and regulators with
a tool for rapid, economical screening of alternative designs. The program may be used
to estimate the magnitudes of various components of the water budget, including the
volume of leachate produced and the thickness of water-saturated soil (head) above liners.
The results may be used to compare the leachate production potential of alternative
designs, to select and size appropriate drainage and collection systems, and to size
leachate treatment facilities.

The program uses weather (climatic), soil and design data to generate daily estimates
of water movement across, into, through and out of landfills. To accomplish this
objective and compute a water balance, daily precipitation is partitioned into surface
storage (snow), snowmelt, interception, runoff, infiltration, surface evaporation,
evapotranspiration from soil, subsurface moisture storage, liner leakage (percolation), and
subsurface lateral drainage to collection, removal and recirculation systems.

This section discusses data requirements, nomenclature, important assumptions and
limitations, and other fundamental information needed to run the program. The program
documentation report (Schroeder et al., 1994) contains detailed explanations of the
solution techniques employed and the computer programs.

The HELP program requires three general types of input data: weather data, soil data
and design data. A summary of input options and data requirements is presented in this
section. Section 4 provides step-by-step input instructions.

3.2 WEATHER DATA REQUIREMENTS

The weather data required in the HELP model are classified into four groups:
evapotranspiration, precipitation, temperature, and solar radiation data. The HELP user
may enter weather data using several options depending on the type of weather data being
considered. The requirements for each weather data type are listed below. The units
used are also listed next to each data type and/or variable. Customary units are based on
the US Customary units, and Metric implies SI units.

3.2.1 Evapotranspiration Data

The evapotranspiration data can be entered in one of two ways:



1. Default Evapotranspiration Option with Location Specific Guidance (Customary and
Metric Units). This option uses the data provided by the HELP model for selected
U.S. cities. The cities are listed in Table 1. The data needed for this option are:

 Location

+ Evaporative zone depth (Guidance is available for the selected location based
on a thick layer of loamy soil with a grassy form of vegetation. Clayey soils
would generally have larger evaporative zone depths since it exerts greater
capillary suction; analogously, sandy soils would have smaller evaporative depths.
Shrubs and trees with tap roots would have larger evaporative zone depths than
the values given in the guidance.) The user must specify an evaporative zone
depth and can use the guidance along with specific design information to select
a value. The program does not permit the evaporative depth to exceed the depth
to the top of the topmost liner. Similarly, the evaporative zone depth would not
be expected to extend very far into a sand drainage layer. The evaporative zone
depth must be greater than zero. The evaporative zone depth is the maximum
depth from which water may be removed by evapotranspiration. The value
specified influences the storage of water near the surface and therefore directly
affects the computations for evapotranspiration and runoff. Where surface
vegetation is present, the evaporative depth should at least equal the expected
average depth of root penetration. The influence of plant roots usually extends
somewhat below the depth of root penetration because of capillary suction to the
roots. The depth specified should be characteristic of the maximum depth to
which the moisture changes near the surface due to drying over the course of a
year, typically occurring during peak evaporative demand or when peak quantity
of vegetation is present. Setting the evaporative depth equal to the expected
average root depth would tend to yield a low estimate of evapotranspiration and
a high estimate of drainage through the evaporative zone. An evaporative depth
should be specified for bare ground to account for direct evaporation from the
soil; this depth would be a function of the soil type and vapor and heat flux at the
surface. The depth of capillary draw to the surface without vegetation or to the
root zone may be only several inches in gravels; in sands the depth may be about
4 to 8 inches, in silts about 8 to 18 inches, and in clays about 12 to 60 inches.

* Maximum leaf area index (Guidance is available for the selected location). The
user must enter a maximum value of leaf area index for the vegetative cover.
Leaf area index (LAI) is defined as the dimensionless ratio of the leaf area of
actively transpiring vegetation to the nominal surface area of the land on which
the vegetation is growing. The program provides the user with a maximum LAI
value typical of the location selected if the value entered by the user cannot be
supported without irrigation because of low rainfall or a short growing season.
This statement should be considered only as a warning. The maximum LAI for
bare ground is zero. For a poor stand of grass the LAI could approach 1.0; for
a fair stand of grass, 2.0; for a good stand of grass, 3.5; and for an excellent

10



TABLE 1. CITIES FOR EVAPOTRANSPIRATION DATA AND
SYNTHETIC TEMPERATURE AND SOLAR RADIATION DATA

ALABAMA GEORGIA MICHIGAN NEW YORK
Birmingham Atlanta Detroit Albany
Mobile Augusta East Lansing Buffalo
Montgomery Macon Grand Rapids Central Park
ALASKA Savannah Sault Sainte Marie Ithaca
Annette Watkinsville MINNESOTA New York
Bethel HAWAII Duluth Syracuse
Fairbanks Honolulu Minneapolis NORTH CAROLINA
ARIZONA IDAHO St. Cloud Asheville
Flagstaff Boise MISSISSIPPI Charlotte
Phoenix Pocatello Jackson Greensboro
Tucson ILLINOIS Meridian Raleigh
Yuma Chicago MISSOURI NORTH DAKOTA
ARKANSAS East St. Louis Columbia Bismarck
Fort Smith INDIANA Kansas City Williston
Little Rock Evansville St. Louis OHIO
CALIFORNIA Fort Wayne MONTANA Cincinnati
Bakersfield Indianapolis Billings Cleveland
Blue Canyon IOWA Glasgow Columbus
Eureka Des Moines Great Falls Put-in-Bay
Fresno Dubuque Havre Toledo
Los Angeles KANSAS Helena OKLAHOMA
Mt. Shasta Dodge City Kalispell Olkahoma City
Sacramento Topeka Miles City Tulsa
San Diego Wichita NEBRASKA OREGON
San Francisco KENTUCKY Grand Island Astoria
Santa Maria Covington North Platte Burns
COLORADO Lexington Omaha Meacham
Colorado Springs Louisville Scottsbluff Medford
Denver LOUISIANA NEVADA Pendleton
Grand Junction Baton Rouge Elko Portland
Pueblo Lake Charles Ely Salem
CONNECTICUT New Orleans Las Vegas Sexton Summit
Bridgeport Shreveport Reno PENNSYLVANIA
Hartford MAINE Winnemucca Philadelphia
New Haven Augusta NEW HAMPSHIRE Pittsburgh
Windsor Locks Bangor Concord RHODE ISLAND
DELAWARE Caribou Mt. Washington Providence
Wilmington Portland Nashua SOUTH CAROLINA
DISTRICT OF COLUMBIA MARYLAND NEW JERSEY Charleston
Washington Baltimore Edison Columbia
FLORIDA MASSACHUSETTS Newark SOUTH DAKOTA
Jacksonville Boston Seabrook Huron
Miami Nantucket NEW MEXICO Rapid City
Orlando Plainfield Albuquerque TENNESSEE
Tallahassee Worchester Roswell Chattanooga
Tampa Knoxville
West Palm Beach Memphis
Nashville
(Continued)
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TABLE 1 (continued). CITIES FOR EVAPOTRANSPIRATION DATA AND
SYNTHETIC TEMPERATURE AND SOLAR RADIATION DATA

TEXAS UTAH WASHINGTON WISCONSIN
Abilene Cedar City Olympia Green Bay
Amarillo Milford Pullman Lacrosse
Austin Salt Lake City Seattle Madison
Brownsville VERMONT Spokane Milwaukee
Corpus Christi Burlington Stampede Pass WYOMING
Dallas Montpelier Walla Walla Cheyenne
El Paso Rutland Yakima Lander
Galveston VIRGINIA WEST VIRGINIA PUERTO RICO
Houston Lynchburg Charleston San Juan
Midland Norfolk
San Antonio Richmond
Temple
Waco

(Concluded)

stand of grass, 5.0. The LAI for dense stands of trees and shrubbery would also
approach 5. The program is largely insensitive to values above 5. If the
vegetative species limit plant transpiration (such as succulent plants), the
maximum LAI value should be reduced to a value equivalent of the LAI for a
stand of grass that would yield a similar quantity of plant transpiration. Most
landfills would tend to have at best a fair stand of grass and often only a poor
stand of grass because landfills are not designed as ideal support systems for
vegetative growth. Surface soils are commonly shallow and provide little moisture
storage for dry periods. Many covers may have drains to remove infiltrated water
quickly, reducing moisture storage. Some covers have liners near the surface
restricting root penetration and causing frequent saturation of the surface soil
which limits oxygen availability to the roots. Some landfills produce large
quantities of gas which, if uncontrolled, reduces the oxygen availability in the
rooting zone and therefore limits plant growth.

The program produces values for the Julian dates starting and ending the growing

season,

the annual average wind speed, and the quarterly average relative humidity for

the location. The values for the growing season should be checked carefully to agree
with the germination and harvesting (end of seasonal growth) dates for your type of
vegetation. For example, grasses in southern California would germinate in the fall when
the rains occur and die off in late spring when the soil moisture is depleted. This
contrasts with a typical growing season, which would start in the spring and end in the

fall.

2. Manual Option (Customary and Metric Units). The data needed for this option are:
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Location

Evaporative zone depth. The user must specify an evaporative zone depth and
can use the guidance given under the default option along with specific design
information to select a value. The program does not permit the evaporative depth
to exceed the depth to the top of the topmost barrier soil layer. Similarly, the
evaporative zone depth would not be expected to extend very far into a sand
drainage layer. The evaporative zone depth must be greater than zero. The
evaporative zone depth is the maximum depth from which water may be removed
by evapotranspiration. The value specified influences the storage of water near
the surface and, therefore, directly affects the computations for evapotranspiration
and runoff. Where surface vegetation is present, the evaporative depth should at
least equal the expected average depth of root penetration. The influence of plant
roots usually extends somewhat below the depth of root penetration because of
capillary suction to the roots. The depth specified should be characteristic of the
maximum depth to which the moisture changes near the surface due to drying
over the course of a year, typically occurring during peak evaporative demand or
when peak quantity of vegetation is present. Setting the evaporative depth equal
to the expected average root depth would tend to yield a low estimate of
evapotranspiration and a high estimate of drainage through the evaporative zone.
An evaporative depth should be specified for bare ground to account for direct
evaporation from the soil; this depth would be a function of the soil type and
vapor and heat flux at the surface. The depth of capillary draw to the surface
without vegetation or to the root zone may be only several inches in gravels; in
sands the depth may be about 4 to 8 inches, in silts about 8 to 18 inches, and in
clays about 12 to 60 inches. Rooting depth is dependent on many factors --
species, moisture availability, maturation, soil type and plant density. In humid
areas where moisture is readily available near the surface, grasses may have
rooting depth of 6 to 24 inches. In drier areas, the rooting depth is very sensitive
to plant species and to the depth to which moisture is stored and may range from
6 to 48 inches. The evaporative zone depth would be somewhat greater than the
rooting depth. The local Agricultural Extension Service office can provide
information on characteristic rooting depths for vegetation in specific areas.

Maximum leaf area index. The user must enter a maximum value of leaf area
index (LAI) for the vegetative cover. LAI is defined as the dimensionless ratio
of the leaf area of actively transpiring vegetation to the nominal surface area of
the land on which the vegetation is growing. The program provides the user with
a maximum LAIT value typical of the location selected if the value entered by the
user cannot be supported without irrigation because of low rainfall or a short
growing season. This statement should be considered only as a warning. The
maximum LAI for bare ground is zero. For a poor stand of grass the LAI could
approach 1.0; for a fair stand of grass, 2.0; for a good stand of grass, 3.5; and for
an excellent stand of grass, 5.0. The LAI for dense stands of trees and shrubbery
would also approach 5. The program is largely insensitive to values above 5. If
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the vegetative species limit plant transpiration (such as succulent plants), the
maximum LAI value should be reduced to a value equivalent of the LAI for a
stand of grass that would yield a similar quantity of plant transpiration. Most
landfills would tend to have, at best, a fair stand of grass and often only a poor
stand of grass because landfills are not designed as ideal support systems for
vegetative growth. Surface soils are commonly shallow and provide little moisture
storage for dry periods. Many covers may have drains to remove infiltrated water
quickly, reducing moisture storage. Some covers have liners near the surface
restricting root penetration and causing frequent saturation of the surface soil
which limits oxygen availability to the roots. Some landfills produce large
quantities of gas which, if uncontrolled, reduces the oxygen availability in the
rooting zone and therefore limits plant growth.

* Dates starting and ending the growing season. The start of the growing season
is based on mean daily temperature and plant species. Typically, the start of the
growing season for grasses is the Julian date (day of the year) when the normal
mean daily temperature rises above 50 to 55 degrees Fahrenheit. The growing
season ends when the normal mean daily temperatures falls below 50 to 55
degrees Fahrenheit. In cooler climates the start and end would be at lower
temperatures and in warmer climates at higher temperatures. Data on normal
mean daily temperature is available from "Climates of the States" (Ruffner, 1985)
and the "Climatic Atlas of the United States" (NOAA, 1974). In locations where
the growing season extends year-round, the start of the growing season should be
reported as day O and the end as day 367. The values for the growing season
should be checked carefully to agree with the germination and harvesting (end of
seasonal growth) dates for your type of vegetation. For example, grasses in
southern California would germinate in the fall when the rains occur and die in
late spring when the soil moisture is depleted. This contrasts with a typical
growing season which would start in the spring and end in the fall.

* Normal average annual wind speed. This data is available from NOAA annual
climatological data summary, "Climates of the States" (Ruffner, 1985) and the
"Climatic Atlas of the United States" (NOAA, 1974).

 Normal average quarterly relative humidity. This data is available from
NOAA annual climatological data summary, "Climates of the States" (Ruffner,
1985) and the "Climatic Atlas of the United States" (NOAA, 1974).
3.2.2 Precipitation Data
1. Default Precipitation Option (Customary Units). The user may select 5 years of

historical precipitation data for any of the 102 U.S. cities listed in Table 2. The input
needed for this option is:
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TABLE 2. CITIES FOR DEFAULT HISTORICAL PRECIPITATION DATA

ALASKA
Annette
Bethel
Fairbanks

ARIZONA
Flagstaff
Phoenix
Tucson

ARKANSAS
Little Rock

CALIFORNIA
Fresno
Los Angeles
Sacramento
San Diego
Santa Maria

COLORADO
Denver
Grand Junction

CONNECTICUT
Bridgeport
Hartford
New Haven

FLORIDA
Jacksonville
Miami
Orlando
Tallahassee
Tampa
West Palm Beach

GEORGIA
Atlanta
Watkinsville

HAWAII
Honolulu

IDAHO
Boise
Pocatello
ILLINOIS
Chicago
East St. Louis
INDIANA
Indianapolis
IOWA
Des Moines
KANSAS
Dodge City
Topeka
KENTUCKY
Lexington
LOUISIANA
Lake Charles
New Orleans
Shreveport
MAINE
Augusta
Bangor
Caribou
Portland
MASSACHUSETTS
Boston
Plainfield
Worcester
MICHIGAN
East Lansing
Sault Sainte Marie
MINNESOTA
St. Cloud
MISSOURI
Columbia
MONTANA
Glasgow
Great Falls

NEBRASKA
Grand Island
North Omaha

NEVADA
Ely
Las Vegas

NEW HAMPSHIRE
Concord
Nashua

NEW JERSEY
Edison
Seabrook

NEW MEXICO
Albuquerque

NEW YORK
Albany
Central Park
Ithaca
New York
Syracuse

NORTH CAROLINA
Greensboro

NORTH DAKOTA
Bismarck

OHIO
Cincinnati
Cleveland
Columbus
Put-in-Bay

OKLAHOMA
Oklahoma City
Tulsa

OREGON
Astoria
Medford
Portland

PENNSYLVANIA
Philadelphia
Pittsburgh

RHODE ISLAND
Providence

SOUTH CAROLINA
Charleston

SOUTH DAKOTA
Rapid City

TENNESSEE
Knoxville
Nashville

TEXAS
Brownsville
Dallas
El Paso
Midland
San Antonio

UTAH
Cedar City
Salt Lake City

VERMONT
Burlington
Montpelier
Rutland

VIRGINIA
Lynchburg
Norfolk

WASHINGTON
Pullman
Seattle
Yakima

WISCONSIN
Madison

WYOMING
Cheyenne
Lander

PUERTO RICO
San Juan
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e Location

NOTE: The user should be aware of the limitations of using the default historical
precipitation data. None of the 102 locations for which data are available may be
representative of the study site because rainfall is spatially very variable. In
addition, the 5 years for which default data are available (1974-1978 in most
cases) may not be typical, but were unusually wet or dry. The user should
examine the rainfall and determine how representative it is of normal, wet and dry
years at the study site. In addition, simulations should be run for more than five
years to determine long-term performance of the landfill using, if necessary,
another precipitation input option to examine the design under the range of
possible weather conditions.

2. Synthetic Precipitation Option (Customary or Metric Units). The program will
generate from 1 to 100 years of daily precipitation data stochastically for the selected
location using a synthetic weather generator. The precipitation data will have
approximately the same statistical characteristics as the historic data at the selected
location. If desired, the user can enter normal mean monthly precipitation values for
the specific location to improve the statistical characteristics of the resulting daily
values. The user is advised to enter normal mean monthly precipitation values if the
project site is located more than a few miles from the city selected from Table 3 or
if the land use or topography varies between the site and city. The daily values will
vary from month to month and from year to year and will not equal the normal values
entered. The same data is produced every time the option is used for a given
location. The data required by the synthetic weather generator are:

* Location (select from a list of 139 U.S. cities in Table 3)
* Number of years of data to be generated
* Normal mean monthly precipitation (Optional, default values are available.)

3. Create/Edit Precipitation Option (Customary or Metric Units). Under the Create
option, the user may enter from 1 to 100 years of daily precipitation data manually.
The years, which need not be consecutive, can be entered in any order. The user may
add or delete years of data or rearrange the order of the years of data. This same
option can be used to edit the daily values of any year of data; commonly, this is used
to add severe storm events, such as the 25-year, 24-hour precipitation event. The data
required are:

e Location

* One or more years of daily precipitation data
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TABLE 3.

CITIES FOR SYNTHETIC PRECIPITATION DATA

ALABAMA
Birmingham
Mobile
Montgomery

ARIZONA
Flagstaff
Phoenix
Yuma

ARKANSAS
Fort Smith
Little Rock

CALIFORNIA
Bakersfield
Blue Canyon
Eureka
Fresno
Mt. Shasta
San Diego
San Francisco

COLORADO

Colorado Springs

Denver

Grand Junction

Pueblo
CONNECTICUT

Windsor Locks
DELAWARE

Wilmington

DISTRICT OF COLUMBIA

Washington
FLORIDA
Jacksonville
Miami
Tallahassee
Tampa
GEORGIA
Atlanta
Augusta
Macon
Savannah
IDAHO
Boise
Pocatello
ILLINOIS
Chicago

INDIANA
Evansville
Fort Wayne
Indianapolis

IOWA
Des Moines
Dubuque

KANSAS
Dodge City
Topeka
Wichita

KENTUCKY
Covington
Lexington
Louisville

LOUISIANA
Baton Rouge
New Orleans
Shreveport

MAINE
Caribou
Portland

MARYLAND
Baltimore

MASSACHUSETTS
Boston
Nantucket

MICHIGAN
Detroit
Grand Rapids

MINNESOTA
Duluth
Minneapolis

MISSISSIPPI
Jackson
Meridian

MISSOURI
Columbia
Kansas City
St. Louis

MONTANA
Billings
Great Falls
Havre
Helena
Kalispell
Miles City

NEBRASKA
Grand Island
North Platte
Scottsbluff

NEVADA
Elko
Las Vegas
Reno
Winnemucca

NEW HAMPSHIRE
Concord
Mt. Washington

NEW JERSEY
Newark

NEW MEXICO
Albuquerque
Roswell

NEW YORK
Albany
Buffalo
New York
Syracuse

NORTH CAROLINA
Asheville
Charlotte
Greensboro
Raleigh

NORTH DAKOTA
Bismarck
Williston

OHIO
Cleveland
Columbus
Toledo

OKLAHOMA
Oklahoma City
Tulsa

OREGON
Burns
Meachem
Medford
Pendleton
Portland
Salem
Sexton Summit

PENNSYLVANIA
Philadelphia
Pittsburgh

RHODE ISLAND
Providence

SOUTH CAROLINA

Charleston
Columbia
SOUTH DAKOTA
Huron
Rapid City
TENNESSEE
Chattanooga
Knoxville
Memphis
Nashville
TEXAS
Abilene
Amarillo
Austin
Brownsville
Corpus Christi
Dallas
El Paso
Galveston
Houston
San Antonio
Temple
Waco
UTAH
Milford
Salt Lake City
VIRGINIA
Norfolk
Richmond
WASHINGTON
Olympia
Spokane
Stampede Pass
Walla Walla
Yakima
WEST VIRGINIA
Charleston
WISCONSIN
Green Bay
Lacrosse
Madison
Milwaukee
WYOMING
Cheyenne
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4. NOAA Tape Precipitation Option (Customary Units). The option will convert the
NOAA Summary of Day daily precipitation data written to diskette in ASCII print
as-on-tape format into the format used by Version 3 of the HELP model. The
following data are required for this option:

e Location

« NOAA ASCII print file of Summary of Day daily precipitation data in
as-on-tape format

NOTE: Daily precipitation data and normal mean monthly precipitation values
for most locations are readily available in publications or on diskette from
NOAA. Information on climatological data sources can be obtained from the
National Climatic Data Center (NCDC), NOAA, Federal Building, Asheville,
NC 28801, (704) 259-0682.

5. Climatedata™ Precipitation Option (Customary Units). The program will
convert daily precipitation data from an ASCII print file prepared by the
Climatedata™
CD-ROM data base program into the format used by Version 3 of the HELP
model. The Climatedata™ format is used by other CD-ROM, state and regional
data bases and, therefore, those files can also be converted by this option. For
example, the State of California and the Midwest Climatic Data Consortium used
this same format. The following data are required for this option:

* Location
* Climatedata™ prepared file containing daily precipitation data

NOTE: Hydrosphere Data Products, Inc. sells NOAA Summary of the Day
precipitation data in a 4-disc CD-ROM data base called Climatedata™, one
disc for each of four U.S. regions. Information on Climatedata™ is available
from Hydrosphere, 1002 Walnut, Suite 200, Boulder, CO 80302, (800) 949-
4937.

6. ASCII Precipitation Option (Customary or Metric Units). The HELP model
converts daily precipitation data in an ASCII file to the HELP format. Each year
of ASCII precipitation data should be stored in a separate file. The first 365 or
366 values will be converted; excess data will be ignored. Inadequate data will
yield an error. This option should also be used to convert data from spreadsheet
format by first printing each year of precipitation to individual print files. The
following data are required for this option:

e Location
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» Files containing ASCII data
*  Years

7. HELP Version 2 Data Option (Customary Units). Version 3 of the HELP model
converts precipitation data prepared for use in Version 2 of the HELP model
(Schroeder et al., 1988b) into the HELP Version 3 format. This option requires
the following data:

* Location
* File containing HELP Version 2 data

8. Canadian Climatological Data Option (Metric Units). The HELP model converts
Canadian Climatological Data (Surface) in compressed or uncompressed diskette
formats into the HELP Version 3 format. The following data are required by this
option:

* Location
» Canadian Climatological Data file containing years of daily precipitation values

NOTE: Canadian Climatological Data for most locations are readily available
in publications of the Environment Canada, Atmospheric Environment Service,
Canadian Climate Centre, Data Management Division, 4905 Dufferin Street,
Downsview, Ontario, Canada M3H 5T4.

3.2.3 Temperature Data

1. Synthetic Temperature Option (Customary or Metric Units). The program will
generate from 1 to 100 years of temperature data stochastically for the selected
location. The synthetic generation of daily temperature values is a weak function
of precipitation and as such the user must first specify the precipitation.
Generation of temperature data is limited to the number of years of precipitation
data available. The synthetic temperature data will have approximately the same
statistical characteristics as the historic data at the selected location. If desired, the
user can enter normal mean monthly temperature values for the specific location to
improve the statistical characteristics of the resulting daily values. The user is
advised to enter normal mean monthly temperature values if the project site is
located more than 100 miles from the city selected from Table 1 or if the
difference in elevation between the site and the city is more than 500 feet. The
data required by the synthetic weather generator are:

* Location (select from a list of 183 U.S. cities in Table 1)
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* Number of years of data to be generated
* Years of daily precipitation values
* Normal mean monthly temperature (Optional, default values are available.)

2. Create/Edit Temperature Option (Customary or Metric Units). Under the create
option, the user may enter up to 100 years of daily temperature data manually.
The years, which need not be consecutive, can be entered in any order. The user
may add or delete years of data or rearrange the order of the years of data. This
same option can be used to edit the daily values of any year of data. The data
required are:

* Location
* One or more years of daily temperature data

3. NOAA Tape Temperature Option (Customary Units). This option will convert
the NOAA Summary of Day daily temperature data written to diskette in ASCII
print as-on-tape format into the format used by Version 3 of the HELP model.
The program will accept either mean daily temperature or daily maximum and
minimum temperature values. If maximum and minimum temperatures are used,
the program averages the two to compute the daily mean temperature value. If
mean temperature values are used, the same file is specified as the maximum and
minimum temperature files. The following data are required for this option:

e Location

* NOAA ASCII print file of Summary of Day data file containing years of daily
maximum temperature values or daily mean temperature values in as-on-tape
format

* NOAA ASCII print file of Summary of Day data file containing years of daily
minimum temperature values or daily mean temperature values in as-on-tape
format

NOTE: Daily temperature (mean or maximum and minimum) data and normal
mean monthly temperature values for most locations are readily available in
publications or on diskette from NOAA. Information on climatological data
sources can be obtained from the National Climatic Data Center, NOAA,
Federal Building, Asheville, NC 28801, (704) 259-0682.

4. Climatedata™ Temperature Option (Customary Units). The program will

convert daily maximum and minimum temperature data from ASCII print files
prepared by the Climatedata™ CD-ROM data base program into the daily mean
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5.

temperature data file format used by Version 3 of the HELP model. The
Climatedata™ format is also used by other CD-ROM, state and regional data bases
and therefore those files can also be converted by this option. For example, the
State of California and the Midwest Climatic Data Consortium used this same
format. The following data are required for this option:

* Location
* Climatedata™ prepared file containing daily maximum temperature data
* Climatedata™ prepared file containing daily minimum temperature data

NOTE: Hydrosphere Data Products, Inc. sells NOAA Summary of the Day
daily temperature data in a 4-disc CD-ROM data base called Climatedata™,
one disc for each of four U.S. regions. Information on Climatedata™ is
available from Hydrosphere, 1002 Walnut, Suite 200, Boulder, CO 80302,
(800) 949-4937.

ASCII Temperature Option (Customary or Metric Units). The HELP model
converts daily mean temperature data in an ASCII file to the HELP format. Each
year of ASCII temperature data should be stored in a separate file. The program
will convert the first 365 or 366 values; excess data will be ignored. Inadequate
data will yield an error. This option should also be used to convert data from
spreadsheet format by first printing each year of temperature to individual print
files. The following data are required for this option:

* Location

+ Files containing ASCII data

*  Years

HELP Version 2 Data Option (Customary Units). Version 3 of the HELP model
converts temperature data prepared for use in Version 2 of the HELP model
(Schroeder et al., 1988b) into the HELP Version 3 format. This option requires
the following data:

* Location

* File containing HELP Version 2 data

Canadian Climatological Data Option (Metric Units). The HELP model converts
Canadian Climatological Data (Surface) in compressed or uncompressed diskette

formats into the HELP Version 3 format. Conversion is available only for daily
mean temperature values. The following data are required by this option:
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e Location

» Canadian Climatological Data file containing years of daily mean temperature
values

NOTE: Canadian Climatological Data for most locations are readily available
in publications of the Environment Canada, Atmospheric Environment Service,
Canadian Climate Centre, Data Management Division, 4905 Dufferin Street,
Downsview, Ontario, Canada M3H 5T4.

3.2.4 Solar Radiation Data

1. Synthetic Solar Radiation Option (Customary or Metric Units). The program will
generate from 1 to 100 years of daily solar radiation data stochastically for the
selected location. The synthetic generation of daily solar radiation values is a
strong function of precipitation and as such the user must first specify the
precipitation. Generation of solar radiation data is limited to the number of years
of precipitation data available. The synthetic solar radiation data will have
approximately the same statistical characteristics as the historic data at the selected
location. If desired, the user can enter the latitude for the specific location to
improve the computation of potential solar radiation and the resulting daily values.
The user is advised to enter the latitude if the project site is more than 50 miles
north or south of the city selected from Table 1. The data required by the
synthetic weather generator are:

* Location (select from a list of 183 U.S. cities in Table 1)
* Number of years of data to be generated

* Years of daily precipitation values

» Latitude (optional, default value is available.)

2. Create/Edit Solar Radiation Option (Customary or Metric Units). Under the
create option, the user may enter up to 100 years of daily solar radiation data
manually. The years, which need not be consecutive, can be entered in any order.
The user may add or delete years of data or rearrange the order of the years of
data. This same option can be used to edit the daily values of any year of data.
The input requirements are:

e Location

* One or more years of daily solar radiation data
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3. NOAA Tape Solar Radiation Option (Customary Units). This option will convert
the NOAA Surface Airways Hourly solar radiation data written to diskette in
ASCII print as-on-tape format into the format used by Version 3 of the HELP
model. The following data are required for this option:

e Location

« NOAA ASCII print file of Surface Airways Hourly solar radiation data in
as-on-tape format

NOTE: Daily temperature (mean or maximum and minimum) data and normal
mean monthly temperature values for most locations are readily available in
publications or on diskette from the NOAA. Information on climatological
data sources can be obtained from the National Climatic Data Center, NOAA,
Federal Building, Asheville, NC 28801, (704) 259-0682.

4. Climatedata™ Solar Radiation Option (Customary Units). The program will
convert the Surface Airways ASCII print files of daily average solar radiation data
into a daily solar radiation data file of the format used by HELP Version 3. It is
anticipated that this option may also work with some other data sources as they
become available. The following data are required for this option:

* Location
» Surface Airways prepared file containing years of daily solar radiation data

NOTE: EarthInfo Inc. sells NOAA Surface Airways daily global solar
radiation data in a 12-disc CD-ROM data base called Surface Airways as part
of their NOAA data base, three discs for each of four U.S. regions.
Information on Surface Airways is available from EarthInfo Inc., 5541 Central
Avenue, Boulder, CO 80301-2846, (303) 938-1788. Hydrosphere Inc. is also
developing a CD-ROM data base of NOAA Surface Airways data as part of
their Climatedata™. Information on Climatedata™ is available from
Hydrosphere, 1002 Walnut, Suite 200, Boulder, CO 80302, (800) 949-4937.

5. ASCII Solar Radiation Option (Customary or Metric Units). The HELP model
converts daily solar radiation data in an ASCII file to the HELP format. Each year
of ASCII daily solar radiation data should be stored in a separate file. The
program will convert the first 365 or 366 values; excess data will be ignored.
Inadequate data will yield an error. This option should also be used to convert
data from spreadsheet format by first printing each year of solar radiation to
individual print files. The following data are required for this option:

e Location
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» Files containing ASCII data

e  Years

6. HELP Version 2 Data Option (Customary Units). Version 3 of the HELP model

converts solar radiation data prepared for use in Version 2 of the HELP model
(Schroeder et al., 1988b) into the HELP Version 3 format. This option requires
the following data:

* Location
* File containing HELP Version 2 data

Canadian Climatological Data Option (Metric Units). The HELP model converts
Canadian Climatological Data (Surface) in compressed or uncompressed diskette
formats into the HELP Version 3 format. Conversion is available only for hourly
global solar radiation values. The input requirements are:

e Location

» Canadian Climatological Data file containing years of hourly global solar
radiation values

NOTE: Canadian Climatological Data for most locations are readily available
in publications of the Environment Canada, Atmospheric Environment Service,
Canadian Climate Centre, Data Management Division, 4905 Dufferin Street,
Downsview, Ontario, Canada M3H 5T4.

3.3 SOIL AND DESIGN DATA REQUIREMENTS

The user may enter soil data by using the default soil/material textures option, the

user-defined soil texture option, or a manual option. If the user selects a default soil
texture, the program will display porosity, field capacity, wilting point, and hydraulic
conductivity values of the soil that is stored as default. There are 42 default soil/material
textures. If user-defined soil textures are selected, the program will display the porosity,
field capacity, wilting point, and hydraulic conductivity of the selected soil from the user-
defined soil texture data file. In the manual soil texture option, the user must specify
values for the soil parameters. General data requirements for all options are listed below.
Detailed explanations are given in Sections 3.4 through 3.9.

3.3.1 Landfill General Information

I.

Project title
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Landfill area (Customary or Metric)
Percentage of landfill area where runoff is possible

Method of initialization of moisture storage (user-specified or program initialized to
near steady-state)

Initial snow water storage (optional, needed when moisture storage is user-specified)

3.3.2 Layer Data

1.

Layer type (Four types of layers are permitted -- 1) vertical percolation, 2) lateral
drainage, 3) barrier soil liner and 4) geomembrane liner.)

Layer thickness (Customary or Metric)
Soil texture

* Select from 42 default soil/material textures to get the following data.
Porosity, in vol/vol
Field capacity, in vol/vol
Wilting point, in vol/vol
Saturated hydraulic conductivity (cm/sec)

* Select from user-built soil texture library to get the following data.
Porosity, in vol/vol
Field capacity, in vol/vol
Wilting point, in vol/vol
Saturated hydraulic conductivity (cm/sec)

* Enter the following data for manual soil texture descriptions.
Porosity, in vol/vol
Field capacity, in vol/vol
Wilting point, in vol/vol
Saturated hydraulic conductivity (cm/sec)

Initial volumetric soil water content (storage), in vol/vol (optional, needed when initial
moisture storage is user-specified)

Rate of subsurface inflow to layer (Customary or Metric)

3.3.3 Lateral Drainage Layer Design Data
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1. Maximum drainage length (Customary or Metric)
2. Drain slope, percent
3. Percentage of leachate collected from drainage layer that is recirculated

4. Layer to receive recirculated leachate from drainage layer

3.3.4 Geomembrane Liner Data
1. Pinhole density in geomembrane liner (Customary or Metric)
2. Geomembrane liner installation defects (Customary or Metric)
3. Geomembrane liner placement quality (six available options)
4. Geomembrane liner saturated hydraulic conductivity (vapor diffusivity), cm/sec

5. Geotextile transmissivity, cm*/sec (optional, when placed with geomembrane)

3.3.5 Runoff Curve Number Information
Three methods are available to define a SCS AMC II runoff curve number.
1. User-specified curve number used without modification
2. User-specified curve number modified for surface slope and slope length

3. Curve number computed by HELP program based on surface slope, slope length,
default soil texture, and quantity of vegetative cover

3.4 LANDFILL PROFILE AND LAYER DESCRIPTIONS
The HELP program may be used to model landfills with up to twenty layers of
materials -- soils, geosynthetics, wastes or other materials. Figure 1 shows a typical
landfill profile with eleven layers. The program recognizes four general types of layers.
1. Vertical percolation layers

2. Lateral drainage layers

3. Barrier soil liners
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4. Geomembrane liners

It must be noted that correct classification of layers is very important because the program
models the flow of water through the four types of layers in different ways.

Flow in a vertical percolation layer (e.g., Layers 1 and 5 in Figure 1) is by
unsaturated vertical drainage downward due to gravity drainage; upward flux due to
evapotranspiration is modeled as an extraction. The rate of gravity drainage (percolation)
in a vertical percolation layer is a function of soil moisture and soil parameters. The
saturated hydraulic conductivity specified for a vertical percolation layer should be in the
vertical direction for anisotropic materials. The main role of a vertical percolation layer
is to provide moisture storage. Waste layers and layers designed to support vegetation
and provide evaporative storage are normally designated as vertical percolation layers.

Lateral drainage layers (e.g., Layers 2, 6, 7 and 9 in Figure 1) are layers directly
above liners that are designed to promote drainage laterally to a collection and removal
system. Vertical flow in a lateral drainage layer is modeled in the same manner as a
vertical percolation layer, but saturated lateral drainage is allowed. The saturated
hydraulic conductivity specified for a lateral drainage layer should be in the lateral
direction (downslope) for anisotropic materials. A lateral drainage layer may be underlain
by only another lateral drainage layer or a liner. The drainage slope specified for a lateral
drainage should be the slope of the surface of the liner underlying the drainage layer in
the direction of flow (the maximum gradient for a section of liner in a single plane) and
may range from 0 to 50 percent. The drainage length specified for a lateral drainage
layer is the length of the horizontal projection of a representative flow path from the crest
to the collector rather than the distance along the slope. For slopes of less than 10
percent, the difference is negligible. The drainage length must be greater than zero but
does not have a practical upper limit. Recirculation is permitted from lateral drainage
layers directly above a liner where 0 to 100 percent of the drainage collected can be
recirculated and redistributed in a user-specified vertical percolation or lateral drainage
layer.

Barrier soil liners (e.g., Layers 4, and 11 in Figure 1) are intended to restrict vertical
drainage (percolation/leakage). These layers should have saturated hydraulic
conductivities substantially lower than those of the other types of layers. Liners are
assumed to be saturated at all times but leak only when there is a positive head on the
top surface of the liner. The percolation rate depends upon the depth of water-saturated
soil (head) above the base of the liner, the thickness of the liner and the saturated
hydraulic conductivity. The saturated hydraulic conductivity specified for a barrier soil
liner should be its value for passing the expected permeant in the vertical direction for
anisotropic materials. The program allows only downward saturated flow in barrier soil
liners. Evapotranspiration and lateral drainage are not permitted from a liner. Thus, any
water moving into a liner will eventually percolate through the liner. In Version 3
composite liners are modeled as two layers -- a geomembrane liner and a barrier soil liner
as shown in Figure 1.
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Geomembrane liners (e.g., Layers 3, 8 and 10 in Figure 1) are virtually impermeable
synthetic membranes that reduce the area of vertical drainage/percolation/leakage to a
very small fraction of the area located near manufacturing flaws and installation defects
(punctures, tears and faulty seaming). A small quantity of vapor transport across the
membrane also occurs and can be modeled by specifying the vapor diffusivity as the
saturated hydraulic conductivity of the geomembrane. Geomembranes leak only when
there is a positive head on the top surface of the liner. The leakage rate depends on the
depth of saturated soil (head) above the liner, the saturated hydraulic conductivity of the
drainage limiting soil layer adjacent to the membrane, the contact between the membrane
and the adjacent drainage limiting soil layer, geomembrane properties and the size and
number of holes in the geomembrane liner. Aging of geomembranes is not considered.

While the HELP program is quite flexible, there are some basic rules that must be
followed regarding the arrangement of layers in the profile.

1. A vertical percolation layer may not be underlying a lateral drainage layer.

2. A barrier soil liner may not be underlying another barrier soil liner.

3. A geomembrane liner may not be placed directly between two barrier soil liners.

4. A geomembrane liner may not be underlying another geomembrane liner.

5. A barrier soil liner may not be placed directly between two geomembrane liners.

6. When a barrier soil liner or a geomembrane liner is not placed directly below the
lowest drainage layer, all drainage layers below the lowest liner are treated as
vertical percolation layers. Thus, no lateral drainage is computed for the bottom
section of the landfill.

7. The top layer may not be a barrier soil liner.

8. The top layer may not be a geomembrane liner.

9. The profile can contain no more than a total of five barrier soil liners and
geomembrane liners.

The HELP model does not permit two barrier soil liners to be adjacent to each other.
If a design has two soil layers adjacent to each other that would be expected to act as a
single liner and both soils will remain nearly saturated and contribute significantly to the
head loss and restriction of vertical drainage, then the thickness of the two layers should
be summed and an effective saturated hydraulic conductivity should be computed for the
combined liner. The effective saturated hydraulic conductivity should be computed as
follows:
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For computational purposes, the soil profile is partitioned into subprofiles.
Subprofiles are defined in relation to the location of the liners. The first (top) subprofile
shown on Figure 1 extends from the landfill surface to the bottom of the highest liner
system (bottom of the composite liner, Layer 4) upper barrier soil layer. The second
subprofile extends from the top of the layer (Layer 5) below the bottom of the first liner
system to the base of the second liner system (Layer 8). The third (bottom) subprofile
extends from the top of the layer below the second liner system (the leakage detection
drainage layer, Layer 9) to the base of the lowest liner (Layer 11). The program allows
up to five liner systems and, therefore, five subprofiles plus an additional subprofile of
vertical percolation layers below the bottom liner system. The program models the flow
of water through one subprofile at a time from top to bottom, with the percolation or
leakage from one subprofile serving as the inflow to the underlying subprofile.

3.5 SOIL CHARACTERISTICS

The user can assign soil characteristics to a layer using the default option, the user
defined soil option, or the manual option. Table 4 shows the default characteristics for
42 soil/material types. The soil texture types are classified according to two standard
systems, the U.S. Department of Agriculture textural classification system and the
Unified Soil Classification System. The default characteristics of types 1 through 15 are
typical of surficial and disturbed agricultural soils, which may be less consolidated and
more aerated than soils typically placed in landfills (Breazeale and McGeorge, 1949;
England, 1970; Lutton et al., 1979; Rawls et al., 1982). Clays and silts in landfills would
generally be compacted except within the vegetative layer, which might be tilled to
promote vegetative growth. Untilled vegetative layers may be more compacted than the
loams listed in Table 4. Soil texture types 22 through 29 are compacted soils. Type 18
is representative of typical municipal solid waste that has been compacted; type 19 is the
same waste but it accounts for 65 percent of the waste being in dead zones not
contributing to drainage and storage. Soil types 16 and 17 denote very well compacted
clay soils that might be used for barrier soil liners. The user assigns default soil
characteristics to a layer by specifying the appropriate number for the material type. The
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TABLE 4. DEFAULT SOIL, WASTE, AND GEOSYNTHETIC CHARACTERISTICS

Saturated
Classification Total Field Wilting Hydraulic
Porosity Capacity Point Conductivity
HELP USDA USCS vol/vol vol/vol vol/vol cm/sec
1 CoS SP 0.417 0.045 0.018 1.0x107
2 S SW 0.437 0.062 0.024 5.8x10°
3 FS SW 0.457 0.083 0.033 3.1x10°
4 LS SM 0.437 0.105 0.047 1.7x10°
5 LFS SM 0.457 0.131 0.058 1.0x10°
6 SL SM 0.453 0.190 0.085 7.2x10*
7 FSL SM 0.473 0.222 0.104 5.2x10™
8 L ML 0.463 0.232 0.116 3.7x10*
9 SiL ML 0.501 0.284 0.135 1.9x10*
10 SCL SC 0.398 0.244 0.136 1.2x10™
11 CL CL 0.464 0.310 0.187 6.4x107
12 SiCL CL 0.471 0.342 0.210 4.2x10°
13 SC SC 0.430 0.321 0.221 3.3x10°
14 SiC CH 0.479 0.371 0.251 2.5x10°
15 C CH 0.475 0.378 0.265 1.7x107
16 Barrier Soil 0.427 0.418 0.367 1.0x107
17 Bentonite Mat (0.6 cm) 0.750 0.747 0.400 3.0x10”
18 Municipal Waste
(900 1b/yd® or 312 kg/m?) 0.671 0.292 0.077 1.0x107
19 Municipal Waste
(channeling and dead zones) 0.168 0.073 0.019 1.0x10?
20 Drainage Net (0.5 cm) 0.850 0.010 0.005 1.0x10"
21 Gravel 0.397 0.032 0.013 3.0x10"
22 L ML 0.419 0.307 0.180 1.9x10”
23 SiL" ML 0.461 0.360 0.203 9.0x10°
24 SCL' SC 0.365 0.305 0.202 2.7x10°
25 CL’ CL 0.437 0.373 0.266 3.6x10°
26 SiCL* CL 0.445 0.393 0.277 1.9x10°¢
27 sc” SC 0.400 0.366 0.288 7.8x107
28 Sic’ CH 0.452 0411 0.311 1.2x10°
29 c CH 0.451 0.419 0.332 6.8x107
30 Coal-Burning Electric Plant
Fly Ash" 0.541 0.187 0.047 5.0x10°
31 Coal-Burning Electric Plant
Bottom Ash® 0.578 0.076 0.025 4.1x10°
32 Municipal Incinerator
Fly Ash" 0.450 0.116 0.049 1.0x107
33 Fine Copper Slag” 0.375 0.055 0.020 4.1x107
34 Drainage Net (0.6 cm) 0.850 0.010 0.005 3.3x10"
Moderately Compacted (Continued)
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TABLE 4 (continued). DEFAULT SOIL, WASTE, AND GEOSYNTHETIC

CHARACTERISTICS
Saturated
Classification Total Field Wilting Hydraulic
Porosity Capacity Point Conductivity
HELP Geomembrane Material vol/vol vol/vol vol/vol cm/sec

35 High Density Polyethylene
(HDPE) 2.0x10™"

36 Low Density Polyethylene
(LDPE) 4.0x10™"
37 Polyvinyl Chloride (PVC) 2.0x10™"
38 Butyl Rubber 1.0x10™"

39 Chlorinated Polyethylene
(CPE) 4.0x10™"

40 Hypalon or Chlorosulfonated

Polyethylene (CSPE) 3.0x10"?

41 Ethylene-Propylene Diene
Monomer (EPDM) 2.0x10™
42 Neoprene 3.0x10™

(concluded)

user-defined soil option accepts non-default soil characteristics for layers assigned soil
type numbers greater than 42. This is especially convenient for specifying characteristics
of waste layers. User-specified soil characteristics can be assigned any soil type number
greater than 42.

When a default soil type is used to describe the top soil layer, the program adjusts
the saturated hydraulic conductivities of the soils in the top half of the evaporative zone
for the effects of root channels. The saturated hydraulic conductivity value is multiplied
by an empirical factor that is computed as a function of the user-specified maximum leaf
area index. Example values of this factor are 1.0 for a maximum LAI of 0 (bare ground),
1.8 for a maximum LAI of 1 (poor stand of grass), 3.0 for a maximum LAI of 2 (fair
stand of grass), 4.2 for a maximum LAI of 3.3 (good stand of grass) and 5.0 for a
maximum LAI of 5 (excellent stand of grass).

The manual option requires values for porosity, field capacity, wilting point, and
saturated hydraulic conductivity. These and related soil properties are defined below.

Soil Water Storage (Volumetric Content): the ratio of the volume of water in a soil
to the total volume occupied by the soil, water and voids.

Total Porosity: the soil water storage/volumetric content at saturation (fraction of
total volume).
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Field Capacity: the soil water storage/volumetric content after a prolonged period
of gravity drainage from saturation corresponding to the soil water storage when a soil
exerts a soil suction of 1/3 bar.

Wilting Point: the lowest soil water storage/volumetric content that can be achieved
by plant transpiration or air-drying, that is the moisture content where a plant will
be permanently wilted corresponding to the soil water storage when a soil exerts
a soil suction of 15 bars.

Saturated Hydraulic Conductivity: the rate at which water drains through a saturated
soil under a unit pressure gradient.

Porosity, field capacity and wilting point are all dimensionless numbers between 0
and 1. Porosity must be greater than field capacity, which in turn must be greater than
the wilting point. The wilting point must be greater than zero. The values for porosity,
field capacity and wilting point are not used for liners, except for initializing the soil
water storage of liners to the porosity value.

The soil moisture retention properties of a layer should be adjusted downward if some
volume of the layer does not participate in the drainage and storage of infiltrated water.
This condition commonly exists in shallow layers of municipal solid waste because
municipal solid waste is very heterogeneous and poorly compacted. The plastics in the
waste also channels the drainage, limits the spreading of infiltration, and restricts the
wetting of the waste and, therefore, the storage. Default soil texture number 19 provides
adjusted retention values for a municipal solid waste with significant channeling; it
assumes that only 25 percent of the volume is actively involved in drainage and storage
of infiltration. As the values were computed by multiplying the values for municipal
solid waste (default texture number 18) by 0.25; the initial soil water content would also
be multiply by 0.25.

The HELP user has the option of specifying the initial volumetric water storage
(content) of all layers except liners. Liners are assumed to remain saturated at all times.
If the user chooses not to specify initial water contents, the program estimates values near
steady-state and then runs one year of initialization to refine the estimates before starting
the simulation. The soil water contents at the end of this year of initialization are taken
as the initial values for the simulation period. The program then runs the complete
simulation, starting again from the beginning of the first year of data. The results for the
initialization period are not reported. To improve initialization to steady-state moisture
storage, the user should replace thick vertical percolation and lateral drainage layers, that
are below the evaporative zone and above the saturated zone above liners, with thin
layers. Then, run the simulation for a number of years until steady-state is approximated.
The final dimensionless water storage values after nearing steady-state should then be
specified as the initial water contents in your actual simulation using the true dimensions
of the layers.
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The initial moisture content of municipal solid waste is a function of the composition
of the waste; reported values for fresh wastes range from about 0.08 to 0.20 vol/vol. The
average value is about 0.12 vol/vol for compacted municipal solid waste. If using default
waste texture 19, where 75% of the volume is inactive, the initial moisture content should
be that of only the active portion, 25% of the values reported above.

The soil water storage or content used in the HELP model is on a per volume basis
(0), volume of water (V,)) per total (bulk--soil, water and air) soil volume (V, =V, + V,,
+ V,), which is characteristic of practice in agronomy and soil physics. Engineers more
commonly express moisture content on a per mass basis (W), mass of water (M,,) per mass
of soil (M,). The two can be related to each other by knowing the dry bulk density (py,),
dry bulk specific gravity (I'y,) of the soil (ratio of dry bulk density to water density (p,,)),
wet bulk density (p,;), wet bulk specific gravity (I',,) of the soil (ratio of wet bulk
density to water density.

0-w’® _yr, @
0 = ld M = d wa (3)
IL+w p, 1 +w

3.6 GEOMEMBRANE CHARACTERISTICS

The user can assign geomembrane liner characteristics (vapor diffusivity/saturated
hydraulic conductivity) to a layer using the default option, the user-defined soil option,
or the manual option. Saturated hydraulic conductivity for geomembranes is defined in
terms of its equivalence to the vapor diffusivity. The porosity, field capacity, wilting
point and intial moisture content are not needed for geomembranes. Table 4 shows the
default characteristics for 12 geomembrane liners. The user assigns default soil
characteristics to a layer simply by specifying the appropriate geomembrane liner texture
number. The user-defined option accepts user specified geomembrane liner characteristics
for layers assigned textures greater than 42. Manual geomembrane liner characteristics
can be assigned any texture greater than 42.

Regardless of the method of specifying the geomembrane "soil" characteristics, the
program also requires values for geomembrane liner thickness, pinhole density,
installation defect density, geomembrane placement quality, and the transmissivity of
geotextiles separating geomembranes and drainage limiting soils. These parameters are

defined below.
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Pinhole Density: the number of defects (diameter of hole equal to or smaller than &
geomembrane thickness; hole estimated as 1 mm in diameter) in a given area
generally resulting from manufacturing flaws such as polymerization deficiencies.

Installation Defect Density: the number of defects (diameter of hole larger than the
geomembrane thickness; hole estimated as 1 cm? in area) per acre resulting
primarily from seaming faults and punctures during installation.

Geotextile Transmissivity: the product of the in-plane saturated hydraulic conductivity
and thickness of the geotextile.

The density of pinholes and installation defects is a subject of speculation. Ideally,
geomembranes would not have any defects. If any were known to exist during
construction, the defects would be repaired. However, geomembranes are known to leak
and therefore reasonably conservative estimates of the defect densities should be specified
to determine the maximum probable leakage quantities.

The density of defects has been measured at a number of landfills and other facilities
and reported in the literature. These findings provide guidance for estimating the defect
densities. Typical geomembranes may have about 0.5 to 1 pinholes per acre (1 to 2
pinholes per hectare) from manufacturing defects. The density of installation defects is
a function of the quality of installation, testing, materials, surface preparation, equipment,
and QA/QC program. Representative installation defect densities as a function of the
quality of installation are given below for landfills being built today with the state-of-the-
art in materials, equipment and QA/QC. In the last column the frequency of achieving
a particular installation quality is given. The estimates are based on limited data but are
characteristic of the recommendations provided in the literature.

Installation Defect Density Frequency
Quality (number per acre) (percent)
Excellent Upto 1 10
Good 1to4 40
Fair 4 to 10 40
Poor 10 to 20 10

Higher defect densities have been reported for older landfills with
poor installation operations and materials; however, these high
densities are not characteristic of modern practice.

The user must also enter the placement quality of the geomembrane liner if pinholes
or installation defects are reported. There are six different possible entries for the
geomembrane liner placement quality. The program selects which equation will be used
to compute the geomembrane based on the placement quality specified and the saturated
hydraulic conductivity of the lower permeability soil (drainage limiting soil) adjacent to
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the geomembrane. The program has different equations for three ranges of saturated
hydraulic conductivity: greater than or equal to 0.1 cm/sec; less than 0.1 and greater than
or equal to 0.0001 cm/sec; and less than 0.0001 cm/sec.

1. Perfect: Assumes perfect contact between geomembrane and adjacent soil that
limits drainage rate (no gap, "sprayed-on" seal between membrane and soil
formed in place).

2. Excellent: Assumes exceptional contact between geomembrane and adjacent soil
that limits drainage rate (typically achievable only in the lab or small field
lysimeters).

3. Good: Assumes good field installation with well-prepared, smooth soil surface
and geomembrane wrinkle control to insure good contact between
geomembrane and adjacent soil that limits drainage rate.

4. Poor: Assumes poor field installation with a less well-prepared soil surface
and/or geomembrane wrinkling providing poor contact between geomembrane
and adjacent soil that limits drainage rate, resulting in a larger gap for
spreading and greater leakage.

5. Worst Case: Assumes that contact between geomembrane and adjacent soil does
not limit drainage rate, resulting in a leakage rate controlled only by the hole.

6. Geotextile separating geomembrane liner and drainage limiting soil: Assumes
leakage spreading and rate is controlled by the in-plane transmissivity of the
geotextile separating the geomembrane and the adjacent soil layer that would
have otherwise limited the drainage. This quality would not normally be used
with a geosynthetic clay liner (GCL) as the controlling soil layer. Upon
wetting, the bentonite swells and extrudes into the geotextile, filling its voids
and reducing its transmissivity below the point where it can contribute
significantly to spreading of leakage. GCL’s, when properly placed, tend to
have intimate contact with the geomembrane (Harpur et al., 1993).

3.7 SITE CHARACTERISTICS
The user must also supply a value of the Soil Conservation Service (SCS) runoff
curve number for Antecedent Moisture Condition I (AMC-II) or provide information so
that a curve number can be computed. Unlike Version 2 of the HELP model, Version
3 accounts for surface slope effects on curve number and runoff. In Version 3 of the

HELP model, there are three different options by which a curve number can be obtained.

1. A curve number defined by the user
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2. A curve number defined by the user and modified according to the surface slope
and slope length of the landfill

3. A curve number is computed by the HELP model based on landfill surface slope,
slope length, soil texture of the top layer, and the vegetative cover. Some general
guidance for selection of runoff curve numbers is provided in Figure 2 (USDA,
Soil Conservation Service, 1985).

Two of the options account for surface slope. The correlation between surface slope
conditions and curve number were developed for slopes ranging from 1 percent to as high
as 50 percent and for slope lengths ranging from 50 feet to 2000 feet.

3.8 OVERVIEW OF MODELING PROCEDURE

The hydrologic processes modeled by the program can be divided into two categories:
surface processes and subsurface processes. The surface processes modeled are snowmelt,
interception of rainfall by vegetation, surface runoff, and surface evaporation. The
subsurface processes modeled are evaporation from soil profile, plant transpiration,
unsaturated vertical drainage, barrier soil liner percolation, geomembrane leakage and
saturated lateral drainage.

100
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Figure 2. Relation between SCS Curve Number and Default Soil Texture
Number for Various Levels of Vegetation
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Daily infiltration into the landfill is determined indirectly from a surface water
balance. Infiltration is assumed to equal the sum of rainfall, surface storage and
snowmelt, minus the sum of runoff, additional storage in snowpack and evaporation of
surface water. No liquid water is assumed to be held in surface storage from one day to
the next except in the snowpack or when the top soil is saturated and runoff is not
permitted. Each day, the free available water for infiltration, runoff, or evaporation from
water on the surface is determined from the surface storage, discharge from the snowpack,
and rainfall. Snowfall is added to the surface snow storage, which is depleted by either
evaporation or melting. Snowmelt is added to the free available water and is treated as
rainfall except that it is not intercepted by vegetation. The free available water is used
to compute the runoff by the SCS rainfall-runoff relationship. The interception is the
measure of water available to evaporate from the surface. Interception in excess of the
potential evaporation is added to infiltration. Surface evaporation is then computed.
Potential evaporation from the surface is first applied to the interception; any excess is
applied to the snowmelt, then to the snowpack and finally to the groundmelt. Potential
evaporation in excess of the evaporation from the surface is applied to the soil column
and plant transpiration. The snowmelt and rainfall that does not run off or evaporate is
assumed to infiltrate into the landfill along with any groundmelt that does not evaporate.

The first subsurface processes considered are soil evaporation and plant transpiration
from the evaporative zone of the upper subprofile. A vegetative growth model accounts
for the daily growth and decay of the surface vegetation. The other subsurface processes
are modeled one subprofile at a time, from top to bottom, using a design-dependent time
step ranging from 30 minutes to 6 hours. A storage-routing procedure is used to
redistribute the soil water among the modeling segments that comprise the subprofile.
This procedure accounts for infiltration or percolation into the subprofile and
evapotranspiration from the evaporative zone. Then, if the subprofile contains a liner, the
program computes the head on the liner. The head on the liner is then used to compute
the leakage/percolation through the liner and, if lateral drainage is permitted above the
top of the liner, the lateral drainage to the collection and removal system.

3.9 ASSUMPTIONS AND LIMITATIONS

3.9.1 Solution Methods

The modeling procedures documented in the previous section are necessarily based
on many simplifying assumptions. Generally, these assumptions are reasonable and
consistent with the objectives of the program when applied to standard landfill designs.
However, some of these assumptions may not be reasonable for unusual designs. The
major assumptions and limitations of the program are summarized below.

Runoff is computed using the SCS method based on daily amounts of rainfall and
snowmelt. The program assumes that areas adjacent to the landfill do not drain onto the
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landfill. The time distribution of rainfall intensity is not considered. The program cannot
be expected to give accurate estimates of runoff volumes for individual storm events on
the basis of daily rainfall data. However, because the SCS rainfall-runoff relation is based
on considerable daily field data, long-term estimates of runoff should be reasonable. The
SCS method does not explicitly consider the length and slope of the surface over which
overland flow occurs. This limitation has been removed by developing and implementing
into the HELP input routine a procedure for computing curve numbers that take into
consideration the effect of slope and slope length. The limitation, however, remains on
the user specified curve number (the first method). This limitation is not a concern
provided that the slope and slope length of the landfill do not differ dramatically from
those of the test plots upon which the SCS method is based. Use of the SCS method
probably underestimates runoff somewhat where the overland flow distance is very short
or the slope is very steep or when the rainfall duration is very short and the intensity is
very high.

The HELP model assumes Darcian flow by gravity influences through homogeneous
soil and waste layers. It does not consider explicitly preferential flow through channels
such as cracks, root holes, or animal burrows but allows for vertical drainage through the
evaporative zone at moisture contents below field capacity. Similarly, the program allows
vertical drainage from a layer at moisture contents below field capacity when the inflow
would occupy a significant fraction of the available storage capacity below field capacity.
The drainage rate out of a segment is assumed to equal the unsaturated hydraulic
conductivity of the segment corresponding to its moisture content, provided that the
underlying segment is not a liner and is not saturated. In addition to these special cases,
the drainage rate out of a segment can be limited by the saturated hydraulic conductivity
of the segment below it. When limited, the program computes an effective gradient for
saturated flow through the lower segment. This permits vertical percolation or lateral
drainage layers to be arranged without restrictions on their properties as long as they
perform as their layer description implies and not as liners.

The model assumes that a. the soil moisture retention properties and unsaturated
hydraulic conductivity can be calculated from the saturated hydraulic conductivity and
limited soil moisture retention parameters (porosity, field capacity and wilting point) and
b. the soil moisture retention properties fit a Brooks-Corey relation (Brooks et al., 1964)
defined by the three soil moisture retention parameters. Upon obtaining the Brooks-Corey
parameters, the model assumes that the unsaturated hydraulic conductivity relation with
soil moisture is well described by the Campbell equation.

The model does not explicitly compute flow by differences in soil suction (soil
suction gradient) and, as such, does not model the draw of water upward by capillary
drying. This draw of water upward is modeled as an extraction rather than transport of
water upward. Therefore, it is important that the evaporative zone depth be specified as
the depth of capillary drying. Drainage downward by soil suction exerted by dry soils
lower in the landfill profile is modeled as Darcian flow for any soil having a relative
moisture content greater than the lower soils. The drainage rate is equal to the
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unsaturated hydraulic conductivity computed as a function of the soil moisture content.
As such, the rate is assumed to be independent of the pressure gradient.

Leakage through barrier soil liners is modeled as saturated Darcian flow. Leakage
is assumed to occur only as long as there is head on the surface of the liner. The model
assumes that the head driving the percolation can be represented by the average head
across the entire liner and can be estimated from the soil moisture storage. It is also
assumed that the liner underlies the entire area of the landfill and, conservatively, that
when leakage occurs, the entire area of the landfill leaks. The model does not consider
aging or drying of the liner and, therefore, the saturated hydraulic conductivity of the liner
does not vary as a function of time.

Geomembranes are assumed to leak primarily through holes. The leakage passes
through the holes and spreads between the geomembrane and soil until the head is
dissipated. The leakage then percolates through the soil at the rate dependent on the
saturated hydraulic conductivity and the pressure gradient. Therefore, the net effect of
a geomembrane is to reduce the area of percolation through the liner system. The
program assumes the holes to be uniformly distributed and the head is distributed across
the entire liner. The model does not consider aging of the liner and therefore the number
and size of the holes do not vary as a function of time. In addition, it is conservatively
assumed that the head on the holes can be represented by the average head across the
entire liner and can be estimated from the soil moisture storage and that the liner
underlies the entire area of the landfill.

The lateral drainage model is based on the assumption that the saturated depth profile
is characteristic of the steady-state profile for the given average depth of saturation. As
such, the model assumes that the lateral drainage rate for steady-state drainage at a given
average depth of saturation is representative of unsteady lateral drainage rate for the same
average saturated depth. In actuality the rate would be somewhat larger for periods when
the depth is building and somewhat smaller for periods when the depth is falling. Steady
drainage implies that saturated conditions exist above the entire surface of the liner,
agreeing with the assumptions for leakage through liner systems.

The model assumes the vegetative growth and decay can be characterized by a
vegetative growth model developed for crops and perennial grasses. In addition, it is
assumed that the vegetation transpires water, shades the surface, intercepts rainfall and
reduces runoff in similar quantities as grasses or as an adjusted equivalence of LAIL

3.9.2 Limits of Application
The model can handle water routing through or storage in up to twenty soil or waste
layers; as many as five liner systems may be employed. The simulation period can range

from 1 to 100 years. The model cannot simulate a capillary break or unsaturated lateral
drainage.
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The model has limits on the arrangement of layers in the landfill profile. Each layer
must be described as being one of four types: vertical percolation layer, lateral drainage
layer, barrier soil liner, or geomembrane liner. The model does not permit a vertical
percolation layer to be placed directly below a lateral drainage layer. A barrier soil liner
may not underlie another barrier soil liner. Geomembranes cannot envelop a barrier soil
liner and barrier soil liners cannot envelop a geomembrane. The top layer may not be a
liner. If a liner is not placed directly below the lowest lateral drainage layer, the lateral
drainage layers in the lowest subprofile are treated by the model as vertical percolation
layers. No other restrictions are placed on the order of the layers.

The lateral drainage equation was developed for the expected range of hazardous
waste landfill design specifications. Permissible ranges for slope of the drainage layer
are 0 to 50 percent. Due to dimensionless structure of the lateral drainage equation, there
are no practical limits in the maximum drainage length.

Several interrelations must exist between the soil characteristics of a layer and of the

soil subprofile. The porosity, field capacity and wilting point can theoretically range from
0 to 1 units of volume per volume; however, the porosity must be greater than the field
capacity, and the field capacity must be greater than the wilting point.
Initial soil moisture storage must be greater than or equal to the wilting point and less
than or equal to the porosity. The initial moisture content of liners must be equal to the
porosity and the liners remain saturated. The field capacity and wilting point values are
not used for barrier soil liners. Values for porosity, field capacity and wilting point are
not needed for geomembranes.

Values for the leaf area index may range from 0 for bare ground to 5 for an excellent
stand of grass. Detailed recommendations for leaf area indices and evaporative depths
are given in the program.

The default values for the evaporation coefficient are based on experimental results.
The basis for the calculation of these default values is described by Schroeder et al.
(1994). The model imposes upper and lower limits of 5.1 and 3.3 so as not to exceed the
range of experimental data.

Surface runoff from adjacent areas does not run onto the landfill, and the physical
characteristics of the landfill specified by the user remain constant over the modeling
period. No adjustments are made for the changes that occur in these characteristics as
the landfill ages. Additionally, the program cannot model the filling process within a
single simulation. Aging of materials and staging of the landfill operation must be
modeled by successive simulations.

Default Soil Characteristics

The HELP model contains default values of soil characteristics based on soil texture
class. The documentation for Version 3 describes the origin of these default values
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(Schroeder et al., 1994). Recommended default values for LAI and evaporative depth
based on thick loamy top soils are given in the program.

Manual Soil Characteristics

The HELP model computes values for the three Brooks-Corey parameters as
described in the documentation for Version 3 (Schroeder et al., 1994) based on the values
for porosity, field capacity and wilting point.

Soil Moisture Initialization

The soil moisture of the layers may be initialized by the user or the program. When
initialized by the program, the process consists of three steps. The first step sets the soil
moisture of all layers except barrier soil liners equal to field capacity and all barrier soil
liners to porosity (saturation). In the second step, the program computes a soil moisture
for each layer below the top barrier soil liner. These soil moisture contents are computed
to yield an unsaturated hydraulic conductivity equal to 85 percent of the lowest effective
saturated hydraulic conductivity of the all liner systems above the layer, including
consideration for the presence of a synthetic geomembrane liner. If the unsaturated
hydraulic conductivity is less than 1 x 10 cm/sec and if the computed soil moisture is
greater than field capacity, the soil moisture is set to equal computed soil moisture instead
of the field capacity. The third step in the initialization consists of running the model for
one year of simulation using the first year of climate data and the initial soil moisture
values selected in the second step. At the end of this year of initialization, the soil
moisture values existing at that point are reported as the initial soil moisture values. The
simulation is then restarted using the first year of climate data.

Synthetic Temperature and Solar Radiation Values

The synthetically generated temperature and solar radiation values are assumed to be
representative of the climate at the site. Synthetic daily temperature is a function of
normal mean monthly temperature and the occurrence of rainfall. Synthetic daily solar
radiation is a function of latitude, occurrence of rainfall, average daily dry-day solar
radiation and average daily wet-day solar radiation.
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SECTION 4

PROGRAM INPUT

4.1 INTRODUCTION

This section describes the procedures and options available to input data, execute the
model, and obtain results. The discussion includes general input information, some
definitions and rules, the program structure, and detailed explanations of the options
reached from the Main Menu. Guidance is given throughout the section for selecting the
most appropriate values in certain situations, but the main purpose of this section is to
describe the mechanics of using the user interface. Detailed guidance on the definitions
of input parameters and selection of their values is presented in Section 3.

Version 3 of the HELP program is started by typing "HELP3" from the DOS prompt
in the directory where the program resides. The program starts by displaying a title
screen, a preface, a disclaimer and then the main menu. The user moves from the title
screen to the main menu by striking any key such as the space bar. Upon reaching the
main menu, the user can select any of seven options. The program automatically solicits
input from the user based on the option selected. In general the HELP model requires
the following data, some of which may be selected from the default values.

Units

Location

Weather data file names
Evapotranspiration information
Precipitation data

Temperature data

Solar radiation data

Soil and design data file name
General landfill and site information
Landfill profile and soil/waste/geomembrane data
SCS runoff curve number information

mOXO XN R WD =

p—

4.2 DEFINITIONS AND RULES
There are a few fundamental rules regarding the input facility that a user must keep
in mind when using the model. These rules should be followed to move around the

screens and to move within the same screen. Below are some definitions and rules.

1. Screens. A screen in the HELP user interface as used in this report is a single screen
of information. These screens are divided into three categories:

42



2.

* Input Screen: a screen on which the user can input data
» Selection Screen: a screen from which the user selects an entry from a list

* On-line Help Screen: a screen where assistance is provided. General assistance
on the interface is displayed by pressing the F1 key, technical assistance by
pressing the F2 key, and key operations by pressing the F3 key.

This terminology is used throughout this section. Each module consists of two
types of screens: "primary" and "secondary." Primary screens are main screens that
form a loop for each option of HELP. Secondary screens are displayed from the
primary screens as part of the input process. These screens can be input screens or
selection screens.

Input Cells. When the program highlights a number of spaces (called an ”input cell”
throughout this section), an input from the user is expected. At any input cell, the
user has one of several options: enter the data requested, accept existing value, seek
on-line help, or select one of the menu items listed at the bottom of the screen. Each
cell is associated with a variable that is used directly or indirectly in the HELP model.
Therefore, every effort must be made to assign a value to each cell when applicable.
The user may input the value the first time around, or return to the cell at a later time
during the program session. If an input cell is left blank, a value of zero will be
assigned to the corresponding variable. If zero is not an appropriate answer to the
question, it will produce erroneous results. The program will warn the user when a
blank or zero is an inappropriate value.

Trailing decimal points are not required on input because the program
automatically knows whether to treat a value as an integer or a floating point variable.
For example, if a user wishes to enter the number nine, either 9, 9. or 9.00 is
acceptable, provided the input cell is wide enough.

Selection Cells. These are cells that are used to select from a list of options.
Selection cells highlight one item at a time. An item/option must be highlighted
before it can be selected. Selection is made by pressing the Enter key.

Moving Between Cells. The user can move from one input screen to another, by
pressing the Page Down key for the next screen or Page Up key for the previous
screen in the loop of primary or secondary screens. Input screens are arranged in a
loop format such that if the Page Down key is pressed from the last input screen the
control will return to the first screen, and vice versa. The up and down arrows are
used to move up and down through the cells of a screen. If the up arrow is pressed
from the first cell on the screen, control will transfer to the last cell on the same
screen, and vice versa. The Tab and Shift-Tab keys can be used to move to the right
and to the left, respectively, among input and selection cells that are located on the
same line. In addition, the left and right arrows may be used to move between
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4.3

6.

selection cells that are located on the same line.

Moving Within an Input Cell. Each input cell is set to a given width depending on
the type of information expected to be entered in that cell. The cursor will be initially
located on the first character space of the cell. The left and right arrow keys may
be used to move the cursor to different spaces within the cell. If a value is typed in
the first space of the cell, the cell contents will be deleted. To delete a character,
move the cursor to the character location and then press the Delete key, or move the
cursor to the space that is to the right of the character and then press the Backspace
key. A character can be inserted between characters in an input cell by moving the
cursor to the desired position and then pressing the Insert key. The Insert key will
shift all characters that are at and to the right of the cursor one position to the right.

Terminating. At any time during the session, the user may press the F9 key to quit
without saving changes, return to the main menu or exit the program. The ESc key
and the Ctrl-Break keys will end some options and allow you to continue with other
operations. The F10 key is used to save the data or proceed. If necessary, the user
can terminate input or execution by rebooting (Ctrl-Alt-Del keys), resetting, or turning
off the computer; however, the user is discouraged from terminating a run in these
manners because some of the data may be lost.

On-Line Help. On-line help is available to the user from any cell location on the
screen. By pressing F1, information about the operations and purpose of the screen
is displayed, and by pressing F2, specific technical assistance for the highlighted cell
is displayed. Note that the on-line help screens contain sections from this User’s
Guide and that the figures and tables mentioned on the screens are located in this
document. The F3 key displays various functions of keystrokes. Other specific
information of the input screen is listed in menu line(s) at the bottom of screen.

System of Units. Throughout the HELP program the user is required to select a
system of units. The HELP model allows the user to use either the customary system
of units (a mixture of U.S. Customary and metric units traditionally used in landfill
design and in Version 2 of the HELP model) or the Metric (SI) system of units. The
user is not restricted to the same system for all data types; for example, the soil and
design data can be in one system of units and the weather data can be in the other
system. Moreover, it is not necessary for all types of weather data to have the same
system of units (i.e., evapotranspiration data can be in the Metric system of units,
while precipitation data is in customary units; the solar radiation data can be in
customary units, while temperature data is in Metric units, and so on). Appropriate
units are displayed in proper locations to keep the user aware of which units should
be used for each data entry. Consistency in units is only required within each data

type.

PROGRAM STRUCTURE
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The flow or logic of the input facility of the HELP program may be viewed as a tree
structure. The tree structure consists of nodes where new branches of the tree are started.
The first node is called the trunk, root or parent node, and the terminal nodes of the tree
are called leaves. All components (nodes) of the tree structure in the HELP model are
screens that have different functions as defined previously, with the trunk node being the
Main Menu. During an input session, the user should reach the leaf node if all the data
for a given branch (module) are entered. Some of the nodes (screens) are common to
more than one branch. The user must return to the node where the branch started in order
to go to another branch. These movements can be accomplished with the special keys
discussed above, such as Page Up, Page Down, F9, F10, etc.

4.4 MAIN MENU

At the beginning of each run, the Main Menu is displayed. A schematic of the main
menu in Figure 3 shows the seven available modules (branches). Selection from the
main menu is made by either moving the cursor to the desired module or by pressing the
number of that option. Once a selection is made, program control transfers into an
environment specific to that option and cannot transfer to another main menu option
without exiting that environment to the main menu and then selecting another option. A
brief description of each main menu option is presented below. More details are given
in the following sections about specific data requirements for each option.

Option 1 on the main menu is "Enter/Edit Weather Data.” This module permits the
user to read evapotranspiration, precipitation, temperature, and solar radiation data files
and then review, edit, and save the data or create new files. There are four primary
screens in this module; they are a file selection screen, evapotranspiration data screen, a
screen that controls the method used for specifying precipitation, temperature and solar
radiation data, and a screen for saving weather data files. Several options are available
for specifying precipitation, temperature and solar radiations data. These vary from using
default data (for precipitation only) to synthetic and other user-defined data sources, such
as NOAA Tape, Climatedata™, ASCII data, HELP Version 2 data, and Canadian
Climatological data. Data may also be entered manually. Default and synthetic weather
data generation is performed by selecting the city of interest from a list of cities and
specifying (optional) additional data.

Option 2 on the main menu is ""Enter/Edit Soil and Design Data." This module
allows the user to read an already existing soil and design data file and then review, edit,
and save the data or create a new data file. There are eight primary screens in the soil
and design data module; they are a file selection screen, a landfill general information
screen, three screens for entering design, soil and geomembrane liner data by layers, a
screen for entering a runoff curve number, a data verification screen, and a screen for
saving the soil and design data file. Input screens associated with this module provide
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Figure 3. HELP3 Main Menu

cells for entering project title; system of units; initial soil conditions; landfill area; layer
design information, such as layer type, thickness, soil texture, drainage characteristics;
geomembrane liner information; and runoff curve number information including the
ability to adjust the curve number a function of surface slope and length. At the end of
this module, the user may request that the data be checked for possible violation of the
design rules explained in Section 3. Under this module, the HELP model verifies the
design data, soil and geomembrane liner properties and layer arrangement.

Option 3 on the main menu is ""Execute Simulation.” In this option the user defines
the data files to be used in running the simulation component of the HELP model and
selects the output frequency and simulation duration desired from execution. In this
option the user can also view the list of files available and can make file selections from
these lists.

Option 4 on the main menu is ""View Results." This option allows the user to browse
through the output file and examine the results of the run after executing the program.
Option 5 is "Print Results,” and Option 6 is ""Display Guidance' on general landfill
design procedures and on the HELP model itself, containing much of the text of this
user’s guide. Finally, Option 7 is used to ""Quit" running the model and return to DOS.
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In the following sections, detailed explanations of the main menu options are
presented, and methods of data entry to the program and various options are discussed.

4.5 WEATHER DATA

4.5.1

As mentioned above, this module is selected from the main menu by pressing 1,
"Enter/Edit Weather Data.”” A schematic of this module is shown in Figure 4. In this
module, the user can specify all of the weather data (evapotranspiration, precipitation,
temperature and solar radiation) required to run the model. The four primary screens in
this module are "Weather Data - File Editing", "Evapotranspiration Data", "Precipitation,
Temperature, and Solar Radiation Data", and "Weather Data - File Saving". Several
secondary screens may appear during the session depending upon the action taken by the
user. On-line help screens are always available for display by pressing F1 or F2. The
individual primary screens and their secondary screens of this module are discussed
below.

ENTER/EDIT WEATHER

DATA FILES EVAPO-
WEATHER FOR TRANSPIRATION Pgln
DATA EDITING DATA

F10 VERIFY & SAVE
WEATHER
DATA FILES

Fi0

czmsE Z2—-p=

PRECIPITATION,

TEMPERATURE & PgUp

SOLAR RADIATION
DATA

Figure 4. Schematic of Weather Data Module

Weather Data File Selection

The first screen in the weather data module is the "Weather Data - File Editing"
screen. A schematic of this screen is shown in Figure 5. On this screen, the user may
enter file names of existing files to select previously generated HELP Version 3 files for
editing or leave the file names blank to create new data. One file name for each of the
four types of weather data to be edited is needed. The DOS path may be specified if
different from the active or default drive and subdirectory, such as C:\HELP3\DATA.
The following gives file naming and extension information as displayed on the screen.
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User Specified

Data Type DOS Path (Drive and/or Subdirectory) File Name
Precipitation * D4
Temperature *D7
Solar radiation * D13
Evapotranspiration *DI11

*  Any valid DOS name that the user desires (up to eight characters) is acceptable.
The HELP program supplies the extension.

This convention must be always remembered when selecting file names for editing,
saving, or converting data from other sources. However, when typing a file name on this
screen, the user should not enter the extension because the program automatically assigns
the proper extension to the file according to the weather types.

The current directory is displayed on the screen. The user may obtain a listing of all
data files that reside on the current directory by pressing F4. By pressing F4, the
program obtains a directory of all files that pertain to the weather data cell from which
F4 was pressed. For example, if F4 was pressed from the temperature file cell, the
program will display the list of files with an extension of D7 that reside on the currently
specified directory. Up to 120 data files for any weather data type can be displayed on
the screen. The name of the current directory where these files are located is also
displayed. To obtain the data files pertaining to the weather information needed that
reside in another directory, the user should type in the name of a valid drive and
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subdirectory in the Directory column and then press F4 for the list of files in that
subdirectory. To display a directory for another type of data, move the cursor to the row
for that data type and repeat the process listed above.

To select a file from the list of displayed files, move the cursor to the desired file
name and press Enter. This action transfers control back to the previous screen, and the
name of the file just selected will be displayed in the proper cell. The user can exit the
"Data Files" screen without selecting a file by pressing the Esc key.

If the user wants to enter the file name in the file cell, the user must first enter the
correct directory name. If an invalid directory is entered, the program will displayed the
message, "Invalid Directory," and replace the entered directory name with the default
directory name (where the program was started). The user then has another opportunity
to enter the correct directory name. If the program cannot find the file name as entered,
the message, "File Not Found," will be displayed. The previously entered file name is
erased and the user has another opportunity to enter a correct file name. Pressing Page
Down causes the program to read the valid data files selected and then proceeds to the
first weather data entry screen.

4.5.2 Evapotranspiration (ET) Data

The evapotranspiration data requirements are listed in Section 3 and are entered to
the program from the "Evapotranspiration Data" screen. This screen contains all
information required by the HELP model to construct the evapotranspiration data file
(*.D11). If the user specified an edit file name for the evapotranspiration data, the
contents of the file will be displayed in the appropriate cells on this screen. The user can
move the cursor to any cell to edit its contents. However, if no file was selected as an
edit file, then data must be specified by the user. First, the user must select the system
of units to be used for the evapotranspiration data, which may be entered in customary
or metric units as explained in a previous section. A schematic of this screen is shown
in Figure 6. The two methods for entering this data are the manual option and the default
option.

Manual Option

This option requires the user to enter all evapotranspiration data manually. The user
should first specify a location in the form of a city, state and latitude, followed by the
evaporative zone depth, the maximum leaf area index, the Julian dates of the start

(planting) and end (harvest) of the growing season, the annual average wind speed, and
quarterly average relative humidities (in percentages) for the entered location.

Default Option
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Figure 6. Schematic of "Evapotranspiration Data" Screen

This option takes advantage of an available list of cities for which default values are
provided for most of the evapotranspiration data; guidance information is available for the
rest of the data. This option is triggered from any input cell on the "Evapotranspiration
Data" screen by pressing F5 and selecting a location (state and city) from a displayed list
of locations. This list of cities is the same as that in Table 3.

Once a city is selected, the program automatically displays values in the appropriate
input cells for the city, state, latitude, growing season dates, wind speed, and the four
quarterly humidity values for that location. The program, however, displays guidance
information on the evaporative zone depth for that location depending on the vegetative
cover. The user must enter a value of the evaporative zone depth that is appropriate for
the landfill design, location, top soil, and vegetation. (See Section 3 for detailed
guidance.)

The user must also enter a value for the maximum leaf area index for the site. If the
value entered is greater than the default maximum allowable value based on the climate
for the selected city, the program will display that value only as a guidance to the user.

The user is not forced to change the entered value.

If the user decides to edit the name of the city or state, the program will erase the
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guidance information. Guidance is provided only for cities that are selected from the list
obtained by pressing F5.

The location of the landfill being evaluated is likely to be some distance from all of
the listed cities. In this case, the user has the option to select a city that has an similar
climate and edit the values to improve the data or to simply enter the information
manually.

The bottom line of the "Evapotranspiration Data" screen provides additional help
information. Once all data are entered, the user can move on to another screen by
pressing Page Up or Page Down, return to the main menu by pressing F9, or proceed to
save the evapotranspiration data by pressing F10.

4.5.3 Precipitation, Temperature and Solar Radiation Data

The second screen in the weather data module is entitled "Precipitation, Temperature
and Solar Radiation." From this screen, the user can select methods for creating the
precipitation data file (*.D4), the temperature data file (*.D7), and the solar radiation data
file (*.D13). A schematic of the main options available on this screen are shown in
Figure 7. In Version 3 of the HELP model, all of the weather data need not be generated
by the same method. For example, the user can enter the precipitation data using the
synthetic weather generator, the temperature data using data from a NOAA data file, and
solar radiation from an ASCII file. Seven options are available for entering temperature
and solar radiation data. Under the precipitation data there are the same seven plus a
default option. Figures 8, 9, and 10 show the possible options.

Default Precipitation

If the default precipitation option (Customary Units Only) is selected, the program
will prompt the user with the list of states having default data. The HELP model
provides default precipitation values for the list of cities in Table 1. To select a state,
move the cursor to the desired state name and press Enter. At this time the program
prompts the user with the list of cities in the selected state for which default precipitation
data is available. Similarly, the city can be selected by moving the cursor to the desired
city and pressing Enter. The user can return to the "Precipitation, Temperature and Solar
Radiation" screen from either list by pressing Esc. By doing so, neither a city nor a state
is considered selected. However, once a city is selected, the program reads the five years
of default precipitation data for the selected city. The usefulness of the default
precipitation option is limited since it contains only five years of precipitation data. It
is additionally limiting since these five years may be dry or wet years and may not be
representative of the site in question.

The following options are available for entering "Precipitation, Temperature, and Solar
Radiation" data.
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Figure 7. Schematic of "Precipitation, Temperature and Solar Radiation" Screen

TRANSPIRATION

DATA
—
PRECIPITATION TEMPERATURE SOLAR RADIATION
OPTIONS OPTIONS OPTIONS
h
F1o PgDn { Pgup
EVAPO-

DATA

VERIFY &
SAVE

WEATHER
DATA FILES

MAIN MENU

DEFAULT

SYNTHETIC

ol

OPTIONAL
DATA

CREATE/EDIT

YEAR RECORDS
AND

DAILY

SELECTION

DATA

NOAA TAPE

CONVERT AND
IMPORT DATA

| PRECIPITATION

CLIMATEDATA

CONVERT AND
IMPORT DATA

CONVERT AND

Ascil IMPORT DATA
CONVERT AND

HELP 2 IMPORT DATA
CANADIAN CONVERT AND

IMPORT DATA

[

Figure 8. Precipitation Options

52




Synthetic

The second available method for entering precipitation data is to use the synthetic
weather generator (Customary or Metric Units). (This is the first method on the screen
for entering temperature and solar radiation data.) This option can be selected for
temperature and solar radiation only if the user has previously entered precipitation data
since the synthetic weather generator requires precipitation values for generating both
temperature and solar radiation. By selecting the synthetic data option, the program
prompts the user with a list of states for which it has synthetic weather data coefficients.
Again the user can move the cursor to the appropriate state and press Enter to obtain the
list of cities in that state for which synthetic data can be generated. From this list, the
user can select the city where the project is located or a city with a climate similar to the
project location. Selection is accomplished by moving the cursor to the selection cell
highlighting the desired city and pressing Enter. At any time, the user may abandon the
input for the synthetic weather generator by pressing ESC; the program will return to the
"Precipitation, Temperature and Solar Radiation" screen without loss of previously entered
data.

Once a city is selected, the program displays another screen called "Synthetic
Precipitation Data", "Synthetic Temperature Data" or "Synthetic Solar Radiation Data."
On this screen, the city and state are displayed, and the user is asked to provide additional
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information. The first value that must be entered is the number of years of synthetic data
to be generated. The rest of the information on the screen is optional. For precipitation,
the user can elect to use the default normal mean monthly precipitation values provided
by the HELP program or to enter normal mean monthly precipitation values to be used
in generating the synthetic precipitation for that location. For temperature, the user has
the option to use the default normal mean monthly temperature values provided by the
HELP program or to enter normal mean monthly temperature values to be used in
generating the synthetic temperature for that location. Users are encouraged to enter their
own normal mean monthly values especially if the landfill is not located at the selected
city. The program uses the normal mean monthly data to adjust the data generated by the
synthetic weather generator. If the user decides not to use the default values, the program
will transfer control to the normal mean monthly data option under the "User" heading.
At this time the user must input values for January through December. A blank cell for
a given month will be recorded as zero, and the user must be careful not to leave a cell
without an entry. A zero entry, however, is a valid entry. For solar radiation the optional
value is the latitude for the location. The default latitude of the selected city will be
displayed, but the user is encouraged to enter the latitude of the actual landfill location
to obtain better solar radiation values.

Create/Edit

If the user selects the create/edit option (Customary or Metric Units) for manually
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entering or editing precipitation, temperature and/or solar radiation data, the program
prompts the user with a request to enter the city and state of the location and the units
that will be used for entering the data manually. These requests appear on the same
screen as "Precipitation, Temperature and Solar Radiation" screen and will be filled in
with information when editing an existing data file. The user may press the Esc key to
abandon the entry of this information and return to the selection of another weather data
option. Once the location and units are specified, the program displays the yearly data
screen.

Yearly Data Screen

This screen is like a spreadsheet that has four columns. Two of these columns are
for the precipitation data, and one column each is for temperature and solar radiation. The
first column is for the year for which the precipitation data is to be entered, and the
second column is for total annual precipitation. The user cannot access the yearly total
precipitation column since this total is computed by the program after the daily data for
the year is entered. If the user reaches this screen from the precipitation option on the
"Precipitation, Temperature, and Solar Radiation" screen, the user will only be able to
move within the column under precipitation. Similarly, if the user reaches this screen
from the temperature data option, then only movement in the temperature column is
permitted, and analogously, for the solar radiation option.

To enter a new year of daily values, the user should move the cursor to a empty cell,
type in the year and press Enter. The program will display the daily data screen on
which the daily values are entered. The user can return to the yearly data screen by
pressing F10 to retain the data (to a temporary file) or by pressing ESC to abandon the
created data.

The user can enter up to 100 years of daily data. The yearly data screen can only
display 20 rows at a time. The user, however, can move the cursor to the bottom of the
screen and then cursor down to move to the next row until the hundredth row is
displayed. Similarly, the user can move the cursor upward to display the rows in the
spreadsheet that are not shown on the screen, if any. To move down 20 rows, press Page
Down, and to move up 20 rows, press Page Up. To reach the last row, press End, and
to go to the first row press Home.

To edit an existing year of daily values, the user must first create and/or read weather
data. If the data were previously saved, the user should specify the existing data file
"Weather Data - File Editing" screen immediately after selecting the "Enter/Edit Weather
Data" option from the main menu. The HELP model reads the data from the edit file and
stores it in a temporary file. Upon entering the create/edit option, the program displays
the list of years for precipitation, the total annual precipitation for each year, and a list
of years for the temperature and solar radiation data. To edit, move the cursor to the year
that is to be edited and press Enter. The program will display the daily data screen and
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the user may type over any values that need to be edited. The operation of the yearly
data spreadsheet and the daily data spreadsheet is the same when editing existing data or
when creating new data.

After entering or editing years of daily weather data, the user can return to the
"Precipitation, Temperature and Solar Radiation" screen to exercise other weather data
options. To retain the newly created or edited years of daily weather data, the user
should press F10 from the yearly data screen; the program will then replace the existing
temporary data file containing all of the years of data for that type of weather data. To
lose the newly entered or edited daily data, the user should press F9 or Esc; the program
will retain the previously existing temporary data file containing the values of that type
of weather data prior to entering the create/edit option.

Daily Data Screen

Upon selecting or specifying a year from the yearly data screen, the program displays
the daily data screen, a spreadsheet for entering daily data. This spreadsheet consists of
10 columns and 37 rows. The spreadsheet contains information on the file name, the
year, month, and day. This information is displayed at the top of the spreadsheet. The
day and month are continuously updated as the user moves from one cell to another. The
first day is considered January 1, and the last day is December 31. The spreadsheet is
divided into two parts, the first part being rows 1 through 19, and the second part, rows
20 through 37. The user can move the cursor to the bottom of the screen and cursor
down to move to the next row until the 37th row is displayed. Similarly, the user can
move the cursor upward to display any rows in the spreadsheet that are not shown. To
move from the upper to the lower portions of the spreadsheet and vice versa, press Page
Down and Page Up, respectively. To reach the last cell in the spreadsheet, press End,
and to return to the first cell, press Home.

The user should input values one day at a time without leaving empty cells between
months. For example, the first month (January) will extend to the first cell (or column)
in the fourth row. The values for the first day in February should start in column 2 of
row 4; no empty cells are left between months. An empty cell is considered by the
program to indicate a value of zero for that day. A zero is a valid entry. The program
keeps track of leap years and adjusts the month and day at the top of the spreadsheet
accordingly. Since there are 37 lines with each line containing 10 days of data, there will
be empty cells at the end of line 37 in the spreadsheet. These cells are ignored by the
program.

If the user decides to quit entering data in the daily spreadsheet and return to the
yearly spreadsheet, the user should press the Esc key. By doing so, whatever data were
entered on the daily data sheet will be lost; the previously existing data will be retained.
To exit the daily spreadsheet and retain the data entered on that sheet, the user should
press F10. Note that the F10 key will retain the data in a temporary file only and not
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in any previously selected file. A separate temporary file is maintained for each year of
daily data.

Once the user returns to the yearly weather sheet, more years can be entered or
edited, and the daily values for these years can be input on the daily sheet in the same
manner described above. After exiting the precipitation spreadsheet by pressing F10, and
upon returning to the yearly sheet, the annual total precipitation for that year is computed
and displayed next to the year.

Editing Data on Yearly Data Screen

Besides selecting years for creating or editing daily data, the user has the options on
the yearly data screen to select only a portion of a weather file for future use, to rearrange
the years of data, to repeat the same year(s) of data for a longer simulation period or to
insert years of data into an existing file. These options are performed using the functions
to add (insert) a year above or below an existing year in the list of years, delete a year,
move a year to a position above or below an existing year in the list of years, or copy a
year to a position above or below an existing year in the list of years. The options are
performed only on the type of data (precipitation, temperature or solar radiation)
highlighted when the create/edit option was selected. This is done by using the following
key combinations of functions:

Alt A adds/inserts a year (either new, being moved or being copied) above the
highlighted year (where the cursor is positioned)

Alt B adds/inserts a year (either new, being moved or being copied) below the
highlighted year (where the cursor is positioned)

Alt D deletes the highlighted year (where the cursor is positioned)

Alt M tags the highlighted year (where the cursor is positioned) to be moved
to another location to be designated using the cursor and Alt A or Alt B

Alt C tags the highlighted year (where the cursor is positioned) to be copied
to another location to be designated using the cursor and Alt A or Alt B

To add a new year directly above a certain year, for example above the year on line
29 (Line numbering is shown on the left edge of the screen.), the user should move the
cursor to line 29, hold the Alt key down, and press A. The result of this action is that a
blank cell is inserted above line 29, and the program shifts the year on line 29 and all the
years below it one line downward (i.e. year on line 29 moves to line 30, year on line 30
moves to line 31, etc.), and line 29 will be a blank line for the user to enter the value for
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the new year.

To add a year directly below a certain year, for example below the year on line 5, the
user should move the cursor to line 5, hold the Alt key down, and press B. The result
of this action is that a blank cell is inserted below line 5, and the program shifts the year
on line 6 and all the years below it one line downward (i.e. year on line 6 moves to line
7, year on line 7 moves to line 8, etc.), and line 6 will be a blank cell for the user to
enter the value of the new year.

The Alt D combination causes the program to delete a year from the list of years.
For example, to delete the year on line 15, the user should move the cursor to line 15,
hold the Alt key down, and press D. The program will delete information on line 15 and
will shift the years on lines 16 to 100 upward one line (i.e., year on line 16 moves to line
15, year on line 17 moves to line 16, etc.), and cell on line 100 becomes an empty cell.
The user is cautioned that the deleted year cannot be recovered without quitting and
losing all changes (F9 or Esc). The original temporary file is replaced only when the
changes are finally retained by pressing F10 from the yearly data screen.

The copy command allows the user to place a year that is identical to another year
on another line. For example, to copy the year on line 70 to line 5, move the cursor to
line 70 and press the Alt C combination, then move the cursor to line 5 and press the
Alt A combination. At this point, the user must specify a value for the new year; the
value must be different from the value of any other year in the data set for that type of
weather data. This action will cause the new value for the year to appear on line 5 but
the daily values will be the same as those found for the year copied and previously found
in line 70. (The user may obtain the same result after the Alt C combination by moving
to line 4 and pressing the combination Alt B).

The move command allows the user to move one year from one location on the
yearly data screen to another. For example, to move the year on line 32 above the year
on line 56, move the cursor to line 32, press the Alt M combination, and move the cursor
to line 56 and press the Alt A combination. This action will cause the year on line 32 to
be deleted and be placed directly above the year on line 56. (The user may obtain the
same result after the Alt M combination by moving to line 55 and pressing the
combination Alt B).

The Esc key can be used to quit the move and copy functions (after pressing Alt M
or Alt C and before pressing Alt A or Alt B. By editing the data as discussed above, the

user is actually arranging the order of the precipitation data of the years. Actual
rearranging of data in the data file, however, takes place only after the user presses F10.

NOAA Tape Data

This option allows the user to enter data to the HELP model from a NOAA data set

58



(Customary Units Only). If this option is selected, the user must enter the city and state
for the site and the NOAA file name. For the precipitation and temperature options, the
NOAA data file should contain daily Summary of Day data written in as-on-tape format.
Note that for temperature data two file names are requested, one for the maximum
temperature and the other for the minimum temperature. If the user has only a mean
temperature data file, the mean temperature data file name should be entered for both
maximum and minimum temperature data file names. For the solar radiation option the
NOAA data file should contain hourly Surface Airways data written in as-on-tape format.
Example NOAA data files are included with the HELP program -- PC49215A.PRN for
precipitation, MX49215A.PRN for maximum temperature and MN49215A.PRN for
minimum temperature. When entering the NOAA file name, the user should include the
DOS path (if the file location is different than the default directory), file name and
extension. The user can abandon the entry of this data by pressing Esc. Once valid
information is entered, the program reads the data from the specified file and converts it
to the HELP Version 3 format.

Climatedata™

This option allows the user to enter daily precipitation or temperature data to the
HELP model from Climatedata™ (Customary Units Only). If this option is selected, the
user must enter the city and state for the site and the Climatedata™ file name. Note that
for temperature data, two file names are requested, one for the maximum temperature file
and the other for the minimum temperature file. The Climatedata™ file should have been
created by exporting or printing the CD-ROM data to an ASCII print file. This same
format is used by data bases other than Climatedata™ and therefore these data bases can
be converted using this same option. Example Climatedata™ files are included with the
HELP program -- BIRM.PRC for precipitation, BIRM.MAX for maximum temperature
and BIRM.MIN for minimum temperature. When entering the Climatedata™ file name,
the user should include the DOS path (if the file location is different than the default
directory), file name and extension. The user can abandon the entry of this data by
pressing Esc. Once valid information is entered, the program reads the data from the
specified file and converts it to the HELP Version 3 format.

ASCII Data

This option allows the user to enter daily weather data to the HELP model from
ASCII data files (Customary or Metric Units). The ASCII data set is composed of lines
of data whose values are separated by a blank(s), a comma or other non-numeric symbol.
If this option is selected, the user must enter the city and state for the site, the units of
the data in the ASCII files. The user can abandon the entry of this data by pressing ESc.
Once valid information is entered, the program then asks for the file name and year of
the ASCII data set, one year at a time. Each file should contain only one year of daily
values for a particular type of data, either precipitation, mean temperature or solar
radiation. Example ASCII data files are included with the HELP program -- RAIN.1 and
RAIN.2 for precipitation, TEMP.1 and TEMP.2 for temperature and SOLAR.1 and
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SOLAR.2 for solar radiation. When entering the ASCII data file name, the user should
include the DOS path (if the file location is different than the default directory), file name
and extension. In order to return from this option to the "Precipitation, Temperature, and
Solar Radiation" screen, press ESC.

HELP 2

This option allows the user to enter weather data to the HELP model Version 3 from
a data file used in the HELP model Version 2 (Customary Units Only). If this option is
selected, the user must enter the city and state for the site and the HELP Version 2 data
file name. Example HELP 2 data files are included with the HELP program -- ALA4 for
precipitation, ALA7 for temperature and ALA13 for solar radiation. When entering the
HELP 2 data file name, the user should include the DOS path (if the file location is
different than the default directory), file name and extension. The user can abandon the
entry of this data by pressing Esc. Once valid information is entered, the program reads
the data from the specified file and converts it to the HELP Version 3 format.

Canadian

This option allows the user to enter weather data to the HELP model from a Canadian
Climatological Data (Surface) file (Metric Units Only). If this option is selected, the user
must enter the city and state for the site and the Canadian Climatological Data file name.
The precipitation and mean temperature data files should contain daily values written in
either compressed or uncompressed diskette format. The solar radiation data file should
contain hourly global solar radiation values also written in either compressed or
uncompressed diskette format. Example Canadian data files are included with the HELP
program -- CAN4.DAT and CCAN4.DAT for precipitation, CAN7.DAT and
CCANT7.DAT for temperature and CAN13.DAT and CCANI13.DAT for solar radiation.
When entering the Canadian data file name, the user should include the DOS path (if the
file location is different than the default directory), file name and extension. The user can
abandon the entry of this data by pressing Esc. Once valid information is entered, the
program reads the data from the specified file and converts it to the HELP Version 3
format.

4.5.4 Saving Weather Data

During the creation of the weather data explained above, the data are saved in
temporary files. To save the data to permanent files, the user must press F10 from the
primary screens. Once the F10 key is pressed, the program verifies that all the data have
been entered. If any of the data is incomplete, the program displays a list of the problem
areas. The user can return to the primary screens to complete the data or continue to save
the incomplete data. After displaying the deficiencies, the program displays the "Weather
Data - File Saving" screen. Here the user may save all or only some of the four weather
types, or completely abandon the save option. The user should tag each type of data to
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be saved by entering a "Y" in the "SAVE" column and those not to be saved by entering
a "N" in the "SAVE" column. Default file names are displayed in appropriate locations
on this screen; these are the same names as used in Version 2. At this time, the user may
enter new file names for any or all of the four types of weather data. (See Section 4.5.1
for file naming convention used in HELP.) If the file already exists, the program will
display "File Already Exists" after entering the name. After replacing all file names of
interest, the user should press F10 or Page Down to complete the saving to the requested
file names. If files already exists for any of the file names as they would for the default
names, the program will ask the user about overwriting each existing file. If the user
answers "Y" for all of the files, the program will overwrite the files, complete the saving
process and return to the main menu. If the user answers "N" for any file, the program
will interrupt the saving, return to the "SAVE" column and change the tag to "N". The
user can then change the tag back to "Y", rename the file, and restart the saving by
pressing F10 or Page Down. The program provides other options listed on the "File
Saving" screen to enable the user to return the weather data entry screens (Page Up) or
to return to the main menu without saving the data (F9). The user must be cautioned that
the F9 option will cause all the data created (if any) to be lost. Figure 11 shows the
available options.
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Figure 11. "Weather Data - File Saving" Screen Options

4.6 SOIL AND DESIGN DATA
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This module is selected from the main menu by pressing 2, ""Enter/Edit Soil and
Design.” While in this module, the user will be able to enter site information, a landfill
profile, layer design data, characteristics of soils, geomembranes and other materials, and
SCS runoff curve number information. The primary screens in this module are the "Soil
and Design Data - File Editing" screen, "Landfill General Information" screen, three
Landfill Profile Design and Layer Data screens, "Runoff Curve Number Information”
screen, "Verification and Saving" screen and "Soil and Design Data - File Saving" screen.
Several secondary screens may appear during the session depending on the action taken
by the user. On-line help screens are always available for display by pressing F1 or F2.

The individual primary screens and their secondary screens of this module are discussed
below. Figure 12 shows a schematic of the soil and design data module.
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Figure 12. Schematic of Soil and Design Data Module

4.6.1 Soil and Design Data File Selection

The first screen in the soil and design module is the "Soil and Design Data - File
Editing" screen. A schematic of this screen is shown in Figure 13. On this screen the
user may enter the file name of an existing file to select a previously generated HELP
Version 3 file for editing or leave the file name blank to create new data. When selecting
a file to be edited, the user may specify the DOS path if different from the default drive
and subdirectory, such as C:\HELP3\DATA. The default directory is initially displayed
in the directory cell on the screen. If the user specifies a drive or a directory that does
not exist, the program will display respectively "Invalid Drive" or "Invalid Directory" and
replaces the content with the default directory. The soil and design data file may have
any valid DOS name of up to 8 characters. If the user enters an illegal file name, the
program displays "Bad File Name" and clears the file name. If the user specifies a file
name that does not exist, the program displays "File Not Found" and clears the file name.
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The program adds an extension of .D10 to the file name. As such, the user should not
specify the extension in HELP Version 3 whenever entering a file name for editing or
saving.
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Figure 13. "Soil and Design Data - File Editing" Screen Options

As shown in Figure 13, the user may obtain a listing of all soil and design data files
that reside on the directory currently specified in the directory cell by pressing F4. Up
to 120 data files can be displayed on the screen. The name of the current directory where
these files are located is also displayed. To change to another directory, the user should
enter the name of that directory in the column labeled DIRECTORY. To select a file
from the list of displayed files, move the cursor to the file and select it by pressing Enter.
This transfers control back to the previous screen and the name of the file just selected
will be displayed in the proper cell. The user can exit the list-of-files screen without
selecting a file by pressing F4 again or Esc.

When ready to proceed to enter new data or edit existing data, the user should press
Page Down or F10. The program then reads the data file to be edited, if a file is
specified, and proceeds to the "Landfill General Information" screen. If a new data set
is to be created (file name left blank), the program initializes the soil and design data and
then asks for the system of units to be used throughout the module (Customary or
Metric). Proper units are displayed throughout the module for entries that require units.
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4.6.2 Landfill General Information

The second input screen in the soil and design data module is the "Landfill General
Information" screen. Figure 14 shows the screen and its branches as a schematic. By
moving the cursor to the appropriate cell, the user can enter new information or edit the
information that was read from the edit file. The first entry is the project title which is
only used for identification of the simulation.
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Figure 14. Schematic of "Landfill General Information" Screen

The second entry on this screen is the landfill area. The units of the area are
displayed next to the input cell according to the system of units selected. The user should
enter the area in acres for Customary units or in hectares for Metric units. The third entry
is for the percent of area where runoff is possible. This variable specifies the portion
of the area that is sloped in a manner that would permit drainage off the surface. The
runoff estimates predicted by the model are equal to the computed runoff by the curve
number method times this percent. The difference between the computed runoff and the
actual runoff is added to the infiltration.

Next, the user must select the method of moisture content initialization; that is
whether or not the user wishes to specify the initial moisture storage. If the user answers
"N" (no) to this question, the program assumes near steady-state values and then runs the
first year of the simulation to improve the initialization to steady-state. The soil water
contents at the end of this year of initialization are taken as the initial values for the
simulation period. The program then runs the complete simulation, starting again at the
beginning of the first year of weather data. The results for the initialization period are
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not reported. However, if the user answers "Y" (yes), the user is requested to enter the
amount of water or snow water on the surface in the units selected. Later, the user
should enter the initial moisture content of each layer as explained in the next section.

4.6.3 Landfill Layer Data

The next step in the soil and design data module is to input the design specifications
of the landfill profile, one layer at a time. Layer data are entered in three screens. These
screens have a spreadsheet layout where each row represents a layer. Figure 15 shows
the three spreadsheets and their associated screens. The first row of cells on the screens
is the uppermost layer in the landfill. Each column of cells on the screens represents a
variable or a property of the layer or its material. Variable names are listed in the first
two rows of the screen, and the third row contains the units of that variable, if any.
Every highlighted cell is associated with a highlighted property (heading of a column) and
a highlighted layer number (row label). The user should enter the value of the specified
property for the corresponding layer. All entries must obey certain rules which are
discussed below.
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Figure 15. Schematic of Landfill Layer Data
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Layer Type

The user should input layer type in the first column of the spreadsheet. The four
layer types and their associated code numbers that the program recognizes are vertical
percolation (1), lateral drainage (2), barrier soil liner (3), and geomembrane liner (4).
These are defined as follows:

1. A layer of moderate to high permeability material that drains vertically primarily

as unsaturated flow is classified as a vertical percolation layer as long as it is not
underlain by a liner with a lateral drainage collection and removal system. The
primary purpose of a vertical percolation layer is to provide moisture storage; as
such, top soil layers and waste layers are often vertical percolation layers.

2. A layer of moderate to high permeability material that is underlain by a liner with

a lateral drainage collection and removal system is classified as a lateral drainage
layer. The layer drains vertically primarily as unsaturated flow and laterally as
a saturated flow.

3. A layer of low permeability soil designed to limit percolation/leakage is classified

4.

as a barrier soil liner. The layer drains only vertically as a saturated flow.

A geomembrane (synthetic flexible membrane liner) designed to restrict vertical
drainage and limit leakage is classified as a geomembrane liner. Leakage is
modeled as vapor diffusion and leakage through small manufacturing defects and
installation flaws.

While the HELP program is quite flexible, there are some basic rules regarding the
arrangement of layers in the profile that must be followed.

1.

2.

A vertical percolation layer may not be underlying a lateral drainage layer.

A barrier soil liner may not be underlying another barrier soil liner.

A geomembrane liner may not be placed directly between two barrier soil liners.
A geomembrane liner may not be underlying another geomembrane liner.

A barrier soil liner may not be placed directly between two geomembrane liners.
When a barrier soil liner or a geomembrane liner is not placed directly below the
lowest drainage layer, all drainage layers below the lowest liner are treated as

vertical percolation layers. Thus, no lateral drainage is computed for the bottom
section of the landfill.
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7. The top layer may not be a barrier soil liner.
8. The top layer may not be a geomembrane liner.

9. The profile can contain no more than a total of five barrier soil liners and
geomembrane liners.

The program checks for rule violations only at the time the user saves the data.
Therefore, to reduce the time involved in evaluating a landfill, the user is encouraged to
design a proper layer sequence before saving the data.

In the second column, which has the heading "Layer Thickness," the user should
enter the thickness of each layer in the landfill profile even for the geomembrane liner,
in inches or cm. The values must be greater than zero; a blank cell is taken as a value
of zero. Again, during data verification the program checks for layer thickness of zero
and issues a violation statement when the user tries to save the data.

In the third column, the user should enter the soil texture number of the soil that
forms the layer. The 4 possible options for the user to enter soil texture numbers are:

1. Select from a list of default textures for 42 soils, wastes, geomembranes,
geosynthetics and other materials.

2. Select from a library of user-defined textures that were previously saved and
numbered by the user (up to 100 such textures are allowed).

3. Enter a new soil texture number that can be used again in this design and that can
later be saved in the library of user defined textures (material properties must also
be entered manually for this texture).

4. Leave the texture number blank and enter the material properties manually.
Default Soil/Material Textures

Default soil/material textures have numbers from 1 to 42 and are listed in Table 4.
The user can either type the soil texture number or press F6 to select a texture from the
list of default textures. If the user enters a default soil/material texture number manually,
the program automatically assigns the default values for porosity, field capacity, wilting
point, and hydraulic conductivity to the layer. On the other hand, the user may press F6
to obtain the list of soil textures on a separate screen. On the soil texture screen, the user
can move the cursor to the desired texture or press Page Down to display the rest of the
default soil textures. After cursoring to the desired texture, press Enter to select it. At
this time, program control returns to layer spreadsheet screen and displays the selected
soil texture number, along with the porosity, field capacity, wilting point, and hydraulic
conductivity in appropriate cells. Notice that the only information available for the
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default geomembrane liners is the hydraulic conductivity (liner vapor diffusivity). If the
user changes any of the four soil properties obtained for a default soil/material texture,
the program automatically resets the soil texture number to 0. The user can then assign
the values a new soil texture number that is not used in either the list of default or
previously saved user defined textures if the user wishes to save the material
characteristics for future use.

As mentioned above, default soil/material textures are obtained by pressing F6 and
are available on all three screens. To move from one screen of default soil/material
textures to another the user should press Page Up or Page Down. To return to the layer
spreadsheet without making a selection, press ESc. A selection is made only by moving
the cursor to the desired soil texture and pressing Enter.

User-Defined Soil Texture

In Version 3 of the HELP model, the user has three options to specify material
characteristics, in addition to selecting soil textures from the default list. One method is
to enter all of the material characteristics manually without specifying a soil texture
number. This method is used when the user does not wish to save these characteristics
for use again in this simulation or future simulations. The second method, which allows
the user to assign a new soil texture number to the manually entered values for the soil
properties, is used when the same characteristics are to be used in future simulations and
the characteristics are to be permanently saved in a library of user-defined textures. A
library of up to 100 soil textures may be saved in a "user-defined soil texture" data file.
The creation and addition of textures to this file are explained in Section 4.6.5 of this
User’s Guide. The third method is to select a user-defined texture that was previously
saved in the library. If this library of user-defined soil textures exists, the user can
display the list of available textures for selection by pressing F7. Selecting a user-defined
soil texture for a given layer is identical to that of selecting a default soil/material
textures; the user should move the cursor to the desired soil texture and press Enter. At
this point, program control returns to the layer spreadsheet and displays soil texture
values, porosity, field capacity, wilting point, and hydraulic conductivity of the selected
soil in the layer (row) where F7 was pressed. Also, in the same manner as in default
soil/material textures, the user can simply type the number of the user-defined soil texture
in "Soil Texture No." column of the first screen of the layer spreadsheets, and the
program will automatically obtain the soil characteristics for that soil texture and place
them in the proper location on the layer spreadsheet.

Whenever F7 is pressed, control transfers to the user-defined soil textures. To move
among pages of soil textures press Page Up and Page Down. To make a selection, press
Enter, and to return to the layer spreadsheet without making a selection, press ESC.

The values entered for the moisture storage parameters in columns 4 through 7 of the

first screen of layer spreadsheets are interrelated. In column 4 the porosity must be
greater than zero but less than 1. In column 5 the field capacity must be between zero
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and 1 but must be smaller than the porosity. In column 6 the wilting point must be
greater than zero but less than the field capacity. In column 7 the initial moisture
content must be greater than or equal to the wilting point and less than or equal to the
porosity. If the user had indicated on the "Landfill General Information" screen that the
program should specify initial moisture content for the soil layers, the program will ignore
all input in column 7. As such, the user does not need to enter data in this column. On
the other hand, if the user had indicated that the user wishes to specify the initial moisture
content, these values must be entered manually. An empty cell is interpreted as zero for
initial moisture, violating the rules. If the layer is a liner, the program during execution
automatically sets the initial water content equal to the porosity of the layer. The
program will detect violations of these values and will report them to the user during
verifications when the data is to be saved to a file.

The second screen of layer spreadsheets can be obtained by pressing Page Down.
On this sheet the user will notice that the layer type is already appearing. In the first
column of cells the saturated hydraulic conductivity must be specified in the appropriate
units (cm/sec). If the soil texture selected was a default soil/material texture or a
user-defined soil texture, the saturated hydraulic conductivity will be displayed in this
column. Remember that changing the saturated hydraulic conductivity causes the soil
texture number on the previous screen to revert to zero in the same manner as changing
any of the other material characteristics (porosity, field capacity or wilting point).

Drainage Layer Design

Information on lateral drainage layer design must be entered manually for each lateral
drainage layer directly above the liner regardless of the method used to enter soil textures.
The required information is the drainage length, drainage layer slope, recirculation
percentage and recirculation destination. These parameters are found in the second
through fifth column of cells on the second spreadsheet screen of layer data. These
columns are used only for the lateral drainage layers directly above the liner; data placed
in rows for other layers will be ignored during execution. The second column of cells
on this second screen of layer data is for entering the maximum drainage length of
lateral drainage layers, which is the length of the horizontal projection of the flow path
down the slope of a liner to the water/leachate collection system. This length must be
greater than zero. In third column of cells the user should enter the drain slope in
percent. This slope is the maximum gradient of the surface of the liner at the base of the
lateral drainage layer; this is the slope along the flow path.

In Version 3, the HELP program allows leachate/drainage recirculation to be
simulated. The amount of leachate/lateral drainage to be recirculated from a given layer
should be entered as a percent of the layer’s drainage in the fourth column of cells. The
layer to which this leachate drainage should be recirculated should be entered on the same
row in the fifth column of cells. The value entered is the number of the layer receiving
recirculation. Layer numbers are those numbers displayed on the left side of the screen.
These numbers are 1 through 20 and refer to the order of the layers in the profile. The
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HELP model does not allow leachate recirculation to a liner.

Version 3 of the HELP model also allows the user to specify subsurface inflow into
the landfill from a groundwater source. The amount of subsurface inflow into each layer
should be entered in the last column of the second spreadsheet of layer data and is
considered to be a steady flow rate into the landfill at the layer where the inflow value
is entered. If subsurface inflow is specified for the bottom layer, the program will assume
no leakage through the bottom of the landfill. For most landfills, the inflows will be zero
and this column can be left blank.

After entering the necessary values in the second spreadsheet screen of layer data, the
user should press Page Down to go to the third and last screen of layer data. Pressing
Page Up will return to the first spreadsheet of layer data, allowing the user to edit the
previously entered values. Again, on the third spreadsheet screen, the layer type of all
layers in the profile are displayed to aid in positioning data on the screen.

Geomembrane Liner Design

All of the entries on third screen of layer data pertain to geomembrane liner
properties such as geomembrane liner pinhole density, geomembrane liner installation
defect density, geomembrane liner placement quality, and associated geotextile
transmissivity (if present). Values must be entered for each geomembrane liner (layer
type 4) in the profile. Guidance on estimating the pinhole and installation defect density
as well as definitions for these parameters is provided in Section 3. The placement
quality options are also described in Section 3 and are presented below. The geotextile
transmissivity should be specified only when a placement quality of 6 is used.

In the third column of cells the user should input the geomembrane liner placement
quality. The HELP program recognizes the following six types of placement quality.

1. Perfect contact
2. Excellent contact
3. Good field placement
4. Poor field placement
5. Bad contact -- worst case
6. Geotextile separating geomembrane liner and controlling soil layer
Typically, placement quality 6 would not be used with a geosynthetic clay liner (GCL)

despite the presence of a geotextile since, upon wetting, the clay extrudes through the
geotextile and provides intimate contact with the geomembrane.
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After completing input for one layer, the user can go back to the first spreadsheet and
enter information for other layers. Page Up and Page Down are used to move backward
and forward between spreadsheets. The user may also input values on one spreadsheet
completely filling it, and move on to the next spreadsheet filling in the information for
the layers entered in the first spreadsheet and so on. No blank rows be left in the
spreadsheet between layers; however, if the user does leave some blank lines, the program
will not save these as layers.

Layer Editing

While entering or editing the properties of the layers in the landfill defined in the
three spreadsheets of layer data, the user has the option to add a layer to the profile,
delete a layer, move a layer to another location in the profile, or copy a layer to another
location. When using these layer editing functions, the program operates simultaneously
on all three screens of layer data. This is done by using the following key combinations:

Alt A adds/inserts a layer (either new, being moved or being copied) above the
highlighted layer (where the cursor is positioned)

Alt B adds/inserts a layer (either new, being moved or being copied) below the
highlighted layer (where the cursor is positioned)

Alt D deletes the highlighted layer (where the cursor is positioned)

Alt M tags the highlighted layer (where the cursor is positioned) to be moved
to another location to be designated using the cursor and Alt A or Alt B

Alt C tags the highlighted layer (where the cursor is positioned) to be copied
to another location to be designated using the cursor and Alt A or Alt B

To add a new layer directly above a certain layer, for example above the layer on line
6 (shown on the left edge of the screen), the user should move the cursor to line 6, hold
the Alt key down, and press A. The result of this action is that a blank line is inserted
above the layer that was at line 6, and the program shifts the layer on line 6 and all the
layers below it one line downward (i.e. layer on line 6 moves to line 7, layer on line 7
moves to line 8, etc.), and line 6 will be a blank line for the user to enter the values for
the new layer.

To add a layer right below a certain layer, for example below the layer on line 5, the
user should move the cursor to line 5, hold the Alt key down, and press B. The result
of this action is that a blank line is inserted below line 5, and the program shifts the layer
on line 6 and all the layers below it one line downward (i.e. layer on line 6 moves to line
7, layer on line 7 moves to line 8, etc.), and line 6 will be a blank cell for the user to
enter the value of the new layer.
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The Alt D combination causes the program to delete a layer from the list of layers.
For example, to delete the layer on line 3, the user should move the cursor to line 3, hold
the Alt key down and press D. The program will delete all information on line 3 and will
shift the layers on lines 4 to 20 upward one line (i.e., layer on line 4 moves to line 3,
layer on line 5 moves to line 4, etc.), and line 20 becomes a blank line. The user is
cautioned that the deleted layer cannot be recovered without quitting and losing all
changes (F9 or Esc).

The copy command allows the user to place a layer that is identical to another layer
on another line. For example, to copy the layer on line 7 to line 2, move the cursor to
line 7 and press the Alt C combination, then move the cursor to line 2 and press the
Alt A combination. This action will cause the program to insert a layer with values the
same as those formerly found at line 7 above the layer formerly found at line 2. The
layers formerly at and below line 2 will be moved downward one line. (The user may
obtain the same result after the Alt C combination by moving to line 1 and pressing the
combination Alt B).

The move command allows the user to move a layer from one row on the screens of
layer data to another row. For example, to move the layer on line 3 above the layer on
line 6, move the cursor to line 3, press the Alt M combination, and move the cursor to
line 6 and press the Alt A combination. This action will cause the layer on line 3 to be
deleted and be placed directly above the layer on line 6. This will cause line 4 to move
up one line to line 3, line 5 to move to line 4 and line 3 to move to line 5; the other lines
will be unchanged. (The user may obtain the same result after the Alt M combination by
moving to line 5 and pressing the combination Alt B).

The Esc key can be used to quit the move and copy functions (after pressing Alt M
or Alt C and before pressing Alt A or Alt B). By editing the data as discussed above, the
user may arrange the order of the layers and run the model to test several possible
configurations.

If the user has 20 lines completely filled with layers and then decides to add or copy
a layer, the layer that is already in line 20 will disappear and cannot be recovered.
Therefore, care must be taken not to add layers that will cause the loss of the layers at
the bottom of the spreadsheet.

When all the layers of the profile are entered, press Page Down from the third layer
spreadsheet to proceed with the rest of the soil and design data entry. Pressing Page Up
from the first layer spreadsheet passes control to the "Landfill General Information"
screen.

4.6.4 Runoff Curve Number

The "Runoff Curve Number Information" screen may be reached from the third layer
spreadsheet by pressing Page Down, or from the "Landfill General Information" Screen
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by pressing Page Up. A schematic of the options associated with the "Runoff Curve
Number Information" screen is shown in Figure 16. This screen is composed of three
options that can be used to specify the runoff curve number. The first option is to use
an user-specified curve number that the HELP model will use without modification. The
second option is to request the HELP model to modify a user-specified curve number
according to the surface slope and surface slope length. In the third option the user
requests a HELP model computed runoff curve number based on surface slope, slope
length, soil texture of the top layer in the landfill profile, and vegetation. To select one
of these three options, the user should move the cursor to the desired option and press
Enter. This action will cause the program to transfer control down to the box for the
option selected. For each option, the user must input all required information. Although
the user can move from one box to the other (use Tab and Shift Tab keys), care should
be taken to insure that the desired method is the one that will be used by HELP. The
HELP model uses that option in which data was last entered; this option is marked by a
small arrow in front of the option.

RUNOFF CURVE
NUMBER
INFORMATION

COMPUTE CURVE
USER SPECIFIED MODIFY CURVE NUMBER BASED ON
NUMBER FOR
CURVE SLOPE AND SOIL TEXTURE,
NUMBER SLOPE, SLOPE LENGTH,
SLOPE LENGTH AND VEGETATION

3 M

<F.1N;> <F:m> <F:m> @
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MAIN MENU

Figure 16. Schematic of "Runoff Curve Number Information" Screen Options

The user should refer to the HELP model documentation for Version 3 for the
techniques used in the computation of the curve number based on slope and slope length.
The value of the slope must be input in percent, and slope length must be input in the
units indicated. If the top layer in the landfill is obtained from the default soil/material
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textures, the soil texture number for that layer will be displayed in the appropriate cell
on the screen. The user can solicit help on the vegetation cover by pressing the F2 key.
The only valid entries for the vegetation are 1 through 5, according to the following:

1. Bare ground

2. Poor stand of grass

3. Fair stand of grass

4. Good stand of grass

5. Excellent stand of grass

If the user selects the option that requires the HELP model to compute the curve
number, the program first calculates the SCS runoff curve number for landfills with mild
surface slopes (2 to 5 percent) based on the vegetation type and the soil texture on the
top layer if one of the default soil/material textures is selected (soil texture types 1
through 18, 20 and 22 through 29) in the same manner as Version 2 (Schroeder et al.,
1988b). HELP Version 3 then adjusts the SCS runoff curve number based on the surface
slope and the length of the slope.

4.6.5 Verifying and Saving Soil and Design Data

Pressing F10 anywhere in the soil and design option transfers control to the
"Verification and Saving" screen. This screen provides the user with several options:
verify landfill general design data, verify soil layer/geomembrane properties, verify layer
arrangement, review/save user-defined soil textures, and save soil and design data. The
user can select any of these options by moving the cursor to the option and pressing
Enter. Figure 17 shows the verify and save soil and design data options.

The user can verify the data before attempting to save the data by exercising the first
three options on the "Verification and Saving" screen. These options are available mainly
for the convenience of the new user since experienced users will be familiar with data
requirements and the data will always be verified before saving. To check the data
entered on the general landfill and runoff information screens, the user should select the
first option, "Verify Landfill General Information Design Data." If there are no violations
or warnings, the program will write "OK" to the right of the option; otherwise the
program will list the problems and then write "BAD" to the right of the option.

The user can check the layer descriptions (the values on a row of the third screens
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Figure 17. Verify and Save Soil and Design Data Options

of layer data) by selecting the "Verify Soil Layer/Geomembrane Properties" option. The
program will examine each row for completeness for the type of layer described; for
example, the program will insure that a placement quality was entered for all
geomembrane liners (layer type 4). It will also check for the appropriateness of the
values; for example, it will insure that the porosity is greater than the field capacity. If
there are no violations or warnings, the program will write "OK" to the right of the
option; otherwise the program will list the problems and then write "BAD" to the right
of the option. Similarly, the user can check for violations in the ordering of the layers
from top to bottom based on the layer types specified by selecting the "Verify Layer
Arrangement" option. This option will check the nine rules for ordering of layers; for
example, the program will insure that the top layer is not a liner. This option operates
in the same manner as the verification options.

Another available option on this screen is to review the user defined soil textures that
were used in the landfill profile for inclusion in or deletion from the library of user
defined soil textures. Upon selecting this option, the program lists all of the non-zero
user-defined soil textures used in the profile and allows the user to enter or edit a name
to describe the material in the user soil library. Then after entering the names or labels,
the user should tag all of the soil textures to be included in the library with a "Y" in the
column of cells under the "SAVE" heading. Similarly, the user should tag all of the soil
textures to be deleted from or not included in the library with a "N" in the column of
cells under the "SAVE" heading. To complete the additions and deletions to the library,
the user should press F10; to cancel the additions and deletions and return to the
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"Verification and Saving" screen, the user should press Esc or F9.

If the user selects the "Save Soil and Design Data" option, the program automatically
checks for possible violation of rules or errors in the soil and design data. This checking
encompasses verification of presence, arrangement and values entered for the general
landfill information, the landfill profile and layer data, and the runoff curve number
information. The program scans through the three landfill profile spreadsheets of layer
data one layer at a time and reports the errors as they are encountered. If any violations
or inconsistencies are found, the program displays them on multiple screens. The user
should press Enter or Page Down to proceed through the screens and reach the "File
Saving" screen where the data can be saved in a file. If the user wishes to return to
"Verification and Saving" screen, press ESC.

Upon reaching the "File Saving" screen, the user can return to the verification and
input screens to correct violations by editing the data. To return, press Page Up
successively until the desired screen is reached. On the other hand, the user can still save
the data now and make corrections at a later time if there were violations. However, it
should not be expected that the HELP model will provide meaningful answers for such
data.

Soil and design data are saved in a file specified on the "Soil and Design Data - File
Saving" screen. The program displays the default file name, DATAT10, for saving in the
default directory. DATAIO is the same name for the soil and design data as used in
Version 2 except that Version 3 adds an extension of .D10 to the specified soil and design
data file name. To save the data, the user should enter "Y" in the "Save" column. Then,
the user should specify the directory in which to save the file. If the directory cannot be
found, the program responds "Invalid Directory" and replaces it with the default directory.
After the directory, the user should enter the file name (no extension or period). If the
file already exists, the program will display "File Already Exists." After entering the file
name, the user should press F10 or Page Down to complete the saving to the requested
file name. If the file already exists as the default file would, the program will ask
whether the user wishes to have the existing file overwritten. If the user answers "Y",
the program will overwrite the file, complete the saving process and return to the main
menu. If the user answers "N", the program will interrupt the saving, return to the
"SAVE" column and change the tag to "N". The user can then change the tag back to
"Y", rename the file, and restart the saving by pressing F10 or Page Down. The program
provides other options listed on the "File Saving" screen to provide the means for the user
to display a directory of existing soil and design data files (F4), to return to the data entry
screens (Page Up) or to return to the main menu without saving the data (F9). The user
must be cautioned that the F9 option will cause all the data created (if any) to be lost.
Figure 17 shows the available options.

4.7 EXECUTING THE SIMULATION
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Option 3 on the main menu is "Execute Simulation". This option is composed of two
primary screens: "Execution Files - File Management" screen and "Output Selection"
screen and is shown schematically in Figure 18.

Execution Files

This screen is used to define the weather and soil and design data files that contain
the data to be used in the HELP model simulation. Six files must be specified to run
HELP model. The input data files required are a precipitation data file, a temperature
data file, a solar radiation data file, an evapotranspiration data file, and a soil and design
data file; and for output, the HELP model requires one file on which the results are to be
written.

The user must enter the file names without extension since the HELP model
recognizes the following extensions for the various types of files:

.D4 for precipitation data

.D7 for temperature data

.D11 for evapotranspiration data
.D13 for solar radiation data
.D10 for soil and design data
.OUT for the output

When the program initially displays the "Execution Files - File Management" screen,
the program lists the default directory name in each cell in the directory column and the
file names of each type of data that were used in the last simulation. The user should
enter the directory, if different than the default directory, for each type of file. If an
invalid directory is entered, the program displays the message "Invalid Directory" and
replaces the directory with the default directory. If user enters a file name that could not
be found on the specified directory, then the program displays the message "File Not
Found" and erases the file name.

As shown in Figure 18, the user may obtain a list of all files that reside on the current
directory by pressing F4. When the user presses F4, the program obtains a directory of
all files that pertain to the type of file at the cell where F4 was pressed. For example,
if F4 was pressed from the temperature file cell, the program will display the list of files
with extension D7 that reside on the current directory displayed in temperature file row.
Up to 120 data files for any file type can be displayed on a separate screen. The name
of the current directory where these files are located is also displayed. The user can
obtain the list of data files with the same extension that are available in another valid
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Figure 18. Schematic of "Execute Simulation" Option

directory by entering the name of that directory in the column labeled DIRECTORY and
on the same row as the file type of interest.

To select a file from the list of displayed files, move the cursor to the file and select
it by pressing Enter. This transfers control back to the previous screen and the name of
the file just selected will be displayed in the proper cell. The user can exit the
list-of-files screen without selecting a file by pressing the ESc key.

Once file names have been selected, the user can proceed to the next screen of the
execution module by pressing Page Down or F10. If the output file already exists, the
user is prompted with a warning indicating that this file already exists. The program then
asks whether the file should be overwritten. If the user answers "N", the program moves
the cursor to the output file name cell so that the user can enter a new file name. If the
user answers "Y", the program proceeds to the "Output Selection" screen. Before
displaying the next screen, the program reads the weather data files to determine the
maximum allowable simulation period.

Output Selection
On this screen, the user selects the units of the HELP model output, the number of

years to simulate, and the output frequency. The user may use a maximum of 100 years
of simulation provided that weather data are available for that many years. If the weather
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data in the selected files have a different number of years, the HELP model allows the
simulation period to be no larger than the minimum number of years available in any of
the daily weather data files. If the simulation period selected is smaller than the
maximum allowable period, the program will use the years of weather data starting at the
top of the files.

The rest of the information available on this screen is for selecting the type of
optional output desired (daily, monthly or annual). The user may select any, all or none
of the available options. The program will always write the summary output to the output
file as well as a description of the input data. In order to select additional or different
output frequencies, move the cursor to the desired output frequency and type "Y". Once
all execution files and output frequency data are selected, the user should press Page
Down or F10 to start the simulation. To move back to the "Execution Files" screen,
press Page Up.

4.8 VIEWING RESULTS

Option 4 on the main menu is to view the results of execution. This option is used
to browse through the output file before printing. Figure 19 is a schematic of this option.
The program displays the "View Results" screen. The user should enter the desired
directory and file name. The file name can be selected from a list of files by pressing
F4. After selecting the file, press Page Down or F10 to display the selected file. The
viewing function uses the LIST program written by Vernon D. Buerg and instructions on
its use are available on screen by typing ? or F1. To display other types of files, first
enter the extension of the file of interest, then the directory and the file name. To return
to the main menu, press Page Down or F10.

4.9 PRINTING RESULTS

Option 5 on the main menu is used to print the output file. Figure 20 is a schematic
of this option. The program displays the "Print Results" screen. The user should enter
the desired directory and file name. The file name can be selected from a list of files by
pressing F4. After selecting the file, press Page Down or F10 to print the selected file.
The print function uses the DOS PRINT command and instructions on its use are
available in a DOS manual. The output file is 80 characters wide for all output options
except daily output, which can be up to 132 characters wide. When printing output with
daily results, it may be necessary to select a compressed font on your printer before
printing to avoid wrapping or loss of output.

To print other types of files, first enter the extension of the file of interest, then the
directory and the file name. To return to the main menu, press Page Down or F10.
Alternatively, the output file or any data file, which are ASCII text files, could be
imported into other software such as word processors and printed in the format desired.
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Figure 19. Schematic of "View Results" Option

Similarly, the output, in total or part, can be printed within the Viewing Option using the
LIST program and blocking sections to be printed.

4.10 DISPLAYING GUIDANCE
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Figure 20. Schematic of "Print Results" Option
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On-line help is provided throughout the program. However, option 6 on the main
menu gives an overview of the HELP program, as well as, general criteria for landfill
design and guidance on using the model. Most of this user guide is displayed in this
option and the guidance refers to figures and tables in this guide. In addition, the on-line
guidance uses the same section numbering as this guide.

4.11 QUITTING HELP

Option 7 on the main menu is to quit the HELP program and return to DOS.

81



REFERENCES

Arnold, J. G., Williams, J. R., Nicks, A. D., and Sammons, N. B. (1989). "SWRRB, A
basin scale simulation model for soil and water resources management," Texas A&M
University Press, College Station, TX. 142 pp.

Breazeale, E., and McGeorge, W. T. (1949). "A new technic for determining wilting
percentage of soil," Soil Science 68, 371-374.

Brooks, R. H., and Corey, A. T. (1964). "Hydraulic properties of porous media,"
Hydrology Papers (3), Colorado State University, Fort Collins, CO. 27 pp.

England, C. B. (1970). "Land capability: A hydrologic response unit in agricultural
watersheds," ARS 41-172, USDA Agricultural Research Service. 12 pp.

Harpur, W. A., Wilson-Fahmy, R. F., and Koerner, R. M. (1993). "Evaluation of the
contact between geosynthetic clay liners and geomembranes in terms of transmissivity,"
Proceeedings of GRI Seminar on Geosynthetic Liner Systems, Geosynthetic Research
Institute, Drexel University, Philadelphia, PA. 143-154.

Knisel, W. J., Jr., Editor. (1980). "CREAMS, A field scale model for chemicals, runoff,
and erosion from agricultural management systems, volumes I, II and III." USDA-SEA,
Conservation Research Report 26. 643 pp.

Lutton, R. J., Regan, G. L., and Jones, L. W. (1979). "Design and construction of covers
for soil waste landfills," EPA-600/2-79-165, US Environmental Protection Agency,
Cincinnati, OH. 249 pp.

National Oceanic and Atmospheric Administration. (1974). Climatic atlas of the United
States. US Department of Commerce, Environmental Science Services Administration,

Nation Climatic Center, Ashville, NC. 80 pp.

Perrier, E. R., and Gibson, A. C. (1980). "Hydrologic simulation on solid waste disposal
sites," EPA-SW-868, US Environmental Protection Agency, Cincinnati, OH. 111 pp.

Rawls, W. J., Brakensiek, D. L., and Saxton, K. E. (1982). "Estimation of soil water
properties," Transactions of the American Society of Agricultural Engineers 25(5), 1316-
1320.

Richardson, C. W., and Wright, D. A. (1984). "WGEN: A model for generating daily
weather variables," ARS-8, USDA Agricultural Research Service. 83 pp.

Ruffner, J. A. (1985). Climates of the states, National Oceanic and Atmospheric

82



Administration narrative summaries, tables, and maps for each state, volume 1 Alabama -
New Mexico and volume 2 New York - Wyoming and territories. Gale Research
Company, Detroit, MI. 758 pp. and 1572 pp.

Schroeder, P. R., and Gibson, A. C. (1982). "Supporting documentation for the
hydrologic simulation model for estimating percolation at solid waste disposal sites
(HSSWDS)," Draft Report, US Environmental Protection Agency, Cincinnati, OH.
153 pp.

Schroeder, P. R., Gibson, A. C., and Smolen, M. D. (1984). "The hydrologic evaluation
of landfill performance (HELP) model, volume II, documentation for version 1,"
EPA/530-SW-84-010, US Environmental Protection Agency, Cincinnati, OH. 256 pp.

Schroeder, P. R., Peyton, R. L., McEnroe, B. M., and Sjostrom, J. W. (1988). "The
hydrologic evaluation of landfill performance (HELP) model: Volume III. User’s guide
for version 2," Internal Working Document EL-92-1, Report 1, US Army Engineer
Waterways Experiment Station, Vicksburg, MS. 87 pp.

Schroeder, P. R., McEnroe, B. M., Peyton, R. L., and Sjostrom, J. W. (1988). "The
hydrologic evaluation of landfill performance (HELP) model: Volume IV.
Documentation for version 2," Internal Working Document EL-92-1, Report 2, US Army
Engineer Waterways Experiment Station, Vicksburg, MS. 72 pp.

Schroeder, P. R., Dozier, T. S., Zappi, P. A., McEnroe, B. M., Sjostrom, J.W., and
Peyton, R.L. (1994). "The hydrologic evaluation of landfill performance (HELP) model:
Engineering documentation for version 3," EPA/600/8-94/xxx, US Environmental
Protection Agency, Cincinnati, OH. 105 pp.

USDA, Soil Conservation Service. (1985). "Chapter 9, hydrologic soil-cover

complexes." National engineering handbook, section 4, hydrology. US Government
Printing Office, Washington, D.C. 11 pp.

83



BIBLIOGRAPHY

Darilek, G. T., Laine, D. L., and Parra, J. O. (1989). "The electrical leak location
method geomembrane liners: Development and applications."  Geosynthetics ’89
Conference Proceedings. San Diego, CA, 456-466.

Giroud, J. P., and Bonaparte, R. (1989). "Leakage through liners constructed with
geomembranes -- part . Geomembrane liners," Geotextiles and Geomembranes 8(1),
27-67.

Giroud, J. P., and Bonaparte, R. (1989). "Leakage through liners constructed with
geomembranes -- part II. Composite liners," Geotextiles and Geomembranes 8(2),
71-111.

Giroud, J. P., Khatami, A., and Badu-Tweneboah, K. (1989). "Evaluation of the rate of
leakage through composite liners," Geotextiles and Geomembranes 8(4), 337-340.

McEnroe, B. M., and Schroeder, P. R. (1988). "Leachate collection in landfills: Steady
case," Journal of the Environmental Engineering Division 114(5), 1052-1062.

Oweis, I. S., Smith, D. A., Ellwood, R. B., and Greene, D. S. (1990). "Hydraulic
characteristics of municipal refuse," Journal of Geotechnical Engineering 116(4),
539-553.

US Environmental Protection Agency. (1985). "Covers for uncontrolled hazardous waste
sites," EPA/540/2-85/002, Hazardous Waste Engineering Research Laboratory, Cincinnati,
OH. 529 pp.

US Environmental Protection Agency. (1988). "Guide to technical resources for the
design of land disposal facilities," EPA/625/6-88/018, Risk Reduction Engineering
Laboratory, Cincinnati, OH. 63 pp.

US Environmental Protection Agency. (1989). "Technical guidance document: Final

covers for hazardous waste landfills and surface impoundments,” EPA/530-SW-89-047,
Office of Solid Waste and Emergency Response, Washington, D.C. 39 pp.

84



APPENDIX A

CALCULATING SOIL, WASTE AND MATERIAL PROPERTIES

A.1 BACKGROUND

The HELP program requires values for the total porosity, field capacity, wilting point,
and saturated hydraulic conductivity of each layer of soil, waste, or other material in a
landfill profile. These values can be selected from a list of default materials provided by
the HELP program (Table 4) or specified by the user. User-specified values can be
measured, estimated, or calculated using empirical or semi-empirical methods presented
in this appendix. Selecting the HELP values from default materials or calculating them
based on empirical or semi-empirical techniques are not intended to replace laboratory or
field generated data. Default and calculated values are suitable for planning purposes,
parametric studies, and design comparisons, but are not recommended for accurate water
balance predictions. The default and calculated values are for water retention and flow;
therefore, leachate is assumed to behave the same as water. The effects of macropores
resulting from poor construction practices, burrowing animals, desiccation cracks, etc. are
not taken into account in the calculation of the properties or in the default values, but the
saturated hydraulic conductivity of the surface soil described by the default values is
modified for grassy vegetation.

A.2 EMPIRICAL METHOD

The empirical method for calculating HELP program user-defined values employs
empirical equations reported by Brakensiek et al. (1984) and Springer and Lane (1987)
to determine soil water retention parameters (field capacity and wilting point) and an
empirical equation developed by Kozeny-Carman to determine saturated hydraulic
conductivity. The total porosity and percent sand, silt, and clay of each layer is the
minimum data required to calculate user-defined values using this method.

A.2.1 Total Porosity
Total porosity is a measure of the volume of void (water and air) space in the bulk

volume of porous media. At 100 percent saturation, total porosity is equivalent to the
volumetric water content of the media (volume of water per total volume of media) or

Water Volume (A-1)

Total Porosity =
Total Volume

A-1



A.2.2

Total porosity can be calculated by developing a solid, liquid, and air phase
relationship of each layer. This relationship can be calculated using the water content (on
a weight basis) and density (wet or dry) of a sample. Introductory geotechnical
engineering textbooks such as Holtz and Kovacs (1981) and Perloff and Baron (1976)
provide detail guidance for determining phase relationships. Total porosity is also related
to void ratio (ratio of void volume to solid volume) by the following equation:

Total Porosity = Void Ratio (A-2)

1 + Void Ratio

Soil-Water Retention

Field capacity is the volumetric water content of a soil or waste layer at a capillary
pressure of 0.33 bars. Field capacity is also referred to as the volumetric water content
of a soil remaining following a prolonged period of gravity drainage. Wilting point is the
volumetric water content of a soil or waste layer at a capillary pressure of 15 bars.
Wilting point is also referred to as the lowest volumetric water content that can be
achieved by plant transpiration. The general relation among soil moisture retention
parameters and soil texture class is shown below.
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Figure A-21. General Relation Among Soil Moisture Retention Properties
and Soil Texture Class
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A.2.3

Brakensiek et al. (1984) and Springer and Lane (1987) reported the following
empirical equations, which were developed using data from natural soils with a wide
range of sand (5-70 percent) and clay (5-60 percent) content:

Field Capacity = 0.1535 - (0.0018)(% Sand) + (0.0039)(% Clay) + (A-3)
(0.1943)(Total Porosity)

Wilting Point = 0.0370 - (0.0004)(% Sand) + (0.0044)(% Clay) + (A-4)
(0.0482)(Total Porosity)

Sand and clay percentages should be determined using a grain size distribution chart and
particle sizes defined by the U.S. Department of Agriculture textural soil classification
system. According to this system, sand particles range in size from 0.05 mm to 2.0 mm,
silt particles from 0.002 mm to 0.05 mm, and clay particles are less than 0.002 mm.

Numerous other equations relating field capacity and wilting point to soil textural
properties have been developed. Most of these equation were developed using site-
specific data. However, Gupta and Larson (1979) developed empirical equations for field
capacity and wilting point using data from separate and mixed samples of dredged
sediment and soil from 10 geographic locations in eastern and central United States.
Rawls and Brakensiek (1982) and Rawls et al. (1982) also developed empirical equations
by fitting the Brooks and Corey’s (1964) soil water retention equation to soil water
retention and matrix potential data from 500 natural soils in 18 states. Rawls’ (1982)
equations are not applicable to soils subjected to compactive efforts.

Williams et al. (1992) concluded that equations used to predict water contents based
on texture and bulk density alone provided poorer estimates of water content, with large
errors at some capillary pressures, in comparison with models that incorporate even one
known value of water content. HELP users generally do not have adequate information
to use models that require unsaturated water content information; therefore, Equations A-3
and A-4 are used to calculate the water retention of soil and waste layers.

Saturated Hydraulic Conductivity

Saturated hydraulic conductivity (sometimes referred to as the coefficient of
permeability) is used as a constant in Darcy’s law governing flow through porous media.
Hydraulic conductivity is a function of media properties, such as the particle size, void
ratio, composition, fabric and degree of saturation, and the kinematic viscosity of the fluid
moving through the media. Saturated hydraulic conductivity is used to describe flow
through porous media where the void spaces are filled with a wetting fluid (e.g. water).
Permeability, unlike saturated hydraulic conductivity, is solely a function of media
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properties. Henri Darcy’s experiments resulted in the following equation for hydraulic
conductivity (Freeze and Cherry, 1979):

K - (ﬁ) c & (A-5)
v
where
K = hydraulic conductivity, cm/sec
g = acceleration due to gravity, 981 cm/sec’
v = kinematic viscosity of water, 1.14 x 10 cm*/sec at 15°C
C = proportionality constant, replaced in Equation A-6 by a function of the
porosity
d = particle diameter, cm, approximated for nonuniform particles by Equation A-7

Darcy’s proportionality constant is dependent on the shape and packing of the soil
grains (Freeze and Cherry, 1979). Since porosity represents an integrated measure of the
packing arrangement in a porous media, the following semi-empirical, uniform pore-size
equation relating Darcy’s proportionality constant and porosity was developed by Kozeny-
Carman (Freeze and Cherry, 1979):

K - (5) d, (A-6)
v 1.80x10%

K, = saturated hydraulic conductivity, cm/sec

n3

(1-n)°

where

= acceleration due to gravity = 981 cm/sec’

= kinematic viscosity of water, 1.14 x 107 cm*/sec at 15°C

g

v

n = total porosity

d, = geometric mean soil particle diameter, mm, computed by Equation A-7

The original Kozeny equation was obtained from a theoretical derivation of Darcy’s
Law where the porous media was treated as a bundle of capillary tubes (Bear 1972).
Carman introduced an empirical coefficient to Kozeny’s equation to produce the semi-
empirical Kozeny-Carman equation (Brutsaert 1967). The Kozeny-Carman’s equation
reported in Freeze and Cherry (1979) was altered to allow the mean particle size to be
entered in millimeters.

Freeze and Cherry (1979) indicated that the particle diameter of a non-uniform soil
can be described using a mean particle size diameter. Shirazi and Boersma (1984)
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indicated that geometric rather than arithmetic statistical properties are advocated for
describing soil samples. The reason, in part, is that there is a wide range of particle sizes
in a natural soil sample making the geometric scale much more suitable than the
arithmetic scale. Therefore, the mean particle diameter in Kozeny-Carman’s equation
reported in Freeze and Cherry (1979) was identified as the geometric mean soil particle
diameter.

Shirazi et al. (1988) and Shiozawa and Campbell (1991) indicated that bimodal
models describe particle grain size curves more accurately than unimodal models.
However, analysis performed by Shiozawa and Campbell (1991) on six Washington state
soils exhibiting varying sand, silt, and clay fractions indicated that the unimodal model
accurately predicted the geometric mean soil particle diameter in all soils tested.
Therefore, Shiozawa and Campbell (1991) developed an equation for geometric mean soil
particle diameter by using the unimodal model developed by Shirazi and Boersma (1984);
using geometric mean particles sizes based on the USDA classification system, as
recommended by Shirazi, et al. (1988); and assuming that the soil was composed entirely
of clay, silt, and sand. Shiozawa and Campbell’s (1991) equation was altered to relate
percent silt and clay to the particle diameter; resulting in the following equation:

d, = exp [-1.151 - 0.07713 (% Clay) - 0.03454 (% Silt)] (A-7)

where

d, = geometric mean soil particle diameter, mm
Percent silt and clay should be determined using a grain size distribution chart and grain
sizes defined by the U.S. Department of Agriculture (USDA) textural soil classification
system (see para A.2.2).

Kozeny-Carman’s equation coupled with Shiozuwa and Campbell’s equation for mean
diameter was applied to soils data provided by Lane and Washburn (1946). These data
included void ratio and grain size distribution curves for three soils composed of differing
degrees of silt and sand. The saturated hydraulic conductivity predicted by Kozeny-
Carman’s equation was compared with laboratory data provided by Lane and Washburn
(1946). This comparison indicated that Kozeny-Carman’s saturated hydraulic conductivity
equation coupled with Shiozuwa and Campbell’s mean diameter equation can overpredict
measured values by one to two orders of magnitude. Although conservative, these results
reemphasize the fact that semi-empirical equations are not meant to replace laboratory or
field measured data.

Numerous other empirical equations, with limited application, have been developed
to estimate saturated hydraulic conductivity from the physical properties of soils. For
example, Freeze and Cherry (1979), Holtz and Kovacs (1981), and Lambe and Whitman
(1969) presented various forms of Allen Hazen’s equation for determining the saturated
hydraulic conductivity of silt, sand, and gravel soils. Rawls and Brakensiek (1985) also
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presented an equation for determining the saturated hydraulic conductivity of soils with
varying degrees of sand (5-70 percent) and clay (5-60 percent).

A.3 SEMI-EMPIRICAL METHOD

A3.1

The semi-empirical method for determining the HELP program user-defined values
employs a theoretical equation developed by Brooks and Corey (1964) to determine soil-
water retention parameters (field capacity and wilting point) and a semi-empirical
equation developed by Brutsaert (1967) and Rawls et al. (1982) to calculate saturated
hydraulic conductivity. The total porosity, residual volumetric water content, pore-size
distribution index, and bubbling pressure of each layer are the minimum data required to
calculate the user-defined values for this method. As previously mentioned, total porosity
can be calculated using Equation A-1 or A-2.

Soil-Water Retention

The HELP program does not allow the user to define the Brooks-Corey parameters
(residual volumetric water content, pore-size distribution index, and bubbling pressure)
of the soil, waste, or barrier layers; therefore, if these data are available, the user must
first calculate field capacity and wilting point using Brooks and Corey’s (1964) water
retention equation:

A
6-6 _ [b) (A-8)
o-0 |
where
0 = volumetric water content (field capacity or wilting point), unitless
0, = residual saturation volumetric water content, unitless
¢ = total porosity, unitless
A = pore-size distribution index, unitless
vy = capillary pressure, bars (at field capacity, 0.33, or wilting point, 15.0)

Y, = bubbling pressure, bars

The volumetric water content in Equation A-8 is, by definition, equivalent to field
capacity at a capillary pressure of 0.33 bar and is equivalent to wilting point at a capillary
pressure of 15 bars. The HELP program will use the calculated field capacity and wilting
point values to recalculate the Brooks-Corey parameters; however, because the program
estimates the residual saturation water content from the wilting point before using
Equation A-8 to calculate the other Brooks-Corey parameters, the program values will
differ slightly from the laboratory data.



A.3.2 Saturated Hydraulic Conductivity

Brutsaert (1967) derived a saturated hydraulic conductivity relation by substituting
Brooks-Corey’s water retention equation into the Childs and Collis-George (1950) series-
parallel coefficient of permeability integral. Rawls et al. (1982 and 1983) presented the
following form of Brutsaert’s (1967) equation:

. ($-8)* 22
W, (AD(+2)

K, - (A9

where
K, = saturated hydraulic conductivity, cm/sec

a = constant representing the effects of various fluid constants
and gravity, 21 cm’/sec

¢ = total porosity, unitless
0, = residual volumetric water content, unitless
Y, = bubbling pressure, cm

A = pore-size distribution index, unitless

Childs and Collis-George’s (1950) series-parallel coefficient of permeability model
assumes that the porous media is equivalent to a number of parallel portions each with
a different hydraulic conductivity and each with uniform pore size. The hydraulic
conductivity of each portion is obtained from the assumption of a bundle of capillary
tubes parallel to the direction of flow. The media is fractured at a normal plane with two
resulting faces, which are then rejoined after some random displacement (Brutsaert, 1967).

Rawls et al. (1982) fit Equation A-9 (using geometric mean values for Brooks-Corey
parameters) to saturated hydraulic conductivity values from their data base and obtained
a good correlation between these and predicted values. Rawls et al. (1982) and Rawls
et al. (1983) subsequently recommended using an "a" constant of 21 cm/sec. However,
Rawls et al. (1982) fit Equation A-9 to data presented by other researchers and obtained
saturated hydraulic conductivities that overpredicted the data by three to four times.
Although conservative, these results re-emphasize the fact that empirical equations are not
meant to replace laboratory or field measured data.

A4 VEGETATED, SATURATED HYDRAULIC CONDUCTIVITY

If the saturated hydraulic conductivity of a soil or waste layer is not selected from the
HELP default data base, the program will not adjust the saturated hydraulic conductivity
to account for root penetration by surface vegetation. Therefore, the user must adjust the
saturated hydraulic conductivity in the top half of the evaporative zone. The program
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adjusts the default values using the following equation developed by regressing changes
in infiltration resulting from vegetation.

(K), = [1.0+ 0.5966 (LAI) + 0.132659 (LAI)® + 0.1123454 (LAI)?

- 0.04777627 (LAI)* + 0.004325035 (LAI)®] (K) (A-10)
where
(K, = vegetated saturated hydraulic conductivity in top half
of evaporative zone, cm/sec
LAl = leaf area index, unitless
K, = unvegetated saturated hydraulic conductivity in top half

of evaporative zone, cm/sec

A.5 CONCLUSIONS

The HELP program user-defined values for total porosity, field capacity, wilting
point, and saturated hydraulic conductivity can be conservatively calculated using
empirical or semi-empirical methods presented in this appendix. Total porosity, percent
sand, silt and clay, and particle diameter are the minimum data required to calculate user-
defined values using the empirical method. Total porosity and Brooks-Corey parameters
are the minimum data required for the semi-empirical method. Where available,
comparisons with measured values re-emphasized the fact that neither of these methods
is intended to replace laboratory or field generated data.
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Performance Demonstration for an Alternative Cover Design
under Section 502.A.2 of the New Mexico
Solid Waste Management Regulations (20 NMAC 9.1)
Using HELP Modeling

1. Existing Solid Waste Landfills without a Liner System:

A prescriptive landfill cover system must, in accordance with Section 502.A.1, consist of an
infiltration layer comprised of a minimum of 18 inches of earthen material with the required hydraulic
conductivity (K) and a minimum of 6 inches of soil that is capable of sustaining native plant growth as
an erosion layer (Figure 1). The cover component of 18 inches of earthen material must be equivalent
to the least hydraulically conductive natural subsoils or a saturated hydraulic conductivity of no greater
than 1 x 10 cm/sec. For example, if the hydraulic conductivity of the natural subsoils is 5 x 10
cm/sec, then the K of the infiltration layer material must be equivalent to these soils. However, this
example is for modeling purposes only. If the K of the underlying subsoils is less than 1 x 10 cm/sec
(e.g., 5 x 10° cm/sec), then an alternative cover design must be proposed since 1 x 10~ cm/sec is the
lowest acceptable actual K for soils used in covers due to desiccation and root penetration (see
example below). If the hydraulic conductivity of the natural subsoils is greater than 1 x 10-° cm/sec
(e.g., 1 x 10 cm/sec), the K of the infiltration layer material must equate to the 1 x 10~ cm/sec
requirement.

If the infiltration layer meets the minimum hydraulic conductivity of 1 x 10-* cm/sec or that of
the natural subsoils and the minimum 18 inch condition then a Hydrologic Evaluation of Landfill
Performance (HELP) Model simulation is not required. If an alternative cover design is proposed, it
must achieve an equivalent reduction in infiltration as the infiltration layer specified in Section
502.A.1.a. Therefore, a HELP Model simulation is required to demonstrate that the design of such a
cover provides equivalent reduction in infiltration as the prescriptive cover design. If the natural
subsoils have a hydraulic conductivity of less than 1 x 10 cm/sec (e.g., 5 x 10 cm/sec), then the cover
must achieve equivalent reduction in infiltration as that of the prescriptive cover but with an 18 inch
infiltration layer with a hydraulic conductivity of 5 x 10° cm/sec.

Prescriptive Cover System (*for modeling only)

6 inch Erosion/Vegetative Layer

18 inch [K=1 x 107 cm/sec (or less*)]

Figure 1. Prescriptive Cover System



A demonstration of equivalent reduction in infiltration is determined by using the EPA HELP
Model. The HELP Model simulations need to compare the prescriptive cover and the alternative cover
design (Figure 2). The simulation for the prescriptive cover must include the erosion, infiltration and
intermediate cover layers. The alternative cover design simulation includes the intermediate and
alternative cover layers. The two designs are to be simulated for years 1 through 5 with “poor”
vegetation during the post-closure care period to demonstrate equivalency (Simulations #1 & #2). In
New Mexico, it is assumed for a conservative value that the vegetation will be between “bare ground”
and “fair vegetation” designated as “poor vegetation”. Precipitation (wettest 5 consecutive year period
using Climatedata CD or NOAA data files: discs or manual entry), evapotranspiration, temperature
(use values associated with wettest 5 consecutive years of precipitation), and solar radiation data must
be site specific and identical for both alternative and prescriptive cover designs simulations. Provide
justification for all input parameters in the model utilizing the attached forms. Indicate characteristics
of on-site or other sources of soil proposed for the construction of cover and the parameter values in
the model. It is anticipated that the entire area of the landfill or cell will be modeled. The Department
recommends initializing the soil moisture content to be the value of the wilting point plus 25% of the
difference between the wilting point and the field capacity [i.e., (field capacity - wilting point) x 0.25 +
wilting point]. Other values deviating from this range may be used but must be fully justified. The
leaf area index may be between 0.8 and 1.6 depending on the site location. The evaporative zone depth
may be between 18” and 28" depending on the site location.

Prescriptive Final Cover Alternative Final Cover
Section 502.A.1 Section 502.A.2

Figure 2

For example, comparing the prescriptive cover of:
1) 6 inches of topsoil
2) 18 inches of compacted soil (K =5 x 10° cm/sec™* - to meet natural subsoils K =15 x 10)
3) Intermediate cover layer (optional* for modeling purposes) [*unless an intermediate cover
layer is used for modeling purposes with a proposed alternative cover system (see
below), then an intermediate cover layer must be used for modeling purposes]

with a proposed alternative cover system of:
1) 6 inches of topsoil
2) 30 inches of compacted (K =1 x 10~ cm/sec*)
3) Intermediate cover layer (optional for modeling purposes)



* K =5 x 10 cm/sec is for modeling purposes only since 1 x 10~ cm/sec is the lowest acceptable
actual K for soils used in covers. Even if soils with K =5 x 10 cm/sec are available for use in the
cover, over time the K will increase to 1 x 10 cm/sec due to desiccation and root penetration.

Input Parameters for HELP Simulation #1 (Prescriptive Cover)

Weather data

City/State: The weather data should be from the nearest reporting station that has at least 40 years of
data.

Latitude: The latitude must be specific for the site to use in synthesizing solar radiation data.
Evaporative zone depth: 18” to 28” corresponding with “poor” vegetation (see EPA Engineering
Documentation for Version 3, Figure 5 - e.g., Clovis would be 20”; Santa Fe and Roswell would be
24”; Las Cruces, Albuquerque, and Farmington would be 28”)

Maximum leaf area index: 0.8 to 1.6 corresponding with “poor” vegetation (see EPA Engineering
Documentation for Version 3, Figure 3 - e.g., Clovis would be 1.6; Santa Fe and Roswell would be 1.2;
Farmington would be 1.0; Las Cruces and Albuquerque would be 0.8)

Growing season start and end day: from solar radiation data (default)

Average wind speed: from solar radiation data (default)

Relative humidity: from solar radiation data (default)

Precipitation: daily precipitation from the wettest 5 consecutive years for the appropriate weather
reporting station

Temperature: daily* minimum and maximum temperatures corresponding with the wettest 5
consecutive years for the appropriate weather reporting station

(*may be monthly averages if manual entry is used)

Solar radiation data: synthetically generated using coefficients for the appropriate* default (HELP)
weather reporting station (*should be the closest by distance or latitude - consult with the Department
if the appropriate station is not obvious)

Landfill Cover Data

Type of vegetation: Type 2 for “poor”

SCS Runoff curve #: may be generated from HELP or user specified* (*must be justified)



% of area allowing runoff: 100%; “closed”

Surface area: entire disposal area of landfill

Soil and Design Data

Source of soil characteristics: geotechnical data should be obtained from the source material.

Number of layers: There should be a layer for each type of material used (or compacted v. non-
compacted)

Layer Number: (There should be a justification sheet for each layer.)

Thickness: 6” of topsoil, 18” of infiltration layer, 12” of intermediate cover layer* [*optional for
modeling purposes (unless an intermediate cover layer is used for modeling purposes with a proposed
alternative cover system in Simulation #2, then an intermediate cover layer must be used for modeling

purposes)]|
Layer type: “1” vertical percolation layer for all cover materials

Soil texture: The texture # should approximate the geotechnical characteristics (see EPA HELP User’s
Guide for Version 3, Table 4).

Total porosity: If the actual porosity is not known, then the default value may be used that most closely
approximates the geotechnical characteristics.

Field capacity: If the actual field capacity is not known, then the default value may be used that most
closely approximates the geotechnical characteristics.

Wilting point: If the actual wilting point is not known, then the default value may be used that most
closely approximates the geotechnical characteristics.

Moisture content: The moisture content should be initialized to be the value of the wilting point plus
25% of the difference between the wilting point and the field capacity [i.e., (field capacity - wilting
point) x 0.25 + wilting point].

Saturated hydraulic conductivity (K): The K of the infiltration layer must be the greatest actual value
(unless greater than 1x 107 cm/sec*) of the underlying soil [e.g., If the actual (two tested samples -
different locations) K of the underlying soil = 1x 10" cm/sec and 2 x 10, then model 18” of 2 x 107
cm/sec for the infiltration layer; *If the K of the underlying soil = 5 x 10~ cm/sec, then model 18” of
1x 10”° cm/sec].



Input Parameters for HELP Simulation #2 (Proposed Alternate Cover)

Weather data (must be the same as Simulation #1)

City/State: The weather data should be from the nearest reporting station that has at least 40 years of
data.

Latitude: The latitude must be specific for the site to use in synthesizing solar radiation data.
Evaporative zone depth: 18” to 28” corresponding with “poor” vegetation (see EPA Engineering
Documentation for Version 3, Figure 5 - e.g., Clovis would be 20”; Santa Fe and Roswell would be
24”; Las Cruces, Albuquerque, and Farmington would be 28”)

Maximum leaf area index: 0.8 to 1.6 corresponding with “poor” vegetation (see EPA Engineering
Documentation for Version 3, Figure 3 - e.g., Clovis would be 1.6; Santa Fe and Roswell would be 1.2;
Farmington would be 1.0; Las Cruces and Albuquerque would be 0.8)

Growing season start and end day: from solar radiation data (default)

Average wind speed: from solar radiation data (default)

Relative humidity: from solar radiation data (default)

Precipitation: daily precipitation from the wettest 5 consecutive years for the appropriate weather
reporting station

Temperature: daily* minimum and maximum temperatures corresponding with the wettest 5
consecutive years for the appropriate weather reporting station

(*may be monthly averages if manual entry is used)

Solar radiation data: synthetically generated using coefficients for the appropriate* default (HELP)
weather reporting station (*should be the closest by distance or latitude - consult with the Department
if the appropriate station is not obvious)

Landfill Cover Data

Type of vegetation: Type 2 for “poor”

SCS Runoff curve #: may be generated from HELP or user specified* (*must be justified)

% of area allowing runoff: 100%; “closed”

Surface area: entire disposal area of landfill



Soil and Design Data
Source of soil characteristics: geotechnical data should be obtained from the source material.

Number of layers: There should be a layer for each type of material used (or compacted v. non-
compacted)

Layer Number: (There should be a justification sheet for each layer.)

Thickness: 6” of topsoil, 18” to proposed thickness of infiltration layer, 12 of intermediate cover
layer* (*optional for modeling purposes)

Layer type: “1” vertical percolation layer for all* cover materials including GCLs used (*consult with
the Department if a FML is proposed to be used in the cover)

Soil texture: The texture # should approximate the geotechnical characteristics (see EPA HELP User’s
Guide for Version 3, Table 4).

Total porosity: If the actual porosity is not known, then the default value may be used that most closely
approximates the geotechnical characteristics.

Field capacity: If the actual field capacity is not known, then the default value may be used that most
closely approximates the geotechnical characteristics.

Wilting point: If the actual wilting point is not known, then the default value may be used that most
closely approximates the geotechnical characteristics.

Moisture content: The moisture content should be initialized to be the value of the wilting point plus
25% of the difference between the wilting point and the field capacity [i.e., (field capacity - wilting
point) x 0.25 + wilting point].

Saturated hydraulic conductivity (K): The K must be tested for the actual value unless the K is less
than 1 x 10” cm/sec* (e.g., If the tested K is 5 x 10~ cm/sec, then model the proposed thickness of the
infiltration layer at 5 x 10~ cm/sec. However, if the tested K is 2 x 107, the lowest value to be
modeled would be 1 x 10 cm/sec). *1 x 10~ cm/sec is the lowest acceptable K for soils used in covers
due to desiccation and root penetration; unless a GCL is proposed, then the actual K may be modeled
for the GCL layer (i.e., 0.24” at 3 x 10 cm/sec).



2. New Solid Waste Landfills:

As in the above case, the cover for the proposed landfill with a prescriptive or alternative liner
must achieve an equivalent protection as the liner. If an alternative final cover is proposed for the
landfill, then a demonstration must be submitted to the Bureau for approval pursuant to Section 502.A.
It must be determined by this demonstration that the proposed final cover design includes an
infiltration layer that achieves an equivalent reduction in infiltration as the bottom liner (Figure 3). A
HELP Model simulation comparison is acceptable for this demonstration for a 5 year period with
vegetation. Precipitation (wettest 5 consecutive year period using Climatedata CD or NOAA data files:
discs or manual entry), evapotranspiration, temperature (use values associated with wettest 5
consecutive years of precipitation) , and solar radiation data must be site specific and identical for both
liner and cover design simulations. Provide justification for all input parameters in the model utilizing
the attached forms. Demonstrate the relationship of the characteristics of on-site or other sources of
soil proposed for the construction of cover or liner and the parameter values in the model. It is
anticipated that the entire area of the landfill or cell will be modeled. The Department recommends
initializing the soil moisture content to be at least the value of the wilting point plus 25% of the
difference between the wilting point and the field capacity [i.e., (field capacity - wilting point) x 0.25 +
wilting point]. Other values deviating from this range may be used but must be fully justified.

For example, the comparison must include a HELP Model simulation for the liner and the
proposed final cover systems as below (see Simulations #4 & #3, respectively).

The simulation for an alternative liner system* could include:

1) the drainage/protective layer of the liner with leachate collection system,

2) the 60-mil HDPE FML,

3) the 0.25 inch (K =3 x 10?) GCL (geosynthetic clay liner),

4) the 6 inches of compacted in situ soil used as the prepared subgrade, and

5) with the solid waste cell open and no runoff.

*Any alternative liner system must meet the demonstration as described in the

"Performance Demonstration For An Alternative Liner Design under Section 306.A.2 of the
New Mexico Solid Waste Management Regulations (20 NMAC 9.1) Using HELP Modeling".

A liner system is compared with a HELP Model simulation for a proposed final cover:
1) 18 inches non-compacted material (6 inches of topsoil with poor grass and 12 inches of
non-compacted soil),
2) the 0.25 inch GCL (K =3 x 10”),
3) 12 inches of intermediate cover (6 inches of compacted soil and 6 inches of non-compacted
soil), and
4) with the solid waste cell closed and final placement of the cover to include runoff.



Prescriptive or Prescriptive (Fig. 4) or
Alternative Final Cover Alternative Liner System

Figure 3

Prescriptive Liner System

24 inch Drainage/Protective Layer

60-mil HDPE or 30-mil PVC FML

24 inch (K= 1 x 107) Clay Barrier Layer

Figure 4




Input Parameters for HELP Simulation #3 (Proposed Alternate Cover)

Weather data

City/State: The weather data should be from the nearest reporting station that has at least 40 years of
data.

Latitude: The latitude must be specific for the site to use in synthesizing solar radiation data.
Evaporative zone depth: 18” to 28” corresponding with “poor” vegetation (see EPA Engineering
Documentation for Version 3, Figure 5 - e.g., Clovis would be 20”; Santa Fe and Roswell would be
24”; Las Cruces, Albuquerque, and Farmington would be 28”)

Maximum leaf area index: 0.8 to 1.6 corresponding with “poor” vegetation (see EPA Engineering
Documentation for Version 3, Figure 3 - e.g., Clovis would be 1.6; Santa Fe and Roswell would be 1.2;
Farmington would be 1.0; Las Cruces and Albuquerque would be 0.8)

Growing season start and end day: from solar radiation data (default)

Average wind speed: from solar radiation data (default)

Relative humidity: from solar radiation data (default)

Precipitation: daily precipitation from the wettest 5 consecutive years for the appropriate weather
reporting station

Temperature: daily* minimum and maximum temperatures corresponding with the wettest 5
consecutive years for the appropriate weather reporting station

(*may be monthly averages if manual entry is used)

Solar radiation data: synthetically generated using coefficients for the appropriate* default (HELP)
weather reporting station (*should be the closest by distance or latitude - consult with the Department
if the appropriate station is not obvious)

Landfill Cover Data

Type of vegetation: Type 2 for “poor”

SCS Runoff curve #: may be generated from HELP or user specified* (*must be justified)

% of area allowing runoff: 100%; “closed”

Surface area: entire disposal area of landfill or cell (Ieachate collection basin)
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Soil and Design Data
Source of soil characteristics: geotechnical data should be obtained from the source material.

Number of layers: There should be a layer for each type of material used (or compacted v. non-
compacted)

Layer Number: (There should be a justification sheet for each layer.)

Thickness: 6” of topsoil, Proposed thickness of infiltration layer or rooting medium or drainage layer,
Possible GCL (0.24”) or FML, subgrade thickness for GCL or FML (minimum of 6”), 12” of
intermediate cover layer® (*optional for modeling purposes)

Layer type: Type “1” - vertical percolation layer for all* cover materials including GCLs used
(*consult with the Department if a FML is proposed to be used in the cover)

Soil texture: The texture # should approximate the geotechnical characteristics (see EPA HELP User’s
Guide for Version 3, Table 4).

Total porosity: If the actual porosity is not known, then the default value may be used that most closely
approximates the geotechnical characteristics.

Field capacity: If the actual field capacity is not known, then the default value may be used that most
closely approximates the geotechnical characteristics.

Wilting point: If the actual wilting point is not known, then the default value may be used that most
closely approximates the geotechnical characteristics.

Moisture content: The moisture content should be initialized to be the value of the wilting point plus
25% of the difference between the wilting point and the field capacity [i.e., (field capacity - wilting
point) x 0.25 + wilting point].

Saturated hydraulic conductivity (K): The K must be tested for the actual value unless the K is less
than 1 x 10” cm/sec* (e.g., If the tested K is 5 x 10~ cm/sec, then model the proposed thickness of the
infiltration layer at 5 x 10~ cm/sec. However, if the tested K is 2 x 107, the lowest value to be
modeled would be 1 x 10 cm/sec). *1 x 10~ cm/sec is the lowest acceptable K for soils used in covers
due to desiccation and root penetration; unless a GCL is proposed, then the actual K may be modeled
for the GCL layer (i.e., 0.24” at 3 x 10 cm/sec).
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Input Parameters for HELP Simulation #4 (Prescriptive Liner or Proposed Alternate Liner - Tier I)

Weather data (must be the same as Simulation #3)

City/State: The weather data should be from the nearest reporting station that has at least 40 years of
data.

Latitude: The latitude must be specific for the site to use in synthesizing solar radiation data.
Evaporative zone depth: 12” to 18” corresponding with bare ground (see EPA Engineering
Documentation for Version 3, Figure 5 - e.g., Santa Fe and Roswell would be 14”; Las Cruces,
Albuquerque, and Farmington would be 18”)

Maximum leaf area index: 0.0 corresponding with bare ground

Growing season start and end day: from solar radiation data (default)

Average wind speed: from solar radiation data (default)

Relative humidity: from solar radiation data (default)

Precipitation: daily precipitation from the wettest 5 consecutive years for the appropriate weather
reporting station

Temperature: daily* minimum and maximum temperatures corresponding with the wettest 5
consecutive years for the appropriate weather reporting station

(*may be monthly averages if manual entry is used)

Solar radiation data: synthetically generated using coefficients for the appropriate* default (HELP)
weather reporting station (*should be the closest by distance or latitude - consult with the Department
if the appropriate station is not obvious)

Landfill Cover Data

Type of vegetation: Type 1 for “bare ground”

SCS Runoff curve #: may be generated from HELP or user specified* (*must be justified)

% of area allowing runoff: 0%; “open”

Surface area: entire disposal area of landfill or cell (Ieachate collection basin)

Soil and Design Data

Source of soil characteristics: geotechnical data should be obtained from the source material.
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Number of layers: There should be a layer for each type of material used (or compacted v. non-
compacted)

Layer Number: (There should be a justification sheet for each layer.)

Thickness: 24” of drainage/protection layer, possible geonet*, FML, 24" of 1 x 107 cm/sec clay
barrier layer for prescriptive liner or GCL or other proposed thickness of clay barrier layer for an
alternate liner. (*A demonstration that no more than one foot of head will be on the liner must be
made for this simulation. Therefore, a geonet may be necessary if the 24” drainage layer material is
incapable of transmitting leachate so 12” of head is not on the liner.)

Layer type: Type “2” for lateral drainage layer - slope (minimum of 2%) and drainage length must be
designated (consult with the Department if leachate recirculation is proposed); Type “4” for
geomembrane liners - geomembrane pinhole density of 1/acre, geomembrane installation defects of
4/acre and liner installation quality of “good”; Type “3” for barrier soil layers including GCLs (any soil
layer underlying a geomembrane must be considered to be a barrier soil layer)

Soil texture: The texture # should approximate the geotechnical characteristics (see EPA HELP User’s
Guide for Version 3, Table 4).

Total porosity: If the actual porosity is not known, then the default value may be used that most closely
approximates the geotechnical characteristics.

Field capacity: If the actual field capacity is not known, then the default value may be used that most
closely approximates the geotechnical characteristics.

Wilting point: If the actual wilting point is not known, then the default value may be used that most
closely approximates the geotechnical characteristics.

Moisture content: The moisture content should be initialized to be the value of the wilting point plus
25% of the difference between the wilting point and the field capacity [i.e., (field capacity - wilting
point) x 0.25 + wilting point].

Saturated hydraulic conductivity (K): For the 24” of drainage/protection layer use the tested K* for
modeling the prescriptive liner design and for a proposed alternate liner design; for a possible geonet
use the lowest value from the manufacture’s specifications; for the FML use a K* value which is the
greatest value from the manufacture’s specifications; 24” of 1 x 107" cm/sec clay barrier layer for
prescriptive liner or GCL (3 x 10™ cm/sec) or other proposed soil barrier layer for an alternate liner.
(*must be the same value in both Simulation #5 & #6)

13



Performance Demonstration for an Alternate Liner Design
under Section 306.A.2 of the New Mexico
Solid Waste Management Regulations (20 NMAC 9.1)
Using HELP Modeling

1. Permit applicants proposing an alternate liner in accordance with Section 306.A.2 must
demonstrate the liner “... provides equivalent protection as the composite liner ... and ensures
concentration values listed in Section 1110 will not be exceeded in the uppermost aquifer ... ““. This
requires that a two tier demonstration be made:

Tier 1 - the alternative liner provides equivalent protection, and

Tier 2 - the alternate liner ensures the uppermost aquifer will be protected.

The first tier of this demonstration may be satisfied through mathematical modeling using the
EPA Hydrologic Evaluation of Landfill Performance (HELP) model. Two computer modeling
analyses must be performed - (1) an analysis of the composite liner as specified in Section 306.A.1 and
(2) an analysis of the proposed alternate liner as specified in Section 306.A.2. Each of these analyses
must be performed under identical hydrologic and climatologic loading conditions of five years with no
solid waste in the landfill (see Simulations #5 & 6). This time period is necessary to adequately
evaluate the performance of the two liners. A successful demonstration of equivalent protection has
been made when the analyses show equal or less percolation/leakage through the bottom layer of the
proposed alternate liner than the percolation/leakage through the bottom layer of the Section 306.A.1
composite liner (Figure 5).

The second tier of the demonstration must include HELP modeling of the actual design
conditions and the entire operational development of the landfill as closely as possible by doing a
succession of model simulations which consider the factors in Section 306.A.2.a. To aid in
accomplishing this, each successive computer simulation must use the previous simulation’s moisture
content output as the input for the following simulation (Figure 6). The modeling design method must
be fully described. If no leakage is indicated at the end of the second simulation (#8) and subsequent
simulations (#9 & #10) continue to indicate no leakage, then a successful demonstration has been made
that the uppermost aquifer will be protected as required by Section 306.A.2 and it will not be necessary
to perform a fate and transport modeling.

2. Justification for all input parameters in the HELP modeling must be provided utilizing the
attached forms. Demonstrate the relationship of the characteristics of the soil proposed for the
construction and operation of the landfill and the parameter values used in the model. Show
justification for the soil and waste moisture content parameters as well as geomembrane liner data and
storm water runoff fractions. The initial moisture content of the soil should be initialized by the use in
the HELP model. The Department recommends initializing the soil moisture content to be the value of
the wilting point plus 25% of the difference between the wilting point and the field capacity [i.e., (field
capacity - wilting point) x 0.25 + wilting point]. Other values deviating from this range may be used
but must be fully justified.

14



3(1) First Tier of the Demonstration

Two simulations must be made, one of the Section 306.A.1 specified liner and one of the proposed
alternate liner, both using the same precipitation (wettest 5 consecutive year period using Climatedata
or NOAA tapes), temperature (use values associated with 5 wettest consecutive years), solar radiation,
and evapotranspiration data (see Simulations #5 & #6). Current historic NOAA weather data from the
nearest representative weather station as published by the National Climatic Data Center in Asheville,
North Carolina must be used for the precipitation and temperature files. Both simulations must be
made for the landfill in the open condition with no run-off and a Leaf Area Index of zero. Simulations:

#5 A simulation for the specified liner design must be performed using a 24 inch protective layer, a
lateral drainage layer (which may be integral with the protective layer), an FML, and a 24 inch
barrier layer of soil with a saturated hydraulic conductivity of 1 x 107 cm/sec. This simulation
must be performed using no solid waste and for a five year period.

#6 A simulation for the proposed alternate liner design must be performed using a 24 inch
protective layer, a lateral drainage layer (which may be integral with the protective layer), and
the other proposed liner layer (the bottom layer must be modeled as a barrier layer). This
simulation must be performed using no solid waste and for a five year period.

Prescriptive Liner Alternate Liner
X | f M | | 4
4 w
#5 #6
Figure 5

Compare the average annual percolation from the bottom layer of the two simulations. If the
percolation is equivalent, a successful demonstration has been made for the first tier.

Input Parameters for HELP Simulation #5* (Prescriptive Liner - Tier 1)

same as Simulation #4 with prescriptive liner design

Input Parameters for HELP Simulation #6* (Proposed Alternate Liner - Tier I)

same as Simulation #4 with proposed alternate liner design

*One of these simulations will also serve for the alternate cover design equivalency demonstration.
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3(2) Second Tier of the Demonstration

Four simulations encompassing the entire life cycle of the facility to model actual design conditions
and operational development as closely as possible must be performed (see Simulations #7, #8, #9 &
#10). This is accomplished through a succession of four model simulations: one simulation of the open
landfill, a second with the landfill partially filled with solid waste, a third with the landfill in the closed
condition with bare ground, and a fourth with the landfill in the closed condition with “poor”
vegetation. Simulations:

#7 The initial simulation must model the open landfill at start-up when the landfill contains no
solid waste. The time period should extend for the anticipated duration of this condition (a
minimum of two years).

#8 A succeeding simulation to model conditions of the partially filled landfill for a five year
period*. This would incorporate daily and intermediate covers. (*This period may vary in
accordance with anticipated operations.)

#9 Model the landfill in the closed condition with bare ground (a minimum of a two years).

#10  Finally, perform a simulation to model the landfill in the closed condition with poor vegetation
for remainder of the post-closure care period (a minimum of 28 years).

If the simulations indicate no leakage after the third simulation (#9) and the subsequent simulation
(#10), then the simulations have served to demonstrate the concentration values delineated in Section
1110 of the Regulations will not be exceeded in the uppermost aquifer at the relative point of
compliance. Therefore, a successful demonstration has been made for the second tier.

#7 #8

#9 #10

Figure 6
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Input Parameters for HELP Simulation #7 (Proposed Alternate Liner - Tier II)

Weather data (must be the same as Simulation #3)

City/State: The weather data should be from the nearest reporting station that has at least 40 years of
data.

Latitude: The latitude must be specific for the site to use in synthesizing solar radiation data.
Evaporative zone depth: 12” to 18” corresponding with bare ground (see EPA Engineering
Documentation for Version 3, Figure 5 - e.g., Santa Fe and Roswell would be 14”; Las Cruces,
Albuquerque, and Farmington would be 18”)

Maximum leaf area index: 0.0 corresponding with bare ground

Growing season start and end day: from solar radiation data (default)

Average wind speed: from solar radiation data (default)

Relative humidity: from solar radiation data (default)

Precipitation: daily precipitation from 2 consecutive years for the appropriate weather reporting station
Temperature: daily* minimum and maximum temperatures corresponding with 2 consecutive years for
the appropriate weather reporting station

(*may be monthly averages if manual entry is used)

Solar radiation data: synthetically generated using coefficients for the appropriate* default (HELP)
weather reporting station (*should be the closest by distance or latitude - consult with the Department
if the appropriate station is not obvious)

Landfill Cover Data

Type of vegetation: Type 1 for “bare ground”

SCS Runoff curve #: may be generated from HELP or user specified* (*must be justified)

% of area allowing runoff: 0%; “open”

Surface area: entire disposal area of landfill or cell (Ieachate collection basin)
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Soil and Design Data
Source of soil characteristics: geotechnical data should be obtained from the source material.

Number of layers: There should be a layer for each type of material used (or compacted v. non-
compacted)

Layer Number: (There should be a justification sheet for each layer.)

Thickness: 24” of drainage/protection layer, possible geonet, FML, 24” of 1 x 107" cm/sec clay barrier
layer for prescriptive liner or GCL or other proposed thickness of clay barrier layer for an alternate
liner.

Layer type: Type “2” for lateral drainage layer - slope (minimum of 2%) and drainage length must be
designated (consult with the Department if leachate recirculation is proposed); Type “4” for
geomembrane liners - geomembrane pinhole density of 1/acre, geomembrane installation defects of
4/acre and liner installation quality of “good”; Type “3” for barrier soil layers including GCLs (any soil
layer underlying a geomembrane must be considered to be a barrier soil layer)

Soil texture: The texture # should approximate the geotechnical characteristics (see EPA HELP User’s
Guide for Version 3, Table 4).

Total porosity: If the actual porosity is not known, then the default value may be used that most closely
approximates the geotechnical characteristics.

Field capacity: If the actual field capacity is not known, then the default value may be used that most
closely approximates the geotechnical characteristics.

Wilting point: If the actual wilting point is not known, then the default value may be used that most
closely approximates the geotechnical characteristics.

Moisture content: The moisture content should be initialized to be the value of the wilting point plus
25% of the difference between the wilting point and the field capacity [i.e., (field capacity - wilting
point) x 0.25 + wilting point].

Saturated hydraulic conductivity (K): For the 24” of drainage/protection layer use the tested K for
modeling the proposed alternate liner design; for a possible geonet use the lowest value from the
manufacture’s specifications; for the FML use a K value which is the greatest value from the
manufacture’s specifications; GCL (3 x 10 cm/sec) or other proposed soil barrier layer for an alternate
liner.
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Input Parameters for HELP Simulation #8 (Proposed Alternate Liner - Tier II)

Weather data (must be the same as Simulation #3)

City/State: The weather data should be from the nearest reporting station that has at least 40 years of
data.

Latitude: The latitude must be specific for the site to use in synthesizing solar radiation data.
Evaporative zone depth: 12” to 18” corresponding with bare ground (see EPA Engineering
Documentation for Version 3, Figure 5 - e.g., Santa Fe and Roswell would be 14”; Las Cruces,
Albuquerque, and Farmington would be 18”)

Maximum leaf area index: 0.0 corresponding with bare ground

Growing season start and end day: from solar radiation data (default)

Average wind speed: from solar radiation data (default)

Relative humidity: from solar radiation data (default)

Precipitation: daily precipitation from 2 to 5* consecutive years for the appropriate weather reporting
station (*may vary with landfill operations)

Temperature: daily* minimum and maximum temperatures corresponding with 2 to 5 years (same
years as precipitation) for the appropriate weather reporting station

(*may be monthly averages if manual entry is used)

Solar radiation data: synthetically generated using coefficients for the appropriate* default (HELP)
weather reporting station (*should be the closest by distance or latitude - consult with the Department
if the appropriate station is not obvious)

Landfill Cover Data

Type of vegetation: bare ground

SCS Runoff curve #: may be generated from HELP or user specified* (*must be justified)

% of area allowing runoff: 0%; “open”

Surface area: entire disposal area of landfill or cell (Ieachate collection basin)
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Soil and Design Data
Source of soil characteristics: geotechnical data should be obtained from the source material.

Number of layers: There should be a layer for each type of material used (or compacted v. non-
compacted)

Layer Number: (There should be a justification sheet for each layer.)

Thickness: 240 of solid waste (this thickness may vary depending on landfill operations); 24” of
drainage/protection layer; possible geonet*; FML; 24” of 1 x 10”7 cm/sec clay barrier layer for
prescriptive liner or GCL or other proposed thickness of clay barrier layer for an alternate liner.

Layer type: Type “1”, vertical percolation layer, must be used for solid waste. Type “2” for lateral
drainage layer - slope (minimum of 2%) and drainage length must be designated (consult with the
Department if leachate recirculation is proposed); Type “4” for geomembrane liners - geomembrane
pinhole density of 1/acre, geomembrane installation defects of 4/acre and liner installation quality of
“good”; Type “3” for barrier soil layers including GCLs (any soil layer underlying a geomembrane
must be considered to be a barrier soil layer)

Soil texture: The texture # should approximate the geotechnical characteristics (see EPA HELP User’s
Guide for Version 3, Table 4).

Total porosity: If the actual porosity is not known, then the default value may be used that most closely
approximates the geotechnical characteristics.

Field capacity: If the actual field capacity is not known, then the default value may be used that most
closely approximates the geotechnical characteristics.

Wilting point: If the actual wilting point is not known, then the default value may be used that most
closely approximates the geotechnical characteristics.

Moisture content: The moisture content must be initialized to be the value of the previous simulation’s
(from Simulation #7) moisture content output as the input for the following simulation (Simulation
#8). For compacted municipal solid waste with a HELP soil texture number of “18” use 20%* by
volume/volume (which is greater than per mass basis - see EPA HELP User’s Guide for Version 3 for
conversion) (*a lower value may be used if justified)

Saturated hydraulic conductivity (K): For compacted municipal solid waste with a HELP soil texture
number of “18” will have a K of 1 x 10 cm/sec. For the 24” of drainage/protection layer use the tested
K for modeling the proposed alternate liner design; for a possible geonet use the lowest value from the
manufacture’s specifications; for the FML use a K value which is the greatest value from the
manufacture’s specifications; GCL (3 x 10" cm/sec) or other proposed soil barrier layer for an
alternate liner.
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Input Parameters for HELP Simulation #9 (Proposed Alternate Liner - Tier II)

Weather data

City/State: The weather data should be from the nearest reporting station that has at least 40 years of
data.

Latitude: The latitude must be specific for the site to use in synthesizing solar radiation data.
Evaporative zone depth: 12” to 18” corresponding with bare ground (see EPA Engineering
Documentation for Version 3, Figure 5 - e.g., Santa Fe and Roswell would be 14”; Las Cruces,
Albuquerque, and Farmington would be 18”)

Maximum leaf area index: 0.0 corresponding with bare ground

Growing season start and end day: from solar radiation data (default)

Average wind speed: from solar radiation data (default)

Relative humidity: from solar radiation data (default)

Precipitation: daily precipitation from 2 consecutive years for the appropriate weather reporting station
Temperature: daily* minimum and maximum temperatures corresponding with 2 consecutive years for
the appropriate weather reporting station

(*may be monthly averages if manual entry is used)

Solar radiation data: synthetically generated using coefficients for the appropriate* default (HELP)
weather reporting station (*should be the closest by distance or latitude - consult with the Department
if the appropriate station is not obvious)

Landfill Cover Data

Type of vegetation: Type 1 for “bare ground”

SCS Runoff curve #: may be generated from HELP or user specified* (*must be justified)

% of area allowing runoff: 100%; “closed”

Surface area: entire disposal area of landfill or cell (Ieachate collection basin)
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Soil and Design Data
Source of soil characteristics: geotechnical data should be obtained from the source material.

Number of layers: There should be a layer for each type of material used (or compacted v. non-
compacted)

Layer Number: (There should be a justification sheet for each layer.)

Thickness: 6” of topsoil, Proposed thickness of infiltration layer or rooting medium or drainage layer,
Possible GCL (0.24”) or FML, subgrade thickness for GCL or FML (minimum of 6”), 12” of
intermediate cover layer* (*optional for modeling); Proposed thickness of solid waste (this thickness
will vary depending on landfill design); 24” of drainage/protection layer; possible geonet*; FML; 24”
of 1 x 107" cm/sec clay barrier layer for prescriptive liner or GCL or other proposed thickness of clay
barrier layer for an alternate liner.

Layer type: Type “1” - vertical percolation layer for all* cover materials including GCLs used in the
cover (*consult with the Department if a FML is proposed to be used in the cover).Type “1”, vertical
percolation layer, must be used for solid waste. Type “2” for lateral drainage layer - slope (minimum
of 2%) and drainage length must be designated (consult with the Department if leachate recirculation is
proposed); Type “4” for geomembrane liners - geomembrane pinhole density of 1/acre, geomembrane
installation defects of 4/acre and liner installation quality of “good”; Type “3” for barrier soil layers
including GCLs (any soil layer underlying a geomembrane must be considered to be a barrier soil
layer)

Soil texture: The texture # should approximate the geotechnical characteristics (see EPA HELP User’s
Guide for Version 3, Table 4).

Total porosity: If the actual porosity is not known, then the default value may be used that most closely
approximates the geotechnical characteristics.

Field capacity: If the actual field capacity is not known, then the default value may be used that most
closely approximates the geotechnical characteristics.

Wilting point: If the actual wilting point is not known, then the default value may be used that most
closely approximates the geotechnical characteristics.

Moisture content: The moisture content must be initialized to be the value of the previous simulation’s

(from Simulation #8) moisture content output as the input for the following simulation (Simulation
#9).
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Saturated hydraulic conductivity (K): The K must be tested for the actual value unless the K is less
than 1 x 10” cm/sec* (e.g., If the tested K is 5 x 10~ cm/sec, then model the proposed thickness of the
infiltration layer at 5 x 10~ cm/sec. However, if the tested K is 2 x 107, the lowest value to be
modeled would be 1 x 10 cm/sec). *1 x 10~ cm/sec is the lowest acceptable K for soils used in covers
due to desiccation and root penetration; unless a GCL is proposed, then the actual K may be modeled
for the GCL layer (i.e., 0.24” at 3 x 10” cm/sec). For compacted municipal solid waste with a HELP
soil texture number of “18” will have a K of 1 x 10 cm/sec. For the 24" of drainage/protection layer
use the tested K for modeling the proposed alternate liner design; for a possible geonet use the lowest
value from the manufacture’s specifications; for the FML use a K value which is the greatest value
from the manufacture’s specifications; GCL (3 x 10” cm/sec) or other proposed soil barrier layer for
an alternate liner.
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Input Parameters for HELP Simulation #10 (Proposed Alternate Liner - Tier II)

Weather data

City/State: The weather data should be from the nearest reporting station that has at least 40 years of
data.

Latitude: The latitude must be specific for the site to use in synthesizing solar radiation data.
Evaporative zone depth: 18” to 28” corresponding with “poor” vegetation (see EPA Engineering
Documentation for Version 3, Figure 5 - e.g., Clovis would be 20”; Santa Fe and Roswell would be
24”; Las Cruces, Albuquerque, and Farmington would be 28”)

Maximum leaf area index: 0.8 to 1.6 corresponding with “poor” vegetation (see EPA Engineering
Documentation for Version 3, Figure 3 - e.g., Clovis would be 1.6; Santa Fe and Roswell would be 1.2;
Farmington would be 1.0; Las Cruces and Albuquerque would be 0.8)

Growing season start and end day: from solar radiation data (default)

Average wind speed: from solar radiation data (default)

Relative humidity: from solar radiation data (default)

Precipitation: daily precipitation from 28 consecutive years for the appropriate weather reporting
station

Temperature: daily* minimum and maximum temperatures corresponding with 28 consecutive years
for the appropriate weather reporting station

(*may be monthly averages if manual entry is used)

Solar radiation data: synthetically generated using coefficients for the appropriate* default (HELP)
weather reporting station (*should be the closest by distance or latitude - consult with the Department
if the appropriate station is not obvious)

Landfill Cover Data

Type of vegetation: Type 2 for “poor”

SCS Runoff curve #: may be generated from HELP or user specified* (*must be justified)

% of area allowing runoff: 100%; “closed”
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Surface area: entire disposal area of landfill or cell (Ileachate collection basin)
Soil and Design Data
Source of soil characteristics: geotechnical data should be obtained from the source material.

Number of layers: There should be a layer for each type of material used (or compacted v. non-
compacted)

Layer Number: (There should be a justification sheet for each layer.)

Thickness: 6” of topsoil, Proposed thickness of infiltration layer or rooting medium or drainage layer,
Possible GCL (0.24”) or FML, subgrade thickness for GCL or FML (minimum of 6”), 12” of
intermediate cover layer® (*optional for modeling); Proposed thickness of solid waste (this thickness
will vary depending on landfill design); 24” of drainage/protection layer; possible geonet*; FML; 24”
of 1 x 107" cm/sec clay barrier layer for prescriptive liner or GCL or other proposed thickness of clay
barrier layer for an alternate liner.

Layer type: Type “1” - vertical percolation layer for all* cover materials including GCLs used
(*consult with the Department if a FML is proposed to be used in the cover). Type “1”, vertical
percolation layer, must be used for solid waste. Type “2” for lateral drainage layer - slope (minimum
of 2%) and drainage length must be designated (consult with the Department if leachate recirculation is
proposed); Type “4” for geomembrane liners - geomembrane pinhole density of 1/acre, geomembrane
installation defects of 4/acre and liner installation quality of “good”; Type “3” for barrier soil layers
including GCLs (any soil layer underlying a geomembrane must be considered to be a barrier soil
layer)

Soil texture: The texture # should approximate the geotechnical characteristics (see EPA HELP User’s
Guide for Version 3, Table 4).

Total porosity: If the actual porosity is not known, then the default value may be used that most closely
approximates the geotechnical characteristics.

Field capacity: If the actual field capacity is not known, then the default value may be used that most
closely approximates the geotechnical characteristics.

Wilting point: If the actual wilting point is not known, then the default value may be used that most
closely approximates the geotechnical characteristics.

Moisture content: The moisture content must be initialized to be the value of the previous simulation’s

(from Simulation #9) moisture content output as the input for the following simulation (Simulation
#10).
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Saturated hydraulic conductivity (K): The K must be tested for the actual value unless the K is less
than 1 x 10” cm/sec* (e.g., If the tested K is 5 x 10~ cm/sec, then model the proposed thickness of the
infiltration layer at 5 x 10~ cm/sec. However, if the tested K is 2 x 107, the lowest value to be
modeled would be 1 x 10 cm/sec). *1 x 10™ cm/sec is the lowest acceptable K for soils used in covers
due to desiccation and root penetration; unless a GCL is proposed, then the actual K may be modeled
for the GCL layer (i.e., 0.24” at 3 x 10 cm/sec). For compacted municipal solid waste with a HELP
soil texture number of “18” will have a K of 1 x 10 cm/sec. For the 24" of drainage/protection layer
use the tested K for modeling the proposed alternate liner design; for a possible geonet use the lowest
value from the manufacture’s specifications; for the FML use a K value which is the greatest value
from the manufacture’s specifications; GCL (3 x 10" cm/sec) or other proposed soil barrier layer for an
alternate liner.
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Equivalency Demonstrations

Typical “New” Landfill:

Alternate Cover Design Equivalency Demonstration (two simulations)

Simulation #3 & (either Simulation #5 or #6)
Average Annual Percolation from bottom layer of Simulation #3 must be less than or equal to
(equivalent*) the Average Annual Percolation from the bottom layer of Simulation #5 or #6 (depending
on the proposed liner design).
Alternate Liner Design Equivalency Demonstration

Tier | (two simulations) - Simulation #5 & Simulation #6

Average Annual Percolation from bottom layer of Simulation #6 must be less than or equal to
(equivalent*) the Average Annual Percolation from the bottom layer of Simulation #5.

Tier 1l (four simulations) - Simulations #7, #8, #9, #10

Average Annual Percolation from bottom layer of Simulation #7 must decrease to zero for Simulations
#9 & #10.

For closing an “old” (no liner system) landfill:

Alternate Cover Design Equivalency Demonstration (two simulations)
Simulation #1 & Simulation #2

Average Annual Percolation from bottom layer of Simulation #2 must be less than or equal to
(equivalent*) the Average Annual Percolation from the bottom layer of Simulation #1

Submit hardcopies of all output files and submit all input files on 3.5” diskette.

*If the two Average Annual Percolation values are within 0.00001” of each other, then the
demonstration is successful since these values are practically equal (the definition of equivalent) and
well within modeling uncertainty.
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Abstract: Crude oil spills have become regular in some communities where oil exploration activities are
being carried out. This has impacted negatively on the environment, such as soil contamination. The aim of
this experimental investigation is to contaminate a lateritic clay soil with crude oil and determine the
effects of such contamination on the plasticity, strength and permeability of the soil. The soil was
contaminated by adding varying percentages of crude oil to the soil. Specific gravity, Atterberg limits,
compaction, California bearing ratio (CBR) and permeability tests were conducted on the uncontaminated
and contaminated soil samples. The liquid limit, plastic limit and plasticity index of the soil increased as its
crude oil content increased. The specific gravity, optimum moisture content, maximum dry unit weight,
CBR and permeability of the soil decreased as its crude oil content increased. The crude oil contaminated
soil requires stabilization or remediation before using it as a construction material.

Key words: Crude oil, geotechnical properties, lateritic soil, oil-contaminated soil, oil-producing areas.

1. Introduction

Hydrocarbon leaks and spills have become of great concern in most of the oil-producing countries of the
world. The impact of these leaks and spills on the environment cannot be overlooked or disregarded. One
of such impacts is that they cause a change in the engineering properties and behavior of soils. This change
has a far-reaching implication on existing and proposed structures to be supported by the contaminated soil.
It can result in structural or functional failure of existing structures, especially when the contamination
causes a significant increase in the soil’s plasticity; loss of its bearing capacity; increase its settlement,
and/or prevent drainage of water or other liquid. For proposed structures, it can cause an abandonment of
the site having the contaminated soil, a reduction in the scope of the project or an increase in its project
cost. Increased project cost may result from geotechnical and chemical analyses of the soil to determine the
extent of its contamination, inevitable choice of a more stable but expensive structural foundation type or
the cost of applying soil remediation or stabilization technologies. However, the use of some wastes, which
have already been investigated as soil stabilizers — marble powder (Okagbue and Onyeobi 1999), steel slag
(Akinwumi et al. 2012, Akinwumi 2012), reclaimed asphalt pavement (Akinwumi 2014) — may reduce the
percentage increase in the project cost of proposed structures on contaminated soils.

Researchers have studied the effects of contamination of soils with crude oil and petroleum products on the
engineering properties of the soil. Rahman et al. (2010) investigated the influence of contamination of a
basaltic residual soil with engine oil on the geotechnical properties of the soil while Izdebska-Mucha and
Trzcinski (2008) investigated the effect of diesel oil pollution on microstructural changes of clay soil.
Olgun and Yildiz (2010) investigated the effects of contaminating a clay soil with methanol, ethanol,
isopropyl alcohol and acetic acid on its plasticity, consolidation and shear strength. Oyegbile and
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Effects of crude oil contamination on the index properties, strength and permeability of lateritic clay

Ayininuola (2013) carried out laboratory studies to determine the effect of crude oil contamination of a
lateritic soil on its shear strength. Khamehchiyan et al. (2007) and Kermani and Ebadi (2012) both
investigated the effect of crude oil contamination on the plasticity and compaction characteristics (among
some other geotechnical properties) of fine-grained soils but their results were dissimilar, making it
difficult to have a general description of the effect of crude oil contamination on clay soils. This research
work aims at investigating the effect of crude oil contamination on the plasticity, strength and permeability
of lateritic clay and providing additional literature for the comparison of the effect of crude oil

contamination on the geotechnical properties of clayey soils.

2. Materials and methods
2.1 Materials and preparation

The soil used in this study was obtained from a borrow pit, having a deep lateritic soil profile, at Agbara,
Ogun State, Southwestern Nigeria. It was collected from the sidewall of the soil profile at about 10 m
depth below the top of the pit. Samples were collected in sacks while some were stored in a water-tight
container for laboratory determination of their natural moisture content. Prior to the commencement of
laboratory tests on the soil samples collected in sacks and transported to the laboratory, they were air-dried,
passed through a 4.75 mm sieve and thoroughly mixed. The contamination of the soil with varying

percentages of crude oil was done in the laboratory.
2.2 Methods

The thoroughly mixed soil sample was divided into six parts. Crude oil was added to each of the parts in
0%, 2%, 4%, 6%, 8% and 10% proportions by dry weight of the soil sample, respectively. The soil-crude
oil mixtures were thoroughly mixed and stored in containers for 24 hours to allow for homogeneity of the
mixtures. Sieve and hydrometer analyses were carried out on the uncontaminated soil sample. Specific
gravity, Atterberg limits, compaction, unsoaked and soaked CBR and permeability tests were conducted on
the uncontaminated (0% crude oil content) and contaminated (2%, 4%, 6%, 8% and 10% crude oil contents)
soil samples, respectively. The procedures for these laboratory tests were in accordance with those outlined
in BST (1990a, 1990b).

3. Results and discussion
3.1 Properties of the crude oil and chemical composition of the soil

The crude oil used has its specific gravity at 15.55°C to be 0.841 and its American Petroleum Institute (API)
gravity at 15.55°C to be 36.8 degree APIL The soil sample used for this study consists predominantly of
silica (Si07) and Alumina (Al>O3). Its silica-sesquioxides ratio is 1.66, which is an indication that the soil
is lateritic. A tri-plot or ternary of the silica and sesquioxides (Al,O3 and Fe>O3) of the soil incorporating
Schellmann (1986) scheme of classification of weathering product is shown in Figure 1. The silica and
sesquioxides plot falls within the kaolinization part of the Schellmann classification chart, which indicates

that the soil sample was taken from a kaolinized profile.
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Effects of crude oil contamination on the index properties, strength and permeability of lateritic clay
3.2 Properties of uncontaminated soil

The results of the index properties, strength and permeability tests on the uncontaminated soil are
presented in Table 1. The soil is predominantly fine-grained. According to the American Association of
State Highway and Transportation Officials (AASHTO) and Unified soil classification (USC) systems, it is
classified as A-7-6(7) and sandy lean clay (CL), respectively. It is of low plasticity, low unsoaked CBR
value, soaked CBR value and permeability. Figure 2 graphically illustrates its particle size distribution.
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Figure 2: Particle size distribution of natural soil
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Effects of crude oil contamination on the index properties, strength and permeability of lateritic clay

Table 1: Properties of the uncontaminated soil

Properties Value / Description
.é Gravel (>4.75 mm), % 0.5
-t‘; Sand (0.075 - 4.75 mm), % 44.0
§ Silt and Clay (<0.075 mm), % 55.5
é AASHTO Soil Classification System A-7-6 (7)
E Unified Soil Classification System CL - Sandy clay
Colour Brown
Natural Moisture Content (%) 15.6
Specific Gravity 2.51
_ Liquid Limit (%) 41.0
'g Plastic Limit (%) 23.0
= Plasticity Index (%) 18.0
Maximum Dry Unit weight (kN/m?) 18.2
Optimum Moisture Content (%) 15.3
Coefficient of Permeability (cm/s) 8.24 x 10°
a Unsoaked CBR (%) 18
2
7 Soaked CBR (%) 10

3.3 Effects of contamination of soil with crude oil

The soil has a specific gravity of 2.51. A graphical illustration of the results of specific gravity tests on the
soil admixed with varying percentages of crude oil content is presented in Figure 3. The specific gravities
of the contaminated soil samples were found to be lower than that of the uncontaminated soil sample. As
the crude oil content in the soil increased, the specific gravity of the contaminated soil progressively

decreased. This is attributed to the lower specific gravity of the crude oil.

The results of liquid and plastic limits test are graphically presented in Figure 4. The liquid and plastic
limits and plasticity index of the uncontaminated soil progressively increased with higher crude oil content.
The addition of crude oil to the soil caused micro-structural transformation of the soil. It is thought to have
caused an inter layer expansion within the clay minerals. The crude oil may have enveloped both the clay
minerals of the soil and the adsorbed water bonded to its surfaces (diffuse double layer). Consequently, this
creates a false increase in the thickness of the diffuse double layer. This may be responsible for the increase
in the liquid and plastic limits. The plasticity index also increased with progressive addition of crude oil;

indicating that the contaminated soil becomes less workable.
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The results of the compaction test on the soil sample are presented in Figure 5. As crude oil content in the
contaminated soil increased, both the optimum moisture content (OMC) and the maximum dry unit weight
of the soil decreased. Crude oil is hydrophobic and as it coats itself around individual clay particles, it
disallows free water (water other than the adsorbed water) from interacting with the clay particles. This

may be accountable for the reduction in the amount of water needed by the soil to reach its maximum unit
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weight, as the crude oil content increased. Crude oil in the pore fluid increased the thickness of the
diffusedouble layer. Therefore using the same compaction energy as that used for the compaction of the
uncontaminated soil, the soil particles get less packed together and consequently resulting in a decrease in
the dry unit weight of the contaminated soil.
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Figure 5: Variation of CBR with oil content

Figures 6(a) and 6(b) show plasticity charts with the incorporation of AASHTO and USC systems,
respectively. The uncontaminated soil (classified as A-7-6 and CL) got transformed after the addition of
10% crude oil to a soil classified as A-7-5 and an organic soil of high plasticity (OH), according to
AASHTO and USC systems respectively.

The variations of the unsoaked and soaked CBR values of the soil with addition of varying percentages of
crude oil are graphically illustrated in Figure 7. It shows that as the percentage of crude oil in the soil
increased, the unsoaked CBR slightly increased and later decreased while the soaked CBR decreased. The
slight increase in the unsoaked CBR of the contaminated soil is thought to have resulted from the clumping
together of clay particles facilitated by the crude oil, which may have caused an increase in the
inter-particle shearing resistance of the soil. The decrease in unsoaked CBR after adding 4% crude oil
suggests that addition of 4% crude oil is the limit to the increase in inter-particle shearing resistance.
Beyond addition of 4% crude oil, lubrication effect of the oil is believed to cause the soil particles to easily

slide over each other, accounting for the decrease in the unsoaked CBR.
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Figure 6: Plasticity (a) AASHTO (b) USC charts showing the plots of the soil and soil-crude oil mixtures

A graphical illustration of the results of the permeability tests on the soil admixed with varying percentages
of crude oil content is presented in Figure 8. As the crude oil content increased, the permeability of the
contaminated soil decreased. Crude oil becomes entrapped in the pore spaces that forms the pathway for
water within the contaminated soil and consequently, reduced the pore sizes. The decrease in the

permeability of the contaminated soil is attributed to the reduction in the pore space.
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Figure 8: Variation of permeability with oil content

4. Conclusions

From the results of this study, the main conclusions are as follows:

1.

Addition of crude oil to the soil resulted in an increase in the liquid limit, plastic limit and
plasticity index of the contaminated soil. This was attributed to the increase in the thickness of the
diffuse double layer. Increased plasticity indicates that contamination of the soil made it less
workable.

Akinwumi I. I and Obianigwe N 823

Int. Journal of Applied Sciences and Engineering Research, Vol. 3, No. 4, 2014



Effects of crude oil contamination on the index properties, strength and permeability of lateritic clay

The specific gravity, OMC and maximum dry unit weight decreased as the crude oil content in the
soil increased.

The unsoaked CBR of the soil initially increased before it decreased while its soaked CBR
decreased with increasing percentages of the crude oil in the soil.

Addition of crude oil to the soil reduced its permeability. This was attributed to the entrapment of
the crude oil within the pore spaces of the soil.

Use of the contaminated soil, without its stabilization or remediation, as a construction material is

not recommended.
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ABSTRACT

The impact of crude oil on the permeability of the soil
in a non-oil producing community in Enugu State was
investigated using disturbed A-6 (CL) soil sample
collected from Ibagwa Nike area of the state. The
sample was divided into five (5) portions and each of
the four (4) portions was dosed with Bonny light
crude oil at 2%, 4%, 6% and 8% by weight of the
samples. The physical properties of the
uncontaminated soil were tested and analyses and
used as control. The aim of the laboratory
investigation was to determine the effects of crude oil
on the permeability of the soil. The permeability of
the uncontaminated soil was found to be 1.2609x107".
Permeability tests were also conducted on the
contaminated soil samples at the various percentage
contaminations. The results showed that at 2% crude
oil contamination the permeability was 9.6403x107, a
drastic reduction. The other results were 6.9600x10'6,
2.2621x10® and 9.1286x10° at 4%, 6%, and 8%
contamination levels, respectively. The ranking after
contamination is seen to drop within the range of 107
and 10” showing a change in the permeability due to
oil content. This observed reduction in permeability
alters the natural groundwater recharge which can be
remedied by enhanced bioremediation through
aeration of the soil.

Keywords: Contamination, Crude oil, Groundwater,
Permeability, Silty clay soil

1. INTRODUCTION

During oil activities, a wide range of environmental
hazards is created on the aquatic, terrestrial as well as
the atmospheric environments. When crude oil is
spilled, the soil takes a huge chunk of it; some will
flow into water bodies while the others evaporate into
the atmosphere. Contamination of the soil through any
means is a major challenge to the environmentalists,
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geotechnical and civil engineers, agricultural
scientists as well as architects who depend on the
soil’s load bearing value for maximum support to
their buildings. Crude oil has been implicated as a
major source of contamination resulting in building
failures due to the reduction in some geotechnical
properties of the contaminated soil especially in the
oil rich communities in the Niger Delta areas of
Nigeria. According to Nudelman, Rios and Katusich
(2002), crude oil pollution on land depends on a
number of factors which include: the permeability of
the soil, adsorption properties of the soil and the
partition coefficient, while Fine, Graber and Yaron
(1997) opined that the extent of contamination
depends on the chemical composition of the
contaminant and the properties of the soil.

When crude oil spills, natural see page of the
hydrocarbon, by gravity, takes place, thus polluting
the soil, and the extent and depth of penetration
depend largely on the viscosity and quantity of the oil,
temperature and characteristic properties of the soil.
The physical as well as the chemical properties of the
soil in contact with the oil are immediately altered. As
posited by Tuncan and Pamukcu (1992), once a spill
or a leakage occurs, the hydrocarbon liquid, under
gravity, moves down to the groundwater, partially
saturating the soil in its pathway. As the oil is moving
vertically down there is equally a horizontal spread
thus increasing the pollution coverage? The soil,
water and air in the Niger Delta areas of Nigeria have
been violently polluted and the communities
copiously devastated as a result of intensive oil
activities and extensive oil spillage within the area for
over 60 years now.

While these activities were going on, a litany of oil
spills have been reported and recorded. Several tons
of oil is thus thrown into the environment. As stated
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by Kontagora (1991), estimated total quantities of
2,105,393 barrels of oil were spilled on land, coastal
and offshore marine environments. This was as at the
time of recording. Report by some oil companies in
Nigeria showed that between 1976 and 1990, a total
of 2,796 oil spill incidents took place across the oil
rich Niger Delta areas of Nigeria. The magnitude of
crude oil pollution and damage caused/triggered by
multi-national oil companies’ operation in the Niger
Delta of Nigeria have precipitated a slow poisoning of
waters in the region, destruction of vegetation and
agricultural land which occur during oil spill,
Iyimdiya (2010a, b and 2013); Marr and Hooper
(1998); Corbett (2004); Sahel (2007).

This oil spill phenomenon is not without obvious
causes which include but not limited to: dilapidated
oil infrastructure, operational errors, sabotage, oil
bunkering, and willful damage of oil infrastructure by
competing groups of rebels and agitators, faulty well
heads, accidental discharge, and transportation
problems. These causes were collaborated by
Francesca (1998) as the author enumerated the causes
to include: corrosion of pipelines and tankers
(accounting for 50% of all spills), sabotage (28%), oil
production operations (21%), inadequate or non-
functional production equipment (1%).

Crude oil has been implicated as a major source of
contamination resulting in building failure due to the
reduction in some critical geotechnical properties of
the contaminated soil in the oil rich communities in
the Niger Delta areas of Nigeria. As observed by
Akinwumi, Diwa and Obianigwe (2014), the change
in the engineering properties and behavior of soils due
to crude oil contamination, has far-reaching
implication on existing and proposed structure to be
supported by such soil. It can result in structural or
functional failure of existing structures, especially
when the contamination causes a significant increase
its settlement, and/or prevent drainage of water or
other liquid, they further opined. This according to
them could result in overall increase in construction
cost or outright abandonment of the contaminated site.

Elsewhere, around the globe, researchers have carried
out extensive and intensive studies on the effects of
crude oil pollution of soils on the engineering
properties of the soil. Olgun and Yildiz (2010) studied
the effects of methanol, ethanol, isopropyl alcohol and
acetic acid on the plasticity, consolidation and shear
strength of contaminated clay soil. Khamehchiyan,
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Charkhabi and Tajik (2007) studied the effects of
crude oil contamination on geotechnical properties of
clayey and sandy soils, while Kermani and Ebadi
(2012) investigated its effects on the plasticity and
compaction characteristics of fine-grained soils.
Oyegbile and Ayininuola (2013) carried out their
study on the effect of crude oil contamination of
lateritic soil on its shear strength, while Akinwumi,
Diwa and Obianigwe (2014) investigated the effects
of crude oil contamination on the index properties,
strength and permeability of lateritic clay. Other
researchers include: Ewetola (2013); Ayininuola and
Kwashima (2015); Otunyo (2010); Jesna and Hari
(2015); Nazir (2011). The dissimilarities observed in
some of the results make generalization difficult
especially on clay soils, and may be attributed to
several factors some of which are: chemical and
physical properties of the crude oil and the soil. This
study, therefore, provides additional literature on the
effects of crude oil on the permeability properties of
the soil in a non-oil producing area of Nigeria.

2. MATERIALS AND METHODS
2.1. Sample Collection and Preparation

Ibagwa Nike, Enugu East Local Government Area of
Enugu State is not an oil producing community but
their basic economic activity is anchored on land
speculation. They place premium on land and the soil
sample was collected from this community. A
disturbed sample was collected at depth of 0.6m and
put in a polythene bag, sealed and transported to the
laboratory for the requisite tests and analyses. The
Bonny light crude oil was used as the contaminant.

2.2. Methods

The sieved sample was moisturized at OMC and
allowed to stay for 24 hours. It was then divided into
five (5) parts and crude oil was added to each part in
0%,2%, 4%, 6%, and 8% proportions by weight of the
sample, respectively. The soil and oil in each part
were mixed thoroughly and allowed to cure for five
(5) days before commencement of the tests.
Consolidation parameters were used to compute the
permeability results and the method were in
accordance with BS 1377.The cured sample was
remolded for the test and loads were applied in stages
and allowed to stay in the machine for 24 hours.
Readings were taken accordingly. Thereafter, the
sample and the consolidation ring were weighed and
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dried in the oven at temperature range of 105°C and
110°C for 48 hours. The dry weights were recorded.

3. RESULTS AND DISCUSSIONS

The natural properties of the soil sample are as
presented in table 1. The percentage passing BS-
No200 sieve is 90%. The Liquid Limit, Plastic Limit,
and Plasticity Index are 32%, 19%, 13% respectively,
while the Specific Gravity and Natural Moisture
Content are 2.63 and 8.2% respectively. The soil is
classified as A-6 (CL) soil using AASHTO and USCS
classification systems respectively. This is shown in
the soil test summary, in table 2.

Table 1: Natural Properties of the Soil

S/NO Properties Values

1 Percentage passing B.S NO | 90
200 sieve
32%
2 Liquid Limit (LL
q (LL) 1597
3 Plastic Limit (PL)
13%
4 Plasticity Index (PI
y (PD B
5 AASHTO Classification
CL
6 USCS
2.63
7 Specific Gravity (SG) -
8 Natural Moisture Content
(NMC)

Table 2: Soil Test Summary

Location Depth Atterberg Percentage Passing B.S Sieves AASHTO Classificat
Compacti ion
M limits on
LL | PL | PI (476 7 | 14 | 25 | 35 | 52 | 100 | 200 G.S.
Ibagwa 0.6 32 19 [ 14 | 97 | 94 |94 |93 193 92| 92 | 90 2.26 A-6 (CL)
Nike

Key:Ibeagwa Nike; CL =Silty Clays

The results of the permeability at the various contamination levels are as shown in table 3.

Table 3: Effect of Crude Oil on Permeability

0% Oil

2% Oil

(cmZ/sec) (cmZ/sec)

1.2609 x 107 9.6403 x 10"

4% Oil
(cm2/sec)

6.9600 x 10

6% Oil 8% Oil

(cm2/sec) (cmzlsec)

22621 x 107 9.1286 x 107

For the uncontaminated soil sample the permeability
is  1.2609x10-7 indicating silty clay. When
contaminated with 2%, 4%, 6% and 8% crude oil by
weight of soil the results were 9.6403x107,
6.9600x10°,  2.2621x10®  and  9.1286x10”
respectively.
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The ranking after contamination ranges from 107 to
10 showing a change in the permeability property of
the soil from silty clay to clayey soil sample, thus
making the soil sample more impermeable. At 0%
contamination, the permeability result showed that the
soil sample is porous enough to allow infiltration and
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flow of oil into the soil through the voids between the
soil particles. The oil contamination induced a
reduction in permeability of the samples. This is in
line with the findings of Ayininuolaet al(2015).Also
Khamehchiyanetr al(2007) obtained similar result in
their study of the effect of crude oil on geotechnical
properties of coastal soils. Similar results were
equally obtained in Rahman, and Umar Ahmad
(2010), and Sharma (2014).

This reduction in permeability hinders the flow of
water in the soil which invariably affects the
groundwater levels. Groundwater is the major source
of municipal water and makes up about 20% of the
World’s fresh water (Ludwig, Hilborn, Walters,
1993). Groundwater generally feeds from surface
water through precipitation from rivers, streams and
the rains. When the natural recharge rate of
groundwater is impeded or hindered, as is done when
there is reduction in permeability of the soil, the
groundwater will be drastically reduced and if water is
constantly being drawn from boreholes within the
vicinity of spill area, there will be depletion in
groundwater level due to continuous use and
sometimes overuse. This can cause major
fundamental problems both to human and the
environment. The mostevident problems are lowering
of water table, subsidence and salt water intrusion,
Ayininuolaet al (2015). When the soil particles are
coated with oil, the tend to stick to themselves,
literally blocking the passage of water. As a result of
crude oil pollution, soil physical properties such as
pore spaces might be clogged, which reduces soil
aeration, infiltration of water into the soil, increased
bulk density of the soil which may affect plant growth
(Abosede, 2013)

CONCLUSION:

The result of the physical properties of the soil used
for the study showed and A-6 (CL) soil which is a
silty clay soil. When contaminated with crude oil, the
permeability of the soil was reduced sufficiently
enough to create some concerns. The natural recharge
of the groundwater is impeded resulting in drastic
deficiency and reduction in the groundwater level
which can create significant environmental problems.
Bioremediation is therefore recommended for such
areas of spill. Also the natural recharge of
groundwater can be enhanced by sufficiently aerating
the contaminated soil and directly exposing it to
sunlight to improve its permeability and subsequently
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the infiltration potentials of the soil and as well
enhance bioremediation processes and results.
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1.0 INTRODUCTION

Lea Land LLC (the Facility) is an existing Surface Waste Management Facility (SWMF) providing
oil field waste solids (OFWS) disposal services. The existing Lea Land SWMF is subject to
regulation under the New Mexico Oil and Gas Rules, specifically 19.15.9.711 and 19.15.36 NMAC,
administered by the Oil Conservation Division (OCD) of the NM Energy, Minerals, and Natural
Resources Department (NMEMNRD). This document is a component of the “Application for Permit
Modification” that proposes continued operations of the existing approved waste disposal unit;
lateral and vertical expansion of the landfill via the construction of new double-lined cells; and the
addition of waste processing capabilities. The proposed Facility is designed in compliance with
19.15.36 NMAC, and will be constructed and operated in compliance with a Surface Waste
Management Facility Permit issued by the OCD. The Facility is owned by, and will be constructed

and operated by, Lea Land LLC.

The Lea Land SWMF is one of the most recently designed facilities to meet the new more stringent
standards that, for instance, mandate double liners and leak detection for land disposal. The new
services that Lea Land will provide needed resources to fill an existing void in the market for

technologies that exceed current OCD requirements.

1.1 Site Location

The Lea Land site is located approximately 27 miles northeast of Carlsbad, straddling US Highway
62-180 (Highway 62) in Lea County, NM. The Lea Land site is comprised of a 642-acre = tract of
land encompassing Section 32, Township 20 South, Range 32 East, Lea County, NM. Site access
is currently provided on the south side of US Highway 62. The coordinates for the approximate
center of the Lea Land site are Latitude 32°31’46.77” and Longitude -103°47°18.25".

1.2 Facility Description

The Lea Land SWMF comprises approximately 463 * acres of the 642-acre  site, and will include
two main components: an oil field waste Processing Area and an oil field waste solids Landfill, as well
as related infrastructure (i.e., access, waste receiving, stormwater management, etc.). QOil field wastes
are delivered to the Lea Land SWMF from oil and gas exploration and production operations in
southeastern NM and west Texas. The Permit Plans (Attachment lll.1.A) identify the locations of the

Processing Area and Landfill Disposal facilities. The proposed facilities are detailed in Table 11.1.2

Gordon/PSC [1.5-1 01041618
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(Volume I1.1), and are anticipated to be developed in four primary phases as described in Table 11.1.3
(Volume 11.1).

2.0 DESIGN CRITERIA
The leachate collection system piping for the Lea Land SWMF Landfill Disposal Area is designed to
meet the requirements of the regulatory standards identified in the New Mexico Oil and Gas Rules
(i.e., 19.15.36 NMAC). More specifically, 19.15.36.14.C.(3) NMAC requires that the leachate
collection pipe be able to:
“...[withstand] structural loading and other stresses and disturbances from overlying oil field
waste, cover materials, equipment operation, expansion or contraction...”
The purpose of these Pipe Loading Calculations is to confirm that high-density polyethylene (HDPE)
standard dimension ratio (SDR 13.5) solid and perforated piping incorporated into the Lea Land
SWMF Landfill design will remain intact after placement of waste fill and retain its required
characteristics after exposure to operating equipment and long-term stresses (see Figure ll1.5.1). The
basic design approach consists of calculating the deflection on the leachate collection pipe, which

cannot exceed its allowable value, with a minimum factor of safety against failure of = 1.0.

TABLE IIl.5.1 - HDPE Pipe Specifications

Characteristic 6” Diameter Leachate Collection Pipes
HDPE
Dimension Ratio 13.5
Method of Joining Welded
Manning’s Number (n) 0.010
Outside Diameter (in) 6.625
Min. Wall Thickness (in) 0.491
Nominal Weight/ft (Ib/ft) 4.13
Tensile Strength (psi) 5,000
Modulus of Elasticity (psi) 35,000
Flexural Strength (psi) 135,000

Information listed in Table Il.5.1 is provided in Attachment I11.5.D and Attachment IIl.5.E.

Gordon/PSC
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3.0 PIPE STRENGTH CALCULATIONS

3.1 6-Inch SDR 13.5 HDPE Pipe

In order to determine the capability of 6-in HDPE SDR 13.5 perforated collection pipes to
withstand maximum stresses from the overlying soil profile, the pipes were analyzed for adequate
protection against ring deflection and wall buckling using Attachment IlI.5.E, Driscopipe, Inc.,
Polyethylene Piping Systems Manual.

Wall buckling occurs if the total external soil pressure exceeds the pipe-soil system’s critical buckling
pressure; and excessive ring deflection occurs if the vertical strain in the surrounding soil envelope is
greater than the allowable ring deflection of the pipe. SDR 13.5 HDPE pipe has been found to be
equivalent or better than PVC piping in landfill leachate pipe applications (i.e., greater resistance to
buckling and crushing). SDR stands for standard dimension ratio which is the ratio of the outside pipe
diameter to the pipe wall thickness SDR= OD/t. As opposed to the schedule nomenclature used for

PVC piping, as the SDR gets smaller the thickness of the pipe wall is increased.

3.1.1 6-Inch Diameter SDR 13.5 HDPE Pipe Dimensions (Attachment I11.5.D)

e Pipe nominal diameter: 6-in

e Pipe Outside Diameter (OD): 6.625-in

e Pipe Wall Thickness (t): 0.491in

e Pipe Inner Diameter (ID): 5.58 in

e SDR: 13.5

e Perforation Hole (/FT) : 9 perforation holes
o Perforated Hole Diameter (IN): 0.5in

3.1.2 Loads Acting on the Leachate Collection Pipe

To calculate the total vertical load on the pipes, Pr, the pressure from each overlying layer was
calculated and summed. The greatest waste depth occurs in Unit Ill on cross-section A-A’ (Figure
l11.5.1). There will be 48 layers:

o 3-ft thick final cover
0 6-inch thick soil erosion layer
0 30-inch thick protection layer
o 1-ft thick intermediate cover
o Forty-one 5-ft thick layers of waste for 205 ft of total waste
o 2 ft of protective soil layer
e 1 ft of drainage aggregate (above leachate collection pipe)
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Based on the known thickness of each layer and assigned unit weights, the pressure that will be

exerted by each layer was calculated. The results for Pt are presented in Table 111.5.2.

TABLE 111.5.2 - Pipe Loading Parameters

Layer Thickness Unit Weight Actual Load
(feet) (pcf) (psf)
Final Cover Soil 3 102.5 307.6
Intermediate Cover Soils 1 102.5 120.5
Waste 205 74 15,170.0
Protective Soil Layer 2 102.5 205.0
Drainage Aggregate 1 130 130.0
Design Load (Pr) TOTAL: 1(51’?3 %%g?f

3.1.3 Correction of Load on Pipe with Perforations (HDPE SDR 13.5)

Perforating pipes reduces the effective length of pipe available to carry loads and resist deflection.
The effect of perforations can be taken into account by using an increased load per nominal unit length
of the pipe. The increased vertical load per unit length of pipe is calculated as follows:

Static Vertical Load per Unit Length of Pipe (Wc):

We = (Pr)(Do) / (1 - ((n)(d) / 12)) (Attachment IIl.5.A, p. 306)

Where:
Pr =  Design load (psi)
Do =  Outside Diameter of the Pipe (in)
n = number of perforated holes per foot of pipe
d = diameter of perforated hole on the pipe (in)

Wec =[(110.5 psi)(6.625)] / [1 — ((9)(0.5in) / 12)]
Wec =[(110.5 psi)(6.625)]/0.625
Wec = 1,171 Ibs/in = 14,056 Ibs/ft
The design value in psi is found by dividing the design load in Ibs/in by the diameter of pipe.

Po=1,171/6 = 195.2 psi.
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3.14 Deflection

The ring deflection of the pipe can be calculated from the following Modified lowa formula:

AX — (D) (KYW) ()
—\(E)(D) + 0.061(E")(13)

Where:
AX
DL

Ring deflection (in)

Deflection lagging factor = 1.5, compensating for the lag or time
dependent behavior of the soil/pipe systems (dimensionless)
(Attachment lll.5.A, Page 307)

Bedding factor = 0.083 (Attachment 111.5.A, Page 306)

Vertical load per unit length of pipe, Ib/in = 1,171 Ib/in

mean radius of the pipe (OD —t) = ((6.625 in — 0.491 in)/2 = 3.07 in
Modulus of elasticity = 35,000 psi (Attachment III.5.E, Page 43)
Moment of Inertia = t3/12 (in*/in) = ((0.491)*12) = 0.0098

Soil modulus = 3,000 psi (Attachment I1.5.A, Page 307)

m—m= s X
O

Ultimate degree of compaction and E’ will increase as waste is placed over the leachate trench

resulting in at least 3,000 psi for the modulus of passive soil resistance.

A = (1.5)(0.083)(1,171)(33)
- <(35,000)(0.0098) n (0.061)(3,000)(33)>

3936

AX = (343 ¥ 4941

) =0.75in

The ring deflection is then used to determine the ring bending strain using the equation:

== (5,) 5)

Where:
€ = Wall strain
fo = deformation shape factor = 6.0 (Attachment Ill.5.F, page 112)
Ax =  Deflection From previous calculation = 0.75 in
Dwm = Mean Diameter, in
C =  Distance from outer fiber to wall centroid, in

C=0.5(1.06t), where t = wall thickness

C=0.5x1.06x0.491=0.260 in
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== (5,) 5)

0.74\ (2(0.260)
6 )( 6

€= (6.0)( ) =0.062 = 6.2%

The wall strain of 6.2% is less than 8%, which has an acceptable factor of safety of 8%/6.2% = 1.29
(Attachment lI.5.F, page 112).

3.1.5 Wall Buckling
Wall buckling may govern design of flexible pipes under conditions of loose soil burial, if the
external load exceeds the compressive strength of the pipe material. To determine a factor of
safety for wall buckling the pipe critical-collapse differential pressure P. must be calculated using

the following formula (Attachment lII.5.E, p. 43):

_ 232(E)
¢~ SDR3

Where E is the modulus of elasticity, approximately 35,000 psi

_232(35000)
c= T 1353 OoP%

The critical-collapse pressure can then be used to determine the critical buckling pressure from

the following relation (Attachment lIl.5.E, p. 43):

Pep = 0-8\/ (EN(F)

Where:
Peb = Critical buckling pressure
E = Long term degree of compaction of bedding = 3,000 psi (Attachment

II.5.A, p. 307)

P., = 0.8,/(3,000)(33) = 251.7 psi

The factor of safety is then determined:
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3.1.6 Wall Crushing
To determine a factor of safety for wall crushing the following equations were used (Attachment
lI.5.E, p. 42):

(SDR—-1)
A
Where:
Sa = Actual compressive stress, psi
Po =  Total external pressure on the top of the pipe, psi
Po =  WJD=1,160/6 = 176.8 psi

For a SDR of 13.5 the actual compressive stress is:

(13.5-1) ,
a= x 176.8 = 1105 psi

The factor of safety can then be found using the compressive yield strength of HDPE pipe of
1,500 psi (Attachment III.5.E):

_ 1,500psi _
"~ 1,105psi

3.1.7 Equipment Loading
Worst-case conditions would include a piece of equipment operating over the leachate collection pipe
after 2 ft of protective soil layer has been placed. Aloaded CAT 627 Scraper was used conservatively
as the piece of equipment operating on top of the leachate collection pipe. The CAT 627 Scraper has
the following specifications (Reference Caterpillar Performance Handbook, Edition 29):

e Tractor Weight = 48,061 Ibs

e Scraper Weight = 33,399 Ibs
e Soil Load (20 cy) = 48,000 Ibs
e Total weight = 129,460 Ibs

e Max weight per tire = 33,012 Ibs (assumes 49% of the total weight acts on the rear tires and
51% of the weight acts on the front tires).

e Tire width = approximately 18 in =1.5 ft
e Tire contact length = approximately 4 in = 0.33 ft
e Tire contact area = (18 in)(4 in) = 72 in? = 0.50 ft?
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Superimposed loads distributed over an area during equipment operations are determined from the
following equation (ASCE, 1982):

Wsp = (Cs)(P)(F)(Bc)

Where:
Wsp = Load on pipe (Ibs/ft)
P = Intensity of distributed load (Ibs/ft?)
F = Impact factor
Bc =  Outside diameter of pipe (ft)
Cs = Load coefficient

The load coefficient is a function of D/2H and M/2H, in which H is the height from the top of the pipe
to the ground surface (2 ft) and D and M are the width and length, respectively, or the area over
which the distributed load acts. Table 4C.3, Attachment ll.5.C, p. 4C-16, lists values of the load

coefficients for loads centered over the pipe.

Determining the required parameters:

H = 3ft

D = 1.5ft

M = 0.33ft

F = 1.0 (Table 4C.4, Attachment lll.5.C, p. 4C-17)

Bc = 6.625in=0.551t

D2H = 1.5ft/(2(3ft))=0.250

M/2H = 0.33 ft/(2(3 ft)) = 0.055

p = 33,012 Ibs/(1.5 ft)(0.33 ft) = 66,691 Ibs/ft?

Cs ~ 0.053 per Table 4C.3, Attachment lIl.5.C, p. 4C-16
Therefore:

Wsp = (0.053)(66,691 Ibs/ft?)(1.0)(0.55 ft)
Wsp = 1,951 Ibs/ft = 163.0 Ibs/in

The superimposed load due to equipment loading is less than static loading conditions (Wc)

calculated in Chapter 3.1.3 as 1,029.5 Ibs/in; therefore, the static loading conditions govern.
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3.1.8 HDPE Pipe Loading Results
Calculations for ring deflection, wall crushing, wall buckling, due to dead and live loading stresses for
the existing and proposed 6-in laterals were completed (Attachment Il.5.G), and the following table

summarizes the results.

TABLE III.5.3 - SDR 13.5 HDPE Pipe Results

Design Criteria | Critical Value | Actual Value | Factor of Safety
Dead Load Only
Ring Deflection 8.0 % 6.2% 1.29
Wall Buckling 251.7 psi 176.8 psi 1.42
Wall Crushing 1,500 psi 1,105 psi 1.36

As shown, for each limiting design criterion, the factor of safety is greater than design criteria,

thus the performance standard for the HDPE pipes is more than adequate.
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Number of Perforation Holes:
N = Qin;Qh (9.12)
= (.0002184/0.00002114
= 10.35 holes/ft (34 holes/m)

So, use 12 holes/ft (40 holes/m); that is 6 holes per foot (20 holes per meter) each side as shown
in Figure 9.3.

9.4 DEFORMATION AND STABILITY OF LEACHATE COLLECTION PIPE

All components of the leachate collection and removal system must have sufficient
strength to support the weight of the overlying waste, cover system, and post-closure
loadings, as well as the stresses from operating equipment. The component that is per-
haps the most vulnerable to compressive strength failure is the drainage layer piping.
Leachate collection and removal system piping can fail by excessive deflection, which
may lead to buckling or collapsing, Pipe strength calculations should include resistance
to pipe deflection and critical buckling pressure. This situation is heightened by the
current tendency to create extremely large landfills, sometimes called “megafills.”

9.4.1 Pipe Deflection

Leachate collection pipes may excessively deform during construction, during the
active life of the landfill or under the post-closure loading. This deformation may lead
to buckling and eventual collapse. Thus, leachate pipes should be handled carefully
and brought on site only when the trench is ready. Passage of heavy equipment directly
over a pipe must be avoided. A pipe can be installed in either a positive or negative
projection mode. However, every effort should be made to install it in a negative pro-
jection mode (Figure 9.2), although at times it may be necessary to install a pipe in a
positive projecting mode (Figure 9.5). The essential difference between these two con-

Cover geotextile overlap
with 0.5" to 2" diameter
washed stone envelope

Nonwoven geotextile filter
i) £ 4e LUl around stone envelope
r y——, T 3

= = e A R R
= 05" 12" Dmmaterl‘ S et 300
P

washed slone envelope| * ¢ * v ¢ °

" - by (¥ LY + o T ¥

S 'lv .1 e w02 Minimumsand S

§ drmee S o s ; A .yl s Geomembrane
- Perfor .~ rtubsheet 4 *

Primary compacted 18" Minimum | Primary
clay liner geomembrane

FIGURE 9.5 Leachate Collection Pipe in a Positive Projection Mode
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cepts is that a negative projection allows for soil arching which limits the load on the
pipe. Conversely, posilive projection can actually add load to the pipe. Spangler
(1960), among others, explains these concepts for deeply buried pipelines. The design
of a pipe must be checked to ascertain whether it will be able to withstand the load
during both preconstruction and postconstruction periods, Usually one of two types of
pipes are used, HDPE or PVC. These are considered as flexible type pipes. This infers
that they do not rupture or break under excessive load, they deform, and if excessively,
buckle and/or collapse. The basic design approach consists of calculating the deflection
of the pipe, which should not exceed the allowable value. The following formula, com-
monly known as the Modified [owa formula, can be used to estimate pipe deflection
(Spangler and Handy, 1973; Moser, 1990).

Modified lowa Formula:

LI epd
AN = D -K-W_i
~ E-[+0061E'-r?

where AX = horizontal deflection, in or m (Figure 9.6);

K = bedding constant, its value depending on the bedding angle (see
Table 9.1 and Figure 9.7); also, as a general rule, a value of K = 0.1 is
assumed,;

D, = deflection lag factor (see Table 9.2);
W, = vertical load per unit length of the pipe, Ib/in or kN/my;
r = mean radius of the pipe, r = (D, — ¢)/2, in or m;
E = elastic modulus of the pipe material, [b/in? or kN/m?
I = moment of inertia of the pipe wall per unit length,
I = £/12,in%in = in® or m*/m = m%
t = thickness of pipe, in or m; and
E' = soil reaction modulus, 1b/in? or kN/m?, see Table 9.3.

(9.16)

I

(a) Assumed pressure distribution on flexible pipe (b) Pipe deflection under pressure

FIGURE 9.6 Buried Flexible Pipe
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TABLE 9.1 Values of Bedding Constant, K

Bedding Angle, # (degree) Bedding Constant, £

0 0.110

30 0.108

45 0.105

60 0.102

a0 0.096
120 0.090
180 0.083

The deflection of the pipe, AX, calculated from Equation 9.16 is the deflection in the
horizontal direction, as shown in Figure 9.6. When the deflection of pipe is not large
(e.g., less than 10%), the vertical deflection of pipe, AY, is usually assumed to be
approximately equal to the horizontal deflection of pipe, AX.

Vertical Load per Unit Length of Pipe:
For Solid Pipe,

W, = (Sy, -Hy)-D, | (9.17)

where W, = vertical load per unit length of the pipe, 1b/in or kN/m;
v; = unit weight of material i on the pipe (sand, clay or solid waste),
1b/in® or kN/m?>;
H, = thickness of material {, in or m; and
D, = outside diameter of the pipe, in or m.

Il

For Perforated Pipe,
= (2')’1‘_Hi)'Du
¢ (1-n-d/12)

where W, = vertical load per unit length of the pipe, Ib/in or kN/m;

(9.18)

y; = unit weight of material { (soils or solid waste), 1b/in® or
kN/m?;
“H; = thickness of material {, in or m;
D, = outside diameter of the pipe, in or m; -
d=

diameter of perforated hole or width of perforated slot on the pipe,in
or m; and '
n = number of perforated holes or slots per row per foot of pipe.

FIGURE 9.7 Pipe Bedding Angle
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TABLE 9.2 Approximale Range of Values of 1,

Varjable Range Remarks

D, 1525 Il the soil in the trench is not compacted,

then the higher value of Dy should be uscd.
1.0 When dellection calculations are based on
prism loads.

TABLE 9.3 Average Values of Soil Reaction Modulus, E' (for Short Term Flexible Pipe Dellection) (Howard, 1977)

E' for degree of compaction of bedding

Moderalte,
; ; : . Shight, 85%-95% High,
f&" F?Zeglpe.gidg:gsmi:ﬁ;% Dumped < 85% Proctor, Proctor, > 95% Proclor,
iecasiteaton.oys < 40% relative 40%-10% > 70% relative
density relative density density

Fine-grained soils (LL > 50)"

No data available; consult a compeltent soils engineer; Otherwise

Soils with medium to high use E' =0
plasticity CH, MH, CH-MH
Fine-grained soils (LL < 50}
Soils with medium Lo no plasticity 50 Ib/in® 200 Ib/in? 400 Ibfin® 1.000 Ib/in?
CL, ML, ML-CL, with less than (345 kN/m?) (1,380 kN/m?) (2,760 kN/m?) (6,900 kN/m?)
25% coarse-grained particles
Fine-grained soils (LL < 50)
Soils with medium Lo no plasticily
CL, ML, ML-CL, with more than
25% coarse-grained patticles 100 lb/in? 400 Ib/in? 1,000 Ib/in? 2,000 1b/in?
Coarse-grained soils with fines (690 kN/m?) (2,760 kN/m?*) (6,900 kN/m?) (13,800 kN/m?)
GM, GC, SM, SC contains more
than 12% fines
Coarse-grained soils with little or no
fines 200 1b/in? 1,000 Ib/in? 2,000 Ibfin® 3,000 1b/in?
GW, GP, SW, SP* contains less (1,380 kN/m?) (6,900 kN/m?) (13,800 kN/m?) (20,700 kN/m?)
than 12% fines - : _
Crushed rock 1,000 Ib/in? 3,000 lb/in® 3,000 1h/in? 3,000 Ib/in?
(6900 kiNFmY) (20700 kN/m?) (20700 kN/iw?) (20,700 kN/m?)
Accuracy in lerm of percentage +2 +2 = o +0.5

deflection?

* ASTM Designation D2487, USBR Designation E-3

*LL = Liquid Limit

¢ or any borderline soil beginning with une ol these symbals {i.c., GM-GC, GC-SC)
9 for 4 1% accuracy and predicted deflection of 3%, actual dellection would be between 2% and 4%

Note: Values applicable only for soil fills less than 50 It (15 m). Table does not include any safety factor. For
use in predicting initial deflections only—appropriate deflection lag factor must be applied (or long-term
deflections. If bedding falls on the borderline between two compaction categaries, select lower £’ value or
average the two values. Percentage Proctor based on laboratory maximum dry densily from test standards
using about 12,500 fi-Ib/ft* (600 m-kN/m) (ASTM D698, AASHO 199, USBR Designation E-11).

Used with permission of ASCE.
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The parameter that controls the pipe deformation is known as the deflection
ratio. The deflection ratio of a pipe is defined as the ratio of the vertical deflection of
pipe and the mean diameter of the pipe.

Deflection Ratio:

Deflection Ratio (%) = (AY/D) X 100% (9.19)
where  AY = vertical deflection of pipe, AY == AX when the deflection is less than
10%, in or m; and
D = mean diameter of pipe, in or m.

Mean Diameter of Pipe:

D=(D,+D)2=D,—t=D;+1 (9.20)

mean diameter of pipe, in or m;

= outside diameter of pipe, in or m;

; = inside diameter of pipe, in or m; and -
t = thickness of pipe, in or m.

where

OS5
|

There is another formula that can be used tg estimate the deflection of the pipe.
It is essentially an alternative version of the Modified Iowa formula and has been
widely used in the engineering field. This formula is

DKW, y
0.149- PS + 0.061 - E' (:21)

where AX = horizontal deflection, in or m (Figure 9.6);
K = bedding constant, its value dépending on the bedding angle (see Table
9.1and Figure 9.7); as a general rule, a value of K = 0.1 is assumed;
D, = deflection lag factor, see Table 9.2;
W, = vertical load per unit length of the pipe, lb/in or kIN/m;
PS = pipe stiffness, Ib/in® or kN/m? and
E' = soil reaction modulus, Ib/in? or kKN/m?.

61‘( =

i

‘The vertical pressure on solid pipe is given by -

Ptp = E 'Pa" [‘{i {9’22)

The vertical pressure on perforated pipe is given by

2 viH .
Fo= T n-a/12) 023)

where P, = vertical pressure on the pipe, P, = W,/D,, Ib/in” or KN/m?%

v; = unit weight of material i on the pipe (sand, clay or solid waste), Ib/in’
or kN/m?;
H; = thickness of material i, in or m;
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d

diameter of perforated hole or width of perforated slot on the pipe, in
or m; and

n = number of perforated holes or slots per row per foot of pipe.

Pipe stiffness is measured according to ASTM D2412 (Standard Test Method for
External Loading Propertics of Plastic Pipe by Parallel-Plate Loading). The elastic
modulus of the pipe material depends on the type of resin and formulation being used.
Three formulas that can be used to calculate pipe stiffness are

: E-l
A ot e '24
B 0.149- 2 024)
PS = 0559+ E~(i/r) (9.25)
E
d PS = 447 —— 9.26
an wor ~1p O

where PS = pipe stiffness, Ib/in® or kN/m?%
E = elastic modulus of the pipe material, Ib/in* or kN/m?
[ = moment of inertia of the pipe wall per unit length,
[ = £3/12, in%in =in* or mYm = m*
r = mean radius of pipe, in or m;
¢t = wall thickness of pipe, in or m; and
SDR = standard dimension ratio, the same as the dimension ratio.

Il

Il

The allowable deflection ratios for a typical commercial polyethylene pipe are
listed in Table 9.4,

Deflections of buried flexible pipe are commonly calculated using Equation 9.16
or 9.21. These equations use the soil reaction modulus, E', as a surrogate parameter
for soil stiffness. It should be noted that the values of E' in Table 9.3 only apply for soil
fills of less than 50 ft (15 m). However, megafills built over leachate collection pipes
often exceed 150 ft (46 m) in height. The soil reaction modulus is not a directly mea-
surable soil parameter; instead it must be determined by back-calculation using
observed pipe deflections. Rescarch by Selig (1990) showed that E' is a function of the
bedding condition and overburden pressure. Selig’s studies were carried out to seck a
correlation between the soil reaction modulus and soil stiffness parameters such as

TABLE 9.4 Allowable Dellection Ratic of Polyethylene Pipe

SDR Allowable Deflection Ratio
11 2.7%
3.5 34%
15.5 319%
17 42%
19 4.7%
21 52%
26 6.5%

325 8.1%
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Young’s modulus of soil, £, and the constrained modulus of soil, M,, where £, and D,
are related through Poisson’s ratio of soil, v, by

. Es'(l - "'5)
M= T wic

")

where M, = constrained modulus of soil, 10/t or kN/m?;
. = elastic modulus of soil, 1b/ft? or kN/m?; and
v, = DPoisson’s ratio of soil.

The studies and analyses by Neilson (1967), Allgood and Takahashi (1972), and
Hartely and Duncan (1987) indicated that for

E' =l M (9.28)
the value of k may vary from 0.7 to 2.3. Using k = 1.5 as a represcntative value and
v, = 0.3, in addition to combining Equations 9.27 and 9.28 yields the following rela-
tionship between the elastic modulus of the pipe and soil (Selig, 1990):

E' =2+E, - (9.29)

The values of elastic parameters, E, and v, can be found in Table 9.5 according to dif-
ferent percents of density from a standard Proctor compaction test (ASTM D698).

TABLE 9.5 Elastic Soil Paramelters (Selig, 1990)

85% Standard Density 95% Standard Density
Soil Type :
Stress Level E, B

psi kPa psi MPa v, psi MPa v,
1 7 1,300 9 026 1,600 11 0.40
5 35 2,100 14 021 4,100 28 0.29
10 70 2,600 18 0.19 6,000 41 0.24
SW, SP, GW, GP 20 140 3,300 23 0.19 8,600 59 0.23
4 280 4100 - 28 - 023 13,000 90 - 025
60 420 4,700 3 - 028 16,000 110 0.29
1 7 600 k) 0.25 1.800 12 0.34
5 35 700 'S 0.24 2,500 17 0.29
GM, SM, ML, and 10 70 800 6 0.23 2,900 20 0.27
GC, SC with < 20% fines 20 140 850 6 0.30 3,200 22 0.29
40) 280 900 6 0.38 3,700 25 0.32
60 420 1,000 7 0.4l 4,100 28 0.35
i 7 100 1 0.33 400 3 0.42
5 35 250 2 0.29 800 6 0.35
10 70 400 3 0.28 1,100 8 0.32
CL, MH, GC, SC 20 140 600 4 0.25 1,300 9 0.30
40 280 700 5 0.35 1,400 10 0.35
60 420 800 6 0.40 1,500 10 0.38
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9.4.2 Pipe Wall Buckling

Buckling can occur becausc of insufficient stiffness. Buckling may govern design of
flexible pipes subjected to internal vacuum, external hydrostatic pressure, or high soil
pressures in compacted soil (Figure 9.8). As Moser (1990) notes the more flexible the
conduit (e.g., high values of SDR), the more unstable the wall structure will be in
resisting buckling. .

Most conduits are buried. in a soil medium that does offer considerable shear
resistance. An exact rigorous solution to the problem of buckling of a cylinder in an
elastic medium entails some advanced mathematics (Moser, 1990). However, because
of uncertainties in the behavior and performance of the surrounding soil, an exact
solution is not necessary. Meyerhof and Baike (1963) developed the following empiri-
cal formula for computing the critical buckling pressure in a buried circular conduit:

Pe = 2{{E'/(1 = p)JE- /)" (930)
Where,
P, = critical buckling pressure, 1b/in® or kN/m?,
E' = modulus of soil reaction, Ib/in® or kN/m?, see Table 9.3;
u = Poisson’s ratio of pipe material;
E = modulus of elasticity of the pipe material, Ib/in? or kN/m?;
I = moment of inertia of the pipe wall per unit length,
in"in = inorm*%m =m®, I = #/12;and
¥ = mean radius of the pipe, in or m.

Because [ = £/12 and » = D/2, Equation 9.30 can be rewritten as

P, = 12-((?3'1[5')”2 (9.31)
where
2:-E
Gy & s 3 ;
b Bl “}} (t/D) (9.32)

Wall bucking

FIGURE 9.8 Localized Wall Buckling
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in which

t = thickness of pipe, in or m and
D = mean diameter of pipe, in or m

The factor of safety for pipe wall buckling can be determined by
ES = Po/Py (9.33)

where Py, = actual vertical pressure at the top of the pipe, obtained from Equation
9.22 or 9.23, Ibfin® or kN/m?.

In both Equations 9.30 and 9.31 initial out-of-roundness is neglected but the reduction
in P, because of this has been assumed to be no greater than 30% (Moser, 1990). As a
result, a factor of safety = 2 is recommended for use with Equation 9.33 in the design
of a flexible conduit to resist buckling.

EXAMPLE 9.2

An 8-inch (200-mm) SDR 11 HDPE perforated pipe with 8, 0.25-inch (6-mm) holes per foot (i.c.,
4 holes per side per foot) is selected as a primary leachate collection pipe. The maximum load
acting on the pipe includes a 2-ft (0.6-m) protective sand layer (y,,q = 115 Ib/ft? or 18 kN/m?),
100-ft (30-m) solid waste (Yywe = 60 Ib/ft* or 9.4 kN/m"), 12-inch (0.3-m) gas venting layer
(Vsana = 115 Ib/ft® or 18 kN/m?), 18-inch (0.45-m) compacted clay layer Yoty = 110 1b/1 or
17.3 kN/m?), 24-inch (0.6-m) drainage and protective layer (y, = 110 Ib/ft* or 17.3 kN/m?), and
6-inch (0.15-m) topsoil (y,,, = 90 Ib/ft* or 14 kN/m?). Assume bedding angle 6 = 0°, deflection
lag factor Dy = 1.0, elastic modulus of the pipe material for 50 vears at 73°F (23°C) temperature
E = 28,200 Ib/in%, (194,000 kN/m?), Poisson’s ratio of pipe material u = 0.3. The bedding mater-
ial of the pipe is poorly graded gravel (GP) with 85% standard density. What will be the deflec-
tion ratio (%) and critical buckling pressure of the pipe?

Solution: The maximum load applied on the pipe is given by

(Svem)ps
We= "0 mam

_ [(115)(2) + (60)(100) + (11S)(1) + (110)(3.5) + (90)(0.5)] X 8/12

o (1 -4 X 0.25/12) o
(230 + 6,000 + 115 + 385 + 45) x 8/12

- 0.917 T

(9.18)

6,775 x 8/12

= 4,925 b/ft = 410 Ib/in {72 kN/1ir)
The maximum pressure applied on the pipe can be obtained from
Py, = W./D, = 410/8 = 51.3 Ib/in” (354 kN/m?)
From Table 9.5,
P, = 401b/in?, E, = 4,100 1b/in®
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and P, = 60 1b/in, £, = 4700 1b/in?
For P, =513 Ib/in?,
E, = 4,100 + (51.3 - 40)(4,700 — 4,400)/20 = 4,100 + 339 = 4,439 Ib/in?
The soil reaction modulus is given by
E =2-E, =2 X 4,439 = 8878 Ib/in? (61,200 kN/m?) (9.29)
The thickness of pipe is given by

[

{ = Dy/SDR (9.6)
= 8/11 = 0.73 in (0.0185 m)

The mean diameter of pipe is

D=D,—1t (9.20)
=8 - 073 =7.27in(0.1847 m)
Also,
Deflection lag factor, D = 1.0;
Bedding angle § = 0°, K = 0.11;
Mean radius of the pipe, r = 3.635 in (0.0923 m);
Elastic modulus of the pipe material, £ = 28,200 Ib/in® (194,000 kN/m?);

Soil reaction modulus, £’ = 8,878 Ib/in? (61,200 kN/m?);
and

Inertia moment of the pipe wall per unit length, in”/in = in’, given by
I=£/12 = (0.73Y/12 = 0.389/12 = 0.0324 in® (5.276 X 107" m?)

Modified lowa Formula:

o DK Wer

T E-l+0061E"P

B (1.0)(0.11)(410)(3.635)

—£406:8067(0.0324) + (0.061)(1,000)(3.635)

3 (1.0)(0.11)(410)(48.03)

" (28,200)(0.0324) + (0.061)(8,878)(48.03)

_ 2,166

T 914 + 26,011

= (.08 in (2.0 mm)

AX (9.16)

Deflection Ratio:

Deflection Ratio = (AY/D) X 100% (9.19)
= (0.08/7.27) X 100%
=1.1% < 2.7% (ok, as shown in Table 9.4)

Wall Buckling of Pipe:
Modulus of soil reaction, E' = 8,878 Ib/in?, (61,200 kN/m?);
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Poisson’s ratio of pipe material, = 0.3;

Modulus of clasticity of the pipe material, £ = 28,200 [b/in® (194,000 kN/m?);
Moment of inertia of the pipe wall per unit length, I = 0.0324 in* (5276 < 10" m*);
Mean radius ol the pipe, r = 3.635 in (0.0923 m).

Thus,

Py =2-{[E'/(L — B E-H/r)}" (9.30)
=2 % {[8,878/(1 ~ 0.3%)][(28.200 X 0.0324)/(3.635)]}'**
=2 X [9,756 X (913.68/48.03)]'~
=2 X (185,589)2
=2 X 431
= 862 Ib/in? (5,943 kN/m?)

The factor of safety for pipe wall buckling is, then,

FS = P,/P,, = 862/51.3 = 16.8 > 2 (OK) (9.33)

9.5 SUMP AND RISER PIPES

Leachate collection sumps are low points in the landfill liner constructed to collect and
removal leachate. The sumps are filled with gravel to provide the maximum space
(volume) for leachate accumulation, as well as to support the weight of the overlying
waste, cover system, and post-closure loadings. Commonly, the composite liner system
is slightly depressed or indented to create these sumps (shown in Figures 9.9 and 9.10).
The absence of sketches illustrating continued gravity flow of leachate beyond the lim-
its of the cells and/or landfill using liner penetrations is intentional. The authors do not
recommend such practice due to the difficutty of making liner seams in this remote of
all locations. With double liner systems, the situation is even more ditficult. Even with
the sketches of Figures 9.9 and 9.10 it is difficult to test the geomembrane seaming in
such sumps because of the slope and corners at which the seams occur. Because of the
difficulty in seam testing sumps, sump areas often are designed with an additional
layer of geomembrane. Sulfates are one of the most common and abundant con-
stituents in landfill leachate. Accordingly, all concrete components in a sump (€.g.,
riser pipe and foundation pac) must be constructed using low water/cement ratios and
sulfate resistant, Class V Portland cement (ACT, 1998). Failure to observe this precau-
tion can lead to sulfate attack and disintegration of the concrete. Sulfate attack occurs
when calcium, alumina, and sulfate combine to form the mineral ettringite
(3Ca0-Al,0432H,0) in the cement matrix. The volume of ettringite is over 200%
that of the original constituents, which can result in massive swelling and cracking
when sufficient eftringite forms by the sulfation of alumina. Alternatively, many sumps
now are being constructed using premanufactured units made of HDPE, with large-
diameter HDPE pipe or HDPE manholes. Although more costly, the factory manufac-
tured sumps can be thoroughly tested and installed as a unit.

Figure 9.9 shows details of vertical riser (manhole) removal designs for primary
and secondary leachate collection systems. The manhole riser extends vertically
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